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ABSTRACT
In the design of the third generation of multi-media wireless networks, we are prima­

rily concerned with the greatly varying information source rates, the quality requirements 

of various traffic types, the characteristics of the wireless environment, as well as the com­

plexity and cost. Code Division Multiple Access (CDMA) cellular system is one of the 

most important candidates for supporting the future universal communications services. 

The objective of this research is to improve the capacity and the quality of service (QOS), 

as well as to reduce the complexity o f cellular CDMA with integrated services, through im­

proving or optimizing the design of system level operations.

To facilitate the system perfonnance and capacity evaluation, the multi-cell multi-user 

interference is analyzed through a new approach. The area averaged probability density 

function (PDF) of interference power from one active user is evaluated. The Gamma dis­

tribution is proposed for modelling the area averaged PDF of the interference power. An 

efficient method for evaluating system performance is developed. Differing from the Gaus­

sian approximation, this method is very effective and accurate for both a large number and 

a small number of users.

In this research, differing from the distance membership determination, the statistical 

effect of hand-off is considered. The effects of soft handoff operation on multi-cell multi­

user interference are analyzed. Membership statistics which are determined by soft handoff 

are investigated. A simple binomial model is proposed for modelling the distribution o f the 

number of users belonging to a base station.

Considering the call arrival statistics, user membership statistics and a finite number 

of channels available at a base station, we evaluate the call blocking/dropping rate. The 

minimum number of channels required at a base-station, which ensures a specified quality 

of service at a given capacity requirement, is determined. System capacity is further eval­

uated considering both outage probability limited by interference and call blocking/drop­
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ping rate limited by finite number of channels. A pilot assisted channel allocation method 

is proposed to minimize the number of channels required at a base station.

Based on the analysis of a CDMA cellular system with a single traffic type, the design 

issues in developing a multi-media wireless networks are further discussed. The capacity 

of a CDMA cellular system with high quality requirements and mixed stream and packet 

types of traffic is assessed. The impact of the choice of a line rate (bit transmission rate 

through channel) on the system capacity is investigated. It is also shown that the power al­

located to different types of traffic can be optimized to achieve maximum capacity. The op­

timum power allocation suggests that the power assignments to different traffic types are 

mainly determined by their quality requirements.
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Chapter 1

Introduction

1.1 Background and Motivation
Nowadays, digital communication is undergoing a great revolution: the globaliza­

tion of wireless communications. Over the past several years, the demand for wireless 

personal communications services has increased exponentially. The demand is not only 

from the developed countries, but. also from the developing countries. Great opportuni­

ties appear to the wireless communications industry.

The ultimate service goal of universal personal communications is to allow reliable 

multi-media communications between any person, from anywhere, at anytime via a 

pocket-size handset [1]. To achieve this target, VLSI and advanced power supply technol­

ogies have been improved continuously to reduce the terminal size. Large scale wireless 

networks with cellular structure are being developed to provide the full coverage for 

accessing by any one from anywhere at anytime. Macro, micro, and pico cells, as well as 

satellite cells are involved to support the globalization of wireless personal communica­

tions. Integrated services will support multi-media traffic, which means that various traf­

fic types will be fully integrated into one network and the service requirements oi 

different types of traffic will be met.

A great amount of research activity has been devoted to developing third genera­

tion universal communications networks [2]-[4]. O re of the major projects in the world 

which is at the leading edge in this area is the R & D in Advanced Communications Tech­
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nologies in Europe (RACE) program. There are two sub-projects under RACE: the 

Advanced TDIv*A project and the COde Division Testbed (CODIT) project. CDMA is 

employed as the principle access technology in the CODIT project [2], A similar project 

is also being concluded by the Canadian Institute for Telecommunications Research 

(CITR) in Canada. ;3oth universities and industry are heavily involved [3], [5].

The next generation of wireless networks will accommodate a variety of traffic 

types. Different traffic types may have different source rates, different delay require­

ments and different quality requirements [3], [4], [6]. Typical future service requirements 

are shown in Table 1.1. The service requirements are considered in terms of transmission 

rate, delay and bit error rate.

Table 1.1 The characteristics of various traffic types

Traffic types Bit rate range Maximum
BER

Delay I

Speech 8-64 Kbps 10‘3 Sensitive

General computer data 0.1-1 Mbps lC‘y Insensitive

Facsimile 20 Kbps or less 10’4 Insensitive

High speed data

(file transfer, multimedia)

1-10 Mbps 10'9 Insensitive

Low Resolution Video 64-384 Kbps Iff4 Sensitive

TV quality video 1-6 Mbps 10'4-10'5 Sensitive

To realize the goal of universal personal communications, there are several design 

objectives for the multi-media cellular network that telecommunications engineers must 

observe:

1. Managing our communication resources, such as energy, bandwidth, time and 

space, as efficiently as possible.
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2. Full traffic integration over a wide range of source rates.

3. Real-time and high quality service performance.

4. Quality of services (QOS) meeting various quality requirements.

5. Capacity improvement for high rate users with high quality requirements.

6. Seamless support of fixed and mobile users with different speeds.

7. Flexibility of application/service development.

8. Minimize the complexity and cost.

There are several key techniques that are under development for the next genera­

tion of multi-media wireless networks. These techniques include: advanced multiple 

access techniques, cellular and mobility management techniques, error control tech­

niques, resource management techniques, and system management techniques at the 

higher layer [1]. Among them, multiple access techniques are of the most concern in the 

physical layer.

Code Division Multiple Access (CDMA) has many inherent features which make it 

one of the best multiple access techniques for the next generation of wireless networks 

[1], [7]-[9]. There are several advantages to use CDMA in a cellular network. For exam­

ple:

1. The entire bandwidth is used in each cell. Complex frequency planning is avoided,

making a CDMA network more flexible for future system expansion.

2. The inherent interference averaging feature of CDMA allows for system design based

on the average interference, which provides more capacity than the worst case design.

3. Frequency diversity and voice activity exploitation are inherent features of CDMA,

therefore no extra effort is required to get high bandwidth efficiency in this regard.

4. CDMA is interference limited and any suppression of the interference can be directly

translated into an increase in the capacity.
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5. Finally, CDMA provides soft capacity and soft handoff features.

6. There is a great potential for performance improvement of cellular CDMA when the

error control coding techniques are employed [10].

Soft capacity means that there is no hard limit on the number of users that can be accom­

modated in a CDMA cellular system. In a CDMA system which is already fully loaded, 

more users can still be added in at the expense of the communication quality of all cur­

rently active users in the system. Soft handoff means that there is no frequency switching 

during a handoff: and seamless handoff is realized by employing the diversity combining 

techniques. Due to the advantages of CDMA, we focus our study on a CDMA cellular 

system with integrated services. Our research also includes cellular techniques and 

resource management techniques which are specifically related to CDMA.

IS-95 [1Q]-[13] is the first standard for cellular CDMA in North America. It is 

designed mainly for voice users. In the design of a CDMA cellular system with integrated 

services, special considerations must be made to deal with various traffic types with dif­

ferent source rates and quality requirements. Capacity and the QOS are two of the most 

important criteria for wireless cellular system design. They are closely related. The QOS 

determines the capacity. In order to provide design recommendations, the capacity of a 

system with various traffic types needs to be assessed. An efficient method for capacity 

evaluation should be developed. Here, we consider that the QOS includes the error proba­

bility, delay, blocking and dropping rate. Detailed analysis is necessary to determine the 

QOS of a system so as to provide design guidelines.

There is a large amount of literature related to performance analysis and capacity 

evaluation of Direct Sequence CDMA (DS-CDMA) cellular systems with a single type 

of traffic. Gilhousen et al. [14] have evaluated the capacity of a cellular CDMA system 

for voice users. A relatively simple approximation was applied with an assumption that 

the cell membership is determined by the minimum distance to a base-station and power 

control is perfect. Viterbi, Gilhousen et al. further analyzed the multi-cell, multi-user
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interference of a CDMA cellular system with ideal soft handoff and power control [15], 

[16]. In [15], [16], the mean power of the interference is obtained and an interference fac­

tor has been given. This factor is the area averaged mean power of the inter-cell (or other 

cell’s) interference divided by the corresponding average number of users per sector.

Since the capacity of a CDMA cellular system is interference limited, understand­

ing the multi-cell, multi-user interference with various traffic types is necessary. The 

multi-cell, multi-user interference is largely determined by the performance of the sys­

tem level operations such as resource management, handoff and power control which are 

tightly coupled to one another. Not only the mean but also the variance of the interfer­

ence affects the system performance. Therefore, in addition to the mean, the variance 

must be determined by the analysis of system level operations. In order to maximize the 

capacity, interference must be minimized by improving the performance of those opera­

tions and techniques [17].

In [15], [16], the cell membership of a user is determined by the highest pilot 

power received by the user. However, the membership statistics have not yet appeared in 

the literature. Since the membership statistics determine the intra-cell interference and 

the QOS, a careful study of these statistics should be carried.

Most capacity evaluation work that appears in the literature utilizes the Gaussian 

assumption for multi-cell and multi-user interference. This assumption is accurate when 

the number of users per cell is sufficiently large. In a system with multiple traffic types, 

there may be users with very high bit rates and very high quality requirements. For these 

types of users, the number of users need not be large for the CDMA cellular system to 

reach its capacity. The oerfomance of a system with a small number of users becomes 

very important for this case. Thus, an effective model and/or method is required for 

capacity evaluation when there are a small number of users.

In practice, the number of call arrivals at a base station is a random variable. To 

evaluate the actual capacity that can be supported by a system, the call arrival statistics
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should be included. The Erlang capacity should therefore be evaluated. The Erlang capac­

ity is calculated in [18] with an assumption that the number of physical channels at a 

base station is infinite. Actually, the number of channels is finite at a base station. The 

effect of a limited number of channels on QOS should therefore be evaluated.

For multiple traffic types, sources of differing rates should be efficiently integrated 

before transmission. In order to integrate a wide range of source rates, the application of a 

limited number of line rates is proposed to simplify the system design [3], [19]. A line 

rate is the actual bit transmission rate in the channel. The determination of the line rate 

becomes a design issue [20]. In addition, different levels of error control must be applied 

to different traffic types with specific quality requirements. To increase the overall capac­

ity and improve the QOS, our communication resources such as channels, power and 

bandwidth should be carefully allocated to different types of users.

In the next generation of wireless networks, it is possible that all types of traffic 

will be transmitted in the form of packets. The nature of a packet CDMA network should 

be further investigated. The major issues of concern for a packet CDMA network are: 

throughput, error probability and delay. New design considerations should be made for 

the packet CDMA in a cellular environment with multiple traffic types.

1.2 Contributions of the Dissertation
The objective of this research is to improve the capacity and the quality of service 

of a multi-media cellular CDMA network, as well as to reduce the complexity and the 

cost of the network operations, through improving or optimizing the design of the system 

level operations. A careful study of a CDMA cellular system with a single type of traffic 

is performed. Based on the results obtained from the single type of traffic, the perfor­

mance of a system with multiple traffic types is evaluated. Design guidelines are also pro­

vided, The contributions of this dissertation are in the following aspects.

We developed an analytical method to calculate both the mean and variance of the
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total interference, as well as the area averaged probability density function (PDF) of inter- 

cell interference. We also analyzed the cell membership statistics of active users in a cell. 

Our results show that due to soft handoff, the area covered by a base station is enlarged 

and the inter-cell interference is greatly reduced.

To evaluate the system performance when the number of users per cell is small and 

the Gaussian model is inaccurate, we have developed a modelling method to calculate 

multi-cell, multi-user interference. An effective approach is developed to evaluate the 

performance of cellular CDMA systems for both a small and a large number of users. It 

is found that the Gamma distribution can be applied to model multi-cell, multi-user inter­

ference. Due to the effect of the soft handoff operation, the multi-user interference 

approaches the Gaussian distribution very quickly, especially when the Activity Factor 

(ACF) is large. The Gaussian model can therefore be applied in many cases, but it is inac­

curate for a very small number of users, especially when the ACF is small.

The dependency of cell membership statistics on soft handoff is a very important 

factor affecting system performance, and has been investigated in detail. We have pro­

posed a simple binomial model for the conditional distribution of the number of users 

due to soft handoff; the results closely agree with simulation. From the results obtained, 

it can also be seen that imperfect hand-off and power control reduce the capacity of a sys­

tem.

Based on our analysis, we show that when there is soft handoff and cell site diver­

sity, the number of channels required at a base station is much larger than the average 

number of users per cell. We have wn that with a limited number of channels, the call 

dropping rate increases drastically as the offered traffic increases. The minimum number 

of channels required at a base station for supporting a specific traffic is determined as a 

suggested design parameter. Pilot assisted channel allocation is proposed to reduce the 

number of channels required and control the cost.

To provide a guideline for the transmission line rate selection, we show that the
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choice of line rate determines the Processing Gain (PG) and ACF. The capacity non-lin- 

early increases as the PG increases and linearly increases as the ACF decreases. The 

increase of PG is more efficient in increasing the capacity.

For the traffic with different source rate and quality requirement, we show that the 

power allocated to different types of traffic can be optimized to achieve maximum capac­

ity. An approach for determining the optimum power allocation for different types of traf­

fic in a CDMA cellular system is developed. Optimum power allocation suggests that the 

different power assignments to different traffic types are mainly determined by their qual­

ity requirements.

1.3 Outline of the Dissertation
In this chapter, we provide an introduction to this thesis. The motivation and contri­

bution of this research are addressed.

In Chapter 2, we give the basic principle, system model, and background on which 

this research is based on. The major related techniques in the IS-95 standard [10]-[13] 

and the basic channel model are described.

In Chapter 3, we analyze the multi-cell, multi-user interference in a CDMA cellular 

system with a single type of traffic. Ideal soft handoff and perfect power control are 

assumed at first.

In Chapter 4, we examine the effect of non-ideal soft handoff operations and imper­

fect power control. Based on a careful analysis of the effects of soft handoff operation in 

a multi-cell environment, the interference characteristics, system capacity and service 

quality are examined. The multi-cell, multi-user interference level highly depends on 

power control switching. In general, a highly sensitive power control handoff mechanism 

which is synchronized with cell site diversity selection is required.

In Chapter 5, we obtain a closed-form solution for the radio capacity, the Erlang 

capacity and the throughput of a packet CDMA cellular system. The capacity of a system
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with typical parameters is evaluated. Various factors which affect the system capacity are 

examined. The capacity of a slotted ALOHA packet CDMA system is also assessed in 

this chapter. We show that the capacity of packet CDMA in a cellular environment is 

approximately 5 times larger than a conventional FDMA system. This result supports 

Qaulcomm’s frequency reuse efficiency of a conventional CDMA system. We also show 

the effect of stream type of traffic on the throughput of packet traffic.

In Chapter 6, the performance of a CDMA cellular system with various traffic 

types is evaluated. This chapter examines issues such as traffic integration and resource 

management. To provide design guidelines for the line rate selection, the effects of PG 

and ACF on capacity are compared. The effect of the choice of line rate on system capac­

ity for low rate, high rate and mixed rate traffic is evaluated. In this chapter, we also 

address how to assign suitable power levels to different traffic types. A method for opti­

mizing the power assignment for multiple traffic types is developed and optimized power 

allocation is determined.

In chapter 7, several efficient simulation methods are discussed with an emphasis on 

the importance sampling. An analysis on the optimum biasing is shown in this chapter. 

Some simulation results of a CDMA cellular system are also given.

In chapter 8, conclusions and suggestions of future work are presented.
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Chapter 2 

Fundamental Principles and System Model

With the maturing of CDMA techniques, CDMA is often proposed for commercial 

applications. The first CDMA standard in North Amersa, IS-95, has already been 

endorsed [7]-[ 14] and several field tests have been carried out [21], [22]. In this chapter, 

we provide an overview on several key aspects or techniques of an IS-95 CDMA cellular 

system. The IS-95 standard is the starting point of this research. The requirements of a 

system with integrated ervices are also discussed in this chapter.

2.1 Spread Spectrum and Code Division Multiple Access
The primary objectives of improving the performance of communication systems 

arc ;o ; :e our communication resources, such as energy, bandwidth, time and space, as 

efficient as possible. We want to increase the capacity and to improve the communication 

quality under the restrictions of the resources available and the consideration oi decreas­

ing the cost of the communication systems. The conventional methods of a communica­

tion system to allow multiple users to share the common resources are frequency 

division multiple access (FDMA) and time division multiple access (TDMA). Basically, 

they can be classified as one dimensional division operations, thus FDMA makes its divi­

sion operation in the frequency domain and TDMA makes its operation in the time 

domain. Thir suggests that if a two-dimensional operation is possible, thus if we can 

assign different users different small frequency slots within different small Lime slots, the 

system capacity would be greatly increased. Although an ideal two dimensional opera­
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tion is very difficult in practice, spread spectrum technology makes a non-ideal two 

dimensional operation possible. That is the code division multiple access (CDMA).

There are two distinc' r lasses of spreading techniques. The first is direct sequence 

(DS) or pseudo-not- /:•’ .ead spectrum. The spreading is achieved via multiplication 

by a binary ; “ -.<<■: .an~< ;u sequence whose symbol rate is many times the binary data 

bit rate. The sp i-  sequence symbol rate is called the chip rate. The second class of 

spreading technique employs a frequency nopping carrier. The spreading signal remains 

at a given frequency for each bit or even for several bits. Thus, locally it is no wider than 

the data signal, but it hops to any frequency over the entire spreading bandwidth. The 

start point of this thesis is IS-95 which is a DS-CDMA cellular system.

With DS-CDMA, each signal consists of a different pseudo-random binary 

sequence which modulates the carrier, spreading the spectrum of the waveform. A large 

number of CDMA signals share the same frequency spectrum. If one looks at CDMA in 

either the frequency or the time domain, the multiple access signals appear to be on top of 

each other. The signals are separated in the receivers by using a correlator which accepts 

only signal energy from the selected binary sequence and de-spreads its spectrum. The 

other users’ signals, whose codes do not match that of the desired signal, are not de­

spread in bandwidth and as a result, contribute only to the noise. The signal-to-interfer- 

ence ratio is determined by the ratio of desired signal power to the sum of the powers of 

the other user’s signals, which is enhanced by the system processing gain (PG). PG is 

equal to the number of chips per information symbol.

CDMA is inherently a form of frequency diversity by spreading the signal energy 

over a wide oandwidth. The received signal coming from multiple paths can be discrimi­

nated by a RAKE receiver, provided that the delay spread is larger than the DS chip dura­

tion. Thus, assisted by multipath combining techniques, CDMA itself has great 

advantage in mitigating multipath fading, In general, diversity is the favored approach to 

combat fading. The quality of communication is normally improved significantly by
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employing diversity at the expense of complexity and the resources for communications 

such as time, frequency and space. Correspondingly, there are three major types of diver­

sity: time diversity, frequency diversity and space diversity. As mentioned before, 

CDMA is an example of frequency diversity. Time diversity can be obtained by the use of 

error control coding. Space diversity is obtained by prov ’ing multiple signal paths 

through simultaneous links from the mobile to two or more base stations (cell-site diver­

sity) by allowing signals arriving with different propagation delays to be received sepa­

rately, and by providing multiple antennas at the cell-site. Cell-site diversity is a very 

important part of an IS- 95 system. It will be discussed in details later.

The capacity of an IS-95 system is given in [8], [10], [14]. The major factors that 

determine the capacity of a CDMA cellular system are: the PG, the required Eb/ N 0 , the

activity factor (ACF) of voice, and the frequency reuse factor which is determined by the 

multi-cell, multi-user interference in cellular CDMA. To measure the quality of service 

(QOS), the outage probability is used more often than the average error probability. The 

outage probability is a more conservative and reasonable criterion for capacity evalua­

tion.

E b/ N o is the ratio of energy per bit to the noise power spectral density and is a 

very important parameter by which different coding and modulation schemes are com­

pared. The required Eb/ N 0 or the minimum Eb/ N 0 that ensures an accepted bit error 

rate is often used as a criterion for performance evaluation of different schemes. A low 

Eb/ N o can be achieved by CDMA when powerful and high redundancy error correction

coding techniques are employed. For the forward link, the CDMA signal design uses a 

convolutional code with a constraint length of 9 and a code rate of 1/2. The required min­

imum E b/ N o in the forward link is 5 dB [14].

In the reverse link, the modulation scheme employs 64-ary orthogonal signalling 

based on the set of Walsh function sequences. Again, a convolutional code with Viterbi
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decoding is used. A constraint length of 9, code rate 1/3 decoder determines the most 

likely information bit sequence. For each data block, a signal quality estimate is obtained 

and transmitted along with the data. The quality estimate is the average signal-to-noise 

ratio over the frame interval. The required Eb/ N 0 in the reverse link is 7 dB [14]. The

details for determining the required Eb/ N 0 with selected coding scheme are shown in 

[19].

Due to the advantages discussed above, the capacity of a CDMA system can be 

expected to be better than a FDMA or a TDMA system. Along with other merits, such as 

flexibility of subscription, immunization of channel fading, its low cost and simplicity in 

realization, CDMA systems are certainly becoming a good candidate for the next genera­

tion of cellular mobile digital communications.

To have an overall image of CDMA, however, we also point out the drawbacks of 

CDMA: The performance c f DS-CDMA is very sensitive to the accuracy of the power 

control. A relatively low data rate can be supported by CDMA comparing with TDMA 

(currently). More research in this aspect is required. The ability to support high data rate 

traffic is considered essential for the wireless personal communication system (PCS) to 

provide multimedia services.

2.2 Cellular Environment
Past experience has shown that to build up a mobile telecommunication system 

based on a cellular structure is the most efficient way to deal with large scale wireless 

communication systems. Also we can see that the cellular structure is basically a space 

division strategy. Due to this structure, frequency reuse becomes a reality. The capacity of 

a system is greatly increased.

One of the most important aspects of mobile communications is the channel char­

acteristics. In general, mobile communication channels experience multipath fading and 

lognormal shadowing [23]-[25].
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With multipath fading, if a signal is transmitted between a base station and a 

mobile station that is moving through a multipath environment, wave interference among 

the multipath components results in severe fading of the received signal. This fading is 

rapid and its rate is a function of the frequency of operation and the velocity of the receiv­

ing antenna. The fading channel is characterized as having multiple propagation paths 

and there is a propagation delay and an attenuation factor associated with each path. 

Both the propagation delays and the attenuation factors are time-variant due to the struc­

tural changes within the propagation medium.

The fading channels can be classified into frequency-selective and frequency-nonse- 

lective types [23]. In conception, if a signal is transmitted through a fading channel and 

the different frequency components experience different degrees of fading, then the fad­

ing is classified as frequency selective fading. Otherwise, the fading is nonselective. To 

facilitate the practical applications and academic research, there are several models intro­

duced for multi-path fading which are widely accepted and used [23].

2.2.1 Rayleigh Distribution

The multipath delay, which is denoted as x , is a random variable. The range of pos­

sible values for x is called the multipath or delay spread of the channel and is denoted as 

T  . The bandwidth within which fading is correlated is called the coherence bandwidth

and is denoted as Afc . We have that

V c - j r  (2-D
m

When the signal bandwidth W is much smaller than the coherence bandwidth Afc 

of the channel, the received signal is simply the transmitted signal multiplied by a com­

plex-valued Gaussian random process C (0 ; f ) , which presents the time-variant character­

istics of the channel. The transfer function C (0;f) for a frequency-nonselective channel 

may be expressed in the form
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C (0;f) = Y (t)e~J*(,) (2.2)

where y( t )  is the amplitude and 0 )  is the phase of channel frequency response. If

C (0;f) is modeled as a zero mean complex valued Gaussian random process, y (t) is

Rayleigh-distributed for any instant of t and <}> (f) is uniformly distributed over the inter­

val (-7C, 7t) .

For a frequency-selective fading channel, it can be shown that the time-variant fre­

quency-selective channel can be modelled as a tapped delay line with tap spacing \ / W  

and tap coefficients cn ( t ) . Thus the low-pass impulse response for the channel is

(2.3)
n = -oo

The corresponding transfer function is

C(f;t)  = X  cn (t)e~jlKfn/W (2.4)
n -

Since the total multipath spread is T  , for practical purposes the tapped delay line 

model can be truncated at L -  |^Tm • W j + 1. The received signal can then be written as

n=  1

where u (t) is the transmitted signal. If the time variant tap weights cn (t) are samples 

from a zero mean complex-valued, stationary Gaussian random process, the magnitudes 

|cB( /) | are also Rayleigh-distributed and the phases (0  = 2 n f n / W  are uniformly 

distributed.

The Rayleigh distribution was derived by Lord Rayleigh in 1880. As the real part 

and the imaginary part of cn (t) (which is C(0;t) for frequency-nonselective fading) are
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zero mean statistically independent Gaussian random variables each having a variance

It is also known that if y  is Rayleigh distributed, its power form y2 is Chi-square 

distributed

It is common in the current literature to derive the Rayleigh PDF based on the 

assumption that cn ( t) can be decomposed into two orthogonal Gaussian random pro­

cesses that have zero mean and the same standard deviation a . However, it has already 

been shown that the constraints of the complex Gaussian model are unnecessary. It is 

shown in the literature that the relationship between the Rayleigh PDF and its underlying 

physical assumption is not unique. Physically, this means that if a received signal ampli­

tude follows a Rayleigh curve, it does not necessarily mean that there are a large number 

of interfering waves, or that the complex Gaussian decomposition is accurate. But if the 

amplitude and phase of each component wave are statistically independent, and the 

phase of each component wave is a random variable which is uniformly distributed on 

(0, 2k ), the relationship will be unique.

2
c  , then y  = |cn (t) | follows the Rayleigh distribution

(2.6)
a

It follows that the corresponding cumulative distribution function (CDF) is:

(2.7)

(2 .8)

2.2.2 The Rice Distribution
If the channel condition is relatively good, there is a line-of-sight path for the 

desired signal transmission. The real part and the imaginary part of cn (t) are statisti­
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cally independent Gaussian random variables with means m i and m2, and common vari-

shown that this PDF characterizes the statistics of the envelope of a signal corrupted by 

additive narrow-band Gaussian noise. The cumulative distribution function is given by

This is a non-central Chi-square distribution with aon-centrality parameter

2 2 2 s = m, + m2.

2.2.3 The Nakagami Distribution
The Nakagami distribution was developed in the early 1940's by Nakagami et al. 

who performed an experiment in which the fading of HF signals received over long prop­

agation paths was monitored by connecting the same fading signal input to both the hori­

zontal and vertical deflection plates of a cathode ray tube (CRT) [27]. The received

2
ance a  . Then y  = |crt (t) | is Rician distributed

(2.9)

2 2 2where s = m , + m2 and IQ is the modified Bessel function of zero order. It can be

(2 . 10)

where

y > x>  0
k = o ' (2 . 11)

with Ik being the kth  order Bessel function.

2
When y is Rician distributed, the distribution of y is:

(2 .12)
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signal amplitude probability distribution was then determined by measuring the emulsion 

density of CRT photographs taken after carefully controlled monitoring periods. The dis­

tributions were then plotted on log-log paper and compared with the results of a mathe­

matical expression, the form of which was arrived at by inspection. Agreement between 

the measured and theoretical distributions was found to be reasonable, and after normal­

ization and a change of variable, the corresponding probability density function was writ­

ten as

m is named the shape factor, and has a lower bound of 1/2, which has been mathemati­

cally derived, as well as ascertained from experiment.

The Nakagami PDF can be shown to be a more general expression of other well 

known density functions. For m = 1, the Rayleigh probability function is obtained. For 

m = 1 /2 ,  Equation (2.13) describes a one-sided Gaussian distribution. It can also be 

shown that the Nakagami expression can approximate both the Rice and the lognormal 

distributions under certain conditions.

Note that the power form of the Nakagami model is the Gamma distribution. Let-

2
ting 91 = y / 2 , we have

2

(2.13)

where Ti = y2 is the time averaged power of the received signal and

—  2 2 2
m = (y2) /  (y2 - y 2) is the inverse of the normalized variance of y . The parameter

(2 . 14)

This distribution is very important and will be used for our modelling work.
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2.2.4 Lognormal Shadowing
In addition to multipath fading, another important phenomenon in mobile channels 

is shadowing. Shadowing is mainly caused by the terrain configuration and the built envi­

ronment between the base station and the mobile unit. It is generally accepted that shad­

owing is lognormally distributed [14], [28]-[31]. The shadowing affects the local mean 

of the total channel attenuation and multipath fading is on top of the lognormal shadow­

ing.

In [14], it is shown that the attenuation of the shadowing and the path loss can be

expiessed as a  = r~vxlO^/ l ° , where r is the distance from a subscriber to a cell site, v 

is the path loss factor and £ is a Gaussian random variable with zero mean and standard

deviation o L. The PDF of ct is given by

/L<a> j 2 i a LM 0 a XP

Y io 2 '

v 2a£ ln210,
l n l r j a j f .  (2.15)

Due to the Rayleigh fading, the conditional PDF of the channel attenuation is expo­

nentially distributed given that the local mean is a lognormal random variable. We have

/ ( a | a )  = -j-expf-j^) (2.16)tx v Ct/

Then the PDF of the channel attenuation is given by

/ ( a )  = j ^ / ( a | a ) = ^ e x p ^ ~ j  / L (a )d o t (2.17)

where a  is the channel attenuation, a  is the local mean of the channel attenuation and is 

a lognormal random variable, and f L ( a )  is the lognormal PDF.
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2.3 Reverse Link Power Control

Since there are always non-zero cross-correlations between the spreading 

sequences of the different users, co-channel multi-user interference is a dominate factor 

limiting the capacity of a DS-CDMA system. Due to the propagation path loss, in the 

reverse link a user located close to the base station could be received at a higher power 

level than other users. If the difference between the received levels is too large, one user 

may cause a disastrous interference to the other users. This is the so called near-far 

effect. Therefore, a power control system is employed that attempts to maintain an equal 

received power level from all users independently on their distance/location.

In the IS-95 standard, both open loop and closed loop power control are used. In a 

CDMA mobile cellular system, the objective of the mobile transmitter power control pro­

cess is to produce, at the base station receiver, a nominal received signal power from 

each mobile transmitter operating within the cell.

It is very desirable to maximize the capacity of the CDMA system in terms of the 

number of simultaneous calls that can be handled in a given system bandwidth. It can 

readily be seen that the system capacity is maximized if each mobile transmitter’s power 

is controlled so that its signal arrives at the base station with the minimum required sig- 

nal-to-interference ratio. If a mobile’s signal arrives at the base station with too low a 

value of received power, the bit-error-rate will be too high to permit high quality commu­

nications. If the received power is too high, the performance of this mobile unit will be 

acceptable, but interference to all the other mobile transmitters that are sharing the chan­

nel will be increased, possibly resulting in unacceptable performance to other users unless 

their number is reduced.

2.3.1 Open loop Power Control
Each mobile unit attempts to estimate the path loss from cell-site to the mobile 

unit. In the CDMA approach to multiple access, all the base stations in a region transmit, 

on the same frequency, a pilot signal that is used by all mobiles for initial synchroniza­
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tion and as a frequency and time reference for demodulation of digital speech signals.

A mobile station measures the power level of both the pilot signal from the base sta­

tion to which it is connected and also the sum of all the base station signals receivable at 

the mobile. In the latter case, the mobile might temporarily obtain a better path to a more 

distant base station than to its current reference base station which is normally the one 

close by.

Based on these measurements, the fluctuation of the channel attenuation is esti­

mated. This estimate is then used to permit a rapid response to a sudden improvement in 

the channel while disallowing a rapid response to a sudden degradation in the channel. 

This is a conservative approach to limit the interference generated due to suddenly 

increasing power from a mobile.

A typical example of a sudden improvement occurs when a mobile is moving 

through an area that is shadowed by a large building or other large obstruction and then 

drives out of the shadow. This can take place in a few tens of milliseconds. As the mobile 

drives out of the shadow, the signal received by the mobile will increase in strength.

The reverse link path loss estimate at the mobile is used by the mobile to adjust its 

own transmitter power. The stronger the received signal, the lower will be the mobile’s 

transmitter power. The reception of a strong signal from the base station indicates that 

the mobile is either close to the base station or has an unusually good path to the base sta­

tion. This means that a relatively small amount of power is required to produce a nomi­

nal received power at the base station from this mobile transmission. In the case of a 

sudden improvement in the channel, the open loop power control mechanism, which is 

analog in nature and has about 85 dB ^r more dynamic range, provides for a very rapid 

response over a period of just a few microseconds. It adjusts the mobile transmit level 

downward, preventing the mobile transmitter power from being at too high a level.

In the IS-95 standard, the rate of increase of mobile transmit power is generally lim­

ited to the rate at which the closed loop power control from the base station can reduce
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the power. This prevents a sudden degradation which affects only the individual quality 

temporarily from causing a mobile transmit power to increase to a level significantly 

higher than required for communication.

The base station transmits information as to its characteristics and number of active 

users on its setup channel. The mobile receives this information when first obtaining sys­

tem synchronization and continues to monitor the messages being transmitted.

In addition to measuring the received signal strength in the mobile, it is also desir­

able for the microprocessor in the mobile to know the base station’s transmit power and 

antenna characteristics and the number of active users from the base station. This capabil­

ity allows the system to have base stations with differing transmit power levels and 

antenna gains corresponding to the size of the cells.

2.3.2 CIosed-Loop Power Control
In a CDMA cellular system, a full-duplex radio channel is provided by using one 

frequency band for transmission from the base station to the mobile user and a different 

frequency band for transmission from the mobile user to the base station. The frequency 

separation allows a mobile user’s transmitter and receiver to be active simultaneously 

without feedback or interference from the transmitter into the receiver. The frequency 

separation has very important implication for the power control process. It causes the 

multipath fading on the forward and reverse link channels to be independent processes. 

This means that a mobile unit cannot measure the path loss of a received signal and 

assumes that exactly the same path loss is present on its transmitted signal, particularly 

when the mobile is stationary. The above measurement technique provides the correct 

transmit power on the average, but additional provisions must be made for the effects of 

independent Rayleigh fading.

To account for the independence of the Rayleigh fading on the forward and the 

reverse link, which the mobile cannot estimate, the mobile transmitter power is also con­

trolled by a signal from the base station. Each base station demodulator measures the



23

received signal strength from each mobile. The measured signal strength is compared to 

the desired signal strength for that mobile and a power adjustment command is sent in 

the forward link channel addressed to that mobile user. This power adjustment command 

is combined with the mobiles’ open loop estimate to obtain the final value of the 

mobile’s transmit power.

In the IS-95 standard, the cell-site power adjustment command instructs the mobile 

unit to increase or decrease its transmitted power by a predetermined amount, nominally 

about 0.5-1.0 dB. The power adjustment command is transmitted at a rel atively high rate, 

on the order of one command every millisecond. The transmission rate of the power 

adjustment command must be high enough to permit the Rayleigh fading on the reverse 

link channel to be tracked. It is also desirable for the forward link Rayleigh fading to be 

tracked. One command per millisecond is adequate to track fading processes for vehicle 

speeds of 20-100 miles per hour for the 850 Mhz frequency band used in mobile commu­

nications. It is important that the latency in determining the power control signal and in 

the transmission process be kept small so that the channel conditions will not change sig­

nificantly before the control bit can be received and acted upon.

The system controller residing at the mobile telephone switching office (MTSO) 

provides each cell-site controller with a value for the desired signal strength of each user 

based on the overall system information available. The cell-site controller maintains the 

desired signal strength information for each mobile that is active within that cell. This 

level is passed to each of the cell-site demodulators where it is used along with the avail­

able information on instantaneous vs. the expected value of the bit error rate of the 

received signal to determine whether to command a particular mobile to increase or to 

decrease its transmitter power. This mechanism is called the CDMA closed-loop power 

control.

The nominal power level can be adjusted up or down to accommodate variations 

from the average conditions. For example, a base station in an unusually noisy location
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might be allowed to use a higher than normal targeted power level This will result in a 

higher level of interference to the immediate neighbors of this cell. A trade-off must be 

made. For a system with heterogeneous traffic, different traffic types may also be 

assigned different power levels to maximize the overall capacity while ensuring the qual­

ity requirements of the different traffic types.

2-4 Forward Link Power Control
It is also desirable to provide a means for controlling the relative power used in 

each data signal transmitted by the base station in response to control information trans­

mitted by each mobile. The primary reason for forward link power control is that in cer­

tain locations, the link from a base station to a mobile may be unusually weak. Unless 

the power being transmitted to this mobile is increased, the quality may become unac­

ceptable. For example, if a mobile locates at a point where the path loss to the closest 

two or three base stations is nearly the same, the total interference would be increased by 

three times over the interference seen by the mobile at a point relatively close n  its refer­

ence base station.

To realize forward link power control, the received signal-to-noise ratio is mea­

sured at a mobile. If the measured ratio is less than a predetermined value, the mobile 

transmits a request for additional power to the base station. If the ratio exceeds the prede­

termined value, the mobile transmits a request for a reduction in power. The base station 

receives the power adjustment requests from each mobile and responds by adjusting the 

power allocated within the total transmitted power of the corresponding base station by a 

predetermined amount. The base station also considers the power demands being made 

on it by all the mobiles in deciding whether to comply with the requests of any particular 

mobile. When the system approaches its capacity, certain constraints must be placed on 

the total transmitted power of a base station to ensure the stability of the entire power 

control system.
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2.5 Soft Handoff and Diversity
In cellular CDMA, the same entire bandwidth available is used by all cells. Differ­

ent subscribers are distinguished by the use of spreading codes. This means that the 

mobile unit need not switch frequencies when being handed-off from one base station to 

another. Therefore, there is a smaller probability that the call will be dropped if the hand­

off command is received in error.

The new base station assigns a modulator/demodulator (modem) unit, consisting of 

digital modulator and data receiver functions, to the user while the old base station con­

tinues to handle the user. When the mobile is located in the transition region between the 

two base stations, the mobile user can be switched back and forth between them as signal 

strength dictates with no disrupting effects on the mobile. Only when the mobile is firmly 

established in the new cell will the original base station discontinue handling the call. In 

this regard, the conventional system (FDMA and TDMA) can be said to provide a break- 

before-make switching while the CDMA based soft handoff system provides a make- 

before-break switching.

A mobile unit also plays an important role in soft handoff operations. The mobile 

can be permitted to initiate the handoff request and to determine the best new base sta­

tion from the old station’s neighbors. After a call is initiated, the mobile continues to 

scan the neighboring station’s pilots to determine if one of these signals becomes stron­

ger than the first station’s pilot. When it happens, it indicates to the mobile that it has 

entea the new base station’s coverage area and that a handoff could be initiated. The 

mobile tran >mits a control message to the base station handling the mobile with the infor­

mation that a new base station’s pilot is now stronger along with the identity of the new 

base station.

The system controller can now begin the handoff process. The system controller 

begins the handoff process by assigning a modem located in the new base station to the 

mobile. The modem is given the PN address of the mobile. The cell-site modem searches
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ft■: ?.nd finds the mobile’s signal. The cell-site modem also begins transmitting the signal 

to the mobile. The mobile searches for this signal. When the new cell-site signal is 

found, the mobile can switch over to listening to this signal. The mobile then transmits a 

control message indicating that the handoff is complete. The system controller then 

switches the call over to the new base station and allows the old cell-site modem to enter 

the pool of idle modems available for reassignment.

One of the important parts of the soft handoff operation is cell-site diversity. In 

addition to the above, cell-site diversity reception is obtained by having two or three cell- 

sites demodulate the signal from the mobile. All base stations forward their demodulated 

data signals to the system controller along with an indication of the signal quality in the 

receiver. The system controller then compares the two or three versions of the mobile’s 

signal and selects the signal with the best quality indication. It is also possible to use 

more efficient diversity combining techniques instead of diversity selection, but the com­

plexity will be increased significantly.

With cell-site diversity, the process is initiated by the mobile determining that a 

neighboring base station has a signal strength high enough to allow good quality demodu­

lation. The mobile transmits a control message to the new base station indicating the 

identity of this base station and requesting the cell-site diversity mode. The system con­

troller responds by connecting the mobile to a modem in the new base station. The sys­

tem controller then performs diversity combining of the signals received by the two (or 

three) base stations and the mobile performs diversity combining of the signals received 

from the base stations.

The cell-site diversity continues as long as good signals are received from all the 

base stations. The mobile continues to search for other base stations. If a new base sta­

tion becomes stronger than one of the original base stations, a control message will be 

transmitted indicating the identity of this base station. The system controller will then 

drop the weakest base station ana continue with the strongest base stations. Note that if
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the mobiles are equipped with three data demodulators, then a triple cell-site diversity 

mode results. The diversity is terminated when the mobile determines that only one base 

station is providing adequate signals for quality reception. The mobile sends a control 

message indicating the base station which it wishes to remain with at the end of cell-site 

diversity mode. Cell-site diversity might be terminated by the system controller if the sys­

tem were to become overloaded and an insufficient number of modems were available to 

support all requests for diversity.

Soft handoff is tightly coupled with power control. In IS-95, during soft handoff, 

multiple base stations are involved in the power control of ,i mobiie. If the requests from 

all base stations are to increase power then the mobile will increase its transmission 

power. As long as there is one base ~.tation requesting reduced power, the mobile will 

reduce its transmission power.

2.6 Cellular CDMA Supporting Integrated Services
In the third generation of universal wireless communication networks, a user will 

be allowed to communicate with anyone, in a variety of formats — voice, data, image, 

and full motion video — from virtually any geographic location.

A DS-CDMA wireless system structure for multi-media transmission is proposed 

in the CITR project. Multiple data rates from 1 Kbps up to 2 Mbps are considered. The 

low rate traffic would be voice and low rate data, while the high rate traffic would be 

high speed data and video. The bandwidth available for the proposed system could be 5, 

10 or 15 MHz. The signals from a user are spread over the whole bandwidth available to 

achieve a high bandwidth efficiency. High degree of compatibility with Broadband-Inte­

grated Services Digital Networks (B-ISDN) and Asynchronous Transfer Mode (ATM) 

will be a requirement for integration of wireless and wired networks. Different traffic 

types will be fully integrated with various techniques at both the physical layer and 

higher layer. Efficient resource management will be realized to improve the system 

capacity and the QOS.
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Chapter 3 

Interference Analysis for Cellular CDMA

3.1 Introduction
Since the capacity of a CDMA cellular system is determined by multi-cell, multi­

user interference, and since there are a number of factors affecting not only the mean but 

also the variance of the interference, understanding of multi-cell, multi-user interference 

incorporating various traffic types is necessary. Power control and handoff are two key 

techniques in a cellular CDMA system. The multi-cell, multi-user interference level is 

largely determined by the performance of the handoff and power control which are tightly 

coupled with each other. One of the most important advantages of cellular CDMA is that 

the soft handoff can be realized. With a soft handoff, the multi-cell, multi-user interfer­

ence is reduced by approximately 50% compared a hard handoff. As a result, the capac­

ity is increased by over 100% [16].

Since DS-CDMA has great advantages in saving power and bandwidth, combating 

multi-path fading and as a result increasing the system capacity, it becomes one of the 

most promising techniques for supporting the next generation of wireless PCS with high 

transmission rates and high quality requirements for multi-media applications [3], [6]

Gilhousen et al. [14] have evaluated the capacity of a cellular CDMA system for 

voice users with a relatively simple approximation. In [15], [16], the membership of a 

user is determined by the highest pilot power received at the user and the mean power of 

the interference is obtained. There are many further works related to this issue e.g., [32],
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[33]. Most of the analytical results of these papers are obtained through the Gaussian 

approximation for a large number of users. Prasad et ah [32] model the total inter-cell 

interference as a lognormal random variable. This approach simplifies the analysis when 

power control error is considered. In this chapter and the next, we ,vill develop a new 

approach different from the Gaussian approximation for not only a large number of users 

but also a small number of users [17], [34].

The works [351-[38], concentrate more on the multi-path combining techniques. 

The effects of wide band signalling techniques on the system performance and system 

capacity are examined. In [40], the performance of a CDMA system in a micro-cellular 

environment is investigated. There are also a lot of efforts on improving power control 

techniques [33], [41].

For wireless cellular systems, the multi-user co-channel interference problem 

always attracts a lot of attention. If the number of independent random variables is large 

enough, the PDF of the sum of the variables approaches the Gaussian distribution. For a 

small number of variables, the problem becomes very complicated. There have been 

many works which deal with the sum of interference variables e.g., [29], [31]. Nakagami 

has developed a general model for multi-path fading and lognormal shadowing [27]. One 

of the most convenient properties of this model is that, in many cases, there is a closed 

form solution for the PDF of the sum of Nakagami random variables.

In this chapter, we develop a new approach to analyze multi-cell, multi-user inter­

ference. The area averaged PDF of the interference of an active user is introduced. Differ­

ing from the distance membership determination, we take the statistical effect of soft 

hand-off into consideration. An analytical method for calculating the mean and variance 

of multi-cell, multi-user interference is developed. The membership statistics are also 

analyzed.

The rest of this chapter is organized as follows. The second section is devoted to 

a discussion on system structure, traffic profile and mobile channel characteristics of a
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cellular CDMA system. In the third section, inter-cell interference is analyzed. A method 

for calculating the mean and variance of the inter-cell interference is developed in the 

fourth section. The mean and variance of intra-cell interference are calculated in the fifth 

section. The membership statistics are also analyzed in this chapter. The last section pre­

sents a summary and remarks.

3.2 System Model
We consider a CDMA cellular system consisting of equal-size hexagonal cells. The 

base stations are located at the centers of all cells and employ directional antennas sepa­

rating a cell into three sectors as shown in Fig. 3.1. All base stations are connected to a 

central switching office. Each base station transmits a pilot tone to mobiles for hand-off, 

power control and synchronization.

Since both the forward link and the reverse link are very complicated and very dif­

ferent techniques are employed in the different links, a separate study is required for each. 

We concentrate in this thesis work on the performance analysis and evaluation of the 

reverse link.
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Sector

Fig. 3.1 Cellular structure and coverage.

3.2.1 Traffic Profile
At first, we examine a CDMA cellular system with a single type of traffic. The user 

distribution over the service area is defined by the user density function D  (r, 0). It is a 

the number of users per unit area. The D  (r, 0) represents how users are distributed over 

the area covered by the cellular system. The total number of users within an area A is

^  = J J D (r, 0 )rd rd 0  (3.1)
A

where NA is the number of users within area A. If the users are uniformW distributed all
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over the area to be considered, the average user number per sector is N  and the hexago­

nal cell radius is normalized to unity, we have

D (r ,0 )  = j= N s . (3.2)

Based on the user density function, we define a user position distribution function

as

f A (r, 0) = ^~ D A (r,Q) (3.3)
A

where NA is the user number within A and DA ( r, 0) is the density function defined over 

the area A to be considered.

The meaning of a user position distribution function can be explained by

p Ak = J J / M(r ,0 )rd rd 0  (3.4)

where PA is the probability that a user is located in area A k which is within the area A

to be considered. Note that Equation (3.3) is a general formula and is not only for the uni­

form distribution of users. Since a uniform distribution of users is an important case, 

without loss the generality of our method, we calculate the numerical results assuming 

that users are uniformly distributed in our study.

3.2.2 Channel Characteristics
In a mobile environment, the signal power is typically attenuated by multi-path fad­

ing and shadowing. In addition, there is a path loss for radio propagation. It is generally 

accepted that shadowing is lognormally distributed and if there is no line of sight path, 

the multipath fading is Rayleigh distributed [28], [29]. The channel attenuation can be 

considered as the multiplication of two independent random variables: the Rayleigh fad­

ing and lognormal shadowing. The Rayleigh fading is on top of the lognormal shadow­
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ing and the locai mean of the Rayleigh fading is lognormally distributed [28], [29], The

attenuation of shadowing and the path loss can be expressed as a  = r_vxlO^/10, where 

r is the distance from a subscriber to a cell site, v is the path loss factor and £, is a Gauss­

ian random variable with zero mean and standard deviation g l . Values of v = 4 and

a L -  8dB  are normally used in a typical cellular environment [14].

3.2.3 Power Control and Soft Handoff
Power control is employed for compensating the propagation path loss and the 

channel attenuation due to shadowing and fading. Perfect power control and ideal soft 

handoff are assumed in this chapter at first. If perfect power control is assumed, the 

received power at the base station will be the same for each user which are power con­

trolled by the reference station. For simplicity, we normalize this nominal power to 1. In 

reality, power control error always exists. The details of the effect of power control error 

can be found in [32], [33], [17].

With ideal soft handoff, the best of the involved base stations’ receptions will be 

utilized at the switching center. A mobile in the handoff zone is controlled by all 

involved adjacent cells. Its power level is always set to match the lowest power require­

ments among these cells by responding to the pilot received with the highest power [42], 

[16]. Since during soft handoff operation, the best received signal is selected and, ideally, 

power control always works on the best received signal, there is an internal switching of 

the user membership. We say that a mobile belongs to a base station when the mobile has 

a power control connection with the base station and the best reception selected at the 

switching center is from this base station. This base station is identified as the current ref­

erence base station.

The interference generated by users that are power controlled by the reference 

base station is defined as intra-cell interference. The interference from users that are con­

trolled by other base stations is defined as inter-cell interference. The effects of mulfipath
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fading are considered separately for inter-cell and intra-cell interferences. For inter-cell 

interference, we assume that multipath fading is Rayleigh distributed on top of the log­

normal shadowing. For intra-cell interference, we consider that the channel conditions in 

terms of fading and shadowing are much better in a lot of cases; path loss and shadowing 

are perfectly compensated by power control, and multipath fading can be greatly reduced 

by employing multi-path combining techniques and fast power control [43]. The final 

effect of fading is factored into the signal-to-noise ratio (SNR) requirement. A conven­

tional signal to noise ratio (SNR) requirement is Eb/Ng = Id B  as suggested in [14] for

coded voice. In this chapter, we first consider a system in the lognormal shadowing envi­

ronment.

Since propagation path loss is severe, the possibility that a subscriber belongs to a 

distant base station is very small. In order to simplify the problem, we investigate the per­

formance of a system in which the three closest base stations are involved in the soft 

handoff operation of a mobile. Analysis and simulation results show that the effect of 

this simplification on the overall system performance is negligible [16], [19], [44]. Due 

to sott handoff, the area covered by a base station is extended. We call this extended area 

an enlarged cell area, for instance, the hexagonal area ABCDEF in Fig. 3.1; it has three 

times the area of a cell.

3.3 Analysis of the Area Averaged PDF of inter-cell 
Interference

It can be shown that the output of a correlation detector at the reference station is

Rp =  P Q + n T + f iia + h ie

where PQ is the received power from the desired user, nT is the thermal noise with 
power o2t , l ita is the intra-cell interference, and l Ue is the inter-cell interference

Since power control is mainly for compensating path loss and shadowing, it works 

based on the measurement of the path loss and shadowing. In addition, the power that a
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mobile is required to transmit should also be minimized. With perfect power control, the 

transmitted power from a mobile power controlled by the i th base station is

where r . is the distance between the reference mobile and the i th base station, and x i is 

a Gaussian random variable with zero mean and standard deviation o L. For J  different 

base stations, the PDFs of 7/r ;  are

Ignoring the handoff operation, 7;r 0 , Itr , ,  ..., I tr ., ... are independent and their joint 

PDF is

Taking the effects of the soft handoff into consideration, here we assume diversity 

selection and power control are ideal. There are J  base stations involved in the power 

control of a mobile. Ideally, the transmission power level of a mobile is adjusted follow­

ing the instructions from one of the involved base stations whose pilot power is the high­

est received by the mobile. A mobile power controlled by the Oth reference station has 

transmitted power Itr 0 which meets 7f_ 0 ^ I , r , n 7 (r 0 < I[r 2 .

Taking J  = 3 in Equation (3.8), the PDF of the transmitted power of an active user

is

(3.6)

j 2 n a L\n 107j
i = 0, 7,..., J-l. (3.7)

J l K d  Lin \0

(3.8)
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(3.9)
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The area averaged interference from a reference mobile in the triangular area AOF 

in Fig. 3.1 to base stations 1 to 6 is equivalent to the inter-cell interference from a first tier 

neighbor cell to the reference station. Similarly, its interference to base stations 7 through 

12 is equivalent to the inter-cell interference from cell 7 (or 8, 12) to the reference station; 

the interference to base station 13 through 18 is equivalent to the inter-cell interference
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from cell 13 (or 14) to the reference station, and so on. Given that a reference user 

belongs to the reference station, the path attenuation from the user to the surrounding 

base stations, except base stations 0, 1 and 2, is independent of the mobile transmitted 

power. Considering this independent case, the interference power generated by a refer­

ence user to the / th base station is

/  = ,r’Qio 10 -  I Il i v V ,o Vr.

i — 3, *t, ...

(3.12)

where x. represents the lognormal shadowing and r. is the distance from the reference 

user to the /th base station. We denote /  . as the total attenuation of path / including 

path loss and lognormal shadowing. The PDF of /  can be obtained for / = 3 ,4 , . . . ,  as

= I r A ,  r~  W * . o>d',r,otr, 0 p ' '** n '
(3.13)

V tr, 07

where f t ( l lr 0) is given by Equation (3.9) and the PDF of lpi, is given bypi'

10 exp-
pi

10

2 o jln 210.
i n i  r]lpi (3.14)

When the interference of an active user is received at base station 1 or 2, the path 

attenuation is correlated with user transmitted power. Now, we consider two random vari­

ables

Am -

r \

\ r \ )

-  ( r  \in *n
io 10 =

\ r l
10

J  ^0
10 (3.15)

where 701 is the interference received at base station 1 given that the mobile is power 
controlled by base station 0, and



where / 21 is the interference received at base station 1 given that the mobile is power 

controlled by base station 2. Note that /0| and / 21 are lognormally distributed. Variables 

* 0 , x ] ,and x 2 are independent Gaussian random variables with zero mean and standard 

deviation g l . Then, x  and y  are correlated Gaussian random variables. The joint PDF of 

x  and y  can be obtained as [23]

f ( x , y )  = ------- 1-------- exp J  —  1 ' f L  2 p l 2 l  + 4 '
v

(3.17)
2 k g 2 J I - p 2 2 ( 1 — p2)

where p is the correlation coefficient and Gx = ay = G = J 2 gl is the standard devia­

tion. In our case, the exact p can be obtained

E ( x , y )  = £ ( ( j t , - * 0 ) ( * , - * 2 ) )

f  2^ 2
=  E \ x x \ - E ( jc ,jc 2 ) - E (jCq^C]) +  E ( * 0 * 2 )  = (3.18)

and

_ E ( x ,y )  _ 1 . (3 . 19)
2

If hand-off is ideal, we have / 0] < / 21 given that an active user belongs to base station 0. 

Then the conditional PDF of x  can be obtained as
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and the conditional PDF of /Q1 is
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Due to the symmetric nature of the hexagonal cell structure, the conditional PDF 

of the interference at base station 2 is the same as at station 1, thus

f  (^oi |A)i < ^21) = ./ (^02Ĵ 02 < ^12 -̂ Then, the area averaged PDF of the interference

power of an active user j  from a cell in the first tier (e.g. cell 1) and two cells (e.g. cells 7 

and 13) in the second tier can be obtained as

18 5

4 » , < V  = X  f j / l , (-l l\r0’ e ) /< , <ro- 8 > rodrode (3.22)
; = i

where the conditional PDF, f L ( / , |r 0, 0) = f r  ( / . )  for i = 3, 4, . . . ,  is given by Equa­

tion (3.13), / / i ( / I |r o,0 )  = / /2( /2|r o,0 )  = / ( / 0, | / 0, < h O  = < h i )  ***

given by Equation (3.21), and f A ( rQ, 0; is the position distribution given by Equation

(3.3) defined over the effective area covered by t base station, e.g. the hexagonal area 

ABCDEF in Fig. 3.1. Two tiers of cells, 19 cells in total, are considered. It is generally 

accepted that interference from outside the second tier is negligible [14J.
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S ecto r

11

Fig. 3.2 The effective area covered by a base station.

We call the hexagonal area ABCDEF an enlarged cell area. If users are uniformly 

2
distributed, ( rn, 0) = — - .  Let r denote the radius of a circle that has the same

° 973

area as a enlarged hexagonal cell area (three times the area of a cell), as shown in Fig. 

3.2. We use rc to calculate the area f the enlarged cell area, rc is obtained as

In  /3
rc = • As shown in Fig. 3.1, the integration is calculated over the shadowed trian­

gular area due to the symmetry nature. The relations between rQ, r , , r2 ,... are



where dQ = *fi ,  = 3 ana d2 = 2 ^ 3 . The r. given by Equation (3.23) are those 
required in further calculations due to the symmetry property of hexagonal cell structure.

3.4 Mean and Variance Analysis of Inter-cell 
Interference

From Equation (3.12), the interference from one user received at the base station is 

the multiplication of two independent random processes: the path attenuation, /  , and the

mobile transmitted power, I trQ. Let /. = Itr QIpi, then, for the /th base station, 

/ = 3, 4 , . . . ,  the mean interference power from an active reference user is



= K - w ,

Letting / ’ = I / I , r 0, we have that for i = 3, 4 , ,

/

(3.24)
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where f ,  (I  0) is the PDF of the transmitted power given by Equation (3.9) and r.
tr, 0 ’ u  1

represents the distance from the reference mobile to the / th base station.

Given that an active user belongs to base station 0, the mean interference from an

active user (at position ( r, 0 ) )  to base station 1 is

f  \

\ T\ )

1 jcln 10 xexp
2 j n a L 10 4C \ \

1 1 , -  -  - e r f  
2 2

lOv
In 10

f  \
ln -

V r 2 )

\ \
+ (1 - p ) x

2,
P )*L

dx

j  j (3.26)

Since the upper bound of /Q] is
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(3.27)

the b in Equation (3.26) has value

Due to symmetry in the hexagonal cells, we have that E  ( /Q2) = E  ( /Q1) for base 

station 2. Denote E ( /0]) as E ( / ,)  and E  ( /Q2) as E ( /2) . The definition of r f. and 0 , is 

shown in Fig. 3.2. The details of calculation of r. are given by Equation (3.23). Since in 

a macro-cellular environment path loss is severe, interference from cells outside of the 

two tiers is negligible [14]. Therefore, we consider multi-user interference within these 

two tiers of cells. In a sector, there are 6 interference cells within these two tiers. We can 

pair these cells such that each pair of cells has the same relative location to the reference 

station. Since the area of an enlarged cell is three times that of a normal cell, there are 

k = 18/Vv users generating inter-cell interference in a cell pair. Then, the area averaged 

mean of inter-cell interference power is given by [17]

We call E (I s) the mean factor of inter-cell interference.

Similarly, we can also obtain the area averaged variance of the interference power 

of an active user. We first examine the independent case:

r c It 18

18 j J o E £ < W * 0 < V e >ro‘i '<>d e ' (3.29)
o i = l

0 (3.30)
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where for i = 3 ,4 , . . . ,

1 | ^ l n 2 10l
M S q p , = - p x p j ^ g - j 1 1 .-  + -e r f  

2 2
V

lOvln
V t̂r, Oj V2 a ,ln lO

V2 a ,ln lO 10

V

(3.31)

For base station 1 and 2, correlation exists and the second moment can also be 

obtained in a manner similar to the first moment in Equation (3.26).

-  J
/  \ 2v

1 (In 10)*  x~

1 5 7?,2 Ji t  a

x 1 1 , -  -  - e r f  
2 2

_10v
lnlO

L

(  \  \ \  

+ (1 - P ) *In—
V r U

2 7 ( 1  - P 2) ^ z

dx •

(3.32)

where b is given by Equation (3.28). Similarly, we have also J = /? | J • Then

71
r c 3  18

(3.33)

and

oo« = i

n
r c 3 18

e  ( / ,)  = i s J J ^ e  ( / ^ ( v e i ^ v e
0 0 *= 1

(3.34)

We call E (Is ) the second moment factor and E {Is)  the mean square factor.

Since a traffic type may not has a continuous source rate, we consider transmission 

activity as an independent on/off random process represented by an ACF, \ ) . For exam­

ple voice has an ACF of 0.375. This random process has a mean of v and a variance of

x>-\> . Considering the ACF and employing the parameters/? (7y) , £ ( /  ) and
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7 -----
E ' ( / v) , we obtain the total mean inter-cell interference of Ns users per sector to be

E V , " )  = N s - v E ( 1s) (3.35)

and the variance of inter-cell interference is

(3.36)

In addition, we consider the inter-cell interference fluctuation caused by the Ray 

leigh fading as an independent random variable IR . The total inter-cell interference is 

IRiu, = Iile ■ IRy and IR is Chi-square distributed with mean equal to 1. Therefore, with 

the Rayleigh fading tnc mean of the inter-cell interference is

It is difficult to calculate the PDF of the intra-cell interference directly, but the 

mean and variance can be obtained. To obtain the mean and variance of intra-cell interfer­

ence, we first evaluate the probability that a mobile belongs to a base-station, which can 

be determined by a comparison of pilots strength. The internal membership switching 

process of an active user can be presented as a binomial random variable <p

1 User belongs to the reference base station with probability p  (q>= 11 rn, 9),
cp = {

0 Otherwise.

Then, we have that

(3.37)

and its variance increases to

( 4 4 M ' y - E2< u E 2( v )

(3.38)

3.5 intra-cell Interference Analysis
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where

x exp • 10 '

2 o^ln2 l0
In'

1 f1 + ^erf
2 2

v v,

V

10

( I  \‘ t r , 1 
v

V r ! )
+ In'

V21n l0 a
■In

( I "N^
t r ,  1

( I \ \
t r ,  2

2

and

10

v 7 2 7 t l n l O a J  A r ,  l A r , 2

J 10
X e x P l  — 2

2 o 2 ln 10
In'

10

t r ,  I 
v

v r i /
+ In'

( I  W‘ t r ,  2

\  r2 J J

J 2  ln lO aL
In

( r \ \ \
‘ t r ,  2 n

V ' 0  / / /
^ t r ,  2 ^ tr, I

(3.40)

(3.41)

where e rf (x) is the error function.
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Fig. 3.3(a). Surface map of the probability that a user belongs to a base station.
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Fig. 3.3(b). Contour map of the probability that a user belongs to a base station.

Fig. 3.3 The surface and contour map of the probability distribution of a user which 
belongs to the reference base station. This triangular area is corresponding to the 
shadowed area shown in Fig. 3.1 and Fig. 3.2.
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A contour map of the probability distribution that a user belongs to the reference 

base-station is given in Fig. 3.3. In this figure, the reference station is located at the ori­

gin, (0,0), and the probability distribution is represented over the triangular area AOG in 

Fig. 3.1. Given that there is an offered traffic of N  calls per sector (3N s for a..i enlarged

sector), the mean number of active users which belong to the reference base station can 

be obtained.

E ( N bl ) = 3N s ■ E W  = 3 N s j j p  (q>= 1 |rQ, 0 ) / ^  ( rQ, 0) r Qd r QM  (3.42)

where N bl is the number of users belonging to a base station and -40 is the enlarged cell

area covered by a base station. With uniformly distributed users, £(<p) = 1 /3  and 

Equation (3.42) reduces to N g . The variance of the number of users is

D ( N bl)  = 3 N S • [ £ ( y j  "  £2 J (3'43)

where

^ < p 2J= JJp(<P= 1lrO'fl)//to ( rO>0) ro V 0 ' (3>44)
^0

and

E 2 (<p) = J j V  (9 =  1 k 0’ ( r0’ 0 ) rod r od e  ' (3 45)

Since the membership switching and user activity are independent random vari­

ables, the mean power of intra-cell interference can be expressed as

£ ( 1 i J  =  ( 3 N s - l ) v - E ( y )

=  ( 3 N s - l ) v J  J p ( ( p =  l \ r 0, Q ) f A ( r 0, G ) r 0d r 0d Q

Ao (3.46)

With uniformly distributed users, E (9 ) = 1 /3  and Equation (3.46) reduces to
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f
£ ( ' / J  = (3-47>

Similarly, the area averaged variance of the intra-cell interference with one active user is

D (/ i J  = ( 3 A ^ - l ) ^ £ ( c n - i ) V ( c p )

= (3/Vv- i ) f ^ - i ) V ( c p )
'  (3.48)

2 — ——Note that £(<p2) is also 1/3 if users are uniformly distributed and we calculate e  (<p) 

which is given as a parameter for interference calculation. The key parameters for calcu­

lating the total interference are the area averaged first and second moments. Values for

these parameters, obtained under tne conditions of ideal handoff, perfect power control, 

user ACF of 1 and the path loss factor, v = 4 , are given in Table 3.1.

Then the mean of total interference power is

" ( ' , )  = £ ( W > + £ ( W )  (3-49)

and the variance of total interference power is

Var{I t) = D ( I ila) + D ( I Rite) (3.50)

where / ( is the total multi-user interference.

Table 3.1 The First and Second Moments for Evaluating The Total Interference and
Membership Statistics

°L £ Vs) E1 (/,) E2 (9 )

4.0 0.442 0.163 0.046 0.267

6 .0 0.501 0.189 0.031 0.237

8.0 0.564 0.222 0.024 0 .212
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3.6 Summary

In this chapter, we analyzed the multi-cell, multi-user interference in a CDMA cel­

lular system with a single type of traffic. Ideal soft handoff and perfect power control is 

assumed. We developed an analytical method to calculate the mean and variance of the 

total interference, as well as the area averaged PDF of inter-cell interference from one 

user. In this chapter, we also analyzed the membership statistics of an active u s e r  in a cell. 

The first and second moments for evaluating the total interference and membership statis­

tics are given. From our results, we may see that due to soft handoff, the area covered by 

a base station is enlarged and the inter-cell interference is greatly reduced.
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Chapter 4 

The Effect of Imperfect Handoff and Power 
Control, Interference Modelling and Outage 
Analysis

4.1 Introduction
In a CDMA cellular system, soft handoff is tightly coupled with power control. In 

[16], the effect of ideal soft handoff was evaluated, revealing that the system capacity is 

doubled when an ideal soft handoff is used rather than a hard handoff that was studied in 

[45]. Here we consider soft handoff operations including cell site diversity and power 

control of one mobile by multiple base stations. For the cell site diversity, selection diver­

sity is assumed in the reverse link since it is of low complexity and very effective.

Ideal soft handoff minimizes the interference by using the best signal reception of 

the involved base stations at the central office and synchronizing power control on this 

signal. In other words, ideal soft handoff means that when more than one base station is 

requested by a mobile, the best reception from one station is selected and power control is 

synchronized with the diversity selection. This operation compensates for the path loss 

and the channel attenuation on the path from the mobile to the base station which is 

obtaining the best reception.
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Base station #1 

C T P oo l o f modems

Base station #2 

C ~ T °o l o f modems

channel ichannel j

Connected 
for diversity

mobile i mobile j

power control -  power control

Fig. 4.1 Soft handoff operations. Soft handoff operations include diversity selection and 
power control switching. Due to cell site diversity, more channels are required at a base 
station.

In practice, reverse link power control consists of closed loop and open loop power 

control. Closed loop power control means that a base station measures the received power 

from a mobile and, based on this measurement, sends a feedback message to the mobile 

to adjust its transmitted power. Open loop power control means that a mobile measures 

the pilot power from surrounding base stations and tracks the strongest one for power 

control. Since the power control in the reverse link is different from that of the forward 

link, the objective of reverse 1' :k power control is to achieve a nominal, received power, 

not a target SNR. There are two drawbacks to closed loop power control: 1. Feedback 

channel is not error free; 2. Closed loop power control relies on the measurement of the 

received signal power. In practice, it is very difficult to measure the desired signal power 

alone, typically one measures the signal power plus noise. Therefore, it is not enough to 

only employ closed loop power control in the reverse link. On the other hand, open loop
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power control does not work well by itself. Open loop power control requires the datums 

provided by the closed loop power control. Therefore, both open loop and closed loop 

power control are necessary for the reverse link.

Since power control during soft handoff should ideally compensate for the attenua­

tion of the path from the mobile to the base station with the best reception, there is an 

actually switching of power control connections among the involved base stations. This 

^witching of power control connection is in terms of following the instruction from one 

specific base station with the best reception for closed loop power control and locking on 

the pilot power which is the strongest from that base station for open loop power control. 

A sensitive power control switching mechanism which is matched to the attenuation on 

the path to the best base station is required to minimize interference. In practice, the inter­

nal power control switching is not this perfect. Accordingly, we use a parameter H  , 

within a range 0 < Hp < 1, to represent the “hardness” or imperfectness of the power 

control switching mechanism. Due to the reciprocity of path loss and lognormal shadow­

ing, switching the power control connection can be determined by pilot power measure­

ment. When the pilot power of a nearby station is l /Hp times greater than the pilot 

power of the current reference base station, a power control switching occurs [46].

After a power control connection is established, power control error always exists. 

The authors of [18], [32], [33] suggest that with non-ideal power control, the power con­

trol error is lognorrnally distributed. We adopt this lognormal assumption and treat power 

control error as an independent lognormal random variable in our analytical evaluation 

of the effect of imperfect power control.

In the last chapter, we divided the total interference into intra-cell and inter-cell. It 

is almost impossible to calculate this interference directly. In addition, it normally ta’ ;s a 

long time to get simulation results. Modelling the interference is an effective way to 

solve this problem. Using a good model may make calculation much simpler and give 

very accurate results. The conventional model of multi-cell, multi-user interference is the
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Gaussian model based on the Large Number Theorem. Here, we develop a model suit­

able for both a large and a small number of users.

The Gamma distribution which is closely related to the Nakagami model is 

employed to model the PDF of the area averaged inter-cell interference power of an 

active user and the PDF of the power control error. The validity of our model and the 

Gaussian approximation is verified via simulation. Since the next generation of PCS will 

support a variety of traffic types with very high transmission quality requirements, the 

performance of a system with a small number of users becomes very important, so we 

examine our model for a wide range of user number.

The rest of this chapter is organized as follows. The second and the third sections 

are devoted to a discussion on the effect of nonideal soft handoff and power control on 

interference. A model for inter-cell interference is developed in the fourth section. A 

model for intra-cell interference and membership statistics is proposed in the fifth sec­

tion. Outage analysis and case studies are presented in the sixth section. The last section 

presents a summary and concluding remarks.

4.2 The Effect of Non-ideal Handoff Operation and 
Imperfect Power Control on inter-celi Interference

4.2.1 The effect of non-ideal handoff

Considering the hardness parameter Hp , we can see that when Hp = I , soft hand­

off is perfect. If Hp = 0 , there is no power control switching at all. Including in the hard­

ness parameter Hp and taking j  = 3 in Equation (3.8), we have the PDF of the 

transmitted power of an active user as

K  ,r  ( / " .  =  F  ( / *  V / r .  0  *  l t r ,  1 H  H p I ( r  Q <  I t r  2 )

=  F  V t r ,  0 ’ H p l , r t 0 -  ^ r ,  1 ~  1tr,  2)  +  F  ^  tr,  0 ’ 0  “  l t r ,  2 ~  l t r ,  I )  ( 4 .  |  )
where
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Using methods similar to Chapter 3, we obtain the mean interference power from an 

active reference user, including Hp and assuming perfect power control. Using Equation

(3.12), for the / th base station, i  = 3, 4 . . . ,  we have

l/H

£(/'> “ i f e i r ;
0 0 1 tr ,  0  P ' V t r . O j

~ W H n r

- 1 J  , ‘A
0 0 t r ,  0  p' V t r , 0 j

di
( 7 / r ,  Gy

' ‘ t r , ( f l l r  c ^ / r ,  0 ) ^ / r , 0

/ r ,  0
(4.4)

Letting / ’. = I / I , r 0> we obtain that, for / = 3 ,4 , . . . ,



When the interference of an active user is received at base station 1 or 2, the path 

attenuation is correlated with the user’s transmitted power. Considering power control 

switching, we have that Iq\H < I 2\ , given that an active user belongs to base station 0 . 

Then the PDF of x which was defined in Chapter 3, can be similarly obtained as

i 1 °  i u  10V . r o
x \ n r J nH„ + r T ^ [n~  + x < y1 lnlO p lnlO r0v i  J

1 I jc‘ I

“ “ T OJ l KO

r r 
10

1 1 , -  -  -e r f  
2 2

In 10

\

In H  + v ln  
P r. + (1  — p) Jf

2j

I :2 ( 1  - p  ) o
(4.6)

Given that an active user belongs to base station 0, the mean interference from an 

active user (at position (r, 0 ) )  to base station 1 is

x

2 J ug

1 U lnlO  xexp
10

- - - e r f  
2 2

10
lnlO

In H n + vln
P r,

4 o ,

+ (1 — p) JC
2

\
2 j ( l - p 7 ) o L

dx

(4.7)

Since the upper bound of 701 is



57

the b in Equation (4.7) has a value of

10b =
In 10

v ln— -  In #  
r o p

(4.9)

Like Chapter 3., we have that E  ( /02) = E ( I Qt) for base station 2, and denote 

E ( /0 |) as E ( I , ) and E (IQ2) as E ( /2) . The definition of r- and 9 , is shown in Fig. 3.2, 

the calculation of r. is shown in (3.23).

Similarly, we can also obtain the area averaged variance of the interference power 

of an active user. We first examine the independent case:

—  I 2 rH.. e A

where for i = 3 ,4 , .. . ,

(4.10)

1 K ln 10
MsciPi = ^ exP

ri
50

1 i , -  + - e r f
2 2

V

lOvin
J 2 a ,  In 10

/^ a . ln lO 10
V

(4.11)

For base station 1 and 2, correlation exists and the second moment can also be 

obtained in a manner similar to the first moment in Equation (4.7). Therefore,

\ r \;

2v 1 I ( ln l0 )x  x
2 ^ a / eXP|  5 - 4 o 2

( ( 
10

- - - e r f  
2 2

In 10
In // + v ln — 

P r27

2*] (1  -  p2) <*/
dx

(4.12)

where b is given by Equation (4.9). Similarly, we have also = £ ^ / 2J.
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With Equations (3.29), (3.33) and (3.34), we can obtain the first and second 

moments of area averaged inter-cell interference. The effects of handoff sensitivity, Hp ,

4.4. We can see that if power control does not match on the best path, the inter-cell inter­

ference level will increase significantly.

4.2.2 The Effect of Imperfect Power Control
After a power control connection is established, there is always power control error 

which can be modelled as a lognormal random variable [18], [32], [33]. Taking the 

power control error into consideration, we get

= /  • /  < = 1, 2 , ...
' pce (4.13)

where /• is the interference generated by a user belonging to the reference base station

V ioand received at base station i , and Ipce = 10 represents the power control error with 

a standard deviation <Se .

From Equation (4.13), we see that the total interference / ’ is formed by the multi­

plication of two independent random variables: /. and power control error /  . Then,

using the parameters in Table 3.1, we can easily factor the power control error and obtain 

the mean of the total inter-cell interference by modifying Equation (3.35). This gives

As in Chapter 3, we consider the total inter-cell interference is as l Rile = I.fe ■ IRy

   ^-----
on the parameters E ( I s) , E ( I  ) and £ “ ( / v) are shown in Fig. 4.2, Fig. 4.3 and Fig.

E d ile) = N m- » E  (lpce)  ■ £ (/,) (4.14)

where the mean power control error is

(4.15)
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where lRy is Chi-square distributed with mean equal to 1. Therefore, with Rayleigh fad­

ing the mean of the inter-cell interference is E ( lRite) = E (I ile) •

Talcing the user Activity Factor and the power control error into consideration, we 

have that the area averaged variance of the total inter-cell interference is

*><',•„> <4-i6> 

where e \ I1 j is the second moment of the power control error given by
V p c *  J

With Rayleigh fading the variance of the inter-cell interference increases to

°  ( w  = N ,  ■ ( 4  4 ) 4  4 )  -  e2 V t J  e 2 < v

4.3 The Effect of Non-ideal Handoff Operation and 
Imperfect Power Control on intra-cell Interference

Non-ideal power control switching also affects the membership statistics. Taking 

the handoff sensitivity into consideration, we have

P ( i p =  : | r „ ,  O'i =  p ( ' „ , o w , , s i

= P ( / „,oWP s / „ , , s / I, ,2 | ro .e ) + P ( '„ ,o « p S / lr,2 < / l r l |r 0. 8 ) 4

where
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Since the parameters £((p) , E(<p ) and E  (cp) are related to p  (<p= 

shown in Chapter 3, we get

£(<P) = J J /> (9 =  1 lro>e ) / / t / ,'o’ 0 ) ro^ro^0 ’

£(<P )=  j j p ( 9 =  1 l'‘o’ 0 )/Ao( rO’ 0 ) ro ^ V 0 ’

and

£ 2 (9 )=  j  j P 2 (9=  MrO’ 0 )//to ( V 0 ) ro</ro</ 0 -

From Equation (3.43), we define the variance factor of user membership as

D ( 9 ) = 3 • ^ £ ( 9  ) -  E  (9 ) J

(4.20)

(4.21) 

r0, 0 ) as

(4.22)

(4.23)

(4.24)

(4.25)
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The effect of Hp on user membership statistics is plotted in Fig. 4.5. From this fig­

ure, we car. see that the variance of N bl increases as Hp increases. This results from the 

fact that a more sensitive membership handoff mechanism leads to more internal mem­

bership switching activity.

The received power of a reference user is PQ as shown in Equation (3.5). If there is

no power control error, PQ is the nominal power, which is often normalized to 1. Now,

we consider that power control is imperfect in combatting propagation path loss, shadow­

ing and multi-path fading. When a power control system is in steady state, the received 

signal process is considered to be stationary and subject to a certain distribution. Under 

the lognormal assumption of power control error, the received power of a desired user at 

the base station is

when.- is the symbol energy, T  is the symbol period and xe represents the power con­

trol error which is Gaussian distributed with zero mean and the standard deviation Og 

about 0.5~3dB. Here, E s/ T  can be normalized to 1 without loss of generality. Then the 

probability density function of the desired signal power, PQ, is

Similarly, the PDF of the power of the i tb active interference signal belonging to 

the reference cell is

Since call arrival, membership switching, user activity and power control error are

E
S

x / i O
(4.26)

Ts 10

l n l o V ^ c  P
e

(4.27)

In 10^271 a P ,
€

(4.28)
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independent random variables, the mean power of intra-cell interference can be 

expressed as

£ ( /„ „ )  = (3AT,- 1)1) ■ E ( IpJ  E W  (4.29)

and if the active users are uniformly distributed, then

E ( ' l J  <4-30>

Similarly, the area averaged variance of the intra-cell interference with one active 

user is

= w , -  o f - (V f i 2 fi2 W  ))J \  J )  ( 4 3 1 )

I 2 ) 2 2-----
where E \ l  \ , E (Ipce) and E  (9 ) can be obtained by using Equations (4.15), (4.17)

and (4.24). Note that Ns is fixed when we consider radio capacity.

4.4 Modelling the intra-cell Interference
The intra-cell interference is mainly determined by hand-off, transmission duty 

cycle and power control error. From Equations (4.22) and (4.25), the mean and variance 

of the number of the users which belong to the reference station can be obtained, but the 

distribution of Nbl is difficult to calculate. Since it is important to the evaluation of sys­

tem performance, we propose the following model to simplify the problem.

As shown in Fig. 3.3, the probability of a user belonging to a base-station is almost 

equal to 1 when the user is very close to the base station. Accordingly, we propose a 

model in which users are separated into two groups. Users in the first group are assumed 

to always belong to one of the three base stations. There are Nrm such users belonging to 

each base station. The remaining users may belong to any one of the three base stations.
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We denote the total number of these users as Ngj.  Then, the number of users belonging to 

a base station is the sum of a random variable m and N rm

We model m with a binomial distribution which has the same mean and variance as 

Nhl, as given by Equations (3.42) and (3.43). This results in

where Nej. is determined by the variance of Nbl given by Equation (3.43) and p hl is the 

average probability that a user belongs to a base station. Let the variance of the binomial 

model be

Since there are three base stations closest to an active user involved in operation, if the 

users are uniformly distributed, the average probability of a user belonging to one of the 

base stations is 1/3. Therefore, we take p bl = 1 /3  in our model. The PDF of N bl 

obtained with this binomial model agrees closely with the simulation results, as shown in 

Figures 4.6 to 4.9.

The active user number is determined not only by hand-off, but also by the Activity 

Factor. The distribution of the active user number k is

(4.32)

(4.33)

= N e f P bl( l -Phi) = D ( N b[),

then

(4.34)

The number of users which always belong to a base-station is therefore

D ( N b[)
(4.35)
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k + -  1 -  *
u ( l - u )  (4.36)

k

This is a conditional distribution given that there are m + N  users belonging to 

the reference base station.

With the lognormal assumption of the power control error, calculating the PDF of 

the total intra-cell interference becomes a problem of calculating the PDF of a sum of 

lognormal random variables, which is usually quite difficult. To solve this problem, we 

use the Gamma distribution instead of the lognormal distribution. Note that the Gamma 

distribution is the power form distribution of the Nakagami model. The expression of the 

Gamma distribution is given by Equation (2.14). When the standard deviation of a log­

normal variable is small, the lognormal distribution can be well approximated by the 

Nakagami model [27], [47]. Fig. 4.10 shows a comparison of the two PDFs. The main 

bodies of the Gamma and lognormal PDFs closely agree with each other. Since the 

Gamma model employed has the same mean and variance as the lognormal PDF, their 

tails, which are largely determined by the variance, must also be very close. This is justi­

fied by our final outage simulation results as shown in Fig. 4.20. Using the Gamma distri­

bution, after power control and diversity combining, the PDF of received signal power of 

a user that belongs to the reference station can be expressed as

fm (Po.) = 1
K m o j

% r e x p { - ^ 0,j <4'37>

where T (x) is the Gamma function, M0 is the mean of PQ. and (X0 = M0/ V a r ( P {)j) .

When there are k independent active interfering users belonging to the reference 

station, the PDFs of the received power of every user that belongs to the reference base 

station are the same, with the same mean and variance. The total interference is therefore

k

I  Ok =  X  P 0i ■ 
i=  1
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Then the PDF of IQk is the k-fold convolution of the / 0’. (P0i)

f ,0kV o t )  = / o ’l ( f 01)*/02 (*>02) * •••%  ( P ok)

1
r  (fi0k) Km oj

/n,. exo 1 7,
H0* - 1 

l 0  k

(4.38)

Note that M0 is the mean of the received power of an active user. Since the

received power of a user belonging to the reference station is normalized, M0 is the

same as the mean of the power control error and it can be obtained from Equation (4.15), 

thus, MQ = E ( Ipce) . |i0 is a parameter given by |i0 = M Q/ V a r  (PQi) where

V a r( PQi) = Var (P()) is the variance of power control error.

Var(P0) = Var (I ) = exp
c r ( ln lO )2]

exp
c 2 ( ln lO )2]

. 100 j

\
-  1 (439)

- p e e '  — r  [  1 0 0  J

Both the mean and variance of the Gamma model are taken to be the same as the 

lognormal model and we use the Gg of the lognormal PDF representing power control 

error to facilitate comparisons with other results in the literature.

Finally, the PDF of the total intra-cell interference is given by

fhaVi'a*

N e f  m  + N r m ~ i f N  \

I  E K
m = N { k  = 0 ^  '

P b i ^ - P b i *
N e f ~ m

X
m + N m - 1 k m + -  1 - k

t ) ( i - t »  / / ( W -
'0  k

(4.40)

In Equation (4.40), if N  as obtained from Equation (4.35) is less than 1, then we take 

iV, = 1 and N  = 0 . Otherwise, = 0 and Nrm is obtained from Equation (4.35).

Fig. 4.12 shows the PDF of intra-cell interference with perfect power control, ideal hand- 

off and an ACF of 0.375.
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4.5 Modelling the inter-cell Interference
For inter-cell interference, it can be shown that the area averaged PDF of an active 

user j  can also be well approximated by the Gamma distribution with the same mean and 

variance. We have therefore

where M.  = E (IRile) /  ( 18/VJ is obtained from Equation (4.14) and is the area aver­

aged mean power of an active interference user which is not power controlled by the ref­

erence station, the variance Var. = D (IRile) /  (18jVv) can be obtained by employing

Equation (4.18) and |l̂ . can be obtained via \i. = M j / V a r . .  Fig. 4.11 shows the compar­

ison of the area averaged PDF and the Gamma PDF with the same mean and variance.

To obtain the PDF of multi-user interference, we consider k users which belong to 

a base station other than the reference base station in the enlarged cell area. Their powers 

received at the reference station are / (, / 2, . . . , /^, and their locations are

( r 0, ) ,  (r2, 02) , ..., (rk, 0^) , respectively. The conditional PDF of the sum of

Over a long period, the users will travel over any location following the user distri­

bution statistics. Therefore, the PDF of /  is averaged over the area concerned giving,

(4.41)

(4.42)
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Equation (4.43) can be expressed as the convolution of the area averaged PDF of 

inter-cell interference

4 ,  <' ,■«> = 4 , i ( 4 , l ) * / „ 2 ( 4 „ 2 ) * - * / „ v t ( 4 v * )  f 4 -4 4 )

where / „ , ( / „ , )  = / „ 2 < 4 .2) = -  = is Siven b-v Equation (3.22). We

model /  . ( /flV7-) as the Gamma distribution given by Equation (4.41 \ Since there exists

a closed form solution for the convolution of Gamma distributions [23], [27], the PDF of 

inter-cell interference can be expressed as

1
f i n i t e )  r ( ^

.2

C  « P  (4.45)
M i,e

where M Ue = E ( I Rile) and [l/(e = M itg/ V a r  (IRile) can be obtained by Equations 

(4.14) and (4.18).

The total interference is the sum of intra-cell and inter-cell inte ence as well as 

the Gaussian background noise. This can be expressed as

Is, = Ii,a + Iite + 4 = I t + a l  (4.46)

2
where o T is the normalized power of the Gaussian noise due to spurious interference as

well as thermal noise contained in the total spread bandwidth. From [14],

2
<3j = 1.26 (1 dB)  for voice traffic when the power of the reference user is normalized to 

1. The PDF of the total interference is therefore given by

oo

( ' J  = ~ h'e ~ 4 j fite ('/*> U ite (4.47)
0

Fig. 4.13 shows the calculated PDF of inter-cell interference. Figures 4.14 to 4.1? 

show the comparisons of the calculated PDF given by the Gamma and Gaussian model 

with simulation results. From the results, we see that our Gamma model closely agree
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with simulation results for both a small number and a large number of users. The simula­

tion results are obtained based on the simulation package that we developed for CRC and 

BC Science Council. More details can be found in [44], [48].

Fig. 4.20 shows the outage probabilities obtained by using the Gamma model and 

Gaussian model as well as simulation. It can be seen that the outage probability obtained 

by our method is very close to the simulation result even for small number of users. This 

means that our interference model closely agrees with both the main body and tail of the 

PDF of multi-cell, multi-user co-channel interference.

4.6 Outage Analysis

4.6.1 Outage Probability

Following [14], the final received Eb/ N Q is

w = I — ~ — j  = p g t  ■ (4 4 8 )
0 / ™ + / ,„  + 0 7

If we denote Eb/ N Q as y, then the PDF of y can be obtained from

where f Q (.) is given by Equation (4.27) and / 7 (.) is given by Equation (4.46).
S t

In general, the error probability of a decoder and demodulator is a func .i of the 

received y, L y is larger vhan a certain threshold, say r j , p e (y) will be smaller than the

system quality requirement p e (t]) where p e (r|) = e . The outage probability is the

probability that y < T|, or the probability that p e (y) < e . We have therefore

(4.49)
o
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P ( p e (Y) < e ) = P(Y<T1) = J /y(Y)rfY- (4.50)

From previous results, it can be seen that due to the effect of hand-off, more than 

N users are involved in power control by a base station. The multi-cell, multi-user inter­

ference quickly tends toward a Gaussian distribution, especially when the ACF is large. 

Using the Gaussian model to evaluate the outage probability is a simple and effective way 

when number of users is large. If we consider the total interference to be Gaussian, and 

assume power control to be perfect, the outage probability is

O l l l

1

} J l n V a r  (/.)
exp I  —  rr:---- I d/,2Var(I . )

= 2 erfc
( / - M (7) )

w here/, =

t = PG PG

*1 (F ' / N o) qr

(4.51)

(4.52)

(4.53)

and

S ar ( I t) = D ( I :.a) + D ( I Rite) (4.54)

E ( l Riu)  , D ( lK-.le) , E( J ita) and E (I ila) can be obtained by Equations (4.14), (4.18),

(4.30) and (4.31), respectively. If power control is assumed to be imperfect, the outage 

probability is given by

O l l l K ft < p G /

r PaP G 2
 M  ( / )  -  a T

T| 1 ‘

0

dPr (4.55)
j 2 V a r { 1 t)

/

where PQ is the received power of the reference user. It is a random variable due to the
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power control error. f ( P Q) is the PDF of PQ given by Equation (4.27).

We also evaluate the system performance when the traffic contains mixed traffic

types. If there are Nt types of traffic (or users), they may have different transmission

rates, different quality requirements and different duty cycles. Since there are a lot of 

cases where the mixed type of interference is likely to be Gaussian, we may simply use 

the Gaussian model for mixed traffic. The design issues for multiple traffic types will be 

discussed in detail in Chapter 6 . As in the case of a single traffic type, we have

N,
M(I , )  = X M (/„ .)  (4.56)

( ' =  l

and

N,
Var (I,) = £  Var{I ti.) .  (4.57)

i = t

Again, the outage probability can be calculated by Equation (4.51) if power control is 

perfect or by using Equation (4 55) if power control is imperfect.

4.6.2 Numerical Results: Case Studies
In this part, we examine a conventional CDMA system and a system proposed for 

supporting high rate communications with mixed traffic.

For the conventional system, we choose the parameters to be the same as in [14]. 

The spread bandv.idth is W = 1.25 MH*., the bit ate is R = 8 Kbps and as a result, the

2
processing gain is 156. The normalized background noise power is a r  = 1 dB. The qual­

ity requirement is (Eh/ N Q) = 7dB for coded voice to ensure an outage probability

less than 0.01. Fig. 4.21 and Fig. 4.22 show the PDFs of the multi-cell, multi-user inter­

ference. It can be seen that with an increasing of the number of users, multi-cell, multi­

user interference tends toward the Gaussian distribution more cuickly than one would
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expect from a simple summation of the interference power generated by the same num­

ber of users. The reason is that soft handoff operations randomize the total interference. 

We also see that when the ACF is large, the interference approaches the Gaussian distri­

bution even quickly.

Fig. 4.23 and Fig. 4.24 show the PDF of the interference when power control error 

exists. In this situation, the PDF of the interference matches more closer to the lognormal 

distribution with a long tail. The effect of imperfect power control on outage perfor­

mance is shown in Fig. 4.25. From the figure, we can see that for an outage probability 

of 0.01 if a e = 1 dB, there is a 28% loss in capacity; if a g = 2 dB, capacity is reduced

by 58%. Our results support the reported simulation and analysis results in [32], [33], 

[44].

From Fig. 4.26, we can see that imperfect hand-off also affects the system perfor­

mance. Here the hand-off parameter Hp is the reference station pilot power divided by

highest pilot power. Our results show that if H  is reduced from 1.0 to 0.5, system capac­

ity is reduced by about 30%. Fig. 4.27 shows the outage performance when the service 

quality requirement is very high. In this case, the number of users which can be supported 

by the system is small.

For the high rate system, we evaluate thr system performance with mixed traffic of 

voice and video. Here we assume an ideal case where no overhead is added to the differ­

ent traffic sources. The system configuration is: Total spread bandwidth W = 10 MHz, 

speech bit rate Rs = 8 Kbps and video bit rate Rv = 64 Kbps. Both speech and video

are transmitted at a line rate = 64 Kbps. This means the Activity Factor for voice is

- 3
0.375/8, and for video is 1.0. The transmission quality requirement is p b = 10 for

voice, and for low resolution video, we assume that the requirement is Pb = 10 5 at first. 

To meet the quality requirements, we set the outage thresholds at 7 dB for voice and 12
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dB for video.

Fig. 4.28 shows the outage probabilities for video traffic given a certain number of 

mixed users, based on the quality requirement of the video users. In this case, the require­

ments for both traffic types are met.

Fig. 4.29 shows the outage probabilities for voice traffic based on the outage 

requirement of the voice users. Here, only the voice users meet their quality require­

ments.

The capacity of the system with mixed traffic is shown in Fig. 4.30. The calculation 

is based on the outage requirements of the video users. The results show that if more 

powerful error control techniques are employed such that the SNR requirement of video 

users can be reduced, the overall system capacity can be increased significantly.

4.7 Summary

In this Chapter, we have examined the effect of non-ideal soft handoff operations 

and imperfect power control. Based on the careful analysis of the effects of soft handoff 

operation in a multi-cell environment, the interference characteristics, system capacity 

and service quality have been examined. The multi-cell, multi-user interference level 

depends highly on power crrtrol switching. In general, a highly sensitive power control 

handoff mechanism which is synchronized with cell site diversity selection is required.

The dependency of membership statistics on the soft handoff is a very important 

factor affecting system performance, and has been investigated in detail. We have pro­

posed a simple binomial model for the conditional distribution of the user number due to 

soft handoff; the results closely agree with simulation.

We develop a modelling method to calculate multi-cell, multi-user interference. An 

effective approach is developed to evaluate the performance of the cellular CDMA sys­

tems for both small and large number of users. It is found that the Gamma distribution 

can be applied to model multi-cell, multi-user interference. From the results obtained, it
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can also be seen that imperfect hand-off and power control reduce the capacity of a sys­

tem. Due to the effect of soft handoff operation, the multi-user interference approaches 

the Gaussian distribution very quickly, especially when the Activity Factor is large. The 

Gaussian model can therefore be applied in a lot of cases, but it is inaccurate for a very 

small number of users, especially when the Activity Factor is small. For mixed traffic, 

system capacity can be increased significantly if the high quality requirement of high rate 

users is reduced.
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Perfect power control and handoff. Activity Factor is 0.375.
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Perfect power control and handoff. Activity Factor is 1.0.
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Fig. 4.19 Comparison of calculated PDF and simulation result for five users per sector. 
Perfect power control and handoff. Activity Factor is 1.0.
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Fig. 4.23 The PDF of multi-user and multi-cell interference when power control error 
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Fig. 4.24 The PDF of multi-user and multi-cell interference when power control error is 
large. The traffic is voice only with an Activity Factor of 0.375.
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Fig. 4.27 The outage probabilities of single type of traffic with high service quality 
requirements. Activity Factor is 1.0. At the radio capacity of the system, number of users 
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Fig. 4.28 The outage probabilities of video traffic given certain number of mixed voice 
and video users. Calculation is based on the quality requirement of video users. The 
quality requirement of Eb/No=12 dB is assumed for the video. Here, Nv is the number of 
video users.
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video users.
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Perfect Power Control and Hand-Off 

Voice Activity Factor: 0.375/8.0  

Video Activity Factor: 1.0
14

12
Quality Requirement, For Voice: 

SNR=7dB10

Quality Requirement, For Video: 

: SNR=7dB

V  — i—  SNR=8dB

8
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0
300100 150 200 250

The Number of Voice Users per Sector, N

Fig. 4.30 The capacity of mixed traffic of voice and video. Calculation is based on the 
outage requirement of the video users assuming that efficient error control techniques are 
available for reducing the SNR requirement of video.
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Cb'pter 5 

Capacity and Quality of Service

5.1 Introduction
Capacity and quality of service are closely related. The capacity of a system is ulti­

mately determined by the quality requirement of services. Normally, the capacity of a 

system can be measured by the radio capacity, the Erlang capacity and total throughput. 

It is generally accepted that the radio capacity is the maximum number of users which 

can be accommodated in a system while a specific quality requirement is met. When we 

evaluate the radio capacity, call arrival statistics are not considered. Normally, the radio 

capacity is obtained through an outage analysis For example, the radio capacity of a 

CDMA cellular system with voice users is the maximum number of users that can be 

accommodated with outage probability less than 0.01 [14].

For a multi-user cellular system, the measure of its effectiveness is not only the 

radio capacity which is the maximum number of users that can be served at one .time, but 

also the peak load that can be supported with a given quality and with availability of ser­

vice as measured by the blocking and dropping probability. The averaged traffic load in 

terms of average number of users requesting service resulting in a given blocking proba­

bility is defined as the Erlang capacity. The Erlang capacity of a CDMA cellular system is 

examined in [18]. We adopt the Poisson distribution as the call arrival statistics.

In general, for a system with heterogeneous traffic, we suggest using the criterion 

of total information throughput to measure the overall system capacity, in other words,
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the total information bit rate handled by a cell. For conveniens, v ' also use the packet 

throughput to measure the system capacity of a packet CDMA system.

In conventional FDMA or TDMA communication systems, a specific hequency or 

time slot is assigned to a user as a channel. In each channel, there is a corresponding 

transmission/reception mechanism at a base station In a CDMA cellular system, although 

users all share a common spectral frequency allocation, there are separate modems or 

processors at a base station for each individual user. We define a modulation/demodula­

tion and spreading/despreading mechanism for a specific user as a physical channel. In 

practice, there are always limited channel resources available at a base station. In addi­

tion, we would also like to reduce the complexity when we design a systei.

Call blocking or dropping occurs when the number of calls arriving at a base sta­

tion exceeds the number of available channels. To evaluate the required numbe1' of chan­

nels, we simply consider blocking and dropping together and assume a worst case 

scenario in which a call is dropped when there is no channel available for it. In addition 

to the outage or call blocking caused by interference, the call blocking and dropping 

caused by a limited number of channels also need to be investigated.

During a soft handoff, multiple channels are allocated to different base stations to 

perform cell site diversity [2], Since in most cases the best reception of a mobile user 

comes from the base station with the strongest pilot to that user, the signal from this sta­

tion is most important to the diversity selection. To ensure that the best base station 

always assigns a channel to the corresponding mobile, in addition to conventional soft 

handoff protocols, we propose a pilot assisted channel allocation method. With this 

method, a user has the priority to hold a channel from a base station to which it belongs. 

The rest of the channels are assigned to users not belonging to this station for cell site 

diversity following conventional protocols. The purpose of the pilot assisted channel allo­

cation is to reduce the channel number required at a base station.

Since in the next generation of multi-media CDMA systems, both stream type and
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date type traffic could be transmitted in the form of packets, the performance of a packet 

CDMA system is of great interest. To examine the effect of a cellular environment on 

packet CDMA, we evaluate the performance of a slotted ALOHA packet CDMA cellular 

system. The performance of a system with finite population is evaluated. The original 

ALOHA protocol works based on collision. For a packet CDMA system, its capacity is 

largely determined by the capture ability of CDMA and the medium access sublayer pro­

tocol which works based on accepted interference level.

The rest of this chapter is organized as follows. The second section is devoted to a 

discussion on the rac'o capacity and the Erlang capacity of a cellular CDMA system. In 

the third section, the effect of a limited number of channels on the quality of service is 

analyzed. The performance of a packet CDMA cellular system is evaluated in the fourth 

section. The last section presents summary and , emarks.

The radio capacity can be obtained through outage probability analysis. Since in 

Chapter 4, the effect of imperfect handoff and power control was examined, in this chap­

ter, we assume that soft handoff and power control is perfect without loss of the general­

ity of our results. A large amount of work have been down in capacity evaluation [14], 

[48], [49]. The Erlang capacity of a CDMA cellular system was evaluated in [18]. We 

may also obtain a closed form expression for the radio capacity following the procedure 

suggested in [18].

The number of active users is normally quite large at the capacity of a system. If 

the user number is large enough, we can apply the central limit theorem [14], [17], [18] 

and adopt the Gaussian approximation for simplification. With the Gaussian approxima­

tion and perfect power control, the outage probability obtained in Chapter 4 is

5.2 Radio Capacity and the Erlang capacity

(5.1)



where

PG
1 = / p -Jxr x ° P  (5.2)

M  ( / f) and Var{ I t) are the mean and variance of the total interference, respectively.

They are given in Chapter 3 for perfect handoff and power control. If handoff and power 

control are perfect we have

1M ( I t) = ^ N s - ±) - x> + Ns - \ ) ‘ E{ I s) (5.3)

and

Va r ( I t) = (3Ns - 1 ) ^ - v 2F2J ^ ^  + N ^ [ 2 v E ( ^ ) - v 2E21 T ) ) .  (5.4)

If the average number of users per sector, N  , is sufficiently large, IT Rations (5.3) and 

(5.4) can be simplified to

M( I , )  = ^ - n - (  l + £ ( g  J (5.5)

and

Var  (/,) 3 d £ 2 (<p) + 2E (/*) - x>E2 ( / v) j  (5.6)

We denote that

«,„ = H l + £ w J  <5 -7>

and

,2, J2-g v = v [ l - 3 x > E* ( <p )  + 2 E ‘X S) - u r ( / , )  ). (5.8)

From Equation (5.1), we have that
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where erfc ' ( x )  is the inverse function of the erfc ( x )  . Let \|/ = erfc 1 (2p out) , we 

then obtain a quadratic equation in N s :

2 N , - v g „ V 2 = { t - N ' - v g J 2 - (5.9)

Solving Equation (5.9), we find the radio capacity to be

N s =  - r l  +  t 8m -  ( V 2 gv +  2 t  • gm) )  • (5.10)
8m

Now we consider the effect of call arrival statistics. We assume that call arrival is 

Poisson distributed with a mean arri. al rate X (calls/s) and exponential service time l / |l  

[10], [18]

Pk (k) = ^ L e~X/v- (5.11)

where k is the number of arrived active users per sector in service. Both the mean and

variance of k are A./|l. Note that A./|i = Ns is just the average number of users per sec­

tor. It is also called the offered traffic.

Within the reference cell, taking into account the number of the active interfering 

calls in service, we have k active users at k different locations at each time instant. In the 

enlarged cell, the total intrn-cell interference at each instant is

k k

2 > ,< P ,=  I ' * ,  (5>2)
1 = 1  1 = 1

where (p. has a probability of p (cp.|r0/, 0() to be 1, O v represents user activity and •

is the intra-cell interference from one active user. Over sufficiently long period of time, 

active users appear at every location in the area A0 which is covered by the reference 

base station. Therefore, / f. is the sum of k statistically independent and identically dis­

tributed random variables, where k is itself a random variable. The variance of Iita is



97

then given by [18], [50]

D ( I ila) = E ( k ) D ( l rf i) + D ( k ) E 2 (Irf i) • (5.13)

where

E ( I rfti) = *>£(tp) (5.14)

is the area averaged mean of the intra-cell interference from one active user and

D { I r[X) = \)E(cp2) --o2£ 2 (9) (5.15)

is the area averaged variance of the intra-cell interference with one active user in the 

enlarged cell area.

Since k in Equation (5.12) is a Poisson random variable in the enlarged cell area, 

we have that the mean and variance of the number of interfering users are given by 

E ( k ) = D( k )  = 3Ns - \ .  In addition, call arrival, membership switching and user 

activity are independent random variables. If the active users are uniformly distributed, 

the mean and variance of intra-cell interference can be expressed as

For calculating the inter-cell interference, we consider that the number of users 

belonging to the other cells is much larger than the number of users within the reference 

cell and it is still assumed to be Poisson distributed. Using Equations (3.33), (3.34), 

(3.38) and a similar approach to evaluating D ( l jla) , we have

(5.16)

and

= ( 3 ^ - l ) l ) E ( < p 2)- (5.17)

(5.18)

and the mean of inter-cell interference is given by Equation (3.35).
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Finally, M { I t) and Var {I() can be obtained from Equations (3.49) and (3.50), 

and the Erlang capacity is further obtained from Equation (5.10) with

In Fig. 5.3, we piot the Erlang capacity versus the power control handoff sensitiv­

ity, given different processing gains and standard deviations of the lognormal shadowing. 

As Hn decreases from 1.0 to 0.5, the capacity decreases by about 30%.

In a system with integrated services, to support the various source rates and to sim­

plify the system design, users with different rates can be transmitted at one or several 

line rates [3], [19]. How to chose the line rate becomes a design issue. More details will 

be discussed in Chapter 6. Here we investigate the effects of the processing gain and the 

ACF on the system capacity to look into one of the factors impacting the choice of the 

line rate. From Fig. 5.4 we can see that for a type of low rate user, e.g. voice user with an 

ACF of 0.375, if the processing gain is increased by 8 times from 156 to 1250, the capac­

ity will increase by a factor of more than 10 from 31 to 330 Erlang for Hp = 1.0. Com­

paring Fig. 5.5 with Fig. 5.4, if the ACF is reduced by a factor of 8 so that 1/ACF 

increases from 2.7 to 21.6 for a voice user, the increase in capacity is about 8 times from 

31 to 252 Erlang given that the processing gain is unchanged at 156. This result shows 

that more capacity can be obtained if the PG is increased instead of the 1/ACF.

When the bandwidth available is increased, the capacity of a CDMA system will be 

increased through an increase in the PG or a decrease of the transmission ACF by choos­

ing a different transmission line rate. To further show how the PG and the ACF affect the 

capacity, we define the processing efficiency as the system capacity divided by PG, and 

activity efficiency as the system capacity divided by 1/ACF. The results plotted in Fig.

(5.19)

and

(5.20)
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5.6 and Fig. 5.7 show that the capacity increases nonlinearly with increasing PG, but the 

capacity increases almost linearly with the increase of 1/ACF. A larger PG improves 

capacity more efficiently.

5.3 The Effect of Limited Number of Channels on QOS 
and Capacity

Bace station #1 Base station #2

Channel i Channel j

Diversity — ^

Mobile i Mobile j Mobile k

Fig. 5.1 Pilot assisted channel allocation.

A channel at a base station consists of a modulation/demodulation and spreading/ 

despreading mechanism for a user. If the closest three base stations are always listening to 

a mobile for diversity, three channels have to be assigned for each mobile. The channel 

number required at a base station is 3NS per sector. Since the performance of cell site 

diversity depends on the best reception of one base station, the most important channel is 

the one at the reference base station. If the channel allocation is perfect, the minimum
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number of channels required is determined by membership statistics. With pilot assisted 

channel allocation, priority is assigned to a mobile to hold a channel at a base station 

from which the mobile receives the highest pilot power. Then we can determine the mini­

mum channel number required according the following steps:

The call dropping rate is related to the user membership statistics and the call 

arrival statistics. We adopt the Poisson arrival model. If there are k active users per sec­

tor in service, k is Poisson distributed

Given that there are k  active users (or calls) per sector in the soft handoff system, 

the conditional distribution of the user number per sector at a base station can be given 

by applying the Equations (3.43), (4.33), (4.34) and (4.35)

(5.21)

Var(m\k)  = 3k-{  E ((p ) - E  (cp) (5.22)

(5.23)

Nef(k) = 3 k - 3 N rm (k) , (5.24)

and

V " *  /

where p bl = 1 /3  . Considering the call arrival statistics, we have that

(5.25)

(5.26)

where p dr is the call dropping rate which we have defined before, and
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N*b

pm (m) = £ p , , A m \*)■/>*(*) (5-27>
t - 0

where Nkb is obtained through the following equation

( Var(m\Nkb) '
N ch = N k b ~ i n t

V { ~ P b l
(5.28)

Finally, the call dropping rate pdr is an unknown of the following equation

Pdr  = 1 "  X  X
m ~ Nr m W  , . Nef ( k ) + N rm( k ) - m

■Pbl - ( * - p w)

( J V , ( 1 - P * ) ) ‘  - 0 4 .)

*! (5.29)

where

^  = m i n ( ^ / W + ^ W ^ d , ) -  (5-3°)

Solving the nonlinear Equation (5.29), we get the call dropping rate, p (lr. The throughput 

or current traffic supported by the system after a call dropping is then

Sc = W - P d r ) -  ( 5 3 V

Note that from Equation (5.29), the call dropping rate depends on the current throughput 

which is in equilibrium after a part of the call traffic drops from the offered traffic.

Fig. 5.8 shows that with a finite number of available channels, the call dropping 

rate increases significantly with offered traffic. If there are 100 channels, traffic of at

-4
most 60 Erlangs can be supported if a dropping rate less than 10 is to be ensured. If 

there are 200 channels available, 140 Erlangs can be supported, and so on. As shown in 

Fig. 5.9, there is little increase in throughput when the offered traffic exceeds the channel 

number. Note that the throughput is the mean number of the Poisson distributed simulta­

neous calls in service.
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Since call dropping is one oi the most important factors affecting quality of service, 

to ensure the quality of service we must consider not only the outage probability but also 

the call dropping rate. V/e propose a constraint on the outage probability and the drop­

ping rate to jointly evaluate their effect on capacity:

P c u ,  = p A ' ” ’" ' (5-32)

where p () = 0.01 and w is a weighting factor which depends on the relative importance 

of p dr to service quality. We take w = 1000. The system capacity can be obtained by 

jointly solving the Equations (5.10) (5.29) and (5.32). In Fig. 5.10 and Fig. 5.11, we 

show the traffic which can be supported by the system with an acceptable service quality. 

Since we take p 0 -  0.01, if we choose w properly in Equation (5.32), the dropping rate 

will also be restricted to be below the level which we want. Both Fig. 5.10 and Fig. 5.11 

show that when the channel number is very small, the capacity is dominated by the drop­

ping rate, and when the channel number is large, the capacity is dominated by the outage 

requirement. In the case shown in Fig. 5.10, the minimum channel number required to 

ensure a maximum capacity is about 220 which is about 1.4-A .̂ If the PG is doubled, Fig. 

5.11 shows that the minimum channel number required is approximately 420 which is 

about 1.3N  . It is much smaller than 3 N .
S S

5.4 Capacity of Packet CDMA
To provide insight on the performance of packet CDMA in a cellular environment, 

we examine a packet CDMA cellar system in this section. A micro-cellular environment 

is assumed. Since in a micro-cellular environment a strong line of sight often exists, we 

assume synchronization is available for a slotted packet system. Perfect fast power con­

trol is assumed. Slow fading, lognormal shadowing and path loss can be eliminated by 

power control. Correlation detection and DPSK are employed. BCH coding is used for
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error correction/detection, and the automatic repeat request (ARQ) is employed for 

packet retransmission. In this section, a slotted ALOHA packet CDMA cellular system is 

studied. Fig. 5.2 shows how the packets are transmitted. Due to CDMA, the capture abil­

ity is increased, more than one packet can be successfully transmitted within the same 

slot.

i i i  i i i
i packeis i I I I

time
slots

Fig. 5.2 Slotted packet CDMA

In a micro-cellular system, there are a finite number of portables communicating 

with a base station. The arrival of packets can be modelled as a finite state Markov pro­

cess which is general but very complicated. The packet arrivals in any given slot will 

have a steady state. For simplicity, we adopt the binomial model for the packet arrival sta­

tistic [40], [51]. In this model, new transmission attempts and re-transmission attempts 

are assumed to be the same. From [51], the conditional probability distribution of the 

number of the packets per slot is given by
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f N (m\N) = ( N ]p ” ( l - p J N m m < N
(5.33)

where N  is number or currently effective subscribers per sector in the reference cell, and 

p is the probability of a subscribe transmitting a packet, which equals the packet retrans­

mission probability. Due to soft handoff, N  is also a random variable. Once again, by 

using the binomial model proposed in Chapter 4, we modify Equation (4.33) to

PN W  =
N ef

N - N

N - N . ,

Pbi  ( l - P w )
N,r+ N - Ne j rm (5.34)

rmJ

where Nej  and Nrm can be obtained by using Equations (4.34) and (4.35). Then the prob­

ability distribution of the number of packets per slot per sector is

/*(w) - Z Zn W W P n W
N  =  N . _

(5.35)

Due to employing CDMA techniques, the capture ability of a slotted ALOHA sys­

tem is improved significantly. In a slotted ALOHA packet CDMA system, the through­

put is the mean number of successful transmissions per time slot. Thus,

N

m -  I

V ™  V  ( N ) m n= J Z m ' { j P a ^ - P a )
N  =  , m =  1

m

/
x AV

N - N

N - N rm N ' f + N r m- N

Pbi ( l ' P b i ) P ( c \ m )
r m J (5.36)

where p  (c |m ) is the probability of successful transmission of a packet given that there 

are m packets per slot.

The probability of a successful transmission is determined by spread spectrum sig-
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nailing, error control techniques and cellular environment. To get p{c \m)  , we first 

examine the bit error probability. To simplify the problem and to show the effect of cellu­

lar environment, soft handoff and power control on packet CDMA, here we assume the 

channel condition is very good, so that multipath fading, lognormal shadowing and the 

path loss can be compensated perfectly by fast power control for the reference cell. Fol­

lowing [52]- [54], we obtain the Eb/ N o as

E, DQ
JL =   r k  ( 5 .37)

O m ~ 2 J .  Pite—  +  a T +  ——
3 T 3

where m is the number of packets per slot from the subscribers belonging to the refer­

ence base station, and Ipi represents the interference from the other cells. We assume

that IPitg is a Gaussian distributed random variable. Its mean and variance can be 

obtained by modifying Equations (4.14) and (4.18) to yield

* ( W  = NsPa-E(Ipce) - E ( l s) (5.38)pee

and

D U Pi,e)=  N tp a \ 2 E u ] ) E { l l ce) - E \ l , ) E \ l l, J  J (5.39)

where N  is the average number of users per sector, pa is the packet transmission proba­

bility of an active user and Nsp a is the offered traffic.

Since the BER is determined by Eh/ N 0 and the modulation scheme employed, the 

conditional bit error probability for DPSK is given by

1 -E JN ,
Pe (m I W  = 2e ’ (5-40)

while for BPSK it is



The BER of DPSK is obtained as

~ 1 \fpite (b i le ) d‘Pile
.2 , Pile

T +  3

(5.42)

where f pjle (.) is the Gaussian PDE

We use an (n,k) BCH code to perform the error detection. If an error is detected in 

a packet, it will be retransmitted. The probability of success of a packet is [55]

Table 5.1 shows the performance of a slotted ALOHA packet CDMA system with 

mixed stream and packet traffic. The user population is finite within a cell. New transmis­

sion attempts and retransmission attempts are assumed the same. A conventional correla­

tor, DPSK and a (255, 179, 10) BCH code are employed. We assume 64 Kbps video 

streams mixed with a traffic of fixed length packet. The packets are also transmitted at a 

64 Kbps line rate. The performance of a conventional narrow band packet cellular sys­

tem is also shown in the table. For example, if the total bandwidth of a narrow band sys­

tem is 10 MHz, there are approximately 128 channels of 64  Kbps information rate. The 

maximum throughput of conventional slotted ALOHA is 0.368. With a frequency reuse 

factor of 7, the throughput is 128x0 .368 /7  = 6.73/packets/slot/sector. From the 

results, we may see that the capacity of a CDMA packet system is much larger than that 

(J  a conventional narrow band packet system. Fig. 5.12 shows the throughput of a slotted 

ALOHA packet CDMA system with mixed stream and random arrival packet traffic.

p ( c \ m ) = (1 - p e { m ) ) n (5.43)

and the final error rate after AR.Q is employed is given by

(5.44)
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5.5 Summary

In this chapter, we obtain the closed form solution for radio capacity, the Erlang 

capacity and the throughput of a packet CDMA cellular system. Various factors which 

affect the system capacity are examined.

The number of simultaneous calls in service at a base station is a random variable 

dependent on call arrival statistics and membership statistics. Therefore, a suitable num­

ber of channels should be provided at a base station to ensure a desired quality of ser­

vice. In practice, there are always a limited channel resources available at a base station. 

We have shown that with a limited numbf / of channels, the call dropping rate increases 

drastically as the offered traffic increases. With piiot assisted channel allocation, the 

required number of channels can be reduced significantly. To support the Erlang capacity 

of a system with soft handoff and cell site diversity, a reasonably large number of chan­

nels are required; the minimum channel number required can be determined to control 

the cost.

The performance of the packet CDMA cellular system is of great interest. The 

capacity of a slotted ALOHA packet CDMA system is assessed. We show that the capac­

ity of packet CDMA in a cellular environment is approximately 5 imes larger than in a 

conventional FDMA system. This result supports Qaulcomm’s frequency reusing effi­

ciency of a conventional CDMA system (for voice only). We also show the effect of 

stream type of traffic on the throughput of packet traffic.
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Fig. 5.11 The system capacity. Both the call dropping rate and outage probability are 
below the level of acceptability. PG=1250, ideal handoff and perfect power control are 
assumed.
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Table 5.1 Capacity of A packet CDMA System with Video Stream and Packet Traffic 
(Maximum Packets/Slot/Sector).

Video User Num ber 0 2 4 8 12

Max. Conventional Throughput 6.73 6.62 6.52 6.31 6.10

Max. Throughput (CDMA) 34.18 32.48 30.81 27.50 24.48
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Fig. 5.12 Throughput of a slotted ALOHA packet CDMA system with mixed stream and 
random arrival packet traffic. Simple correlator, DPSK and (255,179,10) BCH code are 
employed. Both video streams and packets are transmitted at a 64 Kbps line rate.
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Chapter 6 

Design Issues in a CDMA Cellular System 
with Heterogeneous Traffic

6.1 Introduction
The Integrated Wireless Access Network (IWAN) is proposed as a structure for the 

third-generation of wireless PCS which will accommodate not only high quality voice 

services, but also data, facsimile and video services [3], [5], [6]. The design o f the IWAN 

primarily involves greatly varying information bit rates and the communication quality 

requirements of various traffic types, as well as the characteristics of the wireless environ­

ment. In a multi-media wireless system, the service requirements generally include trans­

mission rate, delay, BER/outage probability, service blocking and dropping probability.

Due to the high information rate and high transmission quality requirements of a 

multi-media wireless system and the severe mobile environment, improving bandwidth 

and power efficiency is one of the most important goals in IWAN design. Since the 

CDMA technique has great merits in combating muffi-path fading and frequency re-use 

in a cellular environment, it is one of the most promising techniques proposed for the 

IWAN.
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Fig. 6.1 Wireless CDMA cellular networks supporting integrated services.

Since the capacity of a CDMA cellular system is determined by multi-cell, multi­

user interference, the understanding of multi-cell, multi-user interference while incorpo­

rating various traffic types is necessary. The multi-cell, multi-user interference level is 

largely determined by the performance of the handoff and power control which are tightly 

coupled to one another.

In the next generation of CDMA systems, various types of traffic will be supported 

by integrated services. Different traffic types may have different source rates (they may 

be fixed or variable) and different activity factors (ACF). To simplify system design, one 

or a limited number of line rates can be employed to transmit the traffic in a wide range of

The area covered by a bas^sfation 
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source rates. A line rate is the bit transmission rate through a channel [3], [19], [20]. In 

these systems, the PG and ACF become design parameters determined by the choice of 

line rate. The impact of the choice of line rate must be investigated.

Different types of traffic may also have different quality requirements (QR) and 

transmission power. It is shown that for a CDMA cellular system with mixed rate traffic, 

its capacity is largely limited by the users with high bit rates and high QR [34]. This 

means that the overall system capacity can be significantly increased by using better 

error protection techniques for the traffic with high QR and high source rate. Normally, 

different traffic types received at a receiver have different power levels. Since different 

traffic types will also mutually interfere with each other, their power levels affect the 

overall capacity. In this chapter, suitable power levels which should be assigned to differ­

ent traffic types need to be determined. A higher power level will provide a traffic type 

more error protection at the expense of the other traffic types’ quality [57].

This chapter and its contribution are organized and presented as follows. The sec­

ond section is devoted to a discussion of the system model in the reverse link. In the third 

section, the multi-cell, multi-user interference is analyzed for a CDMA cellular system 

with soft handoff and power control. Multiple mixed rate traffic, channel conditions in a 

cellular environment and traffic ACFs are taken into consideration. Both the me.,a and the 

variance of the multi-cell, multi-user interference power are obtained with an analytical 

method. The impact of the choice of line rate on system capacity is discussed in the 

fourth section. The effect of PG and ACF on capacity is compared. The design guide­

lines for line rate selection are provided. The fifth section addresses how to assign suit­

able power levels to different traffic types. A method for optimizing the power 

assignment for multiple traffic types is developed. Optimized power allocation is deter­

mined. The last section presents conclusions and remarks.

6.2 System Model
The IWAN supports various stream and packet traffic types. Different traffic types
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with different rates are spread over the entire bandwidth available with the same chip 

rate. The bandwidth values considered for IWAN are 5 MHz, 10 MHz and 15 MHz [5]. 

Here we assume the total bandwidth is 10 MHz. We focus on stream traffic which con­

sists of various sources with different rates, quality requirements and ACFs. Two typical 

stream traffic types considered here are voice and video. We assume that 8 Kbps voice 

with overhead yields a voice source rate of 9.6 Kbps and the video source rate is 

76.8Kbps with an information rate of 64 Kbps.

To accommodate a variety of variable-rate and fixed rate sources, as well as to sim­

plify the design, one or a few line rates are proposed for traffic transmission in the 

IWAN. Different traffic types with different source rates are transmitted at the line rate. 

A line rate is the actual bit rate used in DS spreading and de-spreading. If the source rate 

of a traffic type is lower than a line rate, it is increased to the fixed line rate with a corre­

sponding reduction in ACF. If the source rate of a traffic type is higher than a line rate, it 

is subdivided into several parallel fixed line-rate streams [3], [19], [20].

The cellular structure is one of the most efficient structures for wireless networks. 

We consider the IWAN in a CDMA cellular system consisting of equal-sized hexagonal 

cells. The base stations are located at the centers of all cells and employ directional anten­

nas separating a cell into three sectors as show in Fig. 3.1.

Power control is employed for compensating the propagation path loss and the 

channel attenuation due to shadowing and fading. Perfect power control and ideal soft 

handoff are assumed in this chapter without loss of generality of the results. With perfect 

power control, the power received at a base station from each of the station’s users is the 

same for the same type of traffic. A nominal power pre-set is the targeted power control 

level for each type of traffic. With soft handoff, the strongest of the involved base sta­

tions’ receptions will be utilized at the switching center. A mobile in the handoff zone is 

controlled by all involved adjacent cells. The mobile’s power level is always set to match 

the lowest power requirement among these cells by responding to the pilot received with
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the highest power [16], [42], In reality, power control error always exists. The details of 

the effect of power control error can be found in [17], [32], [33].

As explained in Chapter 3, the final effect of fading is included in a signal to noise 

ratio (SNR) requirement. A conventional SNR requirement is Eb/ N 0 = IdB sug­

gested in [14] for coded voice. To ensure a specific quality of service, the required mini­

mum Eb/N(l (or outage threshold) depends on the multipath conditions, and the coding

and diversity combining techniques employed. It may vary from 5dB to more than 8<7/1 

[42]. We consider ffe SNR requirement as a parameter in this chapter.

6.3 Interference and Outage Analysis for Multiple 
Traffic Types

6.3.1 Interference Analysis for a CDMA Cellular System with a Single 
Type of Traffic
The interference analysis of the cellular CDMA with multiple traffic types can be 

derived from the analysis for a system with a single type of .raffic. When there is one

active user per sector, the area averaged mean inter-cell interference is obtained as E ( / ()

in Chapter 3. Considering the ACF and attenuation due to the Rayleigh fading, we obtain 

the total mean inter-cell interference

(6-‘)

where v  is the ACF of an active user. Note that the mean fading attenuation is 1.

Similar to evaluating the area averaged mean, we can also obtain the area averaged 

variance of the interference power of an active user. As shown in Chapter 3, we obtain

E(/J) and /T (Is) for the variance calculation Taking the user ACF into consideration, 

we have that the area averaged variance of the total inter-cell interference is
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D Vi,e) = N S  ' ( ' « £ ( #  - v E 1 u x) ) • (6.2)

We consider the inter-cell interference fluctuation caused by the Rayleigh fading as 

an independent random variable lRy. The total inter-cell interference is lRite = Iile ■ IRy ,

where lR is Chi-square distributed with mean equal to 1. Therefore, with the Rayleigh 

fading the variance of the inter-cell interference increases to

= / v , - ( 2 „ £ ^ y - BV ( g ) -  (63)

The mean and variance of intra-cell interference are also obtained in Chapter 3. 

Since the membership switching and user activity are independent random variables, the 

mean power of intra-cell interference can be expressed as

ZV iJ  = (3/V,-1)u-£(^T

= (3W,--nu-JJp(<p= l |r 0,e ) /A(r0, Q)r0dr0dQ

An (6.4)

where f A(r0, 0) = D (r0, 0 ) / 4 o, D (r0, 0) is the user density function over the area A0

and 4 0 is the enlarged cell area covered by a base station. With uniformly distributed 

users, £(<p) = 1/3 and Equation (6.4) reduces to

e  <'„„> = ( " s - D ' v  («-5>

Similarly, the area averaged variance of the intra-cell interference with one active user is

D V i J  = (3N, -1) (uE( (P2) - u V m )

S  1 2 IT2

where

= (3Wf- l )  ^ - « T ( ( p )
V3 '  . (6.6)

E «|>2) = J f  P «p= 11 /, 0 )/A (r0, 0) r0dr0dQ, (6.7)
'‘o
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and

£2«P)= JJp2«P= l\r0,e)fAo(r0,Q)r0dr0dQ-
An

(6 .8)

2
Note that E ( y  ) is also 1/3 if users are uniformly distributed. Then the mean of total 

interference power is

and the variance of total interference power is

(6 . 10)

(6.9)

where /, is the total interference. Our analysis and simulation results in previous Chapters

show that due to soft handoff operations the total interference approach the Gaussian dis­

tribution very quickly with an increasing number of users per cell.

6.3.2 Outage Analysis for Multiple Stream Types of Traffic
Based on the interference analysis for a single type of traffic, we can easily obtain 

the mean and variance of the total interference as

where /  . is the total multi-user interference including all types of traffic to a reference 

user of the j  th type, l ti is the total interference from the i th type of traffic and Nt is the 

number of traffic types. Checking into details, we have

(6. 11)
i =  l

and

(6. 12)
1= I

N.
(6.13)

i = 1 ,i*j
and
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VarUm]) = 2  3N„P?(t),£ (<p2) -  u2£ 2 (cp) )

/= I (6.14)

where Nsi is the number of users per sector, P. is the targeted received power at the refer­

ence base station and is the ACF of the i th type of traffic. The reference user is from 

traffic type j .

For a reference user of the specific y th traffic type, the signal to noise ratio

where Ebj is the energy per bit, Noj is the total interference power density, R. is the bit 

rate of a user of the j  th traffic type, W is the total bandwidth available, Pj is the desired

power to be received for a specific reference user of type j , and c r  represents the back­

ground noise and is taken as 1.26 (1 dB) for the case when the power of a voice user is 

normalized to I [14]. The outage probability of a reference user of the 7 th type is given

where PGj is the PG and (Ebj/ N 0-) is the QR of traffic type j .

If the user number is large enough, the central limit theorem can be applied [14]. In 

addition, due to soft handoff operations the interference approaches Gaussian more 

quickly than does the simple summation of multiple random variables [17]. Since the

by

P J W / R J 2 )

(6.16)



number of active users is normally quite large at the capacity of a system, we adopt the 

Gaussian approximation for simplicity, and the outage probability of the reference user 

of type j  is obtained as

Pouur  2erfc

where

(6.17)

PJ P G J 

1 (E> / Noj)QR

is defined as the threshold of a user of the j  th traffic type.

6.4 Effect of the Choice of Line Rate on Capacity
For efficient traffic integration, the suitable value and the number of line rates will 

be determined by various factors such as capacity, complexity and other system design 

considerations. In this section, we examine the impact of the choice of line rate on sys­

tem capacity.

At first, we examine the impact of a line rate on low rate users. Since a line rate is 

the actual rate involved in DS spreading and de-spreading, PG and ACF become design 

parameters when a line rate is employed.

The PG is determined by the line rate and is given by

" v - T r i * * , ' " 1' * * ,  ( 6 I 9 )

where Rc is the spreading chip rate, R, is line rate, and Rj is the source rate of the low 

rate traffic of type j . If the rate of a traffic type is lower than line rate, its ACF is reduced
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where o tj is the ACF of a low rate user with a source ruie of Rj when it is transmitted at a

line rate of Rt . Without toss of generality, here we consider that only a single type of low

rate traffic exists. If power control is perfect and the power received at the base station 

from the reference user is normalized to 1, considering the effect of line rate, we have the 

outage probability as

,  f  t - M ( l  \  \
(6 .21)

'ij> J

where

PG,: ,  PG; R
t =

i • O M U  • i \  • 'J

4 ------ 4  -  T u T ~  ■ S * -4 . (6-22)" ~ < V w4 ot r ~ < W o t  ri t ’

I,j is the total interference from the j  th traffic type when the line rate is employed and

from Equations (6.1), (6.3), (6.5) and (6.6), we have

#</#> ' 0 v 5 ) - » < , + ' V V £ ( 7i) <6-23>

and

V»r</#)= (6’24)

Since at the capacity of a system, At. is normally very large for low rate users, Equations 

(6.23) and (6.24) can be simplified to

R;i
« ( V  * ' »<,( 1 + « (O  )  -  N,t ■ 1 + £ ( ',> )  <6-25)

and

VarUtj) = Nsj ■ 0 /y(  1 -  3vuE2 (<p) + 2 E ( $  -  u /;.£2 (/,) ) 

= Ats. ■ o J j (  1 -  3 u (*) + -  o .5 /£2 J h ) )
(6.26)

We denote

s.y = V *;(1 +£<y) (6-27)



The key parameters for calculating the total interference are the area averaged first 

and second moments. Values for these parameters, obtained under the condition of ideal 

handoff, perfect power control, user ACF of 1 and the path loss factor v = 4 are given in

When the source rate of a specific user is higher than the line rate, its transmission 

will be split into several parallel streams. Orthogonal sequence can be used to provide 

interference isolation between the sub-divided parallel transmissions[20], [56]. Here we 

consider a worst case scenario in which the parallel transmissions are separated by long 

sequences which are synchronized, with no orthogonal protection. If there is a single 

high rate traffic type j  and we also normalize its power to 1, we have the signal to noise

Table 3.1.

Following the approach in [18], Equation (6.21) can be modified to

where erfc 1 (*) is the inverse function of erfc(jt) . Let y  = erfc 1 (2Pout )  , we then 

obtain a quadratic equation in Nsj

2N,j ■ 8VJV  = ( tl j - Nsj-8mJ) 2‘ (6.29)

Solving Equation (6.29), we find the radio capacity to be

(6.30)
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where k is the number of parallel streams after spliting

k = RJ
R,

(6.32)

is the ACF of the last one of the streams after separation

_ Rr kRt 
'  R, ' (6.33)

and Itj is the total interference when no stream separation is used. Here we denote

k -  2 v /// = / + —— V: + ~r . Then, the mean and variance of can be obtained as
'J 'J k J k IJ

M U , )  =
If R / R ,  = k

Otherwise

(6.34)

and

VarUu) =

where we denote

' Var ( l tj) + \ [  (k -  2 ) } -  Vj J + u,. -  u j  J If * / * ,  = k 
ic

V a r(/,) + i ( ( / : - l ) 2(o y- u ;
(6.35)

Otherwise

Mlh =
k- z l v . + *Jj 1 f * /* , = *

k j  k
* - 1  

k ¥ Otherwise

and

’lh

If R / R ,  = k 

Otherwise.

Using the method similar to obtaining Equation (6.30) for low rate traffic type, we can 

also obtain a closed form equation of radio capacity for high rate users with the effect of 

line rate taken into consideration as



(6,36)

where

s = x>-
° mj  j [!+£(/,) J (6.37)

and

),(1  -  3 v /  «p) + 2 E { f )  -  VjE1 ( / , )  J (6.38)

For a system with multiple traffic types, we may employ Equations (6.13) and

(6.14), and use the procedure above to obtain the capacity in terms of a specific traffic 

type given a fixed number of users of all other traffic types. For simplicity, we normally 

choose a low rate traffic type for capacity calculation and normalize its power to 1. A 

general formula for the capacity of a system with multiple traffic types can be given as

gmi and gvi can be obtained in a manner similar to Equations (6,37) and (6.38). Note that

Equation (6.39) is for quality requirement of traffic type j . Since it is difficult to show 

the overall system capacity with one type of traffic, we use the overall system throughput 

(in Kbps per sector) to measure the capacity

(6.39)

where

I  KAs.< (6.40)
I = hi* j

and

(6 .4 1 )
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",
S c = X * „  • W  (6-42)

/ = i

where /?0j is the information rate of traffic type i , e.g. for voice it is 8 Kbps.

To show how PG and ACF affect the capacity, we compare the capacity increase 

when the PG and 1/ACF are increased. A 10 MHz system with low rate users, e.g. voice 

users with a rate of 9.6 Kbps and an ACF of 0.375 is considered. The results plotted in 

Fig. 6.2 show that a larger PG improves capacity more efficiently than a small ACF. Fig. 

6.2 represents the case when bandwidth available is increased how much capacity will be 

increased by only increasing PG or 1/ACF.

Using a lower line rate results in a larger PG and a smaller 1/ACF, while using a 

higher line rate leads to a more burst traffic for low rate users and reduces capacity. Low­

est possible line rate which could be the lowest rate of variable and fixed rate traffic is 

desired for low rate users in regard to maximizing the capacity. Fig. 6.3 shows that for 

single low rate traffic, capacity decreases as the line rate increases. As for high rate users, 

they can be subdivided into several parallel streams transmitting at the line rate [3], [19], 

[20]. Fig. 6.4 shows that as we use a lower line rate, the high rate traffic is subdivided into 

more parallel streams. The reduction in capacity is very limited even if we do not use 

orthogonal protection. The effects of subdivision on capacity is minimal. For mixed traf­

fic with multiple types, we can see from Fig. 6.5 and Fig. 6.6 that the impact of the choice 

of line rate is dominated by its effect on low rate users. Both figures show that a line rate 

which is chosen as low as the lowest source rate is desired for a higher capacity. In Fig. 

6.7, the radio capacity for voice and video is plotted. The capacity for using a 9.6 Kbps 

line rate is considered the same as the case when both voice and video are transmitted at 

their own source rate and capacity is reduced by about 30% if a line rate of 76.8 Kbps is 

employed.
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6.5 Optimized Power Allocation for Mixed Rate Traffic
To examine the effect of the power level of different traffic types, we first consider 

that the traffic consists of two types: voice and video. We choose the power of a voice 

user as the reference which we normalize to 1. For simplicity, we denote voice as traffic 

type 1 and video as type 2. With perfect power control, the outage probability of a refer­

ence voice user is given by

P = P ',„>>■
PG,

and the outage probability of a video user is

- o . (6.43)

P o u , 2 =  P

p g 2 p 2
-  P{t  2>t^) (6.44)

where lm] and Im2 are different total interferences received by a reference user, PG, and'm2

PG2 are PGs, (EbX/ N oX) and (Eb2/ N o2) QR are quality requirements of voice

and video respectively, and t2 are defined as outage thresholds, and P2 is the relative 

power assigned to a video user. The outage probability of a voice user is then obtained as

Pouu I “ 2erfc f i V a r O ml)
(6.45)

where
M V m\) * ( 3 ^ ,- 1 )  u £ (< p ) + N l -v  E( l s) +N2P2[ \  + £(/,.) J  

= (N{ -v  + N f J  1 +E j J ^ )  = N l8ml+N2P2gm2 , (6.46)

E (<p2) -  v E 2 (q» )  + 3N2Pl[E(<p2) -  E2 (<p)Var(ImX) = (3 /V ,- l) (u -

+ Nx • ( IVEvl)  ~ 3>2fi2 )  + N7pt 2p <£) -  E )

-  ^ , ( 3 ( 0  • E (<P2) -  v 2E2Tq>) )  +  ( 2 1 ) £ ( / 2) -  v > V ( g  ) )

+  Â 2P 2( 3 ( £ ( ( p 2) - £ 2T ^ )  +  ( 2 £ ( / 2) - £ 2 C g ) )  =  Nlgv]+N2p22gv2 (6.47)
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N j is the number of voice users per sector, N2 is the number of video users per sector and

D is the voice ACF. Using the similar approach as before, Equation (6.45) can be written

as

erfc- . (2p .  ( ' . - ' V - . - ' V ’A , /

Let x/ = erfc 1 (2Pout) . By solving this quadratic equation in N ] , we obtain the radio

capacity of voice users (traffic type 1), with the specific QR of voice users (also traffic 

type 1) and number of video users, as

N n  = ~ r { 8 m \ ( t i ' N 28m2P 2) + V* 8 vr { { 8 mi 0 1 - N 2g m2P 2) + y 2g v l ]2
8  ml

- f d , (  - H 2Sm2P2) 2- 2v 2N2g ,2p i ]  ) ' n  ,  {6 4g)

Note that we use the radio capacity of voice users as a system capacity measurement. 

Similarly, the outage probability of a reference video user is

Pou,, 2 ~ 2 CrfC f i V a r ( I m2)
(6.49)

(6.50)

where
M( l m2) = (3N2- \ ) P 2E j y )  +N2P2E~iJj + tf, • ' u - ( l + £ l g )

= (Af, • D + N2P2) ( 1 + £ 7 7 ? ) -  i />2 = NiSml + N2P2gm2 -  i />2

and

V a r ( l m2) = 3N,(\)-£((p2) - - u V ( ^ ) ) +  (3N2- l ) P 2(£(<p2) - £ 2(^ j)

+ N r (  2x>E( 5  -  v,2E 2T O  )  + N 2p l {  2 P U 5

= N l g v l + N 2P 22g v2- P 22 ( I - £ 2T ^ ) ) .
V3 J (6.51)

Next, we obtain the capacity of voice users given the specific QR of video and the num­

ber of video users.
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Nn  = - r U m1 ^ 2 -^ m 2 P2 + 3 P2j + V Svr [ [ S ml { h - N2Sm2P2 + 2P2) + ^ ' S vl
8 ml

2 ( ( + k , 1 n  V o  2., _2 -_2f l  —r')') V/2
£ml\^*2 2+ 3 ^2J ^2#v2^2 + 2 2̂  ̂3 E  (*?) JJ J y (6 52)

Since the final system capacity is limited by the traffic which has the highest quality 

requirement [17], we have the actual radio capacity of voice user as

N*{ = m in [iV * X 2J . (6.53)

Fig. 6.8 shows capacity versus relative power of a video user. Since N*n monotonically 

decreases with increasing P2 and A^2 monotonically increases with P2, /V* is maximum 

when N ,, = N]2 . We can obtain a P2 such that Nl is maximum by solving the equation

8  m l 11 - n 2 « « l « v l  ~ N 2 8 m2 P 2  ̂ + V 2«vl + 2 N 2 8 2m lS v2 p22

= 8m xh + \ g m, 2 gmlgv, ( /2 -  N2gm2P2 +1 P:

+ y 2*;, + 2N2g l lSy 2 -  2P2( |  -  E2 «p) )  I '" '
J J  ' (6.54)

To show the capacity of a system with mixed traffic, we calculate the total throughput as

Sc =  ■ R{+N2 x>2 - R 2 . (6.55)

Examining the optimum condition A^, = /V*2 , it can be seen that this condition is equiv­

alent to when Poul , = Pout 2 • Since /ml and lm2 are almost the same, P* can be

approximated as

p* ~ Pp d  ' (g~ 7 r T g ' (6,56)2 (p b\/N„\) qR

ana

F* ~ F Q (6 51)Eb2~Ebi (F / N  ) ( 0 . 3 / ]^ b l / lyol’ QR .
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In the case that there are more than two traffic types, it becomes difficult to determine the 

optimum power by solving multiple nonlinear equations. However, the optimum relative 

power of the i th type of traffic can easily be estimated by generalizing Equations (6.56) 

and (6.57) as

P G i ( Eh/ N 0) QR]  | =  2 , 3 , . . .

and

p *  _ t  ( E b / N 0 )  Q R  .

hi ~  E b\  ' ( P  / K j  \  ■ ' ■ > 1
U  o ) ^ '  ' =  2 , 3 , . . .  ( 6 5 9 )

Our results show that the traffic components and user activity have minimal effect 

on the value of the optimum relative power, see Fig. 6.9. Table 6.1 shows the optimum 

relative power and energy per bit of a video user. Equations (6.56), (6.57), (6.58) and 

(6.59) are ’’’stifled by the numerical results. Table 6.2 shows that the capacity is 

improved by optimized power allocation especially when the difference between the 

quality requirements is large. From Fig. 6.10, we can see that the overall system through­

put could be increased significantly if suitable power is assigned to different traffic types. 

The overall throughput decreases with an increase in the number of high rate users in the 

case that their quality requirements are the same.

6.6 Conclusions
Due to the soft handoff operations, our analysis and simulation results show that 

the Gaussian approximation of multi-cell, multi-user interference is also very good for a 

system with mixed traffic types.

With a higher PG, a higher capacity per MHz will be achieved. This conclusion 

supports and generalizes the conclusion suggested in [43] that by using a wider band­

width, a higher bandwidth efficiency can be achieved. The impact of the choice of line
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rate is examined. The value of line rate determines the PG and ACF. Since a large PG is 

more efficient in increasing the capacity than a small ACF. The lowest possible line rate 

is desired in regard to maximizing the capacity of mixed traffic. The effect of subdivid­

ing a high rate service into parallel streams on the capacity is minimal in the reverse link.

The radio capacity or overall throughput of a CDMA cellular system with multiple 

traffic can be increased significantly by assigning suitable power to different traffic types. 

The optimum power is mainly determined by the quality requirements of different traffic 

types. This optimal power assignment can be approximated in a very simple way as indi­

cated by our analysis.
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Table 6.1 The optimum relative power and energy per bit of video with various Quality 
Requirements (QR). For voice: QR is 7 dB, bit rate Rs is 9.6 Kbps, ACF is 0.375, PG is 
1024; For video: Rv is 76.8 Kbps, PG=128, total bandwidth assumed is 10 MHz. Power 
control and handoff are assumed to be perfect.

Video QR (dB) 4 6 7 8 9 10 11 12

E* / E .  hv bs 0.50 0.79 0.98 1.23 1.54 1.93 2.39 2.99

P  / Pv s 4.00 6.32 7.84 9.84 12.32 15.44 19 .5 1 23.92

B b v / E bx approx' 0.50 0.80 1.00 1.26 1.59 2,00 2.52 3.17

Table 6.2 The radio capacity of voice users given certain number of video users. For 
voice: QR is 7 dB, bit rate Rs is 9.6 Kbps, ACF is 0.375, PG is 1024; For video: Rv is 
76.8Kbps, PG is 128, total bandwidth assumed is 10 MHz. Power control and handoff are 
assumed to be perfect.

QR (dB) 
(Video) Video No. 0 1 2 3 4 6 8 11

Equal Eb 302 274 247 221 195 144 94 19

4 Optimum Eb 302 290 278 266 254 231 208 173

%  Improvement 0% 6% 13% 20% 30% 60% 121% 811%

Equal Eb 302 274 247 221 195 144 94 19

7 Optimum Eb 302 275 248 223 197 147 97 24

% Improvement 0% 0.4% 0.4% 0.9% 1.0% 2.0% 3.2% 26%

Equal Eb 302 117 89 62 35

10 Optimum Eb 302 239 180 125 71

% Improvement 0% 104% 102% 102% 103%

Equal Eb 302 59 29 1

12 Optimum Eb 

% Improvement

302

0%

192

225%

97

234%

8

700%
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500

450 Increasing PG given 1/ACF 
fixed at: 2.67

400
Increasing 1/ACF given 
PG fixed at 128

-

350

300

250

X200

150

100

Relative increase of PG and 1/Activity Factor (times)

Fig. 6.2 The effect of PG and ACF on radio capacity. The start point is: PG0=128, 1/ 
ACF0=2.67 (1/0.375), QR is 7 dB. Relative increase of PG and 1/ACF is in terms of PG/ 
PGO and ACF0/ACF.



T
ot

al
 t

hr
ou

gh
pu

t:
 k

bp
s 

pe
r 

se
ct

or

140

2000

1800
E . / N „  =  A d B

1200

E . / N  =  6  d B
1000

. E , / N „  = l d B800

600

400

Value of a line rate (kbps)

Fig. 6.3 The impact of the choice of line rate on the capacity of a system with low rate 
users. Voice traffic of 8 Kbps information rate (9.6 Kbps source rate) is assumed. PG is 
1024. ACF is 0.375. Power control and handoff are assumed to be perfect.
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Value of a  lira rate (kbps)

Fig. 6.4 The impact of the choice of line rate on capacity of a system with only high 
rate users. Video traffic of 64 Kbps information rate (76.8 Kbps source rate) is assumed. 
PG is 128. ACF of video is 1. No orthogonal protection is added for sub-divided parallel 
streams. Power control and handoff are assumed to be perfect.
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Fig. 6.5 The impact of the choice of line rate on capacity of a system with mixed rate 
traffic. 9.6 Kbps voice traffic and 76.8 Kbps video traffic are considered. The QR of 7 dB 
for both voice and video is assumed. Both are stream type of traffic with the same energy 
per bit.
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Line rate = 9.6 Kbps

— h—  Line rate = 19.2 Kbps 

. -x- Line rate = 38.4 Kbps 

; Line rate = 76.8 Kbps

900

" +
a  800

ra750

,o 700
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Number of high rate users per sector

Fig. 6.6 Total throughput versus number of high rate users when different line rate is 
employed. 9.6 Kbps voice traffic and 76.8 Kbps video traffic are considered. The QR of 
7dB for both voice and video is assumed. Both are stream type of traffic with the same 
energy per bit.
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IdB for videoEJN.Eb/ N o = 7 dB 
for voice 9 dB for video___

12dB for videoE J  N.

IdB  for video

9dB for video 

12dB for videoEJ'N.

\  : 0- .

350150
Number of voice users per sector

200 250 300100

Fig. 6.7 Number of video users versus number of voice users. The solid line represents 
that different traffic types are transmitted at their own source rate. The dashdot line 
represents that voice and video are transmitted at a single line rate of 76.8 Kbps.
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Quality requirement for voice;

E, JN.
250

<» 200

Quality requirement for video:150

5 dB

n  100

E. /N = 12dB

The relative power of a video user to a voice user (Pv/Ps)

Fig. 6.8 Radio capacity of voice user per sector versus the relative power for video, Pv/ 
Ps, given that the number of video is 1. For voice: QR is 7 dB, bit rate Rs is 9.6 Kbps, 
ACF is 0.375, PG is 1024; For video: Rv is 76.8 Kbps, PG is 128, total bandwidth is 
10MHz. Power control and handoff are assumed to be perfect.
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EhJN, .  = 4 dB
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Fig. 6.9 The effect of traffic components on the optimum relative energy per bit. For 
voice: QR is 7 dB, bit rate Rs is 9.6 Kbps, ACF is 0.375, PG is 1024; For video: Rv is 
76.8 Kbps, PG is 128, total bandwidth is 10 MHz. Power control and handoff are 
assumed to be perfect.



147

1400

Quality requirement for voice: Quality requirement for video:

1200 E. /A! = 7dB
With

X I

riooo 
■ ̂o (
<D *
CD

q>
a  800

o

= 12 dB

3a
JZ
Ui3
2 With optimized power allocation:

£  600  
to \-X ------

V  * — * — - X - .
= 7 (IBE.../N

400

= \2(IUE,./N

~ ' ~  +200
10 1282 4 60

Number of video users per sector

Fig. 6.10 Increasing the total throughput via optimized power allocation. For voice: QR 
is 7 dB, bit rate Rs is 9.6 Kbps, ACF is 0.375, PG is 1024; For video: Rv is 76.8 Kbps, 
PG is 128, total bandwidth is 10 MHz. Power control and handoff are assumed to be 
perfect.
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Chapter 7 

On the Simulation of CDMA Cellular 
Systems

7.1 Introduction
Since a communication system is usually very complicated, to evaluate a system’s 

performance, we depend largely on simulations. The reasons for this are: 1. In a lot of 

cases the problems are too complicated to be analyzed, and simulations have to be 

employed for performance evaluation; 2. In certain situations, people want to simplify 

problems by developing models, making approximations and deriving bounds. All these 

types of analytical results have to be justified by simulations; 3. To save costs, computer 

simulation becomes a “must” step for system design engineers before going to the stage 

of prototype [58].

Due to the complexity of a communication system, simulation is a very difficult task. 

Enormous programming work has to be involved and large amounts of computing time 

and/or space are often required. With the development of computer technologies, simulat­

ing more and more complex systems becomes possible. Since simulation is often very 

time consuming, efficient simulation methods must be studied and developed to mini­

mize simulation time, while keeping the accuracy of the results within an accepted range.

In a CDMA cellular system, the performance of the system is affected by many fac­

tors such as: mobile channel characteristics, location and distribution of users, cell geom­
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etry, handoff and cell site diversity, power control, multipath combining schemes and 

coding schemes, as well as the traffic profile, etc. Therefore, a very complicated situation 

appears in the simulation of a CDMA cellular system. Great efforts have been made in 

this aspect [33], [44], [48]. Since there are a large number of random variables in a 

CDMA cellular system, the simulation methods used must primarily be of the Monte 

Carlo type. Normally, it is very time consuming to obtain the final result through the con­

ventional Monte Carlo method. Therefore, efficient simulation methods should be used 

where applicable. In [44], a novel idea of the core sample technique is introduced. In

essence, this method reduces simulation time from O (nj?) to O (rtc) at the expense of

requiring a large memory space. We can see that in certain cases, core simulation sam­

ples can be obtained by only one simulation run, the results for different conditions can 

be obtained by properly processing the core samples. Repeated simulation runs are 

avoided and the simulation time can be significantly reduced.

Among the efficient simulation methods, the method being used most frequently is 

the so called Importance Sampling (IS) method. The conventional Monte Carlo method 

is inefficient because the estimation of events that occur infrequently may require consid­

erable computational efforts and time. In the simulation of communication systems, K. S. 

Shanmugam and P. Balaban first introduced a modified Monte Carlo method to estimate 

error probability [59], [60]. Their basic idea was to modify the probability density func­

tion of a random process to be sampled, so as to make the “ important” samples, which 

rarely occur, take place more frequently. Therefore, this method is called Importance 

Sampling. The number of samples needed for simulation can be reduced significantly by 

using IS.

Following [59], [60], there have been substantial research activities related to IS [61]- 

[69]. Most of them are related to the IS application of estimating bit error probabilities. 

The distribution of the random process is Gaussian, and the system is assumed to be lin­

ear and memory-less [66]. Many optimum bias schemes have been suggested, e.g., [62],
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[66],

In this chapter, we will discuss several efficient simulation methods.

7.2 The Monte Carlo Method
We start our discussion on the Monte Carlo method. Assuming that the event Z hap­

pens with a probability p . The Monte Carlo estimator of p  is formed on the basis of N  

trials:

p  = ( 71 )
(= l

where Z. is a random variable. Z, = 1 with probability p ; Z, = 0  with probability 

I = p .  The mean of this estimation is

N

<7-2>
i =  1

Now, we consider event Z which is related to a random variable x  with probability

density function f ( x ) . For convenience, the range of x  which is denoted as O is divided

into /  and /  which represent different decision regions. We have /  u  /  = and

I r\  I  -  0 . Then, we have

2 x e  I  with probability p
= {

Ideally, we have

Z. = { - (7.3)
' 0 x  e  /  with probability I -  p.

E( p)  = £ ( Z ;) = J /(* )d *  = p .  (7.4)
/

Therefore p  is an unbiased estimator of p . The variance of the Monte Carlo estimation is

4  = ]I p w  (7-5)



Checking the variance of a Monte Carlo estimator, we may find that the smaller

the value of p , the smaller the variance a .  will be. But why for a smaller p , do we need

to take more samples for estimating p ? The reason is that the accuracy of an estimation is 

also related to p .

To show this, we should investigate the confidence interval of a Monte Carlo esti­

mator. From [69], [58], we see that if the trial number N  —» °°, then the distribution of p 

is normal without imposing any condition on p . The mean and variance of the estimator 

p  are p  and p  (1 -  p) / N , respectively. One can construct a confidence interval in the 

form [69]:

N

■V + s l
p  2N  8a*

P ( l - P )  , f £a  
' N  V2 N

N

w + * «

« + £»+g p Q - J l J i s .
r  o \ r  s oaI m  \ 2 N2N  ' °«A/ N  

where0 < a  < 1 /2  and ga is chosen such that

= 1 -  a

(7.6)

f^a 1 2 , .
—p=e dt = 1 -  a .  

J s a j 2 n
(7.7)

If the trial number N  is large enough, the confidence interval can be well approxi­

mated by this approach. Since a simulation should be carried out with enough confidence 

on the results, to warrant its undertaking it can be assumed that ga will be chosen such

that 1 -  a  ~ 1 . Then the Equation (7.6) can be directly written as
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To analyze the relationship between N  and p , we use the upper bound without loss 

of generality. That is

2

If N  is large enough, —- ® l . Then:

(7.9)

(7 1 0 )

where k is a constant related to the estimation accuracy required. It is generally accepted 

that k should be in a range of 1 ~ 2 [69]. From Equation (7.10) we have

N  =  £« (7.11)
p ( k - 1 )2 (ifc-1)2

Obviously, if p is larger, the required N  is less for a given confidence interval and

level. This means that if an estimation is accurate enough, a larger p  results from a larger

p . To estimate a larger p , a smaller sample number, N,  is required. We can also see that

if more confidence is required, thus to increase g 2 , a larger number of trails, N ,  is

needed. A narrower confidence interval requires a smaller k,  and in that case also, a 

larger N  is required. From this, we can see that if we modify the distribution of the ran­

dom variables to be sampled such that we make the random variable x occur in I  with a 

higher probability p , the number of trials required can be reduced for the same relative 

confidence interval.

7.3 Importance Sampling
From the previous discussion, we show that the Monte Carlo method is inefficient 

because the trial (or sample) number is related to the probability, p , which we are going
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to estimate. When p  is veiy small, a large number of trials, N ,  is required. If samples are 

within /  with probability p , and p  is very small, samples which belong to /  are consid­

ered to be more “ important” . It will take an extremely long time to wait for the samples 

which belong to I  to come. To solve this problem, K.S. Shanmugan and P. Balaban have 

introduced a modified Monte Carlo method to estimate error probabilities in digital com­

munication systems. The number of samples needed for simulation is reduced consider­

ably by using IS. The reason, as was previously analyzed, is that the probability to be 

estimated is artificially increased Most of the works are limited on the IS application of 

estimating bit error probabilities, and the PDF of the random variable is Gaussian. As 

well, the system is assumed to be linear and memory-less [66]. Under these conditions, 

the problem becomes relatively simple. The reason for this is that if the input of a linear 

memory-less system is Gaussian, th? output of the system is also Gaussian. The distribu­

tion of the input process can be modified based on the requirement of the decision making 

part at the system output end. Thus, if we know how much an input process is adjusted, 

then we know how much the PDF of the output process is affected. There are some 

works related to applying IS to non-Gaussian problems [59]. G.C. Omsk and B. Aazhang 

applied IS to simulate multiuser communication systems in a most recent paper [65]. 

Their work is still based on the assumption of the Gaussian distribution.

Following [60], the distribution of a random process is modified in an approach 

called biasing by modifying the distribution function f ( x )  in Equation (7.4) to a new dis­

tribution g (x) . g (x ) will be chosen such that the bias function 

B( x )  = 8  (■*) //(•*) > 1 for x e  / .  As a result, the event that x  is in /  will occur more

r
frequently. Considering a new event Z]. which is related to x  with a new PDF g (x) , we

have

1
x  e  1 with probability p* 

x  e  /  with probability 1 -  p*
B( x )

0
(7.12)
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where p* is the probability that x  belongs to I . The mean of this new estimator is

= J | ^ d x  = | f ( x ) d t .  (7.13)

The new estimator based on the transformation of the random process is formed as

N

t>' = - ( 7 1 4 )N
i = 1

Because E ( p f) = = p ,  p 1 is also an unbiased estimator of p.  The variance of

the estimator p 1 is

r / W
2  J J  =  J _ . ____________

V  A7 N  K ' }

Comparing Equations (7.15) and (7.5), we see that if N  is the same, as long as

- 2  ̂ 2 2
there is Specifically, if B  (x) > 1, V xe 7, o»>o„, .  If we take

J  l i  \ X )  * P • P
I

2
1 /  p  as B  ( x)  , o ., = 0 . Comparing IS with the conventional Monte Carlo method, if

the variance of the estimators accepted is the same, from Equations (7.5) and (7.15), we 

have

g ( - w £) = — Tj--------- • 0.16)N N[S

The sample size savings factor is

2

r = T f - =  - / t (T ~ £)~~  = ~ 2 -  (7' 17)
N is  a ,

The above is the conventional approach to the IS method. In practice, the samples which
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belong to either /  or I  may be taken for further processing. To estimate the statistic

effect based on the region division of /  and /  to the further sample usage, we form an 

equivalent IS estimator as follows

Z* = { . (7.18)
0 x  e l  with probability 1 -  p * ,

and

N

1 x e  /  with probability p *

p ‘  = h Z z ‘ - (? l 9 >
i = l

The mean of this estimator is

£ ( z * J  = f g ( x ) d x  = p* (7.20)
/

where g (*) = B (x ) f  (jc) and# (x) > 1, Vjc e  / .  Let

( x ) f ( x )  dr
/__________

P j f ( x ) d x
/

We may get the estimation of p  from the estimation of p * , given that p  is accurate 

enough, thus

p „ = [ p '  <7-m>

where p  is the estimation of p  using this new IS approach. The variance of the estima­

tor p*  is

c 2 = _ k p ( \ - k p )  g  23)
p* N  N

The variance of the estimator p o is
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and thus

= E a p - P ) 1) = p £ ( ( p * - p * ) 2) = p O * .,  (7.24)

z ~ P 2 P2 ( z i - 12 k  r  r  \ d *a :  = - ------= — -------- 1. (7.25)
Po N  N  V '

Then we get the sample number saving factor as

2

r = ~ 2 ‘ (7.26)

2 2Comparing Equations (7.25) and (7.5), we can also see if B (x) > 1, c .  < a . ,
* o *

Vx e  / .  After comparing Equations (7.25) and (7.15), we find that if  B  (x) is a constant

2
they are identical. For the estimator p  , a .  is only affected by the result of

”o

Jfi ( x ) f ( x )  dx. A different B (x) may lead to the same variance of the estimator, as 
i

long as p*  is the same.

An IS estimator is normally focused on the estimation of p . People always try to

optimize the estimator in terms of the accuracy of p . We often find a lot of optimum 

bias schemes [66) which tend to modify f ( x ) to

, v f i(x ) /(x )  x e /
g (x) = { - (7.27)

0 x e  I.

This means that all the samples from the modified process belong to I .  No sample 

belonging to /  is available. In practice, the samples belonging to /  are usually of the 

same importance as the samples belonging to I ,  especially in the cases that the samples 

are reused by the system. The straight forward idea is to find a B (x) such that
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Jg  (x) dx = J b  ( x ) f ( x )  dx
i i

= Jg (* )d *  = j B ( x ) f ( x ) d x  = ^
/  / (7.28)

We find it is an optimum modification by analyze the “whole” estimator [70].

7.4 The Whole Estimator

For a conventional estimator, if an accurate p 1 is obtained, its reverse part,

ql -  1 -  p 1, will also be obtained with the same accuracy. But if the samples are taken 

for further usage in the same simulation process, the performance of the system will be 

affected. For example, when simulating a system with ARQ, the system may not work 

properly if the noise is over biased. To show the statistical effect of the bias on the whole 

system, we use two independent estimators to estimate both p  and q at the same time. 

We call this pair of estimators the whole estimator. The performance of the whole estima­

tor is discussed in this section.

To investigate the reverse part of a Monte Carlo estimator, we have

1 jc e  /  with probability q = 1 - p

 ̂0 x  e  /  with probability p
(7.29)

and the estimator is

(7.30)
/ = i

then similar to the estimator p

E(Ri)  = q =  l - p , (7.31)

(7.32)

and
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2 = £ ( « i) = e - £ f
I N N  K *

Comparing Equations (7.33) and (7.5), it is obvious that for a conventional Monte

2 2
Carlo estimator, a t  = a . .  Because p  and q are independent Gaussian random vari­

ables, the variance of the whole estimator should be:

= = (7-34) 

When we apply the IS method, after biasing, we have:

i x e  I  with probability q* -  1 —p*
Ri  = { UM- * (7‘35)1 0 x  € /  with probability p*.

and

then similar to p 0,

jg (x )c k

k = 2 !  = 1-------- (7 .36 )
q dx

/

qc =  h » .  (7 .37 )

The variance of the estimator at the reverse part is:

and

2 k , q ( l - k , q )
V  = — I T 1  “ J T  (7-38)

2 —  —   ̂ 1

r 2 V  *, * U ? - 1
% k] N  N

IV (7.39)
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The variance of the whole IS estimator is

(7.40)

We want to find a p*  such that c 2 is minimum. This forms an optimization prob­

lem. Note that p  and p* are under the constraint 0 < p  < 1 and 0 < p * < \ .  Let 

J = No*  , we have

we get the only valid solution p*  = p .  This means that any modification of the distribu­

tion of a random process to be sampled will lead to increasing the variance of the whole 

estimator. In the case that samples are reused by a system, as long as you do the biasing, 

the variance of the estimation will be increased. There is a statistic effect on the overall 

system performance when we employ the biasing.

The question is whether an increased variance is acceptable. In practice, we are con­

cerned more with the estimation accuracy than with the variance. For example, to esti­

mate a large p , say, p  -  0.3, the error of p  may be acceptable within a range of 10~2 . 

If p  = 10-6 and the error of p  is at a degree of 10-4 , this error of p  is not acceptable, 

although the variance of the later is smaller than the former. From section 3.1, we know 

that for a specific relative confidence interval and confidence level, an increased p  leads

J  = (1 - p * ) p * (P2 “  2p2p* + p *2 ~ 2pp*2 + 2P2P*2) ’ (7 .41)

then

—  = (p*2 -  2pp*2 + l p 2p * - p 1)
( P * - P * V

(7.42)

Solving

p*2 -  2pp*2 + 2p2p* - p 2 = 0 , (7.43)
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to reducing the sample number N  (see Equation (7.11)), although at the same time, the 

variance of a Monte Carlo estimator is increased (see Equation (7.5)). Therefore, here we

examine if a better bias manner can be found in terms of minimizing the sample number

required and keeping the relative confidence interval unchanged.

Here we only consider the upper bound of a confidence interval without loss of gener­

ality. Rewriting Equation (7.9), we have

p* < p*  + £, = k xp* (7.44)

and

q*< q*  + e2 = k2q*. (7.45)

We assume the requirement on the confidence interval for both p*  and q* is the same, 

thus, k { -  k2 -  k . The confidence level is also ga . From Equation (7.11) the sample

number required for p* is

V, = ; !, ~ 7 1 ^772  (7'46)1 p * ( k - 1 )2 ( k - 1 ) 2

and for q* is

N 2 = 7Z ~"\Ti ~ 7 7 ^772  • (7'47)1 q * ( k - l ) 2 ( ^ - l ) 2

We form an objective function

**« 24J N = N. + N . = ------------ —---------   (7.48)
N 1 2 p * ( l - p * )  ( k - 1 ) 2 ( k - 1 ) 2

Because 0 < p* < 1, obviously, when p*  = 1 -  p* = 1 / 2 , p* (1 -  p*) is a maximum,

then J N is minimum. Note that if the estimation is accurate enough, p* ~ p * . This result

suggests that an optimum biased scheme should make samples occur in I  and /  with 

equal probability, thus, p*  = 1 / 2 .  This optimum is in terms of saving the number of
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samples required under an unchanged relative confidence interval and confidence level.

7.5 Core Sample Techniques
In [44], a core sample technique is proposed for the simulation of a CDMA cellular 

system. The basic idea of this core sample technique is to use the additive nature of total 

interference in cellular CDMA. Specifically, to simulate a system of N  cells and N k

mobiles per cell, we randomly distribute Nc ■ A/v users in Nc cells and collect simulation 

data. If the performance of a CDMA system with different N s is going to be evaluated, 

conventional brute force simulation has to be performed for every different N  to be con­

cerned. A huge amount of simulation time is required. Since every user follows the same 

location distribution statistics and the total interference is additive, notice that 

N s x N c =  A^( l  * N c) =  N ^ ( N Q x  N c) , one simulation run for A(. users per cell is

equivalent to N s simulation runs for N 0 = 1, and summing Ns samples from different 

simulation runs. Data obtained by one simulation run for /V(J = 1 is referred to as a core 

sample. Data needed for different values of N s can be deduced from the core samples. 

The resultant variance for different N s is dependent on the total number of core samples 

and the value of N .

In the core sample method, a two-column array is employed for recording the simula­

tion data including the power of the reference signal and total power of interference 

received at the reference base station.



162

The procedures and data structure of the core sample technique are basically as fol­

lows:

For N, = N0

i total power received /  . = /. + s. desired signal si

1 l p \  s i

2 Ip2 s2

the interference to signal ratio (ISR) can then be obtained as ISR i = Ip/ s -  for s. =£ 0 .

Since the interference is additive, the simulation data for N s = 2NQ can be obtained 

from the simulation for N  = NQ in the following way:

For N , = 2Nq

( 2 ) ( 2 ) 
i total power received 1 \  = l 2i_ , +  lp2idesired signal s{

r ( 2)  (2)
h \  S\

,(2) _(2)
‘ p i  A1

( 2 )where s. is randomly chosen to be either s2i_ j or s2i if both s2i_ j and s2i are non-

( 2 ) ( 2 ) 
zero; a(. is zero if both s2j_  ̂ and s2i are zero; = s2i _ , + s2i otherwise. Follow­
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ing the same procedure, the final simulation results can be obtained when N  = nN0 .

The basic idea of the Common Random Numbers (CRN) method is that we can com­

pare the different systems by inputting the same random sequence to different systems 

[71]. We will be more confident on simulation results ii my observed differences in per­

formance are due to the differences in the choice of system parameters.

Assuming that Y y  and Y2- are the observations from the first and the second system, 

and that we want to observe the random variable Z- = -  Yy  for j  = 1,2, . . . ,  n , we

have

If Cov ( Y Xj, Y2j) > 0 , then the variance Var (Z„) can be reduced.

Whether the CRN method can be used depends on different systems and their rela­

tions. The CRN method works if and only if the covariance of the outputs of the two sys­

tems is greater than 0. The degree of the simulation variance reduction depends on the 

degree of the correlation of the outputs of the systems. If it is affordable, a preliminary 

check on the covariances or correlations between the output random variables of alterna­

tive systems should be made.

The drawback of the CRN method is that if the covariance of the two outputs is nega­

7.6 Common Random Numbers

E{Zj)  = E { Y Xj) - E ( Y 2j) (7.49)

and

(7.50)

then

Var
Var(Zj )  _ Var ( T , .) + Var ( Y2j) - 2 Cov ( X,., Y2j)

(7.51)
n n
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tive, it will increase the variance of the whole estimation. If the covariance or correlation 

of the outputs of the different systems can not he determined analytically before the simu­

lation starts, extra computations have to be involved. It may also be time consuming. 

Great advantages can be obtained when CRN is used for parallel processing. For serial 

processing, the advantage in time saving will be reduced. The CRN method requires the 

synchronization of the inputs and the outputs of the alternative systems.

Because we will compare the performance of different schemes including different 

diversity, power control and cell geometry etc., the CRN method mav be very useful for 

us. Usually, we only change some parameters to see the performance of the modified sys­

tem. Therefore, the performance of the modified system may have a high probability of
•s

having positive correlation with the performance of the original system. As long as the 

requirements of CRN on the system's outputs can be met, the CRN method can be used 

in a straight forward manner.

7.7 Simulation Results of a CDMA Cellular System
Our analysis and modelling methods developed in previous chapte are justified by 

the simulation results. Figs. 7.1-7.4 show the PDFs of total interference; power with dif­

ferent user number per sector. Similarly to what is shown in the previous analysis, here 

we can also see that the multi-cell, multi-user interference approaches the Gaussian distri­

bution very rapidly due to soft handoff. Figs. 7.5 and 7.6 show the outage probability of 

an IS-95 CDMA cellular system. From these figures we can get the radio capacity c f this 

system to be 28 and 36 voice users per sector for PG  = 128 and PG = 156 respec­

tively. When the total bandwidth is increased to 10 MHz, the outage probability of a 

CDMA cellular system with voice users is shown in Figs. 7.7 and 7.8 for PG  = 1024 

and PG  = 1248 respectively. With the bandwidth of 10 MHz, if we use a line rate of 

64Kbps to transmit voice signals, the voice activity factor changes from 0.375 to 0.047. 

The outage probability is shown in Figs. 7.9 and 7.10 when we use the 64 Kbps line rate
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for transmission and keep the processing gain to be 128 and 156 respectively. Comparing 

Figs. 7.7 and 7.8 with Figs. 7.9 and 7.10, we show that there is about a 25% reduction in 

capacity due to using the 64 Kbps line rate. This confirms our conclusion obtained 

through previous analysis that for low rate users, a higher transmission line rate will lead 

to a more burst traffic, as a result, reduce the capacity of low rate users. Fig. 7.11 shows 

the outage probability when lognormal shadowing is weak with a standard deviation of 

Gln = 2.5d B . Comparing Figs. 7.11 with 7.6, we see that the effect of shadowing is 

greatly reduced by soft handoff and power control.
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Fig. 7 .1 Simulation results of PDFs of multi-cell, multi-user interference with different 
number of users per sector. Standard deviation of lognormal shadowing is c LN = 8 dB, 
Rs is 9.6 kb/s, activity factor is 0.375.
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Fig. 7.3 PDF of the total interference. Standard deviation of lognormal shadowing is 
a LN = 8 dB, Rs is 9,6 kb/s, activity factor is 0.375, Ns=3.
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Fig. 7.4 PDF of the total interference. Standard deviation of lognormal shadowing is 
C5ln = 8 dB, Rs is 9.6 kb/s, activity factor is 0.375, Ns=12.
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Fig. 7.5 The outage probability of a CDMA cellular system with voice users. Standard
deviation of lognormal shadowing is GLN =  8, dB, QR is 7 dB, Rs is 9.6 kb/s, activity
factor is 0.375, bandwidth available is 1.25 MHz, PG=118.
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Fig. 7.6 The outage probability of a CDMA cellular system with voice users. Standard
deviation of lognormal shadowing is o LN = 8. dB, QR is 7 dB, Rs is 9.6 kb/s, activity
factor is 0.375, bandwidth available is 1.25 MHz, PG=156.
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Fig. 7.7 The outage probability of a CDMA cellular system with voice users. Standard
deviation of lognormal shadowing is c LN = 8, dB, QR is 7 dB, Rs is 9.6 kb/s, activity
factor is 0,375, bandwidth available is 10 MHz, PG=1024.
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Fig. 7.8 The outage probability of a CDMA cellular system with voice users. Standard
deviation of lognormal shadowing is a LN = 8, dB, QR is 7 dB, Rs is 9.6 kb/s, activity
factor is u.375, bandwidth available is 10 MHz, PG=1248.
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Fig. 7.9 The outage probability of a CDMA cellular system with voice users. Standard 
deviation of lognormal shadowing is a LN = 8 dB, QR is 7 dB, Rs is 9.6 kb/s,
transmission line rate is 64 Kbps, activity factor is 0.047, bandwidth available is 10 
MHz, PG=156.
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Fig. 7.10 The outage probability of a CDMA cellular system with voice users. Standard 
deviation of lognormal shadowing is o LN = 8 dB, QR is 7 dB, Rs is 9.6 kb/s,
transmission line rate is 64 Kbps, activity factor is 0.047, bandwidth available is 10 
MHz, PG=128.
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Fig. 7.11 The outage probability of a CDMA cellular system with voice users. Standard
deviation of lognormal shadowing is a LN = 2.5 dB, QR is 7 dB, Rs is 9.6 kb/s, activity
factor is 0.375, PG=156.
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Chapter 8 

Conclusion and Future Work

8.1 Summary
In order to provide the design recommendations for the next generation multi- 

media wireless networks, the performance of a CDMA cellular system with homoge­

neous and/or heterogeneous traffic has been studied in details.

Since the capacity of a CDMA cellular system is interference limited, we have 

developed an analytical method for modelling the multi-cell, multi-user co-channel inter­

ference in a CDMA cellular system for both a large number and a small number of users. 

Through analysis and simulation, we have shown that the Gaussian approximation of the 

multi-cell, multi-user interference is valid in most cases for cellular CDMA. The reason is 

that due to soft handoff operations, the interference approaches the Gaussian distribution 

much faster than a simple summation of random variables.

We have also show that soft handoff and power control are closely related to each 

other. Power control should match on the best reception of the desired signal to minimize 

the interference and maximize the capacity. Our results support the conclusion on imper­

fect power control, which has been obtained by several other researchers. Our results 

show that the power control error will reduce the system capacity significantly.

To facilitate the system performance and QOS evaluation, we have developed a new 

model for membership statistics in a CDMA cellular system. The membership statistics 

which are determined by soft handoff operations affect the intra-cell interference and
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QOS. Our results show that the results obtained by the proposed model closely agree with 

the simulation results.

We have evaluated the radio capacity, Erlang capacity and the QOS of a CDMA 

cellular system with integrated traffic via an analytical method and simulations. We have 

shown the effect of a limited number of channels on capacity and QOS. To ensure the 

Erlang capacity of a system with satisfied QOS, much more channels than the Erlang 

capacity must be provided.

We have discussed the design considerations for CDMA cellular system with heter­

ogeneous traffic. The impact of the choice of line rate on system capacity has been exam­

ined. Our results suggest that the lowest possible line rate is desired in order to 

maximizing the capacity. We have also determined the optimized power allocation for 

different types of traffic. The capacity or overall throughput of a CDMA cellular system 

with multiple traffic can be increased significantly by simply assigning suitable power to 

different traffic types. Optimum power allocation suggests that the different power 

assignments to different traffic types are mainly determined by their quality requirements.

8.2 Future Work
This work is emphasized on system analysis, modelling and simulation to provide 

design recommendations at the system level. Future work will be more focused on study 

of system management and resource management for a CDMA cellular system with het­

erogeneous traffic.

Delay-related system performance of a packet CDMA cellular system should be 

further investigated. The relationship between de'ay and error probability for stream type 

of traffic need to be studied.

Soft handoff and power control should be further studied together for multiple traf­

fic types in both the forward arid reverse link.

Resource management including the assignment of physical channels, power, band­
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width and space diversity should be optimized to maximize the capacity.

Efficient simulation techniques will be further employed in simulation of system 

performance to further save time and computer memory space.



Bibliography
178

[1] Victor O. K. Li and Xiaoxin Qiu, “ Personal communications systems (PCS),’’ 
Proceedings o f the IEEE, pp. 1210-1243, Sept. 1995.

[2] Per-Goran Andermo and Lars-Magnus Ewerbring, “ A CDMA-Based Radio 
Access Design for UMTS,’’ IEEE Personal Communications, pp. 48-53, Feb. 
1995.

[3] V. K. Bhargava, “Efficient methods for high rate wireless transmission of 
integrated traffic,” Proc. o f IEEE PIMRC ’94, pp. 1106-1113, Sept. 1994.

[4] D. Raychaudhuri and N. D. Wilson, “ ATM-based transport architecture for 
multi-services wireless personal communication networks," IEEE Journal on 
Selected Areas in Communications, vol. 12, pp. 1401-1414, Aug. 1994.

[5] P. Mermelstein and S. Kandala, ‘ ‘Capacity estimates for mixed-rate traffic on the 
integrated wireless access network,’’ Proc. o f IEEE PIMRC '95, pp. 228-232, 
Sept. 1995

[6] P. Mermelstein, A. Jalaii and H. Leib, ‘ ‘Integrated Services on Wireless Multiple 
Access Networks," Proc. o f ICC '95, pp. 863-867, June, 1993.

[7] D. L. Schilling, R. Pickholtz, and L. Milstein, “ Spread spectrum goes 
commercial,’’ IEEE spectrum, pp. 40-45. Aug. 1990.

[8] R. Kohno, R. Meidan, and L. B. Milstein, “ Spread spectrum access methods for 
wireless communications,”  IEEE communications magazine, D p .  58-67, Jan. 
1995.

19] W.C.Y. Lee, “Overview of cellular CDMA,” IEEE Trans. Vel. Technol., vol. 40, 
pp. 291-302, May 1991.

[10] A. J. Viterb.' “ Very Low Rate Convolutional Codes for Maximum 1 neoretical 
Performance of Spread-Spectrum Multiple-Access Channels," IEEE Journal on 
Selected Areas in Communications, Vol. 8, No. 4, pp. 641-649, May 1990.

[11] R. Padovani, ‘ ‘Reverse link performance of IS-95 based cellular systems,’ ’ IEEE 
Personal Communications, pp. 28-34, Third Quarter 1994.

[12j A. Saln.asi and K. S. Gilhousen, ‘ ‘On the system design aspects of Code Division 
Multiple Access (CDMA) applied to digital cellular and personal 
communications networks,” Proc. 41st IEEE Vehicular Tech. Conf, St. Louis, 
MO., pp. 57-62,1991.



179

[13] Qualcomm, “ CDMA technology for digital cellular and personal 
communications network,”  Presented at Cellular Technologies TecForum, 
Chicago, IL, June 3, 1992.

[14] K.S. Gilhousen,T. M. Jacobs, R. Padovani, A. J. Viterbi, L. A. Weaver, Jr., and 
C. E. Wheatley, III, “On the capacity of a cellular CDMA system, "IE E E  Trans. 
Vel. TechnoL, vol. 40, pp. 303-312, May 1991.

[15J A. M. Viterbi, A. J Viterbi and E. Zehavi, “Other-cell interference in cellular 
power-controlled CDMA,” IEEE Trans. Commun., vol. 42, pp. 1501-1504, Feb./ 
Mar./Apr. 1994.

[16] A. J. Viterbi and A. M. Viterbi, K. S. Gilhousen and E. Zehavi, “ Soft handoff 
extends CDMA cell coverage and increases reverse link capacity,” IEEE Journal 
on Selected Areas in Communications, vol. 12, pp. 1281-1288, Oct. 1994.

[17] J. Zou, V. K. Bhargava and Q. Wang, “Reverse link interference modelling and 
outage analysis for DS-CDMA cellular systems,” to appear in the International 
Journal o f Wireless Personal Communications.

[18] A. M. Viterbi and A. J. Viterbi, “ Erlang capacity of a power controlled CDMA 
system,” IEEE Journal on Selected Areas in Communications, vol. 11, pp. 892- 
899, Aug. 1993.

[19] J. Zou, R. Pichna, Q. Wang and V. K. Bhargava, ‘ ‘Efficient methods for high rate 
data transmission in mobile and personal communications,”  Proc. o f IEEE 
MEXICON ’94, Puebla, Mexico, pp. 140-145, Mar, 1994.

[20] Mo-Han Fong, Vijay K. Bhargava and Qiang Wang, ‘ ‘Concatenated orthogonal/ 
PN spreading scheme for cellular DS-CDMA systems with integrated traffic,” 
Proc. o f IEEE ICC '95, June 1995.

[21] F. Knebelkamp, B. Eylert, W. Schutters, M. Chang, K. Gilhousen, “ Field test of 
a CDMA system,” Proc. 44th IEEE Vehicular Tech. Conf, Stockholm, Sweden, 
pp. 1-5, June 1994.

[22] R. Padovani, B. Butler and R. Boesel, ‘ ‘CDMA digital cellular, field test results,’ ’ 
Proc. 44th IEEE Vehicular Tech. Conf, Stockholm, Sweden, pp. 11-15, June 
1994.

[23] J.G. Proakis, Digital Communications. New York: McGraw-Hill, 1989.

[24] R. C. French, “ The effect of fading and shadowing on channel reuse in mobile 
radio,”  IEEE Trans. Veh. Technol., Vol. 28,pp. 171-181, 1979.

[25] Chun Loo and Norman Secord, “ Computer Models for Fading Channels with 
Applications to Digital Transmission,”  IEEE Trans, on Vehicular Technology, 
Vol. 40, No. 4, Nov. 1991.

[26] A. Papoulis, Probability, Random Variables, and Stochastic Processes, 2nd ed., 
NewYork: McGraw-Hill 1984.



180

[27] M. Nakagami, “ The ai-distribution-a general formula of intensity distribution of 
rapid fading,”  Statistical Methods o f Radio Wave Propagation, Pergamon Press, 
1960.

[28] W. C. Y. Lee, Mobile Communications Design Fundamentals, Indianapolis, IN 
Sams, 1986.

[29] William C. Jakes, Jr., Microwave Mobile Communications, NJ: IEEE Press, 
1994.

[30] S.C. Schwartz and Y.S. Yeh, “ On the distribution function and moments of 
power sums with log-normal components,”  Bell Syst. Tech. J., pp. 1441-1462, 
Sept. 1982.

[31] Y.-S. Yeh and S. C. Schwartz, “ Outage probability in mobile telephony due to 
multiple Log-Normal interferes,’ IEEE Trans, on Comm., Vol. 32, pp. 380-388, 
Apr. 1984.

[32] R. Prasad, M. G. Jansen and A. Kegel, “Capacity analysis of a cellular direct 
sequence code division multiple access system with imperfect power control,” 
1E1CE Trans. Commun., vol. E76-B, pp. 894-905, Aug. 1993.

[33] E. Kudoh and T. Matsumoto, “ On the capacity of DS-CDMA cellular mobile 
radios under imperfect transmitter power control.” IEICE Trans. Commun., vol. 
E76-B, pp. 886-893, Aug. 1993.

[34] J. Zou, V. K. Bhargava and Q. Wang, “Reverse link analysis and performance 
evaluation for DS-CDMA cellular systems,” Proc. o f IEEE PIMRC ’94, pp. 50- 
54, Sept. 1994.

[35] G.L. Stuber and C. Kchao, “ Analysis of a multiple-cell direct-sequence CDMA 
cellular mobile radio system,”  IEEE Journal on Selected Areas in 
Communications, vol. 10, No. 4, pp. 659-679, May 1992.

[36] C. Kchao and G.L. Stuber, “ Analysis of a direct-sequence spread-spectrum 
cellular radio system,”  IEEE Trans. Commun., vol. 41, No. 10, pp. 1507-1516, 
Oct. 1993.

[37] W.-P. Yung, “ Direct-sequence spread-spectrum code-division-multiple access 
cellular systems in Rayleigh fading and log-normal shadowing channel,” Proc. 
IEEE ICC '91, pp. 28.2.1-28.2.6, 1991.

[38] L.B. Milstein, T.S. Rappaport, and R. Barghouti, “ Performance evaluation for 
cellular CDMA,”  IEEE Journal on Selected Areas in Communications, vol. 10, 
No. 4 pp.~680-689, May 1992

[39] A. J. Viterbi, A. M. Viterbi and E, Zehavi, “ Performance of power-controlled 
wide-band terrestrial digital communication,” IEEE Trans. Commun., vol. 41, 
pp. 559-568, Apr. 1993.



181

[40] C. A. F. J. Wijffels, H. S. Misser and R. Prasad, “ A micro-cellular CDMA system 
over slow and fast Rician fading radio channels with forward error correcting 
coding and diversity,”  IEEE Trans. Vel. Technol., Vol. 42, No. 4, pp. 570-580, 
Nov. 1993.

[41] R. Pichna, Q. Wang and V. K. Bhargava, “ Non-ideal power control in DS- 
CDMA cellular,” Proc. IEEEPac. Rim Conf '93, pp. 686-689, May 1993.

[42] J. Shapira, “ Microcell engineering in CDMA cellular networks,” IEEE Trans. 
Vel. Technol., vol. 43, pp. 817-825, Nov. 1994.

[43] .A. Jalali and P. Mermelstein, “ Effects of Diversity, Power Control, and 
Bandwidth on the Capacity of Micro-cellular CDMA Systems,” IEEE Journal on 
Selected Areas in Communications, vol. 12, pp. 952-961, June 1994.

[44] Q. Wang a~d V. K. Bhargava, “A versatile simulation tool for cellular CDMA 
communications,” Final Report prepared fo r  Science Council o f British 
Columbia under Technology B. C. GranNt52(T-3), Nov. 1993.

[45] R. Vijayan and J. M. Holtzman, “A model for analyzing handoff algorithms,” 
IEEE Trans. Vel. Technol., vol. 42, pp.351-356, Aug. 1993.

[46] J. Zou and V. K. Bhargava, “On soft handoff, Erlang capacity and service quality 
of a CDMA cellular system: reverse link analysis,” Proc. o f IEEE PIMRC ’95, 
Toronto, Ont., pp. 603-607, Sept. 1995.

[47] U. Charash, “ Reception through Nakagami fading multi-path channels with 
random delays,”  IEEE Trans, on Comm., Vol. COM-27, pp. 657-670, April 
1979.

[48] R. Pichna, Q. Wang, V. K. Bhargava, J. Zou and R. Kerr “ Simulation of power 
control and diversity of cellular CDMA,”  Journal o f China Institute o f 
Communications, pp. 94-98, July 1995.

[49] R. Kerr, Q. Wang and V. K. Bhargava, “ Capacity Analysis of Cellular CDMA,” 
Proc. ISSSTA '92, pp. 235-238, Mar. 1992

[50] W. Feller, An Introduction to Probability Theory and Its Applications, Vol. I, 3rd 
ed. New York: Wiley 1968.

[51] D. Raychaudhuri, “ Performance analysis of random access packet-switched 
code division multiple access systems,” IEEE Trans. Commun., vol. COM-29, 
pp895-901, June 1981.

[52] M. B. Pursly, “ Performance evaluation for phase-coded spread-spectrum 
multiple-access communication—Part I: System analysis,”  IEEE Trans. 
Commun., vol. COM-25, pp. 795-799, Aug. 1977.

[53] G. Turin, “ The effects of multipath and fading on the performance of direct- 
sequence CDMA systems,”  IEEE Jourxal on Selected Areas in 
Communications, vol. SAC.-2, No. 4, pp. 597-603, July 1984.



182

[54] N. D. Wilson, R. Ganesh, K. Joseph, and D. Raychaudhuri, “ Packet CDMA 
versus dynamic TDM A for multi-access in an integrated voice/data PCN,” IEEE 
Journal on Selected Areas in Communications, vol. SAC.-l 1, No. 6, pp. 870-883, 
Aug. 1993.

[55] S. Lin and D. J. Costello, Jr., Error Control Coding: Fundamentals and 
Applications, Prentice-Hall, Inc. Englewood Cliffs, New Jersey 1983.

[56] Mo-Han Fong, Qiang Wang and Vijay K. Bhargava, “ Concatenated Orthogonal/ 
PN Codes for DS-CDMA Systems in a Multi-user and Multipath Fading 
Environment,”  Proc. o f IEEE Globecom '94, pp. 1642-1646, Dec. 1994.

[57] J. Zou and V. K. Bhargava, “ Optimized power allocation for mixed rate traffic 
in a DS-CDMA cellular system,” IEE Electronic Letters, vol. 31, No. 22, pp. 
1902-1903, Oct. 1995.

[58] M. C. Jeruchim, P. Balaban, and K. S. Shanmugan, Simulation o f Communication 
Systems, New York: Plenum Press, 1992.

[59] P. Balaban, ‘ ‘Statistical Evaluation of the Error Rate of the Fiber-guide Repeater 
Using Importance Sampling,”  BSTJ, Vol. 55, pp. 745-766, July-August 1976.

[60] K. S. Shanmugam and P. Balaban, “ A Modified Monte-Carlo Simulation 
Technique for The Evaluation of Error Rate in Digital Communication 
Systems,” In IEEE Trans, on Comm., Vol. 28, No. 11, Nov. 1980.

[61] P. M. Hahn and M. C. Jeruchim, ‘ ‘Developments in The Theory and Application 
of importance Sampling,”  In IEEE Trans. Comm., Vol. 35, pp. 706-714, No. 7, 
July 1987.

[62] D. Liu and K. Yao, “ Improved Importance Sampling Technique for Efficient 
Simulation of Digital Communication Systems,”  IEEEJ. Select Areas Comm., 
Jan. 1988.

[63] G. C. Orsak and B. Aazhang, “ Constrained Solutions in Importance Sampling 
via Robust Statistics,”  IEEE Ttans. on Information Theory, Vol. IT-37, pp. 307- 
316, No.3, Mar. 1991.

[64] G. C. Orsak and B. Aazhang, “ On The Theory of Importance Sampling Applied 
to The Analysis of Detection System,” IEEE Trans, on Comm., Vol. 30, pp. 332- 
339, No. 4, Apr. 1989.

[65] G. C. Orsak and B. Aazhang, “ Efficient importance sampling techniques for 
simulation of multiuser communication systems,”  IEEE Trans, on Comm., Vol. 
40, pp. 1111-1118, June 1992.

[66] N. C. Beaulieu, “ A Composite Importance Sampling Technique for Digital 
Communication System Simulation,”  IEEE Trans, on Comm., Vol. 38, pp. 393- 
396, No. 4, Apr. 1990.



183

[67] Jyun-Cheng Chen, D. Lu, J. S. Sadowsky and K. Yao, “ On Biasing Gaussian 
Noise in Importance Sampling: Optimization and Implementation,”  Proc. o f 
ICC'92, pp. 344.5.1-344.5.5, 1992.

[68] Q. Wang and V.K. Bhargava, “ On the Application of Importance Sampling to 
BER Estimation in the Simulation of Digital Communication Systems,”  IEEE 
Trans, on Comm., Vol. 35, pp. 1231-1233, No. 11, Nov. 1987.

[69] M.C. Jeruchim, ‘ ‘Techniques for Estimating the Bit Error Rate in the Simulation 
of Digital Communication Systems,”  1EEEJ. Select Areas Comm., Vol. SAC-2, 
pp. 153-170, Jan. 1984.

[70] J. Zou, and V. K. Bhargava, ‘ ‘On the optimum biasing of importance sampling 
for simulation of communication systems,”  Proc. o f Canadian Conference on 
Electrical and Computer Engineering, Vancouver, B.C., pp. 515-518, Sept. 
1993.

[71] A. W. Law and W. D. Kelton, Simulation Modeling and Analysis, New York: 
McGraw-Hill Book Company, 1982.



Appendix

List of Abbreviations

ACF Activity Factor

ARQ automatic repeat request

ATM Asynchronous Transfer Mode

BER bit error probability

B-ISDN Broadband-Integrated Services Digital Networks

CDMA Code Division Multiple Access

CITR The Canadian Institute for Telecommunications Research

CODIT COde Division Testbed project under LACE

CRN Common Random Numbers

CRT cathode ray tube

DPSK differential phase shift keying

DS/CDMA Direct Sequence CDMA

FDMA Frequency Division Multiple Access

HF High Frequency

IS Importance Sampling

IS-95 TIA/EIA Interim Standard proposed by Qualcomm

IWAN Integrated Wireless Access Network

MTSO mobile telephone switching office

PC power control

PCS personal communications system

PDF probability density function

PG Processing Gain

PN pseudo-noise
QOS quality of services
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QR quality requirement
RACE The R & D in Advanced Communications Technologies in Europe

program

SNR signal to noise ratio
TDMA Time Division Multiple Access
VLSI Very Large Scale Integration


