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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 cornplexity of cellular CDMA with integrated services, through im-

proving or optimizing the design of system level operations.

To facilitate the system performance 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 of the

number of users betonging 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 evai-

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 muiti-media wireiess neiworks are further discussed. The capacity
of a CDMA cellular system with high quality requirements and mixed stream and packet
types of traffic is ~ssessed. 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 tratfic 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 iadustry.

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 tne 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 o1

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]. Ore 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 TDV'A project and the COde Dlvision Testbed (CODIT) project. CDMA is
employed as the principle access technology in the CODIT project [2]. A similar project
is also being conclucied 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. Differsnt traffic types may have different source rates, different delay require-
ments and different quality requirements {31, (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 Delay
BER
=
Speech 8-64 Kbps 103 Sensitive
General computer data 0.1-1 Mbps 107 Insensitive
Facsimile 20 Kbps or less 10" Insensitive
High speed data 1-10 Mbps 10 Insensitive:

(file transfer, multimedia)

Low Resolution Video 64-384 Kbps 104 Sensitive

TV quality video 1-6 Mbps 10410 Sensitive

To realize the goal of universal personal communications, there are several design
objectives for the muiti-media cellular network that telecommunications engineers must

observe:

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

space, as efficiently as possible.




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 requireinents.
6. Seamless support of fixed and mobile users with different spceds.

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 teck-
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 maxke it

one of the best muliiple 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.




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 nc 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.

1S-95 [10]-[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 consideratiors must be made to deal with various traffic types with dif-
ferent sovrce 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
evalvation 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.

Sinice 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 leve! operations such as resource management, handoff and power control which are
tightly coupled to one another. Not only the mean but aiso 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 »erformance 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 shouid 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 QUS 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 differeni types of users.

In the next generation of wireless networks, it is possible that ail 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 considerati.ns 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 optiizing the design of the system
level operations. A careful study of a CDMA cellular system with a singie 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 funciion (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 handoif, 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
perfcrmance 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 malti-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 agiee 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
numbes 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 Gair: (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 principie, system model, and background on which
this research is based on. The major related techniques in the I1S-95 standard [10]-[13]

and the basic channel model are described.

In Chapter 3, we analyze the multi-cz1l, 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. Varicus 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 raultiple traffic types is developed and optimized power

allocation is determinec.

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 Ameria, IS-95, has already been
endorsed [7]-[14] #nd 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 srvices are also discussed in this chapter.

2.1 Spread Spectrum and Code Division Multiple Access

The primary objectives of improving the performancc of communication systems
&I L0 LEE OUT 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 o: decreas-
ing the cost of the corununication systems. The conventional methods of a communica-
tion system to allow multiple users to share \he 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 TCMA makes its operation in the time
domain. Thic suggests that if a two-dimensional operation is passible, thus if we can
assign different users different small frequency slots within different small {ime slcis. the

system capacity woulc 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. Thai is the code division multiple access (CDMA).

There are two distinc’ ¢ jasses of spreading techniques. The first is direct sequence
(DS) or pseudo-noi-. 1 cead spectrum. The spreading is achieved via multiplication
by a binary ;- - ... ranc i sequence whose symbol rate is many times the binary data
bit rate. The spi.: liny sequence symbol rate is called the chip rate. The second class of
spreading technique cmploys a frequency hopping 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 COMA in
=ither 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 usirg 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 vandwidth. The received signal coming from multiple patixs 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 menticned 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’.Jing multiple signal paths
through simultaneous links from the mobile to two or more base stations (cell-site diver-
+ity) 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 1S-95 system is given in [8], [10], [14]. The major factors that
determine the capacity of 2 CDMA cellular system are: the PG, the required E,/N , the
activity factor (ACF) of voice, and the frequency reuse factor which is determined by the
multi-cell, multi-user interference in cellular CDMA. Tc measure the quality of service
(QOS), th= outage probability is used more often \han the average error probability. The

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

tion.

E,/N, 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 E, /N, or the minimum E,/N, that ensures an accepted bit error
rate is often used as a criterion for performance evaluation of different schemes. A low
E,/N, 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, /N, 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 nost
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 E, /N in the reverse link is 7 dB [14]. The
details for determining the required E,/N  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 cf DS-CDMA is very sensitive to the accuracy of the power
control. A relatively low data rate can be supported by CDMA ccomparing with TDMA
(currently). More research in this aspect is required. The ability to suppert 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 teleccommunication 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 muitipath 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 T, is a random variable. The range of pos-
sible values for 1 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 Af_.. We have that

1
Af, = 7 2.1
m

When the signal bandwidth W is much smaller than the cohierence bandwidth Af,
of the channel, the received signal is simply the transmitted signal multiplied by a com-
plex-valued Gaussian random process C (0;t) , which presents the time-variant character-

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

may be expressed in the form
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C(on) =y(ne’*? 22)
where Y(?) is the amplitude and ¢ (¢) is the phase of channel frequency response. If
C (0;t) is modeled as a zero mean complex valued Gaussian random process, y(t) is
Rayleigh-distributed for any instant of ¢ and ¢ () is uniformly distributed over the inter-
val (-1, ) .

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 1/W

and tap coefficients c,, (#). Thus the low-pass impulse response for the channel is

c(tyt) = Z c, (1) 5(17 - —%) 2.3)

n=-—oo

The corresponding transfer functiox is

o0

CUin = Y c,(ne

n = —oo

—j2nfn/ W 2.4)

Since the total multipath spread is 7, , for practical purposes the tapped delay line

m?

model can be truncated at L = I_T m W _l + ! . The received signal can then be written as

r(t) = i c, (1 u(\t—%}) (2.5)

n=1
where u (¢) is the transmitted signal. If the time variant tap weights ¢, (#) are samples
from a zero mean complex-valued, stationary Gaussian random process, the magnitudes
lcn ( t)l are also Rayleigh-distributed and the phases 9, (1) = 2rfn/W are uniformly
distributed.

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

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

o°, then Y= lcn ( t)l follows the Rayleigh distribution

2 2
p(y = LV (2.6)
(o)

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

2 2 2 2
o = [l 5 ar = 1=
18}

2.7)

It is also known that if v is Rayleigh distributed, its power form y? is Chi-square
distributed
e—yz/202.

1
p(YH) = —
20

(2.8)

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

assumption that c, (#) can be decoriposed into two orthogonal Gaussian random pro-

cesses that have zero mean and the same standard deviation 6. 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 undexlying
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, 2m), the relationship will be unique.

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 c, (f) are statisti-
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cally independent Gaussian random variables with means m, and m,, and common vari-

2 e
ance 6 . Then y = |cn (t)| is Rician distributed

2 2 2
p(y) = lze_(Y o) 10(-7—5) 2.9)

2
(o] ()

2 2 2 ) . )
where s = m, +m, and 10 is the modified Bessel function of zero order. It can be

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
s Y -
vy = 1-0] 2. 4
fin =1 Q( s 0) (2.10)

where

Q(x,y) = e_(x2+y2)/2 i (g)klk (xy) y>x>0
k=0~ @.11)

with 7, being the k th order Bessel function.

When 7 is Rician distributed, the distribution of 72 is:

2 2 2
p(yz) - _15,;(7 +5' )26 10(7—2). (2.12)
(¢}

1

This is a non-centiax Thi-square distribution with aon-centrality parameter
$ = m? + mi.
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
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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 comparec 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 2m-1
2 " e-(m/Q)'yz

p(y) = (2.13)

m

F'(m)Q

where € = 7" is the time averaged power of the received signal and

m = (7—2) 2y (y? —7_2) 2 is the inverse of the normalized variance of 72. The parameter
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 R = ¥ /2, we have

2m

1 2m " om -1 _—69‘
p(R) = __F(m)(_gf) R e . (2.14)

This distribution is very important and will be used for our modelling work.




19

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

£/10

expiessed as g = rvx10 , 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 ¢, . The PDF of @ is given by

10 102 o v
fi (@) = ————ex { —————In (r.a)}. (2.15)
L J276,1n10g, P 20‘2]n210 !

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

_ 1 _a
flajo) = aexp( a) . (2.16)

Then the PDF of the channel attenuation is given by

7@ = [f@ln) -f,@da = [ Lex(-2) -, o @1

where O is the channel attenuation, ¢y is the iocal mean of the chanael attenuation and is

a lognormal random variable, and f; (@) 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 naturc 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

dowr.ward, 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 informaticn when first obtaining sys-

tem synchronization and continues to monitor the messages being transmitted.

In addition tc 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 Closed-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 motile 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
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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 relitively 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 Contrel

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 roobile 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 iicreased by
three times over the interference seen by the mobile at a point relatively close 11 its refer-

ence base station.

To realize forward link power control, the received signal-to-noise ratio is mea-
sured at a mobilc. 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
mobiic unit need not switch frequencies when being handed-off from one base station to
another. Therefore, there is a sinaller 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 mobiie. 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 initiaic 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
enterc ! the new base station’s coverage area and that a handoff could be initiated. The
mobile tran smits a control message to the base station handling the mobile with the infor-
mation tha: 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 sysiem controller
begins the handeff process by assigning a modem located :n 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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fc 2nd 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 te 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 virsions 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, ihe process is initiated by the mobile determining that a
neighboring base station has a signal strength high enough to allow good guality demodu-
lation. The mobile transmits a control message tc 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 and 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 motile determines that only one base
station is providing adequate signais 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 .1 mobiie. If the requests from
all base stations are to increase power then the mobile will increasc its transmission
power. As lorg as there is one base ~tation requestiug reduced power, the mobile will

reduce its transmission power.

2.6 Cellular CDMA Supporting Integrated Services

In the third generation of universal wireless cominunication 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 CMA 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 receives 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 al. [32] model the total inter-cell
1aterference as a lognormal random variable. This approach simplifies the analysis when
power control error is considered. In this chapter and the next, we will 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 [35]-[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 v hich 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 cascs, 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-oft,

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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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
N, = ”D(r, 8) rdrdd (3.1)
A

where N A is the number of users within area A. If the users are uniformlv 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) = iNs. (3.2)

NE

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

as

1D, (r0) (3.3)
A

fA(r’e) = N

where N, is the user number within A and D, (r, 8) is the density function defined over
the area A to be considered.

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

Py = [[fu(r.0)rdrde (3.4)
Ak

where P A, 18 the probability that a user is located in area A, 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 provagation. 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 lngnormal shadow-
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ing and the local mean of the Rayleigh fading is lognormally distributed [28], [29]. The

£/10

attenuation of shadowing and the path loss can be expressed as 0 = rVx10°>" ", 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 o;. Values of v = 4 and

0, = 8dB are normally used in a typical cellular environment [14].

3.2.3 Power Control and Seoft 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 mult‘path
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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 multip~th 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 E,/N, = 7dB 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 stativir 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 sutt 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 = PO+nT+1i1a+1ile 3.5

where P is the received power from the desired user, n, is the thermal noise with
power oi, I, is the intra-cell interference, and / ite 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 ith base station is

|

[=]

I .=r10 (3.6)

tr,i
where r; is the distance between the reference mobile and the ith base station, and x; is

a Gaussian random variable with zero mean and standard deviation ¢ L- For J different

base stations, the PDFs of / \y ; are

2
fa, ) = —== exp{ 202 In"| £ } i=01,..,J-1. (37
NJ2mo,Inl0/, ; 26,1n°10  \ 7,
Ignoring the handoff operation, I, o, I, |, ... I, ;, .. are independent and their joint

PDF is

F o1 I ) = (__ﬁ__)!
tr, 0 Sty 12 00 T, -1 A/2_1_t0‘Lln10

J-1 r 2
1 10 o L i
X —exp{——ln : }
.1:101",.- 26:1n°10 [ r J

[

(3.8)

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 centrolled by the Oth reference station has

transmitted power I,r, o Whichmeets /,_ <1, NI ,<I ,.

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

=

I 3 ,
t, 0 i =3, a,...
11 = = 10 = Ilr, OIpi

r (3.12)

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

user to the ith base station. We denote Ip ; as the total attenuation of path i including

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

fli (Ii ) J‘Itr 0 ’”[ }I'r,o (I"r 0) dl"so (3.13)

where f,"'o (1,, o) is given by Equation (3.9) and the PDF of I i f, (I ;)» is given by

2
_ 10 10 A
£ o) = exp{ ——  |In (r.I )}, (3.14)
bl e nl0l 26cn’10) 7

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

X=X

X
r \" — r \"
Iy, = (-9) 10" = (—0} 10 (3.15)
ry T

where I, is the interference received at base station 1 given that the mobile is power

controlled by base station 0, and
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, v l , v .rl—.r2
I = (—’J 10" = (—2] 10 " (3.16)
Ty r

where I,, is the interference received at base station 1 given that the mobile is power
controlled by base station 2. Nct= that I, and I, are lognormally distributed. Variables
Xy, X;,and x, are independent Gaussian random variables with zero mean and standard
deviation o, . Then, x and y are correlated Gaussian random variables. The joint PDF of

x and y can be obtained as [23]

2 2
1 I X (xy) .y
fxy) = ———exp{—————(— ~2p 2 4 2 3.17)
2 2 2
2no’ Al - p’ 2(1-pH)\o, xCy G,
where p is the correlation coefficient and 6, =0,=0 = ﬁcL is the standard devia-

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

E(x,y) = E((x;-xy) (x;-x,))
2 2
= E(x])—E(xlxz) —E(xpx)) +E(x4x,) = 0y (3.18)
and
p=Ey 1 (3.19)
G,0, 2
If hand-off is ideal, we have Iy, < I,, given that an active user belongs to base station 0.

Then the conditional PDF of x can be obtained as
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Due to the symmetric nature of the hexagonal cell structure, the conditior:al PDF

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

/"(1(“'1Ol <l,) = _f'(102'102<1|2). 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 n
c 3 a
foiUnp) = 3 J{; 21, (Lo, 801, (1, ©) rdryde (3.22)
i=1
where the conditional PDF, f,.(ll.|r0, 0) =f, () fori =3,4,.., is given by Equa-
tion (3.13), fi. (Illro, 0) = f,z(lzlro, 0) = f(101|10| <) = f(102|]02<1x2) are
given by Equation (3.21), and fAk (rg, €, is the position distribution given by Equation

(3.3) defined over the effective area covered by 1 base station, e.g. the hexagonal area
ABCDEEF 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 [14].
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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

distributed, fAk("o’ 0) = —j_— Let r. denote the radius of a circle that has the same
943
area as a enlarged hexagonal cell area (three times the area of a ceil), as shown in Fig.

3.2. We use r, to calcuiate the area .f the enlarged cell area. r, is obtained as

c

r = /22? As shown in Fig. 3.1, the integration is calculated over the shadowed trian-

gular area due to the symmetry nature. The relations between ry, ry, r,, ... are
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ré = d +r0 2ryd, cos( r 0)

’"fo = d +r0 2r0d cos( 9)

2

rig = d +r0 2ryd, cos( 0)

2 2r
ris = d +r0 2r0d cos( 3 0)

L rig = da+ro—2ryd,cos (- 8)

where d, = NER d =3and d, = 243. 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, ]pl_, and the

mobile transmitted power, 1"‘0. Let Ii = Im Olpi’ then, for the ith base station,

i = 3,4, ..., the mean interference power from an active reference user is
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Letting I;. = Il./ImO,we have that fori = 3,4, ...,
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where f,mo ¢4 o, o) 1s the PDF of the transmitted power given by Equation (3.9) and r;
represents the distance from the reference mobile to the ith 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

By - }(r_ojv ! exp{xlnlo__xz_}
01 M rl Zﬁto"L 10 402

10v

0
lnlO[ ;| (=p)x
erf k: dx -

(1-p°

=

(3.26)
Since the upper bound of [, is
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X
rn\vV 19
I, = (—0] 10'%<1, (3.27)

the b in Equation (3.26) has value

.
b = li%(m-} : (3.28)

Due to symmetry in the hexagonal cells, we have that E(I,,) = E (I, ) for base
station 2. Denote E (/) as E (/) and E(I,) as E(l,) . The definition of r; 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 celis. 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 = 18N, users generating inter-cell interference in a cell pair. Then, the area averaged

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

e m 18

E(I)= 18”0 X EU)fy, (g, 8) rodryd® (3.29)

i=1

We call E —(7;)_ 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:

( ) ”1 i ,,,(r 01/ (1,,,0) 41, odl;

2
= Jquqi ) llr, 0 'fl,,_o (Itr, 0) dlrr,o
0 (3.30)




where fori = 3,4,

veey

p—

r.
10vla -'—]
[ (1,,,0 _20,In10

oilnzlo} |
22 | 20,010 10 ’

I
Msqp; = r_ﬁe"p{ 50

i

(3.31)

For base statior 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).

b

r 2v 2
E(ﬁ) ) J[—o) I cxp{(mm)x_ xz}
4 2J1_tGL 5 40,

10v|, 7o
Hla[lnr—z] + (1 —-p)x

1
3
2J(1-pHo,

where b is given by Equation (3.28). Similarly, we have also E( lf) = E( ';) Then

dx-

(3.32)

bid

. r.3 18

E()= 18f] ZE(I,?)/A (rg 8) rodryd8 (3.33)
00i=1 ’

and

T
T3 18

2= 2

E°(1) = 18[[ 3 E"(1)f, (re8)rodryd8- (3.34)

00i=1

We call E( lf) the second moment factor and Ezz—l:)- 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, v. For exam-

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

v-v’. Considering the ACF and employing the parametersE_(ﬁ, E(]f) and
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2 . . .
E” (1)) , we obtain the total mean inter-cell interference of N users per sector to be

E,

ie) =N, -V-E(1) (3.35)
and the variance of inter-cell interference is
2. 2, 20
D(l,,) = Nx'(‘) E(I))-V'E (ls)) (3.36)
In addition, we consider the inter-cell interference fluctuation caused by the Ray-

leigh fading ac an independent random variable / Ry The total inter-cell interference is

=1, 1

Lpire = Lo Igy and / Ry is Chi-square distributed with mean equal to 1. Therefore, with

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

E(IRI.M) = E(,) (3.37)
and its variance increases to
2 2 2 2
DIy = Ny (1, JEL T2y )~ B2 (1,0 B 1) )
T 2,2
= Ns-(ZDE(Ib,) -V E (Is))' (3.38)

3.5 intra-cell Interference Analysis

It is difficult te 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 ¢

‘ I User belongs to the reference base station with probability p (¢= 1|r,, 8),
v= 0 Otherwise.

Then, we have that
9= 1|r, 8) = p( (1, o<1, )N (1,,,051",2)|r0,e)

=P, oS, Sy o|re®) +p Uy 0S4, 25, 4|70 ©) (3.39)
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where

©0 llr" 10 2 l
p, o1, SI_,|ry,8) = ( ) ‘
r,0 =41 Ir,2| 0 JO 0 ./annl()GL lrr,lltr.Z

10° of 1 o 1.2
X exp s——| In — |+1In —=
ZGlln 10 r ry

11 10 1,,1)]]
X| =+ =erf In - dl . dl
tr, 17570, 2
(2 2 [ﬁlnmcL (,g

(3.40)

and

PUy oSl 2 <1y |re® = [7 1”"( 10 )2. L
tr, 0 tr,2 = Y, 17O 0J9 Jz—T.tlnIOGL ltr,lllr,Z

2 1 S 1
xexp{‘——zloz (lnz[ ”"]Hn'(_“vzn}

9 v \Y

20,In"10 r ry

11 10 I, ,
x[§+§erf[ﬁln100Lln( ~ J]Jd,rrﬂdltr,l
0

where erf (x) is the error fun<tion.

(3.41)
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Probability ®ol(x,y)

! 1.
X-coordinate i Y-coordinate
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 for a.i enlarged

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

be obtained.

E(N,)= 3N, E(9) = 3N [ [p (9= 1]re, 8)f, (ry8) rgdryd® (3.42)
A

0

where N, is the number of users belonging to a base station and A, is the enlarged cell

area covered by a base station. With uniformly distributed users, Em = {/3 and

Equation (3.42) reduces to N 5 The variance of the number of users is

D(N,) =3N,- B¢’ )-F 9 ) (3.43)
where
2
E 0% )= [ [p (9= 117, 8)f, (ry, 8) rydrydo, (3.44)
AO
and
E @)= [ [p* (9= 1175, 0)f, (1o, 8) rodryd®- (3.45)
A

0

Since the membership switching and user activity are independent random vari-

ables, the mean power of intra-cell interference can be expressed as

E (I'ta)

[4

(3N,-1)v-E(9)

(3N, = D)o [ [ p (9= 1]ry, 8)f, (ry, 8) rdrod®
Ao (3.46)

With uniformly distributed users, E Tq?)- = 1/3 and Equation (3.46) reduces to
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1
E(1,) = (Ns—g)-‘o 3.47)
Similarly, the area averaged variance of the intra-cell interference with one active user is

) = (3N, - 1)(1)E(Tp2.)——1)2E2(—(p—))

U—UZEZW)

D (I

Ha

= (31\/5_-1)(%

(3.48)

Note that (e2) is also 1/3 if users are uniformly distributed and we calculate Ez(_cﬁ
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 the 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
M) = E(,,)+Eg,,) (3.49)
and the variance of total interference power is

Var(1) = D(I,,) +D (Iy,,) (3.50)

ita

where [/ . is the total multi-user interference.

Table 3.1 The First and Second Moments for Evaluating The Total Interference and
Membership Statistics

o, E(I) E() E*(T) E'(Q)
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 onc
user. In this chapter, we also analyzed the membership statistics of an active user 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 menns 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 couipensates 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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Switching office

Base station #1 Base station #2
3 .
Q
n ® channel i ﬂ.
d
4
Ny 7
N
%@K} Csr Connected
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v A\ S/
¢ N —

mobile i

power control

mobile j

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 pow zr
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 strcngest one for power
control. Since the power control in the reverse link is different from that of the forward
link, the objective of reverse I' -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 locp 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 !cop 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
switching 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 cn
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 Hp,
within a range 0 < H b <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 lognormally 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 numbzr 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 H ,» We can see that when H » = 1, 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

fl (ltr,O) = F(Itr,O’ lelr,OSItr,l NHI <Ilr,2)

0,tr p tr, 0 —

= F(Ilr, 0’ HpItr,O SItr, 1 s Ilr, 2) + F(Itr, o lelr,O‘<" Ilr,2 < llr, I)

4.1
where “4.1)
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2 27 {25, In(10) { D) me
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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 ith base station, { = 3,4..., we have

l/H

Ii
E(I) = j j T Tl T o Ui 0 i o8,
l/H ( I
)dI
J J IerIp'( 1,0) \1 ,) IrOfI tr,O tr, 0

tr, 0

= JMpiltr, ()fl"'0 (Itr, O) dltr, 0’
0 4.4)

Letting I; = 1/1, , we obtain that, fori = 3,4, ...,




]
lrr.OHp
M, = [ 1 f,p'_(l;. )d[

0 r;

2 2 401n| —i—

( JcLlnHo} Lo f( n[llr‘OHJ o,In10
T

. 2 L J26,n10 102

4

4.5)
When the interference of an active user is received at base station | or 2, the path

attenuation is correlated with the user’s transmitted power. Considering power control

switching, we have that Iy H, <1, 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

10 10v, 7o
f(x|H » Iy, <ly) = /{x| i IOI H m—éln—+x<y]
5 1o [lnH +vln~J+ (1-p)x
= exp{ xé} 1 1ert n10 2
= — -=—1l5-5
«/2—7—50 20 2 2 ./2(1_p2)0-

(4.6)
Given that an active user beiongs tec base station 0, the mean interference from an

active user (at positicn (r, 8) ) to base station ! is

B = }(r_o)" {xlnlO_i}
o 2ﬁm 402

10
” 1O(mH +vln~)+ (1-p)x

X %—-%crf i dx -
2 (1—p )o,
A 4.7)
Since the upper bound of [, is
I, = |2 v10'1"< ' 4.8
or - r_] —H’;)y ( . )
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the b in Equation (4.7) has a value of

10

b = o 10[vln—o—lnH J 4.9

Like Chapter 3., we have that E(ly,) = E (/) for base station 2, and denote
E (1)) as E(I})and E(I,,) as E([,) . The definition of r; and 8, 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:

( ) J’OPJ‘] "o p,( r O)/l"‘o(llr,o)dllr,odli

= J‘quqi‘ lr,O.fl,,vo(Ilr,O)dIlr,O
0 (4.10)
where fori = 3,4, ...,
10vin| —1
Y i {cilnzlo} L1 VNI, GH, | 20,1010 "
] o= — (| =4 = : - .
59 r?vexP 50 2 2er A/EO'LIHIO 10 ( )

J)

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,

b 2v 2
2 0 1 (Inl0)x x
El I = —
( l) _j(rl) ZJ;CG exp{ 5 405}

10
n 10(lnH +vln—-)+(1—p)x

X %—%erf Z dx -
2./(1—,0)6L

(4.12)

where b is given by Equation (4.9). Similarly, we have also E( I:;') = E(Ii)
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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, H,, ,

on the parameters Em E_(_If-; and Ez—(?‘j are shown in Fig. 4.2, Fig. 4.3 and Fig.

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 Coatrol

After a power control connection is established, there is always power control error
which can be modelled as a lognormai random variable [18], [32], [33). Taking the

power control error into consideration, we get

Ii = Ii'Ipce I =14i,2,... (4[3)

where /; is the interference generatcd by a user belonging to the reference base station

x,/10
and received at base station {, and IP ce = 10 ¢ represents the power control error with

a stanidard deviation c,.

From Equation (4.13), we see that the total interference I; is formed by the multi-

plication of two independent random variables: /; and power control error / pee Then,

using the parameters in Tabie 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

E(l,) = N,-vE(I,.,)-E(I) (4.14)

where the mean power control error is

2, 2, )
. {l 6’1n’10 )} als
E(l,,) = exp 500 : (4.15)

As in Chapter 3, we consider the total inter-cell interference is as /o, , = 1,,, -/ Ry
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where / Ry is Chi-square distributed with mean equal to 1. Therefore, with Rayleigh fad-

ing the mean of the inter-cell interference is E (I, ) = E(/;,,) .

Taking 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

2 2 2, 27— 2
D) = NS'LUE(IDE(I,,CJ—U E"U)E (lm)) (4.16)
where E L l; c e) is the second moment of the power control error given by
(2 ) {l 6’1n’10 ]}
E Ipce = exp 30 . @.17)

With Rayleigh fading the variance of the inter-cell interference increases to

D (IRile) =N (E(I?IeJE(Ii)’} - E2 (Iile) E2 (IR,V) )

=N, (201‘3_05 E(’ice) ~VETNE U,,) ) ‘ (4.18)

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(o= ?‘er’ 8 = p(ltr,OHpSI.rr, 1 r\I!r,OI-IpSIIr,ZIrO’ 0)

= p(llr,()HpSIIr,lSltr,2|r0’ 9) +p(11r,0Hp'<‘Itr,2S1!r,lIrO’ 9)(4 19)

where
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P, oH, <1, <1, ,|r,0) = [ (1 10 )2. ‘
tr, 0 tr, 1 tr, 21" 0 0 ﬁT—ﬂHIOGL I!r,l”’!r,2

2 [ (1 .
xexp{ 2‘02 In? ";l +In ";2\ }
20‘Lln 10 r ry )

I
x| 3+ zerf] —=to—tn| <=L\ \a, a1,
2 ﬁlﬂlOGL Hpr(\)’ ’ ’
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(4.20)
and
lrl 2
p, H,<1, 2=, |1y 0) = IO (ﬂlnlOo ) ilir 2
L tr Ir
2 I
xexp{——zlgz—- In +!n2
20,In"10 r
1 1 10 tr,
+ -erf] In| — dl, dl_
[2 2 (ﬁlnlOGL [Hr])] "
p o (421)

Since the parameters E(_(p)-, E (<p2) and Ezfzp_) are related to p (¢= 1|r,, 8) as

shown in Chapter 3, we get

E(9) = [[p (0= 1]ry, 0)f, (ry,8) rodryde, (4.22)
AO
E(@h= [[p(e=1|r, 6)f, (e 0) rodrd8, (4.23)
AO
and
2= 2
E (9)= jjp (9= 1]rg, 8)f, (rg,8) rodryd8 - (4.24)

From Equation {3.43), we define the variance factor of user membership as

D (o) = 3-(E(—<p?)_—E2-(a). (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 can see that the variance of Nbl increases as H » 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 P, as shown in Equation (3.5). If there is
no power control error, P, 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

PO S — (4.26)

whei: Y is the symbol energy, T is the symbol period and x, represents the power con-
trol error which is Gaussian distributed with zero mean and the standard deviation G,
about 0.5--3dB. Here, E_ /T, can be normalized to 1 without loss of generality. Then the

probability density function of the desired signal power, P, is

f(F, = —0 _exp --—I—(ﬂ-mP )2 : 4.27)
Y m1042mo,P, 262\ In107 0 '

Similarly, the PDF of the power of the ith active interference signal belonging to

the reference cell is

for (Po)) = 0 exp 12( 0 1nl>0,.)2 : (4.28)
In1042n6,P, 20°In10

Since call arrival, membership switching, user activity and power control error are
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independent random variables, the mean power of intra-cell interference can be

expressed as

E(l,,) = BN -Dv-E(,,) - E() (4.29)

and if the active users are uniformly distributed, then

E(Iita) = (Ns— %) "V E(lpcg) ' (4.30)

Similarly, the area averaged variance of the intra-cell interference with one active

user is

DUy = (N, 0 e ], JET@ 08 (1, £ )

- (3Ns_1)(10E(112)68)_(_0252(1],66)E2(—(P)_)) 431)

where E(I2 J, E2 (I .) and Ezm' can be obtained by using Equations (4.15), (4.17)

pce pce

and (4.24). Note that N 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 N, 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 arc assumed

to always belong to one of the three base stations. There are N, 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 Nef. Then, the number of users belonging to

a base station is the sum of a random variable m and N o

Nbl = m+Nr”I' (4.32)
We model m with a binomial distribution which has the same mean and variance as

N,,, as given by Equations (3.42) and (3.43). This results in

-m

N N
o ]p;", (L-p,p 7 (4.33)
m

Py, (m) = [

where Nef is determined by the variance of N, given by Equation (3.43) and p,, is the

average probability that a user belongs to a base station. Let the variance of the binomial

model be
Var,,(N,) = N, pp (1-py) = D(Ny),
then
D(N.)
N, = intl ——2—1. (4.34)
Py (1=py)
The number of users which always belong to a base-station is therefore
: .| DNy
Nrmst—mt(pbl-Nef) = N_—int =7 - (4.35)
T Ppl

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,, = 1/3 in our model. The PDF of N,
obtained with this binomial model agrees closely with the simujation results, as shown in

Figures 4.6 to0 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
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m+N -k

m+ Nrm -1 k rm”
p(klm) = L v (1-v) . (4.36)

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 inira-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

, 1 Ko Ho Ho—! Ho
foi (Poi) = F(No)(/‘To) Py; exp _A_/I_OPO" (4.37)
where T" (x) is the Gamma function, M|, is the mean of P, and u, = My/Var(P,) .

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 referencc base

station are the same, with the same mean and variance. The total interference is therefore




65

Then the PDF of 1, is the k-fold convolution of the f; (P;)

fIOk(IOk) = for (Pop) *fon (Pop) *Ffor (Poy)
1 [Ho ket ] Mo,
r(uok) MO 0k €x0 ~MO 0k

Note that M, is the mean of the received power of an active user. Since the

(4.38)

received power of a user belonging to the reference station is normalized, M, is the

same as the mean of the power control error and it can be obtained from Equation (4.15),

thus, M, = E(I ). K is a parameter given by p, = My/Var(P,) where

pce

Var(P,) = Var(P,) is the variance of power control error.

o’ (In10)” o° (In10)°
Var(PO) = Var(lpce) = exp —-1.-06—- -1 exp _e__l_o_o__ 11 (439)

Both the mean and variance of the Gamma model are taken to be the same as the

lognormal model and we use the ¢, 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

Nef m+ Nrm i N N
= ef | m eof M
fim (Iira) - 2 Z ( jpbl (1 =Py
k=0 \M

m=N,
m+N_ -1 k m+N_—1-k
rm rm
x( ¢ )u (1-v) f’Ok(IOk) .
(4.40)

In Equation (4.40), if N_  as obtained from Equation (4.35) is less than 1, then we take

rm

N, =1 and Nrm = 0. Otherwise, Nl =0and N, 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

W,

fis (o) = 35 ( %}J 1) exp {—}}’jlav,} (441)
where Mj = E(lg;,,) 7/ (18N,) is obtained from Equati~n (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 Varj = D (Ig;,,) 7/ (18N,) can be obtained by employing
Equation (4.18) and W; can be obtained via w,=M j2/ Var,. 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 io

a base station other than the reference base station in the enlarged cell area. Their powers

received at the reference station are [,[,, ""l/é’ and their locations are

(r,0)), (r 9y, ..., (r,,9,), respectively. The conditional PDF of the sum of

I|,12,...,Ik. is

Fo () = fr |1, 8)) *fy (|, 83) * X (|7 8) (4.42)
Over a long period, the users will travel over any location following the user distri-

bution statistics. Therefore, the PDF of I is averaged over the area concerned giving,

fie Tiee) = _” ,”_”fl (Illrl’el)*f2(12'r2’ 92)*"'*fk(lk|rk’ )

A, A, A,

S, 11 80) Sy, (1 8) w oSy (rp 8 A AR
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Equation (4.43) can be expressed as the convolution of the area averaged PDF of

inter-cell interference

fite Uire) = Savt U1 *Faya (ay0) *-F g Ugi) (4.44)
where f (1) =f,,U,0)= ... = fav}. (Iavj) is given by Equation (3.22). We
model f, o 1, i) as the Gamma distribution given by Equation (4.41}. Since there exists
a closed forrt solution for the convolution of Gamma distributions [23], [27]. the PDF o<

inter-cell interference can be expressed as

U,
1 u"/; ire i‘lile_l u"l
file (Iite) = F(u', )"[A_}ILI;J Iile exp {—A/[l.elite} (4.45)
tte te

ite

where M, = E(lg;,,) and W, = M?,e/Var(IR“e) can be obtained by Equations

ite ite

(4.14) and (4.18).

The total interference is the sum of intra-cell and intei-cell inte - ‘ence as well as

the Gaussian background noise. This can be expressed as

2 2
I,=1,+I, +6;=1+0; (4.46)

2. . . : L
where 67 is the normalized power of the Gaussian noise due to spurious interference as
well as thermal noise contained in tie total spread bandwidth. From [14],

Gi = 1.26 (1dB) for voice traffic when the power of the reference user is normalized to

1. The PDF of the total interference is therefore given by

2
fl:” (ls!) = J'fila(lsl - Iite - GT, ite (Iile) dlite (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 Ganssian model

with sirnulation results. From the results, we sec that our Gamma model closely agree
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with simu’ation results for both a small number and a large number of users. The simuia-
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 ciose 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 E et

P
_W_ P p(;]_o , (4.48)

= = ;
Ly, +1,,+0C

E
NO T st

If we denote E, /N, as v, then the PDF of y can be obtained from

(Lo (s
f,n = | P——(';fo(,,—a')f,_w(l.‘.,) dr, (4.49)
0

where f, (.) is given by Equation (4.27) and f; (.) is given by Equation (4.46).

In general, the crror prokbility of a decoder and demodulator is a func .« of the
received y. L.y is largzr than a certain threshold, say 1, p, (Y) will be smaller than the
system quality requirement p,(n) where p,(M) = €. The outage probability is the

probability that ¥ <m, or the probability that p, () < €. We have therefore




69

n
pp, (V) <€) = p(y<m) = [f,(Vdr. (4.50)
0

‘rom 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 distributior, especiallv when the ACF is large.
Using the Gaussian model to cvaluate 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

2
I -M(l
Pout ( t ( 1)) }dlt

(y<m) =pU,>0 = | ] ex{
PRYS) = PR - N2nVar(I) P 2Var (1)

1 [(/— ’1))J
= =erfc
2 J2Var(l))

(4.51)
where Il = Iila+1Rile’
PG PG 2
t= — = ————— -0, 4.52)
N (F/NY o
M) = EX,) +EL,.) (4.53)
and
Var(l) = D(1.,} + D (Ig,;,,) (4.54)
E(lg,Y, >(.,,), EU,,) and ['{1; ) can be obtained by Equations (4.14), (4.18),

(4.30) and (4.31), respectively. If powar control is assumed to be imperfect, the outage

probability is given by

Py WP Tl n ,
Pour = P( <755J = J.ZPOfO (PO) erfc JdPO (4.55)

where P, 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) is the PDF of P, given by Equation (4.27).

We also evaluate the system performance when the traffic contains mixed traffic
types. If there are N, 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 wkere 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

NI
M) = Y M) (4.56)
i=1
and
NI
Var(l) = Y, Var(l,). (4.57)

i=1
Again, the outage prot:bility can be calcutated by Equation (4.51) if power control is

perfect or by using Equation (4 57) if power control is imperfect.

4.6.2 Numerical Results: Case Studies
In this part, we examinre a conventional CDMA systein and a system proposed for

supporting high rate communications with mixed traffic.

For the conveitional system, we choose the parameters to be the same as in [14].
The spread bandv.idth is W = 1.25MH., the bit .ate is R = 8 Kbps and as a result, the
processing gain is 156. The normalized background noise power is oi = 1dB. The qual-
ity requirement is (E,/N;) or = 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 o, = 1dB, there is a 28% loss in capacity; if 6, = 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 pcwer 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 the 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 R = 8 Kbps and video bit rate R, = 64 Kbps. Both speech and video

are transmitted at a line rate R, = 64 Kbps. This means the Activity Factor for voice is
0.375/8, and for video is 1.0. The transmission quality requirement is p, = 107 for

. Lo . , -5
voice, and for low resolution video, we assume that the requirement is P, = 10 = 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 nuinber 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 c:rtrol 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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Fig. 4.8 Modelling and simulation results of the probability distribution of the number of
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Fig. 4.25 The effects of imperfect power control (PC) on outage probability. The outage
probabilities for different standard deviation of PC error are plotted. Single type of voice
traffic is assumed. The quality requirement: Eb/No=7 dB.




87

o

Qutage Probability
O-

25 0 35 40 45
The Number of Users per Sector, N_

Fig. 4.26 The effects of imperfect handoff operation on outage probability. Voice traffic
only. H b = reference pilot power/highest pilot power. The quality requirement: Eb/

No=7dB.
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Fig. 427 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
per sector is small.
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anc video users. Calculation is based or 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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Ch=pter &
Capacity and Quality of Seivice

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 i3 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 [oisson 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 informaticu bit rate handled by a cell. For convenie~re, + * also use the packet

throughput to measure the system capacity of a packet CDMA sy steii..

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/rece ption mechanism at a base station In a CDMA cellular system, although
users all share a common spectral frequency allocation, there are separate modems or
proce:sors 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 staticn. In addi-

tion, we would also like to reduce the complexity when we design a syster. ..

Cal: blocking or dropring occurs when the number of calls asriving at a base sta-
tion cAceeds the number of available channels. To evalnate the required number of chan-
nels, we sunply consider blocking and dropping together and assume a worst cusc
scenario in which a call is dropped when there is no channel available for it. In addition
to the nutage or call blockiig caused by interference. the call blocking and dropping

caused by a limited number of channels also need to ve 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 sirongest 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 mobule, 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 io 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 ceilular environment on
oacket 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 medinm access sublayer pro-

tocol which works based on accepted interference level.

The rest of this chapter is organized as follows. The second s=ction is devoted to a
discussion on the rac’o canacity and the Erlang capacity of a ceilular 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 cection presents summary and ; emarks.

5.2 Radio Capacity and the Erlang capacity

The radio capacity can be obtained through outage probability analysis. Since in
Chapter 4, the effect of imperfect handoff and power control was examiined, 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 evaiuated 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
t'i> 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

—

(e-M(l))

= —erfc] —————
Pou™ 3 (,/2Var(1,))

G.1)
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where

PG 2

{= ————— 0O (5.2)
(E,/Ny) OR r

M (1) and Var(l) 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

M) = (Ns—%).quNs-vE(_ls_) (5.3)
and
Var(l) = (3Ns—l)(%u—02E2(_(p7)+Nv-(2UE7_;5—02E2—(75). (5.4)

If the average number of users per sec.or, N, is sufficiently large, " juations (5.3) and
(5.4) can be simplified to

M) =N,-v-(1+E() | (5.5)

and
Var(1) =N, v (1 ~3n152m+215f6—u152(—1s—)) (5.6)

We denote that
g, = o 1+E0) (5.7)
and
g, = 1)-(1-31)152(75 +2E7\lf—)—u52'(ﬁ). (5.8)

From Equation (5.1), we have that

2
-1 2 (t-Ng-g,)

erfc (2p )) = ——

out ZA]S ’ gV
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where erfc”' (x) is the inverse function of the erfc (x) . Let W = erfc " (2p,,) » We

then obtain a quadratic equation in N :

2 L2
2N.-v-g V¥ = (t-N;-v-g,) (5.9)
Solving Equation (5.9), we find the radio capacity to be
_] ( 2 2 100
NS = 7\“’ g\)+tg,n—\’l’\/zg\l(“1" 'g‘;+2t.g,n) ’ (S.AJ)

m

Now we consider the effect of call arrival statistics. We assume that call arrival is

Poisson distributed with a mean arri al rate A (calls/s) and exponential service time 1/n

[10], (18]

k
p (k) = Qi%)—e_w (5.11)

where k is the number of arrived active users per sector in service. Both the mean and
variance of k are A/j. Note that A/ = N 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 intrz -cell interference at each instant is

Iy = Z .09, = zlrf,i (5.12)

where @, has a probability of p ( (pilrol., 8,) tobe 1, ®, represents user activity and ]rﬁ ;
is the intra-cell interference from one sciive user. Over sufficiently long period of time,
active users appear at every location in the area A, which is covered by the reference
base station. Therefore, /; , is the sum of & statistically independent and identically dis-

tributed random variables, where k 1is itself a random variable. The variance of Iit . is
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then given by [18], [50]

D(l,,) = E()D () +D (k) E2(1,ﬁ,.) : (5.13)

!

where

E(,) = vE(9) (5.14)

is the area averaged mean of the intra-cell interference from one active user and

DI, ) = VE(¢?) ~v'E* () (5.15)

is the area averaged variance of the intra-cell interference with one active user in the

enlarged celi area.

Since k in Equation (5.12) is a Poisson random variable in the enlarged cell aiea,
we have that the mean and variance of the number of interfering users are given by
E(k) = D(k) = 3N,-1. 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

El,) = (Ns-%)-u. (5.16)

and

D(l,,) = (3N,-1)v E(¢D)- (5.17)

i

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 (1, ) , we have

D

Rite

) = 2NSuE(If,) (5.18)

and the mean of inter-cell interference is given by Equation (3.35).
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Finally, M (1) and Var(l) can be obtained from Equations (3.49) and (3.50),

and the Erlang capacity is further obtained from Equation (5.10) with

g, = u( L+ EU—)} (5.19)

and

g, = u-(l+2E(1§)). (5.20)
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 H  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 gair. 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 H b= 1.0. Com-

paring Fig. 5.5 with Fig. 54, 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 cor 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 Jivided by I/ACF. The results plotted in Fig.
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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

a Channel j'

Channel 1

. Mobiie 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 3N_ 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 hase 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

K] —N.r
p, (k) = e (5.21)

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 gizen

by applying the Equations (3.43), (4.33), (4.34) and (4.35)

Var (mlk) = 3k-( E(wz)-Ez(_@), (5.22)
N, (k) ~k- int( M) (5.23)
1=py
N, (k) = 3k-3N,, (k), (5.24)
and
N, (k) N, (k) ~m
Py (m]k) =( o prz(l—pbz) ! (5.25)
m
where p,, = 1/3. Considering the call arrival statistics, we have that
(N, (L=p))* N,(1-py)
Py (k) = A Par (5.26)

where p , is the call dropping rate which we have defined before, and
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Mo

Pr(m) = Y p,(mlk) - p; (k) (5.27)
k=0

where N,, is obtained through the following equation

[ Var(m|N,,)
Ny = Ny —int] ——- |. (5.28)
Py
Finally, the call dropping rate p,_is an unknown of the following equation
N, N o
kb mh Nor (k) m-N,, (k) Ny (k) + N, (k) =m
Pyr = l- m—N (k) .pbl ‘(1—[)[)/)
k=0 m=N_ (k) rm
k
(N1 =py)) -N(1-py)
N Tl e
! (5.29)
where
N,, = min (Nef(k) +N,_, (k),N_) (5.30)

Solving the nonlinear Equation (5.29), we get the call dropping rate, p ;. The throughput

or current traffic supported by the system after s call dropping is then

S, =N (i-p,) - (5.31)
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

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 thc 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 ot 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. We propose a constraint on the outage probability and the drop-

ping rate to jointly evaluate their effect on capacity:

-'Wpdr

Pous = 2010 (5.32)

where p, = 0.01 and w is a weighting factor which depends on the relative importance
of p,, 1o 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, = 0.01, 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 maximurm capacity is about 220 which is about 1.4N . If the PG is doubled, Fig.
5.11 shows that the minimum channel number required is approximately 420 which is

about 1.3 NS. It is much smaller than 3N i

5.4 Capacity of Packet CDMA

To provide insight on the pzrformance 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 siotted ALOHA packet COMA 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.

packeis

_.________._.__,_._,_
L —J U

Fig. 5.2 Slotted packet CDMA

In a micro-cellular system, there are a finite number of portables communicating
with a base staticn. The arrival of packets can be modelled as a finite state Markov pro-
cess which is general but very complicated. The packet arrivals ir 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 ard 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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N-m

futmy = (M a-pp T msn

(5.33)
where N is number or currently effective subscribers per sector in the refereace cell, and

p, is the probability of a subscribe transmitting a packet, which equais 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

py(N) = [ (5.34)

where N, ” and N, 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

Nef+ N
fulm) = % fy(m|N)py(N). (5.35)
N=N_
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
S,= Y, mf, (m)p(cim)

m=1

N-m

=SS me (Mg,

N ,+N
ef. r

= ¥
“ m

=, m=1

( N ]N—N"n(l Nt V=N m
X P = Phi p(cim
N_Nrm

(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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nalling, 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 eftsct 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 E, /N as

E
b _ PG (5.37)
No m +0_2 IPile

370173

where m is the number of packets per slot from the subscribers belonging to the refer-

ence base station, and [, = represents the interference from the other cells. We assume

that [ is a Gaussian distributed random variable. Its mean and variance can be

Pite

obtained by modifying Equations (4.14) and (4.18) to yield

E(lpy) = Nop, EUe,) - EUT) (5.38)

and

2 2 22— 2
D(p,,)=Np,- (2E(ls) E(lpce) -E(I)E (lpce)) (5.39)
where N is the average number of users per sector, p,, is the packet transmission proba-

bility of an active user and N p_ is the offered traffic.

Since the BER is determined by E, /N, and the modulation scheme employed, the
conditional bit error probability for DPSK is given by

- 1 _Eb/N(I (5 40)
Pe (m,]Pile) - ie ! ’

while for BPSX it is
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p,(m{y ) = -1-erfc ﬂ’ . (541
e Pite 2 No
The BER of DPSK is obtained as
“1 PG
p,(m) = [3exp 7 tpire Tpice) Upize (5.42)
m 2 Pite
0 ST +O0r+

where f,,.,, (.) is the Gaussian PDF.

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]

p(clm) = (1-p, (m)" (5.43)

and the final error rate after ARQ is employed is given by

P <2 (1= (1=p,(m)"). (5.44)

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 conventicnal 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 MHzgz, there are approximately 128 channels of 64 Kbps information rate. The
maximum throughput of conventional slott=d ALOHA is 0.368. With a frequency reuse
factor of 7, the throughput is 128 X0.368/7 = 6.73 /packets/slot/sector. From the
results, we may see that the capacity of a CDMA packet system is much larger than that
< f a conventional narro'v band packet system. Fig. 5.12 shows the throughput of a slotted

ALOHA packet CDMA system with mixed stream and random arrival packet traffic.
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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 n:ymber of simultaneous calls in service at a base staticn is a random vafiable
dependent on call arrival statisti_s and membership statistics. Therefore, a suitable num-
ber of chaanels 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 siiown that with a limited numbe  of channels, the call dropping rute increases
drastically as the offered traffic increases. With piiot assisted channel allocation, the
required number of channeis 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 car be determined to control

the cost.

The performanc: of the packet CDMA cellular system is of great in‘erest. The
capacity of a slotied 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 2
conventions! FDMA system. This result supports Qaulcomm’s frequency reusing eifi-
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. 5.8 The call blocking/dropping rate given there are finite number of channels
available. Ideal handoff and power control are assumed here.
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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 Number 0 2 4 8 12
Max. Conventional Throughput 6.73 6.62 6.52 6.31 6.10
Max. Throughput (CDMA) 34.18 3248 30.81 27.50 24.48
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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 of the IWAN
primarily involves greatly varying information bit rates and the cornmunication 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/cutage 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 mult.-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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<«+——» Voice communications x
<+ —» Video and data transmition

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
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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 differcnt 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 recciver 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 wili 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 tme:ia 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 trafic 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 weli 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 2 line rate, it

is subdivided into several parallel fixed line-rate streams (37, [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 coinpensating 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-
tion s’ receptions will be utilized at the switching center. A mobile in the handoff zone is
contiolled 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 effcct 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 E,/N, = 7dB .. sug-
gested in [14] for coded voice. To ensure a specific quality of service, the required mini-
mum E,/N, (or outage threshold) depends on the multipath conditions, and the coding

and diversity combining techniques employed. It may vary from 54B to more than 84B

[42]. We consider the 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

E(lgye) = Ny-v-E() (6.1)
where v is the ACF of an active user. Note that the mean fading attenuation is |.

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(Ii) and E- (1,) for the variance calculation. Taking the user ACF into consideration,

we have ti.at the area averaged variance of the total inter-cell interference is
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D(.) = Ns.(pE(lf)-&Ez(ls)). (6.2)

1te
We consider the inter-cell interference fluctuation caused by the Rayleigh fading as
an independent random variable /,,. The total irter-cell interference is I, = iy, - Ip,

where I, is Chi-square distributed with mean equal to 1. Therefore, with the Rayleigh

fading the variance of the inter-cell interference increases to

D(IRi,e) = Ns'(E(Iizze)E(];y)"E2 (Iite) E2 (IR)*)J

_ . “—'—2“_ 2.2 .
=N, (2DE(:’S) VE (Ix)) (6.3)

The mean and variance of intra-cell interference are also obtained in Chapter 3.
Since the membership switching and user activity arc independent random variables, the

mean power of intra-cell interfere..cz can be expressed as

=,

ita

) = (3N,-Dv-E(Q)

= (3N~ [ [ p (9= 1]ry, ) f, (rg 8) rydryd®
A‘)

(6.4)

where f, (1, 8) = D(ry, 8)/A,, D(ry,8) is the user density function over the area A,

and A, is the enlarged cell area covered by a base station. With uniformly distributed
users, E(¢) = 1/3 and Equation (6.4) reduces to

E(,) = (Ns - %) v (6.5)

Similarly, the area averaged variance of the intra-cell interference with one active user is

D(l,) = (3N,~ 1)(\)5((;)2) -quZZTpT)

(i 2 25—
= (BN, - 1)} s~V E" (@)

where

E(@)= [[p (9= 1]1..0)f, (o, ®) rodryds, (6.7)
A

0
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and

E* (@)= [ [P’ (9= 1iry, 0)f, (ry,®) rodryd- (6.8)

A()

Note that E((pz) is also 1/3 if users are uniformly distributed. Then the mean of total

interference power is
M)y = E(l,) +E(lg,,) (6.9)
and the variance of total interference power is
Var(1) = D(,,) +D(lg;,) (6.10)
where 1, is the total interference. Our analysis and simulation results in previous Chapters

show that due to soft handoff operations the tota! 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

NI
M) = Y MU 6.11)
i=1
and
Nl
Var(l,) = ZVur(l“.) (6.12)

i=1
where /1, is the total multi-user interference including all types of traffic to a reference

user of the jth type, /,; is the total interference from the ith type of traffic and N, is the

number of traffic types. Checking into details, we have

Nl
Md,)= Y N.”.~\)I.-P,.(1+E-(_l?f)+uj-PJ,((N‘U.—%)+NSJ.-E(—I:)-) (6.13)
i=1izj
and
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N' —
var(l,) = ¥ 31~i_”.Pf(o,.E((p2)—uszfa7)

i=1i#j
N

+ 3N, pf(zu,.g—(zz; —ofEZU_,')') + (3N~ 1)Pf(qu((p2) —usz'(?pT)')
=l (6.14)

where N ; is the number of users per sector, P, is the targeted received power at the refer-
en<e base station and v, 1s the ACF of the i th type of traffic. The reference user is from
traffic type j.

For a reference user of the specific jth traffic type, the signal to noise ratio

E /N, 18

E,. Pj

A

(6.15)

=
]
s

-~

I .+06

oj mj

where E,; is ibe energy per bit, N,; 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, P; is the desired

power to be received for a specific reference user of type j, and 02T 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 | [14]. The outage probability of a reference user of the jth type is given
by
p(”~=[)lm~> ! ! 0]
ut, j ( 1 ( Eb T

_i/Noj) OR

"

(1 P, PG, 2) 0>t
Pl > o — = Or| = pUy>1)
YU Ey/N) g " m

(6.16)

where PG; is the PG and (E,;/N,) . is the QR of traffic type ;.

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
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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

p = Larfe LM,y 6.17)
aut, ) 2 m .
where
P.. PG, 2
t,= —_d_d . ¢ (6.18)
1" E/NDor |

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

R R R, R.
- __L' - .—L: . —j - o —! .
PGU R, "R R PG (6.19)
where R, 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

as

vy = vy (6.20)
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where v, is the ACF of a low rate user with a source rue of R; when it is transmitted at a
line rate of R,. Without ioss 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 us

L (=M,
= —erfc( L SR 6.21
Pous, 2 \,‘/ZVar—(llj) ( )
where
PG, 2 PG, R ,
| Ny N — E— —4 -0, 6.22
YT Ey/Npor | (Ey/Npoe RT (6:22)

I,; is the total interference from the jth traffic type when the line rate is employed and

from Equations (6.1), (6.3), (6.5) and (6.6), we have
M) _( ;) v+ Ny v, E() (6.23)
and
P 2, 2=
Var(I,) = st-(h)UE(ls) ~v, E (ls))+ (3N, 1)( 10,9, E (m)) (6.24)

Since at the capacity of a system, N; is normally very large for low rate users, Equations

(6.23) and (6.24) can be simplified to

— R,
M(l,) = st'n,j(l+E(Is)) =N, R—’[(1+E(l)) (6.25)
and
Var(l;) = st.u,j(l —3u,jEZT6 +2E(Fs) ~u,jE2?T§)
R, R, R,
=N UR(1~3URE (@) +2E(I) - v, ’E (Is))
' (6.26)
We denote

b = v Z(145T)) (6:27)
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and

8, = \\i%( - 3uj%'52?6 +2E(D) - uj%'sz(—l;) | (6.28)

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

Table 3.1.
Following the approach in [18], Equation (6.21) can be modified to

2

(erfc_] (2P gy, ) )2 = ﬂ%}%?iﬂl,
where erfc' (x) 1is the inverse function of erfc(x) . Let y = erfc”’ (2P, ;) » we then
obtain a quadratic equation in N
2N g, W = (=N g,) " (6.29)
Solving Equation (6.29), we find the radio capacity to be
N, = L2("’2gvj + 18~ ‘I’A/gvj (v 8yt 21 8y ) ' (6.30)

mj

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

ratio E, j/ N, j as

E,. PG,
b L (6.31)
o I,j+02T+l£-;—an+—kﬂ
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where k is the number of parallel streams after spliting

k=[&J (6.32)
R |
v; is the ACF of the last one of the streams after separation
Ry KRy (6.33)
v, = L—v, .
U R, J

and /,; is the total interference when no stream separation is used. Here we denote

k-2

I,J = I + Tuj + k . Then, the mean and variance of 1 can be obtained as
- v,
(M o420 %0 THR/R =
M, = (6.34)
M)+ k———l\) ;
i P Otherwise
and
Var(l,) + ((k 2) ( ’)w,]_ubj If R /R, = &

Var (1)) = (6.35)

Var(l, D+ ((k—l; (\)j—uf)) Otherwise

where we denote

v, _
k-2 Y TR/R =k

v+ 2
k k
TDj Otherwise
and
T e S :
5 (k-2) CTRRD ATl Iij/R,—k
2k
c,lh - 1 2 .
—i((k—l) (u -, D Otherwise.
k J

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
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vo- L AR | ¥
si gmj i 1Ix+§ +y gvjd- gmj M[h+ +\V g‘-’j
mj

el )}

(6.36)
where
gwi = 0 (14+ET) ) (6.37)
and
8, = uj(l - 3qu2(_(p7 + ZI-E_(;S —quz’(T:)—) _ (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 giver 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

1 d 2
N:' = T(gmj(tj—gm) +W23vj“\(gmj(’j—gm) +W28vj)
" 2 ( _g ) o ) )1/2 )
_p” \
Bmjl (14— %2 W -2u'y Xm 6.39)
where
Qm = Z NN i8mi (640)
i=hi#j
and
Am = Z N,Plg,;, (6.41)
i=1,i#j

g,,; and g ; can be obtained in a manner similar to Ejuations (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 ‘vith one type of traffic, we use the overall system throughput

(in Kbps per sector) to measure tae capacity
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Nt
S, = Z N, v, Ry,. (6.42)

i=1
where R, 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, €.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

PG, )
P 1= P(lmﬁm*%) =P, >1) (6.43)

and the outage probability of a video user is

PG,-P 2
P,...= Pl >———3—-2———0J=P(l, >t,) (6.44)
out,2 [ n2 (EbZ/NoZ) oR T m2 2
where 7, and [, are different total interferences received by a reference user, PG, and

PG, are PGs,  (E,\/N,)) ,, and (Ey,/N,,) . are quality requirements of voice

and video respectively, ¢, and ¢, are defined as outage thresholds, and P, is the relative

power assigned to a video user. The outage probability of a voice user is then obtained as

P ]erfc(___t' -M{,) ] (6.45)

out, 1~ 3 m
where
ML) = BN,~1) -0 E@) +N,-v-ET) + NP, 14 E(T) )
= (N v+N,P,) 1+E?7§) = N 8y + NoPy8ua (6.46)
Var(l,) = (3N, - 1)(1) CE(¢%) ~u252H{))+3N2P§(5(¢2) -EZ("qT))

+N,- (ZUE(—E; - uZEZZT;)') + sz§(25(75 - E2?73)
~ N1(3(u : E-(;g —quz'(_(F)') + (ZDE-EI?-)— ~ quz'(—l:)-))

(3£ -2 )+ (250 P W) = Mg+ (647)
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N, is the number of voice users per sector, N, is the number of video users per sector and
v is the voice ACF. Using the similar approach as before, Equation (6.45) can be written
as

2
(t; =N 81 =Ny P18 2)

2
Z(ngvl +N2"23v2)

-1 2
(erfc (2P,,) ) =

Let y = erfc”’ 2P . By solving this quadratic equation in N,, we obtain the radio
1

()ut)
capacity of voice users (traffic type 1), with the specific QR of voice users (also traffic

type 1) and number of video users, as

# 1 2 2 2
Ny = ’z_(gml (1) =Ny8pPy) +V gvl"((gml (1) =Np8pmaPr) +V 3v|)

ml
‘8m|( (t) = NogmoPo) -2¥ N2gv2P2)) ) (6.48)

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

- 1
P 1erfc[ iz——bl—(—"'—z—)—) (6.49)

out.zzz m
where
M1,) = (N~ 1) PE(Q) + NyP,ET) +N, v (14 ET) )
—_— ] 1
= (N, -v+N2P2)(I +E(ls))—§P2 = N1+ NoPo8a = 3P2
(6.50)
and

Var(l,,) = 3N,(u CE(¢%) - quZW) + (3N,—1) Pj(E(qaz) - EZZES)

+N, - (21)5(_1’5 —quZTE)') +N2P§(2E(_15 —EZ‘('I;S)
2 2( 1 2=
= N8, +N2P28v2‘P2(§‘E (‘P))

(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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2

#* 1 1 2 i 2
N = T(gml(tz“Nzgmzpz+§P2)+‘V g\'l_((gml(tz—Nzgmzpz"'§P2)+W g‘,,)

ml

2 1
‘gml((‘z‘Nzgmzpz+ 3P

2

2 .2 2 a2 2—=Y\))"?
- 2¥'N,g,,P, +2P, -3-—E (¢) .
(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} = min( M5, N}, ) (6.53)
Fig. 6.8 shows capacity versus relative power of a video user. Since N',k , monotonically
decreases with increasing P, and NT,_ monotonically increases with P,, N'T is maximum

when NTI = NTz . We can obtain a P;k such that N} is maximum by solving the equation

22 2 2 \172
Emitr W\ 28,4181 (1) = Ny8,nP2) +W g, +2N,g, 18,,P;

1 1
= gml’2+§gml“‘|’(zgm18v1(’z‘Nzgmzpz+§Pz)

2 2 2 2 12—\ \172
TV 8, +2N2gm1gv2P2_2P2(§_E (‘P)))
: (6.54)

To show the capacity of a system with mixed traffic, we calculate the total throughput as

S, =N v, R +N,-v,-R, (6.55)

Examining the optimum condition NT | = NTz , it can be seen that this condition is equiv-

alent to when P , =P, . Since I, and I , are almost the same, P? can be
approximated as
PG, (E,,/N ,)
Pszkz 1 b2" 027 R (656)
PGZ' (Ebl/Nal)QR
and
(E,,/N,,)
Eyy= En Ty 657

(Ebl/Nol)QR




136

In the case that there are more than two traffic types, it becomes difficult to determine the
optimum power by sotving multiple nerlinear equations. However, the optimum relative

power of the ith type of traffic can easily be estimated by generalizing Equations (6.56)

and (6.57) as
PE=p,. }?Gl B ) g i
and
g o o) e
hi (Eb/NO)QR,l i=23,.. (6 59)

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 inctified by the numerical results. Table 6.2 shows that the capacity is
improved by optimized power allr~ation especially when the difference between the
quality requirements is large. From Fig. 6.10, e 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 “wvill be achieved. This conclusion
supports and gereralizes the conciusion 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 smal! ACE. 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 suitabie power to difterent 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 GR {dB) 4 6 7 8 9 10 11 12
Ey /B, 0.50 0.79 0.98 1.23 1.54 1.93 2.39 2.99
PP 4.00 6.32 7.84 9.84 1232 | 1544 | 1951 23.92

E, /E,  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.

‘("',} égf)) Video No. 0 1 2 3 a 6 8 1
Equal E, 302 274 247 221 195 144 94 19
4 Optimum £, 302 290 278 266 254 231 208 173
% Improvement 0% 6% 13% 20% 30% 60% 121% | 811%
Equal £, 302 274 247 221 195 144 94 19
7 Optimum E, 302 275 248 223 197 147 97 24
% Improvement 0% 0.4% 0.4% 0.9% 1.0% 2.0% 3.2% 26%
Equal E, 302 117 89 62 35
10 Optimum £, 302 239 180 125 7
% lmprovement 0% 104% 102% 102% 103%
Equal Eb 302 59 29 1
12 Optimum £, 302 192 97 8
9% Improvement 0% 225% 234% 700%
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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.
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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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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.




143

90— T T ? ! R !
: ' ‘ —o— Line rate = 9.6 Kbps
goo} - =+~ Line rate = 19.2 Kbps - - -
.—x-- Line rate = 38.4 Kbps

Sesol. o0 O

§ ~ . .x... Line rate =76.8 Kbps ]

5 - ' f

Q

8.800“‘ .......... _

£ .

x : :

5 : I- _

£ e : : : : -3

§,750F ........ pras _.)E(_‘-* kv _..x___,x_._x__ X --.)(___x__x__x W

£ ' f f E

- : : . N

8l : : : *

'2700 ................................. R SR ** ......................... .
I I s U SN S U
600 1 - ! i 1 i )

0 2 4 6 8 10 12

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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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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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 5.6 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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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.
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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 (ng) to O(n,) 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.

Amorg 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 proces< 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 subst~utial 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 ¥
trials:

p =L
4 N
{

M=

Z, (7.1
i

[0}

where Z; is a random variable. Z, = 1 with probability p; Z, = 0 with probability

1 = p.The mean of this estimation is

N
E@) = 3 Y E(Z) =p. (12)

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 @ is divided
into / and I which represent different decision regions. We have [ ul = ® and

Inl = 0. Then, we have

1 x € I with probability p
Z, = - 7.3
! {0 x € I with probability 1 -p. (7.3)
Ideally, we have
E(p) = E(Z) = [f(x)dx = p. (7.4)
1

Therefore p is an unbiased estimator of p. The variance of the Monte Carlo estimation is

o) = 2D (Z) = £ (p-p?). (1.5)
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Checking the variance of a Mciite Carlo estimator, we may find that the smaller
the value of p, the smaller the variance 0',.2) 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 — oo, 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]:

(7.6)

where0 <ot < 1/2 and g, is chosen such that

2
t

.-

If the trial number N is large enough, the confidence interval can be well approxi-

dr = 1- (7.7

mated by this approach. Since a simulation should be carried out with enough confidence

on the resuits, to warrant its undertaking it can be assumed that g, will be chosen such

that 1 — oo = 1 . Then the Equation (7.6) can be directly written as

N 2, Jﬁ(l—f)) (&)2]<
N+g [”+2N Saf— N T\aw/ |*F

N _|s, 8, [pU=P) ﬁz]
[” 2N+gA/ N +(2N) .

N+ga

(7.8)
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To analyze the relationship between N and p, we use the upper bound without loss

of generality. That is

2
N |, 8, [p(1-p) (ga)z
< = KD = —_ S S —_—
pS<p+e=tkp N+g2[p+2N+ga“/ i +2N ) (7.9)
o
If N is large enough, N 5=1. Then
+8,
2 p(1-p) . (8« )?
_hypeSa,, [pO=P) (_9_)
(EF-1p 2N+gaj TR (7.10)

where & is a constant related to the estimation accuracy required. It is generally accepted

that £ should be in a range of 1 ~ 2 [69]. From Equation (7.10) we have

2 2
kg, 8q

N = - . {.
plk-1)% (k-1)2 71D

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&, 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 very 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 [ 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 1S. 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 picbabilities, and the PDF of the raandom 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. Orusk 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-
ribution g(x). g(x) will be chosen such that the bias function

B(x) = g(x)/f(x) >1 for xe€ I. As a result, the event that x is in I will occur more

frequently. Considering a new event Z: which is related to x with a new PDF g (x) , we

have

1

[ T wi HH »

Z: _ { 50 xe- I with probability p (7.12)
x € I with probability 1 —p*
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where p* is the probability that x belongs to /. The mean of this new estimator is

E(zf(x)) = fgix))dx jl'f(x)dx. (7.13)

The new estimator based on the transformation of the random process is formed as

N
pl = 1%2 Z (x) . (7.14)

Because E (p') E( Z,I) = p, p! is also an unbiased estimator of p. The variance of

the estimator p/ is

o = E((Zf(x))zl—@(zf(x))y - g((x)) pz, (7.15)

p N N

Comparing Equations (7.15) and (7.5), we see that if N is the same, as long as

) .22 : . 2 2
_!‘g—((%dxq, there is o} >0,. Specifically, if B (x) >1, Vxe I, 6;,>0,. If we take

l/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
J‘f (x) p?
P(l—p) B(x) (7 16)
N N '
The sample size savings factor is
N (1-p) o,
=4 = PP _ P (1.17)
le J’f(x) 2 0?1
/B (x) b

The above is the conventional approach to the IS method. In practice, the samples which
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belong tc either I or I may be taken for further processing. To estimate the statistic

effect based on the region division of I and I to the further sample usage, we form an

equivalent IS estimator as follows

. 1 x € I with probability p*
Z; = { R - (7.18)
0 x € I with probability 1 —p*,
and
) N
=R (7.19)
i=)
The mean of this estimator is
E(zj‘) = [gmdx = p" (7.20)
1
where g (x) = B(x)f(x) andB(x) >1,Vxe I.Let
. B
T A (721)
P i
I

. . . . . AN .
We may get the estimation of p from the estimation of p*, given that p~ is accurate

enough, thus

L1,
b, = 1b* (7.22)

where p is the estimation of p using this new IS approach. The variance of the estima-

tor p* is

2 _P*(l“p*) _ kp (1 -kp) 7.23
C*="N "~ N (7.23)

The variance of the estimator p is
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2 _ - 2y = L P 2y = 142
05 = E((p-p)°) = sz((P’~P") ) = k2ci)*’ (7.24)

and thus

2 _ _ p
Gf)o w7 N (7.25)
Then we get the sample number saving factor as
2
c,
Gf’o

Comparing Equations (7.25) and (7.5), we can also see if B(x) >1, c; <G§,

Vx e /. After comparing Equations (7.25) and (7.15), we find that if B (x) is a constant

S . . 2 .
they are identical. For the estimator p , G, s only affected by the result of

[

J'B (x)f(x)dx. A different B(x) may lead to the same variance of the estimator, as
!

long as p* is the same.
An IS estimator is normally focused on the estimation of p. People always try to

. . . N .
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

B (x)f(x) xel

g(x) = { 0 cel (7.27)

This means that all the samples from the modified process belong to /. No sample

belonging to I is available. In practice, the samples belonging to I are usually of the
same importance as the samples belonging to /, 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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Jeydr = [Bf(x)dx
1 I

DI} e

.

= fe@dr = (B f(x)dx =
i i (7.28)

We find it is an optimum modification by analyze the *“whole” estimator [70).

7.4 The Whole Estimator

For a conventior:al estimator, if an accurate p/ is obtained, its reverse part,

g! = 1-pl, 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 g 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 x € [ with probability g = 1 -p
;= - 7.29
R, {0 x € I with probability p (7.29)
and the estimator is
| N
g = I_VZ R, (7.30)
i=1
then similar to the estimator p
E(R) =q=1-p, (7.31)
= E\R|-E*(R) = p-p’ 732
D(R) = iJ-E(R) =p-p (7.32)

and
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D(R.
2 _ DR - p=p (7.33)

¢ N N

R~

Comparing Equations (7.33) and (7.5), it is obvious that for a conventional Monte

. 2 R . . . .
Carlo estimator, 0, = o, Because p and g are independent Gaussian random vari-

[ 3]

L

ables, the variance of the whole estimator should be:

2 2 2 2
GW=0ﬁ+0@=N(p(1~p)). (7.34)

When we apply the IS method, after biasing, we have:

1 x e [ with probability g* = 1 —p*
;= - 3
ki {0 x € I with probability p*. (7.35)
and
faodx
* -
k, = 4 - . (7.36)
7 ffxdx
I
then similar to p_,
A 1, u
4= 74" (7.37)
‘I
The variance of the estimator at the reverse part is:
"1 % k 1-k
2 _g*(1-g% _ ka(l-k4q) (7.38)

Cy» N N

and

N : (7.39)
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The variance of the whole IS estimator is

62 = o6° +0°
w - ﬁ() al)

G- )e a-o(7 1))

We want to find a p¥* such that o2 is minimum. This forms an optimization prob-

Il

(7.40)

lem. Note that p and p* are under the constraint 0<p<1 and GSp*<1. Let

J = Noﬁ, , we have

J = m (p2 - 2p%p* + p** - 2pp*" +2p%p*") (7.41)
then
fp—{; = (p* —2pp*’ +2p%p* —p?) -(—p;—_—l;;;)—g : (7.42)
Solving
¥~ 2pp* + 2p2p* —p? = 0, (7.43)

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 1072,

If p = 10 and the error of p is at a degree of 104, 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
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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 (sce 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*+eg, = kp* (7.44)
and

q*<q*+¢g, = k,g*. (7.45)
We assume the requirement or the confidence interval for both p* and g* is the same,
thus, k; = k, = k. The confidence level is also g . From Equation (7.11) the sample
number required for p* is

2 2
N, = a8 (7.46)
p*(k-1)2 (k-1)2

and for g* is

M= da-n: Wt oA

We form an objective function

2 2
kg, chx

T (L-p% (k-2 (k-1)2 (7.48)

JN = N1+N2

Because 0 < p*< 1, obviously, when p* = 1 -p* = 1/2, p* (1 -p*) is a maximum,

then J,, 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 / and 1 with

equal probability, thus, p* = 1/2. This optimum is in terms of saving the number of




161

sampies 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. "'he 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
mobiles per cell, we randomly distribute N_- N users in N_ cells and collect simulation
data. If the performance of a CDMA system with different N_ 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 XN, =N (1xN,) = N_(NyxN,), one simulation run for N_ users per cell 18
equivalent to N_ simulation runs for Ny = 1, and summing N samples from different
simulation runs. Data obtained by one simulation run for N, = 1 is referred to as a core
sample. Data needed for different values of N can be deduced from the core samples.
The resultant variance for different N_ 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.
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The procedures and data structure of the core sample technique are basically as fol-

lows:
For N = N,
i total power received / i = I +s, desired signal s,
1 1 1 55
2 1 2 5,

the interference to signal ratio (ISR) can then be obtained as ISR; = [ » /s fors, #0.

Since the interference is additive, the simulation data for N, = 2N, can be obtained

from the simulation for N_ = N, in the following way:

For NS = 2NO
i total power received 1(2) =1 + I _,.desired signal s(z)
p pi = Ap2icy Tpai g i
(2) (2)
1 Ip1 5
(2) (2)
2 IP2 8y

2) . . :
where s i( ' is randomly chosen to be either s,; , or s,; if both s,; | and s,; are non-

2) . . 2 .
Zero; s‘-( ) is zero if both §,;_, and s,; are zero; s,.( = Sq;_1 + §,; otherwise. Follow-
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ing the same procedure, the final simulation results can be obtained when N_ = nN,,.

7.6 Common Random Numbers

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 “ny observed differences in per-

formance are due to the differences in the choice of system parameters.

Assuming that Y, i and Y2j are the observations from the first and the second system,

and that we want to observe the random variable Zj = YU—— Y2j forj=1,2,...,n, we
have

E(Zj) = E(Ylj) —E(Yzj) (7.49)
and

_ n Z
E(Zj) =~Z, = 2 —’;’ (7.50)
ji=1

then

7.51)

Var(Z—) _ Var(Zj) _ Var(Y]j) + Var(Yzj) —2Cov(Y|j, Yzj) '
" n n

If Cov (Ylj, 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-




164

tive, it will increase the variance of the whole estimation. If the covariance or correlation
of the outputs of the ditferent 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 parailel processing. For serial
processing, the advantage in time saving wiil 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 ke 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
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 interferenc . yower with dif-
ferent user number per sector. Similarly to what is shown in the previous analysis, here
we can also see that the multi-ceil, 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 JS-95 CDMA cellular system. From these figures we can get the radic capacity cf this
system to be 28 and 36 voice users per sector for PG = 128 and PG = 156 respec-
tively. When the total baiidwidth 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 vnice 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 «ue 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

0,y = 2.5dB. 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 logrormal shadowing is o5 = 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 legnormal shadowing is
O/n = 8 dB, Rs is 9.6 kb/s, activity factor is 0.375, Ns=3.
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O,y = 8 dB, Rs is 9.6 kb/s, activity factor is 0.375, Ns=12.
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Qutage probability

Fig. 7.5 The outage probability of a CDMA cellular system with voice users. Standard
deviation of lognormal shadowing is 6,, = 8 dB, QR is 7 dB, Rs is 9.6 kb/s, activity
factor is 0.375, bandwidth available is 1.25 MHz, PG=1"8.
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Fig. 7.6 The outage probability of a CDMA cellular system with voice users. Standard
deviation of lognormal shadowing is 0,, = 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 ©,, = 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 ¢,, = 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 o,, = 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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Qutage probability
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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,y = 8 dB, QR is 7 dB, Ry is 9.6 kbfs,

transmission line rate is 64 Kbps, activity factor is 0.047, bandwidth avaifable is 10
MHz, PG=128.
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outage probability
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Fig. 7.11 The outage probability of a CDMA cellular system with voice users. Standard
deviation of lognormal shadowing is o,y = 2.5dB, 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 s interference limited, we have
developed an analytical method for modelling the muiti-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 contro! 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 delay 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 and 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.
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Appendix

List of Abbreviations

ACF
ARQ
ATM
BER
B-ISDN
CDMA
CITR
CODIT
CRN
CRT
DPSK
DS/CDMA
FDMA
HF

IS
IS-95
IWAN
MTSO
pPC
PCS
PDF
PG

PN
QOS

Activity Factor

automatic repeat request

Asynchronous Transfer Mode

bit error probability

Broadband-Integrated Services Digital Networks
Code Division Multiple Access

The Canadian Institute for Telecommunications Research
COde Dlvision 1estbed project under E.ACE
Common Rancom Numbers

cathode ray tube

differential phase shift keying

Direct Sequence CDMA

Frequency Division Multiple Access

High Frequency

Importance Sampling

TIA/EIA Interim Standard proposed by Qualcomm
Integrated Wireless Access Network

mobile telephone switching office

power control

personal communicaticns system

probability density function

Processing Gain

pseudo-noise

quality of services
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QR
RACE

SNR
TDMA
VLSI

quality requirement

The R & D in Advanced Communications Technologies in Europe
program

signal to noise ratio
Time Division Multiple Access
Very Large Scale Integration
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