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(ABSTRACT)

The wireless revolution has taken the telecommunication industry by storm. The
convenience provided by wireless in the day to day activities is the driving force behind
it's popularity. With the increasing demand for such systems, research in multiple access
techniques has received much interest. CDMA has been proposed as a next generation
multiple access technique for cellular systems. The performance capabilities of a CDMA
system are gauged by a variety of methods including analytical studies and simulations.

Simulation studies are the most reliable and popular performance measurement
techniques. This thesis studies the application of Importance Sampling to the simulation
of the IS-95 CDMA standard. Importance Sampling techniques help to achieve the
simulation results by sending fewer bits and thus reduce the simulation time by a
significant factor. Different versions of Importance Sampling techniques have been
discussed and applied to the system. The results of Importance Sampling have been
compared with the original results for the Bit Error Rate and Frame Error Rate to prove
the validity and the effectiveness of Importance Sampling Techniques.
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1. INTRODUCTION

1.1 Wireless Communication

In recent years, there has been much interest in the development of wireless systems.
[Rapp 93]. Wireless communications holds forth the possibility of communicating
between two points without any physical connection (hard wire) between them. Wireless
systems use radio frequency waves to signal between the transmitter and the receiver.
Commonly used wireless devices are paging sets, police radios, land mobile radio and car
phones. The FCC is allocating new frequencies for a planned ubiquitous personal

communication service.
1.1.1 Cellular Telephone Systems

Cellular Telephony introduced to the public for the first time, the possibility of using
telephony during motion. The word 'mobile' in the term 'mobile communications' has
been derived from the fact that the transmitter or the receiver or both could be in motion
(mobile) during the communication process. Conventional land mobile telephone systems
suffer from many drawbacks like limited coverage, poor service performance and
inefficient frequency spectrum utilization. [Lee 89]. Cellular phone systems are able to

overcome many of these limitations.

Cellular Systems are so called as they are based on the concept of segmenting coverage
area into regions called cells. These cells may have different geometries like circular,
hexagonal or other shapes. Coverage studies have shown that the hexagonal honey-comb
cell geometry provides best frequency reuse in an idealized environment, but practical
cells have irregular shapes based on terrain. A cell generally comprises of a transmitting
base station and a number of mobile users who subscribe to the system. The frequency
path or channel from the transmitting base station to the mobile user is called forward
path and from the mobile to the base station is called the reverse path. The key advantage
of cellular systems is that frequency may be reused in cells separated by sufficient

distance. Figure 1.1 below shows the hexagonal honeycomb cell distribution

Chapter 1 - Introduction 1
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Figure 1.1 - Hexagonal Cell Geometry
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Figure 1.2 - Forward And Reverse Channels In A Cellular System
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1.2 CDMA For Cellular Telephone

The FCC is the central body that allocates frequency to different systems in the United
States. A bandwidth of 62.5 MHz in the 800 MHz band has been allocated for cellular
systems. The boom in the cellular business has led to the situation of a large number of
users in a frequency limited system. Thus, the efficient use of the available frequency
spectrum has become one of the foremost considerations in the design of cellular systems.
This has led to the development of new digital cellular telephone systems which make
efficient use of frequency spectrum. These systems include both the I1S-54 based Time
Division Multiple Access (TDMA) [IS-54] standard and the 1S-95 based Code Division
Multiple Access (CDMA) [IS-95] standard. Because of the potentially higher capacity
and the unique difficulty in simulating CDMA systems, this thesis is focussed on
simplifying the simulation of these systems using Importance Sampling techniques.

f1 = The original bandwidth
f2 = The spread bandwidth

PROCESSING GAIN =12/ f1

FREQUENCY >

Figure 1.3 - Processing Gain In Spread Spectrum Systems
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The idea behind spread spectrum is to increase or spread the bandwidth available for
transmission in order to accomodate more users in the system. This extra bandwidth is
available for protection against interference. The factor by which the bandwidth is spread
is called the SPREADING GAIN or the PROCESSING GAIN.

1.2.1 Types Of Spread Spectrum Systems

Spread Spectrum Systems were initially developed for secure communications problems
such as preventing an enemy from trying to intercept or jam communications during war.
As equipment costs declined, spread spectrum became commercially useful for multipath
rejection and multiple access applications. There are two main categories of Spread
Spectrum Systems:

Frequency Hopped Spread Spectrum (FH/SS)

The basic principle underlying frequency hopping is that the frequency of a user is
hopped or changed frequently in a random manner. A random number generator
determines the hopping frequency. Since the random number generator generates
numbers in a random fashion, the frequency of each user keeps changing in a random
way. There is very little probability that at a given instant, the frequency of two different
users will be the same. If however, such a case arises, there could be a collision. The
probability of such a collision is very low. The data sent is bursty in nature. Even if a
collision occurs, error correction coding can be used to protect data. The chances of
collisions can further be reduced if the random sequences are orthogonal to each other.
Frequency hopping has been proposed for use with the TDMA GSM system to give it
some of the advantages of spread spectrum [Eriksson 92].

Consider a system in which there are deep Rayleigh fades. In a frequency hopped system,
the Rayleigh fade will occur for a much shorter time than any other system if the hopping
rate is greater than the fading rate. The average fade is thus reduced. In fact, a 20 dB fade
in a simple communication system can be significantly reduced to 2-3 dB fade after
implementing Spread Spectrum techniques.

Chapter 1 - Introduction 4
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Direct Sequence Spread Spectrum (DS/SS)

The idea behind this form of spreading is to create a bit stream by the modulo two
addition of two different bit streams and then transmit the combined version. One bit
stream is the information signal and the other is the one generated by a random number
generator. Since the spreading code (sequence) for each signal is different, at the receiver
end, only the correct signal is despread back to its original form. DS/SS has become very
popular and is used in many spread spectrum systems. The following figure [Calhoun 88]
illustrates the process:

1V Data carrying information

Data Stream

-1V

Pseudo Random

Stream

Combined Signals

Figure 1.4 - Direct Sequence Spread Spectrum System

A DS/SS signal has a number of important characteristics. For a DS/SS signal, the
transmission bandwidth greatly increases from the narrowband signal by a factor equal to
the processing gain. The spread signal may be received by correlating with a replica of

Chapter 1 - Introduction 5
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the spreading code. Multiple access capability is achieved by assigning a unique spreading
code to each potential user. The IS-95 system [[S-95] uses a form of DS/SS, and we focus

on this technique in this thesis.
1.2.2 Concept Of CDMA

Code Division Multiple Access or CDMA is the multiple access technique for spread
spectrum systems. Each user has his own code which is different from the code of others.
The advantage of increased capacity is one of the greatest advantages of CDMA over
conventional TDMA or FDMA systems.

Comparison with TDMA and FDMA systems

TDMA or Time Division Multiple Access is based upon the idea of different users using
the same channel at different times. A time slot is provided for each user and the entire
channel can be used by the user. Due to the restriction of the amount of time available to
access the channel, the data transmitted is bursty in nature. The following figure [Calhoun
88] shows the concept of TDMA. The entire frequency channel fl can be accessed at

different time slot (slot 1, slot 2,etc.) by different users.

slot 1 slot 2 slot 3 slot 4

frequency fl1
frequency 2 slot 1 slot 2 slot 3 slot 4
|
|
I
frequency fn slot 1 slot 2 slot 3 slot 4
TIME
N
/7

Figure 1.5 - Time Slots In A TDMA System
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FDMA or Frequency Division Multiple Access is based on the concept of dividing a

particular frequency channel into smaller blocks of frequency. Each user may use a

particular slot of frequency for the entire time. The figure below explains in detail, the
concept of FDMA:

fl1 f12 f13 f14
21 22 23 24
|
|
|
|
fnl fn2 fn3 fn4

freq f1

freq f2

freq fn

\frequency

P

Figure 1.6 - Frequency Slots In An FDMA System

Unlike FDMA or TDMA which allows either the frequency to be shared or the access
time to be shared respectively, CDMA allows the use of the same frequency slot at the
same time for different users. The users are however distinguished on the basis of their

different codes. The figure below explains this concept.

V

freq

f1 t1fl | t2f1 | t3f1 | t4f1 | t5f1 | t6fl
2 | t1f2 | t2f2 [ t3f2 | t4f2 | t5f2 | t6f2
f3 t1f3 | t2f3 | t3f3 | t4f3 | t563 | t6f3
f4 tif4 | t2f4 | t3f4 | t4f4 | t5f4 | tof4
f5 tIfS | t2fS | t3fS | t4f5 | t5f5 | tofS
f6 tife | t2f6 | t3f6 | t4f6 | t5f6 | tofo
tl 2 3 t4 5 t6 N time

Figure 1.7 - Time And Frequency Slots In A CDMA System
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In the above figure, slot t1f] represents frequency f1 being used at time t1.

A detailed comparison of TDMA, FDMA and CDMA is given in [Calhoun 88]. Some of

the important points of comparison are:

Like TDMA, CDMA involves the transmission of bursty data. FDMA differs from the
other two techniques as it involves transmission of continuous data.

FDMA is limited in capacity. This is because the frequency spectrum is divided into
smaller slots and the user has access to only a particular smaller frequency slot. The
capacity of TDMA systems is increased as the entire spectrum may be used by a user
though for a limited time slot. CDMA, proposed as the next generation multiple access
technique, has a theoretical capacity of 4-6 times that of TDMA [Gilhousen 91]. This
capacity increase is not true for analog systems as TDMA and CDMA techniques apply to

digital systems only.

Hand-Off is a major concern in FDMA systems due to the continuous nature of
transmissions. TDMA and CDMA systems involve small bursty data transmission and

hence, hand-off is not a major problem when switching to another cell frequency.

In TDMA and CDMA systems, the same radio channel is shared by a number of users. As
a result, the cell-site equipment cost is shared by different users. The cost is relatively
much more in FDMA systems due to the single-channel-per-carrier nature of FDMA

systems.
1.3 Performance Evaluation Of Communication Systems

There are many ways to determine the performance of communication systems. Of these,
analytical and computer simulation methods are most common [Bert 92]. Analytical
methods involve the study of the system using statistical techniques. Much work has been
done in this area over the last few years. Bello and Nelin [Bel 62], Liu and Feher [Liu 90]
and Chuang [Chu 91] are noteworthy contributors in this field. Computer simulation
involves the testing of the system performance using computer simulation tools. Computer

simulation methods allow modeling of complex systems.

Chapter | - Introduction 8
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1.3.1 Monte Carlo Simulation

The Monte Carlo technique is a simple and very popular simulation technique. It is based
on the principle of transmitting lots of bits in random and comparing the received stream
with the transmitted one for detecting errors. A model of the system transmitter, the
medium or channel and the system receiver is first made. The bits are transmitted at a
specified bit rate. After going through the channel, the received bits are compared to a
threshold value. Depending on whether they exceed the threshold value or not, the
decision is made at the receiver. The next step is to compare each received bit with the
corresponding transmitted bit and then declare if the bit is in error. The Bit Error Rate
(BER) of the system is determined by dividing the number of erroneous bits by the total

number of bits sent.

compare to see if
info. bits bit is in error

____| transmitter || channel| | receiver

decision/threshold

device
Figure 1.8 - Block Diagram Of A Simple Monte-Carlo Simulation Method

For example. if 200 bits out of 10,000 transmitted bits are in error, the BER of the system

is given by
BER = Num. of bits in error / Num. of transmitted bits

= 200/10000
=.02

Chapter 1 - Introduction 9
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The Monte Carlo method is simple and applicable for any communication system.
However, if a system has a very low BER, Monte Carlo method becomes impractical due
to the large number of bits required to simulate the system. Consider a simple baseband
communication system with a BER of 10-0 i.e. 1 bit in every 109 bits sent is in error. In
other words, a minimum of 100 bits must be sent on an average to obtain a single bit in
error, and many more in order to obtain an accurate estimate of the true BER of the

system. Thus extensive simulation time is required [Shan 80].
1.3.2 Tmportance Sampling

The problem described above for Monte Carlo systems led to the birth of Importance
Sampling, a technique to determine very low values of BER for communication systems.
Importance Sampling, as the very name suggests, samples data at important points only
and yet estimates the true BER of the system. It is one of the primary methods adopted for
the simulation of systems with a Gaussian or Rayleigh noise distribution. The aim of
Importance Sampling is to bias or modify the probability distribution function in such a
way as to generate more errors with fewer bits. Using an unbiasing factor called weights,
it then determines the BER of the system after multiplying the received bits in error with
their respective weights. The weight is determined by taking the ratio of the distribution
before biasing to the value after distribution. A detailed procedure to determine the
weights is given in section 3.1.2. There are different versions of Importance Sampling that
are applicable to communication systems. These have been described in length in
section3.2. It has been seen that Importance Sampling provides reduction in simulation
time of the order of 3 to 8.

1.4 Literature Survey

1.4.1 Previous Work

There are different approaches to obtain the performance results for CDMA systems.
Some researchers have used analytical or statistical techniques to evaluate the
performance of communication systems in the past few decades. The primary contributors

to the prediction of bit error rates have been Bello and Nelin [Bel 62]. Their studies dealt

with fading channels and the problem of intersymbol interference. Liu and

Chapter 1 - Introduction 10
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Feher [Liu 90] studied more complicated systems and analyzed the performance of
systems using /4 DQPSK modulation.

However, the most prominent method adopted nowadays is computer simulation.
Software tools allow researchers to build models of the real world system and then use
software tools to predict the performance of these systems. With powerful PCs and
workstations, it is now easy to implement intricate propagation simulation software and
get very accurate results [Seidel 90]. The Mobile & Portable Radio Research Group
(MPRG) at Virginia Tech has been a leader in the development of software tools like Bit
Error Rate Simulator (BERSIM) [Thoma 92 ], Simulator for Indoor Radio Channel
Impulse Measurement (SIRCIM) [Seidel 90] and other similar packages. Shanmugam
[Shan 88] provides an overview of the state of the art in software packages for simulation

of communication systems.

Importance Sampling is a technique to simulate the Monte Carlo system using much fewer
bits. The Importance Sampling technique was implemented on the Qualcomm CDMA
system which had originally been developed by Yingjie Li [Li 93] at the MPRG at Virginia
Tech.

There has been a great deal of previous study of Importance Sampling techniques although
very little of it has focussed on CDMA systems. A major contribution to the study of IS
techniques has been made by Shanmugam and Balaban [Shan 80]. Their studies deal with
the determination of BER over fading channels and choosing the optimum number of
samples to get accurate performance of IS techniques. Jeruchim [Jeru 84] and Hahn [Hahn
89] have studied the application of IS techniques to satellite systems. In [Hahn 89], the
studies show that IS techniques can be applied straight forward to systems with distributed
noise sources i1.e. to n-hop systems. The results were proved with different C/N values for
each hop. In [Jeru 84], similar results have been obtained for a satellite system. The

diagram below shows a simplified block diagram of the satellite system:
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decision

device
receiver BITS

=kl Iy £

transmitter  transponder

NOISE NOISE

Figure 1.9 - Data Transmission And Reception In A Satellite Link

Devetsikiotis and Townsend [Dev 90] obtained time reduction factors of the order of 3 to
8 and derived the results for near-optimal set of biasing parameters. Later, in 1992, they
combined with Wael A. Al-Qaq [Wael 92] and applied IS methods to communication links
characterized by time-varying channels and using adaptive equalizers. Theses adaptive
equalizers adapt to the noise for a duration equal to the memory of the system. A very
detailed study of different approaches to IS techniques has been provided in [Jeru 84]. The
work explores the suitability of different techniques like tail extrapolation theory, quasi-

analytical methods and extreme value theory.
1.4.2 The Bit Error Rate Simulator (BERSIM)

The Bit Error Rate Simulator (BERSIM) is a software tool developed by the Mobile &
Portable Radio Research Group (MPRG) at Virginia Tech. It is used to explore the
properties of high data rate wireless mobile and portable communications links [Thoma
92]. The first version of BERSIM was BERSIM 1.1 developed by Victor Fung [Fung 91],
a graduate student at the MPRG. It has now been modified to BERSIM Version 2.0 and
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can be run on the SUN workstation and on the IBM personal computer. The flow chart

[Thoma 92] for Its operation is shown below:

start |

enter
parameters

C/1>100dB

gen cochannel
interference

outdoor

run tworay.exe

N%

run
run indoor.exe BERSIM

indoor

>lJ stop l

Figure 1.10 - Flow Chart For BERSIM 2.0
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Like any other communication system, BERSIM consists of a transmitter, channel and a

receiver. Its basic structure is shown [Thoma 92] below

supporting

= I —%

delay comparator
unit

N

data
E
data channel

source transmitter 'ﬂ I’9 receiver

STRUCTURE OF BERSIM 2.0

Figure 1.11 - Structure Of BERSIM 2.0

In this thesis, BERSIM Version 3.0 has been used which simulates a 1.25 MHz CDMA

system.

Chapter 1 - Introduction 14



Application of Importance Sampling Simulation to CDMA Systems Sanjay Nagpal

The characteristics of BERSIM 3.0 are given in a tabular form below [Li 93]

TABLE 1.1 - Characteristics Of BERSIM 2.0

PARAMETERS OPTIONS
Modulation I1/4 DQPSK,BPSK, FSK
Data Rate 0 to 10 Megabaud

Carrier frequency

unlimited

Channel

two-ray,flatRayleigh, SIRCIM,SMRCIM,
user defined

Symbol timing recovery

perfect timing jitter

Interference white  Gaussian  noise,  co-channel
interference

Input parameters, random or user supplied data,
channel definition file, internally generated
channel

Output bit error rate, outage rate, bit error

pattern, eye pattern

Computer supported

PC compatible, SUN workstation. X-

windows user interface

Hardware component

installs in standard PC/AT expansion slot,
replays bit error pattern in real time on
user's baseband data (upto 15 Mbps)

1.5 Research Objective And Outline Of Thesis

1.5.1 Research Objective

The purpose of this research is to incorporate Importance Sampling in the simulation of
the IS-95 CDMA standard. The 1.25 MHz CDMA system has been pioneered by

Qualcomm Inc., and is expected to become the next generation multiple access scheme for

cellular systems. BERSIM 3.0 is used to perform the simulation study.
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The need to incorporate Importance Sampling arose due to the large amount of time
originally taken (24 hours) to simulate the system. Such a large delay in the simulation
process is unacceptable for practical applications. Importance Sampling had been earlier
applied to other communication systems which were much simpler. The challenge for this
work was to understand the entire working of the CDMA system and then successfully
implement Importance Sampling into the system in ordered to speed it up. The success of
this implementation is evaluated by comparing the results with those of the original
system. This work is unique because it represents the first implementation of Importance
Sampling techniques for complex spread spectrum systems with memory. (The concept of

memory is explained later in Chapter 3).
1.5.2 Organization Of Thesis

Chapter 2 describes in detail the components of the Qualcomm CDMA system. Chapter 3
describes the different forms of Importance Sampling. Chapter 4 describes the simulation
approach and the reasons for choosing a particular type of Importance Sampling. Chapter
S describes the results obtained with Importance Sampling (demonstrates the curves for
BER using BERSIM and the tables of values for different values of Eb/No). Chapter 6
concludes the thesis and indicates possible future work that could be done. Appendix A
gives a list of references used in the thesis. Appendix B contains the code and explains

how different programs have been linked and compiled to achieve the results.
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2. The CDMA Model Used In The Simulation

Sanjay Nagpal

The CDMA System used is the one specified by Qualcomm Inc. and is described in detail
in the IS-95 CDMA standard [Qual 92]. It describes in detail, the system model and
components for forward (base station to mobile) channel and reverse (mobile to base

station) channel. It gives an elaborate list of system parameters. The simulation of the

system using simple Monte Carlo simulation was done by Yingjie Li, a former student at
the Mobile & Portable Radio Research Group (MPRG) at Virginia Tech. A block
diagram of the system is given below

block sym. cover
conyv. ) data
interleaver
encoder .
scrambling
—> > Hgg_} M IPN seq
data in U REF
| X
BF
QPN seq
—y
long
code decimator decimator
gen.

Figure 2.1 - Block Diagram Of The CDMA System Components
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A brief description of the different parts is given below. For detailed descriptions, one
may refer to the [S-95 manual [Qual 92].

2.1 Requirements For CDMA Operation

2.1.1 Power Control And Output Power Levels

Necessity Of Power Control

Power control is used to minimize the impact of the fading of the received signal
[Cameron 93]. Power control allows efficient transmission of power since the minimum
required amount of power is transmitted. This helps reduce battery consumption. In
CDMA systems, power control is a primary concern.

Measurement studies have shown that the power received falls off inversely with the

distance. For free space, the received power is inversely proportional to the square of the
distance through which the signal propagates.

P 0  mmemmeeee- 2.1)

where n = 2 for free space.

In a cellular system, the forward and reverse channel are depicted in the following figure
[Cameron 93]:
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