l* l Nationa! Library

of Canada du Canada

Bibliothéque nationale

Canadian Theses Service  Service des théses canadiennes

Onawa, Canada
KI1A ONa

NOTICE

Thequality of this microform is heavily dependent upon the
quality of the original thesis submitted for microfilming.
Every effort hasbeen made to ensure the highest quality of
reproduction possible.

\ pages are missing, contact the university which granted
the degree.

Some pages may have indistinct print especially if the

oniginal pages were typed with a poor typewriter ribbon or
if the unpwaegrsny sent us an inferior photocopy.

Reproduction in full orin part of this microform is med
by the Canddian Copyright Act, R.S.C. 1970, ¢. C-30, and
subsequent amendments.

NL-XI9 (r. $&04) ¢

AVIS

La qualité de cette microlorme dépend grandement de 1a
qualité de la thése soumise au microtilmage. Nous avons

tout fait pour assurer une qualité supérieure de reproduc-
tion.

Sl manque des pages, veuillez communiquer avec
Tuniversité qui a conféré le grade.

La quali.é dimpression de certaines pages peut laisser 4
désirer, surtout si les pages originales ont été dactylogra-
phiées a raide d'un ruban usé ou si lfuniversité nous a tait
parvenir une photocopie de qualité intérieure.

La reproduction, méme partielle, de cette microforme est

soumise a la Loi canadienne sur le droit d'auteur, SRC
1970, ¢. C-30, et ses amendements subséquents.

Canada



Permission has been granted
to the Rational Library of
Canada to microfilm this
thesis and to lend or sell
copies of the rilm.

The author (copyright owner)
has reserved other
publication rights, and
neither the thesis nor
extensive extracts from it
may be printed or otherwise
reproduced without his/her
written permission.

. extraits

L'autorisation a &té accordée
4 la Bibliothéque nationale
du Canada de =microfilmer
cette thése et de préter ou
de vendre des exemplaires du
£film.

L'auteur (titulaire du droit
d'auteur) se réserve les
autres droits de publication:
ni la thése ni dJde 1longs
de celle-ci ne
doivent @&tre imprimés ou
autrement reproduits sans son
autorisation é&crite.

ISBN 0-315-56434-2



Direct Sequence Spread Spectrum Multiple Access
System Performance in an Indoor Milieu

Characterized by Rician Channel.

by
Eng Chai Lim
A thesis submitted to the
School of Graduate Studies and Research

in partial fulfillment of the requirements

for the degree of

Master of Applied Science

Ottawa-Carleton Institute for Electrical Engineering
Department of Electrical Engineering
Faculty of Engineering

University of Ottawa

August, 1988

D Eng Chai Lim, Ottawa, Canada, 1989
N




Z=>| UNIVERSITE DOTTAWA
UNIVERSITY OF OTTAWA



ABSTRACT

The objective of this thesis is to investigate the performance of a direct sequence spread
spectrum multiple access (DS/SS-MA) system in an indoor environment which is expected
to undergo a large amount of multipath fading. The indoor wireless communication (IWC)
system in our study employs selection diversity (i.e., DS/SS and space diversity) and
differential phase shift keying (DPSK) modulation of the information data bit stream. In
our work, we simaulate the system in the form of discrete models which lends itself to the
study of the effects of resolving the multipath and exploiting it in the form of diversity. We
determined that DS/SS diversity, in comparison to no diversity, improves the performance
of the IWC system in 2 multipath fading indoor environment. However, we show that the
improvement, in system performance, is greater when space diversity reception operates
in tandem with DS/SS modulation.

The performance analyses are based on actual indoor radio propagation measurements
and Rician channel model reported in [9]. The propazation measurements were conducted
in order to determine the characteristics of 910 MHz radio channels operating in several

different indoor office environments. The performance of the scheme under various possible.- '

scenarios was computed as a result of this reported channel characteristics. We compared
the performance of this scheme for two different code sequence sets (N = 127 Gold and
N = 255 Kasami codes) and determined that there is significant advantage in deploying
the N = 255 Kasami sets. Specifically, the performance of the IWC scheme at information
data rates of 32 kb/s, 64 kb/s and 144 kb/s were found. These data rates are compatible
with the new cellular access digital network (CADN) architecture recently proposed in [1}.

=}



ACKNOWLEDGEMENTS

The author would like to express his deepest gratitude to his supervisor, Dr. Peter
Galko, for his technical, material and financial support throughout this thesis program.
His guidance, generosity and kindness are greatly appreciated.

The author would like to extend his sincere thanks to the members of his M.A.Sc
advisory commitee, Dr. 5.A. Mahmoud (for participating in initiating this thesis topic)
and Dr. W.F. McGee. Their time and contributicns are respectfully acknowledged.

The financial assistance provided by the Natural Sciences and Engineering Research
Council of Canada and the University of Ottawa, in the form of scholarships, and the
Department of Electrical Engineering is gratefully acknowledged.

Lastly, the author wishes to express his deepest appreciation to his wife, Siow Phore,

and son, Adam, for their patience, support and encouragement throughout this project.



TABLE OF CONTENTS

ABSTRACT
ACKNOWLEDGEMENTS
TABLE OF CONTENTS
LIST OF TABLES

LIST OF FIGURES

LIST OF ABBREVIATIONS

1.0 INTRODUCTION
1.1 INDOOR WIRELESS COMMUNICATIONS
1.2 OBJECTIVES AND SPECIFICATIONS OF IWC SYSTEMS
12.1  Integrated System Approach
122 IWC System Design Considerations
1221 IndoorRadio Propagation Considerations
1222 Diversity Techniques Considerations
13 THESIS ORGANIZATION
2.0 MULTICHANNEL DIGITAL SIGNALLING - REVIEW
2.1 DPSK MODULATION-DEMODULATION SCHEME

22  CHANNEL MODEL - MULTIPATH MODELS
221  Rayleigh Distribution Model

iv

u

e



3.0

4.0

222

Rician Distributon Model

25 THE MULTICHANNEL MODEL

23.1  Probabilty of Emror for Multichannel
Reception of Birary Signals

23.2  Probabilty of Error For DS/SS-MA with DPSK Modulation
DS/SS-MA SCHEME
3.1 OVERVIEW AND INTRODUCTION TO INDOOR

DS/SS-MA SYSTEM

3.1.1  Processing Gain (Gp) and Limitatdons of Code Rates

3.12  Generaton, Transmission and Reception of DS/SS Signals

32 DIRECT SEQUENCE CODES FOR CDMA APPLICATION

321
322
323
324

D/S Codes’ Parameters
Maximal Length Sequences
Gold Codes

Kasami Codes

3.3 PROPOSED DS/SS-MA RADIO SYSTEM DESIGN

3341
332
3.33

Comrnunication Watchdog Unit / Average Power Control

DS/SS-MA SYSTEM MODELS & PERFORMANCE EVALUATION
4.1 SYSTEM MODELS

4.1.1

DS/SS-MA Transmitter Model

43
a5
45
47
50
53

4

59

61
61



4.12  DS/SS-MA Channel Model
413  DS/SS-MA Receiver Model

SYSTEM PERFORMANCE EVALUATION
421  Demodulaton
422  Prooability of Error Expression
4221 DS/SS Diversity only
4222 DS/SS & Space Diversity Combination

5.0 DS/SS-MA SYSTEM SIMULATION

5.1
52
53
54

Direct Monte Carlo Simulatdon Technique
Semi-Analytical with Monte Carlo Simulation Technique
Utlization of Measured Channel Data

Results and Discussions

6.0 SUMMARY & SUGGESTIONS FOR FURTHER RESEARCH

APPENDIX : DS/SS-MA SIMULATOR LISTINGS

Al

B.

"HD" Simulator

"BER" Simulator

BIBLIOGRAPHY

67
67
71

100

104
104

123

147



L INTRODUCTION

1.1 INDOOR WIRELESS COMMUNICATIONS SYSTEMS

In recent years, indoor wireless communications (IWC) systems have become an active
research area [1-9]. This research is spurred on by thLe increasing proliferation of terminals,
workstations, private branch exchanges (PBX’s) and telephones in the office environment.
However, while there is sufficient technology to transmit high volumes of voice and data
information within an integrated network, the interface of user terminals to the network
remains costly and restrictive.

The existing communication network which provides connectivity via wire cables, or
in recent years fibre optic cables, are not cost efficient or readily amenable to changes and
enhancements. The installation of a new terminal or relocation of an existing equipment
may necessitate cable pulling or laying of more conduits (if there is no spare or available
connections at the chosen site) and often requires a significant lead time for installation. In
addition, subscriber loops and building wiring is expensive to install and raises the overall
construction costs for new buildings. Wired connections also limit users’ mobility. The
need for such physical facility can be avoided with wireless communication. The potential
cost reductions, flexability and mobility features provided by wireless communications will
make possible a variety of applications not only in residential and building offices, but also
in other structures suck as stock exchanges, warehouses, manufacturing plants, carriers
(land, sea and space), instrumentation environments, etc.

Three different types of signals may be used for indoor wireless communications [S]:
ultrasonic, infrared and radio frequency (RF) signals. Among these three, infrared and
RF signals are the most promising candidates as the limited ulrasonic band would pre-
clude providing high data rate services. Infrared signalling does not seem as promising
as RF signalling due to limitations imposed by interference sources such as ambient light,
humidity and smoke in the working environment which reduce the effectiveness of infrared
signalling at high data rate transmission.



The application of RF signalling for indoor application requires selection of an RF
band. The very high frequency (VEF—30 to 300 MHz) and ultra high frequency (UHF—
300 MHz to 1 GHz) bands are both suitable. However, because of the overcrowding
and congestion (coupled with the limited total bandwidth allocation) in the VHF and
lower end of the UHF spectrum by both commercial and miltary users, frequencies in
the 900 MHz range (formally released for advanced high capacity cellular Jand mobile
radio communication systems in 1981 by FCC and DOC) seem most appealing for low
power communication applications in the indoor environment. The 900 MHz frequency
band selection is a direct result of the increasiug demand for mobile radio communication
services such as radiophones, radio paging, radio or emergency dispatch, navigation control,
status reporting, etc. The 900 MHz band has sufficient bandwidth (a 40 MHz bandwidth
allocation) to accomodate this increased demand. Several cellular mobile radio systems
currently operate in this band in various countries. Cellular mobile radio systems are
efficient spectrum users due to their high density spatial co-channel frequency reusage.

In the indoor environment, the rapidly growing demand for new communication ser-
vices along with recent advances in technology have created 2 strong rationale to provide
an overall integrated services digital network (ISDN). The type of services, existing or
proposed, run the gamut from telemetry applications (security/alarms or annunciators,
telecontrol or supervisory control and data acquisition activities such as in the form of
energy management) to high definition television programming with channel capacities
requirements ranging from 1 kb/s up to about 1 Gb/s. These indoor communication ser-
vices can be classified by information type (such as, voice, sound, video and includes text,
graphics and data communications) in each of the different types of market (residential and
business). The ultimate goal of any indoor communication network is to convey 2ll types
of information (voice and data) among machines and people at all desired locations. The
emergence of residential cordless telephones, however popular, cannot replace wired phone
sets within an office building because they are constrained by regulatory requirements
(FCC and DOC), geographical range, susceptibility to interference and lack of privacy.
This is a result of the wireless telephones operating in 2 limited voice-bandwidth allocated
in the overcrowded VHF (46 and 49 MHz) range, which is heavily occupied by a plethora
of commercial and miltary users. Cellular technology, at the higher 9500 MHz carrier fre-

quency band, applied within a building provides a2 means of overcoming theAs‘g shortcomings
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with its greater set of features such as its ability to page called wireless terminals, regulate
channel access and direct transmission to different wired cell sites as a terminal moves
through the building.

Recent indoor radio propagation studies, such as in {3], have shown the propaga-
tion channel of the office environment has a proclivity for frequency selectivity fading for
RF propagation at 900 MHz. To counter the effects of frequency selectivity fading, one
method suggested is to employ direct sequence spread spectrum (DS/SS) modulation [2-
4,9,10]. DS/SS modulation, until recently, has been an esoteric method widely used in
miltary communication systems, mainly to provide resistance to jamming and interception
measures by the opposing side. In the same way, the IWC sytem employing this DS/SS
moedulation technique, should cause little interference as the signal will be severely attenu-
ated outside an office building. The capability to accomodate frequency reusage by signal
overlay, using code division multiple access (CDMA), is the key reason for the relaxation
and encouragement of recent rulings by the FCC [11,12] which permit spread spectrum
development for commercial applications. However, the major motivation for employing
DS/SS modulation in the indoor environment remains that of providing a useful multipath
countermeasure.

In the implementation of any communication system the selection of a suitable mo-
dem (modulation-demodulation) technique requires some tradeoffs. In general, coherent
demodulation techniques offers superior performance especially for stationary or fixed-
point to point use. However, attaining synchronous carrier recovery in a multipath fading
milieun is difficult in practice. The need to recover the RF carrier in such a system thus
leads us to consider incoherent detection as an alternative. Therefore for our purpose we
select differential phase shift keying (DPSK) modulation as a viable technique. To counter
the deleterious effects of multipath fading, the combination of DS/SS modulation with
space diversity is advocated. In practice, space diversity (in the form of antenna selection
diversity) is more efficient and is less complex than maximal ratio combining especially
when two antennae is configured for diversity reception. We note that selection diversity,
in our case, can be realized either by space diversity or by resolving the multipaths or both.
We contend that space diversity reception when operating in tandem with DS/SS mod-
ulation will have synergistic countereffects against multipath fading typical of an indoor
environment. We shall examine this aspect of such a system in detail in this thesis.
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In this thesis, we consider a DS/SS-MA scheme, illustrated in Fig. 1.1, for our IWC
research. In the IWC system under consideration, we assume that there are A spur links
where the users are simultaneously trying to communicate with a base station using DS/SS.
Each user is assigned a distinct spread spectrum code sequence of period .V from a set
of sequences with low cross-correlation properties. This allows the receiver at the central
station to separate the different received signals on the basis of code-division multiplexing.
~ This DS/SS-MA scheme was analysed in [3,4] with switching functions based on dig-
ital PBX’s (handled using standard PBX features) and shared with wired-based ISDN
applications. The performance of this scheme at information data rate of 32 kb/s was
investigated assuming the indoor environment could be modelled by a Rayleigh fading
chennel More recently, measurements of some actual indoor propagation characteristics
[7] have suggested that a Rician fading channel model is more appropriate. Qur intent in
this thesis is to evaluate the system performance with actual path data and at higher data
rates (up to 144 kb/s). Before we proceed with the systematic study of the scheme let us
outline the objectives and general specifications of an IWC system.

1.2 OBJECTIVES AND SPECIFICATIONS OF AN IWC SYSTEM

1.2.1 Integrated System Approach

In designing an IWC system, the engineering objectives should be considered from a
wider perspective rather than just simply providing a link between terminals and central
stations or providing voice communications between people working in their offices. Asa
result of the need to provide an overall integrated sytem approach to IWC with access to
advanced integrated services digital network (ISDN), a new cellular access digital network
(CADN) was proposed recently [1]. The new CADN architecture (Fig. 1.2) will introduce
a systematic approach to IWC by including the capabilities of cellular technology to indoor
digital radio transmission technologies. The key components of the architecture are the
proposed functional standards; the cellular integrated services digital networks (ISDN)
standards (Fig. 1.3) and the cellular digital RF standards (Fig. 1.4). The main features
of this system are the all digital transmission, increased bandwidth efficiency, enhanced
control over network functions and wireless access to many integrated services digital
network (ISDN) features to be introduced to the public networks. :
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The scheme illustrated in Fig. 1.1 shows a basic indoor cell which may represents an
indoor cell site (ICS) in the proposed CADN architecture. The base or central station
can in turn be linked to other base stations (indoor or outdoor cell sites) based on the
proposed digital cellular standards. As discussed above, the key feature of this system is
the provision of wireless accesses to ISDN.

The adoption of a CADN network or similar structure will provide a systematic ap-
proach to IWC. Each CADN user will have access to two types of channels: I (information)
channels and C (control) channels as illustrated in Fig. 1.5. The I channels will be used
for carrying user packet data while the C channels, will be designated for transmitting
network control signalling information and user information. The CADN user will be al-
lowed to either (2I+C) channels, similar in some aspects to the ISDN basic access (2B+D)
structure, (I+C) channels or a C channel at any given moment and understand that the
need maybe allowed to change during a call and that the channel rates may vary. Based
on these interface standards, we will investigate the performance of the IWC system for
three different source rates, i.e., 32 kb/s, 64 kb/s and 144 kb/s. We note that the indoor
CADN switching functions could also be based on digital PBX's (with call set-up handled
using standard PBX features) and shared with wired-based ISDN applications.

In summary the overall IWC system should offer the following:

(a) low cost and ease in implementation,

(b) high quality and reliability,

(¢) expandability, flexibility, portability, mobility,

(d) inherent addressing, security, interception resistance and hence traffic privacy,

{e) multipath resistance capability, i.e., system designed should be robust to withstand
varying channel conditions, i.e., entail requirement of a robust modulation technique,

(f) frequency reusage by signal overlay with respect to other systems and lastly

(g) be an integral part of the overall CADN architecture.
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1.2.2 TWC System Design Considerations

1.2.2.1 Indoor Radio Propagation Considerations

From a system engineering viewpoint, based on past experience, a considerable amount
of time and resources are required to study the radio propagation environment for which
the radio systems are meant to be used. To achieve a stable radio propagation path in any
environment, stable or almost ideal path conditions have to exist such as ideal chmatic
or ambient conditions and suitable siting of radio terminals. This requires that no path
obstructions with intervening terrain sufficiently “broken™ to eliminate ground reflections
and that there be no external reflecting bodies (termed signal reflectors) or objects or
scatterers within the vicinity. Obviously such ideal conditions seldom exist, especially in
the UHF and microwave radio environment, and the bane of many a radio system engineer
is the existence of multipath propagation effects due to lack of some of the ideal or stable
factors described above.

To illustrate the multipath fading environment let us consider an IWC Iink or 2 single
hop radio system as shown in Fig. 1.6. We note that in an IWC system, there are three
possible types of RF links: fized-point to point link (i.e., fixed-terminal to fixed-base sta-
tion), mobile to fized-point link (i.e., portable terminal to fixed-base station) and mobile to
mobile link (could be direct portable terminal to another portable terminal or in the case of
two hop radio link, portable to portable terminals via a fixed-base station). The potential
for multipath interference arises when transmitted signals, as a result of signal reflectors
and or scatterers in the medium, reach the receiver via two or more paths with different
overall lengths and arrivals. Depending on the frequency and relative path lengths, the
possibility of the signal over one path arriving in phase with signals over other paths, and
remain so, is extremely remote. Consequently, the signals may add destructively producing
deep nulls or trough coincidences in the signal power available at the receiver as graphically
demonstrated in Fig. 1.7.



Fig. 1.6 An IWC radio link under multipath fading illustrating discrete multipath
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Basically, there are two kinds of channel variations, based on distinctions in time
scales for the fluctuations, known as: (a) shori-term fading and (b) long-term fading.
Roughly, the short-term variations concern the duration (typically ranging from fractions
of seconds to a few seconds) of the temporal fades and affect the details of the received
signals structure and thus concern the possibility of errors in reception of the information
signal. Long term fading is concerned with the availability of the channel, where the actual
structure of the channel and the mean path attenuation changes substantially, with a
downtime magnitude in the order of minutes, hours or days for that matter. In this thesis
we are primarily concerned with short term fading. The multipath fading phenomenon
may also be classified into slow or fast feding mode. The slow fading mode pertains to
variations of the local mean space over larger distances. If is primarily attributed to a
change in the indoor configuration or topography and generally due the presence of large
objects or scatterers interposed between the IWWC link and usually at greater distances
from the intended recever. Fast fading, on the other hand, is a rapid varation of the
received signal over a short length (i.e., at a quarter to three quarters of a wavelength
where one wavelength corresponds to about 36 cm. for 1 GHz frequency range) with
maximum variation of 40 dB reported in [7] and 60 dB in [13]. This fast fading is due to
the interference pattern caused by the local scattering of the signal, i.e., the effects of local
scattering results in the combination of multipaths of about the same strength but with
different phases.

In the indoor environment, there are two situations where variations in the received
signal envelope as a result of multipath fading should be taken into consideration. For a
fixed-radio link, temporal variations in the received signal envelope, caused by the move-
ment of personnel and machinery, should be taken into consideration. For a mobile link, in
addition to this temporal fading, considerations must be given for signal variations due-*2
movement in the spatially distridbuted field patterns. That is, the multipath fading model
in the mobile indoor system should take into account the relative movement of the radio
terminals, in addition to other changes in the environment.

It has been found [14,15] that when the received signal power is measured, as a result
of either the spatial (in a vicinity of tens of wavelength) and or temporal (in tens of
seconds) variations of multipath fading channel, fast and deep fluctuations are observed
in the received signal envelope. This is due to the large number of waves propagating
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randomly in different directions as a result of randomly moving scatterers or presence
of reflectors in the propagating medium. In mobile radio propagation studies, in most
instances (i.e., when there is no predominant or contributing component), the fluctuated
signal or temporal fading envelope observed exhibit Rayleigh feding distributions. However,
in addition to the randomly moving scatterers or presence of reflectors, when there is 2
dominant or contributing component (viz a direct line of sight or a specularly reflected
component) the envelope fading is seid to be characterized by a Rician distridution such
as in the case of the indoor environment observed in {7].

There are instances where, as a result of a moving or mobile receiver (in the case
of mobile to fixed-point or mobile to mobile links), the phenomenon of Doppler cffect
should be considered. This effect shifts the frequency of the signal. This shift is dependent
upon the speed of the moving receiver relative to the transmitter and the angle of arrival
between the signals and the direction of the heading mobile receiver. As the received signal
is a combination of several multipath components from different directions, the Doppler
shift is not uniform and thus spreads the signals over a bandwidth wider than originally
transmitted. Doppler spread or time-selective fading effect is regarded as the temporal
decorrelation effect of the multipath fading and may impose a limit on the bit error rate
(BER) performance which cannot be improved by increasing the transmitter power. The
maximum Doppler frequency or Doppler spread (denoted as By) of a channel is the measure
of the spectral width of the received carrier when a single sinusoidal carrier is transmitted
through the multipath fading channel. In practice, the associated term coherence time
{which is inversely proportional to the Doppler frequency) is usually defined as the time
interval to obtain an envelope correlation of 0.9.1

Similarly, based on the dual relationship between time and frequency, the term coher-
ence bandwidth (denoted as Af.) is defined as the frequency spacing to have an envelope
correlation of 0.9 or less. It can be shown that this bandwidth is inversely proportional to
the time delay spread.? The time delay spread of a channel is the measure of the temporal

1 In some references or texts such as [16,17] the precise definitions of coherence time and it exact
~inverse relationship to the Doppler spread, often differs based on the threshold value of the correlation
used to determine coherence time.

2 As above, the precise definitions of coherence bandwidth and its exact inverse relationship to the
multipath delay spread, are usually based on the the threshold value of the correlation used to determine
coherence bandwidth.



width of a received multiple-impulsive carrier transmitted through the multipath fading
channel. The effect of time delay spread, which can be regarded as frequency-selectivity
fading, must be taken into account when the bandwidth (denoted as W) of the transmitted
signal is greater than the coherence bandwidth of the channel. The delay spread in our
system is actually a random: quantity; the precise definition of the time delay spread that
we use here is that of the root-mean-square delay spread defined in 6] by

T = \[Z E{fn — 7}
F{

where 7; is the delay of the ith component and 7 is the mean delay. Thus, in summary,
the multipath fading phenomena can be divided into three categories: (a) Envelope fading
(nonselective), (b) Time-selective fading (Doppler Spread) and (c) Frequency selective
fading (time delay spread).

Having focused on the parameters of the multipath channel briefly, let us consider
some common techniques to overcome the effects of multipath fading.

1.2.2.2 Diversity Techniques (Multipath Fading Countermeasures) Considera-

tions
As a result of deep nulls or large channel attenuation due to the effects of multipath

fading, errors occur in reception of the information transmitted. To combat the deleterious
effects of multipath fading, diversity techniques are employed. The deployment of diversity

techniques is based on the notion that if we can provide to the receiver several (or M)

copies of the same information signals transmitted over what are essentially independently

fading channels, the probability that all the signal components will fade simultaneously is
reduced considerably. To provide this diversity there are several different techniques we
can employ such as:

(a) Frequency Diversity - The information sigral is transmitted over several or M carriers
where the guardbands or separation between succesive carrier frequencies equals or
exceeds the coherence bandwidth of the channel.

(b) Space Diversity - This method involves employing more than one (M) antennae,
spaced sufficiently apart so that the multipath components of the sigpal transmit-
ted arrive with significant different propagntion delays at the receiving antennae. The
common method is to employ one transmitting antenna and multiple receiving anten- |

nae (judiciously spaced apart).
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(c) Time Diversity - The information signal is transmitted in M different time slots where
the separation between successive time slots equals or exceeds the coherence time of
the channel.

{(d) Wideband Diversity - This method is based on the application of the signal, with a
bandwidth (W), transmitted through a channel with multipath delay spread (Tm)
where W is much greater than the coherence bandwidth (Af. = 1/T,) of the mul-
tipath channel. Such a signal when received will provide resolvable multipath com-
ponents with a resolution in time delay of 1/W, i.e., it will provide the receiver with
M (where M = T, W) separate independently fading signal paths. This technique is
thus viewed as an alternate method for providing frequency diversity of order M.

In the indoor environment, multipath fading is 2 major concern and to ameliorate this
problem appropriate countermeasures are required. In practice, space diversity is a simple
and effective multipath countermeasure and has been efficiently emploved. When com-
bined with or operating in tandem with another diversity technique such as frequency
diversity (typically found in microwave radio systems that operate over hostile multipath
fading environment) the overall system performance and path reliabilty has proven to have
increased. In our IWGC study, we will employ 2 DS/SS-MA system configured with space
diversity. The application of DS/SS modulation technique is based on the notion that
spreading the transmitted signal bandwidth (where the resultant bandwidth will be much
greater than the coherent bandwidth of the channel) will provide the inherent frequency
diversity requirement.

To illustrate this concept, let us consider, hypothetically, transmitting a very narrow
pulse or equivalently a wideband signal over a multipath fading link as illustrated in
Fig. 1.6. The received signal, as a result of multipath scattering, might appear as discrete
pulses as (Fig. 1.8) with a time delay spread T,,. Suppose, in lieu of the narrow pulse
signal, we had a DS modulated signal transmitted over the same multipath channel. As a
result of the multipath effects we assume that the discrete multipath channel (see (18] for
the description of Turin’s classical discrete multipath channel with DS/SS signalling) will
provide, in this case, M = 4 resolvable multipath components as shown by the correlator
or matched filter outputs (Fig. 1.9)-
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Fig. 1.8 Iilustration of time delay spread with four discrete multipath components as a
result of transmission of narrow pulse signal via discrete multipath channel of Fig. 1.6

DS signal
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Fig. 1.9 Illustration of DS modulated signal with four resolved multipath components
for a single transmission via discrete multipath channel of Fig. 1.6
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Note the peak of the main lobes of each component have to be separated by at least one
chip time, denoted by T, (which is inversely proportional to the DS/SS signal bandwidth),
for it to be resolved. This technique is thus viewed as an alternate method for providing

“frequency diversity” of order M = 4. This diversity technique actually dates back (circa

1958) to the concept of RAKE correlator or matched filter for a HF system [19].

In summary, the application of direct sequence spread spactrum (DS/SS) is motivated
by the following advantages:

(2) asynchronous multiple access capability via code division multiplexing (CDMA),

(b) inherent addressing, security, interception resistance and hence traffic privacy features,

(c) frequency signal overlay with respect to other RF systems

(d) low cost and ease in implementation.

(e) compared with infrared or ultasonic signalling, DS/SS offers higher data rate and
range,

(f) inherent frequency diversity. SS systems are less susceptible to multipath signal vari-
ations than conventional systems. In a DS receiver if the reflected signal is delayed,
compared to the direct-path signal by more than one code chip, the reflected signal is
treated exactly the same as any other uncorrelated signal. The higher the code chip
rate for a particular system the smaller the multipath problem, i.e. as the code rate is
increased the path length for which the reflected signal interferes is further reduced.

However, there are some drawbacks that has to be addressed such as

(2) the presence of near-far field problem which requires average power control policies

and

(b) the reduction or elimination of potential interference to other existing systems.
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1.3 THESIS ORGANIZATION

The major part of the two chapters of this taesis, following this introductory chapter,
provides review material. Chapter II provides relevant background material on multi-
channel digital signalling in an AWGN environment. The general concepts of transmitter,
channel and receiver models (with the typical DPSK modem as an example) are presented
as stepping stones or guides to our DS/SS-MA s 'stem modelling in subsequent chapters.
A detailed discussion on the multipath fading phenomena is presented and the statistical
models (Rayleigh and Rician distributions) Jor multipath fading are developed. Chapter
II also develop an expression for tiie probability of error of the modulation-demodulation
schemes based on the characteristic function approach. Chapter III then discusses the
DS/SS-MA scheme in the context of CADN network architecture. The DS/SS-MA tech-
nique is briefly reviewed and the selection of DS codes for CDMA application is detailed.
Specifically, two suitable CDMA codes, Gold and Kasami codes, with their low cross-
correlation properties, are discussed. A design implementation of the proposed IWC sys-
tem is included to complete this chapter.

The remaining chapters represent the research contributions of this thesis. Chapter
IV deals with the modelling of the IWC system considered in this thesis and derives the
system performance equations based on the proposed system models. Chapter V discusses
the implementation of the simulator developed for our IWC study. The performance
evaluation of the I'VC system is derived based on the system performance parameters
(given in Chapter IV) and the probability of error expression (developed in Chapter III).
The details and results of the simulation, based on the IWC system models and actual
Rician path values, are included in this chapter. Lastly, Chapter VI outlines the conclusions

reached with some suggestions for futher research.



I. MULTICHANNEL DIGITAL SIGNALLING-REVIEW

Before we discussed the general transmitter, channel and receiver models of a multi-
channel system let us review the binary DPSK modem scheme. This signalling technique

will serve as an example in our multichannel system.

2.1 DPSK MODULATION-DEMODULATION SCHEME

The DPSK signalling scheme makes use of an ingenious technique to avoid the need
for a coherent reference signal at the receiver, i.e., the phase reference for demodulation is
derived from the phase of the carrier from the previous signalling interval. As a result the
receiver is able to decode the information from the differential phase as described below.

At the DPSK transmitter, the information is encoded into phase differences between
two successive signalling intervals as shown in the block diagram in Figure 2.1. The
differential encoder maps the information signal, v(¢) (where v(t) is 2 NRZ PAM signal),
represented by the binary data stream ...,¢—1,90.01,--.(gn € {—1,1}) into the binary
sequence (b, € {—1,1}) through the following logic operation®

b = gnbn-i.- (2.1)

Thus, as a result of the differential encoding process the transmitted signal, s(¢), changes
its phase by shifting the carrier by = radians relative to the phase in the previous signalling
interval when g, = —1. When g, = 1 there is a zero or no phase shift relative to the phase
in the previous signalling interval. Hence the transmitted signal can be represented by

So(t) = cos{wet + (ba7/2) + &), (2.2)

3 If the input binary sequence is given by the sequence (gn € {1,0}), the output of the differential

encoder is generated by by = bn @ ba—1. A level shift is then required to remap the encoded bit stream,
b € {0,1}, into b, € {1,—1}.
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for (n—1)T <t < nT, where T is the symbol duration, w, is the angular carrier frequency
and ¢ the carrier phase. In a2 bandlimited system the transmitted signal, at the nth
signalling interval, is represented as

solt) = (cos(wet + (bam/2) + 8)) = hr(2), (2.3)

where hr(t) is the impulse response of the transmit filter and * denotes convolution oper-

ation.

Basebands
{9n} : :
{bama} |}
§ § coswct
i | DELAY :
: T :
! DIFFERENTIAL |
!  ENCODER :

---------------------------

Fig. 2.1. Block diagram of a DPSK transmitter

Figure 2.2 shows the block diagram of the DPSK receiver. The received signal is
filtered through a predection BPY' to limit the noise entering the differential detector. The
filtered received signal, at the nth signalling interval, can be represented as

ro(t) = (cos{wet + (baw/2) + ¢)) * kr(t) + n(t), (2.4)
where n(t), the narrow-band Gaussian noise, is given by
n(t) = nc(t) cos(wct) + n,(t) sin(wet) (2.3)

and h;(t) is the equivalent IF filter representing the overall transmit and predetection
bandpass filtering.! The receiver correlates the received signal in (2.4) with a delayed

1 For simplifying this discussion and within the context of this thesis, we will not considered the
bandlimiting case and hence assume that there is no intersymbol interference (ISI).
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{delay equivalent to 1-bit or symbol duration) version of itself as shown in the figure. The
output of this correlator is passed through a low pass filter (LPF') or an integrator to remove
the unwanted second harmonics terms and then compared at the threshold detector. It
can be shown that the resulting signal is proportional to

c0s((bax/2) — (Ba—17/2))- (2.6)

Since ((baw/2) — (bn—17/2)) equals to 0 or = we have (2.6) equals to 1 or -1. In summary,
demodulation of the DPSK signal is accomplished by comparing the phase of the received

signal between two successive intervals.

-.J

H
E r.{t E | — n
t Received t
signal E § ro(t - T)
iLat DELAY | L= STR
: T :
§DIFFERENTIAL5 STR= symbol timing recovery circuit
: DECODER | e ST

Fig. 2.2. Block diagram of a DPSK receiver

2.2 CHANNEL MODEL - MULTIPATH MODELS

In general, in the transmission of digital signals the modulator (of a hypothetical
transmitter) performs the function of impressing the digital information-bearing signal on
a carrier either by modulating the frequency, amplitude or the phase of the carrier. As a
result, the output of the modulator is a bandpass sigual which can be represented in one
of the following complex forms as

s(t) = Re[u(t)ed*™/<¢]
= Re[c(t)exp(j(2rfet + 8(8))] (2.7)
= c(t) cos[2xft + (1)),
20



where u(t) = ¢(t)e’*9) is the complex envelope, lowpass or baseband equivelent, of s(¢),
c(t) represents its amplitude, §(t) its phase and f, is the carrier. The baseband signal u(2)
depends on the method by which the binary information sequence is mapped into the set
of discrete frequencies, set of discrete amplitudes or the set of discrete phases.

As indicated in Chapter 1, the two fundamental traits of 2 multipath channel in an
indoor environment are the time spread introduced in the signal when it is transmitted
through the channel and the time variations in the structure of the channel. To illustrate
these channel characteristics let us consider, what we would receive if we transmit a very
narrow pulse (ideally an impulse} p(t — ¢,) over a time-varving multipath channel. The
received signals might appear as trains of varying amplitude pulses, one pulse for each
distinct path, as shown in Figure 2.3. Our first observation is that the received signal
is broadened out to a time spread, T},,. Secondly, as a result of the time variations of
the structure of the medium, the nature of the multipath itself varies with time. From
this, we would find changes in the received pulse train depending on the time the pulse
is sent (illustrated by the changes in the size of the individual pulses, changes in the
relative delays among the pulses and quite often changes in the number of pulses in the
received pulse train) as shown in the same figure. In most situations the time variations
appear unpredictable to the user of the channel. Therefore one can only characterize the

time-varying multipath channel statistically.

From the above hypothesis wé can safely assume that there are L (which ﬁla}- \'a:ry
over time) propagation paths with different delays. (), and attenuations, §(t), for the th
path. Thus if the bandpass signal, represented by (2.7), is transmitted through the channel
the received bandpass signal as a resuit of the channel modifications can be expressed in
the form

L
r(t) =) Bi(t)sft — n(t)]. (2.8)
=1 _
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Fig. 2.3 Ilustration of the response of a discrete time varying multipath fading
channel to a narrow pulse signal.
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If we substitute s(¢) from (2.7) into (2.8) we get

r(t) = Re({i Bi(t) eI Oyt — ry(2)] }e52"f=‘), (2.9)

=1

where 7(t) = 27 f.mi(t) corresponds to a phase-shift due to the delay m(¢). Thus from the

above equation the equivalent low-pass received signal is

L
w(t) = z Bi(t) e~ (')u[t - -r((t)] . (2.10)
=1

Since w(t) is the response of the equivalent low-pass channel to the equivalent low-pass
signal u(?), its clear that the equivalent low-pass channel maybe described by the #time-
varying impulse response

L .
h(rit) = Bi(t) e~ st — n(2)], (2.11)
=1

i.e., as a function of T-variable to denote the propagation delay characteristic and the time
dependence to indicate that the very structure of the impulse response changes with time.
The above expression represents a channel that contains discrete multipath components.
This discrete approach makes our system modelling mathematically tractable and suitable
for analysis later. In short, we can assume that the discrete multipath fading channel can
be characterized by the set of three independent random path variables

{'B'(t)a 7i(2), ‘.'r'l(ﬂ}f. (2.12)

To provide further insight into the nature and characteristics of IWC multipath chan-
nel, let us consider the transmission of an unmodulated carrier at frequency fe,i.e., u(t) =1

for all ¢. The equivalent lowpass received signal given in (2.10) then reduces to

L
w(t) =Y Bit)e™ ), (2.13)

=}

where 44(t) = 2= fcri(t). The received baseband signal (2.13) can also be represented by

w(t) = r(#) —Jjy(®), (2.1%)
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where z(t) and y(t) are the inphase and quadrature components of the received baseband

signal with . .
z(t) = Blt)cosm(t),  y(t) =D Bit)sinw(?). (2.15)
=1 =1

With reference to the equation (2.13) above, we malke the following observation:

(2) The received signal w(t) consists of a sum of time varying vectors with amplitudes
Bi(t) and phases y(t), where Si(t) and yi(¢) are independent random variables.

(b) Large dynamic changes in the channel conditions are needed in order for amplitudes
Bi(t) to impact on the overall received signal strength.

(c) The phases yi(t) are critically sensitive to changes in path length (will change by
2% radians whenever the delay parameter m(t) changes by a wavelength or 1/fe)
which implies that vi(t) can change by 27 radians with relatively small motions in the
channel.

(d) The delays 7i(t) associated with different signal paths change at different rates and in
an unpredictable or random manner.

In phasor terms, the received composite baseband signal is a vector sum of several phasors,

represented by {Bi(t)e~ ()}, with the phase of each varying individually and randomly

over a full (0,2x) range. If there is no dominant component among the various phasors,
the statistical averages (denoted by z(t) and y(t)) of the quadrature components of the

received baseband signal, represented by (2.15) are found to be zero, i.e.,

z(t) = Z E[Bi(t) cosn(t)] = Z E[8i(2)] L[cos ~,,(t)] =

=1 =1

L
@)=Y E[a@®)stan(®)] =) E[Bi(t)] Elcosvi(t)] =0, {(2.16)
y(t) ; [Bi(t) sinn(2)] ;:I [Bi()] 0:11

and their mean square values

z2(t) = E E[B, (t) cos® ()] = Z E[37(1)] E[cos® (t)] =

=1

lv&l —

L
Z EHG)E

=1/2

V(@) = ZE [83(t) sin? m(8)] -—ZE[ﬁ: (t)] Efsin” <i()} = -Zﬂ[ﬂ,(t)] (217)

=1 17z
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Hence, from the above, it is shown that they have equal variances, denoted by o2, where

=P -2 =3O — %) =

(ST

L
> BB ). (2.18)
=1

As a result of the above, we can deduced that, for large number of paths, the received
signal envelope can be modelled as a zero-mean complex-valued Gaussian random process
based on the central limit theorem. Thus, the impulse response of the channel, h(7;¢t) given
in (2.11), can be described by a zero-mean complex-valued Gaussian random variable in
the ¢-variable. Here, the envelope (|&(7;t)] = m-i'-_yz-(t—)), at any instant time ¢ can
be found to be Rayleigh distributed.® Physically, the modelling of the channel impulse
response h(7;t) as a zero mean complex-valued Gaussian random process is a result of
the randomly moving scatterers or signal reflectors in the channel. However, when there
is a direct line of sight or specularly reflected component, in addition to these randomly
moving scatterers, the impulse response h(7;t) cannot be modelled as a zero mean complex-
valued Gaussian random process. In such a situation, the envelope |h(7;¢)| has a Rician
distribution.

The multipath propagation model shown in the received signal (2.13) represents mul-
tipath fading. The fading phenomenon is a direct result of the randomly time variations
in the phases {7;(¢)}. That is, based on vector addition concepts, the sum of the vectors
{3i(t)e=3 (D} can at times result in the enhancement of the normal signal to a partial or
even complete cancellation in the resultant received signal. Thus the amplitude variations,
due to the time varying characteristics of the channel, in the received signal gives rise to
to the multipath fading phenomenon.

In an IWC system, the multipath channel is characterized by short term fading or
temporal variations which is mainly observed as a result of movement of personnel and
equipment in the indoor environment.® The point to be made is that the rate of these
variations are very slow compared to the baseband data rates which are in the order of

tens of kilobaud. Hence, based on this relative timing, for our analytical purposes the

3 The derivations of these envelope distributions will subsequently be given in the next section.

5 In this study we assume that the same fading parameters apply to all the users regardless of their
positionings. In fact, some difference is likely to be found although this is not expected to be significant.
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parameters in (2.12) can be treated as time-inverignt random variables, i.e., identical

random variables with respect to ¢. In this instance we may drop the dependence of these

variables on ‘¢’ and just consider the random variables

{51,7'1,71}f- (2.19)

We note that the statistical behaviour of the path attenuation random variables, { Bg}:',
together with the phase random variables, {7;}f, provides us with the signal strength of
the received signal. However, to derive the envelope fading distributions models, let us
assume that the multipath channel is characterized by short term fading, where the fading
is slow compared to the data rate. Thus we can assume that the transmitted baseband
signal, within this fading window, has a constant amplitude ¢y and phase ¢o. The bandpass
received signal in (2.8) is thus given by

r(t) = Re({7(2) * } &3251), (2.20)

where 7(t) is the complex envelope of the received signal r(¢). With reference to (2.9) the

complex envelope can be expressed as

L
(t) = ZCOABIC-J""

=1
L
= ¢ Z[B; cosmt—35 cos*n]
=1
=co(z = jy)

_— (2.21)

where r is the amplitude and 8 is the phase of the complex envelope 7(¢) and = and y are
the quadrature components.

2.2.1 Rayleigh Distribution Model

As discussed in the previous sectior, if there is no dominant component among the
various multipath components we can resonably assumed that the composite received signal
can be modelled as a zero-mean complex-valued Gaussian random process. In the case of

even a few number of multipath components of roughly the same strength, the received
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signal is found to have the characteristics of a very narrow band of stationary Gaussian
noise, i.e., its complex envelope consists of zero-mean Gaussian quadrature components
z and y as clearly proved in the previous section. The joint probability density function
(pdf) of the random variables of this stationary complex zero-mean Gaussian process is

described by
(-5

202

f(z,y) =

where the quadrature components z and y are Gaussian random variates with zero means

2xg2 (2.22)

and equal variances 2. The complex envelope parameters, at any instant time ¢, are

r=cVz*+y*, 0<r<oc;

and

8 = arg(z +jy), 0 € [-7,7); (2.23)

where r, represented by the independent random variable R, denotes the magnitude and
8, represented by the independent random variable ©, the phase of the complex envelope.
It can be shown [27], via a Jacobian transformation of the rectangular variates z and y,
the joint pdf of r and 8 is given by

]
r

2
fre(r,6) = 5—— exP(—ﬁ), r20,-=<8<

.. (2.24)

-

By integrating the equation (2.24), over the magnitude r, the density function of the phase

represented by the random variable © can be shown to be given by the uniform distribution
fo(8) =1/2x, 0<8<2n. (2.25)

Similarly, we can derive the density function of R, by integrating the joint pdf expressed
in (2.21) over the phase 8, which shows that R has a Rayleigh disiribution

Fr(r) = {g: exp(—r) r20. (2.26)

2.2.2 Rician Distribution Model

The Rician distribution is more appropriate for describing multipath fading channels
where there is a direct line of sight or specularly reflected component {which contributes
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to the received signal) in the medium. In such a situation, the path parameters in the
received bandpass signal in (2.20) then consist of two components: 2 fixed or specular

component and a completely random or scatter component, 1.e.,

() = R;e({core'js eI%e }ejz”f“)

= Re({co(sej“’+5ejw) ej°°}e"2'f“) (2.27)

where s and ¢ are respectively the magnitude and phase of the dominant or specular
component, S is an independent random variable with Rayleigh density and average power
962, and ¥ is an independent random variable uniformly distributed over (0, 2x). We note
that the discrete multipath fading channel characterized by the set of independent random
path variables given in (2.27) can be treated as independent vector quantities. The joint
probability distribution of the path length and angle of the sum of the fixed vector (s,¢)
and the random vector (S, ¥) is ([28,29])

r? + 5% — 2rscos(8 — ¢7)
202

fre(r,8)

]

a , 0<r<oco,—x<(8-p)<w

2zo? exp(
0

elsewhere 2.28)

Integrating over @, it can be shown [16] that the density function of the envelope Ris a
Ridan probability density function:

™ l": S: rs
fr(r) = { = exp(—55#) L (%) rz0 (2.29)

where I, is the modified Bessel function of the first kind and order zero. In our study, to
characterise these distributions, we shall make use of

K2 =20%/3%, (2.30)

the rendom to specular power ratio.

In general, there are two different ways we can develop statistical models for multipath
fading. The usual norm is to ascribe a physical model of the radio propagation environ-
ment and develop statistical equations based upon the assumptinns of the physical model.
The results obtained from this type of model is then compare, with results based upon
the analysis of field data measured subsequently, to validate its usage. If this approach
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is considered, care must be exercised to ensure that the underlying physical assumptions
upon which the model hinges on are not seriously violated. The second approach involves
emploving empirical type of model (often derived for other applications) with known prob-
ability distributions parameters. Similarly, care must be taken especially when it is used
to predict signal behaviour outside the range of operation for which the data were origi-
nally measured. Qur study is based on the latter approach with the Rician path model
parameters values given in [7].

Thus, the general form of the multipath channel model should include a specular com-
ponent in addition to a purely random fading component. This model can be represented
by the deterministic and random filters shown in Figure 2.4. which illustrates the channel
model for a mth diversity channel) which we will form part of cur multichannel system

discussion.

2.3 THE MULTICHANNEL MODEL

Additive Complex
Transmitted Gaussian noise
signal »| Deterministic Filter Received
envelope complex
s() enveloge
T AN
Random Filter m

Fig. 2.4. General channel model for mth diversity channel

In most radio systems applications it is prudent to transmit over two or more channels
when there is a high probability that one or more of the channels will become unreliable
from to time due to adverse channel conditions. In our case, the indoor channels experience
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multipath fading which must be mitigated. We can establish multiple channels in effect
in these circums:iances by employing some well-known “diversity techniques ” that were

briefly mentioned in Chapter 1.

1st diversity
channel r1(0

Transmitted

envelope

s

RECEIVER

Y L L

mth diversity 'm0
channel

Fig. 2.5. Block diagram of multichannel system under consideration

The effects of the use of general diversity techniques can be described by a multichan-
nel model such as is shown in Figure 2.5 where each diversity channel (Figure 2.4) can
be represented by a parallel combination of a random (to represent the random or scatter
component which is modelled by a complex-valued Gaussian random variable) and a de-

terministic (to represent the specular component) time-verying linear’ filter. Figure 2.5

7 The concept of representing a radio channel as a linear filter is based on the premise that virtually
all radio channels are characterized as linear in their effect upon transmitted signals.



shows the input complex envelope s(t) fed to a parallel combination of a2 deterministic
time-variant flter and a random variant filter. The complex envelopes of these flters’
outputs are combined with the additive white complex Gaussian noise term to form rm(t),
the complex envelope of the channel output. We note that r,(%), is given by the sum of a
deterministic component and a complex-valued Gaussian process. In the case of 2 multi-
channel model with time diversity based on a resolvable multipath situation, r(t) = zL: ri(t)
where r;(t) represents the signal received over the “/th ink™ of the L resolvable p;:gs.

The physical realizations of such a multichannel communication model are typified by
various examples. In space diversity mode, r,,(t) will represent the complex envelope of the
signal received via the “mth link” of the A antennae. Similarly, the model may be made
to correspond to a frequency diversity situation where r,(t) represents the signal received
over the “mth link” of the M nonoverlapping carnier frequency bands. The model may
also illustrates the time diversity of a resolvable multipath situation where rr,(t) represents
the signal received over the “mth link™ of the M resolvable paths.

To represent different receiver techniques (that will encompass incoherent, differen-
tially coherent and coherent detectors) we will assume switched diversity combining with a
general “quadratic form receiver”. Figure 2.6 illustrates one of the Af independent diversity
branches. For each diversity branch, the receiver performs linear filtering (the processes
Xm(t) and ¥,,,(2) could be matched filter outputs, or X,(2) could be a filter output and
Y.n(t) the reference waveform) on the received signal rm(t) to establish a reference, Yr(t),
and an information bearing signal, X, (¢). Since the linear operation leaves the Gaussian
nature of the process unchanged, it follows that X,, and Y, each may be described by
a complex-valved Gaussian process (with possibly non-zero means). The two signals are
then pertodically sampled once per signalling interval and weighted in a quadratic com-
biner. If T is the signalling interval and X,n = X(mT), ¥;n = Y (mT), then the decision

variable on each branch is given by

dm = A|Xm|* + B{Ynl* + CX,Yn + C*XaY;. (2.31)

The output from each diversity branch are added to give
M

D= dm (2:32)

m=1
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the decision variable which is then compared to a zero threshold for the binary decision.
As an example, the “quadratic form receiver” will correspond to a DPSK receiver if the
information filter is matched to the transmitted signal while the reference filter is a cascade
of the information filter and a time delay of one signalling period (i.e. 71 = X, 32 = ¥ )-
The coefficients of the quadratic combiner in this case are A = B = 0 with C = 1. Similarly,
most binary receivers designed for either coherent or incoherent detection of FSK, DPSK
and PSK can be shown to be mathematically equivalent to the receiver described by (2.31)
and (2.32) by properly specifying the information and reference filters of the receiver and
the coefficients of the quadratic combiner [16].

Received complex Quadratic form additions
eavelope from other receivers
X (2
Tm(®  |lnear Z .l quadac —l
—— Omraﬁon Combiner ‘_i___(.j_ T |
?
n.232 m
Y ul0) (Eq ) .
Sample at t=mT
1 or-1 Threshold
comparator

Fig. 2.6. General receiver model for mth diversity channel

2.3.1 Probability of Error for Multichannel Reception of Binary Signals

Having provided a brief overview of the general concepts of the class of binary receivers
let us evaluate the probability of error, P, of a receiver operating according to the quadratic
decision rule D < 0 where D is defined in (2.32). Let us Luegin by denoting X, Y., as the

statistical averages of the complex variables Xm and ¥, and
ez = E[| X — Xal?],
ey = B[(Xm = X} (¥ = Fon)],
and
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gy = E[[Ym = ¥l?| (2.33)

as the various second (central) moments of the complex-valued Gaussian variables Xm and

Y,.. We note that the probability of binary error can be given by
P, = Pr(D < 0|“1”sent)
= Pr(D > 0}“0”sent) (2.34)

Thus, we see from the above that to evaluate the desired binary error probabilities, its sui-
ficient to compute the conditional probability that the probability of error of the quadratic
form receiver is the probability that D <0, i.e.,

P, = Pr(D < 0]1”sent)
0
= j p(D)dD (2.35)

where p(D)?® is the conditional probability density function of D. This conditional density
function can be given in term of the the characteristic function , denoted by ®p(jw), of
the quadratic decision rule D < 0 through:

L+ =]
p(D) = % f &p(jv)e P dv. (2.36)
-4 —_—
As a resule,
0 1 o0 .
P = / 5= | @p(jr)e*PdvdD (2.37)
- =% J_oo

To facilitate the analysis we will substitute f = jv and noting that the characteristic

function of D is then

sp(f)= | p(D)ye/PdD. (2:38)

-
Since D is the sum of Al statistically independent random variables, d,,,, the characteristic

function of D factors into a product of the Al characteristic functions of the individual

random variables dp:

M
&o(f) = [] ®an(f)

m=1
where

¥ For simplicity of notation, we use p(D) to denote p(Dl“l”sent). Subsequently the ensuing terms’
notations are referred to the quadratic decision rule D < Q.



24 (f) =T (2.39)

is the characteristic function of d,,. From (2.31) we see that we can express d,, as Hermitian

form
dn =WT QW (2.40)

where

W=[{Xn Yal%,

a-[2 §]

is a Hermitian matrix. The charactenistic function of the above Hermitian form d,, can be
shown [24] to be

and

B4,(f) = det[L - FLQ] exp[-WTL 7} I - (I - fLQ)] W] (2.41)

where I is the identity matrix, W = [__',,, }-',,,]T, L is the complex covariance matrix

__ | Bz Hzy
L= [F‘;y Pyy]

and

&P [ (e ;] &P [ ti’—'f'-\'h
1-Fa) (=F)

where A;, A; are eigenvalues of the product matrices LQ and p1,n 2nd pam are two param-

eters related to X, Y. If we let

®4,.(f) =

(2.42)

— _|7mz Tzy| _ | Bz Hzy 4 C 5
eroefy 7l A 5l e
then
Te= AP:: + C-F‘:y, Tzy = CF:: + B}lry,
rye = Aply +Cohyy, 7y =Chiy+ Buyy (2.44)
and
Ap=detR= [ —-|cF ] [I“:z#yy = IP:«F]- (2.45)
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We can show that for 2 x 2 matrices [25] the partial term in the exponential expression
in (2.41) can be expressed as

L? [I - (1- fLQ)'I] _f ARI’: —fQ (2.46)
where
A=det[lI-fLQ] =1~ f(rz +7y) + ffAr (2.47)

If we substitute the above term in (2.38) then the characteristic function becomes

_ [FEm+iFm
exp[ 1-f(r,+r,)+pag]
B4, (f) = (2.45)
1—flrz +1y) + f*Azr
where
En=AgW'L™'W
= (-‘13 - |C|2) (I- —mlzpn + ]fmlzl‘n - fm-fml‘:y - -fm};m-#;y)
Fn=W*"'QW
= Al XnP + BlYu  +CXn Y + C" X Y0 . (2.49)
are the quadratic forms in means (X, ¥:n). If we substitute jv = f, a1 = —FEm, and
asm = F then the characteristic function of dy, is
_ U (—onm)+(iv)aam
. exp[ 1—jv(r=+r,)+(jv)=Ax] -
4. (3v) = - — (2.50)
1—jo(rz +ry) +(Jv)PAr
If we let
1 —jv(r, +ry) + (jv)zAR =MvP+Aav+1
then
A1 = ~Ap = [|CF — AB] [pezptyy = sy’
and
Ao =—j(re +7y) = —=j(Apec + Bpgy + C ptzy + Cizy) (2.51)

If we factorize

M +tAv+l=M(v—r)(v—r2)
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where r;, 2 are the roots of
AP+ Aav+1

The characteristic function

exp [_ v otmtivarm ]

h ¥ (v-":) (u—r;) 550
.‘\1 (‘U - 1“1) (‘v _ r«_,) (-' —)

O};) \/ AQ) (" Ay
"2=(__.\1) \/ _‘.\;) (_Al) (2.33)

To show that the equations derived are consistent with that in [16,Appendix 4B] we will
substitute

®4,.(jv) =

The roots are determined to be

and

AM(v=—r)(v—r2) = A1(v + i) (v — jv2)
where v; = jr; and va = —jra

The resulting characteristic function of dp, 1s

By (o) = V172 [vlv- (—viaim + jvaa m)] (2.5

~ (v+iu)(v—jva) (v+jv1) (v —jva)
where the parameters vy, v2,@1m,@2m 2re functions of the means X,, and ¥;n and the

second moments 12z, Kzy, dyy Of the complex Gaussian random variables X and Yom. If
we define, w = (-2-}%'1-) , then, with substitution we can show that

and
vy =w+ m
As a result,®
vy = —=w+ w2 + ( - )
1= [|C[2 - .-LB] [,u.czﬂyy — lpzy F]
and

® The resulting equations defined above are similar to those of [16, 4.b.6] with the correction of a couple
of typographical errors in the text.
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1
vz =w+ \/wz i ([[C]" - AB] [F‘::Pw - Il-l:ylz:[)

_ Apzz + Bpyy +C%pizy +Cpizy

B 2[|C|2 - AB] [#rxﬂyy - [F=y|2]

am =—(4B - !C[z) (Ix-mlzﬂyy + ¥ pzz — —fm-fm}lu - X.m};m'!‘;y)

azm = Al Xm|]? + BlYm[> + CXn Vin + C" X Yo - (2.55)

where

w

We note that A; = (1 /v '02) in the above. The characteristic function of DD represents the

sum of M independent random variables dn,, i.e.,

M
p(jv) = [] ®en(iv) (2:56)
m=1
can be expressed as
M ~ .
Ep(jv) = - [”1”"’("”'“‘ +"’“"’)] (2:57)
bv) = (v+jv1) (v —Jjva) (v+7v1) (v —jue) B
where "
ay = ]:[ xAtm (2.58)
m=l1
M
az = H 2m (2.59)
m=1

The probability of errror in (2.37) is evaluated by substituting the expression for $p(jv)
given above. To evaluate the double integral the order of integrations is interchanged to

give

(vyea)M oot dv nve(—vierm + jvazm) o
Pe=—75= ) Y Y - — (2.60)
27) J-cotjev{v+jv1)" (v —jve) (v +iv1) (v — jv2)

where to facilitate the integration due to the singularity at v = 0 and allow for the smooth
interchange in the order of integrations a small positive number € was included. It can be

shown!® that the resulting probability equation is

P. = Q(a.b) — Iab)exp (- b')

19 Eraluation of the integral can be accomplished in two major steps, for further reference see [16,
4.B.10 to 4.B.20].



Io(ab)exp [—(a? + 8)/2] 3= f2ar—1 ., m
4 Jo(abyexp [ ] >3 ( ) 2

(14 v /vy )2 ML m vy /

m=0

” M— M-1-n
L 5P [—(a® + 5%)/2] Zl I.(ab) { z: 2M - 1\

A +wfn =t o =

JOT @@ @Y e ey

and
- __vln a? + ¥ ‘= 0.6
Pe = Q(a,8) = 7o Tolab)exp (- . ) M=1 (2.62)
where 12
2 _ 2 .
a= [2"1”2 (@rvz 2"‘2) , (2.63)
(Ul + Uz)
Y 1/2
2 ~ " 2
po | 201Y3 (@yva -!;a_) ’ (2.64)
(v +12)”

Q(a,b) = ecp(—"‘2 "2' be)i(%)nl’n(ab) b>a>0
n=0

denotes the Marcum Q function and I.(.) denotes the nth order modified Bessel function
of the first kind.

2.4 PROBABILITY OF ERROR FOR SS-MA WITH DPSK MODULATION

Qur main interest in this major exercise is to obtain the desired expression for the
probability of error in the case of our CDMA indoor wireless system with direct sequence
spread spectrum and DPSK signalling technique. The application of this expression will
subsequently be shown in Chapter 4.

The decision variable can be expressed as a special case of the general quadratic form

as follows:

) P -
D = d]_ — 3(,‘1}'1- + .Y;y.l)- (2-09)

To explain the above expression, we note that we set M is equal to 1 for we are interested in
the one particular channel as we consider all the other channels as interferers and without
considering space diversity. Here, the pair of complex Gaussian random variables, X,

and ¥; denotes the complex envelope of the matched filter output at the sampling instant
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and the complex envelope of the matched filter output at the previous sampling instant
respectively, with the constanfs A=B=0,and C = C" = 1/2. As a result we mal.e
the following observations (in conjunction with the probability of error express:on of the
gereral quadratic form that forms the decision variable);

In the case of DPSK, with the decision variable D < 0, we can ascertained, with
reference to (4.34), that X; = ¥; = p. Together with the second (central) moments,
defined in (2.‘33), of the complex-valued Gaussian variables and noting that Ezy is Teal we

can show that upon substitution,

a = % (au:h'- + Byy — 2#:3;):
2

az =pu°,
2
w= “Hzy 3
Hzzlyy — Hzy
2
m = ’
VBzziyy + Py
‘)
To = -~ . (2.66)
VBzzityy — fzy
Hence the desired expression for the probability of error is:1?
1+r a® + b2 _
P. = Q(a,b) - ( 5 )Io(ab)e.\-p (— 5 ) | (2.67)
where
T = _Hzy
o=t [ 1 1 ]
V2 \/#:-': VHyy ’ : : :
1 1 ‘ .
b= E [ , R 2.68
A==l e

Io(.) denotes the zeroth order modified Bessel function of the first Lmd and Q(a b) as
previously deseribed.

' The above expression for the probability of error is consistent with that described in [16, Appendix
7A] in the case of Rician Fading Cha.nnela' o

39



. DS/SS-MA SCHEME

3.1 OVERVIEW AND INTRODUCTION TO INDOOR DS/SS-MA SYSTEM

In the indoor wireless communication system under consideration, we assume that
there are X users simultaneously trying to communicate in a star network configuration
(as shown in Figure 1.1), with a base station using DS/SS. This system corresponds to an
indoor cell site (ICS) in the proposed cellular access digital network (CADN) architecture
of Figures 1.2-3.

At each cell site, the member users communicate on the same carrier frequency (fo)
employing binary DPSK. We assumed that the users transmit at a common baseband data
rate, R bits/s, within an allocated channel bandwidth of W Hz. In order to utilize the
full channel bandwidth, the phase of the carrier is shifted pseudo-randomly according to a
code pattern from the psuedo-noise (PN) sequence generator at a rate of IV times/s. This
technique, characterized by the use of the high rate codes, has the effect of spreading the
bandwidth of the information data signal. This direct sequence spread spectrum multiple
access (a.k.a. phase-coded SS-M4) technique, shown in Figure 3.1, (i.e., the carrier is
phase modulated by the information data bit stream and the code sequence) is the most
common form of spread spectrum modulation. In each cell, each user is assigned a distinct
PN code seQueni_:e (consisting of square pulses referred to as chips) of period N from a set
. of sequences with low crosscorrelation proﬁerties. This allows the receiver at the central
station to sepa.r'ate' the different received signals with usually acceptably sall interference
between users signals.!> The scheme for separating the different signals using the same
frequency band is referred to as code-division multiple access (CDMA) scheme.

12 The codes may be reused in adjacenr.'-cell sites provided the carrier frequencies for each sites are
slightly offset by a value equal to the baseband data rate and the receivers are equipped with match filters
that have sharp frequency band-selectivity characteristics with carrier frequency offsets.
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3.1.1 Processing gain (G,) and limitations of code rates (R.)

The basic square pulse or chip function is shown in Figure 3.2.a, where T is the chip
interval or time duration of the pulse. The reciprocal of T., denoted as R., is commonly
referred as the chip rate in chips per second. If we denote the time duration of a data
bit as T (where T = 1/R), then clearly N = T/T, = R./R is the number of chips per
information bit. The dandwidth ezpansion factor, B,, (sometimes known as the processing
gain) is expressed as B, = W/R 2 R./R. The processing gain (G, ) however is a function of
the RF bandwidth of the signal transmitted compared with the bit rate of the information.
In practice this RF bandwidth is taken as the 3 dB-down bandwidth of the main lobe of
the [(sinz)/z]* which is about 0.88 times the bandwidth-spreading code clock rate in our
case [20]. The waveform [(sinz)/z]* is the frequency spectrum of the spread spectrum
modulated signal as shown in Figure 3.2.b

Currently, integrated circuit chips are available that allow code rates up to 200 or even
to 500 MEz. However, operating high-speed digital circuits entails some major drawbacks
such as: higher noise sensitivity (greater susceptibility to errors) and higher consumption
of power (and therefore high levels of heat generated). As a result, a practical code rate
of 50—100 MHz are the highest recommended for general use now and in the near future.
Hence, for our IWC study we will set an optimal or practical code rate of 50 MHaz. I
an RF bandwidth (null-to-null main lobe bandwidth) of S0 MHz is allocated at 900 MHz,
the code rate will be at least 40 MHz. To provide spread spectrum modulation for an
information baseband data rate of 144 kb/s we require a code length of not more than
953. Therefore for a system with a 40 MHz code clock rate and a 144 kb/s data rate, the

maximum processing gain available is:
G, = (0.88 x 36.72 x 10%)/(144 x 10°) = 23.5 dB.

Another term jamming margin (M) takes into consideration the capability of the system
to perform in an environment with interference due to other interfering signals, the re-
quirement for a useful system output SNR and allows for internal losses. The jamming

margin of a system is always less than the processing gain and can be calculated as follows:

M; = G, — [L,ys + SNR].

42



For example if the maximum processing gain of a spread spectrum system is 23.5 dB, with
a minimum SNR of 10 dB required at the information output and allowing 2 dB for system
losses we would have a jammming margin of 11.5 dB. Thus we would not expect the system
to operate with interference more than 11.5 dB above the desired signal. To mitigate
against possible interference preventive measures are required as discussed herein.
Finally, we are cognizant of the difference in the effects of errors by high speed code
rates and high information data rates. Errors in a2 data modulated system may be tolerated
up to some correctable imit whereas errors in a code generator would completely disable

the code modulated system until resynchronization occurs.

3.1.2 Generation, transmission and reception of DS/SS signals

Generally, generation and transmission of DS/SS signals is an easy task and can be
accomplished in various ways. Generation of PN codes can be accomplished by surface
acoustic wave (SAW) or charge-coupled devices, shift-registers (digital LSI), etc. However,
to receive such signals successfully, it is necessary that the DS receiver have a reference
signal that is a replica of the transmitted signal and is in time synchronization with it.
The establishment of such a communication link and detection of the desired DS/SS signal
requires two synchronization phases, namely:

(i) Initial Synchronization or Acquisition Phase and

(i) Tracking or Maintaining Synchronization Phase.
The acquisition phase is the initial phase in which the receiver adjusts its time so that its
own reference signal is aligned {within one chip period) in step with the incoming signal.
Having accomplished acquisition, the next synchronization phase (or tracking phase) in-
volves a finer adjustment and maintaining the local reference signal in step with the desired
signal. A detailed description of the various synchronization techriques available is speafic
to the particular DS/SS scheme and is beyond the scope of this thesis. However, in the
next section we will proposed a DS/SS-MA scheme and outlined the receiver’s technique
in receiving, despreading and recovery of the desired signal.

A simple and efficient method of initial synchrorization is to matched filter detect
the IF signal directly. Matched filtering here is based on the notion that if the IF signal
is passed through a device whose impulse response is the time inverse of the received
coded signal then the received signal is despread directly. Surface acoustic wave (SAW)
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devices are ideally suited to matched filter synchronization at IF. Such a matched filter
basically generates the autocorrelation function of the code sequence which consists of a
narrow large trangular pulse in each period. This pulse can be detected and used to
synchronize the receiver code sequence to within one chip. The SAW devices are designed
to output a pulse when a specific coded sequence is received. Wheu this pulse is sensed
the receiver code sequence generator is started using an initial condition corresponding to
the received coded sequence and synchronization is complete. A major drawback of this
technique is that SAW devices can be built only for waveforms of short durations which
limits substantially the time-bandwidth products and hence the processing gain that can
be achieved. However, a side benefit of using SAW devices is that we can reused the §S
codes in adjacent ICS with slightly offset carrier frequencies because of the sharp frequency
band-selectivity feature of SAW devices with carrier frequency offset.

One of the most desirable features of 2 DS/SS-MA system is its asynchronous multiple
access capability. However, because of the asynchronous operation of the system, the need
for considering aperiodic crosscorrelation effects is required. In order to understand the

role of aperiodic crosscorrelation properties in the selection of good CDMA codes we will

focus on the key correlation parameters next.

3.2 DIRECT SEQUENCE CODES FOR CDMA APPLICATION

3.2.1 Direct Sequence Codes’ Parameters

Before proceeding any further, we note that in our analysis, all PN sequences with
elements {0,1} (represented by the sequence «) can be mapped into corresponding PN se-
quences with clements {—1, 1} (represented by the sequence a).!? In practice, the spreading
is achieved, if the information data bits and the code sequence have elements {0,1}, by
adding each data bit modulo-2 to every chip in a full PN sequence. Conversely, if the data
bits and the PN sequence have elements {—1,1}, spreading is carried out by multiplying
the chips by the data bit. This distinction will help to clarify the various notations used
for denoting the PN sequences in this chapter.

13 This will facilitate in the computation of correlation values and in our system modelling.



The correlation parameters described in this section for the sequences (a‘,’;) and (a?)
(where j = 1,...N; 1,k =1... K, i # k) can generally be defined in terms of the discrete
aperiodic crosscorrelation function (denoted as Cy;) [21] as follows: Let u = (ai) and
v=( af ) be {—1,1} valued sequences of period .V. The aperiodic crosscorrelation function

for u and v is then given by

f N—=1-=z
3wt 0Kz <N -
J=0
Cuplz) = N22F= . (3.1)
Z w Ty, 1-N<z<0;
J=0
L 0, z] = N .

The periodic crosscorrelation function (denoted as @ ; or @, (7)) following the same

notation above, is given by
N=-1

Byo(z) = uweit* (3.2)

i=0
for any integer x. It can be shown that &, ,(z) can be expressed as the aperiodic cross-

correlation function in (3.1) above, i.e.,
®u,v(z) = Cuo(z) + Cuv(z — N), 0<z<N-1 (3.3)

We note that @, ,(z) = ®,,.(N —z) above is typical of a periodic or even crosscorreletion
function. We also define

Bpo(z)=Cou(z) = Cup(z—N), 0ZLsr<N-1; (3:4)

where &, ,(z) is called the odd crosscorrelation function as it has the property $,.(z) =
~&, (N = ). The even and odd autocorrelation parameters, i.e., B, .(z) and &, .(z),
are denoted by ®,(z) and $,(z) respectively. Having defined the above, let us focus on
the key parameters that are involved in the selection of CDMA codes.

(A) The peak crosscorrelation parameters are given by

Too =mar{|®u.(z)]:0<2 <N -1},
Yoo = maz{|®,.(z):0<z <N =1}, (3.3)

where &, () and &, () are as described previously.
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(B) Similarly, the peak autocorrelation parameters are given by

T, = max {[$,(z}|: 1<z <N -1},
T, = max {|®.(z)|: 1<z <N -1}, (3.6)

where &,(z) and &,(z) are as defined previously above.

(C) We are also interested in the number of times the maximum is attained when T, =T,
and T, = T, as defined by the following parameters;

Le=|l{z:|®u(2)| = Tu, 1<z N-1};
Ly =|l{z: l‘i'u(l')l =T., 1<z < N-=-1} (3.7)

where ||[IW|| denotes the the number of elements in the set W and the parameter L,
indicates the number of times that |®,(z)| attains its maximum value.

(d) In addition to the peak correlation parameters we are also interested in the mean
square autocorreletion parameters which are defined as

N-1

> o)=Y &), (38)
-1
S (w = 2 bi(z) (3.9)
r=1
and the sidelobe energy parameter
N=1
Se=Y_ Ci(2). (3.10)
z=1

The parameters cited above are of importance in CDMA application due to synchronization
and multipath considerations, of which we are primarily interested in the latter. Specifi-

cally we will want to pick codes, in auto-optimal phase,!* where T, attains its maximum

13 The phase j of a sequence a is an auto-optimal(AO) phase if T(TJ'Q) & aola) and if f‘(Tja)
is the minimum of L{T*a) over all ¢ for which T(Tia) = & .10(T ) where a is a sequence of period
Nie (a0, a1,...,aN8-1) 20d T o denotes the N-tuple sequence (a,,a_,+1, cerQj4N—1). We refer

to T/ as the jth phase of the sequence & and Tl is called the 7t cychc shift of the N- tuple a. In
certain m-sequences there may be more than one AO phase. To further differentiate these AO phases we
will focus on those AC phases “with the least sidelobe energy (AO/LSE) which is defined as the phase 7 of

a sequence & which is AO and if S(T’ a) < S(T‘a) for all auto-optimal phases &.
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value the least possible number of times to reduce the probability of acquiring false syn-
chronization. In CDMA systems the knowledge of the sidelobe energy of a sequence can be

exploited or use to bound the value of the average other user interference between codes.

Ideally in CDMA the PN sequences assigned to each user should be mutually exclu-
sive so that the level of interference experience by any one users from transmissions of
other users add on a power basis. However in practice the PN sequences exhibit some
crosscorrelation. For CDMA applications, among the class of PN sequences, Gold and
Kasami sequences have better periodic crosscorrelation properties, i.e., low crosscorrela-
tion between different channels. For completeness, we will review a general and widely
known class of binary PN sequences. They are maximum-length shift reigister sequences
or m-sequences for short. The application of m-sequences, arises in connection with, when
two m-sequences, with specific properties, are combined to form CDMA codes (such as

Gold and Kasami sequences) that have better periodic crosscorrelation properties.

3.2.2 Maximal Length Sequences

A m-sequence, by definition, has length N = 2™ — 1 bits or chips and is generated by
an m-stage shift register with linear feedback as shown in Figure 3.3. In general binary
linear feedback shift registers (SRG) are described by polynomials. A polynomial f(z)
of degree m is irreducible if it is not divisible by any polynomial of degree less than m
but greater than 0. An irreducible polynomial, when used to define SRG, will generate a
sequence with a length that is a factor of 2™ — 1. If this sequence, that consists of periodic
length of NV = 2™ ~ 1, has N as a prime number, the SRG that generate this sequence
is said to generate a maximal length sequence. Thus a SRG described by a primitive
polynomial will generate an m sequence.
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fix)

™
Fig. 3.3. An m-stage shift register (m=7)

The llustrated m = T-stage shift register above correspond to the polynomial f(z) =
z° + 2% + 2 + z -+ 1 which can be represented as 011 001 011 in binary or 313 in octal
notation. The properties of m-sequences of relevance to this situation are :

(a) The number of m-sequences of a given length is an important property. This number
can be shown to be

1 m
—=o(2™ - 1), (3.11)

where é(k) is the number of positive integers less than & and relatively prime to k.
This is frequently referred to as the Euler totient function. Examples of the number
of sequences of different lengths are shown in Table IIL1.

(b) The m-sequence is periodic with period N. Each period of the m-sequence contains
2m=1 gnes and 2™~1 —~ 1 zeros. This is typical of a balanced code. We note that an
unbalanced code will produce spectral emissions containing uneven or unusual large
peaks or spikes which may cause interference to other RF systems which may share the
same transmission medium. This one-zero balance is also important because, when
modulating a carrier, it limits the degree of carrier suppression obtainable. Carrier
suppression is dependent on the symmetry of the modulating signal, hence the longer
the code sequence the less the effect of the code sequence on the carrier balance.

(c) For m-sequences, the periodic autocorrelation function is

N, z=0
u(z) = { -1, 1<z<N-1; (3.12)
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We note that autocorrelation is the degree of correspondence between z code and
a phase-shifted replica of itself. For m-sequences with long period N, the off-peak
values of €,(z) relative to the peak valueie. ,{z)/P.(0) = ~1/N is small and thus
insignificant from a practical viewpoint. The auto-correlation plot for the maximal
codes are two-valued with a peak only at the zero shift point as shown in Figure 3.4.
This is an important feature as it allows receiver to discrimminate between signalson a
ves-no basis. Thus m-sequences are ideal when viewed in terms of their autocorrelation

function.

=2m.]

-1 Q 1 j

A

Fig. 3.4. Autocorrelation plot

Other properties of m-sequences are described in [21].

In DS/SS-MA application the crosscorrelation properties of PN sequences are as im-
portant as the autocorrelation properties. We note that crosscorrelation is the measure of
agreement between two different codes. In a DS/SS-MA scheme, each user is assizned 2
distinct PN sequence. Ideally the PN sequences assigned should be mutually orthogoﬁal so
that the level of interference experienced by any one user from the transmissions of other
users add on a power basis. However, in practice the PN sequences used exhibit some cor-
relation. The crosscorrelation function between pairs of m-sequences of the same period
can have relatively large peaks. The pea.k magnitudes for the periodic crosscorrelation
between pairs of m-sequences are listed in Table IIL.1.
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Table II1.1. Peak crosscorrelations of m-sequences and Gold sequences*

" Peak Cross Peak Cross
N =2™ — 1| Numberof Correlation™| Tg,(m) [Correlation| T§ .(m)
m $.(0) |[msequencesy T7 (m) $.(0) T . (m) &.(0)
3 7 2 35 0.71 5 0.71
4 135 2 9 0.60 9 0.60
3 31 6 11 0.35 9 0.29
6 63 6 23 0.36 17 0.27
7 127 18 41 0.32 17 0.13
3 255 16 95 0.37 33 0.13
9 511 48 113 0.22 33 0.06
10 1023 60 383 0.37 65 0.06
i1 2047 176 287 0.14 63 0.03
12 4095 144 1407 0.34 129 0.03

* Reproduced from [16].
** To,(m) denotes crosscorrelation values of m-sequences while T¢ . (m)denotes cross-
correlation values of Gold sequences.

We note that the peak magnitude, for most of the m-sequences, of the crosscorrelation
function is a large percentage of the peak value of the autocorrelation function. These
high percentages are intolerable in CDMA application. Although it is possible to select
a smaller subset of m-sequences that have relatively smaller crosscorrelation peak values,
the number of sequences in the set is usually too small for CDMA purposes. However, the
application of m-sequences usage arises in connection with DS/SS-MA application when
two m-sequences are combined to form CDMA codes (viz Gold sequences which we have
indicated earlier have better periodic crosscorrelation properties). A procedure similar to
that of generating Gold codes will generate another well-known CDMA code known as

Kasami codes.
3.2.3 Gold Codes

Gold codes are generated by modulo-2 addition of u puir of m-sequences (where the
pair is judiciously selected for its well-defined correlatiou properties) as detailed in this
section. Gold [22] showed that certain pairs of m-sequences of length iV = 2™ — 1 exhibit
a three-valued crosscorrelation functions with values {—1,-T% ,(m), T{ ,(m) — 2} where

Am+D/2 L] m=odd;
Ti.v(m) = {2(m+2)[2 +1, 2 = even. (3.13)
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His results are summarized by the following theorem:

Gold’s Theorem: Let f(z) and g(z) be a preferred pair of primitive polynomials of
degree m whose corresponding shift registers generate maximal length sequences of period

2™ — 1 and whose cross correlation function satisfies the inequality
[84,0(z)] < TL (m), (3.14)

where ®, .(z) and T{ ,(m) are as defined before. The shift register corresponding to the
product polynomial f(z)g(z) will generate 2™ + 1 different linear sequences each with
period 2™ — 1. The crosscorrelation of any pair of these linear sequences will satisfies the
above inequality. Two sequences that satisfy (3.14) are referred to as a pair of preferred

sequences. Let us consider an example.

Gold Code Design Example
Consider the pair of primitive polynomials

flzy=z"+2* +1,
g@)=2"+22+2¥ +z+1,
from which we form the product polynomial

h(z) = f(z)g(e) =z +2° + 2P + 28 + 5 + ' + 22 + 2 + 1, (3.15)

as illustrated in Figure 3.5. According to Gold’s theorem, in this design the corresponding
shift register will generate 129 (i.e., 27 +1 ) different linear sequences of period length 127
(i.e., 2* —1). The maximum crosscorrelation. T¢ ., value for any pair of sequences from
the set is

TL.(5) - IT. (3.16)

(The maximum peak autocorrelation in contrust is 127). The generated codes in this
example have three-valued autocorrelation function sidelobes and a three-valued crosscor-
relation taking on values from the set (-1,-17,13) as shown in Tables IIl.2 and II1.3. In
contrast the largest set of m-sequences of period 127 for which this bound holds contains
-only 6 sequences. In short the significance of Gold’s Theorem is that a preferred pair of
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m-sequences can provide large number of non-maximal sequences with a bound on their

cross correlation.

1{x)

[7.3] genecator E;Jy_

[732.1] generator
1 |2]|3]s4]s5]|s]7

olx)
oA A
N N "
b. Single shilt registers mechanization
. .. TN T TS o O Py
I ' 4 Y ¥ Y Y ¥
— 1 2]l3jalsie |7 18a1% |0 |2 14.—”-‘-,

Fig. 3.5. Gold code generator
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Table II1.2. Correlation values for a set of AO/LSE Gold sequences (N=127)*

k B= agk) T, L, 2 (1) T, L, Sa

1 01430 17 14 10430 21 2 5447
2 15167 17 18 13374 19 2 5563
3 17160 17 18 13374 19 2 5463
4 33112 17 18 13374 19 2 5571
5 35576 17 18 13374 19 2 5651
6 05573 17 18 13374 21 4 6535
7 03665 17 18 13374 19 6 6307
8 15665 17 18 13374 13 8 4815

Table II1.3. Peak Correlation values for a set of AQ/LSE Gold sequences (N=127)*

k 1 2 3 4 5 6 7 S
1 31 27 27 31 31 43 35 31
3 17 19 27 35 37 31 29 29
3 17 17 19 31 37 31 33 31
4 17 17 17 19 31 27 25 31
5 17 17 17 17 19 o7 35 25
6 17 17 17 17 17 21 27 29
T 17 17 17 17 17 17 19 31
S 17 17 17 17 17 17 17 13

* Reproduced from [21]

3.2.4 Kasami Codes

A technique due to Kasami [23], similar to the one used to generate Gold sequences
will generate a smaller set of 2™/2 binary sequences of period 2™ — 1, where m is even.
The procedure to generate the Kasami codes is as follows:

e Beginning with an m-sequence (denoted as c), a binary sequence (denoted as b) is
formed by taking every 2™/2 +1 bit of c, i.e., sequence b is formed by decimating the
sequence a by 2™/2 41, We note that the resulting sequence b is periodic with period
2m/2 _ 1. For example, if m = §, the period of ¢ is 255 and the period of b is 15.

e Next, by taking NV = 2™ — 1 bits of the sequences ¢ and b we form a new set of
sequences (termed Kasami sequences) by adding, modulo-2, the bits from ¢ and the
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bits from b and all 2™/2 — 2 cyclic shifts of the bits from b. By including c in the set,
a set of 2™/2 binary sequences of lengu: N = 2™ — 1 is derived.
The autocorrelation and crosscorrelation functions of these Kasami sequences take on

values from the set (—1,—(2™/2 + 1),2™/2 — 1). The maximum crosscorrelation, T%

value for any pair of sequences from the set is
TE (m)=2"2 41 (3.17)
To illustrate these codes, consider the following example.

Kasami Code Design Example

7o T T m
% Y v ‘1
1|z:45|s7s )
(8.4,3.2.1] gsnerator e i)
{4.1] generator
1 2 3 I
alx)
P A
v o 37
b. Single shilt registers mechanization
P oVl on P o T o W Vs B o,
Y Y Y ¥
h{z)
1 |2]ala]s |6 |7 ]88 ]9 {1011 ]2 b=

Fig. 3.6. Kasami code generator

The procedure for designing Kasami sequences is quite similar to the one used to generate

the Gold codes. If we consider m = 8§ with the following primitive polynomial
fx)=2+z' +22 +7 +1
and a suitably chosen primitive polynomial with degree m/2 = 4, such as
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g(z)=z'+z+1,
we will form the product polyromial

R(z)=z2 42+ +28 ++x' +2 +z +1 (3.18)

as illustrated in Figure 3.6 above.

We note that the above 12 stage linear feedback shift register corresponding to the
product polynomial register will generate a set of 16 (= 28/?) different linear sequences
of period length 255 (=2° — 1). The generated codes have three-valued autocorrelation
function sidelobes and a three-valued crosscorrelation taking on values from the set (-1,-
17,13) as shown in Tables IIL.4 and IIL.5. Hence the maximum crosscorrelation of any pair
of these sequences is

TE.(8) =17 (3.19)

Table IIL4. Correlation values for a set of AQ/LSE Kasami sequences (N=255)*

k ®= “E)k) Ty Ly > () T, L, Su
1 2357 17 110 60606 31 2 37807
3 2326 17 112 60734 31 4 97127
3 3551 17 113 60731 29 3 38337
3 7430 17 112 60606 33 2 29179
5 5636 T 1132 6073+ 31 3 93603
6 3710 17 112 60734 29 6 26399
T 5041 17 112 60732 29 ) 37903
3 0261 17 112 60734 31 3 27211
9 0617 17 112 60734 31 2 29387
10 4666 17 110 60606 31 E) 26543
11 0452 17 110 60606 29 1 29407
12 3134 17 110 60606 31 2 37079
13 2577 17 110 60606 31 2 338755
13 3116 17 110 60606 27 S 28387
15 507 17 110 60606 31 2 27867
16 205 1T 353 354 35 6 9199




Table II1.5. Peak correlation values for a set of AO/LSE Kasami sequences (N=255)*

E{1l2i3i4|35)\6]| 7|89 |wf(11]12]13]114]15]16
1| 31| 51 | 43 | 4l | 41 | 37 | 51 |47 | 39| 40 | 45 | 43 | 45| 45 [ 41 | 31
S 117 | 31|51 |40 | 43 |49 | 41 | 41 ] 39| 49 | 39| 43 | 41 | 43 | 41 | 45
31 17| 17| 20 | 45| 41 | 47 |47 |41 | 51| 45 |49 | 41 | 47 | 39 | 45 | 43
2] 17 | 17117133 | 47141 |41 |39 | 45| 41 | 45| 43 | 43 | 41 | 41 | 41
51171171 17| 17 131 | 43 (39|45 |43 | 41 | 37| 39| 41| 43 [ 51 | 41
6117 | 17| 171 17 | 171 290 | 40 | 41 | 241 | 39 | 47 | 45 | 39 | 47 | 37 | 49
T1 17 |17 | 17| 17117 | 17 1 29 149145 | 39 | 47 | 43 | 43 | 49 | 47 | 45
81 17 | 171 171 17 | 17 | 17| 17|31 | 41|41 |45 |43 |45 | 39| 41 | 45
9| 17 | 17 | Lt 17 | 17 0 17 | 17| 1713139 [ 45| 43 41 |49 ] 45| 43

00 17 | 171 17 |17 | 17 | 171 170 17 |17 | 31 | 39| 49 | 49 | 40 | 41 | 43

L1171 17| It 11t 1T | 1717171717 | 29| 47|43 | 23| 3| 49

3117117117 | 7| 17| s | 1s| 17| 17| 17|17 |31 |37|35]35]| 51

Wl Tl it T |17l T rlitli7|f|1rl17 |17 |31 ||| N

12 |17 7| 17l 1f 1t |17l 17 17|17 |17 |17 | 17|17 12739143

151 17| 17117 | 17|17l 1fr| 11717 |1t ]17 |17 | 17|17 | 3139

16 | 17| 17 | 17| 17| 17| 17 |17 |37 |17 | ic |17 |37 |17 |17 | 17} 25

* Reproduced from [21]




3.3 PROPOSED DS/SS-MA RADIO SYSTEM DESIGN

In this section we will present the DS/SS transmitter and receiver design as illustrated
in Figures 3.7-8.

3.3.1 Transmitter Design

For each user, the transmitter consists of a code sequence generator and a modulo-2
adder prepended to a typical DPSK transmitter as shown in Figure 3.7. In this DS/SS
system, the chips of the code sequence are modulo-2 added to each of the incoming differen-
tially encoded data bits. The resultant bit stream is then used to modulate an intermediate
frequericy (IF) carrier with a2 BPSK modulator. The IF modulated signal is upconverted
to radio frequency (RF) using a mixer and a RF local oscillator. The upper sideband of
the signal is then selected using a high pass filter. It is then filtered at the bandpass filter,
amplified through a linear power amplifier and finally fed to the antenna.

MODULO-2
ADDER IF AMP

DATA BPSK
IN——- @ MOD — BPF | p

PN SEQUENCE
GENERATOR

IFOSC RFOSC

Fig. 3.7. DS/SS Transmitter

3.3.2 Receiver Design

The signal arriving at the receiver, Figure 3.8, is first converted from RF to IF using
a conventional downconverter. Since we used DPSK signalling, precise carrier recovery is
not required. The main steps that must be performed on the received IF signal in order

in order to recover the information data are then despreading and data recovery. The
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simple and efficient method of initial synchronization by matched filter (SAW devices)
detecting the IF signal directly, as described earlier, is used. We assume that perfect chip
synchronization is achieved in detecting the signal.

As shown in Figure 3.8, the received signal is received at the antenna connected to
a low noise amplifier (LNA) and then downconverted to the IF stage. The IF signal
output is bandpass-filtered through a IF filter onto an IF amplifier, with an automatic
gain control (AGC), and then to the matched filter. The matched filter is a SAW device
(with center frequency matched to the IF carrier and prefabricated or programmed with
DS codes assigned specfically for each user) will provide an autocorrelation peak response
in the presence of a matching sequence. If there is no match the SAW output will be that
of crosscorrelation sidelobes. The output of the matched filter is passed to 2 broadband
amplifier to compensate for the insertion loss of the SAW device.

> TO OTHER M/F
BANKS
PATH &
. | SAW ANTENNA
p e o FILTERS SELECTOR
M/F)
IF AMP/AGC
A
O RFOSC
DATA  |ppsK DEMOD
OUT |anp
— THRESHOLD
DETECTOR

Fig. 3.8. DS/SS Receiver

The largest outputs among the matched filters, in the case of selection diversity, is
selected by the CWTU, demodulated and then low-passed filter to eliminate the barmonics.
The resulting baseband bipolar signal is then amplified and window detected, with dual
comparators, for positive and negative peaks.
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3.3.3 Communication Watchdog Unit/Average Power Control

In our system the extent of the interuser interference depends on the correlation prop-
erties of the codes as well as the relative strenzth of the signal from a desired source and the
interferer at the receiver. Situations can arise where the levels are very different producing
large interference. Such a case can occur when signals (with less path attenuations) ar.ive
from nearby iransmitters to swamp the weaker signals arriving from transmitters further
afield. This situation is referred to as the near-far field effect. To overcome this near-far
field effect some form of automatic power control be used, with the aim being to have all
signals arrive at the base station receiver with equal strength (in the opposite direction
the near-far problem is minimal or non-existent since all the transmitters are colocated at
the master station). There are several ways to accemplish this. They are all based on the
reciprocity assumption that propagation loss from a user to the base station is the same
as the loss from the base station to the user terminal. This assumption should be valid
if a common receiving/transmisting antenna is used at the base station. In this case if a
known signal is transmitted, the receiver can determine the propagation loss to the base
station and adjust its transmitted power level to produce a specified receiver power level.
In our study we assume that perfect average power control is attainable.

Two reference signals have been proposed: a common modulated DS signal shared by
all receivers and a pilot tone inserted inband. As an example, assume that there are 15
users at a site (ICS) communicating with the master station. Referring to Table IIL.1. we
assigned Kasami codes of length 255 with one distinct code for each user (ie., k =1 to 13)
and a common code (k = 16) for average power control and otker housekeeping purposes.
This average power control feature is provided in what we termed the “communication
watchdog unit™ (CWTU) as illustrated in Figures 3.9 and 3.10. There are two possible space
diversity configurations for the case of two antenna diversity arrangement as shown in the
figures. Two sets of DS/SS receivers, for each user, are required in the first configuration.
In the latter, based on the CWU monitoring, the DS/SS receiver is switched over to the
antenna with the largest outputs. Having proposed the DS/SS-MA radio design let us

model this system in the next chapter.
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IV. DS/SS-MA SYSTEM MODEL & PERFORMANCE EVALUATION

4.1 SYSTEM MODELS

The transmitter, channel and receiver models for the DS/SS-MA I'WC system (illus-
trated in Figure 1.1) is described in this chapter. Figure 4.1 illustrates the corresponding
DS/SS receiver for each user. We repeat that the DS/SS receiver employs DPSK demod-
ulation and selection diversity (i.e., resolvable path diversity with direct sequence spread

spectrum and space diversity) reception.

ANTENNA 1
TO OTHER
SAW RCVRS
SAW —Pat
: RF/ l MATCHED -| — H
IF FILTERS | 3| SELECT
L PATHS :
ANTENNA 1 : +Z
TO OTHER < |i | a2
SAWRCVRS i Zsh c2
=atli m=
£=1i | 83
: <w|;: % %
SAW H &=
RF/ MATCHED -—:R&“cr — :
IF FILTERS |:
DATA
OyTPUT

Fig. 4.1. DS/SS receiver with selection diversity.
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4.1.1 Transmitter Model

The signal transmitted by the kth user is given by
sk(t) = Arar(2)bi(t) cos(w t + éx). (4.1)

where b (t) is a NRZ PAM signal representing a differentially encoded binary data stream
e, b, 83, 0L, ... (BL € {—1,1}), to be transmitted, ax(t) is 2 similar signal corresponding
to the periodic spreading sequence assigned tu the kth user (a} € {—1,1}), w. is the
common (angular) carrier frequency, ¢r is the carrier phase, and 4; is the transmitted
signal amplitude. If T, is the duration of 2 bit in the spreading sequence and T the duration
of a data symbol, then clearly T = NT.. In our analysis we assume that w T = 2Ix for
some integer [.

To ameliorate the near-far field effect, we assume the A;s are all adjusted so that all

signals from the individual users arrive at the base station with the same average power.

4.1.2 CHANNEL MODEL

In our study we assume that the channel between the kth user and the base station has
Ridan multipath fading channel characteristics. The lowpass equivalent impulse response
of the channel can be modelled [16] as

L
hi(t) = z Bub(r — 7ie) exp(—711x), (2.2)
=1

where Bk, Tir and vy, are the gain, delay and phase respectively of the Ith ‘path’ identified
between the kth user and the base station, and L represents the maximum number of paths
that may be discernable. Basically to resolve the number of multipaths we will base it on
the time resolution of the direct sequence signals, i.e., two signals has to be separated by
at least one chip time 7. In our analysis we assume that there is no significant intersymbol
interference as a result of the multipath fading phenomena, i.e., the maximum multipath
delay spread, Ti,, is much less than the data symbol duration 7. Hence,

L=|Tn/T]+1, (4.3)

where |z} denotes the largest integer less than or equal to z. Furthermore, we assume
that 7 may be described by a random variable uniformly distributed over [0, T..], the
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path phase v may be described by a random variable uniformly distributed over [0, 2],
31 may be described by a Rician random variable, and all these random variables are
independent for all / and k.
The density function of 2 Rician random variable 8 depends on two parameters:
2. 2
= Fep(-F)L(F), r20; 4.

fatr) = {§ 2 r2l (24)
where s is a “noncentrality parameter,” s? + 207 is the mean square value of 8, and I,
is the modified Bessel function of the first kind and order zero. The ratio x? = ¢2/s% is
particularly significant for our work here for it represents the rendom to specular power

ratio.

4.1.3 RECEIVER MODEL

The main receiver at the base station consists of a number of antennas (to provide
space diversity} with an identical bank of filters (one filter matched to the code waveform
of each user) connected to each. That is, each user has a corresponding DS/SS receiver at
the base station as shown in Figure 4.1.

In our study, the receiver model employs selection diversitv. The receiver contains
a filter matched to the coded waveformn of the reference user, which is cascaded to a
DPSK demodulator and a threshold detector. We note that the path that provided the
largest peak signal is selected and demodulated. That is, the largest signal among the
corresponding filter outputs is selected and passed to the DPSK demodulator and threshold
detector. This selection diversity rule is based on two fundamental steps. First, the largest
S/S correlation peak among the various L discernible S/S signals is selected per RF antenna
(path selection). Next, the largest signal among the L, number of antennze is then chosen
(antenna selection). This will give an overall diversity of order Af, i.e., M = L, L. -

Next, we will assume that the system is corrupted by additive white Gaussian noise
(AWGN) and are similar for each of the diversity receiver. This will make our analysis more
mathematically tractable as we assumed that the power levels of the corrupted AWGN
noise in the system to be much greater than the noise figure of the front end of each
diversity receiver. In our analysis, with the A:s adjusted for constant average power as
previously described. the products 4x8i; will be assumed to be given by independent
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identically distributed Rician random variables Gix. Thus the received signal at the input
of the matched filter of the receiver can be easily shown to be

K L
r(t) = 2 Z Gueai(t — 71x)be(t — 71 ) cos(wet + O ) + n(t), (+.5)
k=1 =1
where
n(t) = n.(t) cos(w t) + ny(¢)sin(w.t) (4.6}

is expressed in terms of its lowpass equivalent components. We note that the carrier phase,

Ok, has been absorbed in the random phase 8z, associated with each channel path, i.e.,
81 = S — k- (1.7)

4.2 SYSTEM PERFORMANCE EVALUATION

In this section we will derive the system performance equations based on the system
models proposed in the previous section and the general probability error expression for
multichannel digital signalling in an AWGN environment given in (2.61)-(2.64). To de-
termine the performance of the system we will like to determine the average probability
of error or bit error rate (BER) as a function of the average received signal-to-noise ratio,
<0 = 2pE/No. We note that in the system we are considering we assume perfect power
control, so the performance will be independent of the distance from the receiver to the

users in a sense.

4.2.1 Demodulation

To evaluate system performance we may simply choose one user as a reference user
and calculate the average probability of ertor for any particular data symbol of this user.
Ve shall choose user 1 and the data symbol ). Let g.(t) and g,(t) be the inphase and
quadrature components of output of the filter matched to user 1 assuming a sampling
instant at time ¢ = T. If we denote z; as the complex envelope of the matched filter

output at the sampling instant then

2 =9:AT) + jg,(T) (4.8)
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with

K L
kf:{l lzl (4.9)
9,(T) = z Z G sin O [b:lle(ru:) + 62}.21;,(-;-,&)] + v,
k=1 I=1

where b7 and b are the data bits of the k** user in the previous and and current bit
intervals. The remaining terms in the above equation are the continuous-time partial
cross correlations between the regenerated chip sequence a;(t) and a delayved version of the

various interfering codes, ax(t) which is given by

Rux(r) = / " aa(t — m)ar(t) dt,
°r (4.10)
Ru(?) = ] ar(t — 7)a,(t)dt,

for0<+<T.

Alternately, we can represent [21] the above partial cross correlation parameters as ,
R = Cr{z — NYT. + [Cu(z +1 = N) = Crp(z = N)|(7 — =T0), (4.10)
Rux = Cuu(2)Te + [Crr(z + 1) — Con()](F — =T, '

for 0 € rT. £ 7 £ (z+1)T. £ T, where, from (3.1). the discrete aperiodic cross-correlation

function Cyx for the sequences {a}} and {a}} is given by

t N—=1—zx o
Z aia;t*, 0z < N-1;
=0
Clk(l') = { N=l+zr ) (4_12)
z a; aj, 1-N<ZLz<0;
=0
L 0, |x] = N.

Lastly, the noise samples 7 and v are independent zero mean Gaussian random variables,

with variances equal to NoT, as given by

T
= f ar(s)ne(s) ds.
0 (4.13)

T
v=‘/; ay1(s)n,(s)ds.
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As before, based on user 1 as reference, we will assume that the j* path between
the transmitter of user 1 and the corresponding receiver at the base station is the primary
path between user 1 and the base station, and all other paths give rise to interference. In
this situation, we referenced the time and phase origins so that r;; =0, ;; = 0 (so as to
facilitate our computation and thus complete the path characteristics for the dominant path
of our reference user). We will denote z; as the the compiex envelope of the matched filter
output at the previous sampling instant (¢ = —T). Since the fading is slow compared to
the data rate, i.e., we assumed that the channel within this time window is time-invarient,
it will be reasonable to assume that the path characteristics used in computing =, can be
identically applied in computing =-. Thus, =» differs from z; only due to a shift in the data
bits and in the changed noise samples only. Hence

K K
2= GuT8 + 3 (67 Uk +8006) +7 3 (65 Ve + 82Vi) + (m +jwn).
k=1 k=1

% " (4.14)
2= GpTh7t + ) (05 Uk + 55 0x) +5 3 (557 Vi + b7 Vi) + (m2 +jn),

k=1 k=1
where for ease of analysis purposes, U, Vi, Uk, and Vi are random variables defined as
follows: '

L L
U, = Z Ry (7‘:1)621 cosbn. f‘} = Z Ry, (‘."“)Gn cos 8.

=1 =1

1] I#]
L ) L
1 = ZRn(Tn)Gn sinfp, Wi= Z Rii(tn)Gu sinéy, (4.15)
i =

and, for A > 2

L L
Ur = Z Rie(r)Guecosbue, U= Z Ry (711 ) Guic cos O,

i=1 1=1
t#)
L ) L
V= z Ryt (7ix) Gue sin Oy, Vi = z Rix (71 )G sin Oy (4.16)
=1 =1
I#;

We note that the output of the DPSK demodulator at the sampling instant given by the

decision variable, I”, relates to the difference in the arguments of the two complex numbers
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(i.e., projecting z; onto z; and then use the argument of the resulting complex number)
as indicated below

I'=z:=3. (4.17)

W

In binary DPSK case, the two possible transmitted phase difference are 0 and = radians.
Thus for probability of error determination purpose, the real part of the decision variable

will suffice, i.e., in the case of no diversity
I'=Re[l"] = [z123 + z122)/2 (4-18)
In the case of selection diversity of order M, the decision variable is

M _ .
Fmes = max [ (4.19)

We note that [;,i = 1,..., Al are independent random variables statistically identical to
I'. The probability of error P, can then be shown to be,
P, =P[lpmez < 0}p3b7! = 1]

(2-20)
= P[rmaz > 0‘6261_1 - —1].

4.2.2 Probability of Error Expression

For the system configured with DS/SS diversity only, the average probability error
expression for selection diversity of order Al (where M is the order of selection diversity
exactly equal to the number of L paths resolved in this case) can be based on the general
expression given in (2.62), (2.63) and (2.64).}® In our analysis, we assume that the largest
value, i.e.,, G;; obtained from the Af demodulated signals in T}, . is selected then the
error probability for DPSK, in an additive white Gaussian noise channel, with the noise

and interference terms treated as Gaussian!® can be shown to be

a® +b")’ (4.21)

P. = Q(a,b) — -[1 + r}Iy(ab) exp (—

13 For completeness, we repeat the BER expression from Chapter 2.

15 The treatment of other multiusers as interferers in terms of Gaussian noise vnll simplify our analysis
and hax been applied in various investigative works
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where

»

a= \ﬁm:/\/}: — my/\/i-‘;I:

(4.22
. \/ e/ ez + iy s
2 *
m:=E ’
2] (4.23)
my, = E[Zg] .
HBzz = "31'(31),
Ryy = var(za), (+-24)
pzy = E{(z1 — mx)(z2 — my)7]],
_ HEzy
Ry (4.25)
I(ab) =) _(ab/2)** [(K1Y, (4.26)

and Q(a,b) is the Marcum Q function, assuming the delays {ri}, Gj1, K and L are all
gn'en.

If the parameters {rit}, G;1, K and L are given we can reduced the computation
requirements further. First, we made the following observations in conjunction with the
random variables Uk, Uk, Vi, and Vi given in (+.13) and (4.16). We note that the con-
catenated random variables G cos O and G sinf in the cited random variables can
be evaluated as follows. Since Gy, 8ix are independent random variables where 8y is uni-

formly distributed in [0, 2] and G follows a Rician distribution then the statistics of the

concatenated random variables are

E[Gik cos 8i] = E[Gui] E[cos8i] =0,
| A
=10
E[G:k sin ou-] = E[Gu} E[sin 9;&] =0. (4.27)
=0
As a result from the above, the random variables Uy, Uk, Vi, and Vi can be shown to be

zero-mean independent random variables. Similarly,

- - > 1
E{Gji cos® 6u] = E[G7i] Elcos® 8] = E[GL,] =
_;—’ -

) =

A (05, + sti] = Aion = Pu,
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> - « " 1 L 3 1 L) - - e d
E[Gfe sin® 8u] = E[GR] Elsin® 8u] = sE[GL] = 54i 03, +sTk] = Alon = Pu. (4.29)

1
T

As a result, we derived the following equations for the second moments:

L
E[Uf] = R} (mn)E[G}, cos® On],

=1
#y

L
E[Vi] = > R} (u)E[G], sin® 8n],

=1
I#;
-~ L -
E[l{] = Z i, () E[G; cos® 6n),
=1
I#;
i (4.20)
E[V7]= ) Rl (m)E[G}; sin® fu,
=
- L -
E[thTh] = Z Ry (711) Ruy (701 ) E[GF; cos® On],
=
- L -
E(MTi] = > Ru(ma) R (ma)E[G] sin® 6]
i
With the results from (4.28) substituted into (4.29) we obtained
L L
E[lT] =E[W] = z R} (mn)Aipn = Z R {(mu)Pa,
= i
. . L . L ) :
E[lT]=E[l}] = Z Ry (mn)4ipn = 2 R} (mn)Pa, (4.30)
= i
A . L A L i
E[Ul U:] = E[Vl Vl] = Z Ry (Tn)Ru (Tu)-‘ffpn = Z R (Tn)Ru (Tu)Pu-
=1 =1
1] I#;
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For K 2 2,

L
E[UF] =) Rix(nx)E[Gij cos® i,

=1

L
E[V{] = Z R3 (7 ) E[GYs sin® 61,
=1

E[0}] = Z R, (7)) E[G% cos® 6],

= (4.31)
E[f‘:‘:] = z R'I’k (f:k)E[G'}"k Siﬂ.2 9;&],
=1
- L -
EUUi] = z Ryk(71e) Rax (712 ) E[Gly cos® 6u].
=1
-~ L -
EfViVi] = > Ruk(7ic) Rie (71 ) E[GT sin® 8ua).
i=1
Similarly with the result from (4.28) substituted into (4.31) we obtained
L
E[U7] = E[V{] Z Rix(mue) dipwe = ) Rix(7ue) P,
i=1 =1
. L L
E[Ut]l= "L] = Zle(nk).-leu: = Z P;k(ru-)Pn;. (+.32)

L]
1]

1

L
E[U.0:] = E[Vii] = Zka(Ttk)ka(Tm)-lipu = Z Rux (7)) Rux (70) P

=1 =1

Invoking the above properties and results we can easily show that the means of the complex

random variables z; arnd z; are

E[:1] =m;= Gj:Tb?

and

E[z] =m, =GHT. (4.33)
Since 82 = b]? (as the error probability, based on the decision variable, is P, = P[Cmaz <
0{8067" = 1]) then

m;=my=m. (4.31)



Similarly, we can show that second central moments of the complex Gaussian random

variables z; and =, are

- K - - -

E[!:l [2] =pr=2E Z UE + UE I{T:k},L] +4E [U]_ 1 I{le},L] + 207,
k=1

K

E[|=2E2] = pyy =2E Z Dk + Uk [{7w} L] + 20 m

k=1
and

. K _ o

E[n123] = pay = 2E| > Ual + U7 [{rue}, L]. (4.35)
k=1

where the above conditional expectations are defined from (4.29) to (4.32).

In the case of DS/SS diversity and space diversity combination, the average probability

error expression can be given by (2.61) which is reproduced below as

Py = Q(a,8) — Io(ab)exp (-2 '_*'b)

In(ab)exp [—(a® +5°)/2] %' 2L, — 1\ f1+r\h
+ [2/(1_,-)]2""1 AZ__O ( ) )(l—r)

exp [—(a® + 8%)/2] Lt Leldzm o, —1
e 5 mely ()

"[() ﬁ:) () if:)mq_h]}, L>1; (4.36)

21]2
)

1/2

where

(

F::

Py
(4.37)

-

P'-r: Fy

and the other parameters are as defined in (4.23-26) with Q(e, b) denoting the Marcum Q
function and Ia(.) the nth order modified Bessel function of the first kind. We note that
the overall selection diversity here is of the order of M = L, L where L, is the number of

antenna and L is the number of multipaths resolved by the DS/SS diversity receiver.
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Having developed the system models and derived the system performance equations,
we will proceed in the next chapter with a description of the simulation of the DS/SS-MA
system used to determine numerically the system performance and discuss this performance

under various scenarios.



V. DS/SS-MA SYSTEM SIMULATION

To simulate the [WC communication system we need to consider all the parameters
that will ultimately influence the performance of the system. These parameters are given
by the system models which are described in the preceding chapter. Thus to simulate and
evaluate the BER performance (given by the system performance equations) of the IWC
svstem, the following main steps (which correspond to the routines or subprograms of the
simulator) are required.

e first generate information bits randomly to simulate the data source and differen-
tially encode the data bits samples to simulate or represent the DPSK modulated signal
transmitted by cach kth user. For spreading these transmitted signals individual CDMA
spreading codes are generated and assigned to the R users with the CDMA codes’ param-
eters and input values as described in Chapter III. For the unique Gold and Kasami codes
we will use initial loadings given in [21] and shown in Tables II.2 and II.4 respectively.

To simuvlate the multipath fading channel, the discrete channel model approach re-
qnires us to have a knowledge of the number of multipaths. In our study, the maximum
number of multipaths L, given by {4.3), is based on the maximum multipath delay spread
- Tyn where T, is an input value based on expected or measured results of the channel.
Thus we modelled the multipath signals as being comprised of “ L ™ resolvable multipaths
associcted with S, 71z and O (the gain, delay and phase respectively of the lth ‘path’
identified between the kth user and the base station) where:

(a) 7u is simulated as a a random variable that is uniformly distributed over [0,T],

(b} the path phase 8y is simulated as a random variable uniformly distributed over (0,27

and |

(¢) 3 is simulated as a Rician random variable. We assume that the mear square value
2pi for the Rician path parameter 3ix is the same for all users and paths alike, ie.,

o =p =0+ 1s°. The ratioé x = V/2& s (where the square of x is the random to

specular power ratio), are input values based on path measurements from [7).

w3



We note that all the above random variables are assumed independent for all [ and k.
Subsequently from the system performance viewpoint, the predicted BER is sensitive to
the following channel parameters:
o the multipath delay spread, and thus the number of received multipaths components,
and

e the amount of fading.

The mean square value of the Rician random variable G (formed from the products
ArBix), ie., E[G3) = Aip = P, is the parameter that we employ in mitigating the
near/far problem. To exercise this average power control, we adjust the A; values as,
obviously p depends on the channel characteristics which is beyond the users control. We
note that for the average received power (i.e., Prx = Payg for all k), the average received

- - - - - P.- T
s ~to-noise ratio, 7g, is equal to 2pEp /Ny = —\»’o—

The simulation of the received signal samples (including multipath fading signals)
for the referenced user, will include addition or corruption by interfering multipath fading
signals from the other users. As a result we need to compute the aperiodic crosscorrelations,
described by (4.11), between the referenced user and other interfering users, i.e., between
the regenerated referenced user code sequence and delayed version of the interfering codes.
As this signal is further corrupted by AWGN noise we simulate random noise samples
where the complex noise samples are independent zero mean Gaussian random variables
with variances equal to NyT. At the receiver we simulate the selection diversity rule as
described in Chapter 4.

The evaluation of the BER performance of the system can be realized by the following
two techniques:

(A) Direct Monte Carlo Simulation and
(B) Semi Analytical with Monte Carlo Simulation.

which are described next.

5.1 DIRECT MONTE CARLO SIMULATION TECHNIQUE

This approack is based on the probability of error given by the demodulation expres-
sion described in (4.20) and requires all the necessary routines or steps outlined above to
simulate the IWC system. The main disadvantages of this tecknique are:
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a. the random noise samples are directly simulated,
b. the simulation of a set of mutipath channel characteristics, for each kth user and Ith
path, are required for each BER estimated and
¢. to attain reasonable accuracy in estimating the BER, a general rule of thumb is approx-
imately 100 errors should be counted, which entails a computing run of (100/BER)
bits. As an example, if a BER of 1073 is computed a run length of 107 bits is required.
Furthermore, if at least 100 different sets of multipath channel characteristics are re-
quired to provide a close approximation of the multipath efects ther a run length of
10° bits is required.
Thus its not surprising that the major disadvantage of this approach is the horrendous
amount of computing time required to estimate the BER, i.e., the bit errors are counted
directly. Futhermore most computer systems are limited or finite in their dynamic storage
user allocation. In our case, we are imited to estimating bit error rates not lower than
10~%. Hence, mainly because of the inefficient computing time requirement and BER limit
constraint we seclected the alternate technique outlined in the next section for most of our

simulation.

.2 SEMI ANALYTICAL WITH DIRECT MONTE CARLO SIMULATION
TECHNIQUE

This approach is based on the probability of error expression developed in Section

of the signals involved or decision variables is not required; rather we simply simulate
randomly the selection of the parameters involved in the analysis of the probability of
error done earlier. In effect we have determined the probability of error conditions on
the variables {r;;}, G;1, K and L and simulating these random variables will allow us to
numerically remove them as condition variables. To remove these conditions we proposed

the following computational strategy:
e For any number of K users and L number of multipaths resolved the remaining
random variables {7z} and G;; are removed by employing Monte-Carlo simula-

tion.

The variance of the BER's (computed for each set of multipath channel values) will allow
us to determine the confidence levels of the results. The average BER curves are then
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aveilable for further plotting with the 97.3% confidence levels shown if necessary. To
evaluate the Marcum Q-function, the technique described in [31] is employed. Although
the number of random variables is sufficiently large its found that the number of iterations
required is small in order to obtain a reliable value for the BER.

To implement the simulator, block programs of the abovementioned routines or steps
were written in the FORTRAN 77 language, on a personal computer (16 bit machine) first.
This modular programming approach enables the transportation of the overall simulation
package to the mainframe environment. As a result the final standalone package is readily
transportable to any size computer with an ANSI FORTRAN 77 compiler installed. Fur-
thermore this modular approach facilitate or allow us to check and test the reliability and
accuracy of the m:lts the simulator produces.

A significant amount of resources were spent on modelling and verification. Specifi-
cally, two programs based on the two techniques were developed. The two program list-
ings are attached as appendicies. Appendix A contains the program listing identified as
“HD” based on the first technique while Appendix B contains the program listing iden-
tified as “BER” based on the second technique. Initially, the results from using the first
program were used to compare with standard analytical BER expression for DPSK mod-
ulation, i.e., based on the trivial case of no multipaths and one user. A gradual increase
in the complexity of the problem to check the deterioration in the BER results, i.e., by
introducing multipath fading and multi-user interference, permit us to be confident of the
results. Subsequently these results are compared with those obtained by using the second
program. As there are significant shortcomings in the first technique, such as previously
described, the results from using second program form the core of our simulation studies.

Having briefly described the mechanics of simulating the IWC DS/SS-MA system let

us describe the measured channel or propagation results data that we use in our simulation
next.

5.3 UTILIZATION OF MEASURED CHANNEL DATA

The BER performance expression, derived in Chapter 4 and implemented as described
above, were used to determine the performance of the DS/SS-MA scheme for several differ-
ent scenarios derived from some reporied channel characteristics. Specifically, the perfor-
mance of these schemes at bit rates of 32 kbits/s, 64 kbits/s, and 144 kbits/s were found.
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These rates are those which are proposed for some of these systems [1]. As well, two code
sequence sets were considered: N = 127 Gold codes and .V = 255 Kassami codes. These
systems were considered for situations where the rms delay spread was 100 ns and 230 ns
(values reported to be worst case situtions {3]) affecting the number of distinct paths that
could be resolved by the receiver as shown in Table V.1 below.

Table V.1 Transmission parameters-maximum number of multipaths L

Data Rate Period Length Chip Rate No. of paths (L)| No. of paths (L)

{kB/s) (N) (MChips/s) Tm= 100ns Tm=2501s
32 127 1.06 1 2
255 S.16 1 3
64 127 8.13 1 3
253 16.32 2 3
144 127 18.29 2 5
235 36.72 4 10

The various combinations of these parameters were considered for two inbuilding Ri-
cian fading environments measured in [7]. The first set of measurements was recorded in 2
30 year old brick building. The floor plan [7, Fig. 2] shows the building is partitioned into
many small offices and laboratories. The second set of measurements was performed in
another building of the same basic construction but has an open office concept. Distribu-
tion functions computed from the data recorded at cited buildings indicate Rician pattern
with different » values. These were found to correspond to a Rician fading channel with
ratio & = 0.2089 (for the classical building, identified as Building 1) and a channel with
ratio x = 0.0794 (for the “open office” environment identified as Building 2).

5.4 RESULTS AND DISCUSSIONS

To compare the results from the above-cited measurements values, the performance
curves in [4] are reproduced as shown in Figure 5.1. The figure illustrates the performances
of a DS/SS-MA scheme with selection diversity for two types of modulation scheme, namely
DPSK and BPSK, at data rates of 32 kb/s and accomodating a maximum of 15 users (with
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individual Kasami codes of periodic length equal to 255 assigned). The channel is assumed
to have L = 4 resolvable multipaths (which corresponds to a maximum rms delay spread of
about 490 ns) and p = 0.019 where p corresponds to the mean square value of the random
path variable, 3, characterized by a Rayleigh distribution.

Fig. 5.1. Performance of DS/SS-MA system shown for DPSK & CPSK modnlation and
selection diversity (from {4];:Kasami Code, N = 2533.T = 32 kb/s, K’ = 13 users,
L = 1 paths. T,,, = 490 ns.

Figures 5.2-18 show the results for these channels for different levels of selection
diversity Af (M = L, L, where L, is the number of antennas being used to provide
physical diversity), i.e., contrasting the performance of the scheme in the two building

environments based on the following possible system configuration:
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a. No diversity (M = 1),

b. DS/SS diversity only (M = L),

c. Selection diversity, DS/SS diversity and space diversity (Ls = 2) combination, to give
an overall diversity of M = 2L and

d. Selection diversity, DS/SS diversity and space diversity (L, = 3) combiration, to give

an overall diversity of M = 3L

As previously described in Chapter 4, the order of diversity also depends on the number of
L paths resolved by the DS/SS technique employed by the scheme. Thus, for example, in
our Figure 3.2 if an order of M = 2L is required to provide the appropriate BER threshold
margin of & 103 (given that the average received SNR is not less than S dB), we require
2 antennae. Since the discrete order of DS/SS diversity is Lsg = L = 2 the overall
order of diversity provided s Al = 4. As might be expected, the results demonstrate
that, in most instances, the performance of the systems in the open office environment
is better than in the more classical interior environment. This is particularly tree in
systems without diversity {.\J = 1) where we find the irreducible BER performance of the
system, shown in all the figures, is significantly better in the open office environment. Since
the BER performance of the I'WC system depends on the number of users in operation,
the information data rate, the type and length of CDMIA codes employed, the selection
diversity configuration, and most of all the channel characterisics in which it operates, let

us focus and discuss on the results observed on the various possible scenarios.

5.4.1 Gold codes results

Figures 5.2 to 5.6 illustrates the performance of the I'WWC scheme where the codes
employed are Gold codes of periodic length 127 and K = S users. Figures 5.2-5 illustrates
the BER performance of the DS/SS-AA system as a function of the average received SNR
(5 £ Ave SNR (dB)< 45) for different data rates and time delay spreads. To summarize
this section, the irreducible BER performance curves, as a function of the diffcrent data

rates, for a maximum multipath delay spread of 250 ns, is shown in Figure 3.6.
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Fig. 5.2 Performance of DS/SS-MA system with DPSK modulation and selection
diversity (Gold Code, N = 127,T = 32 kb/s. K = 8 users, L = 2 paths, T,, = 230 ns).

The BER performance curves for data rate of T = 32 kb/s and K = § users for
a maximum multipath delay spread of 230 ns are shown in Figure 5.2 above. 1We note
that the maximum number of paths that can be resolved is 2 in this situation. From the
figure, we observed that the irreducible BER (i.e., the BER saturates and any increase
in the average SNR will not improve the BER) is approached at a SNR of about 30 dB
As expected, the irreducible BER of the IWWC scheme in Building 1 is reduced, by about
an order of magnitude, when DS/SS diversity (M = L) is employed in contrast to not
employing any diversity at all. The performance is further increascd significantly, by three
orders of magnitude, for selection diversity of order M = 2L , i.e., M = 4. The performunce
increases sharply by another five orders of magnitude as M increases to 3L , ie., M =6.
On the other hand, the irreducible BER of the IWC scheme in Building 2 is reduced, by
only a factor of two, as M increases from 1 to L. The performance is further increased.
by four orders of magnitude, for selection diversity of order Ml = 2L. As M increases

to 3L the performance increases sharply by another six orders of magnitude. To contrast
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the irreducible BER in both buildings, we observed that for all cases the scheme performs
better in the open office environment than in the classical building. The difference in
performances of the scheme in both buildings increases as higher order of diversities are
employed. The difference is about one order of magnitude when no diversity is emploved

and increases to about four order of magnitude for selection diversity of M = 6.
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Fig. 5.3 Performance of DS/SS-MA system with DPSK modulation and selection
diversity (Gold Code, N = 127.T = 64 kb/s, K = § users, L = 3 paths, T, = 250 ns).

Figure 5.3 above illustrates the BER performance of the DS/SS-MA system for data
rate of T = 64 kb/s and R’ = § users for a maximum mmultipath delay spread of 250 ns.
The maximum number of paths that can be resolved is 3 in this situation. We see that
the irreducible BER is approached at a SNR of 20 dB. When DS/SS diversity (M =1L)is
employed, the irreducible BER performance of the IWC scheme in Building 1 is observe
to improve by a factor of four. This performance is further increased significantly, by two
orders of magaitude, for selection diversity of order Af = ZL ,ie., M = 6. The performance
improves by another three orders of magnitude as A increases to 3L ,i.e., M = 9. On the
other hand, the irreducible BER of the IWWC scheme in Building 2 is reduced, by only a
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small amount as M increases from 1 to L. However, as M increases to 2L the performance
increased significantly by two orders of magnitude. As M increases to 3L the performance
increases by another three orders of magnitude. To contrast the irreducible BER of the
scheme in both buildings, we observed that for all cases the scheme performs better in the
open office environment than in the classical building as in the previous case study. The
difference here in this case study is about a factor of four when no diversity is employed
and decrease to less than a factor when DS/SS diversity is used. The difference increases
to about a factor of five when M = 6 and increases to about a factor of six for selection
diversity of M =9.

Figure 5.4 illustrates the BER performance of the DS/SS-MA system for data rate of
T = 141 kb/s and K = 8 users for a maximum multipath delay spread of 100 ns. From the
figure, we observed that the plot is identical to Figure 5.2. We expect this as the maximum
number of paths that can be resolved is 2 which is identical to that resolved for the case
shown in Figure 5.2. Obviously, the results are sensitive to L, the number of multipaths,
which is a function of the chip rate and the delay spread.
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Fig. 5.4 Performance of DS/SS-MA system with DPSK modulation and selection
diversity (Gold Code, N = 127,T = 144 kb/s, K’ = § users, L =2 paths, T,,, = 100 ns).
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Figure 5.5 shows the BER performance of the DS/SS-MA system for data rate of

T = 144 kb/s and K = 8 users for a maximum multipath delay spread of 250 ns.
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Fig. 5.5 Performance of DS/SS-MA System with DPSK modulation and selection
diversity (Gold Code, N = 127, T = 144 kb/s, i’ = 3 users, L = 5 paths, T, = 250 ns).

The maximum number of paths that can be resolved is 5 in this situation. WWe observed
that the irreducible BER is approached at a SNR of 25 dB. The irreducible BER of the
IWC scheme in Building 1 is better, by a factor of seven, when DS/SS diversity (M = L)
is employed in contrast to not employing any diversity at all. The performance is further
increased by an order of magnitude for selection diversity «f order M = 2L, i.e., M = 10.
The performance increases by another two orders of maguitude as Af increases to 3L , i.e.,
M = 13. The irreducible BER of the IWC scheme in Building 2 is reduced, by only a
factor of four as A increases from 1 to L. The performance is increased significantly, by
an order of magnitude, for selection diversity of order M = 2L. As M increases to 3L the
performance increases by another two orders of magnitude. To compare the irreducible
BER of the scheme in both buildings, we observed that the scheme performs better, as

expected, in the open office environment than in the classical building in the case of no
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diversity at all. However, with selection diversity of M > 5 the scheme performs slightly
better in Building 1 than in Building 2. The difference here in this case study is about
a factor of two or less when no diversity is emploved and decreases to less than a factor

when selection diversity is used.

Based on the results shown in Figures 5.2, 5.3 and 5.4, we see significant improvement
in the BER performance when the system employs selection diversity of order M > 2L. If
the system’s specification calls for a typical BER performance of not worse than 1074, for
the cases shown, then a diversity order greater or equal to 2L is required. We note that

the minimum average received SNR should be greater or equal to 5 dB here.

A summary of the irreducible BER of the DS/SS-MA system as a function of the
different data rates for K = §8 users and a maximum multipath delay spread of 250 ns is
shown in Figure 5.6. We note that the maximum number of paths that can be resolved
depends on the data rates. In general, for a fixed multipath delay spread of 250 ns we
observed that the performance of the scheme, in either buildings, improve with higher
order of diversities. As the data rates increase, this advantaze is reduced as shown in
Figure 5.6. The main point to be made here is that with selection diversity the difference
in performance in both buildings decrease as higher data rates are sought till we obtained
almost similar performancé at about 120 kb/s. At data rate of 144 kb/s the scheme
performs slightly better in Building 1 than in Building 2 with higher order of selection
diversity (A > 2L). We attribute this to the higher random to specular power ratio in
Building 1 where we surmised that at higher data rates (the number of multipaths increase
for a fixed multipath delay spread) the scheme exploits the advantage of using selection
diversity. We conclude that for the scheme to be highly effective, especially in Building 1,

space diversity is to be augmented to the DS/SS-MA scheme.
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Fig. 5.6. Irreducible BER performance of DS/SS-MA system with DPSK modulation
and selection diversity at different datu rates (Gold Code, N = 127, K = § users,
Tn = 250 ns).

5.4.2 Kasam codes results

In this section we discussed the performance of the IWC system where the CDMA
codes employed are Kasami codes of length 255. Figures 5.7-12 illustrates the BER per-
formance of the DS/SS-MA system as a function of the average received SNR (5 < Ave
SNR (dB)<£ 45) for different data rates and time delay spreads. Figures 5.13-14 illustrates
the irreducible BER performance of the DS/SS-MA system as a function of the number
of multipaths for data rate of 144 kb/s and K = 135 users. Figures 5.15-17 illustrates the
irreducible BER of the DS/SS-MA system as a function of the number of users for differ-
ent data rates and T, = 230 ns. Finally, to complete this section, the irreducible BER
performance curves, as a function of the different data rates, for 2 maximum multipath
delay spread of 250 ns and X = 135 users, is shown in Figure 5.18.

Figure 5.7 shows the BER performance of the DS/SS-MA system for data rate of

T =32 kb/s and I = 15 users for a maximum multipath delay spread of 250 ns.
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Fig. 5.7 Performance of DS/SS-MA system with DPSK modulation and selection
diversity (Kasami Code, N = 235,T = 32 kb/s, K’ = 15 users, L =3 paths, T, = 230 ns).

We note that the maximum number of paths that can be resolved is 3 in this situation.
From the figure, we observed that the irreducible BER is approached at a SNR of 30 dB.
The irreducible BER of the IWC scheme in Building 1 is reduced, by a factor of seven, when
DS/SS diversity (M = L) is employed. This performance is further increased significantly,
by two orders of magnitude, for selection diversity of order M=2L, ie, M =6. The
performance increases similarly by another two orders of magnitude as M increases to 3L
, ie.. AL = 9. On the other hand, the irreducible BER performnance of the IWC scheme
in Building 2 is reduced, by only a factor of four, as M increases from 1 to L. The
performance is further increased, by two orders of magnitude, for selection diversity of
order Ml = 2L. As M increases to 3L the performance increases another two orders of
magnitude. To contrast the performance in both buildings, we observed that for all cases
the scheme performs better in the open officc environment thaa in the classical building.
The difference in performances of the scheme in both buildings increase as higher order

of diversities are employed. The difference is about a factor of eight when no diversity is

86



employed and decrease to about a factor of four to five factors for selection diversity of
M=9.

Figure 5.8 illustrates the BER performance of the DS/SS-MA system for data rate of
T =32 kb/s and K = 15 users for a maximum multipath delay spread of 490 ns. We note
that the maximum number of paths that can be resolved is 4 in this situation. From the
figure, we observed that the irreducible BER is approached at a SNR of 25 dB. As expected,
the irreducible BER of the IWC scheme in Building 1 is reduced, by a factor of seven,
when DS/SS divetsity (M = L) is employed in contrast to not employing any diversity
at 2ll. The performznce is further increased significantly, by two orders of magnitude, for
selection diversity of urder M = 2L , i.e., M = 8. The performance increases increases
similarly by another two orders of magnitude as M increases to 3L , i.e., Al = 12. On the
other hand, the irreducible BER of the IWC scheme in Building 2 is reduced, by only a
factor of two, as M increases from 1 to L. The performance is further increased, by two
orders of magnitude, for selection diversity of order M = 2L. As Al increases to 3L the
performance increases another two orders of magnitude. We observed that for all cases
the scheme performs better in the open office environment than in the classical building.
We observed that the difference in performances of the scheme in both buildings decrease
as higher order of diversities are employed. The difference is about a factor of eight when
no diversity is emploved and decreases to about a factor of four for selection diversity of
M =12,

The primary reason for including this figure is to compare the results with that of the
Rayleigh performance rurves [4] reproduced in Figure 5.1 (with other parameters remaining
the same). In Figure 5.1, we observed that, the irreducible BER is better by a factor of two
if the scheme employs CPSK rather than DPSK modulation in the case of no diversity.
This factor of improvement remains more or less constant even with selection diversity
of order M = 8. K we compare Figures 5.1 and 5.8 we cbserved that the DS/SS-MA
scheme performs better in the the buildings characterized by Rician channels than in the
building (for sake of argument identified as Building 0) characterized by Rayleigh {ading
channel. We observed that the difference in the irreducible BERs of the scheme (with
DPSK modulation) between Building 1 and Building 0 is about a factor of four in the case
of no diversity (M = 1) and increases significantly to about an order of magnitude with
selection diversity of Af = 8.
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Fig. 5.8 Performance of DS/SS-MA system with DPSK modulation and selection
diversity (Kasami Code, N = 255,T = 32 kb/s, K = 13 users, L = 4 paths, T\, = 490 ns).

The BER performance of the DS/SS-)A system for data rate of T = 64 kb/s and
K = 13 users for a maximum multipath delay spread of 100 ns is shown in Figure 5.9.
The maximum number of paths that can be resolved is 2 in this case. From the figure,
we observed that the irreducible BER begins at about a SNR of 35 dB. In Building 1,
the irreducible BER of the IWC scheme improves by an order of magnitude, when DS/SS
diversity (M = L) is employed. This performance is further increased significantly, by
seven orders of magnitude, for selection diversity of M = 2L, i.e., M = 4. On the other L
hand, tke irreducible BER of the IWC scheme in Building 2 is reduced, by about a factor
of two, as M increases from 1 to L. The performance is further increased tremendously,
by ten orders of magnitude, as M increases to 2L. To contrast the performance in both
btﬁl&ings, we observed that for all cases the scheme performs better in the open office
environment than in the classical building. The difference in performances of the scheme
in both buildings increase as higher order of diversities are employed. The difference is
about a couple of orders of magnitude when no diversity is employ-d and increases to

about four orders of magnitude for selection diversity of M = 4.
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Fig. 5.9 Performance of DS/SS-MA system with DPSK modulation and selection
diversity (Kasami Code, N = 253,T = 64 kb/s, K = 15 users, L =2 paths, Tr, =100 ns).

Figure 5.10 illustrates the BER performance of the DS/SS-MA system for data rate
of T = 64 kb/s and K = 15 users for a maximum multipath delay spread of 250 ns. We
note that the maximum number of paths that can be resolved is § in this situation. From
the figure, we observed that the irreducible BER is approached at a SNR of 25 dB. As
expected, the irceducible BER of the IWC scheme in Building 1 is reduced, by a factor of
six, when DS/SS diversity (M = L) is employed in contrast to not employing any diversity
at all. The performance is further increased significantly, by two orders of magnitude, for
selection diversity of order M = 2L, i.e., Al = 10. The performance increases another
two orders of magnitude as M increases to 3L , ie, M = 15. On the other hand, the
irreducible BER of the IWC scheme in Building 2 is reduced, by about a factor of four,
as M increases from 1 to L. The performance is further increased tremendously, by two
orders of magnitude, for selection diversity of order M = 2L. As M increases to 3L, the
performance increases another two orders of magnitude. To contrast the performance in
both buildings, we observed that for all cases the scheme performs better in the open office
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environment than in the classical building. The difference in performances of the scheme
in both buildings increase as higher order of diversities are employed. The difference is
about a factor of two when no diversity is employed and increases to about 2 factor of six

for selection diversity of M = 13.
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Fig. 5.10 Performance of DS/SS-MA System with DPSK modulation and selection
diversity (Xasami Code, N = 255, T = 64 kb/s, K’ = 135 users, L = 5 paths, T\ = 250 ns).

Figure 5.11 illustrates the BER performance of the DS/SS-MA system for data rate
of T = 141 kb/s and K = 15 users for a maximum multipath delay spread of 100 ns. From
the figure, we observed that the plot is identical to Figure 5.8. The maximum number of
paths that can be resolved is 4 which is identical to that resolved for the case shown in

Figure 5.8,
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Fig. 5.11. Performance of DS/SS-MA system with DPSK modulation and selection
diversity(Kasami Code, N = 255,T = 144 kb/s, K = 15 users, L = 4 paths, T, =
100 mns).

Figure 3.12 illustrates the BER performance of the DS/SS-MA system for data rate
of T = 144 kb/s and K = 13 users for a maximum multipath delay spread of 250 ns.
The maximum number of paths that can be resolved is 10 in this case. From the figure,
we see that the irreducible BER begins at SNR of about 25 dB. The irrcducible BER of
the IWC scheme in Building 1 is better, by an order of magnitude, when DS/SS diversity
(M = L) is employed in contrast to not employing any diversity at all. This performance
is increases by another three orders of magnitude, for selection diversity of order A = 2L,
i.e., M = 20. The performance increases further by another three orders of magnitude as
M increases to 3L, i.e., M = 30. On the other hand, the irreducible BER of the IWC
scheme in Building 2 improves by a factor of three as Af increases from 1 to L. This
performance is increased significantly, by two orders of magnitude, for selection diversity
of order M =2L. As M increases to 3L the performance increases by another two orders
of magnitude. The performance of the scheme in both buildings, performs better, by a

factor of five, in the open office environment than in the in the classical building in the case
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of no diversity at all. However, with selection diversity of M > 10 the scheme performs
better in Building 1 than in Building 2. The difference in these cases is about a factor of

one (for M = 10) and increases to 2 factor of six for selection diversity of M = 30.
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Fig. 5.12. Performance of DS/SS-MA system with DPSK modulation and selection
diversity (Kasami Code, N = 235,T = 144 kb/s, K’ = 15 users, L = 10 paths,
T = 250 ns).

Figures 5.13 and 5.14 illustrates the irreducible BER performance of the DS/SS-MA
system as a function of the maximum number of multipaths (or function of the amount
of time delay spread as shown) for data rate of 144 kb/s and X' = 15 users. In Figure
5.13, the deterioration in the irreducible BER of the system is gradual as the number of
multipaths increase, about 1 to 2 orders of magnitude, as the number of paths increase

from 3 to 10 (corresponding to increase from 60 ns to 250 ns multipath delay spread).
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Fig. 5.13. Imreducible BER performance of DS/SS-MA system with DPSK medu-
lation and selection diversity at different multipath delay spreads (Kasami Codc,
N =2335,T = 144 kb/s, K = 13 users).

However, in the “lower limb” region, as shown in Figure 5.14, we observe that the
deterioration increases sharply , especially with higher order of diversities, as the number
of multipaths increase from 2 to 3, i.e., up to twenty three orders of magnitude. Thus,
we can conclude that multipath fading has a deleterious effect on system performance but
with further increase in the multipath delay spread (values shown in the inset of plots)
the deterioration rate tapers off. Alternately, we can argue that with 3 or less multipaths
{corresponding to delay spread of less than 60 ns), the impact of deploying higher order of
diversities is very great.
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Fig. 5.14. Irreducible BER performance of DS/SS-MA system with DPSK modulation
and selection diversity at different multipath delay spreads or small number of paths.
(Kasami Code, N = 235, T = 14 kb/s, K = 13 users)

Figure 5.15 illustrates the irreducible BER performance of the DS/SS5-MA system as
a function of the maximum number of users that it can accomodate at information data
rate of T’ = 32 kb/s based on a maximum multipath delay spread of 250 ns. The maximum
number of paths that can be resolved is 3. In reality, we note that the system degrades
softly as the number of users increase which is typical of DS/SS-MA system. From the
figure, we observed that with DS/SS diversity and at least two antennae diversity the
system can accomodate up to a maximum of 15 users based onr a specification that the
irreducible BER will not be worse than 1073,
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Fig. 5.15. Irreducible BER performance of DS/SS-MA system with DPSK modulation
and selection diversity as a function of the number of users (Kasami Code, v =
233, T = 32 kb/s, L = 3 paths, T}, = 250 ns).

Figure 5.16 illustrates the irreducible BER performance of the DS/SS-MA system as
a function of the maximum number of users that it can accomodate at information data
rate of T = 64 kb/s based on a maximum multipath delay spread of 250 ns. The maximum
number of paths that can be resolved is J in this situation. Similarly as in the previous case,
we observed that, with selection diversity of order M = 2L, the system can accomodate
up to a maximum of 15 users based on a specification that the irrediicible BER will not

be worse than 1073,
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Fig. 5.16. Irreducible BER performance of DS/SS-MA system with DPSK modulation
and selection diversity as a function of the number of users (Kasami Code, N =
355, T = 64 kb/s, L = 5 paths, T,, = 250 ns).

Figure 5.17 illustrates the irreducible BER performance of the DS/SS-MA systemas a
function of the maximum number of users that it can accomodate at information data rate
of T = 144 kb/s based on a2 maximum multipath delay spread of 250 ns. The maximum
number of paths that can be resolved is 10. Similarly, as in the previous two cases, the
the system can accomodate up to a maximum of 10 users, with order M = 2L, based on

a specification that the irreducible BER will not be worse than 1073,
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Fig. 5.17. Irreducible BER performance of DS/SS-MA system with DPSK modulation
and selection diversity as a function of the number of users (Kasami Code, N =
255, T = 144 kb/s, L = 10 paths, T,n = 250 ns).

Figure 5.18 summarizes the irreducible BER performances, for various data rates and
K =13 users at a maximum multipath delay spread of 250 ns. We note that the maximum
number of paths that can be resolved depends on the data rates. In general, for a fixed
multipath delay spread of 230 ns we observed that the performance of the scheme improve
with higher order of diversities, however this advantage is reduced as the data rates increase
as shown. The main point to be made here is that with selection diversity the difference
in performance in both buildings decrease as higher data rates are sought till we obtained
almost similar performance at about 120 kb/s. At data rate of 114 kb/s the scheme
performs better in Building 1 than in Building 2 with selection diversity Af > 2L. We
attribute this to the higher random to specular power ratio in Building 1 where we surmised
that at higher data rates (the number of multipaths increase fur a given muitipath delay

spread) the scheme exploits the advantage of using selectiou diversity more effectively.
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Fig. 5.18. Irreducible BER performance of DS/SS-)MA system with DPSK modulation
and selcction diversity at different data rates. (Kasami Code, N’ = 2335, K = 13 users,
T =250 ns.)

5.4.3 Comparison between employing Gold and Kasami codes sequence sets

Table V.2 compares the performance of the D5/SS-MA system using two code se-
quence sets: N = 127 Gold codes and N = 255 Kasami sets. It shows the performance
results (for X = § users and multipath delay spread, T, = 250 ns, for two different data
rates) of the DS/SS-MA system employving these codes. At 64 kb/s we observe that the
DS/SS-MA system performs slightly better with Kasami codes of periodic length iV = 235
instead of Gold codes of periodic length ¥ = 127. At 14¢ kb/s we observe that the scheme
performs significantly better (viz., by two orders of magnitude in the case of M = 2L) in
cither building environment when it employs the Kasami codes instead of the Gold codes
with a shorter periodic length. The penalty is the larger RF bandwidth requirement. How-
ever this is compensated by the larger set of individual codes which can accomodate more

potential users.



Tabie V.2 BER performznce of DS/SS-MA system for two sets of CDMA codes

K =8 users, T = 64 kb/s, T\ = 250 ns.

Building No. BER BER BER
(CDMA Code) (M =1) (M = L) (M =2L)
Building 1
Gold ¥ =127 5.479 x 103 1.810 x 10~3 1.017 x 10~
Kasami N = 255 5.211x 103 46903 x 10~ 2908 x 10~%
Building 2
Gold N =127 1.658 x 10—3 1.241 x 10-3 5.625 x 10~%
Kasami N = 2533 5.324 x 10— 3.034 x 10—* 1.374 x 10~8
K =8 users, T = 144 kb/s, T,, = 250 ns.
Building No. BER BER BER
{CDMA Code) (M=1) (M=L) (M =2L)
Building 1
Gold N =127 2.814 x 102 5.636 x 1073 1.543 x 10—
Kasami iV = 255 2.453 x 1072 1.469 x 10™3 1.892 x 1079
Building 2
Gold N =127 1.219 x 10—2 6.620 x 1073 1.799 x 10~1
Kasami N = 235 9.604 x 10~3 2.697 x 1073 4.077 x 10~%




VI. SUMMARY AND SUGGESTIONS FOR FURTHER RESEARCH

6.1 SUMMARY

In this thesis we have investigated the performance of a DS/SS-MA scheme in an
indoor environment characterized by Rician multipath fading channels. The results of
these investigations are summarized below.

By comparing the performance of the scheme under various scenarios we conclude
that DS/SS diversity (i.e., M = L) improves the performance of the scheme. However,
we show that the combination of DS/SS diversity and space selection diversity (M > 2L)
provides greater and significant advantages. In most cases, this selection diversity offers
BER performance better than 10™%. These performances are attained even at high data
rates of up to 144 kb/s with multipath delay spread of 230 ns (worst case situation) with a
CDAIA scheme capacity of 15 users. These performance results indicate that the realization
of the DS/SS-MA scheme proposed in this study is feasible in the newly proposed CADN
architecture.

The results demonstrate that, in most instances, the IWC system has a better per-
formance in the open office environment than in the more classical interior environment.
Their performances dovetailed at higher data rates, for Af > L, with the scheme having
similar or slightly better performance in the classical building at data rates greater than
120 kb/s. However, it should be noted that these comparisons are made on the basis of
a common multipath delay profile. In reality, the multipath d.lay spread in the classical
interior building will be wider than in the open office envirnoment.

We compared the performance of the scheme for two different code sequence sets (N =
127 Gold and N = 235 Kasami codes) and determine that there is significant advantage
in deploying the N = 255 Kasami sets. The advantage is particularly prominent at high
data rates with significant improvement in performance (viz. two orders of magnitude at
144 kb/s for M = 2L as shown in Table V.2). The penalty for uprating the code rate is
a larger RF bandwidth requirement. However, as discussed, this is compensated by the
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larger set of individual codes which can accomodate more potential users within the indoor
cell site.

The performances of the scheme in the two inbuilding Rician channels were compared
with the Rayleigh channel described in [4]. Its shown that the system has a better perfor-
mance in the Rician channels. The difference is about an order of magnitude for diversity
order M > 2L as shown in Figures 5.1 and 5.8. We conclude that the Rayleigh model can,
in this instance, give a conservative estimate of the I'WC system under study as we would
expect.

We compiled the performance results for the various case studies based on values of the
parameters shown in Table V.1 and runs based on other relevant parameter values as an
extension of our study. As a result we were able to provide irreducible BER’s performance
of the scheme as a function of
(2.) the number of users (R') as shown in Figures 35.15-17,

(b.) the number of multipaths L (or the amount of the time delay spread) as shown in

Figures 5.13 and 5.14, and
(c.) the information data rate T (Figures 5.6 and 3.18).

The irreducible BER’s values are derived based on the irreducible BER threshold (which
approached average SNR values ranging from 20 to 30 dBs). For our purpose, we consider
average SNR values of about 20-25 dBs (corresponding to those irreducible BER’s) as
there is not much difference in performance between average SNR’s of 20 and 30 dB.
These average SNR values of 20-25 dB are attainable based on system processing gain G,
of 23.5 dB (for N = 253 codex). We allowed for system losses which can be recovered,
viz. antenna gains, and assumed that average power control will preclude jamming margin
(M;) requirements. As a result of this study, we show that the BER performances of the
scheme are sensitive to the following channel parameters

e the multipath delay spread Tm, and thus the number of received multipaths compo-

nents L, and
e the amount of fading x.

The parameters (L and T) in items (b) and (c) above, are related to the resolution of the
number of multipaths expression given in (4.3). We note that the chip rate is pioportional
to the information data rate for a given code length. Hence, we show that this is another
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one of the advantage of the discrete channel model approach which allow us to extrapolate
our results.

As an example, let us consider the DS/SS-MA system (with N = 255 Kasami codes,
15 users simultaneously online) operating in the open interior building with a worst case
situation corresponding to a delay spread of 250 ns. To achieve a BER performance of
10~ with 64 kb/s data rate access, from Figure 5.10, we observed that this performance is
attainable with selection diversity M > 2L. If the maximum delay spread is actually less
than 120 ns, we can show that the data rate access can be uprated to 144 kb/s as shown
in Figure 5.13. This extrapolation can be shown to be equally applicable for the scheme
operating in the classical interior building,

Similarly, we can extrapolate the results shown in Figure 5.8 which illustrates the -
performance of the scheme operating in both buildings with a multipath delay spread of
490 ns with users having 32 kb/s data rate access. We can obtain the same performances by
increasing the data rates to 144 kb/s, as shown in Figure 5.13, if the maximum multipath
delay spread is actually less than 100 ns. Since we compared the results between the
Rayleigh and Rician channels at 32 kb/s, the comparison results given in the previous
chapter are equally applicable in this example, i.e., between Rayleigh (T = 32 kb/s, T, =
490 ns) and Ridian (T = 144 kb/s, T, = 100 ns) channels.

In summarizing our conclusions, we note that we limit our diversity studies to the
combination of DS/SS and space diversity. We did not consider other diversity schemes
for the following reason. We have shown that space diversity reception when operating
in tandem with DS/SS modulation produce significant improvement in the performance
of the DS/SS-MA scheme with BER better than 10~ at data rates of 144 kb/s with two
antenna diversity. Furthermore, in practice, space diversity is more efficient and is always
less complex than maximal ratio combining especially when two antennae is configured for

diversity reception.

-2 SUGGESTIONS FOR FURTHER RESEARCH

Our investigations centred on two code lengths (:V = 127 and 255) based on practi-
cal code rate of 50—100 MHz (hardware Limitations) and assuming that S0 MHz of RF
bandwidth is allocated at 900 MHz range spectrum. This limits our processing gain to
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less than 23.5 dB. Assuming that there are no hardware limitations and RF bandwidth
allocations are relaxed, CDMA codes with length greater than 235 are required for further
study. This will maximize the processing gain and hence increase system performance and
capacity.

In situations where the Doppler effects are predominant, we should take into account
the manner in which it impacts on the phase characteristics of the Rician channel model.
In our study, the phase of the specular component of the Rician fading channel is assumed
to be random. This is a reasonable assumption as suggested in [26]

Further work on other binary signalling scheme, such as BPSK, can be contemplated
since the infrastructure for deriving the performance and models of a DS/SS-MA system,
for any binary sinalling scheme, are in place as a result of this thesis. Bandwidth-efficient
schemes such as MSK {(minimum shift keying) should be considered for increasing code
rate (with increase system capacity in mind) and hence maximizing the processing gain to

enhance system performance.
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APPENDIX A

This Appendix contains the listing of the program " HD" based on the Direct
Monte Carlo Simulation Technique.
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cAAAAAAAAAAAAAAAA‘\A‘\AAAAAAAAAAAAnAAAAAAAAAAAAAAAAAAAAAAAAAAAA&AAAAAAAAA

c PROGRAM: DEVELOPED BY E.C.LIM ,VZRSION 2.0C -
c UNIVERSITY OF OTTAWA,ELEC. ENGINEERING, AUG'S87 ~
C "~
c PURPOSE: SIMULATE DIRECT SEQUENCE SPREAD SPECTRUM WITH DPSK -
c MODULATION AND CCDE DIVISION MULTIPLE ACCESS FOR -
c INDOOR WIRELESS COMMUNICATIONS. -
c DIRECT MONTE CARLO SIMULATICN TECHNIQUE ~
c -
cﬁAAAAAl\AﬁAA‘ﬁAAO\AAAAAAﬁl\ﬁﬂ‘ﬂﬂﬁﬁﬁ&ﬁﬂ‘ﬂl\ﬂﬂﬂﬁ&ﬁ&ﬁﬁ‘k‘hﬂhl\hﬁhl\ﬁl\ﬁﬁAﬁAﬁAAAA
c

Cmm—— VARIABLES DEFINITIONS -

NK :SYSTEM CAPACITY (K USERS)
NL :tNO. OF PATHS (L)
NCG :CODE LENGTE (N)
NB :NO QF BITS REQD FOR ANALYSIS
NOTME:NO. OF TIMES OR ITERATIONS FOR ANALYSIS
NSNR :NO. OF SNR VALUES REQUIRED FOR ANALYSIS
NSRA :NO. OF SHIFT REGISTERS {CODES' GENERATION)
NTPA :TAP COEFFICIENYS OF SHIFT REGISTERS (CODES' GENERATION)
ALDCS: INITIAL LOADINGS (CODES' GENERATION)
NSRB :NO. OF SHIFT REGISTERS (USERS' BITS GENERATION)
NTPA :TAP COEFFICIENTS OF SHIFT REGISTERS (USERS'BITS GENERATION)
BLDGS: INITIAL LOADINGS (USERS'BITS GENERATION)
)=} :DIFFERENTIALLY ENCODED DATA
B :INFORMATION DATA RATE(1/BRT)
< :CEIP RATE (1/CPRT)
:MAX. MULTIPATH DELAY SPREAD IN NSECS
VAR :RANDOM PATE POWER COMPONENT
RHQ :AVERAGE PATH POWER COMPONENT
AMPYL :TRANSMITTED SIGNAL AMPLITUDE TO BE REPLACED
FOR DIFFERENT AVERAGE SNR REQUIREMENTS.
NMR :NO. OF ANTENNAE/SPACE DIVERSITY= (NMR-1)
NML :NQ. OF RESOLVED MULTIPATHS/S.S. DIVERSITY
MD :NO. OF SELECTION DIVERSITY ( MD=NML* (NMR-1) )

EB :ENERGY PER BIT
AWGN :NOTE QUAD. COMP ARE ZERO MEAN G.R.V. WITH VARIANCES NoT
No NORMALIZED TO UNITY.

00000 NO0CO0NO0ONNONONNNOGOORNONONONDN

INTEGER NK,NL,NCG,NB,NOTME,MD,NMR, NSNR, NSRA, NSRB, NTPA, NTPB
PARAMETERS FOR GOLD CODES

PARAMETER (NK=8,NL=4,NCG=127,NB=22000,MD=20,
1NSRA=14,NSRB=15, NTPA=14, NTPB=15)

INTEGER A (NCG,NK),B(NB,NK),DB (NB,NK}

INTEGER ALDGS (NSRA, NK) ,BLDGS (NSRB, NK)

INTEGER IATAPS (NTPA,NK), IBTAPS (NIPB,NK)
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PARAMETERS FOR KASAMI CODES

PARAMETER (NK=14,NL=5, NCG=255, NB=22000, MD=2(,
INSRA=12,NSRB=15,NTPA=12, NTPB=15)}

INTEGER DB (NB,NK), A (NCG,NK)

REAL BETMAX({MD),BET (NL,NK)}, TAU(NL, NK) , PHI (NL,NK)
REAL RI1K(NL,NK),RH1K(NL, NK)}

———— INITIALIZE

FORMAT (' CASE STUDY # ')

FORMAT (' # OF SNR STUDIES ")

FORMAT (' NO. OF ORDER QF DIVERSITIES FOR ANALYSIS ')

FOR TOTAL NUMBER OF TIMES NB BITS REQUIRED FOR ANALYSIS

FORMAT{' NO. OF TIMES NB BITS REQUIRED FOR ANALYSIS ')

FORMAT (' INPUT DATA RATE IN kB/S ,VAR,ANX,ANY ')
READ (8, *) BRT,VAR, ANX, ANY

FORMAT (* MAX M/PATH TIME DELAY SPREAD IN NSECS')

FORMAT (' INPUT # OF USERS AND # OF PATHS ')

C
o
c
INTEGER IDX(NL,NK)
CCMPLEX GN(NB)
REAL NO
c
DOUBLE PRECISION DSEED
DESEED=123457.D0
Cc
c
c
Cc
C
WRITE {8, 9005)
9005
READ (8, *) ICASE
o
C WRITE (8, 9105)
3105
c READ (8, *) NSNR
NSNR=5
Cc
od FOR DIVERSITY PURPOSE
o WRITE (8, 9115)
9115
c READ (8, *) NMR
C
NMR=4
c
o
WRITE(8,59118)
9118
READ (8, *) NBT
C
WRITE(8,9125)
9125
c READ (8, *) BRT,VAR
o ANX=SQRT (2.0)/2.0
c ANY=ANX
WRITE (8, 9B25)
9825
READ{8,*) T™
c
ot WRITE(8,9135)
5135
c READ (8, *) NMK,NML
C
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TB=1.0/BRT/1000.0
CPRT=FLOAT {NCG) *BRT
TC=1_.0/CPRT/1000.0

NO=1.0
c
C DETERMINE AVERAGE PATH POWER?
c
RHO=VAR+F0 . 5% (ANX**2+ANY**2)
c
c INTIAL OUTPUT SECTION=——= == o te———————————————————
c

WRITE(6,8105) ICASE
8105 FORMAT(' CASE STUDY NUMBER - ',I8)

c
WRITE(6,8125) BRT
8125 FORMAT(' INFO DATA RATE = ',FB.1,' Kbirs/s ")
4
CPMRT=CPRT/1000.0
WRITE(6,8135) CPMRT
8135 FORMAT(' CHIP RATE = ' ,F10.6," MHz ')
c

WRITE(6,8138) RHO,ANX,ANY
8138 FORMAT(' AVERAGE PATH POWER = ',FB.6,' X-MEAN= ',F§.6,
&' Y-MEAN = ' ,F8.6)

READ INPUT DATA TO GENERATE INFORMATION BITS RANDOMLY FOR
K USERS

READ (5, ) ( (BLDGS(I,J),I=1,NSRB),J=1,NK )
READ(5,*) { (IBTAPS(I,J),I=1,NTPB),J=1,NK )

READ INPUT DATA TO GENERATE DIRECT SEQUENCE I.E. CHIP SEQUENCE
PER GOLD CODE PROPERTIES

READ(5,*) { (ALDGS(I,J),I=1,NSRA),J=1,NK )

CALL SUBROUTINES

CALL PNSBG (NK,NSR3,NTPB,NB, IBTAPS,BLDGS,B)}
CALL DIFENC (NK,NB,B,DB}

CALL PNSBG (NK,NSRA,NTPA,NCG, IATAPS,ALDGS,A)
CALL PATHS (TC,TM,NML)

OO0 0000NOOO0000000

c RTAD INPUT CHIP SEQUENCE FOR NX USERS

DO 83 J=1,NCG
83 READ (4, *) (A{J,K), K=1,NK)
Cc DO 84 J=1,NCG
c84 WRITE(7,1108) (A(J,K),K=1,NX)
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C READ INPUT BINARY INFORMATION DATA FOR NK USZRS
887 FORMAT (' INPUT BINARY DATA FOR NK USERS ')

C WRITE(7,887)
c
c DO 87 J=1,NB
ce7 READ {3, *) (DB(J,K) ,K=1,KK)
C DO B8 J=1l,NB
css WRITE(7,1108) (DB(J,K),K=1,NK)
1108 FORMAT (2X,14(I2,"',"))
C
C——_
o]
CALL CHANN (DSEED, TB,TC,BET,BMAX, TAU, IDX, PEI, NI, NX,MD, VAR, ANX, ANY)
c
CALL APERC (TC, TAU, IDX, A, R1X,RH1K,NL, NK, NCG)
c
c
(o CALL AWGN (DSEED,NB,GN, N0, TB)
c
c
WRITE(6,114)
114 FORMAT('0',3H.K.,3H.L.,5H.BETA,SH..PHI,10H...TAU....,4H%.IDX,
£12H....R1K..... fL12H.. ... RH1K...)
c
WRITE(6,113)
113 FORMAT(52{lH-))
c

DO 1110 K=1,NK
DO 2220 L=1,NL
WRITE(6,115) X,L,BET(L,X),PHI(L,K),TAU(L,K),IDX(L,X),
&R1K(L, K}, RH1K({L,K)
2220 CONTINUE
1110 CONTINUE
115 FORMAT {(2I3,2F5.2,E10.3,I4,2(2X,E10.3))

C
[T —
c
NMm]
DO 3000 IM=1,NMR
c
c
CALL SELDIV{NM,MD,NL, NK, BET, BMAX)
Cc
C INITIAL SNR VALUE {IN DB) CONSIDERED
C
SNR=5.0
c
DO 2000 JJ=1,NSNR
c
CALL POWER (SNR,NO,TB, RHO,AMPL)
c
C
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CALL HARDEC (NB, NBT,NK,NL,aMPL, BET,PHI,DB,R1K,RH1K,GN,

iNO,TB,DSEED)
c
o4 REWIND DATA
REWIND (3)
c
DSEED=123457.D0
c
SNR=SNR+10.0
o4
2000 CONTINUE
o
WRITE(8,*) NM
NM=NMEL*IM
o]
3000 CONTINUE
c
STCP
END
o
END
o4
C
Lo

109



C—---=~3UBRCUTINE HARDEC- -

e ——

c
c PURPOSE: MAIN SUBROUTINE TO EMULATE DEMODULATION AND DECISION
c SEE SECTION 4.2 OF THESIS
c
C_-—_
C
SUBROUTINE HARDEC (NB,NBT,NK,NL,AMPL, BET, PHI,DB,R1K, RH1K,GN,
1NO, TB, DSEED)
c
INTEGER DB (NB,NK),NDB
REAL BET (NL,NK), PHI (NL, NK)
REAL R1K(NL,NK), RH1K (NL,NX)
DOUBLE PRECISION GX1,GX2,GY1l,GY2,DSEED
COMPLEX Z1,22,GN(NB)
c
TPER=0.0
TSPER=(.0
c
DO 2000 Iw=l,NBT
ERROR=(0.0
COUNT=0 0

c

c READ FURTHER INPUT BINARY INFORMATION DATA FOR NX USERS
o WRITE(7,887)

887 FORMAT (' INPUT BINARY DATA FOR NK USERS '}

c

DO 87 J=l,NB

87 READ (3, *) (DB (J,K) , K=1,NK)
c
C DO 88 J=1,NB
ces WRITE(7,1108) (DB{J,K),K=1,NK)
1108 FORMAT (2X,14(I2,","))
C
CALL AWGN(DSEED,NB,GN,NO,TB)
c
DO 1000 J=3,NB
Cc
GX1=0.0
GYl=0.90
GX2=0.0
GY2=0.0
C
DO 200 Kwl,NK
B2=FLOAT (DB (J-2,K))
Bl=FLOAT (DB (J-1,K))
BO=FLOAT (DB (J,K))
c
DO 210 L=1,NL
C
AC=AMPL*BET (L, K) *COS (PHI(L,K))
AS=AMPL*BET (L, K) *SIN(PHI(L,K))
C WRITE (6, ") AC, aS
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GX1=GX1l + AC*( BI*R1K({L,X) + BO*RH1K({L,K) )
GY1l=GYl + AS™( BI1*"R1K(L,X) + BO*RHIK(L,X) )

o
GX2=GX2 + AC*( B2*R1K(L,K) + BI*RHIK(L,K) )
GY2=GY2 + AS*( B2*R1K(L,X) + BL*RHIK(L,K) )

o

c WRITE(6,1205) GX1,GY¥1l,GX2,GY2

c

210 CONTINUE

c

200 CONTINUZ

c WRITE{6,1205) GX1,GY1,GX2,G¥2

c

GX1=GX1+REAL(GN(J))
GY1l=GY1+AIMAG(GN {(J)})
GX2=GXZ2+REAL (GN (J-1))
GY2=mGY2+ATMAG (GN(J-1))

o
21=CMPLX (GX1,GY1)
22=CMPLX (GX2,GY2)
1205 FEFORMAT('0°',B8(1X,E9.2))
c
c
DECS=REAL( Z1*CONJG(Z2) )
C WRITE(6,1215) J,DB{J.1),DECS
1215 FORMAT('0*',2I8,2X,E10.3 )
Cc
NDB=DB (J, 1) *DB (J-1, 1}
IF(NDB.EQ.1l) THEN
IF(DECS.LT.0.0) ERROR=ERROR+1.0
ELSE
IF(DECS.GT.0.0) ERROR=ERROR+1.0
ENDIF
COUNT=COUNT+1.0
c
1000 CONTINUE
c
PERR=ERROR/COUNT
SPER= (PERR) **2
TPER=TPER+PERR
TSPER=TSPER+SPER
c WRITE (6,1285) PERR
1285 FORMAT('0",' P-ERROR= ',El0.5)
o WRITE(*,1285) PERR
c WRITE({6,1295) SPER
1295 FORMAT('0'.' SQ P-ERRCR= ',El0.5)
c WRITE(*,1255) SPER
c
o READ FURTHER INPUT BINARY INFORMATION DATA FOR NX USERS
c
2000 CONTINUE
c
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DIVNB=FLOAT (NBT)
EER=TPER/DIVNB
VBER=TSPER/DIVNB-(BER} **2
STD=SQRT (VBER) / (DIVNB-1)

o
WRITE(6,1385) BER

1385 FORMAT('0°"," BER = *',E10.5)
WRITE(8,1385) BER
WRITE{6,1485) VBER

1485 FORMAT('0',' VBER = ', E10.5)
WRITE(8,1485) VBER
WRITE(6,1585) STD

1585 FQRMAT('0',' STD = ',E10.5)
WRITE(8,1585) STD
RETURN
END

c

C ]

c
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C

C~—--SUSRQUTINE PNSBG - ————
c

c PURPQSE: GENERATES A PN SEQUENCE ( OF DEGREE UP TO NSR}

c BASED ON TAP POSITIONS AND THE NUMBER OF SHIFT REGISTERS
c FOR NK USERS.AS A BONUS THIS ROUTINE GENERATES THE CHIP
o4 SEQUENCE.

C SEE SECTION 3.2 FOR GOLD AND KASAMI CODES GENREATION

o

oo o e e
C

SUBROUTINE PNSBG (NK,NSR,NT?,NCL,ITAPS, LDGS,C)
INTEGER C(NCL,NK),LDGS (NSR, NK)

INTEGER ITAPS (NTIP,NK)

INTEGER SUM, OUTPUT

c
NMl = NSR - 1
o
DO 10 K = 1,NK
c
Do 20 IJ = 1,NCL
c
SUM = 0
ot
IT =20
c
30 IT= IT + 1
IF (ITAPS(IT,K).EQ.0) GOTO 40
SUM = SUM + LDGS (ITAPS (IT,K),K)
GOTO 30
c
40 QUTPUT=MOD (SUM, 2)
c40 OUTPUT=SUM-INT (SUM/2) *2
c .
c REMAP ( 0 =-> 1,1 -> -1 )
c
IF (OUTPUT.EQ.0) THEN
C(IJ,K) = 1
ELSE
C(IJ,K) = -1
END IF
o
C SHIFT REGISTERS TO RIGHT
DO 50 J=1,MM1
50 LDGS (NSR+1-J, K) =LDGS (NSR-J, K)
c
20 LDGS(1,K) = OUTPUT
c
10 CONTINUE
C
RETURN
END
1]
Cim e o e e
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-------------- SUBROUTINE APERC e

PURPOSE: COMPUTE APERICDIC CROSSCORRELATIONS RI1K AND
RH1K i1.e BETWEEN REFERENCE USER AND INTEREFZRERS
SEE SECTICON 4.2 QF THESIS

QOO0 a00000

SUBROUTINE APERC(TC, TAU, IDX, A, R1X,RH1X, NL, NK,NCG)

C
REAY, TAU(NL,NK),R1K(NL, NX) ,RE1K {NL, NK)
INTEGER A (NCG,NX)
INTEGER IDX(NL,NX)
o
DO 100 X=1,NX
Cc
DO 200 L=1,NL
o
XAa=0.0
c
NX=IDX(L,K)~NCG
C
IF(IDX(L,K) .EQ.0) GOTO 20
C
DO 10 I=l,NCGH+NX
c
10 XA=XA + FLOAT( A(I-NX,XK)*A{(I,1) )
C
20 NX=NX+1
C
X2=0.0
c

DO 30 I=1,NCG+NX
30 XB=XB + FLOAT( A({I-NX,K)*a(I,.1) )

C
RIK(L,K) =XA*TC + (XB-XA)*{( TAU{L,K)-FLOAT( IDX({L,K) )*TC )
o
NX=IDX (L, K)
XHA=Q.0
C
C
o
DO 40 Iwl,NCG-NX
<
40 XHA=XHA + FLOAT( A(I,K)™A({I+NX,1) )
C
NX=NX+1
c
XHB=0.0
Cc

DO 50 I=1,NCG-NX
SO XHB=XHB + FLOAT({ A(I,K)*A(I+NX,1) )
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C

WRITE(6,1313) X,L,XA,XB,XHA,XHB

1315 FORMAT(213,4(2X,F10.1))
c
c
RALK (L, K) »XHA*TC+ (XHB-XHA) * ( TAU(L,K)-FLOAT{ IDX(L,K) )}*TC )}
c
200 CONTINUZ
C
100 CONTINUE
C
RETURN
END
C
Cc
C
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c

C----SUBRQUTINE DIFENC

o4
Cc PURPQOSE: DIFFERENTIAL ENCODING OF DATA BITS

o

C_.---
c
SUBROUTINE DIFENC (NK,NB,B,DB)
c
INTEGER B (NB,NK),DB (NB,NK)
c
DO 10 K=1,NX
c

DBE(1,K)=B(1l,K)

DO 20 J=2,NB
20 DB{J,K)=DB(J-1,K) *B{J, K)
10 CONTINUE

RETURN
END

94

C=—
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SUSBRCUTINE POWER- e ————————————

PURPQOSE: EXERCISE AVERAGE POWER CONTRCOL
AS DESCRIBED IN SECTIONS 3.3 AND 4.1 OF TEESIS

OO0O00000

00000

——— " S vl i

SUBROUTINE POWER (SNR,N0,TB,RHO, AMPL)
REAL NO

EB=NO* (10.0** (0.1*SNR) ) / {2.0*RHO)
AMPL=SQRT (2 .0*EB/TB)
EBNODS=10.0*=ALOG10 (EB/NO)

WRITE (6,105) SNR

WRITE(B,105) SNR
WRITE (6,119) ESNODB

WRITE(8,119) EBNODB

WRITE(8,108) AMPL

FORMAT({ ' SNR = ', F8.1,' DB ')
FORMAT(®' EB/NQO = *,F8.1,' DB %)
FORMAT(®' AMPL = ',F8.1)

PEDPSK=EXP (-SNR) /2.0

WRITE (6,1995) PEDPSK, AMPL

FORMAT (' PEDPSK= ',E10.5," AMPL = ',E10.5)
RETURN

END

OO0
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-------------- SUBROUTINE PATHS RESQLUTION -

C
o
od PURPQOSE: DETERMINE MAX. NO. ON MULTIPATHS

c SEE CHANNEL MODEL SECTION 4.1.2 OF THESIS
c

C

C

SUBROUTINE PATHS (TC,TM,NML)

C

Cc ™ ( MULTIPATH TIME DELAY SPREAD ) IS IN NANQSECONDS
c TCN ( NORMALIZED CHIP RATE ) IS IN NANQSECONDS
C

TCN=TC*(10.0**3.0)
NML=INT (TM/TCN) +1

00

WRITE(6,8139) NML,TM

8139 FORMAT(' MAX. NUMBER OF RESOQOLVED PATHS IS = ',I4,
&'FOR A M/PATH DELAY SPREAD OF',F6.1,' nsecs ')
WRITE(8,81338) NML,TM

RETURN
END

OO0
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----------- SUBRQUTINE CHANN

c
C PURPQOSE: PROVIDES CHANNEL CHARACTERISTICS AS DESCRIBED IN
c REPORT ON CHANNEL MODEL IN SECTION 4.1 CF THESIS
c
C e e e
c
SUBROUTINEZ CHANN(DSEED,TB,TC,BET,BMAX, TAU, IDX,PHI,NL,NK,MD, VAR,
1ANX, ANY)
c
REAL BET (NL,NK),TAU{NL,6NK),PHI (NL,NK) , BMAX (MD)
INTEGER IDX(NL,NK)
c RHO: AVERAGE PATH POWER
DOUBLE PRECISION DSEED
C
DO 10 K=1,NK
o
DO 20 L=1,NL
C
BET (L, K) =GRV (DSEED, VAR, ANX, ANY)
TAU (L, K) =TB*GGUBFS (DSEED)
IDX(L,K)=INT {TAU(L,K) /TC)
PHI(L,K)=8.0*ATAN(1.0Q) *GGUBFS (DSEED)
o
29 CONTINUE
c
1c CONTINUE
c
c ASSUMED DESIRED PATH VALUES BELCW
TAU(1,1)=0.0
IDX(,1)=0
PHI(1,1}=0.0
DO 3¢ M=1,MD
30 BMAX (M) =GRV (DSEED, VAR, ANX, ANY)
od
C SORT BETA VALUES IN ASCENDING ORDER:REF. USER
Cc
DO 301 J'-l;MD-l
c
DO 401 L=1,MD-J
IF (EMAX({L) .GT.BMAX(L+1)) THEN
TEMP=EMAX {L)
BMAX (L) =BMAX (L+1)
BMAX (L+1)=TEMP
END IF
401 CONTINUE
c
301 CONTIINUE
c
RETURN
END
Cc
C
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-------------- SUBROUTINE SELDIV

— o ——

c
c
Cc PURPOSE: PROVIDES SELECTION DIVERSITY IN CHANNEL MODEL
c
c
c

SUBROUTINE SELDIV(NM,MD,NL,NK,BET, BMAX)
REAL BET (NL,NK) , BMAX {MD)

DO 10 L=-1,NL
i0 BET (L, 1)=BMAX{L)

c
TEMP=BET(1,1)
BET (1, 1) =BMAX (NM)
BET (NM, 1) =TEMP
o
RETURN
END
C
C_—_ -
c
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FUNCTION:CHI~-SQUARE DISTRIBUTION==———o=w——mnrr e mm e ——— e

PURPOSE: GENERATES RICIAN DISTRIBUTION RANDOM VARIABLES
AS SUM OF TWO INDEPENDENT GAUSSIAN RANDOM
VARIABLES WITH COMMON VARIANCE, VAR, AND MEANS
ANX & ANY.
NOTE: THIS FUNCTION IS PROVIDED TQ EASE COMPATIBILTY FOR ALL
MACHINES. A RANDOM SEED IS REQUIRED ONLY.

OO0 O000On

FUNCTION GRV(DSEED, VAR, ANX, ANY)

0

DOUBLEZ PRECISION DSEED

NX=12
DNX=FLOAT (NX) /2.0
STD=SQRT( FLOAT (NX)}/12.0*VAR )

*=0.0
Y=0.0

DO 20 INX=l,NX
X=X+GGUBFS (DSEED)
Y= Y+GGUBFS (DSEED}

20 CONTINUE
X= (X-DNX) *STD + ANX
Yu (Y-DNX) *STD + ANY
GRV=CABS ( CMPLX(X,Y) )
RETURN
END

000
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o
o

C-=--SUBROUTINE AWGN--——- -_— - -

c
Cc PURPQOSE: GENERATES COMPLEX AWGN ,QUADRATURE COMPONENTS
o WITH ZERO MEANS AND VARIANCES NoTb
c NOTE: THIS FUNCTION IS PROVIDED 10O EASE COMPATIBILTY FOR ALL
c MACHINES. A RANDOM SEED IS REQUIRED CONLY.
o -—
c
SUBROQUTINE AWGN(DSEED,NB,GN,NO,7TIB)
REAL NO
COMPLEX GN (NB)
DOUBLE PRECISION DSEED
C
NX=12
ANX=FLOAT (NX) /2.0
STD=SQRT (NG*TB}
c
DO 10 J=1,NB
C
EX=0.0
VX=0.0
<

DO 20 INX=1,NX

EX=EX+GGUBFS (DSEED)

VXaVX+GGUBFES (DSEED)
20 CONTINUE

GN{J)=CMPLX{ (EX=-ANX), (VX=-ANX) )*S$TD
10 CONTINUE

RETURN

END
c
C ---------- - —
c
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APPENDIX B

This Appendix contains the listing of the program " BER” based on the Semi-Analytical
with Monte Cario Simularion Technique.
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CAAAAAAAA‘.;\A‘LQA‘AnA“AAAAanAAAA.AAAAAAAAAAAAAA;\AAAAAAAAAAAAAAAAAAA.\AA;\AA;\

PROGRAM: DEVELOPED BY E.C.LIM ,VERSION 3.0C ~
UNIVERSITY OF OTTAWA,ELEC. ENGINEERING AUG'87 ~
PURPOSE: SIMULATE DIRECT SEQUENCE SPREAD SPECTRUM WITH DPSK ~
MODULATION AND CODE DIVISION MULTIPLE ACCESS FOR ~
INDOOR WIRELESS COMMUNICATIONS. RICIAN -~
MULTIPATH FADING SIMULATION. ~
BER TECHNIQUE. -
INPUT : ~

LT T T Y Y L L T L LT T Y T W YN

OO0 0000000

_____ VARIASLES DEFINITIONS

NK :SYSTEM CAPACITY (K USERS)
NL :NO. OF PATHS (L)
NCG :CODE LENGTH (N)

NB :NQ OF BITS REQD FOR ANALYSIS
NOTME:NO. QOF TIMES OR ITERATIONS FOR ANALYSIS
NSNR :NO. QF SNR VALUES REQUIRED FOR ANALYSIS

NSRA :NO. OF SHIFT REGISTERS (CODES' GENERATION)
NTPA :TAP COEFFICLENTS OF SHIFT REGISTERS (CODES' GENERATION)
ALDGS:INITIAL LOADINGS (CODES' GENERATION)

NSRB :NO. OF SHIFT REGISTERS (USERS' BITS GENERATION)
NTPA :TAP COEFFICIENTS OF SHIFT REGISTERS (USERS'BITS GENERATION)
BLDGS: INITIAL LOADINGS (USERS'BITS GENERATION)

yy- :INFORMATION DATA RATE (1/BRT)
ye :CHIP RATE (1/CPRT)
™ :MAX. MULTIPATH DELAY SPREAD IN NSECS

VAR :RANDOM PATH POWER COMPONENT

RHO AVERAGE PATH POWER COMPONENT

AMPL :TRANSMITTED SIGNAL AMPLITUDE TO BE REPLACED
FOR DIFFERENT AVERAGE SNR REQUIREMENTS.

NMA :NO. OF ANTENNAE/SPACE DIVERSITY

NMR : {NMA+l) VARIABLE

NML :NO. OF RESOLVED MULTIPATHS/S.S. DIVERSITY
MD :NO. OF SELECTICN DIVERSITY (MD=NML*NMA)

EB :ENERGY PER BIT
AWGN :NOTE QUAD. COMP ARE ZERO MEAN G.R.V. WITH VARIANCES NoT
No NORMALIZED TOQ UNITY.

NDO0COO000000O00O00O00000Q0000O000O000O0O0N0OOOO000O000NO0O0
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INTEGER NK,NL,NCG,NOTME,MD,NMR, NSNR, NSRA, NTPA
c PARAMETERS FOR KASAMI CODE
PARAMETER (NK=15,NL=10, NCG=255,
1MD=40, NMR=4 , NMA=3, NSNR=5,
2NSRA=12, NTPA=12)

PARAMETERS FOR GOLD CCDE
PARAMETER (NK=8, NL=5,NCG=127,

1MD=20Q,NMR=4, NMA=3, NSNR=5,
2NSRA=14,NTPA=14)

e NeNe NNt NS RE;

INTEGER A(NCG,NK)
INTEGER ALDGS (NSRA,NX)
INTEGER XATAPS (NIPA,NX)
INTEGER IDX{NL,NK)

REAL BMAX (NL,NMAa) ,BET (NL, NK) , TAU (NL, NK) , PHI (NL,NK) , TEM (NL)
REAL R1K(NL,NK),RH1K(NL,NK)

REAL NC

REAL PBER (NSNR,NMR), SPER{NSNR,NMR) , TPER (NSNR, NMR)

REAL TSPER(NSNR,NMR) ., VBER (NSNR, NMR) , STD (NSNR, NMR)

O

DOQUBLE PRECISION DSEED
DSEED=123457.D0

READ INPUT DATA TO GENERATE DIRECT SEQUENCE I.E. CHIP SEQUENCE
PER GOLD/KASAMI CODE PROPERTIES

0000

READ (5, *) ( {(ALDGS(I,J),I=1,NSRA),J=1,NK }
READ{5,*)({ (IATAPS(I,J),I=1,NIPA),J=1l,NK )

0

WRITE(8,5005)

9005 FORMAT(' CASE STUDY # ')
READ (8,*) ICASE
WRITE(8,9103) :

9103 FORMAT{(' # OF ITERATIONS ')
READ (8, *) NOIME

WRITE(8,9125)
9125 FORMAT(' INPUT DATA RATE IN kB/S ,VAR,ANX,ANY ')
READ (8, *)} BRT, VAR, ANX, ANY

WRITE(8,9825)
9825 FORMAT(' MAX M/PATH TIME DELAY SPREAD IN NSECS')
READ(8,*) T™M

WRITE(8,9135)
8135 FORMAT(' INPUT # OF USERS ')
READ (B, *) NMK
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TB=1.0/BRT/1000.0
CPRI=FLOAT (NCG) *2BRT
TC=1.0/CPRT/1000.0

c
NO=1.0
C
o4 DETERMINE AVERAGE PATH PQWER
c
RHO®VARS( . 5* (ANX**2+ANY#**2)
o
C
C———- INTIAL QUTPUT SECTION
o

WRITE(6,8103) ICASE
8105 FORMAT(' CASE STUDY NUMBER = ',IB)

C
o
WRITE(6,8125) BRT
8125 FORMAT(" INFO DATA RATE = ',F8.1,' Kbits/s ")
C
C
CPMRT=CPRT/1000.90
WRITE(6,8135) CPMRT
8135 FOQRMAT(® CHIP RATE = ',F10.6," Mcps ")
c
o

WRITE(6, 8138) RHO,ANX,ANY
8133 FORMAT(' AVERAGE PATH PCWER = ',F8.6,"' X-MEaN= ', FB8.6,
&' Y-MEAN = ',F8.6)

C
C
C
Com—m= CALL SUBROUTINES
c
CALL PNSBG (NK,NSRA,NTPA,NCG, IATAPS, ALDGS,A)
c
CALL PATRHS (TC,TM,NML)
o
c
c
DO 77 I=1,NSNR
C
DO 777 J=1,NMR
c
TPER(I,J)=0.0
TSPER(I,J)=0.0
C
77 CONTINUE
C
77 CONTINUE
C



o
DO 4000 NT=1,NOTME
c
c
CALL CHANN(DSEED,TB,TC,BET,BMAX, TAU, IDX, PHI,NL, NK, MD, VAR, ANX, ANY,
INMT, NMA, TEM)
o
CALL APERC(TC,TAU, IDX, A,R1K,RH1K, NL, NK, NCG)
c
DC 3000 IM=1,2
ot
Cc INITIAL SNR VALUE CONSIDERED
c
SNR=-5.0
c
DO 2000 JJ=1,NSNR
Cc
o EXERCISE AVERAGE POWER CONTROL
c
Cc
c WRITE(6,114)
Clia FORMAT (3K.K.,3HE.L.,5H.BETA, 5H”..PHI,10H...TAU....,4H.IDX,
o &§12H....R1K.....,12H..... RH1K...)
c WRITE(6,113)

113 FORMAT (54 (1H~))

DO 1110 K=1,NK

DO 2220 L=1,NL

WRITE(6,115) K,L,BET(L,K),PHI{L,K),TAU(L,X),IDX(L,K),
&RIK(L,K),RHIK(L,K)

C2220 CONTINUE

C1110 CONTINUE

115 FORMAT(2I3,2F5.2,E10.3,14,2(2X,510.3))

000

c
CALL BER(NL, NK, NML, NMK, R1K, R#1K, RHO,BET (1, 1} , AMPL, NO, TB, PER)
o
SPER(JJ, IM)=(PER) **2
TPER(JJ, IM)=TPER (JJ, IM) +PER
TSPER (JJ, IM) =TSPER (33, IM) +SPER(JJ, IM)
C WRITE(6,1285) PER
1285 FORMAT(' P-ERROR= ',El0.5)
o WRITE(8,1285) PER
o WRITE(6,1295) SPER
1255 FORMAT(' SQ P-ERROR= ',E10.3)
c WRITE(8,1295) SPER
o
SNR=SNR+5.0
c

2000 CONTINUE
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C WRITE(8,*) NM
MMM, > TM
c
IF (IM.GT.l) GOTO 3000
c
CALL SELDIV(NML, IM,NL,NK,NMa,3BET,3MAX)
c
3000 CONTINUE
c
c INITIAL SNR VALUE CCNSIDERED
IF (NOTME.EQ.10)GOTO 4000
c
SNR=-=5,0
C
DO 2200 J5=1,NSNR
(of
c EXERCISE AVERAGE POWER CONTROL
c
CALL PCWER {SNR,NO,TB,RHO,AMPL)
c
DC 3200 IM=3,NMR
c
CALL MCBER (NL,NK, NML, NMK, R1K, RH1K, REO,BET (2, 1) , AMPL, NG, T3, PER,
1IM=-1)
c
SPER(JJ, IM) = (PER) »*2
TPER(JJ, IM)=TPER{JJ, IM) +PER
TSPER(JJ, IM) =TSPER (JJ, IM) +SPER (JJT, IM)
(o
3200 CONTINUE
c
SNR=SNR+5.0
c
2200 CONTINUE
c
4000 CONTINUE
¢
DO 9909 IMw=l,NMR
C
DO 9919 JJ=1,NSNR
C
PRER(JJ, IM) =TPER(JJ, IM) /FLOAT (NOTME)
VBER(JJ, IM) =TSPER (JJ, IM) /FLOAT (NQTME) —PBER (JJ, IM) *=2
STD (JJ, IM) =SQRT (VBER {JJ, IM) } / (FLOAT (NOTME) =1)
c
c WRITE(6,3385) PBER(JJ,IM)
3385 FORMAT(®' PER = ',E10.5)
C
c WR.TE (8,3385) PBER(JJ, IM)
c
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WRITE(6,4485) VBER({JJ, IM)

FORMAT(' VBER = ',E10.5)

WRITE (8, 4485) VBER(JJ,IM)

WRITE(6,5585) STD(JJ,IM)

TORMAT (' STD = ',E10.5)
WRITE(8,5585) SID(JJF,IM)

CONTINGE
CONTINUE

DO 69399 I=l,NMMR

WRITE(6,5995) { STD(J,I),Jd=1,NSNR)

DO 598399 I=1, NMR

WRITE(6,5995) ( PBER(J,I),J=1,NSNR)

FORMAT (S (EX0.5,3X))

DO 7955 I=1,NMR
WRITZ(6,*) I

DO 7888 Jwl,NSNR
WRITE(6,6995) PBER(J,I)

CONTINUE
FORMAT (E10.5)

DO 7909 I=1,NMMR
WRITE({6,*) I

PO 7808 J=1,NSNR
WRITE(6,6955) STID(J,I)
CONTINUE

STOP
END
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C====SUBROUTINE BER=————— == o e

0

(=] ()
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ONOWONOD
o

2URPQSE: EVALUATE BER EXPRESSION FOR SELECTION DIVERSITY (L.E.'L')
SEE SECTION 4.2 OF THESIS FOR BER EXPRESSION
AND SECTION 5.2 FOR TECHNIQUE

SUBROUTINE BER (NL, NK, NML, NMX, R1K, RH1K, REO, BETMAX, A, N0, T, PER)

REAL R1K(NL,NK),RHIK(NL,NX),N0,PER
DOUBLE PRECISION UL,U2,Ul2,BIC,Q

AX15Q=0.0
AXH1SQ=0.0
AX1PR=0.0
U2=0.0
Ul2=0.0

IF (NML.LT.2) GOTO 999

DO 10 L=2, NML

AX15Q=AX1SQ + R1K(L,1)**2 * RHO
AXH1SQ=AXH1SQ + RH1K(L,1)*=2 * RHQ

AX1PR=AX1PR + RIK(L,1)*RH1K(L,1) *REQ
WRITE(6,111) R1K(L,1l),RH1K(L,1),RH0,AX150Q,AXH1SQ, AX1PR
FORMAT (6 (2X,E10.4))

CONTINUE

CONTINUE

DO 20 K=2,NMK

DO 30 L=1,NML

U2=U2 + {RI1K(L,K)**2 + RH1K(L,K)**2) * RHO
Ul2=112 + R1K(L,K)*RH1K(L,K) *RHO

WRITE(6,222) RIK(L,K),RH1K(L,K),RHEO,U2,6U1l2
FORMAT (5 (2X,E10.4))

CONTINUE
CONTINUE

U2= (U2+AX1SQ+AXHISQ) *2.0*A*A + 2.0* (NO*T)
Ulm U2 + 4.0*A*A*AXIPR

Ul2={U124+AX1PR + AXH1SQ)*2.0*A*A + 2.0*{NO*T)
WRITE(6,111) A,NO,T,Ul,U2,U12

ZM=A*BETMAX*T
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SA=ZM*DABS (1.0/DSQRT(U1l) - 1.0/DSQRT(U2})/SQRT(2.0)
SB=ZM*DASS (1.0/DSQRT (U1) + 1.0/DSQRT(U2))}/SQRT(2.0)

33 FORMAT (4 (2X,E10.4))

c
CALL QFUNCT(SA,SB,Q)
c
CALL BESI(SA*SB,0,BI0,IER)
c
o] WRITE(6,33) SA,SB,Q,BI0
C
PER=Q — 0.5 *{ 1.0 + ULl2/DSQRT{U1~U2) ) *
1 BI0 * EXP{ —(SA*SA+S5B*SB) /2.0 )
C
c WRITE(6,138S5) PER
1385 FORMAT(®* PER = ',E10.5)
c WRITE (8,1385) PER
c
RETURN
END
c
c _____
c
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C----SUBROUTINE MCBER

C
C PURPQSE: EVALUATE BER EXPRESSION FOR SELECTION DIVERSITY FOR
o MULTICHANNEL SIGNALLING, I.E., G.E. *2L°
c SEE SECTION 4.2 OF THESIS FOR BER EXPRESSION
o AND SECTION 5.2 FOR TECHNIQUE
c
Commmm————
c
o
cC
SUBROUTINE MCBER(NL,NK,NML, NMK,R1K,RH1K, RHO,BETMAX, A,N0, T, PER,
1M3)
o
REAL R1K({NL,NK),RH1K(NL,NK),NC, PER
REAL SMA, SMB, ABM, EAB, BIO,UMU, PMU, TMU
DCUBLE PRECISION Ul,02,012,BI0,Q
AX1S50=0.0
AXH1SQ=0.0
AX1PR=0.0
Uz2=0.0
Ul2=0.0
C
IF (NML.LT.2) GOTO 999
C
DO 10 L=2,NML
c
AX1SQ=AX1SQ + R1IK(L,1)**2 * RHO
AXH1SQ=AXH1SQ + RHIK(L,1l)**2 * RHQ
AX1PR=AX1IPR + RIK(L, 1) *RH1K(L, 1) *RHO
C
C WRITE(6,111) R1K(L,1),RHI1K(L,1),RHO, AX15Q, AXH1SQ, AX1SR
111 FORMAT (6 (2X,E10.4))
C
10 CONTINUE
c
999 CONTINUE
c
DO 20 K=2, NMK
o
DO 30 L=1,NML
c
U2=02 + (RIK(L,K)})**2 + RH1K({L,K)**2) * RHO
- Ul2=U1l2 + RI1K({L,K)*RHIK(L, K) *RHO
C
C WRITE(6,222) R1K(L,K),RHIK(L,K),REO,U2,Ul2
222 FORMAT ({5 (2X,EL0.4))
c
30 CONTINUE
c
20 CONTINUE
c
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U2= (U2+AX1SQ+AXH1SQ) *2.0*A*A + 2.0* (NO*T)
Ul= U2 + 4.0=A~A*AX1PR
Ul2=(Ul2+AX1PR + AXHI1SQ)*2.0*a*A + 2.0*(NO*T)

WRITE(6,111) A,NO,T,Ul,U2,Ul2
ZM=A*BETMAX*T

SA=ZM*DABS (1.0/DSQRT(Ux) - 1.0/DSQRT(U2))/SQRT(2.0)
SBmZM*DABS (1.0/DSQRT(UL) + 1.0/DSQRT(U2))}/SQRT(2.0)

UMU=U12/DSQRT (UL*U2)
PMU=1 . +UMU
T™MO=] . -UMO

SMA=SA*EFLOAT (MJ)
SMB=SB*FLOAT (MJ)

ABM=mSMA*SMB

EAB=EXP (- (SMA*SMA+SMBRSME) /2 )

EVALUATE FIRST TERM
CALL QFUNCT (SMA, SMB, Q)
PEl=Q

WRITE(6,2114)

FORMAT(' PEL/Q= ' )
WRITE (6,213)PE]

COMPUTE 2EROTH ORDER/ MCDIFIED BESSEL FUNCTION OF FIRST KIND
CALL BESI(ABM,0,BI,IER)

BIQ=BY

WRITE (6,2214)

FORMAT (' BIO0= "' )

WRITE(6,213)BI0

FORMAT (6 (2X,E10.4})

EVALUATE SECCND TERM

SUMZ=BI0*EAB
PEZ=SUM2

WRITE(6,2215)
FORMAT (* PE2= ')
WRITE({6,213)PE2
EVALUATE THIRD TERM
SUM3=0.0
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DO 330 K=1,MJ

SUM3=FLOAT( MCOM(2*MJ-1,K-1) ) *{ (PMU/TMU)**(K-1) ) + SUM3

WRITE (6,2216)
FORMAT (' SUM3,PMU,TMU= ')
WRITE(6,213)SUM3, PMU, TMU

CONTINUE
PE3=SUM2/( (2.0/TMU)**(2*MJ-1) ) * SUM3

WRITE (6, 2217)
FORMAT (' PE3w= ')
WRITE(6,213)PE3
EVALUATE FQURTH TERM
S5UMS=0.0

DO 440 N=l,MJ-1

BAN= (SMB/SMA) **N
ABN= (SMA/SMB) **N

WRITE (6,2218)

FORMAT (' BAaN,ABN,N= ')
WRITE(6,213)BaN, ABN

SUM4=0.0

DO 450 K=l,MJI-N

PTUK= (PMU/TMU) ** (K~-1)

PTUM= (EMU/TMU) ** (2*MI-K)
COM=FLOAT{ MCOM(2*MJ-1,K-1) )
SUM4{=COM* (BAN*PTUK-ABN*PTUM) + SUM4
WRITE (6,2219)

FORMAT (' SUM4,PTUK,PTUM= ')
WRITE(6,213) SUM4,PTUK, PTUM
CONTINUE

CALL BESI(ABM,N,BI,IER)
SUMS=BI*SUM4+5UMS

CONTINUE
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PE4=EAB/{ (2.0/TMU) **(2*MJ-1) )*SUM5

PER=PE1-PE2+PE3+PE4

c
ot WRITE(6,2239)
c239 FORMAT (' SUMS,BI,SUM4,PER= ')
c WRITE (6,213)SUMS, BI, SUM4,PER
c
106 FORMAT (F8.5)

RETURN

END
c
C -—n—
C
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====SUBROUTINE PNSEG - -

PURPOSE: GENERATES A PN SEQUENCE ( OF DEGREE UP TO NSR)
BASED ON TAP POSITIONS AND THE NUMBER OF SHIFT REGISTERS
FOR NK USERS.AS A BONUS THIS ROUTINE GENERATES THE CHIP
SEQUENCE.
SEE SECTION 3.2 FOR GOLD AND KASAMI CODES GENREATION

0OaOO000000000

SUBROUTINE PNSBG (NK,NSR,NTP,NCL, ITAPS,LDGS,C)
INTEGER C(NCL,NK),LDGS (NSR, NK)

INTEGER ITAPS (NTP, NK)

INTEGER SUM,OUTPUT

C
NM]l = NSR - 1
c
DO 10 K = 1,NK
c
DG 20 IJ = 1,NCL
c
SUM = 0
c
IT =0
C
30 IT= IT + 1
IF{ITAPS (IT,K) .EQ.Q) GOTO 40
SUM = SUM + LDGS (ITAPS(IT,X),K)
GOTO 30
o
40 OUTPUT=MCD {SUM, 2)
C40 QUTPUT=SUM-INT (SUM/2) *2
c
C REMAP ( 0 -> 1,1 -> -1)
C
c
IF (OUTPUT.EQ.0) THEN
C(IJ,K) = 1
ELSE
C{IJ,K) = -1
END IF
C
c SHIFT REGISTERS TO RIGHT
DO 50 J=1,NM1
50 LDGS (NSR+1-J, K) =LDGS (NSR~J, K)
c
2 LDGS{1l,K) = QUTPUT
C
10 CONTINUE
c
o
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RETURN

--SUBROUTINE APERC-—————————o e

PURPOSE: COMPUTE APERIODIC CROSSCORRELATIONS R1K AND
RH1K i.e BETWEEN REFERENCE USER AND INTERFERERS
SEE SECTION 4.2 OF THESIS

N0 aGon

O

-

SUESROUTINE APERC(TC,TaU, IDX, A,R1K,RH1K,NL,NK, NCG)
REAYL TAU(NL,NK),R1IX(NL,NKX), RH1K (NL, NK)

INTEGER A (NCG,NK)

INTEGER IDX(NL,NX)

DO 100 K=1,NK

DO 200 L=1,NL

Xa=0.0

NX=IDX (L, K) -NCG

Ir{IDX{L,K) .EQ.0) GOTO 20

DO 10 I=1,NCG+NX

XA=XR + FLOAT( A(I-NX,K)*a(I,l) )

NXwNX+1

XB=(.0

DO 30 Iw=l,NCG+NX

XB=XB + FLOAT( A(I-NX,K)*aA(I,l) )

R1K(L,K)=XA*TC + (XB-Xa)=*( TAU(L,K)}-FLOAT( IDX(L,K) )*IC )
NX=IDX (L, K)

XHA=Q.0Q

DO 40 I=1,NCG-NX

XHA=XHA + FLOAT{ A(I,K)*A(I+NX,1) )
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—————————— SUBROUTINE POWER

NX=NX+1

XHB=0.0

DO 50 I=1,NCG-NX

XHB=XHB + FLOAT( A(I,K)*A(I+NX,1) )

WRITE(6,1315) X,L,XA,XB,XHA, XHB

FORMAT (2I3,4(2X,F10.1))

RH1K (L, K) =XHA*TC+ (XHB~-XHA) *( TAU(L,K)-FLOAT( IDX(L,X) )*TC )

CONTINUE

CONTINUE

PURPOSE: EXERCISE AVERAGE POWER CONTROL
AS DESCRIBED IN SECTIONS 3.3 AND 4.1 OF THESIS

SUBROUTINE POWER (SNR,NO0,TB,RHO,AMPL)

REAL NO

EB=NQ* (10.0**(0.1*SNR)) / (2.0*RHOQ)

AMPL=SQRT (2.0*EB/TB)
EBNODB=10.0*ALOG10 (EB/NO)

WRITE (6,105) SNR
WRITE(8,105) SNR

WRITE (6,119) EBNODB
WRITE(8,119) EBNODB
WRITE(S,108) AMPL

FORMAT( ' SNR - ',F8.1,°
FORMAT(® EB/NO = °',F8.1,°
FORMAT(* AMPL = ',F8.1)

PEDPSK=EXP (-SNR) /2.0

WRITE (6,1995) PEDPSK, AMPL
FORMAT (' PEDPSK= ',El0.5,°
RETURN

END

DB ")
DB ')

AMPL =
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=SUBRQUTINE PATHS RESOLUTION-- - e e —————

PURPQSE: DETERMINE MAX. NO. ON MULTIPATHS
SEE CHANNEL MODEL SECTION 4.1.2 OF THESIS

OQO0O000000

SUBROUTINE PATHS (TC,TM,NML)

o
c ™ ( MULTIPATH TIME DELAY SPREAD ) IS IN NANOSECONDS
C TCN ( NORMALIZED CHIP RATE ) IS IN NANOCSECONDS
c

TCN=TC* (10.0**3.Q)

NML=INT (TM/TCN) +1
c
o

WRITE (6,8135) NML,TM

8139 FORMAT(' MAX. NUMBER OF RESOLVED PATHS IS = ',I4,
&°*FOR A M/PATH DELAY SPREAD OF',F6.1,' nsecs ')
WRITE(8,8139) NML,TM

C
RETURN
END
c
c - -
c
< SUSROUTINE CHANN —————————meee———
o]
c PURPQSE: PROVIDES CHANNEL CHARACTERISTICS AS DESCRIBED IN
c REPORT ON CHANNEL MODEL IN SECTION 4.1 CF THESIS
c
P D P e e e e e
Cc
SUBROUTINE CHANN{DSEED,TB,TIC,BET,BMAX, TAU, IDX,PHI, NL, NK,MD, VAR,
1ANX, ANY, NML, NMA, TEM)
C

REAL BET (NL,NK), TAU(NL,NK) , PHI (NL, NK) , BMAX (NL, NMA) , TEM{NL)
INTEGER IDX(NL,NK)

c RHO: AVERAGE PATH POWER
DOUBLE PRECISION DSEED

c
DO 10 Kwl,NK
c
DO 20 L=1,NL
Cc
BET (L, K) =GRV (DSEED, VAR, ANX, ANY)
TAU (L, K) =TB*GGUBFS {DSEED)
IDX (L, K)=INT (TAU (L, K) /TC)
PHI(L,K)=8.0*ATAN(1.0) *GGUBFS (DSEED)
c
%? CONTINUE
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10 CONTINUE

o
c ASSUMED DESIRED PATH VALUES BEILOW
TAU(1,1)=0.0
IDX(1l,1)=0
PHI(1,1)=0.0
o4
DO 40 L=1,NL
c
DO 30 M=1,NMA
c
30 BMAX (L, M) =GRV (DSEED, VAR, ANX, ANY)
c
40 CONTINUE
c
DO S01 Mw=l,NMA
Cc
o SORT BETA VALUES IN ASCENDING ORDER:REF. USER
c TO SIMULATE PATH SELECTION
C
DO 301 J=1,NL-1
c
DO 401 L=1,NL-J
C
IF (BMAX (L, M) .GT.BMAX (L+1,M)) THEN
TEMP=BMAX (L, M)
BMAX (L, M) =BEMAX {L+1,M)
BMAX (L+1,M) =TEMP
END IF
c
c
401 CONTINUE
c
301 CONTINUE
Cc
501 CONTINUE
C
Cc SORT BETA VALUES IN ASCENDING ORDER:REF. USER
c TO SIMULATE ANTENMNAE SELECTION
C
DO 801 J=1,NMA-1
c .
DO 701 M=l,NMA-J
c -
IF (BMAX {NML, M) .GT.BMAX (NML,M+1)) THEN
C
DO 601 L=1,NL
TEM(L) =BMAX (L, M)
BMAX(L,M)=BMAX (L, M+1)
c
C
c
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€01 BMAX (L, M+1)=TEM (L)
C
END IF
&
701 CONTINUE
C
801 CORTINUE
c
BET(1,1)=EMAX(1,1)
C
Cc DO 14 L=1,NL
o
4 WRITE (8, *) (BMAX (L, M), M=1, NM3)
14 CONTINUE
RETURN
END
c
c
C
c
o
Cc SUBROUTINE SELDIV-===———— e s e m e ————————
c
C PURPOSE: PROVIDES SELECTION DIVERSITY IN CHANNEL MODEL
c
c ——————————————— e
c
SUBROUTINE SELDIV(NML, IM,NL,NK,NMA,BET, BMAX)
REAL BET (NI, NK) , BMAX (NL, NMA)
c
32T (1, 1) =BMAX (NML, IM)
o PO 10 L=1,NL
Cl0 BET (L, 1) =BMAX (L)
c
ol TEMP=RET (1,1)
c BET (1, 1) =BMAX (NM)
c BET (MM, 1) =TEMP
c
RETURN
END
c
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—————————————— FUNCTION::CHI-SQUARE DISTRIBUTION

PURPQOSE: GENERATES RICIAN DISTRIBUTICN RANDCM VARIASLES
AS SUM OF TWO INDEPENDENT GAUSSIAN RANDOM
VARIABLES WITE COMMON VARIANCE, VAR, AND MEANS
ANX & ANY,
NOTE: THIS FUNCTION IS PROVIDED TO EASE COMPATIBILIY FOR ALL
MACHINES. A RANDOM SEED IS REQUIRED ONLY.

AaoaO0000000000O0000

FUNCTION GRV({DSEED, VAR, ANX, ANY)

0

DQUSLE PRECISICON DSEED

NX=12
DNX=FLOAT (NX) /2.0
STD=SQRT{ FLOAT({NX)/12.0*VAR )

X=0.0
¥Y=0.0

DO 2¢ INX=1,NX
X=X+GGUBFS (DSEED)}
Y=Y+GGUBFS (DSEED)

20 CONTINUE
X= (X-DNX) *STD + ANX
Y= (Y-DNX) *STD + ANY
GRV=CABS ( CMPLX(X,Y) )
RETURN
END

=-SUBROUTINE QFUNCT

PURPOSE: EVALUATE MARCUM Q FUNCTION
SEE [31] OF BIBLIGRAPHY

STUBROUTINE QFUNCT (SA, SB, QFUN)
DOUBLE PRECISION QFUN,AL(100),BE(100),D(100)
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210

220

EVALUATE Q FUNCTION
P=1000000.0

AL(l) = 0.0

BE(1l) = 0.0

BE(2) = 0.5

If (SA.GE.SB) GOTO 21¢C

AL(2) = 1.0
D(3) = Sa/sB

GOTC 220

AL({2) = 0.0
D(3) = SB/SA

DO 225 J = 3,100

AL({JY = D(J)+ 2.0*FLOAT(J-2)*AL({J-1) /SA/SB + AL(J-2)
BE(J) = 1.0 + 2.0*FLOAT(J-2)*BE(J-1)/SA/SB + BE(J-2)
IF (B2{(J).GE.P) GOTO 230

D{J+1l) = D(J}*D(3)

WRITE(7,39)

FORMAT (' RALPHA,BETA,D ')

WRITE(7,11l) AL(J).BE(J),D{(J+1)

FORMAT (3 (E13.7,3X))

GOTO 225

QFUN= AL {J)/BE(J)/2.0*EXP(~(Sa-5B)**2/2.0)
GOTO 259

CONTINUE
IF{SA.GE.SB) QFUN=1.0-QFUN
WRITE(7,75) QFUN,SA,SB

FORMAT(' Q VALUE IS ',3(2X,E13.7))

RETURN
END
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10
15
17

20

30

40

50

S5

56

60
70

80

90

100

110

---------- SUBROUTINE BESI

PURPOSE: COMPUTE BESSEL FUNCTIONS OF NTH ORDER

SUBRQUTINE BESI (X,N,BI,IER)
CHECKS EFOR ERRORS IN N AND X AND EXIT IF ANY ARE PRESENT

IER=0
BI=1.0
IF (N)150,15,10

IF(X)160,20,20
IF(X)160,17,20
RETURN

DEFINE TOLERANCE

TOL=1.E-6

IF ARGUMENT GT 12 AND GT N, USE ASYMPTOTIC FORM
IF (X-12.)40,40G,30

IF (X~-FLOAT (N)) 40, 40,110

COMPUTE FIRST TERM SERIES AND SET INITIAL VALUE OF THE SUM
XX=X/2.
TERM=1.0
IF(N)70,70,55
DO 60 I=1,N
FI=l
IF (ABS(TERM)-1.E-68)56,60,60
IER=3
BI=(0.0
RETURN
TERM=TERM*XX/FI
BI=TERM
XX = XX * XX
CCMPUTE TERMS, STOPPING WHEN ABS (TERM) LE ABS(SUM OF TERMS)
TIMES TOLERANCE
DO 90 K=1,1000
IF (ABS(TERM)-ABS(BI*TOL))100,100,80
FK=K* (N+K)
TERM=TERM* (XX/FK)
BI=BI+TERM
RETURN BI AS ANSWER
RETURN
X GY 12 AND X GT N, SO USE ASYMPTOTIC APPROXIMATION
FNmJaN*N
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e NeNe NS

120

130

140

150

160

IF (X-170.0)115,111,111
IER=4

RETURN

XX=1./(8.*X)

TERM=1.

BI=]l.

DO 130 K=1,30

IF (ABS(TERM)-A3S(TOL*BI)) 140,140,120
FR= (2*K-1) **2
TERM=TERM*XX* (FK-FN) /FLOAT (K)
BI=BI+TERM

SIGNIFICANCE LOST AFTER 30 TERMS, TRY SERIES
GO TO 40

PI=3.141582653
BI=BI*EXP (X) /SQRT (2.*PI*X)

GO TO 100

IER=1

GO TO 100

IER=2

GO TO 100

END

FUNCTION:COMBINATION-———————mmm— e e e e e e e e — ———
PURPOSE: COCMPUTE COMBINATIONS

NOTIE: THIS FUNCTION IS PROVIDED TO EASE COMPATIBILTY FOR ALL
MACHINES. NO LIBRARY ROUTINE IS REQUIRED

OO0 00000O00000

O

110

FUNCTION MCOM(N1,N2)

IF(N2.GT.0) THEN
GOTO 110

ELSE

MCOM=1

ENDIF

RETURN

N1N2=N1-N2
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NINZ2F=1

DO 10 J=1,N1N2
NINZF=NINZE*J

NE=1

DO 20 K=1,N2
NE=NE*K
N2E=NE

DO 30 L=N2+1,N1
NE=NE*L

MCOM=NEF/N2F/NIN2F
RETURN
END

aOan
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