Performance Evaluation of a Direct Sequence

CDMA System

Abbas Fadhel Mohammed

Thesis submitted in accordance with the
requirements of the University of Liverpool
for the degree of Doctor-an Philosophy.

May 1992

DEPARTMENT OF ELECTRICAL ENGINEERING AND ELECTRONICS

UNIVERSITY OF LIVERPOOL



ABSTRACT

A computer software simulation has becen developed to evaluate the per-
formance of a Direct Sequence Spread Spectrum Multiple Access
(DS-SSMA) system for the Indoor Wireless Communication (IWC) environ-
ment.  The average probability of ecrror, cxpressed as a function of the
signal-to-noise ratio at the output of the receiver, is used as a measure of the

system performance.

The unwanted effects of noise, multipath fading and multiple access inter-
ference on the indoor radio channel are investigated. Performance compar-
isons for various modulation schemes, signature sequences and code lengths
are evaluated. The effects of the near-far problem on the DS-SSMA system
performance are also investigated for various interference to desired user
power ratios ranging from —10 dB to +10 dB, and for different numbers of

UScCrs.

The results of this work indicate that in the absence of diversity, even small
amounts of interference can be harmful in a Rayleigh fading IWC environ-
ment. The results also show that for DS-SSMA systems it is necessary to
apply a power control scheme, in order to reduce the effects of the near-far

problem.
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CHAPTER ONE

INTRODUCTION

The 1980s have witnessed a dramatic upsurge in the demand for mobile radio
services, and many countries now have well-established networks, largely in
the form of cellular systems. Mobile radio plays an important role within the
commercial, business and public safety sectors. Growth has been rapid to the
extent that the demand for mobile radio services has outstripped even the
most optimistic forecasts of subscriber numbers. Indeed, in the United
Kingdom alone, the number of cellular mobile radio users has exceeded the

million mark [1.1].

Indoor communication has become an active area of research in recent years
[1.2]. Communications here is less difficult than in moving vehicles. Dis-
tances are shorter, in general reducing the magnitude of the delay spreads due
to multipath propagation. Motion is considerably slower, reducing Doppler
cffects. Shadowing effects are less of a problem indoors because it is easier
and cheaper to install antennas and transmitters to serve a section of a
building than to serve part of a city or other large geographical arca. This
cost issue will be discussed in detail later in this chapter. Thus, it is reason-
able to aim for a higher-quality digital communication system when operating
indoors than it is when operating to a moving vehicle. Indoor systems can
casily accommodate the 32 Kb/s accepted by the International Telecommu-
nications Unions International Radio Consultative committee (CCIR) for
introduction to public network, and it is not unrcasonable to consider 64
Kb/s indoor links [1.3].
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There is a communication revolution in progress today that will make this
decade the “Telecommunication Decade”, much as the previous decade could
be called the “Computer Decade” [1.4]. The continued demand for channels,
however, has not been matched by a corresponding increase in the amount
of allocated spectrum. This is due to the problem of spectral congestion
which is a world-wide problem, and therefore if communications are to ex-
pand in the 1990s, more spectrum must be found. For instance, the CCIR
has numerous study groups looking into spectrum reallocation to meet a
myriad of needs. For example, Study Group 8 is currently preparing a tech-
nical justification for a spectrum allocation that can be used for a Land Mo-
bile Telecommunications system to operate throughout the world. The World
Administrative Radio congress (WARC) will convene in Geneva in 1992 to

continue reallocating spectrum to make usage more cfficient [1.5].

The reallocation of spectrum, however. is a very costly and delicate political
matter . System planners therefore have to use all sorts of schemes in order
to maximise the spectral efficiency of radio services. Multiplexing techniques,
such as Time Division Multiple Access (TDMA), enable a single provider to
put multiple transmissions on the same carrier frequency. Spread Spectrum
technologies (or Code Division Multiple Access - CDMA), would cnable a
number of users to share the same spectrum with minimum interference by
employing a unique code sequence to distinguish cach transmission. A third
option involves overlaying new services on frequencies already occupied by
existing users [1.6]. Overlaying is possible with spread spectrum by
minimising the interference to conventional radios sharing the same band due

to the wideband noise-like characteristics of spread spectrum signals [1.7].

Frequency Hopping (FH) and Direct Sequence (DS) are two forms of Spread
Spectrum Multiple Access (SSMA) techniques. In DS/SSMA, (also known
as phase-coded spread spectrum), the carrier is phase modulated by the dig-
ital data sequence and the code sequence. This technique utilises the most
common form of SS modulation for its multiple access capability, case of

implementation [1.8] and other advantages which will be discussed below.
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In the spring of 1990, the British Government awarded three licenses to con-
sortiums to operate Personal Communication Networks (PCNs). The
consortia, at that time, consisted of Mercury Personal Communications (Ca-
ble and Wireless ple, Motorola and Telefonic de Espana) Unitel (STC plc,
US West, EMI plc and Dcutsche Bundespost) and Microtel (British Acro-
space, Pacific Telesis, Matra S.A. of France, and Sony Corporation). As can
be seen from these names, there is worldwide involvement in PCN. The PCN
in Britain will use the TDMA multiple access technique [1.5]. Meanwhile, in
the United State, Millicom, Inc. has formed a joint venture with SCS
Mobilecom, Inc. and Northern Telecom, Inc. to develop and perform field

tests of a PCN system employing the DS-CDMA techniqué 15):

The use of SS-CDMA offer four attractive advantages over TDMA [1.9-10]:

I. CDMA does not require network synchronisation, which is an essential
featurc of TDMA.

8]

CDMA offers a gradual degradation in performance as the number of
users is increased. This is called “graceful degradation”. It is therefore

relatively casy to add new users to the system.

3. SS-CDMA can achiceve a significant increase in system capacity com-
pared to TDMA.

4. CDMA is far less susceptible than TDMA to fading from the existence
of multipath signals, an important factor in build-up areas where
buildings reflect and re-reflect signals. With DS-CDMA, a multipath
signal having a declay greater than one chip duration of the
pscudorandom (PN) code will be uncorrelated and appear as a weak ad-
ditional interference [1.11]. It is this capability which has spurred interest
in applying SS to cellular radio, PCN, and also the wireless extension of
the ISDN (Integrated Services Digital Network) in the indoor office and

factory environment [1.12].

Spread Spectrum has been, and still is, used extensively in military commu-

nications systems. This is due to the high cost of the hardware involved, and
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to permit communications which are not detectable by enemy systems (this
is called Low Probability of Intercept - LPI), and resist jamming by an enemy
desiring to disrupt communications [1.13]. In recent years, however, there
has been an even greater interest in understanding both the capabilitics and
limitations of SS techniques for commercial applications. In addition, the
impressive technical and technological evolution of the last few years, specif-
ically Digital Signal Processing (DSP) combined with Very Large Scale Inte-
gration (VLSI) technology, is quickly reducing the cost and size of SS
cquipment implementation, which arc essential ingredients for successful
commercial applications [1.14]. Therefore, using these technologies combined
with the natural attributes of SS make it very competitive for a variety of ci-
vilian (commercial) applications [1.4,1.14], namely, Satecllite Communi-
cations, Power Line Carrier Transmission Systems, PCN, Mobile Radio and
Wireless Local Area Networks (WLAN or Radio LAN).

It is clear from the above, that the communication industry is moving to a
high level of radio applications. This is because wire communication is a
fundamental limitation. The use of radio for indoor data and voice commu-
nications within office buildings, hospitals, warehouses and factories is an
attractive proposition [1.15-16]. It would drastically reduce wiring in new
buildings, and would provide the flexibility for changing or creating various
communications services in existing buildings without the need for expensive,
time-consuming rewiring. It would also provide users with the convenience
of freeing their phones and terminals from the cords tying them to specific

locations within the building, thus allowing for portability and even mobility.

To cope with these requirements, effectively an Indoor Wireless Communi-
cations (IWC) system has to be reliable, flexible and have quality comparable
to wired services. However, a major problem in the design of IWC systems is
the radio propagation effects which may significantly impair the overall
transmission quality. DS-CDMA scems a promising choice in IWC envi-
ronments [1.8,1.14,1.17]. Using DSSS provides resistance to multipath
caused by walls, ceilings and other objects between the transmitter and re-
ceiver, and consequently, increases the mobility of the terminals or telephone

sets within the office environment [1.17].
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WLAN has been around in the U.S. for several years and is soon to take off
in Europe. In the U.S., the Federal Communication Commission (FCC) has
allocated three frequency bands, around 900 MHz, 2.4 GHz and up to 6
GHz for non-government applications of SS which makes this more attractive
for indoor channels [1.18], while in the U.K. the DTI is considering 2 GHz
for WLAN [1.12]. There is also a European collaborative project involves the
U.K., France and Italy to demonstrate a WLAN using DS-CDMA technique

with the aim of achieving performance comparable to current wired LANS.

All SS techniques and applications exploit the features of PN sequences. In
practical SSMA systems however, the signature sequence will not be sclected
at random from the set of all possible sequences of a certain length L. The
sequences must posses certain qualities, otherwise the SSMA system will not
function properly. For example, for reliable synchronisation and reduction
of multipath interference it is desirable to employ Sequences with a suitable
autocorrelation function. Maximal length sequences (m-sequences) have a
two-valued autocorrelation funetion, and it is this property that was exploited
in the earliest applications of m-sequences in SS systems. The crosscorrelation
function between different sequences determines the effects due to multiuser
interference. Therefore, in a CDMA environment, codes other than m-
sequences would be the most appropriate choice. Gold codes were invented
in 1967 at the Magnavox Corporation specially for multiple access applica-
tions of SS. Relatively large sets of Gold codes exist which have well con-
trolled crosscorrelation properties. It should be emphasised here that there
is a trade-off between good autocorrelation and good crosscorrelation func-
tions, and thus both of these properties cannot be optimised simultaneously.
In addition, there is also a trade-off between the number of sequences

achicvable in the set and the qualities of the sequences [1.19].

While the code design problem in CDMA is very crucial in determining sys-
tem performance, of greater importance in DS-CDMA systems is the so-
called “near-far problem”. This problem occurs when the power levels of the
undesired signals of the other users are very large compared to the power

level of the desired signal. Therefore, effective power control is required in
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order to prevent nearby unwanted users from overpowering a more distant
(wanted) user [1.20].

Because of the severe fading conditions, which occurs in the IWC environ-
ment, noncoherent demodulation techniques are preferable. Differential de-
tection is also considered to be a simple and effective technique for recovering
data from a signal which has been exposed to fading. These techniques elim-
inate the need for carrier recovery, thus the receiver complexity (design and
implementation) is reduced [1.21]. Indeed, a DPSK modulation scheme along
with equal gain diversity combiner has been suggested for use in a practical

DSSS system in IWC environments [1.8].

The above discussion can be summarised as follows. There is a sizcable lit-
crature on the types, advantages and the possible commercial applications of
spread spectrum systems. Some of these applications has been discussed
above. One of the recent research subjects is the use of Direct Sequence
Spread Spectrum in  indoor wireless communication environments
[1.8,1.17,1.21]. Most of the early work relating to DSSS was concerned with
the performance for a single transmitter-receiver pair. However, of consider-
able importance is the behaviour of groups of transmitter-receiver pairs op-
crating simultancously in the same band, i.c. the multiple-access problem.
References 1.22-27 are among the studies which treated the effects of multiple
access interference on the performance of DSSS systems. All of these studies,
however, consider the communication channel to be a single path with

nofading.

In IWC, because of the existence of many reflectors and scatterers, multipath
fading is scverc. Impulse response measurements [1.28-29] inside office
buildings indicate the severity of multipath fading. Reference 1.30 was one
of the carly studies which examined the effects of multipath on the perform-
ance of DS systems. However, the computer simulations in reference 1.30 are
restricted to the behaviour of a single user, and therefore, no multiple access
interference is taken into account. References 1.8,1.31 have analysed
DS-SSMA systems using PSK and DPSK in indoor multipath Rayleigh fad-

ing environments. However, the performance of DS-SSMA has also been
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investigated by characterising the indoor radio channel as multipath Rician
fading [1.32].

Most of these studies used two different performance measures in their eval-
uation of the system. The first is the average probability of error as a func-
tion of signal-to-noise ratio at the output of the receiver [1.8,1.31]. The
second is termed “the multiple access capability”, and is defined as the maxi-
mum number of signals transmitted from different users simultaneously, that
can be tolerated in the neighbourhood of a receiver so that the error proba-
bility for reception of a particular signal does not exceed a prescribed maxi-

mum value [1.33].

The effects of diversity and coding on the crror rate performance has been
evaluated [1.8,1.31]. These analyses employed Gold and Kasami codes for
DS spreading of the transmitted data. Recent research [1.34] has been fo-
cused on investigating the effects of the near-far problem on the performance
of DS-CDMA systems.

In view of these facts, it was felt that a study of the effects of the various
parameters, commonly used to describe the indoor channel, on the perform-
ance of DS-SSMA system was needed, in the hope of being able to fully un-
derstand the error mechanism in these multipath fading, noisy channel
(MFENC) environments. However, testing the system under these conditions
and refining the solution procedure, would require extensive field trials which
is expensive, time-consuming and often inconclusive [1.35]. This makes com-
puter simulation an attractive alternative to field testing, provided that all the

relevant properties of the channel can be properly simulated.

This study was therefore carried out in software simulation, and is based on
an indoor radio channel using the DS-CDMA technique. The criterion of
merit (i.e. performance measure) used is the average probability of error as a
function of signal-to-noise ratio. The unwanted random effects of noise,
multipath fading and multiple access interference on the quality of the re-
ceived signal in DSSS system are investigated. In this work attention was fo-

cused on the short-term signal variation, i.e the so-called Rayleigh fading,
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because it places the most severe limitations on both voice and data trans-
mission. The fading simulator used in this study implements a method de-
veloped by Jakes [1.36]. The output data is then compared with the original
data sequence and the bit error rate is computed. It was found that these
random cffects degrade the performance of the DSSS system and in order to
attain reliable communication it is therefore necessary to reduce these effects.
Diversity and error control coding schemes are effective means of reducing
crrors. In this work, however, only diversity will be considered. The effects
of the near-far problem on the system performance are also investigated. The
effects of the various modulation schemes, signature sequences and code
lengths are evaluated and comparisons are given in order to assess the overall
performance of the DSSS system in the indoor radio environment. A brief

review of the contents of the remaining chapters, now follows.

In chapter two, the different types of SS systems and the methods used to
classify these systems are discussed. A detailed explanation of the advantages

and the possible civilian applications of SS is also presented.

Chapter three discusses the different types of code sequences that are most
commonly used in SS systems, and how to generate these codes. The number
of sequences in the set and the correlation parameters that are important for

SS communications applications are also considered.

Chapter four is concerned with the multiple access techniques used in the
IWC channel, and a comparison between these techniques is given. A de-
tailed explanation of the DS-CDMA channel which includes performance
against multipath and interference, the near-far problem and the number of

users in the system, are discussed.

In chapter five, the structure of the complete system model and the computer
simulation of the indoor radio channel is presented. A general description
and the implementation of the various sections of the model, with illustrative
diagrams, is given. A flow chart and a dctailed presentation of the techniques

used to simulate the various sections of the system are also discussed.
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Chapter six is entirely devoted to the presentation of the obtained sim-

ulation results, along with the analysis and discussion of these results.

In chapter seven, the conclusions of this study are featured along with

suggestions for future work.
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CHAPTER TWO

SPREAD SPECTRUM SYSTEMS

2.1. Introduction

Spread-spectrum techniques represent today one of the most interesting and
challenging topics in the communication field. Use of special techniques, like
frequency-hopping, time-hopping and direct-sequence modulation, singularly
or combined, offers good protection against interception and intentional in-
terference. This may explain why most new protection concepts used in de-
fence systems are based on Qprcad- spectrum techniques. The impressive
technical and technological evolution of the last few years, specifically in
Digital Signal Processing (DSP) and Very Large Scale Integration (VLSI), is
quickly making the implementation of spread-spectrum systems more cost
effective. It is the same technological evolution which made possible the de-
velopment of various civilian applications, namely, Satellite Communications,
Mobile Radio, Indoor Wircless Communications and Power Line Carrier
Transmission Systems. These applications have the potential to exploit the

protection capacity of spread-spectrum techniques [2.1].

Spread-spectrum allows the sharing of the spectrum used by existing systems,
thereby postponing and, in some cases, eliminating the need for reallocation
of spectrum with its obvious cost and political considerations. In the case of
newly allocated spectrum, the total capacity of the assigned spectrum may
be larger using spread-spectrum than is possible by other methods such as
Frequency Division Multiple Access (FDMA) or Time Division Multiple
Access (TDMA) [2.2].
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2.2. Spread-Spectrum Techniques

There are many different types-of spread-spectrum systems which can be
classified by concept. On this basis spread-spectrum systems may be consid-
ered to be cither averaging or avoidance systems. An averaging system is one
in which the reduction of interference takes place because it is averaged over
a large time interval. An avoidance system, on the other hand, is one in which

the signal is made to avoid the interference a large fraction of the time.

A second method of classifying spread-spectrum systems is by modulation.
The most common modulation techniques are: direct-sequence, frequency-
hopping, time-hopping, chirp and hybrid methods. All these techniques ex-

ploit the features of pscudo-random (PN) sequences.

The relationship between these two methods of classification may be made
simpler by noting that a direct-sequence system is an averaging system,
whereas frequency-hopping, time-hopping, and chirp systems are avoidance
systems. On the other hand, a hybrid system may be cither :wcraging or
avoidance, or both [2.3]. A DS/FH hybrid system offers the advantages of
both direct-sequence and frequency-hopping systems, and avoids some of

their disadvantages.

A brief description of the various spread-spectrum modulation systems is

given below.

2.2.1. Direct-Sequence

The block diagram of a direct-sequence spread-spectrum system is shown in
Fig. 2.1. At the transmitter, a carrier 4 cos w,¢ modulated in amplitude, an-

gle, or a combination of both produces S,(2) = 4,(¢) cos [wo(?) + ®(7)] . This

modulated signal is then multiplied by a pseudo-random sequence, g(¢) ,
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which spreads the energy of S,(¢) over a bandwidth considerably wider than
the bandwidth of the original modulated signal. The resulting signal,
1(#)Si(2), is then transmitted over the radio channel where it combines with
other unwanted signals and noise. The composite signal is now applied to the
input of a receiver which should extract the original information signal S,(¢)
and reject all others. To do this, the composite signal entering the receiver is
multiplied by an exact replica of the spectrum-spreading code g,(z), so that

the output of the multiplier will be [2.4]:

wanted signal = g#(0)Si(2)
unwanted signals = g,(¢)g:(¢)Sx(¢)
+ &1(0)gs(2)S:(?)

+ gi(0)gul2)Si(1)
+ g1(0)S'(2)
+ gi(t)n(r)

where gi()gi(?)Si(t) represent other spread-spectrum signals, and g(7)S'(2)

and g(¢)n(r) represent other non spread-spectrum signals and noise.

The orthogonality of the PN sprcading sequence makes gf(z) =1, and
gi(H)g(r) approaches zero, so the receiver should be able to extract only the
wanted signal and reject all others. In practice, it is difficult to achieve com-
plete orthogonality. However, it is possible to find a set of sequences with low

crosscorrelation such as Gold codes.

The wanted signal after being “despread” by the multiplication with g(¢) in
the receiver would have the bandwidth of the original information signal. On
the other hand, the other signals and noise, which are spread at the receiver
by g:(¢) over a wide bandwidth, will be significantly reduced in energy. This
process can be seen to be that of correlation, and as will be shown in
chapter-3, the autocorrelation and crosscorrelation properties of the set of
sequences gi(2), g(2), ...... , &(?) are all-important in determining the per-

formance of sprecad-spectrum systems.
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2.2.2. Frequency-Hopping

Frequency-hopping spread-spectrum utilises the large spectrum by period-
ically changing the carrier frequency f; of the transmitted signal over the
whole available band B, according to a pscudorandom sequence generator
£(f). The changing is called “hopping”, and the bandwidth of the signal

during each hopping period is called the “instantaneous bandwidth” B, [2.1].

If the entirc allocated bandwidth is, say, 1000 times wider than the band-
width of the transmitted signal, then during a given time interval, the signal
can be transmitted at any one of the 1000 possible frequencies. The result is
a reduction in interference to any existing user. For example, if an existing
user occupies one of the 1000 frequency slots, then the interference with the
existing user occurs only 1/1000 of the total time. During the remaining time,
the transmission has hopped to different frequencies and, therefore, does not
cause interference [2.2.2.5]. Fig. 2.2 shows the transmitted signal in the
frequency/time domain [2.1]. Fig. 2.3 shows a simplified block diagram of a
frequency hopping system [2.6], and Fig. 2.4 shows the resulting frequency

Spectrum.

A frequency hopping system or “frequency hopper” consists basically of a
code generator and a frequency synthesiser capable of responding recasonably
quickly to the output of the code gcncrzitor. When the local receiver is
switched with a synchronised replica of the transmitted code, the frequency
hops on the received signal will be removed, leaving the original modulated

signal to be demodulated by an appropriate method [2.6].

The processing gain of the frequency hopping spread-spectrum system is de-
fined as [2.7]:

G,= The number of available frequency choices
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For example, a frequency hopping system containing 1000 frequency choices,

will have 30 dB processing gain.

The time period 7} , during which the carrier stays on the same frequency, is
called the "hopping period”, while the inverse f, = 1/7} is called the “hopping
rate” [2.1]. According to the hopping rate, we can categorise frequency-
hopping systems as cither “fast-hop” or “slow-hop”. A fast-hop system is
usually considered to be one in which the frequency hopping takes place at
a rate that is greater than the message bit rate. In a slow-hop system, the hop
rate is less than the message bit rate. There is, of course, an intermediate sit-
uation in which the hop rate and the message bit rate are of the same order
[2.3].

2.2.3. Time-Hopping

Spectrum Spreading in time-hopping systems is achieved by compressing the
information in the time -domain. Reducing the period of each information
symbol, by a factor of n broadens the occupied bandwidth by the same factor
and reduces the total transmitted time by 1/n. Therefore, the information can
be transmitted only in given “time slots” which follows according to a
pseudorandom sequence, known only to the corresponding receiver. The
processing gain can be defined as the ratio between total time and transmit-

ting time [2.1].

In pure time hopping, the carrier frequency remains unchanged, so that
jamming need only be at one frequency to effectively disrupt communi-
cations. The advantage gained is in the reduced duty cycle, that is, an inter-
fering transmitter (active jammer) to be really effective, would be forced to
transmit continuously because it doesn’t know the time sequence, so that the
wanted signal can exploit more efficiently its power, concentrating it in the
given time slots. Because of this relative vulnerability to interference, a time
hopping system should not be used for antijamming purposes [2.7]. However,

it can be used to advantage in hybrid systems.
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The use of time hopping systems is advisable when disposing transmitters
having high peak power and low duty cycle, like, for instance, impulse lasers
[2.1]. Time hopping systems may also be used to aid in reducing interference
between systems in Time Division Multiplexing. In this case, the codes must
be carcfully considered from the standpoint of their cross-correlation proper-
ties [2.7].

2.2.4. Chirp systems

Chirp systems are the only spread-spectrum systems that do not normally
employ a code sequence to control their output signal spectra, but do use a
wider bandwidth than the minimum required so that it can realise processing
gain [2.8]. The processing gain of a chirp system is simply BT,, where 7, is the
duration of a given signal waveform and B is the bandwidth over which the

frequency is varied [2.3].

A chirp spread-spectrum system utilises lincar frequency modulation of the
carrier to spread the bandwidth. The idea behind chirp signals is that the re-
ceiver can employ a matched filter to reassemble the time-dispersed carrier
power in such a way that it adds coherently and thus provides an improve-
ment in signal-to-noise ratio [2.8]. Lincar frequency modulated (lincar FM,
chirp) signals have been extensively used in radar systems [2.9], but are also

used in communication systems.

Increasing interest in chirp signalling is motivated by the development of
high-performance surface acoustic wave (SAW) devices, which provide a
ncar-optimum way for both generation and correlation (compression) of
wide-band chirp pulses. SAW technology offers the potential for implemen-
tation of spread-spectrum modems with low complexity for certain types of
military systems where protection against jammers is the task. Substantially

improved anti-jam performance has been obtained by combining the chirp
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technique with some kind of pseudorandom coding, (i.e. by varying the chirp

centre frequency according to a code sequence) [2.10].

2.2.5. Hybrid systems

Two or more spread-spectrum systems can be combined, to obtain a so called

hybrid system. Those most often used are:

1. Direct-Sequence, Frequency-Hopping systems.

!J

Direct-Sequence, Time-Hopping systems.

s

Time-Hopping/ Frequency-Hopping systems.

One reason for using hybrid techniques is that some of the advantages of
both systems are combined in a single system [2.11]. Reference 2.1 states that
the use of hybrid systems meet two basic needs: high flexibility and high
performance. High flexibility means the possibility to tailor and adjust the
system to the actual operational scenario; a hybrid system allows adjusting
the mix of “evasion” and “resistance” to optimise the “protection” against any
“threat” and, in perspective, to keep pace with the evolution of that threat.
High performance requires wide spectrum expansion and, by combining more
techniques, wide spectrum expansion is achieved. This is why hybrid tech-

niques are widely used in military spread-spectrum systems [2.11].

As an example, a hybrid system which combines Direct Sequence and Fre-

quency Hopping techniques, will be discussed in this section.

Fig. 2.5 shows the transmitter block diagram of a DS/FH hybrid system [2.1].
The information signal is first direct sequence spread by multiplication with
the DS spreading code g(¢), and then frequency hopped by the hopping
synthesiser. This modulator differs from a simple direct sequence modulator
mainly in that the carrier frequency is varying (hopped) rather than being at

a constant frequency [2.7].
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Fig. 2.6 shows the result of the double expansion in the frequency/time do-
main, for a simplified DS/FH hybrid system, having only three hopping se-
quences, and Fig. 2.7 shows the receiver block diagram of the DS/FH hybrid
system [2.1]. To recover the data, the receiver must first frequency dehop the
received signal to a fixed frequency, and then DS despread the signal to its

original band, while spreading any uncorrelated signals.

The processing gain in decibels for a DS/FH hybrid system is the sum of the
process gains produced by the two spread-spectrum modulations [2.7], that

is:

G,(DS|FH) = G,(DS) + G,(FH)

A large spectrum expansion (and hence high process gain) is achieved by us-
ing DS/FH hybrid modulation. Since there are fewer frequencies to be im-
plemented, the frequency synthesiser is simpler than in the pure FH system
[2.3]. The necar far problem is also avoided by using FH modulation. In ad-
dition, at any instant, the signal retains all the advantages of DS modulation,
such as, the resistance to interference and multipath which are of greatest
importance in digital transmission. A disadvantage of hybrid systems, is of

course the increased complexity of their transmitters and receivers.

2.3. Comparison of Modulation Methods

The purpose of comparing the different spread-spectrum systems is to illus-
trate that each method has its advantages and disadvantages, and to show
that it may be possible to overcome some of these disadvantages by the use
of hybrid techniques. Table 2.1 lists the advantages and disadvantages of the

various systems [2.3].

The sclection of a spread-spectrum technique to be adopted in a new com-
munication system, is one of the most important and delicate decisions the
system designer has to face. The parameters to be considered in the selection

of the most suited technique, can be grouped into three categories [2.1]:
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1. Type of application, available band, number of users, type of service and

possible mutual interference among the users.

2. Type of “threat”, (i.c. intentional or unintentional interference) and the

nature of this interference.

3. Available technologies and related costs. This parameter plays a funda-
mental role. The technological evolution of the last decade has made fea-
sible technical solutions, which were previously incompatible with cost or

other system considerations.

2.4. Advantages of Spread-Spectrum Systems

Spread-spectrum techniques are widely used in military communication sys-
tems. Some of the advantages of the spread-spectrum which are not ecasily

achievable with other system are listed below.

2.4.1. Resistance to Intentional and Unintentional Interference

The first and most important advantage of a spread-spectrum system is its
ability to reject intentional and unintentional interference. This rejection of
interfering signals results from the use of matched and synchronised spread-
ing and despreading codes at the transmitter and receiver respectively [2.12].
In a military communication system, oncé an enemy detects a communication
in progress, it transmits noise or other signals to interfere with or jam the
communications. A spread-spectrum receiver spreads the spectrum of the in-
terfering signal and hence reduces the interference level so that it does not
noticeably degrade system performance [2.2]. With large processing gains, for
example on the order of 1000, the effective interference power is reduced at
the spread-spectrum receiver output by 30 dB, enabling reliable reception to

continue under severe jamming attack [2.12].
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