l * National Library
of Canada

Acquisitions and

Bibliothéque nationale
du Canada

Direction des acquisitions €t

Bibliographic Services Branch  des services bibliographiques

395 Wellington: Street
Ottawa, Ontaria
K1A ON4 K1AON4

NOTICE

The quality of this microform is
heavily dependent upon the
quality of the original thesis
submitted for

ensure the highest quality of
reproduction possible.

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

Some pages may have indistinct
print especially if the original
pages were typed with a poor
typewriter ribbon or if the
university sent us an inferior
photocopy.

Reproduction in full or in part of
this microform is governed by
the Canadian Copyright Act,
R.S.C. 1970, c. C-30, and
subsequent amendments.

Canad"'

395, rue Wellington
Ottawa {Omana)

microfilming. -
Every effort has been made to

Youw file  Voim rélérence

Oue bla  Nolre rdidrance

AVIS

- La qualité de cette microforme

dépend grandement de la qualité
de la thése soumise au
microfilmage. Nous avons tout
fait pour assurer une qualité
supérieure de reproduction.

S’il manque des pages, veuillez
communiquer avec l'université
qui a conféré le grade.

La qualité d'impression de
certaines pages peut laisser a
désirer, surtout si les pages
originales ont été
dactylographiées a Paide d'un
ruban usé ou si Puniversité nous
a fait parvenir une photocopie de
qualité inférieure.

La reproduction, méme partielle,
de cette microforme est soumise
a la Loi canadienne sur le droit
d’auteur, SRC 1970, c. C-30, et
ses amendements subséquents.




Hybrid DS/FH-CDMA Systems Employing
FSK Based Modulation Schemes

by

Claude D’Amours, B.A.Sc., M.A.Sc.

A thesis submitted to the
School of Graduate Studies and Research
in partial fulfillment of the requirements
for the degree of
Doctorate of Philosophy

Ottawa-Carleton Institute for Electrical Engineering
Faculty of Engineering
Department of Electrical Engineering
University of Ottawa
September 1995

© 1995, Claude D’Amours



I*l National Library Bibliothéque nationale
of Canada du Canada
Acquisitions and Direction des acquisitions et
Bibliographic Services Branch  des services bibliographiques
3395 Wellington Street 395, rue Wellington
Ottawa, Onlanio Qttawa (Ontario)
KIAON4 K1A ON4

- THE AUTHOR HAS GRANTED AN

- IRREVOCABLE NON-EXCLUSIVE
LICENC®E ALLOWING THE NATIONAL
LIBRARY OF CANADA TO
REPRODUCE, LOAN, DISTRIBUTE OR
SELL COPIES OF HIS/HER THESIS BY .
ANY MEANS AND IN ANY FORM OR
FORMAT, MAKING THIS THESIS
AVAILABLE TO INTERESTED
PERSONS.

THE AUTHOR RETAINS OWNERSHIP

OF THE COPYRIGHT IN HIS/HER
THESIS. NEITHER THE THESIS NOR
SUBSTANTIAL EXTRACTS FROM IT
MAY BE PRINTED OR OTHERWISE
REPRODUCED WITHOUT HIS/HER
PERMISSION.

Your hle  Voire réNrence

Ouwr hile  Nolte référence

L'AUTEUR A ACCORDE UNE LICENCE
IRREVOCABLE ET NON EXCLUSIVE
PERMETTANT A LA BIBLIOTHEQUE
NATIONALE DU CANADA DE
REPRODUIRE, PRETER, DISTRIBUER
OU VENDRE DES COPIES DE SA
THESE DE QUELQUE MANIERE ET
SOUS QUELQUE FORME QUE CE SOIT
POUR METTRE DES EXEMPLAIRES DE
CETTE THESE A LA DISPOSITION DES
PERSONNE INTERESSEES.

L'AUTEUR CONSERVE LA PROPRIETE
DU DROIT D'AUTEUR QUI PROTEGE
SA THESE. NI LA THESE NI DES
EXTRAITS SUBSTANTIELS DE CELLE-
CI NE DOIVENT ETRE IMPRIMES OU
AUTREMENT REPRODUITS SANS SON
AUTORISATION.

ISBN 0-612-04921-3

Canadd



[F>3] UNIVERSITE DOTTAWA
UNIVERSITY OF OTTAWA



Abstract

This thesis examines a hybrid DS/FH-CDMA system employing FSK based
modulation schemes. The proposed modulation schemes are: non-coherent
MFSK, a combination of MFSK and DPSK (called MFSK-DPSK) and wideband
multitone (MT) FSK. In each case, the signal to be transmitted is modulated
by a high rate BPSK signal (the PN sequence) and then it is hopped at a rate
higher than the symbol rate into different frequency bins that are sufficiently
spaced so that the fading in each channel appears to be an independent pro-
cess. “he main difference between each system is that a DS/FH-CDMA system
employing wideband MT-FSK must employ fewer frequency bins to have the
same (or comparable) bandwidth as systems employing MFSK or MFSK-DPSK.
However, the advantage gained by using MT-FSK is the inherent diversity of

the modulation scheme.

The bit crror rate performance of each modulation scheme in a Rayleigh fading
channel is found (in some cases, upper bounds are used). Both frequency-
nonselectiv:e and frequency-selective fading are considered. Different error con-
trol coding schemes are also considered. A hybrid DS/FH-CDMA system is
presented. The multiple access interference is modelled as additional white
Gaussian noise. Spectral efficiency expressions are obtained for the system em-
ploying the different modulation and coding schemes considered. It is shown
that the spectral efficiency of the system is inversely proportional to the bit en-

ergy to noise spectral density ratio required to achieve the maximum allowable



bit error rate. Furthermore, it is shown that coded MFSK and coded MFSK-
DPSK can guarantee lower bit energy to noise spectral density ratio required to
achieve the maximum allowable bit error rate of 107 than coded MT-FSK, and
thus the lower bounds on the spectral efficiency of DS/FH-CDMA systems em-
ploying coded MFSK or MFSK-DPSXK are higher than DS/FH-CDMA systems
employing coded MT-FSK.
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Chapter 1

Introduction

1.1 Motivation

In 1991, there were roughly 5 million cellular telephone subscribers in North
America [1], and the need for this service is still growing. In many cities,
analog and first generation digital cellular operators are already reaching their

maximum capacity {2].

Personal Communications Networks (PCNs) [3] are the logical evolution of cel-
lular telephone networks. This technology will allow the use of a small portable
communication device from virtually anywhere by combining cellular radio,
satellite, and wireline communications. One will be able to receive voice as
well as data (e.g. fax). It is estimated that 25 to 60 million consumers in North

America will subscribe to this service [2].

Oue can see that a system supporting so many users using currently employed
techniques would require a large amount of bandwidth, but at the present time,
this bandwidth is not available in the commercially feasible low frequency bands.

Therefore, most researchers are directing their efforts to finding a combination



of modulation and multiple access schemes which can better utilize the existing
bandwidth.

The three basic multiple access schemes are: frequency division multiple access
(FDMA), time division multiple access (TDMA), and code division multiple
access (CDMA). In FDMA, a user is assigned a specific frequency slot which
makes up a fraction of the overall bandwidth; while in TDMA, a user occupies
the entire bandwidth for a brief time interval. In CDMA each user is assigned a
specific code which is employed by the sender and is required by the recciver to
retrieve the desired signal from the common channel. These frequency, time or
code allocations can be fixed, or assigned on demand. Thus we can have fixed

assignment or demand assignment FDMA, TDMA or CDMA networks.

In CDMA, a code is used to spread a user’s signal over a large bandwidth. This
code is also called a pseudonoise (PN) sequence. All other users spread their
signals over the same bandwidth using different codes. At the recciver, oly the
desired signal is despread using the required code while the remaining spread
signals act as interference. As the number of simultaneous users increases, the
bit error rate performance of each individual user degrades. Thus the capacity
of the system is limited by the highest acceptable bit error rate performance
of a user’s signal. This type of network is said to have a soft capacity [4] as
the actual capacity can be surpassed, although one would choose the proper

parameters to keep the probability of network overload low.

We say that CDMA systems are interference limited. This means that the
maximum number of users allowed on the channel is limited by the amouut of
interference that can be tolerated. In other words, one way that the capacity of
the system can be increased is by finding modulation and coding schemes which

are more tolerant of interference!. These modulation and coding schemes are

IThe capacity of CDMA systems can also increased by employing interference cancellation

techniques, and by improved detection and signal processing schemes.



- said to be power efficient because they require less power to achieve a given bit
error rate than non power efficient schemes. The search for higher capacities
by using power efficient modulation and coding schemes in a Rayleigh fading

environment is documented in [5}-[9].

CDMA has been compared favourably to FDMA and TDMA [10, 11]. For voice
applications, it has been shown that CDMA can take better advantage of the
voice activity factor than TDMA or FDMA. In other words, when an active
user is not speaking, the interference to other users is reduced. Thus more users
can simultaneously access the channel. It has also been shown that CDMA is

more tolerent of co-channel and adjacent channel interference.

DS-CDMA systems for satellite [12, 13], land-mobile or personal communica-
tions [5, 14, 15] are being extensively researched. DS-CDMA systems can re-
duce the interference caused by all multipath components which are more than
one chip or hop out of sync with the receiver’s PN sequence. “':I‘h"e bandwidth
expansion aspect of the signal also allows for diversity reception of the sig-
nal. DS-CDMA systems can obtain path diversity by using a RAKE receiver
[5, 8, 9, 14].

One problem with RAKE received DS-CDMA systems in a fading environment
is the need to sound the channel [5]. Since the receiver does not know the nature
of the channel, it cannot determine with a good deal of certainty which taps
of the RAKE receiver contain information without obtaining information about
the channel. This is accomplished by channel sounding. Channel sounding

techniques are discussed in [16}.

Another problem with all DS-CDMA systems is the need for power control. The
capacity of a DS-CDMA system is maximized when all signals are received at
the same power level. The proximity of the transmitters to the base station as
well as the independent fading process encountered by each signal in a mobile

environment can greatly affect the received power level of each individual signal.



Thus the need for power control.

The alternative to DS-CDMA is FH-CDMA. A FH-CDMA system can take
advantage of its large bandwidth to obtain diversity as well. By hopping a
symbeol into many frequency slots, frequency or channel diversity is achieved.
The frequency slots are sufficiently spaced so that the fading process encountered
by a signal in each slot appears to be independent of the fading in the other
slots. Significant improvements in bit error rate performance can be achieved

in this manner [17].

The bit error rate performance of FH-CDMA systems is determined by the hit
probability. A hit occurs when two or more signals are hopped into the same
fréquency slot. Thus to achieve an acceptable bit error rate, the probability of
a hit must be kept quite low. To achieve this, the number of simultaneous users
must be much lower than the number of available frequency slots [18}. Thus
these systems are generally bandwidth inefficient. The advantage of FH-CDMA

is that it is not affected by the near-far problem.

Hybrid DS/FH-CDMA systems are now being investigated [15], [19]-[23] as they
may combine some of the advantages of both DS and FH systems while avoiding
some of their disadvantages. In this thesis, a hybrid DS/FH-CDMA system
is proposed for use in the base to mobile link {forward link) of a land mobile
communication system. The channel is modelled by a slow Rayleigh fading. The
system will employ different variants of M-ary frequency shift keying (MFSK).
The performance of the system employing each variant of MFSK is analyzed
and the results are compared. The figure of merit used for comparison purposes
in this thesis is the spectral efficiency {or bandwidth efficiency) of the system,

as system capacity is directly related to its spectral cfficiency.



1.2 Contributions of This Thesis

The objective of this thesis is to consider a hybrid DS/FH-CDMA system in a
mobile fading environment. The research presented in this thesis hopes to add

the following information to the existing literature:

(1) To provide a model for a hybrid DS/FH-CDMA system employing fast
frequency hopping as opposed to slow frequency hopping as demonstrated in
19] - [22].

(2) To introduce the use of MFSK variants in hybrid DS/FH-CDMA sys-
tems, while obtaining bit error rate performance equations for these modulation

scheimnes with diversity.

(3) Provide analytical evaluations of the spectral efficiency of hybrid DS/FH-
CDMA employing MFSK variants for specific channel conditions.

(4) Investigate the impact of error control coding on the spectral efficiency of

these systemns.

1.3 Organization of This Thesis

Having discussed the motivation and contributions of this thesis as above, the

remainder of this thesis is organized as follows:

Chapter 2 presents an overview of basic CDMA techniques and terminology.

The issue of spectral cfficiency is presented. Previous research is highlighted.

In Chapter 3, the modulation schemes under consideration are discussed in
detail. We begin with noncoherent MFSK. The derivation of its bit error
rate performance in Rayleigh fading is shown. We then present the concept

of joint frequency-phase modulation (JFPM). The symbol is divided into two



sub-symbols; one conveyed by a frequency tone, while the other is conveyed
by differential phase. Multitone FSK (MT-FSK) is discussed and a number of
signalling sets are provided. Finally, JFPM is extended to include MT-FSK
as the frequency sub-symbol. Bit error rate performaunces are derived for all

modulation schemes with and without diversity.

Error control coding schemes are discussed in Chapter 4 as a means of improving
the bit error rate results obtained for the different modulation schemes discussed
in Chapter 3. Depending on the modulation scheme employed, different types

of codes as well as different code rates are considered.

Chapter 5 provides a description of the hybrid DS/FH-CDMA systemn as well as
its performance with the different modulation schemes under certain conditions.
Equations for the spectral efficiency are derived for each system, and the results

are compared.

Conclusions concerning the research presented in this thesis as well as sugges-

tions for further research in this field are given in Chapter 6.

Appendix A discusses basic spread spectrum techniques and terminology. It
is intended to be a tutorial for those readers who may need a quick review of

spread spectrum fundamentals.

Appendix B describes the balanced incomplete block (BIB) design, which is a
method of arranging v distinct objects into b blocks. This is used in designing
MT-FSK signalling sets.

An example of designing MT-FSK signalling sets using the BIB design technique
is shown in Appendix C.



Chapter 2

Background and Literature

Survey

2.1 Introduction

Spread spectrum (SS) communication was originally conceived for wartime com-
munications as a strategy against intentional interference, also known as jam-
ming. A jammer’s goal is to prevent reliable communications by introducing
high power carrier waves or wideband noise into the communication environ-
ment. The use of spread spectrum provides resistance to these jamming tech-
niques by sacrificing bandwidth. It can also provide information security [24].
Research into spread spectrum’s performance in jamming is still ongoing [25]-

[27].

In the mid 70s, commercial use of spread spectrum became a hot topic in commu-
nication engineering. Recently, S8 techniques have been considered for cellular
radio [4, 10], packet radio [28, 29], mobile satellite {7, 30], and PCN [31, 32].
Although spread spectrum’s original goal was to combat jamming through spec-

tral inefficiency, it appears that its new goal is to improve spectral efficiency in



an interference limited environment.

This chapter will provide an overview of CDMA technology. The spectral effi-
ciency of CDMA systems is discussed. Spectral efficiency, which describes how
efficiently bandwidth is used to transmit information, is often used in the com-

parison of different multiple access schemes. Important results from previous

research will also be discussed.

There are two basic types of spread spectrum systems: direct-sequence spread
spectrum (DS-SS) sytems and frequency-hopped spread spectrum (FH-SS) sys-
tems. A basic tutorial on spread spectrumn technology is given in Appendix A.
More detailed tutorials on spread spectrum techniques can be found in [33] and
[34, Chapter 7).

2.2 Code Division Multiple Access

In time division multiple access, the channel is shared by assigning cach uscr
a specific time slot when it can access the system. In frequency division mul-
tiple access, the channel is shared by assigning each user a different carrier
frequency. Similarly the termn code division multiple access denotes that the
channel is shared by several users by assigning cach user a different PN code
{or sequence), although common code SS multiple access systems also exist,
[35]. There are two basic types of CDMA systems. Those which employ direct
sequence techniques are called DS-CDMA systems, and those which employ

frequency-hopped techniques are referred to as FH-CDMA systems.

2.2.1 Asynchronous DS-CDMA Systems

In an asynchronous DS-CDMA system, no attempt is made to align the PN

sequences of the different users. User 4 is assigned PN sequence e;(£). For user



i, the received signal is the sum of the desired signal, which is spread by ¢;(t) and
the U — 1 other spread signals. These components may or may not be affected
by fading, shadowing or other impairments. For the purpose of demonstration,
let us assume that the only impairment is additive white Gaussian noise. This
is shown in Figure 2.1. The sampled noise component at time n after matched

filtering at receiver 1 is:

i 1T
= Ity i (D)1l ()i (t + T)er () dt (2.1)

= -,
where z, is the output noise component, sampled at time n, and uy; is the
nth received symbol sent by user 4. If the modulation is BPSK or QPSK,
var[|timitth|] = C, where C is the carrier power. Note that this statement
assumes that the received power of each user is equal. It can be shown that
the channel capacity of DS-CDMA is maximized when this is true [34, 36, 37).

Therefore, there is a need for power control.

U

=2

nT
" *
()= m (the (t) + s,(t) = Ju m(t)u "T(t)dt + Desired signatl
1 1 {(n-1T
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c1(t)

Figure 2.1 : The sampled signal components after despreading and matched

filtering.



The MAI component is the sum of U -~ 1 independent random variables, and
therefore the central limit theorem states that it can be approximated by a

Gaussian random variable [38]. The power of the noise plus MAI signal from

which we obtain the samples z/, is:

U oty
N' = N+Cvaly [ T+ et (2.9)

™) (Tl-—- ].)TH

The effective noise spectral density, N’ = N7/W (where W is the bandwidth of

o

the non-spread signal) is given by:

y C ‘_f_"\ nTy
N' = N,+ _anr[i%g ./(n—l)'r_. ci(t + i) (¢)di]

N, ¢ 3 d
= o %N AN 1 )C t t 2.‘
(1 + Nal’ern [2 -[u-—l)'l& ¢ (f T )C]( ) ]) ( J)

Thus as U increases, N, also increases. This means that the performance of the
individual user degrades as the number of users simultaneously accessing the
channel increases. Thus the capacity of this channel depends on the maximum
symbol error rate that is tolerable by all individual users (or equivalently, the
maximum N, that the system can tolerate). Note that N, depends on the
variance of the cross correlation between the PN sequences of each nser, and
this depends on the type of PN sequences employed by the system. Therefore,
the additional noise produced by the MAI must be found by averaging equation

(2.3) over 7; and 4.

A generally accepted derivation for the effect of MAI in a DS-CDMA system is
given in [39], where it is stated that the effective symbol encrgy to noise spectral
density ratio, Es/N, for DS-CDMA systems employing random signature PN

sequences and a processing gain of B, is given by:
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=1 B -1~
é = (é) + _3_“ (2.4)
N! N, 2(U -1)
Simplifying this equation, the equivalent energy per symbol to noise spectral

density ratio is

%=l (25)

1+ 2=ty

where v, = E,/N! and v, = E;/N,. For BPSK modulation, the symbol and
bit signal-to-noise ratios are the same, i.e. s = 7. Furthermore the processing
gain is given by B, = R,/ Ry, where R, is the symbol rate of the PN sequence,
otherwise known as the chip rate, and R) is the bit rate of the information

signal. Typically R, > Ry. Equation (2.5) can be rewitten as:

! Yo
Yo = U—DR (26)
1+ :'i;'( R_,,) T

Figure 2.2 shows 7} as a function of the number of simultaneous users for dif-
ferent. B, and 7, Note that for systems employing the same B,, increases in
E,/N, cause negligible increase in Ey/N), when the number of simultaneous users

is large.

In a synchronous DS-CDMA system, the PN sequences of all users are aligned,
thus making 7; = 0 for all 4. It then becomes simple to choose a set of PN
sequences ¢;(t) which are mutually orthogonal. This can be achieved, for exam-
ple, by using Hadamard codes [40]. Therefore the cross-correlation of different
codes becomes 0, and the MAI is eliminated. However, in & mobile environ-
ment, maintaining synchronism and thus orthogonality for all users becomes
difficult due to the motion of the mobiles and multipath. In this thesis, only

asynchronous DS-CDMA systems will be considered.

11
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2.2.2 FH-CDMA Systems

Frequency hopping can be used in a multiple access system by assigning a dis-
tinct hop sequence to each user. If slow hopping is used, (one or more symbols
per hop), each user’s carrier occupies a range of frequencies, which is smaller
than or equal to the bandwidth required by the signal in a non-spread system,
W. The frequency slots are usually separated by a range of frequencies equal
to or greater than the non-spread bandwidth, and thus the total number of fre-
quency slots is N 1 = Wy /W (assuming minimum frequency separation between
the frequency bins), where W, is the total spread bandwidth. For fast hopping,
the minimum frequency separation between bins is LW, where L is the number
of hops per symbol, and thus N; = W, /LW,

Assuming slow random hopping for all users, the probability that one or more
undesired signals are hopped into the same frequency slot as the desired signal

(referred to as the probability of a hit) is given as [18]:

(N -1)!
PU) = 1- TL—
R v-1 for U << Ny (2.7)
Ny

A simple approach to estimating the effects of hits on the overall bit error rate
is to assume that only full hits occur. This implies synchronous FH-CDMA, but
in asynchronous FH-CDMA, partial hits occur as the desired signal hops into
an occupied frequency slot, and when an undesired signal hops into the desired
signal’s frequency slot. As a result, there are 2 opportunities for each user to
create partial hits, and two partial hits may resemble one full hit. Finally, one
can assume that a full hit produces a 50 % bit error rate. Therefore, the bit

error rate in a FH-CDMA system is approximated as [18]:

13



1

P(U) = SPu(U)+ (1= P(U)R(1)
U-1 N Ny+1-U

2N; Ny

P(1) U<< Ny (2.8)

where P,(1) is the bit error rate when U = 1. From equation (2.8), one can see
that when Py(1} < (U — 1)/2Ny, then Py(U) = 3P,. Therefore, as Py(1) — 0,
the bit error rate approaches %g?l Without error control coding, an acceptable
bit error rate can only be achieved when U —1 << 2Ny, which means that most
frequency slots are empty, which in turn means that the system is bandwidth
inefficient. When error control coding is used, the pre-decoding (or raw) code
symbol error rate can be higher, meaning that bandwidth efficiency is improved.
Figure 2.3 shows the effect of multiple users on a FH-CDMA system when
P,(1) = 107% It can be seen that FH-CDMA systems are extremely sensitive

- to multiple users even when N; = 1000,

One method of improving this is to employ fast hopping (L > 1). When fast
hopping is used, the number of frequency slots decreases from Ny to Np = N;/L.
Thus P, increases as well, but the probability that all hops suffer from a hit
is PL. Using a good diversity combining scheme, the “hit” hops will gencrally
contribute less to the decision variable than the “non-hit” hops, thus improving
Py(U).

2.2.3 Hybrid DS/FH-CDMA

In a hybrid DS/FH-CDMA system, each user is assigned a PN sequence for
direct sequence spreading an& a hop pattern for frequency hopping. The channel
is made up of a number of DS-SS channels that each user hops in and out of. By
combining the two types of CDMA systems in this manner, a good compromise

of the advantages and disadvantages of both types of systems is realized. The
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advantages of employing hybrid DS/FH-CDMA are mauny, and the main ones

are as follows.

(1) Low Probability of Detection: a direct sequence spread spectrum signal has
a low probability of detection due to its low spectral density signal. Frequency-
hopped spread spectrum signals are often undetected because the signal occupies
a specific band of the spectrum for very short periods of time. Hybrid DS/FH-SS

systems exploit both aspects and can become quite difficult to detect.

(2) Spectrum Sharing: low probability of detection is basically a concern for mil-
itary communications. However, a signal that is difficult to detect will create
little interference to narrowband signals that may also occupy the same fre-
quency band. The concept of having spread spectrum systems share spectrum

with other services such as point-to-point microwave tower communications is
discussed in [32].

The problem created by spectrum to a DS-SS system is that each user will en-
counter this additional interference caused by the narrowband interference. In
hybrid DS/FH-SS systems, the total bandwidth can be partitioned into chan-
nels, those containing narrowband interference and those without. Each user’s
signal will encounter the interference caused by spectrum sharing equally, but
can also take advantage of the knowledge about which hops are corrupted by
interference. If fast hopping is used, diversity can be exploited. Hop symbols
corrupted by the interference can be weighted so that their influence to the final

decision is less than the uncorrupted hop symbols.

(3) Power Control: To maximize system capacity, DS-CDMA systeins require
that each transmitted signal arrive at the receiver with equal power so that a

few users do not dominate the network'. This requires power control. Although

In a star topology network, where all users transmit to a central receiver (e.g. cellular
systems), power control is not. a huge factor. Since the receiver has all the inforination ahout

every signal transmitted over the channel, it can eliminate much of the MAT using a multiple

16



power control is needed in hybrid DS/FH-CDMA systems, the algorithm does
not need to be as complex as the DS-CDMA case to achieve the same level of

performance.

When one or more signals arrive at the receiver with much higher power than the
majority, all other users must encounter this interference. In a hybrid DS/FH-
CDMA systems, cach user encounters the interfering signals only a fraction of
the time. If fast frequency hopping is used, then the overall bit error rate of
the desired signal will not suffer much from this interference if proper diversity

combining techniques are used.

(4) Security: In DS-CDMA or FH-CDMA the spreading sequence (either the
PN sequence or the hop pattern) acts much like an encryption key. The security
of the system can be compromised if the key is discovered. In hybrid DS/FH-
CDMA, there are now two keys, the PN sequence and the hop pattern. The
PN sequence is generally shorter in a DS/FH-CDMA system compared to a DS-
CDMA system (since some of the spreading is achieved by frequency hopping),
but the hop sequence can be made as long as one wishes. This increases the
level of complexity of the system and makes a cryptanalysis attack on the system

more difficult.

(5) Synchronization delay: In CDMA systems, the PN sequence of the receiver
must be synchronized with that of the transmitter. The synchronization of
the PN sequences requires time during which no useful information may be
sent. Synchronization delay can be made low by shortening the PN sequence
which decreases information security. Let us consider a hybrid DS/FH-CDMA
system with a comparable level of security as either a DS or an FH-CDMA
system. Some of the spreading is accomplished by direct-sequence means while
the rest is achieved by frequency hopping. Therefore, the direct sequence PN

code and the hop pattern are shorter than their counterparts in non hybrid

user maximum likelihood detection receiver [41)-[43].
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systems. The synchronization of these two codes can be done jointly, reducing

the synchronization delay, and thus reducing channel overhead.

(6) Spectral Efficiency: It will be shown in Chapter 5 that the spectral efficiency
of a DS/FH-CDMA system is comparable to that of a DS-CDMA system. This
is because a “hit” will not result in large error probabilities. When a signal is
“hit” (in other words it share a frequency bin with one or more signals), the
additional signals contribute to the MAI. Therefore the system is still limited by
the amount of interference that a user can tolerate. Thus the spectral cificiency
of hybrid DS/FH-CDMA is much like that of DS-CDMA which is generally
higher than that of FH-CDMA. |

2.3 Bandwidth Efficiency

In a CDMA system, where each simultaneous user employs the entire band-
width, the maximum number of simultaneous users that the system can sup-
port is limited by the amount of interference that each user can tolerate. In
other words, the addition of a new user to the channel degrades the bit error
performance of every other user. Supposing that there exists a maximum bit
error rate that the system can tolerate while maintaining an acceptable level
of communication, then the maximum number of simultancons users that the
system can support is that which produces enough interference to attain this
maximum bit error rate. We will denote the maximum munber of users that

the system can support as Upgq.

Spectral efficiency is a measure of inforination transter per unit time and unit
bandwidth. For example, BPSK employing minimum bandwidth filtering re-
quires 1 Hz of bandwidth to transmit information at a rate of L bit/scc. Thus
the bandwidth efficiency is 1 bit/scc/Hz or 1 bps/Hz. Also, BPSK employing

raised cosine filtering with an excess bandwidth factor of 0.2 requires 1.2 Hz to
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transmit 1 bps. Its bandwidth efficiency is 0.833 bps/Hz. The spectral efficiency
of any multiple access system is given by the maximum amount of information
transmitted over the common channel per second divided by the total band-

width of the channel. The spectral efficiency, n, of a CDMA system is given
hy:

n = (2.9)

where R, is the bit rate that each user is transmitting information (this as-
sumes that all users transmit at the same bit rate), and Wy, is the total spread

bandwidth employed by the system.

2.3.1 Spectral Efficiency of DS-CDMA

The equivalent bit energy to noise spectral density ratio of a PSK modulated

DS-CDMA system is given in eq. (2.6), and is repeated here for convenience.

’ b
Ty = — (210)

The maximum number of simultaneous users is found by determining the lowest
possible v} that the system can support while maintaining acceptable commu-
nications. This is generally in the form of a maximum bit error rate (for voice,
1072 to 10~ is generally accepted while for data it is generally less than 107%).
Suppose that the equivalent energy per bit to noise spectral density ratio =,
produces the highest tolerable bit error rate. The channel is occupied by the
maximum number of simultaneous users that the system can support. Rear-

ranging eq. (2.10) in terms of Upng,, we get:
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Umn:n = H‘l‘l (2.11)
IR

Thus, assuming Uper >> 1, the spectral efficiency in bps/Hz is:

%RD(’WJ - f}’{)) (s) 1:))
'}’bnf;;wfss o
For DS-CDMA systems employing PSK modulation and BPSK PN sequences,

W,s = R,. Therefore

3 — ~d
n ~ 2B T (2.13)
2 WY
3 .
= 5 T >> 7, (2.14)

It is seen in equation (2.14) that the spectral efficiency (and thus the capacity) of
a DS-CDMA system is inversely proportional to the bit energy to noisc spectral
density ratio required to give the maximum bit error rate allowed. Thus the
spectral efficiency of a DS-CDMA system can be immproved by lowering v, by

using power efficient modulation schemes, and/or by using error control coding.

2.3.2 Spectral Efficiency of FH-CDMA

As seen in subsection 2.4.2, the bit error rate of a FH-CDMA system is de-
pendent on P,. Therefore, for a maximum allowable bit error rate Py_mas,
there exists a hit probability P,_.... From equation (2.7), P, = (U — 1)/Ny.

Therefore

Umaz -1

Ph-—ma::: ~
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In the slow-hopped system described in subsection 2.4.4, P, ~ P,/2. Therefore

Umuz = ?‘Nbe—ma.x + 1 (216)

The spectral efficiency is:

2Nf Pb—aﬁumRb
Ws

Ny = W /W, therefore
2P b—-ma:r:Rb

For minimum bandwidth BPSK modulation, B, = W. Therefore

ne 2-F.b---n'm:r: (219)

We can sec from equation (2.19) that even for voice applications (e.g. Pomar =
107%), the system is extremely bandwidth inefficient. When error control coding
is employed, W = Ry/r., where 7, is the code rate. Therefore equation (2.19)

becomes

2
n = —PFima (2.20)

Te

However, equation (2.20) is only valid when U << N;. Thus the spectral

efficiency cannot increase simply by choosing extremely low rate codes.
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2.4 Existing CDMA Systems

In this chapter, basic CDMA systeins have been discussed. Throughout the dis-
cussions BPSK modulation was implied. However, research has been condneted

on CDMA systems employing different modulation schemes.

In [18], a DS-CDMA system employing wideband noncoherent MFSK is dis-
cussed for satellite communications. It shows how the bandwidth efficiency of
this system can be higher than that of a DS-CDMA system emmploying BPSK
modulation. The advantage of MFSK is that it is more power efficient than
BPSK in an AWGN channel. Also, since the modulation scheme employs a
large bandwidth, the chip rate required to produce a given spread bandwidth
is smaller for a system employing MFSK than for BPSK. Thercfore, the PN se-

quence length (which is generally one symbol duration) is smaller, which reduces

PN synchronization times.

In [44], it is shown that noncoherent MFSK/DS-CDMA systems do indeed pro-
vide a higher spectral efficiency than do coherent BPSK/DS-CDMA systens,
but only for uncoded systems. When convolutional coding is introduced, the
spectral efficiency of BPSK/DS-CDMA systems is higher. This is because the
coding gain of an error control code depends on the modulation and detection
scheme employed, and the gain is higher for coherent BPSK than for noncoher-
ent MFSK.

The research in {18] is augmented in [45]. Here, the MFSI modulation is im-
proved by combining it with phase modulation. This system is termed MFSK-
MPSK/DS-CDMA. In AWGN, with Reed Solomon (RS) coding, a bandwidth
efficiency of more than 0.55 bps/Hz is obtained using MFSK-MPSK combined

modulation.

Also in {45], MFSK modulation is used in a DS-CDMA system. While some

of the information bits select the frequency tone to be transmitted, other infor-
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mation bits are used to select the specific PN sequence that will modulate the
symbol. The different PN sequences are orthogonal to each other. This sys-
tem is referred to as MFSIK/DS-CDMA employing orthogonal codes or MFSK-
OC/CDMA. Bandwidth efficiencies up to 0.56 bps/Hz are obtained for this
system in AWGN for a bit error rate of 1073,

One more system is presented in [45). This DS-CDMA system employs MT-
FSK. The waveforms for MT-FSK are selected using permutation modulation
theory which was devised by Slepian [46]. Spectral efficiencies of up to 0.81
bps/Hz in AWGN are obtained employing MT-FSK and convolutional coding.
However, in Rayleigh fading, all the systems described in [45] have poor spectral
efficiencies. Improving the spectral efficiencies in Rayleigh fading is the topic of

the next two chapters.



Chapter 3

Variants of MFSK Modulation
for Rayleigh Fading Channels

3.1 Introduction

The modulation schemes Lo be utilized in the hybrid DS/FH-CDMA system are
described in this chapter. Equations describing the bit crror rate performance of
each modulation scheme in diversity and nondiversity systems are derived. Error
control coding is also considered. The effects of binary and non-binary convoln-
tional codes on the bit error rate performance of these modulation schemes are

examined.

MFSK and its variants are considered because non-coherent MFSK has been
shown to be more power efficient than DPSK for large values of M in AWGN
channels [44]. Also, it does not require a carrier phase recovery circuit which
makes it suitable for mobile communications. Evaluation of non-coherent MFSK
bit error probabilities in AWGN [18, 40] shows that a bit crror rate of 107" is
achieved for E,/N, = 9 dB for M = 16 and 8 dB for M = 32 as opposed
to 10.6 dB for coherently demodulated BPSK or QPSK. As we have shown in
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Chapter 2, the bandwidth efficiency of spread spectrum systems is determined
by the amount of inter-user interference. Therefore higher power efficiencies

translate into higher bandwidth efficiencies.

In non-spread systems, the use of MFSK has the disadvantage of bandwidth
ineficiency. However, in spread spectrum systems, where one intends to spread
the handwidth anyway, minimization of the non-spread bandwidth is not a

conceriI

3.2 Non-Coherent MFSK

In MFSK, information symbols are represented by specific frequencies, fm =

f.+mAf, m=1,2,...M. The symbols can be represented by [40}:

Sim (t) = \/"ﬁ

= Re[\/ eJ'“"'A“ Relel] m=1,2,..., M, 0<t < T, (3.2)

t+ 2rmA ft] (3.1)

The corresponding equivalent lowpass waveforms are thus (for f.T <« 1)

2 -
up(t) = \/"Ts—'e”'“"’é‘f‘, m=12,...,.M;, 0<t<T, (3.3)

The cross-correlation coefficient between the kth and mth waveforms is given
by [40]:

&)
_ \T " im(m=k)Aft
pkm - ‘)E A eJ dt (3.4)
_ s aT(m— k)Af AT k) A (3.5)
7Ty (m — K)Af I



|(m = k)| = 1 corresponds to adjacent frequency tones. The minimum fre-
quency separation needed for orthogonality is found when |pen| = 0. Since
e T m=KAS | = 1 fprm| = 0 when Af is a multiple of 1/T,. Note that for
coherent detection, e/™{m=FAL can be replaced by coswTi(m — K)AS, and
Af = 1/2T is the minimum spacing between adjacent signals for orthogonal-

ity.

3.2.1 Performance of MFSK in an AWGN channel

The optimum receiver for non-coherent MFSK is given in Figure 3.1. It com-

putes the decision variables [40]:

Ty
U= [ (@)t m=1,2,, M (3.6)

and selects the signal corresponding to the largest U,,.

Assuming that the transmitted signal is u, (£}, then the received lowpass signal,
r(t) = ae~3%1uy(t) + z(t), where a is the channel gain, ¢ is the channel phase,
and z(t) is the equivalent lowpass Gau.svin.. “nnice signal. Since the signals are
detected non-coherently, the phase is irrélevant and thus U, can be expressed

by the following

Ui = |20E,+ N (3.7)
Un = |Np| m=23,--- M (4.8)
where Ny, = Jo* z(Dul,(t)dt m = 1,2,---, M, and they are complex-valued

independent, identically distributed zero mean Gaussian random variables with

variance o2 = 2E,N,. The decision variables Uy, Uy, -+, Uy are statistically
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Figure 3.1 : Optimum receiver of non-coherent MFSK.
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independent. Since U,, = |N,| for m = 2,3,..., M, they are statistically

described by the Rayleigh probability deunsity function.

Um

—_ —1 ';'," 4”35!\' . ¥ .
p(um)-mc GufABNa gy =03 M

while U, is described by the Ricean probability density function

Uy (2 dnZ B2 A Crily
pluy) = _ R E,,)/IL,.N,,ID( )
2E,N, N,

(3.9)

(3.10)

The probability of a correct decision is the probability that U exceeds all other

decision variables. Thus

P, = PU<U,Us<Uy,- -, Uy <)

(3.11)

oo -
= /0 PUs < up, Us <y, Uy < ugUy = wy)pleg )duy  (3.12)

Since Uy, for m = 2,3,---, M are independent identically distributed randomn

variables, the joint probability conditioned on U, factors into a product of A —1

identical terms. Therefore

P, = _[Um P(Uy < w|Uy = u)P(Us <unfUr = wi) -

P(Uy < ui\U) = wy)pluy )duy
o0
./0 [P(Us < wy Uy = )]~ pluy )duy

The decision variable U is a Rayleigh random variable and thus

)
P(U, < w|U) = w) /n plg)diy

1 — e—'u?ldEuNu

28

(3.13)

(3.14)



Raising this quantity to the (A — 1)th power yields

A1 M—=1 1 nul
(PUy <w)Uy = )] = 3 (1) e~ TR (3.17)
n=0 n n+1

Substitution of this result into eq (3.14) yields [40]:

M-l M-1 1
P, = -1 g~/ (n+1) 3.18
e g( ) . T (3.18)

where v, = a®E, /N, is the signal to noise ratio per symbol. Then the probability

of a symbol error Py =1— F, is

M—1 M -1 1
Py = -1 nt1 —nkyy/(n+1)} 3.19
M n; (-1) N el (3.19)
where v, = ¢*Ey/N, and k = log, M.
The probability of bit error is given by
2k—l
Py=5—Pu (3.20)

The bit error rate performance of noncoherently demodulated MFSK in AWGN
is shown in Figure 3.2. It can be seen that the performance of MFSK improves
greatly as we increase M. Please note that, throughout this thesis when we
computed the perfoi‘mance at certain values using analytical expressions, we
used different symbols to differntiate the curves. Hence, the points on the
curves do not indicate that they are obtained by simulations or experiments.

They are merely the results of analytical evaluations at certain values.
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Figure 3.2 : Bit error rate performance of noncoherent MFSK in AWGN for
M = 8, 16, and 32.
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3.2.2 Performance of Uncoded MFSK in a Frequency-
Nonselective Rayleigh Fading Channel

The frequency-nonselective Rayleigh fading channel results in a multiplicative

distortion of the transmitted signal u,,(t). The received signal is:

r(t) = a)e T u,(t) + 2(t), 0<t < T, (3.21)

In this case, «(t) and ¢(t) are time variant random variables.

Therefore the symbol error probability in frequency-nonselective Rayleigh fading
is obtained by averaging the symbol error probability for fixed signal to noise

ratios over all possible signal to noise ratios brought on by the fading. Thus

Py = /0 Prr(v)p(vo)dv (3.22)

Since o is Rayleigh distributed, o? is chi-square distributed with 2 degrees of
freedom [40]. Thus 7, is also chi-square distributed with 2 degrees of freedom.

Therefore

1 _
plw) = %e'%f“ (3.23)

where 4, is the average signal energy per bit to noise spectral density ratio,

which is given by

T = —E(a?) (3.24)



9 .
where E(o?) is the average of .

Combining equations (3.19), (3.22) and (3.23), the symbol error probability in
Rayleigh fading can be found to be:

oo M~1 M-=1 1 1 :
P“ - j -1 n+l —nky/{n+1) :—'H-/‘Th ] h 3.95
Y A 1;( ) . it le ’?b( dy (3.25)
M —1 ﬁ,:[ — 1 1 oz _ (nkyjbntldy
= X e [T ey (320)
= n (n+ 1) Jo
_ = _pym M1 1 3.97
= Y. (-1 —_— (3.27)
— n nky +n+1

Again P, = %HPM. The bit error rate performance of MFSK in frequency-
nonselective Rayleigh fading is shown in Figure 3.3. As we increase M from 8
to 32, the performance improves marginally as opposed to in the AWGN case

where increasing M results in a very significant performance improvement,

3.2.3 Performance of Uncoded MFSK in Rayleigh Fad-
ing With Diversity

Suppose that the same information-bearing noncoherent MFSK signal is trans-
mitted over L frequency-nonselective slowly Rayleigh fading channels which are

mutually statistically independent. This is an Lth order diversity system.

Practical receivers employ square-law combining of FSK signals, thus the deci-

sion variables are given by:

L

Ul = Z I2Ecak6_j¢k + Nk1|2 (328)
k=1
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Figure 3.3 : Bit error rate performance of noncoherent MFSK in flat Rayleigh
fading.
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L -
Un = > |Nem|? m=23..M (3.29)
k=1

where E, is the energy per symbol per channel.

The probability of symbol error is given by:

Py = 1- fooo[P(U-_; < uy|Up = u))}M ol Ydu, (3.30)

p{u,) is given by:

1

s b=l _— e oAy
e ey

plu) =

where 02 = 2E,N,(1+7.), and 4, is the average symbol energy to noise spectral

density ratio per channel.

p{ug) is given by:

plus) = uk—temwel 2 (3.32)

(QGE)LEL Y

where 03 = 2E.N,.

From this, P(Us < w|Uy = uy) = fy"* p(ua)dug. This is given by:

Dy =1y 2 23
P(U’) < U1|U1 = 'U.l) = 1 - e_ul/-”‘ﬁ Z ._(“'1/. 03)

i=()

(3.33)

i

Placing this result into eq. (3.30) yields a symbol error rate, Py, which is given
by [40}:
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M-=1
(_1)m+l ( )
1 Al =1 m
Py = >

(1+m+my)t

m(lL—-1) 1+"f i
(L — 14 i) | ———— 3.34
<L nll= 149 (Hmm%) (3.34)

where i, is the set of coefficients in the following expansion:
L1 " m m(L=1) )
(Z -—.) = Y Bmui (3.35)
i=0 i=0

Note that equation (3.34) reduces to equation (3.27) when L = 1. Table 3.1

provides the , required to provide a bit error rate of 1073.

Table 3.1 : 4, required to obtain a bit error rate of 10~* for an Lth order

diversity system employing MFSK in Rayleigh fading.

L] M=8 M=16 | M=32
1[27.0dB | 264dB | 262dB
2117.2dB | 16.7dB | 16.5 dB
3(141dB|13.5dB | 13.3dB
4113.5dB|129dB | 12.7dB

One should note that the gain obtained by employing a fourth order diversity
systein as opposed to a third order system is small. Thus increasing the diversity

order further will result in only small increases in power efficiency.
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3.3 Joint Frequency-Phase Modulation

Orthogonal phase modulated signals {47, 48], or joint frequency-phase mod-
ulation (JFPM) [49] is discussed in this section. Since coherent detection is
difficuit in fading channels, the phase aspect of this modulation type will be dil-
ferentially encoded. This modulation scheme combines MFSK and differential
detection techniques, and is thus referred to as MFSK-DPSK modulation [45].
Its performance has been analysed in Rayleigh fading in [45]. lts performance

in nondiversity and diversity systems is examined in this scction

3.3.1 Combined MFSK-DPSK Modulation

In MFSK-DPSK, &+ k, bits are grouped into a symbol. The first k; = log, M
bits are represented by one of M, possible frequencies. For orthogonality, the
frequency separation is: Af = pR, = pﬁ“k—p, where p is an integer equal to or
greater than 1. The remaining &, bits are represented by the differential phase
of the symbol. In this thesis we will only consider two-phase and lour-phase
modulation schemes (k, = 1 or 2) because it is well known that PSK signals

with more than 4 phases are not power efficient.

At the receiver, the transmitted frequency must first be determined, while in-
formation about the phase of each possible symbol is retained in bufiers. Once
the frequency is determined, the phase from the output of the matched filter of
the surviving frequency is passed to a differential detector, where the differential
phase sub-symbol of the symbol is determined. A MFSK-DPSK modulator is

shown in Figure 3.4(a), while the demodulator is shown in Figure 3.4(b).

When diversity is employed, the receiver becomes more complicated. The MFSK
part of the modulation scheme is demodulated by L MFSK demodulafors, and
then the decision variables are combined using a square-law combiner. The

MFSK sub-symbol is then determined. This information is fed back to the
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Figure 3.4 : (a) MFSK-DPSK modulator (b) MFSK-DPSK demodulator.
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buffers containing the phase information. The phase information related to
the selected frequency is passed to L differential detectors and the outputs ave
combined using equal-gain combining. The phase encoded bits of the symbol
are then determined. A MFSK-DPSK diversity receiver is pictured in Figure
3.5.

A problem with this modulation scheme is that phase shifts introduced by the
channel for different frequencies are different. Becausce of this, subsequent sym-
bols may have different channel phases, thus making differential deteetion dif-
ficult. But it has been shown in [51] that we can employ a time tracking loop
in the receiver, not only for symbol timing recovery, but also for estimating the

frequency dependent phase shift.

3.3.2 Performance of Uncoded MFSK-DPSK Modula-
tion in a Rayleigh Fading Channel

The average symbol energy to noise spectral density is .. Thus the average bit
energy to noise spectral density is 4, = 7s/(ks + &,). The bit crror performance
of MFSK-DPSK modulation is determined from the results of Scetion 3.2 and
[40]. First, the MFSK sub-symbol is demodulated. The frequency modulated
part of the symbol represents the first £; bits of the symbol, yet the MFSK
demodulator receives the frequency tone at a symbol energy to noise spectral
density ratio of ;. This has a symbol error rate of Py, which, in slow Rayleigh

fading, is given by:

o M- 1
PM] = (_l)n+l -
t n nyy +n+1

=

(3.306)
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Figure 3.5 : MFSK-DPSK diversity receiver (L = 2).
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when no diversity is used and

M-1
(_l)m-}-l
1 -1 m

P =
MY (L-1) 2—;‘1 (1 +m+m¥,/L)"

m(L-1) — i
. 14+ 9./L o
X (L — 1+ )! : 4
;} ﬂzm( +?) (1+7H-+??L’?:.;/L) (-3 7)

when diversity is used.

These are essentially equs. (3.27) and (3.34) and they are defined in the previous

section.

Once this symbol is determined, the received phase of this symbol is passed to
the differential detector. Given that the frequency encoded symbol is correctly
determined, the average bit energy to noise spectral density ratio of this phase
encoded bit as seen by the differential detector is ,. The probability of a phase

encoded bit error, Pppsk, for a two-phase system (MFSK-DBPSK) is given by
[40):

1 . ' .
Pppsi = A (3.38)

for a system without diversity and

L—p\ME [ L=1+44 ) /14 pm\
Pppsk = (—'E-) > ( “) (13.39)

. 9
= i=0 1 =

for a diversity system, where

Yo/ L

| = ——— 3.40

For a four-phase system (MFSK-DQPSK), Pppsi without diversity is given by:

i ' L . ‘—Q
Pppsk = 3 [1-' h} 3, (341)

Nycd
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where i = 4,/{1 + 7). For a system with diversity, the expression becomes

L-1 ; 2\1
i 21 1—pn
1- 3.42
\/2~:Li§) i (4-2»&2) (342

where j is given by eq. (3.40).

Pppsk

| =

These equations assume that the fading rate By is slow compared to the symbol

rate. Therefore B,T, << 1.

The probability that the phase encoded bits are incorrectly determined is de-
pendent on the correct demodulation of the MFSK sub-symbol. If the frequency
encoded sub-symbol is correctly received, the probability that the differentially
decoded bits are incorrect is given by Pppsy. However, when the MFSK symbol
is incorrectly determined, the probability that the differentially detected bits are
incorrectly detected is 1/2. Also, the next differentially detected phase will be
affected since the previous phase is used in its detection. The probability of
* error for the differentially encoded bits, Py, ié thus found by using the Markov
chain depicted in Figure 3.6, Note that after an error in detecting the MFSK
symbol, it requires two consecutive correct detections before the probability of

bit error in the differential detected bits to return to Pppsk-

The transition probability matrix for this Markov chain is:

1—PMI Pl"t’f 0
P = 0 PMJ' 1- PMf (343)
1_PMJ' 0 PM}'

The steady state probabilities, 7;, are satisfied by the following equations:

T = 7P (3.44)
Yom o= 1 \ (3.45)
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Pd = PDPSK

Figure 3.6 : Markov chain to determine Py.
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Solving these cquations, we obtain:

1 — Py
= — < 3.46
To 1+ P, ( )
Py
e Ty = ——— 3.47
m 2 1+ Py, ( )

Thus the probability of bit error in the differentially encoded bit stream is:

Ty o
Py = moPppsk + 5 t3

1= Puy _Puy

1+ PMJr 1+ PM_f

Pag(l — Pppsic) + Popsk
1+ PMf

(3.48)

The overall probability of bit error of MFSK-DPSK modulation is given by:

kf oks-1 k
P P
Wk =1 M T g

PbM—D Fy (3-49)
The probability of bit error of MFSK-DBPSK modulation in Rayleigh fading
for different orders of diversity is shown in Figure 3.7. The probability of bit
error of MFSK-DQPSK with different L is shown in Figure 3.8.

Table 3.2 shows the average bit energy to spectral noise density ratio required
for these uncoded modulation schemes to vield a bit error rate performance of
107,

The symbol error rate of MFSK-DPSK is easily found. If the frequency sub-
symbol is erroneously detected, the symbol is incorrect. Also, if the frequency

sub-symbol is correctly detected, then the symbol will be incorrect if the phase
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Figure 3.7 : Bit error rate of MFSK-DBPSK in Rayleigh fading for L = 1, 2

and 3.
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Figure 3.8 : Bit error rate of MFSK-DQPSK in Rayleigh fading for L = 1, 2

and 3.
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Table 3.2 : 4y required to obtain a bit error rate of 10~* for uncoded MFSK-
DPSK for different L in Rayleigh fading,

L=1|L=2| L=3

4FSK-DBPSK | 274 dB | 17.1 dB | 14.0 dB
8FSK-DBPSK | 27.0dB | 16.5dB | 13.1 dB
16FSK-DBPSK | 26.6 dB | 16.0dB | 12.6 dB
4FSK-DQPSK | 27.3dB | 16.3dB | 13.0 dB
8FSK-DQPSK | 26.8dB | 15.8dB | 12.5dB
16FSK-DQPSK | 26.6 dB | 15.5 dB | 12.2 dB

sub-symbol is incorrectly detected. Therefore, the symbol crror rate is given by
[50):

Py = PMf + (1 - PA-I])PM:I (3.50)

where Pprq is the probability of a differential phase encoded sub-symbol is in

error given that the frequency sub-symbol is correct. This is given by:

1 -
Pyy = prpsx-l--épw (3.51)
for MFSK-DBPSK modulation schemes. the %PM 5 term takes into account
the differential phase errors caused a frequency sub-symbol error in the pre-
vious symbol (recall that its phase is fedforward to detect the current phase).
Also Pppsk is given by eq. (3.38) or (3.39) depending on whether diversity is

employed or not.

For 4-phase systems Pyyq is:
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3 1
Pya = 3(PDFSK+§PMf) (3.52)

where Pppsi is given by eq. (3.41) or (3.42).

3.4 Multitone FSK Modulation

Multitone FSK (MT-FSK) is a multifrequency modulation scheme in which
energy is transmitted simultaneously over w orthogonal frequencies out of v
possible orthogonal frequencies. Thus it can convey at most log, ( M ) bits
of information per character. It has the potential to be more bandwidth effi-
cient than conventional MFSK.! MT-FSK is an application of a more general
mmodulation system described by David Slepian called permutation modulation
[46].

3.4.1 Permutation Modulgtion

Suppose we have a finite number of light emitting diodes (LEDs) I, I, ...,
l,. We also have an alphabet a;, as, ..., a. that we wish to represent by a
combination of illuminated LEDs. If z = v, we can represent each letter in
the alphabet by illuminating only one LED per symbol. For example a, = [,
an = I, ete. If z > v, we can illuminate a pair of LEDs to represent each letter.
For example a1 = (I1,{2), a2 = (l1,13), etc. Thus by using pairs of LEDs to
represent each letter, we can represent at most ( . ) = y(v — 1)/2 letters using
2 illuminated LEDs. More generally, ( ’ ) letters can be represented by only v
LEDs by representing each letter by a combination of w illuminated LEDs. The

IMFSK is simply a special case of MT-FSK where w = 1 and v = M.

47



number of letters that can be represented in this manner is maximized when

w = [v/2].

The preceding example was a demonstration of permutation representation. In
this example, the medium was LEDs, where the information was conveyed which
LEDs were switched on. Permutation modulation is generally implemented us-
ing orthogonal waveforms, mainly sinusoids. MT-FSK is a permutation modu-

lation system which employs sinusoids.

3.4.2 Design of Efficient MT-FSK Waveforms

An analysis of MT-FSK using permutation modulation theory is given in [54].
In [54] the author shows that MT-FSK signalling employing permutation mod-
ulation theory may be more bandwidth efficient than 16 or 32FSK, but it is
generally less power efficient for the different MT-FSK signalling sets described.
An example of this is that ( " ) MT-FSK can transmit 120 possible symbols
using half the number of frequency tones as 32FSK, yet 32FSK has about a 1dB
power advantage. This is because in ( ' ) MT-FSK, 15 symbols sharce the same
frequency tone, therefore 1 symbol differs from 28 other symbols by 1 tone. This
reduces the pairwise probability of error between adjacent symbols to that of
MFSK, with only half the symbol energy (since the other half of the symbol en-
ergy is contained by the shared tone). Therefore it seemns logical to suggest that
MT-FSK using permutation modulation, although more bandwidth eflicient, is

not as power efficient as MFSK in AWGN or fat fading channels. For CDMA

applications, power efficiency is more of a concern than bandwidth cfficiency.

However, suppose we do not use all of the 120 possible permutations to represent
our symbols. Suppose only a fraction of these are actually used to represent an
alphabet. Then we can introduce a redundancy into the modulation itself, giving

us larger distances between symbols, and possibly some power gain.
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By employing efficient methods to design MT-FSK signalling sets, we can design
MT-FSK systems which have much better bit error rate performance than seen -

in [54]. In effect, the use of this technique creates a form of coded modulation

[52).

In this thesis, we will design a number of waveforms. The first will be obtained
by expurgating a block code. In other words, we begin with a block code
and select from it a subset of equal weight codewords. This method proves
to be cumbersome when we wish to have a large signalling set. Therefore the
remaining waveforms are designed using the Balanced Incomplete Block Design
(BIB) [55]). This design method is detailed in Appendix B.

For the first waveform design, let us examine the (7,4) Hamming code {56, 57).

The (7,4) Hamming code vectors are given in Table 3.3.

Table 3.3 : (7,4) Hammin“g code

0000000(0001101
1101000(|1100101
0110100(0111001
1011100{1010001
0011010(0010111
1110010|0100011
010111071001011
1000110(1111111

Each position in a codeword represents a specific frequency. For example the
first bit represents fi, the second bit represents f, etc. Also a 0 means that
the frequency is unused while a 1 indicates that the frequency is used in that

specific waveform.

In order to obtain equal energy waveforms, we must use equal weight codewords.
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Let us examine all codewords of weight 3. The design of the waveforms using

these codewords is shown in Table 3.4.

Table 3.4 : Equal energy waveforms derived from (7,4) Hamming codewords of

weight 3.

Codeword Waveform
1101000 | cos2rfit + cos 2w fot + cos 27 fyf
0110100 | cos2mfaot + cos 27 fyt 4 cos 27 fot

0011010 cos2nfst + cos2m fut + cos 2w ft

1000110 | cos2nfit+ cos 27 fst + cos 2w fgf
0001101 |cos2afyt -+ cos 27 fst + cos2n frt
1010001 | cos2nmfit 4 cos 2w f3t + cos 27 f+1
0100011 |cos2mfot 4+ cos2m fgt + cos 2m firl

We can see from Table 3.4 that 7 waveforms are obtained by using all (7,4)
Hamming codewords of weight 3. However, for binary comnunications it is
desirable to have M = 2% where M is the number of symbols (waveforms) in the
set. Therefore, in this case, we must set M = 4. By eliminating all waveforms
with cos 2x ft, we obtain 4 waveforms which employ 6 different frequencies. We
will denote this signalling set as (6,3) MT-FSK. The waveforms are shown in
Table 3.5. It is interesting to note from Table 3.5 that cach symbol of (6,3)

MT-FSK shares one and only one frequency with every other symbol in the set.

Using the BIB design detailed in Appendix B, three different signalling sets
are designed. The first signalling set is an 8-ary modulation scheme. Each
waveform is made up of three frequency tones that are selected from a set of
eight possible tones. Thus it is referred to as (8,3) MT-FSK. The wavelorins
used in (8,3) MT-FSK are shown in Table 3.6.

The remaining two signalling sets are (10,4) and (12,4) MT-FSK. (10,4) MT-
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Table 3.5 : (6,

3) MT-FSK waveforms.

Symbol | Codeword © Waveform
1 110100 | cos2mfit + cos2m fot + cos 27 fyt
2 011010 | cos2rfot + cos2m fat + cos 2w f5t
3 001101 |cos2nfst+ cos 2w fat + cos2m fgt
4 100011 |cos2mfit+ cos2nmfst + cos2m fst

Table 3.6 : (8,3) MT-FSK waveforms.

Symibol

Codeword

Wavetorm

1

11010000

cos 27 fit + cos 27 fof + cos 2 fait

01101000

cos 27 fot + cos 2 fyt + cos 27 f5t

00110100

cos 27 fat + cos 27 fyt + cos 27 fit

00011010

cos 27 fyt + cos 27 f5t + cos 2 frt

00001101

c0s 27 f5t + cos 27 fot + cos 27 fat

10100001

cos 27 f1t + cos 27 fat + cos 27 fst

10000110

¢0s 2 fit + cos 27 fit + cos 27 frt

2
3
4
5
)
7
3

cos 2w fot + cos 27 f7t + cos 27 fii

01000011
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FSK is a 4-ary modulation scheme, where ecach symbol is represented by the sum

of four tones which are selected from a set of ten. (12,4) MT-FSK is an 8-ary

modulation scheme where the four tones which make up a signal are selected

'f;'om a set of twelve possible tones. The waveforms which make up (10,4) MT-
- FSK are shown in Table 3.7 and the (12,4) MT-FSK wavelorms are shown in

Table 3.8. The design of (8,3), (10,4} and (12,4) MT-FSK waveforms is shown

in Appendix C.

Table 3.7 : (10,4) MT-FSK waveforms.

Symbol Codeword

Waveform

1 1001101000 cos2mfit + cos2mful + cos 2m fyi + cos 27 fol

0011000101 | cos2mfat+ cos2m fat + cos 2w fuyt + cos 2w fipf

2
3 01101100600 | cos2wfot + cos 27 fat + cos 2 frt + cos 2 fil
4 1000010110 | cos2mfit + cos2nm fgt + cos 2m fsl 4 cos 2m fyl

Table 3.8 : (12,4) MT-FSK waveforms.

Symbol Codeword

Waveform

1 101000101000

c0s 27 f1t 4 cos 27 ft + cos 27 f74 + cos 27 fyl

1001100600010

cos 27 fit + cos 2 [yl + cos 27 frt + cos 27 fiyf

001101010000

cos 27 f31 + cos 2 fyb + cos 2m ft + cos 2m fxl

010011100000

cos 27 fol 4+ cos 27 f5l -+ cos 27 fol + cos 21 f71

000010011100

c05 27 f5t + cos 27 fyl + cos 27 fyt + cos 2w fi,f

000100100101

cos 27 f4t + cos 27 f7t 4 cos 27 fiof 4 cos 21 fuf

0110000001120

€08 27 fot 4 ¢o8 27 fyl 4 cos 27 fiof 4 cos 2m f1 4

[o o T I T e S (b1 B TSN L R (Y o)

110000010001

cos 2m fit + cos 27 fuf + cos 27 fyt + cos 2m fal

One can see from inspection that in (10,4) and (12,4) MT-FSK, each waveform

52




shares one and only one frequency tone with every other waveform. In the case
of (8,3) MT-FSK, cach waveform shares one and only one frequency tone with

G other waveforms, and is completely orthogonal to the remaining waveform.

3.4.3 Performance of (6,3) MT-FSK in an AWGN Chan-

nel

The optimumn receiver for (6,3) MT-FSK is shown in Figure 3.9. It consists
of 6 frequency detectors whose outputs are summed together to form the four

decision variables. The largest decision variable is chosen as the received symbol.

Supposing symbol 1 is transmitted. At the receiver, the decision variables are:

Uu = I2C\!|£ + N1]2 -+ |2u25 + N2|2 + |2CL'4£ + N-'1|2

Ug = |26¥2€+N2|2+|N3I2+IN5I2
Us = |Na|* 4 |200E + Ny|* + |Ng|?
Ui = [20:& + Ni|* + | Ns|* + | NG} (3.53)

The total energy contained in the received symbol is:

3
ES = ZC\‘,’E (354)
i=l

Assuming that each frequency tone contains an equal amount of energy, and the
channel gains are-all equal (and normalized to 1), the received symbol energy
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The probahility of a symbol error is:

=
0

1-P,
1- P(Ug < Ul,U;; < Ul,Uq < Ul) (356)

|

Since Uy, Uy, and Uy are described statistically by the same distribution function,

then P; becomes:

Py = 1- [P(U2 < U})]S (357)

P(U, < U,) is the same as P(U; < Uy) where

U{ = |2a18 + N1|2 -+ 120!48 + N4|2
Uy = |N3* +|Ns|? (3.58)

Thus the pdf of U] is found in [40] to be:

1 AL b e s/ i
p(u)) = N (‘:—;) e~ (" +u)/AENs [ ‘DSNI Wy >0 (3.59)
[e] - o

where s? is the noncentrality parameter and is giveu by:

s = 48 ai+od) (3.60)

The pdf of U is:

L, |
plug) = (48N0),_,u’2e'"2/“5”° w, >0 (3.61)
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Using these pdf’s, we find the symbol error rate to be:

oC
Py = 1= [T[P(U} < w|U] = w]*plut)ds

— = — L1 ) i BN g 3 (0
= 1- /0 [l — e %W 2 i \aEw *p{) du, (3.62)
This is evaluated in [40] and the following equation for the symbol error rate is

found:

5

= N |
Pu = 1“[0 [1_e-w”vZ5'“1]"'7cffve""’””(l+")11(2%”\/’f_)) (3.63)

i=1

where 7.y is given by:

_ 5'2 _ S 2 2\ 2 s
FYCff - 4£No - No(al + af!) - 3’Y¥ (‘3()4)

Equation (3.63) has no closed form expression. It can be cvaluated numeri-
cally, however, due to the presence of the modified Bessel function within the
integral, a great deal of accuracy is required in order to produce a reasonable

approximation.

An alternative approach is to use the union bound

Pur < (M = 1) Pyl - (3.65)

where Ps(we,) is the probability of error in choosing U] and any one of the other
M — 1 decision variables U/, (in the case of (6,3) MT-FSK, M=4) and w,, is
the equivalent weight of the decision variable (for (6,3) MT-FSK, w,, is 2). In

[40], Pa{we,) is ijL}_I}d to be:
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Weg—~1

1 n
Pyliteg) = sy 3 en () (3.66)

n=o

where ¢, is given by

(3.67)

Rl Y |
Cp = -3
T

i=0 g

Note that in the case of (6,3) MT-FSK, 4.5 = 2v,/3. More generally, vess =
‘“T;u"tfy,,, where ¢, is the number of frequency tones shared by the two symbols.

For (6,3) MT-FSK, the symbol error rate is given by the following union bound: .

3 S ("
Py < gem'h/s Z Cn (?) (368)

n=0

By extension, a general expression for any MT-FSK modulation scheme in
AWGN can be found to be

-1 Te, ( a2 w=cp—1 w— ¢ n
: —{w—eg)ys /2w
Py < Zn w10 ey ZO €n ( 50 ’}’s) (3.69)

c= =

where ., is the number of symbols that share ¢, terms with symbol 1. ‘Note
that Z‘c‘:_'__%, o =M =1

The bit crror rate of (6,3} MT-FSK is:

t n 7
P < 2ePu Y, (@) (3.70)
4 n=0 3

These results can be extended to the other MT-FSK schemes. For (8,3) MT-

FSK, the symbol error performance can be shown to be:
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n=0

3 - L | . AT
AL MY Vs —yaf2 s -
< 43 E Cn (——3 ) + —'—396 E Cy (—,) (3.71)

n=y ~ =0 -

PM < e & Z Cn (2’:') —G_‘T‘/ Z Cy ('Y*)

Since all errors are not equiprabable, the bit error rate of (8,3} MT-FSK is given
by:

3 B 1 , 1 . . 2 3 ) a
Fy < ge s Z en ()" + 3—96"*'”’/2 Z Cr (%) (3.72)

=0 =

For (10,3) MT-FSK, the symbol error rate performance is:

3 s [3%sY" _
Py < 7e JT’/SZC,,( I) (3.73)

n=0

The bit error probability of {10,3) MT-FSK is

P, 1 -mMZ (5%) (3.74)

a=0

For (12,4) MT-FSK, the bit error rate performance can be found to be:

2 "
P, < Lg-srs S e (%) - (3.75)
8 = 8
The bit error rate performance of all MT-FSK schemes in an AWGN channel is

shown in Figure 3.10.

From Figure 3.10, we can see that the bit error rate of the different MT-FSK

schemes is more dependent on the number of bits per symbol rather than the
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equivalent diversity order. Modulation schemes with more bits per symbol have
a better bit error performance than do those with less bits per symbol. This

behaviour is also observed for MFSK modulation.

3.4.4 Performance of MT-FSK in Frequency-Nonselective
Rayleigh Fading

As previously discussed in the case of MFSK, the energy per bit to noise spectral
density ratio of a signal which encounters Rayleigh fading becomes a random
variable whose statistics are described by a chi-square distribution function. For
frequency non-selective fading, all frequency tones of each waveform encounter
the same fading process, therefore the energy per bit to noise spectral density

ratio has the following probability distribution function:

1 .2 _
plm)=—e ™ (3.76)
Yo

The bit error rate of (6,3) MT-FSK in frequency-nonselective Rayleigh fading

is

©1 ., e 2%\ 1 -m
P < j iRy T £ e (_..._.) —¢ T )
b 0 4‘3 E n 3 5 Y

n=0 b
1 Jd 23\ poo /8174 ) )
< :177'_; Cn (5) /{; e VT '}'L dy, (577)
n=0 i

Performing integration by parts on eqn. (3.77) yiclds

*

1 1 o\ N ,YLL—L' K, 71 o0
—— o — 3.78
Bo< - 2c (3) 2 g (8.78)

b =0 i=0 i 0
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where K = Q/—“‘%ﬂ The only non-zero term in eqn. (3.78) occurs when n = ¢,

therefore P, becomes:
P L ya(3) (379
< T ol 3 .
b BB 43

Similiarly, the expressions for the bit error rate of (8,3), (10,4) and (12,4) MT-
FSK can be found. The bit error rate expression for (8,3) MT-FSK is:

3 L 1 2 3\Z
St Y (= 3.80
P"<8~7;,+8,LC‘+48'7¢,+32MC (2) (380

n=0

For {10,4) MT-FSK, the bit error rate expression is:

1 2 3\"
P — S ¢ (2 3.81
b< 127-,,+16"§,° (4) (3:81)

For (12,4) MT-FSK in frequency-nonselective Rayleigh fading, the bit error rate

is:

J 9\"
B, < , (-) 3.82
" 9% +8 ;C 8 (3.82)
The bit crror rate of the different MT-FSK signalling sets in frequency-nonselective

Rayleigh fading is shown in Figure 3.11.

It is interesting to note from Figure 3.11 that (12,4) and (8,3) MT-FSK per-
form worse than {6,3) and (10,4} MT-FSK in frequency-nonselective Rayleigh
fading when the opposite is true in AWGN. This is because (12,4) and (8,3)

MT-FSK are 8-ary modulation schemes, therefore the probability of making a
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correct decision during a deep fade (or equivalently, when the received symbol is

unrecognizable) is less because the receiver has more symbols to choose from®.

3.4.5 Performance of Wideband MT-FSK in Frequency-
Selective Rayleigh Fading

The poor performance of MT—_FSK in frequency-nonselective Rayleigh fading is
duc to the improper use of its inherent diversity. In wideband MT-FSK, the
frequency tone separation Af >> R,. In this thesis, we will choose Af to be
greater than the coherence bandwidth of the channel (Af),. Therefore, each
frequency tone encounters independent fading processes, and frequency diversity
is obtained. The decision variables Uy and Us for (6,3) MT-FSK become:

Uy = [28ay + NP + |28 + No|? + |2E0y + Ny|?
Uy = 28ay+ Nyof? + |Na|? + | N3] (3.83)

where o is the time varying complex gain of the ith channel. The symbol error

rate can be estimated by the union bound

Py < (M - 1)P(D) (3.84)
where D is the equivalent diversity order of the modulation scheme, and P(D)

is given by

P(D) = P[U,> U

*Recall that Pay < (M — 1)Pa(weq). In frequency-nonselective Rayleigh fading, we, has

little influence on the symbol error rate, therefore signalling sets with large M will perform

worse than signalling sets with lower M.

—
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= P[U;> U] {3.85)
U and U; are formed by eliminating the common term shared by U, and Us,

Therefore

Ul = [2Ea;+ N|® + |26aq + Nof?
Ué — |N3|2 + |N5|2 (386)

It is shown in {40] that for the preceding decision variables, Py(D) is given by

Py(D) = (1_#“)0;2_; D—-1+i (1+p.)" (3.87)

2

o

where D= w —1=2 and p is given by

32|r-n

U= (3.88)

:2|M|

2+

where N% is the average energy to noisc spectral density ratio per frequency
£ B _kE
tone, Therefore 5 = & = = &t

The bit error rate P, for (6,3) MT-FSK in Rayleigh fading is

k-1 2 :
b = ST iM = §PM (3.89)

Y
“h
R

For (8,3) MT-F8K, each waveform shares 1 tone with 6 othier waveformms and is
completely orthogonal to the remaining waveform. Thercfore, the symbol error

rate performance of (8,3) MT-FSK is given by
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Py < 6P(D=w-1}+ Py(D = w) (3.90)

The bit error rate performance for wideband (8,3) MT-FSK in Rayleigh fading

is:
1
Pb = -'é X 6P2(D = 2) + .PQ(D = 3)
= 3PR(D=2)+ R(D=23) (3.91)
Sintilarly,
P, < 2R(D=3) for (10,4) MT — FSK (3.92}
< 4P(D =3) for (12,4) MT — FSK (3.93)

The bit error rate performance of wideband MT-FSK in Rayleigh fading is
shown in Figure 3.12. We can see in Figure 3.12 that (10,4) and (12,4) MT-FSK
perform better than do (8,3) and (6,3) MT-FSK. This is due to the increased

diversity provided by the extra frequency tone in each waveform.

3.4.6 Performance of Wideband MT-FSK in Rayleigh
Fading with Channel Diversity

Suppose we had the available bandwidth to transmit a wideband MT-FSK signal
over L different channels. Such a scheme wotild require a minimum bandwidth of
vLAf. At the receiver, the L symbols are combined using square-law combining.

The equivalent decision variables become -
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Un = UP+UD+- 4+ U (3.94)
It is easy to show that for these decision variables, Pp(D) shown in eq.5 becomnes
Po(LD) and % must be replaced by F?T In other words, we have simply

increased the inherent diversity of the modulation scheme by a factor of L.

The bit error rate performance of MT-FSK is shown in Figure 3.13 for L =1, 2
and 3. Note that increasing the diversity order causes a degradation in bit error

rate performance for small E,/N,, while the performance improves greatly {or
large E;/N,.

The values of =}, required to provide a bit error rate performance of 107% are
shown in Table 3.9 for different orders of diversity. We can see from the results
shown in Figure 3.13 and Table 3.9 that (12,4) MT-FSK provides the target
bit error rate of 10™* employing lower E,/N, for all L. It is also interesting to
note that (12,4) MT—%‘SK with L = 2 provides better results than do the other
MT-FSK schemes employing a diversity order of 3.

Table 3.9 : ~}, required for a bit error rate of 107* for wideband MT-FSK in
Rayleigh fading.

L=1| L=2| L=3
(6,3) MT-FSK | 20.5 dB | 16.1 dB | 15.0 dBB
(8,3) MT-FSK | 20.0 dB | 15.1 dB | 13.8 dB
(10,4) MT-FSK | 17.2 dB | 14.0 dB | 13.4 dB
(12,4) MT-FSK | 16.4 dB | 13.0 dB | 12.4 dB
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3.5 Combined Wideband MT-FSK/DPSK Mod-

ulation

The concept of combining frequency and phase modulation discussed previ-
ously can be extended to MT-FSK. The resulting modulation scheme is MT-
FSK/DPSK. Since MT-FSK only performs well in Rayleigh facding when Af >
(Af)., then wideband MT-FSK/DPSK is discussed in this section.

3.5.1 MT-FSK/DPSK Modem

The phase information is differentially encoded. In this particular design, each
tone of the MT-FSK sub-symbol w111 carry the same phase inforination. This is
because differential phase detection can only be carried out on symbols which
are affected by dependent fading J(in other words, the differential i;‘imse can only
be determined on symbols which are transmitted by the same carrier). Recall
that a wideband MT-FSK symbol is comprised of a number of tones tl;_'f_}.l}.vill'c
separated by a bandwidth that is greater than the coherence bandwidth of the
channel. Therefore, the differential phase can only be determined by the phase

information carried by the common tones of consecutive symbols.

For example, suppose (6,3) MT-FSK is used and each symbol carries phase
information on each tone. Suppose symbol 1 is sent followed by symbol 2.
Symbol one is made up of the sum of 3 frequency tones fy, fo, and fy while
symbol 2 is composed of the sum of tones fy, fs, and f5. The differential
phase can only be determined by the phase information carried by f2 from
each symbol. However, suppose that symbol 1 is followed by symbol 1. The
consecutive symbol are equal, thus all tones are common and all tones can
be used in determining the differential phase (and diversity combining can be

exploited).
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It is obvious that we cannot use {8,3) MT-FSK in an MT-FSK/DPSK scheme
since some waveforms are orthogonal to others, and thus they have no tones
in common. It would be possible to employ some source coding algorithm
which would eliminate orthogonal waveforms from following each other, but
this analysis is left for future studies should MT-FSK/DPSK prove to be a

power cfficient modulation scheme.

The frequency sub-symbol is used to represent %, bits while the phase sub-
symbol represents k, bits. As before, we will only consider two and four phase
systems, therefore &, = 1 or 2. The phase is differentially encoded and is mod-

ulated by the frequency encoded sub-symbol. This is shown in Figure 3.14(a).

The demodulation process is the same as in the case of MFSK/DPSK. The
frequency sub-symbol is determined and its appropriate phase information as
well as that from the previous symbol is retrieved from memory and differentially

decoded. This is shown in Figure 3.14(b).

3.5.2 Performance of Combined Wideband MT-FSK/DPSK
in Rayleigh Fading

The probability of correctly receiving an MT-FSK/DPSK symbol is highly de-
pendent on the correct determination of the transmitted frequency symbols.
If these are correctly determined, the proper phase information will then be

extracted.

The probability that the frequency encoded symbol. is incorrectly. received is
given by equ. (3.87) when (6,3) MT-FSK is used to transmit the frequency sub-
symbol, equ. (3.92) for (10,4) MT-FSK and eqn. (3.93) for (12,4) MT-FSK.

When using these equations, one must employ 7, = (k; + kp) .
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Figure 3.14 : (a) MT-FSK/DPSK modulation. (b) MT-FSK/DPSK demodula-

tion.
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If the frequency encoded sub-symbol is incorrectly received, the probability of
bit error in the phase encoded symbol is 0.5. Also, since differential phase
detection is used, one error in the differential phase detection affects the next
symbol as well. Therefore, once an error occurs in the phase encoded symbol
due to errors in the frequency sub-symbol, two successive correctly demodulated
frequency sub-symbols are needed to restore the integrity of the phase encoded

symbols.

If two successive frequency encoded symbols are identical, phase contained in
all tones can be used to demodulate the phase encoded symbol. Therefore,
the probability that this phase encoded symbol will be incorrectly demodulated
diminishes. The probability that one symbol is repeated given that it was
previously sent is 1/M; where M/ is the number of different frequency sub-

symbols.

!,f];‘_b_e probability of bit error in the phase encoded symbol, Fy, can be found from
the Markov chain shown in Figure 3.15, where Pppgi(D = 1) is given by eqn.
.' (3.38) for a two phase system and eqn. (3.41) for a four phase system, and
Pppsic(D = w) is given by eqns. (3.39) and (3.41) for two phase and four phase
systems respectively. When employing these equations, we must replace L by

D (so as not to confuse tone diversity with channel diversity) and +, by ¥,/w.

As in the case of MFSK-DPSK, we must find the steady state probabilities that
the instantaneous P, equals one of the different bit error probabilities shown in

Figure 3.15. To do this, we need the state transition probability matrix, P.

(1- Pa)87 (01— Pu)y; P ]
1-P M= (1-P)E Py
P = ( ; M) A ( M)M M 0 (395)
0 0 Py (1- Py)
i (1- Py)¥2 (1—Pu)§ Pu 0 ]

72



(1-Py) [(Mg=1) /M] (1P 1/Mp)

o

(1-Py)(1/Mp
Py=Pppek (D=1) Py=Pppsk (D=w)

— (1-Py)[(M¢=1)/Mq]

(1P (1/Mp)

Pg=1/2 Pg=1/2

(1-Py)

Figure 3.15 : Markov chain used to determine Py for MT-FSK/DPSK inodula-

tion.
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The steady state probabilities g, 7y, 72, w3 are the probabilities that Py is
Popsi(D = 1), Pppsi(D = w), 1/2 and 1/2 respectively®. Recall that these

steady state probabilities are found when

TP=x where m = [TT(), 1, 71-2?71'3]

Also, g 4+ ) + 72 + 73 = 1. From this we find

M-1
— - 2
g = (1 PM) M
1
— _ 2
mo= (1 Pﬂ'f) A/I

T2 = PM

13 = (1— Pu)Pu

Therefore Py for MT-FSK/DPSK is found to be

QA{{_]-
Py = (1= Py) i

1
+3PA-1(2 — Par)

The bit error rate for MT-FSK/DPSK is given by

kJr oks-1 kf
“hrmm ot

B

Pppsi(D =1)+ (1 — Py)

21

M

(3.96)

(3.97)

(3.98)
(3.99)
(3.100)

(3.101)

(3.102)

YThere is a difference between 7y and m3; 7y is the probability that Py = 1/2 because the

frequency sub-symbol is in error and w3 is the probability that Py = 1/2 because the previous

frequency sub-symbol was in ervor.
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The performance of MT-FSK/DBPSK is shown in Figure 3.16, while the bit er-
ror rate of MT-FSK/DQPSK is shown in Figure 3.17. For comparison purposes,
bit error rate curves for (6,3), (10.4) and (12,4} MT-FSK are included.

100 ¢
wmimemae (6,3) MT-FSK
===~ (10,4) MT-FSK
10°2} :
10" 3L ;
E —O—  (6,3) MT-FSK/DBPSK ‘ ;
---Or--  (10,4) MT-FSK/DBPSK
........ A {12,4) MT-FSK/DBPSK
10-4 . ' ' ' ‘
0 10 20 30

Eb/No (in dB)

Figure 3.16 : Comparison of MT-FSK/DBPSK to MT-FSK modulation schemes

in frequency-nonselective Rayleigh fading.

We can see from Figures 3.16 and 3.17 that MT-FSK/DPSK outperforms MT-
FSK at low E;,/N,. This is because the frequency and phase sub-symbols benefit

greatly form the energy sharing aspect of the modulation scheme. However, at
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Figure 3.17: Comparison of M T-FSK/DQPSK to MT-FSK modulation schemes

in ﬁequency—nonselectlve Rayleigh fading.
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high E,/N,, the bit error rate of MT-FSK/DPSK is dominated by Py, particu-
larly by the term (1 — PM)?“";—}IPD psi(D = 1). Since the MT-FSK nlodula.tioﬁ
schemes discussed in this thesis have an inherent diversity D = w — 1, it is
obvious that its bit error performance will overtake a modulation scheme whose
bit error rate performance is dominated by a function of Pppsy (D = 1) which

has no inherent diversity.

MFSK/DPSK, previously discussed in Section 3.3 outperforms MFSK for all
Ey/N,, which justifies the added complexity in implementing MFSK/DPSK.
Although MT-FSK/DPSK outperforms MT-FSK at low Ej/N,, which may be
useful when error control coding is used, its performance at high E,/N, is cause
for concern. This is especially evident when MT-FSK/DPSK is compared to
MFSK and MFSK/DPSK. A comparison is made in Figure 3.18.

In Figure 3.18, we selected the best MT-FSK/DPSK bit error rate curves and
compared them to some of the better performing MFSK and MFSK/DPSK
schemes. We see that at low E,/N,, the MFSK and MFSK/DPSK curves out-
perform MT-FSK/DPSK. Thus we can see that at any given E,/N,, we can
find a modulation scheme previously discussed in this thesis which outperforns
MT-FSK/DPSK. Because of this, and the high complexity of MT-FSK/DPSK,

we will not consider this modulation scheme any further.

3.6 Discussion

In this chapter, we considered a number of modulation schemes based upon
MFSK signalling techniques. We first considered MFSK modulation itself, then
extended the results to a combined frequency-phase modulation. The advan-
tages of doing this are many. Firstly, we can increase the number of bits per
symbol without increasing the number of frequency tones required. This results

in a modulation scheme which is more bandwidth efficient. The second advan-
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Figure 3.18 : Comparison of MT-FSK/DPSK to MFSK and MFSK/DPSK

modulation schemes in frequency-nonselective Rayleigh fading.
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tage obtained by having the signal phase carry information is that the symbol is
now composed of two sub-symbols which share signal power, and therefore this
signalling method is more power efficient than conventional MFSIK. Of course
the price paid by having a modulation scheme which is both more baudwidth

and power efficient is an increase in complexity.

We examined MT-FSK as a method of transmitting data over a Rayleigh fadiug
channel. The waveforms are designed so that each waveform is different from
another by many tones. By employing wideband MT-FSK, the modulation
scheme has an inherent frequency diversity, and thus has a relatively good bit

error rate performance compared to MFSK and MFSK-DPSK at moderate to
high E,/N, values.

The concept of introducing phase carried information to MT-FSK was also
discussed. Compared to the other modulation schemes discussed in this the-
sis, MT-FSK/DPSK has the highest complexity. Yet, we concluded that for
any E,/N, MT-FSK/DPSK outperformed some modulation schemes discussed
previously but not all of them. Therefore at any value of E,/N,, some other
modulation scheme previously discussed in this thesis is more cost-effective to

employ. Therefore we will not consider MT-FSK/DPSK any further.

The goal of this thesis is to present a CDMA system which employs the modula-
tion schemes discussed in this chapter. One figure of merit of a communication
system is its spectral efficiency. In CDMA systems, this is inversely proportional
to the value of E,/N, required so that the system is operating at its highest, ac-
ceptable bit error rate. The results seen in this chapter can be further improved
by the addition of error control coding which can decrease the required value of

E,/N, that provides this bit error rate.

P
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Chapter 4

Error Control Coding

4.1 Introduction

Error control coding is used to improve the power efficiency of a communications
system. By introducing redundancy into the information, channel errors can be
corrected. In a heavy interference environment such as a CDMA channel, coding
may provide significant improvements in bit error rate which can then be traded

off against spectral efficiency.

In this chapter, we will examine different error control codes as a means of
improving the bit error rate performance of the modulation schemes discussed
in Chapter 3. The codes discussed in this chapter have different coding gains
and complexities. The goal of this chapter is not to find an optimum code,
but rather to demonstrate the effect of coding on the spectral efficiency of the

CDMA systems to be discussed in the next chapter.

Since the modulation schemes under consideration are non-binary, we will focus
on the use of non-binary codes, namely non-binary BCH and Reed Solomon

(RS) codes. We examine a number of different BCH and/or RS codes for each
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modulation scheme. We also examine the concatenation of these codes with

hard decision convolutional coding.

4.2 Non-Binary BCH and RS Codes

A popular coding scheme for nonbinary modulation schemes is RS coding, The
problem with using RS codes in this case is that the length of an RS codeword
is 2¥ — 1. For small signalling sets { M =4 or M = 8), k = 2 or 3. Therefore,
the use of RS codes will produce short codewords, which have little distance
between them. A mismatched RS coding scheme allows one to group a number
of symbols to form a larger signalling set for RS coding. This increases the
codeword length, but it also greatly increases the code symbol error probability

(58], which results in a poor performance.

RS codes are a subset of a set of codes called Bose-Chaudhuri-Hocquenghein
(BCH) codes. RS codes are defined on GF{M) and have length equal to M —1
while primitive BCH codes are defined on GF(M) and have length equal to
M= — 1. Therefore RS codes are primitive BCH codes with z = 1. We can
see that the length of a non-binary code is not limited, therefore we need not

“mismatch” the code and the symbol set to obtain longer codewords.

We will limit our discussion to primitive BCH and RS codes although non-
primitive BCH or RS codes are also applicable. For small alphabets (M =4 or
8) we will examine only BCH codes, while for larger alphabets, we will examine
both RS and BCH codes.

Most BCH and RS decoding algorithms do not allow direct soft decision decod-
ing [63, 59]. Some algorithms have been developed to approximate soft decision

decoding!, and work has been donf on new BCH soft decision algorithms [60, 61,

IThe Weldon and Chase algorithms which approximate soft decision decoding require

multiple applications of the hard decision decoding algorithm which greatly increases the
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Chapter 6). However, we will examine hard decision detection of BCH and RS

codes because this technique is more commonly employed in literature.

The number of parity bits in a (n,m) BCH code is n ~ m < 2zt. A BCH code
can correct up to ¢ errors where t > (n —m)/22 where z = logy(n+ 1) (for RS

codes, x = 1).

The probability of incorrectly decoding a BCH(n,m) codeword is

Pp = 1-P, (4.1)

where P, is the probability of correctly decoding a codeword. To correctly

decode a codeword, then the codeword must contain ¢ or fewer symbol errors.

( n-i
[

= Y PG) (4.2)

Therefore

o0
I
-

-
Il
)

.
[~]

where p is the code symbol error probability and is equal to Py (2+) and Fy(7)

is the probability of having i code symbol errors in one codeword.

A codeword which has more than ¢ errors will be decoded in error. When the
decoder attempts to correct this codeword, it adds at most ¢ more errors to the
codeword [62]. Therefore a codeword that is received with i errors will exit the
decoder with no more than ¢ 4+ ¢ symbol errors if 7 > t. The symbol error rate

from the decoder Py

dee

complexity of the decoder.
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St
Py. < ¥ 2R3 (4.3)

i=tk1 Tt

The bit error rate bepomes

nk-1

'Pb < 2; — 1PAI:I¢:C (4"4)

The performance of the different modulation schemes of Chapter 3 employing
different BCH codes in a Rayleigh fading environment is examined, and the
values of , required to obtain a bit error rate less than 107* are deterniined
from eq. (4.4). Different orders of diversity are also considered. The results are

tabulated in Tables 4.1-4.12 {Results appear in order of alphabet size).

Table 4.1 : , required for P, < 10~2 for an L th order diversity system employ-
ing (6,3) MT-FSK with different non-binary BCH codes.

code L=1 ) L=2| L=3
BCH(63,51) 19.5dB | 156.9dB | 15.1 dB
BCH(63,45) 182 dB | 15.3dB | 14.7dB
BCH(63,39) | 17.5 dB | 15.1 dB | 14.7 dB
(
(

BCH(255,207) | 18.0 dB [ 15.0 dB | 14.3 dB
BCH(255,199) | 17.6 dB | 14.8 dB | 14.2 dB

The results shown in Tables 4.1-4.12 show great iinprovement over the uncoded
results of Chapter 3. Generally, the results for MFSK and MFSK-DPSK are
better than those seen for MT-FSK, however, we must remetnber that bounds
have been used to estimate the performance of the error control codes and
furthermore bounds were used to find the uncoded symbol error rate for MT-

FSK. Therefore, we can assume that the bound for this modulation scheme

83



Tuble 4.2 : 4, required for P, < 1073 for an L th order diversity system employ-
ing (10,4) MT-FSK with different non-binary BCH codes.

code L=1| L=2 L=3

BCH(63,51} 16.7dB | 14.8 dB | 14.2 dB
BCH(63,45) 16.0 dB | 14.6 dB | 14.0 dB
BCH(63,39) 157dB | 14.6 dB | 14.1 dB
BCH(255,207) | 15.7 dB | 14.2dB | 13.6 dB
BCH(255,199) | 15.4 dB | 14.1dB | 13.5 dB

Tahle 4.3 : +, required for P, < 1073 for an L th order diversity system employ-
ing 8FSK with different non-binary BCH codes.

code L=1 L=2 L=

BCH(63,51) | 184 dB | 12.9dB | 11.3dB
BCH(63,47) | 17.2dB | 124 dB | 11.0dB
BCH(63,43) | 16.3dB | 12.0dB | 10.8 dB
BCH(63,39) | 15.7dB | 11.9 dB | 10.7 dB

Table 4.4 ¢ 4 required for P, < 1072 for an L th order diversity system employ-
ing 4FSK-DBPSK with different non-binary BCH codes.

code L=1 L=2 L=3

BCH(63,51) | 19.3dB | 12.8 dB | 11.2dB
BCH(63,47) | 18.2dB | 12.3dB | 10.9 dB
BCH(63,43) 1 17.3 dB | 12.0 dB | 10.8 dB
BCH(63,39) | 16.6 dB | 11.8 dB | 10.7 dB
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Table 4.5 : 5, required for a bit error rate of 1073 for an L th order diversity

system employing (8,3) MT-FSK with different non-binary BCH codes.

code L=1| L=2| L=3
BCH(63,51) | 17.4 dB | 14.0 dB | 13.1 dB
BCH(63,47) | 16.6 dB | 13.6 dB | 12.9 dB
BCH(63,43) | 16.1 dB | 13.4 dB | 12.9 dB
BCH(63,39) | 15.8 dB | 13.4 dB | 12.9 dB

Table 4.6 : 4, required for a bit error rate of 107 for an L th order diversity

system employing (12,4) MT-FSK with different non-binary BCH codes.

code L=1 | L=2 L=3
BCH(63,51) | 15.0 dB | 13.1 dB | 12.5 dB
BCH(63,47) | 14.5 dB | 12.9dB | 12.3 dB
BCH(63,43) | 14.2 dB | 12.9 dB | 12.3 dB
BCH(63,39) | 14.1 dB | 13.0 dB | 12.4 dB

Table 4.7 : 5 required for P, < 1073 for an L th order diversity system employ-
ing 16FSK with different non-binary 3CH codes.

code L=1 L=2 L=3

RS(15,9) 14.6 dB | 10.8 dB | 9.9 dB
RS(15,7) 13.7dB | 10.7 dB | 10.0 dB
RS(15,5) 134dB | 11.1dB | 10.7 dB

BCH(255,207) | 15.8dB | 10.9dB | 9.7 dB
BCH(255,199) | 15.1 dB | 10.6 dB | 9.5dB
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Table 4.8 : 4, required for P, < 1073 for an L th order diversity system employ-
ing 8FSK-DBPSK with different non-binary BCH codes.

code L=1|L=21| L=3

RS(15,9) 15.8 dB | 11.2 dB | 10.0 dB
RS(15,7) 149dB | 11.2dB | 10.2dB
RS(15,5) 14.7dB | 11.6 dB | 10.8 dB

BCH(255,207) | 17.0 dB | 11.4 dB | 9.8 dB
BCH(255,199) | 16.4 dB | 11.1 dB | 9.6 dB

Table 4.9 : 4, required for P, < 107 for an L th order diversity system employ-
ing 4FSK-DQPSK with different non-binary BCH codes.

code ) L=1| L=2 | L=3

RS(15,9) 16.1dB | 11.1dB | 9.9dB
RS(15,7) 15.2 dB | 11.0 dB | 10.0 dB
RS(15,5) 15.0dB | 11.4 dB | 10.7 dB

BCH(255,207) | 17.4 dB | 11.2 dB | 9.6 dB
BCH(255,199) | 16.6 dB | 11.0 dB | 9.5 dB

Table 4.10 : 4, required for P, < 107% for an L th order diversity system
employing 16FSK-DBPSK with different non-binary BCH codes.

code L=1 L=2 | L=3
RS(31,25) | 17.1dB | 10.5dB | 9.5 dB
RS(31,23) | 156.7dB | 9.9dB | 92dB
RS(31,21) | 146 dB | 9.5dB | 8.9dB
RS(31,19) [ 13.9dB | 9.3dB | 88 dB
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Table 4.11 : 4 required for P, < 1073 for an L th order diversity system
employing SFSK-DQPSK with different non-binary BCH codes.

code L=1 L=2|L=3
RS(31,25) { 17.2dB | 10.7 dB | 9.8 dB
RS(31,23) | 15.8 dB | 10.1dB | 9.4 dB
RS(31,21) | 148 dB | 9.7dB { 9.1 dB
RS(31,19) | 14.1dB | 9.5dB | 9.0dB

(
(

Table 4.12 : 4, required for P, < 107* for an L th order diversity systom
employing 16FSK-DQPSK with different non-binary BCH codes.

code L=1 L=2 | L=3
RS(63,53) | 16.8 dB | 10.2 dB | 9.1 dB
RS(63,51) | 15.9dB | 9.9dB |88 dB
)
)

RS(63.49) | 152dB | 9.6dB | 8.6dB
RS(63,47) | 146 dB | 9.3dB | 8.4 dB

(
(
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is not very tight compared to the other two modulation techniques. For an

accurate assessment, simulations are needed.

4.3 Concatenated Coding

A concatenated code consists of two separate codes which are combined to form
a larger code. The input data stream is encoded by the outer code which has
rate 7e,,, = 5. The coded data is then encoded by the inner code which has

rate o, = 22, The result is a code with rate 7o, = Jesre.

In this thesis, we will consider a concatenated coding system which consists of a
convolutional code with hard decision detection as the outer code, and one of the
nonbinary BCH or RS code from the previous section as the inner code. Since
convolutional coding works best when the errors are random, an interleaving

should be used between the two codes.

A convolutional code is generated by passing an information stream through m
l-stage linear shift register. The output is obtained throngh n linear algebraic
functions performed on the contents of the shift register. The code rate is

1. = m/n and the constraint length of the code is { + 1.

A convolutional code has no defined block size. Generally, the code is truncated
periodically, forcing it to have a fixed length. To do this, 0’s must be appended
to the last information bit for the purpose of clearing the shift register of all

imformation bits.

An upper bound of the probability of bit error for hard decision decoding of

convolutional codes is given by [40]:

1 & .
Po<— 3 wldp(l-p)? (4.5)
m e
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where djre. is the minimum free distance of the code, wq = ay * f(aq), aq is
the number of different paths that are a distance d from the true path, and
flag) is the fraction of bits that are in error when one of the incorrect paths of
distance d is selected by the decoder, and p is the code bit error rate. For the
concatenated code, p is the output bit error rate of the BCH code. A list ol wy

for different convolutional codes is given in [63, page 402].

This bound is rather loose as shown in [40]. Therefore, the results in this section
will provide pessimistic estimates of the energy per bit to noise spectral density

ratios needed to guarantee a bil error rate less than 103,

In this section, we will employ some BCH codes from the previous section along
with one of two convolutional codes as the outer code. These two codes are
the rate 3/4 constraint length 6 convolutional code (r3/4¢6) and the rate 2/3
constraint length 6 convolutional code (r2/3¢6). These two codes have similar
coding gain in the AWGN channel. Using eqs. (4.3) and (4.4) of the previous
section and eq. (4.5), we find estimates of 4, required for each modulation
scheme so that P, < 107, The results are tabulated in Tables 4.13-4.24 (shown

in order of alphabet size).

Table 4.13 : 4 required for P, < 10~* for an L th order diversity system
employing (6,3) MT-FSK with different concatenated codes.

code L=1 L=2 L=3
BCH(63,51)-r3/4¢6 | 17.5 dB | 15.1 dB | 14.7 dB
BCH(63,45)-13/4¢6 | 17.1 dB | 15.1 dB | 14.7 dB
BCH(63,51)-r2/3c6 | 17.1 dB | 15.1 d 14.7 dB
BCH(63,45)-r2/3¢6 | 16.9 dB | 15.1 dB | 14.8 dB

In most cases, the concatenated schemes discussed in this section cannot guar-

antee better power efficiency at a bit error rate of 107 than do the BCH codes
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Table 4.14 : %, required for P, < 1072 for an L th order diversity system
employing (10,4) MT-FSK with different concatenated codes.

Table 4.15 :

code

L=1

L=2

L=3

BCH(63,51)-r3/4¢6

15.4 dB

14.2 dB

14.1 dB

)_
BCH(63,45)-r3 /4c6

15.2 dB

14.2 dB

14.2 dB

BCH(63,51)-r2/3c6

15.2 dB

14.2 dB

14.2 dB

BCH(63,45)-r2/3c6

15.2 dB

14.3 dB

14.3dB

%, required for P, < 1073 for an L th

employing 8FSK with different concatenated codes.

Table 4.16 :

order diversity system

code

L=1

L=3

BCH(63,51)-r3/4c6

18.0 dB

11.8 dB

BCH(63,47)-r3/4c6

17.0 dB

11.6 dB

17.1 dB

11.7 dB

)-

)..
BCH(63,51)-r2/3c6
BCH(63,47)-12/3¢6

16.4 dB

11.6 dB

% required for P, < 107 for an L th order diversity system
employing 4FSK-DBPSK with different concatenated codes.

code

L=1

L=2

L=3

BCH(63,51)-r3/4c6

19.0 dB

13.6 dB

12.7dB

18.0 dB

13.3dB

12.5 dB

18.1dB

13.4 dB

12.6 dB

(63,51)-
BCH(63,47)-13/4c6
BCH(63,51)-r2/3c6
BCH(63,47)-r2/3c6

174 dB

13.1 dB

12.5 dB
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Table 4.17 : ¥, required for a bit error rate of 107* for an L th order diversity

system employing (8,3) MT-FSK with different concatenated codes.

code L=1| L=2| L=3
BCH(63,51)-r3/4¢6 | 16.4 dB | 13.2 dB | 13.1 dB
BCH(63,47)-13/4¢6 | 16.1 dB | 13.2 dB | 13.2 dB
BCH(63,51)-12/3¢6 | 16.2 dB | 13.2 dB | 13.1 dB
BCH(63,47)-r2/3c6 | 16.0 dB | 13.2dB | 13.1 dB

Table 4.18 : 4, required for a bit error rate of 1072 for an L th order diversity

system employing (12,4) MT-FSK with different concatenated codes.

code L=1 L=2 L=3
BCH(63,51)-r3/4c6 | 14.3 dB | 12.2 dB | 124 dB
BCH(63,47)-r3/4c6 | 14.1dB | 12.1dB | 12.7 dB
(
{

BCH(63,51)-r2/3c6 | 14.2 dB | 12.3 dB | 12.5 dB
BCH(63,47)-r2/3c¢6 | 141 dB | 123 dB | 12.4 dB

Table 4.19 : 4, required for P, < 107 for an L th order diversity system
employing 16FSK with different concatenated codes.

code L=1 L=2 | L=3

RS(15,11)-r3/4c6 | 15.7 dB | 11.6 dB | 10.6 dB
RS(15,9)-r3/4c6 | 14.3dB | 11.1 dB | 104 dB
RS(15,11)-r2/3¢6 | 14.7 dB | 11.2 dB | 10.4 dB
RS(15,9)-12/3¢6 | 13.6 dB | 10.9 dB | 10.3 dB
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Table 4.20 : 4, required for P, < 1073 for an L th order diversity system
employing 8FSK-DBPSK with different concatenated codes.

code L=1 L=2 L=3

RS(15,11)-r3/4¢6 | 17.0 dB | 12.1 dB | 10.7 dB
RS(15,9)-r3/4c6 | 15.5dB | 11.7 dB | 10.5 dB
RS(15,11)-r2/3c¢6 | 16.0 dB | 11.8 dB | 10.5 dB
RS(15,9)-r2/3¢c6 | 14.9 dB | 11.5 dB | 10.5 dB

Table 4.21 : 4, required for P, < 1073 for an L th order diversity system
employing 4FSK-DQPSK with different concatenated codes.

code L=1 L=2 | L=3

RS(15,11)-r3/4c6 | 17.3 dB | 11.9 dB | 10.6 dB
RS(15,9)-r3/4c6 | 15.8 dB | 11.5 dB | 10.4 dB
RS(15,11)-r2/3¢6 | 16.3 dB | 11.6 dB | 10.4 dB
RS(15,9)-r2/3¢6 | 15.2dB | 11.3 dB | 10.4 dB

Table 4.22 : +, required for P, < 1073 for an L th order diversity system
employing 16FSK-DBPSK with different concatenated codes.

code L=1]| L=2 | L=3

RS(31,23)-r3/4¢6 | 14.7 dB | 11.6 dB | 10.4 dB
RS(31,21)-r3/4¢6 | 14.0 dB | 10.8 dB | 9.8 dB
RS(31,23)-r2/3¢6 | 15.0 dB | 11.3 dB | 10.2 dB
RS(31,21)-12/3c6 | 14.3 dB | 10.6 dB | 9.8 dB




Table 4.23 : 4, required for P, < 107 for an L th order diversity system
employing SFSK-DQPSK with different concatenated codes.

code L=1 L=2 | L=3

RS(31,23)-13/4c6 | 17.3dB | 11.9 dB | 10.6 dB
RS(31,21)-r3/4c6 | 15.4 dB | 11.0 dB | 10.0 dB
RS(31,23}-r2/3¢6 | 16.4 dB | 11.6 dB | 10.4 dB
RS(31,21)-r2/3¢6 | 14.8 dB | 10.8 dB | 9.9 dB

Table 4.24 : %, required for P, < 107 for an L th order diversity system
employing 16FSK-DQPSK with different concatenated codes.

code L=1| L=21L=3
RS(63,51)-r3/4:6 | 16.8 dB | 10.2dB | 9.1 dB
RS(63,51)-1r3/4c6 | 15.9dB | 9.9dB | 8.8 dB
RS(63,49)-r2/3c6 | 15.2dB | 9.6 dB | 8.6 dB
RS(63,47)-r2/3¢6 | 14.6 dB | 9.3 dB | 8.4 dB
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discussed in the previous section. However, the bounds used in the calculations
may affect the results. Simulations may be one method of comparing the true

performance of the concatenated codes in relation to the BCH codes alone.

4.4 Nonbinary Convolutional Codes

In the previous sections, we discussed error control codes which employed hard
decision decoding. However, additional coding gain can be achieved by using
soft decision decoding techniques. Although soft decision decoding of BCH or
RS codes is possible, convolutional codes allow for easy soft decision decoding

using the Viterbi algorithm.

Dual-k codes [64] are particularly matched to noncoherently demodulated Af-
ary signals (k = log, M), and are easily decoded using the Viterbi algorithm
[40]. A rate 1/2" dual-k encoder takes a k-bit codeword and generates 27 k-
bit codewords. Each of these k-bit codewords are transmitted using an M-ary
modulation scheme. Since convolutional coding works best for random error

channels, interleaving of the symbol stream is needed.

Dual-% codes have a constraint length of 2 (in M-ary units). Thus there are M
states and A branches entering and leaving a state. The transfer function of a

rate 1/2r dual-k code is given by [40}:

(- 1)D" N
1— NJ2D" + (2F — 3) D™

T(D.N,J) = (4.6)

where 7 is the number of times each symbol generated by the rate 1/2 dual-k

code is repeated.

By sctting J = 1, and differentiating the resulting transfer function T'(D, N}

with respect to N, and then setting N to unity, the following is obtained:

94



dT (D, N)I B (28 — 1)Dr 17)
AN e T [1—2Dr — (2k = 3)D¥)? (4.7
= Z wdDd (48)

d=dr

where wy is found by performing the division in eq. (4.7). The performance of

the code is union bounded by [40]:

k=1 oo

P, < 0; 1 Z 'LUdP-_g(d) (‘1.9)

= d=dr

where P5(d) is the probability that the decoder selects onc incorrect path of
weight d from the correct one (differs from correct path by d symbols). A union
bound is obtained by determining the fraction of post-decoding symbaol crrors
each incorrect path of weight d generates, and summing them together. This is

wWy.

Let us consider an M-ary FSK signal encoded by rate 1/2 dual-& code. The
minimum free distance of this code is 4 symbols. Let us derive the probability
of selecting a specific path of weight 4 over the correct path. Let us assume
that the all-zero codeword has been sent {Assume that symbol 1 corresponds to
the all-zero symbol). The metrics used by the decoder are the decision variables
corresponding to each possible symbol. We will denote the decision variable for
the correct path as U; and for the incorrect path as U,. The incorrect path will

be selected only if U} — U, < 0. Therefore

U—Us = [2E0® + NOP + 2B.al + NP + 12B.0f + N[?
+ 2Bl + NP <IN — NP2 - N2
NP (4.10)



where E, = r.E, is the energy per code symbol, a, b, ¢, d are time indices and oy
is the fading process encountered by symbol 1. if we assume that interleaving
. 0 Y .

is used, then a({'), aﬁ ) a(lr), a(l ) are mutually independent. Therefore, we can

show that Py(d) can be given by eq. (3.87). Therefore

1_“ dd-1 d-—-1+1i ].‘l‘,U:d
Pyd) = ( ) > | ( ! ) (4.11)
where = ﬁi‘; We can rewrite this equation to be
JEd—144 ;
Pfd) = p') , (1-p) (4.12)
i=0 i
where p = 3 +11,m‘

When Lth order diversity is used, the number of terms in eq. (4.10) is in-

creased by a factor of L. Therefore Py(d) becomes Po(dL}, where yt = % or

. 1
equivalently p = s—=—.
1 c yp 2+ Lo,

For MT-FSK, each symbol decision variable is made up of the sum of LD
frequency detector outputs, and therefore, for MT-FSK Pa(d) becomes Pa(dD)

where D is the inherent diversity of the modulation scheme and L is the diversity

: : : : o g, .

obtained by using multiple channels. In this case, p = 324 or equivalently,
wkh ¥

p = —=— where w is the number of tones per symbol. The average energy per

[ [
2+

bit to noise spectral density ratio required for a bit error rate less than 1073 for

MFSK and MT-FSK in Rayleigh fading is shown in Table 4.25.

MFSK-DPSK modulation is not very well suited for Viterbi decoding. This is
because the phase information must be retrieved from a specific frequency tone
before it can be differentially detected. Therefore, a ”decision” is made on the

phase information. In other words. the detector may send an invalid metric
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Table 4.25 : 4, required for P, < 107 for an Lth order diversity systein cm-
ploying MFSK or MT-FSK with dual-k convolutional coding.

Modulation/ L=1| L=2 | L=3

code

(6,3) MT-FSK/ | 124 dB | 12.0dB | 12.2dB
dual-2

(10,4) MT-FSK/ | 11.6 dB | 114 dB | 11.5 B
dual-2

8FSK/ 119dB | 95dB | 9.1 dB
dual-3

(8,3) MT-FSK/ |11.2dB | 10.7 dB | 10.8 dB
dual-3

(12,4) MT-FSK/ | 103 dB | 10.3 dB | 10.4 dB
dual-3

16FSK/ 11.4dB| 88dB | 8.3dB
dual-4
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due to its having retrieved phase information from the wrong frequency tone.
True Viterbi decoding would require that all phase information is kept until a
sequence cstimate on the frequency sub-symbols is made. This would require

large amounts of memory, and thus is not practical.

One method that was investigated involved encoding the frequency sub-symbol
stream using dual-% coding and the phase sub-symbol stream employing another
code of the same rate. Since soft decision is not practical on the phase sub-
symbol stream, hard decision detection is used for the decoding of the phase sub-
symbol stream. However, it can be shown that the bit error rate of this scheme
is dominated by errors in the phase sub-symbols, and that the performance of
this scheme is poor compared to the other modulation schemes. Therefore, the
problem of decoding MFSK-DPSK modulation employing soft decision is left

to future work.

4.5 Discussion

In this chapter, we have investigated a number of coding schemes to improve
the bit error rate performance of the modulation schemes discussed in Chap-
ter 3. Firstly, we considered non-binary BCH and RS codes with hard decision
decoding for the different modulation schemes. We then attempted to improve
thesc results by coucatenating these non-binary codes with hard decision de-
coded binary convolutional codes, but in most cases, the values for ¥, required
to assure a bit error rate below 107 was higher with concatenation than with-
out. Since bounds are used in the bit error rate performance calculations, this
result may not be true. However, this thesis is concerned with determining a
level of guaranteed performance. Thus we will not consider the concatenated
case any further. Another methed of improving performance of BCH codes not

discussed in this thesis is erasure decoding of BCH codes. By selecting symbols
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in which an error is more likely and erasing it, and then finding the closest
codeword in the non-erased symbols, the performance of the code can be im-
proved. However, finding the correct erasure rate is important in improving the

performance of the code, and this is left to future work.

Lastly, we investigated the use of a nonbinary class of convolutional codes known
as dual-k codes. These codes are easily decoded using the Viterbi algorithm and
soft decision detection is possible. These codes guarantee a bit error rate less
than 10~3 at values of 4, whick are lower than with BCH codes. This is due
to the soft decision decoding. MFSK-DPSK modulation is not considered with
these codes because the MFSK-DPSK detector is required to make a clecision
about which frequency tones carry the phase information. Therefore the decader
does not receive all possible phase metrics. Thus optimum soft decision decoding,
is not possible. Note that it is possible to modify the MEFSI-DPSK detector
to allow this, however, this would require the buffering of all phase informmation
and for each possible path, the differential phase must be determined. Such an

approach is impractical in terms of decoder complexity.

We have seen that the different coding schemes improve the power efficiency ol
the modulation schemes discussed in this thesis. In the next chapter, we will sce
how this improved power efficiency translates into improved spectral efficiency
of a hybrid DS/FH-CDMA system.
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Chapter 5

Hybrid DS/FH-CDMA System
for Rayleigh Fading Channels

5.1 Introduction

In this chapter, the proposed hybrid DS/FH-CDMA system employing the dif-
ferent modulation schemes discussed in Chapter 3 is analyzed. The analysis
focuses on the system capacity in a mobile communication link. The capacity
of a CDMA system employing direct sequence techniques is maximized when
all signals sharing the channel have the same received power. Thus, there is a
need for power control. This is especially true in the return link, where mobiles
transmit information to the base station. Not only does their distance from
the base station determine the received power, but so does the fading nature
of the channel. Through the use of power control, the transmitter can roughly
determine the instantaneous gain of the channel. With this information, the
transmitter can boost or lower the transmitted signal power so that the base

station receives a signal of quasi-constant power.

In the forward link, all signals originate at the base station, and thus all signals
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traverse the same channel in transit to a receiving mobile. Thus power control

is not needed in this link.

In this chapter, the capacity of the hybrid DS/FH-CDMA system will be found
for systems operating in the forward link. This is because all signals (desired
and interfering) experience the same fading process. Thus the analysis is simpler
than for the return link. However, the results found in this chapter can be

applied to the return link with the assumption of perfect power control.

5.2 Hybrid DS/FH-CDMA System Employ-
ing MFSK

The proposed hybrid DS/FH-CDMA system in the forward link (base to mobilc)
is pictured in Figure 5.1. In the reverse link, the figure remains the same with the
exception that each additional user’s signal is passed through an independent

fading channel and they are summed at the receiver.

The data bits from the source, at a bit rate of Ry bits/sec, are input into a
forward error correction encoder and interleaved to protect against burst errors.
If error correction is not employed, these blocks are omitted from Figure 5.1.

The coded bit rate is now Ry/r., where r, is the code rate.

The coded bit stream is then MFSK modulated. The symbol rate is Ry =
Ry/(reloge M) = Ry/(rck). The frequency separation between adjacent symbols
is given by Af. The MFSK modulated data is then spread by a PSK modu-
lated pseudo-noise (PN) sequence of rate R, chips/scc. Generally R, >> R,.
The bandwidth of the signal at this point is Wy, = 2R, + (M — 1)Af [18].
W, refers to the direct sequence spread bandwidth (the bandwidth prior to

frequency hopping). This bandwidth is chosen to be smaller than the coherence

- bandwidth, (Af).. of the channel.

101



FEC Inter- MFSK
Source fufe- Encoder o - leaver — odul. Fitter X
f
x
PN Seq. FH PN Seq.
Sink Generator Genarator
FEC
Decoder
1
Deintar- ‘
{eaver PN Seq. FH PN Seq.
Generator Generator
ﬁ M decislon
variables ,
Square-Law " Z MFSK | Filter Fading
Combiner Demod. channel

AWGN
U-1 additional

users' signals

Figure 5.1 : Hybrid DS/FH-CDMA system in forward link.
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The signal is then filtered (so that it will not interfere much with adjacent
hop bins). The signal is then frequency-hopped at a rate R, = LR,. Because
the filter generally has a rolloff factor ¢,,, the minimum required frequency
separation between adjacent frequency slots, assuming R, >> Ry, is about
Was{1 + o). This frequency separation should be larger than (A f).. Thus the
overall bandwidth needed is Wy, = NyWys(1 + o). This is shown by means of

a time/frequency diagram in Figure 5.2,

Figure 5.2 : DS/FH-CDMA signal in time and frequency.

At the receiver the signal is dehopped and despread. Each hop symbol is MFSK
demodulated. Since the hop rate is R, = LR,, the minimum frequency sep-
aration between adjacent symbols to assure orthogonality for all symbols is
Af = LR,. The decision variables are then square-law combined and a soft de-

cision is performed. Finally the data stream is deinterleaved and FEC decoded.

One advantage of this system over conventional spread spectrum systems is that
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the spreading is achieved in two steps, thus the length of both PN Jequences
employed (DS and FH) are shorter than the one PN sequence employed by
either 2 FH or DS system. This can greatly help in synchronization times.
Another advantage is that the complexity of the power control algorithm in
the reverse link can be relaxed. A user’s signal which is received at a higher
power than other users’ signals interferes on average with each other signal 1 /Ny
of the symbol duration. Thus its effect on the system performance is reduced
as compared to a DS-CDMA system, where the strong signal will continually

interfere with the weaker ones.

5.3 Spectral Efficiency of Hybrid DS/FH-CDMA
System Employing MFSK

The effective noise spectral density (noise plus MAI) of a MFSK/DS-CDMA

system in an AWGN channel is given in [18, 44] as:

, 2(U - 1)EyRR, &L X 1
N, = N, — :
0 L o D By s 7y B

For a MFSK DS/FH-CDMA system, equation (5.1) must be modified to include
the effect of fading which all signals encounter in the forward link, and to include
the fact that, on average, only 1/N; of the additional users are present in a

frequency slot at a given time. Then it becomes

° M? AR2 + (mAf)*(i ~ 5)?

(5.2)

0
i=] j=1

The average effective spectral noise density becomes:
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E[N] = NJ1+({U-1E[ ]EbB(M + B, By, Af)]

o .Nf
— No[l _|_( 1)... ﬁ(ﬁ‘[ Rbr Rm‘/—\f)] (53)
Ny
where
2R,R, M M 1 .
SO, R B A1) = 3" 2. 2 TR T (rA TG = 7 &4

The effective energy per bit to noise spectral density ratio, 5, , is given by:

Z' Yo
1+ (U - 1)&‘%&-_%%

Rewriting this equation in terms of the number of simultaneous users, we obtain:

= Fo— T ‘
V' = o awthman +1 (5.6)
Ny

The spectral efficiency of this system is given by:

_UR,
T W

(5.7)

where W, = Nf[2R, + (M — DAf](1 + ¢). Since Wy, >> Ry, and if we

assume that 4, — oc, the spectral efficiency can be expressed as follows:

Rb

— MRy R,A (
,.yb'ﬁ( :’JVI[ f)w
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By replacing W, by NyWy,(1+a,,), we can see that the spectral efficiency does
not depend on Ny, since the 1/N; term cancels with Ny in W,. The equation

can be rewritten as:

— Rb
= f?b’/g(‘m[’ Rbr Rpa Af)ufds(l -+ aro) (5‘9)

5.3.1 Spectral Efficiency of DS/FH-CDMA Employing
MFSK Without Coding

In a typical land mobile channel, the delay spread of the multipath is about
5 pseconds, and the coherence bandwidth is about 200 kHz [40]. Thus one
could spread the MFSK signal to a bandwidth Wy, < 200 kHz, and hop the
spread signal into frequency slots that are separated by 200 kHz or more. In
this example, we will assume that Wy, = 195 kHz, and “that the frequency
slots are separated by 205 kHz. Thus o,, = 0.05, and the overall bandwidth is
W,, = Ny x 205 kHz,

A typical voice coder operates at bit rates between 4.8 and 10 kbps. We will
investigate the performance of this system for R, = 4.8 and 9.6 kbps. We
can now obtain Af, R,, and B(M, Ry, Ry, Af). This is shown in Table 5.1 for
R, = 4.8 kbps and Table 4.2 for R, = 9.6 kbps.

By obtaining 4, for a worst case bit error rate of 1072 from Table 3.1, the

spectral efficiency of the system can be calculated. This is shown in Table 5.3.

From -Table 5.3, one can plainly see that the spectral efficiencies of the un-
coded hybrid DS/FH-CDMA system is quite low, and therefore coding should

be employed to increase the channel capacity.
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Table 5.1 : Af, Ry and B(M, Ry, Ry, Af) for hybrid DS/FH-CDMA cmploying
MFSK without coding (R, = 4.8 kbps, W, = 195 kHz).

Modulation | L Ry, Af Ry B(M, Ry Ry, Af)
(in khops/sec) | (in kHz) | (in kehips/sec)

SFSK 1 - 1.6 91.2 0.0261

2 3.2 3.2 83.2 0.0278

3 4.8 4.8 76.8 0.0287
16FSK 1 - 1.2 87.0 0.0269

2 24 2.4 79.2 0.0279

3 3.6 3.6 68.4 0.0287

Table 5.2 : Af, R, and B(M, Ry, Ry, Af) for hybrid DS/FH-CDMA employing
MFSK without coding (R, = 9.6 kbps, Wy, = 195 kHz).

Modulation | L Ry, Af R, B{M, Ry, R, Af)
(in- khops/sec) | (in kHz) | (in kchips/sec)

8FSK 1 - 3.2 83.2 0.0657

2 6.4 6.4 70.4 0.0581

3 9.6 9.6 57.6 0.0677
16FSK 1 - 2.4 79.2 0.0558

2 4.8 4.8 57.6 0.0576

3 7.2 7.2 43.2 (.0525

Table 5.3 : Spectral efficiency (in bps/Hz) of the uncoded hybrid DS/FH-CDMA
system employing uncoded MFSK in Rayleigh fading. =

R, = 4.8 kbps Ry = 9.6 kbps
L=1|L=2|L=3| L=1|L=2|L=3
8FSK | 0.00179 | 0.0160 | 0.0317 | 0.00167 | 0.0154 | 0.0316
16FSK | 0.00199 | 0.0179 | 0.0364 | 0.00192 | 0.0173 | 0.0398
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5.3.2 Spectral Efficiency of DS/FH-CDMA Employing
MFSK With Coding

When forward error correction codes are used, Af = LRy/rck, and thus R,
must be decreased so that Wy, remains unchanged. For DS-CDMA systems, it
has been shown that forward error correction does not alter the processing gain
of the systein [33], however in this system, the processing gain will be slightly
changed due to coding since the double summation in (M, Ry, R,, Af) depends

on a nonlinear combination of R, and Af.

In this thesis, we have examined many different error control codes, however,
we will consider only one BCH code and the dual-k code for each modulation
scheme. For 8FSK, we will examine the nonbinary BCH(63.39) code and the
rate 1/2 dual-3 code. For 16FSK, we will consider the BCH(255,199) code and
the rate 1/2 dual-4 code. Their selection does not imply that these codes are

optimal ones for their respective modulation schemes.

The values for Af, R, and B(M, Ry, R,, Af) are given in Table 5.4 for R, = 4.8
kbps and in Table 5.5 for R, = 9.6 kbps for BCH coding. These parameters are
given in Table 5.6 for R, = 4.8 kbps and Table 5.7 for B, = 9.6 kbps for rate
1/2 dual-k coded FSK. When no value is given for R, or B(M, Ry, Ry, Af), then
R, is not significantly greater than R;, to allow this scheme to function properly

since R, must be an integer multiple of Ry).
1

The spectral efficiency for the hybrid DS/FH-CDMA system employing MFSK
with BCH coding is given in Table 5.8 and in Table 5.9 for rate 1/2 dual-k coded
MFSK.

We can sec by comparing Tables 5.8 and 5.9 to Table 5.3 that coding improves
the spectral efficiency of the system significantly. We also see that the dual-k
codes, by virtue of the soft decision decoder, provides larger spectral efficiencies

than the hard decision decoded BCH codes.
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Table 5.4 : Af, Ry and B{(M, Ry, R,, Af) for hybrid DS/FH-CDMA employing
MFSK and BCH coding (R, = 4.8 kbps, Wy, = 195 kHz).

Modulation L R, Af R, B(M, Ry, Ry, Af)
{in khops/sec) | (in kHz) | (in kchips/sec)
8FSK 1 - 2.585 37.87 (0.0267
with 2 5.170 5.170 77.55 0.0281
BCH(63,39) 3 7.785 7.755 67.80 0.0277
16FSK 1 - 1.54 834.57 0.0275
with 2 3.08 3.08 73.8 0.0283
BCH(255,199) | 3 4.61 4,61 59.97 0.0286

Table 5.5 : Af, R, and (M, Ry, R,, Af) for hybrid DS/FH-CDMA employing
MFSK and BCH coding (R, = 9.6 kbps, Wy, = 195 kHz).

Modulation L Ry Af R, B(M, Ry, Ry, AJ)
(in khops/sec) | (in kHz) | (in kchips/sec)
8FSK 1 - 2.17 77.95 0.0505
with 2 10.54 10.54 51.70 0.0541
BCH(63.39) 3 15.51 15.51 31.02 0.0470
16FSK 1 - 3.08 73.80 (1.0565
with 2 6.15 6.15 49,21 0.0548
BCH(255,199) | 3 9.23 9.23 27.80 0.0496
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Table 5.6 : Af, R, and B(M, Ry, Ry, Af) for hybrid DS/FH-CDMA employing
MFSK and rate 1/2 dual-k coding (Ry, = 4.8 kbps, Wy, = 195 kHz).

Modlulation | L Ry, Af Ry B(M, Ry, Ry, Af)
(in khops/sec) | (in kHz) | (in kchips/sec)

SFSK 1 - 3.2 83.2 0.0278

2 6.4 6.4 70.4 0.0291

3 9.6 9.6 57.6 0.0289
16FSK 1 - 24 79.2 0.0279

2 4.8 4.8 07.6 0.0285

3 7.2 7.2 43.2 0.0262

Table 5.7 : Af, R, and B(M, Ry, Ry, Af) for hybrid DS/FH-CDMA employing
MFSK and rate 1/2 dual-k coding (R, = 9.6 kbps, Wy, = 195 kHz).

Modulation | L Ry, Af R, B(M, Ry, Rp, Af)
(in khops/sec) | (in kHz) | (in kehips/sec)
8FSK 1 - 6.4 83.2 " 0.0581
2 12.8 12.8 51.2 0.0529
3 19.2 19.2 19.2 -
16FSK 1 - 4.8 57.6 0.0576
2 9.6 9.6 19.2 0.0515
3 14.4 14.4 - -

Table 5.8 : Spectral efficiency (in bps/Hz) of hybrid DS/FH-CDMA employing
MFSK and non-binary BCH coding.

Ry, = 9.6 kbps

Ry = 4.8 kbps
L=1|L=2|L=3|L= L=2|L=3
SFSK-BCH(63,39) 0.0236 | 0.0539 | 0.0721 | 0.0250 | 0.0512 | 0.0848
16FSK-BCH(255,199) | 0.0264 | 0.0723 | 0.0920 | 0.0256 | 0.0743 | 0.106
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Table 5.9 : Spectral efficiency (in bps/Hz) of hybrid DS/FH-CDMA employing
MFSK and rate 1/2 dual-k convolutional coding.

R, = 4.8 kbps Ry = 9.6 kbps
L=1|L=2|L=3|L=1|L=2|L=3
S8FSK | 0.0544 | 0.0903 | 0.0997 | 0.0521 | 0.0993 | —
16FSK | 0.0608 | 0.108 | 0.132 | 0.0589 | 0.120 -

5.4 Hybrid DS/FH-CDMA System Employ-
ing JPFM

The hybrid DS/FH-CDMA system employing JPFM is identical to the sys-
tem discussed in Section 5.2 with the exception that the modulation scheme
has changed, and we must place a constraint on the hopping sequence. Here,
MFSK-DPSK will be used in an effort to improve the spectral cfficiency of the
system. Because this modulation scheme employs differential phase detection,
the fading encountered by hop = of symbol ¢ must not be independent of the
fading encountered by hop z of symbol ¢ + 1. This means that xth hop of cach

symbol must be sent to the same frequency bin. This is demounstrated in Figure
5.3.

The idea behind this system is to either decrease the number of frequency
tones while maintaining the same symbol rate or by increasing the munber
of bits/symbol (and thus decreasing the symbol rate and by extension reducing
Af) by including phase information while inaintaining the same number of fre-
quency tones. In each case, we can increase R, compared to the DS/FH-CDMA

system employing MFSK without increasing Wy,.

When employing MFSK-DPSK, the symbol rate is B, = Ry/r.(ks + k), where

T is the code rate, k; is the number of bits represented by frequency, and &,
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is selected modulation scheme.



is the number of bits represented by phase. Also, Af = L x R,. The direct
sequence signal bandwidth (pre-hopped bandwidth) is Wy, = 2R, +{M;—-1)Af,

where M, = 2%/ is the number of frequency tones employed.

5.4.1 Spectral Efficiency of Hybrid DS/FH-CDMA Em-
ploying MFSK-DPSK

The equations derived for the MAI in Section 5.3 are valid for this system except

that we must replace M by M;. Thercfore

2R,R, My My 1 ‘
My Ry, R, A 57 . 5.10
B(My, By Bpr A) = M? ;;m- (mAf)2(i — j)? (5.10)
and
— Ry (5.11)

Yo ﬁ(jwfa Rbr -pra Af)vvds(l + ara)

5.4.2 Spectral Efficiency of DS/FH-CDMA Employing
MFSK-DPSK Without Coding

Once again we assume that W,, = 185 kHz and o, = 0.05. The overall

bandwidth is Wy, = 195(1.05) x Ny kHz = N; x 205 kHz.

For bit rates of 4.8 and 9.6 kbps, we can find R, and B(M;, Ry, R, Af). These
values are shown in Table 5.10 for R, = 4.8 kbps and Table 5.11 for R, = 9.6
kbps.

Using these values for S(My, Ry, R,, Af), we can find the spectral efficiency of
DS/FH-CDMA employing uncoded MFSK-DPSK. This is shown in Table 5.12.
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Table 5.10: Af, R, and 8(My, Ry, Ry, Af) for hybrid DS/FH-CDMA employing
MFSK-DPSK without coding (R, = 4.8 kbps, Wy, = 195 kHz).

Modulation L Ry Af R, B(M;, Ry, Rp, Af)
(in khops/sec) | (in kHz) | (in kchips/sec)
4FSK-DBPSK | 1 - 1.6 094.4 0.0254
2 3.2 3.2 89.6 0.0266
3 4.8 4.8 86.4 0.0273
8FSK-DBPSK |1 - 1.2 92.4 0.0259
2 24 24 88.8 0.0265
3 3.6 3.6 82.8 0.0277
16FSK-DBPSK | 1 - 0.96 90.24 0.0263
2 1.92 1.92 82.56 0.0276
3 2.88 2.88 74.88 0.0283
4FSK-DQPSK |1 - 1.2 94.8 0.0253
2 24 2.4 93.6 0.0255
3 3.6 3.6 90.0 0.0264
SFSK-DQPSK |1 - 0.96 94.08 0.0254
2 1.92 1.92 90.24 0.0263
3 2.88 2.88 86.4 0.0270
I6FSK-DQPSK | 1 - 0.8 91.2 0.0261
2 1.6 1.6 84.8 0.0273
3 24 24 79.2 0.0279
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Table 5.11: Af, R, and 8(My, Ry, Ry, Af) for hybrid DS/FH-CDMA employing

MFSK-DPSK without coding (R, = 9.6 kbps, Wy, = 195 kHz).

Modulation L Ry, Af R, B{My, Ry, Ry, Af)
(in khops/sec) | (in kHz) | (in kehips/sec)
4FSK-DBPSK 1 - 3.2 89.6 (.05632
2 6.4 6.4 83.2 0,0557
3 9.6 9.6 76.8 0.0675
8FSK-DBPSK 1 - 2.4 88.8 0.0631
2 4.8 4.8 76.8 0.0573
3 7.2 7.2 72.8 0.05650
16FSK-DBPSK | 1 - 1.92 82.56 0.0552
2 3.84 3.84 65.28 0.0581
3 5.76 0.76 51.84 0.0556
4FSK-DQPSK |1 - 2.4 93.6 0.0511
2 4.8 86.4 0.0045
3 7.2 7.2 86.4 ().0534
8FSK-DQPSK |1 - 1.92 00.24 .0526
2 3.84 3.84 80.64 {10504
3 5.76 5.76 74.88 0.05G7
16FSK-DQPSK | 1 - 1.6 84.8 0.0547
2 3.2 3.2 70.4 (1LOHBI
3 4.8 4.8 57.6 0.05706




Table 5.12 : Spectral efficiency (in bps/Hz) of hybrid DS/FH-CDMA employing
uncoded MFSK-DPSK.

R, = 4.8 kbps R, = 9.6 kbps
L=1|L=2|L=3| L=1|L=2|L=3
AFSK-DBPSK | 0.00168 | 0.0172 | 0.0341 | 0.00160 | 0.0164 | 0.0324
SFSK-DBPSK | 0.00180 | 0.0198 | 0.0414 | 0.00176 | 0.0183 | 0.0417
16FSK-DBPSK | 0.00195 | 0.0224 | 0.0455 | 0.00186 | 0.0202 | 0.0463
4FSK-DQPSK | 0.00172 | 0.0215 | 0.0445 | 0.00171 | 0.0201 | 0.0440
S8FSK-DQPSK | 0.00193 | 0.0234 | 0.0488 | 0.00186 | 0.0218 | 0.0464
16FSK-DQPSK | 0.00196 | 0.0242 | 0.0506 | 0.00187 | 0.0226 | 0.0489

We can infer from Table 5.12 that increasing the number of bits represented by
the phase from 1 to 2 has a significant effect on the spectral efficiency of the
systemn when no error control coding is used. However, the results here indicate

that coding must be used in order to have a respectable spectral efficiency.

5.4.3 Spectral Efficiency of DS/FH-CDMA Employing
MFSK-DPSK and Error Control Coding

Once again the use of coding increases the symbol rate, and therefore increases
Af. Because of this we must again determine R, to give Wy, = 195 kHz. With
these new values of R, we can find (M, Ry, Ry, Af). This is shown in Table
5.13 for B, = 4.8 kbps and in Table 5.14 for R, = 9.6 kbps.

With the values of 8(My, Ry, Ry, Af) from Tables 5.13 and 5.14, we can find
the spectral efficiency of DS/FH-CDMA employing MFSK-DPSK and the two
error control codes cousidered. The spectral efficiency of the system employing
BCH coding is shown in Table 5.15.
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Table5.13: Af, R, and B(M;, Ry, R, Af) for hybrid DS/FH-CDMA employing

MFSK-DPSK with BCH coding (R, = 4.8 kbps, Wy, = 195 kHz).

Modulation L Ry, Af R, B(M;, Ry, R, Af)
(in khops/sec) | (in kHz) | {(in kehips/sec)
4FSK-DBPSK |1 - 2.59 93.05 0.02506
with 2 59.17 5.17 87.89 0.0267
BCH(63,39) 3 7.75 7.75 85.29 0.0269
8FSK-DBPSK 1 - 1.54 90.72 0.0263
with 2 3.08 3.08 86.11 0.0270
BCH(255,199) | 3 4.61 4.61 78.92 0.0283
16FSK-DBPSK | 1 - 1.57 84.58 (.0274
with 2 3.13 3.13 72.05 0.0287
RS(31,19) 3 4.70 4.70 61.09 0.0281
4FSK-DQPSK |1 - 1.54 93.80 0.0256
with 2 3.08 3.08 92.26 0.0259
BCH(255,199) 3 4.61 4.61 87.65 0.0273
8FSK-DQPSK | 1 - 1.57 90.85 (0.02062
with 2 3.13 3.13 84.58 0.0274
RS(31,19) 3 4.70 4.70 79.88 0.0278
16FSK-DQPSK | 1 - 1.07 89.00 0.0266
with 2 2.14 2.14 79.35 (1.O282
RS(63,47) 3 3.22 3.22 70.77 0.0289
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Table 5.14: Af, R, and B(My, Ry, Ry, Af) for hybrid DS/FH-CDMA employing

MFSK-DPSK with BCH coding (R, = 9.6 kbps, Wy, = 195 kHz).

Modulation L Ry Af R, B(My, Ry, Ry, Af)
(in khops/sec) | (in kHz) | (in kchips/sec)
AFSK-DBPSK |1 - 5.17 87.88 0.0535
with 2 10.34 10.34 72.57 0.0598
BCH(63,39) 3 15.51 15.51 62.03 0.0605
8FSK-DBPSK |1 - 3.08 86.11 0.0540
with 2 G.15 6.15 73.81 0.0566
BCH(255,199) | 3 9.23 9.23 64.58 0.0549
16FSK-DBPSK | 1 - 3.13 72.05 0.0573
with 2 6.27 6.27 50.12 0.0539
RS(31,19) 3 9.40 9.40 18.80 0.0526
4FSK-DQPSK |1 - 3.08 92.20 0.0517
with 2 6.15 6.15 86.11 0.0542
BCH(255,199) | 3 9.23 9.23 83.04 0.0540
SFSK-DQPSK | 1 - 3.13 84.58 .0549
with 2 6.26 6.26 75.18 0.0556
RS(31,19) 3 9.40 9.40 56.34 0.0580
16FSK-DQPSK | 1 - 2.14 79.35 0.0565
 with 2 4.29 4.29 69.24 0.0565
RS(63.47) 3 6.43 6.43 45.04 0.0554
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Table 5.15 : Spectral efficiency (in bps/Hz) of hybrid DS/FH-CDMA cmploying
nonbinary BCH encoded MFSK-DPSK.

Ry, = 4.8 kbps Ry, = 9.6 kbps
L=1|L=2|L=3|L=1}L=2|L=3
4FSK-DBPSK/ | 0.0200 | 0.0579 | 0.0743 | 0.0191 | 0.0530 | 0.0G5Y
BCH(63,39)
8FSK-DBPSK/ | 0.0204 | 0.0674 | 0.0908 | 0.0199 | 0.0643 | 0.0936
BCH(255,199)
16FSK-DBPSK/ | 0.0349 | 0.0960 | 0.110 | 0.0333 | 0.102 | 0.L18
RS(31,19)
4FSK-DQPSK/ | 0.0201 | 0.0718 | 0.0970 | 0.0199 | 0.0696 | 0.0970
BCH(255,199)
8FSK-DQPSK/ | 0.0348 | 0.0960 | 0.106 | 0.0332 | 0.0946 | 0.100
RS(31.19)
16FSK-DQPSK/ | 0.0306 | 0.0777 | 0.118 | 0.0287 | 0.0974 | 0.112
RS(63,47)
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Comparing these results to those obtained in the previous section indicate that
significantly greater spectral efficiencies can be obtained by employing MFSK-
DPSK as opposed to conventional MFSK employing the same type of cod-
ing. However, the complexity concerns that arise when attempting to employ
a Viterbi decoder with this modulation scheme prevents us from employing the

dnal-k code which provides higher spectral efficiencies.

5.5 Hybrid DS/FH-CDMA Employing MT-
FSK

The hybrid DS/FH-CDMA system discussed in this paper is shown in Figure
5.4. Wideband MT-FSK is the employed modulation scheme. The constraint is
that the minimum frequency tone spacing be greater than the channel coherence

handwidth (Af > (Af)e).

The output of the MT-FSK modulator is denoted by point (a) in Figure 5.2.
The signal is then multiplied by a pseudonoise (PN) sequence which has a rate
of R, chips/sec. By choosing the chip rate to be a multiple of Ry, the null-to-
mull bandwidth of one “spread” frequency tone is Wy, = 2R,. We can select a
value for R, such that this bandwidth is less than the coherence bandwidth of
the channel (2R, < {Af)e. We have the DS spread signal at point (b) in Figure
54.

The signal is then hopped at a rate R,. We wish to hop the signal L times
per symbol to obtain additional diversity, Therefore Ry, = LR,, and Ry < R,.
This sigial is transmitted over the channel at point (c) in Figure 5.4 along with
signals from other users. Thus, assuming a large number of users, the entire

available spectrum will contain components from different users.

At the receiver, the received signal is dehopped, then despread. Assuming that
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Figure 5.4 : Hybrid DS/FH-CDMA system employing MT-FSK.
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the locally generated replicas of the two PN sequences are perfectly aligned
with those at the transmitter, the original signal corrupted by noise and multiple
access interference (MAI) is obtained. Because the signal was transmitted using
L carriers, the signal can be demodulated at the hop rate. By doing this, it is
as if we are using a repetition code, with the advantage that each component of

the symbol has been acted upon by an independent fading process.

5.5.1 Performance of Hybrid DS/FH-CDMA Employ-
ing MT-FSK

Let us first assume that there is no hopping. In other words, L = 1. Therefore
all users share the same v frequencies. If (6,3) MT-FSK is the modulation
employed by this system then the equivalent decision variables from eqn. (3.55)

become

Ul = |26ay+ Ny + LP + 280y + Ny + L]
Up = |Ns+ B+ |Ns+ I (5.12)

where /; is the effect of the MAI seen at the output of the 4 th filter. It has been
shown in [18] that for DS-CDMA systems employing wideband FSK modulation
shemes N;+1; can be approximated by a Gaussian random variable with variance

N!W where

L L R+ GARRG g O

Previously. we stated that 2R, < (Af). < Af. Therefore 2R, = pAf, where
p > 1. Thus eq. (5.13) becomes



LY S
N = N, |1 e Te
o i 2u? g.z 1+ (7p)*(i — 7)°
] =1 j=1
— A Ey Ry ; g
= N, [1 + (U - 1)RF;E-U(UJJ)1| {5.14)

where

1 & & 1
O'(’U..p) = o - (515)
2v° 2121 1+ (mp)?(i = 4)?
The average bit energy to eqguivalent noise spectral density ratio is
E Ey/N,
= = o/ No (5.16)
N +(U - 1) eo(v. p)

The total bandwidth of the system without hopping is Wy = 2R.+{(v~1)Af =

W The bandwidth efficiency of this system is:

Umux Rb
Wio

7 (5.17)
where Upge is the maximum number of users that the system can support. We
define v, to be the average bit energy to equivalent noise spectral density when

the number of users simultaneously accessing the channel is Uy,. Therefore

Ey / N,

14 (Unner — 1) 52 20 (v, p)

":Jg’ (518)

Rearranging eqn. (5.18), we find
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Umm: = "‘—Nn—+1
£ Lyia(v, p)
Rc Eb
—_— for — >> v, 5.19
o (v, p) TN, T (5:19)

Therefore the bandwidth efficiency iz

R,
ho(v, p)[2R. + (v — 1)Af]

1
~ e AL @17 (5.20)

Now let us investigate the effect of hopping on this system. Each symbol is
hopped into each of L independent channels. The total bandwidth Wy, =

LW, = L[2R. + (v — 1)Af]. The equivalent noise spectral density becomes:

N = N, |1+ g—;—l%%a(v,p) (5.21)
Therefore we can show that U, increases by a factor of L for a hopped system
(L > 1) compared to a system without hopping (L = 1). However, the total
bandwidth is also increased by a factor of L; therefore the bandwidth efficiency
for a hybrid DS/FH-CDMA system is also given by eq. 17. The only differ-
cnce between the two is that as L increases, vy, decreases, thus improving the

bandwidth efficiency.

In previous sections, we employed a channel model with a coherence bandwidth
of (Af), ~ 200 kHz. Therefore 2R, < 200 kchips/sec, and Af > 200 kHz.
Since 7 is not dependent on R, for this particular system, any value of Ry can
be used for illustration. If we choose R, = 9.6 kbps, then a good choice for R,

is 96 kchips/sec. We also choose Af = 211.2 kHz. Therefore p = 1.1.
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For (6,3) MT-FSK, v = 6, therefore o(v, p) = 0.098. Similarly, a(v, p) = 0.074,
for (8,3) MT-FSK, 0.06 for (10,4) MT-FSK and 0.05 for (12,4) MT-FSIK. The
values for -y are taken from Table 3.9. The bandwidth efficiency of the hybrid
DS/FH-CDMA system employing MT-FSK is shown in Table 5.16 the MT-FSK

modulation schemes and different orders of diversity.

Table 5.16 : Bandwidth efficiency (in bps/Hz) of hybrid DS/FH-CDMA cm-
ploying uncoded MT-FSK in Rayleigh fading.

L=1|L=2]L=3
(6,3) MT-FSK | 0.0092 | 0.0194 | 0.0250
(8,3) MT-FSK | 0.0078 | 0.0240 | 0.0324
(10,4) MT-FSK | 0.0146 | 0.0304 | 0.0349
(12,4) MT-FSK | 0.0175 | 0.0383 | 0.0439

Compared with the results of uncoded MFSK and MFSK-DPSK, we sce at,
L =1 or 2, the MT-FSK generally provides better results while at L =} some
of the better MFSK-DPSK schemes provide slightly higher spectral cfficiencies
(see Tables 5.3 and 5.12).

Of course, the spectral efficiencies of these uncoded systeins are very low, there-
fore we must again examine the spectral efficiency of this system with crror
control coding. We know from the previous chapter that using crror control
coding with MT-FSK does not provide large power gains over the uncoded case
at P, = 107*. Therefore, we should not expect large improvements compared

to the results seen in Tables 5.16.
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5.5.2 Performance of Hybrid DS/FH-CDMA System
with Error Control Coding

Using the values of v} found in Chapter 4, the bandwidth efficiency of DS/FH-
CDMA employing coded MT-FSK can be found. Table 5.17 shows the spectral
efficiency when BCH coding! is used. Table 5.18 gives the spectral efficiency of
DS/FH-CDMA employing MT-FSK and dual-k coding.

Table 5.17 : Bandwidth efficiency (in bps/Hz) of hybrid DS/FH-CDMA em-
ploying MT-FSK and BCH coding.

L=1|L=2|L=3
(6,3) MT-FSK | 0.0153 | 0.0272 | 0.0305
(8,3) MT-FSK | 0.0204 | 0.0389 | 0.0447
(10,4) MT-FSK | 0.0236 | 0.0304 | 0.0342
(12,4) MT-FSK | 0.0311 | 0.0439 | 0.0493

Table 5.18 : Bandwidth efficiency (in bps/Hz) of hybrid DS/FH-CDMA em-
ploying MT-FSK and dual-k coding.

L=1|L=2]L=:
(6,3) MT-FSK | 0.0452 | 0.0495 | 0.0473
(8,3) MT-FSK | 0.0589 | 0.0661 | 0.0646
(10,4) MT-FSK | 0.0529 | 0.0554 | 0.0541
(12,4) MT-FSK | 0.0712 | 0.0712 | 0.0696

The results shown in Tables 5.17 and 5.18 show improvement in the spectral ef-

ficiency of a DS/FH-CDMA system employing MT-FSK modulation compared

'BCH(255,199) is used with {6,3) and (10,4) MT-FSK while BCH(63,39) is used with (8,3)
and (12,4) MT-FSK.

126



to the uncoded case. Higher spectral efficiencies are obtained cmploying the
dual-k codes compared to the BCH codes. Also, increasing L with the dual-&
code may not result in any improvement and may actually cause degracdation
as seen in Table 5.18. However, the level of improvement or degradation cannot
actually be known since bounds are used in the performance evaluation. But
these results suggest that hopping miglt not be beneficial to CDMA systems
employing MT-FSK. The results tend to suggest that we can improve the spec-
tral efficiency of a CDMA system employing rate 1/2 dual-k encoded MT-FSK
by increasing the diversity of the modulation scheme (by increasing » and w)

without the additional diversity of hopping.

5.6 Discussion

In this chapter, the hybrid DS/FH-CDMA system was described. Three mod-
ulation schemes were considered for this system. These modulation schemes
were: non-coherent MFSK, MFSK-DPSK and MT-FSK. We compared the per-
formance of the system with each modulation scheme by deriving expressions
for the spectral efficiency of the system. In each case, the spectral cfficiency was
inversely proportional to the bit energy to spectral noise density ratio required
by the specific modulation scheme to achieve the maximum tolerable bit error

rate. For voice communications, this maximum tolerable bit errov rate is 107%,

We examined the spectral efficiency of the system without error control coding,
Although some modulation schemes performed better than others, all results
were particularly low since the bit energy to noise spectral density ratios for a
bit error rate of 10~2 for each modulation scheme are rather high, However, at
L < 2 (12,4) MT-FSK provided the highest spectral efficiencies. When L = 3,
16FSK-DQPSK provided the highést spectral efficiency. This is because when

L = 3, the signal energy is divided among three channels. Therefore, the cnergy
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per channel to noise spectral density ratio is quite low. We saw in Chapter 3
that MFSK-DPSK outperforms MT-FSK when the signal to noise ratio is low.

Therefore this result seems appropriate.

When hard decision decoded BCH coding is employed, the results favor MFSIK-
DPSK in most cases. However, the spectral efficiency of the system when MFSK
is used is quite comparable to MFSK-DPSK. As for MT-FSK, the performance
hounds indicate that less coding gain is achieved at a bit error rate of 10~ than
for MFSK or MFSK-DPSK. The poor bit error rate of MT-FSK at low E,/N,

accounts for the poor spectral efficiency of the system when MT-FSK is used.

Dual-k convolutional codes which are easily decoded using the Viterbi decoder.
This allows for simpler soft decision decoding as opposed to BCH codes, which
do not directly allow soft decision decoding. Implementation of a Viterbi de-
coder with the MFSK-DPSK modulation scheme would require the storage of
large amounts of phase information for true Viterbi decodinbg of this modu-
lation scheme, and thus it is not practical to use this code with this scheme.
The spectral cfficiencies of MFSK and MT-FSK systems are improved when this
code is used. With MT-FSK, L > 2 has lower spectral efficiencies than L < 2
and as we increase the inherent diversity of the modulation scheme, L = 1 may
be sucfficient. This suggests that dual-5 coded MT-FSK CDMA systems may
perform well without hopping and with larger v and w than employed by the

signalling sets discussed in this thesis
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Chapter 6

Conclusions and Suggestions for
Further Research

6.1 Conclusions

In this thesis, we have discussed different modulation and coding schemes for a
hybrid DS/FH-CDMA system. Each modulation scheme was analysed, and its
performance in the presence of Rayleigh fading was determined. We investigated
the effect of multi-channel diversity {obtained by fast frequency hopping) and

error control coding.

The spectral efficiency n was determined for the hybrid DS/FH-CDMA system
employing each of these modulation schemes. The spectral efficicncy is deter-
mined jointly by the amount of interference gencrated by each user, and the
amount of interference that can be tolerated by each user. This means that the
spectral efficiency of the system is limited by a maximum bit error rate that can
be tolerated. The spectral efficiency is inversely proportional to the bit energy
to noise spectral density ratio 7j that achicves this maximum bit error rate,

Therefore, to increase n, one must decrease +;,. This can be done by cinploying
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power efficient modulation and coding schemes.

Three hybrid DS/FH-CDMA systems were presented in this thesis. One em-
ployed MFSK modulation, the second employed MFSK-DSPK and the third
cmnployed wideband MT-FSK. The first two systems obtained diversity recep-
tion by emnploying fast frequency hopping (from one to three hops per symbol).
The faster the hop rate, the greater the spectral efficiency of the system. The
difference between the two systems is that there is a constraint on the frequency
bins that can be employed when MFSK-DPSK is used. Since the phase aspect of
the modulation scheme requires that the fading process be relatively unchanged

on consecutive symbols, the hopping pattern must be repeated for each symbol.

" The third system employed MT-FSK. Some diversity was obtained by the mod-
ulation scheme itself and more diversity was achieved through fast frequency
hopping. Because the modulation scheme is wideband, the number of frequency
bins is greatly reduced; perhaps only two or three frequency bins depending
on the available bandwidth, Therefore, for this scheme to be practical, a user

. should employ all frequency bins on one signalling interval.

Table 6.1 compares some of the better systems when error control coding is not
used. The bit rate of the systems shown in this Table is 9.6 kbps'. We can
see that when L < 2, the highest spectral efficiency is obtained when (12,4)
MT-FSK is employed. However, when L = 3, MFSK-DPSK modulated system
overtakes the MT-FSK system. This reflects the poor performance of MT-F5K
at. low symbol energy to noise ratios. When L = 3 the channel symbol energy
to noise spectral density ratio is one-third the overall symbol energy to noise

spectral density ratio. If this is too low, MFSK-DPSK outperforms MT-FSK.

When error control coding is used, the spectral efficiency of the system im-

I'The bit rate slightly effects the spectral efficiency of the system when MFSK and MFSK-
DPSK is used because of the constraints on R,,. The spectral efficiency of the system employ-

ing MT-FSK is not dependent on Rp.
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Table 6.1 : A comparison of the spectral efficiencies (in bps/Hz) of hybrid
DS/FH-CDMA systems employing MFSK, MFSK-DPSK or MT-FSK without

the application of error control coding.

L=11|L L=3

16FSK 0.00192 | 0.0173 | 0.0398
16FSK-DBPSK | 0.00186 | 0.0202 | 0.0463
16FSK-DQPSK | 0.00187 | 0.0226 | 0.0489
(10,4) MT-FSK | 0.0146 | 0.0304 | 0.0349
(12,4) MT-FSK | 0.0175 | 0.0383 | 0.0439

H
Lo

proves. This is quite noticeable in the case of MFSK and MFSK-DPSK, while
the improvement to MT-FSIK is not so great. Again this is due to the poor
performance of MT-FSK at low signal to noise ratios. A comparison is made in

Table 6.2(a bit rate of 8.6 kbps is used in the comparison).

These results suggest that the hybrid DS/FH-CDMA system performs best
with MT-FSK modulation only when L < 2 and no forward errvor correction is
employed. However, the spectral efficiency of the system when this is the case
is too poor for this éystem to be feasible (around 0.035 bps/Hz). Forward error

correction is definitely needed to have acceptable spectral efficiencies.

When error control coding is used, the results shown in Table 6.2 favor MFSK
modulated systems when L > 1 2. The results indicate that for DS-CDMA, one
may consider coded MT-FSK, however, for the hybrid DS/FH-CDMA, MEFSK is
a good choice. Tl‘l‘:(;»'results obtained when MFSK-DPSK is used are prowmising,
however complexitics arise when soft decision coding is desired. It may be

possible to employ soft decision detection with MFSK-DPSK, but. practically

2Note that in Table 6.2, I6FSK has no entry for L = 3. This is because the unspre
bandwidth is too large for these modulation schemes when By = 9.6 kbps, However, we saw

in Chapter 5 that when Ry, = 4.8 kbps, L = 3 is possible for this modulation schemes
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Tuble 6.2 : A comparison of the spectral efficiencies (in bps/Hz) of hybrid
DS/FH-CDMA systems employing MFSK, MFSK-DPSK or MT-FSK with the

application of error control coding.

L=1|L= L=3
16FSK/ 0.0589 | 0.120 -
dual-4
16FSK-DBPSK/ | 0.0333 | 0.102 | 0.118
BCH(255,199) '
16FSK-DQPSK/ | 0.0287 | 0.0974 | 0.112
RS(63,47)
(10,4) MT-FSK/ | 0.0529 | 0.0554 | 0.0541
dual-2
(12,4) MT-FSK/ | 0.0712 § 0.0712 | 0.0696

dual-3
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we must compare the complexity of this with that of an MFSK systen.

6.2 Suggestions for Further Research

The spectral efficiencies of DS/FH-CDMA systems employing different modu-
lation and error control coding schemes were discussed in this thesis. However,
not all possible modulation schemes and coding techniques could be addressed
in this thesis. So inevitably, a number of questions arise, necessitating further
research into this subject. Of course, the number of ideas for possible research

that stems from this thesis is probably many. Listed below are but a few.

Firstly, we considered only frequency based modulation schemes in this thesis.
Phase based modulation schemes may increase the spectral cfficiency of this

system significantly provided that phase coherence can be maintained between

hops.

In [40], it is shown that BPSK and QPSK outperform DPSK in Rayleigh fading
provided a phase correction circuit is possible. In [65, 66], a pscudo-coherent
PSK system for Rayleigh fading channels is iinpletnented by employing pilot
symbols of known phase to track the channel fading process. 1t is shown in [67]
that CDMA systems employing pilot symbol assisted modulation have highoer
spectral efficiencies compared to those employing DPSK. It would be interesting
to see what gain (if any) can be realized be employing MFSK-MPSK with pilot
symbols as opposed to MFSK-DPSK.

In [45], a DS-CDMA system was devised where the selection of a specific PN
-‘l\z?ﬁ"sequence carried some information. This can be applied to the hybrid DS/FH-
CDMA system. Information can be carried by the the order that the hop
frequencies are used during each signalling interval. For example, if a symbol
is to be hopped into channels z, y and z, It can be hopped into channel z first,

followed by channel z then channe! y. Or channel z can be used first, followed
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by y then z. This way, information can be transmitted by the hopping sequence.

We considered the use of the hybrid DS/FH-CDMA system in the forward
link (base-to-mobile). In the reverse link, where the base receives all incoming
signals, it is possible for the base to estimate and decrease the MAI using can-
cellation or decorrelation techniques [41]-{43]. DS/FH-CDMA employing MAI
cancellation should be inveétigated for the mobile-to-base link. One should also
take into consideration the complexity of such a system, and examine possible

avenues of making such a system feasible.

Finally, complexity concerns have not been a main issue in this thesis. The com-
plexity of an MFSK-DPSK modem is greater than that of an MFSK modem.
Also, a problemn arises when fast hopping is introduced. Phase errors are in-
troduced between hops, which can make the detection of the phase sub-symbol
difficult. This problem must be resolved. Intuitively, DS/FH-CDMA systems
employing MFSK appears less complex than those employing MFSK-DPSK.
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Appendix A

Basic Spread Spectrum

Techniques and Terminology

A.1 Spread Spectrum Techniques

Basic spread spectrum techniques are discussed in this scction. It is intended
for those readers who may need a quick review of the fundamentals of spread

spectrumn communications.

A.1.1 Direct-Sequence Spread Spectrum

In a DS-SS system, a digital signal, m.(¢), is modulated by a pscudonoise (PN)
sequence, c(t), which is generated by a feedback shift register (FSR). The trans-

mitted signal is given by:
s(t) = m(t)e(t) (A.1)

Although m(t} can be a digital signal of any modulation scheme, e(t) is usually

a BPSK signal with a rate, R,, which is much higher than the symbol rate,
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R,, of m(t). R, is termed the chip rafe of the system. The resultant signal

bandwidth is much higher than that of m(t), and the signal is said to be spread.

At the receiver, a local replica of c(t) is generated and used to despread the
received signal. This is accomplished by multplying the received signal by
¢(t) which in turn reproduces m(t) since ¢*(t) = 1. A typical DS-SS receiver-
transmitter pair is shown in Figure A.1, and Figure A.2 shows direct sequence

spread spectrum in both time and frequency.

Data

in m(t) s(t) s(t) m(t)
—P»| Modulator Channel Demodulator

c(t) e(t)

Figure A.1 : A DS-SS communications system.

The ratio of the PN sequence chip rate to the information symbol rate is defined
as the processing gain. In other words, if there are B, chips per information
symbol, then the processing gain is equal to B,. This is also called the bandwidth

expansion factor.

'A.1.2 Frequency-Hopped Spread Spectrum

Frequency-hopped spread spectrum is so named because the transmitted signal
appears as a data modulated carrier which is hopping from one frequency to
another. This is accomplished by changing the frequency of the carrier period-

ically. Figure A.3 shows a typical frequency-hop transmitter-receiver pair.
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Figure A.2 : Direct-sequence spread spectrum: (a) in the time dormain (b) in

the frequency domain. -
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AA A N
code code
generator generator

Figure A.3 : A FH-SS communication system.

-

From Figure A.3, it is seen that the carrier is selected by a k-bit word which is
produced by a code generator (implemented by a FSR). The output of the code
generator is also referred to as the frequency hopping pattern. The carrier is

chosen at a rate of Ry, selections per second. This is termed the hop rate.

When R), < R,, where R, is the symbol rate, then it is a slow frequency-hopped
(SFH) system. Conversely, when R, > R,, it is called fast frequency-hopping
(FFH). The latter allows frequency diversity reception of the signal, which is
desirable in Rayleigh fading channels (provided that the frequency slots are
spaced such that the fading appears to be independent of the fading in the

other slots).

In this system as well, the processing gain is the ratio of the spfead bandwidth
W, to that of the unspread bandwidth W. Therefore, the processing gain
B, = W /W. If the frequency slots have a frequency separation equal to
the unspread bandwidth of the signal, then the processing gain is equal to the

number of frequency slots, Ny.
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A.1.3 Hybrid DS/FH-SS Systems

Spread spectrum systems where part of the\s-p(.a-ctral spreading is accomplished
by direct sequence spreading of the signal and the remainder of the spectral
spreading is achieved by hopping the spread signal over a number of frequency
bins (or channels) are called hybrid DS/FH-SS systems. Hybrid techniques are
widely used in military communications [34]. They are also the only practical

way to achieve spreading over extremely large bandwidths.

A.2 PN Sequences

As previously mentioned, PN sequences are generated by FSRs. FSR design is

discussed in [68], which covers both linear and nonlinear FSR desigus.

There are many different types of PN sequences. Some of the more com-
mon types are maximal length sequences, Gold codes and rapid acquisition
codes. Maximal length PN sequences generate long sequences using the min-
imum amount of binary storage devices. Gold codes add the output of two
or more FSRs to create a large number of possible codes for multiple access

purposes.

The selection of a particular type of code depends on the most important as-
pect of the communication system. When long codes are desired (when large
bandwidth expansion is needed, generally long codes are used), maximal-length
codes can be selected. However, for multiple access purposes, there may not ex-
ist many maximal-length codes with good auto and cross correlation properties
to warrant the selection of these codes, and thus Gold codes may be sclected.
Another consideration is security. When a high level of information security is
required, maximal-length PN sequences generated by nonlinear F5Rs provide

more security than the other codes discussed here [24].
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Finally, a concern for any code selection is code acquisition. Clearly one can
see that in hoth DS and FH systems, the PN sequence generated at the re-
ceiver must be synchronized to that of the transmitter. Thus PN sequence
acquisition and tracking algorithms must be employed by the receiver. More
common schemes are serial search or matched filter acquisition and early-late
gate tracking. These, along with other PN sequence synchronization schemes,

are discussed in {69, 70].
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Appendix B

Balanced Incomplete Block
Design

A BIB design is defined as [55] an arrangement of v distinct objects into b blocks,
where each block contains w distinct objects, each object occurs in r differcut
blocks, and all pairs of distinct objects occur together in A different blocks.
From this definition of BIB design, we can derive one important relationship

shown in eq. B.1.

bw = vr (B3.1)

This equation states that there are b blocks each containing w objects. This
is the total number of elements used in the signalling set. Another way of
representing this is by saying that there are v objects that are cach used »

times. Therefore eq. B.1 is valid.

Each block contains w{w — 1) pairs, and there are b blocks in total. There are

also v(v — 1) possible pairs each occurring A times. Therefore
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bw(w — 1) = Av(v = 1) (B.2)

Rewriting eq. B.2, we get

Ly vlv=1)
b= A—-—w(w ey (B.3)

Replacing b in eq. B.1 by the expression in eq. B.3, we obtain

My = 1) =r(w—-1) (B.4)

A special case of the BIB design is the Steiner system. A Steiner system is a

BIB design with A = 1. This means that pairs appear in one block only. For a

Steiner system, b and r become

(v —=1)
ro= :;:11 (B.6)

Any object contained by a given block B occurs in r — 1 other blocks. For a

Steiner system, the number of blocks intersecting B on a single object is given

by

ry=w(r-1)= — l(v — w) (B.7)

~and the number of blocks orthogonal to B is
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ro=b—mx -1 (B.8)

We will employ these principles to design MT-FSK signalling scts.
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Appendix C

Design of MT-FSK Waveforms
Using the BIB Design

Let us begin by examining the (8,3) MT-FSK design. We want to design an
8-ary (b > 8)! alphabet that employs 3 frequency tones (w = 3) out of a set of

8 possible tones (v = 8). Using eq. B.1, we have

3b=8r (C.1)

By selecting b = 8 and r = 3, we can satisfy eq. B.1. However, we have mace
the additional constraint that no waveform will intersect another in more than
1 tone. Therefore no pair of tones may be repeated. This means that A < 1.

To verify this, we can rearrange eq. B.3 to obtain:

_ bhw(w-1)
NS oD ©2

'We suy that b > 8 because in some cases, it is not possible to design a signalling set with

b = M. Thorefore, we must design an alphabet larger than the desired signalling set and then
eliminate some of the waveforins to obtain an A-ary alphabet.
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Solution of eq. C.3 yields A = % This means that no pair is repeated more than
once throughout the signalling set (it also reveals that 1 of all possible pairs are

not used at all).

From eq. B.7, we can find that a given symbol will intersect 6 other symbols
on one tone. Eq. B.8 tells us that this same symbol will be orthogonal to the

remaining symbol.

In designing the signalling set, one must select each tone 7 times, while taking
care never to repeat a pair of tones over two symbols. The easiest method of
designing such a signalling set is to employ a grid, with each row representing
a symbol, and each column representing a frequency. The design of (8,3) MT-
FSK is shown in Table C.1. An X indicates that the frequency tone has been

selected to be used in that particular symbol.

Table C.1 : BIB Design of (8,3) MT-FSK.

Symbol | fi | fo| fa|fa|Sfs | fo| fr]fe
1 XX X
2 XX X
3 XX X
4 XX X
5 XX X
6 X X X
7 X X1 X
8 X X1X

The same proceedure is followed for (10;4) and (12,4) MT-FSK. (10,4) MT-F5K
is a 4-ary signalling set where each symbol is made up of 4 out of a set of 10
possible frequencies. In designing the signalling set, it can he shown that if

each tone appears twice (r = 2), we can design a 5-ary signalling set where any

145



symbol intersects every other symbol on one tone. To obtain a 4-ary signalling

sot, we simply discard one symbol.

(12,4) MT-FSK is an 8-ary signalling set where each symbol contains 4 of 12
tones. If we reuse each tone 3 times (r = 3), we can design a 9-ary signalling
set. All symbols share one tone with the other 8. Again, we discard one symbol

to obtain an 8-ary alphabet.

The {10,4) and (12,4) MT-FSK signalling sets are shown in Tables 3.7 and 3.8
in Chapter 3.
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