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Abstract

This thesis studies the modulation and coding aspects of bandwidth efficient direct-
sequence CDMA systems. The novel concepts proposed and investigated are: DS-
CDMA employing combined modulation schemes; MFSK/ DS-CDMA employing or-
thogonal codes; and DS-CDMA employing permutation modulation. Under each
concept, one or more schemes are developed and examined.

The first concept suggests that two or more modulation schemes can be considered
together as a combined modulation in a DS-CDMA system. By combiring two mod-
ulation schemes, the signal energy per symbol for a given bit energy is increased. This
in turn increases the system power efficiency and also the bandwidth efficiency. By
combining MFSK and MPSK, we proposed the MFSK-MPSK/DS-CDMA scheme.
By combining MFSK and differential MPSK, we proposed the MFSK-DMPSK/DS-
CDMA scheme.

The second concept can be thought of as an application of the first. By combining
MFSK and the orthogonal PN codes, we proposed the MFSK-OC/DS-CDMA scheme.
It is found in this thesis that the orthogonal code concept has many significant ap-
plications in both performance improvement and complexity reduction in DS-CDMA
systems. An analysis also shows that the ideal orthogonality of the codes can be
relaxed with very little performance degradation. Thus, quasi-orthogonal codes can
be used in practical applications.

In the third concept, permutation modulation is applied to the DS-CDMA sys-
tems and it is proved to be a very powerful scheme in fading channels. By using the
multi-tone FSK scheme, we proposed the MT-FSK/DS-CDMA system. In a fading
channel, this system introduces an implicit diversity, and thus is robust in mobile

environments. The concept of orthogonal codes are used here to reduce the imple-



mentation complexity. By using a simple frequency tone secleztion rule, we further
proposed a novel scheme, nameily OMT-FSK/DS-CDMA in which all symbols are
orthogonal each cther.

For the proposed schemes, performance analyses are made over AWGN and fading
channels with and without FEC coding. Computer simulation is done for the MFSK-
OC/DS-CDMA and MT-FSK/DS-CDMA systems.

i
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Chapter 1

Introduction

1.1 Motivation

Developing more efficient modulation/multiple access systems is a very active research
area in mobile communications fields, namely mobile satellite communication [1-3],
digital cellular radio [4-8], and personal communication networks (PCN)' [9-13].

In digital communications systems, there are three basic multiple access schemes:
frequency division multiple access (FDMA), time division multiple access (TDMA),
and code division multiple access (CDMA). One of the key issues in selecting the
multiple access schemes is the system capacity they can offer. In various studies,
the capacities of FDMA, TDMA and CDMA systems have been compared. CDMA
is mutual interference limited {14]. By properly controlling the mutual interference,
the capacity of a CDMA system can be increased. For digital voice communication
applications, it is shown that by taking advantage of voice activity factor and scctor-
ization in a frequency reuse system, CDMA can offer greater capacity than FDMA
and TDMA (2, 5, 13]. CDMA is an application of spread spectrum techniques, and
is also called spread spectrum multiple access (SSMA). It is well known that spread
spectrum (SS) signals can mitigate the multipath effects, and thus, make CDMA
more robust in the mobile radio environment.

In the mobile communication field, especiaily in VHF/UHF band applications,

1PCN “s suitable for the wide-spread low-power tetherless access needed to support small shirt-

pocket personal communications. In contrast, cellular radio is well suited to providing the vehicular
communications functions” [10].



the available bandwidth is still very limited [15, 16]. Thus, how to use the bandwidth
more efficiently is a big challenge for mobile communications. The system bandwidth
efficiency can be enhanced by employing different techniques. From a network point
of view, efficient CDMA protocols achieve large throughput, and thus, increase the
system capacity [17, 18, 19]. Another way of improving CDMA capacity is to design
efficient modulation/coding schemeé which are suitable for CDMA applications. In
this thesis, we are trying to explore this second possibility.

A large number of modulation techniques have been investigated for use in di-
rect sequence (DS) CDMA applications. The two popular techniques are PSK and
MFSK. The resultant CDMA systems are PSK/DS-CDMA and MFSK/DS-CDMA
respectively. We have focused on MFSK because it is a very power efficient mod-
ulation scheme for large M. When M is very large, the Shannon limit of —1.6 dB
for errorless transmission is approached [20, 21]. The disadvantage of MFSK is that
it is not bandwidth efficient. This is a disadvantage when a single user at a time
utilizes the channel. When many users utilize the channel simultaneously, as is the
case in CDMA systems, then the bandwidth efficiency should be considered in terms )
of b/s/Hz. Therefore, in an SS system, minimizing the bandwidth is of no concern
since one intends to spread the bandwidth anyway. By combining the advantages
of MFSK modulation scheme and SS technique, we may obtain more power efficient
CDMA systems.

In an SS system, the system bandwidth is largely spread and the bandwidth
efficiency is low. In a CDMA system, the bandwidth efficiency is defined as the
information bit rate divided by the total bandwidth and multiplied by the total
number of simultaneous users, as will be discussed in more detail in Section 2.2. It is
well known that the bandwidth efficiency and power efficiency in a DS-CDMA system
are closely related. This argument will be addressed many times in this thesis. Thus,
a powerful DS-CDMA system always implies a bandwidth efficient system.

In this thesis, we propose three DS-CDMA systems. All the systems use MFSK as
a baseline modulation scheme. In each of the proposed systems, some new concepts
have been introduced to add to the existing systems. System performance is analyzed

and compared with the existing systems. For the system evaluation criteria, this thesis



is mainly concerned with the bit error rate (BER) and the bandwidth efficiency. In
DS-CDMA systems, these two performances are closely related. So our focus is to find
power efficient schemes. Since all the proposed systems employ nonbinary modulation

schemes, nonbinary FEC coding is correspondingly considered.

1.2 Contributions of This Thesis

The objective of this thesis is to define and examine bandwidth efficient DS-CDMA
systems. Based on the study of existing DS-CDMA systems, we propose three new
DS-CDMA systems. With the introduction of the new concepts, system bandwidth
efficiency is improved with respect to the existing DS-CDMA systems which mainly
refer to the PSK/DS-CDMA and the MFSK/DS-CDMA. In conventional DS-CDMA
systems, only a few modulation schemes are considered. With the new schemes

presented in this thesis, more options are provided for the development of cfficient
CDMA techniques.

The three proposed systems are:
(1) DS-CDMA employing combined modulation schemes;
(2) MFSK/DS-CDMA employing orthogonal codes;
(3) DS-CDMA employing permutation modulation.

To summarize, this thesis makes the following contributions:

(1) The concept of DS-CDMA employing combined modulation schemes is
proposed. In conventional DS-CDMA systems, such as PSK/DS-CDMA
and MFSK/DS-CDMA, a single modulation scheme is employed. By com-
bining two or more modulation schemes, for a given bit energy the resul-
tant symbol energy is increased, and thus, a better symbol error rate
performance can be achieved. For the combined modulation scheme, the
symnbol error rate is determined by the least powerful individual modula-

tion scheme. So a proper selection of modulation combination is essential



for power efficiency. In a DS-CDMA system, unlike in a narrowband sys-
tem, the bandwidth efficiency is closely related to its power efficiency.
In fact, the asymptotic bandwidth efficiency is inversely proporticnal to
the required SNR per bit for a specified BER. Thus, the application of
the combined modulation concept may result in a bandwidth efficient
DS-CDMA system. By combining the MFSK and MPSK modulation
schemes, we propose a novel system, namely MFSK-MPSK/DS-CDMA.
This system is analyzed over an AWGN channel. Results show that it
achieves a better performance than BPSK/DS-CDMA and MFSK/DS-
CDMA. (Chapter 3)

Due to implementation considerations, a combination of MFSK and dif-
ferential MPSK is more feasible than the combination of MFSK and co-
herent MPSK in a practical situation. So we further propose the MFSK-
DMPSK/DS-CDMA scheme. Its performance over AWGN and fading
channels is analyzed. An algorithm is described for the implementation
of MFSK-DBPSK/DS-CDMA. It is shown that better BER performance
and higher bandwidth efficiency are obtained in comparison to DPSK/DS-
CDMA and MFSK/DS-CDMA. In addition, FEC coding is considered for
the proposed DS-CDMA system. (Chapter 3)

An MFSK/DS-CDMA system employing orthogonal codes (OC) is pro-
posed. This scheme can be thought of as an application of the combined
modulation concept. By combining the MFSK and the orthogonal code
modulation, we proposed the MFSK-OC/DS-CDMA scheme. The perfor-
mance of the system over AWGN and fading channels is analyzed. The
orthogonal code can be equivalent to a frequency tone. Thus, the number
of frequency tones can be reduced by using orthogonal codes. Moreover,
nonbinary FEC coding is considered for the scheme. It is also found in
this thesis that the orthogonal code concept has many significant appli-

cations in both performance improvement and complexity reduction in a
DS-CDMA system. (Chapter 4)



4)

(5)

(6)

(7)

(&)

An analysis shows that the restriction of ideal orthogonality of the codes
can be partially removed, and thus, some quasi-orthogonal codes can be
used in practical applications. This extends the application of the orthog-

onal code concept. (Chapter 4)

Monte Carlo simulation is done to assist the theoretical analysis. We de-
sign a simple simulation structure for the MFSK-OC/DS-CDMA scheme.
(Chapter 3)

The concept of permutation modulation is used for a DS-CDMA sys-
tem. By using the MT-FSK scheme, we propose the MT-FSK/DS-CDMA
scheme. In a fading channel, this system introduces implicit diversity, and
thus, is robust in mobile environments. The system performance is eval-
uated over AWGN and fading channels. Particularly, an analysis for the
BER. performance over a Rician fading channel is presented. FEC cod-
ing is also considered. Computer simulation for the MT-FSK/DS-CDMA
system is performed. (Chapter 6)

By using a simple frequency tone selection rule, we further propose a novel
permutation modulation scheme, namely orthogonal MT-FSK (OMT-
FSK). The corresponding DS-CDMA system is OMT-FSK/DS-CDMA.
This system is analyzed over AWGN and fading channels. Compared to
the MT-FSK/DS-CDMA, its performance is degraded a little in an AWGN
channel but improved a lot in a fading channel. Thus, it is feasible in a

mobile environment. (Chapter 6)

With the introduction of orthogonal codes to the MT-FSK/DS-CDMA
system, implementation complexity can be greatly reduced. The total
number of frequency tones decreases as orthogonal codes are used. The
reduction in size of the total number of frequency tones is derived and a

complexity comparison is performed. (Chapter 6)



1.3 Organization of This Thesis

In this Chapter 1, the motivation and contributions of this thesis have been discussed.
The remainder of this thesis is organized as follows.

Chapter 2 presents the research background and literature survey. The CDMA
technology is reviewed in Section 2.1. The issue of bandwidth efficiency is discussed
in Section 2.2. A general system model is described in Section 2.3.

In Chapter 3, DS-CDMA employing combined modulation is studied. Analyses
are performed to obtain the bit error rate performance and the bandwidth efficiency
in an AWGN channel. Section 3.1 introduces the background of this system concept.
Section 3.2 describes the system model. Section 3.3 obtains the system performance
over an AWGN channel and discusses numerical results. Section 3.4 examines the
relationship between the effective SNR and the multiple-access interference (MAI).
Section 3.5 modifies the system by considering differential detection instead of coher-
ent detection of PSK signals. Section 3.6 discusses the effects of FEC coding. Section
3.7 summarizes the findings of this chapter.

Chapter 4 studies the MFSK/DS-CDMA systems using orthogonal codes. Sec-
tion 4.1 introduces the idea. Section 4.2 describes the system model. Section 4.3
analyzes the system performance over an AWGN channel. A simple analysis and a
detailed derivation are presented. Both methods use a Gaussian approximation for
the MAL The case when the PN codes are not ideally orthogonal is also studied.
Calcuiation results are presented. Section 4.4 analyzes the system performance over
fading channels. Two types of fading, namely, Rayleigh fading and Rician fading are
considered. Section 4.5 discusses the FEC coded case. Section 4.6 gives the summary
of the chapter.

Chapter 5 discusses a computer simulation approach for the MFSK-OC/DS-CDMA
system analysis. In Section 5.1, the simulation question is overviewed. In Section 5.2,
a simulation model is described. In Section 5.3, simulation results are presented and
discussed. A summary is given in Section 5.4.

Chapter 6 studies the DS-CDMA system employing permutation modulation. In

Section 6.1, the concept of permutation modulation is reviewed. In Section 6.2,



two permutation modulation schemes are described. In Section 6.3, a model for
the DS-CDMA system using permutation modulation is described. In Section 6.4,
performance analysis is carried out. In Section 6.5, 2 proposed scheme named as
orthogonal multi-tone permutation modulation is analyzed. In Section 6.6 orthogonal
codes are considered to reduce the system complexity. FEC coding is considered in
Qection 6.7. In Section 6.8, a Monte Carlo simulation of an MT-FSK scheme is
described. Section 6.9 gives the summary of our findings on DS-CDMA systems with
permutation modulation.

Chapter 7 presents the conclusions of this thesis and suggests further studies in
the related field.

In this thesis, some detailed derivations for equations are put in Appendices.
In Appendix A, derivations for the BER expressions of DPSK and MFSK over a
frequency non-selective siow Rician fading channe! are given. In Appendix B, two
Gaussian approximations for the MAI are described and compared. In Appendix
C, a derivation for the variance of the MAI component is given. In Appendix D, an
alternative analysis method for MFSK/DS-CDMA systems is presented and compared
with the one used in the Chapter 4. Appendix E gives the probability of error of
nonbinary codes for orthcgonal nonbinary modulation schemes over fading channels.
In Appendix F, the balanced incomplete block (BIB) design for the MT-FSK scheme
is described briefly. In Appendix G, the derivation for the probability of error of
MT-FSK over a Rician fading channel is presented. '




Chapter 2

Background and Literature Survey

2.1 Overview of CDMA Technology

2.1.1 Spread Spectrum Techniques

CDMA being an application of SS techniques, we first briefly review these techniques.
There are two basic SS techniques. The first one is termed as direct sequence (DS). In
a DS-8S system, the baseband signal is spread by a DS pseudo-noise (PN) sequence in
the transmitter. The PN sequence is also called PN code. It usually has a much higher
rate than the symbol rate. The resultant system bandwidth is much higher than the
symbol bandwidth. In the receiver, the same PN sequence is used to despread the
received signal as a reference!. The ratio of the PN code rate to the symbol rate is
defined as the processing gain, as well as the spreading factor. If each data symbol
contains a PN sequence of length , the processing gain equals V.

Another SS technique is called frequency hopping (FH). In 2 FH-SS system, the
signal carrier frequency hops periodically to different frequency cells according to a
PN sequence pattern. In contrast to the DS system, where the spreading code is used
one bit at a time, the spreading code here is used & bits at a time to choose one of
the 2% frequency tones. In the receiver, the hopped signal is dehopped by the same
PN code. The processing gain is equal to the number of hopping points (2%). Each of
the two techniques, DS and FH, has strong and weak points. For example, a DS-SS

!Despreading a DS-SS signal without knowledge of the PN sequence {(known as blind despreading)
can be accomplished [22]. This technique is, however, not applicable to a CDMA system.



system is generally simpler than an FH-SS system, while an FH-SS system is more
robust than a DS-SS system against near-far effects. Selection of one over the other
is dependent only on the requirements and the particularities of a given application.
In this thesis, only DS-SS scheme is considered.

The early development of SS techniques was due to military applications, in which
various intentional interference (jamming) needed to be countered. Many works in
the literature have contributed to the design and analyses of SS systems for various
in-band interferences over various channels [23]. Since the late 70s, more and more
efforts have been made for the commercial use of SS techniques. In recent years, SS
techniques have been widely considered for cellular radio, mobile satellite commu-
nications and personal communications networks. It is interesting to note that tt_lc
original purpose of employing SS techniques was to obtain a better system perfor-
mance in a jamming environment with a sacrifice of bandwidth, while the current
motivation for considering SS techniques is to achieve a larger bandwidth efficiency.

For the SS system design, an important parameter is the processing gain. The
processing gain is obtained via the correlator (matched filter) in the receiver, where
the signal energy is accumulated and the interference is spread. Thus, SS system:
are effective against narrowband and pulse jamming. For wideband interference,
e.g., an additive white Gaussian noise (AWGN), however, the processing gain cannot
be obtained. In a multiple-access application, the unintended transmission is called
multiple access interference (MAIL). In the SS receiver, the MAI remains spread, and
only the intended signal is despread. Thus, the processing gain provides a multiple-
access capability which makes CDMA applicable. In a frequency selective multipath
changel, if the time delay of the multipath signal is more than a chip interval, the
multipath signal will be reduced to an equivalent amount of wideband noise {well
approximated by a white Gaussian noise). If the time delay of the multipath signal
is less than a chip interval, as in a frequency nonselective multipath channel, the
multipath signal will be partially mitigated according to the auto-correlation of the
PN sequence. In a narrowband system, the delay spread due to multipath causes
inter-symbol interference (ISI). In an SS system, strictly speaking, the ISI still exists.

However, it will be much reduced due to the processing gain. Thus, no equalizer
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is required in the CDMA system [4]. 'Moreover, a Rake diversity receiver can be
employed to further accumulate the diffused energy in a frequency selective multipath
channel (24, 25). This is the advantage of using SS techniques over fading channels.
Another advantage of SS techniques is the convenience of employing FEC coding.
The system does not need a further increase in bandwidth to accommodate coding.
There is no efective processing gain loss due to coding [26].

A DS-SS system can be identified by its bit modulation scheme and its chip mod-
ulation scheme. Various bit modulation schemes can be used, e.g., BPSK, QPSK
and MSK. The PSK/DS-SS scheme is popular in practical systems. In this scheme,
the binary bit sequence is multiplied by a higher chip rate PN sequence, and the
chip modulation is also PSK. The bit sequence can be transmitted directly (coherent
PSK/DS-SS system) or differentially coded (DPSK/DS-SS system). An alternative
chip modulation scheme is binary FSK in which the chip chooses one of two frequency
tones. However, this chip modulation scheme does not yield optimal jamming perfor-
mance. Another DS-SS scheme is MFSK/DS-SS (27, 28] in which the data sequence is
MFSK modulated. Each of the M frequency tones is spread by a PN sequence. The
chip modulation is PSK. Since the bit modulation (MFSK) is usually noncoherent,
the PSK spreading signal is despread and the envelope detected in the receiver. This
scheme is used as a baseline scheme in this thesis.

In the SS receiver, the key component is the PN matched filter. It can be im-
plemented using a digital circuit, a surface acoustic wave (SAW) device or a charge-
coupled device (CCD). Due to the rapid development of integrated circuit technology,

higher spreading factor, small size and low-cost implementation become possible [29].

2.1.2 CDMA Systems

In a CDMA system, several users transmit signals simultaneously within the same
channel. Each user is identified by a distinct signature sequence. The signature
sequence is usually a PN sequence as in an SS system. Corresponding to the two basic
spread spectrum techniques, there are DS-CDMA, FH-CDMA and hybrid CDMA
systems. We give a brief review for the DS-CDMA systems.

There are two types of DS-CDMA systems, i.e., sequence synchronous and se-

10



quence asynchronous. In a sequence synchronous system, all the users transmit with
their sequence period time-aligned. This condition is difficult to maintain in most
applications, particularly in a mobile environment. In a sequence asynchronous sys-
tem no attempt is made to align the sequence period. This type of DS-CDMA is
assumed in this thesis. Depending on the different bit modulation schemes employed,
the DS-CDMA systems can be classified as BPSK/DS-CDMA, QPSK/DS-CDMA,
MSK/DS-CDMA, MFSK/DS-CDMA, and ete.

In CDMA systems, in comparison to FDMA and TDMA systems, the MAI is
present in addition to AWGN and fading. For the performance analysis of DS-
CDMA systems, much effort has been spent in the evaluation of the MAIL In [41},
Pursley obtained a BER expression using a Gaussian approximation for asynchronous
BPSK/DS-CDMA systems with random signature sequences over an AWGN channel.
In terms of the effective bit energy to the noise spectral density ratio 7,, the BER
expression for BPSK/DS-CDMA can be written as [41]

A =Q(yon) (2.1)

where the Q-function is defined as

Q@) = = [ epl-Za, 22

and ~, is simply approximated by

In the above equation, K is the total number of simultaneous users, N is the PN
sequence length, and v, = E,/Np is the bit energy to noise spectral density ratio.
This expression gives a convenient evaluation method for the BER performance of
BPSK/DS-CDMA systems over AWGN chanrels. In [42], Viterbi gave a similar result
using a simple argument. The exact evaluation of the MAI is very difficult. Some
approximate BER performance analyses have been proposed. The characteristic-
function method was used in [33]. This method was further employed to analyze DS-

CDMA systems over fading channels [31] and binary/quaternary DS/CDMA systems

o
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with random signature sequences [34]. The amount of calculations needed for this
method is propertional to K N2, which is not suitable for large X and N. For non-
coherent detection, because of the nonlinearity, the characteristic-function method
is not applicable. The method of moments was used in [35, 36, 37| to analyze a
PSK/DS-CDMA systems. The disadvantage of these approaches is that the compu-
tational complexity is exponentially dependent on the number of system users K.
Techniques employing upper and lower bounds on the BER have also been discussed
in [38, 39, 40].

The Gaussian approximation is very attractive for its simplicity. Unfortunately,
that approximation is not generally accurate enough. In [43, 44], it was shown that
the Gaussian approximation agrees with the exact result for a large number of simul-
taneous users (say K > 10), conforming with the central limit theorem, but gives
optimistic results when K is small. An improved Gaussian approximation with good
accuracy was presented in [43]. Based on [43], a further simplified expression was

derived in [45]. This expression is

N 12 K—1){(N/3)+V3 172
Py Q[(K &t 2Eb) ]"‘%Q [(‘_( e a‘*‘zs,,)

e N (2.4)
11Q [(sultf_v/,su_Jrﬁ%) ]
where
23 1 K-2y 1 K -2
s = K—l 2-.-_— ( )_______] _r
( )[N 0 " NMlot T3 20 36 (25)

The BER expression given above is for a coherent BPSK/ DS-CDMA system over
an AWGN channel. However, it will be shown later that the result can be used in
the anaiysis of other DS-CDMA systems.

In additicn o the binary PSK/DS-CDMA system, the QPSK/DS-CDMA sys-
tem is also widely studied. In [53], a general form of the DS-SS signal is expressed
in terms of data waveform and chip spreading. Consequently, four different sig-
nals result, namely, biphase spread/BPSK data, quadriphase spread/BPSK data,
biphase spread/QPSK data, and quadriphase spread/QPSK data. It is shown that
quadriphase chip spreading provides a 2-3 dB better performance than binary chip

spreading against tone jamming. In the presence of AWGN and the MAI, however,
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the theoretical performance remains the same. In [54], the two quadriphase chip
spreading signals with BPSK and QPSK data are called balanced and dual-channel
QPSK SS signals respectively. In [34], the performance of QPSK/DS-CDMA over
AWGN channel with random signature sequences is shown to have the same Gaus-
sian approximation as PSK/DS-CDMA has in (2.3). In the case of QPSK/DS-CDMA,
the parameter N in (2.3) should be the ratio of chip rate over bit rate. To keep the
same system bandwidth and bit rate, the PN sequence length in QPSK/DS-CDMA
is twice as that in PSK/DS-CDMA.

Another well known system is MSK/DS-CDMA. The smooth phase transitions
of MSK signal yields desirable spectral characteristics. The MSK/DS-CDMA can be
realized as a special form of QPSK/DS-CDMA [33]. In [55], the BER performance of
MSK/DS-CDMA over an AWGN channel with random signatufe sequences is again
Gaussian approximated. In (2.3), the term 5(%”_—[) acts as the equivalent bit energy to
MAI ratio. For convenience, we denote this term as 4um. For the MSK/DS-CDMA
scheme [55], Yom = 6mN/[(15 + 2a%)(K — 1)] = L7N/(K — 1), which is a little
greater than that in PSK/DS-CDMA. However, v, is related to the chip waveform.
For convenience, we rewrite it as ypm = ,u.%, where p is related to the chip waveform.
For a rectangular chip waveform, we have p = 2/3. Since a sine chip waveform is
assumed in [55], thus u = 672/(15 + 2#2). If a sine chip waveform is used for the
PSK/DS-CDMA or QPSK/DS-CDMA, the same result will be obtained.

The binary and quaternary PSK/DS-CDMA systems have been extensively ana-
lyzed in the literature. In contrast, there are limited papers about the MFSK/DS-
CDMA scheme. Geraniotis analyzed the MFSK/DS-CDMA over AWGN and specu-
lar multipath fading channels [30, 28]. In [32], Ha analyzed sequence asynchronous
MFSK/DS-CDMA by considering an overlay of the adjacent tone symbols. It was
shown in [30] that the SNR expression of noncoherent MFSK/DS-CDMA over an
AWGN channel is Gaussian approximated as

-1
: 3MN -
=9 -1 , 2.6
" [m) + (s ) ] (2:6)
where N is the number of chips per symbol interval. We can see that ; o’:z NM = M—n':‘ =
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%’; (a raised-cosine filter with a roll-off factor of 0 is assumed). Thus, a more general

expression for (2.3) is

—11-!
Vo =2 [(’Yb)_l+(ﬂ-%) ] . 2.7)

All the equations given above are for asynchronous DS-CDMA systems. For syn-
chronous DS-CDMA systems, the SNR. term has a similar expression, and the factor
4 takes the value of 1. Thus, synchronous DS-CDMA systems are inferior to asyn-
chronous DS-CDMA systems. The reason is that in finding the BER expression of an
asynchronous DS-CDMA system, due to the different time delay for different users,
extra randomness and averaging are involved. Thus, a better performance is expected.

It should be noted that the above conclusion is valid when random signature
sequences are assumed. For deterministic sequences, e.g., AO/LSE m-sequences [56],
the synchronous DS-CDMA systems are apparently superior to asynchronous DS-
CDMA systems [34].

In fading channels, the performance of DS-CDMA systems is poor [27, 28, 37].
Techniques for improving the system performance are diversity and FEC coding {46,
25]. However, FEC coded DS-CDMA systems are not often discussed in detaii in the
literature. One of the reason is that a FEC coded DS-CDMA system can be analyzed
much like a corresponding narrowband system. This will be discussed in Section 3.6.

PN sequence selection is very important in a CDMA system design. The main
specifications are auto-correlation, cross-correlation and available number of sequences.
A good survey on the correlation properties for various PN sequences is given in [47].
Gold sequences are popular in practical applications. For the system performance
analysis, random signature sequences are often used as a convenient tool [34]. For
asynchronous systems, employing Gold sequences or random sequences resuits in the
same performance. For synchronous systems, employing Gold sequences results in
much better performance than employing random séquences. In [48], a DS-CDMA
system using long PN sequences is discussed. The long PN sequences behave much
like random signature sequences. Some complex polyphase sequences are reported to

have excellent auto-correlation and cross-correlation properties [49, 50, 51]; but their
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implementation is complex. In [52], a CDMA system using polyphase sequences is
analyzed. However, the improvement of complex PN sequences over Gold sequences
is shown to be small.

In addition to the analytical method, the system performance can be also obtained
through Monte Carlo simulations. Due to the high chip rate of SS systems, however,
a complete simulation for a CDMA system is much time consuming. Equivalent
narrowband system simulation can be used in some cases [25].

In addition to the conventional detection methods, new DS-CDMA detection tech-
niques such as a neural network method are being introduced {57].

For commercial use, the development of CDMA is mainly for capacity reasons.
By using CDMA for voice communication, the voice activity can be fully used. Thus,
capacity can be increased three times. Some other advantages of CDMA were listed

in 4] for cellular radio.

2.2 Bandwidth Efficiency
2.2.1 Concept of Bandwidth Efficiency

Bandwidth efficiency is one of the main performance evaluation criteria of a com-
munication system. In this thesis, we consider the bandwidth efficiency based on a
specified bit error rate and a specified bit energy to noise spectral density ratio.

For a digital modulation scheme, the bandwidth efficiency is measured in bits per

second per Hertz

= % b/s/Hz (2.8)

where R, is the information bit rate in bits/sec, and W is the total channel bandwidth
occupied by the system in Hz. In a multiple access system, the channel is shared by
all system users. Assuming that the total number of simultaneous users is K and all
users transmit at the same bit rate, the bandwidth efficiency expression is modified

as

- 5{‘% b/s/Hz. (2.9)

Correspondingly, the power efficiency is defined as the bit energy to noise spectral
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density ratio Ey/Ng required to achieve a specified bit error rate P,, say 107°. The
bandwidth efficiency and the power efficiency can be traded off with each other. This
is especially true for CDMA systems.

Bandwidth efficiency improvement can be considered from three different aspects,
i.e., network protocols, channel filters, and modulation schemes.

In a multiple access network, random access techniques (also called contention
techniques) are often used for packet radio transmission (58, 59]. A popular contention
protocol is ALOHA. The efficiency of the protocols is evaluated by the throughput of
the network which is defined as the total rate of data being transmitted between sta-
tions (users). The throughput is usually normalized to be expressed as a fraction of
network capacity. The network capacity is the maximum possible total transmission
rate. It is determined by the physical link and data link layers, i.e.., the channel state
and modulation/coding schemes. CDMA is widely considered in packet switching
networks [60-64]. In this case, CDMA is, in essence, code division random access
(CDRA) [17, 18]. By improving the network throughput, the overall system band-
width efficiency can be increased. This issue, however, is not the objective of this
thesis.

In a bandlimited channel, the maximum information transmission rate (without
inter-symbol interference) is limited by the Nyquist rate [65]. However, achieving
the Nyquist rate requires an ideal bandpass filter which is not physically realizable.
To design band limited signals for no inter-symbol interference (ISI), a convenient
approach is to use a raised cosine filter with a roll-off parameter o (ranging from 0
to 1). Smaller « results in a greater bandwidth efficiency. An important topic is to
increase the bandwidth efficiency while maintaining the no-ISI condition. This topic
is not considered in this thesis. Instead, we assume that ¢ = 0 which corresponds to
the ideal bandpass filter. Thus, the chanrel bandwidth required for a binary signal is
equal to the rate of the signal. For a practical filter, the obtained value of bandwidth
efficiency can be easily modified by dividing it by (1 + «).

Another means of improving the bandwidth efficiency is to find efficient mod-
ulation schemes. Modulation schemes can be divided into two classes: bandwidth

efficient and power efficient. Usually a bandwidth efficient scheme is not power ef-

16



ficient, and vice versa. In [66], for a narrowband system over an AWGN channel, a
modulstion scheme is defined as power efficient if an Ep/No < 14 dB is sufficient to
obtain a BER of 10~8; a modulation scheme is defined as spectrally efficient (band-
width efficient) if it has a transmission efficiency greater than 2 b/s/Hz. Based on this
definition, MPSK and QAM are bandwidth efficient schemes while MFSK is a power
efficient scheme. In a DS-CDMA system, however, the conclusion may be reversed. It
will be shown below that a power efficient CDMA system is also bandwidth efficient.
Let us recall that the objective of this thesis is in fact to explore bandwidth efficient
DS-CDMA systems.

2.2.2 Bandwidth Efficiency of CDMA Systems

In [4], it is said that the bandwidth efficiencies of FDMA, TDMA and CDMA systems
are identical in the ideal case. This is true when a special modulation scheme is
assumed. For example, when binary PSK is assumed, the bandwidth efficiencies
of FDMA, TDMA and CDMA systems are the same and equal to the bandwidth
efficiency of BPSK. A simple argument is given below. The bandwidth efficiency of
BPSK is 1 b/s/Hz. For an FDMA system with no guard bands, the system with
K users corresponds to K independent narrowband systems. Thus, its bandwidth
efficiency is 1 b/s/Hz. In a TDMA system without guard time between time frames
or slots, with a bandwidth KW, one transmission needs only 1/K time interval
compared to the narrowband system. Thus the bandwidth efficiency is unchanged.
In such a DS-CDMA system, the underlying assumption is that all the PN sequences
are orthogonal. With total bandwidth KW, the spreading factor is K, and the total
number of orthogonal PN sequences available is K. Thus for a synchronous system,
no MAI is present. Then a bandwidtﬁ efficiency of 1 b/s/Hz can be achieved. If a
different modulation scheme is used, the results may change.

Clearly most of these assumptions are not valid in a practical system. For ex-
ample, in most CDMA applications code orthogonality and the associated synchro-
nization cannot be achieved. Thus the MAI exists, and the bandwidth efficiency of a
CDMA system is limited by the MAL Similarly, various overheads, imperfections, im-
pairments and channel conditions limit the capacity of practical FDMA and TDMA
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systems to values below what is expected with the assumptions of ideal conditions.
In a narrowband system, the bandwidth efficiency and the power efficiency cannot
be traded off easily. For example, the bandwidth efficiency of noncoherent MFSK is
log, M/M. Even with a very large SNR, its bandwidth efficiency remains the same.
In a DS-CDMA system, however, the bandwidth efficiency and the power efficiency
are related to each other. From equations (2.3) and (2.9), the bandwidth efficiency

can be written as ,
KR, 3%—"%

"TW T
The bandwidth efficiency of a DS-CDMA system is directly related to the given

b/s/Hz. (2.10)

bit energy to noise spectral density ratio (vys) and the required bit energy to noise
spectral density ratio (v,) for a specified BER. When +, — 0o, we have the asymptotic

bandwidth efficiency

1
Y
The asymptotic bandwidth efficiency is inversely proportional to the required bit

Neo = % b/s/Haz. (2.11)

energy to noise spectral density ratio. Thus, it is clear that a power efficient DS-
CDMA system is also bandwidth efficient.

The expression of bandwidth efficiency is derived for a BPSK signal over an AWGN
channel. We will demonstrate that the same expression holds for MFSK signals. In
general, if the standard Gaussiar approximation (2.3) is valid, then the expression of
bandwidth efficiency holds. if K is not large, the modified Gaussian approximation
applies. The expression of bandwidth efficiency needs a modification. However, in
most systems of interests, K is not small; so the above expression of the bandwidth

efficiency is valid.

2.3 System Model

In this thesis, we study three different DS-CDMA systems. The transmitter and
receiver structure are different for each system. In this section we describe a general

system model, later the specifics of each system are pointed out.
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2.3.1 General System Model

The CDMA system model that we consider is shown in Fig. 2.1 for K users. Since
in a mobile environment all the users transmit independently and randomly, the syn-
chronous reception from all users is difficult to achieve. So we will consider only
asynchronous transmissions. We are assuming homogeneous users, which also im-
plies perfect power control. For the PN sequence, random signature sequences are
assumed. We concentrate on communication performance rather than on acquisition
and tracking performance, so that the performance measures of interest are bit error

rate, signal-to-noise ratio, and bandwidth efficiency.

b,(t ' I - I
1(2-) Transmitter 1 gadmg and 1
elay (1,)
bz(% Transmitter 2 l Fading and ——Ll | jg 30
| Delay (12) | T \ Bg(t)
| E » Receiver | |
: : : ® 6y
bx(t) , Fading and nt
-_) Transmitter K g DCIay (TK) I
| o — — _— .
Channel

Figure 2.1 : A general CDMA system model.

In Fig. 2.1, be(t) is the data to be transmitted by the kth user, and bi(t) is the
estimated data at the receiver. For a desired signal, all the other (K — 1) transmis-
sions act as interference. The kth user’s transmitted signal experiences time delay
(71), fading, multiple-access interference, and corruption by additive Gaussian noise.
The receiver can be a central station which receives all the incoming signals simulta-
neously or a single receiver which receives only one intended signal. The former case
corresponds to a star network, and the latter case corresponds to a distributed net-

work. For the star network, the central station has K paraliel receivers corresponding
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to the K users. In either case, the performance is determined for a single receiver.

2.3.2 Mobile Communications Environments

One of the main characteristics of mobile environment is multipath fading. Depending
on the amplitude distribution of the received signal the fading can be classified as,
for example, Rayleigh, Rician, or log-normal. Depending on the channel coherence
bandwidth (relative to the signal bandwidth), the fading can be classified as frequency
selective or frequency nonselective. Depending on the Doppler spread or the fading
rate (relative to the signalling interval), the fading can be classified as slow fading
or fast fading. Real channels are very complicated. Generally, the cellular radio is
modeled as Rayleigh fading with a delay spread of about 3 micro-secends in urban
areas [4]; while the land mobile satellite channel is modeled as Rician fading [2]. For
indoor wireless radio, the multipath Rayleigh fading channel model is employed for
office building [67], and the multipath Rician fading channe! model is employed for
factory environment [68, 69].

In this thesis, we consider frequency nonselective slow Rayleigh and Rician fading
channels. These channel conditions are widely seen in practical mobile environments.
For frequency selective channels, some diversity techniques can be used. For instance,
significant diversity gain is achieved using a Rake receiver [25]; and a frequency diver-
sity is obtained in an MT-FSK/DS-CDMA system as will be studied in Chapter 6. In
all these cases, the system analysis can be usually performed based on the frequency
nonselective fading model.

For the system analysis, the BER of coherent PSK, differential PSK and non-
coherent MFSK will be used. Here we recall some well known results. The BER
performance of these schemes over AWGN and Rayleigh fading channels are given
in close forms [75]. A Rician fading model is more general. The Rician probability
density function (pdf) is

plo) = L exp [—i’%ﬁ] L(%) o20 (2.12)
This distribution is used to describe the amplitude of a constant signal plus a noise

term. In the above expression, s represents the constant signal, and o? represents the
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variance of the noise term. The Rician channel is specified by the Rician parameter?

(k). With a normalized (unit mean-squared value) amplitude, the pdf of a Rician
distribution can be expressed as [70]

p(p) = 20(1 + k) expl—r - (1 + w)]To (20/x(1 + X)) p20. (2.13)

By direct comparison, we can obtain the relationships between & and s and ¢°.
The situation with & = 0 corresponds to a Rayleigh fading channel and £k — oo
corresponds to an AWGN channel. Using these distributions, the derivation of the
symbol error rates of differential PSK and noncoherent MFSK are given in Appendix
A.

2The Rician parameter is defined as the ratio of the power in the LOS component to that in the
diffuse component. It is commonly referred as the K-factor. Since we already used K for the number
of simultaneous users, to avoid confusion we shall denote the conventional K-factor as «.
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Chapter 3

DS-CDMA Employing Combined
Modulation Schemes

3.1 Introduction

In most previous studies, the modulation scheme used in a DS-CDMA system is a
simple one; it varies only the frequency or the phase, but not both. By using a
combined modulation scheme in a DS-CDMA system, an extra advantage can be
obtained. In this chapter, we focus on considering a combined scheme which employs
both MFSK and MPSK. However, this concept can be extended to other potential
combination schemes. In the next chapter, orthogonal codes will be considered jointly
with MFSK, which is also a combined scheme. In Chapter 6, permutation modulation
is considered for a DS-CDMA system. It can also be considered jointly with the
schemes discussed in this and in the next chapters.

DS-CDMA systems can employ either PSK or MFSK modulations. The resultant
systems are called PSK/DS-CDMA and MFSK/DS-CDMA respectively. PSK/DS-
CDMA has been widely considered in practical systems with PSK scheme both coher-
ent and differentially detected. While for MFSK/DS-CDMA systems, only noncoher-
ent detection is used. In [30] Geraniotis analyzed the performance of synchronous and
asynchronous MFSK/DS-CDMA systems using both deterministic and random signa-
ture sequences. It was shown that MFSK/DS-CDMA achieves a better performance
than PSK/DS-CDMA. In [31] he further analyzed the performance of MFSK/DS-
CDMA systems over Rician fading channels. In [32] Ha analyzed a sequence asyn-
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chronous MFSK/DS-CDMA system. He mentioned that by properly selecting the
frequency spacing and the PN chip rate, the power spectral density of an MFSK SS
signal can be shaped to resemble white noise. This in effect increases the SS signal
equivalent noise bandwidth and in turn reduces the effect of interuser interference.
Ha’s method will be discussed in Appendix D.

In [71], we compared the capacities of MFSK/DS-CDMA and PSK/DS-CDMA
systems. To achieve a specified BER (say 107%), if FEC coding is not used, the re-
quired effective SNR per bit (E,/N,y) for MFSK/DS-CDMA is less than that for
PSK/DS-CDMA. Thus MFSK/DS-CDMA offers larger capacity. For some FEC
coded cases, the value of Ey/N, for MFSK/DS-CDMA is larger than that for PSK/DS-
CDMA and the advantage of the MFSK/DS-CDMA system disappears. In [72], we
further considered the capacity of MFSK/DS-CDMA systems along with the code
acquisition.

Based on the study of MFSK/DS-SS system, we propose a new scheme — MFSK-
MPSK/DS-CDMA. This system uses noncoherent MFSK and coherent MPSK mod-
ulation. Each of the frequency tones (in MFSK) is phase modulated and spread by
the PN code. In this way, the total system bandwidth efficiency can be increased. In

[73], we considered a special case of this system, namely MFSK-BPSK/DS-CDMA.
The contributions of this chapter are

(1) Presentation of MFSK-MPSK/DS-CDMA.

(2) By combining MFSK and differential MPSK modulation schemes, we pro-

pose another novel system, namely MFSK-DMPSK/DS-CDMA, which is
more practical to implement.

(3) An algorithm is described for the implementation of MFSK-DBPSK/DS-
CDMA.

(4) The FEC coded MFSK-DBPSK/DS-CDMA system is discussed.

In Section 3.2, we describe the system model. In Section 3.3, MFSK-MPSK/DS-

CDMA is analyzed over an AWGN channel and results are discussed. In Section
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3.4, the relationship betweer SNR and MAI is discussed. In Section 3.3, the MFSK-
DBPSK/DS-CDMA system is analyzed for AWGN and fading channels. In Section
3.6, FEC coded MFSK-DBPSK/DS-CDMA is discussed. Finally in Section 3.7, a

summary is given.

3.2 System Model

3.2.1 Transmitter Model

The general system model was described in Section 2.3. In the MFSK-MPSK/DS-
CDMA system, we are interested in the combination of MFSK and MPSK schemes.
The parameter M in MFSK and in MPSK may be different. For clarification, we use
M; to denote the number of tones in MFSK and M, to denote the number of phases
in MPSK. The block diagram of the &th transmitter is shown in Fig. 3.1.

b (1) by, £ (1) — ey
Grouping in > MPSK aveform
= loga(M fMp) bits Modula(or—)Modulatof Shaping —>| BPF >
o
a(t)
by, (1)
PN Code
Generator

Figure 3.1 : Block diagram of the transmitter of MFSK-MPSK/DS-
CDMA.

The kth user’s information signal b (t) is a stream of binary rectangular pulses of

duration T,

be(t) = 3> Bipry (2~ iTy), (3.1)

L
where b‘J',? represents the kth user data at jth timing interval, taking values +1 or ~1
with equal probability, and

_ ) 0<t<T,
Pr(t) = { 0,  otherwise. (3.2)
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Here we are not considering FEC coding. The bif stream is first grouped in log, (M Mp)
bits in which log, M bits are used to choose one of the M; frequency tones in the
MFSK modulator, and log, M, bits choose one of the M, phases for each frequency
tone selected in the MPSK modulator. The two signals by s(t) and bip(t) can be

expressed respectively as

beslt) = 3 87pn (e~ T, (3.)
and -
bp(t) = 3 87pr(t - T, (3.4)

where the symbol interval T, = T/ logy (M M,), bf’f takes the values +1, %3, ---,
+(M; — 1), and bf"’ takes the values 0, 1, ---, M, — 1. The resultant signal is
MFSK/MPSK modulated. It is further spread by a PN sequence

o0

a(t)= > afpr(t —iTo) (3.5)

i==—00

where a¥ is the ith chip of the PN sequence for the kth user. We assume that the PN
sequence has a period of N = T,/T.. That is, there is one period of PN sequence per
symbol. The spread signal is waveform shaped in ¥(t) = ¥(s) for s = ¢t (mod Tg),
where 1/(s) is a chip waveform of duration T, and T ! fy° ¢?(s)ds = 1. We assume
a rectangular chip waveform. Thus ¥(s) = pr.(t). Finally, the signal is bandpass
filtered and ready for transmission.

The kth (1 < k < K) transmitted signal can be expressed as
sk(t) = Re{ur(t) exp(j2n fet)} (3.6)
where f, is the carrier frequency and ug(t) is the kth baseband signal
k() = 2B/ To¥ ()ak(t) exp [72m (bra(t)A + boe(t)/ M)t + 0:(2)) . (3.7)

In the expression E,/T} is the power of the transmitted signal, 8(t) is the phase
introduced by the kth user’s modulator, and A is the half of the frequency spacing

between adjacent tones.
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The bit rate is R, = 1/T}. The symbol rate is R, = Rs/log,(M;M,); the symbol
energy is E, = log,(M;M,)E;. The PN chip rate is R = NRg; the chip energy is
E. = E,/N. The bit energy to noise spectral density ratio is v, = Ey/Np, and the
symbol energy to noise spectral density ratio is v, = E,/No. Assuming that a raised
cosine filter with a roll-off factor a is used, then the total bandwidth W is

(1 -+ a) MfNRb
Ing(MfMp) .

W= (1+a)MR.=(1+a)MsNR, = (3.8)

In our discussion, we assume that a = 0. When M; = 1 and M, = 2, the system
reduces to 2 conventional PSK/DS-CDMA system. When M,, = 1, the system reduces
to an MFSK/DS-CDMA system. The spectral occupancy of the signal is shown in
Fig. 3.2; the spectral shape centered around each tone f; ¢ =1, ---, M ) may in

fact be different from the one illustrated in the figure.

W

1 1 1 (( 1

|l f1 ) | f2 fa 27 P

W/Mf

Figure 3.2 : An illustration for the spectral occupancy of an MFSK-
MPSK/DS-CDMA signal.

3.2.2 Channel Model

In an asynchronous system, the signal at the input of a particular receiver (in the

absence of noise) is
K

y(t) = se(t — i) (3.9)

k=1
where 7, with 1 < k < K denotes the time delays along the communications links

between the K transmitters and the receiver. If fine (at the chip level) synchronization
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is possible between the different transmitters, then we would replace (3.9) by

y(t) = \E sk(t), (3.10)
k=1

which characterizes synchronous systems. Assuming that we restrict our attention to
the receiver matched to the ith transmitted signal, 7. and 0y are independent and
uniformly distributed in [0, 7] and [0, 2x], respectively. We also assume that the data
stream, time delays, and phase angles associated with different transmitted signals
are mutually independent.

The signal y(t) given by (3.9) is further corrupted by additive Gaussian noisc n(t)
of (two-sided) spectral density No/2; therefore the received signal r(t) is given by

r(t) = y(t) + n(t). (3.11)
3.2.3 Receiver Model

The block diagram of the receiver is shown in Fig. 3.3-(a). There are M; branches
corresponding to each one of the M; frequency tones. Each branch consists of a
matched filter (MF) which has two outputs. One of the outputs corresponds te the
MPSK demodulator, another output comes from the square-law detector. A matched
filter is shown in Fig. 3.3-(b). The received signal is first bandpass filtered, and then
spread by multiplying with a PN code reference a(t). The resuitant signal goes to a
conventional MPSK demodulator {75]. Assume that the sampling output from upper
branch is X and the one from lower branch is Y. Then (X + jY) is used for the
MPSK decision, and (X2 + Y?) is used for the MFSK decision.

In the decision unit. The M, outputs from square-lar- detectors are first compared.
The largest one is chosen and the corresponding M:< sn output is selected.

For the coherent detection of MPSK, perfect carrier synchronization is assumed.
In this case, MFSK can also be demodulated coherently. For comparison purposes,
analysis for noncoherent MFSK will be done in next section. In fact, the carrier syn-
chronization is difficult in practice. We just assume that it can be realized somehow.
For instance, a pilot tone can be transmitted to assist the carrier synchronization.

Further discussion of this topic is given in Section 3.5.
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Figure 3.3 : Block diagram of the receiver of MFSK-MPSK /DS-CDMA.

(a) Receiver structure; (b) Structure of a matched filter (MF).
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3.3 Performance of MFSK-MPSK/DS-CDMA over
an AWGN Channel

3.3.1 Amnalysis

In this section, we give two types of analyses for the bit error rate performance and
bandwidth efficiency. The first simple analysis is suggested by Viterbi [42], and the
second method is used by Pursley [41]. Both methods use the Gauvsian approxima-
tion for the MAIL. We avoid using the exact but complex analysis methods as in {33]
and [37). Our argument is that, for large number of simultaneous users, the Gaus-
sian approximation is accurate. Even for a small number of simultaneous users, the
improved Gaussian approximation methods [43, 45] can be shown to give very good
approximations. The advantage of the Gaussian approximation method lies in its

simplicity. It also lends itself to a clear physical interpretation.

3.3.1.1 Bandwidth Efficiency

The total number of interfering transmissions is K — 1, all transmitting randomly.
Each transmitted tone will be interfered by (K — 1)/M; other transmissions on the
average. If (K — 1)/M; is large, from the central limit theorem {74], the MAI can
be well approximated by an equivalent Gaussian noise. The total noise power is the
sum of thermal noise power plus the mutual interference power. Assume that the
one-sided bandwidth is W, for an individual frequency tone, the occupied bandwidth
is W/My, the effective noise and MAI power is

W K-=1
NOE+ M,

The total noise power spectral density is

E,R,. (3.12)

w K=1
N' _ NQ‘M';"'—E—EJRS N 4 (K__ 1)E3

! = = No4 i (3.13)
Mi! W/R,
The symbol energy to the effective noise spectral density ratio is
¢ By Vs logo (M Mp) s
== = 3.14
BTN T IE Bl 1+ 5 (314

» b
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and the bit energy to the effective noise spectral density ratio is

' Eb T
T e B T 3‘15
Tb No 1 + K_I'Yb ( )
Rb
From (3.8), W/ R, can be expressed as (o = 0)

w___MN
Ry~ logy(MpMp)

For a specified BER, depending on the modulation/detection technique used, there

(3.16)

is a corresponding SNR per bit y,. We can obtain X from (3.14)
K__;K(’Yb—?b) +12E_(7b"7b)_ (3.17)
Ry 1w Ry
The system bandwidth efliciency is:

KRy _ T = Y

—. 3.18
14 Yoy ( )

’nz

Now we consider the result given by Pursley {41]. In Section 3.2, we gave the signal
expression at the input of the receiver. Based on that expression, we can perform
the demodulation operation and get the expression of BER performance. In arriving
at the statistics of the output of the matched filter, the main term of interest is
the mutual interference. The characteristic- function method and the series-ezpansion
method can be used to perform the analysis {33, 30]. However, these methods require
extensive calculations and are valid only for small K. For la.-rge K, instead, a Gaussian
approximation method can be used, i.e., the interference term is approximated with
a Gaussian random variable having the same second-order moments. This Gaussian
approximation method gives an equivalent signal to noise ratio. In (41], Pursley gave

the result for asynchronous PSK/DS-CDMA system with random signature sequences

~171-!
it () |- 319

In [30], Geraniotis gave the same result for noncoherent MFSK/ DS-CDMA system.
This result can also be used for MFSK-MPSK/DS-CDMA systems. Comparing (3.19)

with (3.14), we see that the latter is more conservative.
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Using (3.19), the bandwidth efficiency is

=KRb=§‘rb—’Y;_,_§g~§'Yb—‘Y; (3.20)
W 23wy W2 wh,
As v, = oo, we have the asymptotic bandwidth efficiency
3
= 2
e = 37 (3.21)

Equations (3.19)-(3.21) will be used for the performance evaluation.

3.3.1.2 BER Performance

In the receiver, we need to make decisions in two stages. One is the noncoherent
MFSK detection. The other one is the coherent MPSK detection. Assume that the
probability of error of the first stage decision (MFSK) is Py, and the probability of
error of the second stage decision (MPSK) is F,. Since the two decision variables arc
obtained from the same received signal, so they are not independent. Assumec the
probabilities of correct decision of MFSK and MPSK are Ppy and Fgp respectively,
and the probability of correct decision of MPSK conditioned on the correct decision
of MFSK is Pc,(p|f), then we have

Po = PoyPey(plf) 2 PoyrPep. (3.22)
The overall probability of symbol error is
Po=1-Fs< 1—(1—Pf)(l—Pp) =Pf+Pp—Ppr2Pf+Pp. (323)

For noncoherent MFSK, P is found as (75}

My—1
M;-1 1 '
P, = —1y+! f =Y,/ (n+1) 3.24
s ﬂ;(l) (n)n+1e (3:24)

where v, = E,/N, is given in (3.14). For coherent MPSK P, is found as (75] (for
7, > 1)

P,=Q (\/sz;sin %) | (3.25)
p

Next we consider converting the probability of symbol error into an cquivalent

probability of bit error. For MFSK, the bit error rate is multiplication of the symbol
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M-
:[b:: ( I! )121]; while for MPSK the bit error rate is multiplication

of the symbol error rate and a factor 1/ logy(Mp) {75]. In the MFSK-MPSK scheme,
there are totally M = MM, symbols, each containing log,(M) bits. For each distinct

error rate and a factor

tone, there are M, different phases. Assume Gray code is used in the mapping. Thus,
those symbols with the same tone have log, M, bits in commeon. For simplicity,
assume a symbol with all “0”” bits is transmitted. From (3.23), we see that symbol
error rate is composed of two terms, Py and Py, and P, is determined by the larger one
of the two terms. If Py > P,, when error occurs, the transmitted symbol is mostly
error detected as other (M —1) tones equally, and with one of M, phases equally, i.e.,
the transmitted symbol would be detected as one of other M,(M; — 1) symbols. In
those M,(M,— 1) symbols, the total number of bits is Mp(M,— 1)log,(M). The total
number of “1” bits in all symbols is M log,(M)/2; and within the same tone as the
transmitted symbol, the total number of “1” bits is M logy(M,)/2. Thus, the total
number of “1” bits in those M,(M; — 1) symbols is M logy(M)/2 — My log,(M;)/2.

The bit error rate is

Pl number of “1” bits in Mp(M; — 1) symbols _ M logy(M)/2 — M logy (M;)/2

b ™ total number of bits in M,(M, — 1) symbols M,(M; — 1) logy(M)
(3.26)
If P, > Py, and when error occurs, the bit error rate can be approximated as
1
PP = P 2
b loggM 3 (3 7)
In general, we have
Mlog,(M)/2 — M logy(My)/2 1
Py = Bl + pp = M1 p 08 Mp)/2 P. (328
bR T (0 = 1) Togy (M) loga(21) (5.28)
When M, =1, we have F{ =0, and
M;/2
P, = .
b= 35 1P (3:29)
and when M, = 1, we have P/ =0, and
Po= ——P (3.30
b= 10g2 Mp L] . )
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For the same Py, we have P{ ~= iP,. Sofor M > 4, P/ >P%. As a conservative
consideration, treating all symbols as orthogonal, we have the following expression
for the performance evaluation:

2D°G:(M!Mr)/2l
b= Qlogy(MyMp) _ 17 ¥

(3.31)

3.3.2 Numerical Results and Discussions

In this section, we present numerical results of BER performance and bandwidth effi-
ciency evaluation of the MFSK-MPSK /DS-CDMA system. The results are obtained
by using (3.23)-(3.31) for BER performance and (3.20) and (3.21) for bandwidth
efficiency. We also compare these results with the ones for MFSK/DS-CDMA and
PSK/DS-CDMA systems.

The BER performance of the system for My = 2, 4, 8, 16, 32 and M, = 2, 4, 8,
16, 32 are given in Figs. 3.4-3.8 respectively. In these and subsequent tables, the best

performance in each column is shown in boldface.
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Figure 3.4 : BER performance of MFSK-MPSK/DS-CDMA for M, = 2
and M, =2, 4, 8, 16, 32.
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Figure 3.5 : BER performance of MFSK-MPSK/DS-CDMA for M; = 4
and M, =2, 4, 8, 16, 32.
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Figure 3.6 : BER performance of MFSK-MPSK/DS-CDMA for M; =8
and M, = 2, 4, 8, 16, 32.
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Figure 3.7 : BER performance of MFSK-MPSK/DS-CDMA for M, = 16
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Figure 3.8 : BER performance of MFSK-MPSK/DS-CDMA for M, = 32
and M, =2, 4, 8, 16, 32.
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For BER values of 10~2 and 10-%, the required bit energy to noise density ratio
(in dB) is given in Table 3.1 and Table 3.2 respectively. The entries for My = 1
correspond to MFSK/DS-CDMA systems, and the entries for My = 1 correspond to

MPSK/DS-CDMA systems.

Table 3.1 : The required SNR per bit v, (in dB) for 2 BER of 102 for
MFSK-MPSK/DS-CDMA systems in an AWGN channel.

M, =1 | M, =2 | M;=4|M; =8 M; =16 M;=32
M, =1 109 | 83 6.9 6.0 5.4
M,=2| 68 7.6 6.5 5.6 5.0 46
M,=4 70 6.0 5.2 av 43 3.9
M,=8 | 105 | 01 8.1 73 6.6 6.1
M,=16| 150 | 140 | 132 | 125 119 1.4
M,=33| 200 | 192 | 185 | 179 174 16.9

Table 3.2 : The required SNR per bit v, (in dB) for a BER of 107° for
MFSK-MPSK/DS-CDMA systems in an AWGN channel.

My=1|M;=2|M;=4 M;=8 My =16 Mg =32
M =1 13.3 10.6 9.1 8.0 7.3
M, =2 9.6 10.1 8.7 7.8 7.1 6.5
M,=4 9.7 8.4 7.5 6.8 6.3 5.8
M,=38 13.2 11.9 10.9 10.1 9.5 8.9
M, =16 17.8 16.8 16.0 15.3 14.7 14.2
M, =32 22.8 22.0 21.3 20.7 20.2 19.7

From Figs. 3.4-3.8 and Tables 3.1-3.2, we have a few observations. For a fixed Mp,
the system performance is better when My is larger. This is due to the power efficiency
property of MFSK modulation scheme. For a fixed My (except My = 1), the system
performance is best when M, = 4 and becomes worse for increased value of M;. For
M, > 4, MPSK is less power-efficient than MFSK, and the probability of symbol error
contributed by MPSK (the P, term in (3.23)) is greater than that of MFSK (the Py
term in (3.23)); then the overall probability of symbol error is determined by MPSK,
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which results in a worse performance. The reason that MFSK-QPSK/DS-CDMA
performs better than MFSK-BPSK/DS-CDMA can be explained as follows. For all
the MFSK-MPSK/DS-CDMA considered, the MFSK part performs worse than BPSK
or QPSK and thus determines the overall probability of error. For a given SNR per
bit, the combination of QPSK and MFSK has a larger SNR per symbol than that
of BPSK and MFSK and thus obtains better performance. It is well known that in
narrowband systems, MSFK with large M is more powerful than both BPSK and
QPSK. However, in the MFSK-MPSK combination schemes, BPSK or QPSK parts
have much more gain in SNR per symbol than MFSK has for a given SNR per bit,
and thus the overall performance is determined by MFSK part. As an example, we
consider a combination scheme with M; = 16 and M, = 2. For a given SNR per
bit 7, the SNR per symbol for BPSK part is v, = logy (M M) = 67 (comparing
that 4; = 7 in a single BPSK scheme), and the SNR per symbol for 32FSK part
is v; = logo(Ms M) = 67 (comparing that v, = 5 in a single 32FSK scheme).
Thus, BPSK part has a gain over 32FSK by g% =5 (7 dB).

It is noted that for M; = 1, the BER performance of BPSK/DS-CDMA and
QPSK/DS-CDMA are basically the same (the former is a little better), and equal to
the BER performance of BPSK and QPSK in narrowband systems. However, since
the bandwidth efficiency in a CDMA system is inversely proportional to the BER per-
formance, contrary to nonspread systems, BPSK/DS-CDMA and QPSK/DS-CIDMA
have the same bandwidth efficiency. While in narrowband systems, the bandwidth
efficiency of QPSK is twice that of BPSK. This result highlights the difference of
bandwidth efficiency concept between the narrowband systems and the DS-CDMA
systems.

Next we give a more quantitative argument for the bandwidth efficiency of MFSK-
MPSK/DS-CDMA schemes. Suppose that for a specified value of BER, the required
SNRs per bit are fy,(,;) for MPSK and 'y,g}) for MFSK; correspondingly, the required
SNRs per symbol are 'yg,) = 'y,g) log, M, and 'y,(,}) = 7,(,}) log, M, respectively. For the
combined MFSK-MPSK scheme, to have the same SNR. per symbol 4{? = 75,‘,’ = ’yi}),
the required SNR per bit is 7&2) = 7%/ log,(M,M;). Thus, the gain (in dB) obtained
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by employing the combined scheme is

(1)
Vep (10gz(Mpr))
G, =10lo 2. | =10lo s e (3.32)
P g10 (752)) E10 log2 Mp
over the MPSK scheme, and
(1)
Yot logz(Mpr)) \
Gy=10lo —= ] =10lo (-———- 3.33
! E10 (%(,2)) E10 log, My ( J

over the MFSK scheme. For example, to achieve a BER of 1073, v, = 7.3 dB for
QPSK and -y, = 10.9 dB for 2FSK are required. Using 2FSK-QPSK scheme, we have
G, = 10log,o (82H) = 1.76 dB, and G; = 10logye (1228} = 4.77 dB. Then the
required -, is 7.3 — 1.76 = 5.54 (dB) for QPSK and 10.9 —4.77 = 6.13 (dB) for FSK.
This explains the result of 6.0 dB (=~ 6.13 dB) for M; = 2 and M, = 4 given in
Table 3.1.

Next, we compare the bandwidth efficiency of MFSK-MPSK/DS-CDMA with
PSK/DS-CDMA and MFSK/DS-CDMA. For PSK/DS-CDMA system, the band-
width efficiency can also be expressed by (3.20). The plots of bandwidth efficiency
with respect to bit energy to effective noise spectral density ratio for a BER of 107°
are given in Figs. 3.9 and 3.10 for MFSK-BPSK/DS-CDMA and MFSK-QPSK/DS-
CDMA respectively. We see that all the schemes except BFSK-BPSK/DS-CDMA
perform better than PSK/DS-CDMA. In fact, this can be seen from the required
bit energy to noise spectral density ratio. For PSK, v, = 6.8 dB for a BER of
103 and 4, = 9.6 dB for a BER of 1075, Compared to Tables 3.1 and 3.2, all the
MFSK-BPSK/DS-CDMA and MFSK-QPSK/DS-CDMA except BFSK-BPSK/DS-
CDMA are superior to BPSK/DS-CDMA. The asymptotic bandwidth efficiencies for
a BER of 10~% and a BER of 10~° are given in Tables 3.3 and 3.4 respectively.

From Figs. 3.9 and 3.10, Tables 3.3 and 3.4, we see that the overall spectral
efficiency is low. In narrowband systems employing MPSK, a spectral efficiency close
to log, M b/s/Hz can be reached. This relatively lower bandwidth efficiency in a
CDMA system is because of the existence of the MAI . For an uncoded PSK/DS-
CDMA system, by choosing the system bandwidth W to be N Ry where N is the PN

sequence length, the equation (2.2) becomes 7 = K/N. In an ideal case, i.e., when all
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Figure 3.9 : Bandwidth efficiency n vs. Ej/N, for MFSK-BPSK/DS-
CDMA systems at a BER of 1075.
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Figure 3.10 : Bandwidth efficiency 5 vs. E/N, for MFSK-QPSK/DS-
CDMA systems at a BER of 1075,
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Table 3.3 : The asymptotic bandwidth efficiency 7o (in b /s/Hz) ot MFSK-
MPSK/DS-CDMA for a BER of 107 in an AWGN channel.

M, =1|M; =2 | M;=4] M;=8| M; =16 M; =32
M, =1 0.122 | 0.222 | 0.306 | 0.377 | 0.433
M, =72 | 0.313 | 0.261 | 0.336 | 0404 | 0464 [ 0.520
M,=4 | 0299 | 0.377 | 0.453 | 0.508 | 0.557 | 0.611
M,=8 | 0134 | 0.185 | 0232 | 0.279 | 0328 | 0.368
M, =16 0.047 | 0.060 | 0072 | 0.084 | 0.097 | 0.109
M,=32| 00i5 | 0.018 | 0021 | 0.024 | 0.027 [ 0031

Table 3.4 : The asymptotic bandwidth efficiency 7, (in b/s/Hz) of MFSK-
MPSK /DS-CDMA for a BER of of 107° in an AWGN channel.

Mg=1|M;=2 My=4| M;=38 M;=16 | My =32
M,=1 0.070 0.131 0.185 0.238 0.279
M,=2 ] 0.164 0.143 0.198 0.249 0.292 0.336
M,=4 0.161 0.217 | 0.267 | 0.313 0.352 0.395
M, =28 0.072 0.097 0.122 0.147 0.168 0.193
M,=161| 0.025 0.031 0.038 0.044 0.051 0.057
M,=32| 0.008 0.009 0.011 0.013 0.014 0.016
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the PN codes are synchronized and orthogonal to each other, the MAI is zero. The
maximum number of PN codes in the ideal case is N. Thus a bandwidth efficiency
of 1 b/s/Hz can be reached. In this case, the systexh performance depends only on
the channel condition. For a specified BER performance, some amount of MAI can
be tolerated by the system, thus more than N PN codes can be used to support
more than N simultaneous users, and a bandwidth efficiency of greater than 1 can
be reached. This gives us the idea that the selection of PN codes is very important
especially for synchronized CDMA systems.

A powerful mmethod to improve the bandwidth efficiency is to use FEC coding. In
narrowband systems the use of FEC coding may result with a penalty of expanded
bandwidth. In SS systems, FEC codes with shorter PN codes can be employed. The
use of FEC coding does not reduce the processing gain [26]. In [71], we considered the
bandwidth efficiency of PSK/DS-CDMA and MFSK/DS-CDMA with FEC coding.
For MFSI/DS-CDMA scheme, nonbinary codes were used.

MFSK/DS-CDMA systems correspond to the MFSK-MPSK/DS-CDMA systems
with M, = 1. For MFSK-MPSK/DS-CDMA systems with M, = 2 and 4, the proba-
bility of error is determined mainly by MFSK. For a specified symbol energy to noise
spectral density ratio 7y, (the same symbol error rate and thus the same bit error rate
can be obtained approximately), the required bit energy to noise spectral density
ratio v, is v,/ loge (M, M;). So the energy improvement of MFSK-MPSK/DS-CDMA
systems (M, = 2 and 4) over MFSK/DS-CDMA systems is logy(Mp M)/ logy M.
Since the asymptotic bandwidth efficiency is 1.5/7», the improvement in bandwidth
eficiency is also log,(M, M)/ log, M. The results are shown in Tabie 3.5 for My, = 2

and 4. It can be seen that for large M/, the improvement is small.

Table 3.5 : The bandwidth efficiency improvement ratio of MFSK-
PSK/DS-CDMA over MFSK/DS-CDMA for M, = 2 and 4.

My=2[M;=4|M=8[M;=16 | M; =32
M,=2 2 1.5 1.33 1.25 1.2
M,=4 3 2 1.67 1.5 1.4
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3.4 Relationship between Eb/Nl; and the MAI

In the previous analysis, the BER performance is evaluated as a function of the bit
energy to the effective noise spectral density ratio ~;, which is given in (3.19). 7, is
determined by two components, i.e., the bit energy to the noise spectral density ratio
4y and the MAL If we define an equivalent bit energy to the MAI ratio as

a 3W/R,

Yo = AK — 1)’ (3.34)

then 7, can be written as

Yo = ()™ A+ (o) ™17 (3.35)

For uncoded PSK/DS-CDMA, the ratio W/R; = N is the total bandwidth spreading
factor, where N is the PN sequence length. Thus, Ym is determined by the PN
sequence length N and the number of simultaneous users K. For MFSK-MPSK/DS-
CDMA, we have W/R, = My N/ logy(M; M), and Yem = 3M;N/[2 logo (M M) (K —
1)]. In this case, vem is related to several parameters. When M;=1and M, = 2,
W/R, = N. Thus the MFSK-MPSK/DS-CDMA reduces to the PSK/DS-CDMA.
Corresponding to the definition of 74m, the equivalent symbol energy to the MAI
ratio can be defined as Yom = 3M;N/[2(K — 1)]. The symbol energy to the effective

noise spectral density ratio +, can be also expressed as

Vo = [(7s) 7+ (Yom) 1) (3.36)

As shown in thc previous section, the system performance is determined by Yy
To achieve a specified value of 7, both 7, and em should have a greater value. The
maximum value of 7, is usually given by the system design (e.g., the link budget in
a satellite communication system design). Thus for a specified value of BER, the
required value of 7, should be less than ~,. Otherwise, the system design would fail.
Another question is the trade-off between 7, and Ysm. An unbalanced design with a
big difference between these two values is not efficient. The asymptotic bandwidth

efficiency considered in this thesis is only for analytical convenience. A good trade-off
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for ~; and <y, is a balanced arrangement. If 4 = 7., we have 4y = /2. Thus, v,
should be 3 dB less than .

From (3.20), to obtain a bandwidth efficiency close to 7e, 7 needs to be much
larger than ~y,. Dividing (3.20) by (3.21), we have the normalized bandwidth efficiency

flnor 2 - =1- 2, (3.37)

This relationship between 7., and s/, is plotted in Fig. 3.11. For example, if we
need 7 > 0.9700, then we must have -, > 10v;, or v = 7, + 10 (in dB).

N 10
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0.6 - /
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Figure 3.11 : Relationship between the normalized bandwidth efficiency
Tnor and /%

In our study, the PN sequence is assumed to be a random signature sequence.
As mentioned in Section 2.1, for small number of simultaneous users, the Gaussian
approximation is not accurate. In this case, an improved Gaussian approximation can
be used. For the MFSK-MPSK/DS-CDMA system, as shown in (3.16), the parameter
W/R, = N in (3.35) and (3.36) needs to be replaced by M;N/legy(M;Mp). The
standard and the improved Gaussian approximation methods are considered in {43].

For large K, both approximations agree with the accurate analysis. A comparison
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between the two Gaussian approximations is made in Appendix B which shows the
validity of using the standard Gaussian approximation in our analysis.

Due to the MAI, error floor exists in a DS-CDMA system. For K > 1, the
value of ~} is limited by 3(W/Rs)/2(K — 1). In fact, for small K, when the MAI is
properly controlled, the effect of MAI can be ignored. For a large value of K, the
MATI resembles noise and results in an error floor. However, what we are interested
in is to achieve a specified BER. If the error floor is lower than the specified BER,
then the specified BER is achievable.

3.5 MFSK-DMPSK/DS-CDMA

As shown in the previous sections, the MFSK-MPSK/DS-CDMA schemes achieve
higher capacities than both MFSK/DS-CDMA and PSK/DS-CDMA schemes. How-
ever, the implementation of coherent detection of PSK is difficult. In [76], Simon and
Polydoros analyzed a coherent FH FSK system, in whicii phase continuity from one
hop to another is assumed. They mentioned that “state-of-tie-art coherent frequency
synthesizers will undoubtedly allow the design of such a system to be feasible in the
near future”. In the MFSK-MPSK/DS-CDMA systems, similar argument applies.
One possible way of implementing a coherent system is to use a pilot tone as a car-
rier reference. If all the frequency tones are transmitted coherently, then only one
reference tone can be used for coherently detecting all the M frequency tones.

To avoid the difficulty of obtaining and maintaining a carrier phase reference, an
efficient method is to use differential detection. By combining the noncoherent MFSK
and DMPSK schemes, we have a new system, namely MFSK-DMPSK/DS-CDMA.
Since the DMPSK with large M, is not power efficient, we will consider only M, = 2
and 4. Differential detection is easily implemented for a single tone scheme. In the
multi-tone scheme as in the case of MFSK, however, there is a question of finding
the relative pair of tones. In our proposed system, an algorithm is presented in the

following subsection.



3.5.1 Detection of MFSK-DPSK/DS-CDMA Signals

When M[ = 1, the proposed system reduces to the DPSK/DS-CDMA. For & DPSK/DS-
CDMA system, the differential detector is shown in Fig. 3.12 {30]. We see that there
are two main branches of which one employs a delay of T, seconds. For each branch,
there are two sub-branches which are the I and Q-channels. The four outputs are de-
noted as Ur, Ug, Uar and Uyg respectively. Based on these output samples, decisions
can be made. A brief description of the decision process is as follows (see (78, 79] for
detail). Assume that two successively transmitted signals are ax(t) cos(27 fct + o)
and ax(t) cos(2n fit + 1), where ¢; (i=0, 1) takes 0 and , and the difference between
the successive phases represents the information. In the Uy branch, the received signal

(interference and noise free} is first multiplied with a local reference:
a(t) cos(27 ft + é1)ax(t) cos(2m fet) = ai(t)%[cos(tlﬂfct + ¢1) + cos(¢y)].  (3.38)

The squaring operation of the PN sequence ax(t) indicates despreading. After inte-

gration (equivalent to low pass filtering) and sampling, we have

Ur= %cos(q’;l). (3.39)
Similarly, we have
Uq = —5 sindy), (3.40)
1
Uyt = 3 cos(do), (3.41)
and
|
UdQ = —'é' sm(gbu). (342)

Then, we have the decision variable
U & QU Uy + UgUag) = [cos(@) cos(eo) + sin(, ) sin(do)] = cos(@y — ¢o). (3.43)

When ¢1 = ¢, U = 1; when ¢, # ¢o,-U = 0. The above discussion demonstrated
the detection principle.

Using this single tone DPSK detector, we can build a receiver for the MFSK-
DPSK/DS-CDMA scheme. As will be shown later, the performance of MFSK-
DPSK/DS-CDMA systems for M, = 2 and 4 are almost the same in an AWGN
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channel. In a fading channel, M, = 2, i.e., DBPSK performs better, hence we focus
on describing the structure for the MFSK-DBPSK/DS-CDMA system.

T

> ay (1) cos 2= f 1)

k-
0

r (©) 0, () sin 2 75 1)

k-
0

s a (t) cos (27 f.t)

A
0

Gy (1) sin (2T £.0)

.

4

Dec1s.1on .
Device

4

delay

4

Figure 3.12 : Structure of the DPSK detector in a DPSK/DS-CDMA
system.

The transmitter of the MFSK-DPSK/DS-CDMA scheme is shown in Fig. 3.13-(a).
It is similar to the transmitter structure of MFSK-MPSK/DS-CDMA. The difference
is in the DPSK modulator which employs a differential encoder. The receiver of the
MFSK-DPSK/DS-CDMA scheme is shown in Fig. 3.13-(b). There are M, matched
filters (MF) corresponding to the M frequency tones. Each matched filter is com-
posed of the upper branches in Fig. 3.12, (yvielding Uy and Uy) with the frequency
corresponding to one of the M, tones. The two outputs from each matched filter

are the sampled values from I-channel and Q-channel respectively, and are denoted
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Figure 3.13 : Block diagram of the MFSK-DPSK/DS-CDMA system. (a)
Transmitter; (b) Receiver.
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as Urm and Ugm (m = 1,2,---, My). The algorithm performing the symbol decision

works as follows:

(1) The 2M; inputs (from M, matched filters) are saved in 2M; temporary
buffers which can be accessed by the survivor tone. These data are kept

for only one symbol interval.

(2) Squared sum operations are performed on each pair of I and Q inputs:
U2 = U}, + U (m = 1,2,---,My). Thus, there are M; outputs
corresponding to M, matched filters.

(3) The M, data U2, (m = 1,2, -, My) are compared and the largest one is

chosen as the survivor Sy.

(4) The survivor Sy is used to select a pair of data Us, and Ugs, in the
temporary buffers. Using also the one-symbol delayed pair of data, the
differential phase is determined as shown in Fig. 3.12. The result is de-

noted as Sj.

(5) The MFSK decision Sy and the differential detection output S, together

form the symbol decision.

In the above algorithm, all the operations are in baseband ard can be done by

using DSP circuits.

3.5.2 Performance over an AWGN Channel

The BER performance and bandwidth efficiency of this system can be analyzed in a
similar manner to that of MFSK-MPSK/DS-CDMA systems. Since the scheme for
large M, is not power efficient, we only consider this scheme for M, = 2 and 4. For
the calculation of the probability of symbol error, (3.23) can be used. Now P, is given
by

Py = e (3.44)
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for M, = 2 [75]. For DQPSK, the BER is given by [75]
1 1
P = Q(a,b) — 51o(ab) exp[-5(a + %)), (3.45)

where Q(:,-) is the generalized Q function [75], and

V20— —-1\/5), (3.46)

a=
b= [2v(1+ %). (3.47)

Since for QPSK, 7, = 27, and P =~ 1 P,, thus we have

P, =2P", (3.48)

0= il - 75) (3.49)
. 1
b= /71 + E). (3.50)

For BER values of 10~ and 10~%, the required bit energy to noise ratio (in di3)
is given in Table 3.6 and Table 3.7 respectively. From these results, we sce that
the performance of MFSK-DMPSK/DS-CDMA is better than that of MFSK/DS-
CDMA scheme (M, = 1). Compared to the MFSK-MPSK/DS-CDMA systems, the
performance for M, = 2 is the same. This is because the performance is determined
by MFSK (since the probability of error of DBPSK is lower than that of MFSK).
There is no big difference between the performance of MFSK-DBPSK/DS-CDMA
and MFSK-DQPSK/DS-CDMA. The latter is a little better at a BER of 1073 and a
little worse for a BER of 10~5. The reason for this lies in the fact that the difference
between DBPSK and DQPSK becomes large in lower BER range. For M, = 1, we
see that DBPSK/DS-CDMA is better than DQPSK/DS-CDMA. The performance
difference is 1.5 dB for 2 BER of 10~3 and a little more than 2 dB for a BER of 1075

The asymptotic bandwidth efficiencies for a BER of 103 and a BER of 107°
are given in Tables 3.8 and 3.9 respectively. Since MFSK-DQPSK/DS-CDMA and
MFSK-DBPSK/DS-CDMA have not much difference in performance, the less com-
plex one, i.e., the one with BPSK is preferred.

and a and b are modified as

and
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Table 3.6 : The required SNR per bit v, (in dB) for a BER of 107° for
MFSK-DMPSK/DS-CDMA systems in an AWGN channel.

Mf=1 M;=2 Mf=4 Mf=8 Mf=16 Mf==32
M,=1 10.9 8.3 6.9 6.0 5.4
M,=2| 7.9 7.6 6.5 5.7 5.1 46
M, =4 94 | 76 6.3 5.5 4.8 4.3

Table 3.7 : The required SNR per bit #, (in dB) for a BER of 107° for
MFSK-DMPSK/DS-CDMA systems in an AWGN channel.

My=1{M=2 | M;=4| M;=28 M; =16 My =32
M,=1 13.3 10.6 9.1 8.0 7.3
M,=2| 104 10.2 8.8 7.8 7.1 6.5
M,=4 12.7 10.3 9.0 8.0 7.2 6.6

Table 3.8 : The asymptotic bandwidth efficiency 7, {in b/s/Hz) of MFSK-
DMPSK/DS-CDMA for a BER of 10~% in an AWGN channel.

M;=1|M;=2| M;=4| M; =8| M; =16 M; =32
M, =1 0.122 | 0.222 | 0.306 | 0.377 | 0433
M,=2| 0.243 | 0.261 | 0.336 | 0.404 | 0464 | 0.520
M,=4| 0.172 | 0.261 | 0.352 | 0.423 | 0.497 | 0.557

Table 3.9 : The asymptotic bandwidth efficiency 7, (in b/s/Hz) of MFSK-
DMPSK /DS-CDMA for a BER of 10~° in an AWGN channel.

Mf=1 Mf=2 Mf=4 Mf=8 Mf='—16 Mf=32
M, =1 0.070 0.131 0.185 0.238 0.279
Mp,=2] 0.137 | 0.143 | 0.198 | 0.249 0.292 0.336
M,=41 0.08] 0.140 0.189 0.238 0.286 0.328
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3.5.3 Performance over Fading Channels

We consider only the MFSK-DBPSK/DS-CDMA system. The channel is assumed to
be slow Rician fading, with the special case of x =0 corresponding to the Rayleigh
fading. To determine the BER performance, we need to find the symbol error rate of
DPSK and MFSK over Rician fading channels. The two symbol error rates are found
in Appendix A equations(A.8) and (A.10) as

1+& K
Pppsk = ————7—— €Xp [ ——L] ) (3.51)

M F2(+r) | Tt (1+K)
and
M=1 —
M-1 1+k KNy,
P = —1)n+l - :
MFSK ﬂ;( ) ( n )n*?,-i—(n—}-l)(l-{-n) e"p[ n’?,+(n+l)(1-l—n)]

(3.52)

10" 1 s -
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Figure 3.14 : BER performance of 16FSK-DBPSK/DS-CDMA over dil-
ferent channels.

In Fig. 3.14, we give the performance curve of 16FSK-DBPSK/DS-CDMA over
AWGN and fading channels. We see that the performance in Rician fading is quite
close to that in an AWGN channel with « = 20 dB, and similar to that in a Raylcigh
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fading with « = 5 dB. For a typical satellite channel with & = 10 dB, the performance
curve is just in between the two extreme cases.

The system performance over a Rayleigh channel and Rician channel with £ = 10
dB for 2 BER of 1073 are given in Tables 3.10 and 3.11 respectively. The correspond-
ing asymptotic bandwidth efficiencies are given in Tables 3.12 and 3.13 respectively.
For Rayleigh fading, the performance of MFSK-DPSK/DS-CDMA is a little better
than DPSK/DS-CDMA. When M/ is small, the improvement of MFSK-DPSK/DS-
CDMA over MFSK/DS-CDMA is large. When My is large, the improvement is very
small. For Rician fading channel with x = 10 dB (a typical parameter in satellite
channel), for M; = 2, the improvement of MFSK-DPSK/DS-CDMA over MFSK/DS-
CDMA is about 3 dB, while for M, = 16, the improvement is abopt 1 dB.

Table 3.10 : The required SNR per bit 4, (in dB) for a BER of 107° for
MFSK-DPSK/DS-CDMA systems over a Rayleigh fading channel.

M,=1 - 30.0 27.9 26.9 26.5 26.2
M, =2 27.0 27.0 26.5 26.1 25.9 25.8

Table 3.11 : The required SNR per bit 5, (in dB) for a BER of 1073
for MFSK-DPSK/DS-CDMA systems over a Rician fading channel with
x =10 dB.

M;=1|M;=2|M;=4| M; =8 M; =16 M; =32
M,=1| <= 142 | 11.8 | 10.6 9.9 9.4
M,=2| 112 | 108 | 99 9.3 8.9 8.6

In Rayleigh fading channel, the bandwidth efficiency is very low. To improve the

performance, FEC coding must be employed. For Rician fading (with « = 10 dB),
the bandwidth efficiency is much better.

In the tables, the entry with M; = 1 and M, = 2 corresponds to the differential
PSK/DS-CDMA scheme. Compared to this scheme, MFSK-DPSK/DS-CDMA is a
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Table 3.12 : The asymptotic bandwidth efficiency 7. (in b/s/Hz) of the
MFSK-DPSK/DS-CDMA over a Rayleigh fading channel for a BER of

103,
M;=1|M;=2|M;=4|M;=8| M; =16 M; =32
M,=1| - | 0.0015 | 0.0024 | 0.0031 | 0.0034 [ 0.0036
M, =2 | 0.0030 | 0.0030 | 0.0034 | 0.0037 | 0.0039 | 0.0039

Table 3.13 : The asymptotic bandwidth efficiency 7, (in b/s/Hz) of the
MFSK-MPSK/DS-CDMA over a Rician fading channel (x = 10 dB) for a

BER of 1073.
M!=1 Mf=2 Mf=4 Mf=8 ﬂff!r:lﬁ Mf=32
M=1 - 0.057 0.099 0.131 0.153 0.172
M,=2| 0114 0.125 0.153 0.176 0.193 0.207

little better. In Rayleigh fading channel, however, since the improvement is very
small, there is no advantage in using the MFSK-DPSK/DS-CDMA. In Rician fading
channel, we have two and half dB gain in using 32FSK-DPSK/DS-CDMA.

3.6 FEC Coded MFSK-DPSK/DS-CDMA
3.6.1 Concept of a Coded CDMA System

From an FEC ending point of view, an SS signal with a PN sequence of length N
corresponds to a rate 1/N code with constraint length one. Such a code is cquivalent
to a repetition code which is a trivial form of coding. In practical SS systems, efficient
FEC coding techniques are widely used to improve the system performance [23, 80].

Both FEC coding and PN sequence spreading expand the system bandwidth. In
an SS system, however, FEC coding can be realized without further increasing the
system bandwidth. The coded SS system does not reduce the overall processing gain
[23, 26]. An optimum processing gain for a block coded SS system in the presence
of tone and Gaussian jammers is considered in [81]. In that paper, however, the

received signal is first chip-by-chip processed by an integrate-and-dump filter and
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then multiplied by the PN sequence, which is not an efficient despreading method.
In [80], Viterbi proposed a very low rate coding scheme in which the whole system
bandwidth is spread only by FEC coding. The relationship of FEC coding and PN
sequence spreading in an SS system remains.to be an open issue. It is not further
discussed in this thesis. In this section, some well known codes will be examined in
our proposed CDMA schemes.

A typical coded DS-SS system is illustrated in Fig. 3.15. A data sequence is
FEC coded, modulated, and spread by a PN sequence. In the receiver, a reverse
processing is carried out. For a channel with memory, data interleaving is necessary.
An interleaver after the FEC encoder and a deinterleaver before the FEC decoder
should be added.

Pp{ Demodutator P FEC —}

FEC
ut
—> P | Modulator Decoder

Encoder

Noise pius

Generator Generator

Figure 3.15 : A typical FEC coded DS-SS system.

In a coded SS system, the modulator, the PN spreader, the channel, the PN de-
spreader and the demodulator can be considered as an equivalent modulation channel
with its input coming from the FEC encoder and its output going to the FEC de-
coder. Thus, the implementation of the coding is not different in an SS system as
in a narrowband system. It is well known that, for a system with hard decision
decoding, the equivalent modulation channel (uncoded part) is equivalent to 2 mem-
oryless symmetric channel. Thus, the performance of the coded system is determined
by the symbol error rate before decoding. For a system with soft decision decod-
ing, the equivalent modulation channel still applies [82). Coming back to the coded
CDMA system, our conclusion is that it can be analyzed in a similar manner to the

corresponding narrowband system. The difference is in the SNR expression.
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The proposed systems all employ M-ary modulation schemes. So we will con-
sider only nonbinary coding. An important class of nonbinary block coding is Reed-
Solomon coding. However, only hard decision decoding is practically available! for
this code. Well known nonbinary convolutioral codes are dual-k codes and rate-1
codes [75, 82). In [83], two classes of nonbinary convolutional codes are studied,

which are extensions of dual-k codes and rate-1 codes. Some concatenated codes are

also good options.

3.6.2 Performance Evaluation

For the MFSK-DPSK/DS-CDMA scheme, the analysis is performed only for hard
decision decoding. We have considered using Reed-Solomon codes and dual-k codes.

For an {n, k) Reed-Solomon code [75, 84], the parameter n can be chosen as M -1,
where M = M;M, = 2M;. The error correcting ability ¢ = (n — k}/2, where the
parameter % takes the value in (1,2, -+, n — 1]. The code rate is 7. = k/n. The

probability of symbol error is

1 = . G i n—i
P==5% il . |P(1-2", (3.53)
L] t
where the probability of error for the uncoded symbol p is given by (3.23):
p P+ B, (3.54)
The average symbol energy to the equivalent noise spectral density ratio given by

~, = T logy M. (3.55)

For the dual-k codes with each symbol repeated r times, from the transfer function,
the number of symbol errors By associated with a path having a Hamming distance

d from the all-zero path can be expressed as [75]

oo k _ dr
$ gt = (2t - 1)D

d=ar [1—2Dr — (28 = 3)D¥]?’ (3.56)

1Soft decision decoding of RS codes in general is impractical due to the high complexity of the
decoding algorithm. An efficient soft decoding algorithm for simple RS codes is discussed in [87].
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A dual-k code has a code rate of 1/2r. Its free distance is dgree = 4r. The Hamming
distance is referred for the M-ary (M = 2F) symbol. The probability of symbol error
is upper bounded by

o0

B, < ) BaPa(d). (3.57)

dﬁ] ree

For hard decision decoding, the pairwise probability of error is

4 d\ . .

5 ( {)pa-n (d 0dd),

@={ =g

;=d/22-1( ; )p‘(l—p) 43 ( a2 )p/ (1-p)#?, (deven).
(3.58)

The probability of bit error is given by multiplying P, by a factor %—:—:}I

In Fig. 3.16, the BER performance of 16FSK-DBPSK/DS-CDMA over an AWGN
channel using Reed-Solomon codes is given with error correcting capability ¢ = 1, 2
and 4. For this scheme, the code length is 31. Compared to the uncoded case, the
performance of coded systems improves as ¢ increases. However, at low SNR, the
improvement due to coding is not significant. At a BER of 1073, the coding gain of
the coded scheme with ¢ = 4 is only a little more than one dB. At low BER, the
gain increases. More powerful codes with larger ¢ can be used to further improve the
system performance. However, the advantage of these codes disappears at a low SNR
value.

The BER performance of 8FSK-DBPSK/DS-CDMA over a Rician fading channel
(with « = 10 dB) using Reed-Solomon codes is given in Fig. 3.17. The code length is
15. The error correcting capability ¢ is 1, 2, 4 and 8 respectively. At a BER of 1073,
using the codes with ¢ = 4 and 8, the coding gain is more than 3 dBs. At a BER of
1075, the gain is up to 8 dBs.

In Fig. 3.18, we have the BER performance over a Rayleigh fading channel. The
system considered is again 16FSK-DBPSK/DS-CDMA. We see that even at a BER
of 10~3, the coding pain is pretty large. This gain is attributable to the equivalent
diversity introduced by coding.

Next we examine the effects of the dual-k codes using hard decision decoding. In

Figs. 3.19, BER performance is given for M, = 4, 8 and 16 over an AWGN channel.
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Figure 3.16 : BER performance of 16FSK-DBPSK/DS-CDMA over an
AWGN channel using Reed-Solomon codes with code length 31 and error
correcting capability of ¢t = 1, 2 and 4 respectively.
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Figure 3.17 : BER performance of 8FSK-DBPSK/DS-CDMA over a Ri-
cian fading channel {x = 10 dB) using Reed-Solomon codes with code
length 15 and error correcting capability of ¢t = 1, 2 and 4 respectively.
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Figure 3.18 : BER performance of 16FSK-DBPSK/DS-CDMA over a
Rayleigh fading channel using Reed-Solomon codes with code length 31
and error correcting capability of ¢t = 1, 2 and 4 respectively.
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Figure 3.19 : BER performance of MFSK-DBPSK/DS-CDMA over an
AWGN channel using dual-k codes with £ = 3, 4 and 5 for M; = 4, 8 and
16 respectively.
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Figure 3.20 : BER performance of MFSK-DBPSK/DS-CDMA over fading
channels using dual-k codes with k = 4 and 5 for M; =8and 16 respectively.
Ray: Rayleigh fading and no-coding; Ray-C: Rayleigh fading with coding;
Ric: Rician fading (x = 10 dB) and no-coding; Ric-C: Rician fading (x = 10
dB) with coding,.
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At a BER of 1073, no coding gain is achieved. At a BER of 10-5, the dual-5 code
for the 16FSK-DBPSK/DS-CDMA scheme has only one dB gain. This is due to
the inefficiency of the hard decision decoding. In Fig. 3.20, BER performance using
dual-k codes for M; = 8 and 16 over fading channels is shown. At a BER of 1072,
there is no coding for both Rayleigh and Rician fading. At a lower BER, the gain
becomes larger. However, compared to the Reed-Solomon codes, dual-k codes using

hard decision decoding is not powerful.

Table 3.14 : The required SNR. per bit 9, (in dB) and the asymptotic
bandwidth efficiency 7. (in b/s/Hz) for a BER of 107 for the 16FSK-
DBPSK/DS-CDMA system.

schemes AWGN [ Rician (k = 10 dB) | Rayleigh
uncoded 5.5/0.423 10.0/0.15 26.8/0.0031

RS (n =31, t = 1) | 4.8/0.497 8.0/0.238 90.5/0.013
RS (n =31, t=2) | 4.5/0.532 7.4/0.273 17.3/0.028
RS (n =31, t =4) | 4.3/0.557 7.4/0.273 14.0/0.060
RS (n=31,t=28) - - 11.6/0.104
dual-k 5.5/0.423 9.2/0.180 95.2/0.0045

Table 3.15 : The required SNR per bit % (in dB) and the asymptotic
bandwidth efficiency 7 (in b/s/Hz) for a BER of 107° for the 16FSK-
DBPSK/DS-CDMA system.

schemes AWGN [ Rician (k= 10 dB) | Rayleigh
uncoded 7.3/0.279 18.3/0.022 -
RS (n=31,t=1)16.1/0.368 11.2/0.114 -
RS (n = 31, ¢ = 2) | 5.6/0.413 9.6/0.164 24.7/0.0051
RS (n =31, t = 4) | 5.3/0.442 9.1/0.185 18.8/0.020
RS (n=31,t=28) - - 14.7/0.051
dual-k 6.4/0.344 11.8/¢.099 -

In Tables 3.14 and 3.15, we list the required SNR for various coded systems over
AWGN and fading channels. The corresponding asymptotic bandwidth efficiencies
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are also given in the same tables. The coding gains at a BER of 107 are smaller
than those at & BER of 10~5, The Reed-Solomon codes have large gains in Rayleigh
fading channels. While the dual-k codes do not perform weil.

3.7 Summary

In this Chapter we first considered MFSK-MPSK/DS-CDMA systems, in which
MFSK demodulation is noncoherent and MPSK demodulation is coherent. It was
shown that except for BFSK-BPSK/DS-CDMA, all the MFSK-BPSK/DS-CDMA
and MFSK-QPSK/DS-CDMA perform better than the PSK/DS-CDMA system. Com-
pared to MFSK/DS-CDMA, MFSK-MPSK/DS-CDMA has an improvement in band-
width efficiency by a factor of log,(M, M)/ log, M;. For large My, the improvement
is not significant. The primary advantage of MFSK-MPSK/DS-CDMA is to increase
the effective signal energy to noise spectral density ratio for a given bit encrgy to
noise spéctral density ratio.

Secondly, we considered MFSK-DMPSK/DS-CDMA systems. Duc to power of-
ficiency of the DBPSK relative to other DMPSK systems, we focused on a system
with Mp = 2. The performance is examined over both AWGN and fading channels.
In an AWGN channel, the proposed systems have one to three dB gains over the cor-
responding MFSK/DS-CDMA systems. Compared to the PSK/DS-CDMA, uﬁ to 4
dB gain is achieved with large M}, while in a Rayleigh fading channel, the gain is rel-
atively small. Using FEC coding, system performance is greatly improved especially
in a Rayleigh fading channel. Reed-Solomon codes were shown to be very powerful.
The relative power inefficiency of dual-k codes lies in the hard decision decoding.

All the analyses are based on the bit energy to effective noise spectral density
ratio ;. In section 3.4, we discussed the relationship between 1, and the MAI and

pointed out the validity of the Gaussian approximation.
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Chapter 4

MFSK /DS-CDMA Employing
Orthogonal Codes

4.1 Introduction

In conventional CDMA systems, PN codes (or PN sequences) function as user’s iden-
tity signatures. Each user has a distinct PN code. Thus, multiple users can be
identified and distinguished. On the other hand, a PN code can also be used to
represent the data information. M. different PN codes can represent log; M. bits of
information. If the number of available codes is more than the number of users, each
user can use more than one code not only for its identity signature but also for its data
transmission. The application of orthogonal codes to CDMA was discussed in [85] and
[86]. In this chapter, we consider the orthogonal codes in MFSK/DS-CDMA systems.
The resultant system is MESK-OC/DS-CDMA. This system is characterized by two
parameters: the number of frequency tones M/ and the number of orthogonal codes
M.. MFSK/DS-CDMA is a special case of MFSK-OC/DS-CDMA with M. = 1.

For efficient detection, all PN codes should be orthogonal or quasi-orthogonal
(having a small cross-correlation). An example of orthogonal codes is a Hadamard
code in which the number of orthogonal codes is equal to the code length. However,
the orthogonality of this code is retained only for synchronized reception. Since this
code is not quite random, and practical systems are generally asynchronized, other
PN codes with small cross-correlation (e.g., Gold-sequence) are more likely to be used.

The number of Gold-sequences is equal to the length of the sequence plus 2. When
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the number of simultaneous users increases in a CDMA system, MALI accumulates
due to the cross-correlation between the codes (although small).

For a conventional BPSK/DS-CDMA sﬁstem, assuming each bit interval contains
a single PN sequence, the total number of distinct codes can be chosen as the length
of the PN sequence. If the total number of simultaneous users is chosen as one eighth
of the PN code length (spreading factor), then 8 codes can be used to represent 3 bit
information.

The disadvantage of introducing the orthogonal codes is an increase in the MAL
Since more PN codes are used, the maximum possible value of cross-correlation will
increase. By controlling the total number of PN codes, the mutual interfercnce can
be kept at an acceptable level. The major limitation of orthogonal codes is finding a
large set of PN codes with = good cross- correlat‘ran property.

The contributions of this chapter can be summa.rlzed as follows:

(1) Applying the concept of orthogonal codes to the MFSK/DS-CDMA sys-
tem, we propose a novel system, namely MFSK-OC/DS-CDMA.

(2) Performance with non-ideal orthogonal codes is analyzed. It is shown that

the orthogonality condition can be relaxed with little overall degradation.
(3) FEC coded MFSK-OC/DS-CDMA systems are analyzed.

In Section 4.2, we will describe the system model. In Section 4.3, we analyze the
system performance over an AWGN channel. In Section 4.4, we analyze the system
performance over a fading channel. In Section 4.5, we consider FEC coded system
‘over both AWGN and fading channels. Section 4.6 summarizes the conclusions of this

chapter.

4.2 System Model

The transmitter block diagram for the kth user is shown in Fig. 4.1. The expression
of bi(t) is given in Section 3.2:

b(t)= 3 bpr(t—iTh). (4.1)

j=—
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Figure 4.1 : Transmitter block diagram for the kth user in an MFSK-
OC/DS-CDMA system.

The bit stream is first applied to a FEC encoder with a code rate r.. To match to the
nonbinary modulator, a nonbinary FEC code is employed. The output of the FEC
encoder is an Mary symbol (M £ M, M,) stream

o0
de(t) = D dipn(t —iTy), (4.2)
I=—00
where d¥ is a random variable taking values from the set [1,2,---, M] with equal

probability, and T, is the symbol duration
T, = 10g2(M;1VIc)rch. (43)

Each Mary symbol will be used to choose one of the M frequency tones and one of
the M, PN codes. The selected frequency tone is multiplied by the selected PN code.
The resultant signal has a symbol rate

1 Ry

RJ = — = -
T, Te 10g2(Mch)

(4.4)

The symbol energy is
E, = rclogy (M M) E,. (4.5)
The signal is further waveform shaped and bandpass filtered to generate the trans-
mitted signal sk(t).
For an uncoded system, the input bit stream is grouped in log,(M,M.) bits (as
shown in the dashed box of Fig. 4.1) among which log, M/ bits are used to choose
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one of the M frequency tones and log, M. bits are used to choose one of the M. PN
codes. The equations (4.3)-(4.5) still hold with r. = 1.
The transmitted signal for the kth user (1 <k < K) is

sk(t) = Re{ux(t)e’?™ <}, (4.6)

where u,(t) is the baseband signal of the kth user
ug(t) = V2PU(t)ax(t) exp [j2mbe s (£)A + 76x(t)] (4.7

where P, ¥(t), A and i(t) have the same meaning as described in 3.2.1. During a

symbol interval, the phase 8,(t) is assumed to be constant. In (4.7), by s(t) is defined
in 3.2.1, and ax(t) is

&
()= > afpr.(t—iT.), j=12,-,M, (4.8)

i=—o00

where a‘f,j represents the ith chip of jth PN code. In our analysis, the PN codes are
considered as random signature sequences. Then af;‘,j is treated as a random variable
taking +1 and —1 with equal probability.

The received signal is
ri(t) = Re{wi(t)e’™'}, (4.9)
where wy(t) is the equivalent baseband signal

K

wi(t) = D w(t) + n(t), (4.10)

i=1

where vx(t) is the output of the fading channel for an input uk(t). For an AWGN
channel, we have v(t) = uk(t). In (4.9) nk(t) is the equivalent lc;wpass additive
Gaussian noise having a zero mean and a power spectral density Np.

The receiver block diagram is shown in Fig. 4.2. There are MM, branches, cach
branch is a matched filter corresponding to a specified frequency tone and a specified
PN code. A branch of the receiver is shown in Fig. 4.3. It is realized in the form of
a correlation receiver. The decision unit chooses the largest output from the M, M,

matched filters as the estimate. The decision output is then FEC decoded.
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Figure 4.2 : Receiver block diagram of an MFSK-OC/DS-CDMA system.
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Figure 4.3 : A branch of the MFSK-OC/DS-CDMA receiver.
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4.3 System Performance over an AWGN channel

In this section, we consider thz system performance over AWGN channel for the

uncoded case. A simple analysis is given first, and then a more detailed description

follows.

4.3.1 A Simple Analysis

For the uncoded MFSK-OC/DS-CDMA system, each symbol contains log,( M, M)

bits, then the effective symbol energy to noise spectral density ratio is
s = loga( My Mc) - (4.11)

If we are assuming that all the M, PN codes employed by a user are orthogonal to
each other, then all the M M, signals are orthogonal. Thus, the symbol error rate
for noncoherent detection is similar to noncoherent MFSK

Mch—l

MM, —1 1 ’
P, § : n+l fi¥ie =y n/(n+1) 0
8 = = (‘—1) ( n ) ——n T 18 . (41...)

The bit error rate is
2(log2 MiM.=1)

By = ooz My Mz) _ 1P s

(4.13)

Next we determine ,. We use the Gaussian approximation for the MAI [42].
The total noise power is the sum of thermal noise power plus the mutual interference
power. Assume that the one-sided bandwidth is W, we have the thermal noise power

NoW, and the interference power (K — 1)E,/T,. The total noise power is

K -~
&=MW+L7ﬁ§. (4.14)
The total noise power spectral density is
+_ Pr (K-1E (K - 1)E,
Ny= o= No+ 12 = A8 4.1
The symbol energy to the effective noise spectral density ratio is
’ Eq % Vs
Yy =57 = — . = — . (416)
L] NO 1+-‘§/f§.—% 1+ WE/'Rl.nf_q
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The bit energy to the effective noise spectral density ratio is

-1
, Yo o (WIRN\ T ~
_— = . 4.
BETE W [(%) * (K —~ 1) } (4.17)

From (4.17), the number of simultaneous users is:

P W= ’)’b) +1 L Win- ’Yb)

for K >» 1). 4.18
Ry "R w ( ) (4.18)
The bandwidth efficiency is:
KRy  1—"%
= = 7 b/s/Hz). 4.19
n= Tt = B (bis/i) (4.19)

The symbol energy to the effective noise spectral density ratio can be rewritten as

= logy(M; Me), = loga (M M:) [(%)‘1 + (2//_ R‘l’)_ } . {4.20)

In the above equation, the three parameters W, R, and K determine the band-
width efficiency. For a given ~, and bandwidth efficiency, the MFSK-OC/DS-CDMA
scheme (with M, > 1) has a larger effective symbol energy to the cffective noise
spectral density ratio than that of MFSK/DS-CDMA, and thus a better symbol error
rate performance can be achieved. From (4.13), the bit error rate has only a small

difference with the symbol error rate.

Recalling that s = logo(MMc)vs, the equation (4.20) can be written as

Jor T

Now the second term in the bracket is not related to M.. In fact, for different M., the

bandwidth W will change. The asymptotic value of 7, is determined by the second

term.

For a requiréd BER, one can find v, from (4.12) (or v, from (4.13)}, and for a

given E,/N,, one can estimate the capacity using (4.19).
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4.3.2 A Detailed Analysis

For the AWGN channel, the optimum receiver for the ith user computes the decision

variables
T .
Ungme = lfo w;(t)us:f;'mc(t)dt my=1,2,--, My me=12--- M (4.22)

and selects the signal corresponding to the largest decision variable. In the above
equation, us,f}'mc (t) is given in (4.7), and * denotes the complex conjugate operation.
To derive the probability of error, suppose that the signal u(f;)l(t) is transmitted.

Then the equivalent lowpass received signal is
wi(t) = uf) (e % + n(t) + 3 uelt)e. (4.23)
ki
Since the signals are detected noncoherently, the phase term e™7% becomes irrclevant
and may be dropped from consideration. Thus

Unmgme = |Dmpime + Nongme + kZ L), (4.24)
#i

The desired signal Dy, m, takes the form
Dmf)mc = ZE,(S(TTLJ', l)é(mca 1) (425)

where the Fronecker function (-, ) is defined by §(z;,z2) = 0if z; # 22 and 8(z, ) =
1. The noise term

Npym, = é i ()l (t)dt (4.26)
has a zero mean and variance of 0%, = 2E,Np. When K is large, the MAI ¥, ; [x can
be approximated as a Gaussian random variable. Then the sum Nm, m, + Zexi I is
also a complex-valued Gaussian random variable. From the symmetry property, the

mean of the Y ,; [r can be assumed to be zero. Its variance for a single interferer is

derived in Appendix C as

1 N?T3\ (2E,)?
= 12— )=, 4.27
E{I2} = (2E,T7Y MfT, (2 ; ) SH, N (4.27)
The sum of Nm,m, and Yy, i has a zero mean and a variance of
02 = 2E,No + (2Es)*(K — 1)/(3MN). (4.28)
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Since all users transmit independently, the M complex-valued Gaussian random vari-
ables are mutually uncorrelated and identically distributed, and the decision variables
Uy, ---,Usy are mutually statistically independent. Uy, - --, Uy are described statisti-
cally by a Rayleigh probability density function [75]

() = 27 exp [ — —2 M (4.29)
DPlum _o_fzn B 20;2;; M= 24y, 3 , :

and U, is described statistically by a Rician probability density function

1w u? + 5° [ suy
p(w) = a—¥exp (— 552 ) Iy (—a“z— (4.30)

1 1

where 0% = o2, (for ideal orthogonal PN codes), s = 2E,, and Io(-) is modified Bessel
function of first kind and zerc-order. For simplicity, we have used U, for U ; and Up,
for the rest of Un,m.. The probability of a correct decision is simply the probability
that U; exceeds all the other {U,,}. That is

Po = Pr(Ua <UpUs <Up-, Uy < 1))

=[ Pr(Us <UyUs < Uy, -, Un < Ui|Uy = up) plur)duy
[Pr(U2 < U, = ul)] M=t () )da,
" Ut ) dum] M plus)duy

— /:oo (]_ — e""1/2"1)M—1 p(ul)dul

M—1 ©
- S (M) e (B8 () a wa

=Mz_l£:J£(M_ )e TR [ Y

0 n+l n Im

exp {_(\/ﬂ_-l-l“l)::-?fls/\/_)g] Iy [(3/\/_1‘3;\/11_-;&1)] d(\/ﬂ_‘i']:ul)
=”Z"£;;_>;(M"1 )67—7‘5

n=0 "

M-1 M_ n.’.r

=S (M) e,
n=0 n .

In the above equation, we made use of the fact that

lﬁt_‘—“l _Wh “1)2+(7-r)’]

202

.- (4.32)
AT " ) d(mul)
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The signal energy to the effective noise spectral density ratio is

The bandwidth efficiency is:

KRy 3m—7

= ~ — > b/s/Hz). 4.34

=R (/M) (434)
The probability of symbol error is
M=1
M-1 1 !

Py=1-FPo= —1)+ —— g7/ n ), 4.3

M c HE::]( 1) ( n )n+13 (4.35)

The result is the same as that for noncoherent MFSK modulation [75] with M
being replaced by M;M.. The result obtained is also the same as that obtained in
(4.12), except the difference of ~,. The bit error rate can be obtained from (4.13).
Results from the detailed analysis will be used for the performance evalnation.

In the analysis, the MAI component is evaluated using Geraniotis and Pursley’s
method [33, 30]. In Section 3.1, we mentioned that Ha used diffcrent approach for
the MFSK/DS-CDMA system analysis. Ha’s method is described in Appendix ID.

4.3.3 Performance with Non-ideal PN Codes

In the above analysis, we assumed that all the PN codes employed by a user are ideally
orthogonal. In fact, the cross-correlation between any two PN codes is generally not

zero. In this case, (4.25) should be rewritten as

2E,, my=1and m, =1,
Dmyme =3 2EsAm,, my =1 and m. # 1, {4.36)
0, my 7!—' 1,

where Am, (0 < Am, < 1) is the cross-correlation between the first and the m.th PN
codes employed by any specific user. For each user, the received PN code is synchro-
nized to the reference. So only one cross-correlation value is required. We further
assume that all the M, PN codes are chosen such that the cross-correlation values
between any two of these codes are equal. Thus Ay, = A for me = 1,2, -, M,. If the

cross-correlation values are not equal, we choose A = Max{Am,|me = 1,2+, Mc}
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as a conservative approximation. The cross-correlation velue can be either positive
or negative. Thus the variable Dy, . (with my; = 1 and m. # 1) can be modeled
as a random variable taking A and —\ with equal probability. For convenience, as a
conservative consideration, we further approximate it using a Gaussian random vari-
able with a zero mean and a variance of (2AE,)2. Clearly, when A is large, system
performance degrades significantly. The correlation value is determined by the PN
codes employed. Thus the cotal number of available PN codes is restricted, i.e., we
cannot increase the number of orthogonal codes arbitrarily. However, for a reasonable
number of PN codes, the value of A is very small. For example, using Gold codes of
length N = 2* — 1, the cross-correlation takes three different values: —1, —t, and
tn — 2 where t,, is defined as [47]

2012 4] n odd
tn { on+2)/2 1 1 n even. (4.37)

In (4.36), A is the normalized value relative to V.
Next we analyze the effect of non-ideally orthogonal PN codes. The probabilities

of Upn,,m. are given as follows

oo (-2 0 (%) my=me=

1 oy
P(tmyme) = ';'3‘ exp ( 2—1:%1) me=1,m:;# 1, (4.38)
o7 exp ( ,:‘Ufﬂ) m# 1.

Again for simplicity, we used u;, up and um to €Xpress Um,m. with (my = me = 1),
(my; = 1,m, # 1} and {m; # 1) respectively. In the equation, o? = g2, is given by
(4.28), 02 = o2, + (2AEs)® and s = 2E,.

The probability of a correct decision is
=)
Pc = v/(; [Pr(Um < U1|U1 = u1)]M-M° [PI(UQ < U1|U1 = ul)]m_lp(ul)d’ul, (4~39)
where

M-M. _
Pr(Unm < U|Uh =)~ = Y (- 1)“1( Mc)e_"‘“‘/2”2 (4.40)

n1=0

and

Mc—1 _
[Pr(U: < U1|Uy = ul)]M°_1 = Z (—1)™ ( M‘;'h ! )e_"z"‘?/%g. (4.41)

ne=0
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Then

= Mfc%l(—l)“l+"= ( M — M. ) ( M.-1 )

ny=0 na=0 13 Tla
fomexp [_ (%’*‘ Ei) ] —&e.xp ( Jif") Iy (S:I ) du;.

The integral term in the above equation can be expressed as

o0 2
+
[ e - (3 + 2) H] e (-5) b (5%) du
1 2 o u? u? u’ -
= Gew(-) [Tmew[- (F+8)F] b (%) du
2 2 ’ e 2+ 2 4
= %%exp (~—2’;¥) exp (’57) j; Eé’ exp (_"%: ) I (’—U‘él) du,y
2 ‘2
= Gew|-(&-5))
where ) -
oA (T | T _ T20m
W“=\m vz Tholinel
m 3 105 + Nao;,
-1
0'2 é .l.. + i —_ ____o_.fg;.___
b a? gt no? 4+ ngo?’
and
.\ A OES
5 = -
o1
Setting 0? = 02, and ¢ = oym? + (2AE,)?, we have
s (2E,)* -
2 2B, (K=1)] = o
205 22BN, + 5L
§2 1 fa2s\'  §* of ot
208 2 T 202,02, ’Y’a?n’
and
Ef— == a; = 1 = 1
e A NN YT v
o5 o3
— 1 - 1 _ 1
1+ﬂ1+n2_°_f? 1+I’11+ﬂ21—+-—7 ;2}:?:: |+ﬂ1+"275'\_2—r

The probability of correct decision is

I S ( M - M. ) ( M, -1 )

n
n1=0 na=0 Ty 2
1 ’ 1
exp|—v, |l - Tm0————
L s 14n1+ng ——r

(4.42)

(4.43)

(4.44)

(4.45)

(4.46)

(4.47)

(4.48)

(4.49)



The probability of a symbol error is
P,=1-F. (4.51)

Letting A = 0 and 7 = n; -+ n,, the above equation reduces to (4.35).

4.3.4 Numerical Results and Discussions

In this subsection, we consider two cases corresponding to the ideal and the non-ideal

orthogonal codes respectively.

4.3.4.1 Ideal Orthogonal Codes

Comparing (4.35) to (2.16), we see that the expression of the probability of symbol
error of MFSK-OC/DS-CDMA is the same as that of MFSK-MPSK/DS-CDMA.
The difference is the parameter M and the relationship between the bit energy and
symbol energy. In Tables 4.1 and 4.2, we give the required bit energy to the effective
noise spectral density ratio for BER of 10~ and 105 respectively, using {4.35) and
(4.13). We see that schemes with the same product M;Mc. have nearly the same
performance. This can be seen clearly from (4.35), where M = M;M., and L, =
E./log,(M;M,). For comparison, the performance of MFSK/DS-CDMA (M. = 1)
is also listed in the Tables. For a fixed M, 7, decreases as M. increases. For a fixed
M., 'y;, decreases as My increases. In general, ‘y; decreases as M increases. For smaller
M, the improvement in energy efficiency by employing the orthogonal codes is more
significant. It should be noted that the same value of ~, in MFSK-OC/DS-CDMA
and MFSK/DS-CDMA (with M = M;M.) does not correspond to the same 7, since
v, is determined by two terms as given in (4.33).

Next we examine the bandwidth efficiency of MFSK-OC/DS-CDMA systems. The

system bandwidth is expressed as

Ry
W = — = —— .
M/R. = M;NR, MlengM, (4.52)
where M = M;M.. Thus the bandwidth efficiency is
KRy Klog,M
= = . 4.
14 M¢N (4.33)
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M. = 10.9 8.3 7.0 6.1 5.4
M= 8.3 7.0 6.1 5.4 4.9
M., =4 7.0 6.2 5.5 5.0 4.6
‘M:=8 6.2 5.5 5.1 4.7 4.3

M;=2 | M; =4 M; =8| M; =16 M; =32
M,=1| 133 | 106 | 9. 8.1 7.3
M, =2 106 9.1 8.1 7.3 6.7
M, = 9.1 8.1 7.3 6.8 6.3
M,=8| 81 7.3 6.8 6.3 5.9

Table 4.1 : The required SNR. per bit v, (in dB) for a BER of 107° for the
MFSK-OC/DS-CDMA.

Table 4.2 : The required SNR. per bit ~, (in dB) for a BER of 10~° for the
MFSK-OC/DS-CDMA.

For a fair comparison, we keep the same BER performance for different systems.

Consider (4.33) for a very large y,. We have the asymptotic value

e
The product M;N can be expressed as

2 ' 2 :
MfN = §(K - 1)7&,00 = §(K - 1) 10g2 M’Tb
Substituting the above result into (4.53)

3K 3
N=-—————F=— forlarge K.
2K - )7, 27 &

(4.54)

(4.56)

This result is the same as equation (2.21). For a general case, equation (2.20) still

holds ,
_3n%, B
2 Y, w’
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Table 4.3 : Asymptotic bandwidth efficiency 7. (in b/s/Hz) of MFSK-
OC/DS-CDMA systems for a BER of 107°.

M=2|My=4|M;=8 My;=16 | M; =32
M. =1 0.12 0.22 0.30 0.37 0.43
M. =2 0.22 0.30 0.37 0.43 0.49
M. =4 0.30 0.36 0.42 0.47 0.52
M.=28 0.36 0.42 0.46 0.51 0.56

Table 4.4 : Asymptotic bandwidth efficiency 7 (in b/s/Hz) of MFSK-
OC/DS-CDMA systems for a BER of 10°.

M_f= Mf=4 MJ':S M_r=16 Mf=32
M.=1]| 0.07 0.13 0.18 0.23 0.28
M,=2| 0.3 0.18 0.23 0.28 0.32
M.=4]| 0.18 0.23 0.28 0.31 0.35
M, =8| 0.23 0.28 0.31 0.35 0.39

where R,/W = log, M/(M;N) can be omitted (for M = 32, My = 2 and N = 128,
R,/W=0.02). The asymptotic bandwidth efficiency corresponding to Tables 4.1 and
4.2 are piven in Tables 4.3 and 4.4 respectively.

We can give a direct explanation for the resuits in these two tables. From (4.54),
if we keep the three parameters M;, N and K fixed, the value of v, of MFSK-
OC/DS-CDMA is larger than (or equal to) that of MFSK/DS-CDMA. The bandwidth
efficiency improvement factor is (using (4.53))

K loga(M)
_ T{MFSK-OG/DS-CDMA} _ __ M;N log, M.

T{MFSK/DS—CDMA} K—Tl%vﬂf- - log, My

faw (4.58)
Table 4.5 lists the values of fgw for MFSK-OC/DS-CDMA with different M, and
M,. The value of fpgw for MFSK/DS-CDMA systems (M, = 1) is set to 1 as the
reference. The bandwidth efficiency of MFSK-OC/DS-CDMA is fgw times that of
MFSK/DS-CDMA with the same M;. By checking the results in Tables 4.3 and 4.4,

the improvement is a little smaller than fgw. For example, in Tables 4.3, the ratio
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of the entry with M; = 2 and M, = 8 over the entry with M; = 2 and Mc = 11s
0.36/0.12= 3; while the corresponding value of fgw given in Table 4.5 is 4. This is
because the same value of v, does not result in exactly the same BER performance.
For a fixed value of My, the summation index M in (4.35) is different for different
M,. However, the bandwidth efficiency improvement factor does give a clear physical

meaning,.

Table 4.5 : Bandwidth efficiency improvement factor fgw of MFSK-
OC/DS-CDMA systems with the same 1,.

My=2{M=4a]M;=8|M,=16| M, =32
M.=1 1 1 1 1 1
M, =2 2 1.5 1.33 1.25 1.2
M. =4 3 2 1.67 1.5 1.4
M. =8 4 2.5 2 1.75 1.6

The bandwidth efficiency shown in Tables 4.3 and 4.4 are asymptotic values. To
obtain the asymptotic bandwidth efficiency 7., @ necessary condition is that the

corresponding values of 'y; are achievable. To satisfy this condition, we need that

, Yr o0 3M;N /
- . = > 7 4.50
Moo = g (M, My)  2(K — 1) logg(M;Mg) = K (439
i.e.,
M/N 2 _ 1 (4.60)

(K = 1)log,(M, M) = 3
The left side of the above equation is the reciprocal of the actual bandwidth cfficiency
as shown in (4.53). Thus for a specified BER the realizable bandwidth efficiency
should be less than the asymptotic bandwidth efficiency.

4.3.4.2 Non-ideal Orthogonal Codes

Now we consider the case of non-ideal orthogonal codes. To be specific, we consider
the Gold sequence of length 127. For this code, t, = 17, thus three possible cross-
correlation values are —1, —17 and +15 respectively. Generally, we can select the

PN sequences (with a shifted version) in cuch a way that the cross-correlation values
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between every pair of the PN codes employed by a user is —1. For M. = 8, it is
not difficult to divide the Gold sequence of length 127 into 16 sets, which meet the
requirement. For a cross-correlation value of —1, we found that the BER performance
is the same (within one tenth of a dB) as that of ideal case. However, to consider the
worst case, we give the calculation results for A = le% = 0.134 shown in Tables 4.6

and 4.7 for bit error rates of 10~3 and 10~° respectively.

Table 4.6 : The required SNR per bit 7, (in dB) for a BER of 1072 for the
MFSK-OC/DS-CDMA with A = 0.134.

My=2|Mp=4|M;=38 My=16 | M; =32
M.=1[ 10.9 8.3 7.0 6.1 5.4
M,=2] 9.0 74 6.3 5.6 5.0
M.=4| 7.9 6.7 5.9 5.2 47
M. =8| 73 6.3 5.6 4.9 4.4

Table 4.7 : The required SNR. per bit «; (in dB) for a BER, of 107° for the
MFSK-OC/DS-CDMA with A =0.134.

M, =2 M;=4] M;=8 My =16 | M; = 32
M,=1| 133 | 106 | 941 81 73
M.=2] 124 | 105 | 93 83 75
M,=4| 113 | 100 | 90 8.2 74
M,=8| 105 | 95 8.7 8.0 7.3

The difference with the ideal case is large for small BER (107°). The difference
can be up to two dBs. So the selection of a set of PN codes is important. A direct
explanation of the effect of the non-ideal codes is given as follows. In the reception,
there is interference from { K —1) other users. For the (Mc—1) branches which have the
same frequency tone as the received signal, in addition to the MAI, there is one more
interference from the desired signal. The signal to interference ratio corresponding to
one interfering user (approximated as Gaussian noise) is v, = 3_{4_2.&, while the signal
to interference ratio due to the desired signal is y2 = &—Fé);; = 1/X%. For M; = 1,
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1 = 192. For cross-correlation values 1 and 17, 72 = 16129 and 535.8 respectively.
So for a small cross-correlation value (A = 1/N), the effect of the non-ideal code is
trivial; while for the large cross-correlation value (2 = 17), the interference from the
desired signal can be more severe than MAI Fortunately, we can easily choose a sct
of orthogonal codes with small single cross-correlation between each pair. From now

on, we will treat all the M, orthogonal codes as ideal ones.

4.4 System Performance over Fading Channels

In this section, we consider system performance without FEC coding over frequency
non-selective slow Rayleigh and Rician fading channels. For the BER evaluation,

Gaussian approximation method is used.

4.4.1 Performance over a Frequency Non-selective Slow Rayleigh
Fading Channel

4.4.1.1 Amnalysis

In this section, we determine the system performance over a slow Rayleigh fading
channel. Signals are assumed to be transmitted on L diversity channels. Each diver-
sity channel is assumed to be frequency nonselective and the fading processes on the
L channels are assumed to be mutually statistically independent. The diversity can
be obtained in different ways (e.g. multiple antennas). In addition, an additive white
Gaussian noise corrupts each channel and all the noise processes are assumed to be
mutually statistically independent. The fading is sufficiently slow so that the channel
parameters (fading strength o and phase shift §) remain constant for the duration
of the signalling interval (T,). The fading channel can be described by the following
input-output relationship

velt) = axe?®ug(t), (4.61)

where oxe’% is a complex Gaussian random variable. Its amplitude oy is Rayleigh
distributed, and its phase @ is uniformly distributed over (0, 2m).

Because of the noncoherent detection, the combiner for the L diversity channels
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is a squared law combiner. Its output consists of M;M. decision variables

[ L
alt) At (1
U= ;[2.3;01‘(!)5.19; + ;(ag)e-'"’k I,E._)) + Nﬁi,mf my =me= 1,
— 1
L
o)
Unjme = 4 Uz =35 (e I0) + NG - |° mp=1, m.#1,
=1 k
L
:all)
Us = I3 (oxe®™ 1) + NG, .. | my # 1.
L =1 k#i
(4.62)

In the above equation, all the three terms afl)ejasu, }:#,-(ag)ej"g)l',(:)) and NP .
are Gaussian distributed. I,(:) is given in (C.1). The variables U;, U, and Us are

chi-square distributed with 2L degrees of freedom {75}, i.e.,

1 1 —u1 /%2

bu, (ul) = (20’%)L(L _ 1)!1”{' ‘e 1/%1? (4.63)
1 1 —ua/202

pUz(uQ) = (QU%)L(L _ 1){“‘5‘ 'e 22 2 (4‘64)

and

1 -1 _~ua/203 =
pus(w) = ATy (4.65)

The three variances can be found as

o?= iE (|2E,a£" &%+ (o I) + Nmf,mclz)

pst (4.66)
= 2ENy¥s + (K - 1)%;7’:9,31 + 2E,No,
4E,No7.
2 _ 27008
o5 =K TM N + 2E4Ny, (4.67)
and
4E No7.
2 _ _ $4¥0s
o3 = (K 1)-—-———3 VN + 2E,Ng (4.68)

: E
where 7, = E{a®} $*.

The probability of correct decision is

Po= [T [ st T [ [ pteadun]  pwd (069)
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The probability of symbol error is
P=1-F¢
Mc—1

il

— 1___/00 1 L—1,-uy /203 1 —1.|.1/2¢1'§L_1(1-11/2cr2)I
- o @DITHY © —€ rar (4.70)

L-1 M-Me.
[1 — e—u1/203 Z (m/ﬁffg)l] du,.
i=0

By replacing the integrate variable u = u,/20%, the above equation can be rewritten

as
0 ol = 1 ——gu o
pm 1= [T (@) e [ S )]
oy AM=Me (4.71)
- u‘
[l—e “Zﬁ] du.

=0

From (4.66), (4.67) and (4.68), we have

o} _ (K = 1)*55 + 2E.No 1

o} 2B,No¥, + (K — )EME 42BNy 1+

(4.72)

and
IMiN

K% 12BN, L+ gyt

o2 (K —1)EMed L oB N, 1
== (4.73)

-1 . . . . i .
where 7, is averare signal energy to the equivalent noise spectral density ratio

R A
Vs = l:'}'s by (——‘—_2(}.{_ 1)) J ) (4'74)
and
¥ = logz(Mch)’Yb/L. (4.75)

Substituting (4.72) and (4.73) into (4.71), we have

u

—_ _ o 1 L-1."%-7
Fo=1 /o aEre-m e ¢ M-M.
—— Me—1 L-i — Mg (4.76)
[1—6 LAl Z u! ] [l—e'“zu—ll du.
=0

14 Ta’ L i
( mj Ta') =0

The above equation can be used for the BER calculation.
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For L = 1, (4.70) reduces to

o0
Pc = 11— 2; e—u1/26"1![1 —U1/20'2]Mc —u1/263]M Mcdu1
1

A?—McMc-l

-
= 1— ,,,Z=o ﬂ;(—l)"‘”’“’( ) ( ) (4.77)
)

2—;7/ exp —g5r — Bt — —%Ldul

1 1

q

—M:-M.~1
= 1- Z Z( 1)ﬂ1+n2(

n =0 ng=0 or’
where -
1 n =
2 1 2
P [ S N A 4.78
and 2 2 2y —1
a= (1+ )
I+t K -5y K- D gty \ (4.79)
= {1+m 1+K gifty T R ety 7
If all the M, PN codes used by a specific user are ideally orthogona.l, then
4E,No7.
2 2 34¥0 Vs
=g = (K - 1)}——= 4.80
0-2 0.3 ( ) 3MfN + 2E3N01 ( )
and MMt
P = !ZS (_1)n+1 ( MM -1 ) 1
n=1 n 1+ﬂ:£
M 72 (4.81)
M1
= Z (_1)n+1 M,Mc -1 1
= n I+n+nd,’”

4.4.1.2 Numerical Results and Discussions

As in Chapter 2, the analysis can be performed in two steps. The first step is to
examine the BER as a function of 4 using (4.81). The second step is to examine the
relationship between 4, and the MAI term as given in (4.74) and (4.75). The second
relationship is the same as that described in Chapter 2.

From (4.81), we see that for the ideal orthogonal codes, the BER performance of
the system with parameters M, and M. is the same as that of MFSK/DS-CDMA
with M = M M.. This result is the same as the discussion for AWGN channel in

Section 3.3.4. Thus, the BER performance as a function of 5 is the same as that
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in narrowband MFSK system with M = MM, [75]. We know that in conventional
MFSK system, the performance is better than BPSK in AWGN channel for M > 8.
While in Rayleigh fading chanrel, BPSK performs better than MFSK. The same result
holds for the comparison between MFSK-OC/DS-CDMA and PSK/DS-CDMA.

For non-ideal orthogonal codes, the intended signal acts as interference to M.~1
decision branches which have the same frequency tone as the intended signal. Thus,
the overall performance will be degraded. In Figs. 4.4 and 4.5, the BER performance
is illustrated for M; = 8, M, = 2 and M, = 8, M, = 4 respectively. For both cases,
the PN sequence length is N = 15. Diversity L = 1, 2 and 4 are included. Larger
diversity brings significant advantage. Compared with the performance using ideal
orthogonal codes, the non-ideal orthogonal codes have an obvious degradation. We
notice that when number of diversity increases, the degradation becomes smaller.
The PN sequence length also affects the performance. In Figs. 4.4 and 4.5, the BER
performance for the same systems is illustrated with PN sequence length N = 63.
Compared with the ideal Orthogonal codes, much smaller degradation is observed
than using N = 15. The effects of L and N can be explained from (4.73). With
jarger N and L (thus smaller 4.'), the term ¢ /o3 is close to unity, which corresponds
the ideal case. Otherwise, worse performance occurs.

In the analysis, the effect of the signal on the same tone branches is treated as
an MAI user. In fact, by properly choosing the PN codes, much better correlation
properties can be obtained, and the resultant performance will be very close to the

ideal case. As for the relationship between §, and the MAI, the discussion in Section

3.5 also applies.

4.4.2 Performance over a Frequency Non-selective Slow Ri-
cian Fading Channel

4.4.2.1 Analysis

The frequency non-selective Rician fading channel is described by the following input-

output relationship

vi(t) = pux(t) (4.82),
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Figure 4.4 : BER performance of MFSK-OC/DS-CDMA systems with
M;=8 and M. =2 over a Rayleigh fading channel using diversity L =1, 2
and 4, and PN sequence length L = 15.
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Figure 4.5 : BER performance of MFSK-OC/DS-CDMA systems with
M; =8 and M, = 4 over a Rayleigh fading channel using diversity L =1, 2
and 4, and PN sequence length L = 15. :
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Figure 4.6 : BER performance of MFSK-OC/DS-CDMA systems with
M; =8 and M. =2 over a Rayleigh fading channel using diversity L =1, 2
and 4, and PN sequence length L = 63.
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Figure 4.7 : BER performance of MFSK-OC/DS-CDMA systems with
M; =8 and M. = 4 over a Rayleigh fading channel using diversity L =1, 2
and 4, and PN sequence length L = 63.
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for {T. < t < (I + 1)T., where p is random variable with Rician distribution as given

in (2.12). The decision variables are
|2E,p + ZPIk,:‘ +¢ my=me=1,
ki

4.83
1> pli +¢| otherwise, (4.83)
k

Um!,mc =

where ( represents AWGN component. Again we use the Gaussian approximation for

the MAI component. The mean und variance of the MAI plus noise are

Hmgme = E{Xk:p-[k.i +¢} =0, (4.84)
and
o® = B{Y ples +(}F
= ;gipg}E{fi,i} +E{¢*} (4.85)
= #c — )32 + 2B, No.

The average symbol energy to the effective noise spectral density ratio is given in
(4.74). Using (A.10), we have the following result

= M~1 1+ Kny,
Pvtesic = ng(-—l) " ( n ) R L T BT g [”m?; T (n+ 1) -({- n))'
4.86

4.4.2.2 Numerical Results and Discussions

In Fig. 4.8, we give the BER performance of MFSK-OC/DS-CDMA over a Rician
fading channel with « = 10 dB. From this figure the following two observations can
be made. As M increases, the performance improves; the difference in performance is
large at high and moderate BERs and diminishes at low BERs. In Fig. 4.9, we present
the BER curves of MFSK-OC/DS-CDMA with different M for different channel:
AWGN, Rayleigh fading, and Rician fading with « = 20 dB, 10 dB and 5 dB. Here
M = M;M,. The more severe the fading, the smaller the difference between large M
and small M. So in severe fading environment, the advantage obtained by increasing

M is very limited.
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Figure 4.8 : BER performance of MFSK-OC/DS-CDMA. systems over a
Rician fading channel with 5 =10 dB.
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Figure 4.9 : BER performance of MFSK-OC/DS-CDMA systems over
different channels.
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4.5 Performance of an FEC Coded System over a
Frequency Non-selective Slow Rayleigh Fad-
ing Channel '

From the previous results about the uncoded system, we see that the bandwidth effi-
ciency is very low. In this subsection, we consider the system performance employing
both block and convolutional codes. Generally, both binary and nonbinary codes can
be used. For binary code, log, M coded bits are grouped to be transmitted as one
of the channel symbol. In this case, the length of the block code is better chosen
as a multiple of log, M. The block diagram of the system is shown in Fig. 4.10-(a).
More natural way of implementating coding is using nonbinary codes for the non-
binary modulation scheme. For the Mary modulation scheme, a log, M-ary code
can be employed. The block diagram of the nonbinary coded system is shown in
Fig. 4.10-(b).

Transfer

FEC Encoder Grouping in
{binary) —> log, M bits —)IModu]anrI_) Channel Demodulator M-ary symbolstDecoder
z to binary bits

(a)

Grouping in FEC Encoder
—> —)1M d
log, M bits (nonbinary) odulator l—) Channel Demodulator —>|Decoder

(b)

Figure 4.10 : Block diagram of an FEC coded MFSK-OC/DS-CDMA
system. (a) A system with binary coding; (b) A system with nonbinary
coding.

Now we consider the BZR performance of Reed-Solomon codes and dual-k codes.
Reed-Solomon codes are hard decision decoded, while dual-k codes are soft decision
decoded. A detailed derivation for the performance of soft decision decoding is given

in Appendix E.
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4.5.1 Performance of Reed-Solomon Codes

The expression for the performance of Reed-Solomon codes was given in Section 3.6.
The BER performance using hard decision RS code over a Rayleigh fading channel
is shown in Fig. 4.11. With FEC coding, the performance is improved significantly.
When M (= M;M.) is large, a large error correcting ability ¢ is possible. From
Fig. 4.11, the BER performance is mostly determined by the parameter t. This

shows the advantage of using the combined MFSK and orthogonal code scheme which
achieves large M.

M=4, t=1
) M=8, t=1
) q =rewsrsumes M:B, =2
5 R M=16, t=3
[, M=16, t=4

0 5 10 1§ 20 25 30
Eb/No' (dB)

Figure 4.11 : Performance of MFSK-OC/DS-CDMA systems using RS
codes over a Rayleigh fading channel.

In Table 4.8, we list the required -, and the asymptotic bandwidth efficiency at a
BER of 10~2. Recalling that (Section 3.5.3) the bandwidth efficiency for the uncoded

system in a Rayleigh fading channel is in the order of 10~*, the coded system is much
better.
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Table 4.8 : The required SNR per bit v, (in dB) for a BER of 10~3 and
the asymptotic bandwidth efficiency (in b/s/Hz) over a Rayleigh fading
channel using RS codes (code length n= M — 1)

M=4i=1|M=8i=1|M=8,t=2|M=16t=3|M=16t=4
"y 19.8 184 15.8 14.0 13.0
7 0.016 0.022 0.039 0.060 0.075

4.5.2 Performance of Dual-k Codes

For the nonbinary convolutional code, dual-k code, since soft decision decoding can be

employed, a better performance can be achieved. For M =8, M = 16 and M = 32,

the performance using dual-3, dual-4 and dual-5 codes are shown in Fig. 4.12. The

results for 2. BER of 10~ is listed in Table 4.9. A better performance is observed

compared with RS codes.
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M=8, k=3
M=16, k=4
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Figure 4.12 : Performance of MFSK-OC/DS-CDMA systems using dual-k
codes over a Rayleigh fading channel.
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Table 4.9 : The required SNR per bit v, (in dB) for a BER of 10~* and
the asymptotic bandwidth efficiency (in b/s/Hz) over a Rayleigh fading
channel vsing dual-k codes.

M=8k=3|M=16k=4[M=232,k=5
o 13.6 . 12.4 11.4
n 0.065 0.086 0.11

4.6 Summary

In this chapter, we applied the concept of orthogonal codes to the MFSK/DS-CDMA
system. It is shown that the resultant system (MFSK-OC/DS-CDMA) is equivalent
to the MFSK/DS-CDMA systems with M = MyM.. For a fixed My, the proposed
system is better than MFSK/DS-CDMA. With the introduction of orthogonal codes,
the system complexity can be reduced. System performance over AWGN and fading
channels were examined. The effects of FEC coding were also considered. Orthogonal
codes can be easily realized in practical situations. We analyzed the system perfor-
mance using practical PN codes which are not orthogonal. It was shown that some

PN codes (e.g., Gold codes) with good correlation property can be used with very
small degradation.
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Chapter 5

Simulation Studies of
MFSK-OC/DS-CDMA Systems

5.1 Introduction

The purpose of this chapter is to describe the simulation work we have performed to
verify and extend the analysis given in Chapter 4. For SS systems, direct simulation is
very inefficient. To simulate an SS system with a spreading factor &V, the simulation
time is at least N times that of a corresponding narrowband system. For many
narrowband system simulations, a linear channel model can be used which allows
using one sample per symbol. In SS systems, for the MAI component, simple one
sample per chip simulation method is not enough. In an asynchronous system, the
MAI term from each interferer has a time delay which is uniformly distributed in a
chip period. The one sample per chip simulation method ignores the delay effect.
In addition, in coherent detection systems, the carrier synchronization is achieved
only for the desired signal. The one sample per chip simulation method assumes a
coherent summation for the MAI chips, thus much more effort should be made to get
accurate simulation results. In many cases, however, we do not need to simulate the
whole SS system. Usually an equivalent narrowband system model can be used {25].
We performed our simulations by taking such considerations into account.

In this thesis, the baseline signal employed is MFSK. For MFSK system simula-
tion, a lot of frequency manipulations are required. Thus the simulation for MFSK

scheme is not efficient. Based on the orthogonality of MFSK signals, we propose
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a simple simulation model for MFSK scheme simulation. For the MFSK-OC/DS-
CDMA system, we use Gaussian approximation for the MAI components. Thus we
can focus our effort on the new system concept.

In Section 5.2, a simulation model for MFSK is described. Then the model is
modified for MFSK-OC/DS-CDMA system. In Section 5.3, simulation results are
discussed and compared with the arpalytical results. Section 5.4 summarizes the

conclusions of this chapter.

5.2 Simulation Model

5.2.1 Simulation Model for MPFSK

For the MFSK scheme, M distinct symbols have M distinct frequency tones. To
represent a frequency tone in simulation, one needs multiple samples for each symbol
period. The: resultant simulation model would be complex and time consuming. It
is well known that the frequency tones of MFSK modulation are orthogonal if the
frequency spacing between adjacent tones is a multiple of 1/27 for coherent detection
and a multiple of 1/T, for noncoherent detection. We consider only noncoherent
detection. When orthogonality is satisfied, there is no interference between different
frequency tones. We can view these M frequency tones as M independent channels.
A simulation model based on this consideration is given in Fig. 5.1. The “binary data
generator” produces a stream of random binary data taking “0” and “1" with equal
probability. Then the binary data is grouped in every logs M bits, which represent
one of the M MFSK symbols (one of the M frequency tones). In the simulation
program, we are not doing any frequency domain operation. Each of the M symbols
is identified by two index values: (1) a constant float value representing the symbol
energy which is the same for all the M symbols; (2) an integer value representing onc
of the M symbols. The symbol passes through a fading channel and AWGN channel;
these channels affect only the first index value. In the fading channel operation,
there is no difference for different symbols. For the AWGN channel, we consider M
branches. During each symbol period, only one of the paths contains the signal. Other

paths contain only the noise components. In the ideal MFSK scheme, the M symbols
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are orthogonal to each other. The noise components in the M paths are assumed
to be statistically independent. In the decision unit, all the M branch outputs are
compared in absolute value and the largest is chosen as the decision. The selected

symbol is converted to binary data, and the error rate is determined in the “error

count”.
1
=z
AWGN | &3
Z 20
LV h s 25 4
. Grouping g
Binary and | y| Fading AwWGN | ES Error
ata > Symbol channel - 2 count
generator generator o 2
. 5O
. 2.9
E&
©
aan)

l AWGN

Figure 5.1 : Block diagram of a simulation model for MFSK.

Using this simulation model, we have performed a series of simulations for the
noncoherent MFSK schemes over AWGN, Rayleigh and Rician fading channels. It
is shown that the results agree with the standard analysis very well. This simple
simulation model is efficient and useful to determine the BER performance in MFSK
related systems. However, when one wants to study some frequency domain impair-

ments such as frequency offset and amplifier nonlinearity, this model is not applicable.

5.2.2 Simulation Model for MFSK-OC/DS-CDMA

The model for MFSK-OC/DS-CDMA is developed from the one just discussed for
MFSK. In the DS-CDMA system, one more interference contribution is from the

MAI A Gaussian approximation is used for this component.
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The block diagram of the model is the same as that for MFSK shown in Fig. 5.1.
The efect of the MAI is included in the AWGN. If M, orthogonal codes are used,
the number of branches in Fig. 5.1 is M = M M., corresponding to the MM,
symbols. Assume the number of simultaneous users is K, among which one is the
desired user. Then the number of interfering users is (K — 1). During each symbol
interval, the (K — 1) interfering symbols randomly correspond to a set of tones from
the M; frequency tones. This is done in the program as follows. We generate (K — 1)
random numbers r;, i = 1,2, - - -, K ~1, which are uniformly distributed in [0, 1]. Each
random number determines a frequency tone by taking the integer part of (M;r; +-1).
The resultant integer is one of the numbers [1, 2, - - -, Mj], representing M/ frequency
tones. Thus, by counting the (X — 1) random numbers, we can determine the number
of interferers in each frequency tone. All the M, branches with the same frequency
tone have the same amount of MAL In the analysis, we consider the MALin an average
way, that is, there are (K — 1)/M interferers in each frequency tone on the average.
That consideration is a little optimistic. Qur simulation will reveal the vatidity of the
analysis.

Now we examine the Gaussian approximation for the MAL In Fig. 5.1, the output,

from each of the M branches can be expressed as
Ui=Si+Ii+C=Si+Gi, Z'=1,2,"',M, (5.1)

where S; is the signal component, I; is the MAI component, ¢ is the noise component,
and G; £ I, +( is the equivalent noise component. During each symbol interval, if the
jth symbol is transmitted, we have S; = 1 and S; = 0 (¢ # 7). The MAI component
I; may be different for each frequency tone, while the noise component ¢ has the same
variance for all the tones. For the simulation we need to find the equivalent noisc
variance 0%(4), i = 1,2,---, My, which may be different for different frequency tones.
The symbol energy to noise spectral density ratio +y, is given for each simulation

E, 1

.. . 5.2

where the symbol energy E, is assumed to be 1. Thus, we have ag = 1/2~,. Assuming

that the number of interferers is k; in the ith branch, we have Yih ki = K — L.
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Recalling that the equivalent symbol energy to the MATI ratio is Yem = 3M;N/[2(K —
1)] for (K — 1) interferers in Section 3.4, the equivalent symbol energy to the MAI

ratio in the ith tone can be written as

3MyN -
Yam = -_——2155 . (03)

The variance of the MAI in the ith tone is
1 ki

2(4) = = ) 5.4
A= 5= = TN (54)
Thus the equivalent noise variance for the ith branch output is
oA = 02+ o) = b i i=1,2,0, My (5.5)
< 2y,  3M;N T

In the above equation, the equivalent noise variance is given for different frequency
tones. But for each frequency tone, we still have M. branches. In each of the M,
branches with the same frequency tone, the received signal is multiplied by different
PN sequence for despreading. We assume that the PN sequences are very well selected,
so that the cross-correlation between each pair of PN sequences is very small. For an

input noise component n(t) and a PN sequence a(t), the despreader output is

o=/ * n(t)alt)dt. (5.6)

Since E{n(t)} = 0 and 02 = Ny/2, we have E{Q} = 0 and o3 = NoT,/2. Considering
two different branch outputs @, and Q; in the M, branches, we have

E{Q:1Q-}

I

E _[OT.n(tl)al(tl)dtl [o T.n(tl)aa(tﬂdt?]
= [ [ Etaen)E () dnds =0

In the above derivation, we have used the fact that n(t) and a(t) are independent and

(5.7)

the assumption that every pair of PN sequences is uncorrelated. Thus the M, branch
noise component outputs with the same frequency tone are independent. But their
noise variances are the same.

In summary, there are M = MM, branches in total in the receiver and every mg

branches have the same frequency tone. For any M, branches with the same tone
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where no desired signal is present, the M, equivalent noise outputs are independent
and have the same variance given by (5.5). For the M, branches where the desired
signal is present, one of the M branches contains the desired signal and the equivalent
noise is also given by (5.5). The other (M; — 1) branches will experience one more
interferer and their equivalent noise variance is modified to

1 k+1

2 _
%= oy, Y 3M N

(5.8)

5.3 Simulation Results for MFSK-OC/DS-CDMA

We simulated the BER performance over AWGN, Rayleigh and Rician fading chan-
nels. In all the simulations, the number of simultaneous users was chosen as 10, and
the PN sequence length is 127. In Figs. 5.2-5.4, we give the simulation results for
two MFSK-OC/DS-CDMA schemes: (1) My =2, M. =8 (2) M; =8, M. =2. The
corresponding analysis results are also shown for comparison. We see that they are
in good agreement.

In Fig. 5.2, the BER performance of the two MFSK-OC/DS-CDMA schemes in
an AWGN channel is shown. The system with (M; = 8, M. = 2) is superior to that
with (My = 2, M. = 8). Both of these schemes have the same parameter M = M M..
Recall the results in Table 4.1 that the system with the same M have the same BER
performance and also the same bandwidth efficiency. The seemingly contradiction
can be resolved by pointing out the different condition given in Fig. 5.2. Firstly, the
abscissa is marked by -y, which is not including the effect of the MAI component.
Secondly, since the PN sequence length is the same for both schemes, the onc with
a larger M; has a wider bandwidth and gives a better performance. This is clear by
recalling the equation Yim = 3MN/[2log,(M; M,)(K —1)]. The bandwidth cfficiency
of the two schemes will be the same.

In Fig. 5.3, the result is given for a Rician fading channel. The Rician parameter
x is chosen as 10 dB. For the difference between the two schemes, the same argument
discussed above applies.

The system performance over a Rayleigh fading channel is given in Fig. 5.4. Un-

der the given condition, the performance is pretty poor. We see an error floor in the
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Figure 5.2 : BER performance of MFSK-OC/DS-CDMA over an AWGN
channel: simulation vs. analysis; N = 127, K = 10. The index pair shown
by the curves are (M, M.).
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Figure 5.4 : BER performance of MFSK-OC/DS-CDMA over a Rayleigh
fading channel: simulation vs. analysis; N = 127, K = 10. The index pair
shown by the curves are (M;, M,).

curves, this is because of the MAI Using the equation ypm = 3M;N/[2 log (M, M) (K -
1)] =, we have pm = 19.8 dB for the system with (M; = 2, M. = 8) and v = 25.8
dB for the system with (M; = 8, M, = 2). The value of v, is limited by ¥sm. Thus, the
error floors for the two systems begin at about v, = 19.8 dB and 25.8 dB respectively.

5.4 Summary

In this chapter, we proposed a simulation model for the MFSK-OC/DS-CDMA sys-
tem. We first gave a simple simulation model for the conventional noncoherent MFSK.
Based on the simple model, and using Gaussian approximation for the MAI compo-
nent, we built the CDMA system simulation model. Simulations have been carried
out for AWGN, Rayleigh and Rician fading channels. The results agree well with the
analysis. Since the MAI is considered as an equivalent additive Gaussian noise, the
main purpose of the simulation is to verify the modulation scheme. In the analy-
sis, the Gaussian approximation is considered as a contribution to the effective noise

spectral density. However, due to the randomness of the MAI, the MA] is not cqually
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distributed in the M, frequency tones during each symbol interval. Our simulation

takes this into account. The results show that the analysis is valid.
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Chapter 6

MFSK /DS-CDMA Employing
Permutation Modulation

6.1 Introduction

In the conventional MFSK modulation scheme, one out of M frequency tones is
transmitted per symbol interval to convey log, M bits of information. An extension
of this modulation scheme is referred as FSK permulation modulation (PM) (88]-
(90}, in which a few frequency tones (say w) out of v are transmitted simultancously
per symbol interval to convey log, :; bits of information, where v is used to
represent the total number of frequency tones for permutation modulation schemes
in this chapter. Thus, MFSK modulation is a special case of permutation modulation
(with w = 1 and v = M). Another modified permutation modulation scheme is
referred as multi-tone FSK (MT-FSK) [91, 92], in which only a fraction of the ::} )
frequency tone combinations are selected, and thus a redundancy is introduced.

The permutation modulation was first proposed by Slepian [88]. Later the concept
was developed from different aspects. A direct application of the concept is found in
permutation codes used for FEC coding {88, 98, 99]. In [91], the MT-FSK scheme
was introduced. It incorporates an implicit diversity in fading channels [91, 92]. An
application of the permutation modulation to a FH-SS system is presented in [93] and
[94]. Recently, the concept was used in a random multiple access system [95]. In this
chapter, we apply the concept to a DS-CDMA system. The resultant system is re-
ferred as MT-FSK/DS-CDMA. This system uses MT-FSK as the modulation scheme.
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Another permutation modulation scheme FSK-PM can be also used in a DS-CDMA
system. Due to its nonefficiency in a fading channel, however, the corresponding DS-
CDMA system is not considered in this thesis. In addition to the MT-FSK scheme, by
making a simple selection of the available frequency tone combinations, we propose
a new permutation modulation scheme, namely OMT-FSK/ DS-CDMA where “O”
stands for “orthogonal”.

In narrowband systems, compared with MFSK with v = M, the FSK-PM scheme
with w > 1 is more bandwidth efficient than power efficient. In a DS-CDMA sys-
tem, since the bandwidth efficiency is directly related to the BER performance, a
power efficient modulation scheme is preferred. The modified permutation modula-
tion scheme, MT-FSK, is more power efficient especially in 2 fading channel, and thus
can be attractive for certain applications.

The baseline signaling used in permutation modulation should be orthogonal;
otherwise, the transmitted symbol cannot be detected efficiently. However, the per-
mutation modulation is not only applicable to MFSK signaling, but also to other
orthogonal signaling like the orthogonal codes discussed in Chapter 4. By intro-
ducing the orthegonal codes into the MT-FSK/DS-CDMA scheme, implementation
complexity can be greatly reduced.

The contributions of this chapter are

(1) Applying the concept of permutation modulation to a DS-CDMA system,
we propose a novel system, namely MT-FSK/DS-CDMA.

(2) By arranging the frequency tones in a different way, we propose 2 new per-
mutation modulation, namely OMT-FSK. The corresponding DS-CDMA
system is OMT-FSK/DS-CDMA.

(3) With the introduction of orthogonal codes to the MT-FSK/DS-CDMA

system, implementation complexity can be greatly reduced.

(4) The system performance over AWGN and fading channels are evaluated.
An analysis for the BER performance over a frequency non-selective slow

Rician fading channel is presented.
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(5) FEC coding is considered for the MT-FSK/DS-CDMA system.

(6) Computer simulation for the MT-FSK/DS-CDMA scheme is performed.

In Section 6.2, two permutation modulation schemes, FSK-PM and MT-FSK,
are described. The system model for MT-FSK/DS-CDMA is discussed in Section
6.3. In Section 6.4, the performance of MT-FSK /DS-CDMA is analyzed over AWGN
and fading channels. In Section 6.5, OMT-FSK /DS-CDMA is described. In Section
6.6, orthogonal codes are considered to reduce the implementation complexity of a
MT-FSK/DS-CDMA system. FEC coding is considered for MT-FSK/DS-CDMA in
Section 6.7. Computer simulation for the MT-FSK/DS-CDMA system is discussed

in Section 6.8, and a summary is given in Section 6.9.

6.2 Permutation Modulation

In this section, we provide a basic description for the two permutation modulation
schemes: FSK-PM and MT-FSK. Though the FSK-PM scheme will not be applied
to a CDMA system in this thesis, it is briefly discussed here to aid the understanding

of the permutation modulation concept.

6.2.1 FSK Permutation Modulation

FSK permutation modulation (FSK-PM) is specified by a pair of integer parameters
(v, w), where v is the total number of frequency tones, and w is the number of fre-
quency tones to be transmitted in one symbol interval. The total number of symbols

is ( :} ) which contains log, ( :; ) bits of information. The number ( :J ) may not

be a integer power of two. If binary data is transmitted, a subset of :J symbols
can be used. A nonbinary data transmission may be matched to an FSK-PM scheme
perfectly. For example, the FSK-PM scheme with v = 5 and w = 2 contains 10
symbols and is well suited to decimal digits. For binary data transmission, however,

8 of the 10 symbols can be used, and each symbol contains 3 bits of information.
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The transmitter contains v oscillators. In each symbcl period, w frequency tones
are selected according to the input data r.ad combined for transrnission. In the re-
ceiver, there are v parallel matched filters corresponding to the v frequency tones,
as in a conventional MFSK receiver, anc¢ the w largest outputs are chosen as the
decision. Noncoherent detection is usually employed.

The bandwidth efficiency of the FSK-PM is

n= %logz( v ) . (6.1)

w

The BER performance in an AWGN channel is discussed in [89].

Compared to MFSK with parameter v = M, FSK-PM is more bandwidth efficient
but less energy efficient. In MFSK as M increases the power efficiency increases
while the bandwidth efficiency decreases. In the case of FSK-PM this tradeoff is
not as straightforward and linear as for MFSK. As a result of this, some higher
level FSK-PM schemes are more efficient in both bandwidth and energy than lower
level MFSK schemes [89]. For example, compared to an MFSK scheme, an FSK-
PM with parameters v = 2M and w = 2 performs better in both bandwidth and
energy considerations. We have the following argument to prove the above statement.
Assuming that noncoherent detection is used, the bandwidth efficiency of MFSK is

2M

1‘—’%2#, while the bandwidth efficiency of FSK-PM is 5}17log2 5 | The latter is

greater than the former for M > 1. For low symbol error rates, the probability of
error is dominated by the SNR per frequency tone %, where E, denotes the energy
per tone. In the case of MFSK, E; = E,, and % =log, M %ﬁ- In the case of FSK-PM,

v . . . .
we have %: = élog2 ( w ) % For a fixed bit energy to noise spectral density ratio

%:—, it can be easily seen that % of MFSK-PM with parameter (2M, 2) is greater
than that of MFSK for M > 1. Thus, in this example, FSK-PM achieves a greater
bandwidth and energy efficiency than MFSK.

6.2.2 Multi-tone FSK

The FSK-PM scheme described above performs well in an AWGN channel. However,

its performance is poor in fading channels. Another permutation modulation scheme,
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multi-tone FSK, is discussed in [91].

As in the FSK-PM scheme, we still use v to denote the total number of frequency
_ tones and w the number of selected transmit tones for a symbol. The total number
of combinations for the transmit tones is ::) . Each combination can be used to
represent a symbol. However, only a small fraction of these combinations is used.
Thus, a redundancy is introduced. The resultant symbol set can be equivalent to a
block FEC code. The total number of frequency tones v is viewed as the code length.
The number of selected tones w is viewed as the number of “1”s in each code word,
also known as the Hamming weight. The number of the code words, i.e., the number
of symbols is denoted as b. In finding b, we are concerned with a balanced incomplete
block design (BIB design). The BIB design [96]-[99] is identified by five paramcters
(v,b,7,w,)). Among the five parameters, three of them have been defined. For
convenience, we list all the definitions as follows:

v: total number of frequency tones;

b: total number of distinct symbols;

r: number of symbols which contain a distinct tone;

w: number of selected tones per symbol;

X: number of symbols which contain a distinct pair of tones.

In combinatorial theory [98], these five parameters are defined in more general
terms. A more detailed explanation is given in Appendix F. The total number of
frequency tones v is not necessarily an integer power of 2. For a simple case, the
parameter r is chosen as unity. The resultant system is called Steiner MT-FSK.
To help understanding the meaning of the five parameters, an example is given in
Table 6.1 for the BIB design with parameters (7, 7, 3, 3, 1).

In this example, the total number of frequency tones (v) is 7 denoted respectively
by fi, far fa, far s, fo and fr. The total number of symbols (b) is 7. Each symbol
contains 3 frequency tones, i.e.,, w = 3. For instance, the symbol-1 is formed by a
summation of three frequency tones f,, f» and f;. The same frequency tonc appears in
3 symbols (r = 3), and the same pair of frequency tones appear in only 1 symbol (A =

1). For instance, the frequency tone f; appears in symbol-1, symbol-5 and symbol-7,
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Table 6.1 : An example of BIB design with parameters (7, 7, 3, 3, 1).

[ symbols [ selected frequency tones |

1 fl: f2$ fd.
fo, fa, fs
fa, fas fo
f‘h f5) fT
Js, fo. J1
fo: f1, fo
fr, f1, fa

~J| | G| =] WO B

and a pair of frequency tones f; and f; appears only in symbol-1. In this example,

e . . v 7
the total number of combinations for the transmit tones is w | = = 35,

while the number of symbols is only 7, a fifth of 35. From a block cod?a point of
view, this example shows a (7,3) block code with a Hamming weight w = 3. Since
two different symbols may contain the same tone, its minimum Hamming distance
is 2(w — 1) = 4. Clearly, this is not a linear code in which the minimum Hamming
distance is equal to the Hamming weight. Decoding techniques for these codes are
discussed in {91]. For simple schemes, table-looking up methods can be employed. If
a binary data stream is transmitted, & bits can be grouped to choose a symbol. In
an MFSK scheme, we have & = log, M. In the MT-FSK scheme, the parameter &
satisfies the unequality 25 < b. In the example, k can be chosen as 2. As shown in
Appendix F, the five parameters for a Steiner MT-FSK are not independent. In the
following analysis, three parameters, (v, w, k), are used to express a specified Steiner
MT-FSK scheme. A Steiner MT-FSK scheme is denoted as MT(v, w, k). The scheme
shown in the above example is MT(7,3,2).

The implementation of the transmitter is simple. A mapper from input bits to
symbols and w oscillators are needed. In each symbol interval, & bits input data is
used to select w frequency tones according to the mapping rule. Then the w tones
are combined linearly to form the transmit symbol. The receiver consists of a group
of v matched filters followed by noncoherent detectors. The v outputs are properly

grouped to form b decision variables. The largest is chosen as the decision.
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The performance of the MT-FSK over AWGN and Rayleigh fading channels is

given in [92]. The symbgc! error rate is

Pi(ys,w) € ZoPap + 215y (6.2)

where
Pyo = Po(y,w), (6.3)
P2,1 = Pﬁ(’rb’w - 1)! (64)

and 1o and z, are given in (F.5) and (F.6). In an AWGN channel, the pairwise
probability of error is

e—k‘}‘bfz L-1 1 k,.y nL—1-n oL — 1 _
Pz('Tb, L) = W Z{) E (Tb) Zo ( - ) . (6.{))

In a Rayleigh fading channel, the decision error probabilities are obtained as the

average
P L) = [ Palonp® L)p(e)d, (66)

where p(p) is the Rayleigh distribution, and this expression is found as

Ly r
= 1 L-1+r 1+
Poln L) = , 6.7
where . = 4, k/ L. The probability of bit error can be approximated by multiplying
Py(7s, w) by a factor 2k=1/(2k _ 1),

6.3 System Model
6.3.1 Transmitter Model

The implementation of MT-FSK/DS-CDMA is an extension of the corresponding
narrowband system. The block diagram of the transmitter is shown in Fig. 6.1-(a).
The input data is first FEC encoded. The FEC code may be nonbinary, and thus
requires the input data to be grouped in blocks. The modulation is nonbinary. The
number of bits per symbol k is determined by the MT-FSK scheme employed. It

is desirable to choose a consistent coding scheme, i.e., a g-ary (g = 2¥) code. For
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instance, dual-k code is a suitable choice. In each symbol period, according to the
k input bits, the modulator chooses w frequency tones to transmit from a total of
v tones. Each of the selected tones is multiplied by a PN sequence. For the time
being, we assume that a single PN code is used. It will later be shown that multiple
PN codes may be used to reduce the system complexity. The resultant signals are
combined and transmitted; and the system is denoted as MT (v, w, k).

The baseband transmit signal for the ith user can be expressed as

w
wi(t) = /2P w¥(t)ai(t) D exp [j27bi (DA + i ()] (6.8)
i=1
where P, ¥(t), a;(t) and A are as defined in Section 3.2. In (6.8), b ;(t) is given as
m . .
bij(t) = 3 b Pr(t —iTs), (6.9)
l=—00

where the symbol interval Ty = Ty/k, and b takes the values (—(v—1), —(v— 3),
(v —1). £1, £3, ---, £(M — 1). The phases 8; ;(t) are introduced by the modulator.

During a symbol interval, the phase 6; ;(¢) is assumed to be constant.

6.3.2 Receiver Model

The block diagram of the receiver for a single spreading code is shown in Fig. 6.1-(b).
The receiver consists of v matched filters followed by b square-law combiners. The v
matched filters correspond to the v frequency tones. PN sequence despreading is per-
formed in each matched filter. The v noncoherently detected outputs are combined in
5 different ways to form b decision variables. These b combiner outputs are processed
in the decision upit. For either uncoded case or for FEC coding with hard decision
decoding, the largest one of the b outputs is selected as the detected output. For soft
decision decoding, the b values from the combiner outputs are passed to the FEC
decoder. For multiple spreading codes (say c¢), each matched filter will be replaced
by ¢ matched filters.

The received signal for the ith user can be expressed as

ri(t) = Re{w;(t)e*™}, (6.10)
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Figure 6.1 : Block diagram of MT-FSK/DS-CDMA. (a) Transmitter; (b)
Receiver.
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where w;(t) is the equivalent baseband signal given by

K
wit) = Y vi(t) +na(t), (6.11)

i=1

where v;(t) is the output of the fading channel for an input 1;(¢). For an AWGN
channel, we have ¥(t) = wi(t). In (6.11), ni(t) is the equivalent lowpass additive
Gaussian noise having a zero mean and a power spectral density Ny. In the v branch

output, we have v decision variables defined as

T,
Up = |f0 w,-(t)u,-.m(t)dtl m=12---,v. (6.12)

6.4 Performance Analysis of MT-FSK/DS-CDMA
6.4.1 Bandwidth Efficiency

Assume «, is the ratio of symbol energy in a frequency tone to the effective noise
(AWGN plus MAI) spectral density. Since w tones are simultaneously transmitted,
the symbol energy in each frequency tone is 7, = ¥,/w = k~,/w. Using the Gaussian
approximation for the MAI, the effective noise power is NoW + (K — 1)E;R;s. The

effective noise spectral density is

. NW + (K - 1)E,R, (K — 1)E,
N = = . 6.
0 W Ng + N ( 13)
We have
' _ E_, _ "Y_,
'Ys - [; - 1+ SK;:[)”’" (614)
and
' ”"’ (6.15)

T = T (Elmk-
14 =50
The above analysis assumes that the MAI from all users are independent Gaus-

sian noise. By performing a detailed analysis as in Section 4.3.2 for MFSK-OC/DS-
CDMA, (6.15) should be modified by

) "Yb
M = TS (R—Dmk (K=1)mk " (616)
L+ 3 UN%
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The term vN/k is equal to W/R,. Thus, the bandwidth efficiency in b/s/Hz is

KRy 37— -
~ _— - Hz). 6.
=g o (o/s/Ha) (6.17)

L)

n =
This result is the same as that given in Chapter 3 and Chapter 4.

6.4.2 BER Performance

The BER performance of the MT-FSK over AWGN and Rayleigh fading channels is
given in [92] and listed in (6.2) - (6.7) for narrowband system. The result can be
modified for the CDMA system with the bit energy to effective noise spectral density
ratio given by (6.153).

Now we are finding the performance of MT-FSK over Rician fading channcls.
We assume that all the frequency tones experience independent fading. A similar
assumption was made in [92] for a Rayleigh fading channel. In each subchannel, the
fading process is described by a Rician distribution given in (2.12). For the analysis,
we first need to find the pairwise error probability. In an AWGN channel, the pairwise
error probability is P3{v,, L) given in (6.5), where ~, is symbol energy to the effective
noise spectral density ratio, and L is the number of tones in a symbol which are
not common to the other symbol (if the pair of symbols have no common tone, then
L =w). In a Rician fading channel, each frequency tone signal experiences a fading
characterized by a Rician random variable p; (i = 1, -, L) with parameter s, and al.

Assume square-law combiner is used, the fading factor p is an addition of L Rician

L
p=\\z 2, (6.18)
i=1l )

Thus, p has a generalized Rician distribution:

L 2 2
_ P P+ s ps
p(p) = ~2,I-1 &P (—-“-232—) I (‘0—2) ; (6.19)

where s2 = YL, 53. The SNR per symbol at the receiver is

distributed random variables

L
Y = ,.chp2 =7 Z P;?- (6.20)

=1
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The average SNR. per symbol is

. L L
7 = WE(L A =% L B(el) = L. (6:21)
i=1

i=1

The pairwise error probability is

o0 r
P, L) = [ Palo LYp(o)dp, (6.22)
where , ' o
A
= J3 e 6.23
Working on (6.22) gives the following result (see Appendix G):
Bo(; r, L) = 1 _ ex [__ Lﬂ"c'+2! l+::stj|
2(T's L) 2“_1(!'_1)](1_*_2:1.“ )L P 2(1+R)+7e

L-1L=1-n _ n —

> (L+n-1)1[ 7 -;] 2L -1 FL e L —t ),

n=0 r=0 = 2(14"")"“7: T 1+T(11:-_&5
(6.24)

where | Fi(a,b;7) is the confluent hypergeometric function. This rather complex
expression can be solved by using readily available software packages. We have solved
(6.24) using Mathematica {100]. The results are presented in the next section.

The BER performance can be obtained from (6.2)-(6.4) with P»(¥,, L} given in
(6.24).

6.4.3 Results and Discussions

We consider the performance in terms of the bit energy to effective noise spectral

density ratio. The effect of MAI has been discussed is Section 3.5.

6.4.3.1 AWGN Channel

In Fig. 6.2, the BER performance of MT-FSK/DS-CDMA with w = 4 and various
k and v is shown. The performance improves when the number of bits per symbol
(k) and the total number of frequency tones (v) increase. This is similar to the
behaviour of MFSK when M is increased. With the same number of frequency tones,

the performance of MT-MFSK is worse than that of MFSK. In Fig. 6.3, the BER
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performance of MT-FSK/DS-CDMA with the same k (=5) is shown. We see that the
performance with larger w is a little worse. This can be explained as follows. With
the same parameter k, the symbol energy is the same. For larger w, each transmitted

tone contains smaller energy, and due to the noncoherent combining, the performance
is degraded.
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Figure 6.2 : BER performance of MT-FSK/DS-CDMA with w = 4 over an
AWGN channel.

In Tables 6.2 and 6.3, we list the required bit energy to the cffective noise spectral
density ratio and the corresponding asymptotic bandwidth efficiency for a BER of
1073 and 10~° respectively.

6.4.3.2 Rayleigh Fading Channel

The BER. performance of MT.-FSK/ DS-CDMA with w = 4 and various & and v is
shown in Fig. 6.4. The BER performance of MT-FSK/DS-CDMA with the same k
(=3) is shown in Fig. 6.5. The performance is better when w and k become larger.

In this case, the parameter w is more important than k. It introduces an cquivalent

113



1071
Soa ]
10-2} :\\ .

3 -
10 ] '\:\\ E
10-4k AN ] -emememee w=3, v=15
© 10 g
3 x\ : w=5, v=4t
- 6 o .\ k) !
10°°F oy E
-7§ A\ :
10 r Y
3 Y \ g
10-8 : : et
4 6 8 10 12
Eb/No' (dB)

Figure 6.3 : BER performance of MT-FSK/DS-CDMA with k = 5 over an
AWGN channel.

Table 6.2 : The required SNR per bit v, (in dB) and asymptotic bandwidth
efficiency (in b/s/Hz) for a BER of 102 for the MT-FSK/DS-CDMA.

v, w, k| % | m
(13,4, 1) | 13.4 | 0.07
(13,4, 2) [10.4 | 0.14
(13,4,3) | 86 | 0.21
(16,4, 4) | 7.6 | 0.26
(15,3,5) | 6.5 | 0.34
(25,4,5) | 7.1 | 0.29
(41,5,5) | 7.6 | 0.26
(37,4, 6) | 6.7 |0.32
(40, 4, 7) | 6.1 | 0.37
(61,4,8) | 5.8 | 0.39
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Table 6.3 : The required SNR per bit v, (in dB) and asymptotic bandwidth
efficiency (in b/s/Hz) for a BER of 10~° for the MT-FSK/DS-CDMA.

v,w k| w17

(13,4,1) | 15.1 | 0.05
(13,4, 2) | 12.1 | 0.09
(13, 4,3) | 103 | 0.14
(16, 4, 4) | 9.2 | 0.18
(15,3,5) | 8.1 | 0.23
(25,4,5) | 8.6 | 0.21
(41, 5,5) | 9.0 | 0.19
(37,4,6) | 8.1 | 0.23
(40,4, 7) | 74 | 0.27
(61, 4,8) | 7.1 | 0.29

number (w — 1) of diversity paths. In a fading channel, increasing k and v causes
very little performance benefit. Therefore it is not worthwhile using large number of
frequency tones. Instead, larger w is preferred.

In Tables 6.4 and 6.5, we list the required bit energy to the effective noise spectral
density ratio and corresponding bandwidth efficiency for BER of 10~* and 1075 re-
spectively. Compared to MFSK/DS-CDMA system, it is observed that much larger

bandwidth efficiency can be achieved, especially in fading channels.

6.4.3.3 Rician Fading Channel

The BER performance of MT-FSK/DS-CDMA over a Rician fading channel with
x = 10 dB is shown in Fig. 6.6. Three schemes, MT(15, 3, 5), MT(16, 4, 4) and
MT(25, 4, 5), are illustrated. In choosing these three schemes, we want to examine
the dependence of system performance on parameters w and k. We see that MT(25,
5, 4) and MT(15, 3, 5) do not have the big difference as in a Rayleigh fading channel.
Comparing the scheme MT(25, 5, 4) with MT(16, 4, 4), the large difference is not
seen as in an AWGN fading channel. So the system performance over a Rician fading
channel (x = 10 dB) does not have a strong dependence on either & or w. However,

the performance improves when v increases. In Fig. 6.7, we take the scheme (15,3,5)
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Figure 6.4 : BER performance of MT-FSK/DS-CDMA with w = 4 over a
Rayleigh fading channel.

Table 6.4 : The required SNR per bit «, (in dB) and asymptotic bandwidth
efficiency (in b/s/Hz) for a BER of 10~° for the MT-FSK/DS-CDMA in a
Rayleigh fading channel.

v, k,w | m [ 7
(13,4, 1) | 2.5 | 0.011
(13, 4, 2) | 18.5 | 0.021
(13, 4, 3) | 16.7 | 0.032
(16, 4, 4) | 15.9 | 0.039
(15, 3, 5) | 19.3 | 0.018
(25,4,5) | 15.0 | 0.039
(41, 5, 5) | 14.4 | 0.054
(37,4, 6) | 15.9 | 0.039
(40, 4, 7) | 15.4 | 0.043
(61, 4, 8) | 15.6 | 0.041
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Figure 6.5 : BER performance of MT-FSK/DS-CDMA with k£ =5 over a
Rayleigh fading channel.

Table 6.5 : The required SNR. per bit v, (in dB) and asymptotic bandwidth
efficiency (in b/s/Hz) for a BER of 1075 for the MT-FSK/DS-CDMA in a
Rayleigh fading channel.

v, k, w | 7 1

(13,4, 1) | 28.3 | 0.0022
(13, 4, 2) | 25.3 | 0.0044
(i3, 4, 3) | 23.5 | 0.0067
(16, 4, 4) | 22.7 | 0.0081
(15, 3, 5) | 29.3 | 0.0018
(25, 4, 5) | 22.6 | 0.0082
(41, 5, 5) | 19.5 | 0.0168
(37, 4, 6) | 22.5 | 0.0084
(40, 4, 7) | 22.0 | 0.0095
(61, 4, 8) | 22.1 | 0.0092
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Figure 6.6 : BER performance of MT-FSK/DS-CDMA over a Rician fad-
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Figure 6.7 : BER performance of MT-FSK/DS-CDMA with MT(15, 3, 5)
scheme in different channels.
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as an example to show a comparison for the performance over a different channels.

In this case, the behavior in a Rician fading is closer to that in an AWGN channel.

6.5 Performance Analysis of OMT-FSK/DS-CDMA
6.5.1 System Description

From the results of previous section, we see that the advantage of the MT-FSK/DS-
CDMA lies in the implicit diversity in a fading channel. In an MT-FSK scheme, since
two distinct symbols may contain the same tone, a diversity of order w—1 is obtained.
If all the symbols are orthogonal to each other, we will expect a diversity of w. In
this case, however, the number of choices of the symbols will be reduced. Thus, for a
given parameter v, the number of information bits per symbol & will be. smaller, and a
performance degradation in an AWGN channel will occur. In this section, we discuss
a new scheme by using a simple selection method for the frequency tone combinations.
The resultant symbols will be orthogonal to each other. The system is called OMT-
FSK/DS-CDMA, where O stands for orthogonal. The frequency selection rule is:

(1) The total number of frequency tones is v, each symbol contains w tones;

(2) Any two distinct symbols do not contain the same tone.

Thus, the scheme is specified by two parameters v and w. The total number of
symbols is b = v/w when w divides v. The transmitter and receiver structure are
the same as that of MT-FSK/DS-CDMA except the frequency selection method. An

example for v = 16 is given in Table 6.6.

Table 6.6 : An example of OMT-FSK with v = 16. b the number of
symbols; each symbol consists of w tones represented by integer numbers.

lw] b symbols |
1]16 1,2, 16 (16FSK)
5178 | (L9), (2,10, (3,10), (4,12), (5,13), (6,14), (7.15), (8,16)
315 (1,611), (,7,12), (3,3,13), (4.9,14), (5,10,15)
414 (1,5.9.13), (2,6,10,14), (3,7,11,15), (4,8,12,16)
812 (1,3,5.7,9,11,13), (2,4,6,8,10,12,14,16)
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In this example, we try to make the frequency tone separation in each symbol as
large as possible. By doing this way, frequency diversity can be obtained more easily.
For w = 3, the total number of symbols is 5. The frequency tone 16 is never used.
Thus, we would choose the number of frequency tones as a integer times of the weight

w.

6.5.2 Performance Evaluation

The performance expression for the MT-FSK/DS-CDMA can be easily modified for
the OMT-FSK/DS-CDMA scheme. Since the Hamming distance between every pair

of the symbols is 2w, the symbol error rate is bounded by
'PS('Yb: w, U) <zPyw, (625)

where P,, ,, is given in (6.5), (6.7) and (6.24) for AWGN, Rayleigh and Rician channels
respectively, and z is the total number of symbols minus one

= (3 - 1) . (6.26)

w

In Fig. 6.8, the BER performance of OMT-FSK/DS-CDMA over an AWGN chan-
nel is shown for v = 16 and w = 1, 2, 4 and 8. When w = 1, the system reduces to the
MFSK/DS-CDMA system with M = v, For comparison, the MT-FSK/ DS-CDMA
with schemes MT(16, 4, 4) and MT(15, 3, 5) are also given. For the OMT-FSK
scheme, a larger value of w results in'a worse BER performance. So in an AWGN
channel, the proposed scheme is not preferred. In Fig. 6.9, the performance of the
same systems over a Rayleigh fading channel is shown. Our conclusion for an AWGN
channel is reversed. The worst scheme (w = 8) in a AWGN channel is now the best
one. This is an interesting result. The reason is the large diversity introduced by
the new scheme. In Fig. 6.10, performance of a few schemes over both AWGN and
Rayleigh fading channels is shown. The quite different behavior of the OMT-FSK
scheme in the two different channels can be seen clearly. In this figure, the worst
scheme (w = 4) in an AWGN channel is the best scheme in a Rayleigh fading chan-
nel. In 2 mobile environment which shows a Rayleigh behavior, our proposed scheme

will obtain a best performance in a worst channel situation.
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Figure 6.8 : BER performance of OMT-FSK/DS-CDMA (v = 16) over an
AWGN channel.
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Figure 6.10 : Comparison for the BER performance of OMT-FSK/DS-
CDMA over AWGN and Rayleigh fading channels.

As an example, we consider a possible cellular radio channel. Assuming that the
multipath spread is 3 microseconds, the coherence bandwidth is about 333 kHz. Let
the data rate be 10 kb/s. If using the OMT-FSK/DS-CDMA with v = 16 and w = 4,
the symbol rate is TEEE%?W = 5 ksymbols/sec. Using a PN sequence of length 63,
we obtain the PN chip rate as R, = NR, = 315 kHz, which is smaller than the
coherence bandwidth. Thus, for each frequency tone, the spread signal experiences
flat fading. In the system, since any two different tones (for instance, tone 1 and tone
5 in the symbol (1,5,9,13) ) have 2 frequency spacing more than 3R, = 945 kHz which
is larger than the coherence bandwidth, then the two tones fade independently and
a diversity can be achieved. This example is only conceptual. From this example,
however, we see that with a judicious selection of permutation modulation parameters
and transmitted waveforms, the fading can be viewed as flat for each frequency tone
and independent for the w simultaneously transmitting tones. Thus, a frequency

diversity can be realized.
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6.6 Complexity Reduction Using Orthogonal Codes

The performance of MT-FSK/DS-CDMA and OMT-FSK/DS-CDMA depends much
on the number of information bits per symbol & in an AWGN channel and on rhe
number of tones per symbol w in a fading channel. To achieve either a large & or w,
the total number of frequency tones v should be large. A large value of v, however,
means a high complexity. A possible way of reducing the complexity is by using
orthogonal spreading codes. In Fig. 6.1-(a), we initially assumed that during each
symbol transmission, the w selected frequency tones are multiplied by a single PN
sequence. Now, if two or more PN sequences are utilized, we will have many more
choices for the symbol representation. We assume that ¢ orthogonal PN codes are
used, all of them being orthogonal to each other, and the total number of frequency
tones is v.. For the MT-FSK/DS-CDMA scheme with ¢ = 1, the relationship among
parameters b, w and v for A = 1 is (see Appendix F)

po vl —1) (6.27)
w(w — 1)

Using ¢ orthogonal codes, the total number of orthogonal signals is cv.. To accom-

modate the same number of bits per symbol &, a sufficient condition is

C'UC(C‘UC - 1) [
oo Ve ( 9 ) > 2", (6.28)

In the above equation, the term g represents the number of symbols which

contain the same two tones with different PN codes. If this case is not excluded, the
expected diversity cannot be obtained. Since each pair of elements occurs together
only once (A = 1), the number of pairs of ele=::_.s occurring together for each tone is
; . Thus the total number of such pairs is v, ( ; . Solving the above equation,

A
the number of frequency tones v, using ¢ orthogonal codes can be expressed in terms

of c as

[c+w(w— 1) ( 5 )] + [c+w(w- 1) ( 5 )r+4c2w(w- 1)2%

V. =
¢ 2¢®

(6.29)
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The number of frequency tones for ¢ = 2,3 and 4 are compared with single PN code
as shown in Table 6.7. The number of frequency tones is reduced significantly by
using orthogonal codes. For large number of frequency tones, the amount of reduction
tends to be ¢ times of v;. Thus the complexity is much reduced, because the frequency
synthesizer required for the frequency tone generation in both transmitter and receiver
becomes simpler. Furthermore, the number of bandpass filters in both transmitter
and receiver is reduced. Although the number of matched filters in the receiver will
be cu, which is the same number as in a single PN code case, the matched filtering

can possibly be performed in software.

Table 6.7 : Relationship between the number of frequency tones v. and
the number of orthogonal codes c.

[k, w) [ v [va]vs] v}
3.3 ] 95144
Gao [ 1B3[7]7]6
@5 [ 20 [10] 99
7
8

@,4) [16 | 9| 8
(5,4) | 25 [12] 10
(10, 4) | 112 | 58 | 40 | 32
(10, 5) | 145 | 75 | 52 | 40

[%)

6.7 FEC Coded MT-FSK/DS-CDMA

It was shown in the previous sections that the MT-FSK/DS-CDMA scheme intro-
duces implicit diversity in a fading environment. It is also well known that FEC
coding is a form of diversity in a fading situation. Thus, applying FEC coding to the
MT-FSK/DS-CDMA wili result in an effective concatenated diversity. Since the mod-
ulation scheme is nonbinary, we only considered nonbinary codes. For hard decision
decoding, the performance is characterized by the symbol error rate of the uncoded
system. For soft decision decoding, the performance analysis in a fading channel

given in Appendix E can be used if the transmitted symbols are orthogonal to each
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other. For the MT-FSK/DS-CDMA, however, the symbols are partially orthogonal.
Recall that in an MT-FSK/DS-CDMA system, any two symbols are either orthog-
onal (having no common tone) or overlap in only one frequency tone. In Appendix
E, we see that the coded system performance is determined by the pairwise error
probability. In the MT-FSK/DS-CDMA system, the pairwise error probability can
be upper bounded by the error probability of the symbols which have one common
tone. This pairwise error probability can be approximated by Py given in (6.4) with
~y replaced by 7s. The pairwise probability of error Py(vys, L) is given by (6.5) in
an AWGN channel, by (6.7) in a Rayleigh fading channel, and by (6.24) in a Rician
fading channel. The performance of the coded system using soft decision decoding
can be obtained from (E.14) and (E.16).

First we give the performance using hard decision decoding of Reed-Solomon
codes. The performance of MT(16, 4, 4) scheme using RS codes is shown in Fig. 6.11
for an AWGN channel. The code length is 15. With the error correcting capubility
t = 1 and 2, 2 half dB coding gain is obtained for a BER of 10~ and one dB is
obtained for a BER of 1075. At this range, there is no big difference for different
error correcting capabilities ¢.

For the MT(15, 3, 5) scheme as given in Fig. 6.12, since the uncoded scheme is
better than MT(16, 4, 4) scheme, the coded system is even better. Corresponding to
the parameter k, the code length is 31. The error correcting ability is stronger.

The same schemes and codes are examined for a Rayleigh fading channel as shown
in Fig. 6.13 and Fig. 6.14. In this case, the coded scheme for MT(16, 4, 4) gives a
better performance. However, this attributes to the larger diversity offered by the
MT(16, 4, 4) signal. We see that the coding gain in MT(15, 3, 5) scheme is much
larger.

In Fig. 6.15, we give the system performance over a Rayleigh fading channcl using
dual-k codes. Compared with the RS codes, 2 much better performance is obtained.
This is due to the advantage of soft decision decoding. In 2 Rayleigh fading channel,
in addition to the diversity introduced by the MT-FSK/DS-CDMA scheme, FEC

coding further improves the performance.
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Figure 6.15 : BER performance for the MT(15, 3, 5) and MT(16, 4, 4)
schemes over a Rayleigh fading channel using dual-k codes.

6.8 Simulation of MT-FSK/DS-CDMA

The simulation of the MT-FSK/DS-CDMA is based on the MFSK simulation model
described in Chapter 5. For a given scheme, the correspondence between the in-
put data and the transmitted frequency tones can be easily set up. For instance, a
table look-up can be use for this mapping. The channel is divided into v indepen-
dent subchannels. The w simultaneously transmitted frequency tones pass through
w independent or correlated subchannels. In the receiver, the v detected outputs
are square-law combined to form b decision variables. The largest of the b decision
variables is chosen as the final output. When making the decision, a table look-up
decoding method can be used.

For the simulation, the MAI is not considered. The symbol error rate is found for
a given 7. So it is purely a narrowband system simulation. The simulation results

for the MT(15,3,5) scheme in an AWGN and Rayleigh fading channels are shown in
Fig. 6.16.

128



10-1 .

{ —o— Sim(AWGN)

10-21 1 —--m——  Sim(Rayleigh)
i s 3 Ana(AWGN)

F \ N 3 ERTRTE Ana(Rayieigh)

104

E \ :
10‘5 A I A A L
0

5 10 15 20 25
Eb/No (dB)

Symbol error rate
=
(4]
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6.9 Summary

In this chapter, we applied the concept of permutation modulation to the DS-CDMA
system. The resultant system MT-FSK/DS-CDMA was evaluated over AWGN,
Rayleigh and Rician fading channels. In the CDMA system, the bandwidth efficiency
is only slightly increased by increasing v and k, since the performance is dominated by
the required bit energy to the effective noise spectral density ratio. There is a great
difference between the performance over AWGN and over Rayleigh fading channels.
In an AWGN channel, the performance depends much on the parameters v and &;
while in a Rayleigh fading channel, it depends more on the parameter w, which in-
troduces w — 1 order diversity. In a frequency selective fading channel, by properly
choosing the parameters of the MT-FSK or OMT-FSK schemes, diversity advantage
can be fully utilized.

The implementation complexity of the MT-FSK/DS-CDMA is proportional to the
parameters v and w. We proposed the OMT-FSK/DS-CDMA scheme to reduce the
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complexity. We analyzed the reduction factor of the parameters v. FEC coding has

been considered for the performance improvement. A simulation for a MT-FSK/DS-

CDMA scheme has also been discussed.
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Chapter 7

Conclusions and Suggestions for
Future Research

7.1 Conclusions

In this thesis, we studied three system concepts for the DS-CDMA applications. Un-
der each concept, we developed specific schemes. The performance of the proposed
schemes were analyzed over AWGN and fading channels. FEC coding was also consid-
ered. To confirm the analysis, Monte Carlo simulations were conducted for selected
schemes. In this section, we summarize the main contributions of each proposed
system and make comparisons among various DS-CDMA schemes.

For the system performance, the main focus is on the BER performance and the
bandwidth efficiency. In a DS-CDMA system, power and bandwidth efficiencies are
closely related. The bandwidth efficiency is determined by the required bit energy
to the effective noise spectral density ratio. In the extreme case when the bit cnergy
to the Gaussian noise spectral density ratio is very large, the asymptotic bandwidth
efficiency is inversely proportional to the bit energy to effective noise spectral density
ratio. Thus, finding a bandwidth efficient system is equivalent to finding an encrgy
efficient system. If a modulation scheme is energy efficient and can be used in direct-
sequence spread spectrum, then the resultant DS-CDMA system will be bandwidth
efficient. This is a fundamental guideline for designing bandwidth efficient DS-CDMA
schemes.

The first system concept which was discussed in Chapter 3 is the application
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of combined modulation schemes in a DS-CDMA application. Under this concept,
we proposed MFSK-MPSK/DS-CDMA and MFSK-DMPSK/DS-CDMA schemes. In
fact, this system coﬁcept may find more general applications. The MFSK-OC/DS-
CDMA scheme can be viewed as a DS-CDMA system using the combination of MFSK
and orthogonal code modulation. The orthogonal code concept can be also combined
with MFSK-MPSK/DS-CDMA and MT-FSK/DS-CDMA. In general, the three inde-
pendent systems discussed in three chapters can be combined to form a new system.
The basic goal of this combination is to obtain a powerful modulation scheme.

The second concept which was discussed in Chapter 4 is orthogonal coding. Or-
thogonal codes have already been studied in the literature, but not for a MFSK/DS-
CDMA system. In this thesis it is shown that by using orthogonal codes the number
of frequency tones of an MFSK/DS-CDMA system can be reduced, yielding a system
with lesls complexity. Furthermore, the analyses performed show that the condition
of ideal code orthogonality can be partially relaxed without causing adverse effects.
Thus, quasi-orthogonal codes can be used in practical applications. It is found in this
thesis that the orthogonal coding concept has many significant applications in both
performance improvement and complexity reduction in DS-CDMA system.

The third system concept discussed in Chapter 6 is the application of permutation
of modulation to a DS-CDMA system. By using the MT-FSK scheme, we proposed
the MT-FSK/DS-CDMA. In a fading channel, this system introduces an implicit
diversity, and thus is robust in a mobile environment. By using a simple frequency
tone selection rule by which all the symbols are orthogonal to each other, we further
proposed 2 novel scheme, namely OMT-FSK/DS-CDMA. By using the concept of
orthogonal coding, the implementation compiexity is greatly reduced.

In all the proposed schemes, noncoherent MFSK is used as the basic signalling
scheme. In fact, all the three proposed systems (MFSK-MPSK/DS-CDMA, MFSK-
OC/DS-CDMA and MT-FSK/DS-CDMA) treat MFSK/DS-CDMA as a special case.
The reason lies in the power efficiency of MFSK. Based on this condition, all the
system concepts can be properly combined.

In Table 7.1, the asymptotic bandwidth efficiency of some selected schemes over

an AWGN channel at BER of 107 and 10~° is given. For a fair comparison, we choose
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a number of frequency tones around 16. The conventional DS-CDMA schemes using
BPSK, DBPSK and MFSK are also listed in the table as references. At a BER of
10~2 without FEC coding, the MFSK-MPSK scheme with M; = 16 and M, = 4
achieves the best performance. The asymptotic bandwidth efficiency is 0.56 b/s/Hz.
The 16FSK-DBPSK is in the second place with the asymptotic bandwidth efficiency
of 0.46 b/s/Hz. At a BER of 10~%, the two values are reduced to 0.35 b/s/Hz and
0.29 b/s/Hz respectively. Other uncoded schemes are slightly worse. Three FEC
coded examples are also given in the table. Due to the advantage of soft decision
decoding, the MT-FSK(16, 4, 4) using dual-4 code achieves bandwidth efficiencies of
0.81 b/s/Hz and 0.7 b/s/Hz for a BER of 10~ and 10~° respectively.

Table 7.1 : The required SNR per bit and the asymptotic bandwidth
efficiency of various schemes over an AWGN channel. The entry is Yo' [ Moo
with v’ in dB and 17, in b/s/Hz.

[ DS-CDMA schemes [ BER=10"% | BER=10"" |
BPSK 62/03L | 9.6/0.16
DBPSK 79/024 | 10.4/0.14
16FSK " 6.0/0.38 8.0/0.24
16FSK-4PSK 4.3/0.56 6.3/0.35
16FSK-DBPSK 5.1/0.46 7.1/0.29
T6FSK-OC(M, = 2) 547043 | 7.3/0.28
MT-FSK (16,4,4) 7.6/0.26 9.2/0.18
MT-FSK (15,3,5) 6.5/034 | 8.1/0.23
OMT-FSK (16,4) 10.0/0.15 11.8/0.10
16FSK-DBPSK, RS(n=31, t=4) 4.3/0.56 5.3/0.44
MT-FSK (16,4,4), RS(n=15, t=2) | 7.2/020 | 8.1/0.23
MT-FSK (16,4,4), dual-d 2.7/081 | 3.3/0.70

In Table 7.2, the same schemes are considered over 2 Rician fading channel with
k = 10 dB. At 2 BER of 10~3, the 16FSK-4PSK gives the best result. However, the
difference among various schemes is very small. At a BER of 1072, due to the diversity
gain, the MT(16,4,4) scheme performs the best. For coded case, MT-FSK(18, 4, 4)
using dual-4 code gives the best performance.

The performance over a Rayleigh fading channel is shown in Table 7.3. In this
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Table 7.2 : The required SNR per bit and the asymptotic bandwidth
efficiency of various schemes over a Rician fading channel (x = 10 dB).

The entry is 7'/7w, With 7' in dB and 7 in b/s/Hz.

[ DS-CDMA schemes [ BER=10"" | BER=10"" |
BPSK 10.2/0.14 | 17.4/0.027
DBPSK 11.2/0.11 | 18.8/0.020
16FSK 9.5/0.15 | 17.6/0.026
16FSK-4PSK 12.1/0.095 | 21.5/0.011
16FSK-DBPSK 8.9/0.19 16.4/0.034
16FSK-0OC (M, = 2) 9.2/0.18 17.4/0.027
MT-FSK (16,4,4) 10.0/0.15 | 13.0/0.075
MT-FSK (15,3,5) 10.0/0.15 | 14.0/0.060
OMT-FSK (16,4) 10.5/0.13 | 13.1/0.073
T6FSK.DBDSK, RS(n=31, t=4) | 7.4/0.27 | 14.0/0.060
MT-FOK (16.4,4), RS(n=15, 1=2) | 9.1/0.18 | 10.3/0.14

MT-FSK (16,4,4), dual-d 73/0.28 | 8.7/0.20

Table 7.3 : The required SNR per bit and the asymptotic bandwidt!.
efficiency of various schemes over a Rayleigh fading channel. The entry is
' /Mo With v’ in dB and 7. in b/s/Hz.

l

DS-CDMA scheme

[BER=10"° | BER=10"° |

BPSK 24.0/0.0060 | 44.0/0.00006
DBPSK 97.0/0.0030 | 47.0/0.00003
16FSK 26.5/0.0034 | 46.5/0.00003

16FSK-4PSK 33.1/0.0007 | 53.3;0.000007
16FSK-DBPSK 35.0/0.0037 | 45.9/0.00004
16FSK-OC(M, = 2) 93.2/0.0072 | 43.2/0.00007
MT-FSK (16,4,4) 15.9/0.030 | 22.7/0.0081
MT-FSK (15,3,5) 15.3/0.018 | 29.3/0.0018
— OMT-FSK (16,4) 15.0/0.047 | 20.2/0.014
16FSK-DBPSK, RS(n=31, t=4) | 14.0/0.060 | 18.8/0.020
MT-FSK (16,4,4), RS(n=15, t=2) | 13.1/0.073 | 15.7/0.040
MT-FSK (16,4,4), dual-4 9.1/0.18 11.2/0.11
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case, all the uncoded schemes perform very poorly. The permutation modulation
schemes, due to their implicit diversity, achieve a better performance. Among the
three permutation modulation schemes, the OMT-FSK(16,4) has a equivalent diver-
sity of 4 and thus performs the best. At a BER of 10~3, however, the asymptotic
bandwidth efficiency is only 0.047 b/s/Hz. By employing FEC coding, the perfor-
mance is iﬁxproved significantly. The best scheme is the MT-FSK(16,4,4) using dual-k
codes with soft decision decoding. At a BER of 1073, an efficiency of 0.18 b/s/Hz is
achieved. Thus, in a Rayleigh fading environment, the combination of FEC coding

and the permutation modulation schemes offers a powerful system.

7.2 Suggestions for Future Research

The suggestions for future research are listed below.

e A system which judiciously combines the three systems studied in this thesis is
expected to be more powerful. Furthermore, other modulation schemes may also
be considered jointly with the systems proposed in this thesis. The orthogonal
codes may be beneficial in keeping the complexity of the combined system at
a manageable level. The analysis of such systems, including the modem and

codec structures may be fruitful.

e We have a great interests in applying the proposed schemes discussed in this
thesis to practical mobile satellite and/or cellular radio systems. In that case,
system structure, channel situation and implementation should be more strictly
examined. For this consideration, MT-FSK/DS-CDMA and OMT-FSK/DS-
CDMA are highly recommended.

e In chapter 3, we proposed the MFSK-DPSK/DS-CDMA. Furthermore, multi-
ple symbol differential detection (MSDD) [101, 102, 102] can be applied. The
MSDD is more powerful than the conventional one, and can be considered as
one of the combining component in a DS-CDMA system. However, in either

the MFSK-DPSK/DS-CDMA or the proposed new scheme, FEC decoding uses
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only hard decision decoding which results in a worse performance than soft de-
cision decoding. Whether soft decision decoding is feasible in this case remains

to be answered.

In the DS-CDMA applications, FEC is a very important means to enhance
the system performance. For the multi-ary CDMA systems, more powerful
nonbinary coding techniques (e.g., using concatenated codes) can be employed

to further increase the system bandwidth efficiency.

In MFSK-OC/DS-CDMA system, the application of the orthogonal codes is
limited by the cross-correlation consideration. Polyphase sequences can be em-

ployed to extend this limitation.

We assumed a perfect power control in this thesis. In a practical situation,
however, the power control is a critical issue. An accuracy of 1.5 dB is reported
to be implementable [103]. In order to work in a practical environment, the

proposed system can be analyzed in a non-perfect power control situation.
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Appendix A

Performance of DPSK and MFSK
over a Frequency Non-selective
Slow Rician Fading Channel

In this thesis, we need the BER expressions of DPSK and MFSK in several places.
In this appeadix, the BER expressions of DPSK and MFSK over a frequency non-
selective slow Rician fading channel are reviewed. For clarification, a simple derivation

is presented.

In the receiver, the received signal can be expressed as
r=5p+n (A1)
where p represents fading, whose pdf is given by (2.12). The BER performance of

DPSK over an AWGN channel is

1

po(p) = €, (A.2)

where p is a constant value representing the channel attenuation. In a Rician fading

channel, the BER can be obtained by averaging p(p) over the Rician fading variable
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p. We have

8

ps{p)p{p)dp

m# EXP[ 22+2a'21§é+s ]I ( s) dp
el 252 - ()0 3
expl=2r + 24, %exp[— Satll (%) do
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In the above equation, p(p) is given in (2.12), and

2

248 T A4
TTETY 2502’ (A4)
GRAS___ 5 (A.5)
o? i+ 2‘Tb0'2 .
By comparing (2.12) and (2.13), we have
1
2 = A6
T (A-6)
and
R AT
T (A7)
Substituting the results into (A.3), we have
14k &%
P = —— ], A8
PP T 2%, +2(1 + K) exp[ ‘fb+(1+n)] (A-8)

where 5, = BE{p*}.
The symbol error rate of MFSK over an AWGN channel is

M-1 2

M-1 1 nYsp
=Y (-1 _ _
ﬂ=l( 1 ( n )n+1e"p[ n+1]' (.9)

By similar derivation as for DPSK, one obtains the symbol error rate of noncoherent

MFSK over Rician fading channel as

RS M1 144 KnYs
Pursk = ,‘;(—1) * ( n ) ny, + (n + 1)(1 + &) &P [“m?ﬁ (n + 1)(1+H)}'
(A.10)
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For coherent PSK, there is no close form for the BER performance over Rician

fading channel. The BER performance can be expressed as

Posxc = fow %erfc (\/’r_bp;) 2p(1+x) expl—r—p*(1+6)] o (2,;\/2(1 T n)) dp. (A.11)

An upper bound is {70]

1+«k KYb
Pogp <« —————exp| —— . Al12
Pm_l-&-n—i—"ﬁ, p( l+n+’Yb) ( )
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Appendix B

Gaussian Approximations for the
MAI

In this thesis, asynchronous CDMA systems using random signature sequences are
considered. For the performance analysis, the MAI component is approximated as
a Gaussian noise. In literature, there are two Gaussian approximations for the MAI
in a BPSK/DS-CDMA system. The first one is proposed by Pursley [41) and called
standard Caussian approximation. Under this approximation, the bit error rate of
BPSK/DS-CDMA is expressed as

P=Q (\/E"g) (B.1)

where «, is simply approximated by

Ty = [(%)" + (5-(;—]\17))‘1]

This approximation is simple and accurate for large K, but becomes optimistic when

®2)

K is small. An improved Gaussian approximation with good accuracy is presented

in [43-45] which is expressed as

~ K—1 o No\7U/? K=1)(N/3 -1/2
R 3Q((%+ )7 + jo |(CngEe + fg)

KN B | Ng\~V (B.3)
+%Q[(K1%/3 V3 +2A§b) ]’
where
23 1 K-2y 1 K-2
2 (K —1 [N2— (_ _____)__,_.__]_ 4
o= YN0 M\ ™ 56 50~ 36 (B.4)
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Tt was shown in [43] that the improved Gaussian approximation is located in be-
tween the upper and lower bound BER curves. However, this improved Gaussian
approximation is more complex. Whenevet possible, the standard Gaussian approx-
imation is preferred. Now we explore the effectiveness of the standard Gaussian

approximation in our analyses.
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Figure B.1 : Comparison of standard and modified Gaussian approxima-
tions for PSK/DS-CDMA with E,/No = 100 dB.

In Fig. B.1 and Fig. B.2, the BER performance of PSK/DS-CDMA is plotted using
two Gaussian approximations for Ey/Ny = 100 dB and E,/No = 10 dB respectively.
In these figures, the BER performance obtained by improved Gaussian approximation
is used as a reference. In Fig. B.1, Ey/Np is very large, the BER is dominated by the
MAL For small values of K, the standard Gaussian approximation gives optimistic
results. For large values of K, the two approximations agree with cach other well.
We also notice that the two approximations match better for small values of N than
for large values of N. However, one should note that for a large value of N, greater
number of simultaneous transmissions can be accommodated.

In Fig. B.2, the BER is dominated by Ey/Np. There is not much difference between

141




100

101
/‘ 15 o .____,__...-4
.2 / 1 s
10 y P—
63 > e

[+ 4 "
& 3 o Me127

10°

rd
10-4 £

glid lige: standardiGausfian xfmatiof
shed {ine: thodifipd Gal mij-ppr: -ximuk

[~

i

N/

2 6 10 14 18 22 26

30 34 38 42 46 50

K

Figure B.2 : Comparison of standard and madified Gaussian approxima-
tions for PSK/DS-CDMA with E,/N, =10 dB.

the two approximations.

Table B.1 : Comparison of two Gaussian approximations for Ey/Ng = 100
dB.

[ [K=56[K=10{ K=15] K=20] K=25] K =230]
N=15| 0.693 | 0.107 | 0011 | 0-009 | -0.013 | -0.014
N =3l | 0958 | 0.405 { 0.139 | 0.050 | 0.017 | 0.004
N =63 | 1.000 | 0.829 | 0458 | 0.235 | 0.126 | 0.070
N =127| 1000 | 0993 | 0.870 | 0.630 | 0.420 | 0.278

In Tables B.1 and B.2, we list the relative error of using the standard Gaussian
approximation for Ey/Ny = 100 dB and E;/Np = 10 dB respectively. The relative

error is defined as
€= P, (imp) — P.(std)
P.(mod)

where P.(imp) is the BER performance obtained using improved Gaussian approxi-

(B.5)

mation, and P.(std) is the BER performance obtained using standard Gaussian ap-
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Table B.2 : Comparison of two Gaussian approximations for E,/Ny = 10
dB.

| [K=5|K=10|K=156K=20|K=25]K=230]
N =15 | 0.207 | 0034 | -0.002 | -0.010 | -0.012 | -0.012
N =31 | 0.261 | 0.100 | 0.039 | 0.014 | 0.003 | -0.002
N =63 | 0.213 | 0.138 | 0.082 | 0.049 | 0.030 | 0.018
N =127 | 0.116 | 0.115 | 0.092 | 0.071 | 0.054 | 0.041

proximation. In these tables, the negative values mean that the P.(std) is larger
than P.(imp). In Table B.1, the relative error for N = 15, K = 10 is 0.1 which is
acceptable. For large N, the relative error becomes large. For N = 127, in order for
the error to be less than 0.3 (still a good approximation), the value of K needs to
be larger than 30. We can make an estimation of the efficiency for this case. Using

(2.10), we have

KR, K 30
— _ o _ ~ 0. s/ Ha. i
n= —N—127__024 b/s/Hz (B.6)

Thus, if a bandwidth efficiency of 0.24 can be achieved, the relative error of using the
standard Gaussian approximation is less than 0.3.

In Table B.2, all the relative errors are very small. This is because of the small
Ey/No.

From the above discussion, we see that the standard Gaussian approximation
gives a few tenths of relative errors for moderate values of bandwidth efficiency. For
practical situations when E,/Nj is not infinite, the standard Gaussian approximation
is accurate even for small K. Thus, it is valid to use the simple standard Gaussian
approximation in this thesis. Although the discussion is for the PSK/DS-CDMA
system, it is valid for other DS-CDMA systems using MFSK modulations due to the

similar derivation for the BER performance.
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Appendix C

Derivation for the Variance of the
MAI Component

In Chapter 4, a detailed ana.ij-rsis is performed for the MFSK-OC/ DS-CDMA system.
In this appendix, an expression for the variance of the MAI component is derived.
The MAI from the kth user (k #4) is

T, .
I = _/(; u"‘?» i (8 = TJu :)(-) e ()t
= / V2PU(t — Tk)ak *) (t — 7%) exp[]21rdk ® (t — 7e)A + 70k(t — T)]
Va2P¥ (t) nl® (t) epr 27Td"m!.) A]dt
= 2P jﬂ Tt — 'rk)ak'mgn (t — ) upuzwdif;(f,,, (t — T)A + 50kt — i)
¥(t)a, () exp[j2md, i) Aldt

+2P / U(t - m)a, o (t - 7e) explj2md® ot = TA+ 0, (t — )]
(t)a () exply2nd, (f.yf_\]dt
= 2P-/0 dil,:)-n(!")’ di,m?))ejan \If(t - Tk)ak,mgk) (t - Tk)‘I’(t)“i,mg‘) (t)dt

+2P :6(0112) 106 U = )0, o~ L), o (P
= 2P5(d), . d; (-))6’”"1 Res(me) + 2P6(d‘ ) gond (.))e-’ by Rkt('rk)
(C.1)
The division of the integral into two parts can be visualized in Fig. C.1.
In the above equation, the continuous-time partial crosscorrelation function R

and Ry are given in terms of the discrete aperiodic crosscorrelation function Cy; for
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Figure C.1 : Hiustration of the correlation between two PN codes.

the kth and the ith sequences by (33}

Ries(1) = Cies(l = N)Ry(T — IT2) + Cra(l + 1 — N)Ry(7 — IT0) (C.2)
and
Ris(T) = Cra(D By — 1Te) + Cra(l + 1) Ry(r = IT) (C.3)

respectively, where | = |7/T.| (the integer part of 7/T¢), and Ry(s) and Ry(s)
(the partial autocorrelation functions of the chip waveform) are defined as Ry(s) =

[T () (t — s)dt and Ry(s) = Ry(T. — s). The discrete aperiodic crosscorrelation
function Cy; is defined by

(k) (’-) OS‘!SL_-L;

-1-
Zo Q5410
Coall) = { Ll ca
w0 Z d¥a,  1-L<IL0, ©4
L 0, li] > L.

From symmetry and randomness of the PN sequences, [ has a zero mean. its
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variance is [30]
o} =E{I}}
= E{(2E,T; ‘)"'[6(d,¢ 0 ,m<.))eﬂ’f=x Rics{7e) +5(d‘ g ”n(.))eJ %2 Ry i (7))
[5(d mi®) ‘m(.))e’e"le,(Tk) + 5(d( i m(-))e’ *szz(Tk)] }
= (2E, T_l)zE[‘S(d(l) (k)a (-))Rz(‘rk) + 5 ( (k), (')) 2(7)
+f5(d f,"” ('))5(‘1( mi#? ,mt-))R(Tk)R(Tk)(eJ(e’“ _9"2) + g7 ~0r))]
= (2L‘,T,' 1)2E[ % R*(me ) —R”(*rk) —;R(Tk)R(fk)eJB‘ 2]
- BTy [ "R? + R + ZRRldr.
(C.5)
In the above equation, the expectation is over m.(rk), B, , Ox;, and 7. Using the result
of [30]

B0y ={ o T (T (€8

one has
]0 R(r)dr -] (C(l = N)Re(r — IT3) + C(l + 1 = N)Ry (7 — IT,)|*dr

—f [CHl — NYR (T — IT,) + C?(1 + 1 — N)RY(r — IT)
+2C(£ — NYC(l + 1 = N)Ry (T — IT)Ry(r — IT)]d7
N

= 202(1 - / Re(r)dT + fc*(z +1- N)/TGRE,(T)d'r
=0 0

l-—D
=% Ecﬁt-N)Jr ZC?(lH-N)]
l 0l {=0
=z ZH— Z(H-l)]
L {=0
3
= 2 [y | o)
- M2
sy
(C.7)
Similarly we have o
Te .
f Re(ryar = Xle (C.8)-
0 6
and
Ty .
fo R(r)R(r)dr = 0. (C.9)
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Then

NPT ) _ QEB) (C.10)

1
E{I}} = 2E, T —T. {2 = :
up = BT (2750 ) = S
In the above derivation, a rectangular chip waveform is assumed, and thus JE= B2 (1)dr =

JTe R2 (r)dr = T2/3.
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Appendix D

An Alternative Analysis Method
for MFSK/DS-CDMA System

In Section 4.3.2, a detailed analysis for the probability of error of MFSK-OC/D3-
CDMA systems is presented. For the case of ideal orthogonal codes, the result is
the same as for MFSK/DS-CDMA systems. In the anal‘,frsis-, the MAI component is
approximated as a Gaussian random variable. By finding the variance of this random
variable, the variance of the effective noise (thermal noise plus MAI) can be obtained.
Then the following analysis is similar to that of MFSK modulation scheme. In finding
the variance of the MAI, the formal variance taking operation is performed, and the
signal phase (0 — 2), time delay (0 — T%), and the PN chips (0 — N) are averaged.

An alternative analysis for MFSK/DS-CDMA system is given by Ha [32]. The
MAI is also considered as Gaussian noise. Ha mentioned that MAI components can be
made to approximate white noise by properly choosing the spacing between adjacent
frequency tones Af and the chip rate R.. We have Af = pR.. The selection of
parameter p is done such that the signal spectrum is nearly flat. In an example given
in [32], p is chosen as 22/15 ~ 1.47. The total bandwidth is W = (M — 1) + 2R..

Since an individual frequency tone from an interfering user is spread twice by two
different asynchronous PN sequences at the receiver, the power spectral density of
the interfering signal is determined by the convolution of the densities of the two PN
sequences. This density at frequency f; is [32]

___PR
LT

S;(f) (D.1)
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where P = E,R, is carrier power. Since there are (K — 1) interferering users, cach
transmitting any of the M symbols with equal probability, the total power spectral
density of (K — 1) interfering users plus AWGN of density No/2 is

kPRC 1
S Mo . D.2
D=3+ LT rG-hP >
The effective noise density at frequency f; is
_ 2K — 1)EyRyR. & 1
Not = No+ M Z tAR2 + (mAf)2(i - )2 (D.3)

Based on the above results, we did further analysis in [71]. By averaging N the noisc

density is obtained as:

/ 2K -1) EbRbRc 1
N,=N,+ — D.4
,;,Z w0
The required bit energy to noise density ratio is:
By
By _ e (D.5)
N, 1+ Rwrme (M)
where o M
W 2R.R, 1
o(M,p) 2 b D.6
(M.0) 2 M 2 B+ AT = (D6)
Since Af = pR;, and W = MAf = MpR,, one obtains:
_2 &y 1
. D.7
The number of simultaneous users is:
E _E E, _ E
W N W A A
K= -———°—+1~——-——°———°-—— for K > 1). D.8
Ry prt —'}a(M p) Ry p2* ——9-0(M p) ( ) (D-8)
The system capacity is:
E, _E
KR, NN
7= 2 (b/s/Hz). (D.9)
W pppiba(M,p)



The parameter (M, p) is a function of M and p, and is tabulated in Table 2 for
M=8, 16 and 32 and p = 1.5. The asymptotic capacity is

1

o = : , D.10)
oo = 5 EnfNoa (M, p) (

The asymptotic capacity 7. for MFSK/DS-CDMA as a function of BER is given in
Table 4.

Table D.1 : Parameter (M, p) as a function of M for p=1.5.

M 8 | 16 | 32
o(M,p) | 0.60 | 0.72 | 0.74

Table D.2 : Asymptotic capacity 7. (in b/s/Hz) as a function of BER for
MFSK/DS-CDMA.

BER [ 10~° | 10°°
M=8 | 0.197 | 0.114
M=16 | 0.233 | 0.143
M=32 | 0.260 | 0.172

Comparing (D.9) with (4.34), we see that these two expressions are similar. The
coefficient 1/(pa (M, p)) in (D.9) has a value of 1, which is smaller than the coefficient
1.5 in (4.34). However, in (D.9), the effect of filter and spectrum shaping has been
included, while in (4.34), an ideal filter was assumed. If choosing a raise cosine filter

with a = 1.5, the same results would be expected.
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Appendix E

Probability of Error of Nonbinary
Codes for Orthogonal Nonbinary

Modulation Schemes over Fading

Channels

In this section, we give the derivation of the performance of nonbinary FEC coding
over fading channels. The results were referred to in Chapters 4 and 6.
In an M-ary orthogonal modulation system, the equivalent lowpass transmitted

signal is um(t), m = 1,2,---, M. The equivalent lowpass received signal is
rmlt) = ame I un(t) + 2(t), m=12,---, M, (I2.1)

where the attenuation factor a,, and the phase shift ¢ are introduced in the channel,

and z(t) is the equivalent lowpass noise. The optimum noncoherent demodulator

computes the decision variable

Ym =

T
/0 rm(t)um(t)dtl, m=12,---,M (E.2)
Assuming that u,(t) is transmitted, then
Y = 201 E; + N, (E.3)

and

Ym = |Nm|, m#1. (F.4)
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We have

E{yn} = 2, E;, (E.5)
E{ym} =0, m#1, (E.6)

and
o2 = Var{ym} =2E;No, m=1,2,---, M. (E.7)

Block Codes

Pirst consider soft decision decoding. For noncoherent detector, square-law combining
is used. For an (n, k) M-ary code, there are g* (g = loga(M)) code words. The
corresponding ¢* decision variables are

Ui=3 [6(Cijr0)'ygj +oee+6(ey, M~ 1)y(2M~1)J',‘, i=1,2 --,¢ (E8)

i=1

where ¢;; € [0, 1, -+, M — 1] is the jth code symbol of the ith code word, and
w; (I = ¢;) is the receiver output corresponding to ¢;;.

Assume that an all “0” code word C; is transmitted. The corresponding decision
variable is given by (E.8) with ¢;; = 0 for all j. The pairwise error probability, i.e.,
the probability that a decision is made in favor of the mth code word (m # 1) is

Wm

P, = P{Um P Ul} = P{U1 —Up < 0} = P {z (ygj - ygmj’j) < 0} , (Eg)

i=1

where w,, is the number of symbols in which C; and Cy, differ (Hamming distance in
binary case), and cm; € [1,2,++, M — 1]. We have E{y,;} = 2E,p and aﬁu =2E;Ny
for j=1,-++,wy. From the above expression, P, s equal to the probability of error

for square-law combining of binary orthogonal FSK with wp-order diversity [75]

Py(m) = pwmwfl ( W -—kl +k ) (1-p)t

k=1
W —1 (ElO)
I Wy — 14k 2w, — 1
Sp"'kz( k )=( w )p
=] m

where p is the pairwise symbol error probability for the uncoded system.
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The probability of symbol error is bounded as

& 1 E( own—1
PMS Pms—"“___ ( m ) .11
,;2 2( ) (2 + 'T.!)wm mz'::2 W ( )
The bit error probability is
2k—1
= E.12
P, ok _ IP,. ( 1 )
For hard decision decoding, the probability of error in this case is
1 & : n i n—i .
P,'—"-—Zz(i)p(l—p) , (E.13)
ity

where t is the error correcting ability of the code, and p is probability of error of

uncoded system.

Convolutional Codes

We assume that all “0” code sequence is transmitted as a reference. Corresponding to
another possible sequence with distance d (from the reference sequence), the pairwise
probability of error is similar to the block code case

d-1

P?(d) = k

where p pairwise symbol probability of error for the uncoded system. The distance

property can be found from the transfer function T(X, D)
dT(X, D)

dX

x=1 = ZﬁdDd- (El5)
d=1

The probability of symbol error is upper bounded by

o0

P,< S BsPald). (E.16)

d=dfree
The probability of bit error is given by (E.12).
For hard decision decoding, (E.16) holds. The pairwise probability of error is

d

> ( ! )p’*(l ~p)k,  (d even),

P = k=(¢;+1)/2

2. ( i )p"(l —p)y¢*k  (dodd).

k=d{2-1

(E.17)
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In the equation, p is given by (4.77) with the average symbol energy to equivalent

noise spectral density ratio given in {(4.74). Again the bit error probability is given

by (E.12).
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Appendix F

Incomplete Balanced Block Design

In combinatorial theory [98], one important problem is concerned with the arrange-
merts of objects into a specified number of sets based on some specified rules. This is
called incidence system or tactical configuration. The incomplete balanced block design
(BIB design) is a special kind of incidence system. It is identified by five parameters
(v,b,7,w, A)L.

The definition of the BIB design is [98]

«A BIB design is an arrangement of v distinct objects into & blocks such
that each block contains exactly w distinct objects, each object occurs
in exactly r different blocks, and every pair of distinct objects occurs

together in exactly A blocks.”
There are two elementary relations among these parameters,
bw = vr; (F.1)

My —1) =r(w—1). (F.2)

The first counts the total number of incidences in two ways, each of & blocks containing
w objects and each of v objects being contained in r blocks. The second counts the

occurrences of pairs containing a particular object @,. The object a, occurs inr

lIn textbooks, the conventional expression of the five parameters is (v,b,7,k,A). In Chapter 5,
k is chosen as the number of information bits per symbol. So we use w for k in the five parameters,
as is done in [92].
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blocks, and in each of these is a pair with the w — 1 remaining objects, while on the
other hand, a; is paired A times with each of the remaining v — 1 objects.

An example is given below for (7, 7, 3, 3, 1):

block-1: 1,2,4
block-2: 2,3,5
block-3: 3,4,6
block-4: 4,5, 7
block-5: 56,1
block-6: 6,7, 2
block-T: 7, 1,3

In the MT-FSK scheme, we refer to the object as a frequency tone, and the block
as a selection of w frequency tones. Only A =1 is considered. From (F.1) and (F.2),
b and = can be found as

viv—1)  v(w-=1)

b:'\w(w—l) T w(w - 1)’

(F.3)

‘u—-l_v-—l

= = .
T w—~1 w-—1

(F.4)

If two blocks have no common object, they are orthogonal. For any block B, the

whole set of blocks can be partitioned into 3 disjoint subsets,
s B,
e Xo(B), containing all orthogonal blocks to 5,

e X(B), containing all non-orthogonal blocks to B (intersecting to B on a single
object). '

The number of blocks in the subsets Xo(B) and X,(B) are given by
w
n=wir~-1)= 1—{-}_—1(1} - w); (F.5)

.'B0=1.U(T—1)=b~"$1—'1. (Fﬁ)

156



Appendix G

Derivation of the Probability of
Error for MT-FSK over a Rician
Fading Channel

In [92], the performance of MT-FSK scheme over AWGN and Rayleigh fading channels
are derived. In this appendix, we derive the performance over a Rician fading channel.
As mentioned in Chapter 6, the channel is assumed to be frequency selective, but cach
frequency tone experiences independent flat fading.

As discussed in Section 6.4, the pairwise error probability is

S ’
Py(7), L) = fo Py(,, L)p(p)dp, (G.1)
where Py(v,, L) is the pairwise error probability in an AWGN channel given in (6.5)
—~p?/2 L-1 P A2\ L=1-n
, e 1 [P 2L -1 :

Pz("r’m”—mém( 5 ) ,ZE: ( , ), (G.2)

and p has a generalized Rician the distribution ofgeneralized

L 2 4 o2
+ 3 ps ,

p{p) = # Exp (__p 202 ) Iy (;) . (G.3)

In (G.2), we have replaced kv, with 7. p?. In general, we have

L I

Ve = Te1Pi (G.4)
where we use 7, for the unfaded signal energy per channel to noisc ratio. Then
Te =7 E{p?}. (G.5)
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For the Rician distribution, we have E{p?} = s* 4+ 202 [75]. Substituting s% and o2

from (A.6) and (A.7), we have E{p}} = 1. Thus, % =, and kv, = ¥ p°.

The equation (G.1) is expanded as

L-1 L=l—-n
_ 2L -1
(%', LY = gm=r Z_;# > ( r )'/; 6_"""/2( )P(P)

r=0
L=-1 L-1l-n
a 2L -1
2 aaa s (MY )z
n=0 r=0

The term ¢ is evaluated below

_! n

I=\{% fow % P12gn g exp (—GEE) I (%) dp
= LE’ _/(; o —'.rp—rrexp( ~ P )40 Lot e )IL-l( ’)dp-

By defining the following variables

q

28 O
gy = yu
1+ o4,
2
PN >
1= =8 = =
o2 1+ 025"’

7 becomes
I= 32—’ "exp(—zi:f+§§2)[] P ;zfr.—rexp( ﬁ-ﬁ) I (%‘;})dp
= % exp (—25_2 +

= 1-2L exp [_2%:5 (1 - 1+,-,1217°’)] (1+a-21,fc’)LE{p2n}:

where E{p*"} is the 2nth moment of p given by {75]

e = renn () SRy (pm i)

The confiuent hypergeometric function ;Fi(a,b;z) is given by

S\ _ & (Lantk-DL-1)! (4 ®
F(L+nL,2 ) Z()(L+n—»l)!(L+k-—l)!k!(2cr%)'

This function can be evaluated using some available computer programs.
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Using (A.6) and (A.7), the pairwise probability of error can be expressed in term

of Rician parameter x:

’ q L—il=1-n
Pa(, L) = L exp [ L]
22L—1(L-—l)l(1+2—&ﬁ'—‘j)b 21+ 1';) lgﬂ (G 13)

(L+n—1}! 7 nf2L-1 ’
al [2(1+n)+‘fcl] ( r ) 1 (L+n’L’ 1—:’:)
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