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Abstract

The number of users subscribed to wireless communication services has been growing
exponentially during the past decade. New sophisticated wireless services are being
added. Demands for high data rates and capacity over the wireless channel at lower
cost are enormous. Multipath fading, cochannel interference (CCI), multiple access
interference (MAI) and adjacent channel interference (ACI) are the prime factors af-
fecting the capacity and the bit error rate (BER). In the literature, a considerable
amount of research thrust has been focused to combat these factors. Many diversity
techniques were proposed to combat the multipath fading. Optimal maximum like-
lihood receivers and many suboptimal receivers were proposed to combat cochannel
interference and multiple access interference.

In this thesis, interference whitening receivers and conventional space diversity re-
ceivers are investigated to combat the CCI and MAI in micro-cellular fading environ-
ments. The interference whitening receivers exploit the correlation in the spectrum of
CCI and MAT to mitigate their effects on detection of the desired signal. A whitening
matched filter is introduced instead of the conventional matched filter. While maxi-
mizing the signal-to-noise plus interference ratio (SNIR), the whitening matched filter
introduces intersymbol interference (ISI) in the desired sample. A fractionally spaced
linear minimum mean square error (MMSE) equalizer is employed to combat the
intersymbol interference. Average BER expressions are derived using characteristic
function and Fourier series methods. Notably, the complexity of this system does not
grow with the number of users as do the complexities of the optimal or suboptimal

multiuser receivers. The whitening matched filter receiver uses the knowledge of the
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value of the total interference power and the interferers’ pulse shaping, information
normally available at the receivers for power control, etc. or inexpensive to obtain.

The accurate BER and outage performances of conventional space diversity re-
ceivers in CCI and fading channels are studied. Bandlimited BPSK systems with
two Nyquist pulse shapes, namely, spectrum raised-cosine (SRC) and Beaulieu-Tan-
Damen (BTD) pulses are considered. Again, characteristic function and Fourier series
methods are employed. It is shown that the BTD pulse outperforms the SRC pulse
in all the cases considered.

The proposed receivers require only the total interference power and the pulse-
shape of the interferers at the receiver. These parameters may be available at the
conventional receiver for the power control and some diversity combining schemes. As
the receiver structure changes with the parameters thus, these receivers are adaptive

single-user receivers.
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Chapter 1

Introduction

1.1 Background and Motivation

The wireless communication sector is one of the fastest growing industries in all of
electrical engineering. Although, Guglielmo Marconi demonstrated the first radio
technology in 1897, its growth was very slow until the last two decades. The growth
of two way wireless communication was fueled by efficient digital and radio -frequency
fabrication, very large system integration techniques and miniaturization technolo-
gies. Broadly speaking, wireless communication includes cellular telephony, satellite
communication, point-to-point radio links, paging, wireless local area networks (Wi-
Fi), etc. Cellular telephony provides the major portion of the revenue in the wireless
communication sector. The number of cellular phone customers has grown from 10
million in the early 1990’s to approximately 700 million in 2002 and is expected to
increase to more than two billion around year 2006-2007 [1], [2].

In commercial cellular communication systems, frequency division multiple access

(FDMA), time division multiple access (TDMA), and code division multiple access
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(CDMA) are the major access techniques. FDMA assigns individual frequency slots
for each user while TDMA assigns individual time slots. Thus, FDMA and TDMA
provide orthogonal transmission in frequency or time. The widely accepted GSM
system is based on TDMA techniques. The GSM system has the largest number of
subscribers, more than any other cellular standard. The CDMA system is based on a
spread spectrum technique. Spread spectrum techniques have been very successfully
used for military communications for decades. Recently CDMA, has taken a signifi-
cant role in cellular and personal communication networks, mobile satellite networks
and wireless local area networks [3]. The CDMA has been used as the main access

method for thrid generation cellular standards.

1.1.1 Cochannel Interference (CCI)

Unlike wire-line transmission, wireless transmission has many limitations. As all the
wireless services share the frequency spectrum, it becomes a very precious resource
and its availability is limited. To overcome this, in cellular telephone systems the
cell concept and frequency reuse were introduced [1], [4]. Due to frequency reuse,
there will be cochannel interference to a particular user from subscribers using the
same frequency in surrounding cells. Fig. 1.1 illustrates the frequency reuse concept
in a seven cell cluster. The cells labeled with the same letters use the same group
of frequency channels and they are called cochannel cells. For a particular user the
signals of the users operating on the the same carrier frequency in cochannel cells
are interference and this is called cochannel interference (CCI). As the demand for
wireless channels increases the cell sizes are reduced to increase the capacity leading to
micro-cellular systems. Many research studies have shown that micro-cellular systems

are cochannel interference limited and not background noise limited systems [4].
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Fig. 1.1. The seven cell cluster layout illustrating frequency reuse [1].

1.1.2 Fading

When a signal is transmitted through a wireless channel, it is subject to attenuation,
phase rotation, etc. The transmitted signal travels through the medium as a radio
wave. Due to the irregularities of the medium, typical wave propagation phenomena
such as diffraction, scattering, and reflection, diffuse the transmitted radio wave into
a continuum of plane waves with different amplitudes and phases. At the receiver
antenna, they are added constructively or destructively causing multipath fading [5],
[6]. The fading captures the rapid amplitude and phase fluctuations of a radio signal
over a small window of time or distance or wavelength. There are two types of fading

effects characterizing wireless communications. They are large-scale and small-scale
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fading. The large-scale fading represents the average signal power attenuation or the
path loss due to transmission over large areas. This phenomenon is caused by terrain
contours, such as: hills, forest, high-rise-buildings etc. between a transmitter and

receiver. It is normally described as n-th law path loss and lognormal shadowing.

Large-scale
fading

Fading Amplitude

Antenna displacement

Fig. 1.2. Small-scale fading superimposed on large scale fading.

Small-scale fading refers to the dramatic change in the amplitude and phase of the
received signal due to the changes in the positioning of a transmitter and receiver.
Two types of phenomena are used in the characterization of small-scale fading. They
are time dispersion of the signal and variation of the channel in time.

In time dispersion of the signals, if the delay spread of the channel is greater
than the symbol duration then the channel is called a frequency-selective channel,
otherwise, it is called a frequency-nonselective channel or flat fading channel. The
reciprocal of the delay spread is called the coherence bandwidth of the channel. It
represents a frequency range over which signal’s frequency components have strong

amplitude correlation. In the frequency domain, if the coherence bandwidth of the
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Fig. 1.3. Small-scale fading.

channel is greater than the bandwidth of the signal, then the channel is called a
frequency-nonselective channel, otherwise, it is called a frequency-selective channel.
In time variation of the channel phenomenon, if the channel variation is faster
than the symbol rate, the channel is called a fast fading channel, otherwise, it is a
slow fading channel. In other words, if the coherence time of the channel is less than
the symbol time duration, the channel is a fast fading channel, otherwise it is a slow
fading channel. The coherence time is described as the expected time duration over
which the channel response to a sinusoid is invariant. The reciprocal of the coherence
time is called Doppler spread. While the delay spread describes the time dispersion
of the channel, Doppler spread manifests the frequency dispersion of the channel. As
the delay spread and Doppler spread are two independent phenomenon, we have four
types of fading situations. In this thesis we only consider flat (frequency-nonselective)

slow fading channels.
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Using complex notation, a transmitted signal, s(t) is written as [7]
s(t) = Relg(t) e ! (1)

where Re[z] is the real part of z, f, is the carrier frequency and g(t) is the desired
baseband signal. Assuming antenna is moving and there are multiple scatter path
each associated with a time variant propagation delay 7,(t) and time variant fading

amplitude o, (t). Neglecting the additive noise, the received signal, r(t) is
r(6) = Y anl®)s(t - (). (1.2
Substituting (1.1) in (1.2), it becomes
r(t) = D an(t)e PHEOg(t — 5,(1))e (1.9)
Then, the equivalent baseband signal is given by
2(t) = Y an(t)e P Og(t — 1,(1)). (1.4)
n
For the case of an unmodulated carrier, the received signal becomes
2(t) =3 an(t)e 90 (1.5)
n

where the phase, 6,(t) = 27f.7,(t). The phase, 6,(t) may change significantly with
the change of propagation delay. Thus, the phasors in (1.5) may add up constructively

or destructively. Then eq. (1.5) can be compactly written as
2(t) = at)e 0O (1.6)

where a/(t) is the resultant fading amplitude and 6(t) is the resultant phase. Eq. (1.5)

can also be written using two orthogonal components as

2(8) = za(t) + jun(t) (1.7)

6
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where z,(t) = a,(t) cos(6,(t)) and y,(t) = an(t)sin(f,(t)). Assuming the fading
process is a widesense stationary (WSS) process, and using a central limit theorem
(CLT), when n is large z = ) 2z, and y = >y, are going to have Gaussian
probability density function (PDF). If z and y are independent and have zero mean
(in other words, there is no line-of-sight (LOS) path component), the PDF of the

resultant fading gain « is [4]

2r r?

falr) = 5 exp [——ﬁ} , >0 (1.8)

which is called the Rayleigh PDF and E[a?] = Q. As z and y are independent random
variables, the resultant phase is uniformly distributed and resultant fading gain and
resultant phase are mutually independent. If there is a LOS path the PDF is called

Rice PDF and is given by [4]

2’/’(KR + 1)

fa(r) = Q

exp{-—KR—— r>0

(KR+1)7‘2 KR(KR+1)
R IO 2r Q y

(1.9)
where Io(-) is the modified Bessel function of the zeroth order and first kind, Kp is

the Rice factor defined as

_ Specular power _ s* (1.10)
~ Scattered Power  Q, '

R

and E[o?] = Q = s+ Q,. When Kp, is zero there is no specular component and,
thus, the fading PDF becomes the Rayleigh PDF, and when Ky approaches infinity
the channel does not exhibit any fading. The resultant phase distribution is given
in [8] and the fading gain and the phase are not independent.

In early 1940’s, Nakagami introduced a distribution for fading gain now called the
Nakagami distribution [9]. It was shown to have a closer match to empirical data

than other fading distributions. The Nakagami fading gain PDF is written as [4]

2 m\™

fo(r) = =— (_ﬁ) r?™1 exp {—-g'r?} , r>0, m> L

) 5 (1.11)
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where Elo?] = Q and m is the Nakagami fading parameter taking values from 0.5
to infinity. When m = 1, the Nakagami PDF becomes the Rayleigh PDF, when
m = % it becomes a one sided Gaussian PDF and when m — oo, it becomes an
impulse function (no fading). Thus, the severity of the fading reduces with the fading

parameter. For different values of Nakagami fading parameter the Nakagami PDF’s

are sketched in Fig. 1.4. The distribution of the resultant phase is still an open

18 , y , : .
: : : I m=0.5

: : : 4 = - — m=1(Rayleigh fading

1'6- ............... ............ ‘..4‘.\.3 ................ .‘ ..... m=2 —
: N . ........ m=4

fn

Fig. 1.4. Nakagami fading amplitude probability density function for different fading

parameters, m and = 1.

problem when the fading amplitude is Nakagami distributed. The Rice distribution
is sometimes closely approximated using Nakagami distribution, and the mapping is

given by [6]

(1+KR)2
1+2Kz s Kr>0 _ (1.12)
2
Kp = T, m>L (1.13)
m—vm?—m
8

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



As the Nakagami distribution contains only simple functions, it often leads to conve-
nient closed-form solutions or simple analytical expressions in wireless communication

systems analysis.

1.1.3 Diversity Combining Schemes

The cochannel interference and fading are major factors affecting the capacity of
cellular radio systems. Diversity schemes combat fading and cochannel interference
simultaneously. During the past few decades, an enormous amount of research has
been done on them [6]. To understand the diversity mechanism, assume p is the
probability of a channel experiencing a deep fade. If there are L independent diversity
branches, the probability of all channels experiencing a deep fade becomes p”. Thus,
the probability of making error is reduced. Diversity can be achieved in space, angle,
multipath, frequency, time, polarization and field [4].

Frequency diversity is obtained by transmitting the same information over mul-
tiple (> 2) carrier frequencies at least separated by the coherence bandwidth of the
channel. Time diversity is achieved by transmitting the same information over dif-
ferent time slots separated by at least the coherence time of the channel. Multipath
diversity is achieved when the fading is frequency selective. When the signal band-
width is much greater than the coherence bandwidth of the channel the signal will
resolve the multipath components [7]. Thus, the receiver is provided with several
independent fading paths. If the delay spread is T,, and the signal bandwidth W,
there are 1,,WW resolvable signal components. The use of wideband signals is a way
of obtaining multipath diversity. The optimum receiver for this multipath diversity is
called a RAKE receiver and it is widely used in DS-CDMA systems. Angle diversity

is implemented using directional antennas and it is also called directional diversity.
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The fact that the electromagnetic waves can be transmitted as independent verti-
cally and horizontally polarized waves, is exploited to obtain polarization diversity.
Field diversity is based on the fact that the electric and magnetic waves undergo
independent fading. In practice, antenna design for field and polarization diversity
is much more difficult. Space diversity or antenna diversity employs multiple anten-
nas. Conventionally, a single transmit antenna and multiple receive antennas have
been considered. Recently, diversity systems with multiple transmit and receiver an-
tennae drew much attention of researchers due to their high data rate and capacity
capabilities [4]. Theoretically, the antennas should be separated by at least a half
the wavelength to obtain uncorrelated diversity branches. However, in practice the
separation should be at least 10 wave lengths to obtain the independent fading. In
this thesis, we only consider space diversity schemes with flat slow fading.

The signals that are received in the diversity branches can be be combined in a
number of ways. There is a trade-off between complexity and better performance.
Widely used combining methods are selection combining (SC), switched combining
(SWC), equal gain combining (EGC) and maximal ratio combining (MRC). If the
combining is done after the detection process in each branch it is called post-detection
combining. Normally post detection combining is performed in baseband. If the com-
bining is performed before the detection process in the branches, it is called predetec-
tion combining and it is performed in RF. For the coherent receivers, postdetection
and predetection combining schemes provide identical results [4], [6].

Lets assume, there are L independent diversity branches. Each channel undergoes
frequency nonselective slow fading. The I-th branch lowpass BPSK received signal is
written as

u(t) = ageds(t) +my(t), lell,---, L] (1.14)

10
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where s(t) is the desired signal, n;(¢) is the additive complex Gaussian noise, a; is the

fading amplitude and 6, is the phase.

1.1.3.1 Maximal Ratio Combining (MRC)

Regardless of the fading statistics, MRC is the optimum combining scheme for sig-
nal detection in the presence of additive white Gaussian noise (AWGN) only. It
requires knowledge of the fading amplitudes and phases in all diversity branches. As
it requires the phase information it is not feasible with noncoherent or differential
detectors. In MRC, the matched filter outputs in diversity branches are multiplied by
the corresponding complex conjugate of the fading channel gain, (e 'j"’) and then
all of them are summed together to obtain the decision statistic. The multiplication
is to compensate the phase rotation by the channel and weight the signal by a factor
proportional to the fading amplitude. Thus, a strong branch signal is weighted by
larger factor than a weaker branch signal. After matched filtering and weighting by
the complex conjugate fading gain (oe -Jé ) and combining, the decision statistic is

written as

L
= Z o + Zamlc (1.15)

where the desired symbol energy and the symbol duration are assumed unity, n.
is the real part of the additive Gaussian noise component and L is the number of

diversity branches.
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1.1.3.2 Equal Gain Combining (EGC)

Predetection EGC is similar to MRC, the branches are cophased but they are not
weighted by the fading gains. Thus, EGC has less complexity at the expense of
performance. In practice, EGC is employed in systems with equal energy symbols
such as MPSK [4]. Postdetection EGC is used in applications where the phase of the
received signal cannot be obtained accurately [6]. In such situations, postdetection
EGC is employed with noncoherent or differential detectors. In this thesis, only
predetection EGC is considered.

If the received signal in (1.14) is cophased, passed through a matched filter and

the branches are combined, the decision statistic becomes
L L
Z o+ Z TL[}
=1 =1
L L
o+ . (1.16)
=1 1=1

1.1.3.3 Selection Combining (SC)

U = Re

Il

Unlike MRC and EGC, in selection combining only one diversity branch is selected
to detect the signal depending on the selection criteria. Thus, SC provides inferior
performance with less complexity. There are several selection criteria which have been
studied in the literature [10}, [11]. However, we consider only three selection criteria in
this thesis namely, maximum SNR selection, maximum desired signal power selection
and maximum output power selection. Among these schemes, the SNR selection
scheme provides better performance with higher complexity. The maximum output
power selection scheme is more practical to implement. The main drawback of SC
in continuous transmission is that the channel parameters in all the branches should

be estimated continuously. Moreover, if the channel parameters are estimated it is
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better to use EGC or MRC to obtain better performance.
Suppose the j-th branch is selected in the received signal in (1.14). Then, after

coherent detection, the decision statistic is given by

U = Re [aj—l-nj]

= ;47 (1.17)

where the j-th branch is selected based on the selection criterion.

1.1.3.4 Switched Combining (SWC)

Unlike SC, for SWC the channel parameters in all the branches do not need to be
estimated continuously. There are different variants of SWC schemes in the literature
[12]. In the SWC considered in this thesis, a switching metric of a particular branch
is continuously compared with a predetermined threshold value. If the branch metric
is greater than the threshold, the same branch is selected. Otherwise, the output
is switched to other branches cyclically until a branch with metric greater than the
threshold is found [13], [14]. If all the branch metrics are below the threshold, the
output never settles to any branch. The switching metrics considered are desired

signal power, signal-to-interference (SIR) power ratio, and total branch power.

1.1.4 Spread Spectrum (SS) and Code Division Multiple Ac-

cess (CDMA) Systems

Spread spectrum techniques have been employed by the military since World War II.
In the last two decades, spread spectrum-based systems have been widely used in cel-
lular and personal communication networks, mobile satellite networks, wireless local

area networks, and global positioning systems, etc. Spread spectrum systems may
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provide asynchronous data transmission, message privacy, signal hiding and position
location within their repertoire. Basically, a spread spectrum system is one in which
the transmitted signal is spread over a wide frequency band, in fact, much wider than
the minimum bandwidth required to transmit the information being sent. There are
some benefits in the signal spreading by means of a code sequence. The signal energy
is diluted over the bandwidth while occupying a very large bandwidth. The amount
of the power spectral density present at any point within the spread signal is very
small. As a result, may be the signal below the noise floor of a conventional receiver
and seems invisible in the spectrum, but it can be detected using a spread spectrum
receiver. The receiver can reject strong undesired signals even if the undesired signal
power is much higher than that of the desired spread spectrum signal. This is because
the authorized spread spectrum receiver has a replica of the spreading sequence to
despread the signal. The non-spread signals are then suppressed in the detection pro-
cess. This property in SS systems provides a certain degree of immunity to intentional
or unintentional jamming. The most commonly used techniques are direct sequence
spread spectrum (DS-SS) and frequency hopping spread spectrum (FH-SS). The DS-
SS can be viewed as the modulation of carrier by a digital code sequence whose bit
rate is much higher than the information signal bandwidth. The FH-SS occurs when
the carrier frequency is shifted in discrete increments according to a pattern dictated
by a code sequence. The transmitted frequency jumps from frequency to frequency
within a predetermined set determined by a code sequence. The SS systems have the
capability of combating a limited amount of multipath fading. Frequency selective
fading typically occurs at relatively narrow bandwidths of a wideband system. Thus,
the spread signal provides a form of frequency diversity which compensates the faded

frequencies by those, that do not experience the same fading. The effective frequency

14

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



of deep fades in a multipath channel which results from ”echoes” of the same signal
arriving at the SS receiver at slightly different times, can be largely reduced. The
design of the spreading codes is the key to enhancing the robustness to unwanted
signals. Moreover, a single receiver or group of receivers may be addressed by a
reference code, compared with other users who have different codes. Thus a code
sequence becomes a user’s address. When the codes are properly chosen to have low
cross correlation properties, minimum interference occurs between users. More than
one signal can be unambiguously transmitted in the same bandwidth and at the same
time; and selective addressing and code-division multiplexing are implemented by the
coded modulation format. The multiple access capability that is achieved by the
code-division is termed code division multiple access (CDMA). Direct-sequence code
division multiple access (DS-CDMA) and Frequency-hopping code division multiple
access (FH-CDMA) are the most commonly used techniques.

Particularly in mobile cellular communication, CDMA has been considered as
an attractive alternative to the conventional FDMA and TDMA techniques for the
following reasons. First, a large number of users may subscribe to such a system,
with the system performance (error rate etc.) primarily dependent on the number
of simultaneous users and the nature of the channel. The performance degrades as
the number of active users increase and there are no blocked calls in the usual sense,
although of course traffic will ultimately be limited by the available resources and the
effective BER. Secondly, each user may transmit asynchronously and no scheduling
of channel use is required. This enables easy access for new subscribers. However,
the signals of the other active users are interference for a particular user. There are a
number of disadvantages associated with the CDMA, the two most obvious of which

are the problem of ”self-jamming” and the related problem of the "near-far” effect.
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The self-jamming arises to from the fact that in an asynchronous CDMA network,
the spreading sequence of the different users are not orthogonal, and hence in the
despreading of a given user’s waveform, nonzero contributions to the user’s receiver
decision statistic arise from the transmissions of the other users in the network. The
near-far problem refers to the fact that, signals closer to the receiver of interest are
received with smaller attenuation than signals located further away. This means that
power control techniques must be used in the cell of interest. Another concern in
the CDMA is the smooth handover from one cell to the next requires acquisition by
the mobile of the new cell before it relinquishes the old cell. The CDMA systems
are self-interference limited. That is, in attempting to have many users communicate
simultaneously, the mutual interference sets a limit on the number of simultaneous
active users. To the extent that not every user in the network is always transmitting,
the capacity of the system is increased. In the CDMA systems, if a given user stops
transmitting, and no new user wants to access the channel at that particular instant
of time, then all the remaining users on the channel experience less interference, i.e.

voice activity levels influence the CDMA system performance.

1.1.5 Interference Mitigation

The CCI and MAI are the prime factors which limit the capacity and performance
of wireless communication systems. The conventional matched filter receiver does
not take into account the existence of the CCI or MAI It uses a single-user detec-
tion strategy in which each user is detected separately without regard for interferers.
Significant capacity increment can theoretically be achieved, if the the negative ef-
fect that each user has on other users is cancelled. Instead of the users interfering

with each other, they can all be used for their mutual benefit by joint detection.
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This detection strategy is called multiuser detection. The important assumption in
optimum multiuser detection is that the amount of information available about the
desired user (timing offset, phase offset, etc.) at the receiver are also available for the
interfering users as well. It is generally difficult to obtain and not practical for many
systems. In 1986, Verdu [15] proposed and analyzed the optimum multiuser detector
or the maximum-likelihood sequence detector for the CDMA. The optimum detection
of a BPSK system was reported in [16], [17], [18] and is complex. The receiver com-
plexity of the optimum maximum-likelihood detection increases exponentially with
the number of users and is not suitable for practical systems. Therefore, over the
last decade, most of the research has been focused on finding sub-optimal multiuser
detectors [19], [20], [21], [22] and improved single-user detectors [23], [24] which are
more feasible to implement. It is interesting to note that there is a strong similarity
between the problem of MAI and CCI and that of intersymbol interference (ISI) [15].
Comprehensive treatments of optimum and sub-optimum detection of the CDMA
can be found in [19] by Verdu, [25] by Duel-Hallen et al. and [26] by Moshavi. In
this thesis, an improved single user receiver structure with whitening matched fil-
ter [27] and linear fractionally spaced minimum mean square error (MMSE) equalizer

is considered to mitigate the cochannel interference in fading environments.

1.1.5.1 Whitening Matched Filter (WMF) Receivers

A whitening matched filter [28], [27], [29] was proposed for signal detection in col-
ored Gaussian noise. It maximizes the signal-to-noise ratio (SNR) and provides the
optimum performance in colored Gaussian noise. It consists of a filter which whitens
the spectrum of the colored noise followed by a filter matched to the distorted signal

output from the whitening filter. As the resultant transfer function does not satisfy

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



the Nyquist criterion, a WMF introduces ISI to the decision statistic in continuous
transmission systems. When bandlimited pulse-shaping is employed the WMF im-
plementation is feasible. However, when the time-limited pulse shapes are used the

implementation is feasible only with reasonably long delay [27].

1.2 Thesis Outline and Contributions

There are six major chapters in this thesis. Each chapter contains one major contri-
bution. The chapters are organized as follows.

In Chapter 2, several single-user interference whitening receiver structures to com-
bat the CCI in micro-cellular fading environments are proposed. A Nakagami/Rayleigh
desired /interfering user fading model is adopted for the micro-cellular environment [4].
The fading is assumed to be flat and slow. While maximizing the SNIR, the WMF
introduces ISI in the decision statistic. A fractionally spaced linear MMSE equalizer
is employed to suppress the ISI introduced by the WMF. Two Nyquist pulse shapings,
namely, spectrum raised-cosine (SRC) and Beaulieu-Tan-Damen (BTD) pulses [30]
and nonreturn-to-zero '(NRZ) rectangular pulses are employed. The performance
analysis is carried out using a characteristic function (CF) method and an approx-
imate Fourier series method [31]. In some cases Monte Carlo computer simulation
is used to obtain the BER performance. The performance of the proposed receivers
is compared against that of conventional matched filter (MF) receivers. Our results
show that the proposed receivers provide substantial performance gains.

In Chapter 3, we study the BER performance of a bandlimited binary DS-CDMA
system in Nakagami fading channels. Slow flat fading is assumed and a single-user

correlator receiver or a conventional MF receiver structure is considered. Two Nyquist
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pulse shapes, SRC and BTD pulse shapes are employed. We consider several Gaus-
sian approximation methods and an exact CF method for the analysis. A new com-
putationally efficient method is introduced by incorporating the CF method into the
improved Gaussian approximation (IGA) method [32] proposed by Morrow and Lehn-
ert. In our proposed method, the computational complexity is substantially reduced
and it does not depend on the number of users in the system. The accuracy of the
Gaussian approximation methods is assessed using Monte Carlo computer simulation.
An exact BER analysis using a CF method for systems with deterministic desired user
spreading sequences and random interfering users’ spreading sequences is also consid-
ered. The BER performance of the SRC and BTD pulse shapes are compared under
identical system conditions.

In Chapter 4, we extend the work in Chapter 3 for space diversity receivers for
bandlimited DS-CDMA systems. The combining schemes considered are MRC, EGC
and SC. The IGA and standard Gaussian approximation (SGA) [33] of the MAI are
considered using CF and approximate Fourier series methods for the performance
analysis. The computational complexity of the BER. expressions does not increase
with diversity order or number of interferers. The SNR and capacity gains with the
diversity order of the different combining schemes are compared.

In Chapter 5, the WMF receiver considered in Chapter 2 is considered for bandlim-
ited DS-CDMA systems in Nakagami fading channels. Again a fractionally spaced
linear MMSE chip equalizer is used to combat the ISI introduced by the WMF. We as-
sume deterministic desired user spreading sequences and random spreading sequences
for interfering users. The BER expressions are derived using the approximate Fourier
series method.

In Chapter 6, performance analysis of narrowband communication systems in
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fading and CCI is considered. An exact BER expression for a BPSK system with
NRZ rectangular pulse shaping in Nakagami fading and CCI is derived using the CF
method. It is computationally more efficient than other reported methods. The ac-
curacy of the Gaussian approximation of the CCI is assessed. A QPSK system with
a Nakagami/Rayleigh desired/interfering user fading model is also considered. Then,
exact BER expressions for a bandlimited BPSK system with EGC and SC diversity
receivers in Nakagami fading and CCI are derived. Two Nyquist pulse shapes, SRC
and BTD pulse shapes are used. Again the CF method and the Fourier series meth-
ods are employed. The complexity of the BER expressions neither increases with
diversity order nor number of interferers. An exact outage probability expression
for a bandlimited BPSK system with MRC diversity in CCI and Nakagami/Rayleigh
fading is derived. The outage performance of the BTD and SRC pulses are compared.

In Chapter 7, outage probability expressions for a bandlimited BPSK system with
SC and SWC in CCI and Nakagami/Rayleigh fading model are derived. Interference
limited systems are considered in the analysis. Three selection and switching criteria,
namely, desired signal power, SIR and total output power are considered. Unlike
previous results, the system model under investigation takes into account the pulse
shaping and the random delays and phase offsets of the interfering users. The opti-
mum switching thresholds for different switching criterions are formulated.

Chapter 8 provides our conclusions, summary of the major contributions and

suggestions for future work.
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Chapter 2

Interference Whitening Receivers

for Micro-Cellular Systems

2.1 Introduction

The transmission environment places a fundamental limitation on the performance
of wireless communication systems. There are two main source of degradation of
performance. They are fading and CCI. In order to meet the capacity demand,
the cell sizes are reduced, as a result in the micro-cellular environment the system
performance is limited by cochannel interference rather than background noise [4].
Therefore, cochannel interference mitigation in fading environments is of considerable
interest.

Few methods have been proposed to combat CCI in fading environments in the
literature. Lo et al. [34] studied adaptive equalization to combat the CCI in interfer-
ence limited systems. A fractionally spaced decision feedback equalizer was employed

with least mean square (LMS) and recursive least square (RLS) algorithms. A QPSK
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system with raised cosine pulse shaping in quasi-static frequency selective fading
channels was considered. Training symbols were transmitted periodically to estimate
the channel parameters. Recently, Lo and Letaief [35] also used adaptive equalization
to combat the CCI and ISI. The maximum likelihood sequence estimation (MLSE)
equalizer with RLS channel estimator was employed. Winters [36] proposed an op-
timum linear MMSE combining technique with space diversity reception to combat
the CCI and fading. For the case of two antenna elements, direct matrix inversion
was suggested as a means of updating the antenna weighting coefficients. A receiver
structure equipped with space time filter and Viterbi equalizer was proposed by Liang
et al. [37] to jointly combat the CCI and ISI in slow Rayleigh fading. A performance
analysis of successive CCI cancellation using smart antenna systems was reported by
Hazna et al. [38]. Closed-form expressions for outage probability and bit error rate
were derived. Arslan et al. [39] proposed a successive CCI cancellation method for
TDMA systems. There have been few reported works on optimal maximum-likelihood
(ML) receivers for communication systems in the presence of CCI [40], [16], [17], [18].
In these works, fading environments are not considered and the complexity of the
solution grows exponentially with the number of users. The ML sequence detection
with Viterbi algorithm was employed to combat the CCI by Wales [41] for TDMA
systems. In {23] and [24], a WMF or SNR maximizing filter was proposed to reject
multiple access interference in DS-CDMA systems. The multiple access interference
was assumed to be Gaussian distributed and fading was not considered. As mentioned
in [23], the Gaussian assumption is valid only for large numbers of users. While it
maximizes the SNR, the WMF introduces ISI into the decision statistic. The effects
of the ISI were not considered in [23] and [24]. Yoon and Leib [42] studied the gen-

eralized form of matched filter or SNR maximizing filter for the CDMA systems in
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improper complex noise environments. The BER performance of digital communi-
cation systems in fading and CCI is studied extensively in [43], [44], [45] and the
references therein.

In this chapter, we study several WMF or SNIR maximizing filter receiver struc-
tures to mitigate the CCI of a BPSK system in micro-cellular fading environments.
While maximizing the SNIR, the WMF introduces ISI in the decision statistic. A lin-
ear fractionally spaced MMSE equalizer is employed to combat the ISI introduced by
the WMF. We assumed the desired user and interfering users undergo Nakagami-m
and Rayleigh fading, respectively. This fading scenario normally arises in micro-
cellular environments. The fading is assumed to be flat, and slow. Two Nyquist pulse
shapes, namely SRC and BTD pulses and the NRZ rectangular pulse are considered.
First, an exact continuous time filter WMF structure is considered. Then, another re-
ceiver structure with a conventional MF cascaded with a fractionally spaced discrete
time transversal filter structure as a SNIR maximizing filter is studied. For the NRZ
signaling, the WMF is infinitely long in both directions of the frequency axis. Thus,
a long delay has to be introduced to make the WMF a causal filter. The long time
delay may not be desirable for many applications. A coherent correlation receiver is
proposed to make the data recovery decision based on the information obtained over
only one symbol duration. The correlating waveform which maximizes the SNIR is
derived. Another receiver structure is considered with fractional correlator and frac-
tionally spaced transversal filter instead of a WMF. This receiver structure requires
a relatively short time delay compared to the WMF structure. Again a fractionally
spaced MMSE equalizer is employed to combat ISI. An extensive performance com-
parison study is done using the CF method [46], [45] and an approximate Fourier

series method [31], [47] for different cases. Closed-form BER expressions are derived
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for a few special cases. Monte Carlo computer simulation is used to obtain the BER in
some complex situations. All the performances are compared against the performance
of the conventional matched filter receiver structure.

The remainder of this chapter is organized as follows. In Section 2.2, we describe
our system and channel model. The receiver structure with continuous time WMF is
considered in Section 2.3. In Section 2.4, the analysis in Section 2.3 is extended for
a discrete time transversal filter whitening matched filter structure with synchronous
CCI. In Section 2.5, a one symbol correlating received structure is considered. A frac-
tional correlator receiver structure is considered in Section 2.6. Our numerical results
and discussion are presented in Section 2.7. Finally our conclusions and summary of

the chapter are drawn in Section 2.8.

2.2 System Model

Consider a BPSK system with CCI in a slowly fading environment. We adopt the

system model presented in [45]. The transmitted signal for the desired user is

Si(t) = +/2P,T s4(t) cosw,t (2.1)

where P; is the transmitted power, w, is the carrier frequency and sy4(t) is the baseband
signal given by
+00

sa(t)= Y alklgr(t - kT) (2.2)

k=-00

where % is the symbol transmission rate and gr(-) is the transmitter signal baseband
pulse and its energy is normalized according to f_“;? gx(t)dt = 1. In the case of
equally likely transmitter symbols and BPSK modulation, a[k] € {+1, —1} with equal

probabilities and the average power of sq(t) is % [7]. When S,(t) is transmitted, it
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is subject to fading, as well as interference caused by other user signals occupying
the same channel. We assume that all the interfering user signals have the same
modulation format as the desired signal. Therefore, the transmitted signal for the

i-th interfering user’s signal is

Si(t) = +/2PT s;(t) coswet (2.3)

where P; is the transmitted power of the i-th interfering user signal and s;(t) is the
i-th interferer baseband signal given by
400
sit)= Y bilklgr(t — kT) (2.4)
k=-o0
where the i-th interfering user’s information bit b;[k| € {+1, -1} with equal probabil-
ities. We assume that both the desired and K interfering user signals are transmitted

over a slow, frequency non-selective fading channel. The received signal becomes
R(t) =v/2P;T R 54(t) cos (wct + 0,)+
K
Z V2PTR; s;i(t — 7;) cos (we(t — 7;) + 6;) + n(t) (2.5)
i=1

where 7; represents the symbol timing offset of the i-th interfering user signal with
respect to the desired user signal, and it is assumed to be uniform over [0,T). The
background noise n(t) is a zero-mean, white Gaussian process with two-sided power
spectral density Np/2; the phases 6, and 6;, respectively, for the desired user and
the i-th interferer, represent the random phases introduced by the fading channels,
and are assumed to be mutually independent and uniformly distributed over [0, 27).
The random variables R and R; represent the fading channel gains. We assume that
the desired user’s fading channel gain follows the Nakagami-m distribution with pa-

rameters (mg, Q) and its PDF is given in eq. (1.11). We further assume that all K
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interfering users’ fading gains follow the Rayleigh distribution with PDF given in eq.
(1.8). The fading of the desired user and interferers are assumed to be independent.
This Nakagami/Rayleigh desired/interference signal model can represent general fad-
ing scenarios where the desired signal experiences different fading than the interfering
signals. This may, for example, arise in micro-cellular systems [4].

As the fading is slow, coherent reception is feasible. In the conventional coherent
receiver design, we assume the desired user’s signal phase is estimated perfectly, and
the receiver maintains perfect synchronization with the desired user’s signal. Then,
without loss of generality, we can assume s = 0. After demodulation, and matched

filtering the received signal becomes

7 = \/P;TRS S alklg(t — KT) +

k=—o0
3 \/PiTRi cos (6; — weT;) i bilkl 9(t — kT = 7) + s (t) (2.6)
2. ) 1 cli = 1 ? f '

where g(t) is the pulse shape at the matched filter output and n;(t) is the filtered
background noise. Sampling at the symbol time, the decision statistic for the 0-th

data symbol, a[0], becomes,

K
Z[0} =4/ P;T R; a|0] +Z \/%Z&- cos (@s) p; + no (2.7)

where ¢; = 0; — w.7; is assumed to be uniformly distributed over [0, 27), ng = ns(0)

and

pi = Z bik] g(=kT — 7). (2.8)

k=-o00

The first term in (2.7) represents the desired signal component; the second term rep-
resents the undesired CCI which contains cross-signal ISI terms from each interferer;

the third term represents the background noise component. The background noise
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component, ng, is a zero-mean Gaussian random variable and without loss of gener-
ality, we can assume its variance to be unity (VAR[ng] = 1), i.e. the output noise
power is 1. Therefore, the average SNR and the average SIR for our system model

can be expressed, respectively as,

P,T(
SNR (dB) = 10log;, ( L ) (2.9)
and,
P.Q
SIR (dB) = 101lo —= 5 1. 2.10
(dB) 810 (Zz};lQT‘PL) ( )

Here, we consider the rectangular pulse and two Nyquist pulses namely, spectrum
raised-cosine (SRC) pulse and a new pulse shape recently reported in [30], which
we denote as Beaulieu-Tan-Damen (BTD) pulse. For the rectangular pulse-shaping,

g7(t) is 1/VT in 0 < t < T. The bandlimited raised-cosine spectrum is

T 0<IfI< 2
Hpe(f) = g{l +cos (Z(If1 - 50))} S <1< 2 (2.11)
0 IfI > 32

with corresponding time pulse, g(t)

_sin(nt/T) cos(npt/T)

9(t) = ey R )y X (2.12)
The bandlimited BTD pulse spectrum is
rT 0<|fl £ B(1-8)
Hamo(f) = 4 TP {B2Ba-p)-1f1}  Ba-H<IfISB 213
T - Texp { 2171 - B+ B)]} B<IfI<BOL+H)
| 0 |[fI > B(1+8)
and the time domain pulse is
olt) = sinz(jgtBt) 4Antsin (27rB,622++2f7:2<;§s (2rBBt) — A? (2.14)
27
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where § € [0,1] is the excess bandwidth of the pulse, B = 5 and A = 1%321.

The conventional MF receiver is optimum for detection of signals only in AWGN.
When the CCI is present, it is not optimum and its performance is generally poor. We
propose several receiver structures to improve the performance of the conventional
MF receiver. The coherently demodulated i-th interferer signal component is written
as

L(t) = %‘Cm cos () si(t — 7). (2.15)

Double frequency terms arising from the coherent demodulation are ignored in the
analysis because they will be cancelled by the receiver filters. In this chapter, we
consider three cases, the BPSK system with SRC pulse-shaping, BTD pulse-shaping
and rectangular pulse-shaping. It is easily shown that I;(¢) is stationary and Gaussian
for synchronous interferers at sampling instants ¢ = 0, £7, 27 - - - with bandlimited
pulse shapes. But, I;(¢) is first order Gaussian at any time instant ¢ € [0, 7] with
rectangular pulse shapes. Then the signal detection problem in this case is analogous
to the classical problem of signal detection in colored Gaussian interference and white
Gaussian background noise. Some optimal and suboptimal detection schemes have
been proposed in the literature [29], [27] for signal detection in colored Gaussian
noise using interference whitening. In this chapter, we use an interference whitening
matched filter (WMF) to mitigate the effects of cochannel interference. The WMF
maximizes the SNIR. If the total noise component is Gaussian, it gives optimum
performance. Otherwise, it may give better performance but not optimum. The
WMF introduces ISI in the decision statistic when the desired user transmits a train
of symbols. The MLSE equalizer using the Viterbi algorithm is an optimum method
to combat the ISI. However, due to complexity, we use a linear fractionally spaced

MMSE equalizer. In the following sections, we consider different types of WMF
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structures.

2.3 Whitening Matched Filter Receivers

T/N
R(1) r(t) 1 " I S J
—_— JH @) —jor| y | MMSE | 7y
Y(w) Y*(w)e \;7) Equalizer \‘:_G) :_F
L v !
cos(w t %
(@ Q) H' (@)

Fig. 2.1. The desired user receiver with whitening matched filter and MMSE

equalizer.

In this section, we consider a BPSK system with SRC and BTD pulse-shaping
in the presence of synchronous and asynchronous interferers. The synchronous CCI
component is Gaussian distributed after demodulation and the background noise is
also Gaussian distributed. Since they are independent, their sum is also Gaussian.
Here, we design a WMF to whiten the spectrum of the interference and maximize the
SNIR using the filter Q(w), for a single transmitted symbol as in Fig. 2.1. For the
time being, we assume the desired user transmits only one symbol while the interferers
trapsmit infinitely long data streams. Now, a[0]gr(t) is to be received in noise plus
interference with PSD S, (w), where the shape of gr(¢) is known to the receiver and
a[0] is to be detected. As in Chapter 2 of [27] and [23], the WMF receiver can be
realized by accepting reasonably long delay with Q(w) = 1/S,(w). The filter 1/5,(w)
can be broken into 1/Y (w) that whitens the interference followed by 1/Y*(w). The

filter Y (w) can be chosen to contain all causal poles and zeros of S,(w). The filter
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1/Y*(w) is combined with H*(w) to obtain the filter (e™“TH*(w)/Y*(w)) matched
to the signal that emerges from the whitening filter 1/Y(w). Using a minimum
probability of error criterion for the detection, 4[0] = sgn{G:} where the sampled
sufficient statistic is G;. The receiver structure maximizes the instantaneous SNIR

and it is given as {E[G1|a[0]]}?/VAR[G:|a[0]]. As in eq. (2.80) of [27], it is given by

BT, [ | Hw)Rdw
sNIR =" g /_ e (2.16)

The maximum SNIR does not depend on any statistics of the interference except its
PSD of background noise plus CCI. For synchronous CCI, this receiver maximizes
the SNIR and the sufficient statistic is a Gaussian random variable. Thus, it results
in optimum performance. From (2.15), for an arbitrary pulse-shaping filter H(f), the
PSD of CCI is written as

P, K
Scei(f) = TIH(f)Iz (2.17)
then, S,(f) becomes
PO, K
Sa(f) =1+ ———IH()". (2.18)
Now, the instantaneous SNIR is
PT o, (7 |H(HP
SNIR = —=—R? / —=t 2.19
2 .. T+ PIEGEPY (219

where P = 22K - Ag there is no ISI for the desired user, eq. (2.19) is an upper bound

to the achievable instantaneous SNIR.

2.3.1 Bandlimited Pulse-Shaping

As mentioned in [23], with the flat spectrum pulse-shaping with no excess bandwidth

(8 =10)in (2.11) and (2.13), the whitening filters wouldn’t affect the SNIR or BER
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performance. Because, for flat spectrum pulse-shaping the CCI spectrum is flat thus,
it is white. Then, the whitening filter is a constant value. So, it doesn’t have any
effect on SNIR and BER. In practice, the flat spectrum pulse shaping is not desirable
because of the slow decaying rate in the time domain. When using excess bandwidth
increases the performance, the improvement achieved by using a whitening filter also
increases, so, in this section we assume 100% excess bandwidth (8 = 1) in egs. (2.11)
and (2.13). For SRC pulse-shaping, as in (2.19), the maximum instantaneous SNIR

now becomes

+7
SNIR = L TR2 / (tcoss) g, (2.20)
—r 14+ 5 (1+cosz)

For BTD pulse-shaping the maximum instantaneous SNIR is

1+PT In[1+PT/2]
SNIR = pTR) bz L b e (2.21)
%\ 2PTmE] T enpa+ PT) (- '

For notational convenience we denote SNIR = R2v? in eqs. (2.20) and (2.21). The
sufficient statistic, G, is Gaussian for synchronous CCI; then, with one desired user

transmitted symbol the average probability of detection error (BER) is written as
+oo

s m 1'2
Py = Q (yr) F(2 8 <ms) r2ms=l e~ "5 dr. (2.22)

0

For arbitrary values of m, € [0.5, o), as in eq. (4.3.9) of [48], the integral (2.22) has

a closed-form expression. That is given as

I"(ms + 1) 2m3 e 1 2m5
P F, ( m., m, L1, s 2.23
where oF1(-,+;+;-) is Gauss hypergeometric function. For the case of asynchronous

CCI, with the one desired user transmitted symbol, the exact BER expression is

derived in Appendix A. That is

1 T(ms+ 2) PTQ, [T 3 —P,TQ,w?
= - — —_ e — 2
P., 5 T ‘/ / Or(w) Fy | ms 5 2, py dw (2.24)
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where 1F;(-) is confluent hypergeometric function and ®7(-) is the characteristic
function of the CCI plus noise.

Now, If we let the desired user transmit an infinitely long data stream, there will
be ISI in the sufficient statistic G;. It is interesting to note that from egs. (2.18)
and (2.19), the ISI is negligible when the total CCI power is negligible compared
with background noise power for any 8 € [0, 1] and the background noise power is
negligible compared with the total CCI power for § = 1. Now, we derive an exact BER
expression accounting for ISI with synchronous CCI using the approximate Fourier
series method proposed in [31]. The signal emerging from the whitening matched
filter consists of the desired signal component, ISI and white Gaussian noise. The
desired user signal with frequency domain pulse Q(w)|H (w)[?, ¢(t) is transmitted in
white a Gaussian noise channel. Then, the conditional probability of detection error

is given by [31]

RIS

1
Pe3|Rs = 5 -

v
k=N1
k#£0

Yol v2wd AL

Z ~exp [——2—9] sin (vwoyRsqo) H cos (vwoyRsqr) ¢, (2.25)
‘odd

where wy = 27/Tp and ¢; = ¢(¢T). The parameters Ty, M, Ny, N, are chosen to give
the required computational accuracy. The unconditional average BER. for arbitrary
values of desired user fading parameter, mg, is written as

1 4 ms\™ e [ 1 miw?
- i) § L)

m=}

m odd

© 2 No

/ r2ms=leyp [— m{;T ] sin (mwgyyrqo) H cos (mwoyrgy)dr p . (2.26)
0 s k=N,
k20

The BER expression (2.26) has to be evaluated numerically. When the CCI is asyn-

chronous, the signal emerging from the whitening matched filter contains desired
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signal component, ISI, resi dual CCI and white Gaussian noise. We employed Monte
Carlo computer simulation to obtain the BER performance of this case. In this
chapter, we consider a fractionally spaced simple discrete linear MMSE equalizer for
simplicity. However, any sophisticated type of equalizer can be used with more com-
plexity. We assume the equalizer is T’/ N, spaced and has 2K, +1 taps. The optimum

coefficients of the MMSE equalizer are the solutions of the linear equation [7]
IC=¢ (2.27)

where C denotes the column vector of 2K, + 1 tap weight coefficients, € is a 2K, +1

length column vector written as

- -

q(—K.T/Ne)
q(—(Ke — 1)T/N,)
£€= : (2.28)
q((Ke — 1)T/Ne)

g(KT/Ne)

L 4 (2K +1)x1

and I' denotes the (2K, + 1) x (2K, + 1) Hermitian covariance matrix which is given

by [49]
I'=+920,X"TX +1 (2.29)
and
g(-&T)  g(-WeHD) ... g(-BEUTy g 3K
(Ke=Ne)T (Ke=Ne+1)T _ (3Ke=Ne=1)T (3Ke—Ne)T
Q(— N. ) Q(_ N. ) Q( N, ) Q("' A )
X =
q((3Ke;,;Ne)T) q((3Ke—]ffig—1)T) . q(!Ke—x:+1[T) q((Ke—}:e T)
D) g(ORNT) L gDy gery
(2.30)
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Then, the optimum coeflicients are given by
Copt =€ (2.31)

Thus, the T/N, sampled output pulse of the MMSE equalizer is £€#Copi, where *
denotes the convolution operation, and it contains the residual ISI. Then, again we
can calculate the average BER using eq. (2.26) for the synchronous CCI case. The
derivation of the BER expression when the CCI is asynchronous and a MMSE equal-
izer is used is very complex . Thus, we employ Monte Carlo computer simulation to

obtain the BER performance in this case.

2.3.2 NRZ Pulse-Shaping

We consider rectangular pulse-shaping in this section. As the spectrum of the rectan-
gular pulse spreads to infinity in both directions of the frequency axis, a reasonably
long delay has to be given to implement the WMF. Here, we neglect the aliasing effect
when we design the WMF'. This is justified because we sample at higher rate than
the symbol rate [24]. From (2.18), for the rectangular pulse-shaping filter H(f), the
PSD of CCI plus noise is

PQ;L

Su(f) =1+ —4——IH(f)|2 (2.32)
where
H(f) = ﬁ%—) eImT o0 < f < 400 (2.33)

Assuming there is no ISI for the desired user, the upper bound of the achievable

instantaneous SNIR with the rectangular pulse-shaping, becomes

P,T +eo sinc?(f7)
SNIR == R2T/ d 2.34
2 7 e 14 —‘—-‘—P's‘i'KTsincz(fT) f (2:34)
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where sinc(z) = sin(rz)/(wz). As there is no closed-form expression for (2.34), it is
calculated numerically. As the CCI component in (2.15) is Gaussian for synchronous
and asynchronous interferers, the BER for one transmitted symbol can be given as in
eq. (2.23). When the desired user transmits an infinitely long data sequence the BER
can be evaluated using eq. (2.26). Then, the fractionally spaced MMSE equalizer is
designed as in eq. (2.31). At the output of the MMSE equalizer, the BER is again

calculated as in eq. (2.26).

2.4 Conventional Matched Filter and Transversal

Filter Receiver

T
R(t) r(t) N 1 : Gl N G
. w | MMsE
H (w)—-y{#A(e — Boualizor —f{,—> jE >

£
coS ( wc l‘) ecimation

Fig. 2.2. The desired user receiver with transversal filter and MMSE equalizer.

The receiver structure in Section 2.3 employed continuous time whitening matched
filters. A conventional matched filter and a discrete transversal filter can be used
instead of continuous time WMF [24], [27]. In this section, as shown in Fig. 2.2,
we consider a modified system with a conventional matched filter cascaded with a
fractionally spaced discrete transversal filter as the SNIR maximizing filter and MMSE
equalizer for systems with any pulse-shaping. The received signal after coherent

demodulation r(t) is passed through a matched filter. The matched filter output is
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sampled at time Tg(= T/N,) and passed through the fractionally spaced transversal
filter to maximize the SNIR and then passed through a MMSE equalizer which is again
implemented as a fractionally spaced transversal filter to combat the ISI introduced by
the SNIR maximizing filter. As the SNIR maximizing filter and the MMSE equalizer
have the same tap spacing, they can be convolved to obtain a single transversal filter.
The number of taps of the new filter is the sum of the tap spacings of the filters minus
one. For the purpose of designing the filter, it is convenient to work with two separate
filters. The output is then (1/N,) decimated and the transmitted bit is detected. In
this section, we only consider synchronous CCI. Thus, the CCI component is Gaussian

distributed. The transversal filter is two sided and written as
+K¢

Ale?) = 3 agedm, (2.35)

TL'—'—-‘—-K:

where there are 2K; + 1 taps, a, are the filter coefficients and j = v/—1. The decision

statistic after the SNIR maximizing filter can be written as

K
G = Z OylY—y

u=—-Ki

= yTa (2.36)
o1

- P2 RixTa+vTa (2.37)

where 7 = [ho(~KT}), -+ ,h2(0), -, ha(K:T,)] and ho(t) is the inverse Fourier
transform of |H(w)|? . Then, the SNIR is written as

P,TR: (zT)?

NIR =
4 2 ofTR,a

(2.38)

where the correlation matrix, R, = E[vv7] is a positive definite matrix. The SNIR
in (2.38) is maximized in Appendix B to obtain the optimal tap coefficients. The

optimal tap coefficients are solutions to the system of linear equations
R, = . (2.39)
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The maximum SNIR is written as

2
SNIR .. = ——2zTR g

= Z2R? (2.40)

where 2% = BLeTR-1z. The power spectral density of the CCI and background
noise can be written as

PTKQ;

Sulw) = [H(@) + ==

|H(w)]*, (2.41)

where H(w) is the frequency response of transmitter filter. Thus, the autocorrelation
of the process v(t) is given by the inverse Fourier transform of (2.41), and is written
as

R,[n] = ho(nT,) + AT,

hy(nTy), (2.42)

where R,[n] is the autocorrelation at nTy, and hy(t) and hy(t) are the inverse Fourier
transform of |H (w)|? and |H(w)|, respectively. The filters ho(t) and hy(t) are derived
for SRC and BTD pulses in Appendix B. The elements of the correlation matrix
(Ry)i,; = Ry[n] where n = |i — j|. Then, as in (2.23), for one desired user transmitted

symbol, the average probability of detection error can be written as

I'(ms + 3) 2m, \™ 1 —2m;
= F 51 5 Ms+1, — 2.43
Fes = o e Timy) \Z20, ) 2 l(m Mt gims + 15 (243)

when the desired user transmits an infinitely long data stream. Now, the SNIR
maximizing filter introduces ISI to the decision statistic G;. As in Section 2.3, we use
a fractionally spaced (T;) MMSE equalizer. The input signal vector of the MMSE
equalizer is denoted as u, (= yT ). The optimum equalizer tap coefficients are given
by equation (2.31). The equalizer output is written as u * Cyp. The average BER

can also be calculated using (2.26).
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#O rt) ?dt ——\If—> j: —>

cos(a, ) q(t)

Fig. 2.3. The desired user receiver with correlator.

2.5 Correlating Receiver Structure

In this section, we consider a coherent correlating receiver structure to combat the
CCI. The long delay for the WMF receiver in Section 2.3.2 may not be desirable for
many applications. This receiver makes decision based on the observation over a single
symbol duration [0, 7"]. We need to derive a correlating waveform to correlate with the
received signal to maximize the SNIR. This receiver structure does not introduce ISI
as does the WMF receiver. Asshown in Chapter 2.2 of [27], the signal a[0]gr(t) is to be
received in the presence of stationary colored Gaussian noise of autocorrelation K, (7),
and the receiver is constrained to observe the receive waveform only for ¢t € [0, T).
Then using the minimum probability of error criterion, the decision is 4[0] = sgn{G},

where
T
G = /0 r(t)q(t)dt. (2.44)

The receiver structure is shown in Fig. 2.3 and the demodulated received signal is

denoted as r(t) . The correlating waveform ¢(t) is the solution to the integral equation

T
gr(t) = / Ka(t - u)g(u)du. (2.45)
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As shown in eq. (2.67) of [27], the instantaneous SNIR = VAR|G] and is given by

SNIR = /0 Y a0t (2.46)

The sufficient statistic, G ingNJR = / gr(t)g(t)de.the linear time invariant (LTI)
filter whose impulse response which is limited to T, is given by ¢(T —t) [27, eq. 2.81].
The filtering operation can be implemented as a correlator receiver structure as shown
in Fig. 2.3. The receiver structure maximizes the SNIR. for a[0]gr(¢) in any stationary
noise of autocorrelation K,(7), when the impulse response of the LTI filter is of
duration 7. The CCI is Gaussian and, thus, the receiver provides the corresponding
optimum performance. For the rectangular pulse-shaping, the autocorrelation of the

background noise plus CCI becomes

Kalr) = 6(r) + T2 (1) (2.47)

where ¢(7) is the autocorrelation of rectangular pulses. That is given by

1-4 if [7] < T
é(1) = . (2.48)

0 otherwise

Substituting (2.47) and (2.48) into(2.45) yields

gr(t) = g(t) + P / Bt — w)a(u)du (2.49)

where P = ’—)‘%—K Eq. (2.45) is in the form of the Fredholm integral equation of the
second kind whose kernel is the autocorrelation function of the rectangular pulses.
The derivation of the exact solution of (2.49) is presented in Appendix C. The solution

q(t), is written as

a(t) = CLeVFt + CreVFY, 0<t<T (2.50)
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where C; and C, are derived in Appendix C. Now, eq. (2.46) becomes

SNIR = B‘—:gR—g\/g{cl [e‘/ﬁ - 1] +C; [1 - e*m’_’f] } . (2.51)

For notational convenience, we write it as SNIR = 42R%. As shown in eq. (2.23),

the average BER for arbitrary values of m; € [0.5, 00), can be written as

I'(ms + 1) 2ms \ 1 —2m
Per = : 2 : F sy Ms 7 53 ;= | . 2.
= et () (memerpmr i) @)

The correlating waveform for different average SNR and SIR values and the BER

performance curves are presented in Section 2.7.

2.6 Fractionally Spaced Correlator and Transver-
sal Filter Receivers

As the WMF receiver structure in Section 2.3.2 requires a long delay before the
decision is made, we consider a similar receiver structure [50] only for systems with
rectangular pulse-shaping as shown in Fig. 2.4 with fractionally spaced correlator
and transversal filter in this section. Since the spectrum of the CCI is colored, if we
take samples at a fraction of a symbol time (T), they are highly correlated, and thus,
CCI may be rejected effectively. Here, we investigate the use of a transversal filter
as whitening filter with taps spaced at a fraction of a symbol duration. Assume that
there are K interfering users in the system and the fraction of the symbol time is
denoted as T;(= T/N,) for some integer Ng. The transversal filter is two sided and

written as
+K:

A(e) = Z e, (2.53)
n=—Kg
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T,
R() N N1
Jvyl | MMSE
\/—T— J dt——)\{,—»A(e ) Equalizer [ z(:) G :F >
g ! i=

cos(a,zt)

Fig. 2.4. The desired user fractional correlator receiver with transversal filter and

MMSE equalizer.

where K; is the number of taps per side, o, are the filter coefficients and j = v/—1. All
other discrete quantities also defined on a T, time base. By assuming the transmitted

desired user symbol is +1 € [0, 7], the output of the discrete correlator is written as

L™
T o= - r(t)dt
Ty Ji-nr,
K
= si+ZIf+ni (2.54)
=1

where, ignoring double frequency terms,

P
S = _;Rsch
o= BER, cos () — /iTq st —7)dt (2.55)
l 2 YT oy, '
and
1 ‘iTq
n = /' ne(t)dt (2.56)
VT Ji-nr,

where in discrete notation c; are the values of the desired input signal, sq(t) for the

interval (i — 1)Ty <t < iT5. Thus, the c¢; is repeated N, times. We define J; as

K
Ji=) I'+n; (2.57)
=1
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Then, the decision statistic can be written as

Ny K
GI = Zsi Z QGT5— 4 (2.58)
i=1 j=—K;
Nq+Kt
= Z TkQk (2.59)
k=—(K—1)
where
K
gk = z Q;Sk—iPk~i (2.60)
1=—K}

and p; = 1 when i € [1---Ny] and p; = 0 elsewhere. Now, we want to write the

decision statistic in matrix notation.

G' = r'q,

= sTq+J7q (2.61)

where q = [g_(x,~1) * * - qN,+k.|” and the column vectors r,J are also defined over the

same time span [—(K; —1)---, (N, + K;)] with elements r; and J;, respectively. The

vector s is defined as [0F, sy, -, s,,0f']” where 0; is a column vector of j zeros.
Then

q=Ca (2.62)
where C = [, -+, Yaxl, ¥; = [03k,_j,c1, -+ ,¢n,, OF]T and the vector a = [a_g,,

-+, ak,|T. The covariance matrix of the CCI plus background noise is written as
®; = EJIT]. (2.63)
The SNIR is written in matrix notation as

(sTq)?
SNIR =
qT®,;q
(sTCa)?
aTCT®;Ca’

(2.64)
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It can be shown that the vector & which maximizes (2.64) is the solution to
CT®,;Ca = CTs. (2.65)
The maximum SNIR is written as

SNIRye = s ®5's
_ PRTR: CTe-1C
2
= R2A? (2.66)
where A? = BLCT®;*C. The covariance matrix of the CCI and background noise

in (2.63) can be written as

PTKQT,
QJ =1+ '_—4"'_q¢cci7 (267)

where @c; is correlation matrix of the random rectangular pulses. As shown in [51],

[50], [52], it can be given by

%], n=0
E=E 1<n<N,—1
Pecis; = § - 1" (2.68)
) n="Ng
0, n> N,

\

where n = [i — j|. Then, assuming one desired user transmitted symbol and the
desired user undergoes Nakagami-m fading, the average probability of detection error

becomes, as in (2.23)

D(ms+3) [ 2m, \™ 1 —9m
Pe = . : F sy Ms + z3ms + 1, > . 2.69
5= o /ama(my) (Ams 281\ MM ¥ 5ims 1 5715 (2.69)

As mentioned in Section 2.3, when the desired user transmits an infinitely long data

stream, the WMF introduces ISI in the decision statistic. Again, a linear fractionally
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spaced MMSE equalizer is employed to combat ISI. The BER before and after the
MMSE equalizer and optimum equalizer tap coefficients are obtained using eqns.

(2.26) and (2.31), respectively.

2.7 Numerical Results and Discussion

In this section, we present our numerical results and discussion. Some of our results
are published in [53] and [54]. For comparison, we derive the BER of the conventional

matched filter receiver using the Gaussian approximation for the CCI.

2.7.1 Bandlimited Pulse-Shaping

The BER of the bandlimited BPSK system with CCI is extensively studied using
the Gaussian approximation for CCI and precise analysis using the Fourier series and
CF methods [31], [43], [45]. Synchronous CCI with SRC and BTD pulse-shaping
is Gaussian distributed at the sampling instants; then, the Gaussian approximation
becomes exact. From eq. (2.7), the total CCI component is written as

K
loor = Y0/ 5 Rucas(go)a, (2.70)

i=1

where p; is defined in (2.8). For synchronous interferers, the variance of Iocr with

SRC and BTD pulse-shaping is given by

QT ZzK=1 B

VAR[Iccr] = 1

(2.71)

Then, the total equivalent noise power becomes 02 = 1 + VAR[I¢¢r]. The BER

conditioned on Ry, is given by
P,T
Poygr, =Q ( > Rs) . (2.72)
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Then, as shown in eqn. (2.23), for arbitrary values of m;, the average BER is given

by

I'(ms + 1) 2mg \™ 1 -2m
Py = “— | 7 s MM + 53 + 1, o= :
0= 5 Tl s)< > s) oF, (m,m 5 ™M 1, - 2) (2.73)

where A? = P,T/(202). If we put 0 = 1 in (2.72), the corresponding eq. (2.73) gives
the average BER of a BPSK system without CCI and this performance is a lower
bound of the ML receiver performance [19]. When the CCI is asynchronous the exact
BER of the conventional matched filter receiver can be obtained by substituting the
appropriate sampled effective pulse shapes derived in Appendix A.

We assume the transmitted powers of the desired and interfering users are the same
and P; = P, = 1, except the case when there is no fading for the desired user. When
there is no fading for the desired user, we assume the interfering user transmitted
powers are the same. However, we can also consider the dissimilar power users. Qur
numerical results are obtained for average SIR = 10 dB. Desired user and interfering
users undergo Nakagami-m fading and Rayleigh fading, respectively and the fading
is assumed to be slow. The SRC and a recently introduced novel BTD pulse-shaping
are used with excess bandwidth 100%. A T/4 spaced and 41 taps MMSE equalizer
are considered. The T'/4 tap spacing is selected to obtain better performance with
resonable complexity. An extensive performance comparison of the proposed receiver
structure over different fading environments for the desired user is presented.

In the WMF receiver structure in Section 2.3, the effective pulse shape is

e
M TR

(2.74)

It is interesting to note that, when the CCI power is negligible compared with
background noise, there is no ISI and when the background noise is negligible com-

pared with CCI, there is no ISI. This phenomenon is depicted in Fig. 2.5 - 2.8.
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SRC and BTD pulse shaping =1, SIR=10 dB and SNR=0 dB

S
S |
i
0
f
¥ ? E ? :
w ; . ; . ; . ;
-4 -3 -2 -1 0 1 2 3
t
Fig. 2.5. Effective pulse shape of the WMF for SNR= 0 dB and SIR = 10 dB.
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SRC and BTD pulse shaping =1, SIR=10 dB and SNR=10 dB

X(f)

x(t)

Fig. 2.6.

Effective pulse shape of the WMF for SNR= 10 dB and SIR = 10 dB.
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SRC and BTD pulse shaping =1, SIR=10 dB and SNR=20 dB

X(f)

P SRSl e, S S S BRNY -
08k .- PRV A e P e M e L R N e .
| P b AN S SO SISO N e

T e beeeereees SR ST T L ST SR S\ _

x(t)

Fig. 2.7.

Effective pulse shape of the WMF for SNR= 20 dB and SIR = 10 dB.
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SRC and BTD pulse shaping B=1, SIR=10 dB and SNR=40 dB
1 P T T T T T T T — T =
v z z s s 5 5 . [—snA
0_8’_. ...... RERRERERE ......... B .......... EETRETRRTE .......... .......... —_.BTD \.

064 - e e e e e M S AP SR N

X(f)

04l FO e R S e, S e, SR S

02l R, SR RN TP e AU s e I

Fig. 2.8. Effective pulse shape of the WMF for SNR= 40 dB and SIR = 10 dB.
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| 1 | 1

:if =9~ Syn. CCl with SRC & BTD pulses MF receiver | :
:i} -8~ SRC pulse & Whitening, No IS| 5
......0| -~ BTD pulse & Whitening, No ISI
.:| =& SRC pulse & Whitening with IS|
ii| = BTD pulse & Whitening with ISI
.. ...l %= SRC pulse & Whitening with MMSE equalizer

.. | & BTD pulse & Whitening with MMSE equalizer
NJ — - No CClI

BER

SNR [dB]

Fig. 2.9. Performance of continuous time WMF with SRC and BTD pulse-shaping,
no fading for the desired user, SIR = 10 dB , T'/4 spaced MMSE equalizer with

41 taps, K = 9 and synchronous CCI.
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~©— Syn. CCl with SRC & BTD pulses MF receiver

:i| -8~ SRC pulse & Whitening, No ISI :

.:| 0— BTD pulse & Whitening, No ISI

DR 8 .. SIUIIUU U e~ SRC pulse & Whitening with I1S)

SRR RPN Ceeee e —+— BTD pulse & Whiteningwith IS  |...... ﬁ

L N R e —¥— SRC pulse & Whitening with MMSE equallizer |......]
: N\ ~A~ BTD pulse & Whitening with MMSE equalizer

-2

BER

SNR [dB]

Fig. 2.10. Performance of continuous time WMF with SRC and BTD pulse-shaping,
ms = 8 for the desired user, SIR = 10 dB, T'/4 spaced MMSE equalizer with
41 taps, K = 9 and synchronous CCI
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1 1 I

-©- Syn. CCl with SRC & BTD pulses MF receiver
-8~ SRC pulse & Whitening, No !SI

—0— BTD pulse & Whitening, No ISI

—»— SRC pulse & Whitening with 1SI

~—— BTD puise & Whitening with ISI

—#— SRC puise & Whitening with MMSE equalizer
-&- BTD pulse & Whitening with MMSE equalizer

15 20 25 30
SNR [dB]

Fig. 2.11. Performance of continuous time WMF with SRC and BTD pulse-shaping,

Rayleigh fading for the desired user, SIR = 10 dB and T'/4 spaced MMSE

equalizer with 41 taps, K = 9 and synchronous CCI.
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NG e, —+— MF receiver with SRC pulse N

................... i...........| = MF receiver with BTD pulse
: -©—- WMF with SRC pulse and No IS

........... 5 WMF with BTD pulse and No IS

WMF with SRC pulse with [SI, simulation
WMF with BTD pulse with ISI, simulation
WMF and MMSE equlizer with SRC pulse, simulation |-
WMF and MMSE equalizer with BTD pulse, simulation

BER
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SNR [dB]

Fig. 2.12. Performance of continuous time WMF with SRC and BTD pulse-shaping,
ms = 8 for the desired user, SIR = 10 dB , T/4 spaced MMSE equalizer with

41 taps and asynchronous CCIL
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WMF and MMSE equlizer with SRC pulse, simulation
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Fig. 2.13. Performance of continuous time WMF with SRC and BTD pulse-shaping,

Rayleigh fading for the desired user, SIR. = 10 dB , T'/4 spaced MMSE equalizer

with 41 taps, K = 9 and asynchronous CCI.
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SRC and BTD pulse shaping (=1), Transversal Filter, m=8,s SIR=10dB, K=4 and Nq=4

T
— No CClI

-1] %

10

O SRC pulse, Transversal filter with No ISI EEEEE

;. O BTD pulse, Transversal filter with No [S]
&~ with Syn. CCI & MF Receiver

* SRC pulse Continuous time filter bound

................................... ¢ BTD pulse Continuous time filter bound ]

: 2 : —»— SRC pulse, Transversal filter with S| '

—— BTD pulse, Transversal filter with ISI

:1:[ = - SRC pulse Transversal filter & MMSE Equalizer | :

N — - Transversal filter & MMSE Equalizer

BER

0 5 10 15 20 25 30
SNR [dB]

Fig. 2.14. Performance of transversal filter receiver (K, = 4, N, = 4) with SRC
and BTD pulse-shaping, m; = 8 for the desired user, SIR = 10 dB, K = 9 and

synchronous CCI.
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ti] = MF with syn. CCI
-:| -~ MF with CCI and Gau. Approx. .

‘| -8 MF with CCl & exact analysis ]
::| -8~ WMF,infinite observation interval & No ISI E
-~ decorrelator & finite observation interval [0,T] 3
| =+ WMF, infinite observation interval & with ISI ]

% WMF, infinite ob. int, with IS| & MMSE equalizer
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Fig. 2.15. Performance with rectangular pulse-shaping, no fading for the desired

user, SIR = 10 dB, K = 6 and T'/4 spaced MMSE equalizer with 41 taps
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. —»— MF receiver and No CCl
::| =% MF with syn. CCl
—©— MF with CCl and Gau. Approx.
..} -8 MF with CCI & exact analysis
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SERERETEREERRRESHERRIR N .+ 1 ~— WMF, infinite observation interval & with ISl H
: % WMF, infinite observation interval, with ISI & MMSE equalizer

BER

SNR [dB]

Fig. 2.16. Performance with rectangular pulse-shaping, m, = 8 for the desired user,

SIR = 10 dB, K = 6 and T'/4 spaced MMSE equalizer with 41 taps.
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Fig. 2.17. Performance with rectangular pulse-shaping, Rayleigh fading for the

desired user, SIR = 10 dB, K = 6 and T'/4 spaced MMSE equalizer with 41
taps.
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Decorrelating Waveform when SIR=10dB

T T 7 | T T T T T
=== e et e A 1
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: —— SNR=30dB
3 z
0 l | ! 1 1 i ! I 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
T

Fig. 2.18. The correlating waveform for finite observation interval [0,T], K = 6 and

SIR = 10 dB.
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Fig. 2.19. The correlating waveform for finite observation interval [0,T], K = 6 and
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Transversal Filter, m =8, SIR=10dB, K=6 and Nq=4
T T T T T
X . -~ MF receiver, No CCl
A Transversal filter with No IS] s

-+.] =0~ with Asyn. CCl & G.A. Sl
-] =%~ With Syn. CCI & MF Receiver ]
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: X —f- Transversal filter and MMSE Equalizer

BER
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Fig. 2.20. Performance of fractional correlator (n, = 4) and transversal filter
(K. = 6) receiver, my; = 8, SIR = 10 dB, K = 6 and T'/4 spaced linear MMSE

equalizer with 41 taps.

61

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Figs. 2.9, 2.10 and 2.11 depict the performance of the BPSK system in the
presence of synchronous interferers with no fading, m; = 8 and Rayleigh fading
(ms = 1), respectively for the desired user. The average BER curves presented are as
follows: performance of conventional MF receiver with SRC and BTD pulse-shaping;
performance of WMF with SRC pulse-shaping for one transmitted symbol; perfor-
mance of WMF with BTD pulse-shaping for one transmitted symbol; performance of
WMF with SRC pulse-shaping for infinitely long transmitted symbols; performance of
WMF with BTD pulse-shaping for infinitely long transmitted symbols; performance
of WMF and MMSE equalizer receiver structure with SRC pulse-shaping; perfor-
mance of WMF and MMSE equalizer receiver structure with BTD pulse-shaping;
performance of conventional MF receiver without CCI. We make several interesting
observations. In a CCI environment, the proposed receiver structure with BTD pulse-
shaping performs considerably better than with SRC pulse-shaping. The severity of
the ISI introduced by the WMF reduces with the severity of the fading for the de-
sired user. The performance of the WMF and the MMSE equalizer almost attain the
optimum performance in all cases considered.

Figs. 2.12 and 2.13 show the performances of the BPSK system in the presence of
asynchronous interferers with m; = 8 and Rayleigh fading (m; = 1), respectively for
the desired user. The average BER curves were obtained for the following cases: exact
BER performance of conventional MF receiver with SRC and BTD pulse-shaping and
of the WMF receiver with one transmitted symbol with SRC and BTD pulse-shaping;
BER performance of the WMF and MMSE equalizer with both pulse-shapings using
Monte-Carlo computer simulation. We observe that the performance of the receiver
with BTD pulse-shaping is considerably better than that with SRC pulse-shaping.

The results show that the MMSE equalizer almost removes all the ISI introduced by
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the WMF.

Fig. 2.14 presents the performance of the transversal filter (with K =4 and N, =
4) SNIR maximizing filter and MMSE equalizer receiver structure with synchronous
CCI for m; = 8 for the desired user. The performance of approximate transversal

filter receiver structure very closely resembles the performance of the continuous time

WMF structure in Fig. 2.9.

2.7.2 NRZ Pulse-Shaping

The CCI component in the decision statistic from synchronous slow Rayleigh faded-
interferers with the rectangular pulse-shaping is Gaussian distributed. Thus, the
Gaussian approximation becomes exact. For the synchronous interferers, the variance

of Iocr with rectangular pulse-shaping is given by

T ZiLzl QZPL .

VAR[Icer] = 1

(2.75)

When the asynchronous interferers’ signals, with rectangular pulse-shaping, undergo
slow Rayleigh fading, the CCI component after the matched filter is not Gaussian
distributed due to the nonlinearity introduced by the time offsets. The exact BER
expression is derived using the CF method as in Appendix A. Using the Gaussian

approximation, the variance of Io¢r is written as

VAR[ICCI] = EU%CI] = 6

(2.76)

Then the total equivalent noise power becomes 02 = 1+ VAR[I¢¢;] and the BER

conditioned on R, is given by

mm=Q( ffZR) (2.77)

2 S
207
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Then, as shown in eq. (2.23), for arbitrary values of m,, the average BER is given by

T(ms+ %) [ 2mg \™ 1 -2m
P, = 2 g = S .
W (AZQS> 2Fy (ms,ms +5ims + 1, QSA2> , (2.78)

where A? = P,T/(202). If we put 02 = 1 in (2.77), the corresponding eq. (6.23) gives

the average BER of a BPSK system without CCI.

Again, we assume the transmitted power of the desired and interfering users are
equal and P; = P, = 1. However, we can also consider the case of dissimilar powers.
Our numerical results are obtained for average SIR =10 dB.

Figs. 2.15, 2.16 and 2.17 depict the performance of the BPSK system with six
interferers and rectangular pulse-shaping, with no fading, m; = 8 and Rayleigh fading
(ms = 1), respectively for the desired user. The average BER curves presented are
as follows: MF receiver without CCI; MF receiver with synchronous CCI; Gaussian
approximation for the MF receiver with asynchronous CCI; preciée BER expression
for the MF receiver with asynchronous CCI; WMF with infinite observation interval;
correlator with finite observation interval [0, T']; WMF with infinite observation inter-
val and ISI and WMF with infinite observation interval and T'/4 spaced and 41 taps
MMSE equalizer. The lower bound of the BER performance is given by the curve for
the WMF with infinite observation interval and one desired user transmitted symbol.
We observe that the WMF receiver with MMSE equalizer almost attains the lower
bound and, furthermore, the error floor introduced by the fading and CCI is almost
removed. In practice, it is not possible to implement a receiver structure with infinite
observation interval but it can be approximately implemented with reasonably long
delay. The correlator receiver is slightly better than the conventional MF receiver
in the large SNR region and the performance gain reduces with the severity of the
desired user fading. The correlating waveform ¢(t) in (2.50), is dependent on the

average SNR and SIR values. Figs. 2.18 and 2.19 show ¢(¢) for various average SNR
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and SIR values. We assume perfect estimates of SNR and SIR are available at the
receiver. This is a reasonable assumption because these estimates are also needed
for power control and some diversity combining schemes in cellular radio communi-
cation. In Fig. 2.18, for fixed SIR, when the average SNR is small, the background
noise dominates the CCI and then the receiver becomes a correlation receiver and
g(t) is same as the rectangular pulse. When the SNR is large, the CCI dominates the
background noise and then 1/S,(w) is a high pass filter; thus ¢(¢) becomes a highpass
filtered rectangular pulse [27].

Fig. 2.20 presents the performance curves for the approximate WMF receiver
structure with fractional correlator and transversal filter. The desired user undergoes
Nakagami fading and m, = 8. The tap spacing, N, = 4 and the number of transversal
filter taps 2K; + 1 = 13. The MMSE equalizer is again 7/4 spaced and has 41
taps. The average BER curves presented are as follows: MF receiver without CCI;
MF receiver with synchronous CCI; transversal filter WMF with no CCI; Gaussian
approximation for the MF receiver with asynchronous CCI; exact BER expression
for the MF receiver with asynchronous CCI; continuous time WMF with infinite
observation interval; transversal filter WMF with ISI; and transversal filter WMF
with T'/4 spaced and 41 taps MMSE equalizer. We observe that this type of receiver
needs a relatively very short observation interval and the performance gain is close

to the infinite observation interval receivers.

2.8 Summary

The CCI mitigation of BPSK systems in micro-cellular fading environments has been

considered in this chapter. The desired user and interfering users undergo slow
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Nakagami-m and Rayleigh fading, respectively. Several receiver structures to com-
bat CCI were proposed. Two Nyquist pulse shapes namely, SRC and BTD pulse
shapes and the NRZ rectangular pulse shape were considered. An extensive per-
formance comparison study was presented using the CF function and approximate
Fourier series methods for a variety of fading situations for the desired user. The pro-
posed whitening receiver structures require only the knowledge of total interference
power and the pulse-shaping of the interferers. These parameters may be available
in conventional receivers for power control and some diversity combining schemes,
for example, maximal ratio combining, etc. Thus, this proposed receiver structure is

easily implementable.
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Chapter 3

Performance Analysis of
Bandlimited DS-CDMA Systems

in Nakagami Fading Channels

3.1 Introduction

Direct sequence code division multiple access (DS-CDMA) systems have good abil-
ity to combat interference and fading [1]. Further they have the capability of asyn-
chronous access. Due to these attractive features, bandlimited DS-CDMA is proposed
as the major access method in the third generation wireless communication standards.
The BER performance of DS-CDMA systems have been extensively studied during
the last two decades [19], [33], [55], [56], [57], [58], [59], [60], (32], [61], [62], [63], [64],
[65], [66], [67], [68], [69], [70], [71], [72] (and references therein). Most of the reported
works focused on the DS-CDMA systems with rectangular pulse-shaping. But in

practice, for example, in the CDMA IS-95 standard, a bandlimited chip pulse shape
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is employed. Therefore, the performance analysis of such systems is of considerable
interest.

There are several methods to estimate the average BER in DS-CDMA systems
with bandlimited pulse-shaping and random spreading sequences. The simple and
computationally efficient methods are based on Gaussian approximation of the MAL
For systems with bandlimited pulse-shaping, the well known standard Gaussian ap-
proximation (SGA) proposed by Pursley in [33] was employed in [55], [56], [57] in
AWGN channels. The MAI is treated as a Gaussian random process in the analysis.
A computationally complex Gaussian approximation method where the MAI condi-
tioned on interfering user phase offsets and timing offsets is Gaussian distributed,
was proposed by Morrow and Lehnert in [32]. A Gaussian approximation method
employing a central limit theorem (CLT) for n correlated identically distributed RVs
was proposed by Yoon in [58], [59] and [60]. Theis was used in combination with a
CF method to derive the average BER. The accuracy of the Gaussian approximation
was justified using a CLT for ‘m-dependent sequences’*. As observed in [59], the
method proposed in [58], [59] and the improved Gaussian approximation (IGA) [32]
method give the same results. Simplified improved Gaussian approximation methods
were considered by Zang and Ling [61] and Cho et al. [62]. In [61], the method pro-
posed by Holtzman in [63] was used for bandlimited signalling. The method proposed
in [63] was further improved by using exact derivatives of the Gaussian Q-function
in the Taylor series expansion in [62] . The accuracy of the method was discussed
using conditional Gaussian approximation of cross-correlation between desired and
interfering user spreading sequences. An exact average BER analysis was presented

by Yoon in [64] using a CF method. This method is suitable only for systems with

!m-dependent or weakly dependent sequences and their CLT are disscussed in [73], [74]
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very short random spreading sequences. In all the above mentioned works with ban-
dlimited pulse shaping, only the AWGN channel was considered. But in practice,
fading and MAI are the major factors affecting the performance of the DS-CDMA
systems. To the best of our knowledge, there are no reported works investigating the
BER performance analysis of the bandlimited DS-CDMA systems in fading channels.

The average BER performance of the DS-CDMA system with rectangular pulse-
shaping in frequency selective Nakagami-m fading was investigated in [65] and [66]
using the SGA. A coherent RAKE receiver with a BPSK modulation was considered
in [65] and a noncoherent RAKE receiver with DPSK modulation was examined
in [66]. Cheng and Beaulieu presented an exact evaluation of the average BER. using
a CF method in flat Rayleigh fading in [67] and in flat Nakagami-m fading with
integer m values in [68].

In this chapter, we study the average BER performance of bandlimited asyn-
chronous binary DS-CDMA systems in Nakagami-m fading. The fading is assumed
to be flat and slow. Two types of Nyquist pulse-shapings, namely, SRC and BTD [30]
pulse-shapings are considered. The performance of these two pulse shapings are com-
pared under identical system conditions. A new accurate method for computing
the BER bandlimited DS-CDMA systems employing random spreading sequences is
proposed by incorporating CF method into IGA [32].. A substantial computational
complexity reduction is achieved. The results of the proposed method are compared
with that obtained using the SGA, Holtzman’s simplified improved Gaussian approx-
imation and the improved Holtzman’s Gaussian approximation. The accuracies of
the results are assessed using Monte Carlo computer simulation. The CF method
proposed in [64] is extended to derive the exact average BER expressions for a sys-

tem with a deterministic desired user spreading sequence and random interfering user
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spreading sequences.

The remainder of this chapter is organized as follows. In Section 3.2, the system
and channel model are introduced and the receiver decision statistic is presented. The
average BER analysis using the Gaussian approximation is presented in Section 3.3.
The BER analysis using the CF method is considered in Section 3.4. The numerical
results are provided in Section 3.5. A summary of this chapter is presented in Section

3.6.

3.2 System and Channel Model

A general asynchronous bandlimited binary DS-CDMA system with K + 1 active
users in Nakagami-m fading is considered. We adopt the system model presented
in [59], [60] with some modifications to incorporate the fading. Using the complex
baseband representation, the received signal is written as

r(t) = s(t) + w(t) (3.1)

k=0

where —oo < t < 400 and w(t) is a complex, circularly symmetric [75], zero-mean
white Gaussian process with power spectral density Np. The k-th user received signal
sx(t) is given by
o
Sk (t) = 1/ Pk Rk 639"’ Z bgk) a,gk) (t — Tk — ZTb) (32)
i=—00

where bz(-k) € [+1, —1] are the equiprobable k-th user bits transmitted at rate 1/T;, Py
is the transmitted signal power of k-th user and 7, ~ U[0, T}] is the timing offset with
respect to (wrt) the desired user. The phase offset wrt to the desired user is denoted
as 0 ~ U[0,27]. The k-th user fading amplitude Ry, is assumed to be Nakagami-m

distributed with parameters [m, ] and its PDF is given in eq. (1.11). The fading
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is assumed to be slow; thus, coherent reception is feasible. The desired user received
signal is denoted as so(t) and without loss of generality, we can assume 7, = 0 and
6o = 0. The spreading waveform a; k)(t) for b("c
90 = Y B ot - ) (33)
n=0
where the n-th chip of the k-th user PN sequence is o € [+1, —1]. The rate of PN
sequence is 1/T,. The processing gain or spreading factor is given by T;/T, = N. The
random variable sets {7}, {0}, {8’} and {R;} are mutually independent and the
elements of each set are assumed to be independent and identically-distributed (iid).
The received baseband chip pulse is denoted as ¢(t) and it satisfies [°°_|q(t)|?dt =
We consider two types of Nyquist pulses in this chapter namely, the SRC [7] and the
BTD pulse shapes [30]. They are given in egs. (2.11), (2.12), (2.13) and (2.14). We
assume the excess bandwidth of the pulse shape, # = 1 in this chapter. However,
our analysis is applicable to a system with any 8 € [0, 1]. For notational convenience
when k # 0, eq. (3.2) is written as
= /P, R, /% i d® q(t — Ty, — nT,) (3.4)
n=—c0
where d € [+1,—1] and Ty = mod(r;, T.). The d¥ and T} can be modeled as iid
equiprobable RV’s and iid uniform RV’s in [0, T;), respectively [59].
In the coherent receiver [59], the received signal is passed through matched filter
Q*(f), a sampler, a despreader, a summer and a real operator function to generate

the decision statistic. The bit decision statistic is then written as
(z+1)N 1
39 = Re (0)/ r(IT, — u)q(—u)du | . (3.5)
l=iN

The estimate of the transmitted bit is then obtained by b( ) = sgn( ) Then, the
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decision statistic is written as
y¥ = VEBRT 6O + M+1 (3.6)

where n is a zero-mean Gaussian process with variance NyT;/2. The MAI component

is given by

M = > M (3.7)

0

N-1
My = PRicos(@)T. Y. Y. a¥dPg((l - n)T. - T) (3.8)

=0 n=-00

where g(t) = F-H|Q(f)|?/T.] and is given by (2.12) and (2.14). The average signal-
to-noise ratio is defined as

_ RTQ 2P0

SNR= 75 =

(3.9)

3.3 BER Analysis Using Gaussian Approximations

In this section, we consider four Gaussian approximation methods. They are the
characteristic function improved Gaussian approximation (CFIGA) method, the stan-
dard Gaussian approximation (SGA) [33], Holtzman’s simplified improved Gaussian

approximation (HSIGA) [63], and the improved Holtzman’s Gaussian approximation

(IHGA) [62).

3.3.1 Characteristic Function Improved Gaussian

Approximation (CFIGA)

A new characteristic function improved Gaussian approximation method is presented
in this subsection by incorporating the CF method into the IGA proposed by Morrow
and Lehnert [32].
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In the improved Gaussian approximation method [32], the MAI conditioned on
interferer chip delays, T = {T1,---,7;:} and X = {Rjcos(8,), -, Rk cos(fx)}
is assumed to be a zero-mean Gaussian random variable. Now, the average BER

conditioned on T, X, and Ry is written as

PyREN2T?
P = c 3.1
1GaT xR = Q (\/VAR[n]+VAR[MIT, X (3.10)
where
VAR[M|T, X] = ZO—MGL,XM (3.11)
and
o0
Chtartet, = Y6 = NPAXZT? Z 2 (T, — Tp,) (3.12)
= NPAZT? lim Z (iT, — Tp)
z——M
= NPAX2T? Jim Z / G(f)e? (Te=Te) g
z——M
M
_ 22 3 —j2m [Ty j2m fiT.
= NPXT: A}l_gnoo/—ooq(f)e ;_:Me df
o )
_ 92 1 _jonsr, SIN(T(ZM + 1))
NP.XZTE Jim [ (e o a613)

From [62], [7] for bandlimited Nyquist pulse shapes with excess bandwidth 0 < 8 < 1,

eq. (3.13) can be written as

1
Ui"akaka = NP];X;? Tc2 I:G(O) + 2G (T) COS(27TTk):| (314)

[

where G(f) = F[g*(t)]. The Nyquist criterion implies G(0) + 2G (71,—) = 1. Then,

(B (Bcos(27T})
ajz\dak|Xk,Tk = NPICX,? Tcz l:l - —2—— e

> (3.15)
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where { = 2 [1 — 7 5 [0 1Q(f)IAd f] /B. The unconditional average BER for arbitrary

m is given by

Prga Z%n—) (g_)m/() /0 Q (\/VAR[U]T%Z\YRQ[WME Aﬂ)

p2m=1 o= g fs(y) dy dr (3.16)

where f;(y) is joint PDF of random variables T and X and its derivation is given in
[59] and [32]. The evaluation of the joint PDF f;(y) requires (K — 1)-fold convolution.
Thus, (3.16) needs (K + 1)-fold numerical integration. It is computationally very
complex.

Now, we propose a new CF improved Gaussian approximation method by incor-
porating the CF method [67] into the IGA [32]. It is interesting to note that this
method and the method proposed in [59], [73] using a CLT for m-dependent random
sequences give quite similar results. The CF of the k-th user MAI, My, conditioned

on X and T} is written as

w202
® o, (W)X, Th) = exp (——MT"‘—T—> . (3.17)

Then averaging out X} and Ty, we get [76]

2 Te o0 w202 “
Dppe, (W) = f/ / exp (“%) fx,(z)dz dTy

_ 2 / - ( 2NPkm2T2 [1 Cﬂ)% (waNka2T3g5> Fu (2)da

4
(3.18)

where Jo(-) is the modified Bessel function of zero order and (3.18) results by assuming
the normalized chip duration, T, = 1. The PDF, fx,(z), is the PDF of the in-phase

component of the Nakagami random variable. It can be written as [45]

fx(z) = —\/ﬁ%%g (%)m |z|?mlem "R (%, m+ %; %Gi) (3.19)
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where ¥(-) is Kummer-U function and it can also be written as the weighted sum of

two confluent hypergeometric functions [76]

C(m—1 —ma?
fx(z) = —7(%;)2\/%—@1 (%;g—m; gx)+
I'(3 —m) (m m 1 —ma?

e =) (@)™ * sin (mm) 1 Fs (m;m+§; i )(3.20)

where the second term is zero when the fading parameter m takes on integer values.

The CF of the total MAI is given by

K
Opta(w) = [ [ @ ra, (). (3.21)
The average BER conditioned on Ry for the desired user is [45]

Proag, = Pr [V P RoTib” + M+ < 0" = +1]
1_ l/ ® o (w)(I),,(w)sm(\/P;Rowa)
0

2 7 w

dw. (3.22)

The unconditional average BER for arbitrary values of fading parameter m is written

as [45], [46]

1 F(m+ 2) PoTZQ 1 3 —P()TbZQwZ
Frea = 5 - T (m) \/ / D pa(w) Py (w) 1 Fy (m—}- L LA e — dw.

where the CF of the AWGN component, ®,(w) = exp(—* N°T w ooty and (Fy(+ ;) is the
confluent hypergeometric function. Comparing (3.23) with (3.16) the (K + 1)-fold

numerical integration is reduced to a 2-fold numerical integration.

3.3.2 Standard Gaussian Approximation (SGA)

The SGA proposed by Pursley [33] has been widely used for its computational sim-

plicity. However, it overestimates the system performance [32]. In the SGA, the MAI
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is modeled as a zero-mean Gaussian random variable with variance, VAR[M] where

T X, &
VAR[M] = 9_]_\%_& S P (3.24)
k=1
and
1 +1/Te
Y=g [l (3.25)
c v-1/T

For SRC and BTD pulse-shapings, the X, values are given by (1 — 8/4) and (1 —
B/(41n{2})), respectively for arbitrary excess bandwidth 3 [45]. The BER conditioned

on Ry can be written as

~ PyRIN?T?
Pscar, =Q (\/VAR[n] n VA\]R[M]) (3.26)

.2
where Q(z) = \/—;-—1? [ e dy. The unconditional average BER, for arbitrary values

of fading parameter m is given by [46]

F(m+3) [(2m\™ 1 —-2m
Psga = 2\/7—rmI‘(m) (AQQ) oF (m,m+ §,m+ 1; W) (3.27)

where A? = P,N2T?/(VAR[n] + VAR[M)).

3.3.3 Holtzman’s Simplified Improved Gaussian

Approximation (HSIGA)

In the SIGA, the IGA [32] is simplified by taking only a few terms in the Taylor series
expansion of f;(y) to average the conditional BER. In [63], the terms involving the
first two moments of f;(y) are considered. Assume that f(z) is a real function of
variable  with mean p and variance o®. Assuming the derivatives of f(z) exist, we

expand f(z) around 4 using the Taylor series. It becomes

F@) = £ + @ -0+ LB @ - (3:28)
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Then, the expected value of f(z) is written as

f"(#)

E[f(z)] = f(u) + ——=0% + - (3.29)

Neglecting all terms that do not contain the first two moments, (3.29) becomes

E[f(z)] = f(u) + £w) é“ )52 (3.30)
Now, writing a central difference formula for the second derivative, yields
N 2(8)+ 55 (u+ Vo) + 27( ~ Vo) (3.31)

where h = /30 [63). If we use this result for the BER conditioned on R, in the
improved Gaussian approximation, it is written as a sum of three weighted Gaussian

Q(-) functions,

[PR2N2TZ 1 PBRIN?T2\ 1 PyREN?T?
PHSIGA|R0—3Q( p >+6Q( o+ Ve +6Q o~ V3o

(3.32a)
where
= ilE[\If]+N°T” (3.32b)
o k=1 ' 2 '
K
o? = ZE[‘I’%]_(E[II!}C])Q (3.32¢)
k=1

The parameters y and ¢ are derived in Appendix D. The unconditional average BER
L

for arbitrary m is approximated by

B m+2) 2
Pysiga = 5 \/_mI‘ {3(
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where A? = PyN?T2/u, A? = ByN*T2/(u+ V30), A2 = PoN?*T2?/(1 — V/30)} and
I4(z) is the indicator function taking value 1 when z € A, otherwise, value 0. The
computational complexity of the HSIGA is about 3 times greater than that of the
SGA (compare (3.27) with (3.33).)

3.3.4 Improved Holtzman’s Gaussian Approximation (IHGA)

In this subsection, we consider another simplified improved Gaussian approximation
method [62] for DS-CDMA systems in Nakagami fading. This method and the method
proposed in [63] are very similar except in the way the Taylor series expansion is
employed. The MAI conditioned on T and & is assumed to be Gaussian distributed

. The average BER for BPSK spreading is written as

PyR3N2T2
Prpca = Epy x,1 l:Q (\/ —Q-—OY——C- ’ (3.34)
where
NTy |+ 2o NN 2
Y == + Y BXEITIN > g*(iT. — Ty), (3.35)
k=1 i=—00
From the analysis in [77], (3.35) can be written as
NoTh |, < ¢8 Cﬂ
Y = ‘; L+ RATEN [1 - 22 cos (27er)] (3.36)
k..—
where ( = 2 [ T3 s |4df] /B. Then
- NI, QTzN
Ex 7,]Y]=Y = ‘; by [1 - —] ZPk (3.37)

We can write Y — Y as

X OT2N
Y-Y:k};ka,ngN{ b, b cos(2 T)} : [1— %é] > P (3.38)
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Now, let

f¥)=Q (\/ﬂﬁygﬁ : (3.39)

As in [62], writing the Taylor series expansion for f(Y) about Y,

I (Y
PIHGAIRO - f(y)+Z]EXk,Tk[(Y— )n]f n(lY)
n=1 .
2 NT272 4 _ \n T
= Q( fo_R_O}._/U&) +;EXk:Tk[(:; Y) ]Q(n) ( POR();V Tc> .

(3.40)

where f(")(z) is the n-th derivative of f(z). We consider four non-zero terms in the
Taylor series expansion for simplicity. However, by considering more terms, more
accurate results can be obtained at the expense of more computational complexity.
For arbitrary fading parameter m, the unconditional average BER is approximated

as

I(m+1 2m \™ 1 —2
Pryga = (m 2) (m) 2F1(m,m+—'m+1; m)+

2/mmIl(m) \ QA2 2’ QA2
4 A\
3 Ey, ,Tk[(:' ~-Y) ]An (3.41)
n=1 '

where A? = P"—I;{:Tf-z- and {A,}o_;, {Ex, 1,[(Y —Y)"}i_, are derived in Appendix D.
One expects that the IHGA provides more accurate results than the HSIGA, because
in the Taylor series expansion two additional terms are considered and the exact

derivatives are used rather than approximations.

3.4 Exact BER Analysis Using Characteristic

Function Method

In this section, we consider a CF method [64] to derive the exact average BER of

bandlimited DS-CDMA system with deterministic desired user spreading sequence
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and random interfering users spreading sequences. The CF of M, conditioned on

desired user spreading sequence, a(®) = {a(o) a§3’ 1}, X and T} is written as [64]
N+M—-1

Op, (wla®, X, Ti) = ] cos (x/PkawT Z o\ g((l — )T, — Tk)> (3.42)
n=—-M

where X} = Ry cos (6x). Now, averaging out X} and T}, one gets

T;:N+M -1
D, ( wla(o) / fx.(2) /

(\/Fkxw:r Za(o) (1—n)T, — Tk)> dTpdz  (3.43)

where fa, () is the pdf of the in-phase component of a Nakagami random variable.
The unconditional CF of M, is obtained by averaging (3.43) over all possible a®.
Let’s assume there are L, possible sequences available. Thus, the unconditional CF
is given by

®pq, (W) = Z(I)Mk (wlal). (3.44)

The CF for the total MAI is given by

mw) =[] ®ar,(w). (3.45)

As in (3.23), the unconditional average BER for arbitrary values of Nakagami fading

parameter can be written as

1 T(m+3) [RTEQ (™ 1 3 —PI7Quw?
P S V) s h (o 5 T e

(3.46)

where the CF of the AWGN component, &,(w) = exp(——ﬁ%ﬂ). In (3.44), gener-
ally L, = N for deterministic sequences but for random sequences L, = 2V. The
computational complexity of this method increases exponentially with the length of
the random desired user spreading sequence. Thus, this method is good only for sys-

tems with deterministic sequences and short random spreading sequences. However,
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in practice deterministic sequences (Gold, m-sequence, Hadamard) are employed in
DS-CDMA systems. Their lengths and the number of sequences are approximately

equal. Thus, this method can be employed to study the performance of such systems.

3.5 Numerical Results and Discussion

In this section, we present the numerical results. Some of our results are published
in [78]. The BER performance of the DS-CDMA system with SRC and BTD pulse
shapes are compared under identical system parameters. The excess bandwidth of the
pulse-shapings are assumed to be 100 %. We also assume uniform power conditions
i.e., perfect power control, in the system, however our results can also be applied to
nonuniform power conditions.

Fig. 3.1 depicts the BER performance versus the number of active interferers K
for average SNR = 10 dB of the asynchronous bandlimited DS-CDMA system over
slow, flat Nakagami fading channels using the CFIGA, SGA, HSIGA, IHGA and MC
simulation. The processing gain, N = 64 and random spreading sequences are as-
sumed. The BER performance versus average SNR is presented in Fig. 3.2 for 10
active interfering users. Some interesting observations are made here. The perfor-
mance with BTD pulse-shaping is always better than with SRC pulse-shaping. The
results obtained using the CFIGA approximation are very close to the results of MC
simulation. Thus, the CFIGA provides the most accurate results. The computa-
tional complexity of the IGA method was substantially reduced by employing the CF
method and the complexity remains the same for faded and unfaded systems. The
IHGA method is accurate when the average SNR is high but can be inaccurate for

small and moderate values of the average SNR. As observed in many previous research
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SNR=10, m=5, N=64

_e__ SGA, SRC pulseshape ...... .................
LR A ‘| -= SGA BTD pulse shape |- ]
............... .‘. . (oot — HSlGA,SRCpulseshape .
5 ‘1 — = HSIGA, BTD pulse shape :

107 o B R :| = IHGA, SRC pulse shape

Lo Y R SO0 -i| =~ IHGA, BTD pulse shape
AR & o .1l =0~ IGA, CF method, SRC pulse shape
---------- 7P S| = |GA, CF method, BTD pulse shape
------------ sl % Simulation, SRC pulse shape
...... fofreieni A Simulation, BTD pulse shape

BER

Fig. 3.1. The performance of a bandlimited DS/CDMA system in Nakagami fading
(m = 5) with random spreading (N = 64) and SNR = 10 dB.
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K=10, m=5, N=64

BER

{ -6~ SGA, SRC pulse shape : : : : :

b _E_ SGA, BTD pulse shape ..... . .......... ' .......... E .......... .......... ..........
—— HSIGA, SRC pulse shape : : : : :

-] = = HSIGA, BTD pulse shape ~  |--... TR PP L e PPN

—-»—~ |HGA, SRC pulse shape : : : : :

—— IHGA, BTD pulse shape : : : : :
.| =9~ IGA, CF method, SRC puise shape |..... DT e i e
—~— |GA, CF method, BTD pulse shape : : : : :
* Simulation, SRC pulse shape
A Simulation, BTD pulse shape

0 2 4 6 8 10 12 14 16 18 20
SNR [dB]

Fig. 3.2. The performance of a bandlimited DS/CDMA system in Nakagami fading
(m = 5) with random spreading (N = 64) and K = 10.
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SNR=10, m=5

BER

:-:| =&~ SRC pulse shape |- :*
.| =8 BTD pulse shape | -

| 1 t I 1
0 5 10 15 20 25 30
K

Fig. 3.3. The performance of bandlimited DS/CDMA system using a Gold se-
quence (N = 31) for the desired user and random sequences for the interferers

in Nakagami fading (m = 5) with SNR = 10 dB.
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K=10, m=5

! ] 1
:| =&~ SRC pulse shape
o BTD pulse shape

BER

0 2 4 6 8 10 12 14 16 18 20
SNR [dB]

Fig. 3.4. The performance of bandlimited DS/CDMA system using a Gold se-
quence (N = 31) for the desired user and random sequences for the interferers

in Nakagami fading (m = 5) with K = 10.
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results, the SGA underestimates the BER. It is observed that the SGA provides more
accurate results than the HSIGA for bandlimited DS-CDMA systems in Nakagami
fading.

The exact average BER versus the number of active interferers, K and versus
the average SNR for an asynchronous bandlimited DS-CDMA system over a slow,
flat Nakagami fading channel are presented in Figs. 3.3 and 3.4, respectively, for
average SNR = 10 dB and 10 interfering users. A deterministic desired user spread-
ing sequence and random interferers’ spreading sequences are considered. The Gold
sequence of length 31 is considered as the desired user sequence and M = 10. The
computational complexity of the system grows exponentially with the length of the
desired user spreading sequence. As observed before the performance with BTD

pulse-shaping is always better than that of SRC pulse-shaping.

3.6 Summary

The BER performance analysis of bandlimited DS-CDMA systems in slow, flat Nak-
agami fading channels have been considered. Several computationally efficient Gaus-
sian approximation methods and an exact CF method were studied. The Gaussian
approximation methods were validated using MC computer simulation. The SRC and
BTD pulse-shapings were employed. The performance with BTD pulse-shaping is al-
ways better than that with SRC pulse-shaping. For systems with random spreading,
a BER expression was derived for the IGA method using the CF provides the most ac-
curate results with reasonable computational complexity. The (K + 1)-fold numerical
integration was reduced to 2-fold iterated numerical integration. The IHGA provides

accurate results only at high average SNR values. The HIGA performs poorer than
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the SGA for bandlimited DS-CDMA systems in Nakagami fading.
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Chapter 4

Performance Analysis of
Bandlimited DS-CDMA Systems
with Space Diversity Receivers in

Nakagami Fading Channels

4.1 Introduction

The optimum and suboptimum joint detection (multiuser) receivers for DS-CDMA
systems perform poorly in severe fading conditions. Meanwhile, the single-user con-
ventional matched filter receiver is optimum for single bit decisions when a syn-
chronous bandlimited random binary DS-CDMA system operates in slow flat Rayleigh
fading channels with zero excess bandwidth Nyquist chip pulse shape. As conven-
tional space diversity schemes combat fading and MAI simultaneously, they are of

practical interest for DS-CDMA systems operating in severe fading conditions. The
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commonly used space diversity schemes are maximal ratio combining (MRC), equal
gain conibining (EGC) and selection combining (SC) [6].

The performance of the diversity receivers in wireless channels without interfer-
ence was extensively studied in [6] and the references therein. The performance of
DS-CDMA systems with BPSK, QPSK and OQPSK modulation schemes and diver-
sity reception was initially studied by Lehnert and Pursley in [79]; multipath Rake
diversity combining was employed. In [80], Kchao and Stuber considered the per-
formance of differential DS-CDMA systems with diversity receivers over frequency
selective Rayleigh fading channels with lognormal shadowing. A Rake receiver with
postdetection EGC and predetection SC was employed. Eng and Milstein studied the
performance of a binary, coherent DS-CDMA system in frequency selective Nakagami
fading in [65] with a multipath Rake combining receiver. The MAI was treated as
a Gaussian RV in the analysis. In [81], Annamalai analyzed the performance of two
predetection SC schemes for binary coherent DS-CDMA systems in Nakagami fading
channels. Signal plus total interference power selection and SNIR selection schemes
were employed. the performance of SC in a coherent DS-CDMA system employing
BPSK and BFSK modulations in Nakagami fading was also studied by Ugweje in [82].
Frequency selective fading, Rake reception and maximum SNR selection criteria were
considered. The performance of a binary DS-CDMA system with diversity combining
and system imperfections such as power control error, path amplitude estimation error
and phase estimation error was reported by Panicker and Kumar in [83]. Frequency
selective Rayleigh fading was considered. In [84], the performance of a coherent bi-
nary DS-CDMA system with synchronization errors in diversity combining receivers
was studied by Sunay and McLane. The MRC, EGC, and SC schemes were consid-

ered. The Fourier series method [31], [85] was employed for the performance analysis
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and the computational complexity grew linearly with the diversity order. The NRZ
rectangular pulse-shaping was employed in [79], [80], [65], [81], [82], [83], [84], and the
SGA [33] of the MAI was used in the BER analysis in [79], [80], [65], [81], [82], [83].
The performance of coherent bandlimited binary DS-CDMA systems was considered
in [59], [73], [62], [61]. Recently, we extended the works in [59], [73], [62], [61] to
coherent DS-CDMA system in Nakagami fading in [78]. An exact analysis using a
CF method, and approximate analyzes using the SGA [33] and the IGA [32] were
presented.

In this chapter, we study the BER performance of space diversity receivers in ban-
dlimited coherent binary DS-CDMA systems in Nakagami fading channels. Specifi-
cally, MRC, predetection EGC and predetection SC are considered. Random spread-
ing, flat slow fading, asynchronous timing and independent identically distributed
diversity branch fading gains are assumed. Nyquist chip pulse-shapings, namely, SRC
and BTD [30] pulses are considered. The performance of these two pulse-shapings are
compared under identical system conditions. The SGA [33] for the MAI is employed
for all three combining schemes, but the CFIGA [78] is applied for EGC and SC only.
A closed-form BER approximation is derived for the MRC scheme. The BER perfor-
mance analysis is done using the CF [78] and Fourier series methods [31]. Our results
are valid for arbitrary diversity orders and arbitrary Nakagami fading parameters,
and the computational complexity does not grow with diversity order.

The remainder of this chapter is organized as follows. The system and channel
models are introduced in Section 4.2. A closed-form BER expression is derived for
the MRC scheme in Section 4.3. The average BER analysis using a CF method for
the EGC scheme is presented in Section 4.4. The performance of the SC scheme is

examined using a Fourier series method in Section 4.5. Numerical results are provided
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in Section 4.6. Our conclusions and a summary of this chapter are drawn in Section

4.7.

4.2 System and Channel Model

A general asynchronous bandlimited binary DS-CDMA system with L independent
space diversity branches and K + 1 active users in Nakagami-m fading channels is
considered. The system model in [78], [59] is modified to adopt the space diversity
reception. Using complex baseband signal representation, the [-th branch received

signal is written as
K
mi(t) =Y su(t) + wit) (4.1)
k=0

where —oo < t < +00 and wy(t) is a complex circularly symmetric zero-mean white
Gaussian process with power spectral density Ny. The I-th branch k-th user received

signal sy(t) is given by

o0

Skl(t) = Pk Rkl 61'01:1 Z bgk) (L?(:k) (t — T — ’LTb) (4.2)

i=—00

where the transmitted signal power of the k-th user is Py, bgk) € [+1,—1] are the
equiprobable k-th user bits transmitted at rate 1/7;, and the k-th user timing offset
wrt the desired user is 7, ~ U[0,7;]. The phase offset wrt to the desired user is
denoted as 6y, ~ U[0, 27r]. The [-th path k-th user fading amplitude Ry;, is assumed
to be Nakagami-m distributed with parameters [m, ] and its PDF is given in eq.
(1.11). The I-th branch desired user received signal is denoted as sq;(t) and without
loss of generality, 7o = 0 and 6y, = 0 are assumed. The spreading waveform agk)(t)
for bgk), is

N-1
aM(t) =3 oy a(t — nT) (4.3)

n=0
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where o) € [+1, —1] is the n-th chip of the k-th user PN sequence. The rate of a PN

sequence is 1/T, and the processing gain or spreading factor is given by T;/T, = N.
The elements of random variable sets {7;}, {6}, {6} and {Ry} are assumed to be
iid and all these RV’s in these sets are mutually independent. The received baseband
chip pulse is denoted as ¢(¢) and it satisfies [°_|q(t)|?dt = T.. Two types of Nyquist
pulses are considered namely, the SRC pulse and the BTD pulse [30]. They are defined
in time and frequency domains in egs. (2.11), (2.12), (2.13) and (2.14). The excess
bandwidth of the chip pulse shape S € [0,1] and we assume 8 = 1 in this chapter.
However, our analysis is applicable to systems with any 8 € [0, 1]. For notational

convenience when & # 0, eq. (4.2) is written as

e o]

Skl (t) = \/ Pk Rkl ejgk’ Z dgk) q(t — Tk — 'I‘LTC) (4.4)

where Ty = 7.modT, and d¥ ¢ [+1,—-1]. The d¥ and Ty can be modeled as
iid equiprobable random variables (d’ € [+1,—1]) and iid uniform RVs in [0, T}],

respectively [59]. The average SNR is defined as

RT,Q 2P0
N2~ Ny

SNR = (4.5)

4.3 Performance of Maximal Ratio Combining
(MRC)

In this section, a closed-form average BER expression for a bandlimited DS-CDMA
system with L branch MRC in Nakagami fading is derived using a SGA [33]. After
the matched filtering by Q*(f), cophasing, weighting by the conjugate fading gain,

sampling, despreading and N chip summing the received signal is passed through a
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real operator function to generate the receiver decision statistic. The i-th bit decision

statistic of the 0-th (desired) user on the [-th path can then be written as

(i+1)N-1 0
yz(lo) = TRe | Ry Z af,o)/ r(vT, — u)g(~u)du | . (4.6)
v=iN —

After the combining, the decision statistic is given by
v =y PoTob® Rag + Mg + g (4.7)

where Ry = Zle R}, M = ZzL=1 Ry and

L K
My = D Y My (4.8)
=1 k=1
N-1 oo
Ml = /Pc Ry Ry cos (6i) TCZ Z aPdFlg((v-n)T. - Tp,)  (4.9)
v=0 n=—cc

where g(¢t) = FY|Q(f)|?/T:), and is given as (2.12) and (2.14). The estimate of
the transmitted bit is then obtained by B§°) = sgn(yz@)). The variance of the MM

conditioned on Ry, and Ty is written as [78]

o0

1 .
Cotiiram. = ZNPRUQT! .Z ¢*(iT, — Ty) (4.10)
1==00
T,
= %NP,;R&QTE {1 - %3 + C—’l'%(zf—’“)} (4.11)

where ¢ = 2 [1 - 2 IQ(f)|4df] /B. Using the SGA of the MAI, the variance of

MM conditioned on Ry is written as [78]
1 ¢B
2 2 Y72
Then, the variance of the MAI, M), conditioned on R, is given by
1
O p Ry = EPRMQTCZN {1 - C—f-] (4.13)
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where P = E,le P,. The variance of the 7, conditioned on Ry is given by

NyTR
Orilh = — 5 Ly (4.14)

Now, using the SGA, the sum of MAI plus background noise is Gaussian distributed

conditioned on Rj)s. Then, the BER conditioned on R), is written as

2Py Ty R
Puiny, = 4.15
im = Q (\/PQTC -]+ No) (415

where Q() is the area under the tail of the Gaussian PDF. The PDF of U = R, can

be written as [86]

fou) = -IT(}T;)- (%)m e"(%)“um‘l, u>0 (4.16)

where the PDF in (4.16) is the gamma PDF and is closed under convolution. Thus,

the PDF of Ry is also a gamma PDF and is given by [86]

fry(r) = F(—nlzL—) (%) m e~(B)rpmL-1 1 5 0, (4.17)

If the fading gains are not identically distributed the PDF of Ry, is given in [87].

Now, by averaging out R, from (4.15), the unconditional BER is given by [48]

_ o0 2POTb7‘
Py = /0 Q(\/m)fRM(T)dT

T(mL+3}) (m(Ny+ PTCQY)>”‘L y
5 /xmLT(mL) BT

(4.18)

_ Q)
oF (mL, mL + %; mL + 1; m(No + PT. Y)>

QRT

where Y = [1 — ((/2]. The closed-form approximation in (4.18) is valid for arbitrary

diversity order and arbitrary Nakagami fading parameter.
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4.4 Performance of Equal Gain Combining (EGC)

The BER performance of a bandlimited DS-CDMA system with L branch predetec-
tion EGC in Nakagami fading is considered in this section. The SGA and IGA of
the MAI is employed with a CF method [78]. After the matched filtering by Q*(f),
cophasing, sampling, despreading and NV chip summing the received signal is passed
through a real operator function to generate the receiver decision statistic. The 7-th
bit decision statistic of the 0-th user on the I-th path is written as

(i+1)N-1
v = Re Z a?) / ri(vTe — u)g(—u)du | . (4.19)

v=iN

After the combining, the decision statistic becomes
(0) Zy(o) vV BTy b( )RE + Mg +ng (4.20)

where Rp = Zle Ry, ng = 2{;1 m; and 7, is a zero-mean, Gaussian process with
variance NoTy/2. The estimate of the transmitted bit is then obtained as 550) =

sgn(y{”). The MAI component is given by

L K
Mg = D> > My (4.21)

=1 k=1
N-1 o
My = /Py Ry cos (Okl) T, Z Z af,o)dglk)!}((v - n)Tc - Tk) (422)

v=0 n=—00

Using the SGA, the variance of the MAI, 0%, is written as
Oy = N7>LQT2 [1 - @} : (4.23)

Then, the CF of the MAI is given by

2 2
® 1 (w) = exp (_w ZME) : (4.24)
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In the IGA method [32], the MAI conditioned on interferer chip delays, T = {T1,--- , Ti}
and X = {Ry;cos(fh1),- -+ ,Rxrcos (fxr)} is assumed to be a zero-mean, Gaussian

RV. Thus, the variance of My, conditioned on Xy, T} is written as

0
O-%’(HIXM,T;C = NPkXI?l Tvc2 Z 92(ZTC - Tk) (425)
= NPX,T? [1 - %é + (P cos (2nT%) C052(27FT]C)] (4.26)

where ¢ = 2 [1 — % [ 1)1 f] /B. Then, the CF of the I-th branch k-th user

MAI, My, conditioned on X}, and T} is written as

wzojzw | X, T
Doty (0| i, Ti) = exp | — MMl | (427)
Averaging out A}; and T}, the unconditional CF of Mg becomes
2

£ Tk *° w?o3, X, T,
Dpy(w) = HE’_/O H2/0 exp ————"2’#'3 [y, (z)dz | AT (4.28)
k=1"°¢ =1

where fx,(z), is the pdf of RV A}, and is given in eq. (3.20). The average BER

conditioned on Ry is

Ppeoiry = Pr [\/ PoRETib® + Mg + g < 0[p° = +1]
o0 .
3= 2 [ Bl (o TR
0

w

I

dw (4.29)

where the CF of the AWGN component, @,,(w) = exp(—i"ﬂ%—Tbﬁ). Several methods
have been used in the literature [6], [88], [89] to obtain the unconditional average
BER from (4.29). Eq. (4.29) has the required format to apply the Parseval’s theorem
based method proposed in [89]. Then, averaging out Rg, the unconditional average

BER is written as

Peoo =3 -2 [ [ 0@ @Y £ gauar (wa0)
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Now, by employing the method proposed in [89], eq. (4.30) becomes,

1 *© P
Pgec = 5—/ _'{Eu_)x
0

fo " Re [[i76 (w0 + VRiTou) - jmé (w = VPiTow) | 85, ()] dedu
= 1o [ o, (VRT)] s

where Re[z] and Imz] is the real and imaginary part of z, respectively, ®r(w) =
P pp (W) By (W), B, (w) is the complex conjugate of the CF of Rg (Pgr,(w)), 6(:)
is the Dirac delta function and j = /=1. Eq. (4.31) with eq.(4.24) provides an
approximation to the unconditional average BER accounting for the pulse-shaping.
A single numerical integration is required, but the computational complexity does

not grow with diversity order. The CF of Ry; is written as [88], [13]

1 —Quw?\ . T(m+1%) /9 13 —Quw?
(I’Roj(w) =,F; (m, §’Tm_) +JW—W)—— EIFI (m+ 299 Im ) . (4.32)

Then, the CF of Rp is ®g,(w) = (Pry, (w))*.

4.5 Performance of Selection Combining (SC)

In this section, the average BER of L branch predetection SC of a bandlimited DS-
CDMA system is derived using a Fourier series method (78], [31]. A maximum desired
signal power selection scheme is considered. The SGA and IGA of the MAI are

employed for the performance analysis. As in Section 4.4, the decision statistic is

written as
s = /BT, WO Ry + M + s (4.33)
where Rs = max;e(...r) Roj,
M = }K:Mkl (4.34)
k=1
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and My is given in eq. (4.22). Using the SGA, the variance of the MAI, M, is

written as
¢B
o3y, = —N’PQT2 [1 -5 (4.35)
Then, the CF of the MAI is given by
Wwio?
B, (w) = exp <— ZM) : (4.36)

Now, we employ the IGA by substituting L = 1 in (4.28), and the CF of My, is

written as

Pp, (w) = HT/O /0 exp ——-—SLLE fr,(2)dzdT,.  (4.37)
k=1"¢

As in [78], (4.37) can be written as
2NP 21— [¢:] 2 2
B, (w Hz/ exp (_w k$2[ 2]) I (_w_]_\]%___x(ﬁ) ka,(x)dfb‘ (4.38)

where Iy(-) is the modified Bessel function of zero order and (4.38) is derived by

assuming the normalized chip duration, 7, = 1. Using the Fourier series method

of [31], the BER conditioned on Rg is given by

v2w2
oo e__ZQ@MS — Yo
1 2 v NoTs/2 . Vv PoTbRs’UwO
Pyp, = z-=>_ sin (4.39)
2 7 v NoT/2

v=]1
v odd

where wy = 27/Ty and Ty is selected to obtain the required numerical accuracy. By

averaging out R, the unconditional average BER is given by

v2w2
- vWo
12 T (\/NOTb/Q) * . [ VETyrvw
Pp==--Z Z sin | ——=——= | frs(r)dr (4.40)

where fz(r) is the PDF of Rg and Rg = maxje[1,... 1] Roj. Using order statistics [74],

v=1
v odd

[6] the PDF of the RV Rg is given by
8 [Frs(s)])*
faal) = (Z7) (4.41)
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where Fgg(s) is the cumulative probability distribution function (CDF) of RV Rg.
Then, (4.41) becomes [76]

PR
2L !:7(77?;, T_"Q__ ] (m>me_ﬂ2_ om—1

frs(r) = Tl a o (4.42)

where (-, -) is the lower incomplete gamma function [76).

4.6 Numerical Results and Discussion

Some of our numerical results are presented in this section. We published part of
the results obtained in this chapter in [90]. The BER performance of the diversity
receivers for bandlimited DS-CDMA system with SRC and BTD pulse shapes are
compared under identical system conditions. Random spreading sequences of length
64 (IV = 64) are employed. The excess bandwidth of the chip pulse shape is assumed
to be 100%. Perfect power control is assumed in the system. However, our analysis
can also be applied to nonuniform power conditions..

Fig. 4.1 shows the BER performance versus the average SNR, of an asynchronous
bandlimited DS-CDMA system with MRC, EGC and SC diversity over slow, flat
Nakagami fading channels for a number of active interferers, X = 10. Figs. 4.2
and 4.3 depict the BER performance versus the number of active interferers, K, for
average SINR = 10 dB with BTD and SRC chip pulse shapes, respectively. The SGA
method was considered for Figs. 4.1-4.3. The Nakagami fading parameter m = 2
and diversity orders L = 1,2 and 3 are considered. At average SNR = 10 dB and
K = 10, the average BER is reduced by about 10, 25 and 35 times and the capacity
is increased by 9, 15 and 16 users at BER= 10~ by increasing L from 1 to 2 in SC,

EGC and MRC schemes with BTD pulse-shaping, respectively.
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Fig. 4.1. The BER performance of a bandlimited DS-CDMA system estimated using
the SGA for MRC, EGC and SC diversity in Nakagami fading (m = 2) with
random spreading (N = 64) and K = 10.
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Fig. 4.2. The BER performance of a bandlimited DS-CDMA system estimated using
the SGA for MRC, EGC and SC diversity in Nakagami fading (m = 2) with
random spreading (N = 64) and SNR = 10 dB.
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Fig. 4.3. The BER performance of a bandlimited DS-CDMA system estimated using
the SGA for MRC, EGC and SC diversity in Nakagami fading (m = 2), with
random spreading (N = 64) and SNR = 10 dB.
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Fig. 4.4 depicts the BER versus the average SNR. of an asynchronous bandlimited
DS-CDMA system with EGC and SC diversity when the number of active interferers
K =15 over a slow, flat Nakagami fading channel for diversity orders, L = 1,2 and
3. The CF and Fourier series methods were used with the IGA of MAI to obtain
the results. The BER versus the number of active interferers K for average SNR =
5 dB is presented in Fig. 4.5 for L = 1,2 and 3. As mentioned in the literature
performance analysis of DS-CDMA systems with the IGA is very accurate [78|. Some
interesting observations are made here. The performance with BTD pulse-shaping is
always better than that with SRC pulse-shaping and the superiority increases with
the diversity order. The EGC and SC space diversity receivers provide substantial

SNR and capacity gains as seen in Fig. 4.1 - 4.5.

4.7 Summary

Average BER performance analysis of three diversity receivers for a bandlimited DS-
CDMA system in slow, flat Nakagami fading channel was presented. Three well
known combining schemes, MRC, EGC and SC were considered. The bandlimited
Nyquist pulse-shapings, namely, SRC and BTD pulse-shapings were employed. A
closed-form BER approximation was derived for the MRC using the SGA and the
BER approximation for the EGC and SC schemes were derived using the SGA and
IGA entail numerical integrations. The computational complexity does not increase
with the number of users or the diversity order. These results are valid for arbitrary
diversity order and arbitrary Nakagami fading parameter. The performance with

BTD pulse-shaping is better than that with SRC pulse-shaping in all cases examined.
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Fig. 4.4. The BER performance of a bandlimited DS-CDMA system estimated using

the IGA for EGC and SC diversity in Nakagami fading (m = 2) with random

spreading (N = 64) and K = 15.
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Fig. 4.5. The BER performance of a bandlimited DS-CDMA system estimated using
the IGA for EGC and SC diversity in Nakagami fading (m = 2) with random
spreading (N = 64) and SNR =5 dB.
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Chapter 5

Interference Whitening Receivers
for Bandlimited DS-CDMA

Systems in Nakagami Fading

Channels

5.1 Introduction

Multipath fading and MAI are the major limitations of DS-CDMA systems in wireless
environments. The conventional MF or single-user receiver is not optimum when
MALI is present. Both jointly optimum and sub-optimum detection schemes have
been extensively studied in the literature; see [19] and the references therein. Most
of these schemes require knowledge of timing offset, phase offset, spreading sequence,
etc. for all the active users in the system. These receiver structures are generally

near-far resistant and provide small error rate with high computational complexity.
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The high computational complexity makes these schemes less viable for some practical
systems, particularly in the down-link. Thus, improved single-user receiver structures
were considered by several authors in the literature [23], [24], [42], [91], [92], [93], [94],
[95), [96], [97). These schemes do not require any information about the interfering
users’s signals . Generally, improved single-user receivers are not near-far resistant
and provide poor BER performances compared to joint detection schemes.

A WMEF receiver structure studied in [27] was introduced to suppress MAI in DS-
CDMA systems in [23] and [24]. Multipath fading was not considered in this work
and several assumptions were made in the performance analysis. While whitening
maximizes the SNIR, the WMF introduces ISI and the ISI was ignored in the analysis
of [23] and [24]. The MAI was assumed to be Gaussian distributed in order to
derive the average BER. NRZ rectangular and bandlimited chip pulse shapes were
considered. The WMF was generalized to improper complex noise in [42] for an
application in DS-CDMA. In [91], [92], the WMF receiver structure was modified to
obtain near-far resistance using the knowledge of the timing offsets and powers of all
interfering users. A one-shot receiver was considered and, thus, the ISI was neglected.
Variations of the receiver structure in [23] were considered in [93] and [94]. In [93], low-
pass filtered rectangular pulses and a weighted despreading function were employed. A
single-user adaptive MMSE receiver and chip waveform selection were considered for
MATI rejection in [94]). The WMF receiver structure in [23] was generalized as a space-
time matched filter for asynchronous DS-CDMA with antenna arrays in [95] and [96].
The receiver structure proposed in [92] was extended to DS-CDMA systems with
antenna arrays in [97]. An exact performance analysis of a bandlimited DS-CDMA
system using a CF method was proposed in [64] and was extended to DS-CDMA

systems in Nakagami fading channels in [78].
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In this cha_pter, we derive the accurate BER performance of a WMF receiver struc-
ture for a bandlimited asynchronous DS-CDMA system in Nakagami fading without
using a Gaussian approximation for the MAI and without neglecting the ISI as in [23].
We introduce a linear fractionally spaced MMSE equalizer [49] to combat the ISI in-
troduced by the WMF. Two Nyquist chip pulse shapes, the SRC and the BTD pulse
shapes are employed [30]. The CF [64], [78] and approximate Fourier series [31]
methods are used to derive the average BERs. As in [23], we assume the desired and
interfering users are spread using Gold and random sequences, respectively.

The remainder of this chapter is organized as follows. In Section 5.2, the system
and channel models are introduced. A fractionally spaced MMSE equalizer is designed
and the receiver decision statistic is derived. A performance analysis of the proposed
WMF receiver is presented in Section 5.3. Numerical results are provided in Section

5.4. Our conclusions for this chapter are drawn in Section 5.5.

5.2 System and Channel Model

An asynchronous bandlimited binary DS-CDMA system with K + 1 active users in a
Nakagami-m fading channel is considered. In this chapter, the WMF receiver struc-
ture is considered for bandlimited DS-CDMA systems in Nakagami fading channels.
Therefore, the system model and the definitions in Chapter 3 hold in this chapter
also. Now, we consider the interference WMF receiver structure (27], [23], [24] as
shown in Fig. 5.1. The real operator and decision device follow the receiver struc-
ture in Fig.5.1. The filter Q(w)H3(w) is a WMF which whitens the spectrum of
the interference and maximizes the SNIR. While maximizing the SNIR, the WMF

introduces ISI in the desired samples. A fractionally spaced linear MMSE equalizer is
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Fig. 5.1. The interference whitening receiver structure for the DS-CDMA system.

employed to combat the ISI introduced by the WMF and it is denoted as A(w). The
filter Q(w) = 1/S,(w) where S, (w) is the power spectral density of the total multiple
access interference plus background noise. The maximum SNIR after the WMF is

given by [27], [23]

1 [ S

where S(w) is the Fourier transform of the received desired signal component. In
this paper, we assume the desired user and interfering user signals are spread using
Gold and random sequences, respectively. The desired user signal component in the

received signal is

N-1
s@t) = VR R T.b Y ol gr(t — iT.) (5.2)
=0
and its Fourier transform is
N-1
S(w) = VPR Ry Tt > af” Hr(w)exp(—jwily). (5.3)
=0

The PSD of the MAI plus background noise is given by [98]

KPQT?

Sn(w) = No + === H(w) (5.4)
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where static fading and perfect power control (i.e. the interfering users transmit the

data at the same power level) are assumed. The average SNIR is written as

PQT? [ H(w)|COw)?

NIR = .
SNIR==5 ] No + 5B (1) (5.32)
where
N-1
COw) = Z ago)exp(—jwiTc). (5.5b)
=0
Now, (5.5a) is written as
N-1N-1
SNIR=Y "3 aa®@f(n 1) (5.6)
i=0 n=0
where
o H(f)exp(—j2n fIT,)
f() = PQT? df
( ’ -0 No+ _AKPK'QQTz H(f)
= POQngw(_ch) (5-7)

and g,(t) is the inverse Fourier transform of H(f)/Q(f). Then, the SNIR can be

written as [23]

N-1
SNIR=Nf(0)+2>  R()f() (5.8a)
=1
where
N-1-1
RO =Y af | (5.8b)
=0

and is averaged over all possible desired user spreading sequences. The fractionally
spaced MMSE equalizer [49] is T./N, spaced and has 2K, + 1 taps. The optimum
coeflicients of the MMSE equalizer are the solutions of the system of linear equations
[7]

rc

I
m

(5.9)
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where C denotes the column vector of 2K, + 1 tap weight coefficients, £ is a 2K, + 1

length column vector written as

9u(—K.T/N,)
gu(—(Ke — 1)T/N)
§= : (5.10)
gu((Ke — 1)T/Ne)

9uw(K:T/N)

L 4 (2Ke+1)x1

and I' denotes a (2K, +1) x (2K, + 1) Hermitian covariance matrix which is given

by [49]
I =720XTX +1 (5.11)
and
(KT (D) L g lmun) g aeny
gu(—EeFelT) g, (~HemfetlTy L g (- GENnlTy g ( GRENIT)
X =
gu(BEGIED) g, (BResfenlly o g (BT g (Hec )Ty
| 93D gu(BEST) L g (HHT) w(BE)
(5.12)
The average SNIR = +?Q. Then, the optimum coefficients are given by
Copt =I'7'E. (5.13)

Thus, the sampled output pulse of the MMSE equalizer sampled at T¢./N intervals is
obtained as £%¥Cgpt, where * denotes the convolution operation. The output contains
residual ISI. Now, we derive the decision statistic of this receiver structure. The

decision statistic is written as

(0) \/I?OROTI; b( ) + M¥ 4+ I+ I, + 10 (5.14)
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where 7,, is a zero-mean Gaussian process with variance Ny7T},/2. The MAI component

is given by
K
MY = Y My (5.15)
k=1
N-1 o
Mg = PRpycos@)T. > > adBw((l-n)T. - Tx)  (5.16)
=0 n=~o00

where w(t) is the effective pulse-shaping of the receiver structure. The interchip

interference 1., is written as

N-1N-1

L= VAR Y 3 a®a®uw(( - n)T,) (5.17)
=0 n#l
n=0

and the intersymbol interference I, is given by

N-1 +00
L=vVRRTGY, Y. b3 24 a”aOw((l - n)T). (5.18)
=0 n¢[0,N-1]
n=—0oo

In the following section, we consider the performance of the whitening matched filter

receiver structure with a fractionally spaced MMSE equalizer.

5.3 Performance Analysis of Whitening Matched
Filter Receiver Structure

Accurate BER performance analysis of the WMF receiver structure is studied using
an approximate Fourier series method [31]. As shown in Section 3.4, the conditional

CF of the MAI is given by
2 oo
Brp(la®) = [ fulo)x

T, N+M-1
/ H cos (\/ITka:wT Z a w((l —n)T, — Tk)>di dz (5.19)
0

n=-M =0
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where fx (z) is given in eq. (3.20). The CF of the total conditional MAI is then

written as
(I)Mw wla H(I)Mw (w|a(°)) (520)

and the conditional CF of the lntersymbol mterference is written as

&, (wla®, Ry) = cos (w\/PoRoTbZ Z a{”aOw l—n)T)) X

=0 n=—M

N-1N+M-1
cos (w\/POROTbZ Z a(o) n)TC)>. (5.21)

I=0 n=N
Now, we use the Fourier series method proposed in [31] to derive a precise BER

expression. The probability of error conditioned on M¥, a® R, bl b( =1

0 T

P (e|Mw a®, Ry, b, 4t 1>> - P (—\/POROT,, MY+ Lo+ Tt > 0)
VPRRT = MY ~ T, ~ I
Q : (5.22)
V/VAR[7]

where without loss of generality we assume b( —1. The Gaussian tail probability

function is denoted as Q(-) and it can be written as an infinite series [31]

1 exp(—v w2/2) sin(vwoz)

=5- Z ’ (5.23)
v odd

where wy = % and the sampling time, Tj is appropriately chosen to give the required

accuracy. As I, I, and MY are independent random variables conditioned on a(®,

the conditional probability of error conditioned on a(® and Ry is given by

2 92 . \/P_OROTb—]clb(.o)=—l
o | g exp(—v°wi/2) sin | vwy T
P(e|a ,Rg = 5 -7_{'_ ; " X
v odd
VW VW
3y, | ————=]a® Ry | ®pquw | ——ez[a(@ | . (5.24)
< NoT,/2 VN2
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If there are L, possible desired user spreading sequences, the unconditional probability
of error is given by

1 2 exp(— g/ 2) 0)
Ple)=5—= mo | ——===a®

2 ; Z \/ NOTb/

v odd

[ on () o %, By =r ) fa(r)ar
sin | vw s | ————==la =r
0 ’ NoTo/2 ! \/NoTb/ ? Rol?

(5.25)

where fg,(r) is given by eq. (1.11). The unconditional average BER in eq. (5.25) is

evaluated numerically.

5.4 Numerical Results and Discussion

In this section, we present some numerical results. The BER performance of the
receiver structure with SRC and BTD pulse shapes are compared under identical
system parameters. The excess bandwidth of the chip pulse-shapings are assumed
to be 100%. We also assume uniform power conditions, i.e. perfect power control
in the system is assumed. However, our results can also be applied to nonuniform
power conditions. The processing gain, N = 31. The desired user and interfering
users are spread using Gold and random sequences, respectively. The Gold sequences
are generated using the primitive polynomials 1 + 22 + z° and 1 + 2 + 22 + 2 + 2°.
The MMSE equalizer is T,/8 spaced (N, = 8) and has 81 taps (K, = 40).

Fig. 5.2 depicts the average BER performance versus the average SNR with
10 active interfering users (K = 10) for the conventional matched filter and the
proposed receiver for an asynchronous bandlimited DS-CDMA system over a slow,
flat Nakagami fading channel. The average BER of the WMF receiver structure

without the equalizer remains at 0.5 for all SNR values and it is not shown in the
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Fig. 5.2.
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The performance of the whitening matched filter with MMSE equalizer

receiver for a bandlimited DS/CDMA system in Nakagami fading (m = 8) with

Gold/random spreading for desired/interfering users (N = 31) and K = 10.
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Fig. 5.3. The performance of the whitening matched filter receiver for a bandlimited
DS/CDMA system in Nakagami fading (m = 8) with Gold/random spreading
for desired/interfering users (N = 31) and SNR = 10 dB.
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figure. This is due to the ISI generated by the WMF. By using the WMF receiver
with a fractionally spaced MMSE equalizer, the average BER is halved at SNR = 20
dB. The average BER versus the number of active interferers (K) is presented in
Fig. 5.3 for average SNR = 10 dB. As observed in [78], the performance with BTD

pulse-shaping is always better than that with SRC pulse-shaping.

5.5 Summary

A multiple access interference suppression method for a bandlimited DS-CDMA sys-
tem in slow, flat Nakagami fading was considered. The whitening matched filter
receiver proposed in [23] was employed with a fractionally spaced MMSE equalizer to
combat the intersymbol interference created by the WMF. The precise BER perfor-
mance was derived using the CF and Fourier series methods. Without the equalizer
the average BER is 0.5 for all values of average SNR and numbers of interferers.
When a linear MMSE equalizer is used with the WMF the BER is halved relative
to the BER of a conventional MF reveiver. The system employing the new BTD
pulse outperforms the system using SRC pulse when the same system parameters are

considered.
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Chapter 6

Performance Analysis of Space
Diversity Receivers in Cochannel

Interference and Fading Channels

6.1 Introduction

Performance analysis of wireless communication systems is normally based on average
BER and/or outage probability [4]. Normally the BER analysis of diversity systems
is much more involved than outage probability analysis. The mathematical modeling
and treatment of CCI is usually difficult. Thus, performance analyzes are restricted
to approximate analysis or exact analysis of specialized cases. Recently, the BER of
BPSK with NRZ rectangular pulse shaping in a Rayleigh/Rayleigh desired/interfering
user flat fading environment with asynchronous interferers was published by Hamdi
in [44]. Exact analytical results for some probability distributions involved in NRZ

BPSK were given by Chiani in [40] and for the error rate of NRZ BPSK in CCI on an
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AWGN channel in [16]. General solutions for QPSK error rates in Nakagami/Rayleigh
fading were presented by Beaulieu and Abu-Dayya in [43], but these involve three-
fold iterated integrations. Furthermore, the case of BPSK in Nakagami/Nakagami
fading was not considered. In reference [99], Aalo and Zhang considered the BER of
BPSK and BFSK in CCI limited Nakagami/Nakagami fading environments. Gaus-
sian approximation of the CCI was employed through the invocation of [99, eq.(9)].
Recently, the BER performance of bandlimited BPSK systems with CCI in Nakagami
fading was investigated using a CF method by Beaulieu and Cheng in [45].

Conventional space diversity schemes combat fading and cochannel interference
simultaneously. Among space diversity schemes, EGC and SC are of practical interest
because of their simple implementations. The BER performances of EGC and SC in
fading channels without CCI were well studied in [88], [89], [10], [6] and the references
therein. In [88], a series method was proposed for the computation of the PDF of the
sum of independent RV to analyze BER performance of the EGC in Nakagami fading
by Beaulieu and Abu-Dayya. A numerical method based on Parseval’s theorem was
proposed by Annamalai et al. in [89] for EGC in wireless channels. A method based
on an alternate representation of the Gaussian Q-function was proposed by Simon and
Alouini and is given in [6]. Two types of SC schemes were studied in [10] for CPSK and
NCFSK in Rayleigh fading channels. A unified integral solution treatment of fading
channels and diversity schemes was presented in [6]. In [100], the BER performance
of dual branch EGC and SC in bandlimited BPSK, QPSK and 8PSK systems with
CCI in Nakagami/Rayleigh fading was analyzed by Abu-Dayya and Beaulieu using
an approximate Fourier series method.

Calculation of the BER and outage probability of MRC with CCI in fading chan-

nels is quite complicated. The BER and outage performance of MRC diversity with-
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out CCI is discussed in depth in [6] and the references therein. However, the BER
and outage performance when CCI is present has been considered by very few au-
thors {101} [102], [103], [104], [105]. The outage probability for a constant envelope
modulation scheme with CCI in Rayleigh fading was studied by Cui and Sheikh
in [101}; one and three interferers were considered in the analysis. In [102], Shah
and Haimovich derived an outage probability expression for an interference limited
BPSK system with an arbitrary number of interferers in Rayleigh fading. The BER
expression was derived using a Gaussian approximation for the CCI. Equal interferer
powers were assumed. In [103}, the performances of BPSK and DPSK over inde-
pendent Nakagami fading diversity channels was studied by Aalo and Zhang. Some
assumptions were made in the analysis without being explicitly stated. The SNIR
expression in [103, eq.(1)] was written by assuming the interferers’ phase and timing
offsets were zero. The sum of the CCI and background noise was assumed to be
Gaussian distributed conditioned on the instantaneous SNIR by invoking [103, egs.
(12), (20)]. Then, the BER and outage probability expressions were derived only
for integer values of the Nakagami fading parameter. The performance of MPSK
in a Rician/Rayleigh fading model was considered in [104] with the same assump-
tions made in [103]. The BER of BPSK with MRC in correlated and independent
Rician fading channels was considered by Ma et al. in [105] but only synchronous
interferers were considered. An exact BER computation was done using saddle point
integration techniques [106], but the method of [105] has complexity increasing ex-
ponentially with the number of interferers. An approximate analysis was performed
by invoking a CLT. Recently, in [107] the outage analysis for Rician/Rayleigh and
Nakagami/Rayleigh models was considered for unequal power interferers. In refer-

ences [101], [103], [104], [105], pulse-shaping was not considered.
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In this chapter, we first derive the exact BER of coherent NRZ BPSK in asyn-
chronous CCI with Nakagami/Nakagami flat fading and of coherent NRZ QPSK in
asynchronous CCI with Nakagami/Rayleigh flat fading using a characteristic func-
tion method. The fading is assumed to be slow and the fading gains of the user
signals are assumed independent. Our results are more general than those of [44] in
that [44] considers only NRZ BPSK in Rayleigh/Rayleigh fading. We examine NRZ
BPSK and QPSK in Nakagami/Nakagami and Nakagami/Rayleigh fading, respec-
tively. Our analysis differs from that of [44); we use a CF method while [44] uses a
Hermite polynomial approach. Our results also establish the limitations of accuracy
of the Gaussian approximation invoked in [99]. In some cases, the accurate error rates
are different by a factor of 5.3 from the error rates predicted by the results of [99)].

Then, we derive the exact BER of coherent bandlimited BPSK in asynchronous
CCI and Nakagami flat fading with EGC using a CF method and with SC using a
Fourier series method for arbitrary diversity orders and Nakagami fading parameters.
The SRC and BTD [30] pulse shapes are employed. Again slow fading and indepen-
dent fading gains are assumed. The BER analysis of [45] is extended to EGC with CCI
using the method based on Parseval’s theorem presented in [89]. The Fourier series
method of [100] applied for a Nakagami/Rayleigh fading mode] with dual branch SC
is extended to iid Nakagami fading with arbitrary diversity order. Thus, our results
are more general than those obtained in [100].

Finally, we consider outage and BER analyzes of coherent bandlimited BPSK with
MRC diversity and asynchronous CCI in micro-cellular systems. A Nakagami/Rayleigh
fading model is assumed. Again SRC and BTD [30] pulse shapes are employed. Slow
fading and independent fading gains are assumed. Exact closed-form expressions for

outage probability with equal and distinct interferer powers are derived. An average
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BER expression is derived using a Gaussian approximation for the CCIL. The accu-
racy of the Gaussian approximation is validated using Monte Carlo simulation. Qur
expressions are valid for arbitrary diversity order, number of interferers and desired
user Nakagami fading parameter. For BPSK, our results are more general than those
obtained in (101}, [102], [103], [104], [105] and in particular our outage probability
expressions are much simpler than those obtained in [107].

The remainder of this chapter is organized as follows. The system and channel
models are presented in Section 6.2. The BER analyzes of BPSK and QPSK systems
in CCI and fading with NRZ pulse shapes are considered in Section 6.3. In Section
6.4, the BER analyzes of EGC and SC diversities in CCI and Nakagami fading are
presented. The outage and BER of MRC diversity with CCI and fading is studied in
Section 6.5. Some interesting numerical results and discussion are given in Section

6.6. Finally our conclusions and summary for this chapter are drawn in Section 6.7.

6.2 System and Channel Model

Consider a coherent bandlimited BPSK system with cochannel interference in a slowly
fading environment. We adopt the system model of Chapter 2 for the diversity receiver
structure. There are L space diversity branches and K + 1 active users in the system.

The j-th branch received signal of the desired (0-th) user is
R;(t) =v/2PyT Ry j s4(t) cos (wet)+
K
Y V2PTR:;si(t — 1) cos (we(t — 7) + 6;3) + n(2) (6.1)
i=1

where F; is the transmitted power of the i-th user, w. is the carrier frequency,

sa(t) = Vi o alkler(t — kT), si(t) = 302 bilklgr(t — kT), % is the symbol

transmission rate and gp(-) is the transmitter signal baseband pulse with its energy
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normalized according to ff;c’ g2(t)dt = 1, a[k] € {+1,—1} with equal probabilities
and 7; represents the symbol timing offset of the i-th user signal with respect to the
desired user signal, assumed to be uniform over [0, 7). The background noise n(t) is
a zero-mean, white Gaussian process with two-sided power spectral density Ny/2; the
phases 0; ;, are assumed to be mutually independent and uniformly distributed over
[0,27). The fading gains are assumed to be independent and identically distributed.

The received signal for the coherent QPSK system is given by

Rj(t) = v P()T Ro,j [.S‘[d(t) COs (wct) -+ SQd(t) sin (wct)] +

Z VPTR;; [szi(t —7;) cos {we(t — 7;) + 6;) +

i=1

sgi(t — ) sin (we(t — 7) + 91)] + n(t). (6.2)

The common symbols in (6.1) and (6.2) denote the same parameters. The de-
sired user in-phase and quadrature symbol sequences are s;4(t) and sqq(t); sri(t)
and sg;(t) are i-th interferer in-phase and quadrature symbol sequences. The de-
sired user average signal-to-noise ratio and signal-to-interference ratio are defined as
SNR(dB) = 101logy, (PyT%/2), and SIR(dB) = 10 logy, (POQO /(K PiQi)), where

Q; = E[R?,] and without loss of generality, we assume the noise variance is one.

6.3 BER Analysis of BPSK and QPSK in CCI and

Fading with NRZ Pulse-Shaping

In this section, exact BER expressions are derived for a BPSK system with a Nak-
agami/Nakagami fading model and QPSK with Nakagami/Rayleigh fading model in
the presence of CCL. The rectangular pulse-shaping, gr(t) is 1/vVT in 0 <t < T.
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6.3.1 BPSK Analysis

For a BPSK system, we assume the fading amplitude R;; follows the Nakagami-m
distribution with parameters (m;,{);) and is given in eq. (1.11). The fading gains
R; ; are assumed to be independent. After demodulation and matched filtering, the

decision statistic for desired user data symbol a[0] is

[PyT X [PT
Z[0] = —;—Ro,ja[o] +) —5Rijcos (dis)pi +ny, (6.3)
i=1

where ¢i,j = (01;,]' - wm) ~ U[O, 271'},
= b[-1] + biol[L - 7, (6.4)

and ns is zero-mean Gaussian noise with variance one. The total CCI , Iocr =

ZK I;, where

L= \/P_f R jcos (¢:) [b - 1] N %]] . (6.5)

If b;[—1] = b;[0], the conditional CF of I;, derived in [45] is

HTinz
(I)Ii|b,-[—1]=b,-[0](w) = 1F (mz‘; 1 "———) .

Smi

When b;[—1] # b;[0], I; becomes

| BT
Ii = TRi’j COS ((ﬁi’j) u, (67)

where u ~ U[—1,1]. Then, the CF of I; conditioned on u is

P,TQ,uw?
Orpi-uptsfolu(w) = 1F (m,, ’———W) . (6.8)
Averaging out u in (6.8) one obtains [76]
1 3 PTOw?
Drnif-pno)(w) = 2F2 (‘é,mi, 1, 5 ——W> (6.9)
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where oF(-) was defined in [99]. Then, the unconditional CF becomes

1

O (w) = 5P pi-1=bifo) (W) + =

9 (I)I |b;[— #b'[o]((U) (610)

2

Since the interferer signals are independent, the CF of Icy is @10, (w) = [15, @1 (w),
and the CF of the noise component is, @, (w) = e‘%g. The CF of the total CCI plus

background noise is given by

Or(w) = Preq, (w)cbnj (w). (6.11)

The average BER, conditioned on Ry ; is written as [67]

/PT
9 ROJCL[O]+IC(;1+’I’Lf <0‘a[0] +1:l
+oo sin { /2L Ry jw

2 7wy

PelRo,j = Pr

(6.12)

When the desired user undergoes Nakagami fading, the average BER becomes

1 ['(my + POTQO Foo 1 3 —PTQpuw?
P, = 5 T (o) \/ / Or(w) 1Fq [ mo + 5% " 8mg dw. (6.13)

The single integral in (6.13) can be readily evaluated numerically.

6.3.2 QPSK Analysis

Assuming Gray-code bit-mapping and symmetric I and Q branches, the decision
statistic for the desired user data symbol a;[0] in the in-phase branch after coherent

demodulation and matched ﬁltering, is written as

PoT
VAT Z VAT

5 Ry jar[0]

Z[0] = R; j[rrcos (¢ ;) +rgsin(¢; ;)] +ne,  (6.14)

where n, is complex background noise and

7i

rr = b[,'[—l] +b[z[0][ T, (6.15&)
ro = bQi[—11%+bQi[oM1-§é]. (6.15b)
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The total CCI, Iccr = Y 5, I;, where

PT

Ii = —TR,;’]' [T‘[ COos (d)i,j) + rQ sin ((bi,j)] . (616)

The conditional CF when by;[—1] = b5;[0] and bg;[—1] = bg;[0], becomes

PT0;w?

Prifors(-1)=bril0)beil-1)=bilo) (W) = €7 5 (6.17)

When by;{—1] # by;[0] and bg;[—1] # bg;[0], the conditional CF is

_PT;u?u?

@Iilbn[—l]#bn[o],bQi[—1]¢bQi[0],U(w) =€ 8 ) (6'18)

where u ~ U[—1,1] as in Section 6.3.1. After averaging out u, (6.18) becomes

27 PzTQZ
q)filbﬁ[-ll#bu[O]sti[—ll#bQi[O](w) = ——_—RTsz I:l —-2Q (\/ -—-4 w)} . (6.19)

If b],;[-—l] 75 bh[O] and bQi[—l] = sz[O] or b[i[—l] = bh[O] and bQi[—-].] 75 bQi[O], the
conditional CF becomes

_ Py 14u®l?
D1, brs [~ 1]=b1:[0] b~ b:[0]u (W) = Prjbri[— 115100 boi— t]=boilo)u (W) = € 16

(6.20)

After averaging out u, (6.20) becomes

47 _ PiTw? PTQ;
P 14 by [~ 1bra[0] bgi [~ 1)=bos(0] (W) = \/ PO e 1 [1 -2Q (\/ '—S—wﬂ

(6.21)
Then, the unconditional CF of I; becomes
®r(w) = %(I)Ii[bli["1]=bli[0]’bQi[—1]=bQi[0] (w) + —}Iq)[ilbli[“1]¢b1i[0])bQi["1]¢bQi[Ol (w) +
%‘I’Ii|b,,~[—1]¢b,,~[o],bQi[—1]=bQi[0] (w). (6.22)

Now the CFs ®;,,, (w), and ®r(w) can be written as in Section 6.3.1 and the average

BER can be calculated according to (6.13).
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6.3.3 BER Analysis Using Gaussian Approximation

Here, we derive a BER expression using the Gaussian approximation for the CCI
to compare with our exact results. The variance of Iccr is given by VAR[I¢c;] =
T Zfil Q;P;/6 for BPSK and QPSK systems. Then, using a Gaussian approximation
the BER conditioned on Ry is Q(y/PoTRj ;/207) where 07 = 1+ VAR[I¢¢s]. The
unconditional average BER approximation for an arbitrary value of myg, is obtained

by averaging the conditional BER over the Nakagami fading as

P(mo+3) (2mo\™ 1 —9my
Pe = 2 F . . .
g 2/mTmg(me) (A2QO> 21 (mo, mo + X mo + 1; —QOA2 ) , (6.23)

where A% = PyT/(202).

6.4 BER Analysis of Bandlimited BPSK with EGC
and SC Diversity in CCI and Nakagami Fading

In this section, the fading gains, R;; are Nakagami-m distributed with parameters
(m, ). The fading gains are iid. As in [45], two types of bandlimited Nyquist pulse
shapes the spectrum SRC and the BTD [30] pulse shapes are considered,. We assume

100 % excess bandwidth pulse shapes in this section.

6.4.1 Equal Gain Combining (EGC)

In this subsection, the performance of a BPSK system with L branch predetection
EGC in Nakagami fading is considered. Since the fading is slow, coherent reception is

possible. After demodulation, matched filtering and cophasing, the decision statistic
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for the desired user data symbol a[0], on the j-th branch, is given by

[PoT = [PT
ZJ[O] = —;—-Ro,ja[()] + Z —é—'R,i’j COos (¢i,j)pi + nj, (6.24)
i=1

where ¢;; = (6;; — weri) ~ U0, 27), n; is zero-mean Gaussian noise with variance

one,
400
pi= Y bilklg(—kT — ) (6.25)
k=—00

and g(-) is the pulse shape at the receiver. After the EGC, the decision statistic is

given by
T L L K PT L
Z[0] = 4 /—2——a[0] ; Ro; + ; ; 5~ Rijcos (¢1)0i + ; n;. (6.26)

The third term of (6.26) is the CCI component usefully rewritten as Iz = Z?:l YKL

[PT
I;;= —2‘“Ri,j cos (i,5) pi- (6.27)

Now, as shown in [100}, [45], the conditional CF of the I;; conditioned on 7; and

J1

where

Xz',j; (Xi,j = R.i,j COoS (f)i,j) is written as

ad [PT
By, 1xiim (W) = H cos ( —;—Xi,jw g(—kT — n)) (6.28)
k=—M

where the cross ISI contribution is assumed to be from 2M + 1 symbols only. The
PDF of the fx, (z) is given in eq. (3.20). Now, forming the double product over i

and j from (6.28) and then averaging out 7; and X ;,

&, (w) = ﬁ%/: [132/000 fx;,;(x) kf[Mcos (@xwy(—kT - u)) dz] du.

i=1
(6.29)
As the n;s are independent zero-mean Gaussian RVs with unit variance, the back-

ground noise term n = Zle nj, in (6.26) is zero-mean Gaussian distributed with
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w2l

variance L. The CF of n is ®,(w) = e~ 2 . The CF of the total CCI plus back-

ground noise is given by
<I>T(w) = @Ic(w)@n(w). (630)

The average BER, conditioned on Rp is written as [67]

| PyT
PelIRE = Pr |V —%——RE +Ic+n< O\a[()] = +1]
+o0 §in \/I—DSLT—REu
0

1
= ;-2 (6.31)

where Rp = Zle Ry ;. The unconditional BER can be obtained using several meth-
ods. One approach is to average out the Ry ;s one by one or similarly, using L — 1
fold convolution find the PDF of Rg and then average it out. This method is com-
putationally very complex when L is large. Another approach is to find the PDF of
Rg using the series method proposed in [88] and average it out. A method based
on an alternate representation of the Gaussian @ function is given in [6]. A fourth
approach uses the Parseval’s theorem based method proposed in [89]. Eq. (6.31) has
the desired format to apply the latter method. Now, the unconditional BER is given

by

dudr. (6.32)
u

Po = % B %/ooo /ooo i (\/@T u) Or(u)frg (1)

By applying the method proposed in [89], (6.32) becomes
o0 oo
P, = 1—/ (I)T(u)/ Re | {jmé w+\/fo—7:u —
2 0 7T2u 0 2
jmé (w - yl-l:g—Tu) Re (w)] dwdu

1 1 [°®r(u) BT
= 2 %W ls o
) 7rj€ u Hm[ RE( g “
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where Re[z] and Im[z] is the real and imaginary part of z, respectively, ®}_(w) is the
complex conjugate of the CF of Rg (g, (w)), j = v/~1 and é(-) is the Dirac delta
function. Eq. (6.33) with eq.(6.30) is an exact solution for the general case including
pulse-shaping. A triple numerical integration is required, but the computational

complexity does not grow with L. The CF of Ry ; is written as [88], [13]

1 —Quw? . Pm+1) /Q 1 3 —Quw?
PR, ;(w) = 1F1 (mai,‘m) +Jw—1:(—nT\/“n—11F1 (m+2 2 “am ) (6.34)

Then, the CF of Rg is ®p,(w) = (®r,,; (w))*.

6.4.2 Selection Combining (SC)

In this subsection, the performance of L-branch predetection SC in Nakagami fading is
considered. The decision statistic for the desired user data symbol a[0] after coherent

demodulation and matched filtering in all branches, is written as

200) = | 2 alolRs + Y

where Rs = maxjep.) Roj. The CF of the total CCI, @7, (w) is then obtained

BT
5 R; jcos (¢ ;)0 + nj (6.35)

by substituting L = 1 in (6.29). As in [100], using an approximate Fourier series

method [31], the unconditional BER is given by

X e (1 e | P
P, :(1): B % Z (lwy) /0 sin ( —;—Trlwo) frs(r)dr (6.36)

ldd

where fgr. () is the PDF of Rg, wy = 27/T, and Ty is selected to obtain the required
accuracy. Now, the PDF of Rg can be obtained using order statistics [6], [4]. For L
independent branch SC in Nakagami fading, the PDF of Rg is [76]
L-1
2L [y(m, 22)]
[[(m)]-

where (:, ) is the lower incomplete gamma function [76].

fRs (T)

(g—)me =5 p2m=1 (6.37)

130

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



6.5 Outage and BER Analysis of Bandlimited BPSK
with MRC Diversity in CCI and Fading

In this section, the performance of a BPSK system with L-branch MRC in a Nak-
agami/Rayleigh fading model is considered. The desired user fading parameters are
(m, Qo) and for interferers E[R?;] = Q, ¢ # 0. Again, SRC and BTD pulse shapes
are employed with 100 % excess bandwidth. After demodulation, matched filtering,
cophasing and weighting by the conjugate fading gain, the decision statistic for the

desired user data symbol a[0], on the j-th branch, is given by

[P,T 5. [PT
ZJ[O] = %Rg,ja[O] + TLjRo,j -+ Z —2—".R,',jRo,j COs (¢i,j)pi (638)
=1

where ¢;; = (6;; — wer) ~ U0, 27], n; is zero-mean Gaussian noise with variance

+o0

one, p; = » 20 bilklg(—kT — 7;) and g(-) is the pulse shape at the receiver. After

the combining, the decision statistic is given by

_[RT o <~ [BT . .
Z[0] = 4/ —-al0)eles + ZI: ‘/T icXc; +cIn (6.39)

where ¢ = [Roy, -+, Ror]", n = [ng,- -+, ny]" and ¢; = [Riy cos (¢in), -« - , Riz. cos (¢ir)]T

6.5.1 Outage Probability Analysis

Now, we study the exact outage probability for an interference limited system. The

instantaneous SIR is

P0|CSI4 .P()IC,_,,‘2
SR=r - e (6.40)
S PYIcFal Y £, RESE

where Y = E[p?], Y = 1 — 8/4 for the SRC pulse, Y = 1 — 8/(4In[2]) for the BTD
pulse [45] and f is the excess bandwidth. As in [102], the RV a; = cTc;i/|cs] is
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independent of ¢, and zero-mean Gaussian distributed with variance /2. Thus, the

PDF of A; = Pa? is [74]

1 .
fAi(y)=my TR,y >0 (6.41)

which is a gamma PDF with parameters (3, P,Q2). For the case of distinct interferer

powers, the PDF of B = "X A; is given by [87]

2 5k3/2+k lg~Fia
; >0 6.42
fely) = {H\/ ]k OI‘(K—}-k (P)E K Y (6.42)

where without loss of generality P; = min;{P;} and

k1T K P
dir =7 Z [Z (1 - 7)1) Set1ou (6.43)
with §y = 1. The PDF of Ry = |cs|? is given by [103]
fru () = 00y <Q—o) e (®)rmict, r >0 (6.44)

The outage probability is defined as the probability that the instantaneous SIR falls

below a specified SIR threshold value q. It is written as

Py = Pr(P°RM< )

— /0 fRy r)/ (y) dy dr. (6.45)

Substituting (6.42) and (6.44) in (6.45), it becomes [108]

K Pl o K
Po=|]] 7 kZak I (mL, = +k (6.46)
=1 =0

where = = m/ (m + Q—IS—;’};) and I,(.,-) is the normalized incomplete beta function

[108], [109]. It is interesting to note that when the interferers’ powers are equal, Py

becomes
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6.5.2 BER Analysis

Now, we derive a BER expression using a Gaussian assumption for the CCI. The
second term of (6.39) is the cochannel interference component usefully rewritten as
Ic = Zfil I;, where
L
PT
Ii = ; —2—R1"jR0,j Cco8 (qﬁi,j)p,-. (648)

Then, the variance of the I; conditioned on the Ry ;’s, VAR[I;|{ R ;}] = PQTY Ry /4.
As in [102], [110] using Cramer’s CLT, we assume I¢ conditioned on R)s is Gaussian

distributed. The variance of the total CCI conditioned on R;s is then written as

VAR[Ic|Ry] = PQTY Ry /4 where P = S°X| P.. Then, the unconditional BER is

® 2POT7'
I Q(\/ m) Fras(r)dr

T(mL+1) (m(4+PTQY) ) mL y

1 —m(4+ PTQY)
2F1 (mL, mL + 5,mL+ 1, QoP()T )

given by [48]

Py

(6.49)

6.6 Numerical Results and Discussion

In this section, we present some of our numerical results. Our results are also pub-
lished in [46], [111], [112], [113], [114].

Fig. 6.1 depicts the BER performance of the BPSK system with a Nakagami/Nakagami
fading model and NRZ rectangular pulse-shaping. We assume that the desired user
average SIR= 10 dB, the desired user Nakagami fading parameter, my = 8 and the
interferers’ Nakagami fading parameter, m; =5, 7 # 0. Fig. 6.2 gives the BER per-
formances of the QPSK system with a Nakagami/Rayleigh fading model and NRZ
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rectangular pulse-shaping. We observe that the Gaussian approximation overesti-
mates the error rate of a BPSK system and underestimates the error rate of a QPSK
system at large SNR values. As expected, the average BER depends only on the
average SIR, not on the number of interferers when the CCI is assumed Gaussian. In
Fig. 6.1, at SNR=30 dB, the BER for six interferers is 5.1 times that for one interferer
while in Fig. 6.2, the BER for one interferer is 2 times that for six interferers, also at
30 dB. This behavior is not predicted by the approximate results given in [99)].

Figs. 6.3 and 6.4 depict the BER performances of bandlimited BPSK with CCI
in Nakagami (m = 5) and Rayleigh (m = 1) fading, respectively for EGC and SC
with diversity orders L = 1,2 and 4 with SRC and BTD pulse shapes. We assume
there are 6 interfering users (K = 6) with equal powers and M = 10. The excess
bandwidth is assumed to be 100 %, however, our analysis is valid for any arbitrary
value of excess bandwidth.

Figs. 6.5 and 6.6 depict the outage performance versus threshold SIR for differ-
ent L and K values, respectively. The average SIR is assumed to be 5 dB. In the
case of unequal interferer powers, the normalized power distributions [0.1,0.9] and
[0.05,0.1,0.15,0.22,0.23,0.25] are assumed for K = 2 and K = 6, respectively [115].
It is observed that the equal interferer powers assumption underestimates the outage
probability. The outage performance with the BTD pulse is about 0.8 dB better than
that of the SRC pulse at outage probability 10~3 and the superiority does not change
with L under the equal interferer powers assumption. Fig. 6.7 shows the BER. perfor-
mance versus average SNR for average SIR=2 dB using the Gaussian approximation
for the CCIL. The BER results using the Gaussian approximation are compared with

those obtained from Monte-Carlo simulation and very good agreement is seen.
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Fig. 6.1. The performance of the BPSK system with the Nakagami/Nakagami
model, for my = 8, m; = 5, and SIR=10 dB.
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—&— Exact Analysis, K=6

—+8— Gaussian Approximation, K=1
—»— Exact Analysis, K=1

BER

0 5 10 15 20 25 30
SNR [dB]

Fig. 6.2. The performance of the QPSK system with the Nakagami/Rayleigh model,
for mgy = 8, and SIR=10 dB.
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Fig. 6.3. The performance of the bandlimited BPSK system with EGC and SC in
Nakagami fading (m = 5), with CCI, K = 6, and SIR=5 dB.
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Fig. 6.4. The performance of the bandlimited BPSK system with EGC and SC in
Rayleigh fading (m = 1), with CCI, K = 6, and SIR=10 dB.
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Fig. 6.5. The outage performance of the bandlimited BPSK system with MRC in

CCI with m = 5, K = 6, and average SIR=5 dB. In the case of unequal inter-

ferer powers, the normalized power distribution [0.05,0.1,0.15,0.22, 0.23, 0.25]

is assumed for K = 6.
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Fig. 6.6. The outage performance of the bandlimited BPSK system with MRC
in CCI with m = 5, L = 2, and average SIR=5 dB. In the case of
unequal interferer powers, the normalized power distributions [0.1,0.9] and

[0.05,0.1,0.15,0.22,0.23,0.25] are assumed for K = 2 and K = 6, respectively.
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Fig. 6.7. The BER performance of the bandlimited BPSK system with MRC in CCI
with m = 5, K = 6, and average SIR=2 dB.
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6.7 Summary

The exact BER performance of coherent BPSK and QPSK systems with CCI and
fading have been investigated. Closed-form expressions for the characteristic func-
tions of CCI for a BPSK system with independent Nakagami faded interferers and a
QPSK system with independent Rayleigh faded interferers have been obtained. The
average BER expression was derived in single integral form and is readily evaluated
numerically. The accuracy of the Gaussian approximation for the CCI is assessed
and it is found to be accurate in the precence of large number of interferers or the
interferers undergo Rayleigh fading.

The accurate performances of coherent bandlimited BPSK systems with EGC and
SC in CCI and fading have been investigated. Exact integral results were obtained
for arbitrary diversity orders and Nakagami fading parameters. The computational
complexity does not increase either with diversity order or number of interferers. The
superiority of the BTD pulse over the SRC pulse lis once again observed and the
superiority increases with the diversity order.

The outage and BER performances of coherent bandlimited BPSK with MRC in
CCI micro-cellular systems have been determined. The Gaussian approximation is
quite accurate for BER estimation for six or more interferers. The superiority of the
BTD pulse over the SRC pulse is once again observed. While the superiority in BER
performance increases with diversity order, the superiority in outage performance

remains approximately the same for different diversity orders.
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Chapter 7

Precise Outage Analysis of SC
Diversity and SWC Diversity in

Micro-cellular Systems with CCI

7.1 Introduction

Conventional space diversity schemes combat fading and CCI simultaneously. Among
space diversity schemes, SWC diversity and SC diversity are of great practical interest
because of their simple implementations. The CCI and fading are due to the frequency
reuse and the multipath propagation of the radio waves, respectively. As the demand
for wireless channels increases, frequency reuse increases, and the cells are made
smaller giving rise to micro-cellular systems [4]. In a micro-cellular system only the
desired user has a LOS propagation path. Thus, the fading model employs different
distributions for the desired and interfering users. Micro-cellular systems are normally

interference limited systems [4]. The outage probability is defined as the probability
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that the instantaneous SIR falls below a specified threshold value [116]. The proper
design of micro-cellular systems requires the knowledge of the average BER and the
outage probability.

The outage performance of wireless communication systems without CCI has been
well studied in [6] and the references therein. In [117], Sowerby and Williamson
studied the outage performance of wireless systems with multiple cochannel interferers
in a Rayleigh fading environment. The same authors extended their work to Rayleigh
fading with lognormal shadowing in [118], [119]. A micro-cellular system described
by a Rician/Rayleigh fading model and multiple interferers was considered by Yao
and Sheikh [120]. Then, the outage performance for a Nakagami/Nakagami fading
model with integer-valued fading parameters was studied by Abu-Dayya and Beaulieu
[86]. The outage probability of a single lognormally shadowed Nakagami interferer
was also derived analytically and the case of multiple interferers was studied using
MC computer simulations. Zhang extended the work in [86] to Nakagami fading
with arbitrary parameters in [121], [122] and to lognormally shadowed Nakagami
fading with multiple interferers by using a CF method in [123]. Outage analyzes for
Rician/Nakagami and Nakagami/Nakagami fading models were also considered by
Karagiannidis et al. in [124] and [125]. Outage analysis for a Rician/Rician fading
model with lognormal shadowing for both desired and interfering users was considered
by Wang and Lea in [126]. Tellambura in [127] studied the outage performance of
Nakagami/Nakagami fading models with arbitrary fading parameters using a Fourier
series method.

Outage studies have also been carried out for wireless communication systems with
diversity receivers. Jakes [116] derived the outage probability for selection combin-

ing using a maximum desired signal power algorithm over Rayleigh fading channels
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with a single interferer. Based on a total output power algorithm, Schiff [14] derive
the CDF of the SIR for SC and SWC diversities in Rayleigh fading. Sowerby and
Williamson [128] studied the outage performance of SC diversity in Rayleigh fading
channels with arbitrary diversity orders and arbitrary numbers of interferers. Both
the maximum output power selection and SIR selection schemes were considered.
The outage performance of a correlated dual-branch SC diversity scheme over Nak-
agami fading channels was studied by Okui in [129], [130] using maximum desired
power [129] and maximum carrier-to-interference ratio (CIR) [130] selection schemes.
Yao and Sheikh [131] considered a micro-cellular system with a Nakagami/Nakagami
fading model; signal-plus-interference power and SIR selection diversities were em-
ployed. The results were derived for an arbitrary number of interferers and integer
values of fading parameter. The EGC, SC and SWC diversity schemes with a Nak-
agami/Nakagami fading model were studied by Abu-Dayya and Beaulieu {13] for
arbitrary numbers of interferers and integer values of the fading pafameter. Desired
signal power selection, total power selection and SIR power selection schemes were
considered and an output power switching criterion was employed for the switched
diversity receiver. Yang and Alouini [132] studied the outage performance of dual-
branch selection and switch and stay combining in Rayleigh fading for a single in-
terferer. Correlated and uncorrelated branches were considered and a maximum de-
sired signal power algorithm was employed for both diversity schemes. In all the
works [117], [118], [119], [120], [86], [121], {122], [123], [124], [125], {126], [127], [14],
[128], [129], [130], [131], [13] and [132] interference limited systems were considered
and the interferers were assumed to be time synchronous with the desired user and
their phase offsets wrt the desired user were assumed to be zero. These assumptions

do not hold in practical wireless communication systems. Hence, the results obtained
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in [117], [118], [119], [120], [86], [121], [122], [123], [124], [125], [126], [127], [14], [128],
[129], [130], [131], [13] and [132] are only approximations.

In this chapter, we derive the exact outage probabilities of predetection SC and
SWC diversities in a micro-cellular fading environment. A widely accepted Nak-
agami/Rayleigh fading model for micro-cellular systems is employed. A more prac-
tical system model [45] which takes account of the pulse-shaping and phase offsets
and time delays of the interfering users is considered. Flat slow fading is assumed.
Two Nyquist pulse shapes, namely, SRC and BTD pulse shapes [30] are examined. In
both diversity schemes, maximum desired signal power, SIR power and total output
power criteria are considered. The results are valid for arbitrary numbers of interfer-
ers, arbitrary fading parameter of the desired user and arbitrary diversity order. It is
found that in selection diversity, the maximum SIR and total output power selection
criterions provide the smallest and largest outage probabilities, respectively for the
same system conditions. Optimum switching thresholds are derived for all cases of
switched diversity.

The remainder of this chapter is organized as follows. The system and channel
models are presented in Section 7.2. The outage analysis of a selection diversity
receiver is given in Section 7.3. Three selection criteria, namely, maximum desired
signal power, SIR power and total output power are considered. In Section 7.4,
switched diversity schemes with desired signal power, SIR and total output power
switching criteria are presented. The optimum switching threshold for each system is
quantified. Some interesting numerical results are given in Section 7.5. The outage
performances of the systems with different pulse shapes are compared under the same

system conditions. Finally our conclusions are drawn in Section 7.6.
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7.2 System Model

A coherent bandlimited BPSK system is considered in a slowly fading micro-cellular
environment. We adopt the system model of [45] for the diversity receiver structures.
There are L space diversity branches and K + 1 active users in the system. The j-th
branch received signal of the desired (0-th) user is
= V2P,T Ry ; 54(t) cos (wet +Z\/273—& i 5i(t — 1) cos (we(t — 1) + 6; )
= (7.1)
where s4(t) = Y12 alklgr(t — kT), si(t) = 3320 bilklgr(t — kT), P; is the trans-
mitted power of the i-th user, w, is the carrier frequency, and % is the symbol trans-
mission rate. The transmitter signal baseband pulse is denoted as gr(-) and its energy
is normalized according to [T g2(t)dt = 1, afk], bi[k] € {+1, ~1} with equal proba-
bilities and 7; represents the symbol timing offset of the i-th user signal with respect
to the desired user signal, assumed to be uniform over [0,T). The phases 0, ;, are
assumed to be mutually independent and uniformly distributed over [0, 27). The ran-
dom variables Ry j,j € [1,- -+, L] represent the desired user fading channel gains and
each follows the Nakagami-m distribution with parameters (m, ;) [4]. The interfer-
ing users’ fading gains R; ;,1 € {1,--- ,K],j € [1,- -, L] follow a Rayleigh distribution
with parameter 2, i.e. ]E[Rfjl = (). The fading gains are assumed to be mutually
independent. The Nakagami/Rayleigh desired /interfering user fading scenario arises
in the micro-cellular environment [4], and the micro-cellular systems are interference
limited systems. Thus, we neglect the effects of background noise in this chapter.
The desired user average SIR is defined as SIR(dB) = 10log,, (POQS /(R Zf{zl R))
As in [45], two types of bandlimited Nyquist pulse shapes, SRC and BTD {30] pulse

shapes are considered. We assume 100% excess bandwidth pulse shapes in this chap-
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ter. However, our analysis is valid for arbitrary excess bandwidth.

7.3 Selection Diversity

Few studies in the literature have examined the performance of predetection selection
diversity schemes when cochannel interference is present [116], [13]. In this section,
we derive the exact outage probabilities for the Nakagami/Rayleigh fading scenario
with arbitrary Nakagami fading parameter and arbitrary diversity order. We consider
maximum desired signal power selection, maximum SIR selection and maximum total
power selection criteria. The decision statistic for the desired user (0-th) data symbol

a[0] on the j-th branch after coherent demodulation and matched filtering, is written

[P,T X IpT
Z;[0] = —;——a[O]ROj-*- E "2_Ri,j cos (¢;,5) pi (7.2)
=1

where ¢;; = (6;; — wer;) ~ U0, 27),

as

pi=Y billlo(—kT - 7) (73)

k=-

and g(-) is the pulse shape at the receiver. The outage probability is defined as the
probability that the instantaneous SIR. falls below a specified SIR value ¢. It is written
as

Po =Pr(SIR < q). (7.4)

The j-th branch instantaneous SIR is given by

PR3 ;
SIR, = J (7.5)
’ Y Zf:l PlXi{L:j
where X; ; = R;; cos (¢;;) is a zero-mean Gaussian RV with variance £,

1-8 SRC pulse
Y =Ep}] = ! , (7.6)

1-— g BTD pulse
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and f3 is the excess bandwidth [45].

7.3.1 Maximum Desired Signal Power Selection

In this algorithm, the branch with the maximum desired signal power is selected.

Thus, a branch is selected with A = max;e(y,... 1) R3;. The random variable S = RS,

is gamma distributed and is given by [86]

1 (m\"™ m \ o1
fs(s) = Fm) (Qs> exp ( o, s)s ) s> 0. (7.7)
Using order statistics [74], the PDF of the RV A is given by
_ (8[Fs(s)]"
falr) = < 55 _ (7.8)

where Fg(s) is the CDF of RV S. Then, (7.8) becomes [76]

fa(r) = L[Fy%l?zl(’m%l]bl <g§> mexp <—7—£€>rm“1, r>0 (7.9)

where (-, -) is the lower incomplete gamma function. It was observed in [115] that,

for practical values of the number of interferers, the different interferer’s power and

equal interferer’s power assumptions give almost the same outage probability. Thus,

for the case of equal interferer powers P = P;, the PDF of B = }:fil ij is given by
1 X y

fely) = T(EnE Yz exp (—5) y >0 (7.10)

which is a chi-square PDF with K degrees of freedom or gamma PDF with parameters

% and Q. Now, the outage probability is written as

Py = PI‘(POA <Q)

PYB
o0 [o.¢] 1 5_1 y
= —_— —=) dy dr. 7.11
/ fA<r>/%F(%m_§yz (- ayarn ()
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By using [76, eq. 9.6.1], eq. (7.11) becomes

Po = P(K)/ fa r)F(IQ( PI;’TQ) dr (7.12)

where I'(-,-) is the upper incomplete gamma function [76]. Substituting (7.9) in

(7.12), the outage probability becomes

o=t | D E)] 1 (5 ) ()

(7.13)

Eq. (7.13) is evaluated numerically!

7.3.2 Maximum Signal-to-Interference Power Ratio (SIR)

Selection

When the maximum SIR selection algorithm is employed, the branch with the maxi-

mum instantaneous SIR is selected. The outage probability is written as [86]

Py = (Pr[SIR; < ¢,7 = 1])*. (7.14)
Now
. PyS
Pr[SIR; < q,j=1=Pr| ——0— <gq|. 7.15
[SIR; < g¢,j=1] PYS K X2 q} (7.15)

For the case of equal interferer powers, using (7.7) and (7.10), eq. (7.15) becomes
Pr[SIR; < q,j=1] = / fs 3)/ fa(y)dyds
0

K PQS
F(K/ fs(s (E—,prq)ds. (7.16)

!There is a closed form expression for (7.13) using the Lauricella function proposed by Aalo et

al. in a submitted manuscript.
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There is a closed-form expression for (2.15) using [108, eq. 16] and it is given by

K
Pr(SIR; < ¢,j = 1] = Iz, (m, —-2-) (7.17)
where Z(q) = —:—’}',‘—g— o> and I (-, ) is the normalized incomplete beta function defined
MTQPYq
as
T'(a+b) /w -1 b-1
I(a,b) = 11— ldt, O<z<l. 7.18

Then, the outage probability becomes

Pp= [Is(q) (m, %)] g (7.19)

7.3.3 Maximum Output Power Selection

In the maximum output power selection algorithm, the branch with maximum in-
stantaneous total output power is selected. Then, the outage probability is given
by [86]

P0=L-Pr<-§—1<q,51+Bl>Sj+Bj,j7£1) (7.20)
1

where S; = PyR%; and B; = PY Y1, X2. Now, from (7.7) and (7.10), the PDF of
RV §; is given by

fs;(s) = F(lﬁ) <P(7l?)s) exp (— P:?)s s) s™ s>0 (7.21)

and the PDF of RV B; is

1

7 y=lexp (-———y—>, y > 0. (7.22)
2

The RVs S; and B; are independent. Thus, the joint PDF of S; and B; is written as

(P;?? )m smlyF -l .
8 - “Bya 0.
I(m)I(X)(PYQ)* exp ( j2X¢) 3) exp ( PYQ)’ 5> 0,y >
(7.23)

fSlBl (37 y) =
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The RVs U; and V; are defined as U; = S;/B; and V; = S; + B;. Using conventional
methods the joint PDF of RVs U; and V; is given by

m
m m—1, m+ 51 v mu 1
(Poﬂs) wrTvThE T exp [ T+u (Poﬂa + PYQ)]

f u,v) = , U> 0, v > 0.
o () D(m)T(£) (PYQ)F (1 + u)™5
(7.24)
The outage probability in (7.20) becomes
PO=L-Pr(U1<q,V1>Sj+Bj,j76l). (725)

The RVs §; and B; are independent and nonidentically distributed gamma RVs.
Using the method presented in [87], the pdf of RV V; = S; + B; is given by

m K mtKtk—1 oo w
ot = () (“’")22‘5""’“ il

. w>0 (7.26)
Poss WPY/ = T(m+ £ + k)am gk
where @, = min[2& OQPY] and
k+1 !
My K am \! _
Okt = k+1z{ ( QSP0> +‘5(1‘pr> Oti-ty  £=0,12-
(7.27)

with initial condition dy = 1. Now, the Pr(S; + B; < V1) is

v wmte K tk— 1eXp (_ﬂ.)

My, am
Pr(Sj+Bj <V1) = (POQ ) (QPY) Z(Sk/() ) m+2+kdw

M(m+ % +k

m+ 5 +k, &

= (T;O%m) (QPY) Z‘Sk [1 - (I‘(m+7 +,/5m>} {7.28)

Then, the outage probability in (7.25) is written as

q 0o
PO = L/ du/ fUl‘/l(uvv)[Pr(Si+Bi < %)]L_ldv

= / du/ fU1V1 u, ’U
L-1

£ P{m+g+ka
(35)" )" [l— it v
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Eq. (7.29) with (7.24) provides the outage probability for arbitrary diversity order.
It involves with a double numerical integration. However, when the diversity order is
two, eq. (7.29) can be further simplified. It specializes to

T L
0

D(m)T(5)(PYQ)¥ (1 +w)™ % i

Il

Po

o0 I'({m+& 4k 2
x/ pmtE 1 exp [— i (mu + ! >] 1-— ( 2 am) dv
0

1+u \RQ, PYQ I(m+ £ +k)

L (s2) " Tm + D)o
0 F(m)F(K)(PYQ)K( )"”'}2g

Z&k [1—

PyQls + Fva PYQ

Iz{ m—+ % + k)} du (7.30a)

where
14+u

’_)’ = mu + 1 '
Py PYQ2

Eq. (7.30a) provides the outage probability of dual-branch maximum output power

(7.30b)

selection diversity.

7.4 Switched Diversity

In predetection switched diversity, a switching metric of a particular diversity branch
is continuously compared with a predetermined threshold value, and if the branch
metric is greater than the threshold, the same branch is selected. Otherwise, the
output is switched to other branches until a branch with metric greater than the
threshold is found [14]. If all the branch metrics are below the threshold, the output
switches branches cyclically and never settles to any branch. The switching metrics

considered are desired signal power, SIR and total branch power. An expression for
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the outage probability of a L-branch switched diversity scheme in Nakagami/Rayleigh
fading is derived and an expression for the optimum switching thresholds is also

obtained in this section.

7.4.1 Desired Signal Power Switching

For the desired signal power switching criterion, the outage probability is given by

[14], [13]
P, = Pr(SIR<g)
= Pr(SIR; < q|S; < ¢, for all 7) Pr(S; < ¢ for all 5)
+Pr(SIR; < ¢|S; > ¢ for at least one j) Pr(S; > ¢ for at least one j)

= 1-[Pr(S1 < O)F+Pr (%11- < q|S; > C) (1 =[Pr(S1 < Q1)

_ L 51 (1~ [Pr(S1 < Q))F)
= [Pr(S; <{)]"+Pr (Bl <q,5 > C) Pr(S, > 0) (7.31)
where ( is the desired signal power threshold, from (7.21)
7 (™, B
Pr(S; < ¢) = —(?(7-7:)—”) (7.32)
and
I (m, 2%
Pr(S, > () = —(?@P—;f’—) (7.33)

Now, let RVs Uy = S;/B; and Wy = S, then the joint PDF of RVs U; and W, is
given by [74], [133]

m m m+E_1 m 1
) = \Ro wE T exp | ~W | a,p T wapy

For o v T(m)[(X)(QPY)Fuz+]

, u > 0,w > 0.

(7.34)
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Then, the Pr (—g—} <gq,5 > C) is

Pr (i <q,51 >C> = Pr(U1<q,W1>C)

B,
q )
= /du/ fou.w, (u, w) dw
0 ¢

_ /q (I—D;—';z—s)mf(m+%,C[§;"}ipg+m1],—y])
" DmTE)OPY)E [ + oiby] T ub

K4
0.0 T wapy 2

(7.35)

Eq. (7.31) with (7.32),(7.33) and (7.35) provides the outage probability for arbitrary
values of m, K and L. The optimum switching threshold in the minimum outage

probability sense is given by
0Pp _
¢ le=¢o

Using the definitions of the lower and upper incomplete gamma functions and Leib-

(7.36)

niz’s rule [76], one has

ov(a, bz)

— e _ a-1
5 = —b%exp(—bz)=x (7.37)
ol(a,br) a1
5, = b® exp(—bzx) 2. (7.38)

Now, from (7.36), the optimum switching threshold is a solution to a nonlinear equa-

tion and is given by

r (% o)
LOE (D] — Gy)? = (D]} = OF) (D] — O —- 20
L% *
Pr (%11 <gq,S1> C0> Tlm] [(C[m])* + LT[m]C{™' = (L+1)Cf] =0 (7.39)

where C; = v (m, T'%%)’ and thus ' (m, %499;) = I'[m] — C,. Eq. (7.39) is solved

numerically to obtain the optimum switching thresholds.
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7.4.2 Signal-to-Interference Power Ratio (SIR) Switching

For the SIR switching criterion, assuming the first branch is in operation, the outage

probability is given by

Po = Pi(SIR<q)

.

(

Pr ([STRy <IN [SIR, <N+ N[SIRL <(]), g <(
Pr ([g < SIR; < q|U[[SIR; < ¢]N[¢ < SIR, < q]]
U[[SIR; < ¢]N[SIRy < {IN[¢ < SIR3 < ¢JJU" -

([SIR; < (]N[SIRy < ¢]N---
NSIRL-1 <(¢]N[¢ <SIRL < ¢
U[[SIR: < ¢JN[SIR, < (]N---N[SIRy < c]]), a>¢

(7.40)
U

where ( is the signal-to-interference power ratio threshold. When ¢ < (, the first

branch is not in outage condition; however, SIR; is less than the switching threshold

and, thus, the receiver cyclically switches branches and never settles to any branch.

Hence, this is an outage condition. When ¢ > (, outage occurs in the following

situations: if the SIR, satisfies ( < SIR; < gq, i.e. the receiver does not switch

from the first branch or if the first 7 — 1 branch SIRs are less than ¢ and the j-th

branch SIR satisfies ( < SIR; < ¢, j € [2,--, L] or all the branch SIRs are below (.

Assuming the branch SIRs are statistically identical, the outage probability is given
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[Pr(£25 < O, g<¢
Pr(¢ < 8% < ¢) + [Pr(£5 < OF+

Po = § Pr(£5% < ()Pr(¢ < &5 <)

+Pr(F5 < OPPr( < 25 <)+ +

| Pr(&5 < QIFPr(¢ < &% < q), ¢>¢
[P :
_ [ r(PYB it AP Q<<' (7.41)
L PI‘(<< PYB <q) 1— P(};%<C) +[PI‘(PYB <C)] q>€
From (7.17),
Py K
pe (25 <€) =1 (m ) a2
and
PyS K
Pr ( P;,B < q) = Iz (m, —2—> : (7.43)

From (7.42) and (7.43)

FS K K
( PYB ) = IE(Q) (m’ 3) - IE(C) (ma E) : (7'44)

Eq. (7.40) with (7.42), (7.43) and (7.44) provides a closed-form expression for the

outage probability. Now, it is easy to show the outage probability in (7.41) is a
monotonically decreasing and increasing function of { in ¢ > ( and g < (, respectively.

Thus, g is the optimum switching threshold for this SIR switching scheme.
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7.4.3 Total Branch Power Switching

When the total branch power switching criterion is employed, the outage probability

is written as [14], [13]

Py, = PI‘(SIR < Q)
= Pr(SIR < q|S; + B; < ¢, for all j) Pr(S; + B; < ¢, for all )
+ Pr(SIR < ¢|S; + B; > ¢, for at least one j) x

Pr(S; + B; > (, for at least one j) (7.45)

where ( is the switching power threshold. Now, (7.31) becomes [14], [13]

1 —[Pr(S; + B, < ()}*

_ L
Po=[Pr(S1+B; < ()" +C 1 —Pr(S; + B; < ¢)

(7.46)

where

C = Pr (S—<q,Sl+Bl>(>

= / / fouw (u,v) dudv
mu 1

m-1,m+£-1 v [ mu . 1
_ /du/ Pons " ymetym s exp l:—l-:)-u (POQS-*_PYQ)] dv (7.47)

K

L(m)D(5)(PYQ)% (1 +u)™

/" (PQQ ) u™r (m+ ’ﬁ—I (le;zts ‘*‘7"196)) d
mi K
* rmDE)(PYQ)T <Pr:$s +ﬁ1,_n> I

where (7.48) is derived from (7.47) using the definition of the upper incomplete gamma

u (7.48)

function [76]. From (7.28), Pr(S; + B; < () is written as

m e
Pr(Si + B; < ¢) = (Z%"‘) (QPY) Z(Sk [1— ((;+ _:: k")’“)} . (7.49)

Eq. (7.46) with (7.48) and (7.49) provides the outage probability for arbitrary diver-

sity order in micro-cellular systems and is easily evaluated numerically. The optimum
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switching threshold is obtained following a similar analysis to that presented in Sec-

tion 7.4.1.

7.5 Numerical Results and Discussion

In this section, some numerical results are presented. The outage probability analysis
is performed with the following system parameters and assumptions. The excess
bandwidth of the pulse shapes are assumed to be 100% (8 = 1). However, our analysis
holds for arbitrary values of excess bandwidth. There are six interferers in the system.
The interferers are assumed to have equal power levels. For practical values of the
number of interferers, for e.g. six interferers, the distinct power assumption gives
almost the same results as the equal power assumption [115], under the assumption
that the total interference power is the same. An interference limited micro-cellular
system is considered with a Nakagami/Rayleigh fading model. The desired user fading
parameter, m = 5. The average SIR in all cases is assumed as 5 dB.

Figs. 7.1, 7.2, 7.3 depict the outage probability performance versus the SIR thresh-
old, ¢ of selection diversity with maximum desired power, SIR and total output power
selection criteria, respectively for SRC and BTD pulse shapes and diversity orders 1,
2 and 4. It is interesting to note that the BTD pulse is about 0.8 dB better than the
SRC pulse at outage probability =1072 in all cases and this improvement remains
about the same for the different diversity orders. When the diversity order increases
from 1 to 2, the outage probability gains are about 2.8 dB, 4.0 dB and 1.8 dB for
maximum desired power, SIR and total output power selection criterions, respectively
at outage probability =1073. For a diversity order increase from 2 to 4, the gains are

about 1.7 dB, 3.0 dB and 1.5 dB, showing diminishing returns.

159

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



1
(4]

Outage Probability
=

=y
oI
o

107
107
. ISIARSRIRRRSINEES
10 —— SRC Pulse ||| 73
.......................................................................... — - BTD Pulse |-*
10‘10 + l # l | l

-10 -5 0 5 10 15
Threshold SIR, q for Outage [dB]

Fig. 7.1. The outage performance of selection diversity with a maximum desired

power criterion for average SIR=>5 dB.
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Fig. 7.2. The outage performance of selection diversity with a maximum SIR

criterion for average SIR=5 dB.
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Fig. 7.3. The outage performance of selection diversity with a maximum output

power criterion for average SIR=5 dB.
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Outage performance comparisons of selection diversity with the three selection
criterions and identical system parameters are presented in Figs. 7.4 and 7.5 for
SRC and BTD pulse shapes, respectively. In both cases, when the diversity order
is 2 the desired signal power selection criterion is about 1 dB better than the total
output power criterion and the SIR selection criterion is about 1.2 dB better than
desired signal power criterion at outage probability 10~%. The corresponding outage
performance gains are 1.2 dB and 2.5 dB for diversity order L = 4. It is observed
that the performance gain increases with the diversity order, as expected.

Fig. 7.6 depicts the outage probability performance versus the desired power
switching threshold, ¢, for switched diversity with the desired power switching crite-
rion. When ( is less than the optimum switching threshold, the outage probability
of the system with the BTD pulse shape is better than that of the systems with
the SRC pulse shape but the diversity order does not have any significant effect on
the performance. For values of { greater than the optimum switching threshold, the
outage performance of L = 4 is better than that of L = 2 but pulse-shaping does not
have any effect. The optimum switching threshold versus the SIR threshold, ¢ for
outage is presented in Fig. 7.7 for SRC and BTD pulse shapes with L = 2 and 4. The
outage probability performance versus the SIR switching threshold ( is presented in
Fig. 7.8 for switching diversity with the SIR switching criterion. It is observed that
the optimum switching threshold, (; = ¢. The system with BTD pulse-shaping gives
better outage performance than that with SRC pulse-shaping. Fig. 7.9 shows the
outage probability performance versus the total output power switching threshold, ¢,
for switched diversity with the total output power switching criterion. A quite similar
behavior to the switched diversity with the desired signal power switching criterion is

observed. The optimum switching threshold versus the SIR threshold, ¢, for outage
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Fig. 7.4. Outage performance comparison of selection diversity with maximum
desired power, SIR and output power selection criteria for average SIR=5 dB

and SRC pulse shape.
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Fig. 7.5. Outage performance comparison of selection diversity with maximum

desired power, SIR and output power selection criteria for average SIR=5 dB

and BTD pulse shape.
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Fig. 7.6. The outage performance of switched diversity with desired power switching

criterion for average SIR=>5 dB.
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Fig. 7.7. The optimum switching threshold for switched diversity with desired power

switching criterion for average SIR=5 dB.
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Fig. 7.9. The outage performance of switched diversity with total output power

switching criterion for average SIR=5 dB.
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Fig. 7.10. The optimum switching threshold for switched diversity with total output

power switching criterion for average SIR=>5 dB.
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is presented in Fig. 7.10 for SRC and BTD pulse shapes with L = 2 and 4.

7.6 Summary

Exact outage probability of the predetection selection and switched diversities has
been studied in micro-cellular systems with a Nakagami/Rayleigh fading model.
Three selection and switching criteria, namely, desired signal power, SIR and to-
tal output power were considered. The outage probability expressions were derived
for an arbitrary number of interferers, arbitrary diversity order and arbitrary value of
desired user fading parameter. A system with BTD pulse shape gives better outage
performance than that with SRC pulse shape for identical system conditions. It was
found that the SIR selection criterion provided the best outage performance, and
the total output power criterion had the worst. Their outage performance difference
increased with the diversity order. The optimum switching thresholds for the three

switching criterions were found.
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Chapter 8

Conclusions and Suggestions for

Future Work

In this chapter, we draw our conclusions and present possible directions for future

research.

8.1 Conclusions

In mature wireless communication systems fading and CCI or MAI degrades the
BER performance and they normally cause an error floor in the BER performance.
Currently, CDMA and conventional narrowband systems such as TDMA and FDMA
are the access methods used in practice and the CDMA takes over as the main
access method in third generation wireless communication systems. The topics of
interference and fading mitigation have long been studied in the literature. The
exact performance evaluation of such systems is often needed but may be difficult.
The MC computer simulation method may also suffer due to the long execution time

per trial.
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This thesis examined the CCI or MAI mitigation in wireless communication sys-
tems in fading environments. Several interference whitening receiver structures and
conventional receiver diversity schemes were studied. The exact performances of such
receivers were studied analytically in most cases. In the other cases, MC computer
simulation or approximation methods were invoked for the performance estimation.

In summary:

1. The cochannel interference mitigation using interference whitening for BPSK
systems in micro-cellular fading environments has been considered. A flat slow
Nakagami/Rayleigh desired/interfering user fading model was assumed. Four
receiver structures were studied. Two Nyquist pulse shapes namely, SRC and
BTD pulse shapes and the NRZ rectangular pulse shape were considered. An ex-
tensive performance comparison study was presented using characteristic func-
tion and approximate Fourier series methods for a variety of fading situations of
the desired user. The proposed receivers require only knowledge of the total in-
terference power and the pulse-shaping of the interferers at the receiver. These
parameters may be available in conventional receivers for the power control or
diversity combining. As the receiver structure changes with the parameters

thus, these receivers are adaptive single-user receivers.

2. The BER performance analysis of bandlimited DS-CDMA system in slow, flat
Nakagami-m fading channels has been considered. Several computationally effi-
cient Gaussian approximation methods and an exact CF method were studied.
Gaussian approximation methods were validated using MC computer simula-
tion. The SRC and BTD pulse-shapings were employed. The performance with

BTD pulse-shaping was always better than that with SRC pulse-shaping. For
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systems with random spreading, the BER expression derived using the IGA
method with the CF provided the most accuratevresults with reasonable com-
putational complexity. The K + 1 fold numerical integration was reduced to
2-fold iterated numerical integration. The IHGA provided accurate results only
at high average SNR values. The HIGA performed poorer than the SGA for
bandlimited DS-CDMA systems in Nakagami fading.

3. Average BER performance analyses of three diversity receivers for a bandlimited
DS-CDMA system in slow, flat Nakagami fading channel were presented. The
well known combining schemes, such as, MRC, EGC and SC were considered.
The bandlimited Nyquist pulse-shapings, namely, SRC and BTD pulse-shapings
were employed. A closed-form BER approximation was derived for the MRC
using the SGA and BER approximations for the EGC and SC schemes entailing
numerical integration were derived using the SGA and the IGA. The computa-
tional complexity does not increase with the number of users or the diversity
order. These results are valid for arbitrary diversity order and arbitrary Nak-
agami fading parameter. The performance with BTD pulse-shaping is better

than that with SRC pulse-shaping in all cases examined.

4. A multiple access interference suppression method for a bandlimited DS-CDMA
system in slow, flat Nakagami fading was considered. The whitening matched
filter receiver proposed in [23] was employed with a fractionally spaced MMSE
equalizer to combat the ISI created by the WMF. The precise BER performance
was derived using CF and approximate Fourier series methods. Without the
equalizer the average BER is 0.5 for all values of average SNR and number of

interferers. The system employing the new BTD pulse outperformed the system
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using the SRC pulse when the same system parameters were considered.

5. The exact BER performances of coherent BPSK and QPSK systems with CCI
and fading have been investigated. Closed-form expressions for the character-
istic functions of CCI for a BPSK system with independent Nakagami faded
interferers and a QPSK system with independent Rayleigh faded interferers
have been obtained. The average BER expression was derived in single inte-
gral form and is readily evaluated numerically. The accuracy of the Gaussian
approximation for the CCI was assessed and found to be more accurate in the

precence of large number of interferers, as expected

6. The accurate performances of coherent bandlimited BPSK systems with EGC
and SC in CCI and fading have been investigated. Exact integral results were
obtained for arbitrary diversity orders and Nakagami fading parameters. The
computational complexity does not increase either with diversity order or num-
ber of interferers. The superiority of the BTD pulse over the SRC pulse was

once again observed and the superiority increases with the diversity order.

7. The outage and BER performances of coherent bandlimited BPSK with MRC in
CCI micro-cellular systems have been determined. The Gaussian approximation
is quite accurate for BER estimation for six or more interferers. The superiority
of the BTD pulse over the SRC pulse was once again observed. While the
superiority in BER performance increases with diversity order, the superiority
in outage performance remains approximately the same for different diversity

orders.

8. The exact outage probability of predetection SC and SWC diversities has been

studied in micro-cellular systems with a Nakagami/Rayleigh fading model. Three
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selection and switching criteria, namely, desired signal power, SIR and total out-
put power were considered. The outage probability expressions were derived for
an arbitrary number of interferers, arbitrary diversity order and arbitrary value
of desired user fading parameter. A system with BTD pulse shape gives better
outage performance than that with SRC pulse shape for identical system con-
ditions. It was found that the SIR selection criterion provided the best outage
performance, and the total output power criterion had the worst. Their out-
age performance differences increased with the diversity order. The optimum

switching thresholds for the three switching criteria were found.

8.2 Suggestions for Future Work

1. The results for interference whitening receivers can be extended to linear sub-
optimum multiuser receivers. A bank of WMFs can be used instead of bank
of conventional MF as the first stage in MMSE and decorrelating multiuser
receivers. The conventional matched filter maximizes the SNR in AWGN chan-
nels but the WMF maximizes SNIR when the MAI is present with the AWGN.
Thus, the new structures may give better performance than multiuser receivers
with conventional MFs in multiuser channels. The WMF requires knowledge
of the total interference power and the pulse-shaping of the interfering users.
As this information is already available in the MMSE receiver, no new informa-
tion is required for the MMSE receiver with interference whitening. However,
decorrelating receiver with interference whitening needs to estimate the total

interference power for each user.
2. A jointly optimum combining receiver for space diversity reception was proposed
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by Winters [36] to jointly combat both CCI and fading. The SNIR in all diversity
branches are jointly maximized using adaptive array techniques. There are some
shortcomings with this scheme. The number of antennas should be larger than
number of interferers. Otherwise a few dominant interferers are considered
and the remainder are treated as background noise. When there is only one
antenna this receiver structure neither combats fading nor CCIL. This scheme
cannot be used with RAKE receivers. An individually optimum combining
scheme to combat CCI and fading individually can be considered. The receiver
structure consists of a whitening matched filter and a linear MMSE equalizer
in each diversity branch and the branches are combined using maximal ratio
combining. The whitening matched filters individually maximize the SNIR in
each branch. Now, the individually maximum SNIR is always greater than or
equal to the jointly maximum SNIR. So the individually optimum combining is
better than jointly optimum combining in a SNIR sense. This proposed receiver
structure is more general than the structure proposed in [36] and does not have
the shortcomings mentioned above. The complexity of this receiver structure is

somewhat greater but comparable.

3. The effects of interference whitening receivers in multiple-input-multiple-output
(MIMO) channels can be considered. Recently, a simple transmit diversity
scheme was proposed by Alamouti in [134] and this scheme drew lot of attention
in the literature. The performance of a whitening matched filter and MMSE
equalizer structure in independent and correlated fading for simple receiver and
transmit diversity schemes in the presence of CCI can be studied. When the
fadings of the transmit diversity branches are correlated, the whitening filter

should consist of temporal and spatial whitening filters.
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4. Performance analysis of bandlimited DS-CDMA in flat fading channel was con-
sidered. A more appropriate model for a CDMA system with frequency selective
fading channels and a RAKE receiver structure [65] may be considered in the
analysis. As the exact analysis is difficult, the Gaussian approximation methods

considered in this thesis may be extended to study the BER, performance.
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Appendix A

In this appendix, we derive the exact BER expression for the whitening and SNIR
maximizing filter receiver with Nakagami/Rayleigh fading model and SRC and BTD
pulse-shaping using the CF method [45], [46]. The total CCI component at the output
of the WMF or SNIR maximizing filter is

K [BT K
Iccr = Z —2-R5 cos(¢;)p; = Z-[ia (A1)
i=1 =1

i=

where

I = \/P;T& cos (¢;) (k:z_l;v, bi[k]Qk,i) (A.2)

where gr; = q(—kT — 7;) and q(t) is the time domain pulse of Q(w)|H(w)|?. We
assume that the cross-term ISI contribution of the i-th interferer is limited to 2Ny +1

terms. Then, the conditional CF of I; given X; and 7; is [43], [45]

ol PT
(I)IiIXi,Ti (w) = H Cos ( _;'—'XiWQk,i> (A.3)
=—N;

where X; = R; cos (¢;), which is a zero-mean Gaussian random variable with variance
Q;/2. Averaging out X; and 7; in (A.3) gives

T co Ny ]
On(w) = %/0 |:0+ fx,(2) H cos (\/P—;illqu(kT—u))dx

k=-N;

du.(A.4)
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Since the CCI and background noise are independent, the CF of the total CCI and

the background noise is

Pr(w) = D100 (W) Prp (W), (A.5)

w2
where @, (w) and ®,,(w) (= e~ 7) are the CF of the total CCI and background
noise, respectively. Assuming the interference from different users are independent,

we can write the CF of the total CCI as

K
Proer (w) = H @y (w) (A.6)

The average BER, conditioned on R, is written as

P,T
P, = P |\ B Rl oo+ <l = 41
1 1 [toosin ( f;—:’:st)
= g7 o : A.
2 7r/0 o 7(w)dw (A7)

The average BER, for the case in which there is no fading for the desired user, can
be obtained from (A.7) by substituting B, = 1. When the desired user undergoes

Nakagami fading, the average BER becomes

1 D(ms+3) [PTQ, [T 1 3 —PTQuw?
Py = 5 - 7rI‘(ms) o, /0 CDT(w) 1F1 (ms + 5, 5, —W) dw, (A-S)

where 1F;(-) is the confluent hypergeometric function. Note that (A.8), through

®7(w) which contains double integral in (A.4) through ®;,(w) and (A.5) and (A.6) is
a triple integral. As there is no general closed-form expression for the triple integral

in (A.8), it is evaluated using numerical integration.
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Appendix B

In this appendix, we derive the optimal tap coefficients which maximize the signal-

to-noise-plus-interference ratio in (2.38). One has

2 T2
ovig ~ RTERE (27a)

2 ofR,o

PTR: |zTal?
2 ofTUAUTa (B1)
_ PTRZ|zTUA"3A3UTqf (B2)
B 2 aTUAzZA:UTq .
. BRTR: |zTUA~Z [ |AzUTalf? (B.3)
-2 |AZUTq)? '

P 2
= ——s—glﬁwTRglm (B.4)

where (B.1) results from eigendecomposition [135] of R., and R, is a positive definite
matrix. Matrix U is an orthogonal matrix which contains the eigenvectors corre-
sponding to different eigenvalues of Ry in columns. Matrix A is a diagonal matrix
with the eigenvalues as elements. Eq. (B.3) is written by Cauchy-Schwartz inequality
for matrices [135]. The equality in (B.3) holds when

AiUTa = A"iUT:

= R,a = =z. (B.5)
Thus, (B.4) is maximum when « is the solution to eq. (B.5).
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Now, we present the inverse Fourier transform of |H(w)|? and |H(w)|* for the SRC
and BTD pulses with 100% excess bandwidth (8 = 1). For SRC and BTD pulses with

B = 1 the inverse Fourier transforms of |H(f)|*> are obtained by substituting 8 = 1
g

in (2.12) and (2.14), respectively. For the SRC pulse-shaping, |H(f)|* is written as

BOF = T (2 teostrry + 2eos2nTh)),  -E<i<i (B6)
= 7|3 T 5 cos(2m , 7sf<z .
and the inverse Fourier transform is given by

3T sin(2zt)
hy(t) = 4 L : (B.7)
Fa-:0-5%)
For the BTD pulse-shaping,
Texp(~4TIn[2]f) 0<f< i
[ HOI = { T2 - 2T%xp (2Th[2)(f — L)) + (B.8)
Texp (4T2)(f - 4)) < f<h
and
in (27t) — gin (&t
halt) = T {Sm( ) Sm(T)] +
it
- TIn(2][2 — cos (%) + 2 cos ()] + wtsin ()]
(2T1n[2])2 + 22
- TIn[2][2 cos (3££) — cos (Z£)] + wt[2sin (3E) — sin (ZE) (B.9)
(T1n[2])? + 72¢2 S
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Appendix C

In this appendix, we derive the exact solution ¢(t), to the integral equation in (2.49),

given by
T
or(t) = q(t) + P / 8(t - u)g(u)du (C1)
0
where
1- J%l, if 7| <T
¢(r) = : (C.2)
0, Otherwise

To solve the integral equation, we use the method proposed in [142] for triangular

kernels. Substituting (C.2) in (C.1)

gr(t) = q(t)+P Ot (1 - -;— + %) g(u)du+P /t i (1 + % - %) gu)du, 0<t<T.
(C.3)

On the open interval 0 < ¢t < T, differentiating (C.3), with respect to t [76], gives

¢ T
gr(t) =4¢'(t) — ;/0 g(u)du + —g/t gluydu 0<t<T, (C.4)

and differentiating (C.4) again on the open interval 0 < ¢t < T, gives

B =) - Talt)  0<t<T (C:5)

In the open interval 0 < ¢t < T, g7(t) = 0. Thus, eq. (C.5) becomes

')~ at) =0, ()
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This is a homogeneous differential equation of order 2. Then, the solution is in the

form of [137]

q(t) = Cle\/gt + 026_\/2%_;:t

0<t<T,

(C.7)

with the boundary conditions at £ = 0 and £ = 7. Now, at the boundary conditions,

by substituting (C.7) in (C.3), a pair of simultaneous equations in C; and C, are

obtained as

where

a;
Qs
b

by

a101+a202 = KQ\/T

5,01 + 6,0, = K*VT,

[2P
T b
K2TeXT + P[1+ XT(KT - 1)],
K*TeXT 4+ P[1 — e *T(KT + 1)),
KT + PleXT — 1 - KT,

KT + Ple™®T — 1+ KT.

Now, from (C.8) and (C.9), the constants C; and C can be written as
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KZ\/T(bz — ap)
(albz - 5102) ’

K*VT (b, - ay)
(blaz - albz) .

G

C, =
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Appendix D

Derivation of E[U;] and E[V?]

In this appendix, we derive E[¥;] and E[¥2] for the SIGA method. The quantity Uy

is given by
+00
U, = BXITIN Y ¢*(GT.—T) (D.1)
1=—00
= NPXIT? [1 - % + M@] . (D.2)

Then the mean of ¥, is written as

[o9]

> ¢P(iT. - Ti)

i=—00

PTINQ 1 [T
s [ ey (D3)

EV,] = PT:NEAXZE

1T

The second moment of ¥y is written as

E[V2] = PXT'N’E[X!|E

[1 B % + Cﬂcos(27er)]2}

2
3PITIN’T(m+2) (Q)° (B, B
8T (m) (a) H“?] L R
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Derivation of {A,},_,, and {Ex, 1,[(Y — Y)"]}2_;

The expression Y — Y is written as

Y-Y=B-C (D.5)
where
K
B=Y PAITN [1 S (zﬂTK)] (D.6)
k=1
and
9 2
C= I;N[l—%é];m (D.7)
Then,
E(Y -Y)] = 0, (D.8a)
E[(Y -Y)? = E[B?-C? (D.8b)
E[(Y -Y)® = EB®)-3CEB? +3C%E[B] - C?, (D.8c)

E(Y - Y)Y = EB*]-4CE[B% + 6C’E[B?) —4C3E[B] + C*. (D.8d)

Using E[R}] = E(Fl(:;)%l (%)% and Elcos? (6;)] = L+ and the fact that Ry, 6y

VrET(+1)?
and T} are iid RVs, E[B] = C, and
K 2
2 = 3PL(m+ TN (Q 3.
EB* = ST —~ ) L= CB+5CB)" | +

k=1
v RAYLNV [1 _ C_ﬂ_] (D.9a)

k#3, 2 2
K(K-1)/2 terms

205

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



BBY] = §5P2P(m+3)T3N3 (2) [i-32. e sy |

16 T(m) m 2 8 16
9P, P2T'(m + 2)TSN3Q / 2
> S () [ -4
k#3,
K(K-1) terms
3P P,PO3TSN?
> L Jﬁl : [1—%] (D.9b)
k#j#l,

K(K-1)(K-2)/6 terms

+
s 128 T (m)

4 128
5 5PPT(m+3)TEN'Q ( Q)
8I'(m) *

E[B4]=i35PéF(m+4)T£N4 <%)4[ ~acp 4 X" 5P 35(4/3)4] .

ki, m
K(K-1) terms

132, X s, o]

2 8 16 2
27TP2PXT2(m + 2)TEN* [\ * 3(¢4)21?
o 32T2(m) m 8
K(K~1)/2 terms
3 9P, P;P2T(m + 2)TEN4Q? (Q ) 2 y
b, 8 I'(m) m

K(K-1)(K-2)/2 terms
2
{ Cﬁ+3(Cﬂ) ] [1_% N
5 3P, P;P P, T8 N* [ Cﬁ]

2 )
k#£j#l#n,
K(K—-1)(K-2)(X-3)/24 terms

(D.9c)

The f(Y) in (3.39) is given by

f¥)=Q (\/5’—1{%@2—@) : (D.10)

Using the Leibniz rule [76), the second derivative of f(¥) wrt to ¥ is given by

f(g)(?)_PgﬂRgN-'in _—_}ﬁﬁ_}@ 3‘/P0R0NTC _PokzNsz
T oamys TaonvE (D.11)
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Then averaging the (D.11) over the Nakagami PDF, A, is written as

P N3T? T (2252) (3)"
Ay =

3VBNT,T

=) (8)”

pONZTZ:I 2

437 V3T (m) [g;-

The third derivative f®)(Y) is

3)(§
/o) 8\/2717ll

15P2 RONTC PoRQzN"’T2

8V27Y3

Then Aj is obtained as

N5T5F (2m+ ) (

D

(=
4\/51/2 I'(m) [% ME&]%

5
PERNSTS gzt

_. (D.12)

2Y

5P2R3N3T3 -PoR"“’QNzT?
2Y +
4+/ 27TY2

(D.13)

A . 2
3 —
827 7% I'(m) [g

155 NT,T (2mt

2
"

\-/
5|§ *<
)

3

5P§N3T3F (2mt3) (m)™
S +
T D(m) |2+ 255%2]

_; o] B (D.14)
8v2r ViT(m) [2 + —,-,—a]
The fourth derivative of f(Y) is
@ (y Po RIN 7T7 e L 21P; RENSTS Y
) = 16\/2 vE 16\/2_Y Vo
T Y3
105Pf RIN'T? -monts2  105P3 RyNT, ronfpia?
— 11 2 _—_— € (D.15)
16v27Y % 16 V2773
Then Ay is given by
3 m
A4 _ P02 N7T7F (2m+7) (ﬁ)m 21P02 N5T51-\ (2m+5) (%) .
P Imts
16v2r 7 D(m) [+ BI2| * 16V27 7R T(m) [+ BT ]
10557 N3TST (213 (m)™ 105P7 NT,T (2mtL) (=)™
= 11 Py N2T2 2_2.‘__3 =9 Py N2T2 21%1-_1
16v27 Y2 I'(m) [%‘- —"—-—‘-] 16v/27 Y2 T'(m) [% + _0_2)_;4]
(D.16)
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