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Abstract

Recently, it has been shown that Multiple Access Interference (MAI) can-
cellation is a promising technique for improving the performance and capacity
of the reverse link in a Code Division Multiple Access (CDMA) cellular system.
However, it has been observed that indiscriminate cancellation of all received
signals can degrade performance. This thesis explores the use of selective can-
cellation to improve the performance of practical CDMA systems. First, this
thesis considers the performance of adaptive interference cancellation applied to
a CDMA microcellular environment. This thesis employs a circular geometry
and a closed form expression for the Bit Error Rate of a CDMA system with
interference cancellation to analyze the effect of out-of-cell interference. Results
are presented which indicate that out-of-cell interference will severely limit the
benefits of interference cancellation in a multicellular system. Attempts to can-
cel all out-of-cell interference will further degrade performance. However, the
use of selective interference cancellation in which only the strongest out-of-cell
interferers are cancelled may result in significant performance enhancement.
These results are shown to agree closely with those obtained using a hexag-
onal geometry. The MAI is modeled using both the simple and an improved
Gaussian approximation.

This thesis also investigates the use of selective cancellation with bit aver-

aging. Amplitude estimates over several consecutive symbols can be averaged



to improve the accuracy of the estimate. An expression for the BER of the in-
terference cancellation receiver with hard decisions is developed. Results show
that averaging power estimates leads to considerable improvement in capacity.

Results are also presented for the case of perfect power estimates.



Acknowledgments

I would like to express my sincere gratitude to Dr. Brian Woerner for being an excel-
lent advisor and professor. He was a source of constant encouragement and guidance
throughout my academic years at Virginia Tech. The confidence he placed in me
by giving me the opportunity to work on this extremely interesting and challenging
project cannot be reciprocated with mere words. Without his whole-hearted involve-
ment, this thesis would not have been successfully completed. I am thankful to my
committee members Dr. Theodore Rappaport and Dr. Ira Jacobs for their valuable
comments and suggestions.

I would like to thank the Advanced Research Projects Agency (ARPA) and the
Mobile and Portable Radio Research Group (MPRG) Industrial Affiliates for sup-
porting this project.

I am grateful to every member of the Mobile and Portable Radio Research Group
(MPRG) who assisted me through this work. I am especially thankful to Mike
Beuhrer, Ashish Kaul, Nitin Mangalvedhe, Prabhakar Koushik, Kevin Saldanha,
Francis Dominique and Ning Yang for their help from time to time. I appreciate
the help extended to me by the MPRG staff members.

Finally, I dedicate this work to my parents for their love and encouragement.

v



Contents

Acknowledgments
1 Introduction
1.1 Spread Spectrum . . . . . . . . .. ...
1.2 Spread Spectrum Techniques . . . . . . . .. .. ... ... ......
1.3 Direct Sequence Spread Spectrum . . . . . ... ... ... ... ...
1.4 Code Division Multiple Access . . . . . . ... ... ... .......
1.4.1 Advantages of CDMA for Cellular Radio . . . . ... ... ..
1.4.2 Disadvantages of CDMA for Cellular Radio . . . ... .. ..
1.5 Generation and ‘Characteristics of PN Sequences . . . . . . . ... ..
1.6 Direct Sequence Spread Spectrum CDMA Model . . . . . . . ... ..
1.7 Outlineof Thesis . . . . . ... ... ... ... ... ... ......

Receiver Structures for CDMA Systems

2.1

2.2

2.3
2.4

Correlation Receiver . . . . . . . . . . . . ...
RAKE Receiver . . . . . . . . . .
The Near-Far Problem . . . . . . . . . . . .. . . . ... . .....

Multiuser Receivers . . . . . . . . . . . o e

Multistage Interference Cancellation

3.1

3.2
3.3

Adaptive Multistage Interference Cancellation Model . . . . . . . ..
3.1.1 The Interference Cancellation Model . . . ... .. ... ...
3.1.2 Assumptions. . . . . . .. .. e e
Analysis of Receiver Performance . . . . . ... ... ... .. ....

BER Analysis for Interference Cancellation . . . . . . . ... ... ..

iv

T o

10
11
13
13
16
18

20
20
21
23
26



3.4 Extensions . . . . . . .. ... e
3.5 Improved Gaussian Approximation . .. ... ... ... ... ....

3.6 Conclusion . . . . . . . . . e e e e

4 Cancellation of Multicell Interference

4.1 Motivation . . . . . . .. ..
4.2 Cell Layout . ... .. .. .. e e e e e e e e e e
4.2.1 Hexagonal Layout . . . . ... ... . ... .. e e
4.2.2 Circular Layout . . . . ... ... ... ... . ..
4.3 Multicell Analysis of Interference Cancellation . . . . . ... ... ..
4.3.1 Interference Cancellation on In-Cell Users Only . . . ... ..
4.3.2 Complete Interference Cancellation . . . . . . ... ... ...
43.3 Selective Interference Cancellation. . . . . . . . ... ... ..
4.4 Numerical Results. . . . . .. ... ... ... .. ... ... ...,
4.4.1 Circular Layout . . . . . . .. ... ... ... ... . ...,
442 HexagonalLayout. . ... ... ... ... ... ... .....
4.4.3 The Improved Gaussian Approximation . . . . . . .. ... ..

5 Cancellation with Bit Averaging

5.1 Motivation . . . . . . ...
5.2 Hard Decisions . . . . . ... ... .. ... ... ...
5.3 Perfect Power Estimates . . . . ... ... ... ............
531 Analysis . . ... ... ... .. ... ..., [P
532 Results. . .. ... .. .. ...
5.4 Imperfect Power Estimates . . . . . . . ... ... ... ........
5.4.1 Analysis . . . . ...
542 Results. . . ... ... .. .. ...
5.5 Summary . ... ... e e e e e e

6 Conclusions

6.1 Conclusions . . . . . . v v v e,
6.2 Future work . . . . . . ..
Bibliography

vi

43
43
44
44
46
49
50
o1
52
33
93
62
66

71
71
73
75
75
76
80
80
82
94

95
95
96

98



List of Figures

1.1
1.2
1.3

1.4
1.5
1.6
1.7

2.1
2.2
2.3

2.4
2.5

3.1

3.2

3.3

4.1
4.2

Direct Sequence Spread Spectrum system . . . . . . . ... ... ...
Spreading Procedure for N =7 . . . ... . ... ... ...
a. Power Spectral Density of a rectangular pulse of duration 7;, b.
Power Spectral Density of a BPSK modulated signal, c. Power Spectral
Density of the spread signal. . . . . . .. ... ... ... .......
Autocorrelation function for maximal-length PN sequences . . . . . .
A Pseudo-Random Sequence Generator . . . . . . .. .. ... ....
Gold Code Sequence Generator . . . ... ... ............
DSSS CDMA Model . . . ... ... .. .. ... ... .......

Correlation ReCEIVer . . . . o v oo
RAKE Receiver . . . . . . . . . . ... ..
Performance of a Conventional Receiver under the Near-Far effect
(N=31,K=3) . . . . e
Optimum Multiuser Receiver . . . . . . . . .. .. ... ... .....

Multistage Receiver ( A sub-optimum multiuser receiver) . . . . . . .

Block Diagram of a two stage interference cancellation receiver for three
USETS & v v v v v e e e e e e e e e e e e e e e e e
Performance of Interference Cancellation in a Single Cell, ( N = 31, £2 =
I5dB) . .
BER vs. Eb/NO for Interference Cancellation in a Single Cell, ( N =
BLE =20) . . ot

Hexagonal Model for Cell Layout . . .. ... ... ... .......
Circular Model for Cell Layout . . .. ... ... ... ........

vii



4.3

4.4

4.5

4.6

4.7

4.8

4.9

4.10

4.11

4.12

Interference Cancellation for a Single Cell Environment ( N = 128,
15 dB, Perfect Power Control ). . . . .. . ... ... ... ......

Performance of Interference Cancellation for Multicellular Environ-

Ey, _
No

ment, No Interference Cancellation on Out-of-Cell Interferers ( N =
128, 2 =15dB, d=1000m, n=4) . . . ... . ......... ...
Performance of Interference Cancellation for Multicellular Environ-
ment, Complete Interference Cancellation ( N = 1_28,]13\7‘0L = 15dB,
d=1000m,n=4) . . ... ...
Performance of Interference Cancellation for Multicellular Environ-
ment, Selective Interference Cancellation ( N = 128,%% = 15dB,
d=1000m, m=4) . . .\t
Performance of Interference Cancellation for Multicellular Environ-
ment, Selective Interference Cancellation ( N = 128,% = 15dB,
d=10001M, R=2) . . . ot st
Performance of Interference Cancellation for Multicellular Environ-
ment, Selective Interference Cancellation ( N = 128,% = 10dB,
d=1000m, n=4) . . . . .. e e e
Performance of" Interference Cancellation for Multicellular Environ-
ment, Selective Interference Cancellation ( N = 128,% = 15dB,
d=5000m, n=4) . ... ... ...
Performance of Interference Cancellation for Multicellular Environ-
ment using Hexagonal Geometry, No Interference Cancellation on Out-
of-Cell Interferers ( N = 128, —% =15 dB, r = 1000 m, n = 4)

Performance of Interference Cancellation for Multicellular Environ-
ment using Hexagonal Geometry, Complete Interference Cancellation
(N=128,22=15dB, r=1000m, n=4). . . ... .........
Performance of Interference Cancellation for Multicellular Environ-
ment using Hexagonal Geometry, Selective Interference Cancellation
(N=1282=15dB,r=1000m,n=4). . .. ... ........

viil

94

35

56

o7

58

63

64



4.13

4.14

4.15

5.1

9.2

5.3

5.4

9.9

5.6

5.7

5.8

Performance of Interference Cancellation for Multicellular Environ-
ment using Hexagonal Geometry and the Improved Gaussian Approx-
imation, No Interference Cancellation on out-of-cell interferers ( N =
128, 2 =15dB, r =1000m, n=4) . ... ............ ..
Performance of Interference Cancellation for Multicellular Environ-
ment using Hexagonal Geometry and the Improved Gaussian Approx-
imation, Complete Interference Cancellation ( N = 128, % = 15 dB,
r=1000m, n=4) . ...
Performance of Interference Cancellation for Multicellular Environ-
ment using Hexagonal Geometry and the Improved Gaussian Approx-
imation, Selective Interference Cancellation ( N = 128, 1—% = 15 dB,
r=1000m, n=4) . ... ...

Performance of Interference Cancellation with hard decisions, assuming

Perfect Amplitude Estimates, No Bit Averaging ( N = 31,2 =15dB) 77
0

Performance of Interference Cancellation with hard decisions, assuming
Perfect Amplitude Estimates, Averaging Estimates over 100 bits ( N =
BLAE=15dB) .. ... .. ...
BER vs. E,/Ny for Interference Cancellation with hard decisions, as-
suming Perfect Amplitude Estimates, No bit Averaging( N =31, K =
20 ) L e
Simulated and Analytical BER vs. E,/N, for Interference Cancellation
with hard decisions, assuming Perfect Amplitude Estimates ( N =
31, K =20) o : Analytical Results, * : Simulated Results . . .. ..
Performance of Interference Cancellation with hard decisions, No Bit
Averaging ( N = 31, AE,S— =15dB) ... ... ...
Performance of Interference Cancellation with soft decisions, ( N =
3L, 2 =15dB) . ......... ...
BER vs. E,/N, for Interference Cancellation with hard decisions, No
Bit Averaging, (N=31,K=20) . ... ...............
Performance of Interference Cancellation with hard decisions, Averag-
ing Amplitude Estimates over 2 bits( N =31, =15dB) . . . . . .

ix

78

79

81

83

84



2.9

5.10

2.11

5.12

5.13

Performance of Interference Cancellation Wiﬁh hard decisions, Averag-
ing Amplitude Estimates over 10 bits( N = 31, ]’—;3,'; =15dB) ... ..
Performance of Interference Cancellation with hard decisions, Averag-
ing Amplitude Estimates over 100 bits( N = 31, 7}% =15dB) . . . ..
BER vs. E,/Ny for Interference Cancellation with hard decisions, Av-
eraging Amplitude Estimates over 2 bits( N =31, K =20). . . . . .
BER vs. E, /N, for Interference Cancellation with hard decisions, Av-
eraging Amplitude Estimates over 10 bits( N =31, K =20) . . . . .
BER vs. E},/N, for Interference Cancellation with hard decisions, Av-
eraging Amplitude Estimates over 100 bits( N =31, K =20 )

93



Chapter 1
Introduction

In the past few years, there has been enormous growth in the field of wireless commu-
nications. The demand for wireless communications products and services is growing
rapidly as their size and cost is being reduced. This reduction in size and cost has
been made possible by improvements in RF circuit fabrication methods, digital sig-
nal processing, and new large scale integration circuits. In particular, the cellular
telephone industry has been expanding at an amazing rate [1]. Today, there are
over 13 million users of cellular phones in the US alone, and industry experts pre-
dict that this market will grow more than 25% a year for the next five years. This
phenomenal growth presents the cellular service providers, equipment manufacturers,
and researchers with the great challenge of being able to keep up with the insatiable
demand for more and more capacity.

Early mobile radio systems used high powered transmitters with tall antennas to
cover as large an area as possible. However, this resulted in inefficient use of the
frequency spectrum, since reusing the same frequencies within the service area would
cause interference. This limited the capacity of the system. A major concern was
how to balance the conflicting demands for large coverage and huge capacity. This
gave rise to the idea of reusing frequencies by dividing the region to be covered into
cells. Each cell has a base station, and users in a cell communicate with the base
station of that cell. A set of frequencies used in a certain cell can be used again in
a far away cell, thus improving the capacity of the system. All cellular systems have

the following common features [2]:
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1. Multicell configuration.
2. Frequency reuse.
3. Ability to hand-off a mobile from cell to cell to keep a call up.
4. Connectivity to a fixed Public Switched Telephone Network (PSTN).
5. Ability to work in a controlled interference environment.

The world’s first cellular system was implemented by the Nippon Telephone and
Telegraph company (NTT) in Japan in 1979. It was called the Nordic Mobile Tele-
phone System (NMT450). This system had a basic capacity of 4000 subscribers,
and was expandable to 8000 subscribers. It operated in the 400 MHz frequency band.
Later, systems like Advanced Mobile Phone System (AMPS), Extended European To-
tal Access Communication System (ETACS) and NMT900 were introduced. These
were designed to operate in the 800 and 900 MHz frequency bands. Existing urban
analog systems have reached maximum capacity and are unable to meet the increas-
ing demand for capacity. The lack of spectrum and the inability of the analog cellular
systems to keep up with. the demand for capacity caused the introduction of digital
cellular. A number of digital cellular systems have been developed worldwide. Some
of the widely used ones are the Global System for Mobile Communications (GSM),
and US and Japanese Digital Cellular. These digital systems use Time Division Mul-
tiple Access (TDMA) to give access of the channel to a large number of users. The US
Digital Cellular system was defined by the Telecommunications Industries Association
(TIA) Interim Standard IS-54. It provides a potential threefold increase in capacity
over AMPS (not counting a slight improvement in trunking efficiency). Shortly after
TDMA was adopted, QUALCOMM, a San Diego based company introduced a com-
peting Code Division Multiple Access (CDMA) standard, which has been claimed
to provide a 10 to 20-fold increase in capacity over conventional analog systems [3].
Unlike the present conventional analog and other digital systems, which divide up
the available spectrum into into narrow channels, CDMA is a wide-band technique
that spreads multiple signals over a wide segment of the cellular broadcast spectrum.
CDMA employs Spread Spectrum (SS) technology, which has been used in military

satellite systems for a long time. Each telephone or data call is assigned a unique
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code that permits it to be distinguished from the large number of calls transmitted
over the same frequency at the same time. As long as the receiver has the right code,

it can distinguish the desired signal from all others.

1.1 Spread Spectrum

The theoretical capacity of a channel to transfer information at a certain rate is a
function of the signal to noise ratio and the channel bandwidth. The theoretical
upper bound for the bit rate that can be achieved with arbitrarily low bit error rate
in a Gaussian noise environment is given by Shannon’s law for channel capacity:

S
C = Wlog, (1+ﬁ) (1.1)

where C' is the capacity of the channel in bits per second, W is the bandwidth in
Hz, and S/N is the signal to noise ratio. An increase in the channel capacity can
be obtained by either increasing the signal to noise ratio, or by increasing the band-
width used to transfer the information. A Spread Spectrum system is one in which
the transmitted signal is spread over a wide frequency band, much wider than the
minimum bandwidth required to transmit the information being sent. Thus, SS relies
on expanding the bandwidth of the signal to be transmitted. Spread Spectrum tech-
niques have long been used for military applications because of their high immunity
to interference and excellent security.

Spread Spectrum Systems are characterized by the following properties [4]:

1. Transmitted signal occupies a bandwidth which is many times greater than the

message bandwidth.

2. Carrier signal is pseudo-random in nature. The transmitted signal is produced
by modulating the output of a pseudo-random sequence generator with the

message signal.

3. Message detection involves correlating the received signal with the same pseudo-
random spreading signal. This operation is called despreading. Thus, the re-
ceiver has to be able to generate a time synchronized copy of the same pseudo-

random sequence as in the transmitter.
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Other received signals, either wide-band or narrow-band, have a low correlation

with the desired signal’s spreading code, and and hence will have the same effect

as noise. Thereby assigning a different pseudo-random sequence for each user, many

users can simultaneously share the same frequency band. CDMA makes use of spread

spectrum techniques.

1.2 Spread Spectrum Techniques

There are many alternative techniques for generating spread spectrum signals. These
include [5]:

1.

5.

Direct Sequence Spread Spectrum (DSSS): Direct Sequence systems are
the most widely used form of spread spectrum systems. In DSSS, the spectrum
is spread by multiplying the data stream by a spreading sequence that has a
much higher frequency. Each information bit is symbolized by a large number
of coded bits called chips. DSSS may be thought of as an additional phase
modulation of an already modulated signal [6]. In this thesis, we focus on DSSS

signals.

Frequency Hopping (FH): In frequency hopping, the carrier frequency of
the transmitted signal is shifted in a pattern determined by a code sequence.
We may therefore consider FH as analogous to Frequency Shift Keying (FSK)
technique, whereas DSSS is analogous to Phase Shift Keying (PSK) technique.

Chirp Modulation: Here, the signals used are just swept frequency pulses
which do not employ coding. Chirp modulation is also called Pulsed-FM. Al-
though chirp modulation is sometimes classified as spread spectrum, it is not

true spread spectrum because of the absence of a pseudo-noise (PN) generator.

. Time Hopping: Time hopping systems control their time of transmission and

period with a code sequence.

Hybrid Formats: These systems incorporate both DSSS and FH.

For the research conducted in this thesis, DSSS is utilized and is discussed in

greater details in the next section.
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1.3 Direct Sequence Spread Spectrum

Figure 1.1a presents a DSSS transmitter. DSSS signals are generated by modulating
the data with a pseudo-noise code sequence which has a rate much higher than that
of the original signal. The modulator can be a simple exclusive-OR gate. The PN
bcode consists of N chips for each data bit. The transmitted signal is the data signal
multiplied by the spreading sequence, so that the transmitted bandwidth is N times
the data bandwidth. This higher bandwidth signal is called the spread signal. The
spread signal modulates a carrier frequency and is then transmitted. The usual
modulation technique for spread spectrum is phase modulation. The pseudo-random
sequence is also called the chip sequence. The processing gain of the system is the
number of chips per bit, which is N. For example, if the bit rate is 1 Mb/s, it requires
an information bandwidth of 1 MHz. If each bit is coded by 63 chips, then the chip
rate is 63 M chips/s, which needs a bandwidth of 63 MHz. The bandwidth is thus
spread from 1 MHz to 63 MHz. The processing gain for this example is 63 or 18 dB.
Figure 1.1 shows a simple BPSK DSSS transmitter. The data signal b(t) is expressed
as

be)= 3 bipr(t—iT), (1.2

i=—o00
where b; € {£1} is an independent identically distributed (iid) random variable rep-
resenting the ith data bit, and pr(t) is a unit rectangular pulse given by pr(t) = 1
for 0 <t < T and pr(t) = 0 otherwise. The data bit duration is 7. The data signal
b(t) is spread using the PN sequence a(t) expressed as

o0

aot) = 3. ajpr.(t —iTo), (1.3)

Jj=—o0

where a; € {£1} is the jth chip of the periodic PN Sequence, and pr,(7T') is a unit
rectangular pulse of duration 7. The sequence a(t) is a binary sequence like b(t), but
at a much higher rate. In fact, the rate of a(t) is much greater than b(¢), such that
a(t) separates the data signal into chips, and the rate of a(t) is the chip rate Ti The
PN sequence is generatéd in a deterministic manner, and is repetitive. However, the
sequence length before repetition is usually very long, and for practical purposes, we
assume that the sequence is truly random. Section 1.5 will describe in more detail

how the PN sequence is generated. The spread data is modulated by the carrier at



b(1) s(1)

a(t)  f2Pcos(w,1)

(a) DS/SS Transmitter
(i+DT > (0 Decide +1 b(r)
r(z) J- > B
A < 0 Decide -1

N2Pcos(w 1)  a(1)

(b) Correlation Receiver

Figure 1.1: Direct Sequence Spread Spectrum System, where: b(t) is the data signal,
a(t) is the spreading signal, s(t) is the transmitted signal, r(¢) is the received signal,
and b(t) is an estimate of the data signal.
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b(t) |
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a(t) !
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b(t) a(d)
-1
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s(t)
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t

T,

Fire 1.2: Spreading Procedure for N =

frequency w, radians/s, phase 8, and power P. The transmitted signal s(t) is given

by

s(t) = V2Pa(t)b(t) cos(wct + 0). (1.4)

Figure 1.2 illustrates an example of the DSSS spreading procedure. The data

sequence is assumed to be {+1,—1,+1}, and the periodic PN sequence is
{=1,-1,41, -1, +1, +1, —1}. Thus, the PN sequence consists of N = 7 chips. The
product sequence b(t)a(t) is similar to a(t), and if a(t) were really random, b(t)a(t)

would be another random sequence having the same chip rate as a(t). In this example,

the spreading code is repeated for each data pulse. This is called code on pulse DSSS.
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Note that the spreading sequence and the data stréam are shown synchronous to
each other in Figure 1.2. While this is not absolutely necessary, it helps in the clock
recovery process at the receiver if the data and spreading waveform are synchronous.
This spread data then modulates the carrier to yield a BPSK signal s(t) which is
transmitted. If the data rate is f,, the bandwidth of a BPSK signal is 2f,, and the
bandwidth of the spread spectrum signal is . Thus, the spectrum has been spread
by the ratio T T However, since the power transmltted still remains the same, the
power spectral density S(f) of s(¢) is reduced by a factor of f,-T,. Figure 1.3 shows the
power spectral densities of the original data signal, the BPSK modulated signal, and
the spread signal. Figure 1.3a plots the power spectral density of the data, assuming
the pulse shape to be rectangular with duration T, and amplitude A. Figure 1.3b is a
plot of the power spectral density of the modulated signal. Now,we spread this signal
in frequency by a factor of N. This will cause scaling in the amplitude by a factor of
%, since the area under the power spectral density curve (total power) is not altered
by the spreading procedure, and must remain constant. This gives the power spectral
density of the transmitted signal, as shown in Figure 1.3c.

Figure 1.1 also shows a correlation receiver for the BPSK DSSS signal. The
received signal, r(t), is a‘delayed and corrupted version of the transmitted signal s(t).

The received signal is given by
r(t) = s(t — 1) + n(t), (1.5)

where 7 is a finite propagation delay and n(t) is an Additive White Gaussian Noise
(AWGN) process. The function of the receiver is complementary to that of the
transmitter. To recover the data, the receiver first multiplies the incoming signal
r(t) with the carrier v/2P cos(w,t), and then by the spreading signal a(t). Thus, it is
necessary to regenerate both the carrier and the spreading signal at the receiver. The
resulting waveform is then integrated to the bit duration in the correlator to produce

a decision statistic Z; for the ith data bit. Thus, Z; is given by
1,+1)T
Z; = / (t) cos(wet) dt. (1.6)

This decision statistic is compared with a threshold to give an estimate of the trans-
mitted bit l;i, where b; = —1 if Z; < 0, and l;,- = +1 if Z; > 0. This receiver model is
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Figure 1.3: a. Power Spectral Density of a rectangular pulse of duration 73, b

Power Spectral Density of a BPSK modulated signal, c. Power Spectral Density of
the spread signal.
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a mathematical abstraction of the physical receiver. A practical DSSS system would
typically employ a super-heterodyne receiver in which the despreading is done either
at an Intermediate Frequency (IF) or at baseband, and the integration operation

would be performed using a matched filter.

1.4 Code Division Multiple Access

In order to permit multiple users to access a communications channel, a system

employs one or more of the following multiple access techniques:
1. Frequency Division Multiple Access (FDMA)
2. Time Division Multiple Access (TDMA)
3. Code Division Multiple Access (CDMA)

FDMA As the name suggests, this technique involves dividing the available frequency
spectrum into a large number of individual radio channels, each having enough band-
width to support a single link.

TDMA In TDMA, data packets from different users are multiplexed in time. Each
user is provided a time slot on the channel. For a particular user, data is transmit-
ted only during the user’s time slot. Systems such as GSM and US Digital Cellular
employ a combination of TDMA and FDMA.

CDMA Spread Spectrﬁm techniques have been used in military communications for
decades, because of their anti-jamming, low probability of intercept, and multipath
rejection capabilities. CDMA uses spread spectrum to provide multiple access com-
munications. Each user in a CDMA system occupies the entire allocated spectrum,
using a direct sequence spread spectrum waveform. Each user is assigned a unique
pseudo-random code, also known as a signature sequence. A large number of users
share the same frequency at the same time using their own signature sequences. Each
signature sequence has low autocorrelation and low cross-correlation with all other
signature sequences. The low correlation between the codes is used to achieve near
orthogonality between signals of different users. Note that while FDMA and TDMA

are perfectly orthogonal multiple access techniques, in practice, asynchronous CDMA
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cannot be perfectly orthogonal, since we cannot generate a large number of signature
sequences with zero cross-correlation. A correlation receiver for CDMA decodes the
received signal by multiplying it by the signature sequence of the desired user. The
situation is analogous to two people conversing over dinner at a crowded restaurant
in a foreign country. Although surrounded by people carrying on conversations in
many different languages, these people are able to tune out the other conversations
and understand each other because they are speaking the same language. The code
used by CDMA is similar to the language shared by the two diners. It allows many
conversations to occur simultaneously, while each conversation is understood only by
its intended recipients. A cellular system based on CDMA has been developed by
QUALCOMM, Inc. and standardized by TIA as an Interim Standard (IS-95). The
use of CDMA for cellular radio was motivated originally by capacity reasons, since
AMPS is facing capacity limitations in crowded urban centers. However, there are

many potential advantages for CDMA.

1.4.1 Advantages of CDMA for Cellular Radio

CDMA has the following advantages:

1. Increased Capacity While FDMA and TDMA must rely on path loss to pro-
vide isolation among cells (and must allocate different frequencies to adjoining
cells), CDMA can reuse the same spectrum in all cells, thereby increasing capac-
ity. Thus, CDMA increases system capacity, and reduces busy signals, dropped
calls and cross-talk that result from system overcrowding.

2. Inherent resistance to multipath fading A multipath environment causes
frequency selective fading. With a narrow-band signal, a frequency null can
disrupt the whole channel. For a wide spectrum signal, however, the width of
a frequency null is typically only a small part of the signal’s bandwidth. This
gives the signal an inherent ability to combat fading. Thus, CDMA improves
call quality in congested downtown locations and areas with hilly terrain that
experience interference from multipath. In fact, multipath signals can be used

to advantage to provide a form of diversity. This concept is exploited in the
RAKE receiver [7].
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3. Soft Capacity There is a soft limit on capacity. The BER for all users increases
gradually as the number of users increases, but the limit is not set by the number
of channels. In other words, CDMA can squeeze additional users on the same
radio channel at the cost of degraded voice quality. TDMA and F DMA have a

hard limit on capacity.

4. Soft Hand-off CDMA utilizes a patented method of handing off calls between
cells, known as soft hand-off. This is a make-before-break system, in which
two base stations maintain a link with one mobile simultaneously. This method

reduces the chances of call disruption during hand-off or of dropped calls due
to failed hand-off.

5. Overlay Capability In the North American cellular system, there are no
current plans to allocate additional spectrum for digital cellular. The analog
and digital cellular systems will have to coexist in the same spectrum for the
forseable future. In such situations, CDMA can be used with less interference
between the two systems. This ability to coexist with existing RF systems is a

major advantage for the CDMA technique.

6. No Frequency Planning necessary The AMPS system requires the signal
to be at least 18 dB above the co-channel interference to provide acceptable call
quality. CDMA systems can operate with a much smaller signal to interference
ratio, allowing the use of the same set of frequencies in every cell. Thus, CDMA

gets rid of the ongoing frequency planning required with other systems.

7. Voice Activity Detection The QUALCOMM system uses a variable rate
vocoder with voice activity detection. The human voice activity cycle is about
35%. When users assigned to a channel are not talking, all other users on that
channel benefit due to reduced interference. CDMA capacity is only interference
limited, and any reduction in interference converts directly into an increase in
capacity. Also, voice activity detection considerably reduces the effective data

rate and the battery drain.
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1.4.2 Disadvantages of CDMA for Cellular Radio

CDMA has the following disadvantages:

1. Self Interference Since it is not practically possible to achieve perfect orthog-
onality in asynchronous CDMA, there will always be some interference from
other users sharing the channel. Moreover, multipath components of the same
signal will also cause interference because of nonzero autocorrelation of the

codes used.

2. Near-Far Problem

If an interferer in a CDMA system is sufficiently stronger than the desired user,
the interferer will dominate the performance of a conventional CDMA receiver.
This problem is referred to as the near-far problem. The near far problem
makes power control a basic requii‘ement for a CDMA system. We will discuss

the near-far problem in more detail in Section 2.3.

1.5 Generation and Characteristics of PN Sequences

PN codes are designed to have low autocorrelation and cross-correlation. Autocor-
relation refers to the degree of correspondence between a code and a phase shifted

replica of itself. We can define the autocorrelation as

R(r) = /_°:° F(8)f(t — 7)dt: | (1.7)

Figure 1.4 provides a plot of the autocorrelation function of a maximal-length PN
sequence. Note that the plot shows peak correlation for shifts of zero, and integer
multiples of the code length. Between zero and +1 chip shifts, the autocorrelation
decreases linearly, giving the plot a triangular shape. All other shifts result in a small
autocorrelation.

The cross-correlation of two codes is a measure of the agreement between the two
codes. When a large number of users have to share the same frequency spectrum, they
must be assigned codes with low cross-correlation to keep the interference between
them within acceptable levels. Thus, the cross-correlation between codes is an impor-

tant consideration in CDMA systems. Poorly chosen codes with high cross-correlation
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Figure 1.4: Autocorrelation function for maximal-length PN sequences

between them will increase the Multiple Access Interference (MAI) and cause false
synchronization alarm in the receivers. Similar to the case of autocorrelation, the

cross-correlation between two codes f(t) and g(t) is defined as

Rcross(T) = ‘/-o:o f(t)g(t — T)dt' (18)

Figure 1.5 shows a widely used PN sequence generator. It consists of digital flip
flop circuits connected in series. The outputs of certain flip flops are fed to a parity
generator. The parity generator output is the input of the first flip flop. The PN
sequence generated is a function of the Q’s which are connected to the input of the
parity generator. It is not possible to generate a truly random sequence. We can,
however, find the Q’s which should be connected to the parity generator input to get a
maximal PN sequence of length [6], L = 2V — 1. Maximal codes are the longest codes
that can be generated by a shift register of a given length. For example, for V = 15,
Dy = @13 ® Q14 provides the longest sequence with length 32767. Other feedback
connections to the parity generator will generate non-maximal code sequences. Non-
maximal code sequences often exhibit poorer correlation properties than maximal
codes, and are usually avoided. Other codes (such as Gold codes) can be generated
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by taking linear combinations of maximal codes. Such codes are called composite
codes. Gold codes are generated by modulo-2 addition of a pair of maximal length
sequences. Figure 1.6 shows a Gold code generator. The Gold codes which have the
most desirable spectral characteristics are those in which the number of ones exceeds
the number of zeros by one. These are called balanced codes. Gold code sequence
generators are useful because they supply a large number of codes with good cross-

correlation properties for use in a CDMA system.

1.6 Direct Sequence Spread Spectrum CDMA Model

In this section, a simple model for a DSSS CDMA system is presented. This model is

shown in Figure 1.7. This model will be employed for the analytical studies presented

in this thesis. We assume that the receiver is located at a base station of a central

cell within a ring of surrounding cells, and that transmissions are along the reverse

channel from mobile units to the base station. There are a total of K users per cell
o

and the kth user transmits the binary data signal b(t) = Y32 _ bg:pr(t —iT), where
bei € {£1} is the ith data bit of the kth user and pr(t) is a rectangular pulse with
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amplitude 1 and duration T. The kth user’s signal is spread by the signature signal
ap(t) = 352 _ o ag ;o1 (t — jT¢), where ai ; € {£1} is the jth chip of the kth user, and
each rectangular chip pulse has duration 7,. The ratio of the bit duration T to the
chip duration 7, is the processing gain N = :,—T,—c The signal si(t) transmitted by the

kth user is given by

sk(t) = \/_ZFkbk(,t)ak(t) cos(wct + O), (1.9)

where P; is the signal power and 6 is the phase respectively of the kth user, and w,
is the common carrier frequency.

The received signal 7(t)is given by

r(®) =n(t) + 3 V2Peay(t — 7i)b(t — 7i) cos(wet + x), (1.10)

where n(t) is an additive white Gaussian noise (AWGN) process with two-sided power
spectral density %Q,Tk is the random delay associated with the kth user which is
uniformly distributed on [0,7T), and ¢, = [fx — w.7k|mod2w. Although we have
modeled only a single transmission path, this model can be extended to the more
general case in which all resolvable multipath components are represented by the
signal sk(t) and all unresolvable multipath components are contained in the noise

process n(t).

1.7 Outline of Thesis

Chapter 1 introduced the fundamentals of spread spectrum and CDMA, and presented
a model for the DSSS CDMA system. In Chapter 2, we discuss various structures for
CDMA receivers, including the correlation receiver, RAKE receiver, and multiuser
receivers. Chapter 3 focuses on the analytical techniques used in this thesis. It intro-
duces a model for the adaptive multistage interference cancellation receiver. This is
the same as the model used in [8][9][10], where the performance of this receiver was
analyzed to get a closed form expression for the Bit Error Rate (BER). We discuss
some important extensions of this expression. An improved Gaussian approximation
for modeling the interference is also presented [11]. Chapters 4 and 5 present the orig-

inal contribution of this thesis. Chapter 4 introduces the idea of selective cancellation
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on out-of-cell interferers, and develops a criterion for selecting out-of-cell interferers
for interference cancellation. A circular geometry and the analytical techniques pre-
sented in Chapter 3 are used to analyze the performance of interference cancellation
in a multi-cellular CDMA environment. Numerical results are presented for a typical
micro-cellular environment. The use of averaging amplitude estimates over several
bits to improve the selective cancellation criteria is investigated in Chapter 5. Chapter

6 concludes this thesis.



Chapter 2

Receiver Structures for CDMA

Systems

A DSSS correlation receiver was introduced in Section 1.3. In this chapter, we present
an overview of different structures that have been proposed for CDMA receivers. In

Chapter 3, we will focus more specifically on the class of multiuser receivers.

2.1 Correlation Receiver

Figure 2.1 presents a correlation receiver at the base station of a CDMA cellular
system. At the base station, there is a separate receiver for each user, and all receivers
are presented with the same incoming signal r(t), which is the sum of the signals of all
users and the AWGN, as given by Eqn. 1.10. Each receiver correlates the incoming
signal with a synchronized copy of the desired PN code to generate a decision statistic
which is used to estimate the transmitted bit stream. Thus, conventional correlation
detectors operate by enhancing the desired user, and treat the MAI which is inherent
in CDMA as additive noise. This would work well if the MAI were truly uncorrelated
with the desired signal. Unfortunately, some correlation between the codes cannot be
avoided, and this causes significant degradation. As a result, capacities for single cell
CDMA systems employing a correlation receiver can be significantly lower than those
for FDMA or TDMA systems which are truly orthogonal. Moreover, if an interferer

is significantly stronger than the desired user it will dominate performance due to the

20
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Figure 2.1: Correlation Receiver

near-far effect. This would limit the utility of the CDMA system to applications where
each user’s received power is approximately the same. The near-far effect is discussed
in more details in Section 2.3. Performance of the conventional receiver will also
be limited by multipath, since the multipath components will appear as interference
because of nonzero autocorrelation of the PN code used. The conventional correlation

detector can thus be severely limited by the near-far problem and multipath.

2.2 RAKE Receiver

When a signal travels through a practical channel, it undergoes reflection and scatter-
ing off objects in its path. The multipath components could interfere either construc-
tively or destructively, depending on their relative phases. This causes inter-symbol
interference which limits the data rate of unequalized narrow-band systems (because

delays are much smaller than the bit period). In wide band signaling, however, the
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Figure 2.2: RAKE Receiver

duration of the transmitted symbols is small compared to the multipath delay intro-
duced by the channel. This provides an inherent time diversity in case of wide band
signals. Multipath can be used to advantage in CDMA by using a RAKE receiver.
The RAKE receiver was first introduced by Price and Green [7]. The RAKE receiver
exploits the time diversity by using information in multipath components in the de-
cision process. As shown in Figure 2.2, a RAKE receiver consists of M correlation
receivers, each attempting to track a different delayed version of the transmitted sig-
nal. Thus, at any time, the RAKE receiver would attempt to receive the M strongest
multipath components. Figure 2.2 shows a RAKE receiver with M fingers. With-
out loss of generality, ‘we can assume that the first component arrives with a delay
7o = 0, and the later components arrive at 73 through 7as. The first component is

extracted by correlating the received signal with the signature sequence in the first
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finger of the receiver. To extract the second component, the correlation receiver in
the second finger to aligned with the received signal at time delay 7. This results in
a strong correlation peak, indicating the presence of a second multipath component.
This operation can be repeated for an arbitrary number of fingers in the RAKE. A
decision statistic Z,, is obtained at the output of each correlator. These decision
statistics must be combined in such a manner so as to extract maximum information
from the multipath components. Each decision statistic Z,, is multiplied with weight
W, where W,, is based on the confidence in the decision statistic Z,,. Then, the
overall decision statistic is given by Z = ¥M_ W,,Z,,. Different methods of com-
bining the decision statistics include equal gain combining, maximal ratio combining,
Minimum Mean Squared Error (MMSE) combining etc. In the equal gain combining
method, decision statistics from all fingers of the RAKE are weighted equally. This
would however place equal confidence in the weak and strong multipath components.
Instead, the magnitude of the decision statistic |Z,,| can be used to determine the
weight W, for each component, so as to accentuate the strong components and to
suppress the weak components. In the maximal ratio combining method, signals from
different fingers of the RAKE are weighted proportionately to their signal to noise
power ratios and then added, so as to maximize the signal to noise ratio of the overall
decision statistic. With a fairly mild set of assumptions, maximal ratio combining is
equivalent to weighting the decision statistics from the RAKE fingers in proportion
to their magnitude. More sophisticated adaptive methods such as MMSE combin-
ing may also be used. For all the combining methods, the weighted signals must
be co-phased before combining. The overall decision statistic is used to generate an
estimate of the transmitted signal.

2.3 The Near-Far Problem

The MAI in a CDMA cellular system may be modeled using the Gaussian Approx-
imation. Assuming that signals from all users are received with equal power and

modeling the MAI as a Gaussian random variable leads to the following expression
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for the Bit Error Rate (BER) of a conventional receiver[12][13]:

1
Py=Q{ ———1, - (21
(K-1) | Ny

3N 2F,

where Q(u) is the standard Q-function given by Q(u) = [;° \/;2—‘”6_)‘2/2(1)\, K is the
number of equal power users in the system, N is the processing gain, and Ep is
the energy per bit for each user, and %Q is the two-sided power spectral density of
the noise. Each user contributes a factor of 3%5 to the power spectral density of the
noise. The factor N arises due to the fact that each user’s energy is reduced by the
processing gain, and the factor 3 is present because the MAI is not aligned in phase or
time with the desired user. Since there are K — 1 interferers, a factor of (K — 1) £ s
added to the noise spectral density as seen in Eqn. 2.1. In a practical cellular system,
the signals from all users may not be received at the same power. Equation 2.1 can
be extended to account for unequal received powers as follows. If the signal powers

(k)

received from the various users are unequal, then user k& will contribute =% to the

noise level, where E,Ek) is the energy per bit for user k. Adding these to the noise

power spectral density, we can express the BER of user 1 as

1
P, = ST . (2.2)
\/ BEIEX)I\II, 2E,

If an interferer has significantly higher power than the desired user, then the interferer
will dominate performance, resulting in reducing the capacity of the CDMA system.
This phenomenon is called the near-far effect. Equation 2.2 illustrates the near-far
effect. If the powers of the received signals are very dissimilar, then the performance of
a conventional receiver can degrade significantly, even if there is low cross-correlation
between the received signals. This happens because the output of a conventional
detector contains a spurious component which is linear in the amplitude of each of the
interfering users, as seen in Eqn. 2.2. Figure 2.3 is a plot of the BER of a conventional
receiver as a function of the signal to noise ratio for the cases of equal power users and
when the power received from an interferer is 3 dB higher than that of the desired user.

This figure points out the degradation in performance of a conventional receiver due
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Figure 2.3: Performance of a Conventional Receiver under the Near-Far effect (N=31,
K=3)
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to the near-far effect. Thus, as MAI increases, the BER of the conventional receiver
goes on degrading, and it is unable to detect signals transmitted by weak users. If an
interferer is significantly stronger than the desired user, it will dominate performance
in a conventional receiver. This could be remedied by using power control. In open
loop power control, the mobile station senses the power received from the base station,
and adjusts its power output accordingly. Closed loop power control can override the
open loop setting by sending power control bits from the base station to the mobile.
Field trials have shown that in spite of power control, the received power at the
base station in an [S-95 system varies according to a log-normal distribution with a
variance of 1 — 2 dB. The effect of imperfect power control on the performance of
CDMA receivers is investigated in [14], where it is shown that power level variations
of 1 — 2 dB can can result in capacity losses of the order of 15 — 30 %. It is worth
mentioning again that the near-far problem cannot be eliminated by using codes with
good cross-correlation properties. CDMA performance can be greatly enhanced by
using receivers designed to compensate for the MAI. Since MAI is such an important
factor for determining the capacity of a cellular CDMA system [3], there has been
considerable interest in various techniques to combat MAI in DSSS CDMA systems.

One such technique is the use of multiuser receivers.

2.4 Multiuser Receivers

Multiuser receivers for CDMA exploit the fact that the base station receives signals
from all users simultaneously and could potentially share information to make better
decisions on the received data. Since such receivers work on the principle of simul-
taneous reception of signals from multiple users, they are suited for the base station
of a cellular radio system. Other single user interference rejection techniques which
do not require knowledge of the spreading codes of other users [15][16][17] must be
employed to combat MAI at the mobile. The optimal multi-user detector was shown
in [18][19] to significantly enhance capacity and near-far resistance. This leads us to
conclude that the near-far problem is not inherent to DS-CDMA, but only to conven-
tional single user detectors. The optimal multiuser receiver is shown in Figure 2.4.

It consists of a bank of matched filters followed by a Viterbi decision algorithm for
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maximum likelihood sequence estimation. The complexity of the Viterbi algorithm
is exponential in the number of users (on the order of 2X). This makes the optimum
multiuser receiver too complex to implement in practice. Moreover, when the received
signals are asynchronous, it requires a priori knowledge of the power, amplitﬁde and
delay of each arriving signal [18].

As a result of the very high complexity of the optimum multiuser receiver, re-
search has focussed on sub-optimal recéivers which achieve significant performance
improvement with reasonable complexity. Researchers have investigated a variety of
sub-optimal approaches including reduced complexity decision algorithms {20], decor-
relating receivers [21], and both successive [21] and parallel [22][23] implementations
of multistage interference cancellation. A survey of various multiuser receiver tech-
niques is presented in [24].

The structure of a multistage receiver is shown in Figure 2.5. The detector consists
of a bank of K matched filters followed by a bank of K M-stage processors. The first
stage is a conventional CDMA detector and provides a decision statistic for each user
from the received signal. Then, M stages of processing is performed on the decision
statistic, where each stage processes the decision statistic obtained from the previous
stage. The basic idea in the multistage interference cancellation receiver proposed
in [22] and [23] is to use the decision statistic to estimate the data transmitted by
each user, reconstruct the interfering signal, and subtract this estimated interference
from the received signal to obtain a cleaner version of the desired signal. This op-
eration may be repeated iteratively to get multiple stages of data estimation, signal
reconstruction and interference cancellation in the hope of getting successively better
estimates of the desired signal. Such a receiver exhibits significant performance im-
provement over the conventional receiver, and approaches the performance and near
far resistance of an optimum receiver. The complexity is linear in the number of users
K, which is considerably less complex than that of the optimum multiuser receiver.
The popular suboptimal receiver proposed in [22] assumed perfect knowledge of the
arriving signal amplitudes and delays. Subsequently, researchers have investigated
the performance of a large number of variations on this approach [25][26][27]. The
condition for a priori knowledge of signal amplitudes has been relaxed in [28]. Recent

work has demonstrated that cancellation of strong interferers is significantly more
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Figure 2.5: Multistage Receiver ( A sub-optimum multiuser receiver)

important than cancellation of weak interferers, leading to the idea of successive can-
cellation [27] and soft cancellation [26]. In this thesis, we focus on the multistage
approach which has been extended to adapt to variable received power levels [25][29].
In the next chapter, we consider a more detailed mathematical model for multistage

interference cancellation.



Chapter 3

Adaptive Multistage Interference

Cancellation

3.1 Adaptive Multistage Interference Cancella-
tion Model

3.1.1 The Interference Cancellation Model

We employ a simple model for the adaptive multistage interference cancellation re-
ceiver which was used in [8][9][10]. Figure 3.1 presents this model. We assume that
the receiver is located at a base station of a central cell within a ring of surrounding
cells, and that transmissions are along the reverse channel from mobile units to the
base station. As represented in the model developed in Section 1.6, the signal si(t)

transmitted by the kth user is given by

sk(t) = \/2Pibi (t)ax (t) cos(wet + 6k), (3.1)

and the received signal r(t)is given by

K
r(t) = nt) + Y \/2Peak(t — 1i)b(t — i) cos(wet + ¢x), (3.2)
k=1

The first stage of the receiver is a conventional CDMA receiver in which r(¢) is

correlated with a synchronous copy of the spreading signal. Let Z,(Cfi) be the decision
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statistic for the ith bit of the kth user at stage s. Then the decision statistic for user
k for stage 1 (i. e., before any interference cancellation) is given by
ay _ [UEDTHn _
Zyi = /T r(t)ar(t — 1) cos(w.t + P )dt. (3.3)
T+7g

This standard CDMA model is now extended to include adaptive multistage interfer-
ence cancellation as illustrated in Figure 3.1. The decision statistic Z,(Csz) can be used
to form an estimate s( )( t) of user k’s signal after stage s:

. 2 .

3(8) = Zax(t) cos(wet + ¢x) ) S Z8pr(t - D). (3.4

i=—00

Interference cancellation is performed by subtracting the estimated signals of the
interfering users from the received signal r(¢) to form a new received signal r,(cs)(t) for

the kth user after stage s, given by

re)(8) =r(t) - f: 5t ~ )

=n(t) + \/2_P,;bk t— Tk)(lk(t — Tx) cos(wet + @) + Z [Sn(t —Te) — 88 (t — 1, )]

k=1,k#k
(3.5)
The decision statistic Z (3+ ) for the ith bit of the kth user at stage s+1 (i. e., after s
stages of interference cancellatlon) is formed by correlating rk (t) with the kth user’s

spreading signal:

(i+1)T+r
i = [ 2 (au(t - ) cos(uwet + o)t (3.6)
Tk

Using this procedure, an arbitrary number of stages of interference cancellation may

be performed to form successive estimates of the data transmitted by each user.

3.1.2 Assumptions
We make the following assumptions in analyzing the model presented above:

1. The multistage receiver is located at the base station, and transmissions are

along the reverse channel from the mobile to the base station.
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2. MAI is modeled as a Gaussian random variable.

3. We have modeled a single cell environment. At this stage, no adjacent cell
interference is considered. We will analyze the multicellular environment later

in the thesis.
4. We assume coherent demodulation.

5. Phase and delays of all users are accuratély tracked by the receiver.

3.2 Analysis of Receiver Performance

In this section, we use the simple Gaussian approximation to analyze the performance
of the receiver [12]. The decision statistic for user k at stage 1 may be expressed as

the sum of three components.

K
Z) =e+ A+ X IV, (3.7)
k=1,k#k
where £ is the contribution of the AWGN, A; is the contribution of the desired user’s
signal, and I(V is the MAI from the xth user at stage 1. The noise term £ is given as
G+ 1D)T+7
£ = n(t)ag(t — ) cos(wet + ¢ )dt- (3.8)
iT+7
Since n(t) is a zero mean Gaussian random process and integration is a linear oper-
ation, £ is a Gaussian random variable with mean 0 and variance ng. The desired
user’s contribution is given by

(i+1)T+7; P
A = \/ 2Pbi(t — Tk)ai(t — 7k) cos? (wet + ¢ )dt = bk,iTﬂ —2’5 (3.9)

ir+13,

The MAI is a Gaussian random variable with mean 0 and

K 2 K
Var[ > I,gl)] =Ngc > P (3.10)

=1,k#k k=1,k#k

Thus, using the Gaussian approximation for the MAI, we can model Z, ,(Cfi) as a Gaussian

random variable with its mean and variance given by

E[Z})) = Ax = bk Ty %, (3.11)
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and . K
N
Var[Z()] = T | NI Y P (3.12)
' 4 6 Tk

For an equiprobable data source (P[bx; = 0] = P[by; = 1] = 1), the probability of

bit error Pb(kl) can be defined as

pY=p

K
(f+ > I,(cl))>|Ak|

k=1,k#k

1A
= { \/Var’fz,ﬁ‘n} B

Substituting Eqns. 3.11 and 3.12 into Eqn. 3.13, we can write

1/2
P = Q{ } (3.14)

Now, we can substitute Egn. 3.12 into Eqn. 3.14 to express the probability of bit

P, T?
2Var(Z{)]

error at stage 1 as

1/2
P.T2/2
PV =Q a . (3.15)
) ML 4 e X e P

Thus, for stage 1, we get the probability of bit error as

p 4
1) _ 1 1 Xk B 3.16
B, = Q{[2(Ebk/N0) 3N »p ’ (3.16)

where E,, = BT.

3.3 BER Analysis for Interference Cancellation

The closed form expression for BER as presented in this section was presented in
[10], and rigorously developed in [8][9]. Since the estimates 3\ (t) of the interfering
signals in Eqn. (3.4) are formed using the decision statistic from the previous stage,
it is possible to estimate the power of each interfering signal from Eqn. (3.3). Those
estimates will be subject to both noise and MAI. The decision statistic for user k& at

stage s + 1 can be expressed as the sum of three components.

K
ZEV =g+ A+ Y IPTY, (3.17)
rk=1,k#k
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where £ is the contribution of the noise, Ay is the contribution of the desired user’s sig-
nal, and I**V is the MAI from the xth user at stage s+ 1 remaining after interference

cancellation at stage s, and is given by
1o+ = 10— 1, (318

where fn(s)is the estimate of the MAI from the xth user formed at stage s. Assuming
the power Pi to be constant over the opefation of the receiver (i. e. considering the
variance of I{!) to be constant over the operating of the receiver), the variance of the

MALI at stage s + 1 will be equal to the variance of the estimate of the MAI at stage

=Var

K
Z Ip(cs+1)

k=1,k#k

K
3 fn‘s)} (3.19)

k=1,k#k
Kaul and Woerner [8]ashish derived a recursive expression for the variance of the
decision statistic at each stage of interference cancellation:

Z I+ Z z%) (3.20)
k=1,k#k 3 k=1,k#k
Var[Z$] = ML 1y i IG+D (3.21)
- 4 3N o k=1,k#k g .

Eqns. 3.20 and 3.21 can be used recursively to compute the variance of Z,(cs,) at any
stage s, and hence the probability of bit error Pb(:) at that stage. In [8][9] it is shown
by mathematical induction that the variance of the decision statistic at stage s is
given by

NOT 1— (KN )s+1

K-1
4 1 - 3%
(-

Var[Z8H) = "

T2 (K _ 1)s+1 )s+1 s+1
2.(3N)s+1 [ K (Z P) Pk] . (322

Since E [Z,(csz) 1=+ %Tbk,i due to the desired signal component, a signal to noise ratio
may be formed, and the average probability of error for this adaptive multistage

CDMA receiver may be approximated by the formula:

PO = q { [2(&2/%) (11—_(?'1\[_1)3) +




CHAPTER 3. MULTISTAGE INTERFERENCE CANCELLATION 36

0

1 0 T T T T [ T T T i
1072 .
107 .
107° .
L 10_8 —J
107"° -
-12
LV Stage 1 |]
— Stage 2
1™ - - Stage3 |
-— - Stage 4
10'16 ! ) _ 1 | 1 ] 1 1
0 10 20 30 40 50 60 70 80 90 100

K ( users/cell )

Figure 3.2: Performance of Interference Cancellation in a Single Cell, ( N = 31, £ =
15dB)

(311\7)s ((K - 1);(_ S (Z'If;l P”) + (—1)3)]—%} (3.23)

where K is the number of simultaneous users sharing the channel, N is the number of
chips per bit, Pb(: ) is the probability of bit error at stage s for the kth user, Ny is the
one sided power spectral density of the Gaussian noise, s is the number of stages in the
receiver, and P is the power of the kth user. Figure 3.2 plots the BER as a function
of the number of users per cell K for a multistage interference cancellation receiver
according to Eqn. 3.23. An % value of 15 dB and a processing gain N = 31 are

assumed for this figure. Perfect power control is assumed. BER curves are shown for
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s = 1...4, where s = 1 corresponds to the conventionai receiver, and s = 4 corresponds
to three stages of interference cancellation. For convenience, a line showing a desired
BER of 1072 is displayed. This figure shows the impressive capacity gains that can
be obtained by adaptive interference cancellation in a single cell environment. At a
desired BER of 1073, a two stage (s = 2) receiver can provide almost three times the
capacity of a conventional receiver, and a receiver with three stages leads to about
five times increase in capacity as compared to a conventional single stage receiver.
As the number of interference cancellation stages is increased, further improvements
diminish and performance tends towards an asymptotic limit. Figure 3.3 plots the
BER versus the % for a system with K = 20 users, and a processing gain of N = 31.
This figure has been plotted assuming perfect power control. Here again, we see that
a two stage interference cancellation receiver can provide substantial performance
improvement over a conventional receiver with no interference cancellation. Further
stages provide some additional performance improvement, and performance tends
towards an asymptotic limit. Thus, most of the performance improvement that can
be obtained from a multistage interference cancellation receiver is achieved in the first
few stages of the receiver. In Chapter 4, we will use the result in Eqn. 3.23 to explore
the use of interference cancellation in a multicellular environment. In [8][9][10] this
result has been verified against simulations and has shown to yield good results for
BER> 10~*. Recall from Section 3.1.2 that these results were obtained assuming that
the delays 7, and phase ¢, are known by the receiver. Performance in the presence
of phase and timing errors is an important practical consideration, since imperfect
cancellation could potentially add interference into the signal. The effect of phase
and timing errors has been investigated in [30] and [31]. It is shown in [30] that
interference cancellation is fairly robust to significant tracking errors. However, the

sensitivity to timing errors can increase when pulse shaping is employed.

3.4 Extensions

In this section, we describe some important and insightful extensions [8][9][10] of the

result presented in Eqn. 3.23.
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1. Single stage For a single stage receiver (no interference cancellation), we would
substitute s = 1in Eqn. 3.23, which reduces it to Eqn. 3.16, the BER expression

for a standard correlation receiver.

2. Ideal Power Control In the case of ideal power control, P, = P, = P; =
P, = P. This simplifies Eqn. 3.23 to

i s —-1/2
(s) _ 1 1- (%——1) K-1
i —Q{ 2B,/ No) (1-(%_1))+( 3N )} } (324

where E, = PT is the energy per bit for any of the equal power users.

3. Limitation of adaptive multistage interference cancellation (for ideal
power control) Eqn. 3.24 can be used to determine a set of conditions un-
der which interference cancellation actually degrades performance, implying
Pb(:“) > be). Comparing the argument of the Q-function at stages s and s+ 1

in Eqn. 3.24, we can write

Pb3+l) Pb(:) =N (% > 1) or (% < —2(—_11(_35) . (3.25)

3N
Eqn. 3.25 indicates that for the case of equal signal powers, interference can-
cellation degrades performance if either the level of interference is too large or
the signal to noise ratio is too small. In either case, the variance of the decision
statistics will be so large, that using the decision statistics to form estimates of

signal amplitudes for cancellation will actually introduce more interference into

the system.

4. Best possible performance Provided that the condition of Eqn. 3.25 does
not hold, then we can predict the best possible performance for the multistage

receiver by letting the number of stages approach infinity.

hmP(s)—Q[ 1 ( L )]_1/2- (3.26)
§—00 2(Ebk/N0 1— % .

Thus, even when the number of interference cancellation stages approaches in-

finity, the MAI is never completely cancelled. There exists an error floor, such
that the performance of the multistage receiver is still worse than that of a
single user (K = 1) CDMA system.
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5. Limitation of adaptive multistage interference cancellation (for un-
equal signal powers) Eqn. 3.25 presented the limitation of interference can-
cellation in case of ideal power control. In the case of unequal signal powers we
can derive a similar condition |

N, K
PP > PV & Varlz® > Var[z{)] & P, < 2—1‘1 + % ( 3 pu) . (3.27)

u=1u#xk

Eqn. 3.27 says that if the power received from the x th interferer is below a
certain threshold, then we cannot get a good decision statistic from the signal
of that user, and performing interference cancellation will only add noise to
the system, resulting in a degradation in performance. Thus, attempting to
cancel MAI from such an user will not only prove ineffective, but could harm
performance. This result suggests the use of selective interference cancellation,
and we will use it in the analysis of interference cancellation in a multicellular
system. Note that Eqn. 3.27 is strictly true only at the first stage of interference

cancellation, and does not apply to cancellation at all stages

3.5 Improved Gaussian Approximation

In the analysis to this point, we modeled each interference term as an independent
Gaussian random variable. However, since bit errors are not necessarily independent
of each other, it may not be appropriate to model the MAI as AWGN. It is shown
in [32] that in general, MAI cannot be accurately modeled as a Gaussian random
variable unless the number of simultaneous users is large. Morrow [32] presents a
more accurate improved Gaussian approximation by averaging the BER due to all
possible combinations of desired signature sequences, and interfering signal delays

and phases. Holtzman [33] derived a new simpler expression for the BER:

2 4 P.T? 1 P.T?
P(l) ~ 2 . + = k
h 3¢ ( 2(py + HT) 6% 2(py + 3oy + L)

1 P.T?
+59 N 2= 3o + &a B3
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where the random variable ¢ is the conditional variance of the total MAI, and pu,
and o2 are the mean and the variance respectively of 1. The values of uy and o,
have been evaluated for the case of equal signal powers [34] and for imperfect power
control [35]. By letting the received signal power P, from the interfering user x be
a random variable with mean pp, and variance o} _, the mean and variance can be

expressed as [35]:

NT2 K
k=1,k#k
and
T2 |23N2+18N —-18 X TN2 +2N -2 K
2 c 2 2
=L +
Tv =y 360 n=§ e + 40 n}; B
N

Z Z pepip; | - (3.30)

k=1,k#k j=1,j#k,k

Buehrer and Woerner [11] have used the improved Gaussian approximation in Eqns. 3.28,
3.29 and 3.30 to analyze the performance of a multistage receiver using the improved
Gaussian approximation. By recursively computing the statistics of signal powers
at each stage of interference cancellation, and taking into account the second or-
der effects of the MAI, the mean received power from an interferer at any stage of

interference cancellation can be expressed as [11]:

K-1\s
(s+1) _ NO 1- ( IN ) 1 (K - 1) (1) (1)
pr. = 5T [ Tk + BNy Zu )*up,| (3.31)
where ,u = E[P,], and the variance of the MAI at stage s+ 1 can expressed in terms

of the mean and the variance at stage s as [11]:

(op, ') = oT2 + T3 Has) ~ Tz(ﬂw(s)) + _‘E]W—'gc[(aﬂ) + (up,)]
4N? —9N +13

S S u¥u$(3.32)

12N4 Kk ik l#x

We can apply this analysis to model both in-cell and out-of-cell interference using
the improved Gaussian approximation with the goal of obtaining more accurate re-
sults, although we will find that for our problem of interest, the improved Gaussian

approximation does not significantly change the results.
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3.6 Conclusion

In this chapter, we have presented a simple model for multistage interference can-
cellation which we shall use in the remainder of this thesis. We have summarized
previously known analytical results for this model. The contribution of this thesis is
a thorough exploration of the selective cancellation criterion presented in Eqn. 3.27.
In Chapters 4 and 5 we apply this criterion to multicell and multipath environments

respectively.



Chapter 4

Selective Cancellation of Multicell

Interference

4.1 Motivation

Most research to date has focussed on the use of interference cancellation within a
single cell environment. However, it is known that in cellular systems up to 40% of
the total MAI can originate from users outside the cell of interest [3]. Ironically, if
interference cancellation is successful within the cell of interest, CDMA performance
may be limited by the interference from out-of-cell users. It was suggested in [33]
that out-of-cell interference could limit the potential capacity improvements from
interference cancellation. In this chapter, we undertake an analysis of the performance
of CDMA interference cancellation techniques in a multicellular environment [36][37].
We consider three specific cases: the case where interference cancellation is performed
only on users within the cell of interest, the case where interference cancellation is
performed on all out-of-cell as well as in-cell users, and the case in which interference
cancellation is performed on all in-cell but only on selected out-of-cell interferers. The
criteria for selecting out-of-cell interferers for cancellation was suggested in [9].

The remainder of this chapter is organized as follows. Section 4.2 presents the
models for both hexagonal and circular cell geometries. A circular geometry similar to
that which was proposed in [38][39] is employed. The model yields tractable analytical

results which closely match those obtained for the familiar hexagonal cell geometry.

43



CHAPTER 4. CANCELLATION OF MULTICELL INTERFERENCE 44

The interference cancellation model follows the model presented in Chapter 3. This
model was used in [8][9][10], in which a closed form analytical expression for BER was
derived for the single cell case. This closed form result, Eqn. 3.23, has been shown
to compare well with results from simulations [9]. Section 4.3 shows how the single
cell results of [8][9][10][38] may be extended to examine performance of interference
cancellation in a multicellular environment in the three cases of interest. Numerical
results corresponding to a microcellular environment are presented in Section 4.4.
Results for a microcellular environment obtained by using the improved Gaussian

approximation outlined in Section 3.5 are presented in Section 4.4.3.

4.2 Cell Layout

In this section, we present a model for the cell geometries examined. Two cell geome-
tries are considered: the conventional hexagonal grid, and a new circular geometry

which yields closed form results.

4.2.1 Hexagonal Layout

One frequently used cell geometry in the analysis of cellular systems is the standard
hexagonal grid [40]. In this model, each cell is assumed to be hexagonal in shape,
and the cells form a hexagonal mosaic. In this case, the central cell is surrounded by
six cells having the same area. The base stations are assumed to be located at the
center of each hexagon. Thus, if the base station of the central cell has rectangular
coordinates (0, 0), then the base station of the cell above it will be located at (0, v/3R),
where R is the major radius of the hexagon. This will be true if the cells are laid out
as shown in Figure 4.1. We assume a uniform spatial distribution of users within each
cell. We also assume that each user within a cell is under perfect power control from
its base station. For a user at any location in one of the surrounding cells, the power
that is transmitted by the user to maintain unit received power at its base station is
calculated using the path loss exponent law. The power received at the central base
station due to this interferer then is found using the same path loss rule over the
distance from the interferer to the central base station. The average received power

from an interferer in a neighboring cell may be found by numerical integration. We
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boundary
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Figure 4.1: Hexagonal Model for Cell Layout
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exploit the symmetry of the cell layout by performing the calculations over only one

of the adjoining cells.

4.2.2 Circular Layout

Although the hexagonal cellular geometry is frequently employed in the analysis of
co-channel interference effects in cellular systems, analytical results quickly become
intractable for this model because integration must be performed over the hexagonal
region. Since the hexagonal cell shape is only an idealization of the irregular cell
shapes found in real microcell systems, it is reasonable to employ an alternative
model to aid in analysis. We employ a variation of the circular geometry which was
introduced in [38] and shown to yield results nearly identical to those obtained by
using the he){agonal geometry [39]. The circular geometry that we will use is shown
in Figure 4.2 We assume that the cell of interest is circular, and the adjacent cells are
of the shape of wedges surrounding the central cell. We could consider any number
of rings (layers) of cells around the cell of interest, but we focus on the first ring of
adjacent cells. We also assume each cell to have equal area and an equal number
of users. As shown in Figure 4.2, the central cell has a radius d. The cells in the
surrounding layers extend from d to 3d. For each cell to have equal area, the angle
of the wedge will have to be  radians, so there will be eight adjacent cells in the
first ring of surrounding cells. We also assume that the base station of the cell of
interest is at its center, while the base stations of the surrounding cells lie along arcs
of a circle of radius 2d. We represent the base stations as arcs of a circle, rather than
points, to create a tractable mathematical model. This distributed location for the
base station is an extension of the model of [38][39], and we will verify its accuracy by
comparison with the hexagonal cell geometry. The circle with radius Ry, represents a
boundary for selective cancellation, and will be defined later in in Section 4.3.3. We
will assume a uniform spatial distribution of users within each cell. Since the area of
the inner sector of any adjacent cell will be less than that of the outer sector, we need
to weight the number of users in (or the interference power received from) each sector,
such that both inner and outer sectors have an equal number of users, and their sum
equals the number of users in each cell. For the first ring of cells, these weighting

factors are calculated as follows [38]. Since both sectors have an equal number of
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Figure 4.2: Circular Model for Cell Layout



CHAPTER 4. CANCELLATION OF MULTICELL INTERFERENCE 48

users, we can write

W; x 7(4d*> — d?) = W, x 7(9d* — 4d?)

3W’i = 5Wo’ (41)

and since their sum equals the number of users in each cell,

W, x 7(9d® — 4d?) + W; x 7(4d? — d*) = 7(9d* — d?)

5W, + 3W; = 8, (4.2)

where W; is the weighting factor for the inner sector and W, is the weighting factor for
the outer sector. Solving Eqns. 4.1 and 4.2 simultaneously, yields weighting factors
of 4/3 for the inner sector and 4/5 for the outer sector. Using this model instead of
the usual hexagonal geometry leads to simple closed form expressions for the BER.
In order to determine the power received at the central base station due to out-of-cell

interferers, the following assumptions are made:

1. A subscriber in any cell is assumed to be under perfect power control from its

base station.
2. The power received at a base station from any in-cell subscriber is unity.

3. If P(r,0) is the location of an out-of-cell subscriber, the location of its base
station is at B(2d, 0).

Since the power received at a base station from an in-cell subscriber is unity, the
subscriber must transmit power (Z-)", where 7 = |2d —r| is the distance between the

subscriber and its base station, dy is a close in reference distance in the far field of
the base station antenna, and n is the path loss exponent, which typically lies in the
range 2 < n < 4. Assuming the path loss exponent to be independent of r and dy,

the power received at the central base station due to an out-of-cell interferer will be

’

&)
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4.3 Multicell Analysis of Interference Cancella-
tion

In order to explore the effect of out-of-cell interference on the performance of inter-
ference cancellation, we will divide out-of-cell-interferers into two sets. Interferers
which are sufficiently far away from the central base station result in only weak in-
terference to the central base station. As suggested in [33], it will introduce needless
complexity with little benefit to cancel interference from these weak interferers. It
is shown in Section 3.4 that cancellation of sufficiently weak users can actually de-
grade performance[8][9][10]. The weak out-of-cell interferers which are not cancelled
will contribute to the background noise, and we denote the total power of these in-
terferers an P, ,,;. Interference cancellation is performed on the remaining strong
out-of-cell interferers, and we denote their total power as Pyes out-

The unresolvable components will degrade the value of % in the system. This
effect may be modeled by the standard Gaussian approximation. Since each of the
unresolvable out-of-cell interferers is relatively weak, the Gaussian approximation
should be effective.

We write Eqn. 1.10 in the form:

rt)=n(t)+ D> selt—7)+ Y. skt —7%) (4.3)

kesres kesnoise

where S,.s is the set of all resolvable users in the central cell or adjacent cells upon
which interference cancellation is performed, and S,,,;,. is the set of all unresolvable
users in adjoining cells. The sum of the powers from resolvable users, > tcs,.. Pk, may
be substituted for "X, P, in Eqn. (3.23) to account for interference cancellation in
the multicell case.

We now account for the interference from uncanceled users. Using the notation

of [12][41] we may write the decision statistic at stage s as

P :
Z¥) = =T +n+ S I8+ 3 I (4.4)

2 k€ESres kESnoise
where \/%&T bi; is the contribution of the desired signal, n represents the effect of

noise n(t) and is a Gaussian random variable with mean zero and variance I,
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Y kE€Smes I,ﬁi) represents the MAI from the resolvable users and may be modeled as
discussed above, and Yy, . I represents the effect of the uncanceled users. The
Central Limit Theorem implies that the contribution of a large number of identically
distributed chips of interference from each uncanceled interferer will tend towards a
Gaussian distribution. Applying the standard Gaussian Approximation [12] to the kth
uncanceled user, we find that the uncanceled interference has mean E[Y Snoise 1] =0

and variance given by

Ekes e Dk '
Var[ ) L] = ==Scneiee = (4.5)
k€Snoise 6N

The factor NV arises due to the fact that the interferer’s power is reduced in proportion
to the processing gain, while the factor of 6 is present because the MAI is not aligned
in phase or time with the desired user. As a result, the combined contribution from
the noise and uncanceled interference can be lumped together into a single noise
process n' (t) with two-sided power spectral density (52"1) given by

Ny Ny T

5 =5 tan kESZ,m,'.,, P,. (4.6)
As a result, we may now generalize Eqn. (3.23) to the case in which cancellation is
performed in a multicell environment on all, none, or part of the out-of-cell interfer-

ence.

(s) _ 1 1—(_@)3
Py ‘Q{[mkﬂ%)( e )+

3N
(3;[)3 ((KT — 1;;'— (—1)3 (K + Pres,out) + (_‘1)5)] 2} (47)

where K, is the total number of resolvable users which equals the number of users in
the central cell plus the total number of resolvable users in all adjoining cells, whereas

K is the number of users per cell. We now apply this approach to the three cases of

interest.

4.3.1 Interference Cancellation on In-Cell Users Only

If interference cancellation is performed only on in-cell interferers, then the total

resolvable power will be K, and the total out-of-cell noise power P, ,,: can be obtained
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by integrating over the ring from radius d to 3d.

2 2n p2d _~\"
P, out = i L K37rd/ / (2d T) rdrd@ +

G raE—®

4 1 K5md? [2r r—2d |
(g)ﬂ(9d2—4d2 d? / [z ( ) rdrdf (48)

As discussed in Section 4.2.2, 3 and % are the weighting factors for the inner and

outer sector respectively of the wedge[38]. Eqn. 4.8 simplifies to

4K (2 (2d —r 4K r—2d\"
P,ou = 2r—— S — dr- 4.
Jout 27T37rd2 ; ( . ) rdr+2775 = ( " ) rdr (4.9)

For a path loss exponent n = 4, this further simplifies to

_a2
- Prou = i_fri [ 3d (Hglﬁln[d]) + 24d° ln[2d]] +
8K &2 (— 4321n[3d
5d2[ 24d Inj2d] + T 175133 al D]- (4.10)

Since none of the out-of-cell interferers is being resolved by the center base station,
Pres,out = 0, and A’r =K.

4.3.2 Complete Interference Cancellation

If interference cancellation is performed on all out-of-cell-users as well as in-cell users,

the total resolvable power from out-of-cell interferers can be written as

4 1 K3nd? 2 p2d (94 — r\"
Pres,out - (§)7T(4d2 _ d2) ﬂ'd2 / / ( ) rdrdf +

4 1 K57rd2 2r 3d (r — 2d
& roF —1E) / /2 ( )rdrde (4.11)

For a path loss exponent n = 4, this simplifies to

9,42
Pres,out = g% [ 3d (11 ; 16 ln[d]) +24d2 1n[2d]:| +
2(— In[3d
Ef; [ 24d? Inf2d) + L1 J;;?’z n[3 D] (4.12)

and in this case, P, ou: = 0. Note that P, 4y for the case of complete cancellation is

the same as P, ,,; for the case of cancellation on in-cell-users only. Here, K, = 9K.
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4.3.3 Selective Interference Cancellation

As discussed in Section 3.4, if the power received at the central base station from any
user k is less than a certain threshold, then performing interference cancellation will
increase the variance of the power from that user, resulting in a higher BER. It is
shown in [8][9] that the BER will increase after interference cancellation if the power
of that user is sufficiently small. This happens because the estimate of that low power
user’s signal is so imprecise that cancellation will actually introduce additional noise.
In order to obtain the maximum capacity, users are classified into two groups. The
two groups comprise of users who will degrade the BER when interference cancellation
is performed on them, and those who will improve the BER. We can then perform
interference cancellation only on the favorable users. The threshold power, P, below
which interference cancellation will degrade performance is given by Eqn. 3.27[8][9]:

N all
Po= 2+ o 2 P (4.13)

=1,n#k
where K,; = 9K is the total number of users for this model.

Assuming that the power received from each in-cell user is unity after power
control is applied, we can perform interference cancellation on all in-cell interferers.
However, we would like to cancel only those out-of-cell interferers whose power at the
central base station is higher than the threshold. We choose not to use the rest of
the users for interference cancellation, so the power from such users must be added
to the unresolvable noise. The radius Ry, corresponding to P, will be given by
P, = %’,&B and is illustrated in Figure 4.2. Thus, we will perform interference
cancellation on all interferers within a radius of Ry, from the center base station.

The total interfering power from the resolvable out-of cell interferers in all adjoin-

ing cells is given by the expression (assuming Ry, < 2d)

4K (Ro 2d—rl

Pres,out =2 4.14
tS T rn (4.14)
For a path loss exponent n = 4, this simplifies to

4K 8d* 3243 R 3d?%(11 + 161n[d)) 9
Pres,out — ﬂ'é;d—? “"@ + Eh— - Bthh, + 2 - 2 + 24d ln[Rth]

(4.15)
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The total unresolvable interfering power from all adjacent cell can be written as

2d —_ n : 3d _ n
Py out = 27 K / ((2d 7‘)) rdr + 2w K / (T 2d) rdr (4.16)
Ryp ‘

3md? T 5md? Jad T

For a path loss exponent n = 4, this simplifies to

4K [8d* 3243 R?,
P, ot = 21— — th 21n[2d] — 24d? In[R
,out 27T37rd2 [R Rm Sthh 2 -+ 24d l'l[ ] l'l[ th]} +
AK [ d?(—175 + 432 In[3d))
o — [—24d In[2d] + B . (4.17)

The total number of resolvable users, K, equals the number of users in the cen-
tral cell plus the total number of resolvable users in all adjoining cells, and may be
approximated by K, = K + 4K [——”}i——dgl

In order to analyze the hexagonal layout in Figure 4.1, we plot the boundary
within which all interferers are strong enough to justify interference cancellation [36].
The rest of the users are added to the unresolvable noise and a similar numerical
analysis as presented for the circular model is carried out. The values of (—#) and
> kes,.. P thus obtained may be substituted in Eqn. (3.23) to compute the BER. The
shape of the boundary obtained for the hexagonal layout may be found numerically,

and is shown in Figure 4.1.

4.4 Numerical Results

Although this work focuses primarily on analytical results which explore the potential
value of selective interference cancellation for a multicell environment in a qualitative
sense, the individual analytical techniques which are combined here have been veri-
fied for numerical accuracy against simulation results. Simulation results presented
n [8][9][10] have shown that the analytical expression for BER of adaptive multi-
stage interference cancellation used in Eqn. 3.23 shows reasonably good agreement
for BER above 10~*. Simulation results presented in [38] show that capacity results
for the circular cell geometry agree closely with those obtained from a hexagonal cell

geometry when K is reasonably large.

4.4.1 Circular Layout



CHAPTER 4. CANCELLATION OF MULTICELL INTERFERENCE 54

/
107k /,/‘ — — Stage 3
10'16 ! 1 1 _l I 1 1l
0 50 100 150 200 250 300 350 400

K ( users/cell )

Figure 4.3: Interference Cancellation for a Single Cell Environment ( N = 128,
15 dB, Perfect Power Control ).
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Figure 4.4: Performance of Interference Cancellation for Multicellular Environment,
No Interference Cancellation on Out-of-Cell Interferers ( N = 128, % = 15dB, d =
1000 m, n = 4)
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Figure 4.5: Performance of Interference Cancellation for Multicellular Environment,
Complete Interference Cancellation ( N = 128, —f—,% = 15dB, d = 1000 m, n = 4)
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Figure 4.6: Performance of Interference Cancellation for Multicellular Environment,
Selective Interference Cancellation ( N = 128, % = 15dB, d = 1000 m, n = 4)
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Figure 4.7: Performance of Interference Cancellation for Multicellular Environment,
Selective Interference Cancellation ( N = 128, % = 15dB, d = 1000 m, n = 2)
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Figure 4.8: Performance of Interference Cancellation for Multicellular Environment,
Selective Interference Cancellation ( N = 128, EN% = 10dB, d = 1000 m, n = 4)
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Figure 4.9: Performance of Interference Cancellation for Multicellular Environment,
Selective Interference Cancellation ( N = 128, % = 15dB, d = 5000 m, n = 4)
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Figure 4.3 plots BER as a function of the number of users per cell K for a single
cell environment according to Eqn. 3.23 [8][9]. For this figure, % = 15 dB for the
desired user, and a processing gain of N = 128 is considered. Perfect power control
is assumed. BER curves are shown for s = 1,...,4, where s = 1 corresponds to the
conventional receiver and s = 4 corresponds to three stages of adaptive interference
cancellation. For convenience, a line showing a desired BER of 1073 is also displayed.
Interference cancellation is shown to provide a significant increase in capacity for a
single cell environment. As the number of interference cancellation stages is increased,
further improvements diminish and performance tends towards an asymptotic limit.

Figure 4.4 through Figure 4.6 explore the effect of implementing interference can-
cellation in a multicellular environment using the circular cell geometry. For the
remainder of the results in this section, we will assume % = 15 dB, a path loss
exponent of n = 4, a cell-radius of d = 1000 m, and a processing gain of N = 128
corresponding to typical values for a microcellular environment, except as specifically
noted. Figure 4.4 shows BER as a function of K for a multicellular environment in
which interference cancellation is performed only on interferers in the central cell,
according to Eqn. 4.10. The number of users K, which can be supported at a BER
of 1073 is severely decreased from Figure 4.3, and only the first stage of interference
cancellation yields any significant improvement. This illustrates how the out-of-cell
interference dominates the system performance after interference cancellation miti-
gates the in-cell interference.

Figure 4.5 illustrates the result of applying interference cancellation indiscrimi-
nately to all users within the first ring of cells surrounding a base station, using the
results of Eqn. 4.3.2. Interference cancellation provides almost no improvement over
the standard receiver and performance is significantly worse than the performance
shown in Figure 4.4 in which no attempt was made to cancel any out-of-cell interfer-
ence. The crossing of curves in Figure 4.5 shows that interference cancellation can
actually hurt performance if we attempt to cancel many low power out-of-cell inter-
ferers in violation of the condition in Eqn. 4.13. Clearly, indiscriminate cancellation
of out-of-cell interference is undesirable.

Figure 4.6 plots BER as a function of K for the case of selective interference

cancellation, according to Eqns. 4.15 and 4.17. Interference cancellation is performed
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only on those interferers which satisfy the condition in Eqn. 4.13. For the idealized
model considered here, those interferers lie within the circular region about the central
cell which is illustrated in Figure 4.2. For a practical situation, the region will have
an irregular shape, but it is reasonable to postulate that a small number of users
in the surrounding cells contribute significant interference power to the central cell.
It should be possible to identify those users by their received powers. CDMA base
stations already monitor nearby users in neighboring cells to implement soft hand-off.
Comparison of the curves corresponding to multistage receivers with s =1 and s =4
in Figure 4.6 shows that selective interference cancellation can result in a more than
fourfold increase in capacity over a standard receiver. Moreover, comparison with
Figure 4.4 shows that selective interference cancellation on out-of-cell interferers can
potentially provide a 20 - 40% improvement in capacity over the cancellation of only
in-cell interference.

Figure 4.7 through Figure 4.9 explore the sensitivity of selective interference can-
cellation to system parameters. In Figure 4.7, the path loss exponent is reduced to
the free space value of n = 2. Not surprisingly, the system capacity is reduced signif-
icantly because of the increased importance of out-of-cell interference. However, the
use of selective interference cancellation still provides a potential threefold capacity
increase over a conventional receiver. Figure 4.8 illustrates the case in which the
signal to background noise ratio has been reduced to —f,% = 10 dB. Once again, perfor-
mance of all receivers is reduced but selective interference cancellation still provides
a significant improvement in capacity. Figure 4.9 presents results for a cell radius of
5000 m. The results are virtually identical to the microcell example in Figure 4.6,

indicating that the basic principle of selective cancellation should be scalable.

4.4.2 Hexagonal Layout

Figure 4.10 through 4.12 present plots of the BER against the number of users
per cell using the hexagonal layout for typical microcell parameters (% = 15 dB,
major radius » = 1000m, and path loss exponent n = 4), repeating the results of Fig-
ure 4.4 through 4.6 for the hexagonal geometry. For these figures, Eqn. 4.7 is used but
the closed form expressions derived in Section 4.3 are no longer applicable. Instead,

numerical integration over the hexagonal region is used to find average interference
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Figure 4.10: Performance of Interference Cancellation for Multicellular Environment
using Hexagonal Geometry, No Interference Cancellation on Out-of-Cell Interferers (
N =128, £ =15dB, r = 1000 m, n = 4)
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Figure 4.11: Performance of Interference Cancellation for Multicellular Environment
using Hexagonal Geometry, Complete Interference Cancellation ( N = 128, 1%% =15
dB, r = 1000 m, n = 4)
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Figure 4.12: Performance of Interference Cancellation for Multicellular Environment
using Hexagonal Geometry, Selective Interference Cancellation ( N = 128, —f—,g- =15

dB, r = 1000 m, n = 4)
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powers. Figures 4.4 and 4.10 for the case of interference cancellation on in cell inter-
ference only yield virtually identical results, perhaps because out of cell interference is
a second order effect in this case. Comparing Figure 4.5 with Figure 4.11, and Figure
4.6 with Figure 4.12 for the cases of complete and selective cancellation respectively
indicates that the circular geometry yields slightly optimistic results for the case of
selective cancellation, and slightly pessimistic for complete interference cancellation.
However, the resulting capacities still usually agree within 10 - 15% as was found in
[39]. Thus, the circular layout yields results comparable to those from the hexagonal

layout, while making the problem more tractable mathematically.

4.4.3 The Improved Gaussian Approximation

Figures 413 through 4.15 present results obtained by modeling the interference
with the improved Gaussian approximation outlined in Section 3.5. These results were
obtained using the hexagonal geometry. Figure 4.13 is a plot of the BER against the
number of users per cell for the case when no interference cancellation is performed
on out of cell interferers. We see that this result is virtually identical to that in Figure
4.10, where the simple Gaussian approximation was used to model the interference.
Figure 4.14 presents the results for the case of complete interference cancellation.
Here too, we see that complete interference cancellation actually hurts performance,
and the capacities predicted by these results are much worse than for the case of in-
terference cancellation on in-cell users only. Moreover, the results in Figure 4.14 are
same as those in Figure 4.11 which showed the result for complete interference cancel-
lation using the simple Gaussian approximation for the hexagonal geometry. Figure
4.15 is a plot of the BER versus number of users per cell for selective cancellation in
the hexagonal layout. The improved Gaussian approximation is used. Again, we see
the huge capacity gains that could be obtained by selective cancellation of a small
number of strong out-of-cell interferers. Also, the results in this figure are identical
to those in Figure 4.12 which was plotted using the simple Gaussian approximation.
In all the three cases of interest, the results from the improved Gaussian approxima-
tion are nearly identical to those obtained using the simple Gaussian approximation.
While this increases our confidence in the results presented, it also points out that

under the assumptions made for this analysis, the improved Gaussian approximation
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Figure 4.13: Performance of Interference Cancellation for Multicellular Environment
using Hexagonal Geometry and the Improved Gaussian Approximation, No Interfer-
ence Cancellation on out-of-cell interferers ( N = 128, ]I—f,g = 15 dB, r = 1000 m,
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Figure 4.14: Performance of Interference Cancellation for Multicellular Environment
using Hexagonal Geometry and the Improved Gaussian Approximation, Complete
Interference Cancellation ( N = 128, % =15dB, r = 1000 m, n = 4)
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Figure 4.15: Performance of Interference Cancellation for Multicellular Environment
using Hexagonal Geometry and the Improved Gaussian Approximation, Selective
Interference Cancellation ( N = 128, % =15 dB, r = 1000 m, n = 4)
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does not seem to make a noticeable difference. The simple Gaussian approximation
serves our purpose equally well. The improved Gaussian approximation could how-
ever produce a significant improvement in the accuracy of the results in situations
where the channel is much worse, and especially under conditions where there are a

small number of users per cell, K [11].



Chapter 5

Selective Cancellation Using Bit

Averaging

5.1 Motivation

This chapter explores the use of averaging power estimates over several previous bits

to improve the selective cancellation criteria. More accurate power estimates can im-

prove the selective cancellation process in several ways. The following considerations

motivate us to explore ways of improving selective cancellation criteria.

1. The wireless channel is characterized by multipath propagation as signals reflect

and scatter off objects in the transmission path. In [42][25], a multistage RAKE
receiver was proposed. The motivation behind these works was to combine the
benefits of the RAKE and multistage receivers into one integrated receiver de-
sign. The RAKE receiver takes advantage of multipath propagation, and the
multistage receiver gives successively better estimates of the desired signal by
subtracting the interference from the received signal. It was shown that a two
stage RAKE receiver provides better performance than a single stage RAKE,
even in harsh Rayleigh channels. Since interference cancellation performed on
selected out-of-cell interferers yields significant capacity improvements as shown
in Chapter 4, it is reasonable to believe that selective cancellation of resolvable

multipath components should lead to an improvement on the results reported

71
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in [42][25], especially under severe fading conditions. To perform selective can-
cellation on multipath components under severe fading conditions, a good cri-
terion to select multipath components for interference cancellation is required.
It should be possible to select multipath components for cancellation ‘by com-
paring their received powers to the threshold of Eqn. 3.27. However, in order to
apply this criterion, it is necessary to have a good estimate of the power in the
multipath component, to ensure that we do not cancel weak components and

hurt performance in the process.

2. An improvement in the power estimate will also lead to a better selection of

out-of-cell interferers for cancellation.

3. Moreover, the better the amplitude estimate, the more complete is the interfer-

ence cancellation process at any stage.

4. As mentioned in Section 2.2, with a fairly mild set of assumptions, maximal
ratio combining of decision statistics from different fingers of a RAKE receiver
is equivalent to weighting the decision statistics from the RAKE fingers in pro-
portion to their magnitude. Thus, even in RAKE receivers which do not employ
interference cancellation, a better amplitude estimate is always welcome, since it
would lead to maximizing the signal to noise ratio of the overall decision statis-
tic because of near optimum combining of the decision statistics from individual

fingers.

In the model used in [8][9][10], information from only one bit is used to form an
estimate of the bit transmitted by an interferer, as well as the power of the interferer.
At any stage s of the receiver, the decision statistic Z; (’) is used to form an unbiased
estimate of the product by ;/Ps, where by ; = VAY, YAV (s)| is an estimate of the kth
user’s data bit, and B, = 2[Z\") i/T)? is an estlmate of the kth user’s power. In
other words, A\ = 2|Z(s)| /T is an estimate of the kth user’s amplitude. We could
potentially improve the accuracy of the amplitude estimate by averaging amplitude
estimates over several consecutive symbols, to give

) 7()
AP = 22' ki I (5.1)
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where p is the number of bits that we average over to produce the improved amplitude
z()
estimate. We know that 2—’1’i is an unbiased estimator for Ay X by ; [8][9]. However,
z8)
22 I is a biased estimator for A;. Hence, Ak is a slightly biased estimator for A.

We will however assume that Aé) is an unbiased and consistent estimator for A,

1. e.

R A

E[A®] =E Z o\ Zeal | Ay (5.2)
i=1 .
and
s) ’ (3)|
pll)rgo Var[A;'] = lnn Var 1—722 T

— lim 1 7®

—JH&;{ ~Var |2 |]} (5.3)
Thus,

5.2 Hard Decisions

Although the bit estimate and the power estimate could have been formed separately,
Kaul and Woerner [8][9] were interested in the product by ;v/P. So, Z,(csl) was used
directly to provide “soft decisions”, which simplified the analysis. If we use power
estimates averaged over several bits, we would have to form the bit estimate and the
power estimate separately. In other words, we would have to make hard decisions on
the bits transmitted by the users at every stage of interference canceﬂation, and then
multiply this hard estimate by the power estimate, which could depend on amplitude
information from several previous bits.

Since the first stage of the receiver is still a simple correlation detector, the BER
for the first stage will remain the same as in the case of soft decisions, and is given

by Eqn. 3.15 which can be written as

1/2

=Q

P.T? 1/2

2Var(Z{})]

P.T2%/2

NoT AHF2 (1
4 E:K_J.n¢k

PV =q (5.4)

Consider any stage s of the interference cancellation receiver. Let fifj‘) be the

amplitude estimate for user « at stage s. By multiplying the amplitude estimate and
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the data estimate for any interferer k, an estimate for the signal transmitted by an
interferer is obtained. The estimate of that user’s signal at stage s can be expressed

as

o) = /Alff)a,i(t - T,C)B,g(t — Tx) coS(wct + @), (5.5)

where b,(t) is an estimate for the data signal transmitted by the user. To perform
interference cancellation, subtract the signal estimate, 5, from the received signal.
Let P(s*1) be the residual power due to user & into stage s + 1 after interference
cancellation at stage s. Now look at stage s+ 1 as the first stage, but with the powers
of all users replaced by the residual powers remaining after stage s. The variance of

the decision statistic for user k at stage s + 1 can be calculated as

2 K
Var(Z5H)] = NZT NT 3> Pt (5.6)
k=1,k%#k

Thus, the BER for user k at stage s + 1 is given by

1/2 1/2
pl+h P.T? =Q PkT2/2 (5.7)
by oV ar[Z(SH)] _]!g_ + N_g‘g’_ Kt P,£3+l)

Now consider two pdssibilities:
1. The data estimate is correct.
2. The data estimate is wrong.

If we have a correct bit estimate, the residual interference from this interferer carried

over to the next stage s+ 1 is
v |correct = s, (t — ) — 5u(t — 7)) = [Ax — AW]ae(t — 7) cos(wet + dx)- (5.8)

In this case, the uncanceled interference power P{**1|correct of the remaining inter-
ference into the next stage s + 1 will depend on how close A®) is to A,. In more
formal terms, P{**1) will be proportional to the variance in the amplitude estimate
Afj). If, however, we make a wrong data bit estimate, we will add the amplitude

estimate instead of subtracting it, and the residual interference in that case will be

VD |(wrong) = sx(t — ) — 8alt — ) = [Ax + AD)ax(t — 7)) cos(wet + dx)- (5.9)
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Given that we have made a wrong bit estimate, we rdenote the residual interference
power from user & fed into stage s + 1 as P(s+V|incorrect.

Assume that we average amplitude estimates over p bits to generate an improved
amplitude estimate. This would reduce the variance of the amplitude estimate by
a factor of ;}. Out of these p bits, suppose we have wrong data bit estimates on 2
bits, and correct data bit estimates on the remaining p — ¢ bit. The probability of
making incorrect data estimates on given i bits out of p bits can be expressed as
(Pb(:))i(l — Pb(:))(’"i). Moreover, we can choose C? combinations of ¢ bits out of p bits,
where C? is defined as C? = ,—(h; Thus, the residual interference power from user

k carried into the next stage will be

petl) = ZC” (PY)i(1 — By ;—) - P&tV incorrect + (p_;_ﬁ - PtV |correct| -

= (5.10)
If we can find P{*+Y|correct and P(*+Y|incorrect for all users, PV can be obtained
for all users. When substituted into Eqn. 5.7, this will allow us to calculate the BER
at stage s + 1. We will direct our attention to obtaining expressions for the residual

powers into stage s + 1 given the condition that we make a correct or incorrect bit

estimate (i. e. P**V|correct and P*+Y|incorrect).

5.3 Perfect Power Estimates

5.3.1 Analysis

Let us assume for the moment that we have perfect estimates for the interfering
powers, i. e. A® = A,. If we also make the correct data bit estimate, we are able
to cancel out the interference from a bit perfectly (i. e. v{**}) = 0), and the residual

interference power carried into the next stage is
PE+D|correct = 0 (6.11)

On the other hand, if we make the wrong bit estimate, the amplitude of v(*+1) is 24,,

and the interference power carried into the next stage is

PS+D|incorrect = (24,)%/2T = 4PV, (5.12)
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since Ps+D = [A, & An(s)]2/2T. The plus sign holds in case of an incorrect bit
estimate, and the minus sign in case of a correct bit estimate. Substituting these
values of residual interfering powers in Eqn. 5.10, the residual power from interferer
k fed into stage s + 1 is obtained when averaging is performed over p bits.

P ; —1
Pt) = 3" CP(PY)i(1 — P % O (pjTZ) 4P| (513)
1=0

Thus, we can find the residual interferihg power for each user and substitute it into

Eqn. 5.6 to get the variance of the decision statistic at stage s+ 1. Eqn. 5.7 will then
yield the bit error probability.

5.3.2 Results

For all figures presented in this section, we assume an E}/N; value of 15 dB,
and a processing gain of N = 31 unless otherwise stated. Figure 5.1 is a plot of
the BER versus the number of users for the hard decision receiver, assuming perfect
amplitude estimates. This graph has been plotted with amplitude estimates from
only one bit. BER curves are presented for the first four stages of the interference
cancellation receiver. Note that interference cancellation provides huge benefits in
capacity, and three stages of interference cancellation provide almost a seven times
increase in capacity at an acceptable BER level of 10~3. Figure 5.2 shows results
for a similar case where the amplitude estimates are averaged over 100 bits. These
results are exactly the same as those obtained in Figure 5.1 when no bit averaging
was used. This is true, since in both cases perfect amplitude estimates are assumed.
If the amplitude estimate is perfect, it does not matter how many bits are averaged
over. Thus, averaging over more than one bit will not provide any further benefit, and
the BER should be independent of p, which it is. In other words, we have excluded
the effect of bad amplitude estimates, and the results depicted in the two figures
examine the effect of wrong bit estimates only. When imperfect power estimates are
considered, Figure 5.1 will serve as a limiting case which should be approached as our
power estimates become more and more accurate. As mentioned, these figures are
plotted using the analysis for hard decisions at each stage.

Figure 5.3 is a plot of the BER against the E, /N, for the case of perfect amplitude

estimation and no bit averaging. This figure has been plotted for K = 20 users, and
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Figure 5.1: Performance of Interference Cancellation with hard decisions, assuming
Perfect Amplitude Estimates, No Bit Averaging ( N = 31, % = 15dB)
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Figure 5.2: Performance of Interference Cancellation with hard decisions, assuming
Perfect Amplitude Estimates, Averaging Estimates over 100 bits ( N = 31, I—If,ﬁ =15
dB )
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Figure 5.3: BER vs. E,/N for Interference Cancellation with hard decisions, assum-
ing Perfect Amplitude Estimates, No bit Averaging( N =31, K =20 )
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N = 31. The first stage of interference cancellation provides a huge performance
improvement over the conventional CDMA receiver. The fourth stage of the receiver
provides almost no improvement over the third stage. The fourth stage will however
begin to provide noticeable improvement over the third stage wkhen the number of
users increases, as is seen from Figure 5.1. Varanasi and Aazhang [22] proposed a
multistage multiuser detector for asynchronous CDMA. This receiver assumes a priori
knowledge of received signal amplitudes and performs hard decisions at each stage.
[22] presents the probability of error for a two stage receiver. Kaul and Woerner [43]
have simulated the performance of such a receiver for multiple stages of interference
cancellation. Figure 5.4 presents the analytical BER (from Figure 5.3) and the simu-
lated BER on the same plot as a function of the 1—’3‘; value for K = 20 users [43]. Note
that the results analytical and simulation results in Figure 5.4 should approach each
other. Comparison of the analytical and simulation results shows that they match
well at stage 1 and stage 4 of the receiver. However, for the stages 2 and 3, the sim-
ulation results are somewhat pessimistic as compared to the results obtained using

the analytical treatment outlined in Section 5.3.1.

5.4 Imperfect Power Estimates

5.4.1 Analysis

Now let us consider the more realistic case of imperfect power estimates. Let r’in(s)

be the estimate of the amplitude of user x at stage s. We examine the case of
an incorrect bit estimate first. For an incorrect bit estimate, the amplitude of the

interfering signal for user x fed into the next stage of the receiver is A, + An(s). As

mentioned in Section 5.3, if fi,c(s) = A, then P{**Vl|incorrect = 4PW . If An(s) > A,
then P{**Vlincorrect > 4PV, and the performance will be hurt further, since more
interfering power will be injected into the next stage. On the other hand, if AK(S) <
A,, then Pe+D|incorrect < 4PM, and having made a smaller (although inaccurate)
amplitude estimate will actually help us, and will, to a certain extent, compensate
for the damage done by the wrong bit estimate. Assuming that amplitude estimates
are equally likely to be smaller as they are to be larger than the real amplitude, the

average interfering power into the next stage will still be 4P, which is the same as
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Figure 5.4: Simulated and Analytical BER vs. E},/N, for Interference Cancellation

with hard decisions, assuming Perfect Amplitude Estimates ( N = 31, K =20 ) o :
Analytical Results, * : Simulated Results
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that in case of perfect amplitude estimates. Hence,
E [P,£3+1)]incorrect] = 4PV (5.14)

Now let us consider the case of correct bit estimates. In this case, if an imperfect
amplitude estimate is made, then interference cancellation will not be complete, and
there will always be some residual power introduced into the next stage. Thus, imper-
fect amplitude estimates always hurt performance in the case of correct bit estimates,
as compared to the case of incorrect bit estimates, where impérfect amplitude esti-
mates actually helped us half of the time. The amplitude of the interference from user
K at stage s+ 1 is |A, — AN(S)L Hence, the interference power due to user x at stage
s+1is (4, — A,”)2/2. Note that E[A,)] = Ay, and Var[A,"”] = E[(4. — 4, )2.
Thus, the interference power due to user k at stage s+ 1 given a correct bit estimate
can be expressed as

P+ |correct = Var[fi,;(s)]/Q- (5.15)

Recall that AK(S) =(1/p) ¥, 2|Z,£fi |/T. Therefore Var[AN(s)] = 4Var[|Z,(:3|]/(pT2).
Since we have a correct bit estimate, it would be reasonable to assume that Var[|Z, ,(csl) ] =~
Var[Z,(:i) ]. This leads to

P+ |correct ~ 3@;22—’(”)] (5.16)
Substituting these values for the interference power for each user into Eqn. 5.10 will
yield the total interference power at stage s + 1, enabling the calculation of the BER
at stage s+ 1. Note that Kaul and Woerner have developed a closed form expression
for the BER in [10]. Here, we have not developed a closed form expression, but have
a set of recursive expressions, although it might be possible to develop a closed form

expression for this case too.

5.4.2 Results

Figure 5.5 presents the BER as a function of the number of users K when no bit
averaging is used. We have assumed an Ey,/N, of 15 dB, and a processing gain of
N = 31. We will use the same parameters for all results presented in this section
unless otherwise mentioned. We see that three stages of selective interference can-

cellation provide approximately four times increase in capacity. What is striking is
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Figure 5.5: Performance of Interference Cancellation with hard decisions, No Bit
Averaging ( N =31,% =15dB)
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the difference in the capacities predicted by this ﬁgufe, and by Figure 5.1, in which
perfect amplitude estimates are assumed. The case of imperfect amplitude estimated
reduces the capacity to almost half. This points out the importance of having accu-
rate amplitude estimates. Comparison between Figures 5.5 and 5.1 brings to light
the potential improvement in performance obtainable if better amplitude estimates
are used. Since Figure 5.5 presents the results for the case of no bit averaging for
hard estimates, it is in order to see how these results compare with the soft estimate
case. In either situation, the only source of information for the amplitude estimate is
the decision statistic Z,(csz) Therefore, in the case of no bit averaging, hard decisions
are essentially the same as soft decisions, since the amplitude estimate is obtained
from the decision statistic of just one bit in both cases. Moreover, this also points out
that soft estimates can be viewed as a special case of hard estimates, when no extra
information about the amplitude is available. The analysis for hard estimates thus
presents a more generalized view for the performance of the interference cancellation
receiver. Figure 5.6 plots equivalent results ( E,/Ny = 15 dB, N = 31 ) for the case of
soft estimates discussed in'Chapt.er 3. We find that Figure 5.6 shows slightly better
performance than Figure 5.5. Simulation results presented in [8][10] show that the
analysis for soft cancelldtion produces somewhat optimistic results as compared to
the simulations. For instance, under perfect power control with a processing gain of
N = 64 and K = 30 users, analytical results predict a BER of approximately 1074,
whereas simulations yield a BER of about 2 x 10™* [8]. We may thus have found
a way to get rid of some of the optimism in the analytical results presented in [10].
Figure 5.7 is a plot of the BER against the E,/N, for the case of hard decisions and
no bit averaging. It is plotted for a spreading gain of N = 31 and for K = 20 users.
Figures 5.8, 5.9, and 5.10 plot the BER against the number of users when the am-
plitude estimates are averaged over 2, 10 and 100 bits respectively. Comparing these
results to those for no bit averaging (Figure 5.5), we see that even averaging amplitude
estimates over just 2 bits produces a noticeable improvement in performance over no
bit averaging. Averaging over 10 bits provides almost 1.5 times capacity increase
over the no bit averaging case. Recall that no bit averaging provided about half the
capacity predicted with perfect amplitude estimates. Thus, averaging over 10 bits

gains back about half the capacity lost because of imperfect power estimates. As we



CHAPTER 5. CANCELLATION WITH BIT AVERAGING 86

BER

10° H—— Stage 2 E
1- - Stage 3 3
;-—-- Stage 4 ]

10“5 1 _d 1 1 | 1 i 1 1
0 1 2 3 4 5 6 7 8 9 10

Eb/NO (dB)

Figure 5.7: BER vs. Ey/Ny for Interference Cancellation with hard decisions, No Bit
Averaging, (N =31,K =20)
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Figure 5.8: Performance of Interference Cancellation with hard decisions, Averaging
Amplitude Estimates over 2 bits( N = 31, £ =15 dB)
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average amplitude estimates over more and more bits, the results get closer to those
presented in the perfect amplitude case in Figure 5.1. In fact, the results in Figure
5.10, where amplitude estimates are averaged over 100 bits, are very close to those
in the perfect amplitude estimate case. Thus, averaging amplitude estimates over
several bits can result in considerable increase in capacity. If averaging is performed
over 1000 bits the resulting performance is closer to the perfect power estimate case,
but the improvement over the p = 100 bits case is not as dramatic as the improvement
from the p = 100 case over p = 10 case. Moreover, time varying fading might change
the channel characteristics during that time. Thus, the improvement obtained from
averaging starts diminishing, and the performance tends towards the asymptotic limit
set by the perfect estimate case. One common assumption in all results presented
above is perfect power control. Because of the perfect power control, averaging over
more and more bits leads to improving performance, although with diminishing im-
provements. In a more practical environment, however, this would not be the case.
Under a fading channel, for instance, it is reasonable to expect that there is an opti-
mum number of bits to average over to extract the best possible performance from the
receiver. The optimum number of bits is proportional to the ratio of the coherence
time of the channel to the bit period. In other words, in a slowly fading channel,
we would average estimates over a larger number of bits than in fast fading, where
the received power is changing at a faster rate. The slower the signal power varies,
the greater the optimum number of bits to average over. Perfect power control is an
extreme case, where the received power does not change at all. This explains why
increasing p always improves performance in the case of perfect power control.
Figure 5.11 is a plot of the BER against the E,/N, when amplitude estimates are
averaged over 2 bits. Comparison of Figure 5.8 with Figure 5.5 shows that averaging
over two bits provides a considerable improvement in performance over no bit aver-
aging, especially at the first stage of interference cancellation. Figures 5.9 and 5.10
present similar results when amplitude estimates are averaged over 10 and 100 bits
respectively. Notice that as the number of bits averaged over, p, goes on increasing,
the improvement obtaihed diminishes. Figure 5.10 where estimates are averaged over

100 bits is very similar to Figure 5.3, where perfect amplitude estimates are assumed.
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Figure 5.11: BER vs. E},/Ny for Interference Cancellation with hard decisions, Aver-

aging Amplitude Estimates over 2 bits( N =31, K =20 )
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5.5 Summary

In this chapter, we analyzed the issues involved in applying the interference can-
cellation criterion presented in Eqn. 3.27 to a multipath environment. To perform
cancellation of multipath components in a fading channel, it is necessary to have a
very accurate estimate of the power in the multipath component. We investigated
the effect of averaging power estimates over several previous symbols with the goal
of improving the accuracy of the power estimates. To do this, we had to analyze the
performance of a multistage interference cancellation receiver with hard decisions.
This also helped us to separate the effects of incorrect data estimates and imperfect
power estimates on the performance of the interference cancellation receiver. We
found that imperfect amplitude estimates contribute a major part in degradation of
the performaﬁce of the receiver. This points towards the importance of having good
amplitude estimates. Moreover, accurate amplitude estimates will help us select users
and multipath components for cancellation accurately, thus increasing our confidence
in the criterion used for selective cancellation. As mentioned above, this will be
especially useful in selecting multipath components in severe fading environments.
We analyzed the performance of adaptive interference cancellation with bit averaging
and found that averaging amplitude estimates over a large number of bits improves
the performance considerably. In a practical channel, it is reasonable to believe that
there will exist an optimum number of bits over which the amplitude estimates should
be averaged to extract the best possible performance from the selective cancellation
receiver. This optimum number of bits should be a function of the quality of the
channel, and proportional to the coherence time of the channel. The use of averaging
power estimates over an optimum number of bits to perform interference cancella-

tion on multipath components should lead to an improvement in the capacity of the
CDMA system.



Chapter 6

Conclusions

6.1 Conclusions

Multistage interference cancellation holds potential to improve both capacity and
near-far resistance of the reverse link of CDMA systems. In this thesis, we have
extended the work of previous research by examining how selective interference can-
cellation could be applied to both multipath and multicellular environments.

We have analyzed thé effect of out-of-cell interference on the performance of adap-
tive interference cancellation in a multicell environment. We have employed a circu-
lar cellular geometry and a Gaussian approximation for analyzing the performance
of multistage interference cancellation. This analysis leads to the conclusion sug-
gested in [33], that out-of-cell interference will limit the effectiveness of interference
cancellation performed within a single cell. Furthermore, the indiscriminate use of
interference cancellation on out-of-cell interferers could severely degrade performance
(as well as greatly increase complexity). However, selective interference cancellation
on a small number of out-of-cell interferers with large powers can lead to significant
capacity improvements. The results obtained using the circular geometry have been
verified against those obtained using the hexagonal geometry, and they agree within
10 — 15%. We also modeled the interference using the improved Gaussian approxi-
mation and the results were virtually identical to those obtained by using the simple
Gaussian approximation. The improved Gaussian approximation might provide a no-

ticeable improvement in accuracy in poorer channel conditions, especially for a small
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number of users per cell.

We also analyzed the performance of the interference cancellation receiver with
hard decisions, and the effect of averaging power estimates over several bits to improve
the accuracy of the estimate. We found that averaging amplitude estimates over a
large number of bits improves the performance considerably. Isolation of the effect
of bit errors in the previous stage from errors in amplitude estimates on the receiver
performance indicates that the imperfect amplitude estimates contribute a major part
in degradation of the performance of the receiver. This points towards the importance
of having good amplitude estimates. Moreover, accurate amplitude estimates will help
us select users and multipath components for cancellation accurately, thus increasing
our confidence in the criterion used for selective cancellation. This will be especially
useful in selecting multipath components in severe fading environments. In a practical
channel, it is reasonable to believe that there will exist an optimum number of bits
over which the amplitude estimates should be averaged to extract the best possible
performance from the selective cancellation receiver. This optimum number of bits
should be a function of the quality of the channel, and proportional to the coherence

time of the channel.

6.2 Future work

The idea of averaging amplitude estimates over several previous bits to obtain more
accurate estimates was introduced and analyzed in Chapter 5. It was mentioned that
the bit averaging technique is particularly applicable in cancellation of multipath
components of the interferers. Although this thesis forms the basis for an in-depth
analysis of the cancellation of multipath components using bit averaging, further
analytical and simulation studies should be performed to investigate the use of bit
averaging with selective cancellation under fading channels. This would lead to a
more thorough understanding of the number of bits that should be averaged over
to get the best possible performance from the interference cancellation receiver as a
function of the channel conditions.

This thesis, as well as the work in [8],[9] and [10], applies the selective cancellation

criterion at the first stage of interference cancellation, and interference cancellation
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is performed at all later stages only on users which are found to be strong enough
to justify cancellation at the first stage. Thus, if the condition in Eqn. 3.27 is true
at the first stage of cancellation for a certain interferer, the receiver will not perform
cancellation on that user at any stage. However, it might help to perform cancellation
on some of such users at later stages in the receiver. This should be explored. Note
that the condition in Eqn. 3.27 is strictly true only at the first stage of interference
cancellation. Similar cancellation criteria could be applied at each stage of the multi-
stage interference cancellation receiver, and the amount of perfbrmance improvement
that might be obtained through such an implementation should be investigated.

The most important extension to the work presented in this thesis is to investigate
the issues concerning the practical implementation of a multistage adaptive interfer-
ence cancellation receiver. This would then lead to building such a receiver that can
be deployed at the base station of a cellular system to achieve the significant capacity
gains predicted by this and other works.

To conclude, it would suffice to say that selective cancellation of interference in a
CDMA environment will lead to impressive gains in capacity. Accuracy of the selective
cancellation criteria is a very important factor, and averaging over consecutive bits

to increase the accuracy' will further improve performance.
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