University of Alberta

TECHNIQUES FOR IMPROVED CDMA FORWARD LINK PERFORMANCE

by

Geoffrey G. Messier ©

A thesis submitted to the Faculty of Graduate Studies and Research in partial
fulfillment of the requirements for the degree of Doctor of Philosophy.

Department of Electrical and Computer Engineering

Edmonton, Alberta, Canada
Fall 2004

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



3

Library and
Archives Canada

Published Heritage
Branch

395 Wellington Street
Ottawa ON K1A ON4

Canada Canada

The author has granted a non-
exclusive license allowing the
Library and Archives Canada to
reproduce, loan, distribute or sell
copies of this thesis in microform,
paper or electronic formats.

The author retains ownership of the
copyright in this thesis. Neither the
thesis nor substantial extracts from it
may be printed or otherwise
reproduced without the author's
permission.

Direction du
Patrimoine de I'édition

Bibliothéque et
Archives Canada

395, rue Wellington
Ottawa ON K1A ON4

Your file Votre référence
ISBN: 0-612-95987-2
Our file  Notre référence
ISBN: 0-612-95987-2

L'auteur a accordé une licence non
exclusive permettant a la

Bibliothéque et Archives Canada de
reproduire, préter, distribuer ou
vendre des copies de cette these sous
la forme de microfiche/film, de
reproduction sur papier ou sur format
électronique.

L'auteur conserve la propriété du
droit d'auteur qui protége cette thése.
Ni la thése ni des extraits substantiels
de celle-ci ne doivent étre imprimés
ou aturement reproduits sans son
autorisation.

In compliance with the Canadian
Privacy Act some supporting
forms may have been removed
from this thesis.

While these forms may be included
in the document page count,

their removal does not represent
any loss of content from the

thesis.

| Lol ]

Canada

Conformément a la loi canadienne
sur la protection de la vie privée,
guelques formulaires secondaires
ont été enlevés de cette these.

Bien que ces formulaires
aient inclus dans la pagination,
il n'y aura aucun contenu manquant.

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



For Mom and Dad.

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



Acknowledgements

I would like to thank Dr. Witold Krzymien for his considerable guidance and
support. I am also grateful for the support I have received from everyone at
TR Labs. Finally, I would like to thank TRLabs, the Alberta Informatics Circle
of Research Excellence (iCORE), the Natural Sciences and Engineering Research
Council (NSERC) and the University of Alberta for their funding support.

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



Contents

1 Introduction 1
1.1 CDMA Technology . . ... ..« .. .. 3
1.2 The CDMA Forward Link . . ... ... ... ........... 4
1.3 Channel Decoder Trellis Metric

Calculations . . . . . . . . . ... 8
1.4 Improving the Channel Decoding Process in a CDMA Mobile. . . 12
1.4.1 Improved Channel State Estimation . . . . . ... ... .. 13
1.4.2 Channel Decoder Metric Calculations for High Levels of
Channel Estimation Error . . . . . . ... ... ...... 14
1.5 Thesis Overview and Research
Contributions . . . . . . . . ... ... 15

2 The CDMA Forward Link 21
2.1 Radio Channel Model . . . . . .. ... ... ... ......... 23
2.2 Chip-Level CDMA Forward Link Model . . . ... ... ..... 24

2.2.1 Received Signal for Single Antenna Transmission . . . . . 24

2.22 RakeReceiver . . . . . ... ... 28

2.2.3 Chip-Level LMMSE Receiver . . . .. ........... 30

2.3 Symbol-Level CDMA Forward Link Model . . . ... ....... 33

2.3.1 Single Antenna Transmission with Rake Receiver . . . . . 33
2.3.2 Space Time Transmit Diversity Transmission with

Rake Receiver . . . . . . . . ... ... ... ... 35

2.3.3 Validation of the Gaussian Intracell Interference Assumption 38

3 CDMA Forward Link Channel State Estimation for Conventional

Trellis Path Metrics 45
3.1 Standard Channel State Estimation . . . . . . .. .. ... .... 51
3.1.1 Single Antenna Transmission, Mobile Rake Receiver . . . . 52
3.1.2 STTD Transmission, Mobile Rake Receiver . . . . . . . .. 54
3.1.3 Single Antenna Transmission, Mobile Chip-level
LMMSE Equalizer . . . . . .. .. . ... ... ...... 55
3.2 Improved Channel State Estimation . . . . . . . ... ... ..., 56
3.2.1 Single Antenna Transmission, Mobile Rake Receiver . . . . 58
3.2.2 STTD Transmission, Mobile Rake Receiver . . . . . . . .. 59

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



3.2.3 Single Antenna Transmission, Mobile Chip-level

LMMSE Equalizer . .. ... ... ... .......... 61
3.2.4 Estimating Mobile Receiver Input Interference Levels . . . 63
3.3 Online Channel State Estimation . . . ... ... .. ... .... 70
3.4 Forward Link Performance . . . . . ... .. ... ... .. ..., 71
3.4.1 Single Antenna Transmission, Mobile Rake Receiver . . . . 71
3.4.2 STTD Transmission, Mobile Rake Receiver . . . . . . . .. 82
3.4.3 Single Antenna Transmission, Chip-level
LMMSE Equalizer . . ... ... ... ........... 86
4 Rake Receiver Channel Estimation Error Compensation using
the MAP Metric 94
4.1 CDMA System Model . . .. ... ... ... ... ........ 97
4.2 Conventional Metrics with Bias . . . . . ... ... ... ..... 100
4.3 Inclusive Metrics . . . . . . . .. ..o o 101
4.4 Metric Performance . . . . . . . . ... oo 105
5 Conclusions and Future Work 112
5.1 Concluding Remarks . . . . . ... ... 00 oL 112
52 Future Work . . . . . . . . . . .. .o 120
Bibliography 122
A Advanced Mobile Receiver Structures 134
A.1 A Survey of CDMA Forward Link Receiver Research . . . .. .. 136
A.1.1 Linear Receivers . . .. ... ... ... ... ....... 136
A.1.2 Non-linear Receivers . . . . . ... ... ... ....... 138
A2 Receiver Designs . . .. .. .. .. ... .o, 139
A.2.1 Selecting Receivers for this Comparison . . . . . . ... .. 139
A.2.2 Rake Receivers . . . .. ... ... ... .......... 140
A.2.3 Linear Minimum Mean Squared Error (LMMSE) Receivers 142
A.3 Receiver Performance Comparison . . . . . .. . ... ... .... 144
A.3.1 Simulation Description . . . . . .. .. ... .. ...... 144
A.3.2 Simulated Channel Results . . . . ... ... ........ 145
A.3.3 Collecting Radio Channel Measurements using Base Station
Pilot Signals . . . . . ... ... ... ... . ... ... 147
A.3.4 Measured Channel Results . . . . ... ... ........ 150
A.4 The Complexity vs. Performance Tradeoff . . ... . ... .... 152
A.5 Selection of a Receiver Design . . . . . ... ... ......... 154

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



List of Figures

1.1

2.1
2.2
2.3
24
2.5
2.6
2.7
2.8

3.1
3.2
3.3
3.4
3.5
3.6
3.7
3.8

3.9

3.10
3.11
3.12
3.13
3.14
3.15
3.16
3.17
3.18
3.19

4.1
4.2

CDMA forward link. . . .. ... ... .. .. ... .. . ...,

CDMA forward link, single antenna transmission. . . . . ... ..
CDMA forward link, transmit diversity. . . . . .. . ... ... ..
Rakereceiver . . . . . . . . . . . . ... ...
Chip-level LMMSE equalizer. . ... ... ... ... .......
STTD Rakerecelver. . . . . . . . . . . . .. ... ... .....
R(I},;) distributions. . . . ... ... ..o
Chip-level and symbol-level simulations, length 64 codes. . . . . .
Chip-level and symbol-level simulations, length 8 codes. . . . . . .

CDMA forward link interference. . . .. ... .. ... ......
Estimator accuracy, 02 =5& 02 =5. . . . . . .. ... ... ...
Estimator accuracy, 02 =10 & 0% =1. . . . . .. ... ... ...
Estimator accuracy, 62 =1 & 0% =10. . . . . ... ... ... ..
Ideal standard and improved estimation comparison, 100 km /h.

Ideal standard and improved estimation comparison, 5 km/h.. . .
Channel state estimation performance, convolutional codes. . . . .
Channel state estimation performance, turbo codes with SOVA de-

Channel state estimation performance, turbo codes with LogMAP
decoding. . . . . . . ...
Estimator accuracy, 100 km/h. . . . ... ... . L0 L.
Estimator accuracy, 5km/h. . . . . . ... ... L.
Forward link performance with convolutional codes. . . . . . . . .
Forward link performance with turbo codes, SOVA decoder.

Forward link performance with turbo codes, LogMAP decoder. . .
Channe] state estimation accuracy, 100 km/h. . . . ... ... ..
Channel state estimation accuracy, 5 km/h. . ... ... ... ..
Forward link performance with convolutional codes. . . . . . . ..
Forward link performance with turbo codes, SOVA decoding. . . .
Forward link performance with turbo codes, LogMAP decoding. .

15 dB pilot SNIR, 3 path channel. . . . . . .. ... ........
18 dB pilot SNIR, 3 path chapnel. . . . . . . . . ... ... ...

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



4.3 21 dB pilot SNR, 3 path channel. . . ... .. ... ........ 110

4.4 18 dB pilot SNIR, 2 path channel. . . . . . . . ... ... .. ... 111
4.5 18 dB pilot SNIR, 5 path channel. . . . . . .. ... ... ..... 111
A.1 Simulated channel, random spreading sequences. . . . . . . .. .. 147
A.2 Simulated channel, Walsh/PN-sequence concatenated spreading. . 148
A.3 Dynamic channel characterization. . ... .. ........... 149
A.4 Urban forward channel impulse response. . . . ... ... ..... 149
A.5 Measured channel, Walsh/PN-sequence concatenated spreading

codes. . ... e 151

A.6 Measured channel, varied chip-level LMMSE complexity.

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



List of Symbols

y; - 1th received channel encoded symbol at the channel decoder
input
0%(7) - variance of the interference and noise at the channel decoder

input during symbol interval ;
¢(#) - amplitude of the desired signal at the channel decoder input

during symbol interval ¢

b; - ith transmitted channel encoded data symbol

x; - ith channel encoded data symbol along the trellis path being
evaluated in the channel decoder metric calculation

N; - number of channel encoded symbols in a frame

di - kth information bit

A(dr) - log-likelihood ratio for data information symbol d,

Ng - number of data bits in a frame
4 - channel decoder metric
uar - channel decoder metric of maximum-likelihood path
Nr - number of channel encoded symbols per information bit
ps(k) - the a prior:i probability that the kth data bit is equal to
0
dp,mr, - kth information bit along the maximum likelihood trellis path
Sk - channel encoder state during bit interval k&
B! - set of all encoder state transitions corresponding to an
information bit # during bit interval k&
E(n) - large scale fading process
cg(n,1) - complex small scale channel impulse response between the
mobile and transmit antenna ¢
L - number of impulse response terms with significant multipath
energy
R - number of spreading sequence chips per channel encoded symbol
bix - <th transmitted channel encoded symbol for user &
sikx(n) - nth chip of the spreading sequence for the 7 channel encoded

symbol of user &
dli’u (a,b) - ith multipath replica of the vth chip during symbol interval 3
captured in a window between samples a and b

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



oy - variance of the intercell interference plus thermal noise
process at the mobile receiver input

o? - wvariance of the forward link composite signal after large scale
fading
F - number of fingers in the Rake receiver
S - number of samples per chip
zy - multipath delay tracked by finger f
w;(f) - finger combining weight for finger f during symbol interval ¢
E; - equalizer tap weight matrix
ei(v) - wuth tap weight during symbol interval %
Nr - number of equalizer taps
K - number of forward link traffic transmissions
Gir - forward link gain applied to the k traffic transmission during
symbol interval 4
N(n) - intercell interference plus thermal noise process at the mobile
receiver input
N,; - a Gaussian random variable resulting from despreading N(n)
with an offset of r during symbol interval ¢
I(n) - composite forward link signal after large scale channel
attenuation
I*(n) - composite forward link signal from STTD antenna « after

large scale channel attenuation

I,; - normalized sum of R samples of I(n) multiplied by the
spreading code of user 0 with an offset of r

5(z) - delta function (1 if z = 0 and 0 otherwise)

X3(n) - signal transmitted from STTD antenna « during symbol
interval 4
N; - intercell interference plus thermal noise term at the channel
decoder input
I; - intracell interference term at the channel decoder input
Usi - Uy, is the noise and interference at the output of the
despreading stage in finger f during symbol interval ¢
A - amplitude representing the combination of transmit amplitude
and despreading gain
Z(n) - zero mean complex AWGN process at the mobile receiver
input
0% - variance of Z(n)
Z; - contribution of Z(n) at the channel decoder input

Z,; - mnormalized sum of R samples of Z(n) multiplied by the
spreading code of user 0 with an offset of r

r(n) - total signal at the mobile receiver input
#u(n) - autocorrelation function of r(n)
N4 - number of samples used to calculate the time-domain

autocorrelation function of r(n)

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



Nw - observation window of the LSE estimator for 6% and 0%

I(®) - Fisher information matrix
up - mean of the LSE estimates of either 0% or 0%
og - standard deviation of the LSE estimates of either 0% or
o%
~ - signal to noise plus interference ratio estimated by
online estimation
p - ratio of signal amplitude to interference plus noise
variance at the channel decoder input
p - estimated ratio of signal amplitude to interference plus
noise variance at the channel decoder input
Vi - complex Gaussian error process with zero mean
corrupting the estimate of the {th multipath component
0% - variance of V}

Ycrs - 4th received channel encoded symbol at the channel
decoder input when channel estimation errors are
considered

o%(l) - variance of the Gaussian process making up the I/th
Rayleigh fading multipath component

o%(f) - variance of the interference plus noise term in finger f
®,.(w) - the characteristic function of the distribution of y;
Ny - partial fraction expansion coefficient of the kth

characteristic function term corresponding to finger f that
has a negative pole

Py - partial fraction expansion coefficient of the kth
characteristic function term corresponding to finger f that
has a positive pole

falyers) - approximate distribution of yog
Gecg - processing gain of the channel estimation scheme
Pp - received power from the desired base station
pp - fraction of total forward channel power allocated to the
pilot signal
Py - received power from the kth neighboring base station
Pr, - thermal noise power
E, - energy per bit
fu(yces) - numerically generated histogram of the distribution of
YCE,i
¢(4)y - magnitude of the desired signal at the output of finger f
o%(1); - interference plus noise variance at the output of finger f

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



Chapter 1

Introduction

The purpose of this thesis is to improve the forward link physical layer perfor-
mance of code division multiple access (CDMA) cellular telephone systems. This
is accomplished by finding new ways to improve the decoding of convolutional and
turbo codes in the CDMA mobile.

This introduction will justify this thesis topic by first establishing the relevance
of CDMA technology to the wireless industry and then by discussing why CDMA
forward link performance, in particular, is an important issue. Finally, it will be
shown that finding ways to improve CDMA mobile channel decoder performance
is a particularly attractive way to improve the forward link.

Section 1.1 presents a brief overview of the wireless industry that illustrates
why CDMA is an important technology. This section shows that CDMA is widely
used in current wireless networks and will become even more prominent in future
systems. It also points out that forward link performance is a critical issue. The
voice capacity of most CDMA networks currently deployed in the field is limited
by the forward link. This problem is only expected to become more serious with
the introduction of download-intensive, asymmetric wireless data service.

Given the importance of CDMA technology and the severity of the forward
link performance issue, improving the CDMA forward link physical layer is a

very active area of research. An introduction to the CDMA forward link and a
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comparison of the techniques currently being proposed to improve its performance
is provided in Section 1.2. This comparison will show that there are several
advantages to improving forward link performance by making improvements to
the CDMA mobile channel decoding process. The techniques presented in this
thesis that contribute to making these improvements are therefore an attractive
way of achieving better CDMA forward link performance.

Specifically, the techniques presented in this thesis seek to improve CDMA
mobile channel decoder performance by improving the accuracy of the decoder
trellis path metric calculations. Before presenting this research, it is necessary to
review some basic channel coding principles that outline what channel decoder
trellis path metrics are and how they fit into the channel decoding process. This
review is provided in Section 1.3.

Section 1.4 is an overview of the two scenarios considered when improving
mobile channel decoder performance. In the first scenario, the channel estimates
used for mobile Rake receiver combining are perfect and the mobile channel de-
coder uses conventional channel decoder metrics. The accuracy of these metrics
is improved through better estimation of the channel state information (CSI) re-
quired by the metric calculations. In the second scenario, the channel estimates
used by the mobile Rake receiver are subject to estimation error. The effect of
this estimation error is accounted for in the channel decoder calculation either by
adding a bias term to the CSI used by the conventional metric or by deriving a
completely new metric that incorporates received symbol uncertainty due to Rake
finger combining weight estimation error.

Finally, Section 1.5 provides a thesis overview that outlines the organization,

content and research contribution of each of the chapters in this thesis.
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1.1 CDMA Technology

CDMA is a multiple access technique. Multiple access techniques are methods for
sharing frequency spectrum among several users in a wireless system. Users in a
CDMA system multiply their signals by unique spreading sequences and transmit
simultaneously on the same carrier frequency [78]. These spreading sequences
make it possible to separate the signals of different users at the receiver. Other
multiple access techniques include frequency division multiple access (FDMA) and
time division multiple access (TDMA). In an FDMA system, different users are
assigned different frequency channels. In a TDMA system, several users share the
same frequency channel but transmit in different timeslots.

CDMA technology has established a strong position in the second generation
(2G) digital cellular market. Second generation cellular networks were initially
deployed in the mid 1990’s and they are still being used extensively today. The
introduction of 2G digital voice service saw the world converge on a relatively
small number of standards that include: the Global System for Mobile commu-
nications (GSM), cdmaOne IS-95 and North American TDMA [15]. While GSM
clearly dominates with 66% of the global market, the 11% CDMA market share
is still approaching 100 million subscribers [15]. The 2G CDMA subscriber base
is primarily concentrated in North America with some strong markets in Asia,
particularly Korea.

Second generation cellular networks are now evolving to 2.5G and 3G tech-
nology that has the ability to provide wireless data service. As this evolution
takes place, CDMA is positioned to become the dominant global multiple ac-
cess technique. Naturally, the evolution of IS-95 networks is following a CDMA
path [15]. In the short term, IS-95 service providers are upgrading to the IS-
2000/cdma2000 standard. This system provides simultaneous voice and data ser-

vice using a 1.25 MHz bandwidth CDMA interface that is backwards compatible

3
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with IS-95. In the longer term, IS-2000 networks will evolve to the 1x Evolu-
tion, Data Only (1xEV-DO) and 1x Evolution, Data Voice (1xEV-DV) standards.
These systems employ an air interface that mixes CDMA with packet data access
techniques that involve link adaptation and scheduling of transmission [6, 73].

The real growth in CDMA technology will be seen as GSM networks evolve to
the CDMA-based 3G Universal Mobile Telecommunications System (UMTS) [15].
To provide wireless data service in the short term, GSM providers are retaining
the GSM base station to mobile air interface and upgrading their core network
to conform to the General Packet Radio Service (GPRS) standard. The GPRS
standard applies only to the core network and facilitates easy access to both the
conventional telephone network and the Internet. In some cases, the GSM base
stations and mobiles will also be replaced with ones supporting the 2.5G Edge
high data rate air interface standard.

In the near future, the 2.5G GPRS/Edge technology will be upgraded to
UMTS. The UMTS upgrade will replace the GSM and Edge base stations with
systems that use a CDMA physical layer. In addition to the existing European
and Asian GSM service providers, many of the major North American TDMA ser-
vice providers, such as Cingular, are also choosing the GPRS/UMTS evolutionary
path.

Clearly, CDMA will remain an important worldwide cellular network multiple
access technique for the foreseeable future. As a result, research dealing with the
improvement of CDMA system performance is extremely relevant to the wireless

industry.

1.2 The CDMA Forward Link

Some analysis performed during the initial deployment of 2G CDMA predicted

that the forward link would be the voice capacity bottleneck of CDMA systems
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[30] and practical experience has proven this to be true in the vast majority of
networks. The deployment of wireless data service will make CDMA forward link
performance an even more important issue since many data applications feature
download intensive, asymmetric traffic.

A block diagram of the CDMA forward link is shown in Fig. 1.1. The base sta-
tion transmits a number of data streams in parallel. These can be transmissions
to different mobiles or, in some cases, different parallel transmissions to the same
mobile. Each data stream is encoded using a channel code, interleaved and mul-
tiplied by a gain factor that is adjusted based on some kind of forward link power
control scheme. The signals are then spread with a unique spreading sequence.
In cellular CDMA systems, the spreading sequences applied to each of the paral-
lel signals are typically Walsh sequences [71, 72, 3]. The signals are then added
together and spread with a second spreading sequence that is common to all trans-
missions in a particular sector. Cellular systems will construct this sector-specific
spreading code using either PN sequences [71, 72] or Gold sequences [3]. The
mobile receives the base station transmission and uses a receiver block to recover
the desired channel encoded symbols. The symbols are then de-interleaved and
passed to a channel decoder which performs some error correction in an attempt
to recover the transmitted data.

Given the importance of the CDMA forward link, several interesting areas of
research into improving its performance have developed. Each of these initiatives
focus on improving a different aspect of the forward link shown in Fig. 1.1.

There are many techniques for improving CDMA forward link performance
that require changes to the base station transmit chain. A stronger code can
be used in the channel encoder block. An example is the turbo coding [8] that
has been incorporated into many of the next generation CDMA standards for

use with high data rate transmission [72, 1]. Another improvement is to use a
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Figure 1.1: CDMA forward link.

fast forward power control scheme to adjust the transmit gains in Fig. 1.1 in
an attempt to compensate for forward link fading. The spreading stages of the
base station can also be changed to use sequences with improved interference
suppression capability, such as the zero correlation zone (ZCZ) codes [18]. These
codes allow the mobile despreading stage to completely cancel CDMA intracell
interference, as long as the multipath dispersion of the forward link channel is
modest. Increasing the number of base station transmit antennas has also been
proposed in order to implement techniques ranging from classic adaptive beam-
forming [68] to transmit diversity [31] and spatial multiplexing techniques that
attempt to achieve the capacity improvements shown by Foschini and Gans [19].

While these techniques do offer significant performance improvements, changes
to the transmit chain of the base station almost always require a change in the
industry standard that specifies the base station design. Updating these standards

can be a slow process and can sometimes delay the deployment of a new technology.
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Modifying existing base stations or deploying new base stations with new features
can also be time consuming and expensive.

In contrast, improvements can be made to the mobile receive chain much
more easily. The design of mobile and base station receiver chains are typically
not regulated by industry standards. This leaves each mobile phone vendor free to
implement any new receiver enhancement they wish, at any time. The turnover
for phones is also much higher than for network infrastructure. This makes it
easier to introduce phones with new enhancements into the market.

Research into improving the CDMA mobile receive chain has focused mainly
on the development of advanced receiver designs that are capable of canceling
interference. Some examples of these designs include symbol-level interference
cancellation performed using a Rake receiver structure where the Rake finger
combining weights are calculated according to an SNIR, maximization or Neyman-
Pearson detection criterion [10, 40]. This structure is called the Generalized Rake
(GRake) receiver. Linear minimum mean squared error (LMMSE) equalizers have
also be proposed for interference cancellation in the CDMA mobile both at the
symbol-level [44, 65, 14, 37, 80] and chip-level [36, 21, 26, 14, 38, 67, 37, 41].

There has clearly been extensive work developing receiver structures like the
GRake and chip-level LMMSE equalizer that are specifically designed to deal
with CDMA forward link conditions. However, the channel decoder is also a
major component of the mobile receive chain. While knowledge of the unique
nature of CDMA forward link signals and interference has been used to develop
advanced receivers, previous research has not adequately investigated whether
that same knowledge can also be used to improve the channel decoding process.
The contribution of this thesis is to improve CDMA forward link performance
by finding new ways to improve the decoding of convolutional and turbo channel

codes in the CDMA mobile. All of these new techniques are based on detailed
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knowledge of CDMA forward link conditions.

1.3 Channel Decoder Trellis Metric
Calculations

Convolutional and turbo channel codes are used for error correction on the CDMA
forward link. This section briefly reviews the basic principles of convolutional and
turbo coding with an emphasis on the trellis path metric calculations used as part
of the channel decoding process.

A convolutional encoder takes the form of a simple shift register with a series of
taps connected to the register storage elements. These taps are used to generate
the channel encoded bits. The state of the encoder is dictated by the register
contents and will change as different information bits are shifted into the register.
These state transitions are represented using a trellis diagram where the nodes
in the diagram indicate encoder state and the lines connecting the nodes indicate
the transitions between those states [61]. A unique channel encoded information
sequence corresponds to a unique path through this channel code trellis diagram.

Turbo codes typically use a parallel concatenated encoder consisting of two
recursive systematic convolutional (RSC) encoders operating in parallel. The first
encoder operates on the original information bits and the second encoder operates
on an interleaved version of those bits [79]. The channel encoded symbols gen-
erated by the two parallel encoders are multiplexed together with some optional
puncturing to control the coding rate.

The channel decoder for convolutional codes uses samples of the received chan-
nel encoded symbols to guess the trellis path used by the encoder to generate
those symbols. This path is then used to recover the transmitted information.
The Viterbi decoder is a computationally efficient way to calculate metrics for

all possible paths through the convolutional code trellis. These metrics quantify
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how similar the channel encoded symbols along a particular trellis path are to the
received symbol sequence. The calculation of a path metric utilizes the channel
encoded symbols that correspond to that path, samples of the received symbols
and sometimes information about the desired signal and interference levels during
each symbol interval. The path with the best metric is chosen as the one most
likely to correspond to the encoded information.

A turbo decoder consists of two separate decoding stages. The channel en-
coded symbols generated by each of the parallel RSC encoders in the transmitter
are processed by a different stage. These decoders typically use either the Soft
Output Viterbi Algorithm (SOVA) or the Log Maximum A Posteriori (LogMAP)
algorithm [79]. The first decoder uses the received channel encoded symbols to
calculate metrics for the different paths through the trellis of the first RSC en-
coder. Those metrics are used to not only select a trellis path for decoding the
transmitted information but also to generate soft information indicating the re-
liability of each decoded bit. That soft information is interleaved and used as a
priori information by the second decoder as part of its own metric calculations.
The calculations of the second decoder in turn produce soft information that is
passed back to the first encoder. This circular sharing of soft information is re-
peated several times in order to produce a better estimate of the transmitted
bits.

This thesis focuses on ways of improving the trellis path metric calculations
performed by the CDMA mobile channel decoder for both convolutional and turbo
codes. It is therefore important to first review the conventional way these metric
calculations are performed.

The fundamental assumption made by conventional trellis path metric calcu-
lations is that the probability distribution of the 7th received channel encoded

symbol sample at the input to the channel decoder, ¥;, is Gaussian. The PDF of
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Vs, assuming y; is real, is therefore written as

flys) =

SIS -

1

2mo2(1) op { o?(1)
where ( () is the received amplitude of the ith channel encoded symbol, ¢2() is
the variance of the Gaussian interference and noise during the ith symbol interval
and b; € {+1, —1} is the transmitted channel encoded symbol.

Under this Gaussian assumption, Viterbi decoders calculate a log-likelihood
metric for several different candidate paths through the trellis according to
el @xzyz

= Y 2 1.2
Iz ; 20) (1.2)

where z; is the sth channel encoded symbol in the trellis path being evaluated in

—

the metric calculation, ((¢) is an estimate of the amplitude of the desired signal
during symbol interval z, O'/(\'i) is a variance estimate of the interference plus noise
affecting the 4th symbol and N; is the number of channel encoded symbols in
the received frame. The quantities C/(\z) and 05-(\1') are referred to as channel state
information.

This metric is referred to as the correlation metric and is a simplification of
the Viterbi decoder Euclidean distance metric [61]. The simplification is achieved
by removing the factors in the Euclidean distance metric that are common to all
paths through the channel code trellis and do not affect the relative comparison
of these paths. The Viterbi decoder selects the trellis path that maximizes (1.2)
as the one corresponding to the transmitted information sequence.

Depending on the statistics of the desired signal envelope and interference
plus noise variance at the input to the channel decoder, a further simplification of
the correlation metric is possible. In some cases, like the time invariant AWGN

— —

channel, the ratio {(i)/02(¢) is constant during the frame. Any factor in the
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Viterbi decoder metric that is constant can be removed since it has no effect on
the relative comparison of the metrics calculated for different trellis paths [62].
In order to decode the kth information bit, di, the SOVA turbo decoder ap-
proximates the log-likelihood ratio A(dx) = log(P{dx = 1|y}/P{dr = 0|y}), where
P{-} indicates probability and y = [y, - - - Yn,—1] is the received frame of channel
encoded symbol samples [79]. A path metric, sz, is calculated for the maximum
likelihood (ML) path through the channel code trellis. This path corresponds to

the encoded symbol sequence that maximizes

Na—1 Ne(k+)~1 575
p= Y {log[pzk(k)w > C”—y} (1.3)

k=0 i—Npk  02(1)

where N, is the number of data bits per frame, Ny is the number of encoded
symbols per data bit, z; is the kth data bit that corresponds to the path being
evaluated in the metric calculation and py(k) is the a priori probability that the
kth data bit is equal to 6. This a priori information is determined from the soft
information being shared between the turbo decoding stages.

Note that the metric in (1.3) is identical to the Viterbi decoder metric in (1.2),
with the addition of an @ priori information term. As for the Viterbi decoder, if
the channel state information ratio of C’(\z) /O'/G) is constant for the SOVA decoder
over the frame duration, it can be removed from the metric calculation.

The SOVA decoder then uses a backwards recursion to find the path that
maximizes (1.3) under the constraint that the path has the complement data bit to
the kth ML data bit, di,asz. The metric calculated for this path is denoted pcx and
the log-likelihood ratio for the kth bit is calculated as A(dy) = (—1)%M= (uc ) —
HmL)-

The MAP decoder calculates the log-likelihood ratio used to decode data bit d
by accounting for the probability of all possible paths through the trellis according

to the expression

11
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_ Z(I,l’)EB}e P{Sk = l, Sk+1 = l',’y}
B 2(1)eR? P{Sk=1,Sk11 =1y}

where S; denotes encoder state during bit interval k and Bf is the set of all

A(dy) (1.4)

encoder state transitions corresponding to an information bit # during bit interval
k [79]. The probability terms in (1.4) for information bit 6 can be expressed
as P{Sy = I, Sk11 = 'y} = aw(D)VE(L, 1) Bep1 (1) where ax(l) = P{Sx = lyk},
Be(l) = P{yp* Sy = 1} and v{(I,I') = P{dx = 0, Sps1 = I',yi*"|S, = [}. The
term y2 = [Ywng), - - Ygnp-1)]- Assuming that y; is Gaussian distributed, the

term ~¢(1,1') is calculated according to

—_— 2
k Np~- .
- l[yj—C(J)mj}

202(5)

S ECL anen

(1.5)
0, otherwise

The Log-MAP decoder calculates the same metrics as the MAP decoder using

a close approximation for (1.5) [79]. Both the Log-MAP and MAP algorithms

require estimates of {(i) and ¢2(i) for (1.5), regardless of whether or not these

quantities are stationary.

1.4 Improving the Channel Decoding Process in
a CDMA Mobile

This thesis improves CDMA forward link performance by presenting two ap-
proaches for improving the accuracy of the CDMA mobile trellis path metric
calculations. The first approach is to use the conventional metric calculations
described in Section 1.3 and to find new techniques that provide the channel de-
coder with more accurate channel state information. Using conventional metrics
with improved channel state information offers the best performance when mobile

channel estimation error is very low. The second approach applies when the chan-
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nel information used in the mobile Rake receiver and channel decoder is subject
to a significant level of channel estimation error. Received symbol uncertainty
due to channel estimation error is accounted for in the channel decoder either by
adding a bias to the CSI used by the conventional metric or by deriving a new

channel decoder metric. These two strategies are discussed below.

1.4.1 TImproved Channel State Estimation

For low levels of mobile channel estimation error, this thesis will show that the
conventional channel decoder trellis path metrics discussed in Section 1.3 are
optimal for use on the CDMA forward link. However, the calculation of these
metrics still requires values of desired signal amplitude, ((z), and interference plus
noise variance, 62(3), to be calculated for each received symbol. Determining these
values is referred to as channel state estimation.

Performing accurate channel state estimation in a CDMA mobile is challenging
due to the complex nature of CDMA forward link interference. Three different
channel state estimation techniques will be presented in this thesis that each make
different assumptions about the statistics of CDMA forward link interference. It
will be shown that the estimator based on the most accurate CDMA forward link
model provides the most accurate channel state information. While the more
accurate channel state estimators are more complex, they also result in the best
forward link performance when used in the CDMA mobile.

The channel state estimation schemes in this thesis are first developed in the
context of the conventional CDMA forward link with single antenna base station
transmission and a standard mobile Rake receiver. However, it is also important
to establish how these techniques perform with future CDMA systems that may
incorporate other advanced physical layer techniques. Therefore, this thesis also

adapts the three channel state estimation schemes for CDMA forward links where
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the base station uses space time transmit diversity (STTD) transmission and
where the mobiles use chip-level linear minimum mean squared error (LMMSE)
interference cancellation.

Simulations will be used to show that more accurate channel state estimation
schemes can significantly improve the overall performance of both conventional
CDMA forward links and links that incorporate advanced physical layer tech-
niques. However, the size of this improvement is sensitive to a number of factors
that include channel code type, channel decoder algorithm, mobile velocity, mobile

receiver architecture and base station transmission scheme.

1.4.2 Channel Decoder Metric Calculations for High Lev-
els of Channel Estimation Error

Estimation error in the channel information used for the mobile Rake finger com-
bining weights adds an additional source of uncertainty to the symbols at the
channel decoder input. This thesis presents two approaches for dealing with this
uncertainty.

The first approach uses the conventional channel decoder metric in the mobile
and with a bias term added to the CSI used for the metric calculation. This bias
term compensates for the additional uncertainty in the received symbols due to
Rake receiver channel estimation error. The second approach uses a new channel
decoder metric derived based on a received symbol distribution that incorporates
uncertainty not only due to interference plus noise but also small scale fading and
Rake finger estimation error.

Forward link simulations will illustrate that these approaches offer a consid-
erable pérformance improvement when channel estimation error in the mobile is
significant. The new metric based on the new received symbol distribution per-

forms better than the conventional metric with bias.
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1.5 Thesis Overview and Research
Contributions

Chapter 2

The purpose of this chapter is to present a chip-level and symbol-level model for
the CDMA forward link. These models are used in subsequent chapters to char-
acterize the nature of CDMA forward link interference and develop new channel
state estimation techniques that account for that interference. They are used to
show when the distribution of the received channel encoded symbol sample can be
considered Gaussian and to derive a new channel decoder metric when the symbol
sample distribution is not Gaussian. The models are also used to help illustrate
the construction of the simulations used in this thesis to evaluate CDMA forward
link performance.

A symbol-level model is presented in addition to the chip-level model primarily
to improve the efficiency of the simulations used for this thesis. The chip-level
model represents CDMA forward link conditions very accurately but is also very
computationally intensive to implement. It is therefore used in subsequent chap-
ters only when advanced CDMA receivers are considered that perform interference
cancellation at the chip level. The symbol-level CDMA forward link model leads
to a much more efficient simulation. Symbol-level simulations are used in subse-
quent chapters whenever the CDMA forward link under consideration involves a
Rake receiver in the mobile. The symbol-level model will also be used as part of
an analysis of CDMA forward link intracell interference at the symbol level.

The primary contribution to new research made in this chapter deals with
observations made concerning CDMA forward link intracell interference [51]. It is
commonly assumed that CDMA forward link intercell interference can be consid-
ered Gaussian [28, 35]. However, this chapter will show that a Gaussian distribu-

tion can be used to accurately describe CDMA forward link intracell interference
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for moderate spreading factors and link loads. It will also be shown that this
Gaussian intracell interference assumption is highly dependent on whether the
gains of the interfering forward link signals are being adjusted by some type of

fast power control scheme.

Chapter 3

This chapter starts by showing that conventional trellis path metric calculations
are optimal for use on the CDMA forward link when channel estimation errors
are small. It then explores how to best balance accuracy and complexity when
generating the channel state estimates required by these metric calculations.

Three new channel state estimation schemes are presented. The first technique,
standard estimation, achieves a simple estimator structure by making some sim-
plifying assumptions about CDMA forward link intracell interference. The second
technique, online estimation, is a channel state estimation technique previously
developed for the time invariant AWGN channel that has been adapted for use
on the CDMA forward link. The third technique, improved estimation, accounts
for the true nature of intracell interference and produces more accurate channel
state estimates than the first two techniques. However, improved estimation is
also more complex.

Versions of these estimators are developed not only for the conventional CDMA
forward link but also for systems using STTD in the base station and chip-level
LMMSE equalization in the mobile. Simulations are used to illustrate how the
accuracy of the three channel state estimation schemes affect forward link perfor-
mance.

The work in this chapter makes several new contributions to the area of channel

state estimation for the CDMA forward link [50, 49, 48, 52, 53].

e This work is the first to evaluate and compare different alternatives for
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CDMA forward link channel state estimation in detail and to show that
the accuracy of these techniques can considerably affect forward link perfor-

mance.

e The improved channel state estimation scheme is a novel technique that is
the first to separately account for the CDMA forward link intracell interfer-
ence and intercell interference plus thermal noise processes when perform-
ing channel state estimation. The improvement in accuracy that results
provides a significant performance advantage over other channel state esti-

mation schemes.

e Part of the improved estimation technique is the development of a new linear
estimator that uses the second order statistics of the received forward link
signal to determine how much intracell and intercell is present at the input
to a CDMA mobile. While this technique is useful for improved channel
state estimation, it could also be applied to interference cancellation and
hand-off algorithms that would benefit from knowing how much intracell

and intercell interference the mobile is receiving.

e The online estimation scheme used in this chapter was previously developed
for use on the time invariant AWGN channel. This is the first work to

illustrate how it can be adapted for use on the CDMA forward link.

e This chapter is the first to consider channel state estimation for a CDMA
STTD system and to illustrate how multiple antenna transmission affects

channel state estimation by changing the intracell interference process.

e This chapter is also the first to consider channel state estimation for a CDMA
mobile using a chip-level LMMSE receiver for intracell interference cancel-

lation. The interference process at the output of this receiver is significantly
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different than at the output of a conventional Rake receiver. This thesis

illustrates how this affects the channel state estimation process.

Chapter 4

This chapter shows that the effect of channel estimation error on the mobile Rake
finger combining weights can be a significant source of received symbol uncer-
tainty. Accounting for this source of uncertainty in the mobile channel decoder
can significantly improve CDMA forward link performance.

Two approaches are used to compensate for Rake finger channel estimation
error in the channel decoder. First, a bias factor is applied to the CSI used by the
conventional channel decoder metric calculation. Second, a new metric, called an
inclusive metric, is derived based on a received symbol uncertainty distribution
that includes the interference plus noise, small scale fading and channel estimation
error processes. Simulations show that these techniques considerably outperform
conventional channel decoder metrics for a significant level of channel estimation
error. The conventional metric with bias outperforms the inclusive metric with
perfect knowledge of CSI. However, when CSI must be estimated, the inclusive
metric offers the best performance since it is able to use longer observation win-
dows to estimate CSI.

The work in this chapter makes several new research contributions [54].

e The inclusive metric is the first MAP channel decoder metric that accounts
for the change in received symbol sample distribution due to channel estima-
tion errors in a mobile receiver operating on a frequency selective channel.
All previous MAP metrics developed to account for channel estimation error

have considered only flat fading channels.

e The conventional metric with bias is the first conventional channel decoder
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metric calculation to include a bias factor that accounts for receiver estima-

tion error on a frequency selective channel.

e These metrics are the first to account for estimation error in a mobile receiver
operating on the CDMA forward link. All other MAP channel decoder
metrics that account for channel estimation error have been developed for

AWGN only.

e This work is the first to illustrate that the benefit of accounting for channel
estimation error in a channel decoder metric is sensitive to the number of

resolvable multipath components in the radio channel.

Chapter 5

This chapter summarizes the main conclusions resulting from this thesis work. It

also discusses some of the possibilities for future work based on this research.

Appendix A

The purpose of this appendix is to select an advanced CDMA forward link receiver
design capable of intracell interference cancellation to be considered in Chapter 3.
A brief survey of CDMA forward link receiver research is presented and several
designs are selected for a simulation comparison. This comparison considers a
number of factors, including how the receiver designs perform on both simulated
and measured channels. Based on this comparison, the chip-level LMMSE receiver
is selected as a good balance between performance and complexity.

The new research contribution made in this appendix is primarily in the com-
parison of Generalized Rake (GRake) receiver and chip-level LMMSE receiver
performance on simulated and measured channels. This is the first comparison of
these receivers using measured channels. It is noted that the two receivers perform

almost the same on the simulated channel with uniformly spaced channel taps.
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However, when used on an actual measured channel, the GRake performs worse
than the chip-level LMMSE receiver due to degradation caused by difficulty in

placing the GRake fingers.
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Chapter 2
The CDMA Forward Link

This chapter introduces chip-level and symbol-level models for the CDMA forward
link that represent a system transmitting synchronous CDMA signals using con-
catenated Walsh/PN-sequence spreading. These models are used in subsequent
chapters to develop and evaluate new ways to improve CDMA mobile channel
decoder performance through more accurate trellis path metric calculations.

The goal of this thesis is to improve the forward link performance of both
current generation and future CDMA systems. It is very likely that future CDMA
systems will incorporate a number of advanced physical layer techniques. It is
important to ensure that the ideas developed in this thesis will work well not
only with a conventional CDMA forward link design but also with designs that
incorporate some of these advanced techniques. Therefore, the models presented
in this chapter consider not only single antenna base station transmission to a
standard mobile Rake receiver but also multiple antenna base station transmission
and advanced mobile receivers capable of interference cancellation.

Section 2.2 presents a linear chip-level model of the CDMA forward link. This
model offers a very accurate characterization of CDMA forward link conditions.
It considers single antenna base station transmission and either the Rake or chip-
level LMMSE mobile receiver structures. The Rake receiver performs maximal

ratio combining on the received components of the forward link signal [61] and is

21

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



the receiver most commonly used in commercial CDMA systems. The chip-level
LMMSE equalizer attempts to cancel intracell interference by equalizing multipath
dispersion and restoring the orthogonality of the Walsh spreading sequences (36,
21, 26, 14, 38, 67, 37, 41). This receiver structure was selected from a number of
advanced CDMA mobile receiver structures compared in Appendix A as a good
compromise between complexity and performance.

While very accurate, the chip-level model in Section 2.2 is computationally
intensive to implement. Therefore, a second symbol-level model is presented in
Section 2.3 that is much more efficient to use in simulation. It will also be used
in Chapters 3 and 4 to make some important observation about the nature of
CDMA forward link interference at the symbol level.

Since the chip-level LMMSE receiver has to operate at the chip level, the sym-
bol level model presented in Section 2.3 considers only the mobile Rake receiver.
However, the symbol level model does incorporate single antenna transmission and
space time transmit diversity (STTD). STTD is based on the space time block
codes originally developed by Alamouti [4]. This transmit diversity technique is
considered because it offers a substantial system performance improvement [70, 31]
and has already been adopted into the IS-2000 and UMTS 2.5G/3G CDMA stan-
dards [72, 2].

The symbol-level model presented in Section 2.3 is based on the assumption
that intracell interference can be modeled as a coloured Gaussian process [51]. The
idea of using a Gaussian process to model CDMA forward link intracell interfer-
ence has been used for system comparisons [29] and to develop advanced forward
link receiver structures [10]. However, previous research has not verified that the
Gaussian assumption is accurate for the wide range of spreading factors and traffic
loads being proposed for current and next generation CDMA systems. This verifi-

cation is performed in Section 2.3 by examining interference distributions and by
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comparing simulation results generated using the symbol-level model with results
from a full chip-level simulation based on the model presented in Section 2.2.
Common to both the chip-level and symbol-level models is the forward link

radio channel. The radio channel model is presented in Section 2.1.

2.1 Radio Channel Model

A general block diagram for the CDMA forward link is shown for single antenna
and transmit diversity in Figs. 2.1 and 2.2, respectively. The radio channel model
in this diagram is divided into two components that represent large scale and
small channel effects.

Large scale path loss and shadowing are represented using the real valued
function Z(n), where n is discrete time. If the base station is using multiple
antenna transmission, it is assumed that large scale channel attenuation is the
same between each base station transmit antenna and the mobile.

For multiple antenna transmission, the complex valued small scale channel im-
pulse response between base station antenna ¢ and the mobile is denoted c¢y4(n, 1),
I =0,...L —1, where [ signifies excess delay. The channel term cy(n,!) can be
considered the small scale channel impulse response at discrete time n due to an
impulse applied at time n — [. Assuming a receiver operating at S samples per
chip, the number of impulse response samples with significant signal energy is
equal to L. The excess delay of each resolvable multipath component in the chan-
nel impulse response is assumed to be an integer multiple of 1/5 chip duration. It
is also assumed that the small scale fading between base station transmit antennas
is independent and that the small scale channel impulse response is normalized

such that

<2 om0 ) =1 (1)
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where (-) indicates expectation taken with respect to discrete time n.

For brevity in the following sections, c4(l) will be used to refer to c4(iR,{),
where ¢ is channel encoded symbol interval and R is the number of spreading
chips per channel encoded symbol. It is assumed that small scale fading remains
approximately constant over one encoded symbol interval. The subscript ¢ will

also be dropped for systems using only single antenna transmission.

Channel .
Encoder GZ’O EF

si0(n)
Jghomet Hinin G -2
sinln) Vo
[ i -G

si)K_l(n)

Figure 2.1: CDMA forward link, single antenna transmission.
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Figure 2.2: CDMA forward link, transmit diversity.

2.2 Chip-Level CDMA Forward Link Model
2.2.1 Received Signal for Single Antenna Transmission

This section presents a linear chip-level expression for the signal received by a

CDMA mobile from a base station with a single transmit antenna, as shown in
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Fig. 2.1. The notation used for this model is similar to that used by Hooli et.
al. [26]. However, it has been modified somewhat to allow the number of taps in
the chip-level LMMSE equalizer to be reduced to less than the spreading factor.
This allows LMMSE receiver performance to be evaluated in subsequent chapters
using a modest number of taps that would be more practical to implement in a
battery powered handset.

In the following, R®*¢ and C®*¢ denote b X c real and complex matrices, re-
spectively. The symbols R? and C® denote b-element real and complex vectors,
respectively.

The CDMA base station shown in Fig. 2.1 generates K parallel, synchronous
CDMA signals. The signal received by the CDMA mobile is given by

K-1

’f','(a, b) = Z G,-,kDi(a, b)C’,-S,-,kb,-,k + n,-(a, b) (2.2)

k=0

where 7;(a,b) € C~9 is a vector of received signal samples starting at sample a
and ending at sample b — 1 and ¢ is the index of the channel encoded symbol that
is currently being detected.

The real-valued scalar term G, is a gain factor applied to the sth data symbol
transmitted to user k. For a CDMA traffic channel, this gain factor is typically
adjusted according to some kind of forward link power control scheme. For a
CDMA overhead channel, this gain factor is typically fixed.

The vector b;; contains the channel encoded data symbols. For user k, this
vector i8 bk = [bi=1x big biy1x)” € C3, where b, is the desired channel encoded
symbol currently being detected and the symbols b;_;x and b1, cause inter-
symbol interference (ISI). Note that in very high data rate systems, ISI could be
caused by more symbols than just those adjacent to the desired symbol. However,
in this thesis, the maximum data rate considered is 153.7 kb/s, which corresponds

to a symbol duration of 6.5 us. Therefore, in order to get ISI from symbols other
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than the ones adjacent to the desired symbol, the channel delay spread would have
to be larger than 6.5 ps. This is longer than the delay spreads of the channels
that were considered in this thesis and are, in general, quite rare [66).

The forward link spreading sequence of user k is contained in the matrix S, x €

C3Rx3 The matrix

Six = diag {8i—14, Sik> Si+1,k}

0 0 0
Si—1,k ' :
!0 o0
0 0
_ . t . (2.3)
- . 5i,k .
0 J 0
0 0 4
: LSk
A R A

where the vector 8;5 = [5:%(0)---8;x(R — 1)]T € CF is the spreading sequence
for the ith encoded symbol of user k and R is the number of spreading sequence
chips per symbol (spreading gain). This spreading sequence is the product of a
Walsh sequence specific to the kth traffic transmission and a PN-sequence based
code common to all transmissions in a specific sector. The codes 8;_1 4 and 8,41
spread the adjacent data symbols that.cause ISI.

The complex multipath channel tap weights are contained in matrix C; €
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C3RLX3E defined as

C: = diag{e;-1,0,€i-1,0,"** €i-1,R-1,Ci0" ** Ci,R—1, Cit1,0* " " Cit1,R-1 }

[ 1 0 ... 0 ]

ci-10 O 0
{ 0 0
0 1 0
0 eiis 0 (2.4)

= 0 1 0

0 0o ... T
0 0 -+ Ciy1,R-1

| 0 0o ... I

where the vector ¢;,, € CL contains the complex values of the I multipath compo-
nents during the interval of the wth chip of symbol 7. The elements of this vector
are written as ¢, = [€i(0) - - - ¢ (L — 1)]T, where ¢;, (1) = E(iR + v)c(iR + v,1)
according to the channel model defined in Section 2.1. This notation accounts
for the time variation of the large scale channel attenuation from chip to chip.
However, this variation is extremely small.

The columns of matrix D;(a, b) € R(=*3EL contain the chip waveforms. For
each chip, there are L consecutive columns that represent the L samples of the
multipath channel impulse response with significant signal energy. The time delay
of the chip waveform in each column is determined by the transmit time of the
chip and its multipath delay. Only the portion of the chip falling into the window

defined by the sample indices a and b is retained. The matrix is written as

Di (G,, b) =
T T + t t
d?—1,o (a,b) --- diL—_ﬁo(a, b) d?—1,1(au b) --- diL——lfR—l(aa b) d?,o(a, b)
2 { d { {

T

dii'r 1 (a,b)
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where the vector dﬁ,,,(a, b) € R>° represents the chip waveform of the vth chip
of symbol ¢ delayed by [ samples. This vector is windowed such that only the
portion of the waveform that falls within the window defined by samples a and b
is retained. Note that these columns contain only a delayed version of the chip
waveform. The actual fading value of each multipath component is contained in
matrix C,.

The vector n;(a,b) € C®~% represents intercell interference plus thermal noise

and is a complex, additive Gaussian noise term with variance o%,.

2.2.2 Rake Receiver

Fig 2.3 shows an F finger Rake receiver with finger 0 shown in detail. Assuming

BPSK, the channel encoded symbol at the output of the receiver is given by

Y = R(—\/l_—éstWfIM,-(a, b)#r;(a, b)) (2.6)
where the columns of M;(a,b) contain copies of the chip waveforms with time
delays corresponding to the time offsets tracked by each finger, W, contains the
complex finger combining taps for symbol ¢ and s, is the spreading sequence for
the desired user. If QPSK modulation is employed, the received channel encoded
symbols equal the real component of (2.6) for 7 even and the imaginary component
for 4 odd.

The Rake receiver chip level matched filtering is performed by multiplying the
received signal vector by M;(a,b)¥, the finger combining by multiplying by WfI
and despreading by multiplying by sﬁ). Note that (2.6) performs finger combining
and despreading in opposite order to that of a conventional Rake receiver. This
simplifies notation somewhat and does not affect performance since the receiver
is linear.

The Rake receiver despreads all significant multipath components of the re-

ceived symbol such that the signal vector processed by the receiver, r;(a, b), con-
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Figure 2.3: Rake receiver

tains all the samples defined by the window a = RS and b = [(: + 1)RS — 1] +
(L — S), where S is the number of samples per chip and (L — S) is the number
of samples the current symbol overlaps with the next symbol due to multipath
delay. The multipath time delays tracked by each finger are denoted z,...2r_;.
It is assumed that these delays correspond to the arrivals of the strongest forward
link multipath components and that they are updated for each received symbol.
The matrix M;(a,b) € R 9*FR contains chip waveforms delayed according to

these finger time offsets such that

Mi (a, b) =
t ! f !
dzz,% (a, b) . df’g—l (a, b) dzz’o1 (a, b) ce df,l;z_—ll (a, b) (27)
! ! i 4
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The matrix W, is written as
W, = diag{w,,...w;} € CFR¥E

( + 0 0
w; 0 0
I 0 0
0o 1 0
_ 0 w; 0 (2.8)
= |90 | 0
0 0 t
0 0 ... )
where w; = [w;(0) ... w;(F—1)]T € CF and w;(f) is the combining weight for finger

f during encoded symbol interval . Assuming the channel remains constant over

a single symbol interval, the elements of the finger combining weight matrix are

wi(f) = ciolzy)-
2.2.3 Chip-Level LMMSE Receiver

The chip-level LMMSE receiver seeks to equalize the multipath dispersion of the
received forward link signal and restore the orthogonality of the Walsh spreading

sequences. This is performed by finding the matrix E; that minimizes

< -

The matrix D;(a,b) € R®~*3E corresponds to the chip waveforms of the trans-

K-1
Elri(a,b) — 3 GixDi(a,b)S;xbiy
k=0

mitted CDMA signal when uncorrupted by multipath and is written as

; T ;! , T T T

di10(a,b) di_y;(a,b) -+ di_yp_i(ab) d?,o(aa by .- d?+1,R—1 (a,b)
\ { A3 i {

(2.10)

where the vector dgv(a, b) is defined in Section 2.2.1 as the chip waveform of the

vth chip of symbol 7 with a multipath index of 0 (no multipath delay). The number
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of rows in E; is equal to the number of samples in the observation window defined
by o and b and the number of columns equals the number of complete chips that
fall in that observation window.

This receiver first equalizes the received signal using the matrix E; and then
passes the result to a single despreading stage that recovers the channel encoded
symbols. While the receiver is derived in block form, it can be converted to
the FIR equalizer form shown in Fig. 2.4 by using one of the middle columns
of E; as the filter coefficients [26]. The column vector of equalizer taps is e; =
[ei(0) - - -&;(Ny — 1)]T € CN7, where Ny = b — a is the number of equalizer taps.
Convolution of the received signal with e; is used to equalize all chips in the (a, b)

observation window after which, the taps must be recalculated.

7 271 T 27l 27t

1 R-1

| T ngo_

Figure 2.4: Chip-level LMMSE equalizer.
The tap weight matrix of an LMMSE receiver is determined according to

E; = C,C;} (2.11)

where Cl, is the cross-covariance matrix between the received signal and the
desired transmitted chip sequence, free of multipath dispersion. The matrix C,.,
is the covariance matrix of the received signal [33].

The cross-covariance matrix Cy, is given by
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_ H
[Efz—ol G;xDi(a, b)Si,kbi,lc] [Zfz_ol G;xDi(a, b)Cisi,kbi,k]

5,~(a, b) <ZII(;(:_01 Gf’kSi,kbi,kbkafO Cf’Di(a, b)H (2‘12)
= ﬁ,-(a, b)RssCiHDi(a, b)H

Q
g
o
T

where the matrix Rgg € C3E*3E ig the covariance matrix of the channel encoded
data symbols multiplied by their spreading sequences [27].
The covariance matrix of the received signal during symbol interval i, C,,, is

calculated directly from (2.2) as

Cr. = (ri(a,b)ri(a,b)")
= ([ZK5 GixDi(a,b)CiSi b + ni(a, b)]
[SE% GusDila, )CiSixbie + mila,b)] H>
= Di(a,b)C:i (TS G2 Sixbisbfi ST, ) CFD;(a, )"
+ <ni(a, b)n;(a, b)H>
= D;(a,b)C;RssCF D;(a,b)¥ + 0% 1.

(2.13)

The dependence of Cy, and C,, on knowledge of the forward link spreading
codes can be removed by approximating the spreading sequences as white, bino-
mial random variables [26]. With this simplification, the matrix Rgg in (2.12) and
(2.13) can be replaced by the diagonal matrix Rgs = diag{4,..., A} € R3F¥3E
where A = 7' GZ, is the transmit energy of the composite forward link signal.
While the diagonals of this matrix will fluctuate due to the power control adjust-
ments of individual gain values, the matrix can be approximated as constant for
a large number of forward link traffic signals.

The complexity of this receiver is governed by the number of computations re-
quired to solve (2.11), either by direct calculation or using a recursive algorithm.
This complexity can be changed by varying the number of receiver taps. While
reducing the number of taps reduces the complexity of the equalizer, it also de-

grades the equalization operation. This means the multipath dispersion will not
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be completely removed and some amount of intracell interference will appear at

the output of the despreading stage.

2.3 Symbol-Level CDMA Forward Link Model

2.3.1 Single Antenna Transmission with Rake Receiver

As in Section 2.2, the symbol level CDMA forward link model presented in this
section assumes the forward link can be represented as shown in Fig. 2.1 where the
base station transmits K parallel CDMA signals using a single transmit antenna.
The data symbol b; , forward link gain factor G, and spreading sequence s; x(n)
notation used in this section is defined in Section 2.2.1.
It is assumed that each mobile uses a conventional Rake receiver with F fingers
for tracking the strongest multipath components of the forward channel signal. A
diagram of the receiver is shown in Fig. 2.3, with finger 0 shown in detail. As in
Section 2.2.2, the Rake finger time offsets are denoted 2, 21, . ..2r_1, which cor-
responds to the arrivals of the strongest received signal components. These signal
components are despread and then combined using maximal ratio combining.
The envelope of the desired signal at the output of the Rake receiver during
the ith symbol interval is denoted {(i) and is given by
F-1
¢(3) = VRGiE(iR) JZO le(zp) 2 (2.14)
Intercell interference and thermal noise are typically lumped together and mod-
eled as a single, additive Gaussian process, N(n), at the Rake receiver input
[28, 35]. It is assumed that N(n) is a complex Gaussian process with zero mean
and variance 6%. Accounting for the maximal ratio combining and despreading
performed within the Rake receiver, the intercell interference plus thermal noise

at the Rake receiver output during symbol interval 7 is
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N; = Tioc(z)
\/1'2 R sio(r)N(iR+ zf + 1) (2.15)
= Ef =0 C (Zf)Nz/,i

where N, ; is a Gaussian random variable resulting from despreading N(n) with
a time offset of z; during symbol interval i. The despreading stage in each Rake
finger does not alter the Gaussian distribution of the intercell interference and
thermal noise. Samples of a complex Gaussian process that are multiplied by a
pseudo-random spreading code with real and imaginary components equal to 1
or -1 retain a Gaussian distribution. The Gaussian process at the output of the
normalized summation block in each Rake finger has the same variance as the
Gaussian process at the input to the summation [61]. Therefore, N, ; in (2.15) is
a complex Gaussian random variable with zero mean and variance 0%, the same
variance as N(n).

Intracell interference consists of the X — 1 forward link signals that are trans-
mitted by the base station to other users plus the self interference of the desired
signal caused by its multipath replicas. To characterize this interference, the
forward link signal transmitted by the base station is represented as a complex
random process with zero mean. The term I(n) represents this transmitted for-
ward link signal attenuated by large scale channel effects. The signal I(n) is a
complex random process with zero mean and variance o?. In order to determine
the intracell interference at the output of finger f, the signal I(n) is convolved
with the small scale channel impulse response ¢(n,!) and applied to the Rake
receiver input. Accounting for despreading and multiplication by the maximal
ratio combining weights, the intracell interference at the output of finger f can be

written as

hi = (Zf)jﬁ o 854(7)

Zl =0 L e(DI(iR + zg—l+7). (2.16)
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Rake finger f will extract the desired signal from the component of I{n) ar-
riving at delay z;. The Walsh sequences used for spreading on the forward link
enable the despreading performed by finger f to completely cancel the signals of
the K — 1 interfering users that also arrive at delay z;. Therefore, (2.16) can be
simplified to

L

It =c*(z) | (DL p—y4[1 — 6(1 — 2y)] (2.17)

|
—

il
=)

where the term I, ;; is the normalized sum of R samples of the process I(n)
multiplied by the spreading sequence of user 0 with a time offset of z; — ! during
symbol interval ¢. The [1 — §(-)] term represents the Walsh sequence cancellation
of intracell interference, where §(2) equals 1 if z = 0 and is 0 otherwise. As was the
case for the intercell interference plus thermal noise process N(n), it is assumed
that the despreading operation does not alter the variance of the random process
I(n). Therefore, the random variable I, also has a variance of 7. Using

(2.17), the overall intracell interference process at the Rake output is

I; = F__Ol Ii
= Tio ¢ (2) Tisy e apmigll = 61— 2p)]

When this model is implemented in simulation, the term I,,_,; in (2.18) is

(2.18)

considered a complex Gaussian random variable with zero mean and variance o2.

This assumption is verified in Section 2.3.3.

2.3.2 Space Time Transmit Diversity Transmission with
Rake Receiver

This section presents a symbol-level CDMA forward link model for space time

transmit diversity (STTD) [48]. As illustrated in Fig. 2.2, an STTD CDMA base

station transmits K synchronous CDMA signals using two base station antennas.

The signals transmitted from these two antennas are denoted X (n), where ¢ is

encoded symbol interval and « € {0,1} is antenna number. Based on the STTD
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scheme adopted for use in the UMTS CDMA system [2], these signals can be

written as

XP(n) = E]};{:—Ol Gixbiksik(n —iR)
) Y Gigbly psik(n —iR), i even (2.19)
n) =
— SR Gibi_y xSik(n — iR),i odd

where the transmitted channel encoded symbol b, ;, forward link gain factor G,

X1

)

and spreading code s; x(n) are all defined in Section 2.2.1. This scheme is a direct
adaptation of Alamouti’s space time block codes that allow the mobile to perform
maximal ratio combining (MRC) on the signals it receives from the two transmit
antennas [4].

Some modifications of the Rake receiver are required in order to process an
STTD signal and perform the dual antenna MRC. The STTD Rake receiver is
illustrated in Fig. 2.5 with finger 0 shown in detail. The desired signal component

at the output of the despreading stage in Fig. 2.5 is given by

E(iR)VRGip |co(20)bes + c1(20)b} 11|, even
Tps(3) ={ o[l + (a0 (2.20)

E(’LR)\/RGZ,O [Co(Z())bk,i — Cq (zo)bl:,i—-l] ,’i odd
The desired signal component at the finger output for ¢ even can then be written

as

Tour(i) = c5(20)¥ps(s) — e1(20) Ups(i + 1)

E(ER)VRG o(|co(20)|? + |c1(20) ?)bi g (2.21)

and for 7 odd as

Your(i) = c§(20)Pps(t) + c1(20)Tpg(i — 1)
= E(iR)VRGiy(|co(z0)* + |e1(20)[2)bi

Therefore, the envelope of the desired signal at the Rake output during symbol

(2.22)

interval 4 for STTD transmission is
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(i) = ZERWVRGio Y [lealen) + lea(zg)] (2.23)
F=0

Finger 1

Finger F-1

Figure 2.5: STTD Rake receiver.

As for single antenna transmission in Section 2.3.1, intercell interference plus
thermal noise is modeled at the input to the Rake receiver as an additive complex
Gaussian process with zero mean and variance ¢%. The result of passing this
process through a normalized despreading block synchronized to a finger time
offset of 7 is denoted N,; which is a complex Gaussian random variable that also
has zero mean and variance 0%. Accounting for the STTD Rake combining shown
in Fig. 2.5, the intercell interference plus thermal noise at the output of the Rake
receiver for during symbol interval ¢ is

N; =

=0 (682 Noys = ex(21) N3, ] 54 even (2.24)

S50 [eb(z) Neyi + €1 (2) N2, ;4] 14 0dd

The composite forward link signal transmitted by base station antenna « and
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attenuated by large scale channel effects is considered a zero mean, complex ran-
dom process, I%(n), with variance o?. The composite forward link signal at the
output of the Rake finger despreading stage is denoted I7;, which is equal to the
normalized sum of R samples of I%(n) multiplied by sg;(n) with a time offset of r
during symbol interval i. Since the normalized despreading process does not alter
the mean or variance of the received forward channel signal, I?; is a zero-mean
random variable with variance o%. These random variables are independent for
different transmit antennas and different values of r and i. Accounting for the

STTD processing performed in the Rake receiver, the intracell interference at the

output of finger f is

!

fi =
S (60 [ s + DD, ]
—e1(2) [eo) I yorn + 1 (DI, iaa] ) [1 = 8(1 = 2] even
S (6 [, + DD, ]
+c1(2) [co(l)Igf—l,i—l ta (Z)Izlf—z,i—l] ) [1-6(1— 2¢)],4 odd.
(2.25)
The overall intracell interference at the Rake receiver output is given by I; =
2?;01 It ;. As for the single base station antenna model, it is assumed that the
intracell interference terms I7, _, ; in (2.25) can be modeled using complex Gaussian

variables with zero mean and variance o2.

2.3.3 Validation of the Gaussian Intracell Interference As-
sumption

One of the key assumptions made by the symbol-level CDMA forward link models

presented in Sections 2.3.1 and 2.3.2 is that the intracell interference contribution

from any forward link multipath component can be described as Gaussian at

the output of a Rake finger despreading stage. This is equivalent to assuming

the random variable, I;,_;; in (2.17) and IZ,_;; in (2.25) are Gaussian random
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variables.

When similar Gaussian intracell interference assumptions have been made in
previous research [29, 10], a fully loaded link with a spreading factor of 64 or
128 is typically assumed. However, in order to support high speed data service,
modern CDMA systems will use much smaller spreading factors on links with a
small number of high power CDMA traffic signals. The purpose of this section is
to determine whether the Gaussian intracell interference assumption will hold for
this type of low spreading factor, high data rate link [51].

Two approaches are used to verify the Gaussian intracell interference assump-
tion. First, actual CDMA forward link intracell interference distributions are
generated using a chip-level simulation. These distributions are compared to an
ideal Gaussian distribution both graphically and using a Chi-square goodness of
fit test [39). Second, simulations are performed with the single base station an-
tenna symbol-level model presented in Section 2.3.1 using the Gaussian intracell
interference assumption. The results from these simulations are compared to re-
sults generated using a full chip-level simulation. The purpose of this simulation
comparison is to ensure that a model based on the Gaussian intracell interference
assumption can be used to accurately characterize CDMA forward link perfor-

mance.
Model Verification by Comparing Distributions

To verify the Gaussian intracell interference assumption, a chip-level simulation
is used to generate distributions of I;;. As defined in Section 2.3.1, this term
corresponds to the intracell interference that appears at the output of a Rake
finger despreading stage due to a multipath component that arrives 1 chip after the
finger time offset. This numerically generated intracell interference distribution is

then compared with an ideal Gaussian distribution.
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A chip-level 1S-2000 CDMA forward link simulation is used to numerically
generate the actual distribution of I ;. During the simulation, samples of the I,
interference term are collected at the Rake finger despreading stage output for
every symbol received during a 30 s interval. The distribution is then determined
by generating a histogram using these samples.

The forward link interfering signals in the chip-level simulation used to gen-
erate samples of I;; consist of both traffic and overhead CDMA channels. These
signals are spread using the Walsh codes and PN-sequence short code of an IS-
2000 CDMA base station [72]. The forward link transmit gains of the interfering
traffic signals are adjusted by 800 Hz fast forward power control commands. These
commands are independent and random power control adjustments that attempt
to compensate for fast Rayleigh fading are generated for each traffic signal. The
overhead signals include the pilot, paging and sync channels specified in the IS-
2000 standard and their gains are set so that they transmit at 8%, 4% and 1%
of maximum forward link power, respectively. These overhead channel gains are
constant and remain at the same level regardless of the number of traffic channels
or Walsh sequence length used in the simulation.

Distributions of I; ; generated for CDMA forward links using traffic channel
Walsh sequences of length 64 and 8 are shown in Fig. 2.6. For the length 64
Walsh sequences, distributions are shown for 61 and 20 traffic channel signals
which corresponds to a traffic load of 100% and approximately 30%. For the
length 8 codes, distributions are shown for 6 and 2 traffic channel signals which
also corresponds to 100% and approximately 30% traffic loading.

When a chi-square goodness-of-fit test is performed, only the distributions
generated for the length 64 Walsh codes satisfy the Gaussian assumption. Tt
is clear from Fig. 2.6 that intracell interference on a CDMA forward link with a

spreading factor of 8 does not satisfy the Gaussian assumption, even for full traffic
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loading. The individual interfering signals on the forward link are essentially
binomial random variables with the gains of the traffic signals randomly adjusted
by forward link power control. When the number of forward link signals is small,
the binomial nature of the interfering signals becomes apparent in the distribution
of the overall forward link signal. This is the cause of the spikes in the distribution
of the forward link signal in Fig. 2.6 generated with length 8 codes and 2 interfering
users.

Even though the intracell interference distributions for the low spreading factor
channels are not Gaussian, it will be shown in the next section that a symbol-level
CDMA forward link model that uses a Gaussian intracell interference assumption

can still provide accurate simulation results.

0-7 T T T T T T T
;F L64 Code, 61 Users —3—
! L64 Code, 20 Users —X%—
06 ¥ L8 Code, 6 Users -3

05

0.4

0.3

PDF of Real(I; )

0.2

0.1

Real(l'y )

Figure 2.6: R(I},) distributions.

Model Verification using Link Simulations

This section compares CDMA forward link simulation results generated using a

full IS-2000 chip-level simulation to results generated with a symbol level simu-
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lation with Gaussian intracell interference. The chip-level simulation is based on
the model presented in Section 2.2 and the symbol level simulation on Section 2.3.
The results from both simulations show bit error rate (BER) versus the ratio of
desired signal energy per information bit, Ejy, to the variance of intercell interfer-
ence plus thermal noise at the mobile receiver input, o%. The level of intracell
interference used for each simulation run remains fixed for all values of E;/o%.

Simulation results with and without channel coding are produced for CDMA
forward links using length 64 and length 8 Walsh sequences. The channel code
is a rate 1/2, constraint length 3 (5,7) convolutional code. Soft decision Viterbi
decoding is used. For the length 64 Walsh sequences, the bit rate with channel
coding is 9.6 kb/s and the bit rate without channel coding is 19.2 kb/s. For the
length 8 Walsh sequences, the bit rates are 76.8 kb/s and 153.6 kb/s for the coded
and uncoded cases, respectively. Frames are 20 ms long and the radio channel is
Rayleigh with average relative path powers equal to -2 dB, -6 dB and -10 dB. A
mobile velocity of 100 km/h is assumed which, at a carrier frequency of 1.9 GHz,
corresponds to a Doppler frequency of approximately 176 Hz. The forward link
power control adjustments of the traffic channels and the fixed overhead channel
gains are modeled as described in the previous section. The results generated for
the length 64 and length 8 Walsh codes are shown in Figs. 2.7 and 2.8, respec-
tively. The intracell interference levels used to generate these simulation results
correspond to a forward link signal consisting of the pilot, paging and sync over-
head channels plus a number of traffic channels equal to 100% and approximately
30% traffic loading.

Figs. 2.7 and 2.8 show good agreement between the results generated using
the chip-level and symbol-level models when channel coding is not used in the
simulations. The agreement is excellent for the length 64 Walsh sequences and, as

expected, degrades somewhat when the traffic channels use the lower spreading
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factor, length 8 Walsh sequences. However, the agreement between the two models
is still much better than the non-Gaussian interference distributions in Fig. 2.6
would suggest, particularly for the extreme case of length 8 traffic channel Walsh
sequences and only 2 traffic transmissions.

Figs. 2.7 and 2.8 also show that the agreement between the chip-level and
symbol-level models degrades when channel coding is used in the simulations. The
degradation is mild for the link using length 64 Walsh sequences but becomes more
pronounced for the link using length 8 Walsh sequences. This behavior provides
some insight into the nature of the Gaussian intracell interference assumption. The
intracell interference term I, _;; would not approach a Gaussian distribution even
for large spreading factors if the forward link traffic channel gains remained fixed.
The independent and random gain variations in each traffic channel due to fast
forward power control smooth the distribution of the traffic signal interference and
make the overall intracell interference process closer to Gaussian. However, since
only 16 fast forward power control adjustments can occur in each 20 ms frame,
there is not enough variation for Gaussian statistics to develop within a single
frame duration. Since the Viterbi decoder operates on a frame-by-frame basis, a
discrepancy develops between the symbol-level model and the chip-level simulation
results when channel coding is used. This discrepancy is not as pronounced in
the uncoded simulations that average BER over many frames at the Rake receiver
output.

Opverall, the simulation results indicate that the Gaussian intracell interference
assumption can be used in a symbol-level simulation to produce accurate results
even for low spreading factors. However, a bias in the simulation will result if

channel codes are combined with a lightly loaded low spreading factor link in the

simulation.
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Figure 2.7: Chip-level and symbol-level simulations, length 64 codes.
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Figure 2.8: Chip-level and symbol-level simulations, length 8 codes.
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Chapter 3

CDMA Forward Link Channel
State Estimation for

Conventional Trellis Path Metrics

This chapter improves CDMA forward link performance through the development
of new channel state estimation techniques for the CDMA mobile. Channel state
estimation is the calculation of the desired signal amplitude and interference plus
noise variance values required by the conventional channel decoder metric calcu-
lations described in Chapter 1.

Before developing new channel state estimation techniques for the CDMA
mobile, it must first be established whether the conventional channel decoder
trellis path metrics are optimal for use on the CDMA forward link. Section 1.3
states that the primary assumption made by the conventional Viterbi, SOVA and
MAP algorithms is that the probability density function (PDF) of the ith channel
encoded symbol sample at the input to the channel decoder, y;, is Gaussian. Since
the de-interleaving process does not alter the statistics of individual symbols, this
is equivalent to assuming the PDF of the symbol sample at the Rake receiver
output is Gaussian. Assuming BPSK modulation, an expression for y; at the

output of a CDMA mobile Rake receiver with F' fingers can be written as
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F-1

i = RO [e(ey) i+ U (z1)) (3.1)
where Uy, is the noise and interference at the output of the despreading stage in
finger f during symbol interval 7, the amplitude A represents the combination of
transmit amplitude and despreading gain, ¢(2;) is the complex channel impulse
response value at delay z; and C(/Z\f) is the mobile’s estimate of that channel im-

pulse response value. Using the symbol-level CDMA forward link model presented

in Section 2.3, the Uy; term can be written as

Ui = Nf,i + lz:: C(l)fzf__l,i[l - (5(l - Zf)] (3.2)

where both the intercell interference plus thermal noise term, Ny;, and the in-
tracell interference term I, s~1, were shown to be Gaussian for moderate to high
spreading factors and traffic loads. As long as channel estimation error is small,
the term C(Zf) in (3.1) can be considered equal to the instantaneous value of c(z;)
and the uncertainty in y; is due only to the Gaussian interference and noise term
Ugi. Therefore, the distribution for y; is Gaussian and the conventional channel
decoder trellis path metrics are optimal for use on the CDMA forward link.

Even if the conventional channel decoder metrics are optimal for use in a
CDMA mobile, the calculation of these metrics still requires estimates of the
desired signal amplitude, ¢(¢), and interference plus noise variance, o2(3), to be
determined at the input to the mobile channel decoder. These two terms can be
estimated separately or together as a signal to noise plus interference ratio. This
estimation is sometimes referred to as channel state estimation and sometimes as
SNIR. estimation.

It is well known that the desired signal envelope ((%) varies from symbol to
symbol due to small scale fading. It is therefore accepted that this signal ampli-

tude must be estimated by the mobile and incorporated into the channel decoder
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metric calculations. However, the CDMA forward link discussion in Chapter 2
points out that small scale fading can also cause o2(z) to fluctuate from symbol
to symbol due to non-stationary intracell interference. As a result, the channel
state estimation schemes presented in this chapter will focus on improving channel
decoder performance by providing good symbol-by-symbol estimates of both ((z)
and o%(3).

In a channel state estimation scheme that calculates ((z) and o*(1) separately,
the estimation of {(z) can be performed using relatively straightforward techniques
that operate on fixed transmit energy power control bits or pilot symbols embed-
ded in the traffic transmission [13, 2]. However, the estimation of ¢2(¢) is more
challenging due to the complex nature of forward link interference in a CDMA
system. For the channel state estimation techniques presented in this chapter that
separately calculate ((7) and o%(7) in the mobile, most of the discussion is devoted
to correctly performing the estimation of ¢2(z).

While it is necessary to produce accurate channel state estimates, it is also
desirable to keep the structure of the estimator as simple as possible. This sim-
plicity is necessary to minimize the computations that must be performed by the
battery-powered maobile. This chapter presents two techniques for estimating ((2)
and o?(¢) separately that make different tradeoffs between the sometimes conflict-
ing requirements of accuracy and complexity. They are referred to as standard
estimation and improved estimation [50, 49, 48, 52, 53].

Standard estimation is presented in Section 3.1. This scheme estimates ((z)
using a moving average filter that operates on pilot symbols embedded in the traf-
fic stream. The variance o2(7) is estimated based on the assumption that CDMA
forward link intracell interference, intercell interference and thermal noise can be
lumped together and modeled as an additive white Gaussian noise (AWGN) pro-

cess at the mobile receiver input. This is an assumption often made by CDMA
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forward link studies [9, 25] and it will be shown that it leads to a very simple esti-
mator structure. However, the estimates of 62(4) produced by standard estimation
are somewhat inaccurate. This is because assuming that all CDMA forward link
interference and noise can be represented using a single AWGN process prevents
the estimator from accounting for the non-stationarity and partial Walsh sequence
cancellation of intracell interference.

Improved estimation is presented in Section 3.2. Like standard estimation,
¢(7) is estimated using pilot signals embedded in the traffic transmission. The
variance o2(7) is determined using a new technique that separately estimates the
variance of the intracell interference and intercell interference plus thermal noise
processes at the input to the mobile channel decoder. This approach results in
a more complex estimator structure. However, it also produces more accurate
estimates of o2(%) since this method is able to account for the non-stationarity
and partial Walsh sequence cancellation of intracell interference.

While the standard and improved estimation schemes presented in this chap-
ter estimate () and o2%(:) separately, some techniques have been proposed for
simultaneously estimating (¢) and o?(4) as a signal to noise plus interference ra-
tio. Summers and Wilson present an “online” technique for estimating SNR at the
turbo decoder input based on the second order statistics of the received signal [69].
Ramesh, et. al. extend this technique for a Nakagami fading channel with both
flat fading and equal gain diversity combining [63, 64]. The technique developed
by Ramesh cannot be applied to the CDMA forward link since it produces aver-
age SNR estimates that do not capture the symbol-to-symbol fluctuations in {(%)
and 0?(7) due to small scale fading. This chapter will show that capturing these
variations significantly improves CDMA mobile channel decoder performance.

However, this chapter will demonstrate that it is possible to adapt the original

online SNR estimation technique developed by Summers and Wilson for use in
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a CDMA mobile. In [69], the authors start by considering SNR estimation in a
time invariant AWGN channel with a constant desired signal envelope and noise
variance. It has been established in Chapter 2 that CDMA forward link inter-
ference and noise can be considered Gaussian and that both the desired signal
level and interference variance will fluctuate with small scale fading. Therefore,
during time intervals less than the channel coherence time, the CDMA forward
link is approximately equivalent to a time invariant AWGN channel with constant
desired signal envelope and Gaussian interference plus noise variance. As a result,
the original AWGN channel version of online estimation can be applied to the
CDMA forward link as long as it operates on an observation window shorter than
the channel coherence time. This is a novel application of the online estimation
technique and is discussed in more detail in Section 3.3.

This chapter makes a new contribution to CDMA research since this is the
first work to perform a detailed investigation of channel state estimation on a fre-
quency selective CDMA forward link that employs Walsh /PN-sequence concate-
nated spreading. This is an important contribution since this forward link model
represents conditions on all commercial CDMA systems. Research into multi-
code CDMA systems that combine channel coding with concatenated Walsh/PN-
sequence spreading and a frequency selective channel has considered only a single
multi-code CDMA user [32] or the reverse link of a multi-code system [45]. The
work by Unal modifies turbo decoding metrics to account for non-stationary in-
tracell interference variance estimates on the CDMA forward link but assumes a
flat fading channel with signals spread using only PN sequences [75]. The work by
Elezabi and Duel-Hallen calculates non-stationary interference variance estimates
for use in a Viterbi decoder [16]. However, the authors consider subtractive in-
terference cancellation rather than the more practical Rake receiver or chip-level

LMMSE equalizer. They also consider only a flat fading channel with PN-sequence
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spreading codes. Other channel coding papers for the CDMA forward link use
an AWGN process to represent all interference and noise and do not model the
actual statistics of CDMA forward link interference [9, 25].

It is clear from the discussion in Section 1.2 that enhancing the performance
of the CDMA forward link is a very active area of research and a wide range
of new techniques for improving forward link performance have been proposed.
Many of these techniques, like transmit diversity and advanced receivers capable
of interference cancellation, will change the nature of the interference and noise
at the input to the mobile channel decoder. This can make it necessary to modify
the channel state estimation techniques that are used to supply the information
required by the channel decoder metric calculations.

In order to be relevant not only to current CDMA systems but also to future
systems, the channel state estimation schemes presented in Sections 3.1 through
3.3 must not only be applied to the conventional CDMA forward link but also to
forward link designs that incorporate advanced physical layer techniques. As a
result, the following forward link configurations will be used to evaluate the per-

formance of the online, standard and improved channel state estimation schemes:

1. Single antenna base station transmission, mobile Rake receiver.

2. Space time transmit diversity base station transmission, mobile Rake re-

ceiver.

3. Single antenna base station transmission, mobile chip-level LMMSE equal-

1zer receiver.

Some of the channel state estimation schemes presented in this chapter will require
modification to be used with these different forward link designs and some will

not.
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CDMA forward link simulations are used in Section 3.4 to investigate the
performance of these three forward link configurations when standard, improved
and online channel state estimation is employed in the mobile. Both convolutional
and turbo channel codes are considered. The results will indicate that improved
estimation provides the most accurate channel state estimates and always results
in the best forward link performance. Standard estimation tends to perform better
than online estimation when the two schemes are used with either the Viterbi or
SOVA decoders. However, online estimation can outperform standard estimation
when the LogMAP decoder is used in the mobile.

The simulations will also show that the relative performance difference between
these channel state estimation techniques depends on a number of factors. These
factors include mobile velocity, channel decoder algorithm, mobile receiver archi-
tecture and whether the base station uses single antenna transmission or transmit
diversity. It is important to understand these sensitivities since they determine
whether the performance improvement provided by a more accurate channel state

estimation technique is sufficient to justify the increase in complexity.

3.1 Standard Channel State Estimation

Standard estimation assumes that all interference and noise at the mobile receiver
input can be lumped together and modeled as a complex AWGN process, Z(n),
with zero mean and variance 0%. This assumption is equivalent to assuming that
the CDMA forward link can be represented as a frequency selective fading channel
with AWGN.

The standard estimation scheme must be modified for different forward link
designs. Section 3.1.1 considers a conventional CDMA forward link where the base
station uses single antenna transmission and the mobile uses a Rake receiver. Sec-

tion 3.1.2 derives standard estimation for the combination of space time transmit
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diversity and a Rake receiver in the mobile. Section 3.1.3 considers single antenna
base station transmission combined with the chip-level LMMSE mobile receiver.
Note that while these sections all consider different link configurations, they all
derive estimators for 02(7) based on the assumption that all forward link interfer-
ence and noise can be represented using the AWGN process Z(n). These different
versions of standard estimation also all assume that desired signal envelope, {(%),
is estimated by applying a simple moving average filter to pilot symbols embedded

in the transmitted traffic signal.

3.1.1 Single Antenna Transmission, Mobile Rake Receiver

In order to derive an expression for estimating o%(3), it is necessary to first derive
an expression for the interference plus noise at the Rake receiver output during
symbol interval 2, Z;. It is assumed that the total forward link interference and
noise received by the mobile can be represented using a single Gaussian source,
Z(n), added to the desired signal at the input to the mobile Rake receiver shown
in Fig. 2.3. Accounting for the Rake finger despreading and finger maximal ratio

combining, an expression for Z; can be written as

Zi = ﬁ Zf;ol c*(zy) 1{2:—01 550 (r)Z(iR—2;+71)
= Efj‘:_ol c* (zf)ZZfﬂ'
where the channel response, spreading code and Rake receiver notation used in

(3.3)

(3.3) is defined in Chapter 2. The term Zy,,i is the interference plus noise at
the output of the despreading stage in finger f during symbol interval 3. As in
Section 2.3.1, it is assumed that the spreading code multiplication and normalized
summation making up the despreading operation in each finger does not alter the
variance or distribution of an additive Gaussian interference and noise process at
the Rake input. Therefore, Z, 1, can be considered a zero mean complex Gaussian

random variable with variance o%.
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The standard estimator assumes that o2(i) can be estimated by the mobile
using an expression for the variance of Z;. As long as the Rake finger time offsets
are separated by at least one chip, the Z;; terms in (3.3) can be considered
independent. This is because Z;; consists of the summation of samples of Z(n)
multiplied by s;o(n) with different time offsets and s, ¢(n) is uncorrelated at time

offsets of more than one chip. The variance expression is therefore written as

F-1
a*(6) = (|Z") = o} fzﬂ le(z) - (3.4)

Section 2.3 provides an expression in (2.14) for the desired signal amplitude,
¢(2), at the output of the Rake receiver. Note that the ratio of this expression and
the estimated variance o%(z) in (3.4) is equal to a constant. The channel decoder
path metric discussion in Section 1.3 points out that when the estimated ratio
¢(7)/o?(4) is constant for the duration of the encoded frame, it can be removed
from the Viterbi and SOVA decoder metric calculations. Therefore the “standard
estimation” scheme when combined with the Viterbi or SOVA decoders is not to
estimate o%(¢) and (() at all but instead use the Viterbi/SOVA correlation met-
ric without any channel state information. However, when standard estimation is
combined with the LogMAP decoder, estimates of ((¢) and o?(z) are still deter-
mined. These values are always required by the LogMAP path metric calculations,
even if they are stationary.

The complexity of the standard estimation scheme is very low. For the Viterbi
and SOVA decoders, no estimation is required at all. When estimation of ¢2(4) is
performed for the LogMAP decoder, the estimation equation (3.4) is complexity
order O(F), using Landau symbol notation [11]. The channel terms required by
(3.4) are already being determined by the mobile for Rake finger combining and
the input variance term o?% is easily estimated by assuming it is equal to the total

signal power at the maobile receiver input. This estimate of ¢% will also contain
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a small contribution from the desired signal. However, this contribution can be
neglected for links with moderate to high traffic loading since the amplitude of the
desired signal before despreading is small relative to the total received interference

plus noise.

3.1.2 STTD Transmission, Mobile Rake Receiver

The derivation of standard estimation for a CDMA forward link using STTD
starts by determining an expression for the interference plus noise at the output
of the STTD Rake receiver shown in Fig. 2.5. It is assumed that the interference
and noise process at the input to the Rake receiver is the AWGN process Z(n).
Accounting for the finger despreading and STTD combining performed by the

Rake and using the notation in Section 2.3.2, an expression for Z; is written as

Z;
ﬁ Zf;& o et () Z(GR — 25+ 1) — c1(2)) Z* [(i + 1)R ~ 24 + 7]},

7 even
7 Zim0 Trmo 16h(2) Z(R — 25 +1) + ea(2) 2* [(i = )R — 27 + 11},
¢ odd
Tis [c(*;(zf)sz,,- - cl(zf)Z;f’Hl] ,& even
S50 [66(20) 2y + €1(27) 22, 5] i 0dd
(3.5)

where, as in Section 3.1.1, Z, ; is a zero mean complex Gaussian random variable
with variance 0% which represents the interference plus noise at the output of the
despreading stage in finger f during symbol interval 3.

The standard estimator for a mobile in an STTD system determines o2 (i)
using an expression for the variance of Z;. If the Rake fingers are separated by
at least one chip, this variance can be written for both the even and odd symbol

intervals as
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F-1

0= % [leole)* + lex (1) ] (3.6)
where the channel impulse response terms are already being estimated for use in
the mobile Rake receiver. As in Section 3.1.1, 0% can be estimated by assuming
it is equal to the total received power.

Desired signal envelope at the output of a mobile Rake receiver, {(3), in an
STTD system is given by (2.23) in Section 2.3.2. The ratio of this envelope
expression and the variance estimated by (3.6) is a constant. Therefore, as was
the case in Section 3.1.1, estimation of the ratio ((¢)/0%(i) is not required for
the Viterbi and SOVA decoders and the mobile can revert to using the correlation
metric calculation without channel state information. However, calculation of {(7)

and o2(4) is still required for the LogMAP decoder.

3.1.3 Single Antenna Transmission, Mobile Chip-level
LMMSE Equalizer

Standard estimation for a mobile using the chip-level LMMSE equalizer is derived
by first finding an expression for the interference plus noise, Z;, at the output of
the equalizer shown in Fig. 2.4. In the following, it is assumed that the equalizer
operates at one sample per chip, S = 1. Using the equalizer receiver notation

from Section 2.2.3 and assuming that the Gaussian process Z(n) is applied to the

equalizer input, the interference plus noise component at the equalizer output is

Zi = Zgo—lﬁ i sio(r)ef(v)Z(iR—v +7r)
= N ef(v) 2y,

where Z,; is a zero mean, complex Gaussian random variable with variance 0%

(3.7)

that represents Z(n) after despreading with a time offset of v. This term is
identical to Z;; in (3.3) and (3.5).

The standard estimator for the chip-level LMMSE equalizer determines o(7)
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using an expression for the variance of Z; in (3.7). Assuming the equalizer taps
are separated by at least one chip, the Z, ; terms in (3.7) are independent and the
variance of Z; can be written as

Np—1

(i) = 0% Z lei(v)]2. (3.8)

v=0

The tap weight values are already known to the receiver and, as for the previous
two sections, 0% is estimated by assuming it is equal to the total signal power at
the equalizer input.

The standard estimators presented in Sections 3.1.1 and 3.1.2 were both devel-
oped for use with a Rake receiver and in both cases it was found that the estimated
ratio ((z)/o?(z) was constant. This made it unnecessary to estimate either ¢(4) or
o?(4) for the Viterbi and SOVA decoders. However, in the case of the chip-level
LMMSE equalizer, the desired signal amplitude ¢(z) is proportional to the double
convolution of the channel impulse response and the equalizer taps. The variance
o%(3) in (3.8) is proportional to the summation of the equalizer tap energies. It is
not obvious that the ratio of {(z)/0?(¢) at the output of the equalizer will be con-
stant as it was for the Rake receiver. Therefore, the standard estimation scheme
for the chip-level LMMSE equalizer must estimate both ((¢) and ¢2(4) at all times,

regardless of what channel decoder algorithm is being used by the mobile.

3.2 Improved Channel State Estimation

Improved estimation determines ¢2(:) by separately calculating the variances of
the intracell interference and intercell interference plus thermal noise processes at
the mobile receiver output. This approach assumes that o2(i) = (|N;|?) + (|L;|),
where I; and N; are defined in the symbol-level model presented in Section 2.3 as
the intracell interference and intercell interference plus thermal noise process at

the mobile receiver output during symbol interval ¢, respectively.
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Improved estimation assumes that interference and noise on the CDMA for-
ward link can be represented as shown in Fig. 3.1. As defined in Section 2.3.1,
I(n) is a complex, zero mean random process with variance o7 that represents
the composite forward link signal after large scale channel attenuation but before
convolution with the small scale channel impulse response. The term N(n) is a
complex, zero mean Gaussian random process with variance % that represents
intercell interference plus thermal noise and is added directly to the signal at the

mobile input.

— =(n) ¢(n, 1) —G—‘D—

N(n)

Figure 3.1: CDMA forward link interference.

HO,

The improved estimation scheme must be modified for different forward link
configurations. Section 3.2.1 presents a variant of improved estimation that con-
siders a CDMA forward link where the base station uses single antenna transmis-
sion and the mobile uses a Rake receiver. Section 3.2.2 considers the combination
of space time transmit diversity and a Rake receiver in the mobile. Section 3.2.3
considers single antenna base station transmission combined with the chip-level
LMMSE mobile receiver.

It will be shown that the improved estimators developed in all three cases
require knowledge of the variances o2 and o%,.. Section 3.2.4 presents a linear esti-
mator for determining these values. As for standard estimation, it is assumed that
the three different versions of improved estimation discussed below all estimate

¢ (%) using a moving average filter that operates on pilot symbols embedded in the
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traffic transmission.

3.2.1 Single Antenna Transmission, Mobile Rake Receiver

Improved estimation for single antenna transmission individually calculates (|1;]?)
and (|V;|?) and then adds these two values to determine ¢2(7). Expressions for
these variances are derived using the expressions for NV; and I; presented as part
of the symbol-level model in Section 2.3.

The expression for N; is given by (2.15) in Section 2.3.1. If the Rake fingers
are separated by at least one chip, the terms N¢;, f = 0,...F — 1 in (2.15) are

independent and (| V;|%) can be estimated according to

(IN2) = o2, fz ()P (3.9)

The expression for I; is given by (2.18) in Section 2.3.1 as

F-1 L-1

I,' = Z E c(l Zf “[1 - (l - Zf)] (310)

f=0 =0

where the [1 — 6(! — zf)] term accounts for the Walsh sequence cancellation of
intracell interference. Accounting for correlation between interference terms, the

variance of this intracell interference term can be estimated according to

Il

(LD = (S5 e (2) T e Loyl — 801 — 2¢)])
(zf;l (2 Y420 (@) Leugsll = 0(g = 2)]))

= T S S S ¢ zp)elD) [ () e(o)]”
<IZf l,zl:,,—qz>[ — 8l = z)][1 — 6(q — )]

o} I S S T ¢ (zg)ell) [ ()e(a)]*

: [(z—z»—(q—zv)] [1= 80— 20)][1 ~ 8(q — 2]

Unlike standard estimation, the improved estimation approach accounts for

(3.11)

Il

the non-stationary fluctuations and partial Walsh sequence cancellation of intra-

cell interference. As a result, the ratio of the desired signal envelope expression
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for () in (2.14) and the estimated variance 2(z) given by the summation of (3.9)
and (3.11) is no longer constant. This means the estimated ratio {(¢)/o?(z) must
now be included in the Viterbi and SOVA metric calculations. Improved estima-
tion therefore always calculates estimates of ((i) and o?(i) regardless of channel
decoder algorithm.

The complexity of improved estimation is higher than standard estimation.
Estimation of {(¢) and o0?(i) must now be performed for all channel decoding
algorithms and calculating o?(7) using the summation of (3.9) and (3.11) has a
complexity order O(F2L?). This is a significant complexity increase over standard
estimation. However, the computations required by improved estimation will
remain manageable in practice since the numbers F' and L are typically quite
low for standard Rake receivers and modest multipath dispersion. The channel
terms required in (3.9) and (3.11) are estimated by the mobile using the forward
channel pilot signal. The input variances o} and 0% required in (3.9) and (3.11)

can be calculated using the least-squares estimator derived in Section 3.2.4.

3.2.2 STTD Transmission, Mobile Rake Receiver

The equation used to estimate intercell interference plus thermal noise variance,
(|Ni|?) is derived based on the expression for intercell interference plus thermal
noise at the output of the STTD Rake receiver, given by (2.24) in Section 2.3.2. If
the Rake fingers are separated by at least one chip, the terms Ny;, f =0,...F -1
in (2.24) are independent and (|N;|*) can be calculated by the mobile according

to

F-1
(IN?) = 0% 3 [leales)? + [es(29) ] (3.12)
F=0
for both even and odd symbol intervals.

Using the expression for STTD intracell interference at the output of the de-
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spreading stage in Rake finger f in (2.25), the overall intracell interference at the

output of the Rake receiver is

[ TiS o Sise {Co (21) [CO —l it o (l)I;f‘lﬂ'] .
—q@»[UN,“H+amEFm4}
(1 —=8(zf — 1)) .4 even
I = | (3.13)
Z {CO(Z"U) [CO( )Igw—lz +¢ (l) zw—l 1} .
+c1(2w) [CO(l) w—li— 1+Cl(l) Zw—1,i— 1] }
\ 1= 6(zy = 1)] ,1 odd.

For the even symbols, the variance of the intracell interference process can be

estimated according to

(L7 = -wﬂwﬂ%uafwu+qmaruﬂr}
[1—=6(zp = 1)]
Yo Co(zv) [CO (@2, i + 1 (Q)Izl,,—q,i]
_Cl(zv) [ (g )I:(J)u—q,'i+1 + Cl(q)lgu—q,i+1]*} >
1 - 5(zf -1)]
= Zf: u—o Z
[qu %zwo%ka®<q4axﬂ)
+c(z1)en(Deo(2) 5 (a) (I i Thgi)
+e1(z5)eg (D)t (20)co(q) sz——l 1—I—II£U—q,1+1>
+e1(z7)ct (Ve (@)en (@) (I, i I gin
u—&f—M[ —8(2 — q)]
= 07 %00 T Toeco i
k&wkﬂhwww%@)+$@ﬁqﬂkd%)(m
+Cl(zf)03(l)ci’ Zu)co(Q) + (Zf)CI( )CI(zv)Cl( )]
(27 = 1) = (20 — )I[1 = 8(2¢ — D][1 = é(z, — q)]-

< {co(zf) [ )3, + (D, 1]

*

(3.14)

Performing the same derivation for the odd symbol intervals yields the same ex-
pression for {|I;|?).

The channel terms required in (3.12) and (3.14) can be estimated by the mobile

using the forward link pilot signals transmitted from the two base station antennas.
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The 62, and o2 variance terms are determined using the linear estimator described
in Section 3.2.4. As for the single antenna case described in Section 3.2.1, the
estimated ratio (2)/o?(4) is no longer constant when improved estimation is used
in an STTD system. As a result, improved estimation in an STTD system must

calculate values of ((7) and ¢?(7) for all channel decoder algorithms.

3.2.3 Single Antenna Transmission, Mobile Chip-level
LMMSE Equalizer

In the following, it is assumed that the equalizer operates at one sample per
chip, S = 1. The intercell interference plus thermal noise term at the output of
the chip-level LMMSE receiver, N;, can be determined by convolving the intercell
interference plus thermal noise process N(n) defined in Section 2.3 with the equal-
izer taps and passing the result through the despreading stage. This expression

for N; is written as

N, = ¥t ei(v)ﬁ Yre sai(r)N({ER—v +7) (3.15)
= T ev)Nug ‘
where N, ; is a zero-mean, complex Gaussian random variable with variance o%,.
The term N, ; represents the intercell interference plus thermal noise at the output
of a despreading stage that despreads N(n) with an offset of v during symbol
interval 4. Since the equalizer taps are separated by one chip, the N, ; terms are

independent and the variance of NN; can be calculated by the mobile according to

Np—1

(IN?) = o3, Zo les(v) 2. (3.16)

For the chip-level LMMSE receiver, ; is equal to J(n) first convolved with both
the small scale channel impulse response and the equalizer and then processed by

the despreading stage. The result is written as
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L = Y cioll) ffolez(v)ﬁ 501310( rM(iR—-1—v+ Np/2+7)

= 25 cio(l) 0% € (0) - 24 [1 = 8(1 = (v — Np/2))]
(3.17)

where I; 1, w2, is a zero mean Gaussian random variable with variance o? that
represents I(n) after despreading with an offset of | + v — Np/2 during symbol
interval 5. The [1 — §(-)] term accounts for the Walsh code cancellation of any
intracell interference components that are synchronous with the desired signal.
The chip-level LMMSE receiver attempts to equalize multipath dispersion such
that all intracell interference is synchronous with the desired signal and is canceled
by the [1 — (-)] term. Using (3.17), the variance of I; can be estimated by the

mobile according to

L) = (S o) ToZi " € @) ivonejai[L = 60— (v = Nr/2))])
(S22 (@) TV et ()M gsarya [1 = 8la — (0 — Ny /2) )
= ;—J:_o1 11)\]:?0 ' qL=01 ZNzol cio(Def (v) [Ci,o(Q)ef(’w)]*
’ <Il+’U—NT/2:iI;+w—NT/2,i
{1-6[l— (v—Np/2}{1-6[g— (w— Nr/2)]}

= o} Yy TiE i Yot eio(l)er (v) [eiol(g) el (w)]*
Sl = (v— NT/2)] [¢ — (w— Nz/2)]}
{1-6[—(v—Ng/2)]}{1 =6 (g~ (w— Np/2)]}
(3.18)

where the equalizer tap weights are known to the receiver and the channel terms
are estimated using the forward link pilot signal. The technique described in Sec-
tion 3.2.4 for estimating o? and ¢% can also be used for improved estimation for
the chip-level LMMSE equalizer. As was the case for the chip-level LMMSE equal-
izer version of the standard estimator, the ratio {()/o?(7) is non-constant and the
amplitude and variance values must be estimated for the metric calculations of

all channel decoder algorithms.
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3.2.4 Estimating Mobile Receiver Input Interference Lev-
els

Derivation of Estimator

This section derives an estimator for the variances of the intracell interference
and intercell interference plus thermal noise processes at the input to the mobile.
These values correspond to the variances o7 and o% of the interference processes
illustrated in Fig. 3.1 and are required by the improved estimation techniques
described in Sections 3.2.1 through 3.2.3. The estimator presented in this section
will calculate o? and 0% using the second order statistics of the aggregate signal
received by the mobile, r(n).

Based on Fig. 3.1, the signal r(n) can be written as

r(n) = ¢(n,l) x I(n) + N(n) (3.19)

where * indicates convolution. The autocorrelation function of 7(n) is written as
$u(n) = (r(n)r*(n - v)).

It is assumed that the random processes I(n) and N(n) are white such that
the samples of I(n) and N(n) are independent for different values of N. This
corresponds to a flat, stationary power spectral density. However, convolution
with ¢(n,I) colours I(n). Therefore, ¢,(n) will be a function of ¢(n, 1), 0% and 0%
for v = 0 but will only be a function of ¢(n,) and o7 for v # 0. This observation
can be used to determine o? and ¢% from samples of 7(n).

Most CDMA mobiles determine ¢(n,l) using the forward link pilot signal.
If ¢(n,l) is known, the channel terms in the convolution c(n,!) x I(n) can be
treated as constants rather than random variables when calculating ¢,(n). The

autocorrelation function of 7(n) therefore can be written as
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il Lo c(ny t)e*(n — v,m) (I(n — ) I*(n — m — v))
bo(n) = { HINN*(n—v)) w<L

0 , otherwise.
(3.20)

Since the spreading code chip rate is typically much higher than the maximum
Doppler shift of the channel, ¢(n,l) ~ ¢(n —v,1) for v < L. Hence, the expression

in (3.20) can be simplified to

%Z Z n,4)c*(n,m)8[(s — m) — v] + o%8(v). (3.21)
It is noted that (3.21) is a linear function of the variances that are to be
estimated. The autocorrelation values for 0 < v < L —1 can be written as a series

of linear equations such that

¢=HO (3.22)
where ¢ = [¢o(n),...dr-1(n)]T, © = [6%0?]T and
1 E 4 c(n,i)c*(n,m)é(i — m)
0 Skt c(n t)e*(n,m)é [(z — m) — 1]
H=|: : . (3.23)
0 2o Lo o, 9)c" (n, m)

6[(z=m) - (L -1)]

The elements of ¢ can be determined from the received signal using a sliding

window time average, where

Ny—1

du(n) = — > r(n+k)r*(n+k —v). (3.24)

=0
and the window used to collect the N, samples is short enough to assume the
channel remains approximately constant during the summation.

It is clear that linear estimation techniques can be applied to (3.22) in order

to estimate o7 and 0%. The Best Linear Unbiased Estimator (BLUE) finds the
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minimum variance unbiased estimator when the observation vector is a linear
function of the quantities to be estimated [33]. However, the BLUE requires the
covariance matrix of the additive random process corrupting ¢. This matrix is
not trivial to determine so the Least-Squares Estimator (LSE) is applied as a

simplification [33]. The LSE determines 0? and ¢% according to

(0202 = (HTH) 'Hé. (3.25)

The total number of samples processed by the estimator, Ny, is called the
observation window. If the observation window is shorter than the channel coher-
ence time, the number of samples used in the time domain correlation in (3.24),
Ny, is equal to Ny . If an observation window longer than the coherence time is
required, Ny is divided up into several consecutive segments of length NN, that are
equal to the channel coherence time. The samples in each segment are processed
according to (3.24) and used to generate estimates of oZ and o% as indicated in
(3.25). The variance estimates produced using each segment are then averaged
together. Since the estimator is linear, averaging the variance estimates produced
from each segment yields the same performance as processing all Ny samples
directly in the estimator.

The extra error caused by using the sub-optimal LSE can be quantified by
comparing the estimator performance to the Cramer-Rao Lower Bound (CRLB)
[33]. The CRLB provides a lower bound that represents the variance of the error
that can be expected from the minimum variance unbiased estimator of a par-
ticular quantity. Kay provides a CRLB expression for the general Gaussian case

where the PDF of the received signal is

T~ N(u(©),C(9)) (3.26)
where » = [r(0),...7(Nw — 1)] is a vector containing samples of the signal
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received by the mobile, u(®@) € R is the mean of the signal vector and
C(©) € RMwXxNw jg the covariance matrix of the signal vector. Since the inter-
ference, noise and desired signal processes received by the mobile are zero mean,
1(©) is zero. The covariance matrix of r, C(©), is a symmetric Toeplitz matrix
whose elements are a function of the intracell and intercell interference processes
and can be determined using (3.21).

The CRLB for a particular quantity © is given by <(:):2> > [I _1((-3)]“,, where
I(©) is the Fisher information matrix. For this estimator, ©y = 02 and ©; = ¢%.
According to Kay’s expression, the elements of the 2 x 2 Fisher information matrix
are given by

1

[1(®)]; = 5tr |C7}(©)

W= mg~1(@)__ .

30; 50,

It is difficult to find an analytical expression for the Fisher information matrix

50(@)] (3.27)

given by (3.27) when the elements of the autocorrelation matrix C(©) are given
by (3.21). However, given a particular set of channel impulse response values,
it is possible to calculate the numerical values of the elements of C(®) using
(3.21). The Fisher information matrix can then determined according to (3.27)
and inverted numerically to find the CRLB of o7 and ¢% specific to those channel
impulse response values.

The limitation of this numerical approach to finding the CRLB is the number
of computations required to invert the matrix C(©) in (3.27). The LSE estimator
for o and o% will typically process received signal vectors where the number of
samples in the observation window, Ny, is quite large. Since the autocorrelation
matrix C(©) that must be inverted in (3.27) is Ny x Ny, it may not be practical

to use this technique for some of the larger values of Nyy.
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Evaluation of Estimator

Simulation is used to evaluate the accuracy of this LS estimator of 6% and o?.
The simulation generates samples of the received signal, r(n), at one sample per
chip according to (3.19). These signal samples are then processed using the time
domain autocorrelation function in (3.24) in order to find the elements of the
vector ¢. The vector ¢ is then used in (3.25) to determine estimates of ¢? and
o%. A time invariant multipath channel is assumed so that the total number
of samples processed by the estimator Ny is equal to Ny in (3.24). The average
received relative powers of the resolvable paths of this multipath channel are -2 dB,
-6 dB and -10 dB.

One simulation run uses 10,000 trials to determine the mean and standard
deviation of the estimates produced by (3.25). Several simulation runs are per-
formed for values of Ny equal to 500, 1536, 3072, 24576 and 245760 chips. For
IS-95 and IS-2000 CDMA signals, the chip rate is 1.2288 Mchip/s so that 1536
samples corresponds to one 1.25 ms power control group, 3072 samples to two
power control groups, 24576 samples to one 20 ms frame and 245760 samples to
ten 20 ms frames. The error in the estimates produced with these 10,000 trials is
expressed as normalized deviation from the mean, (ug + o)/ ug, where ug is the
mean of the estimates and og is the standard deviation of the estimates. This
normalized deviation is expressed in dB and plotted versus Nyy.

To examine estimator sensitivity to different levels of intracell interference
and intercell interference plus thermal noise, simulations are performed for o7 =
5/c% =5, 02 = 10/0% = 1 and ¢ = 1/06% = 10. The results are shown in
Figs. 3.2, 3.3 and 3.4. Note that the CRLB is only shown for Ny up to 3072
since the matrix inversions required to numerically determine the bound become
impractical for larger values of Ny, .

For equal levels of o? and 0%, the LSE estimation is quite close to the CRLB
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Figure 3.2: Estimator accuracy, ? =5 & 0% = 5.
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Figure 3.3: Estimator accuracy, o = 10 & 0% = 1.
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Figure 3.4: Estimator accuracy, 07 = 1 & 0% = 10.

with very good accuracy possible if the observation window of the estimator is at
least one 20 ms frame. If one source of interference dominates, Figs. 3.3 and 3.4
show that the error increases for estimates of the weaker interference source. The
LSE estimator diverges most significantly from the CRLB for high levels of o2.
For high levels of 6%, the estimator actually achieves the CRLB.

The simulations also show that the performance of the LSE gets closer to the
CRLB for increasing values of Ny,. In a practical system, the length of Ny is
limited by how long the variance values o7 and 0% remain unchanged. Since these
variance values will remain constant for at least a few frames, large values of Ny
are possible and LSE performance will be close to the optimal CRLB. This means

that the incremental benefit of finding a better estimator for 62 and 0% is small.
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3.3 Online Channel State Estimation

This section shows how the online SNR, estimation technique presented by Sum-
mers and Wilson can be adapted for use on the CDMA forward link [69]. The
technique presented below can be used without modification on a conventional
CDMA forward link and on links incorporating STTD transmission and chip-level
LMMSE mobile receivers.

The online estimation technique assumes that the signal at the channel decoder

input during symbol interval 4 can be represented as

T = Cbz —+ n; (328)

where b; is the transmitted channel encoded symbol, the signal envelope is denoted
¢ and the additive noise term n; is zero mean Gaussian. Both the signal envelope
and the variance of the noise, 62 are unknown but are assumed to remain constant.

The online SNR estimation scheme produces an estimate of the ratio v =
¢?/0?. In order to estimate y, Summers and Wilson show that the second order

statistics of r; satisfy the following relationship

(r}) 1+

(il ™ [yf2e= + ect ()]

The mean values (r?) and (|r;|) are calculated at the input to the channel decoder

(3.29)

using time averaging. The estimated SNR factor +y is then determined using the
inverse function for (3.29) implemented using a lookup table.

This technique provides the ratio of desired signal envelope power to inter-
ference plus noise variance. However, the conventional channel decoder metrics
presented in Chapter 1 require signal envelope values, not envelope power. As
a result, when this channel state estimation technique is used for the wireless

channel, it must be implemented using sub-optimal channel decoder metric calcu-
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lations [63]. The Viterbi decoder metric in (1.2) is replaced by (3.30), the SOVA
metric in (1.3) with (3.31) and the MAP metric in (1.5) with (3.32).

Ng—1
p= ) YTy (3.30)
=0
Ng~1 Ng(k+1)—1
p=3 {log(sz(k)H Y. T (3.31)
k=0 i=Ngk
Vz(l,ll) " k+1)Ng—1
po(k) exp (= SR 2y — 25)7/2), (L) € B (3.32)
0, otherwise

The complexity of online channel state estimation can be considered similar
to standard estimation. The calculation of the time domain averages (r?) and
(|r;]) is similar to the averaging required to determine the input interference plus
noise variance 0. While online estimation does not require an O(F) calculation
to determine a final channel state estimate, the implementation of the lookup
table will consume memory resources in the mobile and require a similar level of

computational effort to implement.

3.4 Forward Link Performance
3.4.1 Single Antenna Transmission, Mobile Rake Receiver

CDMA forward link simulations are used to quantify the performance difference
between mobiles using online, standard and improved estimation. This section
considers single antenna transmission where the mobile uses a standard Rake
receiver. The simulation results show bit error rate (BER) plotted versus signal
to noise ratio Ej /0%, where F, is energy per bit and 0%, is defined in Chapter 2 as
the variance of the intercell interference plus thermal noise at the receiver input.
The simulation results in this section are generated using the symbol-level CDMA

forward link model described in Section 2.3.1.
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A spreading factor of 16 is assumed. The simulation generates a constant level
of intracell interference for all values of E,/0% that is equivalent to a fully loaded
link carrying 16 equal power traffic transmissions. Results are generated assuming
a data rate of 38.4 kbps, 40 ms frames and a 1.9 GHz carrier frequency. Mobile
velocities of 5 km/h and 100 km/h are considered and the radio channel has three
resolvable Rayleigh fading paths with average received powers of -2 dB, -6 dB and
-10 dB.

Convolutional code results are generated with a rate 1/2 (23,35) constraint
length 5 code and soft decision Viterbi decoding in the mobile. The turbo code
results use a punctured rate 1/2 code with rate 1/2 (1,17/15) RSC component
encoders [79]. A random interleaver is used in the turbo encoder and the turbo
decoder uses up to 8 iterations. The LogMAP and SOVA algorithms are both

considered for turbo decoding.

Comparing Channel State Estimation Techniques with Known Input
Parameters

The first scenario considered in this section compares standard and improved
estimation under the assumption that the mobile has perfect knowledge of the
channel impulse response, ¢(n,!), and the interference variances o2, 0% and o%.
The purpose of these simulations is to remove any parameter estimation error and
to compare the performance difference between standard and improved estimation
simply due to the different assumptions the techniques make about CDMA forward
link interference. The results are shown in Figs. 3.5 and 3.6. Section 3.1.1 points
out that the Viterbi and SOVA metric calculations for standard estimation are
equivalent to simply using correlation metric calculation without any channel state
information at all. This is indicated in the simulation plots.

Figs. 3.5 and 3.6 show that the more accurate channel state estimates produced

by improved estimation result in better performance. Separately considering the
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contribution of intracell interference and intercell interference plus thermal noise
allows the calculation of 02(3) to account for both the non-stationary nature of
the intracell interference and its partial cancellation due to the Walsh spread-
ing sequences. The result is a more accurate estimate of o%(3) that significantly
improves channel decoder performance, particularly in the case of the LogMAP
decoder.

Generally, turbo codes with a LogMAP decoder tend to outperform turbo
codes with a SOVA decoder [79]. However, Figs. 3.5 and 3.6 indicate that when
standard estimation is used in the mobile, turbo codes with LogMAP decoding
perform worse than turbo codes with SOVA decoding and even convolutional
codes. Valenti and Woerner have compared the sensitivity of the LogMAP and
SOVA turbo decoders to channel state estimation error on the flat Rayleigh fad-
ing channel with AWGN [76]. The authors show that the LogMAP decoder is
more sensitive to channel state estimation errors than the SOVA decoder. The
degradation of the LogMAP decoder seen in Figs. 3.5 and 3.6 is worse than demon-
strated in [76] because the error standard estimation makes in estimating the non-
stationary variance o2(i) is worse that the channel tap weight estimation errors
considered in [76]. Standard estimation is a valuable technique due to its simple
structure and the acceptable performance results it can achieve with the Viterbi
and SOVA decoders. However, it should clearly not be used with the LogMAP
decoder.

Fig. 3.5 also shows that the performance difference between standard and im-
proved estimation is largest at high values of E;/0%, where intracell interference
dominates. Under these conditions, separately accounting for the intracell inter-
ference process by using improved estimation provides the maximum benefit. At
low Ej /0%, the additive Gaussian intercell interference plus thermal noise process

dominates and the estimates of 0%(i) returned by standard and improved esti-
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mation are very similar. This is because standard estimation assumes that all
interference and noise can be represented using an AWGN source. The result is
a reduction in the performance gap between the two techniques at low values of
Ey/o%.

Comparing Figs. 3.5 and 3.6 shows that the gap between standard and im-
proved estimation shrinks for the Viterbi and SOVA decoders as velocity is re-
duced. Section 1.3 notes that any parameter in the Viterbi or SOVA decoder
metric calculations that remains constant over the encoded frame duration has
no effect on decoder performance. At low velocities, the radio channel is ap-
proximately constant during the frame duration. Since fluctuations in intracell
interference power are caused by changes in the radio channel, the (|I;|?) term
used by improved estimation to calculate 0(¢) also becomes more stationary at
lower mobile velocities. Since standard and improved estimation are both produc-
ing estimates of 6%(7) that remain approximately constant at low mobile speeds,
both techniques result in approximately the same performance with the Viterbi
and SOVA decoders.

In contrast, Figs. 3.5 and 3.6 show that the performance gap between standard
and improved estimation is not velocity dependent for the LogMAP decoder. The
trellis path metrics for the LogMAP decoder require accurate estimates of (1) and
o?(1), regardless of whether or not these quantities are stationary. Even though
both standard and improved estimation produce stationary estimates of o2(4)
at low velocities, improved estimation is always more accurate since it accounts
for the partial Walsh sequence cancellation of intracell interference and standard
estimation does not. The result is better LogMAP decoder performance even at

low mobile speeds.
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Comparing Channel State Estimation Techniques with Estimated Input
Parameters

The second simulation scenario in this section compares forward link performance
when standard estimation, improved estimation and online estimation are used in
the mobile and all information required by these channel state estimation tech-
niques must be estimated. It is assumed that ¢(n,!) is estimated from the base
station forward channel pilot signal. The forward link pilot signal is allocated
16% of the maximum base station transmit power and the mobile averages the
pilot for 1 ms before producing a channel impulse response estimate. The variance
0% required by standard estimation is calculated by performing a 40 ms sliding
window time average on the energy of the received signal at the mobile receiver
input. The variances 2 and 0% required by improved estimation are determined
using the LSE described in Section 3.2.4, where the estimator observation window
is 40 ms. At 1.2288 Mcps, this corresponds to 49152 samples. The CDMA for-
ward link results for convolutional coding are shown in Fig. 3.7, turbo coding with
SOVA decoding in Fig. 3.8 and turbo coding with LogMAP decoding in Fig. 3.9.

To help interpret the results in Figs. 3.7 through 3.9, the accuracy of the
different channel state estimation schemes are shown in Figs. 3.10 and 3.11. These
plots show the mean (bias) and standard deviation of the channel state estimation
error p— p, where p is the true value of the ratio {(7)/0?(i) at the mobile channel
decoder input and p is the ratio calculated using the channel state estimation
technique.

The channel decoder metric discussion in Chapter 1 points out that any factor
in the Viterbi or SOVA metric calculation that remains constant over the frame
duration will have no effect on the performance of these decoders. This also means
that any channel state estimation error that remains constant over the frame

duration will not affect Viterbi and SOVA performance. Therefore, when using
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the channel state accuracy plots in Figs. 3.10 and 3.11 to interpret the Viterbi and
SOVA performance results in Figs. 3.7 and 3.8, only the error standard deviation
results need to be considered. The value of the bias plots have no effect on Viterbi
or SOVA decoder performance.

The channel state estimation plots show online estimation with the largest
channel state estimation error standard deviation, followed by standard estima-
tion and then improved estimation. This supports the Viterbi and SOVA sim-
ulation results in Figs. 3.7 and 3.8 where online estimation results in the worst
performance and improved estimation in the best. Comparing Figs. 3.10 and 3.11
also shows that the error standard deviation of online, standard and improved
estimation is reduced at lower velocity. The error standard deviation values pro-
duced by these techniques also becomes more similar at low mobile speeds. As a
result, the forward link BER, curves achieved with online, standard and improved
estimation in Figs. 3.7 and 3.8 are closer together at 5 km/h than they are at
100 km/h.

The performance of the LogMAP decoder is influenced by both the bias and
the standard deviation of channel state estimation error. Figs. 3.10 and 3.11 show
improved estimation with almost no bias, online estimation with a large positive
bias and standard estimation with a smaller negative bias. Previous research has
shown that the LogM AP decoder performs better when the SNR values it uses for
its trellis metric calculations are over-estimated rather than under-estimated [69].
As a result of its positive bias, online estimation performs better than standard
estimation in Fig. 3.9 for a mobile velocity of 5 km/h. However, the larger online
estimation error standard deviation at 100 km/h means that standard estima-
tion performs better than online estimation at higher mobile speeds, despite the

favorable bias of online estimation.
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Figure 3.5: Ideal standard and improved estimation comparison, 100 km/h.
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Figure 3.6: Ideal standard and improved estimation comparison, 5 km /h.
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Figure 3.8: Channel state estimation performance, turbo codes with SOVA de-

coding.
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3.4.2 STTD Transmission, Mobile Rake Receiver

This section evaluates CDMA forward link performance when online, standard
and improved channel state estimation is used in the mobile and STTD is used at
the base station. It is assumed the mobile uses the STTD Rake receiver structure
discussed in Section 2.3.2. The simulation results are generated using the symbol-
level model described in Section 2.3.2.

The simulation results show bit error rate (BER) plotted versus signal to noise
ratio, Fy/0%. Intracell interference is equivalent to 16 equal power traffic trans-
missions on a link with a spreading factor of 16. The level of intracell interference
remains constant for all values of F, /0% . Data rate is 38.4 kbps, frames are 40 ms
long and the radio channel is Rayleigh faded with average relative received path
powers of -2 dB, -6 dB and -10 dB. Convolutional code results are generated with
a rate 1/2 (23,35) constraint length 5 code and soft decision Viterbi decoding
in the mobile. The turbo code results use a rate 1/2 code with punctured rate
1/2 (1,17/15) RSC component encoders [79]. The turbo encoder uses a random
interleaver and the turbo decoders use up to 8 iterations. LogMAP and SOVA
decoders are both used for the turbo code simulations.

The channel impulse response information used by the mobile Rake receiver
is estimated from the forward channel pilot signal. As in Section 3.4.1, it is as-
sumed the pilot transmit power is equivalent to 16% of the maximum base station
transmit power and that the mobile averages the pilot for 1 ms before producing
a channel impulse response estimate. The variance 0% required by standard esti-
mation is calculated by performing a 40 ms sliding window time average on the
energy of the received signal at the mobile receiver input. The variances 0% and
0% required by improved estimation are determined using the LSE described in
Section 3.2.4 with the estimator operating with a 40 ms observation window.

Convolutional code forward link performance at mobile speeds of 100 km/h
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and 5 km/h is shown in Fig. 3.12. Forward link performance for turbo coding is
shown in Figs. 3.13 and 3.14 for the SOVA and LogMAP decoders, respectively.
Single antenna results from Section 3.4.1 are also included in the figures for com-
parison. Plots indicating the bias and error standard deviation of the channel
state estimation techniques for mobile velocities of 100 km/h and 5 km/h are
shown in Figs. 3.15 and 3.16, respectively.

Fig. 3.16 shows that the relative differences between the error standard de-
viation of online, standard and improved estimation are similar at 5 km/h in
systems using single antenna and STTD transmission. As a result, the relative
performance difference between these techniques at 5 km/h in the Viterbi and
SOVA results in Figs. 3.12 and 3.13 is approximately the same for single antenna,
and STTD transmission.

At 100 km/h, the relative difference between the error standard deviation of
standard and improved estimation increases slightly in an STTD system. This
increase is most pronounced in Fig. 3.15 at higher values of E;/0%. As a result,
the relative performance difference between standard and improved estimation
increases when the estimation techniques are used with the Viterbi and SOVA
decoders in an STTD system. This increase is most visible for the higher values
of E,/0% considered for the convolutional coding results in Fig. 3.12.

The error standard deviation of online estimation increases somewhat in an
STTD system at the low values of E,/N, where an STTD system operates. As
a result, the performance of online estimation relative to standard and improved
estimation in an STTD system is degraded for the STTD results in Figs. 3.12
and 3.13. Tt should be noted that the BER performance of online estimation
at 100 km/h in Figs. 3.12 and 3.13 is better for STTD than for single antenna
transmission. However, this is due to the diversity gains of STTD, not because

online estimation performs better in an STTD system.

83

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



The accuracy plots show that the negative bias of standard estimation is re-
duced in an STTD system. This is due to the nature of STTD intracell interfer-
ence. The increased number of intracell interference terms in (3.13) means that
Walsh sequence cancellation has a smaller effect on reducing the overall level of
intracell interference at the STTD Rake output. The inaccuracy of standard esti-
mation is due primarily to the fact that it neglects the Walsh sequence cancellation
of intracell interference. As this cancellation becomes less significant, the bias of
standard estimation improves. As a result, the performance of the LogMAP de-
coder when combined with standard estimation improves for the STTD results in
Fig. 3.14. This improvement is most pronounced at 100 km/h.

In contrast, the bias of online estimation increases slightly in an STTD system,
resulting in a degradation in performance. This degradation is more pronounced
at 100 km/h where online estimation in an STTD system exhibits both a more
unfavorable bias and a larger error standard deviation. Online estimation also
has a more unfavorable bias in an STTD system at 5 km/h but the error stan-

dard deviation is much lower so the degradation in BER performance is not as

significant.
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Figure 3.12: Forward link performance with convolutional codes.
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Figure 3.13: Forward link performance with turbo codes, SOVA decoder.
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Figure 3.14: Forward link performance with turbo codes, LogMAP decoder.
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3.4.3 Single Antenna Transmission, Chip-level
LMMSE Equalizer

This section compares CDMA forward link performance for the Rake and chip-
level LMMSE mobile receivers when the mobile employs Viterbi/SOVA correla-
tion channel decoder metrics with no channel state information, online channel
state estimation, standard channel state estimation and improved channel state
estimation.

The simulations used in this section are conducted according to the chip-level
CDMA forward link model described in Section 2.2. Received BER is generated
for user 0 and plotted versus Ej,/0%. The number of spreading sequence chips per
bit, R, is 8 and intracell interference equivalent to 8 equal power forward link users
is simulated. This level of intracell interference remains constant for all values of
E,/c%. Chip rate is equal to 1.2288 Mcps, data rate is 153.6 kbit/s and frame
length is 20 ms.

Convolutional code results are generated with a rate 1/2 (23,35) constraint
length 5 code and soft decision Viterbi decoding in the mobile. The turbo code
results use a punctured rate 1/2 code with rate 1/2 (1,17/15) RSC component
encoders [79]. A random interleaver is used in the turbo encoder and a maximum
of 8 iterations is used in the turbo decoder. Both the LogMAP and SOVA channel
decoder algorithms are considered.

A three path, Rayleigh faded channel model with average relative path powers
equal to-2 dB, -6 dB and -10 dB is used. A mobile velocity of 100 km /h is assumed
with a 1.9 GHz carrier frequency. The channel impulse response information
used by the channel state estimation techniques, for calculating the Rake finger
combining weights and for calculating the chip-level LMMSE equalizer taps is
estimated using a forward link pilot signal. It is assumed the pilot transmit

power is equivalent to 16% of the maximum base station transmit power and
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that the mobile averages the pilot for 1 ms before producing a channel impulse
response estimate. The variance 0% required by standard estimation is calculated
by performing a 40 ms sliding window time average on the received signal at the
mobile receiver input. The variances o? and ¢% required by improved estimation
are determined using the least squares estimator (LSE) described in Section 3.2.4
with the estimator operating with a 40 ms observation window.

The simulation uses a 3 finger Rake receiver and 5 tap chip-level LMMSE
equalizer. A modest number of taps was chosen for the equalizer in order to
reflect a receiver complexity that is practical to implement in a battery powered
handset. The simulation calculates the equalizer taps directly from the LMMSE
receiver equations rather than using a recursive algorithm.

Simulation results for convolutional coding and turbo coding with the SOVA
decoding algorithm are shown in Figs. 3.17 and 3.18. These figures show per-
formance curves for the Rake and chip-level LMMSE receivers when the mobile
channel decoder uses online estimation, standard estimation and improved esti-
mation. Note that standard estimation is shown in Figs. 3.17 and 3.18 to be
equivalent to the correlation metric with no channel state information when the
Rake is used in the mobile. However, as pointed out in Section 3.2.3, it is not
obvious that standard estimation is equivalent to using the correlation metric
with no channel state information when the chip-level LMMSE receiver is used
in the mobile. As a result, they are shown as two separate performance curves in
Figs. 3.17 and 3.18.

The estimation error in the channel impulse response information used to
calculate the chip-level LMMSE equalizer taps degrades the performance of the
equalizer. It is difficult to quantify the effect of equalizer degradation due to
channel estimation error when calculating the SNR at the output of the equalizer.

Since the actual SNR at the output of the equalizer used in these simulations
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cannot be determined, no channel state estimation accuracy plots are shown in
this section. However, the knowledge gained in Sections 3.4.1 and 3.4.2 can be
used to interpret the results in Figs. 3.17 through 3.19.

The Viterbi and SOVA decoder results in Figs. 3.17 and 3.18 show that while
improved estimation performs considerably better than standard estimation for
the Rake receiver, the performance of the two techniques is very close when they
are used with the chip-level LMMSE receiver. The primary difference between
standard and improved estimation is that standard estimation does not accurately
account for intracell interference. Since the chip-level LMMSE receiver removes a
significant portion of the intracell interference, it is not surprising that standard
and improved estimation should perform approximately the same in Figs. 3.17
and 3.18.

The chip-level LMMSE results in Figs. 3.17 and 3.18 also show that using
the correlation metric calculation without any channel state information performs
slightly better than standard estimation and almost as well as improved estima-
tion. Sections 3.1.3 and 3.2.3 suggest that the estimated ratio ((i)/0%(s) used
in the Viterbi and SOVA metric calculations will not be a constant when stan-
dard and improved channel state estimation is used with the chip-level LMMSE
receiver. This accounts for the reason why CDMA forward link performance in
Figs. 3.17 and 3.18 for standard and improved estimation is slightly different than
for when the correlation metrics are used with no channel state information. How-
ever, this difference is so small that it is best to simply use the correlation metrics
without channel state information when a Viterbi or SOVA decoder is combined
with a chip-level LMMSE receiver, rather than investing extra complexity to im-
plement a channel estimation scheme.

The performance of online estimation in Figs. 3.17 and 3.18 also improves

somewhat for the chip-level LMMSE receiver. However, the other techniques con-
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tinue to offer better performance. This suggests that the channel state estimate
standard deviation of online estimation continues to be larger than that of stan-
dard and improved estimation, even when the mobile uses the chip-level LMMSE
receiver.

Even with the equalizer removing much of the intracell interference, the sim-
ulation results in Fig. 3.19 show that improved estimation still offers a significant
performance improvement when used with the LogMAP decoder.

Unlike Sections 3.4.1 and 3.4.2, online estimation performs better than stan-
dard estimation in Fig. 3.19 over all values of E,/N, for the Rake receiver and at
high values of E3/N, for the chip-level LMMSE equalizer. Chip-level simulations
are used in this section and the transmit gains of the traffic signals making up the
intracell interference are fixed. Section 2.3.3 showed that the transmit gains of the
forward link interfering signals must be adjusted by random fast forward power
control commands before it is valid to assume the intracell interference process is
Gaussian. Therefore, the intracell interference in these simulations is quite differ-
ent than the Gaussian intracell interference used in the symbal-level simulations
in Sections 3.4.1 and 3.4.2. This causes a change in the relative performance of

standard and online channel state estimation.
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Figure 3.15: Channel state estimation accuracy, 100 km/h.
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Figure 3.16: Channel state estimation accuracy, 5 km/h.
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Figure 3.18: Forward link performance with turbo codes, SOVA decoding.
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Chapter 4

Rake Receiver Channel

Estimation Error Compensation
using the MAP Metric

This chapter presents new techniques for using the CDMA mobile turbo decoder
MAP metric calculation to compensate for Rake receiver channel estimation error
in a frequency selective channel.

Uncertainty in the symbol samples at the output of a CDMA mobile Rake
receiver comes from several sources: interference, thermal noise, radio channel
fading and estimation error in the Rake receiver combining weights. In order to
provide optimal error correction, the trellis path metrics calculated by the mobile
channel decoder must account for all these sources of uncertainty. However, Chap-
ter 1 shows that the conventional MAP metric is derived assuming that the only
uncertainty in the received symbol samples is due to an additive Gaussian interfer-
ence plus noise process. This chapter will present two strategies for modifying the
turbo decoder MAP metric evaluation to accommodate for the additional uncer-
tainty due to radio channel fading and Rake finger combining weight estimation
error.

The first strategy starts by estimating desired signal amplitude, ((¢), and

interference plus noise variance, o2(3), for each received symbol interval and in-
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corporating this information into the conventional MAP metric calculation. This
estimation of ((7) and o2(3) is discussed in detail in Chapter 3. However, Chap-
ter 3 assumes that estimation error in the mobile’s Rake finger combining weights
is negligible. In many practical systems, this assumption is not valid.

Forward link channel estimation in a commercial CDMA system is typically
performed using a base station pilot signal. In some systems, the base station
pilot can be allocated as much as 20% of the maximum forward channel power
[74]. Since this considerably reduces the forward link capacity available for traffic
transmission, there is a clear incentive to reduce the transmit power of the pilot.
As this is done, channel estimation error in the mobile will increase to a point
where its effect on the Rake finger combining weights can no longer be ignored.

This chapter will show that it is possible to account for the uncertainty this
Rake finger combining weight error adds to the received symbols by adding a bias
term to the o2(¢) estimates used in the conventional MAP metric calculation. Es-
timating the instantaneous values of ((¢) and o?(%) removes any uncertainty in
the received symbols due to small scale radio channel fading and adding this bias
term accounts for any uncertainty due to Rake finger combining weight estima-
tion error. As a result, the only remaining source of uncertainty is the additive
interference plus noise process at the output of the Rake receiver.

Chapter 2 showed that both the intracell interference and intercell interference
plus thermal noise processes can be considered Gaussian for moderate spreading
factors and link loads. Therefore, since the conventional MAP metric calculation
is based on an additive Gaussian interference plus noise assumption, it remains
optimal for use in the mobile. In this chapter, using the conventional MAP metric
calculation with a biased estimate of 6(4) to account for estimation error in the
Rake finger combining weights will be referred to as conventional metrics with

bias.
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The second approach to evaluating the MAP metric to account for estimation
error in the Rake finger combining weights is to derive a received symbol sample
distribution that incorporates uncertainty not only due to the additive Gaussian
interference and noise process but also to radio channel fading and error in the
complex channel gain estimates. A new MAP metric is then derived based on
this distribution. Since the small scale fading process is now incorporated into
the received symbol sample distribution, it is no longer necessary to perform the
symbol-by-symbol channel state estimation described in Chapter 3. This metric
will be referred to as an inclusive metric since it is based on a received symbol
sample distribution that includes all sources of received symbol uncertainty.

The use of both conventional metrics with bias and inclusive metrics has been
explored in previous research. Ling and Xiao ef. al. investigate the use of con-
ventional metrics that incorporate symbol-by-symbol estimates of channel state
information (CSI) and also include a bias term to account for uncertainty due to
channel estimation error at the mobile receiver [43, 82]. Frenger and Li et. al.
derive received symbol sample distributions that incorporate the uncertainty of
an additive noise process, small scale fading and random channel estimation error
[20, 42]. These distributions are then used to find new inclusive metrics.

The contributions of this chapter address two important omissions in the pre-
vious research. First, this work is the first to develop inclusive metrics and con-
ventional metrics with bias for use in a frequency selective fading channel. All
previous work in this area has considered only a frequency flat fading channel
(43, 82, 20, 42]. This is an important contribution since the wideband nature of
modern CDMA systems implies that they are almost always subject to frequency
selective fading. Second, this work is the first to develop inclusive metrics and con-
ventional metrics with bias for use on the CDMA forward link. Previous research

into these metrics has only considered channels with AWGN [43, 82, 20, 42]. This
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chapter will show that the unique nature of CDMA forward link intracell inter-
ference changes both the derivation and performance of these techniques.

In the following, Section 4.1 presents a symbol-level system model for the
CDMA forward link with Rake receiver channel estimation error that is based
on the symbol-level model discussed in Section 2.3. The technique of using con-
ventional MAP metrics with a CSI bias to account for Rake combining weight
estimation error is developed in Section 4.2. Section 4.3 derives a new distribu-
tion that accounts for interference, noise, small scale fading and Rake combining
weight estimation error in a frequency selective channel. That distribution is then
used to develop an inclusive MAP channel decoder metric. CDMA forward link
simulations are used in Section 4.4 to compare the performance of the techniques

presented in Sections 4.2 and 4.3.

4.1 CDMA System Model

At the start of Chapter 3, the output of the mobile Rake receiver during symbol
interval 2, y;, is written as
F-1

vi= Y [e(iR, zp)Awi + Uy, 8(iR, 2;)" (4.1)
=0

where R is the number of spreading chips per channel encoded symbol, c(iR, 2)
is the small scale complex channel gain at Rake finger delay z; during symbol
interval 7, ; is the channel encoded symbol, Uy, is the noise and interference
at the output of the despreading stage in finger f during symbol interval { and
¢(iR, z;) is the mobile’s estimate of the complex channel gain at delay z;. In this
chapter, the term A is an amplitude that represents the transmit amplitude of
the CDMA signal, the despreading gain of the receiver and large scale channel
attenuation.

When the Rake receiver combining weights in (4.1) are subject to channel
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estimation error, the channel estimate term é(iR,1) = c(iR,1) + Vi,;, where V,; is
a zero mean complex Gaussian random variable with variance ¢ (). Using this
notation, the equation (4.1) can be rewritten as

F-1

yi= Y [c(iR, 2r)Azi + Up,) [e(iR, 25) + Vi 4] (4.2)
=0

On the CDMA forward link, the noise and interference term Uy; = N, i+ 1, ;.
The intercell interference plus thermal noise term, N, ;, is shown in Section 2.3 to
be a zero-mean complex Gaussian random variable with variance 0%;. As explained
in Chapter 2, the intracell interference term I, ; can be written as

L

Ly = cliR, ) Ii(z; — D1 — 8(1 — 2)] (4.3)

|
—

1l
=)

where I;(r) represents the composite forward link signal during symbol interval 4
after large scale channel attenuation and despreading with a time offset of 7. The
[1 — 6(1 — z¢)] term represents the Walsh sequence cancellation of the intracell
interference that is synchronous with finger time offset z;, where 4(z2) equals 1 if
z = 0 and is 0 otherwise. For moderate to heavy traffic loading, it is shown in
Section 2.3.3 that I;(r) can be considered a zero mean complex Gaussian random
variable with variance o%. Note that the definition of the intracell interference
random variable in (4.3) is slightly different than in Section 2.3 because it does
not include the Rake finger combining weight.

Since both the intercell interference plus noise and intracell interference com-
ponents of Uy; can be considered Gaussian, Uy, is also a complex Gaussian random

variable with zero mean and a variance given by
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JZQJ(fa i) = (sz,z' + IZf,i)(NZf,i + IZf,i)*>
= ((Nuyi+ TE (R D L2y — D1 = 6(1 — 2¢)))
(Nepi + 553 c6R, @) L2y — @)1 — 8(a — 27)]) )
= (NpNp)+ I i (iR, e (iR, g) (Ii(zy — DLz — 0)*)
(1=l = 27)][1 — (g — )]
= o} + 0F Y% Tama c(iR1)e* (iR, q)0[(1 — 25) ~ (a — 2y)]

(1 =60 —2p)][1 - b(g — 2¢)].-
(4.4)

The purpose of this chapter is to present new ways of evaluating the MAP
metric to deal with Rake finger combining weight estimation error. In order
to determine the variance of this error process, o%(l), some typical values for
CDMA forward link received pilot signal to noise plus interference ratio (SNIR)
must be calculated. A seven cell hexagonal topology is assumed with one tier of
neighboring cells and a middle cell with co-ordinates (0,0). Received pilot SNIR

is calculated according to

_ prGcePp
pwPp + X80 Py + Pra

where G is the processing gain of the channel estimation scheme, Pp is the

YpP (4.5)

received power from the desired base station, pg is the fraction of total forward
link power allocated to the pilot, Py is the received interference power from the
kth neighboring base station, Pry, is thermal noise power and py is a Walsh code
orthogonality factor.

The received base station powers are calculated assuming a maximum base
station transmit power of 44 dBm, a path loss exponent of 4, cells with an R =
1km radius, mobiles and base stations with omni antennas and a 1.9 GHz carrier
frequency. Thermal noise is -113 dBm, pp = 0.16, pw = 0.5 and chip rate is
1.2288 Mcps. It is assumed that the pilot signal is processed with a moving

average filter that has a 1 ms observation window such that Gog = 30.9 dB.
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With these parameters and the worst case mobile co-ordinates of (0, R), the ratio

of channel estimate to interference plus noise is approximately 18 dB.

4.2 Conventional Metrics with Bias

Calculating the conventional MAP channel decoder metric discussed in Chapter 1
requires desired signal amplitude, {(z), and interference plus noise variance, o2 (),
to be estimated for each received symbol at the channel decoder input. This
section will illustrate how a bias term can be added to the estimates of o2(z)
to account for the additional received symbol uncertainty caused by Rake finger
combining weight estimation error.

In (4.2), the output of a Rake receiver subject to channel estimation error is
written in terms of the actual channel impulse response c(i¢R,!). However, since
the mobile has knowledge of ¢(iR,!) and not c(iR, 1), the expression for y; can be

equivalently written as

vi To {[6GR. 27) — Vi, 4] Az + Uy} (iR, 2p)"
(

= Y=o
= 5 [[eGR, 2) P A = V,, i Azié(iR, 27)* + Upié(iR, 2¢)"| (4.6)
= Y755 [|e(R, zp) P Az; + W)

where Wy; =V, ;Ax;¢(iR, 25)* + Up, (iR, z)* is the effective noise term in finger
f for symbol i. Since both V,; and Uy, are zero mean complex Gaussian terms,

W;; is also zero mean complex Gaussian with variance

oty (£,4) = o5 (f,)|e(iR, 27) * + o3 (27) A[e(iR, 2) | (4.7)

Note that the first term in (4.7) is the variance of the interference and noise process

and the second is an additional bias term, which accounts for the Rake combining
weight estimation error.

When the mobile is using conventional metrics with a bias to account for

Rake receiver channel estimation error, the desired signal amplitude term, {(4),
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required by the MAP metric calculations can be estimated in a straightforward
manner using pilot symbols embedded in the data stream or by averaging the
envelope of the information bits. The interference plus noise variance required
for the metric, 02(1), is estimated by the mobile using the expression for o3 (f, 1)
in (4.7). This is equivalent to the improved estimation technique presented in
Chapter 3 with an additional Rake finger channel estimation error bias term.
The é(iR, z;) terms required in (4.7) are estimated using the forward link
pilot signal and A can be estimated by averaging pilot symbols embedded in
the data stream or the envelope of the information bits over many wavelengths.
The variance of the interference plus noise, o%(f,1), is calculated by the mobile
using (4.4). The small scale channel impulse response terms required in (4.4)
are estimated using the forward link pilot signal and the variance terms o? and
0% can be determined using the least squares estimation technique presented in

Section 3.2.4.

4.3 Inclusive Metrics

The conventional MAP metric derivation discussed in Chapter 1 assumes the only
uncertainty in the received symbol is due to the additive interference plus noise
process. The inclusive MAP metric derived in this section is based on a received
symbol distribution that incorporates not only the additive interference plus noise
process Uy; in (4.2) but also the small scale fading process c(iR,!) and the Rake
finger combining weight error process V;;

In Sections 4.1 and 4.2, it was established that Uy; and Vj,; can be considered
zero mean complex Gaussian random variables. If Rayleigh fading is assumed,
c(iR,1) is also a zero mean complex Gaussian process with variance o2(l). This
variance is equivalent to the average received power of the multipath component

at delay [.

101

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



With these assumptions, each of the F' terms added together in (4.2) can
be considered a product of two correlated complex Gaussian processes. In this
section, the distribution of the real and imaginary components of y; will be derived
using this observation as a starting point. This new distribution will then be
used to develop the inclusive MAP channel decoder metric. Since the real and
imaginary components of y; are independent and identically distributed, only the
distribution for the real component will be derived in the following.

Proakis provides a joint characteristic function for the real and imaginary
components of the product of two zero mean correlated Gaussians X and Y [60].
Under the assumption that the real and imaginary components of X and Y are

uncorrelated, this function can be written as

Amggmyy (1 = p?)) ™

w — joe— |t W+
1) iy (=0?) 2T Teamyy (- 12)2

where my, = (| X %), my, = ([Y[?) and p = (XY?*) /. /Mizaigy-

The characteristic function of the real component of the product of X and

O (jwi, jws) = (4.8)

Y, ®r(jw) can be determined from (4.8) by setting w = w; and wy = 0 such
that ®p(jw) = ®(jw,0) [58]. Algebraic manipulation can then be used to express

®r(jw) in the following form

0]
pn + jw)(pp — jw)

Pr(jw) = ( (4.9)

where

N VazTyy (1-p?) MazMyy(1—p2)?

_ 4u _ 16
pp = VMaaMyy (1—p2) \ Maamyy(1—p2)? (4.10)

4

@ ey, (1-12)

The real component of y; in (4.2) is equal to the sum of the real components
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of the F correlated Gaussian product terms in (4.2). The characteristic function
of the real component of the fth product term in this sum is given by (4.9),
where X = c(iR, z;)Az; + Uz and Y = c(iR, z;) + Vi, 4. In order to use (4.10) to

calculate pp and py, it is noted that

Moz = (|c(iR, z;)Az; + Uypil?) = A%0%(2f) + o3 (f)
mew = (iR, 2) + Vg al®) = 0B (21) + 03 (29)

([eliRozs) Azi+Up lleliRozp) +Ve  ]7) (4.11)
(20 (2s)+of () (0d(21)+03(21)
Ao (21)
V (4265 (25)+0 5 ()N o (zs)+o7(24))
The terms a, pp and py in (4.10) found using the relationships in (4.11) are

denoted oy, ppy and py. ;.

Note that the interference plus noise variance o3 (f) in (4.11) is different than
the interference plus noise variance o (f,%) calculated in (4.4). CDMA intracell
interference is a non-stationary process with a variance that changes from symbol-
to-symbol due to the fluctuations in the small scale radio channel impulse response.
The variance o%(f,1) calculated in (4.4) captures these variations. In contrast,
the variance o2 (f) represents the interference plus noise variance averaged over

many wavelengths and is calculated according to

-1
op(f) = oy + a7 Y. o&(l). (4.12)

l;:zof
The overall characteristic function of a sum of complex Gaussian products

is equal to the product of the characteristic functions of the individual terms
making up the sum [58]. Therefore, using (4.9), the characteristic function of the
real component of y; in (4.2) can be written as

F-1

Pry(jw) = fI;Io (pn,s + jw)(ppy — jw)

of

(4.13)
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In order to find the inverse transform of (4.13) the equation can be expanded

using partial fraction expansion such that

i gl N P
Bry(jw) =D, ! !

— + .
f=0 (pw,s +jw) ~ (pps — jw)

where the partial fraction expansion coefficients Py and N are calculated accord-

(4.14)

ing to

Ny = [pw,s + jw] Pry (1) jw = —py

. . (4.15)
Py = [pps = jw] @ry (j0)j0 = pp

Once the partial fraction expansion is complete, the PDF of the real compo-
nent of y;, fry(y), is found by summing the inverse transforms of the individual
terms making up the sum in (4.14). These inverse transforms are found using the

relationships [12]

L ' epoy(—g)

10+1jw — (4.16)
—jo — € U(.’II)
Using (4.16), the PDF fry(y) can be written as
-1
fry(y) = ) [Nyexp(on,sy)u(—y) + Prexp(—prsy)u(y)]- (4.17)
=0

The inclusive MAP metric that incorporates the new distribution in (4.17) is
calculated the same way as the conventional MAP metric described in Chapter 1

except that the calculation for 4¢(1,1') in (1.5) is replaced with

(k‘f‘l)Ns‘_l ! [
01 1" = pa(k) Hj:st fR,Y(yj), (l)l) € Bk )
(D) { , otherwise (4.18)

This metric can be implemented in the mobile with a reasonable amount of
complexity. The final expression for fry(y) in (4.17) is a summation of exponen-

tials where the value of F' is generally quite low for conventional Rake receivers

104

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



and the exponential function itself can be implemented with a lookup table. Also,
the mutually exclusive step functions in (4.17) ensure that only half of the terms
inside the braces need to be evaluated to calculate a particular point on the PDF.

Part of the complexity required to implement this metric is performing the
partial fraction expansion necessary to determine the coefficients in (4.17). The
partial fraction expansion must be performed each time either the numerator term
or the poles of (4.13) change significantly. The terms that make up the numerator
and poles of (4.13) consist of the average received power of a particular channel
tap, o%(l), the transmit amplitude and large scale attenuation of the desired
signal A, the variance of the channel estimation error, o2 (I) and the average
interference plus noise variance in each finger, o7 (f). These quantities will remain
approximately constant for the duration of an encoded frame. Therefore, the
partial fraction expansion need only be performed at the beginning of each frame.

It should be noted that a conventional MAP metric requires symbol-by-symbol
estimates of the small scale fading process. This limits the observation window
used to determine these estimates to less than the channel coherence time. How-
ever, the CSI required for this inclusive metric remains constant for many wave-
lengths. This allows the observation window used to calculate inclusive metric
CSI to be as long as the encoded frame, resulting in improved accuracy and bet-

ter performance.

4.4 Metric Performance

In this section, CDMA forward link simulations are used to compare the perfor-

mance of the conventional MAP metric, the conventional MAP metric with bias

as presented in Section 4.2 and the inclusive metric as presented in Section 4.3.
The simulation results show bit error rate (BER) plotted versus signal to

noise ratio, Fj/c%, where Ej, is energy per bit and 0% is intercell interference plus
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thermal noise variance at the mobile receiver input. A spreading factor of 16 is
assumed. The level of intracell interference used in the simulation is equivalent to
16 equal power traffic transmissions and is kept constant for all values of Ej/c%.
Data rate is 38.4 kbps, frames are 40 ms long and BPSK is used. The turbo
code used by the base station is rate 1/2 with punctured rate 1/2 RSC (1,17/15)
component encoders and the mobile uses the LogMAP turbo decoder. The turbo
encoder uses a random interleaver and the decoder uses a maximum of 8 iterations.

A frequency selective Rayleigh fading radio channel is considered with three
different channel profiles. The first is a three path channel where the average
received powers of the multipath components decay in 4 dB steps, the second a
2 path channel with the average received power of the second path 3 dB below
the main path and the third a 5 path channel where the average received power
of the multipath components decays in 2 dB steps.

The simulation results are shown in Figs. 4.1 through 4.5. Figs. 4.1 through 4.3
show results for the 3 path channel model with received pilot SNIR, vp, values of
15 dB, 18 dB and 21 dB, where received pilot SNIR is defined in (4.5). Figs. 4.4 and
4.5 both use a received pilot SNIR, of 18 dB with the 2 path and 5 path channel
models, respectively. These received pilot SNIR values are used to determine
the variance, oZ(l) of the estimation error in each of the Rake finger combining
weights. Assuming that the received channel impulse response is normalized such
that 75" 02 (1) = 1, then the channel estimation error variance 62 (1) = o2 (1) /~p.

Each simulation plot shows 5 BER curves. The first BER curve represents
conventional MAP metric performance with improved estimation and no compen-
sation for Rake finger channel estimation error. The estimates of {() required
by the metric calculations are obtained using a 1 ms moving average filter that
operates on the envelope of the data symbols. The required interference plus

noise variance values, 0°(z), are calculated by the mobile using (4.4). The chan-
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nel impulse response terms required in this equation are estimated using a 1 ms
moving average filter on a forward link pilot signal that is transmitted at 16% of
the maximum base station transmit power. The variances 0% and o? required in
(4.4) are estimated using the LSE presented in Section 3.2.4, where the estimator
observation window is 40 ms.

The second BER. curve on the simulation plots is generated using the con-
ventional MAP metric and the same techniques for estimating ((i) and o2(¢) as
described above. However, a bias term is added to o%(7), as described in Sec-
tion 4.2, to account for Rake finger weight estimation error.

The third BER. curve is also generated using the conventional MAP metric
and represents the artificial case where the channel decoder operates with perfect
CSI but estimation error is still present in the Rake finger combining weights.
The simulation used to generate this curve has perfect knowledge of ((3), o2()
and the bias factor to account for Rake finger weight estimation error.

The simulation used to generate the fourth BER, curve uses the inclusive met-
ric, as described in Section 4.3. In the derivation of this metric, it is assumed
that the interference and noise terms Uy; in (4.2) are independent between fin-
gers. However, the equation for CDMA forward link intracell interference in (4.3)
shows that there is some intracell interference correlation between fingers. As a re-
sult, the distribution derived in Section 4.3 will deviate from the true distribution
for y; when intracell interference is present. The result will be some degradation
in the performance of the inclusive MAP metric presented in Section 4.3.

In order to quantify this degradation, the true distribution of the real compo-
nent of y; is found using a histogram of 10 samples of y; generated according to
(4.2). The histogram function found using this approach, fz z(y), is then used in
(4.18) in place of frv(y) to calculate the LogMAP trellis path metrics. The result

is the fifth BER curve in the simulation plots. This numerical technique clearly
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isn’t practical to implement in a mobile. However, it does provide a lower perfor-
mance bound that could be achieved if the inclusive metric was derived using an
exact expression for the received symbol distribution.

Fig. 4.1 shows that conventional LogMAP metric performance is very poor at
low pilot SNIR without any compensation to account for Rake finger combining
weight estimation error. Adding a bias term to the interference plus noise variance
estimates to account for this error, as described in Section 4.2, provides a signifi-
cant improvement. However, even after adding this bias, forward link performance
is still considerably worse than when the conventional MAP metric is calculated
with perfect channel state information. This is because, in addition to degrading
the Rake finger combining weights, channel estimation error also degrades the
interference plus noise variance estimate o (f,7) evaluated using (4.4).

Fig. 4.1 also shows that while the conventional MAP metric with perfect chan-
nel state information outperforms the inclusive metrics, the inclusive metric ap-
proach is better than conventional MAP metrics that are calculated with estimated
channel state information. The channel state information used by the conventional
MAP metric requires estimates of the instantaneous value of the small scale fading
process. As a result, the observation window of the moving average filters used
to estimate this small scale fading information have to be less than the channel
coherence time. In contrast, the inclusive metrics operate using information that
remains constant for many wavelengths. The estimators used to determine this
information can use observation windows much longer than the channel coherence
time, resulting in better accuracy.

As expected, as received pilot SNIR improves, the benefit of modifying the
MAP metric calculation to compensate for Rake finger channel estimation error
will decrease. While the benefit of using the techniques described in Sections 4.2

and 4.3 remains significant even at an 18 dB pilot SNIR, they offer much the same
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performance as the conventional MAP metric with no modification at a pilot SNIR
of 21 dB.

Comparing Figs. 4.2, 4.4 and 4.5 show that multipath channel profile also
affects the benefit of using the techniques presented in Sections 4.2 and 4.3. As
the number of resolvable multipath components increases, the benefit of using the
inclusive metric or the conventional metric with bias also increases. Therefore,
the techniques presented in this chapter will provide more benefit when used with
wideband CDMA systems, like UMTS, and slightly less benefit when used with
more narrowband CDMA systems, like IS-95 or IS-2000.
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Figure 4.1: 15 dB pilot SNIR, 3 path channel.
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Chapter 5

Conclusions and Future Work

5.1 Concluding Remarks

This thesis has presented several techniques for improving CDMA forward link
physical layer performance by improving the trellis path metric calculations per-
formed by the CDMA mobile channel decoder. This section will summarize the
important observations made in this thesis and the contributions this work has
made to new research.

This thesis topic is very relevant to the wireless industry. Chapter 1 has
explained that CDMA is used extensively in current cellular systems and promises
to become even more prominent in future wireless networks. This chapter also
has showed that forward link performance is an extremely important issue when
working with CDMA systems. It is typically the forward link that limits the
voice capacity of current CDMA networks. This problem will become even more
serious with the introduction of download-intensive wireless data applications that
promise to make even heavier demands on the forward link.

The importance of the CDMA forward link makes enhancing its performance
a very active area of research. Chapter 1 presented a survey of some of the
different techniques being proposed for improving the forward link physical layer.

While these ideas all have advantages, there are several reasons why enhancing the
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mobile is a particularly attractive way to improve the forward link. The design of
the mobile receive chain is not regulated by the CDMA industry standards. This
means it is easier to implement and deploy mobile receive chain improvements
than it is to make changes to the base station transmit chain. The turnover of
mobiles is also much higher than it is for network infrastructure, making it easier
and cheaper to distribute phones with new technology.

Much of the research into improving CDMA forward link performance by mak-
ing changes to the mobile has dealt with interference cancellation. This research
uses detailed knowledge of CDMA forward link signal and interference statistics
to develop advanced receiver designs capable of canceling interference. However,
there has not been adequate research into determining if knowledge of the unique
conditions that exist on the CDMA forward link can also be used to improve the
mobile channel decoder. This investigation was the focus of this thesis.

The channel coding discussion in Chapter 1 showed that the mobile channel
decoder recovers the transmitted information by comparing samples of the re-
ceived channel encoded symbol stream to symbols that correspond to all possible
paths through the channel code trellis diagram. The decoder selects the path with
the best metric as the one most likely to correspond to the transmitted informa-
tion. Regardless of the particular channel decoder algorithm, the conventional
derivation of this metric calculation is always based on the assumption that the
probability distribution of the symbol samples at the input to the channel decoder
is Gaussian.

When investigating how the CDMA mobile channel decoder can be improved,
it must first be established whether it is valid to assume that the symbol samples
at the input to the mobile channel decoder are Gaussian distributed. This can
be determined by establishing whether the forward link interference and noise

processes causing uncertainty in the received symbol samples are Gaussian at the
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channel decoder. It is commonly assumed that the combined intercell interference
and thermal noise processes have a Gaussian distribution. However, previous re-
search has not established whether CDMA forward link intracell interference can
also be considered Gaussian for the range of spreading factors and link loads expe-
rienced in a modern CDMA system. In addition to presenting the CDMA forward
link models used throughout this thesis, the primary contribution of Chapter 2
is to establish that the Gaussian distribution can be used to accurately describe
intracell interference for moderate spreading factors and link loads.

At the beginning of Chapter 3, it was established that, as long as channel es-
timation error is small, the Gaussian distributed CDMA forward link interference
and noise processes result in a Gaussian received symbol sample distribution at
the mobile channel decoder input. This Gaussian received symbol distribution
means that the conventional channel decoder metrics are optimal for use on the
CDMA forward link. However, the calculation of these metrics still requires values
of desired signal amplitude and interference plus noise variance to be estimated
at the channel decoder input. This is referred to as channel state estimation.
The complex nature of CDMA forward link interference can make channel state
estimation difficult. The primary contribution of this thesis towards the use of
conventional channel decoder metrics in the CDMA mobile is to recognize this
fact and then to present three channel state estimation schemes suitable for use
in a CDMA mobile.

The first technique, standard estimation, assumes all CDMA forward link in-
terference and noise can be modeled as an AWGN process at the mobile receiver
input. This is a common assumption that results in a simple but somewhat inac-
curate estimator.

The second technique, online estimation, calculates received signal to noise

plus interference ratio at the input to the channel decoder using the second order
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statistics of the received symbol samples. This is a technique originally developed
for use on the time invariant AWGN channel that is applied in a new way in this
thesis for use on the CDMA forward link.

The third technique, improved estimation, is a novel channel state estima-
tion technique that separately accounts for the intracell interference and intercell
interference plus thermal noise processes at the Rake output when calculating
interference plus noise variance. This estimator is more complex than standard
and online estimation but also much more accurate. The complexity of improved
estimation comes partly from the equations used to calculate variance and partly
from the requirement of needing to know the proportion of intracell interference
and intercell interference plus thermal noise at the input to the mobile. Chap-
ter 3 presents a new least-squares estimation technique that determines these
input interference levels using the signal at the mobile receiver input. It is shown
in Chapter 3 that improved estimation is the most accurate of the three channel
state estimation schemes and results in the best CDMA forward link performance.

CDMA forward link simulations are used to compare forward link performance
when the mobile uses standard, online and improved channel state estimation. In
all cases, the more accurate improved channel state estimation results in the best
performance. However, the extent of this improvement depends on several factors,
including the channel decoder algorithm, mobile velocity, receiver architecture and
base station transmission scheme. Another contribution made by this thesis is
the detailed investigation of these tradeoffs. New observations are made not only
concerning channel state estimation on the CDMA forward link but also about
channel decoder algorithms behave when affected by different types of channel
state estimation error.

When considering a Viterbi or SOVA channel decoder, the relative forward link

performance difference between the different channel state estimation schemes is
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dependent on velocity. Fluctuations in both intracell interference variance and
desired signal level become more stationary as mobile velocity is reduced. This
means that the different channel state estimates produced by standard, online
and improved estimation are all approximately stationary over the encoded frame
duration at low velocities. Since any factor that remains constant in the Viterbi or
SOVA metric calculations does not affect decoder performance, all three channel
state estimation schemes perform approximately the same at low mobile speeds.
Therefore, the more accurate improved estimation techniques provide the most
benefit for these decoders when used at higher mobile velocities.

Using the more accurate improved channel state estimation scheme with the
LogMAP decoder results in a very large forward link performance improvement
relative to online and standard estimation. This improvement is mostly indepen-
dent of velocity. The LogMAP decoder is more sensitive to metric parameter
estimation errors than the Viterbi and SOVA decoders. Unlike the Viterbi and
SOVA decoders, the LogMAP decoder requires accurate channel state estimates
even when these values are stationary over the encoded frame duration. Since im-
proved estimation accounts for the partial Walsh-sequence cancellation of intracell
interference, it always produces a more accurate channel state estimate, even at
low mobile velocities. The result is better LogMAP performance. Providing the
LogMAP decoder with the most accurate channel state estimates possible clearly
results in a significant performance improvement, regardless of velocity.

In order for this work to be relevant not only for current generation CDMA
systems but also for future systems, the standard, online and improved channel
state estimation schemes are also applied to CDMA forward links that incorporate
multiple antenna transmission and interference cancellation in the mobile. Space
Time Transmit Diversity (STTD) was selected for the multiple antenna transmis-

sion scheme since different versions of this technique have been incorporated into
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both the IS-2000 and UMTS CDMA standards. A chip-level LMMSE equalizer
was chosen for mobile receiver interference cancellation since it represents a good
compromise between complexity and performance. Previous research has not in-
vestigated the issue of forward link channel state estimation for CDMA systems
with either STTD or intracell interference cancellation. This is an important omis-
sion since the results in this thesis show that channel state estimation accuracy
can significantly affect the performance of these systems.

When used in an STTD system, the relative differences between the CDMA
performance achieved by the different channel state estimation schemes remain
approximately the same for the Viterbi and SOVA decoders. However, an im-
provement is seen in how standard estimation performs with the LogMAP de-
coder. Walsh sequence cancellation has a smaller effect on the level of intracell
interference in an STTD system. Since neglecting intracell interference cancella-
tion is a major source of standard estimation inaccuracy, an improvement is seen
in the combined performance of LogMAP decoding with standard estimation as
this cancellation becomes less significant.

The benefit of using channel state estimation with a mobile chip-level LMMSE
equalizer depends on channel decoder algorithm. The chip-level LMMSE receiver
is designed to remove as much intracell interference as possible. Since the accu-
racy of improved channel state estimation is primarily due to a more accurate
description of intracell interference, it is expected that the advantage of using
improved estimation will decrease with the introduction of the chip-level LMMSE
receiver. This is shown to be true for the Viterbi and SOVA decoders, where the
correlation metric with no channel state information offers almost the same per-
formance as the different channel state estimation schemes. However, the more
accurate improved estimation still offers a significant performance improvement

for the LogMAP decoder, even when the equalizer is used. Therefore, in mobiles
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with some form of intracell interference cancellation, channel state estimation will
likely be unnecessary for the Viterbi and SOVA decoders but will still offer a
significant advantage when used with the LogMAP decoder.

Chapter 3 showed that conventional channel decoder metrics were optimal for
use on the CDMA forward link by making the assumption that any uncertainty
in the received symbol due to channel estimation errors is very small. This is
a valid assumption for systems with a very strong forward link pilot signal or a
small amount of interference. However, in many practical CDMA systems, channel
estimation errors are too large to be ignored.

Chapter 4 considers the scenario when the channel estimates used for the mo-
bile Rake finger combining weights are subject to a significant level of channel
estimation error. It is shown that even with a random Gaussian estimation error
process corrupting the Rake finger combining weights, the received symbol distri-
bution is still Gaussian and conventional metrics are optimal for use in the mobile.
A bias term can then be added to the channel state information used to calculate
the conventional metric.

This chapter also showed that there is benefit to deriving an inclusive channel
decoder metric based on a received symbol distribution that incorporates not only
interference plus noise but also the small scale fading and Rake finger combining
weight estimation error processes. While this metric is sub-optimal when the mo-
bile has perfect channel state information knowledge, it performs better than the
conventional metric when the channel state information required by the channel
decoder must be estimated. This is because the CSI required by the inclusive
metric can be estimated using observation windows much longer than the channel
coherence time, resulting in improved accuracy.

Chapter 4 makes several new research contributions. It introduces the first

channel decoder metrics derived for the frequency selective wireless channel that
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account for receiver channel estimation error. All other research in this area has
been restricted to the flat fading channel. This is also the first time that metrics
accounting for receiver channel estimation error have been derived for the CDMA
forward link. All other metrics of this type consider channels with AWGN only.

CDMA forward link simulations show that the conventional metric with bias
and the inclusive metric both considerably improve CDMA forward link perfor-
mance when channel estimation error is severe. The conventional metric with bias
offers the best performance when the channel decoder operates with perfect CSI.
However, the inclusive metric performs better when CSI must be estimated since
the type of CSI required by the inclusive metric can be estimated with greater
accuracy. As receiver channel estimation error is reduced, the performance gap
between the new metric and a conventional MAP metric with improved channel
state estimation starts to close. Simulation results also show that these new met-
rics offer a larger performance advantage over the conventional metric when the
channel has a larger number of resolvable multipath components. Therefore, the
techniques in Chapter 4 should be used for heavily loaded systems where the mo-
biles experience a high level of channel estimation error and for wideband CDMA
systems that are able to resolve a larger number of multipath components.

To conclude, this thesis presents several new techniques for improving CDMA
forward link performance. These techniques are all aimed at finding ways to im-
prove the performance of the mobile channel decoder. It has been established
that channel estimation error dictates whether the conventional channel decoder
metrics are optimal for use on the CDMA forward link. When channel estima-
tion errors are small and conventional metrics can be used, several channel state
estimation schemes are presented that use knowledge of the CDMA forward link
to better estimate the information required to calculate these metrics. The result

is better forward link performance for a broad range of CDMA forward link con-
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ditions and designs. When channel estimation errors are high and the received
symbol sample distribution is no longer Gaussian, a new channel decoder metric
is derived that accounts for this new distribution and results in better forward
link performance.

The work in this thesis presents new techniques that can be used to improve
CDMA forward link performance in both current and next generation cellular
networks. This research has made a number of new contributions to the area of
wireless communications systems. The new techniques developed in the course of
this work offer a significant performance improvement while remaining practical

to implement in real systems.

5.2 Future Work

The work presented in this thesis will result in two research initiatives that are
based on the channel state estimation work in Chapter 3 and the new metric
derivation work in Chapter 4.

The channel state estimation work in Chapter 3 will be extended to develop
new techniques for improving the performance of adaptive transmission tech-
niques. The designs of new wireless systems are starting to incorporate a large
number of adaptive transmission techniques ranging from adaptive modulation
and OFDM sub-carrier selection [23] to adaptive packet transmission scheduling
(17].

All adaptive transmission schemes react to changes in the quality of the wire-
less link between the base station and mobile. Any technique that improves the
estimation of this link quality will result in an overall improvement in the perfor-
mance of adaptive transmission. The channel state estimation work in Chapter 3
is essentially an exploration of new ways to estimate CDMA forward link qual-

ity. Since there are many adaptive transmission schemes being proposed for the
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CDMA forward link, many of the principles explored in Chapter 3 can be applied
to link quality estimation for adaptive transmission.

The work in Chapter 4 demonstrated that it is important to carefully evaluate
whether the Gaussian received symbol sample distribution assumption made by
conventional channel decoder metrics is valid. When it is not, this chapter also
demonstrated that channel decoder performance can be significantly improved by
employing a new metric based on the actual received symbol distribution.

There are other cases where the samples of the received channel encoded sym-
bols in a communications system might not be Gaussian distributed. Examples
include wireless optical systems corrupted by shot noise, wireless LAN systems,
such as 802.11, with a small number of high power interfering signals or wired
systems that are subject to self interference or crosstalk. The results in Chap-
ter 4 clearly show that new metrics derived specifically for the distributions of
the received symbol samples in these systems could potentially offer a significant

performance improvement.
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Appendix A

Advanced Mobile Receiver
Structures

In Chapter 3, several techniques are presented for estimating the channel state
information required by a CDMA mobile channel decoder. It is important to
evaluate the performance of these techniques for mobiles using the Rake receiver
since the Rake is commonly used in current CDMA systems. However, developing
new CDMA mobile receiver structures capable of canceling interference is a very
active area of research. As the processing capabilities of the handset improve, it
is very likely that some of these receiver designs will be incorporated into com-
mercial systems. Therefore, in order for the channel state estimation techniques
investigated in Chapter 3 to be relevant to future CDMA systems, they must also
be applied to mobiles capable of interference cancellation.

A large number of advanced receivers have been proposed for use on the CDMA
forward link. The purpose of this appendix is to provide a brief survey of some
of these receivers and to select a design that represents a reasonable compromise
between complexity and performance. The channel state estimation techniques
presented in Chapter 3 will then be adapted for use with this receiver.

A selection of the receiver designs being proposed for the CDMA forward link
are discussed in Section A.1. They are divided into two groups: linear receivers

and non-linear receivers. The evaluation in this appendix will focus primarily on
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linear designs because their lower complexity makes them a more practical choice
for implementation.

Section A.2 provides a description of the linear receiver designs selected for
evaluation. The description of each receiver includes what assumptions the de-
sign makes about forward link interference and whether the receiver requires any
additional information beyond the received signal vector. Section A.2 uses the
mathematical notation developed for the chip-level CDMA forward link model in
Section 2.2 to illustrate the structure and operation of each receiver design.

Simulation is used in Section A.3 to compare the performance of the receivers
presented in Section A.2 for high data rate, low spreading factor applications.
Simulated channels are used to evaluate the performance of the receivers for
both random spreading sequence and Walsh/PN-sequence concatenated spread-
ing schemes. Comparing receivers using these two different spreading schemes
provides some insight into how each design deals with interference.

Measured channels are also used for the simulations in Section A.3. A key
component of comparing advanced receiver performance is choosing an appropri-
ate multipath channel profile. Most advanced receiver structures improve CDMA
forward link performance through some type of intracell interference cancellation
or mitigation. The amount of intracell interference present on the forward link of
a commercial CDMA system using Walsh/PN-sequence concatenated spreading
depends on the extent of multipath dispersion causing Walsh sequence orthog-
onality degradation. This means that choosing a channel model with excessive
multipath dispersion will increase the amount of intracell interference in the sys-
tem and make interference cancellation look artificially more attractive. Using
measured channels ensures a more realistic comparison of receiver designs.

For some of the receiver structures compared in Section A.3, there is a clear

tradeoff between performance and complexity. Simulations using measured chan-
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nels are used to investigate this tradeoff in Section A.4. Complexity for this
comparison is measured in terms of the number of taps used by the receiver. This
is generally proportional to the number of computational operations required to
detect each symbol.

Final comments related to this survey of receiver designs are made in Sec-

tion A.5.

A.1 A Survey of CDMA Forward Link Receiver
Research

A.1.1 Linear Receivers

The standard Rake receiver is the simplest receiver design used on the CDMA
forward link. It was the first receiver used in commercial CDMA mobiles and is
still widely used today [78]. The standard Rake has a number of parallel structures
called fingers that are used to despread different multipath components of the
received signal. After despreading, a finger will multiply its received signal by the
conjugate estimate of the complex channel gain of the multipath component it
is tracking [61]. After this multiplication, the outputs of all the fingers are time
aligned and added together. Under the assumption that all interference and noise
on the CDMA forward link can be represented using an AWGN process at the
mobile receiver input, this maximal ratio combining maximizes the signal to noise
plus interference ratio (SNIR) of the desired signal at the Rake output assuming
that the interference plus noise level on each finger is the same.

The Rake receiver with optimal combining has a standard Rake structure but
uses finger weights that have a magnitude proportional to the SNIR at the output
of each finger [30, 57). The combining weight phases are equal to the conjugate
of the estimated phase of the multipath component complex channel gain tracked

by the Rake finger. This receiver structure is based on the observation that the
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Walsh spreading sequences allow the despreading stage in each finger to cancel
any synchronous intracell interference. The intracell interference that remains at
the output of each finger is due to contributions from the other, asynchronous
multipath components. As a result, the amount of intracell interference at the
output of each finger is different and the desired signal magnitude alone no longer
fully represents the finger reliability. Therefore, scaling each finger by the square
root of the SNIR, at the finger output results in better receiver performance. This
technique maximizes the signal to noise plus interference ratio at the output of the
Rake receiver under the assumption that the interference and noise in each finger
is independent and that the signal to noise ratios at the output of each finger are
different.

The Generalized Rake receiver also has a standard Rake structure but uses
finger combining weights that satisfy the Neyman-Pearson requirements for a
maximum-likelihood detector in coloured Gaussian noise [10, 40]. It is assumed
that the interference plus noise at the CDMA mobile finger outputs can be rep-
resented using a coloured Gaussian process. The calculation of the covariance
matrix of this process accounts for intracell interference correlation caused by
multipath dispersion and for the partial Walsh sequence cancellation of that in-
terference. The correlation of intracell interference across different fingers allows
the Neyman-Pearson finger combining weight calculation to perform some inter-
ference cancellation through the use of a whitening matrix. The authors therefore
observe that there is some benefit to having fingers in locations with no desired
signal energy is present at all since they provide information that aids in this
interference cancellation.

A symbol-level linear minimum mean squared error (LMMSE) receiver has
been proposed for the CDMA mobile [44, 65, 14, 37, 80]. This linear receiver

minimizes the mean squared error between the receiver output and the desired
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data symbol. This operation accounts for the desired signal and interference
dispersion caused by the multipath channel and for correlation between forward
link spreading codes. While this receiver provides excellent performance, it is
quite complex. It requires a large number of taps, estimates of the multipath
channel and knowledge of the covariance matrices of all forward link spreading
codes. As a result, this receiver is useful for this comparison as a bound on the
best performance possible with a linear receiver operating on a single symbol but
does not lend itself to practical implementation.

A second LMMSE receiver design proposed for the CDMA forward link, often
called the chip-level LMMSE, seeks to minimize the mean squared error between
the received signal and the CDMA chip sequence transmitted by the base station
[36, 21, 26, 14, 38, 67, 37, 41]. This equalizes multipath channel dispersion and
restores the orthogonality of the Walsh spreading sequences. The equalizer is
followed by a single despreading stage that recovers the desired data symbol. It
can be shown that this receiver is equivalent to the symbol-level LMMSE. However,
the dependence on knowledge of the forward link spreading codes can be removed
by approximating the codes as white, random processes. This makes the receiver
much more practical to implement and has resulted in considerable research being
performed on this particular receiver structure. Extensive work has been done on
how to best implement this receiver using adaptive or recursive algorithms for

both the pilot-assisted [59, 47, 22, 24] and blind scenarios [56].

A.1.2 Non-linear Receivers

Verdu has shown that the maximum likelihood receiver for CDMA systems is
implemented by simultaneously detecting all CDMA signals [77]. This approach
is referred to as multi-user detection. Multi-user detection has been considered

mainly for the reverse link where the base station needs to detect all the signals it
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receives and has knowledge of the spreading codes for each user. A CDMA mobile
receiver generally decodes only a small subset of the signals transmitted on the
forward link and has knowledge only of the spreading codes assigned to it. As a
result, it is more difficult to justify multi-user detection for the forward link.
Despite its complexity, multi-user detection has been shown to significantly
improve forward link performance [81]. As a result, work has been done to simplify
forward link multi-user detection through successive interference cancellation [5,

46] and reduced trellis searches [7].

A.2 Receiver Designs
A.2.1 Selecting Receivers for this Comparison

The receiver structures evaluated in this appendix are all linear. While progress
is being made to reduce the complexity of multi-user detection for the CDMA
downlink, linear receivers remain the more practical choice for implementation.
Blind techniques are not considered since it is assumed that the channel impulse
response can be determined using the forward link pilot signal.

When implementing more advanced receivers, like the chip-level LMMSE or
generalized Rake receiver, an adaptive or recursive algorithm is typically used to
calculate the receiver tap weights. These adaptive algorithms will not be consid-
ered for this study. Instead, receiver combining weights are calculated directly
from the receiver equations. This is too computationally intensive for implemen-
tation in a real mobile but will allow the simulation results in this appendix to
reflect the best possible performance that can be obtained using each receiver

technique.
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A.2.2 Rake Receivers

As defined in Section 2.2.2, the output of a Rake receiver with F' fingers is given
by

1 H H H
i = —7=S§8; Wz M@ a,b T Cl,,b Al
= =W M () o) (A1)

The standard Rake receiver, Rake receiver with optimal combining and generalized
Rake receiver all share this common structure. They differ only in how the Rake
receiver combining weights in W are calculated. These calculations are discussed

in the following sections.
Standard Rake Receiver (Rake)

The standard Rake receiver uses combining weights w;(f) = ¢;0(2;) to make up
the matrix W,. The finger delays z,...zp_1 correspond to the arrivals of the

strongest signal multipath components during symbol interval 3.
Rake Receiver with Optimal Combining (ORake)

The Rake receiver with optimal combining also uses finger delays that track the
arrival of the strongest multipath components. However, the receiver combining

weights are calculated according to

wi(f) = (VIEOP /o2(0)1) £ (Giolzr) (A.2)

where ((7); is the magnitude of the desired signal at the output of finger f and
0?(%); is the interference plus noise variance at the output of finger f. The mag-
nitude of w;(f) is therefore equal to the square root of the SNIR at the output of
the despreading stage in finger f and the angle of w;(f) is equal to the angle of
ci0(zf)-

The signal envelope, ((i); can be determined using pilot symbols or fixed

transmit energy power control bits embedded in the traffic transmission. The
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variance of the interference plus noise at the output of finger f can be calculated

according to

-1
o*(1); = o7 2 leio(D]* [L = 6(2; = ] + 0% (A.3)

=0
where o2 represents the variance of intracell interference at the Rake receiver input

and 0% is the variance of the intercell interference plus thermal noise process at

the mobile receiver input.
Generalized Rake Receiver (GRake)

The finger combining weights of the Generalized Rake receiver are determined
according to the Neyman-Pearson detection criterion for a generalized matched
filter in coloured Gaussian noise [34].

The weights are calculated by considering the desired signal and interfer-
ence plus noise components at the output of the despreading stage in each fin-
ger. The desired signal at the finger outputs is equal to hi\/]—%b,-,o where h;, =
[cio(20), .- - cio(2r-1)] and R is the number of spreading chips per encoded infor-
mation symbol. The combining weights are calculated according to w; = R;&ihi,
where R;y; is the covariance matrix of the interference and noise across the Rake
finger outputs. The element 7,,, at the mth row and nth column of the covariance
matrix is calculated according to

Tmn = 07 Yilo Laco Colzm)eio(l)cio(zn)cho(q)

0 [(2m = 1) = (20 — Q[ = 8(2m — D][1 = 6(20 — )] (A.4)

+0%.5(m — n).
When the GRake receiver structure was originally presented, the authors noted

that placing fingers at time offsets without desired signal energy can improve over-

all receiver performance [10]. This is because these fingers contribute interference
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information to the calculation of w; that improves the cancellation of that inter-
ference. However, the authors do not actually present an algorithm to manage the
placement of the GRake fingers. For the receiver comparison in this appendix,
a simple finger placement algorithm is used where fingers are divided into two
groups: signal fingers and interference fingers. The signal fingers are assigned to
track the strongest multipath components of the received signal. The interference
fingers are spaced in increments of 1 chip to the left and right of the cluster of

signal fingers.

A.2.3 Linear Minimum Mean Squared Error (LMMSE)
Receivers

Symbol-Level

The symbol-level LMMSE receiver seeks to find the receiver tap weight vector E; €
C(®~9 for data symbol 4 that minimizes £ {]E,H ri(a,b) — big |2} By this definition,
the symbol-level LMMSE receiver produces an estimate of b; o by simultaneously
processing all samples of the received signal containing a multipath component of
b;o. Therefore, the values of ¢ and b defining the received signal vector size for
the LMMSE receiver are a = 1SR and b = (i + 1)SR+ (L — S), where S is the
number of samples per chip and (L — S) is the number of samples overlapping
with the next symbol interval due to multipath dispersion. This corresponds to a
receiver with SR+ (L — S) taps. The tap weight vector of an LMMSE receiver is
determined according to E; = CbTC’T_Tl, where C,, is the cross-covariance matrix
between the desired data symbol and received signal and C,, is the covariance
matrix of the received signal [33].

The LMMSE receiver is a Bayesian estimator for data symbol b, and incor-
porates some a priori knowledge of b into the tap weight calculation. This a
priori information takes the form of the cross-covariance vector of the desired data

symbol with the received symbol vector, Cy,. In this application, CT. € C®~ is
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a row vector calculated according to

Cy=1[0-0si0 - 0]CIDy(a,b)” (A.5)

where [0 --- 0 sfo 0 --- 0] has length 3R and is the spreading code for b;g,
sﬁ,, padded on either side by R zeros. The channel tap matrix, C;, and the chip
waveform matrix, D;(a, b), are defined in Section 2.2.1.

The covariance matrix of the received signal, C,,, is calculated in Chapter 2

from the received signal according to (2.13) and is written as

C,, = D;(a,b)C;Rss(1)CY Di(a,b)" + 0% 1. (A.6)

The matrix Rgg(i) € C3®*3R is the covariance matrix of the data symbols multi-
plied by their spreading codes. The calculation of this matrix requires knowledge
of the spreading codes and data symbols of all users on the forward link. Gener-
ally, it is assumed that the forward link spreading codes during the desired symbol
interval are known but the information bits of the other users are not [26). Under

these conditions, the matrix Rgg(7) is written as

Rss(i) = diag{2K,...,2K, 5K s;.8%, 2K, ..., 2K}

[ 2K 0 ... 0 ... 0 0 W
0 2K ... 0 ... 0 0
. (A7)
= : : YRS 8,8
0 0o ... 0 ... 2K 0
0 0 ... 0 .0 2K

This is a 3R x 3R matrix with a R x R matrix in the middle, "5 ' s;48f%, equal
to the summation of covariance matrices of each spreading code used in symbol
interval 4. This center matrix is surrounded on all sides by a band of zeros with

diagonals equal to 2K. The width of this band is equal to R on all four sides. This

143

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



unusual structure is due to the lack of knowledge of the data symbols causing ISI
which results in the band of zeros surrounding Z,‘z{:—ol sk,iskH’i.

The symbol-level LMMSE yields excellent performance but is very difficult to
implement in practice. The mobile requires knowledge of all forward link spreading
sequences in order to calculate Rgg(¢). The large number of receiver taps in the
symbol-level LMMSE also means that calculating the receiver tap weights requires
intensive computation. As a result, the symbol-level LMMSE is considered in this
report mainly as a bound indicating the best performance possible with a linear

receiver that processes samples over a single symbol interval.
Chip-Level

The chip-level LMMSE receiver seeks to recover the chips of the CDMA waveform
transmitted by the base station by equalizing the multipath dispersion of the radio
channel. This restores the orthogonality of the forward link Walsh spreading
sequences and reduces the level of intracell interference. The data symbols are
then recovered with a single despreading stage. The derivation of this receiver is

part of the chip level model presented in Chapter 2 and is included in Section 2.2.3.

A.3 Receiver Performance Comparison

A.3.1 Simulation Description

The CDMA forward link is simulated using the chip-level model presented in
Section 2.2. The number of spreading code chips per symbol, R, is 8 and 5 equal
power forward channel users are assumed. The chip rate is equal to 1.2288 Mcps,
data rate is 153.6 kbps and frame length is 20 ms. Channel coding is not used.
White Gaussian noise is added to input of the mobile receiver with a variance
equal to R/(Ey/N,), where E;/N, is the ratio of bit energy to thermal noise

power spectral density. The simulation results show the forward link bit error
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rate (BER) of user 0 plotted versus E,/N,. The level of intracell interference
remains constant for all values of E,/N,.

A performance comparison is conducted in Section A.3.2 using a simulated
channel model that considers both random spreading sequences and the Walsh /PN
sequence concatenated spreading scheme commonly used in commercial CDMA
systems [72, 3]. Section A.3.4 presents a performance comparison of different
receivers conducted using measured channels and Walsh/PN-sequence concate-
nated spreading. The technique used to collect the radio channel measurements

is discussed in Section A.3.3

A.3.2 Simulated Channel Results

A three path, Rayleigh fading channel model with average relative received path
powers equal to -2 dB, -6 dB and -10 dB is used to compare the performance of
different receivers. The Rake and ORake receivers use 3 fingers and the GRake
uses 3 signal fingers with 2 interference fingers. The chip-level LMMSE equalizer
uses 5 taps. Simulation results for random spreading sequences are shown in
Fig. A.1 and results for Walsh/PN-sequence concatenated spreading are shown in
Fig. A.2.

Walsh /PN-sequence concatenated spreading offers partial intracell interference
cancellation, even in the presence of multipath dispersion. As a result, receiver
performance in Fig. A.2 is generally better than in Fig. A.1. The figures also indi-
cate that the relative performance of the different receiver structures will change
depending on the type of spreading scheme being used.

The ORake uses combining weights with magnitudes proportional to the SNIR,
at the output of each finger. These weights offer a slight improvement when the
interference levels at the output of each finger are different. However, this only

happens when Walsh/PN-sequence spreading is used and partial cancellation of
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intracell interference occurs in each finger. When random spreading sequences
are used, no interference cancellation occurs in the fingers and the interference
level is the same at all the finger outputs. As a result, ORake and standard Rake
performance is equivalent in Fig. A.1.

The GRake and chip-level LMMSE receiver performance is much better when
the Walsh/PN-sequence concatenated spreading is used. An advanced receiver
structure is only able to compensate for an impairment when it has information
describing that impairment. The GRake and chip-level LMMSE are only given in-
formation describing the multipath channel and therefore can only cancel the inter-
ference caused by multipath dispersion by equalizing the channel. This provides a
significant improvement for Walsh/PN-sequence spreading since Walsh sequences
are able to remove all intracell interference once multipath dispersion is removed.
However, the improvement provided by the GRake and chip-level LMMSE is less
significant for random spreading sequences that offer no synchronous intracell
interference cancellation.

These results also indicate that the performance of the GRake and chip-level
LMMSE equalizer is approximately equivalent for the simulated channel. Both re-
ceivers employ a whitening matrix inversion that attempts to remove interference
caused by multipath dispersion. The difference is that the chip-level LMMSE per-
forms the whitening before despreading and the GRake whitens after despreading.
However, since both receivers are linear, the resulting performance is the same.

Figs. A.1 and A.2 indicate that the symbol-level LMMSE receiver performance
remains fairly consistent, regardless of whether random spreading sequences or
Walsh/PN-sequence concatenated spreading is being used. Like the GRake and
chip-level LMMSE, the symbol level LMMSE receiver uses channel information
to compensate for multipath dispersion. However, the symbol-level LMMSE also

has information describing the correlation properties of the forward link spread-
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ing codes. This further improves its ability to cancel interference, yielding good
performance even when random spreading codes are used.
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Figure A.1: Simulated channel, random spreading sequences.

A.3.3 Collecting Radio Channel Measurements using Base
Station Pilot Signals

The measurement system used for collecting the radio channel measurements used
in Section A.3.4 uses a PN sequence to determine the impulse response of the
radio channel. A PN sequence is transmitted through the radio channel and
the baseband quadrature components of the received signal are correlated with a
locally generated copy of the PN sequence. The result of the correlation operation
is the complex impulse response of the channel [66].

In order to capture time variations in the channel, a continuously repeating

PN sequence is transmitted. The receiver records a T, second snapshat of the
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Figure A.2: Simulated channel, Walsh/PN-sequence concatenated spreading.

PN sequence, illustrated in Fig. A.3. The received signal is then divided into
several consecutive segments of duration Tie,. The value of T, must be long
enough to provide sufficient processing gain in the correlation but shorter than
the channel coherence time in order to not obscure time variations in the channel.
As a compromise, T, is set to half the channel coherence time. A correlation is
performed over each segment using a locally generated copy of the transmitted
PN sequence. The impulse responses generated by the correlation operations
characterize propagation conditions for each segment interval. Once the impulse
responses are generated, they can be grouped together to form a complex-valued
channel impulse response surface. The surface is normalized such that large scale
propagation effects are removed. The magnitude of an example surface collected
in an urban area of Calgary, Canada using this technique is shown in Fig. A.4.

When collecting forward link propagation data in several different environ-
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Figure A.3: Dynamic channel characterization.
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Figure A.4: Urban forward channel impulse response.
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ments, it can be time consuming to deploy and adjust transmit antennas to ensure
the measurements characterize channel conditions for a realistic base station con-
figuration. To avoid this problem, the measurements considered in this study are
collected using the pilot signals transmitted by IS-95 base stations in the 2 GHz
PCS band. This allows propagation data to be easily collected in a wide vari-
ety of environments for realistic base station antenna configurations and transmit
pOwers.

When using IS-95 pilot signals for channel measurements, there is some in-
terference from the other spread spectrum signals transmitted by the base sta-
tion. The maximum vehicle velocity used to collect measurements for this work
is 70 km/h. Assuming channel coherence time is the inverse of the maximum
Doppler frequency, a radio channel at PCS frequencies remains approximately
stationary for 8 ms at this speed. The length of the correlation interval used
to extract the measurements, 7.4, is therefore 4 ms. At the IS-95 chip rate of
1.2288 Mcps, this provides a processing gain of 37 dB which is sufficient to ensure
forward link interference does not significantly corrupt the measurements. For
lower velocity measurements, Ty, is increased and the processing gain is further

improved.

A.3.4 Measured Channel Results

In order to compare the receiver structures using realistic multipath profiles and
fading statistics, forward link simulations are also conducted using measured chan-
nel responses instead of a statistical channel model. The technique described in
Section A.3.3 was used to collect a series of dynamic channel impulse response
measurements in the downtown core of Calgary, Canada [55].

The simulations described in Section A.3.2 are rerun with the measured chan-

nels replacing the simulated channel model. The simulation parameters are the

150

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



same except that the Rake and ORake are now simulated with 3 fingers, the
GRake uses 3 signal fingers with 3 interference fingers and the Chip-LMMSE uses
6 taps. The simulation results are shown in Fig. A.5.
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Figure A.5: Measured channel, Walsh/PN-sequence concatenated spreading
codes.

It is clear that the performance benefit of using more advanced receiver struc-
tures is smaller for the measured channel than for the simulated channel presented
in Section A.3.2. This is a result of the smaller delay spread of the measured urban
channel.

Calgary’s downtown core is a dense cluster of 30 to 50 story office buildings.
However, despite the rich scattering environment, the mean value of the measure-
ment RMS delay spreads is only 1.1 us. The relatively small delay spread is not
due to a lack of scattering objects but rather to small cell size. In a dense urban

environment, cell size is reduced to handle increased user density. The average
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radius of the cells were the measurements were collected is approximately 400 m.
If a cellular service provider decides on a cell radius of 400 m, great care will be
taken with antenna tilting and transmit power adjustments to ensure the base
station pilot signal is not transmitted beyond that region. As a result, chan-
nel impulse response measurements collected using base station pilot signals will
generally have small delay spreads in dense urban environments.

At a chip rate of 1.2288 Mcps and average delay spread of 1.1 us, the num-
ber of resolvable multipath components will be approximately two. Under these
conditions, the Walsh sequence intracell interference cancellation achieved with
a standard Rake receiver is quite good and the benefit of canceling additional
intracell interference with more advanced receiver structures is reduced.

Fig. A.5 also shows that the chip-level LMMSE performs better than the
GRake on measured channels. The degradation of the GRake is caused by the
algorithm used to position the GRake fingers. The chip-level LMMSE always uses
equally spaced taps. However, the GRake positions its signal fingers on the largest
multipath components and then equally spaces its interference fingers to the left
and right of the signal finger cluster. This algorithm performed well on the regu-
larly spaced channel path delays of the simulated channel but performs poorly on
a realistic channel profile. The inventors of the GRake indicate that determining
optimal finger positions is still an dutstanding problem [10]. Since the chip-level
LMMSE has similar computational complexity to the GRake without the finger

positioning problems, it is a better structure for use in realistic channels.

A.4 The Complexity vs. Performance Tradeoff

This section illustrates the benefit of adding extra complexity to advanced receiver
structures when used in realistic channels. Only the chip-level LMMSE receiver is

considered. Adding additional fingers to the Rake and ORake receivers considered
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in Section A.3.2 would not result in an improvement since 3 fingers are sufficient
to capture all the desired signal energy from the measured channels. Changing
the number of taps in the symbol-level LMMSE is not possible since, by the
definition provided in Section A.2.3, it must simultaneously process all received
signal samples that contain desired symbol energy. Finally, the GRake is not
considered due to the difficultly assigning finger positions that was discussed in
Section A.3.4.

Simulations of the chip-level LMMSE receiver are performed using the mea-
sured channels and the simulation parameters described in Section A.3.2. Sim-
ulations are conducted for 6, 7 and 8 receiver taps and the results are shown in

Fig. A.6.
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Figure A.6: Measured channel, varied chip-level LMMSE complexity.

Fig. A.6 indicates that the benefit of increasing the number of taps in the
chip-level LMMSE equalizer is quite small. This is due to the relatively short

delay spread of the measured channel. If delay spread is small, the channel can
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be equalized with a small number of taps. If the channel was more dispersive,
increasing the number of receiver taps to deal with this multipath would show a

more dramatic improvement than indicated in Fig. A.6.

A.5 Selection of a Receiver Design

Advanced receiver structures have received considerable attention as one way to
improve CDMA forward link performance. Both linear and non-linear receiver
designs have been proposed but the lower complexity of the linear receivers make
them the most likely candidates for implementation. The linear receiver structures
considered in this report are the Rake receiver, Rake receiver with optimal com-
bining, generalized Rake receiver, chip-level LMMSE receiver and symbol-level
LMMSE receiver.

The performance of these receivers is considerably different when used on
simulated and measured channels. Simulation results for a three path simulated
channel model indicate that the interference cancellation of the advanced receiver
structures offer a significant performance improvement. However, when the same
receivers are used on measured channels, the improvement is more modest. This
is because the smaller delay spread of the particular measured channel results in
less intracell interference. As a result, using receivers that are able to cancel that
interference provides less of a benefit.

As pointed out in Section A.3.4, cellular channels with extremely large delay
spreads are uncommon. In dense urban areas with lots of clutter, cells tend to
be very small. Since the base stations are only illuminating a small area, channel
delay spreads are short. In residential or rural regions with larger cell sizes, the
amount of clutter is typically less. This serves to maintain shorter delay spread
values. As a result, if advanced receiver structures are deployed in real mobiles,

the overall capacity improvement will likely be significant but may be less than
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suggested by some simulated channel models.

Small delay spreads also mean that it may not be worthwhile to increase re-
ceiver complexity by using a large number of receiver taps. Simulations using
measured channels indicate that most of the benefit of using interference cancel-
lation can be realized with a relatively small number of taps.

The results in this appendix indicate that some receiver structures can perform
poorly when used on the irregularly shaped multipath profiles of measured chan-
nels. In simulated channels, the GRake performance is equivalent to the chip-level
LMMSE. However, the GRake performance degrades when its finger positioning
algorithm is applied to a measured radio channel.

Overall, these results indicate that interference cancellation through advanced
receiver structures may significantly improve CDMA forward link performance.
The chip-level LMMSE receiver, in particular, stands out as a good compromise
between performance and complexity. However, it is important to consider re-
alistic propagation conditions when attempting to quantify the performance im-

provement.
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