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Abstract

Computer simulations of mobile communication systems often use ideal or simple
channel propagation models. This assumption is sufficient for relative comparison
of algorithms or for testing overall functionality, but insufficient when the actual
performance in a physical environment is required. In order to perform physical ex-
periments, a low-cost modular wideband CDMA smart antenna measurement system

operating in the 1.9 GHz band has been designed and constructed.

Previous approaches include the studying of DOA (direction-of-arrival) estima-
tion, spatial signature or angle spread at the 1.8-2.0 GHz band using narrowband
measurement systems. Other wideband testbeds employ a single transmitter to ana-

lyze antenna array receiver performance, beamforming and multipath delay profile.

Our complete system can operate within the frequency range of 1-2 GHz, with
multiple portable transmitters and a multiple element antenna array receiver bases-
tation. The transmitters are programmable, allowing varying PN chip-rates and PN
code sequences, and the receiver can simultaneously acquire 16k samples per antenna

element at 5 samples per PN chip.

Our experimental data allowed us to characterize an outdoor wideband CDMA

il



channel including multipath peak amplitudes and delays, channel and spatial signa-
ture variation. In addition, using signal subspace processing, we compared mobile-
to-basestation beamforming performance to that of a single antenna. Results from a
4-user scenario show that a user can get an average SINR gain of 0.176 to 3.335 dB

from maximum SINR beamforming.
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Chapter 1

Introduction

1.1 Motivation

Computer simulations of mobile communication systems often use ideal or simple
channel propagation models. This assumption is sufficient for relative comparison of
algorithms or for testing overall functionality, but insufficient when the actual perfor-

mance in a physical environment is required.

The performance of wireless communication systems is bounded by the physical
limitations imposed by the mobile radio channel [56]. The transmission path be-
tween the transmitter and receiver can vary from line-of-sight (LOS) to a path that
is blocked by buildings, mountains, etc. Modeling the radio channel has been one of
the more difficult aspects of mobile radio system design. It is usually modeled statis-
tically based on experimental measurements made for the proposed communication

system and is specific to operating frequency band [56] [60].

Several mobile communication measurement systems were designed and experi-
ments were performed for the 910M Hz band in the last two decades including [5] [8]

[9] [16]. They were successful in characterizing the channel for the first and early part



of the second generation mobile phone systems. Since propagation characteristics
are quite different in the PCS band, in recent years research efforts have switched to
the 1.8 — 2.0GHz band. Some recent measurement systems were created with the
objective to either measure or estimate direction of arrivals (DOA), multipath delays
and study the feasibility of beamforming in second and third generation (3G) mobile

communication systems.

Reviewing the open literature, several research groups have designed and con-
ducted field testing in the 1.8 —2.0GH z frequency band [7] [41] [46] [58] [69]. As each
group’s hardware, setup and objectives differ, their systems’ capabilities and limita-
tions also vary. In particular, none has employed wideband CDMA with multiple
transmitters. Our measurement system presented in this thesis is a prototype wide-
band CDMA mobile system which offers a high chip rate and data storage for off-line
signal processing, applicable mainly to the uplink (mobile to basestation) of a cellular
communication system. It consists of four programmable portable transmitters, and

one 4-element receiving antenna array basestation.

In general, there are two main levels of synchronization in a coherent CDMA sys-
tem; carrier and symbol (or bit) synchronization. For a smart antenna system using
coherent processing, synchronous sampling of all antenna elements adds an additional
level of synchronization. From the study of previous works, we found that they tend
to focus the discussions on results, and only give a brief mention on the design of
their testbeds. Therefore, Chapter 3 and 4 are devoted mainly on design, system
analysis and performance verification of our measurement system, aiming to provide

a background for further improvement and modification of our current design.

With the capability and features of our testbed, we can gather data in a wide-
band CDMA multiple-user environment. The transmitters placed at different loca-

tions create different scenarios, for example, single or multiple users, equally-spaced



or closely-spaced users, and near-far users. Then beamforming, multipath or spatial-

temporal analysis can be performed on the off-line data samples.

1.2 Summary of Contributions

The major contributions of this thesis are:

e the design and construction of a wideband CDMA smart antenna measurement
system. The key features of our system include: (1) multiple portable transmit-
ters (four), (2) a basestation receiver with a 4-element antenna array, (3) high
chip rate of 7 Mcps, (4) fine sampling resolution of 5 samples per chip, and (5) a
method of achieving low-cost carrier synchronization and synchronous sampling

by hardware logic/design and custom designed control software.

e an analysis of the characteristics of the wideband CDMA channel, including
multipath delay profile, path loss, time variation of delay profiles, and fading

correlation between antenna elements at the basestation.

e the feasibility study of a beamforming receiver using the channel parameters

calculated from real data.

1.3 Thesis outline

The thesis can be divided into three major topics: design, testing and implementation
of our wideband CDMA measurement system (Chapters 3 and 4), wideband CDMA
channel propagation characteristics (Chapter 5), and a feasibility study of a smart

antenna receiver employing adaptive digital beamforming (Chapter 6).



In Chapter 3, we provide a detailed description of the features and capabilities of
our testbed. The following design issues, based on our low-cost modular objective, are
discussed: direct conversion using quadrature modulator, link budget analysis, direct

bandpass sampling, PN sequence selection, system integration and data collection.

Chapter 4 discuss the results from system validation, received complex signal
conversion and demodulation algorithms. System validation is divided into three cat-
egories: functional block testing, system level analysis and synchronization of the
antenna array. Received signal processing algorithms presented are real-to-complex
received signal conversion, initial synchronization with matched filtering, and PN

code tracking.

Chapter 5 first describes the outdoor wideband CDMA propagation experiments
conducted using a two element antenna array and three mobile transmitters operat-
ing at 1.9GH z. Then, we present an algorithm for the detection of multipath and its
delay in a delay profile. Using the multipath signal detection algorithm and measured
data, we calculate path loss and multipath delay statistics in an outdoor environment

for wideband CDMA.

In Chapter 6, the correlation between antenna elements is first investigated. We
then study the array manifold characteristics of an outdoor environment using our
4-element, antenna array basestation and four transmitters. The stability of spatial
characteristics is investigated by generating beampatterns derived from experimental
trials on short blocks of data. Also, a method of beamforming weight estimation from
received signal sample covariance matrices is introduced, followed by the calculation

of SINR improvement from beamforming over a single antenna receiver.



Chapter 2

Background

2.1 Third Generation Mobile Communications

The demands for cellular mobile communications today are increasing at an alarming
rate. The number of subscribers are ever growing and while traditional subscribers
use cellular phones for voice communication, dot com phones are already in the mar-
ket which support text-only internet and email services. Since internet services are
mostly data communications, the third generation (3G) mobile communication sys-
tems will require to support high data rate communications for multimedia applica-
tions as well as voice services. Two 3G standardization bodies, 3GPP and 3GPP2
from Development Group (CDG) have proposed specifications and air-interfaces for
next generation mobile system defined by ITU (International Telecommunications
Union). The 3GPP2 proposed cdma2000 (also known as Wideband cdmaOne) and
3GPP’s version is called W-CDMA [21] [45] [67].

W-CDMA is designed to be adopted by GSM (Global System for Mobile Com-
munications) and TDMA (Time-division multiple access) systems and cdma2000 is
evolved from IS-95 CDMA systems. There are several differences between the two

standards. First, the chip rates of W-CDMA are multiples of 4.096 Mcps, i.e. nx4.096



Mcps (M chip/s) with n = 1,2 and 4, whereas cdma2000’s chip rates are multiples
of IS-95’s 1.2288 Mcps at n x 1.2288 Mcps with n = 1,3,6,9 and 12. Secondly,
the downlink RF channel for W-CDMA is direct spread, whereas cdma2000 supports

multicarrier channels [45].

Both of these proposed 3G systems promise to achieve data rates of 2 Mbps (M
bits/s) by 2002 in Europe and 2003 in U.S. according to [26] when the systems are
fully implemented. In order achieve this goal, advanced technology such as smart
antennas are proposed [6] [10] [21] to enhance system performance by exploring the
spatial diversity gain in addition to time diversity which is currently a topic of active
research. Moreover, advancements in hardware design and manufacturing provide
linear and efficient power amplifiers [44], high speed digital-to-analog (A/D) con-
verters and all-in-one RF transceiver ASICs (application specific integrated chips).
With these new hardware technologies, digital (or software) radio will be an impor-
tant enabling technology for 3G systems [6] [40]. As standards evolve and services
are added or improved, digital radio basestations or mobile units can be upgraded
through software re-programming [40]. This will reduce cost and time-to-market for
the deployment of new services and features [6]. In Chapters 3 and 4, we will discuss

our wideband CDMA smart antenna testbed and its digital receiver signal processing.

2.2 Antenna Array and Beamforming

Smart (or adaptive) antenna technology is based on digital signal processors in a
software radio. The signal processors control an antenna array, thereby, directing (or
receiving) radio signal precisely at (from) individual users [26]. As the users move
around, the smart antennas will track them accordingly. Currently, antenna arrays
found in cellular basestations are used to broadcast omnidirectionally [26] as illus-

trated in Figure 2.1. In this thesis, we focus on the application of adaptive antennas
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Figure 2.1: Smart Antennas vs. Standard Technology [26]

to the reception of mobile users at the basestation.

In theory, adaptive antenna array of a cellular communication system combines
and weights signals received by the multiple antennas such that the signal-to-interference-
noise ratio (SINR) is maximized [20] [72]. The process of weighing and combining
signals is usually called digital beamforming [68]. System capacity is increased from

beamforming as a result of reducing the amount of interference [42].

One crucial required component for digital beamforming is the knowledge of the
array response vector which contains the relative phases of received signals at each
array element [74]. With this knowledge, the receiver can use the array response
vector to isolate the desired signal and suppress interferers. The array response
vector depends on the array geometry and for the rest of the discussion relevant to
this thesis, we focus on a uniform linear array (ULA). An ULA has identical antennas
aligned in the straight line as shown in Figure 2.2. The elements are equally spaced
by a distance of d and 6 is the angle between the arriving signal and the normal to
the array. In this case, the array response vector, a(f), for a M-element ULA is given

by [2] [43] [68]:

a(ﬁ):[l o d2mdsin/x eijW(kfl)dsinﬂ/)\]T (2.1)



Figure 2.2: Uniform Linear Array

where A = ¢/ f. is the wavelength of the carrier frequency f., ¢ is the speed of light
and k=1,2,..., M.

The validity of Equation (2.1) is based on the narrowband data model for array
signal processing on received signal vectors [43] [46]. This model assumes that as
the signal wavefront propagates across the array, the envelope of the signal remains
essentially constant. The term narrowband is used here since the assumption of a
slowly varying signal envelope is most often satisfied when the signals have a band-
width that is small relative to the carrier frequency f. [43] [46]. More importantly,
this assumption is also valid for wideband signals, as in the case of CDMA [43], since
the carrier frequency of digital cellular system is usually around 1.8 — 2.0 GHz. The

topics of antenna arrays and beamforming are presented in more detail in Chapter 6.

2.3 Mobile Radio Propagation Environment

The channel model for typical mobile radio communications in an urban area includes

a basestation antenna (or antenna array), a line-of-sight (LOS) propagation path and
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Figure 2.3: Example of the Wireless Propagation Environment [43]

a number of non-LOS reflected propagation paths and the antenna on the mobile [43]
[56]. The propagation paths are dependent on natural and man-made structures such
as hills, buildings and moving objects located between or surrounding the mobile and
the basestation [43] [71]. An example of the environment described above is shown in
Figure 2.3. Due to reflections from various objects, the electromagetic (signal) waves
travel along different paths with different lengths and combine at the receiver. These
multipath signals can add or subtract vectorially depending on their relative phases
and may result in fading [56] [71]. In a multiple access system, each user’s signal

arrives at the basestation with multiple distinct paths causing fading attenuation [72].

Even the smallest and slowest movement can cause time-variant multipath, re-
sulting in a time-varying signal at the basestation [43] [46]. Thus, a RAKE receiver is
usually employed in CDMA systems to combat multipath fading [48] [56]. A RAKE
receiver consists of a bank of correlators to combine information obtained from sev-
eral resolvable multipath components. Each of the correlator is positioned to correlate

starting at the delay experienced by a particular multipath component of the desired
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Figure 2.4: Rake Receiver Block Diagram

signal. A block diagram of a RAKE receiver [48] [53] is shown in Figure 2.4, where
T.. is the RAKE receiver tap in integer multiples of 7. (chip rate), T} is the bit period
and s(n) is the modulating waveform. The value and number of RAKE taps used are
dependent on the actual delays of the multipaths relative to the first arrived signal
component. The multipath delays can be estimated from received signal covariance
matrices as discussed in [43] and from the knowledge of the multipath delay spread
of a particular environment from experimental results. In Chapter 5, we examine the
wideband radio propagation and multipath characteristics of an outdoor environment

using measurement data gathered from our testbed.
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Chapter 3

Wideband CDMA Experimental System
Design

3.1 Introduction

In the previous chapters, we presented the motivation for developing a measurement
system. In this chapter, we provide a detailed description, features, capabilities and
design issues of our wideband CDMA experimental system. The initial design and
feasibility study began in the summer of 1998. A literature search was taken place
to review the current state of art and hardware components availability for wideband
radio design. After several revisions in the transmitter and receiver hardware design,

we arrived at the current design which is described in the next few sections.

Several mobile communication measurement systems were designed and experi-
ments were performed for the 910M Hz band in the last two decades including [5] [8]
[9] [16]. They were successful in characterizing the channel for the first and early part
of the second generation mobile phone systems. Radiation and propagation charac-
teristics are quite different in the PCS band. Thus, in recent years research efforts
have switched to the 1.8-2.0 GHz band. With the renewed interests in spatial diver-

sity gain in addition to temporal processing (RAKE receiver), recent measurement
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systems were created with the objective to either measure or estimate direction of
arrivals (DOA), multipath delays and study the feasibility of beamforming in second

and third generation mobile communication systems.

Several research groups have designed and conducted field testing in the 1.8 —
2.0GH z frequency band [7] [41] [46] [58] [69]. As each group’s hardware, setup and
objectives differ, their systems’ capabilities and limitations also vary. In particular,
none has employed wideband CDMA with multiple transmitters. In order to identify
the novel aspects of our system, it is important to review previous work in the open

literature relevant to our objectives.

3.2 Previous System Designs and Specifications

Muhamed and Rappaport used a 6-element array for comparing various DOA esti-
mation algorithms. The transmitted signals were CW tones produced from signal
generators. The received tones are sampled at 6ksps ( kilo samples per second)
baseband by DSP processors [41]. Okamoto and Xu tested spatial signature varia-
tion, angle spread, beamforming by sending coded voice data over an RF channel
at 1.8 GHz. Their system has either 4 or 8 antenna elements and a sampling rate
of 3.072M sps [46]. The Communications Research Laboratory (CRL) of McMaster
University built a smart antenna system equipped with one mobile transmitter and
an 8-element circular array for studying DOA and multipath profiles. Their system

has a 5M Hz bandwidth and an A/D converter sampling at 10M sps [31]

On a larger scale, Savahashi and Adachi of NT'T Mobile Communications network

Inc. in Japan [58], and Wilson et al. of Institute for Telecommunication Sciences
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(ITS) in Colorado [7], performed experiments on wideband CDMA systems. Sava-
hashi and Adachi’s testbed includes a 4-element antenna, 4-finger Rake combining,
a fixed PN chip rate (15Mcps) and spreading code (256-chip orthogonal Gold se-
quence), and a sampling rate of 35 M sps using an 8-bit A/D converter [58]. While
NTT studied BER performance and power delay profile in Rayleigh fading, I'TS eval-
uated received signal strength and diversity combining algorithms, e.g. Selection,
MRC (maximum ratio combining) and ORC (optimum ratio combining). Maximal
length code sequence at 10 Mcps over PCS band was transmitted, and a received

signal was digitized at an IF frequency with a sampling rate of 40 Msps [7].

3.3 System Description

Our measurement system is a prototype of wideband CDMA mobile system which
offers a high chip rate and data storage for off-line signal processing applicable mainly
to the uplink of a cellular communication system. It consists of four programmable
portable transmitters (TX) and one 4-element antenna array basestation. The trans-
mitter directly converts baseband PN sequences to RF, which is based on the tradi-
tional design of DS (direct sequence) spread spectrum transmitters [14]. Each array
element is a one-stage downconversion IF-sampling digital receiver proposed for 3G
mobile systems [6] [64]. We employ a low-cost modular approach in hardware system
design. Off-the-shelf components such as evaluation boards and components fitted
with connectors are chosen whenever applicable and possible to reduce cost as well

as development time [66].

The design and capabilities of the transmitter and receiver are discussed separately
at first, followed by issues related to smart antenna system parameters and setup. The

section concludes with a discussion on data collection.
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Figure 3.1: Direct sequence RF transmitter design

3.3.1 Transmitter Design and Features

The transmitter is composed of a spread spectrum ASIC known as the SX043 pro-
duced by AMI [1], a direct RF modulator, a power amplifier (PA) and an antenna.
First, the SX043 generates a PN sequence at a user-specified rate. Then the PN
sequence is upconverted directly by an I-Q modulator to RF frequency centered at
1.9GH z. The resulting RF signal is transmitted after power amplification (see Figure
3.1).

The model for the transmitted signal is defined as follows:

y(t) = [cos2mfet + sin 27 fot]z(t) (3.1)

= e il (4) (3.2)

where z(t) = ¢(t)d(t), ¢(t) is the baseband PN sequence, d(t) is the data b