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ance Analysis of WC wnlink

with Antenna Array

Meiya Qin

Wide-band code division multiple access (WCDMA) is considgred one of the best
multiple access techniques for the third-generation (3G) wireless communication systems
due to its spectral efficiency compared to other schemes. Chosen by UMTS (Universal
Mobile Telecommunications System), the WCDMA technique has received increasing
research interest in recent years. As the 3G and 4G communication systems aim to
provide mobile users with flexible high-speed multimedia services, such as high quality
image and video, the data traffic in the downlink channel will be much higher than in the
uplink channel. This thesis focuses on the performance study of WCDMA downlink
systems that use antenna array receivers.

The work of the thesis begins with 2 study of the physical layer tasks of WCDMA
systems, including some key techniques and channel structures for both downlink and
uplink with an emphasis on the downlink common pilot channel and the time-multiplexed

pilot symbol structure. Multipath fading effects and Rake receiver techniques are also



covered. These techniques and channel configurations are then used for the simulation of
the entire WCDMA downlink system.

The second part of this thesis is concerned with antenna array processing techniques
and the performance of a two-element antenna that can easily be incorporated into mobile
handsets. A simulation study of an antenna array receiver is carried out for various
parameters and different combining schemes. The main contribution of the thesis is in the
investigation of the downlink performance of a WCDMA system using an adaptive
antenna array. Both temporal and spatial diversities are taken into account in the
simulation. Based on the WCDMA specification, it is found that the spatial-temporal
receiver with A1/4 (3.5cm) distance between the antenna elements can provide strong
beamforming capability. The diversity gain of a smart antenna system with different
combining schemes is also examined. It is shown that when both spatial and temporal
signal processing techniques are combined, the multiple access interference and the

multipath fading effect can be significantly mitigated or eliminated.
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1.1°

Unlike the first generation wireless communication systems which are basically
analog cellular systems dedicated to voice communication, the second generation systems
which are the digital systems currently in use, such as GSM, PDC, CDMA-I (IS-95) and
US-TDMA (IS-136) [1]-[3], have been designed to provide both voice and data services.
The third-generation (3G) systems [4]-[6] are now being developed for multimedia
telecommunications in order to meet the increasing demand of wideband services. The
3G mobile communication systems must be designed to comply with a global standard
that supports a high degree of commonality, seamless roaming, a high spectral efficiency,
and a variety of voice and data services for both mobile and fixed users. Many of these
features are already fulfilled by the second-generation systems. However, the major
services provided by these systems are limited to voice, facsimile, and low bit rate data.
The 3G systems aim to provide customers with a variety of versatile broadband services,
from multimedia to interactive and wuniversal services. The state of the art
person-to-person communication should provide flexible communication services with

high quality image and video. These service expectation and objectives of future mobile



wireless standards have been clearly defined in the International Telecommunication
Union (ITU) IMT-2000 standard [7]. The ITU is the international body responsible for
allocating international telecommunication frequencies and its IMT-2000 standard is the
globally accepted standard for 3G wireless communications. IMT-2000 provides “a

- framework for worldwide wireless access by linking the diverse systems of terrestrial
and/or satellite-based networks”. It is in this IMT-2000 document that ITU sketches out a
vision for all future 3G mobile wireless standards including its main objectives
summarized below:

e Improved system capacity;

e Backward compatibility with second-generation(2G) systems;

o Multimedia support; and

o High speed packet data services.

Despite some limitations, the CDMA (Code Division Multiple Access) technique is
considered the best multiple access technique available as it makes the most efficient use
of the radio frequency spectrum in comparison to other schemes.

Wideband CDMA (WCDMA) and CDMA2000 are currently being considered as two
major air interface standards to be adopted for 3G telecommunication systems. Both of
them meet the International Telecommunication Union (ITU) International Mobile
Telecommunications (IMT)-2000 requirements. ETSI (European Telecommunications
Standards Institute) has chosen the WCDMA technology as basic radio-access technology

for the UMTS (Universal Mobile Telecommunications System). The goal of UMTS is to



enable networks to offer true global roaming and support a wide range of voice, data and
multimedia services.

The WCDMA specification has been created in the Third Generation Partnership
Project (3GPP) which was proposed by Europe and Japan. It is designed to be backward
compatible with the Global System for Mobile communication (GSM) system, which is a
second generation TDMA standard employed mainly in Europe. The CDMAZ2000 system
proposed by Telecommunications Industry Association (TIA) is evolved from IS-95
which is a second generation CDMA standard adopted in North America and Korea.

The new UMTS network will be built on the success of GSM and its operators’
existing investments in infrastructure. The first stage of the service and network evolution
is from today’s GSM system, through the implementation of GPRS (General Packet
Radio Services), to commercial UMTS networks. Many of the original goals of UMTS
are being met by the evolving GSM standard such as global roaming and personalized
service features. The major difference between UMTS and GSM is in the new air
interface operating at around 2GHz which will offer superior performance to GSM in
terms of data rate and capacity. UMTS will offer a data rate of 144 kb/s in wide-area
mobile environments, 384 kb/s in vehicular, pedesirian and urban environments, or
2Mb/s in fixed and in-building environments [9].

Spread spectrum technigues have been established for antijam, multipath rejection,
accurate ranging and tracking applications. The direct sequence CDMA (DS-CDMA)

based upon spread spectrum techniques has been successfully used in the



second-generation systems such as IS-95 to support mobile comumunications. The
analytical and simulation results indicate that for terrestrial telephony, the interference
suppression using the DS-CDMA technique can result in a significant increase in capacity
over other technologies such as TDMA and FDMA., This has led to a popular adoption of
DS-CDMA as a major wireless access technique for most of the air interface standards
(WCDMA, CDMA2000) for 3G systems. The advantages of the DS-CDMA technique
include the single frequency reuse, enhancement of transmission performance via
diversity techniques such as Rake combining and antenna array, and a direct capacity
increase by use of sectored antennas, handoff, and power control. The new capabilities
that can be used to enhance the performance of 3G systems can be summarized as
follows:

e Broader bandwidth and higher chip rate

e Provision of multi-rate services

e Coherent detection using dedicated pilot

e Fast power control for uplink/downlink

e Packet Data transmission

e Optional Multi-user Detection

1.2 iv

Since 2 WCDMA system is aimed to provide mobile users with high-speed

multimedia communication services including wireless Intemnet, video-on-demand and

.



other multimedia applications, data traffic in the downlink channel will be much higher
than in the uplink channel. An efficient implementation of downlink receivers is therefore
of crucial importance in the development of WCDMA systems. However, the downlink
capacity is limited by both multipath fading and Multiple-Access Interference (MAI).

The code orthogonality in CDMA based systems is often destroyed by multipath
fading and therefore, needs to be restored or at least mitigated prior to symbol detection.
Besides, the interfering signals from neighboring base stations have to be taken into
account for optimum reception performance. To improve signal reception at mobile
terminals, various Transmit Diversity (TD) schemes have been proposed to mitigate the
performance degradation due to multipath fading. Some advanced receiver techniques
such as multiuser detection and smart adaptive antennas [11] may also be needed in
mobile terminals.

Previous research on mobile communication systems indicates that the addition of
adaptive circuitry can overcome most of the system impairments caused by the effects of
multipath fading. Although antenna diversity techniques are nowadays by default
employed in the base station, the additional cost and complexity as well as the uncertainty
in performance enhancement in terminal side have so far prevented antenna arrays from
being utilized in the existing mobile systems. In wireless personal communications, the
use of antenna arrays with space-time processing can provide a much higher gain in

receiver’s performance through mitigating the propagation distortion and interference

[91-{15].



A smart antenna not only suppresses interference, but also combats multipath fading
by combining multiple antenna signals. To process multiple antenna signals, two
combining schemes—diversity combining and adaptive combining—can be employed.
Diversity combining exploits the spatial diversity among multiple antenna signals and
achieves higher performance. There are four classical diversity combining schemes,
switched diversity, selection diversity, equal gain combining, and maximal ratio
combining (MRC) [16]-[17]. After weighting each antenna signal proportional to its
Signal to Noise Ratio (SNR), MRC can provide a maximum output SNR. Adaptive
combining is based on dynamic reconfiguration in that the antenna weights are
dynamically adjusted to enhance the desired signal while suppressing interfering signals
in order to maximize the Signal to Interference plus Noise Ratio (SINR). It achieves the
same performance as the MRC without the presence of interference. The performance of
adaptive combining is sometimes limited under certain circumstances, especially when
the angular separation between the desired signal and the interference is small or the
noise level is high [15]. Because of concerns with high system complexity and high
power consumption, smart antenna techniques have been considered primarily for base
station so far [18]-[23].

A common belief is that closely spaced antennas are ineffective for exploiting
diversity. However, recent measurement results indicate that even closely spaced
antennas (such as 15% of the wavelength) provide a low envelope correlation to yield a

diversity gain [24]. Some of the on-going studies show that adaptive antennas in the



terminals could be extremely powerful in existing mobile systems. The results reported in
[25] indicate that a two-antenna GSM terminal could suppress co-channel interference by
5~10 dB depending on the power of the dominant interfering signal with respect fo
others.

A dual-antenna system for handsets has also been investigated for the Digital
European Cordless Telephone (DECT) system for indoor radio channels [26]. Also, the
Third Generation Partnership Project (3GPP) requires antenna diversity at base stations
and optionally at mobile terminals [4], [27]. Antenna diversity is also applied to the IEEE
802.11 Wireless Local Area Network (WLAN) system [28]. The problem of antenna
fading correlation and branch power difference between closely spaced antennas in
handset terminals has been addressed by some experimental studies, showing
encouraging results with respect to correlation [29]-[30]. For applications in small
handsets there is a severe space limitation that precludes the use of a fairly large number
of sensors. On the other hand, new concepts of wearable portable devices may solve this
space limitation problem, and a large number of sensors may become a reality for this
application.

In this thesis, we propose a smart antenna receiver for handsets in 3G WCDMA
systems., We demonstrate the effectiveness of employing the smart antenna system and

compare the performance by using different adaptive combining methods.



The objective of this thesis is to study the performance improvement of WCDMA
downlink systems from using smart antennas in mobile terminals. The performance of the
proposed algorithms is evaluated with link simulator in accordance with WCDMA
specifications [313-[32], and is compared with that of some of the algorithms existing in
literature.

The remainder of the thesis is organized as follows.

Chapter 2 reviews the fundamentals of WCDMA systems, including system
configurations, modulation and multiplexing techniques, multipath fading channels and
Rake receiver. Chapter 3 presents smart antenna techniques and relevant investigation
results. The emphasis is placed on the array structure, adaptive beamforming and the
adaptation of the array response vector. Some simulation results are also provided. A
detailed simulation study and performance analysis of the WCDMA downlink system
using antenna array are carried out in Chapter 4 under different channel conditions.
Various simulation results are shown for different channel environments and adaptive
combining schemes. Finally, Chapter 5 concludes the thesis by highlighting the major

contributions of the completed research and gives some suggestions for future study.



2.1 Introduction

As mentioned in the previous chapter, WCDMA is the technology developed for
the FDD mode of the Buropean 3G mobile communication standard — UMTS (Universal
Mobile Telecommunication System). This technology is based on the Direct Sequence
CDMA (DS-CDMA) principle.

In this chapter, we first briefly review the concept of spread spectrum and Code
Division Multiple Access (CDMA) techniques. We then provide a physical layer
description of the radio access network of a WCDMA system operating in the FDD mode
and describe the frame structure of various physical channels. In Section 2.3, the
spreading and modulation operations for the Dedicated Physical Channels (DPCH) at
both uplink and downlink are illustrated in detail, and the spreading codes used in both
links are also investigated.

The nominal bandwidth for third generation proposals is 5 MHz; this high bandwidth
allows the received signal to be split into distinct multipaths with high resolution, and

allows more multipaths to be resolved than narrower bandwidth. In Section 2.4, we



introduce multipath channels and Rake receiver technique.

CESs

In traditional radio communication systems, the carrier is modulated with user data
using techniques that minimize the transmitted bandwidth to conserve spectrum resources.
This is because these systems are designed so that only a single channel occupies a given
frequency band. If signals are transmitted in multiple non-overlapping frequency bands,
they do not interfere with each other and the signals may be recovered, provided that the
power levels are high enough relative to the noise present in the channel. In a spread
spectrum system, rather than trying to minimize the bandwidth of the modulated signal,
the goal is to create a modulated signal that uses a large amount of bandwidth. In fact,
spread spectrum systems (e.g., direct sequence spread spectrum using CDMA) have
found applications in military systems for a long time. They use a very large bandwidth
to transmit a spread signal that is generated by multiplying the information bits with a

signature code or spreading sequence.

2.2.1 Code Division Multiple Access (C

A number of different multiple access schemes have been used in wireless systems.

Historically, the most common multiple access techniques are Frequency Division

10



Multiple Access (FDMA), Time Division Multiple Access (TDMA) and CDMA. In
FDMA, different channels are separated by giving each channel a unique frequency band;
in TDMA, the channels are made orthogonal by separating them in time, with all users
using the same frequency band; while in CDMA, all users can transmit simultaneously on
the entire available bandwidth using a pseudorandom code that is unigue for each user
and is orthogonal to the code sequences used by other channels. These concepts are
illustrated in Figure 2-1 [4], [35]. Therefore, CDMA allows many users to occupy the
same time and frequency allocations in a given band. In CDMA systems, the narrow band
message signal is multiplied by a large bandwidth pseudorandom noise (PN) code. The
transmitted signal is then recovered by correlating the received signal with the same PN

code as used by the transmitter.

A) FDMA b} TDMA c)CDMA
H;
A ﬂHZh q l!“
T e
l 2
User 1 Tr User 1
£ .
z
2 User2 2z User 2
el
User 3 § § 2 § User 3

T T ™

Figure 2-1: Three multiple access schemes
(a) Frequency Division Multiple Access (FDMA);
{b) Time Division Multiple Access (TDMA);
(c) Code Division Multiple Access (CDMA}

CDMA has been one of the fastest growing wireless technologies and continues {o
grow at a faster pace than any other technology. Many spread spectrum techniques are
currently available. For the reason that WCDMA uses Direct Sequence Spread Spectrum

(DS-SS) technique, only this access scheme is explained in this thesis.
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In a direct sequence (DS) sysiem, consider an information signal 5(f) which is

composed of a sequence of symbols, b,, each of duration 7. The data signal is given

by

b()= 35,7, (- JT,) @.1)

J=—oa
where P, (#) is the pulse shape of the bit. For simplicity, here we assume a rectangular
shape, namely

1 0<¢<T

2.2
0 otherwise 2.2)

PTs(t)z{

Later in our simulation we will use a square-root raised cosine filter for pulse shaping

according to the WCDMA standard. This signal is multiplied by a PN sequence C(t):

CW=Y.C,B, (- T.) 2.3)

e

where C, isthe j # chip of a discrete periodic PN sequence assigned to the user and

takes on values of C, € {x1} with a duration of 7. P, () has the same function

as P, (t) . The multiplied signal, b(1)C(1) , is then up-converted to a carrier frequency f,
by multiplying 5()C(#) by the carrier. Thus, the transmitted signal s{#) is given by

3(2) = b(6)C(t) cos(2af 1) (2.4)

Let us assume, for the moment, that the channel does not distort the signal in any

way so that the received signal, (¢}, consists of the transmitted signal with added white

12



(Gaussian noise, n(?}.

()= As(t) + n(t) = Ab(HYC(t) cos(2nf 1) + n(t) 2.5)
At the receiver, a local replica of the chip sequence, C(¢ — 7, }, is generated, where 7, is
a random time offset between Oand M7, . To de-spread the signal at the receiver, the

local chip sequence must be synchronized with the received signal. This means that the

timing offset, 7,, must be set to zero. One means of doing this is through the use of a

Delayed Locked Loop (DLL). Similarly, a Phase delayed Locked Loop (PLL) may be

used to create a replica of the carrier cos(27f 7). Using these two quantities, a decision
statistic is formed by multiplying the received signal by the local PN sequence and the

local oscillator, and by integrating the result over one data symbol:

(J+DT;
d, = jr(f)c*(t) cos(2af,£)dt (2.6)

Jj
JI,

(DT,

= j {AKOC() cos(2af,1) + n(t)}C" (£) cos(2af.1)dt

it

From C()C (¢)=1, then we have

(BT,

d, = j{Ab(z) cos” (27 ,t) + n()C" (£) cos(27f 1) dt

J
(
= Ab, zs--r !
N2 2x4Af,

(sin47f, (j +DT,) - sin(4f T, )) }F n

where 77 represents the influence of the channel noise on the decision statistic, and
(F+OT,
n=[n()C"(t)cos(2m.e)dt 2.7

i

Assuming that the carrier frequency is large relative to the reciprocal of the bit period,



te, w,>>1/7,, then

Ab)T,
i= >

+7 (2.8}

Therefore, the decision statistic,d;, is an estimate, 5j , of the transmitted data
symbol b, .

If the channel noise is Additive White Gaussian Noise with two-sided power spectral
density N, /2, then the variable # is a zero mean Gaussian random variable g, =0

NI,

with variance o’,?z = [45].

Spread spectrum technigues have many advantages:

e Let each user is multiplied by a different orthogonal PN sequence C(t); many DS
signals can be overlaid on top of each other in the same frequency.

e Since the signal is spread over a large bandwidth with the same total power, the
spectral density of the signal can be very small. This makes it difficult for an
eavesdropper to detect the signal. Also, if the eavesdropper does not know the
PN-sequence used, it will be very difficult to extract the information.

e The fact that the DS signal is spread over a large bandwidth can significantly
mitigate the effects of fading which can degrade the performance of narrowband
systems. Various techniques can be used to recover the signal as long as some

portion of the received signal has not faded.
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2.2.3.1

Itiple Access Interference in DS- Systems

Consider a CDMA system in which K users occupy the same frequency band at the
same time. These users may share the same cell, or some of the K users may
communicate with other base stations.

The signal received at the base station from user k is given by

5,(t~7,) = [2P,C, (11, )b, (1~ 7, Y cos(w,t +,) (2.9
where b, (¢)is the data sequence for userk, C,(¢)is the spreading sequence for user %,
7,1s the delay of user k relative to a reference user 0, F,is the corresponding received
power, and ¢, is the phase offset of the k-th user. Since7, and ¢, are relative terms, we
can define 7, =0 and¢, =0.

Let us assume that both C,(¢)and 5,(z) are binary sequences having values of -1

or +1. The chip sequence C, (¢)is of the form

oo M1

C,()= 2,2, Co,P 1=+ MT) C,e(-1 1) (2.10)

jemon i=
where M is the mumber of chips sent in a PN sequence period and T, is the chip period.
MT is the repetition period of the PN sequence.
For the data sequenced, (¢}, 7, is the bit period. It is assumed that the bit period is
an integer multiple of the chip period, i.e., T, = N7 . Note that M and N do not need to

be same. The binary data sequence b, (¢} is given by
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By, Py (2= JT,) byef-1 1 @2.11)

Jem—eo

The signal available at the input to the correlator is given by
K-
r(®)=Y s, (—1)+n() (2.12)
k=0

where n(t) is additive Gaussian noise with two-sided power spectrum density N, /2. It
is assumed in (2.12) that there are no multipaths in the channel, with the possible
exception of multipaths that lead to flat fading such that the coherence time of the
channel is considerably larger than a symbol period [17]. At the receiver, the received
signal is mixed down to baseband, multiplied by the PN sequence of the desired user
(user 0 for example) and integrated over one bit period. Thus, assuming that the receiver

is delay and phase synchronized with user 0, the decision statistic for user 0 is given by

(Jj+DT,
d, = j HOC, (2) cos(2af.£)dt (2.13)

Ty

For convenience and simplicity of the notation, the remainder of the analysis is
presented for the case of bit 0 (=0 in (2.13)). Substituting (2.9) and (2.12) into equation

(2.13),

d, = j [E J2P.b (1 —7,)C,(t —1,) cosQ2af,t + §,) + n({)}C; (t)cosaf,tydt  (2.14)

=0
which may be expressed as
dy=IL+n+{ (2.15)
where I, is the contribution to the decision statistic from the desired user(k=0), {is

the multiple access interference, and 77 is the noise contribution. The contribution from
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the desired user is given by

1, =28, [ 5,0}, )] cos” 21y

B o
- \/..i_bwj; (1 + cos(4nf 1))di

?P
= "ée“bo,oTb 2.1 6)

The noise term, 77 is given by

by

n= j n(H)C, (£)cos(2af,1)dt (2.17)

0

where it is assumed that n(¢) is additive Gaussian noise with two-sided power spectrum
density N, /2. The mean of 77 is
7, .
1, =Eln]= [ Eln0]c; (¢) cos(2af,)dt =0 (2.18)
The third component in (2.15), ¢, represents the contribution of multiple access

interference to the decision statistic, which is the summation of K-1 terms I,

{= K_Ilk (2.19)
where
I = L b 2B (1 —7,)C, (t—7,)C, () cos2af.t + 8, ) cos(2nf.i)dt (2.20)

Therefore, we get the received signal at the base station in detail.

\ (Universal Terrestrial Radio Access) I1

The WCDMA system within 3GPP has been divided into two modes according to the

17



radioc access technologies used: UTRA (Universal Terrestrial Radio Access) FDD
{Frequency Division Duplex) and UTRA TDD (Time Division Duplex).
e FDD: The uplink and downlink transmissions employ two separate frequency
bands. A pair of frequency bands with specified separation is assigned for a
connection.
e TDD: In this duplex method, uplink and downlink transmissions are carried over
the same frequency band by using synchronized time intervals. Thus, time slots in
a physical channel are divided into transmission and reception parts.
The spectrum allocation for these two modes is as follows.

©1920-1980 MHz: FDD Uplink

©2110-2190 MHz: FDD Downlink

©1900-1920 MHz: TDD

©2020-2025 MHz: TDD

The TDD mode is based heavily on FDD mode concept and is added in order to

leverage the basic WCDMA system for use with unpaired spectrum allocation for
IMT-2000 systems. In this thesis, we discuss the performance of a WCDMA system
operating only in the FDD mode. Next we provide a more detailed description of the
physical layer of the radio access network of a WCDMA system operating in the FDD

mode.



WCDMA defines two dedicated physical channels in both uplink and downlink
according to the usage:

e Dedicated Physical Data Channel (DPDCH): to carry dedicated data generated at

layer 2 and above.

e Dedicated Physical Control Channel (DPCCH): to camry layer 1 control

information.

Each connection is allocated one DPCCH and zero, one or several DPDCHs. In
addition, there are common physical channels defined as:

e The Common Pilot Channel (CPICH) for coherent detection.

e Primary and secondary Common Control Physical Channels (CCPCH) to carry

downlink common channels.

e Synchronization Channels (SCH) for cell search.

e Physical Random Access Channel (PRACH).

In the physical layers, the WCDMA system employs a frame structure [31]. Each
frame lasts 10ms and it is split into 15 slots. The chip rate is 3.84Mcps which corresponds
to 2560 chips per slot. The data rate is dependent on the spreading factor, which varies in
powers of 2 from 256 to 4 in the uplink and from 512 to 4 in the downlink. For example,
if the channel uses a spreading factor of 16, then the bit rate is 480 Kbps

((3.84Mbps/16)x 2). Therefore, the bit rate varies from 30 Kbps to 1920 Kbps in uplink

is



and from 15 Kbps to 1920 Kbps in downlink.

2.3.1 ink Physical Channels

Figure 2-2 shows the principal frame structure of the uplink dedicated physical

channels.

e mqm"—m»mw.m»W‘Wwwwwm.mmmw-mv—n———i
i ‘

DPDCH (i . b s |

L< To=2560 chips, 10 bits -
Slat 1 Slot i Slot 15
L Ty=10 ms 3|

Figure 2-2: Uplink dedicated physical channel frame structure

Pilot bits can assist coherent demodulation and channel estimation. TFCI (transport
format combination indicator) is used to indicate and identify several simultaneous
services. Feedback Information (FBI) bits are used to support techniques requiring
feedback. TPC (Transmit Power Control) is used for power control purpose. The exact
number of bits of these different uplink DPCCH fields is given in [31]. The parameter k

in Figure 2-2 determines the number of bifs in each slot, and is related to spreading factor



of the physical channel by SF = %Sﬁ The spreading factor thus may range from 256

down to 4. The spreading factor is selected according to the data rate.

2.3.2 Downlink Physical Channels

2.3.2.1

wnlink Dedicated Physical Channels
Figure 2-3 shows the frame structure of the downlink dedicated physical channels.
As in the uplink, each frame of 10 ms is split into 15 slots; each slot is of the length of

2560 chips corresponding to one power control period.

Time multiplexed with complex scrambling

DPDCH DPCCH DPDCH DPCCH
e Tu=2560 chips, 10x2* bits (k=0...7) — ]
Slot 4 Sloti Stot 15
[ Te=10ms 3}
Figure 2-3: Downlink dedicated physical channel frame structure
512

The parameter k is related to the SF of the physical channel by SF=-——. The
2
spreading factor has a range of 4 to 512. Thus an additional spreading factor of 512 is

permitted for the downlink. The different control bits have similar meanings to those in
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the uplink. The exact number of bits in each downlink DPCH field is described in [311.
Pilot bits are used for coherent reception, power control signaling, and rate detection;

they can also be used for adaptive antenna array training and equalization.

2&2.2 Downlink Common Pilot Channels (CPICH)

As in the uplink, the WCDMA downlink system fransmits the pilot signal at the same
time as the data signal. However, the pilot signal is both time-multiplexed into the data
stream as shown in Figure 2-3, and transmitted continuously as the Common Pilot
Channel (CPICH) as illustrated in Figure 2-4.

The CPICH channel uses a predefined bit/symbol sequence, transmitted at 15ksps
(30kbps) with an SF of 256, as shown in Figure 2-4; it is used for downlink channel
estimation as well as mobile terminal intra-frequency measurement of neighboring cells

for soft handover.

[ L medeﬁneﬂ wmism &emﬁnme
e
Taa=2580 chips, 20 blts- 10 symbols
Siot 4 Slot Slot 15

Te=10ms

Figure 2-4: Frame structure of common pilot channel
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In the spreading process, the physical channels are first spread to the channel
bandwidth (3.84 Mcps) and then scrambled for cell or mobile terminal separation. First,
we introduce the spreading code, and then we describe how the physical channels are

spread and modulated in the uplink and downlink.

2.4.1 Spreading Code

The spreading code spreads the information data to the chip rate of 3.84 Mcps. The
most important purpose of the spreading code is to help preserve orthogonality among
different physical channels. In the WCDMA downlink, it is used for user identification;
in the uplink, it is used for data/control channel separation. In WCDMA, Orthogonal
Variable Spreading Factor (OVSF) codes are used as spreading codes. The OVSF codes
can be picked from the code tree shown in the Figure 2-5 [4]. The subscript herein gives
the spreading factor, and the argument within the parentheses provides the code number

for that particular spreading factor.
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Ca(1) = (1,1,1,%)
Co1) = (1,1}
Cal2) = (1,1,-1,-1)
Ciy=(1)
Ce(3) = (1,-1,1.-1)
Co2) = {1.-1)
Culd) = (1,-1-1,1)
SF=1 SF=2 SF=4

Figure 2-5: Code-tree for generation of OVSF codes

The spreading code length is in the form of 2", where » is greater than or equal to
2; it is also equal to the spreading factor (SF =2"). The use of OVSF codes allows the
spreading factor to be changed and the orthogonality between different spreading codes
of different lengths to be maintained. Any two codes of different levels are orthogonal to
each other as long as one of them is not the root of the other code [8]. For example, the
codes c¢i5(2), cg(1) and c4(1) are all root codes of ¢33(3) and hence are not orthogonal to
¢32(32). A code can be used by a mobile terminal if and only if no other code on the path
from the specific code to the root of the tree or in the sub-tree below the specific code is
used by the same mobile terminal {33]. The generation method of OVSF can be explained

with the help of the following matrix equations:
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In the above matrix notation, an over bar indicates binary complement (e.g.

1=-lgnd—1= 1) and N is an integral power of two. The first code of any code tree as

described in this section is used to spread the DPCCH. This is a sequence of all 1’s for
any SF. The first DPDCH is spread by the code number (SF/4+1) where SF is the
spreading factor for the data channel.

The spreading and modulation for the DPDCH and the DPCCH for both the links are

described in the following two subsections.

2.4.2 Uplink

As for the GSM system, discontinuous fransmission in 2 WCDMA uplink can cause

audible interference to audio equipment (such as a hearing aid) that is very close to the



terminal. Therefore, in 2 WCDMA uplink the two dedicated physical channels are 1-Q
code multiplexed instead of time multiplexed.

When data are present/absent (DTX), continuous transmission can be achieved with
an I-Q code multiplexing control channel, as shown in Figure Z-6.

; | DaaPRGH) ; DTX Period | UserDa(OPRCH) J

% )' . Physleal Layer Contro] nformationtDPDCH) o J

Figure 2-6: Parallel transmissions of DPDCH and DPCCH in the uplink

2.4.2.1 Uplink Spreading and Modulation

In the uplink, Binary Phase Shift Keying (BPSK) is used for data modulation of both
the DPDCH and DPCCH. The modulated DPCCH is mapped to the Q-channel, while the
first DPDCH is mapped to the I-channel. Subsequently added DPDCHs are mapped
alternately to the I-channel or Q-channel. Spreading modulation is applied after data
modulation and before pulse shaping. The spreading modulation used in the uplink is dual
channel QPSK. Spreading modulation consists of two different operations. The first
operation is spreading, where each data symbol is spread to the number of chips given by
the spreading factor; this increases the bandwidth of the signal. The second operation is

scrambling, where a complex valued scrambling code is applied to spread the signal.
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Figure 2-7 shows the spreading and modulation for an uplink user haing 2 DPDCH and a
DPCCH.

The bipolar data symbols on I and Q branches are independently multiplied by
different channelization codes known as Orthogonal Variable Spreading Factor (OVSF)
codes. OVSF codes are discussed in Section 2.4. The resultant signal is multiplied by a
complex scrambling code which is a unique signature of the mobile station. The scrambled
signal is then pulse shaped using the Square-Root Raised Cosine filter with a roll-off factor
of 0.22. The pulse shaped signal is subsequently up-converted as shown in Figure 2-7. The
application of a complex scrambling code with spreading modulation as described above is

usually termed as Hybrid Phase Shift Keying (HPSK).

QVSFp

Data(DPDCH ’ Scrambling Code > Pl

@
Fil
L

i

Control{(DPCCH) (0]

¥

OVSF¢

Sin{wet}

Figure 2-7: Uplink spreading and modulation

The spreading factor for the control channel is always set at the highest value, which is
256. This improves the noise immunity of the control channel by taking advantage of the

highest possible processing gain.



2.4.3 Downlink Spreading and M

The time-multiplexed solution is not used for the uplink since it would generate
audible interference during discontinuous transmission. However, the audible
interference generated with DTX is not a relevant issue for the downlink since the
common channels have continuous fransmissions.

A simple block diagram of a downlink transmitter for the 3GPP system is shown in
Figure 2-8. Each bit of the Physical Channels (PCH) is Quadrature Phase Shift Keying
(QPSK) modulated. Each pair of two bits is serial-to-paraﬂd converted and mapped to the
I and Q branches, respectively. The modulated I (in-phase) and Q (quadrature) bits are
channelized by multiplying Orthogonal Variable Spreading Factor (OVSF) codes at the
chipping rate of 3.84 Mcps. All channelized signals are combined first and then
scrambled by a long code, which is generated from the Gold code set. The scrambled
signal and the unscrambled signal of the Synchronization Channel (SCH) are combined
together. The combined signal is pulse-shaped by a root-raised cosine FIR filter with a
roll-off factor of o = 0.22. A detailed description of the 3GPP WCDMA system is
available in [4] and [31]-[34].

Figure 2-8 shows the spreading and modulation for a downlink user. The downlink
user has a DPDCH and a DPCCH. Additional DPDCHs are QPSK modulated and spread
with different channelization codes. The OVSF codes have been described in Section

2.4.1.
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Figure 2-8: Block diagram of a downlink transmitter for the 3GPP WCDMA system

We can observe some differences between the spreading and modulation in the
downlink and that in the uplink. The data modulation is QPSK in the downlink whereas it
is BPSK in the uplink. The data rates in the I and Q channels are the same in the
downlink whereas they may be different in the uplink. The scrambling code is cell
specific in the downlink, whereas it is mobile station specific in the uplink. As in the

uplink, square-root raised cosine filters with a roll-off factor of 0.22 are employed for

pulse shaping in the downlink.

Reception of a direct-sequence spread signal allows the use of a more efficient

reception technique. One of the key problems in wireless communications is the
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distortion of the iransmitted signal introduced by the radic channel. But repeatedly
transmitted information at a time spacing that exceeds the coherence time of the channel
can provide time diversity. The inherent time diversity of the mobile radio channel can be
exploited when using SS technology. For frequency selective fading, the signal
bandwidth is much greater than the coherence bandwidth of the channel; therefore,
multipath components are resolvable and independent of each other [4], [17]. The RAKE
receiver, which was proposed in 1958 first by Price and Green, is essentially a diversity
receiver designed specifically for CDMA, where the diversity is pmvided by the fact that
the multipath components are practically uncorrelated with one another when their
relative propagation delays exceed a chip period.

RAKE receivers take advantage of the energy present in multipath components by
correlating with each path. The RAKE receiver is composed of several fingers which
each resemble a single correlator and have a different time delay and phase rotation
matched to one multipath component. The resolution of the RAKE (i.e. the ability to
resolve between separate multipaths) is dependent on the chip rate of the system. Figure
2-9 shows a general RAKE receiver [17]. There are several methods for choosing the

weights to combine the fingers.
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Figure 2-9: RAKE receiver with M fingers

A RAKE receiver consists of a bank of correlators, each of which is used to detect
separately one of the M strongest multipath components. The outputs of each correlator
are weighted to provide a better estimate of the transmitted signal than that provided by a
single component. Demodulation and bit decision are then based on the outputs of the M
correlators. If just one correlator is used in the receiver, the output value cannot be
corrected once the output of the correlator has been corrupted by fading. However, in a
RAKE receiver, if the output from one correlator is corrupted by fading, the others may
not be, and the corrupted signal may be discounted through the weighting process. The
conventional RAKE receiver improves the system performance through temporal
diversity, by using a combination of delayed replicas of the desired signal.

It is well known that the traditional RAKE receiver separately tracks and coherently
recombines the multipath components of the received signal. In particular, the RAKE
structure consists of a tapped delay line with variable delays, whereby each delayed
version of the received signal is correlated with the spreading waveform of the desired

user. The outputs of the correlators are then conveniently combined to maximize the SNR



at the receiver oulput {17].

1ary

In this chapter, the fundamentals of WCDMA systems have been presented. The
concept of spread spectrum and the Code Division Multiple Access (CDMA) technique
have first been reviewed. A physical layer description of the radio access network of a
WCDMA FDD system is then provided. The spreading and modulation operation for
physical channels in both uplink and downlink has been discussed in detail. We have also
presented multipath channels and the Rake receiver technique, which is one of the
performance enhancing schemes used in DS-CDMA systems.

As shown in this chapter, we can use the dedicated pilot bits in both uplink and
downlink for employing adaptive antennas, namely, smart antennas, at the receiver in order
to increase the capacity and coverage of the system. This notable performance-enhancing

scheme will be detailed in the following chapters.
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3.1 Introduction

Smart antenna technology can be defined as the art of combining the signals from/to
an array of small-gain antennas, which is used to suppress the noise and interference [9],
[13], [14]. Usually, a wireless channel has non-ideal behavior. In many cases, there is an
obstruction of the direct ray, so the receiving antenna sees only reflected rays. This is the
so-called Rayleigh channel. The envelope and phase of the received signal in Rayleigh
channel vary when the transmitter or receiver are moving. The damaging effects of fading
may be particularly important in the case of deep fading, where the signal amplitude
decreases dramatically. An array of antennas uses spatial diversity to minimize the effect
of deep fading, exploiting the fact that when a signal from one direction (or from one
antenna) is suffering from a dip, the signals from other directions (or antennas) may be
not. Furthermore, a smart antenna array with a fixed number of antenna elements and
space-time processing could offer a broad range of ways to improve wireless system
performance. It could provide enhanced coverage through range extension, hole filling

and better building penetration, and might also be used to increase long-term system



capacity [15]. By changing the phase and amplitude of the exciting currents in each of the
antenna elements, an adaptive antenna is able to change its antenna pattern dynamically
according to noise, interference and multipaths, and it can adjust its pattern to scan the
main beam and/or place nulls in any direction. Adaptive antennas are used to form beams
for transmission and may alsc be used to enhance received signals. Smart antenna
systems can include both switched beam technologies and adaptive antenna arrays.
Switched beam systems generate a number of fixed beams at an antenna site. The
receiver selects the beam that provides the greatest signal enhancement and interference
reduction. Switched beam systems may not offer the degree of performance improvement
as offered by adaptive systems, but they are often much less complex and are easier to
retrofit to existing wireless technologies.

This chapter reviews basic concepts related to antenna arrays and discusses adaptive
beamforming techniques. Section 3.2 introduces antenna array concepts and the array
response model. Section 3.3 presents antenna array beamforming and spatial filtering
methods. Different algorithms for adaptive antennas and spatial filtering are presented in
Section 3.4. This chapter also investigates the effects of different parameters that
influence the beamforming ability. The simulation results are presented for both

noise-free and noisy channels.
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An antenna array uses a fixed set of antennas of low-gain antenna elements which
are connected by a combining network. The antenna elements in an antenna array can be
arranged in various geometries (e.g., linear, circular, planar) with reference to a common
fixed point. The radiation pattern of an array is determined by the radiation pattern of the
individual elements, their orientation and relative positions in space, as well as the
amplitude and phase of the currents feeding the array elements. In the case of a linear
array, the centers of the elements of the array are aligned along a straight line, as shown
in Figure 3-1. If the spacing between the elements is equal, it is called a Linear Equally

Spaced array (LES).

X
Figure 3-1: A linear spaced array oriented along the X-axis, receiving a plane wave from

direction (6, p)

We mainly discuss the performance of the commonly used LES antenna array model.
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To simplify the analysis, we make the following assumptions [15]:

---The spacing between array elements is small encugh such that there is no amplitude
variation between the signals received at different elements.

----There is no mutual coupling between elements.

--- All incident fields can be decomposed into a discrete number of plane waves. This

means there are a finite number of signals.

3.2.1 Linear Equally Spaced Array

As shown in Figure 3-2, we assume that the antenna array includes M elements, each
being equally spaced by a distance 4, and a plane wave arrives at the array from a
direction (@, @) off the array broadside. The angle (8, ¢) is called the direction-of-arrival
(DOA) of the received signal, and is measured clockwise from the broadside of the array.
Consider the case in which a wave is incident on the array shown in Figure 3-2 in the
x,y (horizontal) plane so that @=/2. This is a reasonable approximation for many

cellular and PCS smart antenna applications.
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Figure 3-2: [llustration of plane wave incident from direction (8, ¢) on an M-element LES

antenna array with inter-element spacing ofd

We use the complex envelope representation x,(f) to express the received signal at
the first element. Now taking the first element in the array as the reference point, if the
signals have originated far away from the array, and this plane wave advances through a
non-dispersive medium that only introduces propagation delays, the output of any other
array elements can be represented by a time-advanced or time-delayed version of the
signal at the first element. From Figure 3-2, we see that the plane wave-front at the first
element should propagate through a distance dsing to arrive at the second element.

The time delay due to this additional propagation distance is given by
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T=dsing/c (3.1
where ¢ is the light velocity, 3x10°m/s. The effect of the time delay on the signal can
be represented by a phase shift term expi- j{Z@fcf)}. So, we have the complex envelope

of the received signal in element 1,

ing. |
x () =x,(¢) exp{— i, isflc?'(ﬂ)j

= x,(1) exp{— j (—%—gd sin q))} (3.2)

where =27/ is the phase propagation factor, 4 denotes the free space wavelength
of the carrier, given by ¢/ f,, and f, is the carrier frequency in Hz.
Similarly, for element m, the complex envelope of the received signal can be

expressed as

x,,(8) =x,(t) exp{— j(—z—%md sin (0)} m=0,.,M-1 (3.3)
Letting
] x, () |
%, (8)

x()=| . (34

ERG)

_ . -
e~.;<3§dsiw>

flo)= . , (3.5)

—j(%ﬁ(M—l)d sin @)

- -

the signal input to an antenna array with M elements may be expressed in vector form as
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x(t) = 1(@)x, () (3.6)
where x(¢) is the array input data vector, and (@) is often called the steering vector.
In general, the steering vector is a function of the individual element response, array
geometry and signal frequency. However, in this case the steering vector is only a
function of the angle-of-arrival.

In wireless communications, there are usually more signals impinging on the array.
These may be caused by multipath propagation or may come from other interference
sources, such as neighboring base stations or mobile terminals. These signals‘ may be
uncorrelated, or can be partially correlated due to the noise corruption, as happened in

multipath propagation, where each path is a scaled and time-delayed version of the

original transmitted signal. Suppose that there are signals s, (¢),....5,(),0=NXL,
which are centered around the same carrier frequency, say f,, with a DOA of ¢,,
i=12,...,0. For downlink, N is the number of neighboring base stations (BS) to the
mobile terminal and L is the number of multipath components between each BS and the
mobile terminal; for uplink, N is the number of user signals transmitted from different
locations, and L denotes the number of multipath components that arrive at the array
for each user signal. We further assume that all of the multipath components for a
particular user arrive within a time window which is much less than the channel symbol
period for that user.

The received signal at the array is a superposition of all the impinging signals and

noise. Therefore, the input data vector may be expressed as
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x{(f)y=

5@ )s, () +n() 3.7

g=1

where a, is the complex amplitude of the /" multipath component for the n*user/
base station, ¢, is the DOA of the /* multipath component for the »” user / base

station, f(g,) is the steering vector corresponding to g, , and

— —

1
i gsing,)
e A

flg,)= : (3.8)

m,
~JHMDdsing,)

e

and m(f) denotes the M X1 vector of the noise at the array elements. In matrix notation,
the most commonly used input data model can be represented as
x(2) = F(P)s(t) +n(?) 3.9)

where F(®) isthe M X Q matrix of the steering vectors

F@)=lf(p) f(@,) .. f(p,)] (3.10)
and
~51(3)—
Sz(t)
s()=| . (3.11)
5o (1) ]

After receiving the signals arriving at the antenna array, if we know the Direction of
Arrival (DOA) of every signal, we could use a type of processing called beamforming to
form beams that simultaneously receive a signal radiating from a specific location and

attenuate signals from other locations. In what follows, we will focus on beamforming
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and spatial filtering,

Systems designed to receive spatially propagating signals often encounter the
interfering signals. Adaptive antennas exploit the inherent spatial diversity of the mobile
radio channel, provide an antenna gain and enable spatial interference suppression. Thus,
they meet the high spectral efficiency and quality requirements of the third generation
mobile radio systems.

Fortunately, the desired and interfering signals usually originate from different
spatial locations. This spatial separation can be exploited to separate signal from
interference using a spatial filter at the receiver. A beamformer is a processor used in
conjunction with an array of sensors (i.e., antenna elements in an adaptive array) to
provide a versatile form of spatial filtering. The sensor array collects spatial samples of
propagating wave fields, which are processed by the beamformer. Typically, a
beamformer linearly combines the spatially sampled time series from each sensor to
obtain a scalar output time series. In the same manner, an FIR filter linearly combines
temporally sampled data.

The baseband complex envelope representation of the M-element antenna array is

shown in Figure 3-2. Each branch of the array has a weighting element, w, . The weight



w,, has both a magnitude and a phase associated with if. Assume that all of the array

elements are noiseless isotropic antennas that have uniform gain in all directions. Let us
consider the case of having only one desired user represented by the baseband complex
envelope s(¢} . Then, the signal received at antenna element m is given by

u, (1) = As()e /" (3.12>
where A4 is the arbitrary gain, w, is the carrier frequency and 7 represents the time
delays of the wave on the m" element relative to a reference point. The signal Z(t) at

the array output is:

Z() = Afwm*um (t) = As(t)}il w, e 1% = As()G(F) (3.13)
=0

m=0
where * denotes the complex conjugate. Since we are now using the complex envelope

representation of the received signal, both u,(#) and w, are complex. In the following
discussion, each sensor is assumed to have all necessary receiver electronics and A/D

converters, and the beamforming is performed digitally. Here we set the complex weight

w, =a,e’®™ with fading o, and the time delay £, , which are applied to the output

ofthe m” antenna element.
The array response of a weighted antenna array, which represents the relative
sensitivity of a response to signals coming from DOA ¢ and having an array response

vector of g{@) , can be defined as

G(@)=We(p)= ), (.14)

m=

The array factor determines the ratio of the received signal available at the array output,
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z{t), to the signal As(t). By adjusting the weight, w_, it is possible to set the maximum of
the main beam of the array factor to any desired direction.
Noting that 7, is a value related to the desired DOA ¢, and recalling (3.1), we set
w, with
. d
£, =m-—cosg, (3.15)
c

So, (3.14) can be rewritten as:

M- : a
. 2 —j(2mmy—~{cos gp—cos gy )
J@ AT, 1) E:ame c (3.16)

m=0

G(@)=)

' M=l M
In a special case where g, =1 form =0, 2, ...M-1, using the equality Ex"’ = 11 iy
m=0 —-X
(3.16) can be rewritten as
. - j—z—f-Md {cos p—cos )
& -j@o (T, ~t,) I-e A
G(®) = e i) = — (3.17)
m=0 ~j——d{cos p-cos gy}
l—e *
sin(zn Md(cos@p—cos@,)) 2
T - 0 - 'lMd(cos COS ¢y )
S PRI (3.18)

sin(%z d{cos@—cos@,))

The beam pattern is defined as the magnitude of the array response|G(®)].

Simulation results for the proposed multi-target space-time receiver (MT-STR) are

obtained using Matlab. Initially we assume a stationary user terminal with an infinite



signal-to-noise ratio, or a noise free channel model. First we will show how an antenna
array improves the performance of a conventional receiver. For a WCDMA downlink
system with £=2.14GHz and A = 14cm , we analyze the effect on the beam pattern (i.e.,
the spatial filtering ability) caused by different choices for the antenna array spacing
d and the number of antenna array elements used. Later we will show how the receiver
performs with an adaptive antenna array in a noisy environment.

Figure 3-3 shows the beam steering ability of an MT-STR receiver using a LES
antenna array with 4 antenna elements and a spacing of 0.251, and spatial adapters with

steering angles @, of 0°, 75°, 120° and 270°, respectively. We can see from the figure

that each spatial adapter can form a beam pattern towards the desired user.

44



SNO=t26 80

i SNOI=TS SMNORI20 B0 ¢ S0=5
: -

80

)
3
{ \
| L sNORO
180 - o o .”.\ G
| j
\ I
210 330
210
SNOI=270 ‘Snow270
(a) Steering at 0° (b) Steering at 75°
SNOE120 o SNOI=T5
'
150
SNOI=0

2f0
SNOI=270 SO=270

(c) Steering at 120° (d) Steering at 270°

Figure 3-3: Beam patterns of 4-element LES antenna array with d =0.254
We now investigate the effect on the beam pattern of both the spacing 4 between
antenna elements and the number of antenna elements.

Figures 3-4, 3-5 and 3-6 show the beam steering ability of an LES antenna array with
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4 elements, three distances 0.1254, 0.254 and 0.54, and two steering angles ¢, of

0° and 60°.

a) Steering at 30° (b) Steering at 60°

Figure 3-4: Beam patterns of 4-clement LES antenna array with d=0.1254

{a) Steering at 30° {b) Steering at 60°

Figure 3-5: Beam patterns of 4-element LES antenna array with d=0.254
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(a) Steering at 30° (b) Steering at 60°

Figure 3-6: Beam patterns of 4-element LES antenna array with d=0.54

From these simulation results, we can see that distances of 0.254 and 0.1254 can
provide good beamforming ability. In WCDMA systems with f, =2.14GHz, 0.254 is
translated to 3.5cm, which is suitable for use in mobile terminals. Figure 3-7 shows the

beam patterns of a 2-element LES antenna array with a distance of d=0.251 .
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Figure 3-7 : Beam patterns of 2-element LES antenna array with d=0.251

Figures 3-8, 3-9, 3-10 show the beam steering ability of two LES antenna arrays with
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3, 5 and 8 clements, respectively, where the steering angle ¢, is set to 0° and 60°, the
spacing of two adjacent elements is d=0.54 . Comparing the beam pattern of 4 elements
with d=0.54 in Figure 3-6, it can be seen that more antenna elements provide better

beamforming ability.

(a) Steering at 30° (b) Steering at 60°

Figure 3-8: Beam patterns of 3-element LES antenna array with d=0.51

(a) Steering at 30° (b) Steering at 60°

Figure 3-9: Beam patterns of 5-element LES antenna array with d=0.51
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(a) Steering at 30° (b) Steering at 60°

Figure 3-10: Beam patterns of 8-elements LES antenna array with d=0.54

3.4 Adaptive Arrays

The DOAs of the received signals at the antenna array are time varying due to the
movement of mobile devices. To track these time-varying factors, an adaptive array can
be used. An adaptive array is an antenna system that can modify its beam pattern or other
parameters automatically in response to the signal environment. Also, since the data used
for estimating the optimal solution are noisy, it is desirable to reduce the effects of the
noise by using an update technigue. An adaptive algorithm is used to periodically update
the weight vector. A simple adaptive array is shown in Figure 3-11. By means of internal
feedback control while the antenna system is operating, an adaptive array processor can
extract signal & using a weight vector w. The weight vector must be updated or
adapted periodically.

In adaptive antenna techniques, a weight vector is determined which minimizes a
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cost function. Typically, this cost function represents a performance criterion, such as
minimum Mean Squared Error (MSE), maximum Signal-to-Interference-and-Noise Ratio
(SINR), minimum noise variance etc; the cost function is inversely associated with the
quality of the signal at the array output. As the weights are iteratively adjusted, the cost
function becomes smaller and smaller. When the cost function is minimized, the

performance criterion is met and the algorithm is said to be convergent [44].

Antenna O
x4
Antenna 1
of Output Signal
Y,
+ Demodulator
Antenna M-1 P Gen;ri:;e;rmr ]
’”WW Error Signal

Figure 3-11: An adaptive antenna structure

There are a variety of existing adaptive algorithms to adjust the weight vector. The
choice of one algorithm over another is determined by various factors [39] such as the
rate of convergence (defined as the number of iterations required for the algorithm, in

response to stationary input, to converge to the optimum solution), tracking ability to the
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variations in the environment and computational complexity. Two of the most popular
techniques that have been applied extensively in communication systems are the

Minimum Mean Square Error (MMSE) and the Least Square (LS) criteria.

an Square Error (MMSE) Solution

MMSE solutions are posed in terms of ensemble averages and produce a single
weight vector, w, , which is optimal over the ensemble of possible realizations of the
stationary environment. This is the approach used in classical Wiener filter theory.

In the MMSE approach, for an input signal x(¢), the cost function to be minimized is
the mean-squared error between the desired signal d(¢)and the array output y(r)[44].
Let x(k) , y(k) and d(k) denote the sampled signal of x(¢), »y(¢) and d()
respectively at timef, . Then,

y(ky=wx(k) (3.19)

The error signal is given by

e(k)=d(k)—- y(k) (3.20)
and the mean-squared error is defined by

J = Efe(ky| G

where E| ] denotes the ensemble expectation operator. Substituting (3.19) and (3.20)

into (3.21), we obtain the cost function as given below

J = Eld )~y ]



Ela () - (o Yd ) -y} |

El{d(ic) wx()Rd (k) - w X(k)”

i

Ehd{k} - d{k)x” (yw —wix(b)d* (B) + w” x(k)x” (k)wj (3.22)
Note that the cost function is a second order function of the weight vecior and has a
unique minimum value. These features imply that (3.22) will always converge
monotonically to a unique minimum value corresponding to the weight vectorw,, [15].
In general, we can minimize a vector function by determining a location where the
gradient of the function gets zero. As the weight is a complex vector w, =a, + jb,, using

the definition of the gradient of a function of a complex vector, we obtain [15]

V(w" Aw) =2Aw

V(w?C)=2C
V(CFw)=0
Therefore, we have
VJ(w,)=2Elx(k)x” (k) w, — 2Elx(k)d” (k)|=2Rw, — 2P (3.23)

where Risthe M XM correlation matrix of the input data vector x(%),i.e,

= Elx(k)x” (b)) (3.24)
And P is the M X1 cross-correlation vector between the input data vector and the

desired signal d(%}, i.e.,

= Elx(t)d’ () (3.25)

setting the gradient of the cost function equal to zero, we have
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~2P+2Rw, =0 (3.26}
or equivalently
Rw,, =P (3.27)

Multiplying both sides of (3.37) by R™, the inverse of the correlation matrix, we can

find the solution for w, which minimizes J(w,), namely,
w,,, =R7P (3.28)

This solution gives the optimal array weight vector in the MMSE sense. Equation

(3.27) is called the Wiener-Hopf equation [10]. The optimum weight vector w_, in

(3.28) is called the Wiener solution.

3.4.2 Least Mean Square (LMS) Solution

Rather than solving w,, = R™'P directly, adaptive techniques are often used with
an iterative approach which provides an updated weight vector, w, , after each
computation. Typically, these algorithms have a per-step complexity that is much lower
than the direct solution of above formulation, and can also track non-stationary channels.

It is intuitively reasonable that successive corrections to the weight vector in the

direction of the negative of the gradient vector should eventually lead to the minimum

mean-squared errorJ ., where the weight vector assumes its optimum valuew .

min ¥

Let w(k) denote the value of the weight vector at timek, (i.e., the n'™ iteration).

According to the steepest descent method, the update value of the weight vector at time
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k+1 is computed by using the simple recursive relation

wik+ D =wk)+ 5;7 1= VD] 3.29)
where g is 2 positive constant which is referred to as the step-size and controls the
convergence rate of the adaptation. Algorithms of this type, that use the gradient of the
mean square error function to update the weight vector, are called Stochastic Gradient
Techniques.

Exact calculation of the gradient, VJ (w) , 18 cumbersome and involves matrix
inversions. Therefore, other adaptive algorithms that are more efficient have been
developed. One example is the Least Mean Square Error (LMS) Algorithm [15].
Substituting (3.23) into (3.29), we have

wik + ) =wk) - g[Rw(k)-P] k=012,..
=w(k) - sE[x(k)x" (kyw(k) - x(k)d " () (3.30)
If the expectation operator is removed from (3.30), we have
w(k +1)=w(k) - px()(x" (Fyw(k) - d" (k)
=w(k) — ux(k)e” (k) (3.3D)
wheree (k) is the instantaneous error between the array output and the desired response.

This is called the Least Mean Square algorithm and is a widely used for adaptive arrays.



3.4.3 Simulation Results for a Noisy Channel

Here we demonstrate and analyze the performance of the adaptive arrays developed
in Section 3.4.1. For the proposed Mulii-Target Space-Time Receiver (MT-STR) for a
WCDMA FDD downlink, simulation results are obtained using Matlab. The channel used
in the simulation consists of three equally spaced base stations. The time-invariant

channel used in the simulations is shown in Table 3-1. We next simulate the antenna array

beamforming ability for a noisy channel.

Table 3-1: Time-invariant channel used in the simulations

Path Azimuth | Coefficient | Delay(In Chips)
BSO | (0,0) 0° 1 1
©n | 60° 0.5 2
Bs1{ (0| 75° 1 4
(1,1) | 120° 0.4 5
BS2 | (2,0) | 150° 1 8
en | 270° 0.3 9

As we know, both the LMS and MMSE approaches require knowledge or estimation

of the desired spatial filter output. This is accomplished by periodically sending a training

sequence known to both the transmitter and receivers.

In WCDMA systems, as described in Chapter 2, both downlink and uplink have a
pilot signal which is transmitted at the same time as the data signal. In the downlink, the

pilot signal is either transmitted continuously as a CPICH channel, or multiplexed into
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the data stream as a pilot symbol, as illustrated in Figure 2-3, 2-4. These two approaches
provide different benefits, namely, the continuously transmitted CPICH channel is
immune to fast fading, while the multiplexed pilot symbol minimizes self-interference.
The pilot signal can also be used as the reference signal for adaptive beamforming. In this
thesis, we use the CPICH channel to get the optimum weight, because it is transmitted
continuously and through the same fading channel as the data.

Figure 3-9 shows the simulation results of a multi-target space-time receiver with six
antenna elements, for a noisy channel with SNR=-10dB. It can be seen that each antenna

tracks and forms the beam pattern for the desired user.
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In this chapter, we have introduced terminology and basic concepts related to
antenna arrays and adaptive beamforming, and discussed smart antenna technology and its
performance. Using a WCDMA FDD system, we have first simulated a noise free receiver
for the time-invariant channel model and analyzed the effects on the beam pattern (i.e., the
spatial filtering ability) caused by different choices for the antenna array spacing 4 and
the number of antenna array elements. We have found that increasing the number of
elements in an antenna array or increasing the spacing between the array elements can
improve the radiation pattern. We have also found that smaller spacing (such as 0.251)
and a small number of elements can still provide a radiation pattern directed towards the
desired user. At the end of this chapter, we have simulated the beam pattern using the
presented adaptive algorithm for a noisy channel. Our simulation shows that the smart

antenna is able to adaptively form a beam pattern directed towards the desired user.
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In this chapter, we present a simulation study and performance analysis of a
Space-Time Receiver (STR) structure that combines an antenna array with an adaptive
temporal filter for WCDMA downlink systems. Under various conditions, we will simulate
and evaluate the performance of the smart antenna system for the Third Generation (3G)
WCDMA wireless communication handsets.

We first describe the WCDMA downlink transmission and receiving systems used in
our simulation. We then simulate and analyze the dual antenna (i.c. an antenna array with
two elements) downlink system for different channel conditions: Additive White
Gaussian Noise (AWGN) and time-varying multipath fading channels. We evaluate the
performance based on the resulting Bit Error Rate (BER). The simulation results for
smart antenna handsets that use a diversity combining scheme are presented in Section
4.3 for both AWGN and multipath channels. The spatial-temporal receiver, which

consists of 2 antennas and antenna processors, is presented in Section 4.4. We simulate
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and analyze the performance improvement for both AWGN and multipath channels,

resulting from the use of antenna array and adaptive combining,
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Figure 4-1: Block diagram of a WCDMA downlink system
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Figures 4-1(a) and (b) show the block diagrams of WCDMA downlink transmission
and receiving systems. In downlink transmission, a mobile receiver receives the signals
of a number of simultaneously active users from a base station. The transmitted signal
s(#) with K users can be represented in the complex form as

s(t)=ga0b0 ()C, () +ab, ()C, )+ +a,b (£)C (£)1S,, (2) 4.1
where o, b,(f), and C,(¢) represent the signal strength, the user data and the OVSF
code for the A~th user (k= 1, 2, ..., K). S,{(#) is a scrambling code for the signal s(?).
Note that the first term in the right-hand side of (4.1) is for the common pilot channel
(CPICH), in which b,(¢t) represents the fixed complex pilot symbol (1+i) in QPSK
format with i=+/-1. The scrambled signal is then pulse-shaped by a square-root raised
cosine filter with a roll-off factor of 0.22. The pulse shaped signal is subsequently
upconverted to the carrier frequency.

Consider & users transmitting information from a base station through an AWGN
channel. The received signal 7(¢)at the mobile receiver can be represented by

Ht)=+25, 8(t)+ I{t)+nlt) (4.2)
where S is the average power of the received signal, I(?) the interference from adjacent
cells, and n(?) the AWGN background noise.

In our simulation, we use dual receiving antennas. The input samples are received
from the RF front-end circuitry in I and Q branches, and demodulated and pulse-shaped

by a square root raised cosine filter with a = 0.2. The samples are then despread and
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integrated using the spreading and scrambling codes of the desired user to recover the

user data symbols; these operations are performed by the code generators and correlators.

4.2.2 Downlink ake re

Estimation |

A block diagram of Rake receiver with three fingers and a single antenna is shown in
Figure 4-2. Code generators and correlators perform the despreading and integration to
recover the user’s data symbol. The channel estimator uses the pilot channel for
estimating the channel characteristics. The delay equalizer compensates for the difference
in arrival times of the symbols in each finger. The Rake combiner then sums the
channel-compensated symbols, thereby providing time diversity against the multipath
fading,

Now considerk users transmitting information through a channel with A/ multipath

components. The received input signal »(¢) from the RF front-end at the mobile receiver

can be represented as
M
Ht)= 28,0, )S(t -7, )+ 1()+nle) (4.3)
m=l
where S, is the average received signal power associated with the m™ path, «, (¢} the

th

complex channel coefficient of the m” multipath component, 7, the time delay of the

th

m"” path, I(¢) the interference from adjacent cells, and n(z) the background noise [35].
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Figure 4-2: Block diagram df WCDMA RAKE receiver with single antenna

The RAKE receiver requires accurate estimates of the multipath channel delays and
amplitudes. In Chapter 2, we have stated that pilot bits are included in the data structure of
the physical channels in both downlink and uplink of WCDMA systems. Thus, WCDMA
systems can use the pilot symbols (CPCCH) or common pilot channel (CPICH) to
estimate the channel response, including the signal strength and phase. This information
is used to coherently receive the signals; it can also be used for the adaptive antenna array.
In the downlink, the common pilot signal (CPICH) is provided continuously from the
base station to a mobile terminal. The channel estimator uses the pilot channel for
estimating the channel response. In our simulation, we use the common pilot channel
(CPICH) to perform channel estimation; the signal is multiplied by the channel

coefficient estimated from the despread CPICH signal.
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The RAKE combiner sums the channel-compensated symbols, thereby providing the
time diversity against multipath fading. The coherent combining of multipath signals
requires that each multipath signal be multiplied by the channel coefficient estimated
from the despread CPICH signal. The pilot signal (k = 0) for the m™ multipath is despread

as shown below

{n+1)T, 47,
H £ "
yO,m (n) = —T_. jr(z)[sdl (t - Tm )Cl' (t - Tm )] dt (4°4)
P nTle +,,

where T, is the pilot symbol period and 7 the symbol index. Thek™ user signal (k= 1,
2... K) from the m™ multipath is despread in the same manner as shown in (4.4) and is

given by

(n+1)Ty 41,

Vem) == [r(MSult-7,)Ci(-7, ) 4, (4.5)

K #Ty+z,

where 7, is the data symbol period of the k™ user. Then, the user signal from each

multipath ¥, ,(n) is coherently combined to produce an output signal as shown below

FRGEDWAMCY AN ) (4.6)

m=l
where L is the number of RAKE fingers (which is equal to or smaller than the number of

multipaths M).
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4.3.1 Simulation for

4.3.1.1 AWGN Channel

Additive noise is generated internally by components such as resistors and solid-state
devices used to implement the communication system [16]. The AWGN noise added at
the front end of the simulated receiver is generated by a Gaussian random number
generator. The variance of the noise distribution depends on the SNR or Ey/Nj at the front
end of the receiver. The noise variance is also a function of the spreading factor, the
signal amplitude, and the sampling rate or the number of samples per chip. The
calibration of the noise is discussed as follows.

Figures 4-3 (a) and (b) show the chip and the double sided noise spectrum. Here, 7,
is the chip duration, 4 is the chip amplitude, f, is the sampling rate, N, is the noise
power spectral density. Therefore, the energy per chip is

E = AT, @.n
If the spreading factor is denoted as SF , then the energy per bit is
E,=SF-E =(SF)A4'T, (4.8)

The noise variance is given by

st =Nols 4.9
p 4.9
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where 7.f, is equal to the number of samples per chip, m . As a result, we have

E, _(SF)A’m
N, 267
2
5% = (SF)4m (4.11)
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Figure 4.3(a) Chip Figure 4-3(b): Noise Spectrum

Figure 4-3: Chip and double sided noise spectrum

4.3.1.2 Simulation Environment

In this section, we simulate a WCDMA transmission and receiving system on an
AWGN channel. The system has dual receiving antennas on a handset. We compare
single and dual antenna systems in terms of the BER performance. We also investigate the
effects of different parameters (e.g., antenna spacing and number of users) on the
performance of the dual antenna receiver.

The performance is evaluated with a link simulator in accordance with the WCDMA

specification [31, 32, 33, and 34]. The information data are transmitted frame-by-frame
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over an AWGN channel. An ideal delay estimation and finger allocation have been used.
The AWGN noise has been calibrated according to (4.11), and is added at the front end of
the RAKE receiver. In our simulation, we assume perfect power control so that all the
signals arriving at the antenna array have the same power. The distance between two
. antenna elements is 4 /4 (3.5 cm). Fight user signals with a spreading factor of 32, as well
as the common pilot (CPICH) signal are channelized, combined, scrambled, pulse-shaped,
and transmitted through the channel. Twenty percent of the total transmitted power is
allocated to the CPICH; the remaining 80% is divided equally and allocated to each user
signal. The interference of 8 users from adjacent cells is generated. The detailed parameters

considered in this section are given in Table 4-1.

4.3.1.3 Simulation Results

The simulation results of the single and dual antenna systems are presented shown in
Figure 4-4. The y-axis of a plot is the BER, and the x-axis is the ratio Ey/Ny. The upper
graph in each plot is the BER of a Single Antenna (SA) system. The lower graph is the

BER of the dual antenna system with MRC diversity combining scheme.
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Table 4-1: Radio link parameters for system simulation

Items Description Parameter

| Spreading code OVSF

2 Spreading factor: SF-Data 32

3 Spreading factor: SF-CPICH 256

4 | Data modulation QPSK

5 | Chip rate 3.84Mcps

6 | Synchronization Perfect

7 | Number of users 8

8 | Carrier frequency 2.14GHz

9 | Power Control Perfect

10 | Square Root Raised Cosine a=02
shaping filter

11 | Error correction coding No

12 | Distance between the two 0254
antennas

13 | Channel Estimation Pilot assisted channel estimation

(3-symbol average)
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Figure 4-4: Performance of the dual antenna system with MRC combining method

From the figure, we can see that the dual antenna system always provides better
performance than the single antenna system, and the performance gain increases further
with respect to a relatively low BER. For example, for BER=9x107*, Ey/Ny can be
reduced by 3.6dB.

We next investigate the performance with different spacing distance d between the
dual antenna elements. The simulation results with different antenna distances are
presented in Figure 4-5. Note that all the other parameters are the same as in Table 4-1. The
top curve represents the BER of a single antenna system; the remaining three curves

represent the BER of the dual antenna system for antenna distances of 1/8, A/4,and A4/2
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respectively. From the curves, one can see that the dual antenna system achieves higher
performance as the distance between the two antennas is increased. Considering the space
limitations of mobile handsets, 4/4 (3.5 cm) appears to be the optimum antenna spacing

for a dual antenna system for handsets. The detailed BER performance comparison is

shown in Table 4-2.
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Figure 4-5: Performance improvement with different antenna distances
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Table 4-2: BER performance comparison between single antenna and dual antenna of

different distance d

{(dB) -2 0 2 4 6 8
BR
Distance

Single Antenna | 0.3387 | 0.3200 | 0.2903 | 0.2516 | 0.2063 | 0.1574

d= A/8 0.2580 | 0.2234 | 0.1872 | 0.1469 | 0.1024 | 0.0642
d= 1/4 0.1727 | 0.1135 | 0.0664 | 0.0335 | 0.0172 | 0.0119
d= A/2 0.1484 | 0.0799 | 0.3413 | 0.0138 | 0.0113 | 0.0110

We now investigate the BER performance improvement of the dual antenna system
with different numbers of users transmitted via the same base-station, i.e. the effect of
co-channel interference.

The simulation results are presented for 1, 8 and 24 users in Figure 4-6. Note that all
the other parameters are the same as in the Table 4-1. The three dashed lines represent the
BER performance of the single antenna system; the solid lines represent the BER of the
dual antenna system. It is seen from these plots that the BER performance decreases as the
number of users increases. This is because increasing the number of users decreases the
relative signal power allocated to the desired user, resulting in an increase in the power
level of the interference. However, with an increased number of users, the dual antenna

system can provide more acceptable performance than a single antenna receiver; for
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example, when Ey/N, =12 dB and 24 users exist in the system, the dual antenna can provide

BER=9%107 but a single system can only yield BER=4x107;

AWGHN CHANNEL

------ E - SA user number =1
1 - -4 -- 8A user number =8
- -5+ -- SA user number =24
1 —©— DA user number =1
1 — % DA user number =8
LT —— DA user number =24

BER

Eb/NO(dB)

Figure 4-6: Performance comparison for different number of users

4.3.2 Simulation for

4.3.2.1 Simulation Environment

The simulation environment is based on the fact that the power delay profile of a
mobile radio environment may be resolved into a small number of multipaths having
significant energy. The multipath fading channel model used in our simulation is shown in

Figure 4-7 [4].
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Figure 4-7: Time-varying multipath radio channel model

The signal on each path m is attenuated by «,, dB) and delayed by 7, seconds. The
first branch represents a direct path between the transmitter and receiver antennas. Due to
the relative motion between the mobile and the base station, each multipath wave
experiences an apparent shift in frequency; this shift in the received signal frequency due
to motion is called the Doppler shift. We use Clarke’s model to get the instantaneous value
of the fading envelope with Rayleigh distribution, and also pass the delayed signal through
a Doppler shaping filter. The frequency response of a Doppler shaping filter, shown in
Figure 4-8, is designed to approximate the theoretical spectrum of the received signal
envelope of (4.12). Signals from all branches are summed together and then combined with

additive white Gaussian noise [17].
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Figure 4-8: Spectral density of an RF signal with Doppler shift

It is clear that the Doppler shift is symmetric about the carrier frequency f,, and the

span of the spectrum is2 f, , where f, is the maximum Doppler frequency,

fm:v/lzvf (4.13)
where v is the velocity of the mobile relative to the base station.
In our simulation, we have considered the following model parameters:
e A mobile velocity of 90 kim/hr, which results in a maximum Doppler frequency
of 178 Hz for a 2.14 GHz carrier frequency.
e Three multipath signals arriving at the handset antennas; each signal having the
channel profile obtained from the Clarke’s models; each path having a classic

Doppler spectrum.

e At the handsets, a Rake receiver having three RAKE fingers.
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e Ideal delay estimation and finger allocation.

« All other parameters in Table 4-1.

4.3.2.2 Simulation Results

In this subsection, we compare the BER performance of the single antenna system and
that of the dual antenna system for multipath fading channels. We then investigate the
performance improvement of the dual antenna systems for different numbers of paths.

The simulation results for the single and dual antenna systems with a velocity of
90km/hour for multipath channels are presented in Figure 4-9. The y-axis of a plot is the
BER, and the x-axis is the ratio of the symbol energy of the first multipath signal to the
AWGN. The upper graph is the BER of a Single Antenna (SA) system; the lower graph is
the BER of the dual antenna system with MRC diversity combining scheme. From the
figure, it is seen that the dual smart antenna system always provides better performance

than a single antenna system, e.g., the performance gain is 8 dB at BER = 107
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Figure 4-9: Performance with velocity of 90 km/hour

Next, we simulate the effect of varying the number of multipaths, while all the other
parameters are kept the same as in Table 4-1. The simulation results are given in Figure
4-10 and Figure 4-11. Figure 4-10 presents the BER performance for a 2-paths
environment, Figure 4-11 presents the BER performance for a 4-path environment.
Comparing these simulation results, we found that more paths can give more diversity, and

the dual smart antenna system performs much better than a single antenna system.
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Figure 4-11: BER performance with 4 paths
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This section presents the results of a simulation to evaluate the performance of the dual

smart antenna handsets with an adaptive combining scheme. This adaptive combiner
combines the corresponding finger outputs of the two antennas with appropriate antenna

weights, which are recursively obtained based on the N-LMS algorithm.

4.4.1 Adaptive Combining Method

In our simulation, we use dual receiving antennas in a mobile handset. Each antenna
is followed by several RAKE fingers, so that the system can receive signals from ali the
multipaths. An antenna array receiver for a coherent WCDMA downlink is shown in
Figure 4-12; only a single RAKE finger of one antenna is depicted. In WCDMA systems
which experience frequency selective fading, multiple signals paths have to be coherently

combined and one RAKE finger is required for each separable propagation path [35].
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Figure 4-12: Antenna array receiver of WCDMA downlink system

The received signal with added background noise, is shaped back by a square root
raised cosine filter with a = 0.22. Each Rake finger despreads a multipath signal from each
antenna. There are two Rake finger outputs for each multipath signal: the despread pilot
signal and the despread data signal. To combine each multipath signal from dual antennas,

an adaptive combining scheme is applied. Figure 4-12 shows a dual antenna system with
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the adaptive combining scheme; the despread signal from each antenna is weighted and
combined. A filter is used for channel impulse response estimation, which is a Finite
Impulse Response (FIR) filter with a length of P, where Pis at least equal to the delay
spread of the channel. When P input samples are read into the delay line of the filter, one
output sample is produced. The cutput sample is an estimate of the transmitted multi-user
symbol. To minimize the mean square error, the antenna weights are recursively obtained

using the N-LMS algorithm described in Chapter 3.

Antenna 1

finger 1

Adaptive
Combining

finger 2
Cutput

L—  Adaptive C_'_)
Antenna 2 Combining

Adaptive

[— Combining

finger 3

Figure 4-13: Adaptive combining of a dual antenna system

The procedure to obtain the antenna weights is explained below which is based on the
adaptive combining algorithm presented in [40]. We have modified the algorithm and
changed the 1 tap filter with a filter of a length of P element. The P-element input signal

vector to the filter for the m” multipath of the j* antenna is denoted as

80



2, =@ @-P+) - 1,000 V@) (4. 14)

The filter coefficient vector for the m” multipath of the ;% antenna is given by

wm(j)(n)z(w{j)m,(p_u e W2 W WU)m,O)T (4. 15)

A new antenna weightw, (n+1) for the m™ multipath on the j” antenna of the p”

tap is updated as follows [55].

, . , 2., 2
W, )= w, P )+ 1y Pom(n+ D/ Y1 o) ) 0m () (4. 16)
7=

where w,, pU '(n) is the current antenna weight of the p” tap of the filter, 7o (n) the

despread pilot signal for the m” multipath on the j* antenna, g the step size in the

range of O0<pu<2, and ¢,,(n) the error signal, which can be expressed as

‘?o,m (n)—d,, (n) where ‘;’o,m (n) is the desired reference pilot signal for the m”

multipath signal and 4, (n) is the combined pilot signal. We assume that the pilot
signals from each antenna are ideally phase shifted and combined to obtain the desired
reference pilot signal. Hence, the desired reference pilot signal ah’o,m (n) is obtained by

averaging the despread pilot signals, namely,

o1

2 (70 =D+ 7 Pom(n 1))
2(::1) ;:ol [+ | @.17
2 Q

where Q is the number of pilot symbols o be averaged and (1+:) is the known transmitted

gﬂ,m (ﬂ)

7

pilot symbol. The combined pilot signal 4, (n) for the m” multipath is obtained using
G,m
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9

the pilot signals ¥,, " (n)from each antenna and the current antenna weights W p (1)

such that

> 700 @ - ) 2wy () (4. 18)

=t p=0

dﬁ,m {ﬂ) =

After the antenna weights are obtained, the despread &” user signal for the m”

multipath from each antenna is weighted and combined as

P-1

d,, ()= 22 Yﬁ)kym @-p)w %, () (4.19)

1 p=0
where Y@ (n) is the despread k™ user signal for the m” multipath on the j* antenna

and w9, (n) is the obtained antenna weight. Then, the combined user signal from each

multipathd,  (n) is coherently combined to produce an output as shown below:

d @)=Y ¥ (4.20)
m=1

where L is the number of RAKE fingers. The same antenna weight w9 (n) is applied to

obtain the successive user data symbols during the corresponding one pilot symbol.

4.4.2 Simulation Environment

Each antenna receives not only the transmitted signal from the desired base station but
also the transmitted signals from adjacent base stations. Multiple Access Interference
(MALI) is generated in a structured way rather than treating it as AWGN. The environment

considered in the simulation is alimost the same as in the Table 4-1.
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The simulation results for AWGN channel with adaptive combining are presented in
Figure 4-14. In the figure, the y-axis is the BER and the x-axis is the ratio of the symbol

energy of the first multipath signal to the AWGN. Note that all the other parameters remain

the same as in the Table 4-1.

AWGN channel

BER

1
:
-4

-2
SINR(dB)

Figure 4-14: Performance improvement with adaptive combining for AWGN channel

The top line represents the BER of a single antenna system. The dashed line in the
bottom represents the BER of a dual antenna system with adaptive combining algorithm
presented in [40], and the solid line in the bottom represents the BER of a dual antenna

system using the proposed adaptive combining algorithm. As can be seen from the figure,
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the dual antenna system with adaptive combining performs better than either a single
antenna system or the MRC space diversity combining method. The performance gain of
the dual antenna system with the adaptive combining over a single antenna system when
BER = 5x107 is 3.3 dB for the AWGN channel. The proposed algorithm gives a slight
better performance improvement when the Ey/N, > 2dB. At the beginning of the curve, we
can see that the performance obtained using our algorithm is slightly worse than that using
the algorithm presented in [40], for the reason that our proposed algorithm has more filter
taps, implying a convergence rate. Again, the simulation results reveal that the dual
antenna system performs better than a single antenna system.

The simulation results for multipath fading channel using adaptive combining when
the mobile velocity is 90km/hour are presented in Figure 4-15. In the figure, the y-axis is
the BER and the x-axis is the ratio of the symbol energy of the first multipath signal to the

AWGN. Note that all the other parameters remain the same as in the Table 4-1.
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Figure 4-15: Performance improvement with adaptive combining for
multipath channel

The top line represents the BER of a single antenna system. The dashed line in the
bottom represents the BER of a dual antenna system with adaptive combining algorithm
presented in [40], and the solid line in the bottom represents the BER of a dual antenna
system using the proposed adaptive combining algorithm. As can be seen from the figure,
the dual antenna system with adaptive combining performs better than a single antenna
system. For a time-varying channel with both the Rayleigh distribution and the Doppler
frequency shift, the proposed algorithm gives a better performance improvement than that
using the algorithm presented in the literature; the reason is that our proposed method uses

more filter taps and thus the channel variation can be better tracked. The Ey/N, value of the
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dual antenna system with the proposed algorithm can be reduced by 4 dB compared to that

presented in the literature at the BER level of 9x107.

In this chapter, we have presented the simulation results to evaluate the performance of
the proposed dual antenna system for WCDMA mobile handsets in both AWGN and
time-varying multipath fading channels.

We have found through computer simulations that a dual antenna with element
spacing of A/4 (i.e. 3.5cm) is practicable and provides significant performance
improvement over a single antenna system. As the number of users increases, a dual
antenna receiver provides more acceptable performance than a single antenna. For
example, when Ey/N, = 7 dB, dual antenna gives BER =9x107, but a single antenna only
leads to BER =5x1072. As the number of uncorrelated multipaths increases, a dual antenna
receiver can make use of both the temporal and spatial diversity to provide better
performance than a Rake receiver. Also, a dual antenna receiver with adaptive combining
is able to provide a better performance under varying transmission channel conditions than

a single antenna system.
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Since the next-generation wireless communication systems aim to provide mobile
users with high-speed mulitimedia services, the downlink data traffic will be much higher
than the uplink channel. In this thesis, therefore, we have focused our research efforts on
the downlink performance analysis. We have investigated the downlink performance of a
WCDMA system using smart antenna technology. We have employed a Rake receiver to
exploit the gain arising from temporal diversity, and used adaptive antennas at the receiver
to take the advantage of the spatial diversity in multipath fading environments.

Considering the additional cost and complexity as well as the uncertainty in
performance enhancement due to multiple antennas in the mobile terminal that have so far
prevented antenna array from being utilized in the existing mobile communication systems,
we have studied how employing multiple antennas in the WCDMA handset would improve
the system performance. Based on the WCDMA specification, we have found that the
spatial-temporal receiver of A/4 (3.5cm) distance between the antenna elements could

provide good beamforming capability. We have investigated the diversity gain of a smart
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antenna system with different combining schemes. We have also shown that when spatial
signal processing is combined with temporal signal processing, the interference and
multipath fading effect can be well mitigated.

We have evaluated a smart antenna system used in mobile handsets for WCDMAFDD
communication systems in which the two antennas are separated by a quarier wavelengths -
(3.5cm). We have implemented a signal simulator according to the physical layer
specifications of the WCDMA FDD standard. In our simulation, data symbols are
transmitted on a frame-by-frame basis through a time varying channel, the transmitted
signal is corrupted by multiple access interference, and the signal is further corrupted by
AWGN at the front end of the receiver. The smart antenna technique is combined with the
Rake receiver at the receiving end. We have investigated the downlink channel BER
performance for both AWGN and multippath fading channels. It has been shown from the
simulation results that the performance can be improved significantly by using an antenna
array with adaptive algorithms.

In a line-of-sight situation without fading, the optimal receiver is a beam former that
performs antenna phasing of the LES antenna array in a way that sets the main beam to
the direction of the desired signal. In the receiver in Figure 3-2, beam forming can be
obtained by choosing the phase angles of antenna weights w_ so that the beam is

adjusted to the direction that gives the largest desired signal power.
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The research work completed in this thesis leads naturally to some extensions which
include but are not limited to the following.

In this thesis, we have used the most commonly used Clarks’ multipath fading
channel model. In future work, one could attempt some other channel models which pay
more attention to the location of interference coming from other base-stations, to reveal
the influence of the interference strength and the direction of angle.

The dual antenna approach for the mobile terminal can be expected to support the
inter-frequency handover from or to other systems, including the GSM. Inter-frequency
handover will be used to take care of high capacity needs in hot spots. Inter-frequency
handover may also be needed for the second-generation systems, like GSM and IS-95. In
order to complete inter-frequency handovers, an efficient method is needed for making
measurements on other frequencies while still having the connection running at the
current frequency.

The dual receiver approach is considered suitable in mobile terminals, especially
when the mobile terminal employs antenna diversity for inter-frequency handover. The
advantage of the dual receiver approach is that there is not break in the current frequency
connection [15], [35]. In the future, one could also simulate and combine these functions

together, which is very important for the WCDMA-GSM cooperating network.
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