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Abstract of Dissertation

Oscillating Beam Smart Antenna Systems with Joint Transmit 
Diversity/Directionality Benefits

This dissertation proposes a novel transmit diversity technique: By applying carefully- 
selected time-varying delays to the array elements of a smart antenna located at the base 
station (BS), small oscillations are generated in the beam pattern. Assuming a rich 
scattering environment (e.g., an urban area), these small oscillations create a time-varying 
channel demonstrating intra-symbol time variation characterized by coherence time Tc .
At a single-antenna mobile, the time-varying channel (with coherence time Tc ) creates a
time diversity which is exploited to enhance the mobile’s performance. The mobile lies in 
the antenna pattern half power beam width (HPBW) at all times - in this way, 
directionality is supported to ensure high network capacity.

In addition, a novel merger of multi-carrier code division multiple access (MC-CDMA) 
and the proposed smart antenna array is introduced at the base station (BS). We also 
introduce the merger of direct sequence CDMA (DS-CDMA) and the proposed 
oscillating-antenna-pattem smart antenna arrays. In both the MC-CDMA and DS- 
CDMA mergers, we observe: 1) very high capacity via the combining of space division 
multiple access (SDMA) (directionality of antenna array) and code division multiple 
access (inherent in MC-CDMA and DS-CDMA); and 2) very high performance via the 
construction of receivers that exploit both transmit diversity and frequency diversity.

We establish both the probability of error performance and the network capacity 
(measured in terms of numbers of users) of wireless systems merging MC-CDMA and 
smart antennas with oscillating-beam-pattems.

Seyed Alireza Zekavat 
ECE Department 
Colorado State University 
Fort Collins, CO, 80523-1373 
Summer 2002
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Chapter 1

Introduction

The wireless industry is undergoing rapid growth as a direct result of the market for 

wireless devices capable of providing voice, data, and video services to the end user. 

Researchers have invested considerable effort to satisfy this simple (in terms of 

expression) yet difficult (in terms of creation) market. Work is ongoing to increase the 

network capacity (numbers of users and bit rates), increase quality of service 

(probability-of-error performance) and reduce cost. Smart antenna technology is one key 

method which may help meet the capacity, quality, and cost requirements of future 

generation wireless systems.

In this dissertation, we introduce advances to smart antenna technology that enhance both 

the network capacity and the receiver performance of wireless communication networks, 

while requiring only a minor change to present-day systems. The implementation cost of 

the proposed technique is very low.

l
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In this chapter, we introduce the terms and techniques of importance throughout the 

dissertation as well as the contribution of our research. In Section 1.1, the cellular 

concept is introduced. Section 1.2 presents smart antenna arrays and explains how they 

enhance network capacity in cellular system via directionality. In Sections 1.3 and 1.4, 

we explain the concept of diversity and its ability to enhance performance followed by an 

explanation of the transmit diversity available via antenna arrays. In Section 1.5, we 

explain the contribution of our research, which combines the directionality and transmit 

diversity benefits of antenna arrays. Section 1.6 introduces the dissertation chapters.

1.1 Cellular Wireless Communications

The key to meeting the network capacity demands in a wireless environment is spatial 

reuse: Split the wireless communication channel coverage area (for example a city) into 

smaller areas called "cells”(see Fig. 1.1) [l]-[3]. The base station (BS) located at the 

center of cell transmits the signals to all the users located in its cell and receives the 

signals from all these users. Neighboring cells avoid interference with one another via 

either a frequency reuse [4]-[7] or code reuse [8][9] scheme (or possibly a combination of 

both). Moreover, this cellular concept increases power efficiency by reducing the amount 

of power that must be transmitted from BS to users and vise versa. This reduces the cost 

of the transmitters (power amplifiers) at both the BS and the mobile user.

Splitting each cell to smaller cells (see Fig. 1.1) is the simplest way of further enhancing 

the wireless communication network capacity. However, increasing the number of cells

2
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Fig. I . I Cellular Concept

involves increasing the number of base stations which, in turn, increases the cost and 

complexity of the wireless system.

Splitting each cell into sectors using directional (reflector) antennas (i.e., sectorizing the 

cell) is a more efficient way of enhancing system capacity (see Fig. 1.2). Mounting 

reflector antennas at base stations creates cell sectorization at a reasonable cost, yet it is

Fig. 1.2 Splitting a cell to sectors (sectorizing) enhances the communication system network capacity.

3
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not the best technique. Reflector antennas are expensive and there is a limit to the 

possible number of sectors that can be created in each cell (e.g.. three sectors per cell). 

The best substitute for the reflector antennas are the antenna arrays. Using antenna arrays 

we generate a large number of sectors at low cost.

1.2 Smart Antenna Arrays

Antenna arrays are literally an array of antenna elements (e.g., simple bipolar antennas). 

This may be a one-dimensional array, where antennas are separated by distance d (e.g., d 

is equal to half of the wavelength) (see Fig. 1.3) [ 10][ 11]. Theoretically, applying proper 

amplitudes and phase offsets to each antenna array element leads to the creation of a 

beam pattern directed toward the intended user. Using antenna arrays to generate highly

Element #0 

Element #i

Element #2 

Element # N-l
Fig. 1.3 Structure of an antenna array. Here, w,/' e {0.1....,#-l}  are complex variables.

4
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directional patterns, we can split each cell to very small sectors create a high-capacity 

low-cost wireless network.

Smart antenna arrays are smart because they determine the location of the desired user 

and direct the antenna pattern toward that user. Smart antennas located at the base station 

(BS) represent an important technological innovation. These antennas are capable of 

increasing the network capacity by use of space division multiple access (SDMA) [12]-

Two types of smart antennas are switched beam smart antennas and adaptive antennas. In 

switched beam smart antenna systems, we use fixed (predefined) antenna patterns, and a 

switch is used to select the best beam to communicate with the desired user (see Fig. 

1.4(a)). In adaptive antennas we find the direction of the desired user using direction of 

arrival (DOA) techniques, and direct an antenna pattern toward the desired useifs) (see

[16].

Fig. 1.4(b)).

(a) (b)

Fig. 1.4 (a) Switched beam smart antennas, and (b) adaptive antennas.

5
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13  Diversity Techniques

Antenna arrays can alternatively be used to generate diversity gains at the mobile. This 

subsection introduces the concepts o f diversity.

Diversity schemes present a solution to the fading effect that exists in wireless links. 

Fading is explained as follows: The signal transmitted from the transmitter (here, a BS 

transmitter) is scattered by various structures in the channel (e.g.. buildings, vehicles, etc) 

(see Fig. 1.5). As a result, the signal input at the receiver (e.g.. mobile) is the combining 

of different signals from all paths. These signals might combine constructively or 

destructively. If they add destructively, the amplitude of the received signal will be very 

small. In this case, we say that the signal is in a deep fade (see Fig. 1.6). The effect 

generated by the combining of multipath signals is called fading, and may create errors at 

the received signal. Diversity techniques are introduced to reduce these fading effects [1]- 

[3].

Fig. 1.5 Scattering the transmitted signal from the buildings, results in multipath fading.

6
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A
Divert# Channel ni

Deep Fades

Divert# Channel n 2
B s \

Applying Divert#
C

t

Fig. 1.6 Multipath fading effect, and diversity.

In general, diversity techniques refer to the transmission of a signal over L independent 

fading channels (e.g.. over L different frequencies, at L different times, etc.), ensuring a 

low probability that all signal components fade simultaneously [I]-[3]. For example, in 

Fig. 1.6. assume signal A is received via diversity channel 1 and signal B is received via 

diversity channel 2. We observe a large number of deep fades in signals A and B. If we 

carefully combine these two signals (e.g., coherently combine them), signal C is 

generated. Comparing signal C with signals A and B, the number of deep fades in signal 

C is reduced; hence, the probability of error in signal C is far better than in signals A and 

B. This generates a receiver with higher probability-of-error performance.

Diversity techniques such as frequency, time and space diversity traditionally come at a 

considerable cost in system bandwidth (frequency diversity), bit rate (time diversity) 

and/or expense (spatial diversity) as well as costs in complexity of the receiver structure. 

The amount of diversity is traditionally chosen based on compromise between 

performance gain and system cost.

7
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1.4 Transmit Diversity Techniques

Novel diversity techniques minimizing mobile receiver cost have been among recent 

antenna array applications. O f particular interest have been transmit diversity methods 

which achieve diversity benefits at the receiving mobile when the antenna array is located 

at the transmitting base station. Examples of diversity schemes are as follows.

In delay diversity [ 17]-[ 19], the transmitter sends N  data bearing signals, one per array 

element, where each element has a unique delay chosen to create an artificially resolvable 

multipath at the receiver. In [17] and [19], however, the diversity gain comes at a 

considerable cost to receiver complexity, and, moreover, antenna directionality is no 

longer available.

In antenna hopping [20][21], another novel transmit diversity scheme, each signal is sent 

on each antenna in separate portions of time, providing diversity gains but eliminating the 

benefit of using the whole antenna array as a smart antenna. Moreover, in order to 

achieve path diversity on transmissions from each element, antenna element separation is 

very high, resulting in large antenna dimensions. In addition, antenna switching produces 

abrupt periodic phase changes in the received signal, thereby causing periodic errors [21],

Phase sweeping [22][23] is another form of transmit diversity where a two-branch phase 

sweeping array at the transmitter induces more rapid fades at the receiver. This improves 

the channel coding gain in a very slow multipath fading environment However, by using

8
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two antennas spatially separated by a large distance it fails to offer the benefits 

associated with smart antenna schemes.

In space-time trellis coding [24][25], another transmit diversity technique, data is 

encoded by a channel coder and the encoded data is split into N  unique streams, 

simultaneously transmitted on N  transmit antennas. At the receiver, the symbols are 

decoded using a maximum likelihood decoder. This scheme combines the benefit of 

forward error correction and diversity transmission to provide considerable performance 

gains. However, this technique involves additional receiver processing, which increases 

exponentially as a function of bandwidth efficiency (bits/sec/Hz) and the required 

diversity order, hence, it is not cost-effective for some applications [26]. Moreover, 

when antenna arrays are used in this fashion, directionality benefits are no longer 

available.

1.5 Research Contribution

In this dissertation, we introduce a novel antenna array system capable of providing both 

transmit diversity and directionality. As a direct result, this antenna array supports: (1) 

Excellent probability of error performance (via transmit diversity) and (2) large network 

capacity (via a directionality which in turn enables SDMA). Specifically, we demonstrate 

a BS antenna array that sweeps (scans) the beam pattern directed to the mobile such that:

9
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1) At all times, the intended mobile lies within the 3dB beamwidth of the antenna 

pattern;

2) the beam pattern moves to create L independent fades within each symbol 

duration Ts ; this leads to large performance benefits due to £-fold diversity gains;

3) after each Ts , the antenna beam returns to its initial position, and sweeps the same 

area of space over Ts (leading to an oscillating antenna pattern and easing parameter 

estimation);

4) the movement of the beam pattern, as a percentage of half power beam width 

(HPBW), is small, thereby allowing the beam pattern to maintain directionality.

Here, we apply a carefully chosen set of time-varying phases to array elements, 

generating the mainlobe at the position of the intended user and small oscillations in the 

beam pattern. This beam pattern oscillation can be understood as a significant 

enhancement to jitter diversity [27][28], where an antenna array beam pattern is jittered 

for the sole purpose of avoiding deep fades.

Unlike traditional transmit diversity methods presented in Section 1.4, this scheme allows 

wireless systems to benefit from: 1) directionality (SDMA), 2) L fold diversity, and 3) 

low receiver cost.

We present a channel model which characterizes the time-varying channel that results 

from beam pattern oscillation [29]-[32]. We then use our channel model to evaluate the 

coherence time, Tc , at the mobile. The channel model introduced corresponds to the so- 

called geometric-based stochastic channel model (GSCM) [33]-[39]. This geometric

10
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approach allows us to stochastically model the parameters of the time-varying channel 

impulse response. Simulations based on the GSCM show that, e.g., 7-fold time diversity 

can be exploited at the mobile (when beam pattern movement is small), which 

significantly improves the mobile receiver probability-of-error performance [40]-[47]. 

Assuming binary phase shift keying (BPSK), we present the available performance gains 

of the novel antenna array (both theoretically and via simulations) [48][49].

In addition, we innovatively apply the proposed antenna arrays to MC-CDMA (multi­

carrier code division multiple access) and DS-CDMA (direct sequence CDMA) systems 

[50]-[55], Through a merger of our antenna array system and CDMA schemes, we 

achieve (1) excellent performance at the mobile via joint frequency-time diversity (the 

frequency diversity is inherent in MC-CDMA and DS-CDMA, and the time diversity 

arises via beam pattern movement); and (2) very high network capacity via joint space- 

code division multiple access [56]-[64].

1.6 Dissertation Chapters

Chapter 2 presents the principals underlying the proposed of smart antenna array. In this 

chapter we present the antenna array and the corresponding receiver structures assuming 

binary phase shift keying (BPSK), and we theoretically evaluate the probability-of-error 

o f the proposed system, comparing it with simulation results.

1 1
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In Chapter 3, we detail the time varying channel that results from the application of the 

proposed antenna array. Specifically, we determine the available time diversity at the 

receiver side achieved via beam pattern oscillation. To model the channel, we 

characterize the impulse response using a geometric-based stochastic channel modeling.

In chapters 4 and 5, we study the merger o f the proposed smart antenna arrays and 

CI/MC-CDMA and CI/DS-CDMA systems, respectively. Chapter 6 investigates the 

capacity improvement achievable using the proposed smart antenna, and chapter 7 

concludes the dissertation.

12
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Chapter 2

Smart Antennas with Spatial Sweeping: 

Achieving Directionality and Transmit Diversity

In this chapter, we introduce the novel antenna array system capable of both transmit 

diversity and directionality. Here, we propose a BS antenna array that sweeps the beam 

pattern directed to the mobile such that at all times, the intended mobile lies within the 

half power beam width (HPBW) of the antenna pattern; the beam pattern moves to create 

L independent fades within each symbol duration Ts ; this leads to large performance 

benefits due to /.-fold diversity gains; after each Ts , the antenna beam returns to its initial 

position, and sweeps the same area o f space over Ts (leading to an oscillating antenna 

pattern and easing parameter estimation); the movement of the beam pattern, as a 

percentage of HPBW, is small, thereby allowing the beam pattern to maintain 

directionality.

13

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



Section 2.1 presents the antenna array structure that generates the desired movement. In 

Section 2.2, the receiver structures employing EGC and ML combining are proposed, and 

in Sections 2.3 and 2.4 theoretical and simulated probability-of-error performance results 

are presented, respectively. Section 2.5 concludes the chapter.

2.1 Proposed Antenna Array Structure

For ease in presentation, we will assume an A/-element antenna array mounted 

horizontally at the BS (Fig. 2.1). In order to oscillate the antenna pattern, a time varying

delay function mz(t). m e {0,1 M  - 1} is applied to the m'h antenna array element (Fig.

2.1). The normalized array factor characterizing the resulting antenna pattern corresponds 

to

(2 . 1)

Here,

y ( t 4 )  = cos^ -  c o j( t) , (2-2 )

14
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Element #0

Element #/

s(t) Element #2

Element #M-1

Fig. 2.1 Antenna array structure.

where /t0 is the wavelength (c//„). d  is the distance between antenna elements,

<y„ = 2tfa where / ,  is the frequency of the transmitted signal, and time t=0 refers to the 

first instant when the antenna array contacts a mobile user. For simplicity in presentation, 

it is assumed throughout that the mobile is located at angle

Through appropriate selection of r ( / ) , an oscillating antenna beam pattern is created at 

the BS. The beam pattern is controlled to ensure the following two criteria are satisfied: 

1) large scale fading, i.e.. the mean and variance of the Rayleigh fade, is constant over 

symbol time Ts ; and 2) the BS beam pattern oscillates just enough to allow the signals 

received in L different partitions of symbol duration Ts to demonstrate independent 

fades. This creates an /.-fold diversity gain at the mobile receiver. In other words, the BS 

antenna array sweeps the beam pattern directed at the mobile just enough to create 

constant large scale fading for the symbol duration Ts while ensuring L independent 

fades within each Ts (see Fig. 2.2).

15
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Independent fades but 
with the same fade statistics

•  • •

Fig. 2.2 Symbol time partitioned into L times, each with independent fades, and each fade with identical
statistics.

A. Criterion I: Constant Large Scale Fading

Our first criterion ensures constant large-scale fading within the symbol time duration 

Ts . This condition corresponds to:

Ts —  =*• •/?. for all t 
5 dt\ H

(2.3)

where dtp i dt is the rate of antenna pattern movement and Ts {dtp/dt) is the amount of 

antenna pattern movement in symbol duration Ts . Additionally, /? is the array half power 

beamwidth (HPBW), and k  is a parameter satisfying 0 < k  < I . This jc  parameter 

ensures us that the received signal is within the 3dB-beamwidth of the antenna pattern for 

the entire symbol duration (providing the mobile of a strong signal). Equation (2.3) can 

be solved to create an equation for r (t) (the antenna element delay in Fig. 2.1) as 

follows: from (2.2), letting y(t,<p) = vo,

<p = cos'1
2m

(2.4)

16
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and, hence.

\dz(t)
dt\ 2 m/ jsin^| | dt (2.5)

By substituting (2.5) in (2.3)

IT ^ \ = T
I s ~dt! s 2^-jsin^ |

dz(t)
dt

= k  - p .  0  <  k  <  1, (2.6)

dt(t)  _ 2nd • jsin # 
~ d T ~ K ' ku2 n f j s

(2.7)

which, solving for r(r), reduces to:

T(t) = K
d  |sin^j ■ P 

fA J s

( T  '
t - ±  

V 2
(2 .8 )

where Ts !2 is introduced, when solving for r(r), to maintain a symmetric movement of 

the beam pattern around its peak (over Ts ). This suggests the selection of delay function 

r(/) which is a linear function of t with slope Kd\smtj>\-pi fA o Ts • 111 practice, we 

employ a r(r) periodic over symbol time Ts (Fig. 2.3).
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With this selection of r ( r ) . the antenna pattern returns to its initial position and sweeps 

the same area of space each Ts . That is, the antenna array delay r(/) (Fig. 2.1) 

corresponds to the time function shown in Fig. 2.3, and leads to beam pattern movement 

shown in Fig. 2.4.

Here, the fades are identical in neigboring symbols (i.e., symbols, k, k+I, k+2, ...). This 

enables fading parameters, e.g., phases, in each segment of Ts to be tracked.

t'A.

Fig. 2.3 Antenna element delay line function.

BS

Fig. 2.4 Antenna beam panem movement over each symbol duration Ts .
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B. Criterion 2: Independent fades

Next, we want a controlled beam pattern movement ensuring L independent fades over 

each symbol duration Ts , i.e., assuring an independent fade at the receiver over each

duration [/r5 / ! . ( /  +1 )TS i Z.]. Our criteria corresponds to 

T T

t <Tc < 2 t - ,2 -9)

That is. we want the spatial movement due to time varying array elements to induce a 

coherence time. Tc , which allows for a constant fade over [/7'5 /Z.,(/ + l)7'5 /Z.] but 

independent fades between neighboring time intervals o f duration Ts / L (Fig. 2.2).

With beam pattern movement based on (2.8) (Fig. 2.3), which contains a control 

parameter v, we set ic to various values (in 0 < k < 1) and determine Tc /Ts via channel

simulation (see Chapter 3). Ratios of Tc /Ts , combined with Equation (2.9), provided us

with achievable values for I ,  the diversity gain, as a function of ic, the antenna array 

control parameter.

Assuming a medium-size city center, we found (Tc / r s )=* 0.16 whenever k  «  0.05 (see 

Chapter 3). Using (rc / Ts )m  =0.16 and (2.9), we determine Z. = 7 , i.e., a diversity of 7-
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fold is available. This corresponds to a very significant performance benefit at the 

receiver side.

2.2 Receiver Design for Smart Antenna with Spatial Sweeping

Assuming BPSK for ease in presentation, then, at the transmitter side, the information 

bearing signal entering the transmit antenna array corresponds to

5 (/) = c o s ), /  € [*TS.(* + 1)T5], (2.10)

where 0k = 0  or n  and contains the information bit. The received signal corresponds to

r(t) = AF(t.j)-aU)-cos coj + 0k + M -1 In d cos<f> -  0)oz(t) + n(t). (2 .11)

where AF(t.<f>) is the array factor introduced in (2.1). a(t) and ^(/) are the gain and 

phase due to the channel time varying fade, and n{t) is the additive white Gaussian noise 

(AWGN) with variance Na / 2 . The received signal in our proposed system, considering

( 1) the fade a{t) is constant over each duration [ITS,(1 + l)Ts], (2 ) the phase is 

tracked and removed, and (3) the mobile is located at <(>0 = n /2  (i.e., AF(t,<j>) = 1) 

corresponds to

20
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where r,{t) refers to the received signal over interval [lTs / L,(l+ l)Ts > L\; n,(t), 

/ € {0,l,...,£ - 1} is an additive white Gaussian noise with variance Nn! 2 L ; and a ; is a

Rayleigh random variable. With r(t) selected according to (2.5), k  < 0.05, and assuming 

typical parameter values for mobile communication systems, it is easily shown that the 

frequency offset induced by z(t) is less than 5% of a 1MHz bandwidth. Hence, frequency 

expansion due to time varying z(t) can typically be neglected. Additionally, the proposed 

array structure ensures an independent a , for different values of /.

Fig. 2.5(a) shows a typical BPSK receiver (assuming rectangular pulse shaping and no 

time diversity benefit is present, i.e., a{t) = a , /€[0,TS]). Fig. 2.5(b) demonstrates a 

BPSK receiver designed to process an I-fold time diversity benefit (conceptually), i.e., 

here, a(t){ / s [ 0 , r s]) is well approximated by a(t) = a,, t e[(l -\)TS / L,ITS/ L], (Fig.

2.5(b) is better implemented by performing over sampling and considering each sampling 

phase as a separate branch signal.)

In Fig. 2.5(b) the parallel branches represent the integration over consecutive non­

overlapping time instances t e [(/ -\)TS ! LJTS! L\. We can replace this receiver

representation w ith Fig. 2.5(c). Here, the diversity components enter serially (in time) to 

the combiner, i.e., the matched filter of Fig. (2.5)(a) has been replaced with the matched 

filter of Fig. (2.5)(c) and a combiner.
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In Fig. (2.5)(c), v,o(/) represents the local oscillator term:

vJ O  = J ^ c o s M - 1 \ \

•r(/) (2.13)

Received Signal Decision Device

(a)
r .  = 2 < * ,  V £ v • 

s e { -  1 , + l j

Received Signal Decision Device

Combiner

Decision
Device' t r v

Combiner

Fig. 2.5 (a) BPSK receiver (without diversity), (b) BPSK time diversity receiver, (c) simplified time diversity receiver.
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Over each interval [(*r5 + ITS / L).(kTs +(l + l)Ts / L)] the signal at the output of the 

integrator in Fig. 2.5(c) corresponds to

r =a, -j-y-^-cos^ +n;. / e {0.1 Z.-Ij, (2.14)

where nt is a zero mean Gaussian random variable with varianceNo!2L\ also, 

5 = cos(0t ) e J-1.+1 [; and ^E~s = VTS / 2 . Following the creation of the L rt values, the

detector can be designed on the basis of equal gain combining (EGC) or maximal ratio 

combining (MRC). In EGC, the decision variable after combining is

L - 1

Rc.egc = Z r' (2.15)

while in MRC detection, the decision variable after the combiner corresponds to

i-i
=  •

/=0
(2.16)

2 J  Theoretical Performance

In this section we present the theoretical performance of the receiver for the two 

combining schemes of (2.15) and (2.16).
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23.1 EGC probability of error

In EGC, the combining of (2.15) is employed, which leads to (using r, in (2.14)):

(2.17)

where:

1a = j L a / • (2.18)

/= t>

(2.19)

Assuming a, is a Rayleigh random variable with the probability density function

f ( a ,) = —re -" , then the mean of a  (Equation (2.18)) corresponds to
cr~

Ha = E(a) = £ (0 :,) = ^ —c l (2.20)

and the variance of a  is

<t; =Kar(a) = j ( A - x \
-------- t

I 2
(2 .21)
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Additionally for the noise term, n, in (2.19), the mean remains zero, and the variance 

corresponds to:

E(n2) = L ■ E(nj) = a ' =  N„ /2 L . (2.22)

Now, assuming we design the proposed system with L sufficiently large, we can apply 

the central limit theorem: from (2.18), we can assume a  is a Gaussian random variable 

with the mean and variance characterized by (2.20) and (2.21) respectively. Probability of 

error then corresponds to

P(£)= I* P {£ \a)f(a )da , (2.23)

where:

P(e\a) = Q
' a j E ?

(2.24)

and

/ ( g )  = . —— exp
2a:

(225)

25

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



After substituting (2.24) and (2.25) into (2.23), and performing mathematical 

manipulation:

PU) = Q 7t
\ 4 - ; r

iA-jc £<-
N..

4 -K  Es 2L +----------  E(a, )V 7 s

-Q I— ■L (2.26)

Here, v„ = la] is the noise power. Letting E(a;) = u  then, as L increases, the second term 

in (2.26) will tend to zero, i.e.,

lim Pic)- £?| (2.27)

which is close to the P[e) of BPSK in an AWGN channel.

2J.2 Probabilit> of error for MRC combining

Using the method presented in [65] for the computation o f the probability of error in a 

diversity receiver employing MRC combining, and realizing that in our case each branch

has signal energy \  / L rather than , and each noise component has variance 

ex; / L rather than c r  we determine:
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.  ; =o V I  / L “
(2-28)

where

(2.29)

' 2  L - n  (2 1 - 1)!
v /  J  ((2Z. -1 )-/)!•/!

(2.30)

As Z.-X3C. then />(£) tends toward that of an AWGN channel. The theoretical probability 

of error results for both EGC and MRC, with L = 7, are provided in Fig. 2.6(a). 

Probability of error of MRC combining is better than that of EGC, but MRC combining 

requires amplitude tracking which increases receiver complexity.

2.4 Simulated Performance

Simulation results are generated for the proposed antenna array with a spatial sweeping 

system, assuming L = 7 and BPSK transmission. To generate these results, we employed 

Monte Carlo simulation using the n  of (2.14). Fig. 2.6(b) presents simulation 

performance results. These results confirm that the proposed system, with little change in 

receiver complexity, moves performance away from poor fading channel performance 

and toward more desired AWGN results. It is observed that the introduction of the beam
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Without Transmit Diversity 
- • »  EGC

MRC
AWGN

£ ■  10

a

0 5 10 15 20 25
signal to noise ratio in db

10
Without Transmit Diversity
EGC
MRC
AWGN Channel

ofcUJ
O>.
atonsa.

0 5 10 15 2520
Signal to Noise Ratio. dB 

(b)

Fig. 2.6 (a) Analytical, and (b) simulation results

( P {€) versus MM/ v „  V  /=<>
in dB) for EGC and ML taking L=7.
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sweeping antenna arrays at the BS creates an improvement of more than 14 dB at a 

probability of error of 10'3 (at the mobile) compared to the “without transmit diversity” 

condition. The simulation results support the theoretical suppositions. It is important to 

note that these performance benefits are achieved while maintaining directionality, i.e., 

enabling network capacity gain via SDMA.

2.5 Conclusions

By carefully designing the delay elements of base station antenna arrays, we can not only 

achieve a directionality benefit, but, additionally, we induce time diversity at the mobile 

receiver, significantly increasing receiver performance.

We studied receivers employing EGC and ML combining. Theoretical results match 

simulated performance. A key feature in receiver design is that time separation between 

each diversity component allows for a low complexity receiver even in cases of larger 

degrees of diversity.
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Chapter 3

Channel Modeling for Spatial Sweeping Smart 

Antennas: Establishing the Available Transmit 

Diversity

The modeling and characterization of mobile channels has been the subject of much 

research over the past three decades. This research has lead to detailed mobile channel 

models in the presence of vehicle movement; however to the best of our knowledge, there 

has been no work done on modeling channels in the presence o f beam pattern movement. 

Beam pattern movement is quite different than movement o f the mobile; for example, as 

the beam pattern moves some buildings fall out of the antenna pattern mainlobe, while 

others enter. This chapter is dedicated to the modeling o f wireless channels in the 

presence of beam pattern movement. The net result is that a small beam pattern 

movement can lead to, e.g., 7-fold time diversity benefits.
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Section 3.1 presents the assumptions made in our channel-modeling scheme (a 

geometric-based stochastic channel modeling). In Section 3.2, the channel impulse 

response is introduced and its parameters are characterized. Section 3.3 simplifies the 

channel impulse response model assuming a flat fading channel and Section 3.4 presents 

the channel simulation and coherence time results. Sections 3.5 and 3.6 consider a more 

comprehensive impulse response model and the related coherence time simulation 

results, respectively. Section 3.7 concludes this chapter.

3.1 Channel Model Assumptions

Assume the proposed antenna array (of chapter 2) is located at the base station (BS), and 

a single element omnidirectional antenna at the mobile. In addition, we assume the 

following for the channel:

1) Scatterers contributing to multipath are located in one of two possible coverage areas:

A. a circle with the mobile at its center (Fig. 3.1(a)) (which is a suitable model when 

we assume the BS antenna has enough height to illuminate only an area 

approximated by the circle) [33][34]); or

B. the semi-elliptic area in Fig. 3.1(b) (accurate when we assume the height of the 

BS antenna array is close to the height of the surronding buildings).

2) The movement generated by the antenna array oscillation is dominant, and hence we 

ignore the movement o f the mobile as well as any other relative speed due to the 

movement of other objects in the environment.
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3) Scatterers are assumed to have dimensions in accordance with a known PDF.

4) Scatterers in the environment surrounding the BS are uniformly distributed [35].

5) Scatterers are considered diffuse reflectors which reflect the incident radiation in all 

directions [36][37],

6) The signal received at the mobile is the sum of horizontally propagated plane waves 

interacting with just one scatterer [37].

Fig 3.1 (a,b) The two scenarios for the coverage area: a) circular scenario, b) semi-elliptic scenario.

3.2 Linear Time-Varying Channel Impulse Response Modeling

Under the assumptions of Section 3 .1, we now characterize the channel in the presence of 

the proposed antenna array. A linear time-varying system best represents radio channels 

[29]-[31]. Specifically, the channel impulse response corresponds to

HPBW
(a)

u d d u ;  th'

BS
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h { l . T ) = ^ a , ( i ) - e 1'’-,n <5(r-r,«)).
i r = l

(3.1)

Here, t is the observation time, r is the response time o f the impulse at each t, and N(t). 

a n(t) . 6n(t) and r„(/) are random, time-varying parameters corresponding to the 

number of multipath components, the multipath amplitude, the multipath phase and the 

multipath time of arrival, respectively. Additionally, <£(•) represents the impulse function.

3.2.1 The amplitude of the multipaths, a f t )

Antenna pattern ocsillation (Fig. 2.4) causes some scatterers to leave the coverage area 

(departing scatterers), while others arrive (arriving scatterers). Most remain in the 

coverage area. Thus, the term a f t ) corresponds to

«„(') =

a ln i f  then* scatterer remains in the coverage area, 

a zf t )  i f  then* scatterer departs. 

a }f t )  i f  then* scatterer arrives.
(3-2)

The term a u is a Rayleigh, Rician or Nakagami random variable (RV) [31], The term 

a 2n(t) represents a decaying amplitude whose value diminishes as the effective radiated
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cross section of the scatterer decreases. This time dependent amplitude decay is modeled 

as a linear function corresponding to

a .

. (0-
- *  < . r  >

1- I z L i
T.

• ' e [ 0. r„)

* 'e [ r ,„ , r s r
(3.3)

Here, (1) a ln is a RV with statistics identical to a u , representing the amplitude of the n,h 

multipath when the scatterer is fully present in the antenna pattern coverage: (2) 

r (B € [0, Ts ] represents the time instant when the scatterer starts leaving the antenna 

pattern coverage area, a value determined by the modeling to be presented in Subsection 

3.2.3: and (3) the function /  (r) is the indicator function, unity over the values

i e [r((I,r'] and zero otherwise. Here, r ' = r tn + Tr_ if r („ + < Ts , and r' = Ts

otherwise.

The time constant T._ represents the time it takes for the nth scatterer to completely 

depart the HPBW, and corresponds to

r  = r f , - ( K .K ) r .  (3.4)

Here,
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•  dn refers to the scatterer dimension (Fig. 3.1(a)).

•  (*„) is the speed of the beam pattern rotation at the scatterer position xH.

•  xn .for the circular scenario, using Fig. 3.1(a) and simple geometry, is

= (K + r; -  2x„rm cos(7 „ )j ' ,  (3.5)

where xt> is the BS-MS distance. rn is the line connecting scatterer n to the mobile and is 

considered uniform over [0,/?] (R is the radius of the circle of Fig. 3.1(a)) and 7 . is the 

angle between the line rn and antenna pattern main axis, uniform over [0 .2 ;r) (a direct 

consequence of a uniform distribution of scatterers).

• x„ .for  the semi-elliptic scenario (Fig. 3.1(b)) is considered uniform over [0,x.m. 1 

where xnJKa (using Fig. 3.7 and simple geometric arguments) corresponds to

= ( k  +R:+ 2.x„Rco s ( #  +<p)) (3.6)

Here. xu is the BS-MS distance, </>'„ is a random variable with the PDF introduced in 

Section 3.5, <p = sin '‘((.v0 s in # )/ /?), and R is the radius of the circle with the MS located 

at its center, i.e., R = xa sin(^ f i ) .

The term a in(t) is a linearly increasing function corresponding to
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where (I) a u is a RV representing the amplitude of the multipath when the scatterer is 

fully present in the HPBW; (2) Tm 6 [O, Ts ] is the arrival time of the scatterer, and (3) T. 

is the time constant representing the time it takes the scatterer to completely enter into the 

antenna pattern coverage area. The statistics of ar3„ , and Tz are the same as those of

a in • r,„ and Tr_ . respectively.

3.2.2 The signal phase, 0„(t) and the time of arrival, r „(/)

The phase 0n(t) is determined by: 1) the distance x'n ( x[ =xn +rn in Fig. 3.1(a) and 

.r' = xn +u„ in Fig 3.1(b)), which leads to phase offset 2jdc[ ! ko, and 2) the phase due to 

other sources (e.g., reflection coefficient phase), [1]. Typically, is a RV uniform 

over [0,2;r), independent of 2ja\ / kB. Hence, 9„(t) = 0n is a uniform RV over [0,2^).

Regarding the time of arrival (TOA) of multipaths, r,(r), we assume a probability

density function (PDF) corresponding to a Poisson process or its modified version, as 

shown in [32] [66].
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The Number of multipaths, N(t)

As the beam pattern moves, scatterers enter and depart the mainlobe. The total number of 

scatterers in the mainlobe. as a function of time, is denoted N(t). Assuming the interval

[o.rs] is sampled at times tk . k = 0,1 ns -1 , where ns is sufficiently large, M(tk) can

be represented according to

(NUk. i ) + 1 i f  a scatterer arrives,
N (tk) = • .V(/t l ) -1  i f  a scatterer leaves, (3.8)

.V(/4 I) otherwise.

Here, we assume the time difference A/ =tk - t k̂  is so small that the probability of more 

than one arrival or departure is negligible. To generate N(tk), an initial guess A(/)| ^  is 

selected according to:

= a -v  {3-9)

where

• p a is the scatterer density measured in terms of scatterers/m2.

• Av  is the antenna pattern coverage area

In the case of circular coverage (Fig. 3.1(a)):
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A*, = x R zap (3.10)

where the circle radius, /?, is

/? = .r0 sin(4£); (3.11)

here, xa is the distance between the BS and the mobile and denotes the BS antenna 

HPBW (half power beam width). For small values of /?, sin(4 fi) can be approximated by

P 2.

Alternatively, in the case of a semi-elliptic coverage:

-4*. = r; (sin(/5 2)cos(£ 2) ++(;r + £)sin:(£/2)) (3.12)

The probability of one arrival or one departure, p, is directly proportional to the change in 

coverage area of the antenna pattern ( AAv ) (due to its movement in A /). Specifically

p  = p o A.4ap. (3.13)

For the circular coverage scenario AA^ is approximated, using geometric calculations 

shown in Fig. 3.2, by:
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M *  = 2(x„ -sin(±y5))(.t„ -A0). (3.14)

Here, A<f> is the azimuth angle variation within time A/, and corresponds to (using (2.3))

*  c

(3.15)

Substituting (3.15) in (3.14) and (3.14) in (3.13). and approximating sin(4/3) by fi/2. p  

corresponds to (for the circular coverage scenario)

: A/
P = KPoX„0 — ■

5
(3.16)

Uaeememt qfAmtemmâ  
Pattern hi Each A t 

Ckamges Ur Coverage Area'

AAtr = A, = A’-A”2 2R.d =At

J M

R = xo-tta{^0), d = x.A0 

to

2R. d/2
A  = Hoff G id* A na

to

Fig. 3.2 Circular scenario: (a) Geometric calculation of = .4, -  A' -  A’ , (b) Calculation of

A'and A".
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Meanwhile, for semi-elliptic coverage. we again have:

P = P o-M ap, (3.17)

where, now, A i s  approximated using the geometry of the coverage area (see Fig. 3.3), 

that corresponds to:

M v  s  • A ^ )-(2 co sH /? ) + /? (s in (-t/? )-A ^)+ 2 sin (-t-/7 )) (3.18)

Substituting (3.18) into (3.17), p  corresponds to

p  = 2k  Ar (3.19)

where N= .V(r)jf  ̂ and is presented in (3.9) and A„ is well approximated by

A2 = ^ d j9 ) - ( J l2- ( J { - x 0A^)2)

Aj = -  (*0 cos $ 0 )  • (xB cos ± p '■ sin =R-x0 A#

R = x0 s in \f i  , AA_ =Al +A1 + Ai

Fig. 3.3 Elliptic Scenario: Geometric calculation of AA
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Ag — . •.
0  cos: (l /?) + /? sin(^ /7) + 2sin(^ 0 )

sin*(i/?) 2cot(i/?) + ;r + /?
(3.20)

33 The Flat Fading Channel Approximation

If we assume the channel is flat, then the channel model of (3.1) simplifies to

(  V i m  \

A(/,r) = ■S(T-rc ) = a(t)eJt>'n -S(T-rc )
\  n= l

(3-21)

For both the circular and semi-elliptic coverage areas (Fig. 3.1), assuming a mobile to BS 

distance .t„ = 1000m, po =0.005scattererim1 and HPBW=0.3 rad, the channel is well 

modeled as flat whenever Ts > l//sec .

3.4 Evaluation of Coherence Time

In this section, we use the channel model of Section 3.3 to determine the coherece time of 

the mobile channel in the presence of the proposed BS antenna array (Chapter 2). A 

medium-size city center is assumed [67][68], That is, simulation parameters are selected 

as follows:

1. HPBW is in the range of 0.1 to 0.3 rad.
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2. Simulations are performed for xa = 500 and 1000m.

3. p o is a value in the range of 0.001 to 0.005 scatterers/ m 2.

4. The channel is assumed to be well modeled as flat (Equation (3.21)).

5. The control parameter k  (Equation (2.8)) is a value between 0.0005 to 0.05.

6. The scatterer dimension d„ is a normal RV with mean 20m and variance (j 20 f  = 25.

For simulation purposes, the interval [0. Ts ] is discretized into ns =100 sample times,

 /*,. and for both the circular scenario and semi- lliptic scenario we performed the

simulations as follows.

3.4.1 Simulations for circular scenario

As we mentioned, for simulation purposes, the interval [0,TS] is discretized into ns = 100

sample times. {r„ = 0 . / , , / , , / , . . . . = 7's }. Initially, at time ta, we establish a starting

environment as follows. First, we assume the number of scatterers present corresponds to 

N (tJ  = pilAjp (see (3.9)). Next, we determine the position of each of the N(to)

scatterers: (1) assuming a uniform distribution for rjn (the angle-of-arrival of scatterers at 

the mobile (Fig. 3.1(a))), we establish the angular position o f each of the scatterers; and

(2) the distance between scatterer and mobile (r„ in Fig. 3.1(a)) is established by 

sampling a uniform random variable between zero and R. (The distance between 

scatterer and BS ( xn in Fig. 3.1(a)) can now be determined by simple geometry.) Finally,
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we determine the gain and phase (at the receiver) for each reflection from a scatterer via a 

sampling of RVs characterized in Section 3.2.

The amplitude of the received signal. a(tk) (see Equation (3.21)) is calculated at each tk 

based on the stochastic channel modeling. Specifically, at each tk :

(1) determine if one scatterer arrival or departure process has begun, based on the 

probability of (3.16);

(2) if a scatterer arrives (or departs), its parameters are determined via. e.g., the amplitude 

of this scatterer is evaluated using (3.3) or (3.7); and

(3) the cumulative amplitude, a(tk). is evaluated using (3.21). Note that the scatterer 

assumed to depart is always the scatterer nearest to the HPBW boundary point.

Typical a(tk) versus tk plots are shown in Fig. 3.4(a)-(c) for xa = 1000m, pa~

0.005 scatterers i m: , k  = 0.05. and HPBW=0.5rad. These plots clearly demonstrate the 

varying nature of a(t) due to beam pattern movements. (It should be noted that an FFT 

of the gain (Fig. 3.4(a-2)-(c-2)). shows negligible bandwidth expansion.)

Now. the sampled autocorrelation function (ACF) for a(t)  is computed over [0, Ts ] using 

[69]:

R(k) = y{k)/y(  0), (3.22)
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where

1 V r 1
y(k) = —  2L(a(t,.i ) - a ) i a ( t / ) - a )

ns “
(3-23)

a  = (3.24)

Next, coherence time Tc is determined by defining Tc as the time interval over which the 

ACF is greater than 0.5 [1]. The Tc iTs mean that results from simulation is presented in 

Fig. 3.5(a-f).

Simulation results show coherence time decreases as: 1) the distance between BS and 

MS. .ru. increases; 2) the scatterer’s density p a increases; 3) HPBW increases; and 4) the

parameter k  increases, i.e.. Tc is inversely proportional to xa, po, HPBW and k . This is

not surprising since, referring to (3.16), we observe that as xo, po, HPBW and/or k

increase, the value p  (the probability of scatterer arrival or departure in the interval A/) 

increases. Hence, as xa, pa, HPBW and/or arise, the environment changes more rapidly,

resulting in a reduced coherence time Tc . Moreover, referring to (2.8), which 

characterizes the time varying delay element r ( r ) , we observe that the rate of change 

(i.e., slope) of r(t) increases as vand fi (HPBW) increases. Hence, we expect a decrease 

in the coherence time as these parameters rise. This matches the observed results.
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Fig. 3.4 (a-c) The time varying nature of a(r) and its spectrum
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Also in Fig. 3.5, coherence times are observed as low as Tc / Ts = 0.16, a value achieved

when antenna control pattern parameter k  = 0.05, i.e., when the beam pattern sweep 

corresponds to 5% of the HPBW. With time diversity gain L well modeled as 

T 1
L= —  = -------- . the maximum diversity gain achieved via beam pattern oscillation with

T<~ Tc ! Ts

k  < 0.05 is L = 7. This L = 7 value does lead to large performance benefits in mobile 

receivers.

It is important to note that time diversity gain is limited to L < 7 only because k  is held

to values 0 < k  < 0.05. We keep k  in this small range of values to ensure that time

varying delay r(r) creates a minimal bandwidth expansion. For notably larger at,  i.e.,

bigger antenna array sweeps, diversity gain L can be further increased at the cost of 

bandwidth expansion.

3.4.2 Simulations for semi-elliptic scenario

Initially, at time /„, we establish a starting environment as follows:

(1) we assume N(ta) = poAv  scatterers are present in the coverage area where is 

determined by (3.18);

(2) generating <j>„, we determine (by sampling <(>n distribution function (see Section

3.5.1)) the angular position of each scatterer,
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Fig. 3.5(a-f) The coherence time mean simulation results in terms of 
the parameter k (which is from 0.0005 to 0.05) .

(a),(b) Scatterer density of 0.001 (at distances of 500m and 1000m, respectively). 
(c).(d) Scatterer density o f0.003 (at distances of 500m and 1000m, respectively). 
(e),(f) Scatterer density o f0.005 (at distances of 500m and 1000m, respectively).
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(3) the distance between scatterer and BS is established next by sampling a uniform 

random variable between zero and xKJBtx (see Fig. 3.7); and finally

(4) the gain for each scatterer is determined by sampling a Rayleigh pdf.

The amplitude of the received signal. a(tk) (see (3.21)), is calculated at each tk using the 

stochastic channel modeling described in Section 3.2. Specifically, at each tk:

(1) determine if one scatterer arrival or departure process has begun, based on the 

probability of (3.19);

(2) if a scatterer arrives (or departs) its parameters are determined via, e.g., the amplitude 

of this scatterer is evaluated using (3.3) (or (3.7)); and

(3) the cumulative amplitude. a(tk), is evaluated using (3.21). Note that the scatterer that

departs is assumed to be the scatterer with an angle <t>„ that puts it nearest to the 

HPBW boundry points.

The sample autocorrelation function (ACF) for a(tk) is then determined over [0,rs ] 

using well-known correlation methods (see (3.22M3.24)) and next, coherence time Tc is 

determined, again by defining Tc as the time interval over which the ACF is greater than 

0.5. The TC!TS mean that results from simulation (averaged over 100 Tc /Ts values) is 

presented in Fig. 3.6(a-d). These figures plot the coherence time ( Tc / 7^) as a function of 

k, the parameter controlling the rate of beam pattern oscillation (see (2.8)). Three curves
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are plotted per figure, each for a different scatterer density

( pQ -  0.001, pa = 0.002, pa = 0.003 scatterers/m2).

Similar to Fig. 3.5, from Fig. 3.6 coherence time decreases as: 1) control parameter k  

increases: 2) the scatterer’s density po increases; 3) the BS-MS distance .r„ increases; and 

4) HPBW increases.

Also in Fig. 3.6, coherence time is observed to be as low as Tc ! Ts s  0.17, when the 

antenna pattern movement control parameter is *• = 0.05, i.e., when the beam pattern 

sweeps an angle corresponding to 5% of the HPBW. Because Tc / Ts characterizes the

available time diversity, according to the well known relationship L = (TC/TS)~‘ (where L 

is the order of the available diversity gain), we observe L = (TCITSY' = 7 fold time

diversity benefit when oscillating the beam pattern by an amount corresponding to 5% of 

the HPBW.

It is very interesting to note that small values of k  e.g., k  = 0.05, leads to L = 7 fold

diversity. We believe this results because small changes in beam pattern movement

impact a large number of scatterers in a dense urban environment (assuming MS-BS 

distance of, e.g., xa = 500m or 1000m). This impact on large numbers of scatterers leads 

to the observed 7-fold diversity. Hence, when an antenna array with an oscillating beam 

pattern is mounted on a BS, 7-fold time diversity can be generated at the MS with small
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antenna pattern movement This corresponds to a very significant performance benefit at 

the receiver.
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Fig. 3.6 Tc / Ts intenns of control parameter vfor HPBW=0.3rad, and (a) xa = 500m ,(b)x„ = 1000m. and

for HPBW=0.5rad.and(c) r = 500m .(d) r = 1000m
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3.5 Updates to the Channel Impulse Response: Antenna Array Factor 

and Phase

A linear time-varying impulse response model is the most widely accepted representation 

of the fading channel. However, in the model o f (3.1), we have assumed that the array 

factor is 1 for all scatterers of interest, and we have ignored the phase effects introduced 

by the antenna array. Including these effects in the impulse response channel model leads 

to a more accurate impulse response model. Here, the impulse response of the channel 

corresponds to:

A(t.r)= X '.-fF M .tV ""*-1 ■ a .U b e " - '"  S { r - T , ) .  (3.25)
n  = I

Here, </>„ represents the angular position of the nth scatterer in the coverage area (Fig.

3.1); AF(t,0n) represents the gain due to the nth scatterer’s position in the antenna array 

mainlobe, and is the corresponding phase offset. We simplify our notation by

defining

+ (3-26)

The statistics of N(t), a„(r)and r„ are the same as those introduced in Section 3.2. Here, 

we introduce the statistics of and # '(/.$ ,) (Equations (3.25) and (3.26)).
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3.5.1 Angular position of the scatterers <f>m 

Case I: The Circular Coverage Scenario

The angular position of the n* scatterer. . is modeled as a random variable with PDF 

f(<(>n). To determine this PDF we turn our attention to Fig. 3.1(a). Here, it is apparent 

that <f>„ is related to #  (angle of arrival (AOA) at the BS) via

where shown in Fig. 3.1(a), is uniform over [0.2*); r  , shown in Fig. 3.1(a), is 

uniform over [0./?]; and x„. also shown in Fig. 3.1(a), corresponds to

Case 2. The Semi-Elliptic Scenario

To determine the PDF of <f>'n, assuming a uniform distribution of scatterers, we begin with 

the cumulative density function (CDF) of This corresponds to (Fig. 3.7)

(3.27)

(3.28)

= (x* + r~ -  2 x r .  cos(qH )| ", where xu is the MS-BS distance.
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where A(<f>[) is a portion of the coverage area contained within the angular spread of 2# , 

and corresponds to (see Appendix 1)

) = x- sin(j#|)cos(|^j)+ sin(|^j) sin(/? / 2)^1 -
f  sin !1'1' 1'  v

^sin(£ /2)

x:
K

(3.30)

 cos ,
2 lsin(/?/2)

sin: (/? /2).

and A is the total antenna pattern coverage area, i.e.

Aap ~ x.:, -(sin(^ 2)cos(^ 2) + f(;r + £)sin;(^/2)). (3.31)

Substituting (3.30) and (3.31) in (3.29) and differentiating, the PDF of 4i is

no= (;r + /? + 2cot(/?/2))
, , cos(2|^l) [ 2cos([#

sin: (/?/2) sin(/?/2)^
1- 1 sinfu 'u ^

sin(/?/2)
(3-32)

This PDF is shown in Fig. 3.8 for two different values o f HPBW ( p  ). It is observed that 

as HPBW decreases, / ( # )  tends to a uniform PDF.

53

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



Fig. 3.7 Calculation of the CDF o f  AOA.

•0 0 5 - 0 0 4  -0 0 3 - 0 0 : 4  0 * 0 0 0 * 0 02 0 03 0 04 0 05 -0 *  -0 05 0 0 05 0 * 0 *5
Annum  M a n  A nnum  M a n

( a )  ( b )

Fig. 3.8 PDF of <p'n (AOA at the BS) compared with uniform PDF for. a) HPBW=0.1. b) HPBW=0.3.

3.5.2. Phase offset, 9’n( t,jm)

We now turn our attention to phase offset = 0n(t) + co(i,<pii) . Here, the phase

On(t) = 0„ is considered uniform over [0,2;r)(as shown in the previous subsection). 

Hence.

(3.33)
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where

(0(t.4» = ^ T ± y ( t J ) .  (3.34)

Here. is introduced in (2.2). If we discretize the interval [O.Ts] into n, sample

times. t0,tl..... tk.............. the phase offset d'n(tk.<pn) can be determined using the value

6[(tk l.<f>m). This is achieved by calculating a)(tk,<j>n) and (o(tk_x,$H)and noting that

= + (3-35)

To determine eo(tk )-<y(f*-,.0,) = </,(/*). we apply (3.34) and (2.8) which leads to

VMk) = ^ ^  ^  K~[(\-P)sin(<t>n) + p - tk cos(^)]. (3.36)
^  A .  /  c

Here. M  represents the number of antenna array elements, d  is the distance between array 

elements and A/ = tk — /*_,. Finally, the initial value #'(0,0,) corresponds to

= (3.37)
2 A...
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3.6 Coherence time and available diversity benefit for the updated 

impulse response

Next, we update the computation of coherence time when the impulse response h(t, r) is 

changed from its representation in (3.1) to that of (3.25). To compute this cohemce time, 

we maintain all of the assumptions made in Section 3.1.

3.6.1 Circular coverage simulation results

Using simulation methods outlined in the previous subsection, the Tc /Ts mean that 

results is presented in Fig. 3.9(a) and Fig. 3.9(b). Fig. 3.9(a) plots the coherence time as a 

function of the parameter controlling the rate of beam pattern oscillation (see (2.8)) 

assuming HPBW = 0.5rad. In this figure, three curves are plotted, each for different 

scatterer density. ( po = 0.001, po = 0.002 and po = 0.003 scatterer/m2). Fig. 3.9(b)

represents the dependence of coherence time on HPBW for three different scatterer 

densities.

From Fig. 3.9(a.b), the coherence time decreases as control parameter k  increases (i.e., 

the sweeping rate increases), the scatterer density increases, the HPBW increases and the 

BS to mobile station distance increases. Moreover, coherence time is Tc / Ts = 0.14 when

oscillating the beam pattern by an amount corresponding to 5% of the HPBW. That is, L
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= 8 fold diversity is avalabie over Ts . This is consistent with an earlier result where 

antenna array gain and phase were neglected in the beam pattern's mainlobe.
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Fig. 3.9(a) Tc Ts interms of the control parameter v for HPBW=0.5rad and (a-1) xa =500m and

(a-2) xit = 1000m (cicular scenario).
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Fig. 3.9(b) Tc /Ts in terms of HPBW for .ro=1000m, and (b-I) /c=0.01. (b-2) ic=0.05.
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3.6.2 Semi-elliptical coverage simulation results

The Tc iTs mean that results from our simulations is presented in Fig. 3.10(a) and Fig.

3.10(b). Fig. 3 .10(a) plots the coherence time as a function o f jc, the parameter controlling 

the rate of beam pattern oscillation (see (2.8)), assuming HPBW = 0.5rad. In this figure, 

three curves are plotted, each for a different scatterer density ( po =0.001, po =0.002

and pn =0.003 scatterer/m: ). Fig. 3.10(b) represents the dependence of coherence time

on HPBW for three different scatterer densities.

From Fig. 3.10(a) and (b) coherence time decreases as: 1) control parameter k  increases 

(i.e., sweeping rate increases); 2) the scatterer’s density pa increases; 3) BS-MS distance,

.t„, increases; and 4) HPBW increases. Here, coherence time is Tc !TS = 0.17, i.e., L=1

fold diversity over Ts for a beam pattern movement corresponding to 5% of HPBW.

3.7 Conclusions

In this chapter, we considered a BS smart antenna array with an oscillating beam pattern, 

generating a controllable coherence time. The coherence time created by the oscillating 

beam pattern was determined by using a comprehensive geometric-based stochastic 

channel model with a semi-elliptic coverage. Simulation results show that a coherence 

time can be established by beam pattern oscillation which leads to L = 7 fold time
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diversity at the MS (when small beam pattern movement is present). Hence, beam pattern 

motion can create a very significant increase in performance at the MS.
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Fig. 3.10(a) T( / Ts for in terms of the control parameter k andHPBW=0.5rad,and(a-l)jri)=500mand(a-

2) ,ru = 1000m (semi-elliptic Scenario).
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Fig. 3.10(b) Tc !TS in terms of HPBW for xa = 1000m. and (b-1) at =0.01, (b-2) jc=0.05 .
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Chapter 4

A Merger of Oscillating-Beam Smart Antenna Arrays 

and Multi-Carrier Systems:

Achieving Transmit Diversity, Frequency Diversity and Directionality

Multi-carrier code division multiple access (MC-CDMA) [50]-[53] is emerging as a 

powerful multiple access protocol. In MC-CDMA, each users’ information symbol is 

transmitted over N  carriers simultaneously. To ensure separablity of users’ data streams 

at the receiver, each user assigns a unique spreading sequence to the N  carriers, typically 

a set of values each either +1 or -1.

Recently, Carrier Interferometry (Cl) codes (complex codes) were introduced to MC- 

CDMA [70]-[72], and these codes achieved: 1) high capacity by allowing N  orthogonal 

users to occupy the channel simultaneously, and, if further users are to be supported, an 

additional N  users can be added with minimal interference; and 2) high performance via 

low correlation between all 2N  codes. We intend to innovatively apply the oscillating
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beam antenna arrays to MC-CDMA systems using Cl codes (referred to as CI/MC- 

CDMA in this chapter). This enables: 1) very high capacity via the merger of space 

division multiple access (SDMA) (directionality of antenna array) and code division 

multiple access inherent in CI/MC-CDMA; and 2) very high performance via the 

construction of receivers that exploit both transmit diversity and frequency diversity. In 

this chapter, we emphasize the performance benefits o f the proposed merger.

The benchmark for comparison in this chapter is an MC-CDMA system employed in 

conjunction with a conventional smart antenna array. Here, the smart antenna array 

creates an adaptive beam pattern directed toward the intended user, leading to increased 

capacity via SDMA. However, unlike the proposed scheme, no improvements to 

performance are provided to the MC-CDMA system via application of the smart antenna 

array. This chapter highlights the performance benefits that can be achieved by small 

oscillations of the beam pattern.

Moreover, in this chapter, we consider a generalized scenario: at the BS, each set of Q (Q 

< AO carriers in the CI/MC-CDMA A-carrier system is fed into a unique A/-element smart 

antenna array. By selecting Q=N, we return to the conventional scenario of one base 

station antenna array. In today's cellular 2G and 3G markets, where transmit bandwidths 

are small relative to carrier frequencies (e.g., 5MHz bandwidth versus 2GHz carrier 

frequency), all Q = N  carriers demonstrate a similar beam pattern when transmitted over 

a single antenna array. However, with an eye toward the future, where 4G cellular 

systems will require very large bandwidth to support anticipated 60Mb/s data rates (see,
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e.g., [73]), it will not be possible to support all carriers in a single antenna array (due to 

the different beam patterns that would result from the different carriers). In this scenario, 

it becomes necessary to divide the N  carriers into P  groups o f Q < N  neighboring carriers 

each.

With this in mind, we consider two generalized scenarios. In the first scenario, P smart 

antennas are separated by a distance that ensures independent fades between each set of 

Q carriers (at the receiver). By carefully designing the set of phase shifts applied to the 

elements of each antenna array, and by properly setting the distance between antenna 

elements, the resulting beam pattern created by the BS corresponds to an oscillating beam 

pattern. This creates a time-varying channel with a controllable coherence time.

In the second scenario, the smart antennas are located in close proximity to one another 

(at the BS), which is the case when, due to space limitation, we can not separate the 

antenna arrays by a large distance. Here, again, by carefully designing the phase shifts 

applied to each antenna array element, and by properly setting the distances between 

antenna elements, the resulting beam-pattem corresponds to an oscillating beam pattern

Receivers are designed to exploit both the transmit diversity, which corresponds to an 

induced time diversity, as well as the frequency diversity of the CI/MC-CDMA systems. 

Different receiver structures are examined, including EGC/MRC/MMSEC (Equal Gain 

Combining / Maximal Ratio Combining / Minimum Mean Square Error Combining) 

performed in the frequency domain followed by a corresponding time diversity 

combining (and vise-versa).
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Section 4.1 introduces the CI/MC-CDMA structure and Section 4.2 presents the beam- 

sweeping antenna array structure. Section 4.3 presents receiver structures employing 

EGC in the frequency domain followed by EGC, MRC or MMSEC in the time domain 

(and vice versa). Section 4.4 presents simulated performance results, and Section 4.5 

concludes the chapter.

4.1 A Brief Introduction to the CI/MC-CDMA System.

In MC-CDMA. each user’s bit is transmitted simultaneously over N  narrowband 

subcarriers. Subcarriers are equally spaced in frequency by A/". To ensure separability of 

users at the receiver side, each user applies a unique spreading code to the carriers. 

Hence, the kfh user’s i h data bit, 6J/], is sent as:

where 6J/J is assumed +1 and -1 for ease in presentation, f Q is the carrier frequency, 

and Ck (t) is user k s spreading code, corresponding to

(4.1)

v * = o  J
(4.2)
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Here, & f > \ / T s is employed to maintain carrier orthogonality, and g(t) is a rectangular

spreading sequence, where traditionally e {0,;r} (i.e., e 1̂  e {-l,+ l}). However, when 

Cl codes are employed.

for users 0. /  N-I. (i.e., k € {0.1.... jV-l}). In this way, N  orthogonal users are

supported (similar to case of Hadamard-Walsh codes); moreover, if additional users are 

to be supported, an additional N  users can be introduced pseudo-orthogonally by adding 

users with spreading codes characterized by:

for users N. N + l 2N-I (i.e., k e |vV,Af+ 1,...,2jV-I}).

4.2 Proposed Antenna Array Structure

Assuming a CI/MC-CDMA system with N  subcarriers, we divide the subcarriers into P 

sets, each with Q neighboring subcarriers ( P Q  = N ). We apply each set of Q 

subcarriers to one of P  A/-element antenna arrays. Fig. 4.1(a) shows the p‘h set

waveform o f unity height over 0 to Ts . Finally, e1̂  refers to the n01 element o f the

(4.3)

(4.4)
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(/>e{0,l.....P - l} ) ,  of Q subcarriers (with frequencies f pj, = f o +( Q ' P +(l ) ¥ *

q e  {0,1 Q - l}, and with a phase offsets entering the p ‘h smart antenna at the

BS. The m,h array element o f the pA smart antenna applies the time-varying phase shift 

mQ(t,p), m € {0,1,...,A/ - l} , and a correctional phase shift my/p . (Note that in this 

section we replace antenna element delay r(r) of Chapters 2 and 3 with phase shift 8(t) , 

where 8(t) = I n f j l t ) . )  Fig. 4.1(b) shows the configuration of all P  antenna arrays, one 

for each set o f Q carriers, where we observe the spacing between identical elements on 

adjacent antenna arrays is Dp. It is assumed throughout that these arrays are spaced in an 

equidistant manner (as shown in Fig. 4.1(b)) along the x-axis, with the mobile located on 

the .r-y plane.

All the P  smart antenna arrays are designed to generate beam patterns satisfying: I) the 

peak in the antenna patterns occurs at the same location in space; and 2) the beam pattern 

shape of all the smart antennas are identical.

It is important to note that in today’s cellular systems, where transmit bandwidth is much 

less than carrier frequency (e.g., 5MHz bandwidth, 2GHz carrier frequency), all carriers 

can be placed on a single antenna array (i.e., Q = N , P =  1), and identical beam patterns 

will result for all carriers. However, in future generation cellular, or even in upcoming 

WLAN (Wireless Local Area Networks) standards (e.g., see [74]), where transmit 

bandwidths are no more than two orders of magnitude smaller than carrier frequency 

(e.g., 83MHz bandwidth, 2.46GHz carrier frequency), the requirements of “identical” 

beam patterns can only be satisfied with P > 1. Moreover, in future generation systems
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Fig. 4.1 (a) The plh smart antenna array over which the p* group of CI/MC-CDMA signal frequency 
components are sent, (b) the entire set of P antenna arrays.
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that will operate over non-contiguous frequency bands (e.g., see [73]) and those that will 

support ultrawideband (UWB) communications, a constant beam pattern over the range 

of transmit frequencies can only be achieved with P>  1.

The reason we require identical beam patterns for all carriers can be easily understood by 

considering the scenario where the antenna array achieves directionality via a 

sectorization strategy. Here, if different carriers create different HPBWs (half power 

beam widths), there exist very undesirable scenarios. Referring to Fig. 4.2, a user is seen 

travelling in the area where he experiences an antenna array pattern from two sectors (due 

to unequal HPBWs). Here, the user experiences (1) large interference from the beam 

pattern of the unintended sector and (2) a reduction in power in the desired signal in the 

beam pattern from the desired sector.

Moreover, in the case of an adaptive (non-sectorizing) antenna array, the variability in 

beam pattern (including the variability in HPBW) makes it impossible to effectively null 

or minimize the beam pattern at unintended users, notably reducing the network capacity 

gains achievable in such a scenario.

Now, we consider two scenarios: (1) P antenna arrays located far apart from one another, 

and (2) P  antenna arrays located in close proximity.
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Interference for users 
located in this region

(a)

Reduction of the power 
of some carriers in this region

(b)
Fig. 4.2 (a) Interference in the overlapping area, if the patterns are positioned based on the smallest HPBW; 
(b) Reduction in some carriers’ received signal, if the patterns are positioned based on the largest HPBW.
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4.2.1 P  antenna arrays located at a distance/), > l(U

Here, we assume it is physically posible to locate antenna arrays far apart from one 

another at a low cost (at the BS). In this case, in addition to requiring peaks at identical 

locations and matching beam patterns shapes across carriers: To enhance the mobile 

receiver performance, we will require that independent fades be generated at the receiver 

side from each smart antenna, meaning that the spacing between two adjacent smart 

arrays (D p = D) must be larger than the wavelength of the transmitted signal ( k ) (e.g.,

D > 10/.).

Criterion I: Identical Peaks Across Antenna Arrays

To ensure the P antenna patterns peak at the same location, a phase shift m y / p is applied 

to the m,h smart antenna element in the p'h antenna array (in addition to m0( t ,p) ). This 

compensates for the distance between adjacent smart antennas (£>) and corresponds to

ipp = 27t(dp i k p) sin^,. p  e  {0.1.... P-l}. (4.5)

where dp is the distance between the adjacent antenna elements as shown in Fig. 4.1, kp 

is the average wavelength of the carriers applied to the pth antenna array, and

tf>p = t m ' l( p D / x J .  (4.6)
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Here, xB is the BS-mobile distance, e.g., 500m, and DTot p = ^  D, = ( p - l ) D  represents

the total distance between the first and p,h antenna array. At most, p=P-I and hence 

( p - l ) D  < (P - 2 ) D  = ( />-2 )-I0 /l. For typical values of xa.

and, in this case, from (4.6), <ftp = 0 . Applying this result to (4.5). we see that for typical

values of xa (BS-mobile distance), it is reasonable to assume \pp = 0 . That is, in almost

all cases of practical interest, it is not necessary to introduce a phase offset to array 

elements of different antenna arrays to compensate for the distance between these 

antenna arrays (and thereby ensure peaks in antenna patterns occur at the same spatial 

location).

Criterion 2: Identical Beam Patterns Across Antenna Arrays

To ensure the satisfaction of the identical beam pattern criteria, we consider the well- 

known array factor equation for a linear array structure:

( P - 2 H 0 / .  « .r,. (4.7)

M 2ndp

/ (4.8)
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where <f> is the azimuth angle. As a starting point to identical beam pattern shapes across 

antenna arrays, we require

dp ^ P = d J l B (4.9)

Now. using Ap = ka /(I + pQ hf i f j ,  dp is selected according to

d p = d„ / (1 + pQ b f f „). (4.10)

Equation (4.10) ensures identical array-pattem shapes from one antenna array to the next, 

but we also require that a single array pattern emerge from each of the P  antenna arrays. 

That is, referring to (4.8), it is evident that array factor, AFp, and hence, the resulting

beam pattern for the plh array, is a function of frequency f p. Moreover, we place Q

subcarriers, with frequencies ranging from f a + p Q tsf to f a +(pQ + Q - \ ) £ f  within the

p,h antenna array. We must ensure the size o f Q is small enough that all frequencies 

placed in the p'h array generate identical patterns.

We start by assuming that whenever the null-to-null beamwidths of the beam patterns in 

antenna array p  e {0.1..... Z3— 1J are within 10% o f one another beam patterns are 

“identical”. Emulations based on Equation (4.8) (assuming M< 12 elements per array), are
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then used to determine the range of frequencies for which “identical” beam patterns 

result. It is determined that whenever and enter an antenna array and satisfy

(4.11)

identical beam patterns are observed. Using this criteria, and considering our case of 

interest (with Q frequencies spaced by Af  entering the p'h antenna array), we require

For example, in a 3G-like system, 128 carriers spaced by 40kHz may be employed for a 

total bandwidth of approximately 5MHz. Assuming carrier frequency f a = 2GHz , we

find that the ratio of frequency separation to carrier frequency is always less than 0.0025. 

Hence, in this scenario, ail subcarriers may be placed on a single antenna array. However, 

in either an ultrawideband system, a system operating over noncontiguous frequency 

bands, or a future generation (4G) cellular system, this need not be the case. For example, 

if we imagine a future generation system with a 100MHz bandwidth to support the 

anticipated 60Mb/s data rate (per user) of 4G (see, e.g., [73]), and we assume 

transmission at, e.g., 4GHz. then maximum frequency separation is 0.025 of the carrier 

frequency, and we require three unique antenna arrays to create identical beam patterns 

on each antenna array.

0.01 (4.12)
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Additional Criteria

We must also consider criteria pertaining to beam pattern oscillation. This oscillation is 

created by careful control of the antenna element’s phase offset, 0(t,p)  (see Fig. 4.1).

fading, i.e., the mean of the Rayleigh fading is constant over the symbol duration Ts ; and 

2) L independent fades are generated within each partition Ts . In other words, the p!h 

antenna array's beam-pattem is swept in a manner which ensures constant large scale 

fading over symbol duration Ts while ensuring L independent fades within each Ts .

Criterion 3: Constant large scale fading.

Making reference to chapter 2. in order to ensure constant large-scale fading over each 

symbol time duration Ts , the mobile user must remain in the antenna array half power 

beamwidth (HPBW). That is

Using a derivation analogues to that in chapter 2, Equation (4.13) corresponds to

The p‘h antenna array’s beam-pattem-movement should ensure: 1) constant large scale

(4.13)

selecting the phase offset applied to the pth element according to:
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(4.14)

where (f»p is the value introduced in (4.6). After each Ts , 9{t,p)  returns to its t -  0 value 

(returning the beam pattern to its original position) and 9{t,p)  then recreates an identical 

spatial movement over the next Ts duration. Assuming the condition in Equation (4.7) 

holds true, and assuming a small HPBW, (4.14) can be simplified (using (4.9)) to

Criterion 4: L independent fades.

Movement of the antenna array beam pattern based on the time-varying antenna array 

phases in (4.14) or (4.15) results in a time varying channel, and rate of variation of the 

channel is measured by coherence time. Coherence time, in turn, determines L, the 

number of independent fades over duration Ts . Computation of the coherence time 

requires modeling a channel in the presence of a moving beam pattern. In Chapter 3, a 

linear time-varying impulse response model is introduced to characterize the channel 

with a beam pattern oscillation based on (4.15). The channel statistics were characterized 

using the so-called Geometric-based Stochastic Channel Model (GSCM). Simulation 

results assuming a city center, with 0.0005 < k  < 0.05, demonstrated that the channel 

coherence time due to beam panem movement leads to an available diversity gain as high 

as L * 7 for k  < 0.05.

9(t.p) = 9(t) = k  lmi" t - ? ± \  t e [o,ts] (4.15)
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4.2.2 P  Antenna arrays located in close proximity

One limitation in mobile communications systems is the availability o f space at the BS. 

In some cases it may not be possible to locate the antenna arrays at a large distance from 

each other. In this subsection, considering p  antenna arrays in a close proximity, we 

define new antenna array criteria.

Criterion I: Identical Peaks Across Antenna Arrays

Since the antenna arrays are located in close proximity. DTotp «  xD, and as a
<=i

direct consequence, the P antenna arrays will peak at identical locations (discussed in the 

previous subsection).

Criterion 2: Identical HPBW Across Antenna Arrays

Similar to the Subsection 4.2.1, to ensure identical HPBW across antenna arrays, we 

require:

d p U p  = d J X 0, (4.16)
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where kp -  ka /(1 + pQAf I f a) is the average wavelength o f the carriers applied to the plh

antenna array. In addition to (4.16), we introduce a condition which ensures small 

antenna array spacing, namely

Dx=Q-da, (4.17)

where D, = Q d a implies that the first and second antenna arrays are separated by

distance da, p  refers to the ptk antenna array and DTol p = £  D, represents the cumulative
/= !

distance between the plh antenna array and the first one. To satisfy (4.16), dp is chosen 

according to

dp = du (1 + pQ bf > f „). (4.18)

Now, if we consider

DTot.p i k p = p ( D xik,)  (4.19)

The distance D corresponds to

Dt (l + Q A f / f J
Dp = , 1 A .  ’ (4-20)
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and, using (4.18) and (4.20), we achieve an elegant expression for the normalized antenna 

array factor (considering all antenna arrays)

_1_
M

sm| — r V . t )
\ 2

s«nf ^r(M P

P '  
sin( ~rj(4>)

sin)

(4-21)

where

y(t,#) = (2wdn i X, ) cos<t> + 9{t). (4.22)

and

= (2zzO, / a, ) - cos^ . (4.23)

Again, for ease in presentation, we have assumed a mobile located at <f>0 « T i l l . In (4.22),

6(0 refers to the antenna array’s phase shift 0(t,p,<f>), which is well approximated by a

function of time alone. With D, = Qda > da * 0.5 -Xo, if M  is sufficiently large (e.g.,

M  « N ), simple mathematical manipulation shows that the total antenna array beam 

pattern in (4.21) can be approximated by
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\

(4.24)

where AF(t.4>) is the beam pattern of a single antenna array (any one of the P antenna 

arrays).

Moreover, we place Q subcarriers, with frequencies ranging from f a + pQlSf to 

f , + ( p Q  + Q - 1)A/' within the p'h antenna array. We must ensure the size of Q is small

directly to Equation (4.12).

Finally, it is easily shown that the array’s time varying phase, G(t,p) should be selected 

according to (4.14) or (4.15), in order to create constant large scale fading and L 

independent fades over Ts .

43 Receiver Design

The k,h user’s transmitted signal, without an antenna array (using (4.1) and (4.2)), 

corresponds to

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

enough that all frequencies placed into the plh array generate identical patterns. This leads

(4.25)
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For carrier n = pQ + q . the q'h carrier sent on antenna array p,  the transmitted signal can 

be written in isolation using

sZJ,{t) = bl [i] cos(2x{f0 +{pQ + q)Af)-f + #***)• g(/), t e [ 0 , r s ], (4.26)

where is as shown in (4.3) and (4.4). Now. considering the antenna array, the

signal in (4.26) enters the pth smart antenna array. The output of the mlh element of the p‘k 

antenna array, after application of phase offset 0(t) in (4.15), is simply:

spk*■mit ) = bk[/]• cos(lrf0t + 2n{pQ + q)ISf • / + +m0(t) \  t e  [0,Ts], (4.27)

The presence of 0(t) creates a frequency offset; however, with 0(t) selected according 

to (4.15) (and considering 0.0005 < k  < 0.05), and assuming typical parameter values for 

mobile communication transmissions, it is easily shown that the frequency offset induced 

by 0(t) is less than 5% of a 1MHz bandwidth. Hence, we ignore this frequency offset in 

our presentation. The total downlink transmitted signal, considering all antenna elements 

(all m), all antenna arrays (all p), all carriers (all q) and all users (all k) is (from (4.27))

s(t) = £ bk [/] • £ ^  T7 • Z cos(2^ f o  + (pQ  + 9 )4 0  • * + + m0{t)) , / e [0,rs].(4.28)
k = I  p= Q  ip= 0 rm=0
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where UM is a normalization factor corresponding to transmission over M  array 

elements. At the receiver side, considering the transmit diversity which leads to an L fold 

time diversity, the received signal in [o, Ts ] can be divided into time slots

[/rs / L,(l + l)rs / l ] ,  where / € {0.1 L - 1}, and each time slot demonstrates independent

fade. This signal corresponds to

= ! 77 ’ I cos*2;r</. + t + + my < /»  + )
4 * 1  p « 0 « | > o |  V  **’*

+ n, (/). 

:e[/Ts !L.(l + 1)7; / L\

(4.29)

Here, n, (t) is an additive white Gaussian noise, independent for differing time slots (/);

is the fade on the (pQ+q)th carrier in the Ith time slot (due to fading) and ^lpQ̂  is 

the phase offset in the (pQ+q),h carrier and f h time slot (due to fading) (hereafter, phase is 

assumed to be tracked and removed). From [33], the a ^ q fades over the Q subcarriers

q € {0,1 Q - 1} (applied to the p‘h smart antenna) are correlated Rayleigh random

variables with correlation coefficient between the q' subcarrier fade and the q" subcarrier 

fade characterized by:

Pq4 i + ( f o '- * 'M 4 /7 ( 4 0 c ) f  (430)

where (Af )c is the coherence bandwidth of the channel.
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For different groups of carrier frequencies (different p), if the antenna arrays are located a 

far apart, i.e., at a separation D > 10A, a fQ*q are independent Rayleigh random 

variables for different p  values: and if the antenna arrays are located in close proximity, 

are treated as correlated Rayleigh random variables (across index p) with the 

correlation characterized by (4.30).

Applying the summation over m (the set of antenna array elements), and combining the 

two summations over p  and q for simplicity in presentation, (4.29) can be rewritten as:

*=l «=0
a? ■ AF(t,0)-cod2z{fo + n b f ) t  + p Hk + ̂ - ^ y ( r ,0 ) + «,(/) (4.31)

Assuming a narrow -beam w idth smart antenna (and assuming the mobile is located at 

^ - 7 t ! 2 ) ,  (4.22) can be approximated by y(t,<p) 5 y(t) = d( t ) . Additionally, with the 

antenna array peak directed toward the intended mobile at time 0, and with small 

movements of the antenna array pattern over Ts , the array factor experienced at the 

mobile over [0, Ts ] is well approximated by AF(t,$) = 1.

The CI/MC-CDMA receiver for user j. j  e {l,2,...,K}, is shown in Fig. 4.3. In this 

figure, a bank of band pass filters separates the MC-CDMA signal into its N  multiple 

carriers. Next, each carrier is multiplied by a local oscillator generating
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v"(r) = JTITS -cos^2;r(/0 +nAO-r + ̂ - r ( » ) j .  (4.32)

Once each of the N  MC-CDMA carriers (located in parallel branches) has been returned 

to baseband, the baseband signal is integrated over each interval over which the fade is

constant, i.e.. over t e [/fs / /.,(/ +1)7^ //.] , / e  {0,1 L - 1}. After applying the spreading

code of user j  to seperate users, the received signal for each subcarrier n, 

n € {0,1,..., A - 1}, and time interval /, / € {0.1  Z. - 1}, corresponds to:

r(- = j ^ a ;  ■bi[i] + j yf E;  £ < M '‘]cos(/r
L  L 4=u*/

n e {0.1 / e {0,1.....L -l}
(4.33)

where yj~E  ̂= yJTs / 2 and n" is a zero mean Gaussian random variable with variance

Na f(2 N  L). The first term in (4.33) represents the f h x nIh component of the desired

signal, the second term is multi-access interference and the third term is noise. It is 

important to note the factor of 1/L in the desired signal is a direct result of the division of 

the received signal interval into L partitions (to create Z.-foId time diversity) (i.e., a direct 

result o f the /.-fold oversampling strategy).

With N  x L diversity components, N  over frequency and L over time, the combiner can 

be designed using EGC, MRC or MMSEC, applied to the frequency components then the 

time components (or vice versa). Examples of the combiner follow.
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Fig. 4.3 The MS receiver.

a. EGC-EGC scheme: EGC applied in time then in frequency, or equivalently EGC 

applied to the frequency components then in time, results in

I - l  V - l  V - l  L - 1

R - C . E G C - E G C  =  £  ^  r i  =  ^  ^  r i

1=0 tt=0 ir=0  /=0

(4.34)

b. MRC-EGC scheme: MRC applied to the frequency components (or time components) 

followed by EGC in time (or frequency) leads to:

^ C M R C - E G C  ~ (4-35)
/= 0  <r=0 n=0 1=0
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c. EGC-MRC scheme: Applying EGC to the time components, then MRC in frequency 

results in:

V - l

^C.£CC^-VRC  ̂ ~ ^ . a  r ' (4.36)
«=0

where

r- =a" | V £ S- W i  + j f e  cos(^;-ft- )+ o '. (4.37)
L- L t=U»/

and

L - 1

o '  = 5 > , \  (4-3g)
/=0

/ i '= 2 X -  (4-39)
/  =0

Applying EGC in frequency then MRC in time leads to:

L - 1

^C.EGĈ  -URĈ . ~ ' ^ GCiri ' (4.40)
/=0

where
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J .  J _____  K

n = ai J y l Es A M  + T \ / ^  Z a u  bk[i] + n, ,
L  L  i = U t * ;

(4.41)

and

V - l

<*u = Z Qr" C0Ŝ " " A " ) .
fl=0

. v - l

n! = Z " ’

(4.42)

(4.43)

(4.44)

d. MMSEC-EGC scheme: Applying the Wiener filter principle [75] to determine the 

MMSEC across CI/MC-CDMA carriers, and following this with EGC across the time 

components (index /), the decision variable with K -N  (i.e., K=N users on N  carriers) 

is (see Appendix 2):

r ~ y y  f i s  a' IL r ' - y f  y ^ ' a‘ /L r- (4 4 5 )
C  M M S E C - E G C  L L  p .  ^  } 2  +  ,  j  /  L L  p . ^ ' f  +  f i f .  !  2  '

where

P = h \ K f orn  =0 or N 12, 
L- I a: / 2 else,
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and iV '/2  is the noise variance of n, , i.e., Na /(2 N L).

e. EGC-MMSEC scheme: Here, the decision variable corresponds to:

R, (4.47)
'*>P ( anr  + N;  /2

where r". a ”and Pare as defined in (4.37), (4.38) and (4.46) respectively and JV" /2  is 

the noise variance of n* in (4.39), i.e., (No / 2) / N . Additionally,

where r, , a, and a u  are defined in (4.41), (4.42) and (4.43) respectively and N'^/2 is 

the noise variance of n, in (4.44), i.e., (Na 12)1 L .

4.4 Simulated Performance

We simulate the following CI/MC-CDMA system with smart antenna arrays:

1) N-22 subcarriers in the CI/MC-CDMA system;

2) K  = 32 orthogonal users on the N = 32 subcarriers;

86

R, - w.wsfc; ■r, (4.48)

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



3) beam pattern movement is assumed to result in 1 = 7 independent fades in the 

duration Ts ;

4) a frequency selective channel creates 4-fold frequency diversity over the entire 

bandwidth.

a. Four antenna array s with 8 carriers on each (P = 4 and Q = 8): Antenna arrays with 

large separation.

Simulation results for this case are provided in Fig. 4.4(a) for EGC, MRC and MMSEC 

combining across frequency terms followed by EGC in the time domain. It is seen that 

the performance results of EGC-EGC exceed those of MMSEC-EGC and MRC-EGC for 

signal to noise ratios greater than 6dB. A similar conclusion results from the performance 

curves of Fig. 4.4(b), where EGC, MRC or MMSEC combining schemes are applied in 

the time domain followed by EGC across the frequency terms.

In Fig. 4.4(c), simulation results are provided for EGC across the time components 

followed by EGC, MRC or MMSEC in the frequency domain. EGC-EGC curves again 

demonstrate the best performance among these schemes. Only minor differences are 

observed between the performance curves of Fig. 4.4(d), where EGC is applied in the 

frequency domain followed by an EGC, MRC or MMSEC combining in the time domain. 

Moreover, the overall performance of these combining schemes is better than those in 

Fig. 4.4(c). Specifically in this figure, EGC-MRC and EGC-MMSEC outperforms EGC- 

EGC. The performance results across various combining schemes are very close, but the
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small deviation in performance show, except in Fig. 4.4(d), EGC-EGC slightly 

outperforming EGC-MRC, EGC-MMSEC, MRC-EGC, and MMSEC-EGC results. Here, 

we believe that the EGC-EGC combining scheme represents a closer approximation to 

the truly optimal 2-D frequency-time combining (required to achieve optimal 

performance at a cost of high complexity).

The simulation results of Fig. 4.4 (a-d) are compared with a more traditional CI/MC- 

CDMA/smart antenna system. Here, the smart antenna consists of P arrays o f M  elements 

each (as shown in Fig. 4.1(b)). but the smart antennas operate in a conventional manner, 

supporting directionality gains but no transmit diversity gains (i.e., no pattern movement) 

[72]. The top line on all figures shows the performance of CI/MC-CDMA with this 

P M  element antenna array, where MMSEC is applied to the subcarriers of the received 

CI/MC-CDMA signal. It is observed that the introduction of the beam pattern movement 

by the BS array introduces an improvement of more than 7dB at a probability of error of 

10'3 (at the mobile).

Additionally, the bottom line on each curve represents the benchmark AWGN (additive 

white Gaussian noise) performance curve. We see that while an MC-CDMA system with 

a conventional antenna array (offering only directionality benefits) loses close to 9dB 

relative to AWGN performance (at P{e) = 10'3), the addition of beam pattern movement 

(creating induced time diversity gains) leads to an MC-CDMA system that is only 2dB 

away from ideal AWGN performance.
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Fig. 4.4{a.b) Simulation results for 7 independent fades, 32 users and 32 subcarriers (in each P=4 group of 
subcarriers there are Q = 8 correlated subcarriers) compared with one dimensional frequency diversity over

CI/MC-CDMA carriers.
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Fig. 4.4(c.d) Simulation results for 7 independent fades. 32 users and 32 subcarriers (in each P=4 group of 
subcarriers there are Q = 8 correlated subcarriers) compared with one dimensional frequency diversity over

CI/MC-CDMA carriers.

90

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



b. Four located antenna arrays with 8 carriers on each (P = 4 and Q = 8): Antenna 

arrays in close proximity.

Simulation results are provided in Fig. 4.5(a) for EGC, MRC and MMSEC combining 

across frequency terms followed by EGC in the time domain. It is seen that the 

performance results of EGC-EGC exceed those of MMSEC-EGC and MRC-EGC for 

signal to noise ratios greater than 7dB. A similar conclusion can be reached when 

considering the performance cu^es of Fig. 4.5(b), where EGC, MRC or MMSEC 

combining schemes are applied in the time domain followed by EGC across the 

frequency terms.

In Fig. 4.5(c), simulation results are provided for EGC across the time domain terms 

followed by EGC, MRC or MMSEC in the frequency domain. EGC-EGC curves 

demonstrate the best performance among these schemes. Only minor differences are 

observed among the many performance curves of Fig. 4.5(d), where EGC is applied in 

the frequency domain followed by an EGC, MRC or MMSEC combining in the time 

domain. Moreover, just in this case, we observe EGC-MRC outperforms the other 

combining schemes.

When compared to the performance of an MC-CDMA/smart antenna merger without the 

benefit of beam pattern oscillation, we observe that 7dB performance gains are achieved 

by the beam pattern oscillation at a P(e) = 10~3.
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Fig. 4.5(a,b) Simulation results for 7 independent fades in time domain, and 32 correlated fades in 

frequency domain, compared with one dimensional frequency diversity over CI/MC-CDMA.
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Fig. 4.5(c,d) Simulation results for 7 independent fades in time domain, and 32 correlated fades 

frequency domain, compared with one dimensional frequency diversity over CI/MC-CDMA.
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c. One antenna array (P -  i  and Q = 32)

In Fig. 4.6(a) the simulation results are provided for EGC in the time domain followed by 

EGC, MRC or MMSEC in the frequency domain. Only minor differences are observed 

between the performance curves o f Fig. 4.6(a) and those of Fig. 4.6(b), where EGC is 

applied in the frequency domain followed by an EGC, MRC or MMSEC in the time 

domain.

The simulation results in Fig. 4.6(a,b) are compared with a CL MC-CDMA/smart antenna 

system, where the arrays does not support beam oscillation. The top line on all figures 

shows the performance of MC-CDMA without the proposed pattern movement, where 

MMSEC is applied to the subcarriers o f the received MC-CDMA signal. Very similar to 

the previous cases, it is observed that the introduction of the antenna array at the BS 

improves performance by more than 7dB at a probability of error of 10'3 (at the mobile).

4.5 Conclusions

CI/MC-CDMA signals are sent via P  antenna arrays at the BS, and received by a single 

antenna at the mobile. The phase shifts introduced to the BS antenna array elements are 

designated to control the antenna pattern movement (oscillation) such that it achieves 

directionality and transmit diversity. The proposed system achieves (1) high network 

capacity via the combining of SDMA and CDMA multiple access techniques and (2) 

high performance via the combined frequency-time diversity gains.
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Fig. 4.6(a.b) Simulation results for 7 independent fades. 32 users and 32 subcarriers compared with one 
dimensional frequency diversity over CI/MC-CDMA carriers.
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Focusing on the available performance benefits, we construct receivers that employ 

diversity combining in the frequency and time domains. Different combining strategies,

e.g., MMSEC-EGC. MRC-EGC and EGC-EGC, have been simulated and the 

performance results characterized. Significant performance improvement is demonstrated 

in a rich scattering environment when compared to the Cl/MC-C DM A/smart antenna 

system without the benefit of beam pattern oscillation.
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Chapter 5

High Performance Wireless via the Merger of Cl Chip 

Shaped DS-CDMA and Oscillating-Beam Smart 

Antenna Arrays

In this chapter, a novel merger of DS-CDMA and smart antenna arrays is introduced. 

With regard to the DS-CDMA scheme, we employ CI/DS-CDMA, a novel 

implementation of DS-CDMA where chips are decomposable into N  narrowband 

frequency components. With regard to the antenna array, we deploy the proposed 

oscillating-beam smart array: Here, applying proper time-varying phases to the array 

elements, we create small movement (oscillation) in the antenna array's pattern, while 

steering the antenna pattern main lobe to the position of the intended user. The oscillating 

antenna pattern creates a time-varying channel with a controllable coherence time as seen 

in chapter 3. This, in turn, provides transmit diversity in the form of a time diversity gain 

at the mobile receiver side (Chapter 2).
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Direct-sequence code division multiple access (DS-CDMA) [52]-[55] is the world’s most 

popular CDMA architecture. In DS-CDMA, each user’s bit is multiplied by a sequence of 

N  chips (short pulses o f duration Tc ), where each chip has amplitude +1 or -1. By careful

selection o f +1 and -1 values (spreading sequences), the receiver can separate users one 

from another. To enhance performance via path diversity (e.g., [54]), most DS-CDMA 

systems employ RAKE receivers, which attempt to separate and linearly recombine the 

multiple paths.

Recently, a novel chip shape referred to as the Cl (Carrier Interferometery) chip shape 

was introduced to DS-CDMA [76]-[81 ]. Here, each chip is decomposable into N 

orthogonal carrier components. As a result, when applying these chip shapes, the DS- 

CDMA receiver I ) achieves a frequency diversity benefit (rather than a path diversity 

benefit) by decomposing chips into carrier components and frequency combining; and 2) 

the use of frequency combining in place of path combining (as done in RAKE receivers) 

leads to a significantly improved performance via the ability to avoid inter-path 

interference [76]-[81 ].

In this chapter, we innovatively apply the oscillating-beam antenna arrays of Chapter 2 to 

DS-CDMA systems with Cl chip shapes (CI/DS-CDMA) of [76]-[81]. This enables: 1) 

very high capacity via the merger of SDMA (directionality o f the antenna array) and code 

division multiple access (inherent in CI/DS-CDMA); and 2) very high performance via 

the construction of receivers that exploit both transmit diversity and frequency diversity. 

We focus on the performance benefits of the proposed merger.
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In this chapter, we assume carrier frequency ( /„ )  much larger than system bandwidth

(BW) (e.g., f a > 100-(fiffO), a reasonable assumption in today’s mobile systems. Hence,

the antenna pattern is identical for the entire transmit bandwidth. With this in mind, the 

CI/DS-CDMA signal is fed into a single M-element smart antenna array. By carefully 

designing the phase shifts applied to antenna array elements, the resulting beam-pattem 

corresponds to an oscillating beam pattern similar to that in Chapter 2. This leads to a 

time-varying channel with a controllable coherence time. The controllable coherence 

time is used by the mobile to exploit time diversity and enhance performance.

The benchmark for comparison in this chapter is a CI/DS-CDMA system employed in 

conjunction with a conventional smart antenna array (an antenna array which creates an 

adaptive beam pattern directed toward the intended user, leading to increased capacity via 

SDMA, but. unlike the proposed scheme, offers no improvements in performance to the 

CI/DS-CDMA system). This chapter highlights the performance benefits that can be 

achieved by small oscillations in the beam pattern of the smart antenna array.

Receivers are constructed to exploit both the transmit diversity, which corresponds to an 

induced time diversity provided by the antenna array, as well as the diversity inherent in 

the CI/DS-CDMA system (an exploitable frequency diversity). Thus, at the receiver, 

three stages of combining are present: 1) a combining of the time components with 

different fades (to exploit time diversity); 2) a combining across frequency components 

(to exploit frequency diversity); and 3) a combining across chips (to eliminate users in a 

traditional DS-CDMA manner). We can apply the combining first on the frequency
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components or first on the time components, i.e., the first and the second combining 

stages can be interchanged.

Simulation results demonstrate the proposed system achieving a 14dB gain over a CI/DS- 

CDMA system with a conventional smart antenna array at a probability o f error of 10‘3. 

Performance gains are even more impressive when the proposed system is compared to a 

traditional DS-CDMA system with a conventional smart antenna array. (These 

performance benefits are in addition to the usual network capacity gains provided via 

SDMA.)

Section 5.1 introduces the merger of the beam-sweeping smart antenna arrays and CI/DS- 

CDMA. Section 5.2 presents receiver structures employing EGC across frequency 

components followed by MRC across time domain components. Section 5.3 presents 

simulated performance results, while Section 5.4 presents a conclusion.

5.1 The Merger of CI/DS-CDMA and Beam-Sweeping Antenna Arrays

A. The CI/DS-CDMA system.

In DS-CDMA, a unique time sequence (N  chips each with amplitude +1 or -1) is 

assigned to each user. Hence, the k? user’s data bit, bk, is sent as:

(5.1)
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where bk is +1 or - I ,  f o is the center or carrier frequency, and C*(r) is the k* user 

spreading code, corresponding to

Ct «)  = f t c1l -h(t-iTc ) g ( t ) .  (5.2)
i = 0

Here, c' e {-l,+ l} is the /** element of user k's spreading code, and g(t) is a rectangular

waveform limiting the chip shape to duration Ts . In the proposed CI/DS-CDMA system

of [76]-[8l], the chip shape h(t) corresponds to a multi-carrier signal. Specifically, the 

chip shape h(t) is a superpositioning of N  narrowband subcarriers equally spaced in 

frequency by A f :

h(t) = . (5.3)
* r = 0

Here. A f  > 1 / Ts to ensure orthogonality (separability) between subcarriers o f the chip 

shape. The magnitude of h(t) is shown in the Fig. 5.1(a) assuming A f  = l /Ts and the set

{A(/-iTc ),i = 0.1 N - 1\ is shown in Fig. 5.1 (b). It is important to note that h(t -  jTc) and

h(t- kTc )( k * j  ) are orthogonal to one another, and hence chips are separable. Refering 

to (5.3) and Fig. 5.1, the Cl chip shape corresponds to a frequency sampled version of the 

sinc(.) shape. The transmitter generating the $*(/) of Equation (5.1), (5.2) and (5.3) is 

shown conceptually in Fig. 5.2(a,b).
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B. Proposed Antenna Array Structure.

The CI/DS-CDMA signal characterized by Equations (5.1H5-3) is fed into a single M- 

element antenna array (see Fig. 5.3). The mth array element applies the phase shift 

m0(t,0), m € {0,1,...,A/ - 1}.

The beam pattern oscillation is created by careful selection of the antenna element’s 

phase offset. 0 ( t ). The antenna array’s beam pattern movement will be designed to 

ensure: 1) constant large scale fading, i.e., the mean o f the Rayleigh fading is constant 

over the symbol duration Ts ; and 2) L independent fades are generated within each
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Fig. 5.2 (a) The CI/DS-CDMA transminer, (b) the Chip i transmitter shown in Fig. 2(a).
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Fig. 5.3 The antenna array structure over which the CI/DS-CDMA signal is sent
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partition Ts . In other words, the antenna array beam pattern is swept in a manner which 

ensures constant large scale fading over symbol duration Ts while ensuring L 

independent fades within each Ts . Please see Chapters 2 for details.

§.2 Receiver Design

User k's signal, input to the antenna array of Fig. 5.3, corresponds to (using (5.1) and

(5.2))

54 (r) = Re-j bk ■ ej2*"' - h(t -  iTc ) -g(t) }• (5.4)

which, using h{t) in (5.3), leads to

V - t  V - l

s,(;) = ReM, •
i=0

(5.5)

V - l  V - l

st(f ) = bt -g (/)- *Tc‘k - £ c o s ( 2 j r ( /0 + n&f) t - ( J ‘K)
,= 0  * = 0

, r €[0,7^], (5-6)

where /?' = 2m ■ n&fTc . The output of the m h element of the antenna array, after 

application of phase offset m6(t), is simply:

/ . V - l  v - l

s?(t) = bk g(t)- Y'C't • ^ c o s ( 2 ^ ( /<i +nAf) t - 0 ‘m +m0(t))
\ ;=0 m=0

(5.7)
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The presence o f B(t) creates a frequency offset; however, with 6{t) selected according 

to

(see Chapter 2 and note that 0{t) = ) (and considering k  < 0.05), and assuming

typical parameter values for mobile communication transmissions, it is easily shown that 

the frequency offset induced by 6(t) is less than 5% of a 1MHz bandwidth. Hence, we 

ignore this frequency offset in our presentation. The total downlink transmitted signal, 

considering all antenna elements (all m) and all users (all k) in t e  [0, Ts], is (from (5.7))

where MM is a normalization factor compensating for transmission over M  array 

elements.

At the receiver side, the transmit diversity (due to antenna array movement generated by 

0 ( t) ) corresponds to an L fold time diversity. Hence, the received signal in duration

[ 0 , r j  can be divided into time slots [lTs / L,(l + l)T5 / L], where / € {0,l,...,I-l}, and

2jxdt ■ HPBW ( Ts
_ _ _ _ _ _ _ _ '1_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  .  t  t _ _ _ _ _ _ _ _ i (5.8)
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each time slot contains a signal with an independent frequency-selective fade. The 

received signal corresponds to

'•'(') = £/>* g(t)- £ ^ - .4 F ( /.^ )c o s [  2x(f0 + n A f) t  -  PI + ^ —1- y M ) + £ ']]  +«'(/),
4* 1 \  /=0  «=0 \  ^

r e [lTs / L,(l + l)Ts / L.\l e {0.1....,L - 1}
(5.10)

First, we explain the a ' and c ' terms in (5.10). Because each chip shape is a multi­

carrier signal, the frequency-selectivity of the fade is resolved by the multi-carrier 

components of the Cl chip shape (as in OFDM [82] and MC-CDMA [50]-[53]). That is,

each carrier n. n e  {0.1...../V-l}, that makes up the chip shape experiences a unique flat

fade: a„ is the fade on the nth carrier in the t h time slot (due to fading) and is the 

phase offset in the nlh carrier and Ith time slot (due to fading) (hereafter, this phase is 

assumed to be tracked and removed). The fades a \  over the subcarriers that make up 

each Cl chip, i.e., {a^.or, a lS i}, are correlated Rayleigh random variables with

correlation coefficient between the p  subcarrier fade and the q subcarrier fade 

characterized by [33]:

P p ‘l  M { p - q )  W W ) c ) ) 2 ( ^
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where (AOc *s the coherence bandwidth of the channel. In addition, in (5.10), the n‘(t) 

term represents the white Gaussian noise in the /** time slot, and the antenna array 

introduces the phase offset y(t,<f>) corresponding to

v(/.^) = (27ud0! kD) • c o s^ + 0 (f) . (5.12)

Here. (2ra/„ / x j c o s ^  represents the phase offset due to the difference in distance

between antenna array elements and the mobile (assuming the smart antenna array is 

mounted horizontally). Moreover, in (5.10). the antenna array also introduces the 

normalized gain AF{t.<f>) , corresponding to

AF(i.#) = —
M

• i ' M  /  ^  ^sm| —

sin
(5.13)

Assuming the mobile is located on the antenna beam main axis (<ffo = n l  2), and 

assuming a small beam pattern movement ( k  < 0.05), (5.10) can be simplified by 

assuming y (t,$ )  = y(t)  = 0(t) and A F ( t , f ) z  1 at the mobile’s position for all

te [o ,r5].

The CI/DS-CDMA receiver is shown in Fig. 5.4(a,b), where Fig. 5.4(a) shows the overall 

receiver structure for user h, and Fig. 5.4(b) details the block entitled ‘chip j  receiver’ (in 

Fig. 5.4(a)). In other words, the receiver operates as follows: first, the received signal is
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processed through a total of N chip receivers, where chip f  s receiver a) decomposes its 

chip into N  carrier components, and b) recombines across the carrier components to 

recreate the chip while achieving a frequency diversity benefit In addition, because a 

time diversity benefit is available (via transmit diversity), chip / s receiver also: c) 

combines across time components to recreate the chip with a frequency-time diversity 

gain. Next once each chip is recreated with an enhanced diversity benefit the receiver of 

Fig. 5.4(a) performs a combining across chips in a usual DS-CDMA manner to eliminate 

interfering users’ signals.

Mathematically, the receiver operates as follows. First the received signal enters chip f  s 

receiver. Here, the carrier component is removed from the incoming signal, and the signal 

is split into N  branches (one per carrier component). On the n'h branch, the n'h carrier is 

returned to baseband and separated from other carriers by application of a lowpass filter. 

(To ensure perfect separability of the carriers (that make up the f h chip) via filtering, we 

select A f = 21TS .)

Each baseband signal (one per carrier) is integrated over each interval over which the 

fade is constant, i.e., over t s  \lTs //.,(/ + 1)T5//,]. / e {0,1 L - 1}. After applying phase

offsets to the N  frequency components (phase offsets corresponding to the delay jTc , 

separating the j h chip from other chips), the signal in the f h chip’s receiver, for each 

carrier n, ne  {0,1,..., A' -1}, and time interval /, / e  {0,1,..., L -1}, corresponds to:
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. V - l

iLjlnJfk=I f=0
**/

where ^ /£ j = J j ] T l . In (5.14), the first term represents the desired ntM frequency

component and t h time component of chip j  for the desired user (user h); the second term 

is the interchip interference due to other chips from the same user (where 

p i  =cos ( # - # )  is the correlation between the chip and the/*  chip in carrier n); the 

third term is the interference due to the same chip from other users, and the fourth term 

represents the interference from different chips of different users. Moreover, nl„\ is a

zero mean Gaussian random variable with variance (Nc i 2) / (NZ L),  independent across 

different carriers n and different time slots /, but correlated across chips, with correlation 

p i  between the i h chip noise and thef h chip noise.

It is also important to note the factor of l/L in the first term (desired term) in (5.14), 

which is a direct result o f the division of the received signal interval into L time partitions 

(to create Z.-fold time diversity) (a direct result of the Z.-foId oversampling strategy).

Following the decomposition of the/*  chip into its time and frequency components, each 

with a unique fade, a linear combining strategy is employed to recreate the/*  chip with a 

joint time-frequency diversity benefit. Using the linear combining scheme discussed in
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the next paragraph, we combine the rjj' over time components (/) and frequency

components (n) (with L * N  diversity components, L over time and N over frequency) to 

simultaneously reduce the inter-chip interference and the noise and achieve high diversity 

gains. This leads to the output, R 'h , which (referring to Fig. 5.4(a)) is combined across the

N  chips in the usual DS-CDMA manner to eliminate other users interference (term 3 in 

(5.14)). The chip combiner output for user h corresponds to

<5 l 5 >;=0

This Rh term enters a hard decision device which generates the final decision, bh.

The time-frequency combiner recreating the f h chip from its time-frequency components 

(in Fig. 5.4(b)) is designed using EGC (equal gain combining) across L time components 

followed by MRC (maximal ratio combining) across N  frequency components. We 

selected this scheme after extensive emulation demonstrated EGC-MRC achieving 

excellent performance relative to other combining options. Applying EGC in time, then 

the MRC across carriers, the decision variable corresponds to:

(5.i6)
*=0

where

i l l

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



and N'on . 2 is the noise variance of n'nJ, in (5.19), i.e., (A, 12)/ N2

S3 Simulated Performance

For simulation purposes, we consider

(1) CI/DS-CDMA with a processing gain of N= 32;

(2) each CI/DS-CDMA chip is composed of A/=32 carriers (see Equation (5.3));

(3) the CI/DS-CDMA system is fully loaded with K = 32 orthogonal users employing 

Hadamard-Walsh codes;
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(4) the frequency selectivity o f the channel results in 4 fold frequency diversity over the 

entire bandwidth, i.e., (Af ) c 1BW  = 0.25. and

(5) beam pattern movement results in L = 7 independent fades in the duration Ts .

In Fig. 5.5, a typical simulation result is provided for the proposed CI/DS-CDMA -  

oscillating beam antenna-array merger. The simulation results in Fig. 5.5 are compared 

with those of CI/DS-CDMA with a conventional smart antenna at the BS: Here, MRC is 

applied to the subcarriers of the received CI/DS-CDMA signal. It is observed that the 

introduction of a smart antenna array with beam-pattem-oscillation at the BS introduces 

an improvement of more than 14 dB at a probability of error of 10'3 (at the mobile) 

compared to CI/DS-CDMA with traditional smart antenna arrays. When compared to 

traditional DS-CDMA with RAKE reception (e.g, [54][55]) combined with a 

conventional smart antenna array, even larger performance gains are achieved, as shown 

in Fig. 5.5.

5.4 Conclusions

CI/DS-CDMA signals are sent via an antenna array at the BS, and received by a single 

antenna at the MS. The phase shifts introduced to the BS antenna array elements are 

designated to control the antenna pattern movement (oscillation) such that it achieves 

directionality and transmit diversity.
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 Traditional DS-CDMA without beam oscillation
CI/DS-CDMA Without Beam Oscillation
CI/DS-CDMA With Beam Oscillation 

- d -  AWGN Channel

Signal to Noise Ratio. dB 

Fig. 5.5 Simulation results.

Receivers employ diversity combining in the frequency and time domains, and significant 

performance improvement is shown when compared to the CI/DS-CDMA system with a 

conventional antenna array. This performance gain highlights the significance of small 

beam pattern movement in smart-antenna-array CDMA systems.
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Chapter 6

Achieving High Capacity Wireless by Merging Multi- 

Carrier CDMA Systems and Oscillating-Beam Smart 

Antenna Arrays

In this chapter, considering a cellular network with the proposed antenna array/MC- 

CDMA merger, we characterize the network capacity’. We study the effect of interference 

generated by signals in other cells, considering both urban and rural settings. Using 

computer-based emulation, we demonstrate the dramatic network capacity gains achieved 

by the small beam pattern oscillation of the antenna array.

Section 6.1 reviews the merger of antenna pattern oscillation and CI/MC-CDMA. Section

6.2 studies the received signal and channel interference modeling. Sections 6.3 and 6.4 

present the receiver structure and the simulation results, respectively. Section 6.5 

concludes this chapter.
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6.1 The Merger of Antenna Pattern Oscillation and CI/MC-CDMA

In this chapter, we will assume carrier frequency ( f a ) much larger than system

bandwidth (BW) (e.g., f o >\Q0(BW )),  a reasonable assumption in most mobile

systems. As a result, the antenna pattern from an antenna array is identical for all transmit 

frequencies o f a CI/MC-CDMA system.

We apply the output of a CI/MC-CDMA transmitter, i.e., the signal 

s(0  = £ * , ( / ) .  (6.1)
k=\

to the BS antenna array of Fig. 6.1. Here sk (/) is the CI/MC-CDMA signal of (4.1) and K 

is the number of users in the multi-access system.

Element #0

Element # /

s(t)
Element #2

Element #M-1

Fig. 6.1 BS antenna array structure.

116

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



6.2 The Received Signal and Channel Interference Modeling

Considering the antenna array at the BS and a single antenna at the mobile, we model the

received signal, we include interference due to transmitted signals from neighboring base 

stations, i.e.. the cells 1-6 of Fig. 6.2. We only consider the effect of the so-called one-tier 

cells, neglecting the effect of interference from higher tier cells (a typical modeling 

because of the well-known relationships between signal power and distance [86][87]).

In cell c ( c e [0.6]), the signal input to the base station antenna array for user k (using 

(4.1) and (4.2)) corresponds to

received signal at the intended mobile (shown in Fig. 6.2). In modeling the mobile’s

g(0 , t€ [o ,r s ]. (6.2)

Here, cnx e {-l.+l} represents the n h element in the pseudo-random code (long code) 

applied to each user in the c,h cell (to minimize inter-cell interference). The signal in (6.2) 

enters the smart antenna array, where the output of the mlh element, after application of 

offset mz{t) , is simply:

sekM(t) = # [ / ] ■ £ c nx cos(2rf0t + 2 m A f t + f i  +m0(t)\ t etO.TJ, (6.3)
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Fig. 6.2 Interference in one tier cellular network. (MS =Mobile Station.)

where #(/) = I r f jU ) .  The total downlink transmitted signal from the c‘h cell, 

considering all antenna elements (all m), and all users in the cell (all k e {1,2,...,/^}) is 

(from (6.3))

S-(/) = £ £ ;[/]  +nif)-t + Pl € [0,7^]. (6.4)
* = l **0 *** m=<)

where —  is a normalization factor compensating for transmission over M array 
M

elements.

At the receiver side, considering the beam pattern movement which leads to an L fold 

time diversity, the received signal in [0,7*s], r\t), can be divided into time slots

[lTs 1 L.(l + l)Ts / L], where / € {0,1,...,I-l}. Each time slot demonstrates an independent 

fade. The signal received in [lTs / L,(l + l)Ts / L], denoted
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r, (t) , corresponds to

r‘ (1> = Z Z AF(t- ft)'b‘k t'l' Z \-a 'x 'c*' ' cosf 2a(fo + "AD t + P " k +  —r— r ( f . +  o?'' ]  + n, (0,. »\ L _ I - « V 7

/€[/rs /L,(/+i)rs / 4

(6.5)

Here, n, (t) is an additive white Gaussian noise; a*x is the gain on the nlh carrier in the t h 

time slot and c'h cell (due to fading) and 0" c is the phase offset in the nth carrier, f h time 

slot, and c:h cell (due to fading) (hereafter, this phase is assumed to be tracked and 

removed). In addition, AF(r,ft ) is the normalized array factor of the smart antenna array 

(characterized in (2.1)).

With Kc users in the c h cell, and assuming an antenna array on each base station, only a

small fraction of the Kc users, c e {0,1....,6}, interferes with the mobile at cell 0 (Fig.

6.2). Specifically, only the users in cell c located in the sector of space consistent with the 

direction of the arrow (see Fig. 6.2) impact the intended user. If a user in cell c has any 

part of its HPBW in the direction of the arrow (Fig. 6.2), we assume AF(t,4i) = \\

otherwise, we assume AF(t,<pck) = 0. Of the Kc users in cell c, we assume K'c o f these

users demonstrate AF{t,<pck) s  1, where

£ [K ^ = HPBW 
Kc 2 n
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In (6.6), e [ ] denotes expected value.

It is important to note that the term a,"x , representing the fading gain, contains both a 

short term and a long term fading component:

vnx
<6-7)

where v/"x representes the short-term fade and I /(/?‘ )* characterizes the long-term fade 

(path loss). The set of values {v"x, n = 0,1,..., Af-l} are correlated Rayleigh fades over 

the N  subcarriers with correlation coefficient between the ri subcarrier fade and the 

n subcarrier fade determined by [33]:

p  . = ---------------- !------------------ (6.8)
i+((*, - 4 ( ‘V W ) f ) ) !

Here, (Af )c is the coherence bandwidth of the channel.

In the long-term fade component of (6.7), Rc represents the distance between the c‘h cell 

BS and the intended mobile in the 0^ cell. We will assume the intended mobile is located 

at the distance of Dt from the (fh cell’s BS (where D is the cell radius) (Fig. 6.2). 

(Note: assuming a uniform distribution of users within each cell, DI^Jl represents the 

approximate center of mass of users in the antenna pattern coverage area, when
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approximating this coverage area with a triangle.) For the geometry of Fig. 6.2, the vector 

that represents Rc for c € {0,1.....6} corresponds to

R=[ 1.00 3.83 3.44 1.975 1.83 1.975 3.44]. (6.9)

where R° is normalized to 1.00 and all other values are defined with respect to this 

normalization.

In (6.9), the power a in (/?C)P is a function of user location, BS antenna height, and 

environment. Here, for simplicity in presentation, we consider two environments, urban 

and rural, and we approximate a for these two areas as follows (based on [86][87]). In 

urban areas, the parameter a depends on the carrier frequency and the BS antenna height: 

a = I if /T < , and a = 2 if Rc > , where D ^  i.e., is a

function of carrier frequency f o and BS antenna height, ha. For urban areas with 

f u = 900MHz and a BS antenna height larger than 25m, * 1000m (see [87]),

assuming a cell dimension of, e.g., D = 500m. referring to (6.9), a = 2 for cells 1,2 and 6, 

and a = I for other cells. Thus, we can ignore the effect of interference due to cells 1,2 

and 6 and consider only interference due to cells 3, 4 and 5, with little loss in accuracy. 

In rural areas with f a = 900A///r and a typical antenna height of, e.g., 10m, a = I for,

e.g., Rc < = 200m , and a -  2 otherwise (the majority of cells). (Note that a = / (a =

2) in the amplitude attenuation model of Equation (6.7) corresponds to power loss as a 

function of 1 /(Rc )2 (1 /(Rc )4).), otherwise (the majority of cells).
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63 The CI/MC-CDMA Receiver

The CI/MC-CDMA receiver for user j. j  e  {l,2,...,Afc }, is shown in Fig. 6.3 (an

alternative representation of the receiver in Fig. 4.3). In this figure, the center frequency 

is removed from the incoming signal, and the resulting signal is split into N  branches, one 

per subcarrier. On branch n, the nth subcarrier is returned to baseband and seperated from 

other carriers by application of a lowpass filter. The isolated nth subcarrier term is 

integrated over each interval over which the fade is constant, i.e., over 

t e [lTs L,(l +1)7*5 / Z.]. / e  (0,1 L - 1}. The n‘h element of the long code for cell 0 (i.e..

c"0) is applied to minimize interference from neighboring cells, and the spreading code 

for user j  seperates the intended user from interfering users in the same cell. The 

received signal, after the above processing, for each subcarrier n, n e  {0.1...../V — l}. and 

time interval L i e  {0,1,...,/. - 1}. corresponds to:

*=U*/
(6. 10)

=u •,
t> A."

-1.0 -Av-K) + n, ,
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Fig. 6.3 The MS receiver structure of MC-CDMA.

where = ^T s i 2 and n" is a zero mean Gaussian random variable with variance

.V( /(2- N L). The first term in (6.10) represents the desired signal (in the cell 0), the

second term represents the interference from other users in the cell 0, the third term 

represents the interference from users in neighboring cells, and the final term denotes the 

noise.

In the case of BPSK, i.e., h*[/]e { -l,+ l|, the received signal r," can be replaced by its 

real component, in which case we can express
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With N x L diversity components. N over frequency ( n e  {0,l,...,iV-1}) and L over time

/ e {0.1 Z. — 1 { . we perform EGC (equal gain combining) in the frequency domain

followed by MRC (maximal ratio combining) in time. We propose this combining 

because emulations indicate that, relative to other sequential combinings, EGC-MRC 

offers a very high performance. This combining strategy leads to

£-1

/=0
(6.12)

where

(6.13)

and

V - lrO
<st = I < ° , (6.14)
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(6.15)

V - |

«/ = ! < • (6.16)

The Rc value of (6.12) enters a hard decision device to create the final decision £“[/].

6.4 Simulation Results

For simulation purposes, we consider

1) an N= 32 carrier CI/MC-CDMA system;

2) a 4-element ( HPBW = 25°) and a 6-element ( HPBW = 17°) antenna array (per base 

station);

3) a frequency selectivity resulting in 2-fold frequency diversity over the entire 

bandwidth, i.e. (Af ) c ! BW = 0.5;

4) beam pattern movement resulting in L = 7 independent fades in the duration Ts in 

urban areas (a rich scattering environment) and L = 3 independent fades in rural areas 

(a poor scattering environment)[40].

5) an SNR = 8.3dB in urban areas, and 9.9dB in rural areas; and

6) assignment of codes to users performed via a random sampling from the code set.

125

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



Simulation results plotting bit error rate versus number of users per cell are generated by 

processing the received signal (of Equation (6.11)) through the receiver o f Fig. 6.3, as 

characterized in Section 6.3. Fig. 6.4(a) presents emulation results assuming a 4-element 

antenna in an urban environment, whereas Fig. 6.4(b) introduces the 6-element urban 

environment results.

In each figure, two curves are provided. The upper curve is the performance when a 

traditional antenna array is applied, i.e.. an antenna array providing directionality but no 

time diversity (no beam pattern movement) is applied (as in, e.g., [88]-[89]); and the 

lower curve is the performance of the proposed system with beam pattern oscillation.

We observe large network capacity gains achievable in urban areas by small oscillations 

in beam pattern movement. Assuming a cell with a 4-element antenna array mounted on 

the BS, antenna array beam-pattem-oscillation enables 160 users to be supported with the 

same performance as a 40-user system without pattern oscillation. Network capacity 

gains are more impressive when a 6-element array is applied (Fig. 6.4(b)).

Fig. 6.5(a),(b) presents BER versus number-of-user plots for rural areas. Again, notable 

network capacity gains are observed when using beam pattern oscillation. For example, 

assuming a referenced BER of 10': prior to FEC (forward error correction), a system 

where the antenna array provides beam pattern movement supports approximately 160 

users, whereas a system without the pattern movement only supports in the vicinity o f 50 

users. Dramatic network capacity gains are achievable via small pattern oscillations.
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Fig. 6.4(a.b) Capacity simulation results for urban areas.
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Fig. 6.5(a.b) Capacity simulation results for rural areas.
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6.5 Conclusions

At each base station, an oscillating bean antenna array is used to transmit CI/MC-CDMA 

signals, while at the mobile a single antenna is used for reception. Capacity curves for 

these receivers show the significant improvement available when comparing CI/MC- 

CDMA systems with the benefit of oscillation in the antenna patterns to CI/MC-CDMA 

systems without the oscillation in the antenna pattern. This capacity improvement is in 

the order of three-fold for typical urban areas and rural settings.
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Chapter 7

Conclusions

This chapter highlights the contributions of this dissertation (Section 7.1), introduces a 

plan for continuation of this work (Section 7.2) and summarizes the dissertation (Section

7.3).

7.1 Contribution

A novel transmit diversity technique has been introduced, in which we enhance both the 

network capacity and the receiver performance. Specifically, time-varying time-delays 

(phase shifts) are introduced to the base station antenna array elements that control the 

antenna pattern movement. This leads to movement (oscillation) that creates 

directionality and transmit diversity.

The coherence time created by the oscillating beam pattern was determined by using a 

comprehensive geometric-based stochastic channel model with both circular and semi-
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elliptic coverage. Simulation results show that a coherence time can be established by 

beam pattern oscillation which leads to about L = 7 fold time diversity at the mobile 

(when small beam pattern movement is present). Hence, beam pattern motion can create 

a very significant increase in performance at the mobile.

Receivers which take advantage of the induced time diversity have been studied based on 

equal gain combining (EGC) and maximal ratio combining (MRC). For BPSK 

transmission, about a 15dB improvement in performance was observed (when comparing 

the proposed system to one without the benefit of antenna pattern oscillation). A key 

feature in receiver design is that time separation between each diversity component 

allows for a low complexity receiver even in cases of larger degrees of diversity. The cost 

of this scheme is low because complexity is focused on the base station.

Carrier interferometery multi-carrier code division multiple access (CI/MC-CDMA) 

signals are sent via oscillating beam antenna arrays at the BS, and received by a single 

antenna at the mobile. The proposed system achieves (1) very high network capacity via 

the combining of spatial division multiple access (SDMA) and CDMA multiple access 

techniques and (2) very high performance via the combined frequency-time diversity 

gains.

Focusing on the available performance benefits, we construct receivers that employ 

diversity combining in the frequency and time domains. Different combining strategies, 

e.g., MMSEC-EGC (minimum mean square error combining-equal gain combining),
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MRC-EGC (maximal ratio combining-equal gain combining) and EGC-EGC. have been 

simulated and the performance results characterized. More than 7dB improvement in 

performance is demonstrated when compared to the CI/MC-CDMA/smart antenna 

system without the benefit o f beam pattern oscillation.

Capacity curves for these receivers show the significant improvement available when 

comparing CI/MC-CDMA systems with the benefit of oscillation in the antenna patterns 

to CI/MC-CDMA systems without the oscillation in the antenna pattern. Here, we 

considered the effect of interference generated by signals in other cells for both urban 

and rural settings. Computer-based emulation demonstrates a 3-fold network capacity 

gains achieved by the small beam pattern oscillation of the antenna array for typical 

urban areas and rural settings.

Finally, we merged Cl direct sequence code division multiple access (CI/DS-CDMA) 

signals and oscillating-beam smart antenna arrays. We observed more than 14dB 

improvement in performance over a CI/DS-CDMA smart antenna system without the 

benefit of beam pattern oscillation.

7.2 Future works

In the following, we provide suggestions for future research.
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7.2.1 Coherence beam width

The introduction of oscillating beam patterns in antenna array systems can be 

characterized in terms of a new parameter: Coherence beamwidth. For a given 

environment, coherence beamwidth refers to the sweep of space (as a percent of 

beamwidth) required to achieve an independent fade. We intend to parametrize 

environment based on this term, which characterizes the diversity benefits of pattern 

oscillation.

7.2.2 A merger of orthogonal frequency multiple access (OFDM) and oscillating 

beam smart antennas

Orthogonal frequency division multiplexing (OFDM) [82]-[85] is a multicarrier 

modulation scheme that enables transmitters to send high data rates over channels at a 

low complexity while avoiding multipath fading. In this scheme, high rate symbol 

streams serial to parallel converted to N low rate stream, and low rate streams are 

transmitted in parallel using orthogonal subcarriers. OFDM has been selected as part of 

IEEE 802.1 la and IEEE 802.1 Ig WLAN (wireless local area network) standards [74].

Chapter 4 demonstrated the potential benefits when merging multicarrier signals and the 

proposed antenna array. With this in mind, we anticipate large performance gains for 

merging the proposed future work of OFDM systems and oscillating-beam antenna 

arrays.
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7 J  J  Indoor channel modeling for oscillating-beam antenna arrays

In Chapter 3 we presented channel models and channel emulations for outdoor 

environments (e.g.. mid-size city center). We intend to apply the oscillating-beam 

antenna array to indoor applications (e.g.. for WLANS). This will require an appropriate 

model to emulate indoor wireless channel. Simulation of indoor environment will lead to 

a characterization of the available diversity in the presence of beam pattern movement 

through which we establish probability-of-error performance curves and determine the 

available performance gain.

7.2.4 Multiple-input multiple-output (MIMO) systems

In Multiple-input multiple-output (MIMO) systems [90]-[94], antenna arrays (usually 

smart antenna arrays) are mounted on both the base station and the mobile. They are 

capable of enhancing the capacity of wireless systems beyond the gains of conventional 

smart antenna systems (smart antennas only at the base station).

In the future, we will merge MIMO systems and oscillating-beam antenna pattern 

systems. Here, we may oscillate the antenna pattern at the transmitter side, receiver side 

or at the both sides. We will propose various schemes for pattern oscillation, model the 

channel to establish the available diversity and determine the performance gain for 

various signaling schemes.
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7.2.5 Code reassignment schemes

In most CDMA-based cellular standards, long codes are introduced to minimize 

interference among users in nearby cells. In addition to long codes, code reuse 

(reassignment) strategies [95][96] can further reduce the inteference. Code reuse 

strategies refer to a methodology for inter-cell and intra-cell code selection, such that 

interference is reduced.

In Chapter 6. we presented the capacity gains available via a merger of CI/MC-CDMA 

systems and oscillating-beam antenna arrays, assuming a random selection of spreading 

codes within each cell and between the neighboring cells. Improved code reassignment 

techniques will be designed, and the resulting capacity and performance benefits will be 

presented.

73 Summary

We live in an era of incrasing demand for wireless systems. Specifically, we are requiring 

wireless systems providing both a high-quality-of-service and a high capacity. In this 

dissertation, a novel antenna array technique is introduced, investigated and developed, 

that allow wireless systems to achieve their objectives interms of quality and capacity, all 

the while maintaining a low cost. It is our hope that this technology has a positive impact 

on future generation systems.
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Appendix 1

Calculation of Semi-elliptic Coverge Area

In this appendix, we calculate A(<f>n). the portion of the coverage area contained within 

the angular spread 2<p'n in Chapter 3 (Fig. 3.7). This area corresponds to twice the area of 

the triangle specified by the BS-MS-C points, ), and twice the area of the C-MS-D 

region, 4 : ( ^ ) (see Fig A 1.1). That is A ( f i ) corresponds to

A(£) = 2{Al(£) + A2{ 0 ) . (A 1.1)

Here,

(A 1.2)

h = xa- s in (# ), (A1.3)

J , *  = ■*. • cos(# ) + R- cos (<p) , (A 1.4)
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Fig. A 1.1 Calculation o f  the CDF o f  AOA.

where . t ^  is the maximum possible distance between the nth scatterer in the antenna 

coverage area and the base station: R = xa ■ sin(/?/ 2) and cp is the angle Z(BS -  C -  MS) . 

Now, using (A 1.3).

. h sin(#) sin(^>) = — = — "
R sin(/?/2)

(A1.5)

Substituting (A1.3) and (A1.4) in (A1.2), and applying (A1.5), At( fi)  corresponds to

sin(|# j) c o s ^ j)  + sin(|#|) • sin(y9 / 2) 1
' sin(|#|) v >  
^sin(£/2)

(A 1.6)

Moreover,

A M )  = - i a R :

a=<p + £ ,  <f>H> 0

(A1.7)

(A1.8)
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Here, a  is the angle Z(C -  MS -  D) shown in Fig. 3.7. Substituting (A 1.8) in (A 1.7) and 

using (A 1.5), corresponds to

/
s in ' 1 a n (W ) W i ]

V [s in ( /? /2)J
■sin: (/?/2)

Now. substituting (A 1.9) and (A 1.6) in (A 1.1), Equation (3.30) results.
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Appendix 2

MMSE Receiver Equation

In this appendix we calculate the MMSE receiver equation presented in Chapter 4, 

Equation (4.45). The received signal corresponds to:

| ___ | (___ A . .
r.j =-[^Es •«.AM + -V£s •  ̂ ^  ^

/ e {0,1 L - l], n e {0,1 JV-l}

where

f t = — n k .  (A2.2)
k N

Refering to Wienner filter principle [75], the optimal combining weights are selected 

according to:

Wopt = R-] A. (A2.3)
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Here Rr is the expectation of r~j given a nd, i.e., Rr = E[r^ | a nJ ], and

± = E{rnjb,[m]\<* Ho­

using (A2.1), Rr corresponds to

«... -  i f c  !« .,]=  o.;; • (£ s / 0 ) + (Es / cos:( ^ ' - p : ) * n " 12

= (£ j / i ; )•«;, 2 ; cos= 0 3 ;-A ')+  at." /2 .
(A2.4)

* = l

Substituting the /?*" of (A2.2):

D Es i *
sm

1 +  -

2̂ 71
N

K

K sin
N

f
•cos

\
2m
~N (*  + i-2 y )

N.

\  /

(A2.5)

Moreover,

A  =  E [r« jb \ m \ I a - j ]  = a *j ■ V ^ s " 1 1  - (A2.6)

Substituting (A2.5) and (A2.6) in (A2.3), and assuming K=N, i.e., assuming a fully 

loaded system, the optimum filter corresponds to
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Appendix 3

Power-Azimuth-Spectrum Modeling for Antenna Array 

Systems: A Geometric-Based Approach

In this appendix, which contains related research conducted in the course of this 

dissertation, an analytical method for power azimuth spectrum (PAS) modeling is 

presented. This analytical method is based on the principles of geometric-based channel 

modeling. We show that, when assuming a geometry (consistent with the TSUNAMI II 

project environment), the new PAS model we generate fits to the project measurements 

and the empirical-based Laplacian model.

A3.1 Introduction

In a wireless communication system employing a base station (BS) antenna array, the 

power azimuth spectrum (PAS) characterizes the amount of power arriving at the mobile 

as a function of angle of arrival (azimuth angle) [97]-[99]. This PAS is an important 

measure, as it helps characterize: (1) the network capacity of a wireless system
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employing an antenna array; (2) optimal selection of antenna array parameters; and (3) 

the performance of the mobile’s receiver [97].

Measurement data from the TSUNAMI II project [100] was used in [98] to establish an 

empirical model for PAS. These measurements were performed in an area with 1) 

irregular street shapes. 2) an eight-element antenna array mounted at the base station 

(BS), 3) an omnidirectional antenna at the mobile station (MS), 4) the BS antenna 

mounted on a rooftop (20-32 m in height), and 5) nearby building heights ranging from 4 

to 7 floors.

Using the measurement data and a goodness-of-flt measure, the empirically-based 

Laplacian function was introduced as the best candidate to model PAS [98][99], 

However, this model is not based on the geometry of the antenna array coverage area, 

and as a result demonstrates a number of shortcomings. For example, this function’s 

validity is limited to the parameter range of the original set of measurements, and it offers 

no physical (analytical) insight to understanding PAS.

In this appendix, assuming an antenna array at the BS and an omnidirectional antenna at 

the mobile, we demonstrate how a semi-elliptic geometry [40] can be used to establish 

the PAS. A key advantage of this PAS derivation is: Because the PAS is established 

analytically (based on channel geometry), PAS models can now be extended to any area 

of interest (assuming only that the region’s configuration is known).
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In this appendix, we assume semi-elliptic geometry consistent with the TSUNAMI II 

scenario, and show how our new PAS model is a better fit to the experimental data than 

the empirically-based Laplacian model. This indeed confirms the validity o f geometric- 

based model.

The analytical model for PAS is presented and discussed in detail in Section A3.2. In 

Section A3.3. analytical results are compared with the experimental data and the 

Laplacian model, and the advantages o f our model over the Laplacian model are 

highlighted. Conclusions follow in Section A3.4.

A3.2 The Power Azimuth Theoretical Model

Consider an antenna array mounted at the base station (BS), and a single-element 

omnidirectional antenna at the mobile station (MS). Based on the TSUNAMI II 

geometry, we assume:

1) the channel angular dispersion (a) is much less than the half power beam width 

(HPBW) due to the low antenna height and geometry of typical city streets [101],

2) scatterers are uniformly distributed in the so-called semi-elliptic area shown in Fig. 

A3.1. That is, we assume the height of the BS antenna array is low, e.g., on the roof 

top of a building of average height, leading to a coverage area approximated by 

regions located in a semi-elliptic geometry, and
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3) the signal received at the MS is the sum of horizontally propagated plane waves, 

where each plane wave represents the reflection of the incident wave from one point 

scatterer.

MS—K
BS

~*o

Fig. A 3 .1 The semi-elliptic scenario.

The total power received by the MS within the angle -;rto <f> (0  e  [ -n .n ) ), normalized by 

the total transmit power from the BS. is (using a «  HPBW)

^ a/.Ws(^) = lM4><*) (A3.1)

where Pr(<2» < <p) is the probability of a reception within the angle -n  to <f> assuming 

uniformly distributed scatterers.

Pr(<P<0) = F(t) = ^ - .  (A3.2)
^Total

Here. ATamI is the entire area in the semi-elliptic region covered by the BS, and A(<j>) is 

the portion of AToml covered when the angle of arrival is limited to the range [-it,#]. That
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is, Pr(<£> < <f>), which can be viewed as the cumulative distribution function (CDF) of <j> 

(the angle of arrival (AOA)), is the ratio of the shaded region in Fig. A3.1, A{$), to the 

total area of the semi-elliptic region, ATalal.

Alternatively, the total normalized power received by the MS in the angle -k  to <(>, shown 

in (A3.1). can be expressed as

where p(0)  represents the probability density function (PDF) of power as a function of 

angle of arrival, i.e., power azimuth spectrum (PAS). From (A3.3),

and, from (A3.2),

dF(<j» dA(<(>) 1

d<P  d<P  A To,al

Now. assuming the TSUNAMI II geometry of Fig. A3.1, the area A(<f>) corresponds to

[ r P(<P)d <I>, (A3.3)

(A3.4)
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M4» =

4-x; -Or+^)-cos*(4,)
4x; - ((;r -  #,) • cos:($,) + cos:($,)• tan(^o + ̂ >)
K  • (sin(^,)• c o s ^ ) +■ ±cos:(4,) (x-<fi0) -  +cos:(^,)• tan(4, -  ̂ )) if 0 < I <4>a, 
K  ■ (sin(&) • cos(^) + -t cos: (A) • (* -  #.) + 4- cos:(^„) - -  $a)) if t o<t<iz.

\ f -K<4<-40, 
if-tf,<*<0, (A36)

where <ffa -  4 ( ; r - a ) ,  and the total coverage area corresponds to

•*w = *« ■ (sin^ » )cos^ » ) + (* -  O c o s : ( ^  >). (A3.7)

Using (A3.6) and (A3.7) in (A3.5) leads to (after mathematical manipulation):

0.5
(;r-0 „) + tan£.

I
cos2( ^ -M )

1 if W > i
(A3.8)

where <p e [ - n .x ) . Hereafter, we refer to the analytically-derived PAS of (A3.8) as the 

secant-square PAS model.

A33 Comparison between proposed PAS, Laplacian PAS, and the 

experimental results

In [98][99], the Laplacian model is proposed as the model with the best fit to the 

TSUNAMI II project data, i.e.,
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p( t )  = -S -e x p ]r >l2\<ft/<r\ <p e  [-x,+n) , 
V2cr

(A3.9)

where. C is a constant selected such that the integral of/H^) is unity over [-7z,x) . and cr 

represents the angular spread.

We apply the least square error technique as our criteria for the goodness of fit of the 

measurement data with both our analytical secant-square model and the empirical 

Laplacian model. Using this measure, and the TSUNAMI II measurement data, the 

squared error for the Laplacian model is 0.0041 while the error value for the secant- 

square model is 0.0033, indicating the secant-square PAS model is a better fit. Fig. A3.2 

plots the measurement data, the Laplacian PAS model [98] and the secant-square PAS 

model assuming a ^ 2 °  = 89").

The advantage of the secant-square PAS model, when compared to the Laplacian PAS 

model, are as follows: 1) secant square considers the effect of the received power from all 

directions, i.e., -180° to 180°, which is not the case for the Laplacian PAS (presented in

[98][99]); 2) secant square has a better fit to the measured data; and 3) most importantly, 

the secant-square model confirms that very accurate analytical PAS models can be 

generated using geometric based channel representations.
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A3.4 Conclusions

In this appendix we proposed a novel analytical method for the creation of power azimuth 

spectrum (PAS) models. Based on semi-elliptic geometric-based channel modeling, our 

method was tested in the TSUNAMI II environment.

• Sec. Square PAS 
Laplacian PAS 
Data Sam ples

Azimuth (in degree)

Fig. A3.2 The normalized Secant Square. Laplacian and data samples PAS for a  » 2°.

0.25

0 2
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