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Abstract

In this thesis, we derive analyti;:al expressions for the interference and estimate the
capacity of a CDMA based wireless system for indoor mobiles in 6 groups of high riser
buildings occupying 6 building blocks of a typical high density downtown city
environment. The analysis compares the performances of a single element panel antenna,
a l-dimensional linear array, and a 3-dimensional vertical planar array. We further
consider an appropriate 3-diménsiona1 urban model representative for such an
environment, and based upon this model, a more accurate 3-dimensional user distribution
is introduced. Our work has shown that, for such an environment, the traditional
assumption of uniform user distribution is not valid. It is found that by arranging smart
antenna elements in specific 2- and 3-dimensional geometries, reduction of sidelobes and
significant improvements in the directivity can be achieved with the same number of
elements traditionally used in a 1-dimensional linear array. For a more accurate analysis,
short dipoles and panel antenna elements are used instead of isotropic point sources.
Surface plots for the interference and capacity from the 6 building groups for different
vertical and azimuth angles are produced. The capacity with the use of a 3-dimensional
smart antenna and the improvement over a linear array are then compared, taken into
account of different building materials’ and dimensiénal effects. These performance
evaluation results have shown that, as compared to the 1-dimentional linear array

employing the same number of antennas, significant capacity improvements are

achievable.
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Chapter 1 INTRODUCTION

As cellular systems evolve, there has always been a need to improve on capacity and

coverage. Some of the driving forces behind this need include more subscribers, newer

services that demand better and more reliable call connections, and better coverage. For

the 1** and 2" generation standards, these have been achieved by using additional base

stations. Small macro cells in the size of 1 — 10 km in radii were deployed and

sectorization was also used to provide higher capacity and channel reuse for smaller
areas. Since it is anticipated that in building wireless access tq be one of the most likely
places for mobiles [1], micro cells in the order of street level service and in building per
floor pico cells have also been studied and implemented for both outdoor and indoor

users with the 3™ generation standard. For example, W-PBX (Wireless Private Branch

Exchange) and parasitic systems, which uses conventional cellular handsets and

spectrum, provides coverage inside buildings by relying on the building penetration loss

to provide isolation from outdoor cellular systems.

As the demand on capacity and coverage contiﬁues to grow, it is becoming increasingly
difficult and expensive to install additional base stations. Further sectorization would
also increase hand over rates, placing a higher demand on network resources. Also, as
outdoor base station antennas are brought closer to the buildings and street level in newer
cellular systems, the performance of indoor systems may degrade because less cellular
channels can be re-used inside the buildings. At the same time, performance degradation
may also be experienced by the outdoor systems [2]. Alternatively, antenna arrays allow

the selective gain and attenuation of desired and interfering signals from different Angle

of Arrivals (AOAs); therefore providing a solution to the higher demand of both coverage
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and capacity. With smart antennas, the antenna pattern can be changed by steering beams
and nulls dynamically to improve or maintain the Sigpal to Interference and Noise Ratio
(SINR), depending on the AOAs of the incoming signals [3]. As for indoor systems,
recent researches have suggested for the use of outdoor micro cell base stations to serve
indoor users over the deployment of pico cells inside buildings [4], [5], and in [6], [7], 3-v

dimensional propagation was investigated.

In spite of the number of publications on smart antennas, the vast majority of past studies
and implementations have considered the use of 1-dimensional linear arrays. Further,
simplifying assumptions were common practice in the modelling and analysis of arrays
lfor cellular systems. For example, the use of an ideal isotropic antenna point source,
which radiates energy equally to all directions, was used for calculating the array’s
radiation pattern [8], [9], [10]-[13]. Also, piecewise discontinuous radiation pattern was
assumed for cell sectorization [9], [13]. For system capacity analysis, a uniform user
distribution [3] was used, which is only true for larger macro cell sizes. For the much
smaller street level micro cell sizes, where a city block is about 150 m long [14], such
assumption would lead to highly inaccurate results. Also, initial analysis was based on
horizontal propagation [15], [16], with subsequent studies primarily on varying channel
effects and statistics [8], [13], [17]-[23), and coverage [22], [24]. Further, simple models,
.such as the Geometrically Based Single Bounce Circular Model (GBCM) and
Geometrically Based Single Bounce Elliptical Model (GBEM) [25], were used t‘o analyse

horizontal propagation and reflection. We are not aware of any published analytical

results on a cellular Systém taking into consideration of a full 3-dimensional signal
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propagation, user distribution, environmental modelling, and incorporating real antenna -
element factor, which describes the gain provided by a single antenna element over all

vertical and azimuth angles.

Motivated by the above, this thesis presents a comprehensive study into the analysis,
estimation, and improvement of system capacity in a downtown environment for in
building users with outdoor base stations. Because in a downtown environment, high
risers can house a large number of subscribers, there is a need to service mobiles from
different vertical directions. As such, the use of a 3-dimensional array is proposed and
performance will be compared to the simpler linear array. In order to facilitate capacity
analysis and estimation, a 3-dimensional model representative of a typical downtown and
user distribution are derived and used. Coupled along with 3-dimensional propagation
and 3-dimensional antenna array model, an analytical solution to the mean, or steady
state, system capacity is derived first in a single cell system, and extended into a multi

cell environment.

The major research contributions of this thesis are as follows:
e The performances and steering abilities of antenna arrays of improved design are
presented. By using an array of different geometry and similar number of
elements, it is shown that the beamwidth, directivity, and gain can be improved

significantly.

e The use of realistic modelling of antenna elements. For sectorized panel

antennas, the radiation pattern is computed by placing a short dipdle in front of a
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reflector. The vertical radiation pattern of short dipole is also taken into account.
This method is more accurate than the assumption of perfect sectorization and the

use of point source elements.

® An accurate 3-dimensional model of user distribution in buildings is introduced.
This is an important step in computing capacity and interference in smaller micro
cell environments, and provides better results than the assumption of uniform user

distribution.

® The use of a typical downtown model with building dimensions and locations
were taken from the Vancouver Geographical Information System. Based on this
urban model, a modified 3-dimensional single bounce model is proposed. This is

more accurate than the use of the GBCM and GBEM models.

e 3-dimensional capacity and interference surface plots with the use of panel
antenna, 1x5 linear array, and 5x5 vertical planar array are compared in a multi

cell scenario.
The organization of the thesis is as follows.

Chapter 2 provides the fundamental background on array radiation pattern derivation and
analysis. For realistic modelling, short dipole and panel antenna are used. Then, higher
dimensional array structures are introduced and a suitable design with similar hardware

complexities to existing arrays is proposed. A comparison is then made to the simpler 1-

dimensional linear arrays by both analytical and calculated results. Radiation patterns are
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shown in both planar and 3-dimensional views throughout the chapter. Then, CDMA and

the derivation of a single cell CDMA capacity are presented.

Chapter 3 presents the 3-dimensional downtown model used in our subsequent analysis.
In order to provide a realistic model, dimensions representative of a real downtown is
taken from a Geographical Information System (GIS). The resulting user distribution is

then derived.

In Chapter 4, a system model of the multi cell system is introduced. This is accomplished
by taking into consideration the effects of reflection, diffraction, building penetration,
propagation, and element factor on power control. In addition, a model for reflection in
3-dimension is presented_and a modified single bounce model is proposed based on the
urban model. Then, interference from adjacent cells are modelled for system capacity

analysis.

In Chapter 5, capacity resﬁlts are presented. 3-dimensional and linear arrays will be
compared, and the effects of building materials on interference and capacity will be
shown. Surface plots of interference from individual cells are shown, in addition to the
capacity plot. The improvement from the use of a 3-dimensional smart antenna is

illustrated and discussed.

“Finally, Chapter 6 concludes the thesis and provides suggestions to future research.



Chapter 2 SMART ANTENNA ARRAYS AND CDMA
CAPACITY

2.1 Introduction

One of the keys to improve system capacity of a cellular network is to study and exploit
the performances o.f different types. of antenna arrays and elements. With the use of an
aﬁay of antenna elements, it is possible to distinguish signals arriving from different
directions by detecting and exploiting the phase differences of a received signal between
each individual element. As such, it is possible to nullify or amplify interference and
desired signal in order to enhance SINR. In this chapter, we illustrate the different
element types and array structures, along with their corresponding behaviour- and
performances. The organization of this chapter is as follows. After this introduction, the
derivation of array factor, and directivity are provided in Section 2.2. This is followed by
the introduction of 1-dimensional linear array in Section 2.3. Then, higher dimensional
antenna arrays are shown to provide better gain, directivity, and steering ability with
similar hardware complexities to linear array in Section 2.4. In Section 2.5, we show
improvement to CDMA system capacity with the use of antenna arrays. Section 2.6

presents the conclusion of this chapter.

2.2 Radiation Pattern and Directivity

The most basic type of antenna element is of the dipole type. For the direction (4, 6)
shown in Fig. 2.1, the gain provided by an antenna element at the origin is described by

the element factor fz(4,6). The dipole element exhibits an omni-directional horizontal
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pattern, where an equal gain is applied to all azimuth angles (horizontal plane). The

specific vertical radiation pattern is depended on the length of the element.

Fig. 2.1 Polar Coordinates for Antennas
When the length of the element is about a tenth of a wavelength [26], the short dipole
element factor is
fw(6)=sin0 2.1)

and the complete element response, shown in Fig. 2.2, resembles the shape of a donut.

However, if an array of M antenna elements is used, the radiation pattern needs to be
modelled by taking into account the specific location of each element in the x-, y-, and z-
axis, which determines the relative time of reception for an incoming signal’s wavefront.
For our analysis, we will assume that an element is éentred at the origin, and is parallel
with the z-axis. Let V. denotes the propagating speed of an incoming signal, and -
referring to Fig. 2.3, the speed component along the z-axis, V, for a wavefrdnt arriving at

a vertical angle fis

12, == 2.2)
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Fig. 2.2 Radiation Pattern of a Short Dipole
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Fig. 2.3 Speed Components for a Signal Arriving from Vertical Angle 8
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Referenced to the time, t, when the wavefront will arrive at the origin, the signal arrives

at a point on the z-axis At earlier, where Atis

At = Z = Zicose 2.3)
v, V.

z c
and Z; denotes the location of the point on the z-axis. The corresponding phase at the
point is

—Ar_ZAY =‘fl cosd. (2.4)

l//zﬂ - T /1

Similarly, for points located at X; and Y; along the x- and y-axis, the phases detected of

the incoming signal are

W,p= _f‘ cosZ-6) = —f‘ sin 6
| 2 (2.5)
W,o= —i—lsiné’.

In addition, for a wavefront arriving from an azimuth angle ¢, as illustrated in Fig. 2.4,

the phases contributed by the azimuth angle are

_)(1

Wep = cos¢

2.6)

W,e= —-/1—lsin P

In more general terms, the combined phase of the incoming signal arriving at the m-th

antenna element located at (X, Y, Z,,) is then
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Vioa =Wsp TVyo T VW0t Wos TV,

-1 : L ‘ 2.7
=7[Xm cosgsin@d+7Y, singsinf+Z, cosé’]

. V{,‘
Y;

Wavefront(z=t)

Waveﬁont(t=_tg)

v

— X[ X

Fig. 2.4 Speed Components for a Signal Arriving from Azimuth Angle ¢

The signal received by the m-th antenna element is

Sy =Ja (¢’ H)Im eXp(jZ”szal )

- 2.8
=fEL(¢,€)1mexp{%[Xm cos¢sin0+Ymsin¢sin0+Zm0050]} 8)

where I, is the gain of each antenna element. Furthermore, the array response of an

antenna array with M elements is

16,0=Ys,

s 2.9
= fEL (¢, 0)f'(¢, 9)

where

f’(¢,0) = Aflm exp{— jﬂ[Xm cosgsind+7Y, sin¢sin6’ +Z, cos@]} (2.10)
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is the array response with point source elements, and

p="=. @2.11)

Recognizing that Eq. 2.10 is maximum when the argument of all exponentials is zero, the
array is able to be steered to the direction (¢o, &) by subjecting each m-th antenna
element’s signal to a phase shift, or weight, of

W, (d,6,) = expljBlX, cos¢,sin6, + ¥, sing,sind, + Z, cos§,I}.  (2.12)

The complete array factor can then be expressed as
S4.0,(8,6) =fEL(¢’9)f¢Io,eo (¢,9) (2.13)

where

M-1
fi 08,0 =Y I, expt- i [X, (cosgsin@—cosg, sind,)
m=0
+Y (singsin@—sing, siné,) (2.14)
+Z,(cos@—cosb, )]}

To enable the direct comparison of beamwidth, defined as the number of degrees within
which the beam has its power greater than one half the maximum, and directivity of
arrays with different number of elements, the normalized array factor’s magnitude

squared (power response) is used and is defined as

fy 0 @60
max(|7,,, @01 )

F, 4 (9,0) = (2.15)

where |-| denotes absolute value of -, and the directivity [26] of an array is
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D(¢,9>=§’—|1F¢o,go @.0) 2.16)
where
. 2z 2
Q,=[]F, , (¢.0)| sin(8)deds. (2.17)

The directivity shows the effective gain in power in the specified direction relative to an

isotropic point source, which radiates energy equally to all directions.

2.3 1-Dimensional Linear Array

In the past it appears that most, if not all, studies of smart antennas have been limited to
an array of elements equally spaced along a single axis of the coordinate system, as
shown in Fig. 2.5. Such an array has virtually no vertical steering capability, and
.regardless of the spacing in between elements, is not able to distinguish signals from
either side of the array, or the x-axis. Further, the beamwidth is widened when the array
is steered to its endfire direction, or along the x-axis. These effects are illustrated in Fig.
2.6 for an 8 element 1-dimensional linear array with elements spaced 0.54 apart when
steered to various azimuth directions in Fig. 2.6. As shown by these computer simulated

results, a linear array has a limitation to single out a specific azimuth direction and is

subjected to any interference that may originate from either side of the array.
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- Beam Steered to 45 degree Beam Steered to 90 degree

Fig. 2.6 Azimuth Radiation Pattern for 8 Dipoles 0.54 Spaced
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A method to eliminate one of the two main lobes of a linear array, thus providing a high
front-to-back gain, and a reduction of the beamwidth when steered towards the endfire
directions, is to erriploy panel antenna elements, which have been used traditionally to
provide cell sectorization. Instead of assuming perfect sectorization, where the element
has uniform gain over a subset of the azimuth angles, and zero gain elsewhere, the array
factor of a panel antenna cah be simulated by placing a reflector at a distance dA behind
the radiating element. As such, an image is located at a distance 2dA behind the radiating

omni-directional antenna, as illustrated in Fig. 2.7.

\,d?

. - Real .
y\ : [l Element - X

M
ANaA

Image

,4,
&
(=

Element

~

Fig. 2.7 Simulation of Panel Antenna Element Factor
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From Egs. 2.9 and 2.10, where I, =1 and (X,,Y;,Z,)= (0,0,0) for the real element and
I, =-1 and (X,,Y,,Z,)=(~2d4,0,0) for the image element, the element factor for a
panel antenna element is

f7a(8,6)= 3 (6)1 ~ expl- jB(- 2dA cos psin )]} (2.18)
and the azimuth radiation pattern is plotted in Fig 2.8 for 2d4 = 0.54. As illustrated, due
to cancellation by the image elements, panel antenna elements have a half power
beamwidth of 120°. In other words, the gain is less than 0.5 for angles between 0° - 30°

and 150° — 180°. If coverage is needed for all azimuth angles, two additional antennas

are needed.

180

270

Fig. 2.8 Azimuth Radiation Pattern of a Panel Antenna Element

To calculate the array factor for an array of panel antenna elements, we let

fEL(¢50)= fPA(¢’9) A(2-19)
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in Eq. 2.13 and the computed azimuth radiation patterns for 8V panel antenna elements
spaced 0.54 are plotted in Fig. 2.9. Compared to Fig. 2.6, such an array is not susceptible
to interference from one side of the array thus providing a high front-to-back ratio. Note
also that the array is unable to steer to the angle 213600 due to the cancellation effect

mentioned previously.

: 0
- Beam Steered to 45 degree B Beam Steered to 90 degree

Fig. 2.9 Azimuth Radiation Pattern for 8 Panel Antenna Elements 0.54 Spaced

2.4 Higher Dimensional Antenna Arrays

By extending the locations of the antenna elements into the 2" and 3™ dimensions, we

are providing additional degrees of freedom for an antenna array to steer its beam. In this
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section, we will compare the performance gain of these higher dimensional array

structures to the linear arrays described in the previous section.

2.4.1 2-Dimensional Antenna Array

As discussed in the previous section, the use of panel antennas eliminates the problem of
having a double main lobe in a linear array but requires the use of at least two additional
linear arrays to provide coverage to all azimuth angles. If each array employs 8 panel
antennas, the total number of elements used is 24. Alternatively, va 5x5 planar array,

where M = 25, of similar complexity and shown in Fig. 2.10 can be used.

3

Fig. 2.10 5x5 Planar Antenna Array

With a total of M omni-directional antenna elements providing coverage to the entire cell,
and because of its 2-dimensional arrangement, a v Mx+ M planar array provides a high
front-to-back ratio and allows its main beam to be steered to any azimuth direction. The

computer simulated radiation patterns for a 5x5 planar array are plotted in Fig. 2.11.



Chapter 2 SMART ANTENNA ARRAYS AND CDMA CAPACITY 18

Beam Steered to 45 degree Beam Steered to 90 degree

Fig. 2.11 Azimuth Radiation Pattern for a 5x5 Planar Array with 0.41 Spaced Elements

Referring to Egs. 2.13 and 2.14, the gain provided by a 5x5 planar array to its steered

direction is

‘f planar o6, (8,6, )‘ =/ (00 )Z_: exP[' B (O)j
, = |25fso (60 ]

(2.20)

In comparison, the gain provided by a linear array of eight panel antennas to the steered

direction is

‘.flinear,;to G (¢O b 00 )‘ = fPA (¢0 s 00 )Z_ exp[_ Jﬂ(o)j

=8 (0 W - exp[- jB(-2dAcos gy sin 6, )} (2.21)
< |8fSD (90 )
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Therefore, with the use of 25 omni-directional antennas instead of 24 panel antennas, a

5x5 planar array provides an effective gain, or an improvement, of

2
PG > 1010g10 [25fSD(90)]

[Sf sD (90 ) ’ (2:22)
> 9.9dB.

In addition to this significant power gain, the 5x5 planar array eliminates inter-sector
softer handover and when coupled to dynamic null-steering algorithms [12], provides

effectively over three times the number of nulls to reject interferers.

2.4.2 3-Dimensional Antenna Array

Since wireless services are planned for smaller cell sizes, the vertical heights of buildings
relative to the cell radius become more significant. In addition to a distribution of users
in different azimuth directions, there is also a distribution of users from dirfferent floors of
buildings. As such, there is a need for antennas to differentiate and selectively steer to
different elevation angles, in additional to the different azimuth angles. In order to
achieve this, an array must have its antenna elements positioned along the z-axis to sense

 phase differences of signals arriving from different elevation angles.

Because the array is able to steer its beam to users on different floors of a building, it is
advantageous to position the array at half the height of the building being served, as
shown in Fig. 2.12, where Array 1 serves building D and Array 2 serves building F.

Depending upon the application, the array may be required to also serve users from all

azimuth angles, or only from a subset of azimuth angles. For example, it is quite
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common for some residential areas to have a central courtyard, completely surrounded by
buildings. Therefore, the array can be mounted on a toWer in the centre of the courtyard,
serving users from all azimuth and elevation angles. In other areas, such as in downtown,
where buildings are separated by streets, it might be necessary for the | array to be
mounted on the side of a building, serving only buildings on the opposite side and as

such, require the use of panel antenna elements.

Fig. 2.12 Ideal Position of 3-Dimensional Array.

Since it is anticipated that there will be a higher demand for wireless access in buildings
in downtown environments, it is important to investigate the use of higher dimensional

panel antenna arrays. Because of the advantages of using a 5x5 planar array, a vertical
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planar array, as illustrated in Fig. 2.13, consisting of panel antenna elements, will be

used.

Fig. 2.13 5x5 Vertical Planar Array with Reflector

Due to the reflector, or the use of panel antenna elements, the 5x5 vertical planar array
will have a limit on both the azimuth and elevation angles the array can steer to. In
addition to only able to receive signals from one side of the array, there is a constraiﬁt on
the span of both azimuth and elevation angles similar to that shown in Fig. 2.8 for an
individual panel antenna element. However, as will be shown in Chapter 4, this limit

helps reduce interference from adjacent cells on the left and right side of the array

because interference from either side of the array is subjected to a lesser gain.
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The vertical arrangement of the array elements allows the beam to be steered to different
vertical directions. It also allows a significant reduction in the vertical beamwidth. Figs.
2.14 and 2.15 show the 3-dimensional radiation pattern of a 1x5 linear array and a 5x5
vertical planar array when steered to the (¢, &) = (0,150) direction, with the use of panel
antenna elements and taking into account also the short dipole’s inherent vertical pattern.
As indicated, the 5x5 vertical planar array is able to select a specific vertical elevation

angle, in addition to reducing the vertical half power beamwidth.

Fig. 2.14 Radiation Pattern of a 1x5 Linear Array with Panel Antenna Elements
Directivity(gy, &) = 2.1505 Vertical Beamwidth = 56°
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Fig. 2.15 Radiation Pattern of a 5x5 Vertical Planar Array with Panel Antenna Elements
Directivity(g, 6) = 21.624 Vertical Beamwidth = 19°

Shown also in Figs. 2.14 and 2.15 are the arrays’ directivity values. The power gain

provided by a 5x5 vertical planar array, effectively five times the number of elements of

a 1x5 linear array, is

21.624
P. =10log, | 21624
G g‘°(2.1505]

=10.024dB

(2.23)

Clearly from the above equation, a five times increase in the number of elements

provides an additional degree of freedom for beam steering, and increases the array gain

ten times.
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2.5 CDMA Capacity

In the previous section, we have described how antenna arrays can be used to provide
better performances by reducing beamwidth, and providing higher gain. These allow the
increase of the capacity of a cellular system. In a CDMA system, spectrum is shared
‘among multiple users. To distinguish and separate the different signals, each user
transmits with a unique psuedo-noise (PN) code that is orthogonal to all other users in the
system, where the coding operation is performed by multiplying the user data with the
PN code. This allows multiple access by different users during the same time within the
same bandwidth. Since the PN code has a shorter bit period than the data symbols, the

requirement for transmission bandwidth is increased by [9]

PG=—t . (2.24)

where PG, T, and Tpy are the processing gain, user data bit period, and PN code bit
period, respectively. Because of conservation of energy and the increasé in bandwidth,
the transmitted amplitude is reduced by the processing gain. In order to recover the
original data symbols at the receiver, the same PN code is used to multiply with the
received signal for de—épreading, during which the original data symbols are recovered
prior to matched filter detecti.on. Meanwhile, any received interference or noise is spread
with the amplitude suppressed. Because the Bit Error Rate (BER) during matched filter
detection is determiﬁed by the SINR after de-spreading, the number of users, or capacity,
is therefore interference limited [27]). As a result, it is common to use the SINR as a

performance measure to determine capacity limits. In the receiver, after de-spreading,

the SINR parameter for a given call connection is




)
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SINR:E—"-:L
N Lyg+1,

(/]

(2.25)

where we will assume SINR = 9 dB [3], Ey is the desired mobile’s energy per bit, and
Iy, I, are the power spéctral density for the Multiple Access Interference (MAI) and
receiver noise, respectively. Assuming a systém with K users is limited by MAI, with
non-continuous voice activity, which reduces the average MAI [9], Eq. 2.25 can be

expressed as

P
SINR = —Fo___*n (2.26)

vl,, V&
—>y P

where P, and P, are the received power from the desired user and i-th interferer prior to

de-spreading, and for the IS-95 standard [9], v is the voice activity factor, which typically

has the value of 0.6, and N = 128 is the processing gain.

If an antenna array is used, the signals incident on the array will experience a different
gain depending on its AOA, and Eq. 2.26 needs to factor this into account. Assuming
perfect power control by each cell, the required received power per user is P, and the
array is steered to the AOA for each user, the power incident on the array is

p=—te
|/, (8:0)
_ P,
| fale,0) M

(2.27)

If the desired user’s AOA is (¢ &), and the i-th user’s AOA is (¢6), the received

interfering power from the i-th user is
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F = ‘f@,,ao (4, 9)’23

=|feu (8:0)1; 0, #:6)] P
= fEL $,0 f,, o(¢39) ————02—2
- fu @0 M
=PF, ,(4,6)
where
' ,0 2
Fy 4 (8,6) = @@2—)’ . (2.29)

M

Substituting Eq. 2.28 into Eq. 2.26, the SINR for the desired user with the use of antenna
array becomes

SINR = £ (2.30)

K-1

v !
2 FFa @0

and the mean SINR for each connection, if K users are in the system, is

SINR = — ke

v ’
'](,'E[;PCF%,% (¢,9):‘

== £ (2.31)
P& -DE[F; 4 6:0)]

_ 1

- ) xy 8, 6,
K =D[ [ fule4,0)F; 5, (4, 0)ddgas

x & 6 .

where E[] is the expectation operator, u(x, ¢, 6) is the probability distribution function of

users around the antenna array. The integral limits of the above equation are as

illustrated in Fig. 2.16, which shows an antenna array can steer its beam to any location
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in a building group throughout the vertical angles [6;,6,], azimuth angles [¢@;,¢;], and

front to back [X,X>] of the building group under investigation.

5]

(2]

Top View Side View

Fig. 2.16 Integral Limits for User Probability Distribution Function

From Eq. 2.31, the mean system capacity’ is

K = ! +1. (2.32)

x 6 6,
%SINR J‘ I Iu(x, ¢’H)F¢’a,00 (¢,60)d&d gdx

x ¢ 6

Note the performance evaluation results presented in Chapter 5 show that the total
number of users supported by our proposed 3-dimensional vertical planar array exceeds
the number of orthogonal codes, N, available in the I1S-95 system given SINR = 9 dB.

However, the purpose of our work is to show the effects of capacity at different angles

!In this thesis, the mean system capacity is the average capacity for a given (¢0 , 90) that the array is

steered to. Note that this capacity changes at different steered angles and the minimum capacity for all
possible angles will be denoted as the capacity for the system.
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for different array structures and therefore, this point will be ignored. A solution to this
problem is to increase the SINR threshold (> 9 dB), which will reduce the number of

users.

2.6 Conclusions

In this chapter, we have presented the different antenna structures from simple 1-
dimensional linear array to 3-dimensional array. Linear array is the most basic type and
is the easiest to model. However, linear array does not provide the gain available with
higher dimensional arrays. Further, problems with two main lobes and the in-ability to
steer to different vertical directions limit the potential performance available in smart
antenna systems. We showed by using a 2-dimensional planar array, we can achieve up
to ten times in power gain, and a reduction of inter-sector handover. We have also
demonstrated that the use of panel antenna elements eliminates one of the main lobes and
arranging elements in a 3-dimensional fashion allows the control of vertical steering and
beamwidth. These. further increase the gain and directivity of the main beam. Further,
realistic antenna elements were modelled and incorporated into the array factor for
accurate antenna arrays’ representations. In a CDMA system, the SINR has an inverse
relationship with the user capacity and the use of an antenna array allows the
improvement of SINR by reducing gain to unwanted users. This is shown by the
application of a vertical planar array in an urban environment, which alldws the array to
differentiate users’ signals from different floors of a building and thus increase the

overall user capacity in the mean sense.
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3.1 Introduction

In order to study and predict the capacity with the use of different antenna array
configurations, the scenario in which the arrays will be applied must be modelled. This
chapter will present a 3-dimensional model of a typical downtown environment that
applies equally well to the downtown core of large metropolitan cities, such as for
example Manhattan, NY, USA, or Vancouver, BC, Canada. Its organization is as
follows. After this introduction, Section 3.2 will present the proposed layout and
arrangement of the downtown model, along with the corresponding cell outline and
dimensions. Section 3.3 introduces an improved user distribution model, over the
ubiquitous uniform user distribuﬁon as used in previous studies. Section 3.4 presents the

conclusion of this chapter.

3.2 Downtown Model

The typical downtown resembles that of a rectangular grid, which our model in Fig. 3.1 is
based upon. The dimensions and separations of each city block are taken from the
Vancouver Geographic Information System (GIS) Database [14], and correspond well
also to measurements from the upper west side of Manhattan [28]. Each city block is
approximately of size 150 m long and 80 m wide, and contains two building groups, each
identified with an alphabet letter and separated by a 5 m spacing. The buildings are
assumed to be of 30 floors high at 3 m per floor, and are modelled by a continuous

building group with a flat surface [28], [29].

29
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Fig. 3.1 Downtown Model (1:50 Scale)
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For example, building group C is 150 (w) by 37.5 (d) and 90 (h) tall, separated from
building group A by 5 m. Each building group is proposed to be a single cell of service,
served by an antenﬁa array mounted on a building on the opposite side of the street. This
is depicted in Fig. 3.1 with two antenna arrays mounted on the side of building groups C
and D, serving building groups E and F respectively. Further, the main street traversing
the long side of each building group has a width of 30 m, while the cross street has a

width of 20 m.

3.3 Modified User Distribution Model

Because the performance of an antenna array depends on the accuracy and capability for
beam steering, the location and distribution of the intended users must be modelled
accurately in order to provide meaningful results. In the past, typically users were
assumed to be uniformly distributed around the base station antenha [3]. However, in
general, this is only valid in the case of macro cell where users are spread over a large
cell area with radius of up to 10 km [15], serviced by omni-directional antenna elements.
In our study, we consider users who are inside buildings and the proposed array elements
are non omni-directional. Even if users have a uniform spatial distribution, the perceived
user density is different from the antenna’s point of view. As such, a new user

distribution model is needed.

As illustrated in Fig. 3.2, the antenna beam covers a larger area as it is steered off

centred, or towards the ends of the building, even while maintaining a constant

beamwidth. This effectively causes the perceived user density to increase exponentially
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as the array is steered further towards the ends of the building and reduces the actual
realizable capacity. We will assume that the signal attenuation through buildings is high
enough that éignals originating from an adjacent building facing a parallel street will not
change our results. Therefore, the array on buildiﬁg group F will not receive interfering

signals from building group B.

J Y, ‘:lr/dx D
\ X1
. NN |

y 3%

Figure 'Inset .

Fig. 3.2 Modified User Density (Horizontal)
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The more accurate user distribution can be modelled by the area of floor space covered
per degree of beamwidth, for the different azimuth angles the antenna is steered to. From
Fig. 3.2, we can see that X; 'aﬁd X, are the distances between the hashed area elements
and the antenna array in the x direction, and y is the distance between the elemental area
and the ¢ = 0 line. Using the geometry from the inset of Fig. 3.2, and assuming the

antenna is placed at middle of the block, we have

y = xtan(g). G.D

Accordingly, the area of coverage per degree increases as the steered azimuth angle, ¢ in

Eq. 3.1, increases. The increase can be found by taking the derivative of y with respect to

@, i.e.

& =allran’ @) (3.2)

and therefore, the hashed area element is

dA = dydx
= x|l + tan? (@) i v,

(3.3)
As indicated by Eq. 3.3, the area is dependent on the steered azimuth angle, ¢,. as well as
the distance away from the antenna array along the x-axis. Assuming the number of users

is proportional to the floor area, the effective user distribution for a single floor in a

downtown building is
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AL+ tan?(4)]

U oy (X, ) = RS g

max ('r)
j " a4
Xy Bonax 1 (X)

_ x[l + tan® (¢)]
[ L i+ tan 9y b

_ xll + tan’ (¢)I

SW,

building

(3.4)

where
W, .
By (X) = tan ™ (—ZX ] (3.5)

is the maximum ¢ bounded by the size of the building group, and S, Wi,iing, and X, are

the building group’s depth, width, and main street width as illustrated in Fig. 3.1.

Since we will examine the capacity gain by employing arrays that have vertical steering
ability also, the complete user distribution must take into account the effects of the
vertical elevation angle, 6, as well. Shown in Fig. 3.3 is an antenna array mounted on the
side of building group F, which only its footprint is shown, at a fixed distance X, away
frorﬁ building group D. As shown, the vertical coverage spanned by each vertical degree
is not constant and is completely dependent on both the azimuth, ¢, and vertical, &,

steered angle.

The height of the building group covered by each degree of vertical angle, €, determines
the amount of interference received by the antenna array. Referring to Fig. 3.3, we have

X

c(@,x) = (3.6)

cos(¢)
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where x = X is the width of the main street. If the location of the antenna array in Fig.

3.3 is at (r,,2) = (0,0,0),
z=c(p, X, )tan(% - ej (3.7)

and the change in height per degree change of vertical elevation is

dz 1, T
;{Z—c(¢,XO){1+tan S 9)}. (3.8)

Fig. 3.3 Modified User Density (Vertical)

Since in the vertical direction the building is hard-partitioned into different floors, it is

fair to assume that the vertical height element dz is constant from the front of the building
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to the back. For example in the case of Fig. 3.4, if the antenna beam is steered to a user
on the 25" floor, it is not susceptible to an interferer from the 28" floor. This allows

separating a building into different vertical sectors, or service areas.

Boundaries
...... Valid Paths
................... Invalid Paths
28" Floor 05" ————— Radiation Pattern
27™ Floor -
26" Floor
25" Floor

Fig. 3.4 Separation of Building Floors
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By combining Eqs. 3.3 & 3.8 to include a 3-dimensional space, we have a volume
element within a building, i.e.
dV = dzdydx

= C(¢’X0)|:1+ tanz(%_ e)jlx[l + tan2(¢)]dt9d¢dx. (39)

As indicated by Eq. 3.9, the volume element in a building covered by an antenna array is
dependent on its location, relative to the array itself. In other words, as the antenna beam
is steered to different azimuth and/or vertical angles, (¢, ), it is subjected to different
level of interference. Assuming the probability of finding a user at (x, ¢y ) is
proportional to the size of volume element covered when the array is steered to (¢, 6)),
the effective user probability distribution function for a 3-dimensional building is

o, X, ){1 + tan® (12[- - 9)}[1 + tan® ()

Y suitcing (x,4,0)= KXot Buunt (1) 7=, (9)

dedydz
Xo Bt (1) O (9) (3.10)

(¢, X, )[1 + tan? (-’25 - 9)}[1 +tan’ (g)]
SW,

building

where

6, (B) =§—tan"( (3.11)

_h
2¢(4, X))

3.4 Conclusions

In this chapter, a downtown model representative of typical large metropolitan cities,

such as for example Manhattan, NY, USA or Vancouver, BC,Canada was presented with
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city blocks and buildings dimensions taken from the Vancouver GIS system. We have
also introduced a more accurate user distribution in buildings when served by an external
antenna array mounted on a building group across the main street. We will use this

model and user distribution for our interference analysis and capacity estimation in the

next chapter.




Chapter4 ~ MULTICELL INTERFERENCE

4.1 Introduction

In addition to local in-cell interferers, the capacity for CDMA systems is also limited by
out-of-cell interference. Because of the antenna height, sources of interference are
limited to areas deduced from single bounce ray tracing based on reflection off
surrounding buildings, in addition to the direct LOS paths. Previous studies have
considered the general case of ray propagation in mainly the horizontal plane for capacity
analysis [17], [30]. This chapter introduces a new 3-dimensional single bounce model for
a multicell system, taking into account thé structures and locations of the arrays,
surrounding buildings, and the reflection properties of the buildings. Because exact
shape and dimensions are not considered, it is not as accurate as site specific ray-tracing
models. However, this method offers a generic approach that is analytically tractable and
still takes into account of a site geometry that is representative of most typical downtown
environments. As such, for the purpose of visualizing system level changes such as the
introduction of additiona.l arrays, or changes in array locations and site geometries, this
provides a faster and more efficient method without limiting the results to a specific site
layout. Because of the height of the antenna array, and the intended users are in
buildings, rays are reflected by buildings rather than scattered by ground level moving
objeéts. The model will incorporate the building wall’s permittivity into the reflection
co-efficient, and measured values of diffraction loss for shadowed regions. It is assumed
in our model that building floors will provide sufficient partition between different floors

of a building, and that penetration loss on the building wall’s surface is compensated by

power control. The chapter is organized as follows. After this introduction, Section 4.2
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presents the considered system model, including its main assumptions. Then, the effects
of diffraction, building penetration loss, path loss, and element factor on power control
are presented in Section 4.3. Section 4.4 discusses some of the geometrically based
single bounce models used in previous studies, and Section 4.5 introduces our modified
single bounce model to analyse interference generated from buildings that are adjacent to

the intended cell of service. Section 4.6 presents the conclusions of this chapter.

4.2 System Model

In order to determine the capacity supported in a cell, interference from adjacent cells
must also be taken into accouht. Consequently, Egs. 2.31 and 2.32 needs to be modified
to include the effects from other cells. To achieve this, propagation effects such as
reflection, diffraction, attenuation, penetration loss, and the gain provided by the element
factor need to be taken into account to determine the direction and power of received
signals from other mobile users in adjacent cells. It should be noted that mutual coupling
effects will be ignored since recent researches have shown that it does not have any [31]
or have minimal [32] effect on capacity. Because of the assumption of perfect power
control, the dynamics and actual operation of power control need not be considered, and
steady state is assumed. For our model presented in the previous chapter, we have
considered that the base station antennas are placed at half the height of the building
groups, i.e. well below the surrounding buildings’ height, thus we have assumed a direct
LOS path to the buildings that it serves. In [33], measurements for a roof mounted

antenna have shown that incoming signal propagate along the streets. Therefore,

propagation via diffraction over the top of each building group can be neglected [28],
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[34]. We will also assume propagation via ground rays to be negligible due to the
controlled vertical radiation. Because of the close proximity of the mobile users to the
antenna array, little power is required to be transmitted by each terminal and the
penetration loss is assumed to be compensated by power control. Furthermore, because
signals only propagate from one side of the street to the other without being attenuated or
scattered by moving objects on the ground, in addition to the relatively fixed position of
the wireless terminals in the buildings, the channel is assumed to be static [35] and
primarily LOS based. As a result of the penetration loss, waves originated from a
wireless terminal scattered inside buildings will be ignored. Suppose we wish to serve
users in building group D in Fig. 4.1, interference from the adjacent building groups, i.e.

F, C, E, I, and J, must be considered, and by extending Eq. 2.30 for our multicell case

SINR=—fe 4.1)

_]% I total (¢0 ’ 00)

where I, is the total interference received when Array 1 is steered towards (¢p,0) and

can be expressed as

]:<;zc,1(¢0"90):11)(¢o’90)+1F(¢o>‘90)+1c(¢0"90)+15(¢0a‘90)+1/(¢0’90)+1J(¢0>90)'

4.2)

In the above equation,

1’)(¢°’90): E ZPr,-D} 1#‘(¢os€0):E

1c(64.6,) Pt (4.3)

E ZPrC} 15(¢0,00):E
i=0

11(¢05'90):E : Pr,.l} 1J(¢0’90):E : R‘J
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where the superscript for P, indicates the origin of the received i-th user interfering

power. The resulting interference and capacity applies to other adjacent building groups

as well, assuming there are further building groups beyond those depicted in Fig. 4.1.

See Figs. 411, 4.12, See Eq. 418 See Eq. 473
and Eq. 4.50 C D I
Arroy4 Arroye Arroy6é
T T T
a P o
Arroy3 Arroyl ArrayS
See Figs., 4.13, 4.14, E See Fig. 4.0, and F See Eq, 4,74 J
and Eq. 471 Eq 431
a Antenna

Fig. 4.1 Multicell Interference System Model

4.3 Power Control

Despite the assumption of perfect power control, each mobile produces a different level
of interference to adjacent cells as a function of the channel loss to the serving base
station. This is because depending on the location of a mobile user, the channel loss to
the serving base station’s antenna array is different than if the mobile is at another
location, and with power control, the base station instructs the mobile to adjust its
transmitted power such that the same power is received. Therefore, interference from
mobiles in adjacent cells is location dependent. Given the ability of an antenna array to
steer to different directions, the mean interference received is also a function of the
beam’s steered direction. Therefore, all factors associated with power loss must be

considered. Sections 4.3.1-4.3.5 will discuss the loss from reflection, diffraction,

penetration, distance, and element factor, respectively, for use in our system model.
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4.3.1 Reflection Loss

When a radio wave impinges on an object, part of the energy is reflected. The electric
field intensities of the reflected and incident waves are related by the Fresnel reflection
coefficient, F,.which is a function of the wave polarization, angle of incidence, and the
relative permittivity, &, of the obstacle. If the plane of incidence is defined as the plane
containing both the incident and reflected waves, Figs. 4.2 and 4.3 s‘how‘the two cases
when the electric field is parallel and perpendicular to the plane of incidence, where E;

and £, are the incident and reflected waves respectively.

Array
€1 €3
(© 0o
T3 L

Fig. 4.2 Electric Field Parallel to Plane of Incidence
Side View of City Block
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Fig. 4.3 Electric Field Normal to Plane of Incidence

Array

Top View of City Block

44

N\

As shown in both figures, even if the intended cell of service are the buildings across the

street (left side on Figs. 4.2 and 4.3), the array is still susceptible to interference

generated from buildings on its side of the street (right side on Figs. 4.2 and 4.3). Also

shown is that the electric field components are vertically polarized, which is the

orientation that the base station array able to receive.

Because the interfering signal

propagates both vertically and horizontally to the receiving antenna array, by bouncing
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off the buildings being served, the reflection coefficient must take into account both cases

shown.

Assuming that the medium defined by &; is free space, we have

& =&,.& (4.4)
&, =& o

where & is the permittivity of free space and ¢, is the relative permittivity of the building

material, tabulated in Table 4.1 for common materials..

Material
Glass Plexiglass Brick Limestone

Permittivity 4-7 345 4.44 7.51
(1r)

Table 4.1 Permittivity of Common Building Materials

From Figs. 4.2 and 4.3, assuming the front of buildings is reasonably smooth, we have

¢, =g,

45
E, =TE, (43)

where I' = I'j when E, and E; are parallel to the plane of incidence, and I' = I'y when E,

and E; are perpendicular to the plane of incidence as illustrated in Figs. 4.1 and 4.2

respectively, and are defined as [26]

r _ —&,sing, +4/g, —cos’ ¢ “6)

g,sin¢, ++/&, —cos’ ¢,
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r _sing, —/¢, —cos’ ¢, @7
: Sing, ++/6, —cos’ ¢, .

In addition to s‘trictly horizontal or vertical propagation, Fig. 4.4 shows the case when a
signal from an interfering user in building group F is reflected off building group D at an
angle to Array 1. It shows that the normal and parallel axes of the propagating wave do
not coincide with the horizontal and vertical spatial axes, and that the vertically polarized
wave received by the array has components both normal and parallel to the plane of
incidence. As such, both reflection coefficients of Eqgs. 4.6 and 4.7 must be taken into
account and superposition is applied to determine the amplitude of the reflected waves.
For this, we need to determine the vector of the incident electric field, and decompose it
into components that are perpendicular and parallel to the plane of incidence. For a

vertically oriented antenna, the electric field unit vector in the far field is [26]

E@)=6 (4.8)
where ” denotes the unit vector and @ is the vertical angle in Fig. 4.4. lllustrated in Fig.
4.5, the direction of the incident electric field vector, £, is therefore perpendicular to the

direction of propagation, where £, and £ are the components .that are perpendicular

and parallel to the plane of incidence.
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AN .
AN

Fig. 4.4 3-D Reflection
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Suppose Z' =1+|Z | , we can relate the electric field components geometrically in Fig. 4.5,

and the incident electric field have intensity of

E, = Z'sin(a)
where
Z — C(¢,X0)
tan(a)
a=mn-0

The electric field components that incident on the building’s wall are therefore

E, = Z'sin(v)
E =\E'-E
where
LT
S

w =tan”' [Z)
Y

Y = X, tan(g)

(4.9)

(4.10)

(4.11)

(4.12)

and the reflected electric field intensities can be obtained using Egs. 4.5 — 4.7 where the

incident angle is

é’:tan—l(_.__)f_o__*
‘ VY24 Z?

(4.13)
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) Z-Axis

Fig. 4.5 Electric Field Components
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The electric field amplitude loss associated with a reflection is
e
Lrgﬂection = E’J .
r (4.14)
_\/ (DLE, ) + (FMEH)Z

and allow us to find the power of an interfering signal after a reflection in our model.

4.3.2 Diffraction Loss

Diffraction occurs whenever a radio wave impinges upon a discontinuous surface such as
a building corner, and provides coverage to shadowed regions where there is no LOS to
the base station array. Unlike the macro cell scenario, where the base station antenna is
raised many times higher than surrounding buildings and diffraction over roof tops is
common,. diffraction in a micro cell environment is primarily limited to building corners
to provide coverage to perpendicular cross streets [28]. Niu and Bertoni [28] have
performed a series of measurements in Manhattan and concluded that in an urban area
with rectangular street grid and high rise buildings, diffraction accounts for 15 to 20 dB
of power loss. Measurements in Stockholm [36] and Tampa [37] indicated that loss is in
the range of 20 — 25 dB and concluded that 20 dB of loss is seen around a corner. Fig.
4.6 illustrates the shadowed regions in our urban model where interference to Array 1 is

by means of diffraction. The value of 20 dB will be used as diffraction loss in our model.
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Fig. 4.6 Shadowed Regions

4.3.3 Distance Path Loss

In [1] and [39], the use of a free space propagation path loss model was suggested
between an external antenna and a user located within a building, without the use of an
outdoor reference value. Regression analysis was also performed in [1] to compute
various building parameters that best fits measurements made inside buildings and the
following was suggested as a suitable path loss model

PL(dB) =32.44+20logd +20log f + f3, (4.15)

where d, £, and f are the distance between the user and the serving base station array,
frequency of signal, and free space clutter factor with a mean value of 18.3 dB,-

respectively. Eq. 4.15 will therefore be used to model propagation loss in our model.

4.3.4 Building Penetration Loss
Since our intended users are located in buildings, served by an external antenna array, the

power loss associated with signals propagating through the external walls of a building

must be taken into account. In [38], a series of measurements at 900 MHz, 1800 MHz,
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and 2300 MHz were conducted and the average penetration loss was concluded to be 17
dB. Because all mobiles are subjected to a similar penetration loss of 17 dB, we can
assume that the power control is able to compensate for this loss. Further, since
measurements were made directly inside buildings in [1] of signal from an external
transmitter, and fr in Eq. 4.15 is very close to the average penetration loss reported in

[38], it is assumed that fis representative of the building penetration loss.

4.3.5 Element Factor

From Eq. 2.28, it can be observed that the elemental factor need not be considered
because perfect power control is assumed to be able to compensate for this in a single cell
system. However, in a multi cell systein, each base station has no power control ability
on adjacent cells, and interfering signals from adjacent cell users arrive at different AOAs
to both the adjacent and in cell antenna arrays as illustrated in Fig. 4.10. If panel antenna
elements are used, for an interfering user in building group F, served by Array 2, we let
(¢r, 6r) and (4,6) be the AOAs for the interfering user’s signal to Array 2 and 1. The
required power to be transmitted by the user due to the element factor is

P

t _element = < P (4 16)
|fPA (¢F > 9[" )l
and the power received by Array 1 due solely from the effects of element factor is
Pr _ element = })/ _ element fPA (¢’ ex—
(.0) |
=P Jea\9, (4.17)
f PA (¢I~ ’ 9/-' )

= ])cGe/emem

where Geemens Will be used as the element factor gain in our model.
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4.4 Single Bounce Models

In the past, single bounce models have been used to study the effects of AOA in cellular
systems. In our sy‘stem model, the height of the building groups limit propagation from
other buildings on parallel streets, but serves to contain interferences from buildings that
are facing the same street by reflection. As indicated by previous studies [32], [40]-[43],
the street where the antenna faces acts as a channel providing a wave guiding effect.
Typically in the past, unless specific site layout is used, geometrically based single
bounée models were used to study propagation and AOA of signals in an urban
environment. For example, the Geometrically Based Single Bounce Circular Model
(GBCM), shown in Fig. 4.7, was originally proioosed for use in the analysis of a macro
cellular scenario where scatterers ére assumed to lie within a pre-determined radius about
a mobile terminal [3]. This is because the model assumes that the base station antenna is
relatively high, compared to its swrroundings. The multi-path generated by this model
requires the generation of the location of scatterers based on a distribution model within
the circular region, and that the individual signal pafhs are subjected to a single reflection
off each scatterer reaching the base station antenna. The determination of the radius used

in the model, however, requires the use of measured results [3].

radius
Mobile

Base Station

Fig. 4.7 GBCM Model
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Another popular model applied for smaller micro cellular service, or street level service,
is the Geometrically Based Single Béunce Elliptical Model (GBEM). Instead of
assuming that scatterers are surrounding only the mobile, the GBEM model, shown in
Fig. 4.8, is applicable to situations where the base station antenna height is relatively low
to the ground and is surrounded by nearby objects [25]. It is assumed in this model that
scatterers are distributed within an ellipse, where the base station and the mobile are
located at the foci. As such, back propagation is allowed to reflect off objects behind the

base station antenna.

Bése Station Mobile

Fig. 4.8 GBEM Model

4.5 Modified 3-Dimensional Single Bounce Model

Geometrically based models have been popular aids in determining the statistics of multi-
path AOAs in previous studies. They are in particular useful for analyzing the
performance of smart antennas beam steering or nulling algorithms; subjected to changes

in the channel, often encountered as a result to motion of both the mobile terminals and

scatterers. However, indoor environments are quasi-static [35], and such models are
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based on idealistic assumptions of real propagation channels, and the shape and size of
the scatterer’s distribution require the use df field measurements. The validation for these
models is'therefore subjected to debate [3]. For example, the circular shape for GBCM
was originally intended by Jakes and Lee to only analyse correlation between two
antenna elements, and to determine effects of beamforming on Doppler spectrum for
narrowband signals [3]. Further, GBEM is only applicable to non-sectorized antenna
elements or arrays due to the backward propagating rays on the base station antenna, as
shown in Fig. 4.8, and assumes that it is relatively close to the ground. Also, even though
reflections do occur inside buildings, this can be neglected because mobile users only
transmit enough power for the shortest and most direct path, and any wave undergoing a
reflection inside the building, then penetrating through the building’s wall, will not have
sufficient strength to meet the minimum SINR requirefnents for de-spreading in the base
station receiver. In addition, our proposed antenna location is mounted at half the height
of the building that it serves. The height is therefore many times than that of a lamppost,
wﬁere previous micro cell studies have assumed to be the antenna’s location. As such,
reflections by buildings are more dominant than scatterers on the ground. We propose a
modified single bounce model to be incorporated into our multiple cell interference
analysis that takes into account of building locations and geometries as introduced in
Chapter 3. Following the model shown in Fig. 4.1, and assuming desiréd users are in
building group D, the model considers interference from other users in Building groups

D, F, C, and E in Sections 4.5.1, 4.5.2, 4.5.3, 4.5.4, and building groups I and J in

Sections 4.5.5 and 4.5.6, respectively.
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4.5.1 Interference from Building Group D

The rﬁean intra-cell interference from within building group D can be calculated similar
to the method used in Eq. 2.31, by substituting the received power and the user PDF from
Eqgs. 2.28 and 3.10, respectively, into Eq. 4.3 for /p(¢,6h). The mean interference

therefore is

‘1(¢0, )= E ZP}

K-t

E| Y |10 (#:6)) P"}

L i=1

K-

=E ijmwf 0) 13,0, 8.0) (4.18)

|fra(, e>y Mz}
- P(K -DE[F; , 4.0)]

Xo+S bt (¥) =05, 1c(8, 4] ,
=PEK-) [ [ [thunx8.00F, , (§,6)d0dddx
Xy =Bt (X)) Oax [C(¢-Xu )]

= Pc(K —1)12)(%,90)
where, given the urban model, some of the functions defined in Section 3.3 are

reproduced here for the readers’ convenience

c(d,x) =—— ( P
~1 Wbuilding
a1 (X) = tan (Tj (4.19)
T 4 __}L
emax (p) - E —tan (2})}

4.5.2 Interference from Building Group F

In addition to signals from the intended users, the antenna array is also subjected to

interference from reflection off the building that it serves. As shown in Figs. 4.1 and 4.4,
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users from building group D are served by Array 1 mounted in the middle of building
group F. Also shown is that building group D acts as a reflector, and interference from
users in building group F can be traced from the aﬁay in the speciﬁc' azimuth and vertical
angles by reflecting off building group D in the manner shown. In addition, due to the
reflection, extra distance is travelled prior to reaching the array, causing an increase in

coverage per degree beamwidth, as illustrated in Fig. 4.9.

Because the interferers are in different building groups, served by different arrays, the
power controls for the two building groups are also independent from each other and
must be taken into account. Referring to Fig. 4.10, Array 1 serves building group D, and
Array 2 serves building group F, the effect of power contrbl can be modelled by
comparing the total power loss between an interferer and Array 1, wi.th the total power

loss between the same interferer and Array 2.

Fig. 4.9 Beam Spot Increase Due to Reflection
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In Fig. 4.9, the location of the intra cell interferer is on a floor

_ C(¢,2X0 )
P # = _t—an( 9) (4.20)

from where Array | is. The vertical angle of arrival from this floor to Array 2 is then

By &
0, = Zr——tan"(—‘ﬂ“ =t ] (4.21)
2 C(¢F5X0)

Referring to Eq. 4.17, the effective gain from the element factor is

2

Gl =
Jra(8:.6:)

element

where the superscript F here signifies gain from the elemental factor is for interferers in

building group F.

Interferer

Fig. 4.10 Distance Ratio for Building Groups D and F



Chapter 4 MULTICELL INTERFERENCE 59

The loss due to distance can be broken down into two components

dpy=dpy, +d,, 4.23)
dey =dp,y, +diy,
where subscript a refers to the distance between the base station array and the exterior
wall of building group F, and subscript b refers to the distance between the interferer and
the building wall. Because the building isbparti‘.[ioned into different floors, we assume

that signals propagate horizontally for the paths dr;, and drz. Referring to Fig. 4.10,

dri4, which is the 3-dimensional path as shown on Fig. 4.9, can be expressed as

d o C(¢,2X0) :
e sin() (4.24)

Ay = C(¢: x)— C(¢,2X0)

and
diyy = \/C(¢F’X0 )2 + hqm-er_f‘z (4.25)
dFZb = C[¢F’x - Xo]_ C[¢F’X0]
where
4, = tan" xtan¢
x—X, (4.26)
r=x-2X,.

Adopting Eq. 4.15 and including the array factor of Array 2, if the power received by

Array 2 will be P,, the transmitted power by the interferer in dB is
P/ (dB)=10log P, - 20log|f, , (#;,6,)|+3244+20logd,, +20log f + B,

(4.27)

and the power received in dB by Array 1, after reflecting off building group D is
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P (dB) = 10log P —32.44-20logd,, —20log f - 8,
- 20 log Lre/lecnan + 20 10g|f¢| &y (¢ 9)1
= 10log P, +20logd,, - 20logd,, — 2010g Lyytecion *+ 201081, 5, (9.6)|
~20log|,, 4, (4.6, )

(4.28)
where Legeciion 18 as given in Eq. 4.14.
Rewriting the above equation, we have
2 0 2
PF _ P dl- 2 f¢w‘90 (¢’ ) I
’ dl‘ ! LIL/](L/I(W fv’pﬂp (¢/ ’ HF )‘
Pd. |/m(8.0)f6,8.0)
dl- 1 ch/lccn(m fPA (¢I ’ HF )M ’
2
P, d
- D’ JulbO) | gy ) (4.29)
dl'l ch/lectmn fPA( Fo 9/’ )|
P, d/ 2 F
= ‘—_—_——Gclcmen!Fé(,,(i’(, (¢9 9)
dFI ch/lccllan
= Pchh (#,6,,9,0)
where
‘ d 2
Gcl;l (¢O ’ 90 > ¢’ 9) B S Gel;emcnl &0 (¢ 8) (430)

FI reflection
denotes the effective gain of an interferer’s signal originated from within building group
F, subjected to the various losses in the channel and the specific locations of the interferer

and the base station arrays.

From Eg. 4.3, interference from building group F can then be expressed as
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1F(¢0590):E|:§P:1

= E{gRGS(%a@oa@g)}

= P.KE|G (4,.6,,8,0)]

2X0+S ey (¥) 7O [(9:20 )] )
=Pk | | (G (B0, 0028, 00 (. 6, 0)d O gl
2Xo o (x) G [c(8.2.0)]
= P.KI} (¢0’ 90)

= P[(K = 1)1} (40, 60)+ 1:(¢,.6,)]

431
where
(42X, ){1 + tan® (-’25 - Hﬂx[l +tan?(¢)]
o F —
Unitaing (X 9, 0) = W (4.32)

4.5.3 Interference from Building Group C

As shown in Fig 4.6, direct LOS and diffraction are the propagation mechanisms for
interferers originated from within building group C. Coverage per degree angle is also

increased due to the increased distance to building group C. Also, Fig. 4.11 shows that
building group C can be divided into three zones. Zone Cl is bounded by ¢..s3(Xp) and
Gmax3(Xp), Zone C2 is bounded by @naxi(Xp) and @nax3(Xn), and Zone C3 is bounded by

Prmax13(Xo+S) and Graxi(Xo).
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Fig. 4.11 Building Group C Interference Zones

Interference from Zone C1 propagates to Array 1 through the front wall, whereas
interference from Zone C2 and C3 propagates through the side wall, with interference
from Zone C3 diffracting around the corner of building group D. To model the effects of
power control, Fig. 4.12 shows the distances from interferers in the three zones to Array 1
and 3. The effect of power control is modelled similar to the technique used in Section

452, as

deny =dey, + ey

des =deyy, +deyy,

dey =deya +dea, (4.33)
deas = deysa + ey

desy = deyy +deyyy + deyie

dess =deyy, +desy,
where the first two subscripts distinguishes the origin of the interferers, the third subscript
denotes the antenna array, and the alphabet subscript indicates whether the ray is external
or internal to the building. For example, dcs4, derza, and des;, represents the distances

“from Array 3 to the exterior wall of building group C for interferers in Zones C1, C2, and

C3, respectively.
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Fig. 4.12 Distance Ratio for Building Groups C and F
From Fig. 4.12, the distance components for Zone C1 can be expressed as
d — C(¢) XO )
e sin(g) (4.34)
deyy, = c(¢, x)~— C(¢’ Xo)
dClSu = \/c(¢C’X0)2 + hl?//i'cl_Clz (435)
dersy, = c(¢c,x) - C(¢C’X0)
where
) _ C(¢’ X, )
offset _Cl tan(@) 4 36
-1 X tan ¢ - Wbuih/in ; Wcrm‘x ( ‘ ) .
$. = tan 5
x
and the vertical angle of arrival to Array 3 is
T A
0, ==—tan™| LL 4.37
2 (C(¢c ) Xo) ( :

The distance components for Zone C2 are
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clg.a)

deyg =—
s1n(¢9)
deyy = c(¢,x)—c(¢,a)

dC23_u = \/C(¢c X )2 + huﬂi’et_CZ

dC23b =dcpy
where

, )

et 2 =
ofper - tan(&)
I/Vbuilcling

crosy
o=

- tnfg)

and the vertical angle of arrival to Array 3 is
B
Oc, = z. tan"(Mj .
2 C(¢C 3 Xo )

The distance components for Zone C3 are

d = c[¢maxl(X0),X0]
C3la Sln(@)

Cross

sin(g. )sin(6)

C

dC3Ib =

deysa = \/C(¢c X )2 + e _-c32

dC33b =dcis,

where

64

(4.38)

(4.39)

(4.40)

(4.41)

(4.42)

(4.43)
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hq{l’\‘cl_CS = (dcsm +dey )COS(@)

W, .
x tan(¢)— huilding (444)

. =tan” 2
b paya

and the vertical angle of arrival to Array 3 is

h ..
V5 —1 offser _C3
6. =——tan ——e 4.45
< 2 [C(¢C7‘(O)J ( )

Adopting Eq. 4.15 and including the array factor of Array 3, if the power received by
Array 3 will be P,, the transmitted power in dB by interferers in Zone C1, C2, and C3 to

Array 3 are

P (dB)=10log P, =201log|f, 4. (#c,0c ) +32.44+20l0gd,s +20log f + 3,
P (dB)=10log P, = 20log|f, ;. (fc,0c, )| +32.44 +20logd ., +20l0g f + 3,
PO (dB)=10log P, ~20l0g]/,, ;. (f.0, ) +32.44+ 20logd,, +20log f + B,

(4.46)

and the power received in dB by Array 1, for the three zones are

P (dB) =10log PF -32.44 - 20logd,,, —20log f - 8, +201log| , , (¢,6)|
= 10log P, +20logdc,, —20logdc,, +20log|f, , (4,6)| - 20log|f, . (6c .00 )
PE*(dB) = 10log P ~32.44 - 20logd,,, -20log f - B, +20log|f, , (4,6)|
= 10log P, +20log dc,, —20logd,,, +20log|f, , (4,0)|— 20l0g|f, 4., (¢c.6c, )
P (dB) =10log P,”* —32.44 - 20logd,,, —20log f — B, = 20108 Ly on + 20 1ogj Fa 6, Brnant (X)), 9)|
= 10log P, +2010g d 33 — 20108 d s — 20108 Lypion +20108|f 6 (B (X ) 9)[
—20log|f; 4., (#c-6cs)

(4.47)
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Rewriting Eq. 4.47, we have

Pd
PrI.C1 d C13 GSe‘mUlf [ ¢ 9)
CH

= PG5 (¢y,6,.9,9)

per =Ll g L 00)

T . @.48)
= PGS (4y,6,,9.0)

PC3 — Pch332

! dC3 1 ’ Ld{[]i‘uclion
= PGS (41,6,,.6)

2 Gelement @0.6, (¢m lxl( ) )

where

GCl = ‘f/’/l (¢7 9) i
clement
f PA ( C» 0C i )

Gcz Sra (¢, 0)

element — ( )
f PANYC 2 C 2

GC3 - .fPA( |mxl (X ) 9)|
element .
f PA ( (ol) c3 ) |

2

(4.49)

The interference from building group C can then be expressed as

K-l
1(4y,6,) = E{ZPf‘ +P + PJ

i=0
Xo+S Fuaxs (%) 7=Oume[c(8.%, )]
Cl
= IJLK j j IGch (¢0 H ¢ e)ubm/zlms{ (x’ ¢’ H)dgdwx
Xy Buaxia(Xo) Buanc(8.X, ]

0
X+ X, B3 (X0) 7B lc(920)

« [ ] IG$<¢0,00,¢ OV g (X, 8, O)d 6l gl

X0 tuia(r) O [‘ $.2) ] (450)

X0+S Ba1a(X)7~8nay [c(g.2)]

+ J‘ J‘G‘C/;Z (¢0 ’ 90’ ¢ e)uhu//c/mg (A’ ¢’ e)dgdwx
Ko+ X\ i (X o) o [ (¢“)]
Xo+S G (X0 ) 7=y ’lc

+ J‘ J‘ _‘-G (¢0 3 90 4 ¢ e)ulml/dmé, (X, ¢’ €)d0d¢dx

. Xo+X) b3 () Gumelrc]
= PKI(¢,6,)

= P(K =)L, 0,) + I-(8,6,)]
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where

c(d, X, )[1 +tan’ (% - Hﬂx[l +tan’ (¢)]

uil]i/ding ('x’ ¢’ 0) =

SWbuiIding h
c(¢,a)[1 . tanz(g - Qﬂx[l +tan®(¢)]
ulil%lding (X, ¢’ 9) = SW /’l
building
e {1 +tan® (% - Oﬂx[l +tan’ (¢)]
ulililding ()C, ¢’ 0) = SW l’l .
building

W, ..
77C :C[¢maxl(X0)’X0]+_—~gﬂjr—‘
sin(¢c )

g I/Vlmildirlg W
¢maxl3 (x) = tan_l 2—
X
LSW, . W, (4.51)
x)= tan_] nitiding Cruss
¢max3( ) X

4.5.4 Interference from Building Group E

From Fig. 4.6, we can see the modes of interference from building group E are reflection
from building group D and C, and diffraction around a corner of building group F.
Similar to the case for building group C, building group E can also be divided into four
zones, as shown in Fig. 4.13, where Zone E1 is bounded by @yi3(X0) and @max3(2X0),

Zone E2 is bounded by @ux13(2Xn) and @mai(Xp), Zone E3 is bounded by @.1(2Xp) and

Omaxi3(2X0), and Zone E4 is bounded by @pax3(2Xp+S) and @ i(2X0).
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Fig. 4.13 Building Group E Interference Zones

Interference from Zone E1 and E2 exits through the front wall, and interference from
Zone E3 and E4 exits through the side wall of building group E with interference from
Zone E4 diffracting around a corner of building group F. Also shown is that part of the
users in building group E do not contribute interference to Array 1. ’These users are
located between Zones E1 and E2, and their interference are not reflected by building
group C or D due to the cross street. To model the effects of power control, Fig. 4.14

shows the distances to the different zones.

C D

d[llo dEZla dsamdzm
e’} Pan N

Arrayd

Fig. 4.14 Distance Ratio for Building Groups E and F
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Subscripts are assigned similar to those used for building group C, and

dpy =dgn, +dg,
dpyy =dgu, +dg
dgy =dgy, +dpyy,
Ay = dpy +dery

(4.52)
dEBl = d531a +d gy,
d534 =d gy, + g
dpgy = dE4la +d gy, t+ dE4lc
d544 = dE44a + dE44b'
In Fig. 4.14, the distance components for Zone El to Array 1 are
_ C(¢,2X0 )
Bl sin(9), (4.53)
deny = C(¢’ x)— C(¢’2X0)
and the distance components for Zone E1 to Array 4 are
dpige = \/C(¢E’X0)2 +hqffsel“512 (4.54)
iy = C(¢E=X_X0)_C(¢53X0)
where
h ) — C(¢,2X0)
offset _E1 tan(&)

4.
xtang - W, ‘ (4.55)

-1 wilding ~ Wcru.\'x
¢, = tan
x—X,

and the vertical angle of arrival to Array 4 is

B
0y == —tan™ [—”’"‘”ﬂ } (4.56)
2 c(

$en Xy)
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The distance components for Zone E2 are

Appy = dE]Ia

dEZIb = dEllb
and

dEZ4u = dEMa

dEZ4b = dEl4b'

The distance components for Zone E3 to Array 1 are
c(g.a)
d =
£ = Sin()
dpsp = c(¢>x)_ c(¢’a)

and the distance components for Zone E3 to Array 4 are

dgr, = \/C(¢£ Xy )2 + h(,/i.;-m_mz
d ey :c(¢E>X‘X0)"C(¢E=X0)

where

L _dea)

offiet _E3 = tan(H)

and the vertical angle of arrival to Array 4 is

h.
Oy, == —tan™ {M}
2 clge, X,)

(4.57)

(4.58)

(4.59)

70

(4.60)

(4.61)

(4.62)
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The distance components for Zone E4 are

d — C[¢maxl(2X0 )’2X0]
Fdla sin(6)

Cross

sinlg@;, )sin(6)

dE4lb =

E

and

dpgae = \/C(¢59X0 )2 + hq/].i'ei_E42

Apaap = dia

where

Poier 54 = (dmm +d g )COS(Q)

w, ..
x tan(¢)—— huilding

2

. =tan”
& x—2X,

and the vertical angle of arrival to Array 4 is

Oy, = §—~tan‘[ﬁﬂf;‘ﬂ;ﬁi}
2 c(pg. X,)
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(4.63)

(4.64)

(4.65)

(4.66)

Adopting Eq. 4.15 and including the array factor of Array 4, if the power received by

Array 4 will be P, the transmitted power by interferers in Zones El, E2, E3, and E4 to

Array 4 are
P"'(dB)=10log P, = 20log|f, ,, (#5,0r ) +32.44+20logd,,, +20log f + 3,
PF*(dB)=10log P, - 20logf, ,,. (8,05, ) +32.44+ 20logd , +20l0g f + 3,

)

)
£3 (dB)
)

10log P, —20log|f,, 5. (4,0, ) +32.44+20logd ., +20log f + 3,

P"*(dB)=10log P, ~20log|f,, o, (#¢,0s, | +32.44 + 20logd ,,, +20l0g f + 53,

(4.67)
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and the power received by Array' 1, for the four zones

PF!(dB) =10log "' ~32.44~20logd,,, = 20log f — f3, = 20108 Ly, +2010g| 7, , (4.0)

6.6
= 10log P, +20logd,,, —20logdy,, — 20108 L, .0, + 20 log YAGLIN
) f¢ﬁ,eﬁ, (¢5s9£|)
P (dB) = 10log P"* —32.44 - 20logd ;,, —20log f — 8, = 20108 L, eesn +20 1og| fia (¢,9)}
0)
= 10log P, +20logd ,, —20logd,, —20l0gL, 4.0, +201l0g Sua$.0)
' fqﬁE,HEZ( 5’952)

P (dB) = 10log P ~32.44 - 20logd,,, —20log f - 8, = 20108 L., +20l0g| £, , (¢.6)

f¢o:90 (¢’ 9)
= 10 log PC + 20 lOg d534 - 20 lOg dE}l - 20 log chfﬂec/iau + 20 lOg f_(¢—9—)
¢ 05 \PE Vs
P,_I_E“ (dB) = 10log P** —32.44 -20logd ,, —20log f — B ~20108 L, perian — 20108 L ypicsion
+2010g|f;, g, (Bt (2%, ).0)
= 10log P, +20logd,,, —20logd,,, —20log L, juipn — 20108 Lycsion
+ 201 |f¢(, &y (¢1mxl (2X 9)‘
U oo @:0m) |
(4.68)
Rewriting Eq. 4.68, we have
£ Pd,,’
P’i = = Gclumm #0.6, (¢ 9)
dE 11 L reﬂectlan
= P,G, (4,,6,,4,0)
2
pr=— Tl e r . 6.0)
dEZl Lre/[ecnan
= Pch,z (¢0 > 90 ’¢’ 9)
T (4.69)
Pr,-‘ = -—————‘—E}i———.__‘ Gc/unun &y .60 (¢ 9)
dEBI Lre/lcumn
= PchEh3 (¢o’00’¢’0)
Pd
,-/_E4 544 G:;:mem .0, (¢m ax | (2X ) 0)
dC 41 L reflection L (I[[]'racnon

= PchEh4 (¢0 s 90 ’¢’ 0)
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where

o | 1n®0) |
element
f PA ( E» 95 i )

Gl /29:0)
fr4(85.05,)

o5 | Sw(:6)
element
fPA ( E> 9E3 )

GE4 _ fPA (¢maxl(2X0 )’ 0)|2
element .
fPA ( E> 9154) l

(4.70)

The interference from building group E can then be expressed as

K-l
1,(4,,6,) = E[ZP,,_E' + PP+ PP+ Pf“J

i=0

2X Xy By (5) 7Oy [c(8,2X0)]
= Ij(,K J '[ JGcil (¢0 > 90 H ¢ e)ubm/dmé (x’ ¢5 9)d9d¢dx

2Xy a1y (Xo) O le,2X,)]
2Xp+X; B (Xo) 7B, [L (3 2/\'0)]

[ [GZ2 (60,600,002 (x,6,6)l g

2Xy P12 (2Xy) Gucl,20, )]
2X0+S  Buaes(x) =0 [e(,2X,)]

« [ [GL? (80,048,004, (3.6, 0)d 6 g

2 X0+ X3 a1 (2X ) Ormar [c(8,2.X,)]
2X(>+X2¢mxu( 0 )= Oe [c(@,0)]

+ [ ] (G2 (89,00,8, 011414 (.8, 0)dl O i

2X, Bona xl ( 6 ::::: x[‘(ﬂ’ a)]
2X0+S Brue 132X )18, [c(8,00)]

+ J‘ I IG§,3 (¢0 > 00 > ¢ g)ubmlz/mg (x9 ¢’ a)dedwx
2X0+ X3 Gan1 (2X0) B [c(@.)]
2X4+8 B (2X,

o) ”‘9 wlE]
S IR R e 0>u,,u,,,,mg(x,¢,e)ded¢dx}

2X0+ Xy fnania(x)  Oails ]

= PKI'.(4,,6,)

= P[(K ~1)I;(¢y,0,)+ 1 (¢y.6,))
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c($,2X, )[1 + tan? E-;f - Qﬂx[l +tan’ ()]
S Wbuilu'ing h
ubﬁ;l?lding (‘x’ ¢’ 9) = ulﬁtlilding (X, ¢’ 9)

c(g, d){l +tan? (% - HI|X[1 +tan’ (¢)]

ubEulilding ()C, ¢’ 9) =

(e 6)= 4.72
building ( ¢ ) S W building h ( )
" {1 T tan? (% _ gﬂx[l + tan’ (¢)]
uli‘:lding (X, ¢’ 6) = SW
building

W s
775 = c[¢muxl (2X0 ),2X0]+ . Lross

sin(¢5’ j

4.5.5 Total Interference and Capacity

As illustrated in Fig. 4.1, in addition to interference from building groups C and E in the
city block on the left side of building group F, just as much interference comes from the
city block on the right side. Because of the symmetrical nature, this can be modelled by
applying only a negative sign in the azimﬁth angle of the array factor in the integrands of

Eqgs. 4.50 and 4.71. Let building groups I and J be on the right city block, the additional

interference are
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. XotS s (3) 7Oy [c(8.X,)]
1,(40,6,) = PCK{ [ [GS (By.0y.~0. 011511 (x..0)d 6 x
Xo Buws(Xo) O [c(8.0)]
Xo+X| Grua13(X0) 1=0p, [c(9.2)]
« [ ] ijf (G000 =0, Ot i, (. 6, 0)d Ol

Xo Buair (%) Ooax [C ¢.a) ]
Xo+S Braers (X0 )0, [c(8.2)]

[ ] I G5 (B9 000,00t (.6, 6)d il e (4.73)
Xo+X) ¢nmxl(’\’()) Brax [L d.a ]

XotS Bonant (Ko J7=Orns [’Ic ]
+ J- J. J.GLC};3 (¢0 b eO b ¢ g)ublllldl"é (x’ ¢’ e)dgdwx}

Xo+ Xy a6} Baalic]

= P.KI}(¢,,6,)
= P[(K =1)1;(¢y,6,) + 1} (6,6,)]

and

2X,+ X, ¢mux3(x) ”'gmax[ (8.2, )]

1J<¢0,90)=PJ<{ [ ] [GE (0028, 0L (1.0, 0)d 6 el

2%, Buann(Xo) B le(.240)]
2Xy+ Xy ¢mux|(Xﬂ) ”—anx[ (4.2X, )]
= + .[ J‘ _‘-Giz (¢0 4 00 ’ ¢ H)ubluldlmg ()C, ¢’ e)dedwx
2X0  Buaxad (2/\’0) Finax [C $,2X, )]
26048 fona (¥) =00 [e(9,2X,)]
+ J- J‘ J.Gthz (¢O b 60 > ¢ e)ubulldms ('x’ ¢’ H)dgdwx

2X0+ X3 Guanin 0) Bmd [‘ ¢2Xn)]
2Xy+ X3 et [5(¢ a ]

(2x
(2x,
+ J. j Ith3 (¢0’ 00 > ¢ e)ubulldmg (Y ¢ H)dgdwx

2X, Bina ”(x) [‘¢a ]
2X+S G (2, )zr—em {e(g.a)]

+ J. I IGL513(¢0790’ ¢ 0)uburldlng (Xi ¢9 9)d9d¢dx
2X0+ X3 Gt (2X0) O [c(g.)]
2X4+8 B xl(2X(i)” O [’7[]

T R N (AT 9>u,,l,,,dmg(x,¢,a)ded¢dx}

2X0+ Xy B (*) B [’IE ]
=PI ($,6,)
.:Pc[(K_l) ( 0> )+1 ( 0> )1 (4.74)
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The total interference from the six building groups are

110!a1(¢0’90):ID(¢0’00)+1F(¢0’60)+1C(¢0’00)+IE(¢0’90)+11(¢0’90)+1J(¢0590)
= 2 [(k-1)1,(.6)
+(K ~1)15.(¢,,6,)+ I

(¢2,6,) (4.75)

= P, (K ~1)a(¢,.6,)+0(0,. 6,)]
where

b(¢0’90):1;‘(¢0’00)+110(¢0:90)+1;5(¢0a00)+1;(¢0’90)+13(¢0a90)

' (4.76)
a(¢036’0): b+ 10(¢0a60)-
Thus, using Eq. 4.1, the SINR can be expressed as
SINR = 7_62._._.._
N[ total (¢0 d 00)
(4.77)

P

c

v
—N_PL[(K - l)a(¢0"90)+ b(¢0’60 )]
and the mean capacity within building group D when Array 1 steers towards (¢, &) 1s

1 _ b(¢y,6,)

K= |
7;—sn\JRa(gﬁo,eo) algy.6)

+1. (4.78)

4.6 Conclusions

In this chapter, we have presented the modelling and analysis of a multi cell 3-

dimensional CDMA system in a downtown environment. The effect on power control
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due to reflection, diffraction, building penetration, propagation, and element factor is
modelled. A modified single bounce model adapted to our urban modet is proposed and

coupled with the modified user distribution, an analytical derivation of the interference

contributed by neighbouring cells is provided.




Chapter 5 CAPACITY ESTIMATION AND RESULTS

5.1 Introduction

This chapter presents the improvement with the use of our proposed 3-dimensional smart
antenna array on the estimated capacity. The use of single element antenna, 1x5 linear
array, and 5x5 vertical planar array introduced in Chapter 2 on the model in Fig. 4.1 for
both single cell and multicell are compared. In the multicell case, we will illustrate the
interference contributed by each of the neighbouring cells on building group D. With a
3-dimensional approach to array and interference analysis, we can show the changes in
capacity and interference in surface plots, and therefore provide good insights into the
system. The organization of this chapter is as follows. After this introduction, Section
5.2 presents the simulation model and methodology for estimating interference and
capacity. Section 5.3 shows the results from the use of single element antenna. Then,
improvement with the use of 1x5 linear array is presented in Section 5.4. Section 5.5
shows the results and advantages for using a 5x5 vertical planar array. The change in
system capacity due to difference in building’s reflectivity is discussed in Section 5.6.
Finally in Section 5.7, for comparative‘purposes, we present the results from a second
simulation with the 5x5 vertical planar array to investigate changes in capacity when

building dimensions change. Section 5.8 presents the conclusions of this chapter.

5.2 Simulation Model and Methodology

5.2.1 Simulation Model
We have considered the rectangular grid downtown model which consists of a total of 6

building groups facing the same street as illustrated in Fig. 4.1. Each building group is

78
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considered to be a cell of service, and the performahce of single element antenna, linear
array, and vertical planar array will be compared. Effects of building materials with

reflection coefficients tabulated in Table 4.1 on capacity are compared.

The estimation of capacity result from the total interference received from both in cell
and out of cell users. Due to the ability of the base station antenna to steer to both

azimuth and vertical angles, the total interference is calculated for each (g,,6,)

combination, and iterated in 1° steps. For Array 1 in Fig. 4.1, the ranges of the steered

angles are determined at the beginning from the dimensions of the downtown model as

P = [_ Prnax (X 0 )a Prnax (X 0 )] and 6, = [Hmax [C(¢0 X )]al 80" - O ax [c(¢o X )]] in order to

serve all mobiles in building group D. Because it has been assumed that each base

station antenna is mounted at the middle of a building group, we need only to iterate

through the angles ¢, = [0,¢max, (X,))and 6, = [me [c(¢, X, )],90”) from symmetry.

5.2.2- Simulation Methodology
Fig. 5.1 summarizes the steps for the simulation. First, parameters such as the

dimensions and reflection coefficient for the building groups are set, along with the [S-95
parameters. The maximum azimuth angle, ¢, (X,), and vertical angle, 6, [c(¢0,X 0 )]

are also calculated for possible user locations within building group D to set the bounds

within which the antenna array may steer towards.
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For each steered angle, (4,,6,), the normalized array factor power response,
Fy (4,,6,), is calculated for all angles from which interference may come from. Also

at each steered angle, the interference from intra and adjacent cells are computed and the
maximum capacity within building group D is found. The simulation then iterates the
steered angle to different directions within the bounds set previously in order to find the

maximum capacity at each steered angle. Specifically, the simulation first iterates from

[¢0 =0°,6,=6,.. [c(¢O,X0 )]] to [¢0 =0°,6, =90°]. @, is then incremented 1° and 6, is
cycled again from Bmx[c(¢0,X0)] to 90° until ¢, =¢__ (X,). From this, a capacity

surface plot can be generated and the lowest point on the surface indicates the maximum
allowable capacity beyond which any increase anywhere within the system will
compromise the received SINR. This entire process is repeated for each type of antenna

array used, or a change in system parameters, i.e. IS-95 parameters, building sizes,

reflection coefficients, etc.
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Start
v

{ Set building group sizes, reflection coefficient, IS-95 parameters, etc }

v

Calculate bounds for smart antenna’s beam angles, and angles from
which antenna will receive interference from adjacent building groups

v
[ Steer beam to (4,,6,)= (0,6, [c(4,,X,)) ]
v
[ Compute normalized array factor power response F, , (,6) for all angles Jﬁ
v
[ Calculate intra-cell interference, / ,(¢,,6, ), from building group D ]
v
[ Calculate interference, /. (¢,,6, ), from building group F ]
v
[ Calculate interference, I.(#,,6,)+1,(¢,,6, ), from building groups C & I ]
v

[ Calculate interference, 1, (¢,,6,)+ 1, (¢,.6,), from building groups E & J }

[ Compute total interference and capacity when steered to (¢,,6,) ]

[ Increment &, ]

5

81

[ Reset 6, =6, [c(4,, X, )] ]

4

End

Fig. 5.1 Program Flowchart
(See Fig. 4.1)
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5.2.3 Building Group D Intra-cell Interference Simulation

Fig. 5.2 shows the steps for the simulation of intra-cell interference from building group
D for Eq. 4.18. Given an interferer’s location (x,#,8), Array 1’s normalized array factor,
and the user PDF from Eq. 3.10, the weighted interference i)ower is calculated. This is
repeated for all interferers’ locations within building group D to obtain the mean
interference power from building group D. For efficient simulation, interference from

(¢, 6?) and (— ¢,¢9) are computed at the same time to save half of the integration steps.

l Set interferer’s location to (x =X,,6=0,0=0, [c(¢4, X, )]) ]

Calculate power received, P,,_” , by L
Array 1 from (4,0) and (- ¢,6) J‘
v

Calculate weighted received power with the user
distribution, u,,,,,, (x.¢,6), and add to running sum

v

[ Move onto new interferer by decrementing & ’

6>180" -0, [c(s,X,)]

max

Yes
[ Move onto new interferers by incrementing ¢ J

¢ 2 ¢maxl (x)

Yes
[ Move onto new interferers by incrementing x ]

P S—

Reset 6=6,,, [c(¢,X 0 )] J

N .
X2 Xy +S§ 2 '{Reset¢=0° ]

Yes

Fig. 5.2 Building Group D Intra-cell Interference Simulation -
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\

5.2.4 Building Group F Interference Simulation

Fig. 5.3 describes the steps for simulating interference from building group F for Eq.
4.31. Because interferers in building group F are under the control of Array 2 (see Fig.
4.1), the transmitted power, P", determined by the interferer-Array 2 distance, AOA to
Array 2, and Array 2’s normalized array factor, are first calculated using Egs. 4.20 —
4.27. The power received by Array | from this interferer is then calculated with Egs.
4.28 — 4.30, subjected to the reflection 10ss, Lyefeciion of Eq. 4.14, off building group D,
and the interferer-Array 1 distance-propagation loss. The weighted received power is
computed with a user PDF of Eq. 4.32 for building group F. Similar to the simulation for
building group D, interference from (¢,0_) and (— ¢,0) are computed at the same time to

save half of the integration steps.

5.2.5 Building Groups C and I Interference Simulation
Figs. 5.4 — 5.6 illustrate the simulation steps for interference from building group C’s
zones C1 — C3 for Eq. 4.50 and the corresponding zones from building group I for Eq.

4.73. Similar to the power cohtrol operation for building group F, the transmitted power,
P, P* and P from interferers in the three zones are first determined with Eqgs. 4.33
— 4.46. Then the received power by Array | ére ca.lculated in Egs. 447 — 4.49. The
weighted received power can then be determined with user PDFs for the three zones
given by Eq. 4.51. Note in Fig. 4.11 that interference from zone C3 comes from

é=¢__,(X,) only as interferers in this zone are in the shadow region of building group

D. Interferers in building group I at (— ¢,6’) can be computed concurrently with

interferers in building group C from (¢,0).
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[ Set interferer’s location to (x = 2.X,,¢ = 0,0 =0, [c(4.2,)]) ]
+ T
Compute interferer’s AOA, (¢,,6, ), and distance, dy, to Array 2,
[ which serves interferers in building group F

v
[ Compute power required to be transmitted, P", to Array 2 J

[ Compute reﬂeétion 1088, L eftection, Off building group D l

[ Compute interferer’s distance, dg;, to Array 1 ]

{ Calculate power received, P, by Array | \

Compute weighted power with the user distribution
model, uj,;, (¥,4,0) , and add to running sum

v

[ Move onto new interferer by decrementing & }

[ Move onto new interferers by incrementing ¢ ]

84

¢ ¢maxl(x)

—_—

Reset =6,

e@2x) |

4

- Yes
Move onto new interferers by incrementing x

x22X,+S§ ={Reset¢=0" ]

Fig. 5.3 Building Group F Interference Simulation for Fig. 4.10
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[ Set Zone C1 interferer’s location to (x = X,,¢ = @,...,,(X, )80 =6, [c(¢, X, ))) J
v
{ Compute interferer’s AOA, (4,6, ), and distance, d¢;3,

to Array 3, which serves interferers in building group C

v
[ Compute power required to be transmitted, P, to Array 3 ]

[ Compute interferer’s distance, d¢,j, to Array 1 }

¥
{ Calculate power received, P, by Array 1 from (g,6) for the Zone }

C1 interferer, and from (- ¢,8) for an interferer in building group I

model, ugy (x,4,6) , and add to running sum -

v

[ Move onto new interferer by decrementing QJ

[ Compute weighted power with the user distribution }

No

0 > 180° - emax [C(¢, XO )]

[ Move onto new interferers by incrementing ¢ J

max

D

Reset 0 = 6, [c(¢, X, )] J

4

[ Move onto new interferers by incrementing x

@ No Reset ¢ = ¢,...,(X) ]

Yes
(C2)

Fig. 5.4 Zones C1 and Il Interference Simulation for Figs. 4.11 and 4.12
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{ Set Zone C2 interferer’s location to (x = X,,¢ = ¢,,,,,(x).0 = 6, [c(¢,@)]) ]

|
|

1 v

! Compute interferer’s AOA, (4,,0,,), and distance, d;;,

\

to Array 3, which serves interferers in building group C

v
[ Compute power required to be transmitted, P°*, to Array 3 ]
v
[ Compute interferer’s distance, dc;,, to Array 1 ’
v

Calculate power received, P72, by Array 1 from (4,6) for the Zone
C2 interferer, and from (- ¢,0) for an interferer in building group I

model, ug,, (x,4,0) , and add to running sum
v

[ Move onto new interferer by decrementing 0}

{ Compute weighted power with the user distribution J

No

max

02180 -0, [c(¢, )]

[ Move onto new interferers by incrementing ¢ ]

¢ 2 ¢max13(X0)
Yes
[ Move onto new interferers by incrementing x ]

Iio_,[ Reset 6 =06, [c(4.2)] ]

A

=

»
Lg

Resetg =g, .3 (X)]

—

:LReset b=, (X,) J

(C3)

Fig. 5.5 Zones C2 and 12 Interference Simulation for Figs. 4.11 and 4.12
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[ Set Zone C3 interferer’s location to (x = X, + X,,¢ = 4,...(x),0=6_ [7.) ]

v
Compute interferer’s AOA, (¢C,0C3), and distance, dc3;, |
to Array 3, which serves interferers in building group C
v
l Compute power required to be transmitted, P°*, to Array 3 ]
Y
{ Compute interferer’s distance, d¢;3;, to Array 1 ’
v

Calculate power received, P, by Array 1 from (g,,,,(X,).6) for the Zone
C3 interferer, and from (- ¢, ,(X,),8) for an interferer in building group I

Compute weighted power with the user distribution
model, ;. (x,4,6), and add to running sum

v

[ Move onto new interferer by decrementing & }

9 Z 1800 - emax [776']

{ Move onto new interferers by incrementing ¢ ]

No ;{ Reset 9=6__, [’7c] ]

A

¢ 2 ¢maxl(X0)

Yes
[ Move onto new interferers by incrementing x ’

X2 X() + S No =[Reset¢ = ¢muxl3(x)]

Yes

Fig. 5.6 Zones C3 and I3 Interference Simulation for Figs. 4.11 and 4.12
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5.2.6 Building Groups E and J Interference Simulation

Fig. 5.7 — 5.10 show the steps for simulating interference from zones E1, E2, E3, and E4
from building group E in Eq. 4.71 and the corresponding zones from building group J in
Eq. 4.74. The transmitted power from the four zones A*', A**, A, and R*" are first
calculated with Egs. 4.52 — 4.67. The received power by Array | are then computed in
Eqgs. 4.68 —4.70. The user PDFs in Eq. 4.72 for the four zones are then used to determine
the weighted received power. Similar to building group C’s zone C3, zone E4 is in the
shadow region of building group F as illustrated in Fig. 4.14. Therefore, interferers from

this area comes from ¢g=¢,__ l(2X O). Also, interferers in building group J from (— ¢,0)

can be simulated at the same time as interferers in building group E from (¢, 6).
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[c(p,2X,))

max

[ Set Zone E1 interferer’s location to (x=2X,,¢ =4, (X, )0 =6
v
Compute interferer’s AOA, (¢,,0,, ), and distance, d,,
to Array 4, which serves interferers in building group E
v
[ Compute power required to be transmitted, P*', to Array 4 }

v
[ Compute reflection 10ss, L,pecrion, 0ff building group C ]

[ Compute interferer’s distance, dg;;, to Array 1 ]
v
[ Calculate power received, Pf', by Array 1 from (¢,8) for the Zone El }

interferer, and from (- ¢,6) for an interferer in building group J
v
Compute weighted power with the user distribution
model, u.),,, (x,¢,6), and add to running sum

v

[ Move onto new interferer by decrementing & l

No

02180° -0, [c(4,2X,)]

[ Move onto new interferers by incrementing ¢ ]

y

Reset 0=6__ [c(¢,2X 0 )] ]

A

[ Move onto new interferers by incrementing x ]

X2 2X,+ X, No MResetg = g, (X )} |

1

Yes
(E2)

Fig. 5.7 Zones E1 and J1 Interference Simulation for Figs. 4.13 and 4.14
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{ Set Zone E2 interferer’s location to (x =2X,,4=4¢,..,,(2X,).6 =6, [c(#,2X,)) ‘

Compute interferer’s AOA, (¢,,6,,), and distance, dz.,
to Array 4, which serves interferers in building group E
v

[ Compute power required to be transmitted, P°*, to Array 4 ’

[ Compute reflection 10ss, L,gecion, off building group D ]

[ Compute interferer’s distance, dg;;, to Array 1 ]

v
[ Calculate power received, P°*, by Array 1 from (g,6) for the Zone J

E2 interferer, and from (- ¢,0) for an interferer in building group J

Compute weighted power with the user distribution
model, u,, (x,4,6) , and add to running sum

v

[ Move onto new interferer by decrementing 6 ]

No

8 2 180° - emax [C(¢,2X0 )]

[ Move onto new interferers by incrementing ¢ ]

M,[ Reset 0=6_ [c(¢,2X,)]

A

[ Move onto new interferers by incrementing x ]

v
x22X,+8

Yes
(E3)

No

{ Reset ¢ = ¢max13(2X0)

bFig. 5.8 Zones E2 and J2 Interference Simulation for Figs. 4.13 and 4.14
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{ Set Zone E3 interferer’s location to (x =2X,,4=¢,..,(x),0 =6, [c(4,2)) J
v ,
{ Compute interferer’s AOA, (¢,,0,,), and distance, dg3s,

to Array 4, which serves interferers in building group E

v
[ Compute power required to be transmitted, P*°, to Array 4 ]

[ Compute reflection 10ss, L,epecion, 0ff building group D ‘

{ Compute interferer’s distance, dg;;, to Array 1 \

Calculate power received, P”°, by Array 1 from (¢,6) for the Zone
E3 interferer, and from (- ¢,6) for an interferer in building group J

Y
Compute weighted power with the user distribution
model, ;). (x,4,0) , and add to running sum

[ Move onto new interferer by decrementing & }

02180 -4, [c(4, )]

[ Move onto new interferers by incrementing ¢ ]

Reset 6 =46, [c(4,a)] ]

max

[ N A

:{Resewﬁ =0 ,3()‘.)] |

Reset ¢ =g, (2.X O)J

- (E4)
Fig. 5.9 Zones E3 and J3 Interference Simulation for Figs. 4.13 and 4.14
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[ Set Zone E4 interferer’s location to (x=2X, +X,,4=4,..,,(x,0=6_,[7:)
v

Compute interferer’s AOA, (¢,,6,, ), and distance, dj, |
to Array 4, which serves interferers in building group E

v

{ Compute power required to be transmitted, P**, to Array 4 J
v
{ Compute power required to be transmitted, P**, to Array 4 J

[ Compute interferer’s distance, dgy,, to Array 1 ]

v
[ Calculate power received, £,°*, by Array 1 from (¢,,,,(2X,),6) for the Zone }

E4 interferer, and from (~ ¢, ,(2X,),0) for an interferer in building group I

Compute weighted power with the user distribution
model, (x,4,6), and add to running sum

v

[ Move onto new interferer by decrementing 6 ’

9 2 1800 - 6max [775] NO
[ Move onto new interferers by incrementing ¢ ’
¢ = ¢max1 (2X ) 0 > Reset 0 = Hmax [775] ]
b 7'y
Yes
[ Move onto new interferers by incrementing x
X2 2X0 + S NO ={Reset¢ = ¢max13(x)]

Yes

Fig. 5.10 Zones E4 and J4 Interference Simulation for Figs. 4.13 and 4.14
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5.3 Single Element Results

We have calculated the capacity surface plot in a multicell situation when only one
antenna element is used to serve the cell for buildings constructed primarily with
limestone, which has the relative permittivity &, =7.51. Because of the inability to
steer, or having a fixed radiation pattern, the single panel antenna is able to support 18
users. Figs. 5.12 — 5.15 show the interference plots from building groups D, F, C and I,
and E and J respectively.

Single Panel Antenna Multiple Cell Capacity = 18 &, =751

Capacity

80

40 60

0

P/, i
/)%é {o, deg(eeﬂ
%r% \Iefk '\.

s) 0 o rel@

Fig. 5.11 Capacity Plot for Single Panel Antenna

Observe that due to the reflection and propagation loss, interference from building group
F is only a fraction of that from the cell of service, or building group D. In Fig. 5.14,
interference is yet lower because building group C is even further away. In Fig. 5.15, it

may appear contradictory that interference from building group E is higher than that from
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building group C, since interference from building group E suffers a longer propagation

loss, in addition to a reflection loss. However, this can be explained by observing in Figs.

4.6 and 4.13 that interference from building group E arrive at a smaller azimuth angle,

which offers a larger gain given the panel antenna element pattern.

Multiple Cell Interference From Building Group D with Single Parel Antenna g, =7.51
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Fig. 5.12 Interference Plot for Single Panel Antenna From Building Group D
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Multiple Cell Interference From Building Group F with Single Panel Antenna &, =751
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Fig. 5.13 Interference Plot for Single Panel Antenna From Building Group F

Muttiple Cell Interference From Building Groups C and | with Single Panel Antenna €, =751
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Fig. 5.14 Interference Plot for Single Panel Antenna From Building Groups C and I
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Multiple Cell Interference From Building Groups E and J with Single Panel Antenna €, =7.51
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Fig. 5.15 Interference Plot for Single Panel Antenna From Building Groups E and J

5.4 1x5 Linear Array Results

For a 1x5 linear array, the antenna is able to steer to different azimuth directions.
Therefore, the capacity surface plot in Fig. 5.16 shows a change in capacity as the array is
steered to different AOAs. As anticipated, the capacity supported decreases as the
antenna beam is steered to a larger azimuth angle, where it will receive more interference.
Also, the capacity does not change at different vertical angles, except at the larger
azimuth angles. This is because while a linear array does not have vertical steering
ability, it can still sense enough phase difference from different vertical AOAs at a large

enough azimuth angle. The capacity with a 1x5 linear array is 74 users.
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x5 Linear Array Multiple Cell Capacity = 72 &, =751

Capacity
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Fig. 5.16 Capacity Plot for 1x5 Linear Array

Fig. 5.17 shows the interference from the building group under service. As indicated, the
interference rises as the azimuth angle is increased. However, for angles beyond

B (X, +8), where the left side and back walls intersect, the interference tapers off.

Fig. 5.18 shows similar result for building group F. In Figs. 5.19 and 5.20, because of the
selective azimuth beam steering, interference from building groups C and E doesn’t rise
until the beam is steered towards the end of building group D. Note that the local minima
shown in Fig. 520 is indicative of the hashed interference zone in Figs. 4.13 and 4.14.
Further, the interference levels are less than that obtained with a single panel antenna
element, and that the relative levels can be explained in a similar manner as in the

previous section.
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Multiple Cell Interference From Building Group D with 1x5 Linear Array &, =751

Fig. 5.17 Interference Plot for 1x5 Linear Array From Building Group D

Muitiple Cell Interference From Building Group F with 1x5 Linear Array £, =751
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Fig. 5.18 Interference Plot for 1x5 Linear Array From Building Group F
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Multiple Cell Interference From Building Groups C and ! with 1x5 Linear Array &, = 7.51
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Fig. 5.19 Interference Plot for 1x5 Linear Array From Building Groups C and I

Multiple Cell Interference From Building Groups E and J with 1x5 Linear Array &, = 7.51
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Fig. 5.20 Interference Plot for 1x5 Linear Array From Building Groups E and J
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5.5 5x5 Vertical Planar Array Results

Fig. 5.21 illustrates both the vertical and horizontal steering ability of a 5x5 vertical

planar array. Because of the narrower vertical beamwidth, the array illuminates the least
amount of building space and provides the highest capacity when steered to (O, %) As

the array is steered towards other vertical directions, however, it illuminates more
building floors per degree beamwidth and the capacity decreases. Note that when the
beam is steered towards the top floors, only the lower portion of the beam is subjected to
interference. As such, capacity increases again. The global minima indicates the system

capacity, which is 236 users.

Figs. 5.22 — 5.25 show the interference from adjacent building groups. Notice the level is
yet lower than that with the use of a 1x5 linear array. The relative levels still follow the

same explanation offered with the use of a single panel antenna element, indicating the

effect of the element factor in a multiple cell environment.
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5x5 Vertical Planar Array Multiple Cell Capacity = 230 g, =7.51
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Fig. 5.21 Capacity Plot for 5x5 Vertical Planar Array

Multiple Cell Interference From Building Group D with 5x5 Vertical Planar Aray €, =7.51
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Fig. 5.22 Interference Plot for 5x5 Vertical Planar Array From Building Group D
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Muitiple Cell Interference From Building Group F with 5x5 Vertical Planar Array €, = 7.51
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Fig. 5.23 Interference Plot for 5x5 Vertical Planar Array From Building Group F

Multiple Cell Interference From Building Graups C and | with 5x5 Vertical Planar Amay €, =75
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Fig. 5.24 Interference Plot for 5x5 Vertical Planar Array From Building Groups C and I
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Multiple Cell Interference From Building Groups E and J with 5x5 Vertical Planar Array By =75
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Fig. 5.25 Interference Plot for 5x5 Vertical Planar Array From Building Groups E and J

5.6  Effects of Building Material on System Capacity

As tabulated in Table 4.1, building materials vary greatly in its permittivity. The results
shown thus far are for buildings that are made primarily from limestone. To investigate
the effects of different materials on the reflection loss, and thus the change in capacity,
Plexiglas is assumed to be the primary material and the capacities for the different
antenna configurations are listed in Table 5.1, alongside with those obtained assuming a

limestone material.

tenna Type Single Panel 1x5 Linear Array | 5x5 Vertical Planar
Material Element Array
Limestone 18 72 230
Plexiglas 21 81 249

Table 5.1 Capacity Change Relative to Building Materials
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As tabulated, the capacity supported is higher for material that has a lower permittivity

value.

For comparison purposes, the capacities obtained with a single cell, only building group
D, are tabulated in Table 5.2. Because there are no reflections of adjacent cells’
interference, the building material does not influence on the capacity results. The values

in Table 5.2 shows that a 28% - 33% reduction in capacity is realized in a multi cell

environment.
Antenna Type Single Panel Ix5 Linear Array 5x5 Vertical Planar
Element Array
Capacity 27 104 348

Table 5.2 Capacity in Single Cell Environment

5.7 Capacity Dependence on Building Dimensions

To investigate the effect on capacity from changes of building dimensions, a series of

simulations were performed on a building with 15 floors (45 meters high) and W,

huilding >

X,, W and S are 20 meters, 30 meters, 30 meters, and 20 meters respectively.

cross ?

Tables 5.3 — 5.5 tabulate results of changing the parameters X, W,

cross ?

and S of Fig. 4.1.

X, 12 15 16 8 30

Capacity 129 131 131 131 101

Table 5.3 Effect on Capacity Due to X in Multi Cell Environment

W 5 10 15 20 25 30

Ccross

Capacity 88 88 96 99 100 101

Table 5.4 Effect on Capacity Due to #__  in Multi Cell Environment

crosy

S 15 20 25 30 35

Capacity 105 101 98 95 93

Table 5.5 Effect on Capacity Due to S in Multi Cell Environment
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Table 5.3 indicates that there is an optimal distance between the location of the antenna
array and the building that it serves. If the antenna array is too close or too far, the
capacity supported will drop. This is evident in that if the antenna array is too close to
the building, beam spot increases in proportion to the increased steered azimuth and
vertical angles needed to reach users located at the edges of the building. On the other
hand, if the antenna array is too far away, beam spot increases for all locations in the

building.

If adjacent buildings are separated further apart, inter-cell interference also drops. This is
shown in Table 5.4 where increases in Wm;, allows a gradual increase in capacity.

Table 5.5 illustrates capacity decreases if buildings’ depth increases. This is because
coverage provided deeper into the building is due to the widen of the beam spot. In other
words, more interference is received per degree of azimuth and vertical angle, reducing

the capacity supported.

Fig. 5.26 shows that a short and narrow building reduces the effectiveness with the use of

smart antennas. Note that by comparing Fig. 5.26 with Fig. 5.21, the highest capacity is
no longer at (¢0,¢90)= (00,900 ) This is because given the same beam spot size, the beam

now covers a larger proportion of the building, or a higher percentage of interferers. The

same local maxima in capacity appears on both figures at the edges of the building,

however, as explained Section 5.4.
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5x5 Vertical Planar Array Multiple Cell Capacity = 74 &, =751

Capacity

Fig. 5.26 Capacity Plot for 5x5 Vertical Planar Array with
h=30m, W, =20m, W, =30m, X, =30m, S =20m

uilding cross

5.8 Conclusions

In this chapter, we have presented results from our simulations of the interference
generated by users in building groups in Fig. 4.1 and the resulting supported capacity in
building group D. The capacities supported with different antennas, building materials,
and building dimensions are provided. The surface plots of both capacities and
interference illustrate the steering and interference mitigation abilities of the different
antennas used. It is determined that a lower permittivity of building material offers a
slight increase in system capacity in a multi cell environment. Also, there is a 28% - 33%

decrease in capacity compared to a single cell system. Capacity changes depending on
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the specific dimensions of the building served, with a decrease in capacity supported for

shorter and narrower buildings. There is also an optimal distance between the antenna

array and the building served beyond which capacity will decrease.




Chapter 6 CONCLUSIONS AND SUGGESTIONS FOR
FUTURE RESEARCH

6.1 Intfoduction

In the preceding chapters, we have investigated and compared the performance of using a
3-dimensional array, 1-dimensional linear array, and single antenna element. We then
evaluated the capacity supported for a CDMA based system of indoor mobiles. The

major contributions of the thesis are as follows:

6.1.1 Antenna Array Design

The cdmplete 3-dimensional radiation pattern of antenna arrays were modelled. To
model the arrays accurately, patterns of real antenna elements are used. We model panel
antennas by placing a reflector behind a short dipole, and calculate its resulting pattern
with both the real and image elements. The vertical pattern of short dipole was also taken
into account. This is more accurate than the use of ideal sectorized antenna and isotropic
point source. We compared analytically the performance and benefits of using higher
dimensional antenna arrays, which provide significant power gains with similar hardware
complexities to simpler linear arrays. It was also shown that 3-dimensional arrays have

the ability to steer to different vertical angles.

6.1.2 Modified User Distribution

Because of the micro cell model, and the low position of the antenna arrays; the

assumption that users are distributed uniformly in all azimuth angles is not valid. For an

accurate model of user distribution, a typical downtown geometry with rectangular street
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grids was used. The average sizes of buildings and roads were taken from the Vancouver
GIS. Then the amount of building space, or interference, were mapped onto each
azimuth-vertical degree angle of the antenna array. The user probability distribution

function was then derived analytically, based on the average city block dimensions.

6.1.3 Multicell Interference

To evaluate the system capacity accurately, a multicell scenario was assumed and
interference from adjacent cells are modelled. Because of power control, the effects of
element factor, reflection, diffraction, and propagation loss were included. The power
required to be transmitted by an interferer to its serving base station in an adjacent cell is
calculated. Then the power arriving to the central array is then found. To ensure that all
interferers were accounted for, rays are launched from an array to interferes located in
buildings in the same and adjacent city blocks. Rays are allowed to reflect, and diffract
in 3-dimension. The reflection takes into account of the building material’s permittivity
to calculate the effective power loss, while a constant loss was assumed for diffraction

based on measured results.

6.1.4 Capacity Results

Surface plots of system capacity when the‘arrays were steered to different AOAs are
provided. It is shown that 3-dimensional arrays can mitigate interference from different
vertical directions, and that it provides a gain in capacity over traditional 1-dimensional
linear array. Capacities were then tabulated when different building materials were used.

The results suggest that building materials do not play a significant role in affecting
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system capacity. Single cell capacity was also investigated and the results indicate that
there 1s a 28% - 33% decrease in system capacity when operating in a multicell

environment.

6.2 Suggestions for Futuré Research

6.2.1 Non-Uniform Building Profiles

In this thesis, an assumption was made that all buildings in a city block are of uniform
height and form a continuous surface. "fhis allows fast simulation of the effects of city
block sizes, building material properties, and different antennas used. However, site
specific modelling is needed to investigate the resulting capacity supported in specific

environments.

6.2.2 Diffraction Modelling
Although we have modelled the effects of propagation and reflection accurately, we used
only a constant diffraction loss for interferers located in shadowed regions. As such, it

will be more accurate to include a 3-dimensional diffraction model.

6.2.3 Mutual Coupling
It is well known that mutual coupling effects exist between elements in an antenna array.
Because it has been shown that mutual coupling effects, if modelled, suggests a higher

supported user capacity, it was not taken into account in this thesis. However, it will be

an interesting effect to consider for future works.
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6.2.4 Capacity Spot Surge

-For uniformity, users were assumed to be distributed evenly inside the buildings.
However, the capacity surface plots show that capacities supported can vary greatly,
depending on which direction the antenna beam is steered to. In reality, it is quite likely
that certain areas of the building will have a higher number of users. It is also likely that

certain areas of the building will have a temporary increase in the number of users. It is

therefore interesting to consider the effects of a changing user distribution.
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