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(ABSTRACT)

The radio interface greatly affects performance of wireless communication sys-
tems. Hard-wired communication links use transmission lines to connect communication
terminals. The propagation characteristics of radio frequency signals on these transmis-
sion lines are well known. In wireless communication systems, however, the transmission
line with a known impulse response is replaced by a radio channel with an impulse
response that is constantly changing as tiie users roam throughout the coverage area. The
varying impulse response is due to the multiple path propagation of the signals from the
transmittér to the receiver. The design of emerging small cellular (commonly known as
microcellular) wireless systems is limited by the multipath propagation characteristics of
the channel. Once these propagation conditions are understood, systems may be designed

more efficiently in terms of cell layout, interference reduction, and system performance.

This thesis presents a technique for automated propagation prediction in outdoor
microcellular radio channels using ray tracing. The basic method is to integrate site-spe-
cific environmental data with a geometrical optics model to trace the propagation of
energy from the transmitter to the receiver. Software written in C++ is used to automati-
cally trace rays that are reflected, transmitted, scattered, or diffracted as they propagate
through the channel. The automated software uses AutoCAD® to maintain the site-spe-
cific building data incorporated into the model. Details of the building database, propaga-
tion model, and software implementation are included in this thesis. The accuracy of the
model and its software implementation is tested against wide band measurements taken on
the Virginia Tech campus. Results, included here, indicate that the received signal can be
accurately predicted in both line-of-sight and obstructed microcell topographies.
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1 Introduction

Over the past decades, wireless communication has had a significant impact on the
commercial, business, and public safety sectors. The advent of wireless communications
in the 1920’s provided a means of dispatching police cars, fire trucks, and taxi cabs in
urban areas. These early systems operated in the 2 MHz band. However, as demand
increased and technology improved, higher frequencies were employed and new land
mobile radio applications evolved. In the years following World War II, a period when
wireless communication exhibited rapid growth, frequency allocations by the Federal
Communication Commission (FCC) enabled companies to begin experimental work and

start commercial ventures to develop improved mobile radio services for personal use
[Par89]. ’

In the late 1960’s and early 1970’s, Citizens Band (CB) radio became a popular
form of wireless personal communications. The popularity of CB radio quickly waned,
however, due to limited coverage (users could only speak to others in their transmitter’s
coverage region), overcrowded spectrum, and a lack of services. The wide scale accep-
tance of CB radio, though, did illustrate the interest in low cost, personal, wireless com-
munication systems that have sufficient infrastructure to permit communication in a

fashion similar to wireline systems.

The U. S. cellular telephone system, established in 1983, was the first step to satis-
fying this public interest. Using an automobile-based telephone unit, mcbile users could
communicate over relatively large distances while having services comparable to wired
telephone systems. Cellular telephony enjoyed a phenomenal growth rate over the follow-
ing years. For example, today in the United States there are more than 6.3 million cellular
telephone users, and the number of users is projected to grow to more than 10 million by
late 1992 [Rap91]. This demand is not restricted to the United States alone, the popularity
of cellular telephone is a worldwide trend and is particularly keen in Europe.

In large urban markets where there are likely hundreds of thousands of users, cur-
rent cellular systems cannot accommodate this number of users and methods for increas-
ing capacity are in need. Additionally, as the popularity of cellular technology grows and
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the technology matures, subscribers will expect a better grade of service and more user
options. This places considerable demands on present-day cellular systems, suggesting
that a new system architecture is necessary to supplant the current cellular technology.

Other wireless devices, such as the cordless telephone have exhibited similar pop-
ularity and growth [Rap91]. The popularity of these units show that individuals desire a
means of initiating and receiving telephone calls wherever they are. Although cordless
telephones have limited portability since the hand-held unit must remain with the cover-
age region of a specific base unit (which is, in furn, connected to the wired telephone net-
work), the cordless telephone concept is !ti1e bridge between land mobile radio
communications (e.g., conventional cellular technology) and a universal personal commu-

nication system.

The future in wireless communication is the evolution of personal communication
networks (PCN) and personal communication services (PCS) and will depend upon the
merging of conventional cellular and cordless services and technologies. The ambition of
PCN and PCS is to enable universal access over a large geographic area (PCN) while pro-
viding the user with improved performance, increased flexibility, and more user options
than present-day cellular or cordless telephone (PCS) [Ste89]. Although no spectrum is
currently available for PCN or PCS, there is intense interest in this area and many major
companies have begun researching and developing PCN systems so that they can be in
place within the next few years. The FCC has issued several experimental licenses for
companies to begin propagation measurements and modeling of propagation for PCN
[Rap91].

The implementation of & PCN for a considerable user base over a large geographic
area will be accomplished by a sizeable infrastructure of compact, low powered base sta-
tions. These low powered base stations will comprise a microcellular structure
[Ste89][Rus91] where the cell size (less than 1 km in diameter) is much less than that of
current cellular systems (typically 10 km or more in diameter). Ideally, this technology
will enhance radio coverage in urban areas since the propagation characteristics are more
controlled and since the system is able to accommodate more users in the same spectrum
due to the additional channelization provided by the microcellular structure. The base sta-
tions of the microcells will be mounted on lamp posts, building rooftops, or at other loca-
tions where a high user density is expected, and will be connected to the public telephone
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network via wired (optical fiber) or wireless (mircowave) links. The objective of PCN is to
provide tetherless access to the public telephone network at a grade of service comparable
to wire-based systems. Of course, the widespread distribution of these networks will
require engineering tools that allow accurate and rapid propagation prediction and system
design [Rap91].

One of the most immediate problems inhibiting deployment of PCN is the unavail-
ability spectrum in the UHF and low microwave regions. A proposed solution is to permit
PCN service providers to operate in the 1800 MHz band currently used by point-to-point
microwave operators. Many companies with c_’jipcrimental licenses believe that spectrum
in the 1800 MHz band is being underutilized by the current operators and it may be possi-
ble to overlay PCN over the existing fixed-point microwave systems. This overlaying is to
be accomplished by defining exclusion zones where PCN operation is restricted due to the
possibility of high mutual interference levels, or by using broadband modulation tech-
niques, such as code division multiple access (CDMA), to permit many users to coexist in
the same spectrum. For either of these methods to be realizable, it is necessary to keep
mutual interference levels between PCN users and fixed-point operators at a minimum.
Clearly, a specific design tool for accurate propagation prediction is essential for system
layout to minimize interference levels while maximizing coverage.

In view of the current growth of wireless systems, there is a potential for billions of
dollars of revenue in the deployment of PCN [Bis91]. In order for these systems and ser-
vices to become a reality, the propagation of radio signals must be clearly understood.
Hard wired communication systems use transmission lines to connect users communica-
tions terminals. The behavior (i.e., impulse response) of these transmission lines is well
known. However, as wireless communication systems evolve, the transmission line with a
known, generally time-invariant impulse response is replaced by a transmission medium
(i.e., the channel) with an impulse response that changes with time as users move through-
out the coverage region. This impulse response is highly variable and is generally
unknown. As such, the radio channel becomes the greatest limiting factor in the perfor-
mance of a tetherless communication system.

The surroundings in a radio channel greatly impact the received signal; a relatively
small variation in the surroundings can effect a considerable change in the received signal.
The location and orientation of objects that surround the transmitter and receiver in the
channel can severely effect the propagation of radio signals through the channel. Since
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system performance is limited by the propagation characteristics, it is important to quan-
tify how the physical environment affects the channel behavior. Once the propagation is
understood, it is possible to use this knowledge to predict the effects of given surroundings
on system performance. Such a technique can enable efficient system design since cell
sizes and interference levels can be automatically determined for optimal site layout.
Accurate propagation prediction tools can further allow researchers to determine appropri-
ate equalization, modulation techniques, and multiple access schemes most suitable for
maximizing system performance.

For present-day cellular systems, accufate propagation models do not currently
exist. System installations are generally accomplished by conducting extensive field mea-
surements for which a collection of statistics are compiled to describe the channel behav-
ior. This crude technique is costly, and generally results in an over-designed system or a
system that requires “back-engineering” after installation to correct coverage or interfer-
ence problems the measurement statistics did not detect. The net effect is a costly, poorly
designed system that does not achieve maximum capacity. Additionally, after the system is
in place, the data collected for system design are of limited usefulness for future installa-
tions since there is little reason to believe the propagation in different environments to be
similar.

The purpose of this research is to develop an accurate propagation technique
which is applicable in a generic microcellular channel. The technique employs theoretical
and experimental models integrated with site-specific environmental data to predict radio-
wave propagation in urban microcells. Use of site-specific data can enable accurate propa-
gation analysis without a priori knowledge of the specific channel type to be investigated.
The propagation models are automated using a modified geometrical (ray) optics to trace
the propagation of energy from the transmitter to the receiver. A building database is
employed to supply the propagation prediction computer programs with data such as
building size, location, orientation, and electrical propertié’s'.that are necessary for the pre-
diction.

This thesis makes the following contributions toward developing an accurate prop-

agation prediction technique:

* Review of published work regarding measurement and modeling of propagation
in conventional cellular and microcellular channels.
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* Development of a propagation model suitable for computer implementation.

* Implementation of the propagation model on a Sun SparcStation 2 workstation
using C4+. '

* Implementation of a building database using AutoCAD.

« Validation of the computer ray tracing model and its accuracy by comparing pre-
dictions against measured wide band data collected on the Virginia Tech Cam-
pus.

This thesis is arranged in eight chapters. Chapter 1 has summarized the growth of
wireless communications over the past decades and has given insight to the importance of
accurate propagation prediction models. In Chapter 2 propagation modeling tools to pro-
vide sufficient theoretical background for the computer propagation model are presented.
A summary of published work regarding measurements and modeling of multipath propa-
gation in urban cellular and microcellular channels is provided in Chapter 3. Some prelim-
inary results, presented in Chapter 4, demonstrate the feasibility of propagation prediction
in microcellular environments and indicate the specific features that an automated propa-
gation prediction program needs to posses. In Chapter 5, the building database require-
ments as well as the database management techniques and software are discussed.
Computer implementation of the propagation model and the technical issues required for
propagation prediction are presented in Chapter 6. Next, Chapter 7 shows comparisons of
computer predicted results versus actual field measurements taken on the Virginia Tech
campus. Finally, Chapter 8 summarizes this work and concludes the thesis.
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2 Theoretical Propagation Models

This chapter presents several different theoretical models for describing the trans-
port of electromagnetic energy. Many of these models have been widely used in research
areas extending from optics to radar. As such, the theoretical background is quite mature
and is readily available in textbooks or journals. The intent of this chapter is to connect
these different concepts so that their application in later chapters is easily understood. For
a more thorough discussion of the topics presented here, refer to the references provided in
the major subheadings. :

2.1 Geometrical Optics [Bor65][Sil49][Des72][Fel73]

Geometrical optics, or ray optics, is used to analyze the propagation of light where
the frequency of the electomagnetic wave is sufficiently high so that the wave nature of
light can be neglected. When the wavelength is small in relation to the surfaces with which
the wave interacts, geometrical optics (GO) provides a reasonable approximation to the
Maxwell’s laws for the general case of a propagating electromagnetié wave. The vanish-
ing wavelength approximation (solution of Maxwell’s equations for A, — 0) implies that
a GO solution can be found independently of whether the transport mechanism is wave or
particle in nature, and thus the energy transport can be determined from the laws of geom-
etry.

Consider a general time-harmonic field in an isotropic non-conducting medium
(refer to Table 2.1-1 for definitions of the variables used in this section)

E(#1) = E,(F) '™ 2.1-1)

H(Ht) = H,(H) '™ 2.12)

The complex vectors E, and H, obey Maxwell’s equations, and in a source free region
with refractive index n = /uoe o7 Can be written as [Bor65]

E.(F) =e ())elRl® 2.1-3)
[4] [4]

H,(#) = h,(7)e?"® 2.14)
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TABLE 2.1-1: Description of variables for geometrical optics.

Variable Descriptiqd [units]
E Electric field vector [V/m]
H Magnetic field vector [A/m]
Ko Permeability of free space [H/m]
£ Permittivity of free space [F/m]
n Index of refraction
0} Radian frequency '[r‘ii:dians/second]
M Impedance of medium [2]
E(r) Complex magnitude of geometrical optics electric field [V/m]
H () Complex magnitude of geometrical optics magnetic field [A/m]
E, () Amplitude vector of geometrical optics electric filed [V/m]
H, (1) Amplitude vector of geometrical optics magnetic field [A/m]
ko Free space wavenumber [radians/m]
A Free space carrier wavelength [meters]
') Geometrical optics field phase function [meters]

Where e () and h,(F) are vector functions of position and where I (7) represents the

optical path of the GO field (i.e., the GO field phase function). Notice that these equations

lead to a set of relations between E, (7) , H, () .and I" (7) which is given by [Sil49]
or2 or? or? ,

(a—) + (yy) + (3‘2‘) = n"(x,Y,2) (2.1-5)

x
The function I'' (7) is often termed the eikonal, and the relation in Equation 2.1-5 is com-

monly known as the eikonal equation. The eikonal equation is the fundamental relation of
geometrical optics, and the surfaces given by

I'(#) = constant (2.1-6)

describe a series of equi-phase surfaces (wavefronts) known as the geometrical wave-
fronts. Orthogonal trajectories of these wavefronts are represented by rays that point in the
direction of the electromagnetic wave propagation. In applying geometrical optics it is
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only necessary to know the eikonal equation or the ray paths, as the two are integrally
related [Stu81]. Thus, the term “ray tracing” originates from the attempt to determine the
ray paths, and thus describe the transport of energy, geometrically. For a plane wave in a
homogeneous medium, the eikonal surfaces are planes and the rays are a family of parallel
lines orthogonal to these planes. For a spherical (point) source, the eikonal surfaces are
spheres circumscribed about the source, and the rays cmanatiné from the point source are
orthogonal to planes tangent to the eikonal surface. Thus, at a large distance from the

source, each ray represents a local plane wave in the vicinity of the eikonal surface.

Notice from Equation 2.1-5 that the ray directions are given by Poynting’s vector
in an isotropic, lossless media. However, the transport of energy is not represented by the
rays alone, but rather by the portion of the wavefront represented by each ray. For exam-
ple, a set of neighboring rays forms a tube (beam) with a variable cross-section dA as
shown in Figure 2.1-1. (this is the wavefront for a ray equidistant from the four rays
shown). In order to conserve energy, the intensity of the energy transported along a tube of

?\\
\

\/
\

dA

~—_ RO\’%Q‘

FIGURE 2.1-1. A tube of rays diverging from a point source.

rays must be inversely proportional to the wavefront surface area. Hence, the field ampli-

tudes are inversely proportional to the square root of the cross-sectional area of the wave-
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front surface. This condition is required to conserve the energy in a tube of rays. For
example, suppose that at a distance R, from the point source in Figure 2.1-1, a ray repre-
sents an area dA,, of the total spherical wavefront and has an intensity (power) of /, Ata

distance R, where the wavefront has area dA;, the field amplitude /; is given by
12020 | 2.1-7)

Properties of the Geometrical Optics Field

e The Poynting vector is in tﬁe direction of the normal to the geometrical wavefront (i.e.,
the ray direction), and its magnitude is equal to the average energy density multiplied
by the wave velocity.

» The electric and magnetic field vectors are orthogonal to the ray at every point along
the ray path and their time averaged energy densities are equal.

e The propagation path length is equal to the product of the time required for the energy
to propagate from point A to point B and the vacuum velocity of light.

¢ In a homogeneous (n = constant) medium the rays have the form of straight lines. This

follows from Fermat’s Principle, which states that the ray path between a source point,
P 2

P, and an observation point P, given by J'nds is a minimum (i.e., it is stationary with
P 1

respect to the path length of any other curve representing some infinitely small varia-

tion in the original propagation path).

e At the surface of separation between two homogeneous media, each incident ray cre-
ates a reflected ray and a transmitted (refracted) ray. The directions of the reflected and
transmitted rays are determined according to the laws of reflection and transmission.
These two laws are defined in Section 2.3.1.

2.2 Free Space Path Loss [Col85][Gri87][Stu81]

To understand the transfer of electromagnetic energy in a wireless communications
system, consider the communications link shown in Figure 2.2-1. Assume that the trans-
mitter and receiver antennas are located in free space and lie in separate planes such that
the variable r in the figure represents the three dimensional antenna separation. Notice that
a single ray is used to show the flow of energy from the transmitter to the receiver. Assum-
ing an isotropic propagation medium, we know that the ray travels a straight line path
from the transmitter to the receiver (i.e., the distance, r, is the ray path length).
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Transmitter Antenna

Receiver Antenna

FIGURE 2.2-1. Free space wireless communications link from [Col85].

TABLE 2.2-1: Definition of variables for Friis free space transmission formula

Variable Description
Py Power into the transmitter antenna terminal [Watts]
r Distance between transmitter and receiver [m]
Sinc Power density incident upon the receiver antenna [W/m?]
A, Effective area of receiver antenna [m?]
A Operating wavelength [m]
Py Awvailable power at the receiver antenna terminal [Watts]
Gr(9,9) Transmitter antenna gain (in three dimensions relative to antenna boresight)
Gr(0,9,) Receiver antenna gain (in three dimensions relative to antenna baresight)
PL Path loss between transmitter and receiver [dB]

Given that the transmitter antenna has gain G (8, ¢,) and a time averaged trans-
mitted power P, the power density of the transmitted signal at a distance r is given by

_ PGr (8, 9)

anr? @20

inc
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The effective area of an antenna A, is a measure of the ability of the antenna to convert the
incident power density of an incoming wave to a time-average power level at the antenna

terminals. The effective area of the receiver antenna is related to the receiver antenna gain
by [Stu81]

A2 |
4, = Gg(8,9) 7 2.2-2)

Thus, the time-averaged power available at the receiver antenna terminals (Equation 2.2-
3) is the incident power density (S;,c) multipliéd by the effective area of the receiver
antenna (4,)

A2
Pg = PrG(8,0)Gr®,0) (7—) - (2.2-3)

Equation 2.2-3 is commonly known as Friis free space transmission formula. Note that the
received power is inversely related to the square of the propagation length r which agrees
with the intensity law of Geometrical Optics.

A more convenient form of Equation 2.2-3 considers each of the individual quanti-

ties in decibel form

A
Pp(dBm] = Pp[dBm] + G [dBi] + G, [dBi] +20 xlog,, (4—m) . 2.2-4)
Path loss is defined here as the difference between the transmitted and received power.

PL[dB] = Py[dBm] - Pg[dBm] (2.2-5)

Thus, the path loss between two antennas located in free space is given by

PL(r) [dB] = 20 xlogm(f{_') - G [dBi] - G [dBi] (2.2-6)

Equation (2.2-6) is independent of Py since free space is a homogenous medium
(behaves linearly) for practical transmitter power levels. Equation 2.2-6 is the actual free
space path loss between two antennas. If path loss is referenced to isotropic antennas
(Gr=Gg=1=04dBi), then
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PL(r) [dB] = 20x1log 10(f’%) (2.2-7)

Referencing the path loss to isotropic radiators is equivalent to evaluating path loss strictly

due to the radio channel, without the influence of the antenna patterns.

Equivalently, free space path loss at an arbitrary distance r can be scaled to the free
space path loss at a reference distance r,, and is given by

PL(r) [dB] = 20xlog () ~ G [dBi] - Gy [dBi] . (2.2-8)

Although this formulation is less common in practice, it is shown here to empha-
size that in ideal wireless links, path loss is a function of the propagation path length
alone, as it is a measure of the spreading loss incurred as the wave propagates through
space. The power in the wave is distributed over a larger area in space. When characteriz-
ing a mobile radio channel, it is common to use a free space reference for path loss
[Rap90][Dev87][Par89]. This is done so that the propagation path loss is independent of
the transmitter power level, and thus is a useful quantity for system design.

2.3 Properties of an Electromagnetic Wave at an Interface

In order to model propagation in the mobile and portable radio environment, it is
important to understand how the electromagnetic wave interacts with the environment. A
reasonable approximation to this interaction is to assume the incident energy is a plane
wave impinging on some infinite electromagnetic boundary representing the actual finite
obstruction (e.g., a building face, ground, etc.).

2.3.1 The Laws of Reflection and Transmission [Sil49]

As an application of geometrical optics and Fermat’s principle, we shall consider
the derivation of the laws of reflection and transmission at the interface between two infi-
nite, homogeneous media. Let the point O in Figure 2.3-1 represent the point for which the
propagation path length from Pj to O to P; is a minimum. From Fermat’s principle, we
know that the total path is composed of two straight line segments P ;O and OP,. Consider
a neighboring reflecting point O’ separated from O by 1. To derive the law of reflection,
we shall determine the variation in path length as the location of O’ is changed.
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FIGURE 2.3-1. Geometry used for deriving the law of reflection in free space.

TABLE 2.3-1: Description of variables used for deriving the laws of reflection and

refraction.
Variable Description
ng,n Refractive index of free space (n; = 1) and dielectric medium
5y, 5 .| Unit vector in the direction of P ;O and OP, respectively
5; + 05, 55 + 855 Unit vector in the direction of P} O’ and O’ P, respectively
P1, P2 Length of the lines P;O and OP, respectively
rydry, rydr, Leagth of the Lines P; O’ and O’ P, respectively
t Unit vector in the direction of O O lying in the x = 0 plane

ol Length of the line 0O’

5L Variation in the propagation path by way of O wx.t O’

n Surface normal for the dielectric medium

From Table 2.3-1 we note that the difference in path length between P;OP, and
P;0’P, is given by

OL = n,(dp, +5p,) (2.3-1)

From the figure observe that vector addition yields

(p, +3p,) (s, +0s)) = p;s;+70! (2.3-2)
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(p, +3p,) (s, +3s)) = P,y + Tdl (2.3-3)

Since we are minimizing the terms w.r.t 81, we have

™! = dp,s; +p;0s (2.3-4)

Now, taking the dot product of both sides of 2.3-4 (w.r.t. s;) and 2.3-5 (w.r.t. s9) and recog-

nizing that s; ®* ds; = 0 and s, ® 85, = O for the a vanishing small variation between the
paths P;OP5 and P; O’P,, we have

s -0l = dp, (2.3-6)

5570l = op, - 237

Substituting 2.3-6 and 2.3-7 into 2.3-1 and applying Fermat’s principle we have

OL = ny(s;—s,) -l =0 (2.3-8)
Again, according to Fermat’s principle, the relation in 2.3-8 must hold for all values of 81
which produces
(51=-5,) T =0. (2.3-9)
This result yields the following two relationships known as the law of reflection

» The surface normal, incident ray, and reflecting ray all lie in the same plane

¢ The incident and reflected rays make equal angles with the surface normal. That is, the
incident and reflected rays follow Snell’s law of reflection, 8, = 8.

For the geometry shown in Figure 2.3-1, the path P;OP; is commonly known as the spec-
ular reflection path and point O is subsequently termed the specular reflection point.

The law of refraction is derived using a similar method. From Figure 2.3-2 we note
that the variation between the paths P;OP; and P;O’P; is given by

OL = n dp, +nydp, = (nys)—nys,) - tdl. (2.3-10)

Again applying Fermat’s principle this reduces to
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(nys;—nys,) Tt =0 (2.3-11)
This result yields the following two relationships known as the law of transmission

¢ The surface normal, incident ray, and refracted ray all lie in the same plane

¢ The angles the incident and transmitted rays make with surface normal is proportional
to the ratio of the refractive indexes of the two media and is given by

sin® ; n,
8 = n (2.3-12)
sivu, ny
Equation 2.3-12 is also known-as Snell’s law _of ‘rcfraction.
Py
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FIGURE 2.3-2. Geometry used for deriving the law of refraction in free space.

When dealing with the reflection and transmission of energy at an interface, it is
important to guarantee that energy is always conserved. That is, at any interface the sum of
the energy reflected, transmitted, or otherwise dispersed by the medium (scattered or
absorbed) must be equal to the incident energy. For media with well known dielectric
properties, the Fresnel coefficients can be used to determine the ratio of reflected and
transmitted fields to the incident electromagnetic field that impinges on a boundary
[Col85]. For parallel (vertical) and perpendicular (horizontal) polarization the reflection
coefficients, I', are defined as
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