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(ABSTRACT)

buildings for personal communication system (PCS) design. Background on the growth of
wireless communications is given, and the importance of accurate propagation models is
discussed. The peculiarities of propagation in mobile and portable radio environments,
particularly multipath propagation and its effects on transmitted signals, are described.
Current in-building propagation models are presggwtgq&gnd the progression from statistical
models to site-specific models is outlined. ﬂég{igcgg&dels for radiowave propagation

in the presence of scattering bodies are merged with a site-specific description of the prop-

agation environment to improve upon the accuracy of existing propagation models.

A geometrical optics ray tracing model for predicting propagation based on a
building blueprint representation is developed for a transmitter and receiver located on the
same floor inside a building. The measured and predicted propagation data are presented
as power delay profiles that contain the amplitude and arrival time of individual inultipath )
components. Measured and predicted power delay profiles are compared on a location-by-
location basis to provide both a qualitative and a quantitative measure of the model accu-
racy. The concept of effective building material properties is developed.and the effective
building material properties are derived for two dissimilar buildings based upon compar-
ing measured and predicted power delay profiles. Time delay comparison shows that the
amplitudes of many significant multipath components are accurately predicted by this
model. Pgtg‘}ggg‘dbetwecn a transmitter and receiver is predicted-with a standard deviation
of less thah 5 dB. Ideas for improving the accuracy and expanding the applicability of the
models applied here to wiféless in-building propagation prediction are suggested.
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Foreword

This work has developed in response to the growth of wireless communications
systems. The success of cellular radio indicates that ubiquitous personal communications
can become a reality. As part of a complete Personal Communications System (PCS),
wireless coverage will be required inside buildings. The propagation conditions severely
affect the quality of communications over a radio link. These propagation conditions are
highly dependent upon the location of major objects such as walls and partitions inside
buildings.

To date, in-building propagation models have incorporated only a limited amount
of site-specific information concerning the propagation environment. Yet, it is the specific
geometry that influences the propagation. Hence, the major contribution of this disserta-
tion is that the propagation characteristics may be accurately predicted by incorporating
information about the location, size, and electrical properties of major building features.
Two different contributions to site-specific propagation prediction are presented. First, a
soft-partition and concrete wall attenuation factor path loss model for a single floor system
is given. Also, a floor attenuation factor path loss model for multi-floored office buildings
that contain large open areas where individual offices are cubicles separated by cloth-cov-

ered soft partitions is presented.

The second model is a more general ray tracing method that can be used to predict
power delay profiles for transmitters and receivers located on the same floor within a
building. The power delay profile contains both path loss and time delay information.
Innovative contributions to ray tracing include a novel way to determine the source ray
directions in three dimensions, the development of a partially automated ray tracing com-
puter code that includes the use of a standard computer aided design (CAD) program for
the building database, and an optimization routine for determining effective building mate-
rial electrical properties. This work presents the first ray tracing for propagation prediction
where measured and predicted power delay profiles are compared on a location-by-loca-
tion basis as a function of time delay. An error curve as a function of excess delay is

defined, and the area under the squared error curve is minimized by varying the reflection
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coefficients of the building materials. Important propagation channel statistics that include
path loss, rms delay spread, and delay interval are compared on a location-by-location

basis to quantify the model accuracy.

A thorough literature review is included throughout this work. First, a background
for understanding propagation in mobile and portable radio environments is discussed.
Measurement-based propagation models are compiled from the literature. These works
start from statistical descriptions of how fast mean path loss increases with distance and
median and maximum rms delay spread, and lead into site-specific path loss models in
multi-floored and soft-partitioned environments developed by the author. In order to
develop more accurate propagation models, electromagnetic theory concerning the inter-
action of radio waves with scattering objects is presented. This includes the theory of geo-

metrical optics, implemented by the automated propagation prediction tool.

The chapter on scattering covers fundamental aspects of a propagation mechanism
that are often misunderstood. A description of physical optics and the geometrical theory
of diffraction are given, and these electromagnetics models are applied to the scattering
from a smooth rectangular flat plate. These models can be used to compute the scattering
from interior and exterior building walls in either an indoor or an outdoor microcellular
radio environment. These models are compared and contrasted with a heuristic model for
scattering from similar surfaces given in [Sch92]. Limitations for the applicability of each
model in a site-specific propagation prediction tool are given.

This dissertation presents a thorough background of the mobile and portable radio
propagation environment. Using knowledge of this environment, theoretical electromag-
netic scattering models are merged with site-specific information about the physical prop-
agation environment to predict the propagation channel characteristics as a function of
location. This represents a major shift in the development and application of propagation
models. Previously developed models for propagation in buildings have only incorporated
limited amounts of site-specific information, and these models then rely on statistical
results of radio propagation measurements. With the advent of increased computational

power and more efficient coding algorithms, the models developed in this dissertation can
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be used to rapidly design and install wireless personal communications systems in a wide

variety of buildings.
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1 Introduction

This dissertation describes a geometrical optics model to predict propagation in
buildings for personal communication system (PCS) design. It begins with a discussion of
the growth of wireless communications and the importance of accurate propagation mod-
els in Chapter 1. The peculiarities of propagation in mobile and portable radio environ-
ments, particularly multipath propagation and its effects on transmitted signals, are
discussed in Chapter 2. Multipath propagation measurements are also discussed in Chap-
ter 2. Chapter 3 describes the state of the art of statistical and site-specific propagation
models that can be used to design wireless communication systems. Chapter 4 presents
some theoretical models for radiowave propagation in the presence of scattering bodies.
The application of these models to a mobile and portable radio propagation environment is
discussed, and scattering patterns are computed for smooth rectangular flat plates that rep-
resent building (wall) faces.

The geometrical optics ray tracing model which is the focus of this dissertation is
described in Chapter 5. A graphical ray tracing program has been modified to predict mul-
tipath impulse responses based on building blueprints. The measured and predicted propa-
gation characteristics are compared in Chapter 6. Chapter 6 presents a method for
computing the effective building material properties for the walls in two different build-
ings. These effective building material properties lead to the reflection coefficient models
that give the ‘best fit’ between measured and predicted propagation as determined from an
error function that includes both multipath component amplitudes and arrival times. The
ray tracing prediction model is shown to predict path loss with a standard deviation of less
than 5 dB. Time delay comparison shows that the amplitudes and time delays of measured
power delay profiles can be predicted via ray tracing. The dissertation concludes with sug-
gestions for improving the accuracy and expanding the applicability of the models pre-
sented here to wireless in-building propagation prediction.
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1.1 The Growth of Wireless Communications in Recent Years

In the 20t century, mobile communications has experienced tremendous growth.
The advent of wireless dispatch helped police and fire departments, and taxicab companies
provide more efficient services to their customers. The use of paging transmissions pro-
vides a simple one-way message service to active persons such as medical personnel
whose presence may be required on short notice. The use of pagers has increased 30 to

70% per year for the past three years [Rap91b].

In the 1970’s, citizens band (CB) radio became a popular form of mobile commu-
nications. However, the allocated radio spectrum quickly became crowded, and radio cov-
erage was limited since a user can only talk to persons within range of his or her own
transmitter. There is no system infrastructure to transfer calls over long distances or to spe-
cific persons. The only way to receive a message is for the user to continuously monitor a

specific radio channel.

Established in the U.S. in 1983, cellular telephone systems have provided mobile
access to the fixed telephone network for users in automobiles. Hand-held portable
devices have become extremely popular. In the past three years, cellular telephone compa-
nies have experienced growth rates of 33 to 50% [Rap91b]. From late 1989 to late 1991,
the number of users in the U.S. grew from 2.5 million to 6.3 million. This growth has been
rapid as there were only twenty-five thousand users in 1984. In Sweden, 6.6% of the pop-

ulation own cellular telephones [Rap91b].

Recently, cordless telephones have become a pervasive technology in many
homes. Over sixty-five million cordless telephones have been sold, although it is believed
that over half have been discarded and are no longer used. These handsets allow a limited
range of portability as they must remain within range of a particular base station that is
connected to the fixed telephone network.

The future of wireless personal communications consists of merging the best fea-
tures of cordless telephones and cellular radio. A small low power handset with a long talk

time that operates in a variety of environments with continuous access to a fixed network
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is envisioned [Rap91b]. This concept is termed a personal communications network
(PCN) or personal communications system (PCS). Each user would have his or her own
private telephone number. In this way, it would be possible to telephone a person instead
of a place where that person is expected to be. Recently, large corporations have expressed
intense interest in research and development of personal communications systems that
will be available in a few years. The development of such systems requires engineering
tools and techniques that allow rapid accurate propagation prediction and system design
[Rap91b]. The Federal Communications Commission (FCC) has recently issued many
experimental licences for corporations to perform propagation and system experiments in
the PCS area [Tel91]. The FCC has even proposed reallocating under-utilized existing
fixed line-of-sight microwave link spectrum to be shared with PCS [Mic92]. For success-
ful application of this concept, mutual interference levels must be kept to a minimum.
Hence, accurate propagation models are required to determine interference levels for a
given base station placement so that an optimum design may be achieved. With the
extreme growth of existing wireless communications systems, it is believed that billions of
dollars could be made from the deployment of wireless personal communications systems.
In order to make these systems a reality, the propagation of radio signals must be well
understood. The transition from a wireline communications system to a wireless one con-
sists of replacing a wire that has a slowly varying known impulse response with an

unknown highly varying impulse response.

Wireless communications systems have an advantage over wired communications
systems. This advantage is mobility. With mobility, a person can make or receive phone
calls when and where he or she desires. In an increasingly information-based service-ori-
ented society, rapid communications is at a premium. The ability to make a call anywhere
and anytime can increase productivity and improve public safety as emergency help can
be summoned quickly. Although cellular radio was at one time viewed as a toy for the
rich, rapid growth has meant more common acceptance of cellular technology. With a
widely deployed personal communications system, infrastructure costs can be spread out
over many more users thus making PCS affordable for the masses. Accurate propagation

prediction techniques are required to reduce installation costs and time dramatically.
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1.2 The Cellular Concept

In order to realize the full potential of PCS, it is essential that accurate propagation
models are developed which consider the specific mobile environment. In conventional
mobile radio systems, a single high power base transmitter mounted on a tall tower or on
top of a tall building serves a large coverage area. Coverage areas are generally several
tens of kilometers in diameter. This keeps system costs down since few base stations are
required. However, the number of users that can be served is small since only a limited
number of radio channels (frequencies) are available. In cellular radio systems, a coverage
region is divided into smaller areas. Figure 1.2-1 shows a coverage region divided into
smaller contiguous hexagonal shaped regions called cells. Each cell has its own base

transmitter. The advantage that cellular radio systems have over conventional mobile radio

FIGURE 1.2-1. A seven frequency re-use pattern used in cellular radio. The same
frequencies are used in all cells marked with the letter ‘A’.
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systems is that the same radio channels can be used for more than one base station in a
coverage area. For example, in Figure 1.2-1, the cells marked with the letter ‘A’ all use the
same set of radio channels. This pattern is known as a seven cell frequency re-use pattern
where the same channels are used every seven cells [Lee89]. Although a cellular system is
much more complex than a conventional mobile radio system, the result is that many more
mobile subscribers can be served. For example, suppose the region in Figure 1.2-1 repre-
sents a city. With the cellular layout shown, up to seven different calls may be active at
any one time on a given radio channel. A conventional mobile radio system can only sup-
port one call per radio channel. Thus, a cellular radio system that re-uses frequencies, uses
a finite natural resource (spectrum) more efficiently than a conventional mobile radio sys-
tem. A microcellular system employs smaller cells and lower antenna heights to increase

the number of cells in a coverage area.

In order for a cellular system to operate efficiently, the radio propagation between
cells must be limited since the radio signals from one cell are interference signals in
another. Future personal communications systems will likely use low power and low
antenna heights to limit the propagation outside the desired coverage area. In future per-
sonal communications systems which utilize the cellular concept, it will be essential that
the propagation characteristics be known in advance so that systems may be designed to

provide service comparable to that of the wireline telephone system.

1.3 The Importance of Accurate Propagation Models

Hard wired communications systems use transmission lines to connect communi-
cations terminals. The effects of transmission lines on the transmitted signal are well
known [Lia85]. As tetherless personal communications systems evolve, the transmission
line with a known impulse response is replaced with a radio interface with an impulse
response that is constantly changing as the user roams throughout the coverage area of the

system. This impulse response is often unknown.

A received signal in a multipath environment can change significantly with rela-

tively small changes in the surroundings. The locations of objects that surround transmit-
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ters and receivers severely affect the propagation characteristics of any radio channel. The
propagation characteristics of mobile and portable radio channels are discussed in more
detail in Chapter 2. The performance of in-building high-capacity wireless communica-
tions is limited by the propagation characteristics. Thus, it is important to understand how
the physical surroundings affect the propagation environment. Once the propagation is
understood, systems may be designed more efficiently in terms of site layout, frequency
planning, and system performance. The economic success of a commercial mobile radio
service is closely related to the price/performance ratio of the service. If system costs such
as site design and installation are high, these large fixed costs will decrease the net profit.
If service quality is poor, subscribers will leave the system, and there will be little or no

income.

Accurate propagation models can allow researchers to determine the appropriate
modulation, equalization, and multiple access techniques that are most suited for wireless
systems in multipath propagation environments. System throughput and acceptable bit
error rate will likely be application specific, and the appropriate propagation models will
be needed to efficiently design these systems [Ste91].

In current cellular systems, accurate site-specific propagation models do not exist.
Either exhaustive measurements throughout a coverage region are performed, or crude
statistical models are used to determine propagation characteristics. Systems must be
over-designed and hence are less efficient in terms of frequency re-use. This leads to
increased system installation costs and decreased system capacity. Future installation tech-
niques will rely on site-specific theoretical and experimental computer propagation mod-

els that incorporate the particular environment in the propagation prediction.

In future wireless systems, it is likely that all cells will use the same frequency and
wide band code division multiple access (CDMA) technique. In CDMA, all users share
the same bandwidth, but each user has a specific pseudo-noise code that is used to access
the communications channel. Signals other than the desired signal contribute to the back-
ground noise. In current cellular systems, interference comes from users who are using the

same channel in a different area. This is called co-channel interference. Systems are
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designed to reduce the interference from a few users in known (to within a cell radius)
locations. With CDMA, all users are interferers, but the interference caused by each user is
smaller than in a narrow band system. More users can be accommodated for a given
amount of spectrum in a certain coverage area [Rap90c]. In CDMA systems, interferers
are located in all cells, not just a few specific ones. Thus, the propagation from each cell to
every other must be known so that system designers can reduce interference between

neighboring cells.

For a personal communications system in a building, knowledge of propagation
characteristics a priori could allow evaluation of proposed building changes or construc-
tion based on the radio properties of the building. Since it is not likely that major building
design changes will be determined according to radio specifications, at least the required

changes in the radio system could be known before construction began.

This chapter has described the rapid changes in wireless communications systems
over the past few years. Currently, system design and installation is an expensive time-
consuming process. As wireless personal communication systems evolve, rapid inexpen-
sive deployment is necessary for system operators to make a profit providing high quality
affordable service. For this to happen, accurate propagation prediction tools must be
developed. This dissertation presents a geometrical optics propagation model to accurately
predict wireless impulse responses in buildings. Results will show that the power delay
profile can be predicted with a standard deviation of path loss error of less than 5 dB based
on site-specific knowledge of wall locations and building materials. Successful application
of such a tool would make PCS both affordable for the user and profitable for the system

operator.
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2 The Mobile and Portable Radio Propagation Environment

2.0 Overview

In a mobile and portable radio environment, one communications terminal is
allowed to roam throughout a coverage area with tetherless access to the communications
system through a network of fixed base stations. Mobile and portable radio channels suffer
from multipath propagation. This chapter discusses multipath propagation, its effects on

transmitted signals, and methods used to measure and model the propagation.

This chapter begins with a discussion of multipath propagation and the effects of
multipath propagation on signals as a function of bandwidth. These effects are then con-
sidered in the development of a discrete multipath channel model. The definition of radio
path loss between a transmitter and receiver is given, and a common statistical model for
path loss as a function of distance is presented. Multipath channel parameters that quantify
the time dispersion of the transmitted signal are determined from a power delay profile
representation of the channel impulse response. Methods for measuring multipath propa-
gation and determining the multipath channel parameters from the received data are

described.

2.1 Multipath Propagation

In buildings, radio waves are attenuated and redirected as they are scattered by
walls, partitions, and other obstacles. Consider a radio transmitter and receiver located in a
multipath scattering environment as shown in Figure 2.1-1. The signal leaves the transmit-
ter antenna and arrives at the receiver antenna via multiple paths caused by scattering from
objects that surround the transmitter and receiver. This is known as multipath propagation.
Each individual multipath signal is attenuated and time delayed as it travels through and
scatters off of the objects in the environment. Thus, the received signal is a series of atten-
uated, time-delayed replicas of the transmitted signal. Figure 2.1-1 illustrates two possible
paths between the transmitter and receiver. One is the direct path which is the shortest dis-
tance between the transmitter and receiver. The other path is scattered by a surrounding
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FIGURE 2.1-1. A transmitter and a receiver located in a multipath scattering
environment (from [Dev87c]).

object. Both paths are attenuated by passing through obstructing objects that are not trans-
parent to radio signals. In buildings, such objects may be static such as walls, partitions,
furniture, and factory equipment, or time-varying like people moving around. Multipath
propagation is not limited to radio terminals located inside buildings, but is a characteristic
of all mobile and portable radio propagation environments. Cellular radio signals undergo
multipath propagation caused by reflections and scattering from buildings and mountains.
Diffraction around street corners can also create multiple paths between transmitters and
receivers. Line-of-sight (LOS) point-to-point microwave radio links also suffer from mul-
tipath propagation due to a ground reflected path and multiple ray paths through the atmo-
sphere due to a change in the refractive index with altitude in addition to the direct path.
Ionospheric radio channels suffer from multipath propagation caused by scattering from

millions of ionized particles in the ionosphere.

When a narrow band (CW) signal is transmitted in a multipath environment, the
amplitude of the received signal undergoes many rapid variations as either the transmitter
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or receiver is moved, or as the transmitter and receiver remain stationary and objects in the

channel move. Figure 2.1-2a shows the amplitude variation with motion. The received sig-

Motion
—_—
-
a.) 3
Cw
Transmitter Motion
i) t ]:
>
b.) 3
Swept CW
Transmitter Frequency
°
? : M
Pulse Ti
Transmitter 1me

FIGURE 2.1-2. The effects of multipath propagation on the received signal for
different types of transmitted signals (from [Dev87c]).

nal is the phasor sum of the individual multipath components incident upon the receiver
antenna. The rapid amplitude variation is due to the phase variations of each received mul-
tipath signal as one terminal is moved or objects in the channel move. The phase (¢) of

each individual multipath component is

21l
b = ¢O+_A"_ 2.1-1)
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