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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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where ¢ is a random phase uniformly distributed over [0,2), / is the path length, and A is

the carrier wavelength. As the path length of each multipath component changes with
motion, the phases change proportionately and the phasor sum changes rapidly.

If both terminals are stationary, and the transmitted CW signal is swept across a
frequency range, amplitude variations are observed as the frequency is changed. Figure
2.1-2b shows amplitude variations as the carrier frequency is swept over a finite range. In
this case, the rapid phase variations are caused by the change in carrier wavelength in

equation (2.1-1) as the frequency is swept.

The maximum width in the frequency band in Figure 2.1-2b in which the statistical
properties of the received signal are highly correlated is called the coherence bandwidth
(Be) [Gan72]. Two sinusoids will be affected similarly by a multipath channel if their fre-
quency difference is less than the coherence bandwidth [Rap87]. If the bandwidth of a
transmitted signal is less than the coherence bandwidth, the signal is impaired only by
multipath amplitude fading. If the bandwidth is greater than the coherence bandwidth,
adjacent symbols (in digital transmissions) overlap and cause additional bit errors from
intersymbol interference (ISI). If two signals are separated by the coherence bandwidth or
greater, one signal may be strong and another may be weak. This is termed frequency-
selective fading.

Consider the transmission of a narrow pulse. If the pulse width is less than the dif-
ference in arrival times between individual multipath components, then the individual
components can be distinguished by their time delays. A wide bandwidth is required to
transmit a narrow pulse. Multiple attenuated time-delayed versions of the transmitted sig-
nal can be seen in the received signal. Figure 2.1-2c shows the amplitude variations with

time when a narrow pulse is transmitted.

The probing signals in Figure 2.1-2b and c are Fourier transform pairs. The inverse
Fourier transform of the swept CW signal is a pulse, and the Fourier transform of the pulse
is a swept CW spectrum. Hence, the received signals are also duals of one another. The

Fourier Transform of a multipath impulse response leads to nulls in the frequency
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response. Figure 2.1-3 shows a multipath impulse response and the corresponding fre-
quency spectrum. The time impulse response is denoted as P(t), and the frequency

response is denoted as S(f).

[P(o)l IS(E)|

Fourier

Transform
- ——p

T f
FIGURE 2.1-3. Multipath channel impulse response and frequency spectrum.

It is important to understand the effects of bandwidth on propagation in mobile and
portable radio environments. The RF bandwidth of a probing signal determines the base-
band time resolution, Ty, of propagation measurements. T, = B—iﬁ‘ with the approxima-
tion due to real-world filters. For a narrow band signal (Brg on the order of 15 kHz), there
is essentially no time resolution since the pulse resolution is much larger than the excess
delays found in a mobile radio environment. The instantaneous amplitude and phase can
be continuously measured. The receiver performs a phasor sum of all E fields incident
upon the receiver antenna. The resultant signal amplitude fades rapidly due to the con-
structive and destructive interference of the E fields and is highly dependent upon the
exact small-scale location of the transmitter, receiver, and surrounding objects (recall Fig-
ure 2.1-2a). This interference is caused by the rapid phase change of each received multi-
path component. For a wide band signal (Bgg > B(), the receiver is able to distinguish the
time delays of individual multipath components to a resolution of Tyy,. Figure 2.1-4 shows
a pulsed RF signal in the time domain. A sine wave at the RF carrier frequency is turned
on for Ty, seconds and is then turned off. The complex envelope tracks the low frequency

variations of the signal envelope.
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/ Complex Envelope

Amplitude

Time

FIGURE 2.1-4. Complex envelope of a pulsed RF signal. The complex envelope is
the low-pass representation of the amplitude variations on an RF carrier.

Consider Figure 2.1-5a to represent an impulse response measurement with an infi-
nite bandwidth (perfect impulse). Suppose Figure 2.1-5a represents the true impulse
response of a propagation channel. If propagation measurements are made with 250 MHz
RF bandwidth, the impulse response has an 8 ns resolution as shown in Figure 2.1-5b and
the individual multipath components are resolvable. In Figure 2.1-5c, the first two pulses
are resolvable but start to run together, and the third pulse is nearly lost with the 30 ns
pulse width. Figure 2.1-5d shows that with a pulse width of 85 ns, the three multipath
components are indistinguishable. Note that the received pulses are rounded due to the
finite bandwidth of receiver filters.

The propagation time delay is proportional to the path length traveled by the multi-
path component. The path length [ = ¢, where < is the time delay, and c=3x108 is the
speed of light in a vacuum (also free space). A rule of thumb used to distinguish path
length from received power delay profiles is 1 ft. = 1 ns. Thus, a pulse width of 8 ns can
resolve multipath components to within about 8 ft. and a pulse width of 85 ns can only
resolve path length differences to within 85 ft. In an indoor environment, transmitters and
receivers are generally within 100 meters of each other. Outdoors, transmitters and receiv-

ers may be separated by several kilometers. Since the transmitter and receiver are closer
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FIGURE 2.1-5. Impulse response estimate for various probing bandwidths. Part
a.) shows a perfect impulse response, and parts b.), c.), and d.) show the effect of
decreasing bandwidth on time resolution.

together in buildings, scattering objects that affect signal propagation are located closer to
the transmitter and receiver. Hence, the time delays and time delay differences of multi-
path components are also generally smaller. In order to resolve individual multipath com-
ponents a narrower pulse (wider bandwidth) should be used for characterizing indoor
environments than outdoor ones. For example, a 500 ns pulse width may be acceptable for
determining channel characteristics in large cell environments [Rap90a], [Sei91b]. How-
ever, in indoor environments pulse widths of 50 ns are common [Dev86], [Bul89],
[Dev90b], and pulse widths as small as 5-10 ns have been used [Rap89b], [Haw91].

2.2 Multipath Channel Model

This section considers a discrete impulse response model for multipath channels.
Consider a multipath channel to be a time-varying filter [Cou90]. Table 2.2-1 summarizes

the variables used in the description of the multipath channel model.
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TABLE 2.2-1: Table of the variables and the descriptions used to explain a discrete
multipath channel model.

x(t) Transmitted waveform [Volts]

y(t) Received waveform [Volts]

h(t) Impulse response of propagation channel

ay(t) Multipath amplitude gain factor of the k™ multipath component

7(t) Excess delay of the k'™ multipath component [seconds]

p®) Baseband probing pulse shape

Teb Pulse width of probing signal [seconds]

(3] Baseband complex envelope of the received signal [Volts]
f, Carrier frequency [Hz]
6, Phase of k™ multipath component [radians)

[r (2)] z Multipath impulse response estimate

Let x(t) represent the transmitted waveform and y(t) the received waveform, a
mobile radio multipath channel may be characterized by the impulse response h(t). The
received signal y(t) is an attenuated and time delayed version of the transmitted signal x(t).
For a discrete channel model, this implies that the received signal is a series of attenuated,
time-delayed, phase shifted replicas of the transmitted signal [Rap89b], [Tel91].

y(@® =Y o ) x (-1, (1) (22-1)
k

Note that the received signal in (2.2-1) is a function of both time and excess delay
(Tp). Individual impulse response snapshots are assumed to be time invariant, or at least
wide-sense stationary, over a measurement interval (typically on the order of one second).
Thus, the oy’s and T;’s measured are random variables which are not functions of time,
but are functions of the spatial location of the transmitter, receiver, and the scattering

objects that surround them. Using this fact, each impulse response snapshot is given by
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h(t) = Zakﬁ (t=7,) (2.2-2)
3

where 8( ) is the unit impulse function and 7 is the arrival time of the first observable

pulse.

Consider a transmitted signal of the form x () = Re [p () ej 2. "] with baseband
pulse width Ty, where p(#) =1 for0 <1< T,,, and is zero elsewhere (recall Figure 2.1-

4). The channel output is the convolution of the input signal and the impulse response

x(t) ———» h(t) —— y(®)=x(t)*h(t)
y() = [x(h(1=)ds = Re[r (1) /2 (22-3)

where the received complex envelope that represents the baseband channel impulse

response estimate is

r(t = Ea ke_jznfct"p (-7 k) ) (2.2-4)
k

p(t) ————» 0.5 hy(t) ———-1(t)=p(t)*0.5 hy(t)

The channel may be equivalently described by the baseband impulse response
hy(t) having an output r(t) which is the complex envelope of y(t). The factor 0.5 is due to

the down conversion from RF to baseband. The low pass characterization removes the
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high frequency variations caused by the carrier, making the signal analytically easier to
handle. Thus, the low pass equivalent channel impulse response hy(t) is given by

-2
hy (1) = Zake T21e 6(t—'ck) (2.2-5)
k

In (2.2-5), oy represents a real attenuation factor, e 2

represents a linear phase
shift due to propagation time, and T is the time delay of the kb multipath component.
Additional phase shifts may be induced by reflection, transmission, and scattering of the

radio signal.

When an RF carrier is modulated with a sounding probe of pulse width Ty, the
output of the low pass channel closely approximates the impulse response hy(t). Com-
monly, instead of measuring the output r(t), Ir(t)l2 is measured [Sal87], [Rap89b],
[Rap90a], [Sei91b]. This squared magnitude impulse response estimate is called a power
delay profile.

Letting Oy represent the linear phase term in (2.2-5) plus an additional random
phase, each multipath power delay profile snapshot becomes

Ir@®)? =r@r (@

-j(6.-6)

= Re[ZZajakp(t—rj)p(t—'tk)e ik ] (2.2-6)
Jj k

Note that if It-T| >Tyy, for all j # k, then

Ir (1)]? = Zap (t=1,) 2.2-7)

and the power delay profile measurement has a path resolution of Tyy. For Itj-1yl < Ty,

there is pulse overlap and it is assumed that there are unresolvable sub-paths that form one
resolvable multipath component. Note that the sum in equation (2.2-7) is the power delay
profile and appears similar to Figure 2.1-5.
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2.3 Path Loss

2.3.1 Computing Path Loss

Path loss is a quantitative measure of the amount of signal power that is lost as the
signal propagates from the transmitter to the receiver. The path loss between a transmitter
and receiver separated by some distance d is the average of the instantaneous CW path
loss, spatially averaged over a small-scale distance (several wavelengths). Path loss can
also be computed from a time averaged wide band power delay profile. A narrow band
multipath fading signal can be decomposed into a slowly-varying component and a rap-
idly varying component. The slowly varying component is obtained by a spatial average
of the received signal. The amplitude of this slowly fading component is influenced prima-
rily by the large-scale objects in the radio channel, and is commonly termed the shadow-
ing component since the mean signal level is influenced when the receiver is shadowed

from the transmitter.

The shadowed component is used to determine the path loss for a given measure-
ment location. Figure 2.3-1 shows a 1900 MHz signal that fades rapidly and the shadowed
component for the particular measurement run. An averaging distance of 20A was used to

compute the spatial average.

The portion of the signal that remains when the shadow fading is removed from
the received signal is termed the fast fading signal. Fast fading is caused by the rapidly
varying phasor sum due to the phase changes of the individual multipath components inci-
dent upon the receiver antenna. This term is also commonly called the Rayleigh compo-

nent since the probability distribution of the signal amplitude is often Rayleigh distributed.

2.3.2 Statistical Mean Path Loss Exponent

In free space, path loss increases with distance as 20 dB/decade. When scattering
objects are present, path loss can be very different from that in free space. For propagation

measurements taken in a variety of locations where different propagation mechanisms
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FIGURE 2.3-1. Example of CW fading. The local mean averaged over 20A is also
shown.

influence path loss, it is necessary to develop a model that describes how mean path loss

increases with distance.

A model used in [Ale83a], [Ale83b], [Cox85], [Bul87], [Mot88], [Arn89],
[Chi89], [Owe89], [Pah89], [Rap89a], [Rap89b], [Haw90], [Mot90], [Rap91a], [Sei91b]

indicates that mean path loss increases exponentially with distance. That is,

- n
Path Loss (d) o (dio) @2.3-1)

where n is the mean path loss exponent which indicates how fast mean path loss increases
with distance, dg is a reference distance, and d is the transmitter-receiver (T-R) separation
distance. When plotted on a log-log scale, this power law relationship is a straight line.
Table 2.3-1 describes the variables used in the statistical mean path loss exponent model.
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TABLE 2.3-1: Summary of the variables used to describe the mean path loss
exponent.

d T-R separation [m]
dy Reference distance [m]
PL Path loss [dB]
PL Mean path loss [dB]
n Mean path loss exponent
Carrier wavelength [m]
Standard deviation of path loss about the mean path loss [dB]

The mean path loss at a distance d in decibels is an algebraic equation defined as
the path loss in decibels from the transmitter to the reference distance dj plus the addi-
tional path loss described by (2.3-1) in decibels.

PL (d) [dB] = PL (dg) + 10xnxlog10(dio) [dB] 232

The selection of the reference distance dg is critical in the interpretation of path
loss measurements. Urban mobile radio propagation measurements in [Sei91b] show that
a change in reference distance from 100 m to 1 km changes the perceived mean path loss
exponent from 2.7 to 3.0. It is important to choose a reference distance that is appropriate
for the propagation environment. In large cell cellular channels, 1 km and 1 mile reference
distances are commonly used [Lee82], [Lee89], [Rap90c], [Sei®1b]. For microcellular
measurements in [Sei91b], dp=100 m. For measured data in microcellular and indoor envi-
ronments, a 1 m reference distance has been used [Haw90], [Haw91], [Sei91a], [Tel91],
[Sei92a]. A reference distance should be chosen so that it is in the far-field of the antenna
(d0>2D2/k) so that near field effects do not alter the reference path loss. The reference dis-
tance should also be chosen to be about an order of magnitude less than the minimum T-R
separation of measured data in order to prevent close-in data points that do not obey free

space propagation from unfairly biasing the statistics. The reference path loss PL(d)) is
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assumed to be due to free space propagation from the transmitter to dy. Measurements
show this is valid assumption to within 1 dB nominally [Rap89a].

47 (d;)
PL (dy) [dB] = 20xlog10(T) [dB] (2.3-3)

Path loss is often modeled as a log-normal distribution about the mean power law
described by (2.3-2) [Cox84]. That is, PL (d) = PL (d) + X, where X is a zero-mean
lognormally distributed (normal in dB) random variable with standard deviation ¢ in dB.
In [Haw90], [Haw91], [Sei91a], [Tel91], [Sei92a], linear regression was used to compute
values of the path loss exponent n and the standard deviation ¢ in dB about the best fit
mean power law model in a minimum mean square error (MMSE) sense for measured
path loss data [Dix83].

A statistical distance-dependent path loss model is useful for understanding the
propagation of radio waves in buildings. However, exhaustive measurements were
required to obtain the data to determine the appropriate parameters for the models for
these particular buildings. In addition, the mean path loss exponents can vary from less
than two to greater than six depending upon the specific environment (see Section 3.1 Sta-
tistical Path Loss Models). Models which allow a system designer to predict path loss con-
tours for all types of buildings without measurements would be extremely valuable.

2.4 Time-Dispersive Multipath Channel Parameters

The mean excess delay, rms delay spread, delay interval, and excess delay spread
are time-dispersive channel parameters that can be determined from a power delay profile
Figure 2.4-1 shows a typical multipath power delay profile. The transmitter-receiver sepa-
ration, path loss, rms delay spread, and receiver threshold are indicated in the figure. A
receiver threshold is used to distinguish multipath signal from noise, and data points

below this threshold are not used in computation of the channel parameters.
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FIGURE 2.4-1. Measured power delay profile and statistical parameters used to
describe the measurements.

2.4.1 Mean Excess Delay

The time dispersive properties of wide band multipath channels are grossly quanti-
fied by their mean excess delay (T) and rms delay spread (o;) [Dev86], [Dev87a],
[Bul89], [Pah89], [Rap89b], [Dev90b], [Rap90a], [Sei91b] (and many others). The mean

excess delay is the first moment of the power delay profile and is defined to be

T=-4% __ where G, = Zalzc. (2.4-1)
k

The change in the mean excess delay as a mobile terminal moves is called time delay jitter.
Time delay jitter in indoor multipath channels has been measured in [Dev87b], [Rap88b].
Work in [Chu87b] shows that time delay jitter can cause bit errors due to imperfect timing
recovery. The tracking error is proportional to the time delay jitter. The variables used to
describe the time dispersive multipath channel parameters are given in Table 2.4-1.
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TABLE 2.4-1: Summary of variables used in the calculation of mean excess delay
and rms delay spread.

T Time delay of k' multipath component [seconds)

oc% Power of k™ multipath component [Watts]

G, Received power in power delay profile [Watts]

T Mean excess delay [seconds]

2 Mean squared excess delay [seconds?]

o, Rms delay spread [seconds]

to Excess delay of first arriving multipath component [seconds]

Excess delay of last arriving component within X dB of maximum
received component [seconds]

2.4.2 RMS Delay Spread

The rms delay spread is the square root of the second central moment of the power

delay profile and is defined to be

2.2
(7 where 2 2ok
= -7 -k R
O, =NT"—T where T G (2.4-2)

r

In (2.4-1) and (2.4-2), the delays of each profile are measured relative to a first
detectable signal arriving at 1g=0. The term G; in (2.4-1) and (2.4-2) is a relative measure

of received power for a given profile snapshot.

It is important to note that here the rms delay spread and path loss are defined to be
due to a single power delay profile which is the time average of consecutive impulse
response measurements collected and averaged over time. Thus, new rms delay spread

values are received every time a snapshot is made so that each measured rms delay spread
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value is representative of the local channel behavior. Originally, rms delay spread was

computed for a set of power delay profiles averaged over time and distance [Cox73].

The rms delay spread is an important parameter in the determination of the band-
width capacity of a radio channel [Jak74]. Recall that the power delay profile and fre-
quency response measurements are Fourier Transform duals of each other. The rms delay
spread and the coherence bandwidth are inversely proportional to each other. The delay
spread is a natural phenomenon caused by multiple time-delayed scattered paths in the
radio channel. The coherence bandwidth is a defined relation derived from the delay
spread that quantifies the similarity of the channel frequency response at different frequen-
cies [Lee89]. If the coherence bandwidth is defined as the bandwidth over which the fre-
quency correlation function is above 0.9, then the coherence bandwidth is approximately
[Lee89]

B ~_1_ (2.4-3)
¢ 500
If the definition is extended so that the frequency correlation function is above 0.5, then
the coherence bandwidth is approximately

1
B, = 5o, (2.4-4)

Work in [Mor92] has shown a linear relationship between coherence bandwidth and rms
delay spread. Signals with bandwidth greater than the coherence bandwidth suffer from
intersymbol interference. Such channels are called frequency-selective channels because
different frequencies fade differently. Adaptive equalizers or antenna diversity systems
can be used to flatten the channel amplitude and phase response when the signal band-
width is greater than the coherence bandwidth. Even with equalization and antenna diver-
sity, the intersymbol interference causes an irreducible bit error floor that is proportional to
the delay spread [Bel63], [Chu87a]. That is, the minimum bit error rate will increase as the
ratio of delay spread to bit period increases, independent of signal-to-noise ratio.
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2.4.3 COST 207 Delay Interval

The European Community COST 207 Project defines the delay interval to be the
time window that contains a certain portion of the energy [deW88]. In [Rae91], the same
term is defined to be the delay window. A combined term will be used here. The delay
interval window is computed at the center of the power delay profile so that half of the
energy outside the window is received before the start of the window, and half of the
energy is received after the end of the window. Figure 2.4-2 shows a measured power
delay profile and the Delay Interval for 90% of the received energy inside the window.
Notice that half of the energy outside the window arrives before the window and half

arrives after the window. This parameter is a useful measure of the time dispersion of the

power delay profile.
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FIGURE 24-2. Measured power delay profile and COST 207 delay interval for
90% of the received power.
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2.4.4 Excess Delay Spread (X dB)

The excess delay spread of a channel is defined as -1 where 1 is the first arriv-
ing signal and T, is the maximum delay at which a multipath component is within X dB of
the strongest arriving multipath signal. An example is shown in Figure 2.4-3 for multipath

components within 10 dB of the maximum. The excess delay spread defines the extent of
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the multipath that can be deemed significant in the design and analysis of equalization for
TDMA systems and rake reception for CDMA systems.
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FIGURE 2.4-3. Measured power delay profile and excess delay 10 dB.
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2.5 Multipath Propagation Measurements

This section discusses multipath propagation channel measurements. Both wide
band and narrow band characterization methods are presented. Data processing techniques
that allow channel parameters such as path loss and delay spread to be determined from

the measured data are given.

In [Rap89b], it was shown that CW measurements averaged over space and wide
band measurements averaged over time give equivalent path loss results when multipath
component phases are independent and identically uniformly distributed over [0,27) or
when multipath component amplitudes are uncorrelated. Hence, a simple CW measure-
ment system (Brg ~ 15 kHz) may be used to give path loss results that may be applied to
wide band channels (Brg > B() as well when the wide band channel is averaged over
space. This can be useful when there is not enough spectrum available for propagation
experiments in a particular frequency band. When the data rate of a proposed communica-

tions system is less than the coherence bandwidth, a narrow band channel characterization
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is sufficient to determine system performance. Path loss and fading statistics are of pri-
mary concern. When the data rate is larger than the coherence bandwidth, the structure of
the channel impulse response must be known to determine the extent of intersymbol inter-

ference.

2.5.1 CW Measurements and Data Processing

Narrow band propagation measurements are useful for determining average path
loss coverage areas for proposed systems, and for acquiring a large amount of path loss
data in a relatively short period of time. Also, since thermal noise is proportional to
receiver bandwidth, narrow band system measurement dynamic ranges are greater than
direct pulse wide band systems, and measurements are less susceptible to in-band interfer-
ence. This makes it possible to easily characterize commercial frequency bands. The block
diagram of a simple CW measurement system used in [Sei9la], [Tel91], [Sei92a], is
shown in Figure 2.5-1. A CW signal at a carrier frequency is generated, amplified, and
transmitted. The received signal strength is continuously monitored and stored on disk.
The modified commercial receiver can instantaneously measure signals between 0 dBm
and -91 dBm over a 15 kHz bandwidth at 915 MHz [Lui90]. Typically, omni-directional
antennas such as discones [Rap88a] and quarter-wave monopoles are used so that the

antenna pattern has little influence on the path loss measurement.

In [Sei91a], [Tel91], [Sei92a], locations which are potential candidates for future
microcellular base stations, such as centrally located areas, and perimeter areas within a
wing of a building were chosen for most transmitter sites. For each transmitter location,
the mobile receiver thoroughly canvassed the building at transmitter-receiver (T-R) sepa-
rations that ranged between 1.5 m and 90 m. During each measurement, the mobile
receiver moved at constant walking velocity along a straight path which varied in length
between 2.4 and 60 meters, depending on surroundings. Measurement personnel continu-
ously recorded the mobile’s position on logsheets so that site-specific propagation models
could be developed from the data. Propagation studies that examine the effects of carrier

frequency, antenna height, antenna pattern, antenna polarization, and obstructing objects
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Antenna
Calibrated A/D PC with
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Receiver onverter Hard Drive

Receiver
FIGURE 2.5-1. Block diagram of a CW measurement system.

like floors and partitions [Haw91], [Sei91a], [Sei92a] on path loss and/or fading statistics

can easily utilize the measurement system shown in Figure 2.5-1.

Figure 2.5-2 shows a typical measurement run where the receiver was moved
along a straight path in an office building. The abscissa represents the T-R separation. The
median signal strength is computed as a spatial average over several wavelengths of the
instantaneous received signal [Uri91], and is considered a discrete measurement location
to develop path loss models and contours. In [Sei92a], the median signal strength over a
distance of 20A (6.56 m) was computed at 20A intervals for each measurement run. A 20A
distance was chosen so that the fast fading of the envelope caused by multipath would not
influence the large-scale path loss for a given measurement track. Discrete path loss mea-
surements can be combined statistically to determine mean path loss exponents (defined in
Section 2.3 Path Loss) for the measured data. The data may also be related to the site-spe-
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cific measurement location to develop path loss models that predict propagation more
accurately and contour plots that show shadow regions for a given transmitter location.
-30
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B.ss
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FIGURE 2.5-2. Typical CW fading run. The moving average over a 20 A distance
is also shown in the figure.

2.5.2 Direct Pulse Measurements and Data Processing

For direct pulse measurements, a finite time duration pulse of width Ty, is con-
volved with a CW carrier wave (recall Figure 2.3-1). The resultant signal is amplified and
transmitted. The block diagram of a typical pulse measurement system is shown in Figure
2.5-3 and Figure 2.5-4. The receiver is a multi-stage tuned RF receiver. Consider the first
row of the block diagram in Figure 2.5-4. The first variable attenuator prevents the ampli-
fier from becoming saturated when the receiver is close to the transmitter. The RF band-
pass filter prevents spurious signals at frequencies outside the measurement band from
saturating the wide band (0-4.2 GHz in [Haw91], [Tel91]) amplifier. The second variable
attenuator adjusts the gain of the receiver so that there is nearly full-scale deflection on the
oscilloscope screen. On the second row of the block diagram, a second amplifier-filter
chain is used so that the receiver is noise-limited rather than gain-limited. A noise-limited
receiver generally has a greater dynamic range than a gain-limited receiver since the mini-
mum detectable signal is determined at the input of the receiver, and is not limited by the
inability of the receiver to amplify the signal level into the dynamic range of the detector.
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(gating signal)

Pulse Transmitter
FIGURE 2.5-3. Block diagram of a typical pulsed transmitter.
A power coupler is used so that the received RF spectrum can be monitored for in-band
and adjacent band interference that may pass through the filters. In the third row, an RF-to-
baseband detector strips off the RF carrier and outputs a baseband video signal that is the
squared envelope of the RF signal. A matching attenuator (typically 3dB) is used to reduce
the impedance mismatch between the detector and the digital oscilloscope in order to pre-
serve pulse shape. A digital oscilloscope records the squared magnitude of the impulse
response (power delay profile). A personal computer controls the oscilloscope and stores
the data for processing. The receiver is calibrated by inputting a known signal level into
the front-end and recording the oscilloscope deflection as the input level is varied over the

receiver dynamic range.
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FIGURE 2.5-4. Block diagram of a typical wide band direct pulse receiver. The
receiver is a tuned RF receiver.

The Mobile and Portable Radio Propagation Environment Page 31



Site-Specific Propagation Prediction for Wireless February 7, 1993
In-Building Personal Communication System Design

TABLE 2.5-1: Table of variables and descriptions used to describe the computation
of path loss from a wide band power delay profile.

o s Received power [mW]
G, = Z(x% Received power at antenna output [mW]
PL Channel path loss [dB]
Pr Peak transmitter power [dBm]
Gr Transmitter antenna gain [dBi]
Gy Receiver antenna gain [dBi]
Pcar Peak power of a calibration measurement [dBm]
GeaL Received integrated power of a calibration run [mW]
At , Sample interval of a measurement [seconds]
ATy Sample interval of a calibration measurement [seconds]
Ty Pulse width [seconds]

Table 2.5-1 summarizes the variables used in wide band data processing of a
power delay profile. In order to compute the wide band path loss, it is necessary to com-
pute the power received by integrating the area under the power delay profile. The term G,
is the integrated power in a given power delay profile. For a calibration run where only
one pulse of width Ty, is present, the total integrated power is assigned the known input
power, Pcay.. The term Gepap, converts the total integrated power to an equivalent peak

power in a pulse of width Tyy,. Path loss is referred to isotropic antennas.

Through calibration of the receiver system, the path gain factors a,zc are the actual
received power in mW determined from the oscilloscope display voltage. The attenuator
setting of the receiver is included in calibration of the power delay profile. Let PL denote
the channel path loss, P denote the peak transmitter power, G denote the transmitter
antenna gain, and G denote the receiver antenna gain. Then, path loss is given by
[Rap89b]

PL(dB) = P;(dBm) +Gy(dBi) +Gp(dBi) —Pp(dBm)  (25-1)
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It is important to point out the importance of receiver sensitivity and noise thresh-
old in interpretation of measured channel parameters. Generally, a noise threshold is
applied to power delay profiles in order to distinguish between actual multipath compo-
nents and receiver noise. The selection of this noise threshold is critical in determining
channel parameters such as rms delay spread which is defined in the following section.
This is similar to the radar probability of detection vs. probability of false alarm problem.
If noise is detected as a multipath signal, the channel parameters could be grossly overes-
timated. If a multipath component is not detected, system simulation studies such as bit
error rate and equalizer performance requirements could be underestimated. Experience
has shown that it is necessary to determine an appropriate tﬁrcshold level for power delay
profiles to avoid the inclusion of profiles that had a lost trigger or were corrupted with
impulsive noise [Rap90a], [Sei91b], [Tel91]. Although attempts have been made to
develop an algorithm to determine the threshold level [Rap90a], [Haw91], it is common
practice for a trained operator determine the threshold level based on visual inspection of
each power delay profile [Tel91]. As a minimum requirement, visual inspection should be
used to verify that the automatic procedure is working correctly. An example of a thresh-

old chosen upon visual inspection is given in Figure 2.4-1.

2.5.3 Spread Spectrum Measurements

Spread spectrum measurement systems are an alternate method of measuring the
wide band power delay profile. The main advantage of this spread spectrum receiver sys-
tem is that wide bandwidth impulse response estimates may be measured with a dynamic
range that is comparable to that of narrow band measurement systems. This is accom-
plished by de-spreading the probing signal before detection by a narrow band receiver.
The narrow bandwidth of the detection circuitry provides the increased dynamic measure-
ment range. Another advantage is that spread spectrum measurement systems provide
greater dynamic display measurement range than direct pulse measurements. That is, a

spread spectrum measurement system can detect multipath components that have ampli-
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tudes further below the amplitude of the maximum multipath component detected. The
dynamic display range is limited by the maximum cross-correlation of the spreading code.
For a code length of 2047 chips, the maximum dynamic display range is 33 dB. Allowing
for some noise, a practical display range is about 30 dB. Longer chip sequences can pro-
vide larger dynamic display ranges. For pulse systems, the dynamic display range is lim-
ited by the number of quantized levels on a digital oscilloscope. Theoretically this value is
30 dB, however, amplifier noise usually reduces this to around 20 dB (see Figure 2.4-1).

This section describes a continuous spread spectrum channel sounder. The chip
rate is 240 MHz, allowing a time resolution of about 8 ns. The transmitter consists of 4
parts: a carrier frequency source, a chip clock frequency source, a BPSK modulator, and a

power amplifier. The chip clock frequency is generated by a TV tuner at 240 MHz. The

Chip clock BPSK mod.  Power amp \\4

@-—N Sequence gen.
240 MHz

Carrier frequency

FIGURE 2.5-5. Continuous spread spectrum transmitter

spreading sequence and carrier frequency are mixed, amplified and transmitted. The
receiver consists of a low-noise amplifier and an identical sequence running 40 kHz
slower than the one at the transmitter. This difference in clock frequencies causes the rela-
tive phase of the two sequences to “slide” constantly. This sliding effect is the key to the
channel sounder’s operation. If the channel were ideal, there would only be one point of
maximum correlation. This maximum correlation would occur while the sequence genera-
tors were at the same point in the sequence. A spread spectrum communications system
would lock the sequence at this point. However, since propagation measurements are

interested in the channel impulse response, the sequences are allowed to continue sliding
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past the point of maximum correlation in order to detect all peaks that occur due to time
delayed multipath components. This amplitude variation with time is captured by a spec-
trum analyzer set to zero span. The spectrum analyzer output is displayed on a digital
oscilloscope and the signal is stored on a computer for data processing. The data stored on
disk are processed in the same manner as the ‘raw’ oscilloscope data recorded with the
direct pulse measurement system except that the time samples must be converted to actual
time. This is necessary because the oscilloscope records the rate that the codes slip past

one another and not the actual time of each multipath component.

‘7 Correlator (Mixer)
B .'. Spectrum Analyzer
‘ Zero span
Chip clock 22 baseband
239.96 MHz ™ signal Digital
@_» A Oscilloscope
Sequence gen.

FIGURE 2.5-6. Spread Spectrum receiver.

Typically the minimum receivable signal is about -110 dBm at 4 GHz. Measure-
ments with a pulse receiver in [Tel91] had a minimum detectable signal of -80 dBm at 915
MHz. The dynamic range of the measurement system is limited by the low noise amplifier

at the front end.

2.6 Summary

This chapter began with a description of multipath propagation and its effect on
transmitted signals as a function of signal bandwidth. Narrow band signals were shown to
have rapid amplitude fluctuations as a function of position or frequency. Wider bandwidth
signals do not exhibit these rapid fluctuations, and individual multipath components can

be distinguished with a resolution inversely proportional to the bandwidth. A discrete
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wide band channel model was developed. Path loss and multipath channel parameters that
quantify the time-dispersive nature of the propagation channel were then defined. Methods
for measuring the mobile and portable radio propagation environment and determining
multipath channel parameters from the measured data were presented. The following
chapter presents propagation models based on in-building propagation measurements in a
variety of different buildings.
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3 Propagation Models Based on Measurements

3.0 Overview

Much work has been done to characterize radio propagation in buildings in the 800
MHz to 5.8 GHz frequency bands [Ale83a], [Ale83b], [Cox84], [Cox85], [Dev86],
[Hor86], [Bul87], [Dev87al, [Sal87], [Arn89], [Bul89], [Chi89], [Dev89], [Owe89],
[Pah89], [Pat87], [Rap89a], [Rap89b], [Dev90a], [Dev90b], [Haw90], [Dev9lal,
[Dev91b], [Tel91], [Lib92], [Tod92]. A comprehensive literature survey of radio propaga-
tion into and within buildings is given in [Mol91]. Previous work has focused on measure-
ments and statistical characterization of the radio frequency environment. Models that
exploit specific building features are given in [Mot88], [Laf90], [Rap91a], [Sei9la],
[Sei92a]. The models in [Sei91a] and [Sei92a] are major contributions of this dissertation.
This chapter presents a survey of the state of the art of statistical measurement-based prop-
agation models in many different building environments. Models for path loss as a func-
tion of distance and median and maximum rms delay spreads are presented for different
buildings. The effects of frequency and building type on path loss and delay spread are
discussed. A statistical multipath channel model simulator that uses the statistical results
of propagation measurements in a wide variety of buildings, SIRCIM, is described. This
chapter concludes with promising site-specific path loss models in [Sei91a] and [Sei92a]
that account for the shadowing caused by floors, walls, office partitions, and common
objects found in many different types of buildings. In fact, the good agreement of these
site-specific models with measurements led to the development of the ray tracing propaga-
tion model presented in Chapter 5 which is the primary contribution of this Ph.D. disserta-

tion.

3.1 Statistical Path Loss Models

The variation of path loss throughout a building impacts coverage areas and base
station layout design. Work in [Ber89] showed how path loss characteristics affect the dis-
tance between transmitter and receiver when a call is initiated. Table 3.1-1 provides a sum-

mary of path loss exponents and rms delay spread in a variety of buildings as gathered

Propagation Models Based on Measurements Page 37



Site-Specific Propagation Prediction for Wireless February 7, 1993
In-Building Personal Communication System Design

from the literature. Blank entries indicate that these parameters were not determined from
the measurements. The different types of buildings in Table 3.1-1 are described below.

Open-plan buildings typically have large open areas with a high ceiling. Obstruct-
ing objects do not span all the way from the floor to the ceiling. Factories are commonly
open-plan buildings where metal machinery, inventory, and exterior walls comprise the
majority of scatterers. A soft-partitioned environment describes a typical multi-story
office building with large open areas that are partitioned into office cubicles by ~1.5 m

high movable metal frame cloth-covered dividers.

A hard-partitioned building is a typical multi-story office building with many inter-
nal partitions constructed of reinforced concrete and/or dry wall supported by metal or
wooden studs. Corridors are typically 1.8 to 3.9 meters wide. Walls that partition offices
from corridors are constructed from the floor to the ceiling. For the purposes of classifica-
tion of building type in Table 3.1-1, an urban high-rise is a hard-partitioned building
located in a dense urban environment surrounded by many other tall buildings. The other
hard-partitioned buildings are less than ten stories tall and are not located in a clustered
downtown area. The urban high-rise building in [Tel91] was twenty-six stories tall in the

downtown financial district of San Francisco.

The sports arena in [Haw91] was a typical college basketball arena that seats about
six thousand. There was a large open area and a concourse level that surrounded the open
area. There were many openings between the open area and the concourse level. The typi-
cal grocery store in [Sei92a] had an open-plan shopping area that consisted of metal
shelves with aisles between the shelves. The retail store was divided into several depart-
ments separated by soft-partitions. The residences in [Dev86] were a typical wood frame
house and wood frame apartment building.
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TABLE 3.1-1: Summary of path loss and delay spread measured in a variety of

buildings.
Open-Plan Factories [Rap89a] 1300 22 79
Open-Plan Factories [Rap89b] 1300 22 100 300
Open-Plan Factories [Pah89] 910 14-33 15-50 40-150
Open-Plan Factory B [Haw91] 1300 2.0 3.7 70 130
Open-Plan Factory B [Haw91] 4000 21 40 70 130
Open-Plan Factary C [Haw91] 1300 24 92 40 120
Open-Plan Factory C [Haw91] 4000 2.1 9.7 40 120
Suburban Office Building [Tel91] 915 24 9.6 74 139
- Open-Plan
Suburban Office Building [Tel91] 1900 26 14.1 94 440
- Open-Plan
Suburban Office Building [Tel91] 915 28 142 67 214
- Soft Partitioned
Suburban Office Building [Tel91] 1900 3.8 12.7 88 510
- Saoft Partitioned
Suburban Office Building [Sei92a] 914 35 12.8
- Soft Partitioned : 1
Suburban Office Building [Sei92a] 914 43 133
- Soft Partitioned : 2
Medium Office Building - [Sal87] 1500 ~3 25 50
Hard Partitioned
Office Building - Hard [Dev86] 850 321
Partitioned
Large Office Building - [Dev87a] 850 120 250
Hard Partitioned
Medium Office Building - | [Dev87a] 850 60 218
Hard Partitioned
Office Building - Hard [Bul89] 910 30 <70
Partitioned : CRC
Office Building - Hard [Bul89] 1700 29 <70
Partitioned : CRC
Office Building - Hard [Bul89] 910 26 <70
Partitioned : CU
Office Building - Hard [Bul89] 1700 28 <70
Partitioned : CU
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TABLE 3.1-1: Summary of path loss and delay spread measured in a variety of

buildings.
Office Building - Hard [Haw91]
Partitioned
Office Building - Hard [Haw91] 4000 2.8 16.0 25 40
Partitioned
Urban High-Rise Office [Tel91] 915 23 105 76 112
Building
Urban High-Rise Office [Tel91] 1900 39 16.0 77 1470
Building
Grocery Store [Sei92a] 914 1.8 52
Retail Store [Sei92a] 914 22 8.7
Sports Arena [Haw91] 1300 20 79 40 120
Sports Arena [Haw91] 4000 22 9.3 40 120
Residence - Apt. Bldg. [Dev86] 850 422
Residence - House [Dev86] 850 312

Scatter plots of path loss vs. T-R separation for soft-partitioned office building
measurements are given in Figure 3.1-1 and Figure 3.1-2. The dotted lines indicate the dis-
tance-dependent mean path loss model (equation (2.3-2)) for n=1 through n=6 and a 1
meter reference distance. The dashed line indicates the best mean path loss model in a
MMSE sense for the data presented in the scatter plot. Different symbols are used to indi-
cate data from different environments, and overall n and ¢ are given on the left side of
each graph. Multi-floor measurements were possible in the two office buildings, and
nearly all measurements had multiple obstructions such as concrete walls, windows, and
soft partitions between the transmitter and receiver. From Figure 3.1-1, mean path loss
increases with distance to the 3.54 power with a large standard deviation of 12.8 dB in
office building 1 from [Sei92a]. The simple d” path loss model in Figure 3.1-1 does not
use site-specific information such as knowledge of office partitions or the number of floors
between the transmitter and receiver. Transmission between more obstructions leads to

higher path loss.
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FIGURE 3.1-1. Scatter plot of CW path loss as a function of distance in office
building 1. The symbols indicate the number of floors between the transmitter and
receiver (from [Sei92a)).

In office building 2 in [Sei92a], mean path loss increases with distance to the 4.33
power as shown in Figure 3.1-2. The number of floors between the transmitter and
receiver can be seen to severely influence the path loss for a given T-R separation. Thus,
the number of floors has an impact on the parameter » in the path loss model, and should
be quantified for accurate path loss prediction. Section 3.6 Site-Specific Path Loss Models

presents mean path loss models for multi-floor environments.

In open-plan factory buildings, mean path loss exponents range between 1.4 and
3.3. The majority of values are between 2.0 and 2.4. Standard deviations are typically
between 4.0 dB and 9.5 dB. All measurements were conducted with the transmitter and
receiver on the same floor. In [Tel91], an open-plan office building had mean path loss
exponents of 2.4 to 2.6 and larger standard deviations of 9.6 and 14.1 dB. The larger vari-
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FIGURE 3.1-2. Scatter plot of CW path loss as a function of distance in office
building 2. Notice the clustering of data as a function of the number of floors
between transmitter and receiver (from [Sei92a]).

ability was attributed to multiple floors between the transmitter and receiver for several of

the measurements.

In soft-partitioned office buildings, mean path loss exponents range between 2.8
and 4.3. The standard deviations are between 12.7 and 14.2 dB. due to multiple floors and
obstructing soft-partitions between the transmitter and receiver. Site-specific models that
attribute a certain amount of path loss to soft partitions and concrete walls are discussed in
Section 3.6 Site-Specific Path Loss Models.

Mean path loss increases with distance proportional to about d in hard-partitioned
office buildings in both suburban and urban locations. As was found for other types of
buildings, multiple floors between the transmitter and receiver lead to a large variability
about the mean. In stores and sports arenas that have large open areas, path loss increases

nearly as in free space.
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From Table 3.1-1, it can be seen that mean path loss exponents range between 1.4
and 4.3 with the value being highly dependent on the specific building. Even within the
same building, highly varying surroundings such as the number of floors between trans-
mitter and receiver cause large variability in path loss about the mean. In general, open-
plan buildings suffer less path loss for a given T-R separation than soft-partitioned build-
ings, and soft-partitioned buildings suffer less path loss than hard-partitioned buildings.
This is likely due to the nature of the obstructions between transmitter and receiver in the
different environments. In open-plan buildings, obstructions do not completely block the
transmitter and receiver. In partitioned buildings, the partitions attenuate the signals, and
hard partitions attenuate more than soft partitions.

3.2 RMS Delay Spread Results

The rms delay spread affects the maximum data rate that can be sent through a
channel without equalization or diversity. Median rms delay spreads in open-plan build-
ings have been reported between 15 and 100 ns. The size of the open-plan area affects the
median delay spread since many of the multipath components are due to reflections from
the exterior walls of the building. Maximum rms delay spreads were generally around 130
ns with 300 ns observed for a factory floor in [Rap89b], and 440 ns for a multi-floor office
building in [Tel91].

In soft-partitioned buildings, median rms delay spreads were around 75 ns with a
maximum of 510 ns occurring when the transmitter and receiver were on separate floors
[Tel91]. Currently, there are limited data concerning delay spread in soft-partitioned envi-

ronments.

For most of the measurements in hard-partitioned buildings, median rms delay
spreads were on the order of 30 nanoseconds and maximum rms delay spreads were less
than 70 ns. The large partitions that separate offices from main corridors serve to attenuate
the amplitudes of multipath components with large excess delays. In some cases, reflec-
tions from surrounding objects such as a hill outside the building [Dev86] and other high-
rise buildings [Sei92c] cause much higher delay spreads. Reference [Sei92c] shows that
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rms delay spreads as large as 1.47 microseconds can occur when the transmitter and

receiver are on separate floors of an urban high-rise building.

In [Dev87a], two dissimilar office buildings were observed to have similar multi-
path power delay profiles and similar rms delay spread distributions. The maximum
observed rms delay spread was 250 ns. The similarity in the delay spread distributions
indicates that the building surroundings as well as the building itself should be considered

when trying to approximate maximum delay spreads without measurements [Dev87a].

The measurements classified as residences in Table 3.1-1 were conducted for
indoor to outdoor radio paths, whereas the transmitter and receiver were both inside the
building for the other measurements. Multipath components were reported to have signifi-
cant energy out to excess delays of around 1 ps. Maximum observed rms delay spreads
were on the order of 100 ns when a direct path existed between the transmitter and

receiver and were as large as 420 ns when no direct path was present [Dev86].

For measurements where the transmitter and receiver were on the same floor, rms
delay spreads were generally larger in open-plan buildings than soft-partitioned environ-
ments. Similarly, rms delay spreads were larger in soft-partitioned environments than hard
partitioned environments. As with path loss, it is likely that the nature of the obstructing
objects contribute heavily to the delay spread. In open-plan buildings, multipath compo-
nents can traverse a path from the transmitter to an exterior wall and then be scattered to
the receiver. Such paths generally have larger time delays than multipath components that
are scattered by objects in the interior of the building. In partitioned environments, the
partitions serve to shadow far away scattering objects. When the transmitter and receiver
are separated by multiple floors, multipath components that leave and enter the building
through the windows and are scattered by surrounding buildings have been detected with
excess delays of 7 [s that lead to rms delay spreads of 1.47 s [Tel91].
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3.3 The Effects of Carrier Frequency on Propagation Characteristics

The effects of frequency on radio coverage in buildings were examined in
[Mot88]. The mean path loss exponents were found to be nearly the same at both 900
MHz and 1700 MHz, but the attenuation caused per floor was 6 dB higher at 1700 MHz
than at 900 MHz. In addition, the path loss was 5.5 dB higher at 1700 MHz due to the
antenna aperture difference at the two frequencies. Thus, [Mot88] found the coverage to
be reduced at 1700 MHz as compared to 900 MHz.

Work in [Dev90a], [Haw90], [Mot90], [Dev9la], [Dev91b] showed virtually no
statistical difference in path loss from 900 MHz to 5.8 GHz. When multiple frequencies
were studied [Dev90a], [Dev91a], [Dev91b], no significant statistical difference in time
delay spread was found between 850 MHz and 5.8 GHz. The path loss and shape of mea-
sured power delay profiles at 850 MHz, 1.7 GHz, 4.0 GHz, and 5.8 GHz were reported to
be similar. Virtually no difference in rms delay spread was found in four different build-
ings for 1.3 GHz and 4.0 GHz carrier frequencies [Haw91].

In [Bul89], two buildings were measured at 910 MHz and 1.75 GHz. In one build-
ing, rms delay spreads were greater at 910 MHz, and in the other, delay spreads were
greater at 1.75 GHz. The coherence bandwidths for the two frequencies were similar.
Based on the current body of literature, there appears to be no significant effects of fre-
quency on channel parameters such as path loss and delay spread for frequencies in the

low microwave band (1-6 GHz).

3.4 Small-Scale Narrow Band Fading Statistics

In [Bul89], it was reported that the dynamics of signal fading were slightly less
random at 910 MHz than at 1.7 GHz and the average depths of fades were approximately
10 dB larger at 1.7 GHz. Although the severity of fading was always greater at 1.7 GHz,
the severity of fading differed from building to building. Since each multipath component
undergoes a 27 phase shift for each wavelength traveled, it is expected that higher fre-
quency signals will fade more rapidly due to the constructive and destructive interference

of the phasor sum. In [Rap89a], the cumulative distribution functions of narrow band sig-
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nals as a receiver was moved along a one meter path were shown to be modeled by Ray-
leigh, Ricean, and Log-normal distributions about the median for different measurement
runs. Cumulative distribution functions of received signal strength when both terminals
were stationary were shown to be Ricean (K~10 dB) [Rap89a].

3.5 SIRCIM

Table 3.1-1 provides mean path loss exponents and median and maximum rms
delay spreads measured in many different buildings. However, there is no information
concerning the structure of the impulse response, or how parameters such as rms delay
spread change as a mobile terminal is moved throughout a building over large-scale and
over small-scale areas. Models that describe the amplitudes and time delays of multipath
components in detail according to the impulse response channel model in Section 2.2
Multipath Channel Model are presented in [Rap91a] and were developed in [Sei89].
Based on the models in [Rap91a], a simulation package SIRCIM (Simulation of Indoor
Radio Channel Impulse response Models) was developed. By providing accurate large
scale and small scale propagation fading data, SIRCIM can be used to study channel
access, handoff, co-channel interference, equalization, diversity and modulation perfor-
mance and bit error rates in frequency-flat and frequency-selective fading open-plan

building environments.

SIRCIM is based on extensive propagation measurements at 1300 MHz in
[Rap89a], [Rap89b], and at 1300 MHz and 4.0 GHz in [Haw91], although published work
in other frequency bands show agreement with the modes in SIRCIM (see Table 3.1-1 and
Table 3.5-1). Both wide band and narrow band propagation characteristics from Table
3.1-1 were included in the propagation model. The wide band measurements used a pulsed
RF transmitter similar to the one described in Section 3.2 Direct Pulse Measurements and
Data Processing with a pulse duration of 7.8 ns [Rap89b]. Narrow band measurements
were made with a modified commercial receiver [Rap89a]. Based on the measurements,
statistical models for the number of distinct multipath signals, and the arrival times, and
amplitudes of individual multipath components were developed. SIRCIM recreates the

statistics of measured wide band impulse responses. By constructing the phases of individ-
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ual multipath components, SIRCIM also simulates narrow band frequency-flat fading
channels since the instantaneous narrow band signal is the phasor sum of the individual

multipath components in a particular impulse response.

The models which describe the impulse responses were developed for open-plan,
soft-partitioned, and hard-partitioned buildings. The simulated values for path loss and
rms delay spread are given in Table 3.5-1.

TABLE 3.5-1: Values of mean path loss exponent n and standard deviation o for
SIRCIM [Rap90b].

Open-Plan LOS 1.9 6.5 87 173
Open-Plan OBS 24 55 104 175
Hard-Partitioned LOS 23 6.2 25 160
Hard-Partitioned OBS 34 7.3 30 149
Soft-Partitioned LOS 26 6.7 25 80
Soft-Partitioned OBS 32 74 34 128

The statistics of simulated and measured wide band impulse responses in open-
plan buildings were shown to be nearly identical in [Sei89], [Rap91c]. SIRCIM can also
simulate narrow band signals over local areas directly without information about the wide
band impulse responses at a particular location. The simulation method in [Smi75] is used
to generate Rayleigh fading over a 1-m track. For stationary terminals, a Ricean signal is
simulated with a user-specified K ratio of specular-to-diffuse multipath power.

Computation of narrow band signal strengths as a function of small-scale mobile
movements makes SIRCIM useful for studying channel access, handoff, and diversity. Bit
error rates in narrow band frequency-flat fading channels for various modulation tech-
niques may be investigated through simulation. Results are given in [Rap91c]. In [Tho92],
the SIRCIM channel model was used to show that the structure of the power delay profile
must be used to determine bit error rates. It was shown that two power delay profiles that
had the same rms delay spread, but different time delay structures and phases give quite

different bit error rates for the two channels.
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In mobile radio channels, received power is a function of T-R separation. Thus,
SIRCIM may be used to compute coverage areas, outage probabilities, and co-channel
interference constraints in future indoor microcellular environments on a statistical basis.
The wide band impulse responses generated by SIRCIM recreate the statistics of individ-
ual multipath components as a mobile receiver moves. Thus, equalization or diversity
techniques which attempt to adaptively cancel or track the multipath may be developed
and tested with this channel simulator. With the recent interest in wide band multiple
access techniques such as CDMA spread-spectrum communications, it makes sense to use
a channel simulator such as SIRCIM which accurately simulates wide band path loss, rms
delay spread, and multipath signal strength. SIRCIM is a commercially available software
product that has been purchased by over fifty companies and universities conducting
research in wireless communications. Independently developed multipath channel impulse

response models similar to SIRCIM were presented in [Gan89].

Models like SIRCIM are valuable for evaluating system performance on a statisti-
cal basis. However, only limited information about the building is included. Site-specific
path loss and delay spread models would allow more efficient system design and analysis.

3.6 Site-Specific Path Loss Models

Values of the mean path loss exponent and rms delay spread for many different
building types were given in Table 3.1-1. However, the standard deviations of the path loss
about the mean are as large as 16 dB in some cases. In addition, only the distance between
the transmitter and receiver is incorporated into the model. No information about the spe-
cific locations of surrounding scattering objects is included. Many of the references report
that the number of floors between transmitter and receiver highly influenced the observed
path loss. This section presents some of the site-specific models for path loss caused by
floors, walls, and soft-partitions. Two different models for path loss in multi-flodred envi-
ronments are presented and examples of how to use the models are given. A model for the
attenuation caused by soft-partitions is given. Contour plots of the difference between
measured and predicted path loss show that the model is more accurate than a statistical d®
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model that incorporates only T-R separation. Finally, values for the shadowing caused by

common obstructions found in buildings are given.

In [Mot88], [Laf90], [Sei92a] the path loss caused by floors, hard (fixed) office
walls, and soft (movable) office partitions were quantified to give more accurate propaga-
tion models that have lower spreads of path loss about the mean predicted value than sim-
ple d® models. Typical hard-partitioned office buildings were modeled in [Laf90] to give a
prediction error standard deviation of 3 dB.

Table 3.1-1 summarizes the mean path loss exponents and standard deviations
about the mean for different environments. From Table 3.1-1, it can be seen that the
parameters for path loss prediction for many buildings have large standard deviations.
Large values are typical for data collected from different environments even within the
same building. These parameters may be used in the model for a first-order prediction of
mean signal strength when only T-R separation but no specific building information is
known, but this model is clearly unsatisfactory for detailed site layout or capacity predic-

tion.

3.6.1 Multi-Floor Path Loss Exponent [Sei92a]

In multi-floored environments, equation (3.6-1) can be used to describe the mean
path loss as a function of distance. Equation (3.6-1) is identical to equation (2.3-2) and
emphasizes that the mean path loss exponent is a function of the number of floors between
transmitter and receiver. The values of n(multi-floor) are given in Table 3.6-1 for use in
equation (3.6-1).

PL(d) [dB] = PL(dy) [dB] + 10 x n(multi-floor) x log ,, (-}) (3.6-1)
0
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TABLE 3.6-1: Multi-floor path loss exponents measured in [Sei92a]. Path loss
values from both buildings were combined to provide average multi-floor path loss
exponents.

Same Floor 2.76 12.9
One Floor 4.19 5.1
Two Floors 5.04 6.5
Three Floors 522 6.7

3.6.2 Floor Attenuation Factor (FAF) Path Loss Model [Sei92a],[Sei92c]

In the previous section, the path loss in multi-floored environments was predicted
by a mean path loss exponent that was a function of the number of floors between trans-
mitter and receiver. Alternatively, a constant Floor Attenuation Factor (dB), which is a
function of the number of floors and building type, may be added to the mean path loss
predicted by a path loss model which uses the same floor path loss exponent for the partic-
ular building type (equation (3.6-2)).

PL (d)=

PL (do) [dB] + 10 x n(same floor) x log (di) + FAF[dB] (3.6-2)
0

where d is in meters and PL(dg) is due to free space. Same floor mean path loss exponents
for the measurements in [Sei92a] are given in Table 3.6-2.

TABLE 3.6-2: Table of same-floor mean path loss exponents from [Sei92a].

Grocery Store 1.81 52
Retail Store 218 8.7
Office Building 1 3.27 112
Office Building 2 3.25 52
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TABLE 3.6-3: Table of Floor Attenuation Factor measured in five buildings in
[Sei92a] and [Sei92c]. Note that the method used to determine the FAF was slightly
different in [Sei92c] than in [Sei92a].

Office Building : 1 [Sei92a]
One Floor 12.9/- 7.0/
Two Floors 18.7/- 2.8/-
Three Floors 24 4/- 1.7/-
Four Floors 27.0/- 1.5/-
Office Building : 2 [Sei92a]
One Floor 16.2/- 29/-
Two Floors 27.5/- 5.4/-
Three Floors 31.6/- 7.2/-
Urban High Rise [Sei92c]
One Floor 13.2/26.2 9.2/10.5
Two Floors 18.1/33.4 8.019.9
Three Floors 24.0/35.2 5.6/5.9
Four Floors 27.01384 6.8/34
Five Floors 27.1/46 4 6.3/3.9
Suburban Office [Sei92c]
Building - Open
One Floor 33.6/31.3 3.2/4.6
Two Floors 44.0/38.5 4.8/4.0
Suburban Office [Sei92c]
Building - Soft
Partitioned
One Floor 29.1354 5.8/64
Two Floors 36.6/35.6 6.0/5.9
Three Floors 39.6/35.2 6.0/3.9

Table 3.6-3 gives the Floor Attenuation Factors and the standard deviations (in dB)
of the difference between the measured and predicted path loss in [Sei92a] and [Sei92c].
In [Sei92a], the Floor Attenuation Factors were computed as the difference between the
measured path loss and the mean path loss predicted by a d" model where n was the same
floor mean path loss exponent in Table 3.6-2 for the particular building structure and d was

the shortest distance between the transmitter and receiver measured in three dimensions.
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In [Sei92c], the Floor Attenuation Factors were computed as the difference between mea-

sured and free space path loss over the same distance.

The average Floor Attenuation Factors for an identical number of floors between
the transmitter and receiver for the two buildings differed by 3-8 dB in [Sei92a]. All floors
in the two office buildings were made of reinforced concrete. Office building 1 was built
within the past ten years, and office building 2 was 20 to 30 years old. Both buildings were
longer and wider than they were high. It is interesting to note that in [Sei92a], [Sei92c],
the average FAF was not a linear function of the number of floors between the transmitter
and receiver as was found in [Mot88], [Mot90]. It is possible different floors cause differ-
ent amounts of path loss, and other factors such as multipath reflections from surrounding
buildings may affect the path loss [Sei92c]. In [Arn89], cross-floor isolation was 26 dB for
metal floors between the transmitter and receiver, and the isolation was only 10 dB when
the floors were not metal. More measurements are called for in many multi-floored build-
ings to quantify the Floor Attenuation Factors as a function of frequency and building
materials, with the goal that eventually, the loss between different floors in buildings may

be predicted without measurements.

3.6.3 Application of Path Loss Models in Multi-Floored Environments [Sei92a]

As an example of how to use the two different models to predict the mean path loss
through three floors of office building 1, assume the mean path loss exponent for same
floor measurements in a building is n=3.27, the mean path loss exponent for three-floor
measurements is 7#=5.22, and the average Floor Attenuation Factor is FAF=24.4 dB for
three floors between transmitter and receiver. These parameters were found from Table
3.6-1 through Table 3.6-3 for office building 1 in [Sei92a]. Then, at a T-R separation of
d=30.0 m, the predicted mean path loss at 915 MHz using (3.6-1) is

PL(30m) [dB] = PL(1m) [dB] +10x5.22xlog;y(30) (3.63)

= 108.8 dB
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or, using (3.6-2),
PL(30m)=

= PL(1m) [dB] +10x3.27 x log (30) +24.4 = 1044dB  (3.6-4)

where PL(1m)=31.7 dB.

3.6.4 Path Loss Contour Plots [Sei92a]

One way to visualize the effects of a building environment on path loss is to deter-
mine a contour plot of locations of equal path loss. In [Sei92a], building blueprints and
both measured and predicted path loss data were imported to a computer-aided design pro-
gram (AutoCAD). The data were used to form contour plots of locations of equal path loss
for a given transmitter location. In each figure, the transmitter location is indicated by an
arrow pointing to an ‘X’ at the transmitter location. Curved solid lines indicate locations
of equal path loss from the transmitter in 10 dB steps. The amount of path loss is indicated
at the end of the lines on the perimeter of the blueprints.

The contour plot of locations with equal measured path loss for the West wing on
the fifth floor of office building 1 in [Sei92a] is given in Figure 3.6-1. The transmitter was
located in the upper right hand corner of the figure as indicated. The thin lines on the
drawing indicate 1.5 meter high soft partition cubicle dividers. In the center of the wing
are conference rooms with concrete block walls which span from the floor to the ceiling.
In Figure 3.6-1, notice that when the thick conference room walls are between the receiver
and the transmitter, the signal is attenuated much more rapidly than at other locations.
Along the diagonal hallway along the edge of the building, the radio coverage is quite
good, and obeys better than free space propagation. Propagation better than in free space
was also observed in [Rap89a], [Rap89b], [Laf90], [Tel91] (and others) for open hallways
that can guide signal energy.

The contour plot for the fourth floor west wing of office building 1 in [Sei92a] is

shown in Figure 3.6-2. The transmitter was located inside an office cubicle on the left side
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FIGURE 3.6-1. Contour plot of measured path loss for the fifth floor of office
building 1 in [Sei92a].

of the figure. The thin lines which surround rectangular areas represent the perimeters of
soft-partitioned office cubicles, not necessarily the locations of the partitions. Both the
transmitter and the receiver antenna were 1.0 m above the floor. The path loss seems to be

consistent with T-R separation and is not greatly affected by the direction of propagation.

3.6.5 Soft Partition and Concrete Wall Attenuation Factor Model [Sei92a]

The previous models include the effects of T-R separation, building type, and the
number of floors between the transmitter and receiver, and are a first step for including site
information to improve propagation prediction. In [Laf90] hallways and rooms adjacent to
a main corridor, and in [Mot90], floors and plasterboard partitioned walls were considered
in the development of site-specific models. In [Dev90b], a model was proposed that mod-
els path loss as d® plus o dB/meter. Although this models the measured data, no physical

explanation was given to determine o for different environments.

There are often obstructions between the transmitter and receiver even when the

terminals are on the same floor. Consider the path loss effects of soft partitions and con-
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FIGURE 3.6-2. Contour plot of measured path loss for the fourth floor of office
building 1 in [Sei92a]

crete walls between the transmitter and receiver for same floor measurements in soft-parti-
tioned environments in [Sei92a]. For a physical model that will apply to all soft-
partitioned environments, it was assumed path loss increases with distance as in free space
(n=2), so long as there are no obstructions between the transmitter and receiver. Then,
Attenuation Factors (AF) for each soft partition and concrete wall that lie directly between
the transmitter and receiver were included. For simplicity, any kind of concrete support
column that wholly or partially blocks the direct path between the transmitter and receiver
was labeled a concrete wall. Table 3.6-4 summarizes the variables used to describe the

soft-partition and concrete wall attenuation factor model.
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TABLE 3.6-4: Summary of the variables used to describe the soft partition and
concrete wall attenuation factor model.

d T-R separation [m]
PL Path loss [dB]
A Carrier wavelength [m]
p Number of soft partitions between the transmitter and receiver
q Number of concrete walls (or posts) between the transmitter and receiver
AF(soft partition) | Attenuation factor for one soft partition [dB]
AF(concrete wall) | Attenuation factor for one concrete wall (or post) [dB]

Let p be the number of soft partitions and g be the number of concrete walls
between the transmitter and receiver. The mean path loss predicted by the Attenuation
Factor path loss model is then given by

4nd
PL(d) [dB] = 20xlog10(—:—) + p x AF(soft partition) [dB] +

g X AF (concrete wall) [dB ] (3.6-5)

‘Notice that no reference distance is used since free space propagation is assumed for all
distances. This model considers only objects along the straight path between the transmit-
ter and the receiver. No multipath effects are included in the model.

For each of the discrete path loss measurements in the soft partitioned environ-
ments in [Sei92a], the difference between the measured path loss and the path loss that
would occur due to free space propagation for a transmitter and receiver at the same sepa-
ration distance were computed. The number of soft partitions and the number of concrete
walls (or concrete building support columns) between the transmitter and receiver were
recorded. Linear regression was used to find the best fit, in a minimum mean square error
sense, for the Attenuation Factors (AF) of each soft partition and each concrete wall
between the transmitter and receiver, where all soft partitions were assumed to induce

identical path loss, and all concrete walls were assumed to induce identical path loss. The
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standard deviation in dB of the difference between the measured path loss and the path
loss predicted by equation (3.6-5) was computed in [Sei92a].

When all path loss measurements in soft-partitioned environments in [Sei92a]
were considered, the AF was 1.39 dB for each soft partition and 2.38 dB for each concrete
wall between the transmitter and receiver. Although these values may seem low for the
attenuation through a partition and a concrete wall, these values were determined to give
the best-fit between measured and propagation data based on a model that considers only
objects on a direct line between the transmitter and receiver. Other propagation paths may
have contributed to the actual received power which would reduce the apparent attenua-
tion factors. Figure 3.6-3 shows a scatter plot of the actual measured path loss vs. the path
loss predicted by equation (3.6-5) with AF(soft partition)=1.39 dB and AF(concrete
wall)=2.38 dB for the three soft-partitioned environments. The diagonal straight line in
Figure 3.6-3 shows where measured and predicted path loss are identical. The standard
deviation of the difference between measured and predicted path loss is 4.1 dB. The soft-
partition and concrete wall Attenuation Factor Model in equation (3.6-5) explains the
deviation of the mean path loss exponent from free space (n=2) based on a physical model
that assumes free space propagation with distance and attributes additional path loss to
identifiable physical obstructions between the transmitter and receiver. Attenuation Fac-
tors for common objects found in buildings are given later in this section on site-specific
models.

3.6.6 Predicted Path Loss for Soft Partitioned Environments [Sei92a]

The Soft Partition and Concrete Wall Attenuation Factor Model in equation (3.6-5)
was used to predict path loss in soft partitioned environments in [Sei92a] with AF(soft
partition)=1.39 dB and AF(concrete wall)=2.38 dB. The differences between measured
and predicted path loss were used to generate error contours. The absolute value of the
error has been plotted to show regions where the model in equation (3.6-5) accurately pre-
dicts the path loss and regions where the model is less accurate. The path loss prediction
error is proportional to the darkness of the shaded region. It is important to note that the

error can be positive or negative within a single shaded region. This is done to indicate
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FIGURE 3.6-3. Scatter plot of measured and predicted path loss in soft-
partitioned environments as measured and predicted in [Sei92a]. The results were
optimized over the combination of measurement locations in all three buildings.

regions where the models have difficulty predicting the path loss. Thus, the use of a cor-

rection factor for the shaded regions is not appropriate.

The error contours for the West wing of the fifth floor of office building 1 in
[Sei92a] and the contours of measured path loss for the same transmitter location and
building wing are given in Figure 3.6-4. The prediction error is less than 3 dB for about
half of the area in this location. There are several places where the prediction error is
greater than 9 dB. This may be partly explained in that the Attenuation Factors for the fifth
floor in the West wing of office building 1 were the lowest measured and differ by about
0.4 dB from the Attenuation Factors used to predict path loss. Thus, on average, 0.4 dB
more path loss is predicted than was actually observed for each partition and concrete wall
in this wing. When many partitions and concrete walls are between the transmitter and

receiver, the bias can be 4-5 dB.
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FIGURE 3.6-4. Error contour plot of predicted path loss for the soft partitioned
West wing of the 5th floor of office building 1 in [Sei92a].

Figure 3.6-5 shows the measured and error contours for the fourth floor West wing
of office building lin [Sei92a]. The prediction error is less than 3 dB for over half of the
locations and less than 6 dB for nearly all of this wing. The error contours for this portion
of the building show that equation (3.6-5) can be used to accurately predict path loss based

on site-specific information.

3.6.7 Shadowing Caused by Typical Objects Found in Buildings

Although not an electromagnetically rigorous solution, the shadowing caused by
typical objects found in indoor radio channels can be estimated from propagation mea-
surements. Table 3.6-6 and Table 3.6-5 give typical shadowing caused by these objects.
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FIGURE 3.6-5. Error contour plot for the soft partitioned West wing on the 4th
floor of office building 1 in [Sei92al].

These values provide rule of thumb estimates to the shadowing caused by common objects
found in buildings. In [Rap89a], the shadowing was defined as the difference between the
observed path loss behind the obstruction and the mean path loss predicted by the d%
model (equation (2.3-2)) for the given T-R separation and building environment. In
[Haw91], the shadowing was computed as the difference in the slow fading component of

the signal as the mobile receiver moved from a shadowed to an unshadowed region.
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TABLE 3.6-5: Shadowing effects of common factory equipment measured at 1300

MHz in [Rap89a].

2.5 m storage rack with small metal parts (loosely packed) 4-6
4 m metal box storage 10-12
5 m storage rack with paper products (loosely packed) 24
5 m storage rack with paper products (tightly packed) 6

5 m storage rack with large metal parts (tightly packed) 20
Typical N/C machine 8-10
Semi-automated assembly line 5-7
0.6 m square reinforced concrete pillar 12-14
Stainless steel piping for cook-cool process 15
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TABLE 3.6-6: Shadowing effects of typical factory obstructions measured at 1300
MHz in [Haw91].

Light textile inventory 35
Chain link fenced in area 20 ft. high which contains tools, inventory, and people 5-12
Metal blanker, 12 square feet 4' 4-7
Metallic hoppers which hold scrap metal for recycling, 10 square feet = - | 3-6
Small metal pole, 6 inch diameter 3
Metal pulley system used to hoist metal inventory, 4 square feet 6
Light machinery, <10 square feet 1-4
General machinery, 10-20 square feet 5-10
Heavy machinery, >20 square feet 10-12
Metal catwalk/stairs 5
Light textile inventory 35
Heavy textile inventory 8-11
Area where workers inspect metal finished products for defects 3-12
Metallic inventory 4-7
Large I-beam, 16-20 inches 8-10
Metallic inventory racks, 8 square feet 49
Empty cardboard inventory boxes 3-6
Concrete block wall 13-20
Ceiling duct 1-8

TABLE 3.6-7: Shadowing effects of typical office building obstructions measured at

1300 MHz in [Haw91].
Concrete block wall 13
Loss from one floor 20-30
Loss from one floor and one wall 40-50
Fade observed when transmitter turned a right angle corner in a corridor 10-15
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3.7 Summary

This chapter has presented statistical results for path loss and delay spread in many
different building types as compiled from the literature. Models for path loss as a function
of distance and median and maximum rms delay spreads were presented for different
buildings. Buildings with large open spaces typically have higher rms delay spreads than
partitioned buildings unless signals that are scattered from surrounding buildings can be
detected. Carrier frequency was shown to have little effect on the statistics of propagation
parameters such as path loss and rms delay spread for carrier frequencies between 800
MHz and 5.8 GHz. Generic statistical models have progressed towards site-specific mod-
els of measured propagation data. The effects of multiple floors, concrete walls, partitions,
and other shadowing objects have been quantified. In order to efficiently design future
wireless systems, true propagation prediction that can accurately estimate signal levels
and delay spread in different environments without measurements is required. The next
chapter presents theoretical electromagnetic models for propagation, scattering, and dif-
fraction. The merging of these models with site-specific building information is described
to provide propagation prediction inside buildings which is more accurate than current sta-
tistical models.
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4 Geometrical Optics, Scattering, and Diffraction

4.0 Overview

Chapter 3 presented some statistical and heuristically developed site-specific mod-
els for propagation based on measurements in many different buildings. This chapter pre-
sents propagation models based on electromagnetic theory that can be used to relate the
propagation to the specific environment. Propagation models based on theoretical models
can be used to predict the propagation based on the surroundings of the transmitter and
receiver without requiring measurements. The chapter begins with a general description of
electromagnetic scattering by arbitrarily shaped bodies. Next, a geometrical optics model
for high frequency wave propagation is described. This description includes a discussion
of plane wave reflection and transmission at a dielectric interface. Several different scat-
tering and diffraction models are described, and the usefulness of each to a site-specific
propagation model is investigated. First, the geometrical theory of diffraction is presented
as a natural extension of a geometrical optics propagation model. A physical optics scat-
tering model and a heuristic scattering model for flat surfaces are discussed. These differ-
ent scattering and diffraction models are used to investigate the scattering from a perfectly
conducting smooth rectangular flat plate. Numerical results are presented to determine the

region of validity for each model.

4.1 Electromagnetic Scattering by Arbitrarily Shaped Bodies

4.1.1 Equivalence

Consider a time-harmonic electromagnetic wave in a source-free region in the
presence of an arbitrarily shaped scatterer as shown in Figure 4.1-1. The incident fields E ;
and H ; are known. To solve for the total fields outside the scattering body requires solving
Maxwell’s equations for the fields both inside and outside the body. The appropriate
boundary conditions on the surface of the body must also be satisfied. Instead of solving
the complete Maxwell’s equations, the problem may be simplified through application of

the equivalence principle. The equivalence principle means that the original problem may
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FIGURE 4.1-1. An electromagnetic wave in the presence of an arbitrarily shaped
scatterer.

be replaced with an equivalent problem in order to solve for the fields in a particular
region of interest [Har61]. The problems are only equivalent in the region of interest. The
solution of the equivalent problem outside the region of interest is not valid. The total
fields E r and H r in the region of interest are the sum of the incident fields E ; and H ; and
the scattered fields E s and H s. The scattered fields are defined as the difference between
the fields in the presence of the body and the fields in the absence of the body (incident
fields). To solve for the scattered fields outside the dielectric body, replace the problem in
Figure 4.1-1 with the equivalent problem shown in Figure 4.1-2. The dielectric body is
transformed to a body with the properties of the exterior region (free space). Equivalent
surface currents are included so that the fields radiated by the surface currents are equiva-
lent to the true scattered fields in the exterior region of interest. The surface current
sources J , and M , radiating in free space produce the same total fields exterior to the body

V and are therefore equivalent to the original problem in the exterior region.

The scattered fields can be determined from the surface currents that radiate in an
unbounded homogeneous medium in the equivalent problem. The values of the surface
currents are determined so that the total fields inside the body are zero. Recall that these
fields are not the actual fields inside the body, since the solution is not valid in the trans-

formed region. The surface currents are determined from }, = axH ; and M , = —RXx E ;
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FIGURE 4.1-2. Equivalent problem in the exterior region for an electromagnetic
wave in the presence of an arbitrarily shaped scatterer.

where # is the outward pointing surface normal. The scattering problem has been trans-
formed into a radiation problem. Radiation and scattering are variations of the same pro-
cess. Typically, the field scattered by a dielectric body is a spatial Fourier transform that
depends on the size of the body, the field variation in the body, and the dielectric variation
in the body. As an example, the pattern radiated by an antenna is expressed by a Fourier
transform that depends on the size of the antenna and the current distribution on the
antenna or the field distribution in the antenna aperture. The solution for the total fields in
the presence of the scattering body solve Maxwell’s equations everywhere and satisfy the
boundary conditions on the surface of the scattering object. In general, this is a difficult

problem to solve exactly.

4.1.2 Characterization of Scattering Regimes

When the surfaces of the scattering object coincide with the coordinate axes for a
geometry in which the vector wave equation is separable, an analytic solution for the total

field may be possible. The vector wave equation

- 2-\
v2E (x1, %9, x3) = p,s-a—aTE (x1,%,%3) =0 4.1-1)
t
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is separable if each of the vector components of the solution E ( Xy, %, X3) can be
expressed in the form of A (x;) B (x,) C (x3) . The variables [ and € are the permeability
and permittivity of the medium where the fields exist, respectively. The three coordinate
variables are represented by the variables x;, x5, and x3. The vector wave equation is only

separable in certain coordinate geometries such as rectangular coordinates, cylindrical,
and spherical coordinates.

Certain approximations to the scattering solution can be made when the frequency
is high or when the frequency is low. Consider a transmitter and two receivers in the pres-
ence of a scattering body. Figure 4.1-3 shows a transmitter, two receivers, and a scattering

object. A direct path exists between the transmitter and receiver 1, but the scatterer blocks

Receiver 1

Line-of-Sight Region

Boundary

-

Transmitter
Shadow

Zone

Receiver 2

Boundary

FIGURE 4.1-3. Shadow zone for a scattering object.

the direct path between the transmitter and receiver 2. Arrows are drawn to indicate the
boundaries of the region where the scatterer blocks the direct path between the transmitter
and receiver. This region where the direct path is blocked is called the shadow zone. All
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observation points not in the shadow zone are in the line-of-sight region. The locations on
the surface of the body that are line-of-sight to the transmitter make up the lit region. The
terms shadow zone and lit region follow from optical theory. Optical theory is the high fre-
quency limit of electromagnetics since visible light is electromagnetic with very short
wavelengths (A ~ 0.6pum ). Hence, the term shadow zone is used since this region is in the
shadow of the object. High frequency implies that the wavelength is small. However,
small is a relative measure of size, and the frequency may only be considered high with
respect to some reference. In scattering problems, the wavelength must be much smaller
than the size of the scattering body for high frequency limits to apply. This limit is useful
for approximating the scattering that results from large objects such as building walls at

D

microwave frequencies.

The other extreme is the low frequency limit. The low frequency limit applies
when the wavelength is much larger than the scattering body. This limit is useful for
approximating the scattering from very small objects such as rain and snow for weather

radar and satellite propagation through the earth’s atmosphere.

Mequency limit, the electromagnetic field in the shadow zone near to
the body is zero for aSﬁ&ﬂ?&bﬁducﬁng body. Non-zero fields are generally experimen-
tally observed in this shadow zone [Bow69], [Stu81]. In addition, the exact solutions of
many problems such as the scattering by an infinite half-plane contain non-zero fields in
the shadow zone [Som54]. Hence, there must be another mode of propagation. Diffraction

—_—
theory explains the existence of a non-zero field in this shadow region. The diffraction
fields are defined as the difference between the fields as determined by the exact solution
and the fields predictedwiqri the high frequency Hinit. The diffraction field is most significant
near the boundary between the lit region and the shadow zone. In order to accurately
determine the fields in the shadow region and near the boundaries of the lit and shadow

regions, diffraction must be considered.

When a portion of a scattering body is concave, multiple scattering can occur. Fig-
ure 4.1-4 shows a concave body. Notice that in the concave portion of the body, an

impinging field represented by a ray can be scattered off the body to another part of the
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Shadow

Transmitter Zone

FIGURE 4.1-4. Concave scatterer that induces multiple scattering from a single
scattering object.

body. This indicates multiple scattering. Problems that involve multiple scattering by con-
cave bodies are generally difficult to solve.

4.2 Geometrical Optics [Bor65], [Des72], [Col85], [Van85]

When the wavelength of a propagating electromagnetic wave is very small, a rea-
sonable approximation to the propagation laws is obtained when the finiteness of the
wavelength is neglected. Neglecting the wavelength corresponds to the limiting case of
Ao — 0. This approximation is known as geometrical optics since the language of geome-
try is used to formulate the optical laws. The difference between the true solution and the
high-frequency geometrical optics solution is accounted for by diffraction theory. The
validity of a geometrical optics model will depend on the size of scattering objects relative
to a wavelength. For sufficiently high frequencies, geometrical optics fields may dominate

the scattering, and may not require any corrections [Bal89].
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The ratio of the magnitudes of the far fields (local plane waves) of a propagating
electromagnetic wave in a vacuum are related by the intrinsic impedance of the vacuum

(essentially free space). This intrinsic impedance is defined in equation (4.2-1).

= K
I—i—l- = 1"0 = J—-g = 377 Q (4'2'1)
|| o

. |E
In a homogeneous medium, u n =

= = (4.2-2)
|a|

TABLE 4.2-1: Table of variables and descriptions for geometrical optics.

E Electric field intensity vector [V/m]
H Magnetic field intensity vector [A/m]
Ho Permeability of free space [H/m]
£ Permittivity of free space [F/m]
Mo Impedance of free space [Q2 ]
1 Permeability of the medium [H/m]
€ Permittivity of the medium [F/m]
c Conductivity of the medium [S/m]
® Radian frequency [radians/second]
n Impedance of the medium [Q ]
a Vector magnitude of geometrical optics electric field [V/m]
T Vector magnitude of geometrical optics magnetic field [A/m]
ko Free space wavenumber [radians/m]
Ao Free space carrier wavelength [meters]
L(x,y,2) Geometrical optics field phase function [meters]
n = ];; Index of refraction of the medium

Table 4.2-1 describes the variables used here to describe geometrical optics fields.
Since the ratio of the magnitudes of the E and H fields is constant, the phase difference
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between the two fields must be constant in the far field. According to the Sommerfeld-
Runge procedure, this property is assumed valid everywhere outside the sources and E
and H are of the form [Bor65], [Van85]

—-jkoL (x,y, 2)

E = a(x,yz)e (4.2-3)

—jkoL (x,y, 2)

= E (x,y,z) e 4.2-4)

x|

Note that the phase function L (x, y, z) is the same for both the electric and magnetic
fields. Although the fields vary rapidly as ky — «, the geometrical optics assumption is

that a, E , and L remain bounded as k; — o, and do not vary rapidly over a distance on

the order of Ay [Van85].

Geometrical optics attempts to determine the wavefronts (equi-phase surfaces)
given by L (x,y,z) = constant. These surfaces are called the geometrical wavefronts.
Optical theory, which is the high-frequency limit, considers the propagation of a wave to
be the progression of the wavefronts into a succession of contiguous ones [Van85]. The
orthogonal trajectories of the wavefronts can be represented by rays that point in the direc-
tion of the wave propagation. Thus, the term ray tracing corresponds to the tracing of
wave propagation in a direction represented by a ray. To within the accuracy of geometri-
cal optics, the propagation velocity is the rate of wave displacement in the ray direction.
The ray directions are given by Poynting’s vector in isotropic, lossless media. A set of
neighboring rays forms a beam (tube of rays) with a variable cross-section as shown in
Figure 4.2-1. The intensity / (W/mz) of the energy transported along a tube containing a
finite number of rays is inversely proportional to the wavefront surface area dA. Hence,
the ray field amplitudes are inversely proportional to the square root of the cross-sectional
area of the wavefront surface. This condition is required to conserve the energy in a tube
of rays. The inverse proportionality of the energy intensity is demonstrated in Figure 4.2-1
and equation (4.2-5). The distances of the wavefront from the source are denoted by R
and Ry, and the wavefront areas are labeled dA; and dA;.
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FIGURE 4.2-1. A tube of rays diverging from a point source.

point
source

—_— = — = — (4.2-5)

The simplicity of the geometrical optics model is due to the locally plane wave
behavior of the fields at the wavefront represented by each ray.

4.2.1 Properties of the Geometrical Optics Fields

* The phase function L (x, y, z) satisfies the eikonal equation where n = /”," is the
index of refraction in the medium. The velocity of propagation is 1/n. ’

oL .2 oL 2 L 2 4
VL = (35) + (5D + () = n*(x,y.2) (4.2:6)
ox ay dz
» The optical path length along a curve joining two points Py and P, satisfies Fermat’s
Principle. Fermat’s Principle states that the actual optical ray path between Py and P,
Pl
J‘nldcl is shorter than the optical path length of any other curve which joins these
PI
points and which lies in a certain regular neighborhood of it. This implies that ray paths
are rectilinear in homogeneous media.

Geometrical Optics, Scattering, and Diffraction Page 72



Site-Specific Propagation Prediction for Wireless February 7, 1993
In-Building Personal Communication System Design

» At the surface of separation between two homogeneous media, each incident ray cre-
ates a reflected ray and a refracted ray. Snell’s laws of reflection and refraction deter-
mine the ray directions as will be shown in Section 4.2.3 Plane Wave Obliquely
Incident Upon a Planar Boundary [Che83].

Br = 61. 5 ng smBi = n,sin0 ; 4.2-7)

* In an inhomogeneous medium, the curvature of a ray path is given by equation (4.2-8).
The radius of curvature of the ray path is p. The index of refraction is n, and the unit
normal vector that points toward the center of curvature is denoted by 7. The symbol
V is the divergence operator.

% = -V (logn) = ﬂ-? , (p>0) (4.2-8)

4.2.2 Free Space Path Loss [Stu81], [Col85], [Gri87]

The path loss dependence with distance of each ray in a geometrical optics model
is the same as in free space. Consider a transmitter antenna and a receiver antenna in free
space as shown in Figure 4.2-2. The variables used to describe the figure are given in

Table 4.2-2. In free space, electromagnetic waves propagate in straight lines.

Receiver Antenna

Transmitter Antenna

FIGURE 4.2-2. Transmitter and receiver antenna located in free space (from
[Col85)).
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TABLE 4.2-2: Table of variables and definitions for the description of free space
propagation.

0 op Direction of receiver from transmitter relative to antenna boresight
0p 0p Direction of transmitter from receiver relative to antenna boresight
G (0,9, Transmitter antenna gain

Gr0pp) Receiver antenna gain

P T Transmitted power [Watts]
Py Received Power [Watts]
PL Path loss between transmitter and receiver [dB]
P Power density per unit area incident upon the receiver antenna [W/m?]
r Distance between transmitter and receiver [m]
A, Effective area of receiver antenna [m?]
A Carrier wavelength [m]

The transmitter antenna has a power gain of G (0,,0,) in the direction of the
receiver. Similarly, the power gain of the receiver antenna is G(0p,0,) in the direction of
the transmitter. The power density per unit area incident upon the receiver at a distance r

from the transmitter is

PrGr (85 ¢7)
= 2

P,

inc

(4.2-9)
4nr

for a transmitted power Py. The effective area of an antenna (4,) is a measure of the abil-

ity of an antenna to collect power from an incident wave and deliver it to its terminals
[Stu81].

22
A, = GpOpbp)— (4.2-10)
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The power captured by the receiver antenna is the incident power density (P;,.) times the

effective area of the antenna. Hence, the received power is

A 2
P = Py Gr0p0p) Grl®ptp) (7—) (4.2-11)
or
Pp [dBm] =
. i A

Path loss is defined as the difference between the transmitted and received power.
PL[dB] = PT[dBm] —PR [dBm] (4.2-13)

Comparing equations (4.2-12) and (4.2-13), the path loss between two antennas located in
free space is given by

PL(r) [dB] = 20x10g10(f;f) ~Gr[dBi] -Gg[dBi]  (42-14)

which is the Friis free space transmission equation. Note that equation (4.2-14) is indepen-
dent of Py since free space is linear for field strength less than 3 kV/mm at atmospheric

pressure. Equation (4.2-14) is the true free space path loss between two antennas. If path

loss is referenced to isotropic antennas (Gy = Gz =1=0dBi), then

Referencing the path loss to isotropic antennas is equivalent to determining the path loss
due strictly to the radio channel without influence from the measurement antenna pattern.
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4.2.3 Plane Wave Obliquely Incident Upon a Planar Boundary [Che83]

In free space, electromagnetic waves travel in straight paths. However, radio
waves must propagate in regions that are not entirely free space. This is true in buildings
where planar objects such as walls and partitions are common. Thus, it is important to
understand the interaction of plane waves and planar surfaces. Consider a uniform plane
wave with perpendicular (TE) polarization obliquely incident upon a planar dielectric
boundary shown in Figure 4.2-3. The polarization is perpendicular because the E field is
perpendicular (coming out of the page) to the plane of incidence. The plane of incidence is
the plane that contains the vectors l?,- and 7. Note that the entire region below the bound-
ary is made up of the dielectric material and that the interface extends infinitely in the pos-
itive and negative z direction. Table 4.2-3 summarizes the variables used to describe the
fields in equations (4.2-16) through (4.2-23). A detailed textbook derivation of the Fresnel

plane wave reflection and transmission coefficients is given in Appendix A.

Perpendicular (TE) Polarization A

X k,

FIGURE 4.2-3. Reflection and transmission field polarization of a perpendicularly
(horizontally) polarized plane wave obliquely incident upon a planar dielectric
boundary. Note that the entire region below the boundary is made up of the
dielectric material and that the interface extends infinitely in the positive and
negative z direction.
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TABLE 4.2-3: Summary of variables used to describe plane wave reflection in

equations (4.2-16) through (4.2-23).

Mo Permeability of free space [H/m]
£ Permittivity of free space [F/m]

€ = g, Permittivity of dielectric material [F/m]
o Conductivity of dielectric material [S/m]
8: Complex relative dielectric constant of material
6; Angle of incidence (measured from surface normal) [radians]
E i Incident electric field [V/m]
H i Incident magnetic field [A/m]
k i Propagation direction of incident field
6, Angle of reflection (measured from surface normal) [radians]
E, Reflected electric field [V/m]
H, Reflected magnetic field [A/m]
k r Propagation direction of reflected field
6, Angle of transmission (measured from surface normal) [radians]
E, Transmitted electric field [V/m]
H, Transmitted magnetic field [A/m]
k, Propagation direction of transmitted field

ns= ./[—l/_s Wave impedance in dielectric medium [Q]
Mo Wave impedance in free space [ ]

k = 2m/A = o.fpe | Wave number in dielectric medium [radians/m]

ny, = e, Index of refraction in dielectric medium

x Unit vector in the coordinate direction x
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¥ Unit vector in the coordinate direction y

2 Unit vector in the coordinate direction z
r, Reflection coefficient for perpendicular polarization
T, Transmission coefficient for perpendicular polarization
I’ I Reflection coefficient for parallel polarization

T Transmission coefficient for parallel polarization

In order to satisfy Maxwell’s equations, the tangential components of the E and H fields

must be continuous at the boundary. Snell’s laws of reflection and refraction give

6 =0 : 2 _k_OMo% 1 _ 1

r ! Slnei k PO ’uoe gr n2

Solving for the reflected and transmitted field amplitudes in terms of the incident field
amplitudes gives the Fresnel reflection and transmission coefficients for perpendicular

(4.2-16)

(TE) polarization. The reflection (I, ) and transmission (7', ) coefficients are given as

E (n/cosB)) — (ny/cosb))

Co=_r° 42-17

1 E,, (n/coth) + (110/0089,-) ( ‘
E 2(n/cosB)

T, - to t (4.2-18)

E;,  (n/cosB) + (ny/cosb)
The reflection coefficient I'| and the transmission coefficient T’ are related as follows.
1+ =T, (4.2-19)

A similar analysis follows for parallel (TM) polarization shown in Figure 4.2-4.
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Parallel (TM) Polarization

into the page

-

FIGURE 4.2-4. Reflection and transmission field polarization of a vertically
polarized plane wave incident upon a planar dielectric boundary. Note that the
entire surface below the interface is made up of the dielectric medium and that the
surface boundary extends to positive and negative infinity in the z direction.

E (ncos, —n,cosd,)

I‘II = E:: - (ncos61+n0cos6i) (4220
E,, 211cos6i
Ty = E, (ncosB, +mcosd) (4.221)
cos0,
1+, =T, (COSBJ (4.2-22)

Lossy materials may be considered by letting the relative permittivity of the

' c
dielectric constant be complex. The term Py is referred to as the loss tangent.

* )
g, = ar(l _JBE) (4.2-23)

Geometrical Optics, Scattering, and Diffraction Page 79



Site-Specific Propagation Prediction for Wireless February 7, 1993
In-Building Personal Communication System Design

Polarizations other than vertical and horizontal may be divided into vertically and
horizontally polarized components [Bec68]. Conductivity, permittivity, frequency, and
angle of incidence influence the Fresnel reflection coefficients. Table 4.2-4 gives the loss
tangents and relative dielectric constants for dry concrete over a frequency range of 1 kHz
to 10 GHz (from [Von54]).

TABLE 4.2-4: Table of loss tangent and relative permittivity for dry cement over a
frequency range of 1 kHz to 10 GHz.

1 kHz 355x 10 248
10kHz 289 x 10 248
100 kHz 259x 10 2.48
1 MHz 255x 104 248
10 MHz 22x10* 248
100 MHz 15.0x 10 247
3 GHz 7.8x10* 240
10 GHz 6.8 x 107 235

Plots of the magnitudes of the Fresnel transmission and reflection cocfﬁcicnts for
plicene cement and marble at 4.0 GHz are shown in Figure 4.2-5 as a function of inci-
dence angle for both vertical and horizontal polarization. The incidence anglg is measured
from the surface normal. The relative dielectric constant of the plicene ég;ént is 2.4, and
the relative dielectric constant for the marble is 8.8 as given in [Von54]. The loss tangent
of the cement is 7.8x10'4, and the loss tangent of the marble is 2.5x102. The magnitudes
of the reflection and transmission coefficients for these two materials are plotted since they
are two likely building materials that have different dielectric properties. Notice that the
magnitude of the vertical polarization reflection coefficient for plicene cement goes
through a minimum value for an incidence angle of 57 degrees. The angle where the mag-
nitude of the reflection coefficient is a minimum is called mw§le. As the
reflection coefficient goes through the minimum value with decreasing values of grazing
angle, the phase changes rapidly from around zero degrees to 180 degrees. Thus, the
reflection coefficient is nearly -1 for small grazing angles and vertical polarization. The

horizontal reflection coefficient is also nearly -1 for small grazing angles. This limiting
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value is independent of the dielectric constant of the lower medium. For the higher dielec-
tric constant marble, the Brewster angle is increased to 71 degrees and the reflection coef-
ficients at a given incidence angle are larger than for the cement. The transmission

coefficients at a given incidence angle are smaller than the transmission coefficients of the

cement.
Plicene Cement - f=4.0 GHz Marble - f=4.0 GHz
1.0 224 1.0( 288
ool Loss tangeat=0.00078 osf Loss tengent=0.025
os} os|
07} o7}
os6f o6}
osf 0S
04 04 -
803 3 !0.3 -
02 02
gm g” \
ool S ('Y} SN, VA
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Incidence normal)

Angle (degrees from normal) Incidenco Angle (degrees from

FIGURE 4.2-5. Magnitude of the reflection and transmission coefficient of plicene
cement and marble for both vertical and horizontal polarization at 4.0 GHz. The
dielectric properties are found in [Von54].

An alternative derivation of the reflection coefficients can be determined by the
principle of equivalence. Equivalent surface currents on the boundary of the two media
can be determined from the boundary conditions on the total field. These surface currents
exist everywhere on the surface and generate the specular scattered fields given above.
When the surface is no longer infinite, the scattering pattern changes. The effect of a finite
size scatterer is examined in Section 4.6 Computed Scattering and Diffraction Patterns
using Physical Optics, and the Geometrical Theory of Diffraction since real scattering

objects are never infinite in extent.

Reflection coefficient models are generally valid when objects are smooth surfaces
and the smallest dimension of the object is greater than SOA [Par89]. The Rayleigh param-
eter (£) may be used to judge whether a surface is smooth or rough relative to the wave-
length [Par89], where

Geometrical Optics, Scattering, and Diffraction Page 81



Site-Specific Propagation Prediction for Wireless February 7, 1993
In-Building Personal Communication System Design

Y = i;(-;-sinﬂ. (4.2-24)

The standard deviation of the surface roughness relative to the mean height of the surface
is 0, A is the carrier wavelength, and 0 is the incidence angle measured from grazing inci-
dence. It is suggested that if X<0.1, the surface can be considered smooth and the reflec-
tion coefficient model is valid. For £>10, the reflected wave is almost insignificant
[Par89]. The impulse response of a rough surface is given in [Bro77] for the incoherent

scattered power.

4.2.4 Plane-Earth Reflection Path Loss Model [Col85]

Geometrical optics can be used to predict path loss when two antennas are located
above a flat earth as indicated in Figure 4.2-6. The transmitter and receiver antennas are at
heights h; and hj above the ground, and are separated by d meters. The variables used to
describe the figure are given in Table 4.2-5.

Transmitter
£,(0)

Direct Ray
h, Receiver
Reflected Ray h 2
Free Space
Reflection Coefficient ™. Earth
- S —
d h,

FIGURE 4.2-6. Pictoral representation of plane-Earth reflection.
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TABLE 4.2-5: Table of variables and descriptions used to describe the two-ray plane-
Earth reflection model.

h; Transmitter antenna height [meters]

h, Receiver antenna height [meters]

d Ground separation between transmitter and receiver antennas [meters]
R, Path length of direct ray [meters]

R, Path length of reflected ray [meters]

0 Direction of ray path relative to antenna pattern [radians]

f1(6,) | Radiation field strength pattern of transmitter antenna in the direction of the receiver

f2(0')) | Radiation field strength pattern of receiver antenna in the direction of the transmitter

fi (62) Radiation field strength pattern of transmitter antenna in the direction of the reflected ray

f2(0'y) | Radiation field strength pattern of receiver antenna in the direction of the reflected ray

Vi Voltage induced at receiving antenna due to the direct ray [Volts]

V, Voltage induced at receiving antenna due to the reflected ray [Volts]
ko Free space wavenumber, ky=271/A, A is the carrier wavelength [radians/m]

pe’ * Reflection coefficient for the ground

Both the direct and specularly reflected ground ray that reach the receiver are
shown in Figure 4.2-6. The direct and reflected ray can combine constructively or destruc-
tively according to the path lengths R; and R; and the phase of the reflection coefficient.
Thus, the coherent sum of the fields must be used to compute the received power. The field

of the direct ray produces a voltage at the receiving antenna that is proportional to

e‘jkoRl
Vi<f1(0),0) 7—=— (4.2-25)
1 1 1772 1 411;R1

where f1(0) and f5(0) are the radiation field strength patterns of the two antennas.

f1(8) = [Gr(8) , f,(8) = [Gg(B) (4.2-26)
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The indirect reflected ray produces a voltage proportional to

e'jkoRz
A CAVICAREE @227)

The total received voltage is proportional to |V; + V,| where V; and V; are complex. The

total received power is proportional to
Pp o< 20 x log 10|V1 + V2| (4.2-28)

Consider the behavior of the received power as a receiver moves radially away
from the transmitter. Figure 4.2-7 shows the received power relative to the free space
power received at a 10 meter separation distance for f=900 MHz and antenna heights of 10

¢ is assumed to be -1

m and 2 m. For this numerical example, the reflection coefficient pej
for all angles of incidence and reflection. Although this is not true in practice, it is valid for
small grazing angles which is the region of interest. Notice that up to distances of 200
meters, the received power undergoes many rapid fluctuations as the receiver is moved.
The average received power (spatial average of the instantaneous signal) decreases nearly
as in free space (20 dB/decade). At distances greater than 200 meters, received power

decreases as 40 dB/decade.

The rapid fluctuations for d<200 m are caused by the relative change of the phase
for the individual multipath components as the path lengths R; and Ry approach each
other. For d>200 m, R; and R, are nearly equal and the path lengths differ by less than
half a wavelength. Due to the 180° phase shift at the ground, the two voltages nearly can-
cel. The asymptotic behavior (d>>hsh,) of the received power is [Par89]

P hh N2

R t'r
— = G,G (—) (4.2-29)
The received power decreases as d* which gives a 40 dB/decade path loss slope seen in
Figure 4.2-7. This model has been used to estimate the capacity of a CDMA cellular radio
system [Rap92].
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FIGURE 4.2-7. Received signal as the receiver is moved radially away from the
transmitter. Received power decreases with distance at a rate of 10 - n dB/decade.

4.3 Geometrical Theory of Diffraction [Kel62], [Kou74], [Bal89]

4.3.1 Perfectly Conducting Surface

Geometrical optics fails to account for diffracted energy in the shadow regions,
and the geometrical optics field is discontinuous at shadow boundaries. The Geometrical
Theory of Diffraction (GTD) supplements geometrical optics by introducing a diffracted
field that accounts for the non-zero fields in shadow regions and modifies the field in the
GO region so that the total field is continuous. This is important since in a mobile and por-
table radio environment, the receiver is often shadowed from the transmitter. It is impor-
tant to be able to predict the changes in the propagation as a receiver moves from an
unobstructed to an obstructed location. At high frequencies, diffraction, like reflection and
refraction, depends on the geometry of the object and the amplitude, phase, and polariza-
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tion of the incident field at the point of diffraction [Bal89]. Some of the advantages of
GTD as given in [Bal89] are listed below.

¢ It is simple to apply.

e It can be used to solve complicated problems that are not amenable to other methods
such as the radar cross-section of complex objects.

¢ It provides physical insight into the radiation and scattering mechanisms from the vari-
ous parts of the structure.

e It yields accurate results within its region of validity that compare quite well with
experiments and other methods.

The exact solution of high-frequency diffraction problems such as diffraction by
an infinite half-plane contain terms that are not included in the geometrical optics solution
[Som54]. These terms are diffraction terms that account for the non-zero field in shadow
regions. Consider a perfectly conducting infinite wedge in free space as shown in Figure
4.3-1. The wedge is infinite in the dimension perpendicular to the page as well as in the
directions indicated in the figure by arrows. An electromagnetic wave is incident upon the
wedge from the source point O in the plane that contains the observation point P. This
plane is the page surface. The received field is observed at a constant radius p from the tip
of the wedge. Figure 4.3-2 shows the wedge geometry. The cylindrical coordinates p and ¢
are the observation coordinates, and p’ and ¢’ are the source coordinates. The distances
are measured from the tip of the wedge, and the angles are measured from the upper

wedge face.

Three distinct regions can be seen in Figure 4.3-1 and Figure 4.3-2. The bound-
aries between the regions are determined by what rays can reach the observation point. In
region I, direct, reflected, and diffracted rays are received. The reflection shadow bound-
ary (RSB) is the boundary between where a reflected ray can and cannot be received. This
boundary occurs at the angle ¢=n-¢’. In region II, direct and diffracted rays are received,
and the incident shadow boundary (ISB) occurs at the angle ¢=n+¢’ as indicated in Figure
43-2. The ISB is the boundary between where the incident ray can and cannot be
received. The direct and reflected fields are determined according to geometrical optics. A
typical reflected field originates at the point Qp on the face of the wedge in Figure 4.3-1.
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FIGURE 4.3-1. Canonical problem of diffraction by a perfectly conducting wedge
of interior angle (2-n)nt (from [Bal89]). The angles are indicated in Figure 4.3-2.
The points Qg and Qp are the points of reflection and diffraction on the wedge.

The diffracted field originates at the tip of the wedge at point Q), and propagates directly
to the observation point. The diffracted field can be written as

E,(P) = E;(Qp)D(L, ¢, ¢, n) A (p', p) e 43-1)

where D is a diffraction coefficient that relates the amplitude of the diffracted field to the
amplitude of the field incident at the tip of the wedge E; (Q,) as determined by geometri-

cal optics. In general, the diffraction coefficient depends on observation distance, angle of

incidence, angle of diffraction, wedge angle, and wave polarization. The variable L is a
distancevpa.rameter use& >when the source and observation points are at finite distances
from the wedge. The variable n is a measure of the interior angle of the wedge and may
take on any value between 0 and 2. A value of n=2 indicates an infinitely thin half-plane
and n=1.5 is a ninety degree wedge such as found in building corners. The spatial spread-
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FIGURE 4.3-2. Wedge geometry for a perfectly conducting wedge. The source is a
distance p’=r; from the tip of the wedge, and the observation point is at a distance
p=r, from the tip of the wedge.

ing factor A(p’,p) in equation (4.3-1) for the diffracted ray is defined in equation (4.3-2)
[Bal89].

% for cylindrical or plane wave incidence
AG.p) = | P (4.3-2)

/——p—— for spherical wave incidence
p(p+p)

Cylindrical wave incidence is useful for determining the scattered (diffracted) fields when
the scattering body is infinite in one dimension and varies only in two dimensions. Since
the object only varies in two dimensions, the fields only vary in two dimensions as well.
Three-dimensional or spherical wave incidence must be used when the source is a point
source and the scattering object varies in all three dimensions.

e
ﬁ if
y

7"/ :'5 ¢ )

The diffraction coefficient is determined so that the geometrical theory of diffrac- " -

tion approximation is the same as the asymptotic form of the exact solution for the infinite
wedge. The GTD diffraction coefficients developed by Keller are described in equations
(4.3-3) and (4.3-4) [Kel57].
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zl1 . W
e "—sin (=)
Ds(p,d,¢',n) = ——24/-__1;?— X (4.3-3)
L \
cos (H) —cos(¢; ) cos(g) —cos((b-:;(i> ) I »/‘
e—jz%sin(z)
D,(p,¢,9',n) = __—_2,,/7— X (4.3-4)
1 + 1
cos (g) —cos(¢;¢ ) cos(;:-) —cos(¢:¢ )

for soft (TE) and hard (TM) polarization. The terms hard and soft are derived from scalar
acoustic scattering. For soft polarization, the electric field is zero on the boundary. This is
the Dirichlet boundary condition and occurs when the polarization is TE to the scattering
surface. For hard polarization, the normal derivative of the electric field (this is the mag-
netic field) on the surface is zero. This is the Neumann boundary condition that occurs
when the polarization is TM with respect to the scattering surface. The Keller diffraction
coefficients given in equations (4.3-3) and (4.3-4) yield the correct high frequency asymp-
totic fields everywhere except near the reflection shadow boundary and the incident
shadow boundary as shown in Figure 4.3-6. The units of the diffraction coefficients Dg and

Dy, are square root of meters. The diffraction coefficients are determined by an approxima-
tion of the exact solution. The accuracy of the approximation depends on the angle
between the observation angle and the\ shadow boundary. When the observation
approaches the shadow boundary, the approximation is less accurate and the diffraction
coefficients become singular. In order to determine the,,ﬁclds near these boundaries, a Uni-
form Geometrical Theory of Diffraction. (UTD) was developed by Kouyoumjian and
Pathak [Kou74]. The uniform diffraction &efﬁéients are given as
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. [V
Ds(Ls ¢’ 4)" n) =D’ (L’¢—¢'! n) _D’(Ls¢+¢'s n) U (43'5)
D), (L, ¢,¢',n) = D'(L,¢~¢',n) +D" (L, ¢ +¢',n) (43-6)
where
.

DL &b m) = - 437
R @37)
(oot 222 p g (-1 + 0ot C— 20y P i (0 - 401

DI(Lg+4,m) =~ x (4.3-8)
teot (229 ) £ gt (04491 4ot 850 P i 0 4001

The distance parameter L is given as for cylindrical or spherical waves, and k is the

p
p+p'
free space wavenumber. The functions g* and g~ are representative of the angular separa-

tion between the observation point and the incident or reflection shadow boundary
[Kou74], [Bal89].

g =1+cos[(dF¢') —2nnN*] (4.3-9)
g =1+cos[(0dFd') —2nnN"] (4.3-10)

where N* or N is the integer which most closely satisfies the equation

2nnNt - (6 F9¢')

+m for g* (4.3-11)

2nnN - (6 F¢')

-7t for g” 4.3-12)
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This is described in detail in [Kou74]. The transition function F(X) is defined as

F(X) = 2j /X" | eCdn (4.3-13)
JX
where X is a dummy variable for the argument of the transition function in equations (4.3-

7) and (4.3-8).

The uniform diffraction coefficients given in equations (4.3-5) through (4.3-8) do

not possess singularities at the incident and reflection shadow boundaries. The singulari-

ties in the Keller diffraction coefficients are overcome essentially by the multiplication of
the diffraction coefficients by a Fresnel integral as given in equation (4.3-13). At the
shadow boundary, the Fresnel integral is zero in such a way that the product of the integral
and the Keller diffraction coefficient remains finite, and away from the shadow bound-
aries, the Fresnel integral is unity. Once the diffraction coefficients are found, equation
(4.3-1) can be used to solve for the diffracted field. The fields determined by uniform dif-
fraction theory contain the correct discontinuities to completely cancel the discontinuities
found in the geometrical optics solution at the shadow boundaries. Hence, the total field is

. —
continuous.

\_—."
As an example of how the uniform diffraction coefficients compensate for the dis-

continuities in the geometrical optics field, consider the perfectly conducting wedge
shown in Figure 4.3-1 and Figure 4.3-2. Assume a plane wave is incident on an infinite
half-plane (n=2) at an angle of ¢ =30 degrees. The incident diffracted, reflected diffracted,
and geometrical optics fields at an observation distance of one wavelength from the tip of
the wedge are shown in Figure 4.3-3. The total field is given as the phasor sum of the geo-
metrical optics, incident diffracted and reflected diffracted fields. Notice that the disconti-
nuities present in the geometrical optics field at the reflection shadow boundary (RSB) and
incident shadow boundary (ISB) are compensated by the discontinuities in the diffracted
fields to give a continuous total field distribution.
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FIGURE 4.3-3. Field distribution of various components of a soft polarized plane
wave incident normally on a conducting half-plane (from [Bal89]). The
geometrical optics field, the incident diffracted field, and the reflected diffracted
field are shown along with the total field which is the phasor sum of the
geometrical optics, incident diffracted, and reflected diffracted fields. The
observation angle is the angle of the receiver as measured from the face of the
wedge as indicated in Figure 4.3-2.

Figure 4.3-5 shows the different field components for scattering of a spherical
wave by an infinite length flat strip computed using the uniform theory of diffraction. The
strip is shown in Figure 4.3-4. The diffracted field from each edge of the strip has a dis-
continuity to compensate for the shadow boundaries in the reflected geometrical optics
field. The continuous field represented by the dark line in Figure 4.3-5 is the total scattered
field as a function of scattering angle in the forward direction. Figure 4.3-6 shows the
solution for the same case as in Figure 4.3-5 for computations with geometrical optics,
geometrical theory of diffraction, and uniform theory of diffraction. Notice that the Keller
GTD diffraction coefficients are singular at the shadow boundaries and do not give the
correct solution between about twenty and forty degrees. The UTD diffraction coefficients

give a continuous field and should be used to determine the scattering.
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FIGURE 4.3-4. Geometry for scattering from an infinitely long strip of finite
width b.
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FIGURE 4.3-5. Individual UTD field components scattered from an infinitely long
finite width strip shown in Figure 4.3-4.
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FIGURE 4.3-6. GO, GTD, and UTD diffraction solutions for scattering from a
finite width strip. Notice that the Keller GTD solution is singular at the shadow
boundaries.
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4.3.2 Dielectric Bodies

The diffraction coefficients in Section 4.3.1 Perfectly Conducting Surface were
developed from the canonical scattering solution for perfectly conducting wedges. The
canonical problem of scattering by a dielectric wedge is as yet unsolved. Hence, diffrac-
tion coefficients can not be derived directly from the solution. Instead, the diffraction coef-
ficients are modified so that the continuity of the total field at the shadow boundaries is
maintained. Each diffraction coefficient is made up of an incident diffracted term and a
reflected diffracted term. These individual components of the diffraction coefficients for a
perfectly conducting wedge are modified so that the total diffraction coefficient for a
dielectric edge correctly compensates for the field discontinuities at the shadow bound-

aries in the geometrical optics solution. The diffraction coefficients become [Bur83]:

D(¢,¢") = [(1-T)D;(¢-9¢") +I'D, (¢ +¢")] (4.3-14)

where I" and T are the reflection and transmission coefficients of the surface along the

shadow boundaries. The modified uniform geometrical theory of diffraction solution is
continuous and produces the same shape of scattering pattern as the perfectly conducting
wedge solution. Although the shape of the scattering pattern is the same, the scattered
power is affected by the reflection coefficients. This method for computing the modified
diffraction coefficients has been used to model path loss over hills or ridges [Lue84a],
[Lue84b].

4.3.3 Application of Uniform GTD to a Perfectly Conducting Flat Rectangular Plate

Geometrical optics considers reflection from infinite planar surfaces. In reality,
surfaces are finite and edge effects can alter the scattering pattern. Here, two different
models are used to determine the scattering by a rectangular flat plate finite in two dimen-
sions. The regions of the validity of the two models differ. One model is used in the far-
field, and the other is used when the receiver is in the near-field of the scatterer. The finite
strip model considers the scattering from a strip finite in one dimension and infinite in the
other. Since there is no variation in one dimension, the two-dimensional scattering solu-

tion is computed for cylindrical wave incidence and scattering. Once the two-dimensional
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fields are computed, the ends of the strip are eliminated so that the strip becomes finite in
two dimensions. The cylindrical fields can be converted to three-dimensional spherically
spreading fields when the strip is in the far-field of the source (local plane wave) and the
observation point is in the far-field of the strip. A far-field conversion factor that incorpo-
rates the finite length of the strip in the transverse direction is used to convert the fields
from two dimensions to three [Sie58]. Hence, the finite dimensions of the plate in both
dimensions are considered in the far-field solution. The infinite strip model assumes that
the scattering from the flat plate is the same as the scattering from an infinite length strip
when the incident and scattered waves are spherical. The finite length of the strip in the
transverse direction is ignored. No restriction is placed on the distance of the scatterer
from the source. The distance that denotes the transition point for which model is used is
the location of the first Fresnel zone at 2.2/A where L is the largest dimension of the scat-
terer. The finite strip model is used for distances greater than the location of the first
Fresnel zone, and the infinite strip model is used for observation distances smaller than the
first Fresnel zone distance. These models are developed to show how the uniform geomet-
rical theory of diffraction can be used to determine the scattering and diffraction of radio

waves is implemented for objects in buildings.

Finite Strip Model

Consider a cylindrically spreading wave incident upon a finite width perfectly con-
ducting strip. The geometry is shown in Figure 4.3-4 where the variable a is first consid-
ered to extend to infinity. Once the solution in two-dimensions is computed, the length a is
reduced to a finite value to convert the fields to three dimensions. The cylindrical scattered
fields consist of the geometrical optics reflected field from the surface of the strip and a
diffraction contribution from each of the two edges. Each edge is modeled as an infinite
half plane. For a wave polarized in the +x direction, the polarization is TE with respect to
the two edges. Multiple diffraction is not considered.

The geometrical optics scattered field is
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R e—jk (ri+ry)
Egop = " Ef———— (4.3-15)
in the specular directions only, and each diffracted field is
—jk(ry+r,) '
N e D, (L,d,9', n=2)
Ep = Egt (L 90 (4.3-16)

NT172

where the distances r and r are the distances of the transmitter and receiver to the specu-

lar reflection point for the GO field and the distances to the edge diffraction point for the
diffracted field. The variables ¢ and ¢’ are the observation and incidence angle. Figure
4.3-7 shows the assumed geometry for one diffraction edge. The diffracted field exists
everywhere, and the GO field is zero when no specular point exists on the surface. A spec-
ular point exists on the surface if the receiver falls within the specular directions as indi-
cated in Figure 4.3-8. The specular point is the intersection of line AD and a straight line
drawn between the receiver and the image source. The specular point lies on the surface if
the intersection point is between points B and C.

» b

X

FIGURE 4.3-7. Two-dimensional view of diffraction geometry for scattering from
an infinite length strip of finite width b.
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FIGURE 4.3-8. Transmitter and image source for scattering from a flat plate. The
specular point is the intersection of line AD and a straight line drawn between the
receiver and the image source. The specular point lies on the surface if the
intersection point is between points B and C.

The two-dimensional scattered field is

ES = EGO+EDI+ED2 (4.3-17)

In the far-field, the two-dimensional scattered fields can be converted to three-dimensional
fields by multiplying by the following conversion factor that accounts for the finite length
of the strip which is denoted by the variable a [Sie58]:

n

-J—
ae 4

Jars

This conversion factor arises from an integration over the length of the edge and

(4.3-18)

effectively accounts for the finite length of the strip in the % direction. However, this con-
version factor is derived from far-field approximations and is not valid when the observa-
tion point is closer than the first Fresnel zone distance [Sie58]. In addition, the scatterer
must be in the far-field of the source such that the incident waves may be considered
locally planar. Diffraction effects from the two edges that are perpendicular to the electric
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field vector will be cross-polarized, and will cancel each other for scattering in the princi-
ple plane (¢;=270°, ¢,=90°). Comparison of measurements and calculations of the radar
cross section of rectangular flat plates in [Ros66] show that these edges can be ignored for
lengths greater than about two wavelengths.

Infinite Strip Model

The far-field conversion factor cannot be used when the observation point is close
to the scatterer. As a model for the scattering from a perfectly conducting flat plate, the
scattering is assumed to be the same as that from a perfectly conducting infinite strip with
the same width as the plate. The finite length of the plate in the transverse direction is
ignored, and spherical wave incidence and scattering are assumed. The scattered geomet-
rical optics field in three dimensions is assumed to be the far-field GO field

—Jk(r,+r)

when a specular point exists on the surface, and each diffracted field is

e‘jk("] +f2)Ds (L, ¢’ ¢v, n=2)

4.3-20
Jrira (ry+1y) ( ‘

Ep = Eg
The total scattered field is

Es = EGO""EDI"'EDZ (4.3-21)

In Section 4.6 Computed Scattering and Diffraction Patterns, the computations of
the scattering from a finite rectangular flat plate for both near-field and far-field conditions
is presented. It is shown that both the near-field and the far-field model compare well with
the physical optics solution in the specular direction when each model is used in the
appropriate region of validity. The physical optics solution in the specular direction is con-
sidered an accurate approximation to the exact scattering solution. In the far-field, the
length of the plate in the transverse direction ‘appears’ small, and a far-field conversion‘
factor in the finite strip model may be used to account for the finite length of the plate.
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When the observation is close to the scatterer, the length of the plate approaches an infinite
strip and ‘appears’ much larger. Hence, the length of the plate is ignored and the infinite
strip model is used.

4.4 Physical Optics (PO)

Scattering from finite size bodies can be determined via the vector potential
method for radiation from a finite current source [Bal89]. This method determines the
radiation (scattering) by integration of the surface currents over the extent of the body.
First the vector potentials are found from the surface currents, and then the scattered fields
are found from the vector potentials. Since the exact currents on the surface of the scat-
terer are often unknown in a scattering problem, physical optics is used to estimate the sur-
face currents. Physical optics is a high frequency approximation for the currents on the
surface of an arbitrary scatterer such as shown in Figure 4.1-1 through Figure 4.1-4. Phys-
ical optics assumes that the surface currents on the body are determined by the fields at the
surface of the scattering body in the lit region shown in Figure 4.1-3. The surface currents
are assumed to be zero in the shadow region. This approximation improves as the size of
the scatterer relative to a wavelength increases. Once the surface currents are assumed, the
problem to be solved becomes that of a radiator in free space. Hence, the vector potential
method can be used to determine the scattered fields. Essentially, an integration (spatial
Fourier Transform) over the surface of the scatterer is performed to determine the fields.
The fields at the surface of the body used to determine the physical optics surface current
are the geometrical optics (GO) fields at the surface. The geometrical optics fields were
described in Section 4.2 Geometrical Optics [Bor65], [Des72], [Col85], [Van85]. This
implies that, at each illuminated point on the scatterer, the scattering takes place as if there
were an infinite tangent plane at that point [Stu81]. The local plane wave Fresnel reflection
coefficients are used to determine the GO fields at the surface. Physical optics is consid-
ered to be more general than geometrical optics since in the high-frequency limit, the
physical optics solution contains the wave-like nature of the field about the specular direc-
tion. Physical optics can be expected to provide an accurate representation of the scattered

field when the postulated physical optics current is reasonably close to the true current dis-
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tribution [Stu81]. Physical optics is most accurate in the specular scattering direction, and
fails when the scattering direction is far from the specular direction because the effects of
edges are ignored [Ros66], [Kno85]. When scattering from finite flat plates is considered,
edge effects can become significant since the true surface current and the surface current
postulated by physical optics differ. Other techniques that incorporate the edge effects
such as the geometrical theory of diffraction should be used. A physical optics model has
been used to model the scattering from buildings in an urban mobile radio environment
[Noe86].

Consider a flat planar surface of area ab as shown in Figure 4.4-1. A detailed

FIGURE 4.4-1. Geometry for scattering by a perfectly conducting flat plate with
area ab. An electromagnetic wave is incident at an angle 0; from the surface
normal, and ¢; from the x-axis as indicated in the figure.

development of the scattering solution based on physical optics is given in Appendix B.
An electromagnetic wave is incident at the angles 0;, ¢; with respect to the center of the
surface. This wave is TE with respect to the propagation direction. The polarization is

shown in Figure 4.4-2. For a dielectric and TE polarization, the induced electric and mag-
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FIGURE 4.4-2. Incident and scattered field polarization of a perpendicularly (TE)
polarized plane wave incident upon a finite flat plate scatterer (¢;=270, ¢;=90).

netic surface currents are proportional to the total tangential fields on the surface. The total
tangential fields are the sum of the incident and reflected fields on the surface of the scat-

terer. Hence, the surface currents are

EO —jkr,
.l's Tl_(l -, (r))[cosecosd)y cosOsin ] e 4.4-1)
T E,
s (1+F (r)) [sm¢y+cos¢x]e kry (4.4-2)

For a perfect electric conductor (PEC), I') =-1 and the magnetic surface current is zero.

These currents are exact for an infinite plane, but approximate for the scatterer in Figure
4.4-1, due to the neglect of the edges. These currents are the physical optics approxima-

tions for the true currents.

The scattered fields are determined by the radiation from the currents on the sur-

face of the plate. The vector potentials are

A = Zu‘f JJ L S (4.4-3)
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7—as’ (4.4-4)

where R = |# - r'| is the distance from a point on the surface to the observation point, and
the integration is performed over the entire surface of the plate S’. The total scattered elec-
tric field is the superposition of the electric field due to each of the vector potentials.

Jno

E, = S[{GIJ + (x=x)Gyx [(x=x)T + (y=y) 1 } e Rds'  (4.4-5)
where
1 2p2 Arp _ 12p2
G, = = JkR3+kR andG2=3+13kR5 2R (4.4-6)
R R
The electric field due to the vector potential Fis
—jkR

1+1kR Ye  ds' 4.4-7)

= —-—U(z z') M, (

and the total electric field polarized in the X directionis Ey, = E, +Ef .

Equations (4.4-5) and (4.4-7) are the exact expressions for the scattered field due
to a surface current and these equations are valid in the near field. The accuracy is deter-
mined by the accuracy of the physical optics assumption for the electric and magnetic cur-
rents on the surface of the plate in equations (4.4-1) and (4.4-2).

4.5 Radar Cross Section

4.5.1 The Bistatic Radar Equation in Multipath Environments

When the surface is sufficiently rough such that the energy is not carried in the
specular direction, or the scattering in directions other than specular are required, the
bistatic radar equation may be used to model the scattered energy. The radar cross-section

of a target is a quantitative measure of the ratio of power density in the vector signal scat-
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tered in the direction of the receiver to the power density of the radio wave incident upon
the target (scattering object) [Sko70]. The theoretical definition of RCS is taken as a limit
as the distance R from the scatterer approaches infinity so that a hypothetical observation
is made far enough away from the target that only Rl dependence appears in the scattered
electric field. Near field terms that depend on R2 and R3 are not included in the radar
cross section model. Note that this distance dependence is the distance dependence of the
scattered (re-radiated) field relative to the field incident upon the scattering body, and is
not the total field dependence with distance. In addition, radar cross-sections of scattering
objects are functions of angle of incidence, angle of reflection, wave polarization, fre-
quency, and orientation of the object. Figure 4.5-1 shows an application of the bistatic
radar equation for detecting the presence of aircraft. Table 4.5-1 summarizes the variables

used in the bistatic radar equation below.

TABLE 4.5-1: Table of variables used in the bistatic radar equation.

Received power [dBm]
Py Transmitted power [dBm]
Gr Receiver antenna gain [dBi]
Gt Transmitter antenna gain [dBi]
A Carrier wavelength [meters]
RCS o, Radar cross-section [dBm?]
Dy Distance from transmitter to scattering object [meters]
Dy Distance from receiver to scattering object [meters]
d T-R separation [meters]

Pg[dBm] = P,[dBm] + G, [dBi] +Gg [dBi] +20 x log 4 (A)

+RCS [dBm?] - 30 x log 5 (41) —20x log o (Dy) —20xlog,o(Dg)  (4.5-1)

The bistatic radar equation describes the propagation of a wave that propagates in
free space, is intercepted by a scattering object, and is then re-radiated in the direction of
the receiver. The ratio of power intercepted and re-radiated is the radar cross-section of the

scatterer.
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FIGURE 4.5-1. Bistatic radar used to detect the presence of aircraft (from
[Sko80]).

Time domain multipath propagation measurements are, in essence, a bistatic radar
measurement of the environment. Scattering objects are detected by the time delay of the
individual multipath component. Thus, it seems reasonable that the impulse response of
such a channel could be described in terms of a radar cross-section model. In most cases of
practical concern, the RCS of a scattering object can vary by as much as 20-30 dB or more
for small changes in frequency, angle of incidence, angle of reflection, wave polarization,
and orientation of the object [Sko70]. The number of electromagnetic scattering problems

that can be solved directly is small.
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In [van87], [Sei91b], and [Sei92c], a radar cross-section model was proposed to
model the scattering of radio signals from buildings that are external to the transmitter and
receiver. A radar cross-section (RCS) model is explained here to characterize the effects of
surrounding buildings on propagation measurements where the transmitter and receiver
are inside the same building. The radar cross-section model is a far-field model. Not only
must the transmitter and receiver be in the far-field of each other, they must also be in the
far-field of each scatterer. A common measure of when an object is in the far field is when
R> 2D2/7\,, where R is the distance from the object to the observation point, D is the maxi-
mum dimension of a scatterer and A is the carrier wavelength [Sko70]. For a building with
a maximum dimension of 10 m, and a carrier frequency of 1900 MHz, the observer must
be 1.3 km away from the building to be in the far-field. Hence, this model is not applicable
for in-building work. Also, R>>D and R>>A are required for the far-field approximation.
Since only part of a building face may act as a scatterer, the D used to determine the far-
field region is not necessarily the largest spatial dimension, but may be the area illumi-

nated by the antenna pattern.

The RCS model is a useful modeling technique for a first-order approximation for
worst-case scattering, but accurate use of the model may be limited when buildings are
close such that the far-field approximation is violated. Also, multiple reflections may

occur, and the antenna pattern may influence the measurement.

For each multipath component recorded in each power delay profile in [Sei92c],
the radar cross-section in dBm? (dB meters squared) required to explain the measurement
was calculated. The receiver was located in a rural area on the outskirts of a large city and
both the transmitter and receiver had line-of-sight to the downtown area of the city. Multi-
path components with large excess delays were observed and determined to be due to scat-
tering from the city skyline. Since detailed building size and location information were not
retained, the following assumptions were made to determine representative values from

measured profiles.

1. All multipath components were assumed to be caused by a single scattering source,
which may be due to either a single large object or group of objects in the environment.
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2. The scatterer was modeled by a RCS such that the received power was described by the
bistatic radar equation given in equation (4.5-1) [Sko70].

3. The path lengths from the scatterer to the transmitter and receiver were assumed equal
and could be determined from the time delay of the multipath component. While this is,
in general, not true, it turns out to be a valid assumption when the transmitter and
receiver are separated by multiple floors in the same building.

Application of the bistatic radar equation in [van87], [Sei91b], [Sei92c], shows

that multipath with excess delays greater than a few microseconds can be explained with a

physical, geometrical model. By computing RCS values with (4.5-1) for individual multi-

path components that were measured, a range of possible RCS values for surrounding

buildings as a function of excess delay were determined in [Sei92c].

Figure 4.5-2 shows a scatter plot of the calculated RCS using equation (4.5-1) for
all the received multipath components in three buildings in [Sei92c]. The received powers
of individual multipath components were measured and the radar cross sections required

to explain the measured power levels were determined. The letters NM, SR, and WC in

80

RCS(dBm?2)
N
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FIGURE 4.5-2. Scatter plot of observed radar cross-sections of buildings.
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the legend denote the different buildings, and the 915 and 1900 refers to the carrier fre-
quency of the measurement in MHz. The curved solid line indicates the approximate min-
imum measurable RCS for a given excess delay due to the dynamic range of the wide
band receiver. Notice that for excess delays less than one microsecond, both small and
large scatterers give rise to measured “RCS” values that range between -40 and +60
dBm2. For such small excess delays, the path lengths of the multipath components are not
much longer than the distance between the transmitter and receiver. These scattering
objects are most likely inside the building, and thus violate the far-field assumption. For
such small excess delays, alternate techniques that require more information about the
scatterer must be used for an accurate characterization. For multipath components with
excess delays greater than one microsecond, it is more likely that the scattering objects are
outside the building due to the increased propagation delay. These data seem to indicate
that for multipath components with excess delays greater than two microseconds, a radar
cross-section of between 0 and +45 dBm? can be used to approximately characterize
worst-case reflections from surrounding buildings. Although there are no measured data
below the curved solid line, it is likely that other surrounding buildings produce radar

cross-sections that cannot be detected by the measurement equipment.

The radar cross-section model can be used for worst-case system design for scat-
tered signals from buildings outside the desired building when the transmitter and receiver
are near windows with line-of-sight to the city skyline. Once further inside the building,
the amplitudes of these scattered components must be modeled by alternate in-building
techniques.

4.5.2 Incoherent Power Summation

The radar cross-section model described above is useful for modeling the scatter-
ing in non-specular directions when the receiver is in the far-field of large scattering
objects. This model is not applicable to close-in receiver locations, and can only be used
for worst-case system design. A heuristic model that subdivides a surface into multiple
facets such that the receiver is in the far-field of each facet can be used to extend the region

of validity for the radar cross-section model.
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In [Sch92], a heuristic model was implemented to supplement the geometrical
optics fields predicted by ray tracing in microcellular environments. Scattering in non-
specular directions was accounted for by non-coherent summation of the powers scattered
from each integration patch (surface facet) on the surface of the scatterer. The geometry
for this model is given in Figure 4.5-3. This is equivalent to a ‘miniature radar cross-sec-
tion or mini-RCS’ technique where the total scattered power is the sum of the powers scat-
tered by each individual facet of the surface. The power scattered by each facet is
determined by the bistatic radar equation for the facet given in equation (4.5-1). In this
way, each facet acts as an independent scatterer with its own radar cross-section (RCS).
The RCS of each facet is

o, = ﬂ%—zcose o, (4.5-2)
where 8 is the angle between the specular angle and the scattered wavevector, and o, is a
loss factor applied since the surfaces modeled were not perfectly conducting. In addition
to the ‘scattered’ power, the ‘specular’ power reflected by the surface is also received if
the specular point lies within the boundaries of the surface. For scattering from rough
building exteriors in [Sch92], a reflection coefficient of -12 dB was used regardless of
incidence angle, and a loss factor of 5,=0.1 was used. For the simulations here, the reflec-

tion coefficient was -1 for the perfectly conducting surface, but a loss factor of 5,=0.1 was

used to modify the cross-section of each individual facet.

When used in a ray tracing propagation prediction program as in [Sch92], the indi-
vidual surface facets are determined by the wavefronts represented by the individual rays
that intercept the scattering object. The size of the wavefront at the scatterer is a function
of the angular separation between rays and the distance that the ray path has traveled. This
dependence occurs because the rays diverge from a point source. This implementation
method would also be used for a physical optics scattering model. For the numerical com-
putations presented here, the surface of the scatter was integrated by subdividing the sur-
face into contiguous square patches. Both this method and the ray tracing implementation
give the same calculations if the patch sizes are sufficiently small. Section 4.6.3 Scattering
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FIGURE 4.5-3. Geometry for non-coherent ‘Mini-RCS’ scattering model (from
[Sch92].

Patterns as a Function of Different Parameters shows that each individual patch (or surface
facet) should be smaller than A/2 by A/2 to give accurate results.

An alternative non-coherent model is given in equation (4.5-3) in which the scat-
tered power is proportional to the observed surface area. Hence, the scattered power goes

to zero as the observation angle approaches grazing.

47 (AxAy)?
g = ——

; 2 cosGlcos 82 o, (4.5-3)

The radar cross-section of each surface facet is proportional to the surface area ‘seen’ by

both the transmitter and the receiver. The angles 0; and 0, are the angles that the incident

ray and the reflected ray make with the outward pointing surface normal. The angles for
the two non-coherent model in equations (4.5-2) and (4.5-3) are displayed in Figure 4.5-4.
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FIGURE 4.5-4. Incident and scattering angles for the two non-coherent scattering
models given in equations (4.5-2) and (4.5-3).

4.6 Computed Scattering and Diffraction Patterns

4.6.1 Numerical Comparison of Scattering and Diffraction Models

To determine the regions of validity for each scattering and diffraction model, the
scattering from a perfectly conducting (I'=-1) 10 A by 10 A flat plate was computed by
each of the four different models at 1 GHz. The physical optics solution with the near-field
scattering equations (equations (4.4-1) through (4.4-7)), the non-coherent ‘Mini-RCS’
models (equations (4.5-2) and (4.5-3)), and both the two-dimensional (equations (4.3-15)
through (4.3-18) and three-dimensional (equations (4.3-19) and (4.3-20)) uniform theory
of diffraction solutions were computed in the forward scattering plane ($;=90 degrees,
0,=0-90 degrees) for an incidence angle of thirty degrees which was selected as a typical
value to determine the scattering patterns. The solutions were computed for different com-

binations of transmitter and receiver distance from the plate.

The computed scattering patterns are compared to previously published results and
each other in order to determine under what conditions each model is valid. The exact

solution for the fields scattered by a finite width strip can be expressed as an infinite sum
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of Mathieu functions, or as integral equations [Ruc70]. Since these representations are
unsuitable for numerical computation [Ruc70], the main lobe of the physical optics scat-
tering pattern is used as a basis for determining the correct amplitude. A numerical solu-
tion using the method of moments could be used to determine the exact solution for the
surface currents; however, this method is generally limited to plate sizes only one or two
wavelengths long due to computational complexity [Rao82], [Bal89]. The physical optics
solution is known to give the correct scattering in the specular direction [Ros66], [Ruc70],
[Kno85]. Away from the specular region, the results in [Ros66] will be used to determine
the validity of the different models. In [Ros66], the physical optics and geometrical theory
of diffraction solutions for the far-field radar cross section of a flat plate were compared
with measured data. The measured data indicate that the geometrical theory of diffraction
is the most accurate scattering model for determining the radar cross-section of rectangu-
lar flat plates [Ros66]. Scattering patterns as a function of angle are computed for different

combinations of source and observation distance. The distance is quantified in terms of a

far-field distance parameter A. The parameter A = ; is a normalized measure of the
distance from the scatterer, where L is the largest linear dimension of the scattgrer. The
division between near-field and far-field occurs at a distance of r = ry = 2% Hence
A=1 denotes the transition point between near-field and far-field observation locations.
Observations are computed at distances of A=0.1 through A=10.0. The solutions consid-
ered are for TE polarization with respect to the perfectly conducting scatterer. The geome-
try indicated in the figures is for flat plates oriented parallel to the ground. When the
polarization is TE, this corresponds to horizontal polarization. When the polarization is
TE and the flat plate is oriented vertically like building faces or walls, this result corre-

sponds to vertical polarization.

Inside buildings, receivers are nearly always in the near-field of scattering objects.
For example, in Whittemore Hall on the Virginia Tech campus, there is a wall 29 meters
long. For a carrier frequency of 4.0 GHz, a receiver would have to be over 22 km away to
be in the far-field. A smaller wall encloses the end of the hallway. The length of this wall is
3 meters. A receiver would have to be 248 meters away to be in the far-field at 4.0 GHz.
The length of the hallway is only 53 meters, and all receivers located in the hallway are in
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the near-field of the scattering wall. These two examples indicate that inside buildings, far-
field assumptions for the behavior of the scattered field do not apply, and the solutions

must be computed in the near-field.

The geometry for the computed scattering patterns is given in Figure 4.6-1. The
distance from the transmitter to the center of the plate is denoted by ¢, and the distance
from the center of the plate to the receiver is denoted by r. The distance r is presented in
terms of the far-field distance parameter A. The scattered power is plotted in terms of deci-
bels relative to the received power over a one meter free space path. Figure 4.6-2 shows
the far-field scattering for a transmitter 300 meters from the plate, and A=10.0. For the far
field case in Figure 4.6-2, the main lobe of the PO solution and the main lobe of the two-
dimensional UTD solution converted to three-dimensional fields have the same amplitude.
The three-dimensional UTD solution is incorrect since the length of the strip in the trans-
verse direction cannot be ignored. Away from the specular direction, the UTD solution is
more accurate than the PO solution since edge effects not accounted for in PO become sig-
nificant. The deep nulls in the physical optics solution are due to complete phase cancella-
tion at those scattering angles. However, the physical scattering mechanism is not due to
phase, but edge effects. Therefore, away from the specular direction, UTD should be con-
sidered more accurate. The non-coherent model presented in [Sch92] is denoted by Non-
Coherent 1 and the area-dependent model is denoted by Non-Coherent 2. The non-coher-
ent models predict more scattered energy in the specular direction than the other models.
This occurs because the non-coherent models assume a perfect reflection from an infinite
planar surface if the specular point lies within the boundaries of the actual surface. As the
actual size of the scatterer is reduced from infinity, the angular area that the scatterer occu-
pies decreases. When the scatterer is of finite size and far away from the transmitter, the
angular area that it occupies is significantly smaller than an infinite planar surface, and
much of the energy that would have been scattered in the specular direction is scattered in

other directions.

In Figure 4.6-3, both the transmitter and receiver are moved in by a factor of 10

(=30, A=1.0). As the transmitter and receiver move closer to the scatterer, the angular area
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FIGURE 4.6-1. Assumed geometry for computing scattering patterns in the
principle plane as a function of scattering angle from the surface normal.
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FIGURE 4.6-2. Scattered power as a function of angle with respect to the surface
normal for four different scattering models. Both the transmitter and receiver are
in the far-field of the scatterer.

occupied by the scatterer increases and both the reflection coefficient approximation and
the three-dimensional UTD solution improve. However, the far-field two-dimensional
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solution still gives more accurate results since the far-field conversion formula of equation
(4.3-18) is still valid and the power in the direction of the main lobe is closest to the phys-
ical optics solution. The non-coherent scattering model more accurately accounts for

power in the main lobe about the specular direction than in the case shown in Figure 4.6-2.

Figure 4.6-4 shows the scattered power as a function of scattering angle for the
four different models when both the transmitter and receiver are close to the scatterer (=3,
A=0.1). The far field conversion of the UTD fields from two dimensions to three dimen-
sions is no longer valid. In fact, this model predicts a scattered power about 10 dB greater
than the true solution. The three-dimensional UTD model approaches the PO solution
since the transverse direction ‘appears’ nearly infinite when the receiver is so close to the
scatterer. In addition, the non-coherent models are within a few dB of the near field calcu-
lation for scattering angles up to 65 degrees away from normal incidence. The scattering
surface appears to be nearly infinite for this case and it appears that a geometrical optics
model is a good approximation for the scattering when both the transmitter and receiver
are close to the planar surface. This is nearly always the case for walls in buildings, and
indicates that a geometrical optics model is appropriate for predicting in-building propa-
gation. The addition of a three-dimensional UTD term eliminates the field discontinuity
and correctly accounts for scattered energy in non-specular directions. In the far-field, the
length of the plate in the transverse direction ‘appears’ small, and a far-field conversion
factor may be used to account for the finite length of the plate. When the observation is
close to the scatterer, the length of the plate approaches an infinite strip and ‘appears’
much larger. Hence, the length of the strip may be ignored when the receiver is close to the
diffracting edge. This corresponds to the wall height for diffraction from a corner for in-
building propagation prediction.

Figure 4.6-5 compares the scattering in the backscatter direction (0;=0,, ¢;=b;) as
computed with physical optics, the far-field two-dimensional uniform theory of diffrac-
tion, and the non-coherent ‘Mini-RCS’ model presented in [Sch92]. The first four side-
lobes of the PO and UTD solutions are identical. Beyond the first four sidelobes, edge

effects can be seen, and the correct backscattered power is given by the UTD solution. The
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FIGURE 4.6-3. Scattered power as a function of angle with respect to the surface
normal for four different scattering models. Both the transmitter and receiver are
an order of magnitude closer to the scatterer than in Figure 4.6-2.
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FIGURE 4.6-4. Scattered power as a function of angle with respect to the surface
normal for four different scattering models. Both the transmitter and receiver are
in the near field of the scatterer.
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non-coherent model used in [Sch92] is highly inaccurate for backscatter computations.
The results in Figure 4.6-5 compare favorably with results computed and measured in
[Ros66] for backscattering from a flat plate with the uniform geometrical theory of diffrac-
tion. Although backscatter is not a scattering case that is of primary importance in propa-
gation for wireless communication system design, the inaccuracies of the non-coherent
model and the physical optics model for large scattering angles indicates that these models
can only be used in the appropriate region of validity.
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FIGURE 4.6-5. Backscattering as a function of incidence and scattering angle
(0;=09) for three different scattering models.

4.6.2 Implementation and Complexity Issues

Practical application of each of these models in a site-specific propagation tool
requires an understanding of the complexity and execution times of the different models.
Both the physical optics and the non-coherent bistatic radar cross-section models are inte-
grative techniques that require a computation for each integration patch (surface facet).
Although these computations lend themselves to a ray tracing approach for determining

the different integration patches, the physical optics requirement explained below that the
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surface patches be smaller than A/2 by A/2 places a restriction on the minimum tessellation
frequency that can be used. Hence, although each computation requires little computa-
tional effort, the total computation time required can be significant. The uniform geometri-
cal theory of diffraction model appears to be more complex than the other scattering
models. However, the uniform geometrical theory of diffraction is an extension to geomet-
rical optics that includes diffracted rays. For each diffracting edge (or corner), the specific
ray path must be found only once and only one set of computations are required. Although
these computations require the solution of a Fresnel integral, a polynomial approximation
for small arguments and a polynomial approximation for large arguments can be used to
numerically determine the integral. These approximations along with interpolation
between the large and small argument polynomial estimates are implemented according to
the algorithm in [Bal89]. Therefore, although the diffraction method is more complex to
implement, it is more computationally efficient than the integrative methods of physical

optics and non-coherent bistatic radar cross-section models.

4.6.3 Scattering Patterns as a Function of Different Parameters

How to Interpret an Image Plot

Image plots are used for qualitative comparison of scattering patterns as a function
of two different variables. The intensity is proportional to the magnitude of the scattering
in dB and is normalized to the maximum value in the plot. All scattering patterns as a
function of angle were determined with the plane of scattering identical to the plane of
incidence unless specified otherwise. Light spots are maxima, and dark spots are minima.
The scattering dependence on one of the two variables can be examined by holding the
other variable constant. That is, the scattering pattern may be examined by mentally draw-
ing either a horizontal or vertical line along the plot and following the scattering pattern
along that line. For each image plot, the range of values for each parameter is displayed

along each axis.
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Effect of integration patch size

In order to determine the minimum resolution required for integration using the
physical optics method, the integration patch size was varied for a 10A by 10A square
plate. For square patches with lengths less than A/2, there is no noticeable difference in
scattering pattern as a function of angle for all incidence angles. Hence, when scattering is
implemented by physical optics in site-specific propagation prediction programs, the size
of the wavefront on the surface of the scatterer should be no larger than A/2 by A/2 for
accurate computation of scattering patterns for both near and far field illuminance and

observation distances.

Near Field vs. Far Field

Since it is possible for receivers to be in the near field of scattering objects, the
scattering pattern is examined as a function of observation distance for different angles of
incidence. In Figure 4.6-6, the upper left plot shows the physical optics scattering pattern
from a perfectly conducting plate for an incidence angle of zero degrees. The incidence
angle in the upper right plot is 30 degrees, and the incidence angles for the bottom two are
60 and 80 degrees. Figure 4.6-1 shows the geometry for an incidence angle of 30 degrees.
For all cases, the flat plates were illuminated with a spherical wave at a distance of 300
meters. Notice that in the far field (A>1), the maximum of the scattering pattern at a con-
stant fixed distance is in the specular direction (8;=0;). This can be seen by mentally draw-
ing a horizontal line for a constant A>1 in each plot in Figure 4.6-6. The maximum value
(brightest spot) along this line occurs in the specular direction. These patterns are the typi-
cal sin(x)/x shaped patterns for far-field scattering from a flat plate. The direction of the
main lobe changes as a function of incidence angle, but the general sin(x)/x scattering pat-
tern is retained. In the near field, however, the scattering patterns are not ‘intuitive’ as the
contributions from different parts of the surface combine to create scattering patterns that
have significant energy in directions other than specular. This is likely because the specu-
lar point for the combination of transmitter and receiver location lies on the plate as shown
in Figure 4.3-8. The scattering patterns computed using UTD for the same four cases as

Figure 4.6-6 are shown in Figure 4.6-7. As could also be seen in Figure 4.6-2, the nulls are
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deeper for the physical optics solution than for the UTD solution. When flat dielectric
plates are considered, the amplitude of the scattering is affected, but the general sin(x)/x

shape of the scattering pattern is maintained.
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FIGURE 4.6-6. Scattering patterns of a PEC plate as a function of observation

distance and scattering angle for incidence angles of 0, 30, 60, and 80 degrees

computed with physical optics. Increasing intensity denotes increasing scattered

power. Note that for A>1, the maximum scattered power is in the specular
direction (94=6;).
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Figure 4.6-8 shows the four scattering patterns computed using the non-coherent
scattering model. Notice that the scattered power is very strong near the specular direction
and then falls off sharply when no specular field is received. In addition the scattering pat-
tern that was predicted with the uniform geometrical theory of diffraction and has been
observed in measurements [Ros66] has not been predicted. Hence, the applicability of this
model in the far-field is questionable at best. In the near field, Figure 4.6-4 showed that the
scattered power away from the specular direction is within about 5 dB of that predicted by
the other methods, but the shape of the scattering pattern is not predicted. This result is not
surprising since neither phase effects or the contributions of edges are included in the heu-

ristically developed non-coherent models.
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FIGURE 4.6-7. Scattering patterns of a PEC plate as a function of observation
distance and scattering angle for incidence angles of 0, 30, 60, and 80 degrees
computed by the uniform theory of diffraction. Increasing intensity denotes
increasing scattered power. Note that for A>1, the maximum scattered power
occurs in the specular direction (6;=0y).
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FIGURE 4.6-8. Scattering patterns of a PEC plate as a function of observation
distance and scattering angle for incidence angles of 0, 30, 60, and 80 degrees.
computed by the non-coherent scattering model. Increasing intensity denotes
increasing scattered power. Note that the maximum scattered power always
occurs in the specular direction (6;=06,).
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Effects of Surface Roughness on Reflection Coefficient

For scattering from dielectric surfaces, the scattered power depends on the Fresnel
plane wave reflection coefficients. In the geometrical optics, geometrical theory of diffrac-
tion, and non-coherent scattering models, this effect appears directly in the scattered
power since both the reflected field and the diffraction coefficients depend on the reflec-
tion coefficient. In the physical optics model, the postulated surface currents depend on the
reflection coefficient, and this in turn affects the scattered field. When a surface is not per-
fectly smooth, the coherent scattering in the specular direction is reduced. If the surface
roughness is not too large, the coherent nature of the specularly reflected field is not lost.
The average Fresnel reflection coefficient becomes [Ame53], [Bec63], [Ruc70]

=2 (kyhcos®,)?
[4

T=rT (4.6-1)

where kg is the wavenumber (2rt/A), h? is the mean square roughness height (h2=<&2(x,y)>
where £ is the distribution of surface heights as a function of position on the surface). An
image plot of the rough surface correction factor for the reflection coefficient is given in
Figure 4.6-9. The correction factor has a maximum of 1.0 for perfectly smooth surfaces,
and perfect grazing angles. For slight roughness and incidence away from grazing, the
amount of coherent scattering in the specular direction is decreased. Corrected reflection
coefficients could be used to account for slight surface roughness in an in-building propa-
gation prediction model. In the models presented here, the surfaces are assumed to be per-
fectly smooth.
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FIGURE 4.6-9. Reflection coefficient correction factor for slightly rough surfaces
as a function of surface roughness in wavelengths and incidence angle. For slightly
rough surfaces (o},/A<0.2), this correction factor can be used to calculate the
reduction of coherent power in the specular direction.

Reflection coefficients for several rough surfaces were measured on the Virginia
Tech campus in [Lan92]. Limestone, glass, and brick walls were measured outdoors with a
spread spectrum measurement system that could resolve the time delays between the
direct and reflected multipath components. Measured reflection coefficients at both 1.9
and 4.0 GHz were found to be bounded by the theoretical smooth surface reflection coeffi-
cient and the modified rough surface reflection coefficient [Lan92], [Sou92].

4.7 Summary

A geometrical optics (GO) model assumes that electromagnetic energy travels in
straight lines and changes directions only when reflected or refracted by a surface. The
amplitudes of the reflected and transmitted fields are determined by the Fresnel plane
wave reflection and transmission coefficients. The accuracy depends on the relative size of

the scatterer with respect to wavelength. Physical optics (PO) assumes that a particular
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surface current is induced on the surface of the scatterer in the geometrical optics lit
region. This equivalent surface current is then integrated to determine the scattered fields.
The accuracy of the scattered fields depends on the validity of the assumed surface current
on the scattering body. The physical optics solution is most accurate in the specular direc-
tion. Scattering in directions other than specular is influenced by the edges since, it is near
the edges that the assumption for the current is least accurate. Both GO and PO include the
phase of the fields. A non-coherent ‘Mini-RCS’ method supplements the GO fields by
adding scattered energy from surface patches that each act as independent bistatic radar
scatterers. As this is a heuristic model, the accuracy is as yet undetermined, but the results
of numerical calculations indicate that it may be a useful model for near-field scattering.
This model may also be useful when small amounts of surface roughness are added to the
model [Ogi91]. The uniform geometrical theory of diffraction (UTD) supplements the GO
solution by adding diffracted rays that account for energy in non-specular directions and

eliminate the field discontinuities at the incident and reflection shadow boundaries.

The solution for scattering from a finite sized smooth flat plate as computed from
the physical optics surface current assumption is most accurate in the specular direction.
Away from -the specular direction, the solution breaks down because contributions from
the unmodeled edges become the dominant scattering mechanism. In order for the physi-
cal optics solution to be used, integration patch sizes should be less than A/2 in both length
and width. The two-dimensional uniform geometrical theory of diffraction (UTD) solution
based on a finite strip model has been developed for far-field observation distances
(A 2 1.0) for all incident and scattering angles when a conversion factor that considers the
finite length of the scatterer is used to convert from two-dimensional to three-dimensional
fields. When the observation distance is in the near-field (A £ 1.0), the three-dimensional
UTD solution of the infinite strip with the far-field geometrical optics fields model is used.
It is desirable to use the UTD solutions since these solutions include the polarization of the
incident and scattered field in the model. The physical optics and non-coherent models do
not include polarization effects. The simple incoherent power summation model proposed
in [Sch92] and the other non-coherent model do not provide accurate results for far-field

observation distances. However, in the near-field these models predict the scattered power
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within about 5 dB. For all distances, however, the non-coherent models do not predict the
scattering pattern as a function of angle that is predicted by the uniform geometrical the-
ory of diffraction. The UTD solution was shown to agree with measured radar cross-sec-
tions in [Ros66]. Since this non-coherent models are much simpler than the others, it is
likely that they may find application in numerical computation algorithms where computa-
tion speed is critical and the scattering must be determined when the receiver is in the

near-field of the scatterer.

This chapter has presented several methods for determining the scattering from
rectangular flat objects. These objects can be used to model walls inside a building or the
exterior walls of a building in a microcellular environment. The uniform geometrical the-
ory of diffraction was shown to give accurate results with both the infinite strip and the
finite strip model where the implementation is dependent upon the observation distance
from the scattering object. Hence, it is this uniform geometrical theory of diffraction
model that is used for site-specific in-building propagation prediction using ray tracing as
is subsequently described in Chapter 5.
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5 Site-Specific In-Building Propagation Prediction

5.0 Overview

Buildings vary greatly in size, shape, and type of construction materials. This can
make propagation prediction difficult. As shown in Chapter 3, measured propagation sta-
tistics vary greatly from building to building and only broad conclusions related to the
building type can be made (recall Table 3.1-1). This chapter presents a ray tracing method
to predict the power delay profile estimate of the channel impulse response. From the
power delay profile, parameters such as path loss and time delay spread of indoor radio

channels may be determined.

The field of graphical ray tracing for creating a two-dimensional picture of a three-
dimensional world is well developed [Gla89], [Ste90]. An object or group of objects
called a scene are described in terms of their geometry and light scattering properties
(color). The computer attempts to recreate a photograph of the scene for a fixed observer
and one or more light sources. The graphical ray tracing is a geometrical optics model for
light. To take advantage of the similarities of the graphical ray tracing and the geometrical
optics models, the source code for the graphical ray tracer in [Ste90] has been extensively
modified to generate propagation impulse response data instead of pixel color. This geo-
metrical optics model for electromagnetic wave propagation in buildings is used to predict

multipath power delay profiles.

Ray tracing represents the high-frequency limit of the more rigorous field problem
and can give quick approximate solutions when more elaborate methods are unworkable.
Here, a geometrical optics model is used to predict the propagation of radio waves in
buildings. Ray tracing is a physically tractable method of predicting the delay spread and
path loss of in-building radio signals. The time delays of individual multipath components
can be linked to specific radio paths. This concept is similar to radar systems that use the
time delay to estimate the distance to a target. Ray tracing methods have been proposed
for propagation prediction in microcellular environments [Ike91], [Ros91], [Tak91],
[Ros92], [Sch92] and for modeling propagation in rough terrain [Bis88]. Preliminary
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results from ray tracing in buildings using image theory at 18 GHz were presented in
[McK91]. Ray tracing for indoor propagation has also been proposed in [Dri91], [Dri92],
[Hon92], [Kia92], [Lau92], and [Law92]. However, none of these previous applications of
ray tracing for in-building propagation prediction have compared measured and predicted
wide band power delay profiles on a location-by-location basis. Yet, it is a location-by-
location comparison that is required to determine the accuracy of a ray tracing propagation
model.

It is assumed here that large scale building geometry dominates the average path
loss. Measurements show the individual resolvable multipath components fade only
slightly (less than 5 dB peak-to-peak total multipath power variation) as a receiver is
moved in indoor and outdoor channels over several wavelengths without major topogra-
phy changes, or as the terminals remain stationary over several seconds [Gan90], [Gan91],
[Tel91]. Thus, this assumption seems reasonable. The time dispersion of a wide band
channel is due to the location and orientation of the scatterers, and can easily be deter-
mined via ray tracing. The propagation model uses geometrical optics to trace the propa-
gation of direct, reflected, transmitted and diffracted fields. The rays, which represent a
local plane wave of the total field, originate from point sources and propagate in three
dimensional space. The lack of significant difference in propagation characteristics
throughout the low microwave band (Section 3.3 The Effects of Carrier Frequency on
Propagation Characteristics) indicates that a geometrical optics model where the actual
frequency dependence is small can provide accurate prediction for a variety of frequen-

cies.

This chapter presents the details of the ray tracing model. First, the ray tracing
computer code used to predict the propagation is described. The source ray directions and
the interaction of rays with objects in the building database are discussed. The path loss
dependence of direct, transmitted, reflected, and diffracted rays is discussed. The chapter
concludes with the description of the algorithm for the identification of specular rays and a
description of the data processing used to convert the raw ray tracing output to power

delay profiles.
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5.1 Building Blueprint Representation

AutoCAD™ is used as the building database manager. This program was selected
because it is considered an industry standard CAD package, and it is believed that building
blueprint data may be readily available in an AutoCAD format. AutoCAD supports a stan-
dard drawing exchange format allowing data to be exported in ASCII format. This
exchange format is used to export the building database directly from AutoCAD to the
propagation prediction tool.

The representation of buildings in a computer database, even different buildings
represented within AutoCAD, can vary significantly from building to building. This sec-
tion discusses a ‘standard’ representation of the major building features inside the
AutoCAD database manager, and explains how the AutoCAD building representation is

converted to a file compatible with the ray tracing prediction program.

5.1.1 Conversion of AutoCAD Data Format to Ray Tracing Input

In order to implement site-specific propagation models, it is necessary to incorpo-
rate the site-specific building information into the propagation prediction tool. AutoCAD
is used to represent the significant building features such as wall locations and building
materials. For many of the academic buildings on campus, the Virginia Tech Facilities
Planning and Construction in 331 Burruss Hall has the building blueprints available in an
AutoCAD format. This building representation displays wall locations and many other
levels of detail in two dimensions on different drawing levels. The AutoCAD representa-
tion must be in a particular format so that this data may be converted to the correct format
for input into the ray tracing program. The blueprints available from Facilities Planning
are not in the correct format. To obtain the correct format, an operator uses AutoCAD to
manipulate the database. The operator must create new drawing layers, draw lines for the
wall locations, provide a thickness (wall height) for each wall, and place the locations of
transmitters and receivers in the building. First, extraneous information was deleted from
the file. A BUILDING layer was created and wall locations were drawn on the BUILD-
ING layer with the pline command. It is straightforward to draw the wall locations on the
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BUILDING layer while the original drawing that was drawn on another layer is displayed
on the screen. Figure 5.1-1 shows the representation of the second floor of Whittemore
Hall as obtained from Facilities Planning. This representation includes ‘thick’ walls,
stairs, doors, and features such as stairs that are external to the building. The individual
features of a building are quite complicated. Since a geometrical optics model is used,
only objects that are much larger than a wavelength at microwave frequencies are repre-
sented. Hence, it is not practical to include every single small-scale feature within a build-
ing. Exit signs, door knobs, door hinges, and furniture are not included in the model. Only
large objects such as building walls or office partitions are included in the database. Each
wall is considered to be infinitely thin. The major features as drawn on the BUILDING
layer in AutoCAD are shown in Figure 5.1-2.

d

FIGURE 5.1-1. Example of the AutoCAD file as obtained from Facilities Planning
and Construction.

SECOND FLOOR

The inclusion of only major large-scale objects is justified in that the goal of this
work is to predict large scale average path loss and time dispersion as influenced by major

changes in the geometry surrounding the transmitter and receiver. Once all major features
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FIGURE 5.1-2. Two-dimensional representation of major building features drawn
on the BUILDING later in AutoCAD.

such as wall locations are entered, the two-dimensional representation is extended to three
dimensions in AutoCAD with the change command. The line thickness is changed from
zero to a finite value to represent the wall height. All distances in AutoCAD are specified
in English units. Figure 5.1-3 shows the three-dimensional extended view of the building
blueprint in AutoCAD for the second floor of Whittemore Hall.

FIGURE 5.1-3. Three-dimensional AutoCAD representation of the second floor of
Whittemore Hall on the Virginia Tech campus.
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A database conversion program developed and described in detail in [Sch92] is
used to convert the AutoCAD information to a format that can be input directly into the
ray tracing program. Once the AutoCAD file is in the correct format, the three-dimen-
sional building blueprint information is exported from AutoCAD in a standard Drawing
Exchange File (DXF) format. A conversion program written in C converts the DXF file to
a ‘ray’ file that is ready for input to the ray tracing program. More information concerning
the use of AutoCAD as a building database manager can be found in [Sch92].

5.1.2 Transmitter and Receiver Locations

For each run of the ray tracing prediction, exactly one transmitter location and at
least one receiver location must be specified. Multiple receiver locations may be specified,
and this is more efficient than running the program several times since the computation
time per receiver decreases as more receiver locations are simulated even though the total
simulation time is increased. Transmitter and receiver locations are specified as ‘points’ in
three dimensions in AutoCAD on the TRANSMITTER and RECEIVER building layers,

respectively.

5.1.3 Ray Tracing Input File (.ray)

The ray tracing program must be able to interface with a standard representation of
the building blueprint information. This section describes a Ray Tracing Definition Lan-
guage (RTDL) modified from the RTDL given in [Ste90]. An example of a subset of a ray
tracing input file is given in Figure 5.1-4. This file is called a .ray file and contains all the
information necessary to run a ray tracing propagation prediction. The RTDL is not case-
sensitive since the input parser in the ray tracing program converts all characters to upper

case.

Major planar building features such as walls are represented as parallelograms.
Each PARALLELOGRAM is identified by three three-dimensional vectors. The first vec-
tor loc is the location vector from the origin to one corner of the parallelogram. The origin
is simply a reference coordinate that is the default value given in AutoCAD. The vectors
vl and v2 identify the locations of the two corners of the parallelogram closest to the first

Site-Specific In-Building Propagation Prediction Page 134



Site-Specific Propagation Prediction for Wireless February 7, 1993
In-Building Personal Communication System Design

BEGIN_BBOX { box23 }
PARALLELOGRAM ( loc = ( 61.6006, 73.1329, 0.0000),
vl = (0.0000, 0.0000, 3.6576),
v2 = (0.4267, 0.0000, 0.0000),
name = a,
trans = ( 1.000,0,0),
reflect = 1.000;)
PARALLELOGRAM ( loc = ( 61.6870, 72.1030, 0.0000),
v1 = (0.0000, 0.0000, 3.6576),
v2 = ( 1.5443, 0.0000, 0.0000),
name = a,
trans = ( 1.000,0,0),
reflect = 1.000;)
END_BBOX { box23 }
PARALLELOGRAM (loc = ( 40.2761, 23.3820, 4.2418),
v1 = ( 88.2428, 0.0000, 0.0000),
v2 = ( 0.0000, 88.2428, 0.0000),
name =r,
trans = ( 1.000,0,0),
reflect = 1.000;) { ceiling }
PARALLELOGRAM (loc = ( 37.4691, 20.9274, 0.0000),
v1 = (93.1549, 0.0000, 0.0000),
v2 = ( 0.0000, 93.1549, 0.0000),
name = f,
trans = ( 1.000,0,0),
reflect = 1.000;) { floor }
WEDGE (loc = ( 54.1813, 73.1905, 0.0000),
v1 = (0.0000, -1.0000, 0.0000),
v2 = ( 1.0000, 0.0000, 0.0000),)
TRANSMITTER = (loc = ( 53.0599, 74.5445, 1.8288),) { TX 1 }
RECEIVER = (loc = ( 53.1107, 36.6160, 1.8288),
threshold = 0.001,
radius=1, { A }
)
RECEIVER = (loc = ( 53.1615,43.4197, 1.8288),
threshold = 0.0032,
radius=2, { B }
)
TESSELLATION =50
FILE_NAME = M50A.RAW

FIGURE 5.1-4. Sample ray tracing input file (.ray).

corner as indicated in Figure 5.1-5. The vector elements are the x, y, and z components in
meters. Also specified for each parallelogram is a name, and a transmission and reflection
coefficient. For the implementation of the program as described here, the transmission and

reflection coefficients are each set to 1.0 and are not used in the propagation prediction.
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FIGURE 5.1-5. A building wall represented as a parallelogram. The location
vector loc and parallel edge vectors vI and v2 define the wall in the building
database.

These parameters are included for potential future modification. The attenuation of rays
upon reflection and transmission is modeled by the Fresnel plane wave reflection and
transmission coefficients. These coefficients vary with incidence angle and are modeled
according to the name of the object (parallelogram). Objects with the same name are con-
sidered to have identical electrical properties. The name must be a single alphanumeric
character. Examples of values used include A, C, F, M, and R. Each letter indicates an
object with different material properties than the others. The letter A represents a drywall
in Whittemore, the letter C represents a concrete wall, and the letter M represents a metal
door at the end of a hallway in Norris Hall. The letters R and F indicate the ceiling and the
floor, respectively. By giving each object a name that distinguishes the electrical proper-
ties of the material from the properties of the other materials, many different objects may
be entered simply into the building database, and those properties may be altered quite
readily.

, The terms BEGIN_BBOX and END_BBOX in the .ray file are used to place
bounding volumes around groups of objects in the building database. Bounding volumes
are used to decrease the number of intersection tests required to determine if a ray hits an
object. Hierarchical levels of bounding volumes can be used to significantly reduce the
amount of computational time required to predict the propagation. At present, the software
user must determine which objects should be placed in bounding volumes. An efficient
automatic method for determining which objects should be grouped with others inside

bounding volumes would be an important development in the support of automated ray
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tracing for propagation prediction. Commented items in the ray tracing input file that are
ignored by the ray tracing program are surrounded by curly braces, e.g. { box 23 }. The
use of commented items facilitates editing the .ray file if necessary.

At present, diffraction wedges must be manually specified as a block in the
AutoCAD file. An automated procedure to determine diffraction wedges would be a use-
ful modification to the propagation prediction tool. In the .ray file, a diffraction wedge is
specified as a WEDGE with a location vector and two direction vectors vI and v2. The
unit vectors v/ and v2 specify the directions of the wedge boundaries as they extend away

from the corner.

The transmitter is completely specified by a location vector. Multiple receivers
may be specified. In the example file in Figure 5.1-4, two receiver locations are specified
by a location vector, a threshold, and a radius. The radius is not a radius in a geometrical
sense, but indicates the receiver number. Receivers should be numbered from one to the
total number of receivers in the file. The receiver number is used in the ray tracing output
file to denote which receiver received a given ray. The threshold value is used to accelerate
the ray tracing by discarding rays that have a received voltage less than the threshold. This
threshold should be used carefully so as not to discard any rays that contain significant
energy. The threshold values used to predict the power delay profiles presented in this dis-
sertation were chosen to be below the received power threshold determined from measure-

ments with the same transmitter and receiver locations.

The last two items specified in the ray tracing input file are the TESSELLATION
frequency and the FILE_NAME. The tessellation frequency determines the number of
rays traced from the source and the ray wavefront size and ray separation. For a tessella-
tion frequency of fifty, over twenty-five thousand rays are traced from the source in three-

dimensions. The file name indicates the file name of the raw ray tracing output.
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5.2 Ray Tracing for Propagation Prediction

5.2.1 Background

The program uses “brute force” ray tracing to account for all possible propagation
paths from a transmitter to multiple receivers. Although graphical ray tracing programs
can take advantage of sending rays in only specified directions, an electromagnetics model
must account for all directions relative to both the transmitter and receiver antennas. As
computation times increase, ray tracing acceleration techniques are employed to combat
the computational requirements of brute force ray tracing [Gla89]. An electromagnetic
image theory model, where reflections are modeled as being due to image sources (equiv-
alence), is practical when only a few reflections are to be considered. However, image the-
ory can be cumbersome when a large number of multiple reflections from randomly

oriented objects are considered.

The code is written in C++ for use on a UNIX-based workstation. As an object-
oriented language, C++ has the capability to manipulate data structures such as vectors,
objects, and the functions that match them, in a modular fashion. For example, the pro-
gram can perform an intersection test for a ray and an object. Although the algorithms to
determine the intersection are different for different objects, the same subroutine may be
called to perform the intersection test. Due to the numerous ray-object intersection tests
and extensive data arrays required for ray tracing, there are considerable requirements on
the computer operating platform. The computation and memory requirements make a

workstation a minimum requirement.

5.2.2 Source Ray Directions

The transmitter and receiver are modeled as point sources in a building. In order to
determine all possible rays that may leave the transmitter and arrive at the receiver, it is
necessary to consider all possible angles of departure and arrival at the transmitter and
receiver. Consider the spherical coordinate system relative to a point source or receiver
shown in Figure 5.2-1. Rays are launched from the transmitter at an elevation angle 0 and

azimuth angle ¢ relative to this fixed coordinate system.
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FIGURE 5.2-1. Spherical coordinate system used to reference the ray departure
and arrival angles at the transmitter and receiver.

To keep all ray manipulation routines general, it is desirable that each ray tube
occupy the same solid angle dQ2, and each wavefront be an identical shape and size at a
distance r from the transmitter. An ideal wavefront is shown in Figure 5.2-2. Additionally,
these wavefronts must be subdividable so that an increased ray resolution can be handled
easily. For reference, let r=1 and the total wavefront is the surface of a unit sphere. The
problem then becomes one of subdividing the sphere surface into equal area “patches” that

are all the same size and shape and completely cover the surface without gaps. For a two-
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FIGURE 5.2-2. Ideal wavefront represented by each source ray (diagram from
[Sch92].
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dimensional (flat) surface, this problem is easy. Regular triangles, squares, and hexagons
can completely cover an area with equal size and shape objects without leaving gaps (see
Figure 1.2-1 for hexagons). Constant angular separation of the rays may be easy to visual-
ize, but the mechanics of the problem are rather complicated. Common methods of subdi-
viding the total wavefront, such as by using spherical coordinates, are insufficient. This is
due to a decrease in the angular separation between rays as they are launched in directions

near the poles of the sphere.

The solution for the source ray directions is adapted from the theory of geodesic
domes [Ken76], [Pug76], [Wen79]. An icosahedron is inscribed inside the unit sphere. A
regular icosahedron is a twenty sided polygon with twenty triangular faces and twelve ver-
tices. Each vertex joins five faces. Figure 5.2-3a and b show two views of a regular icosa-

hedron. In Figure 5.2-3a, the “top” faces are highlighted, and in Figure 5.2-3b, the

FIGURE 5.2-3. Two views of a regular icosahedron that is inscribed inside a unit
sphere. Rays are launched at icosahedron vertices.

“middle” faces are highlighted. If rays are launched at each of the twelve vertices, each
ray wavefront is an identically shaped pentagon separated by 63 degrees from each of its
five nearest neighbors. A wavefronts’s nearest neighbors are the rays whose wavefront

“patches” are adjacent to the ray wavefront.
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Since twelve rays with an angular separation of 63 degrees is not enough ray reso-
lution for accurate propagation prediction, each triangular face of the icosahedron is sub-
divided as follows. Each triangular face is tessellated into N equal segments where N is
the tessellation frequency [Wen79]. Figure 5.2-4 shows an example with N=4. Lines par-

— Original Vertex

/ Edge Vertex

Wavefront \ Interior Vertex

FIGURE 5.2-4. Tessellation of icosahedron face. Ray wavefronts are hexagonal for
edge and interior vertices.

allel to one of the three sides are drawn that subdivide the triangle into smaller equilateral
triangles. Rays are launched at angles that pass through the vertices of the triangles. Wave-
fronts are hexagonal for rays that pass through interior and edge vertices. Ray wavefronts
that pass through the twelve original icosahedron vertices are pentagonal. Ray wavefronts
are hexagonal and pentagonal on the surface of the icosahedron. However, the surface nor-
mal of the icosahedron face is not necessarily the ray direction since the icosahedron sur-
face must be projected onto the surface of the unit sphere to determine the true wavefront.
This is shown in Figure 5.2-5. As the tessellation frequency increases, the wavefronts
decrease in size, but keep their shape and relation to their nearest neighbors. Hexagonal
rays have six nearest neighbors, and pentagonal rays have five. The angular separation
between a ray and its nearest neighbors is nearly identical for all nearest neighbors. How-
ever, the angular separations are slightly different for rays that originate from the three dif-
ferent types of vertices. The number of source rays traced is 10N%+2 where N is the

tessellation frequency [Wen79].
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FIGURE 5.2-5. Nearly hexagonal ray wavefront projected onto the surface of the
unit sphere.

Figure 5.2-6 shows a plot of minimum and maximum angular ray separation as a
function of the number of rays traced. Notice that the angular separation decreases as the
number of rays increases. For a maximum angular separation of one degree between rays,
40,000 rays must be traced. This requires a tessellation frequency of 63. In Figure 5.2-7,
the solid line indicates the difference in minimum and maximum ray separation between a
ray and its neighbor for different source rays. The dotted line is the difference in ray sepa-
ration for a given source ray and its own nearest neighbors. The curves are slightly differ-
ent because of the differences between the pentagonal ray wavefronts launched at the
original icosahedron vertices and the hexagonal ray wavefronts launched from the tessel-
lated faces of the icosahedron. Thus, this method of launching the source rays provides
wavefronts that completely subdivide the surface of the unit sphere with nearly equal

shape and area.

5.2.3 Tracing The Rays at a Boundary

The computer program uses forward ray tracing to find each ray path by which sig-
nificant levels of energy radiated from the transmitting location reaches the receiving
point. For a given execution of the program, multiple receiving locations can be defined,

so the procedure described here can be applied to each receiving point. The ray tracing is
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FIGURE 5.2-6. Maximum and minimum ray separation between nearest
neighbors as a function of the number of rays traced. The difference between the
maximum and minimum is caused by the difference between the pentagonal and
hexagonal shaped wavefronts.
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FIGURE 5.2-7. Difference between maximum and minimum ray separation
between nearest neighbors as a function of the number of rays traced.

accomplished by an exhaustive search of a ray tree accounting for the decomposition of
the ray at each planar intersection. First, the program determines if a line-of-sight path

exists, and if so computes the received field. Next, the program traces a source ray in a
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previously determined direction and detects if an object intersection occurs. If no intersec-
tion is found, the process stops and a new source ray is initiated. Once the program deter-
mines that an intersection has occurred, it then checks to see if a specularly reflected or
transmitted ray has an unobstructed path to the receiving location. After checking for
reception, the program divides the source ray into a transmitted and reflected ray that are
initiated at the intersection point on the boundary. These rays are then treated in a similar
fashion to source rays. This recursion continues until a maximum number of tree levels is
exceeded, the ray intensity falls below a specified threshold, or no further intersections

occur. Figure 5.2-8 shows a portion of a ray tree for one source ray.

Source Ray

Reception

™~ Object 5

R .
Reception / T, 1\ )ceptxon

EAEVAN
N/ N\

) 0 .
A 4 .
.
. ’ .
A . .

FIGURE 5.2-8. Ray tree that shows how one source ray can be decomposed into
many transmitted, reflected, and scattered rays from intersections with planar
boundaries.

5.2.4 Representation of Propagation Models in the Ray Tracing Program

The propagation of energy from the transmitter to the receiver occurs in various

modes such as by direct, reflected, transmitted, and diffracted paths. In considering the
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implementation of each of these in the propagation model, it is important to recognize the
path loss dependence of each mode. Direct (line-of-sight) rays exhibit a 1/d power depen-
dence according to Friis free space transmission. Specularly reflected and/or transmitted
rays follow a 1/d2 dependence, where d represents the total ray path length. For example,
the specularly reflected ray shown in Figure 5.2-9, whose path segments are labeled r; and
19 has a path loss proportional to 1/(ry + r2)2.

Reflected Wall

Receiver

Transmitter

Wall

FIGURE 5.2-9. Transmitted, reflected, and diffracted ray paths.

Single diffraction from diffracting corners in a hallway is included where the cor-
ner is modeled as a dielectric wedge. The received field is determined from the uniform
geometrical theory of diffraction as modified for dielectric wedges. The path loss distance

’ "
L = |—— 2-1
TNy (r +ry) (5-2-1)

dependence is

Site-Specific In-Building Propagation Prediction Page 145



Site-Specific Propagation Prediction for Wireless February 7, 1993
In-Building Personal Communication System Design

where r; and r; are as displayed in Figure 5.2-9. In addition, the diffraction coefficient

includes a distance dependence. The uniform geometrical theory of diffraction is
described in detail in Section 4.3 Geometrical Theory of Diffraction [Kel62], [Kou74],
[Bal89]. The diffraction model accounts for all scattering in non-specular directions. No
multiple diffraction or reflection-diffraction is considered in the model.

In summary, the model implements direct, reflected, transmitted, and diffracted
fields represented by the rays. Table 5.2-1 summarizes the variables used to describe the
model. Each propagation mechanism is treated separately, and the total field is determined
via coherent superposition of the individual contributions of each ray as weighted in time
by a probing pulse identical to the one used in measurements. This program predicts the
channel impulse response (power delay profile) which is a wide band characterization.
Wide bandwidth signals have been shown not to vary significantly over small distances
due to the inherent frequency diversity in the signal [Gan90], [Gan91], [Tel91]. The com-
plex field amplitude of the ith ray at the receiver is given by

E; = Eofy frili @ T @) T[T (O 7 (5.2:2)
j K

For a diffracted ray, the complex reflection and transmission coefficients are replaced by

the complex diffraction coefficient.

Site-Specific In-Building Propagation Prediction Page 146



Site-Specific Propagation Prediction for Wireless February 7, 1993
In-Building Personal Communication System Design

TABLE 5.2-1: Summary of the variables used to describe the ray tracing
propagation model.

p Field amplitude radiation pattern of the transmitter antenna
f; Field amplitude radiation pattern of the receiver antenna
L;(d) Path loss distance dependence for the i™ multipath component
d Path length [meters]
r L&i) Reflection coefficient
T(6,) Transmission coefficient
E; Field strength of the i multipath component [V/m]
E, Reference field strength [V/m]
eikd Propagation phase factor due to path length

In (5.2-2), the reflection, I“(Bj,-), and transmission, T(0y;), losses for the ith ray are
given as functions of incidence angle, 0. This is to illustrate the dependence of these losses
given by the Fresnel formulas. Power delay profiles are computed and path loss is com-
puted by referencing the result of (5.2-2) to a 1-meter free space path loss. The polariza-
tion of the wave relative to the interface determines whether the perpendicular or parallel
Fresnel reflection coefficients are used. For reflections and transmissions with the floor or
ceiling, the parallel coefficients are used, and the perpendicular reflection and transmission

coefficients are used when the ray intersects a vertically oriented building wall.

5.2.5 Identification of Specular Rays

Consider a transmitter and receiver in the presence of a single planar scattering
surface as shown in Figure 5.2-10. To determine the ray traced impulse response by a
brute force method, it is necessary that the solution include only one specular ray regard-
less of how many rays are traced. The test to determine if the ray reaches a receiving point
is accomplished in the following fashion. A perpendicular projection from the receiving
location to the ray path is computed and the total (unfolded) path length, 4, that the ray
travels from the transmitter to the projection point is determined. A reception sphere (from
[Hon91], extended to three dimensions [Sch92], [Sei92b]) is constructed about the receiv-
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Tx
direct ray

specularly reflected ray

FIGURE 5.2-10. Transmitter and receiver in the presence of a specularly
reflecting surface. A ray tracing solution must include only one specularly
reflected ray for a given surface.

ing location with a radius proportional to the unfolded path length and the angular spacing
between neighboring rays at the source. If the ray intersects the reception sphere, it is
received and contributes to the total received signal. Otherwise, the ray is not received.
Regardless of whether or not the ray is received, recursion proceeds as previously
described. The reception sphere effectively accounts for the divergence of the rays from
the source. For ray separation a sufficiently small, the ray intercepting the sphere will be
an accurate measure of the ray that would pass directly through the receiving point. The
physical interpretation of the reception sphere can be justified with the aid of Figure 5.2-
11. This figure is a two-dimensional representation of a ray being traced. Two adjacent
rays, launched at o relative to the test ray, are also shown. Note that in three dimensions,
any ray will have more than two adjacent rays and the angular separation of the adjacent
rays will not necessarily coincide with the coordinate axes. As shown in the figure, a
reception sphere with the correct radius can receive only one of the rays. If the radius is
greater than ad/ ./§ , two of the rays could be received and would, in effect, count the same
specular ray path twice. Likewise, if the radius is too small, none of the rays will intercept
the sphere and the specular energy will be excluded. It is important to emphasize that the
reception sphere radius is proportional to the unfolded path length from the source to

receiver and is different for each ray path.

Recall Figure 5.2-4 where o is the angular separation between rays at the source.

In order to make sure that the specular point is not missed, the ray wavefront is considered
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reception sphere
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Rx ray

Tx

Undersized reception sphere

Oversized reception sp]:uere-J

FIGURE 5.2-11. Two dimensional view of the reception sphere. The total ray path
length is d producing a reception sphere radius of ad/./3 (from [Sch92]).

as a circle circumscribed about the hexagonal (or pentagonal) wavefront shape. Figure
5.2-12 shows two adjacent rays and their respective wavefronts. The angular radius of the
circumscribed circle is of /3. Although it is possible to receive two specular points with
this approach, the path loss error of such a case would be 3 dB. A missed specular point
could lead to a much larger error if a significant amount of energy is carried by that ray.
Adjacent rays that are received by overlapping reception spheres are eliminated during the
processing of the raw ray tracing output. The uSe of a reception sphere requires that the
rays must be launched such that each ray is separated from neighboring rays by a nearly

constant angle, a. If nearly uniform separation is not maintained, the test ray will not be

FIGURE 5.2-12. Tllustration of assumed wavefront for the purposes of the
reception sphere. There is slight overlap between adjacent rays.
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separated from adjacent rays by similar angles and the reception sphere loses its physical
significance. All rays that are received are written to a raw ray tracing output file. The for-
mat of the output file is described in detail in Section 9.4.1 Raw Ray Tracing Output File
(RAW).

The reception sphere provides a method for identifying specular components. The
received specular component indicates the source ray wavefront that most closely approx-
imates the true wavefront. The accuracy of this method is directly related to the size of the
reception sphere. The size of the reception sphere is determined by the separation between
source rays and the distance travelled by the received ray. The propagation distance is
fixed, but the tessellation frequency can be changed to directly affect the error introduced
by using a brute force ray tracing method that incorporates a reception sphere. It may be
possible that a bound on the maximum reception sphere size could be used to determine
the minimum tessellation frequency for a specified error introduced by the ray tracing
method. This error is not the error caused by the difference between the measured and pre-
dicted propagation, but it is the error introduced by the implementation of the propagation
model.

5.3 Diffraction

The implementation of diffraction in the computer program is separate from the
brute force ray tracing. Since there is no recursion, the diffracted ray paths may be found
by a straightforward search for all paths that satisfy the correct geometry for a diffracted
ray. Diffracting corners are modeled as dielectric wedges. Diffracted rays are found for all
combinations of transmitter and receiver that have a direct path to the diffracting wedge.
The locations of diffracting wedges are explicitly specified in the building database and
the .ray file. The amplitude and phase of diffracted rays are determined by the uniform
geometrical theory of diffraction for a dielectric wedge as described in Section 4.3 Geo-
metrical Theory of Diffraction [Kel62], [Kou74], [Bal89].
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5.4 Processing Raw Ray Tracing Program Output

The raw ray tracing output is stored in a .RAW file. The raw ray tracing output
undergoes several stages of data processing before power delay profiles are generated.
First, the original .RAW file is separated into a .RAW file for each receiver location. The
multipath components in each .RAW file are then sorted by excess delay and stored in a
.sort file for each receiver location. Once the individual impulses are sorted, they can be
convolved with a probing pulse to determine power delay profiles. This section describes

the format of these different ray tracing output files.

5.4.1 Raw Ray Tracing Output File (RAW)

The first step in processing the raw output from the ray tracing program (RAW
file) is to separate the data by receiver location. The raw output file contains the individual
multipath components for all of the receiver locations specified in the .ray file. A RAW
file is separated into a .RAW file for each receiver location. Figure 5.4-1 gives a sample of

a .RAW file that contains raw ray tracing output.

The information for each individual multipath component is given on three sepa-
rate lines. The first line contains the component number, receiver number, ray type, num-
ber of levels, propagation distance, received field strength, and ray departure angles at the
transmitter and ray arrival angles at the receiver. The two strings on the second line con-
tain the reflection and transmission history of the ray, and the third line contains the inci-
dence angle history of the ray. These values are described in more detail in the following

paragraphs.

The component number is an artifact of the ray tracing and has no significance in
processing the data. The receiver number is used to separate the original .RAW file into a
RAW file for each receiver. The ray type can take on acceptable values of 1, 100, 200, and
1000. A ray type of 1 indicates a line-of-sight ray. Ray types of 100 or 200 indicate a spec-
ularly reflected or transmitted ray, respectively. The ray type pertains to the last reflection
or transmission before being received. Diffracted rays are assigned a ray type of 1000. The

number of levels is the number of ray tree levels the ray traversed before being received.
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181 14.43026657e+01 2.25720052¢-02 1.57 0.00 1.57 3.15
LZ

0.000

2711 3.16009636¢+01 3.16446051e-02 1.57 0.00 1.57 3.14
LZ

0.000

1 8 100 6 5.25254021e+01 8.88256065¢-04 1.14 6.28 1.31 6.17
SRRRRRRZ RFRFRM

1421 1.421 1.421 1.421 1.421 0.907

151001 1.18492155e+01 5.06362654¢-02 1.15 6.30 1.15 3.14
SRZR

1.407

1 8 100 6 4.57579765e+01 1.01962558e-03 1.38 6.46 1.76 2.98
SRTRRRRZ AARAFA

0.1700.170 1.186 0.170 1.186 0.170

121002 3.14815903e+01 1.14352554¢-02 1.70 4.61 1.68 1.66
SRRZ AF

0.101 1.125

121002 3.14830742¢+01 1.14347162¢-02 1.68 4.62 1.70 1.67
SRRZ AF

0.088 1.105

14 100 6 2.30104294e+01 2.02760263e-03 2.67 4.44 2.77 2.09
SRRRRRRZ FRFARF

1.893 1.893 1.893 0.120 1.893 1.893

1 8 1000 0 4.49669495e+01 3.24025808e-04 1.57 5.40 1.57 3.18 -0.76
DZ

0.000

FIGURE 5.4-1. Sample ray tracing output file (RAW).

This number is the number of reflections or transmissions the ray experiences between the
transmitter and receiver for ray types 100 or 200. The next number is the propagation dis-
tance in meters from the transmitter to the receiver. The propagation delay is proportional
to the propagation distance. The received field strength relative to the field strength at one
meter over a free space path is the next item in the file. This number represents the path
loss distance dependence without consideration of the reflection or transmission coeffi-
cient. The last four numbers on the first line represent the ray departure and arrival angles
at the transmitter and receiver. All angles are measured in radians using standard spherical
coordinates shown in Figure 5.2-1. The first two numbers are the departure elevation
(theta) and azimuth (phi) angles, respectively, and the last two numbers are the arrival ele-
vation and azimuth angles. The ray departure and arrival angles are included so that the

elevation and azimuth antenna patterns at the transmitter and receiver can be included in
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the model. For diffracted rays, an additional number on the line represents the phase shift
in radians caused by the diffracting corner.

The second line in the .RAW file for an individual multipath component is a ray
history of the received component. The first string is the reflection and transmission his-
tory, and the second string is the material interaction history. The first character in the first
string will be an L, an S, or a D for line-of-sight, specularly received rays, and diffracted
rays, respectively. The last character in the first string will be either a Z or an X. The letter
Z indicates that the ray was received with no resolution problems due to the tessellation
frequency. If the string is terminated by the letter X, this indicates that for this individual
multipath component, there was not enough ray separation resolution to determine if the
component should be considered specular. In between the first and last characters are a
combination of the letters R and T. The letter R indicates a Reflection, and the letter T
indicates a Transmission. The second string has a character for each T or R in the first
string. Each character represents the name of the material that the ray reflected off of or
transmitted through. Recall that the name of the material was specified in the .ray file for
each object. Materials are classified by their electrical properties. There is no second string
for line-of-sight or diffracted components since these components do not undergo any
transmissions or reflections. The information in these two strings facilitates investigation

of the ray history of each individual multipath component.

The third line of the file for each multipath component is a history of the incidence
angles for each reflection or transmission. There is one number in the file for each reflec-
tion or transmission. The number is the negative of the dot product of the incidence angle
and the surface normal. The negative sign is simply a convention used to determine the
positive angle between the incident ray and the surface normal. The value of the dot prod-
uct ranges between 0 and 1. In order to incorporate some polarization dependence, interac-
tions with the floor and ceiling have the value of 1 added to them. In this way, it is possible
for the polarization to be distinguished from the number in the file that ranges between 0
and 2. If the value is between 0 and 1 (inclusive), the value is the dot product of a horizon-
tally (TE) polarized interaction, and if the value is between 1 (exclusive) and 2, the value
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is one plus the dot product of a vertically (TM) polarized interaction. Line-of-sight and
diffracted components have the incidence angles set to zero, and these values are not used

in processing these types of components.

5.4.2 Sorted Ray Tracing Impulses (.sor?)

Once the data is separated by receiver location, a .sort file is created which con-
tains the received multipath components sorted by increasing excess delay. The .sort files
are created and multiple representations of identical multipath components that may have
been captured by overlapping reception spheres are eliminated. Part of a .sort file can be
seen in Figure 5.4-2. The first line contains the ray number, the receiver number, the ray
type, the excess delay in nanoseconds, the received field strength relative to the value
measured at one meter over free space, the departure and arrival angles, and the two ray

reflection history strings. The second line contains the ray incidence angle history.

01112643 2.636537¢-021.574.711.571.571LZ

0.000

11200 126.66 2.631776e-02 1.57 4.78 1.57 1.52 SRTZ AA
0.072 0.997

21100 126.66 2.631680e-02 1.57 4.76 1.57 1.49 SRZ A
0.048

31100 126.81 2.628708e-02 1.57 4.64 1.57 1.65 SRZ A

0.072

41100 127.03 2.624092¢-02 1.66 4.71 1.68 1.58 SRZF

1.085

51200 127.19 2.620816e-02 1.68 4.72 1.46 1.49 SRTZ FA
1.107 0.994

61 100 127.25 2.619590¢-02 1.66 4.78 1.68 1.52 SRTRZ AAF
0.068 0.994 1.087

FIGURE 5.4-2. Sample ray tracing sorted impulse file (.sor?).

5.4.3 Power Delay Profiles

After the raw data is sorted, each multipath component contained in the .sort file is
convolved with a probing pulse and combined into a power delay profile that represents
the received power as a function of propagation time delay to a resolution determined by
the width of the pulse. Each multipath component amplitude is multiplied by the appropri-
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ate reflection, transmission, and diffraction coefficients. Each component amplitude is also
multiplied by a digitized representation of the measured antenna elevation pattern. Thus,
this representation is the complete predicted power delay profile that includes the ampli-
tude and phase effects of the propagation distance, antenna pattern, and the reflection,
transmission, and diffraction coefficients. An example of a few lines of a power delay pro-
file is given in Figure 5.4-3. The first column is the total propagation delay in nanosec-
onds, and the second column is the path loss in decibels relative to the path loss along a
one meter free space path. A simple x-y plot of this file is the power delay profile. When
the power delay profiles are optimized for different material properties, these power delay
profiles are stored on disk with the extension .pdp. A ray tracing power delay profile
appears as in Figure 3.3-1.

115.000000 200.000000
116.000000 200.000000
117.000000 200.000000
118.000000 67.866926
119.000000 64.276416
120.000000 60.094472
121.000000 51.410642
122.000000 41.566983
123.000000 33.825538
124.000000 28.791239
125.000000 26.152324
126.000000 25.654577
127.000000 25.822149
128.000000 25.267775
129.000000 24.555686
130.000000 27.153538
131.000000 30.113113
132.000000 33.130977
133.000000 35.437432
134.000000 34.576787
135.000000 34.020623
136.000000 34.850227
137.000000 36.481527
138.000000 39.427796

FIGURE 5.4-3. Sample ray tracing power delay profile file (.pdp file).
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5.5 Summary

This chapter has described the primary contribution of this dissertation, a ray trac-
ing propagation model to predict power delay profiles for a transmitter and receivers
located on the same floor inside a building. The computer representation of the building in
AutoCAD and the conversion to a standard format have been described. Direct, reflected,
transmitted, and diffracted rays have been implemented into the program. A novel method
for determining the source ray directions in three dimensions based on the theory of geo-
desic domes was developed. A ray tree was described to show how the program imple-
ments recursion of multiply reflected and transmitted rays. A reception sphere in three
dimensions is used to determine when rays may be considered specular. The conversion of
the raw ray tracing output to power delay profiles and the various file formats have been

described.
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6 Comparison of Measured and Predicted Propagation

6.0 Overview

The validation of any propagation prediction model must include comparison with
measured data. For ray tracing methods that relate the propagation to specific objects in
the physical radio channel, this comparison must include both multipath component
amplitudes and arrival times in order to quantify the accuracy. This comparison must also
be on a specific location-by-location basis. The measured data presented here are power
delay profile impulse response estimates that contain no phase information. The resolution
is determined by the pulse width of the measurement system. Power delay profiles are
computed from the predicted individual multipath components in order to compare mea-
sured and predicted propagation data. Two different methods are used here to compare the
measured and predicted propagation data. First, measured and predicted power delay pro-
files are compared on a location-by-location basis as a function of excess delay. An error
function is defined to quantify the ‘distance’ between the two curves. The second method
of comparison is a location-by-location comparison of propagation characteristics such as
path loss, COST 207 delay interval, and rms delay spread that are computed from the
power delay profiles. Both of these methods compare measured and predicted propagation
data at specific locations in a manner that incorporates both the amplitudes and arrival
times of individual multipath components. This location-by-location comparison of mea-
sured and predicted propagation is a significant contribution of this dissertation since pre-
vious work in ray tracing prediction methods in buildings have not been validated by such

a comparison.

Previous ray tracing models have not compared measured and predicted propaga-
tion data in terms of both the amplitudes and arrival times of individual multipath compo-
nents in a site-specific manner. In [McK91] and [Dri92], ray tracing was used to predict
coverage of a radio system in a building, but no measured data were available for compar-
ison. Comparison of average signal strength (path loss) as in [Hon92] is a necessary mea-
sure of the model accuracy, but is not sufficient to determine the accuracy of the model

since there are many possible combinations that can predict the same average signal
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strength as the measured data. However, only narrow band signal strength measurements
were available for comparison in [Hon92], and the work contained therein is the first to
verify a ray tracing model for propagation prediction with measured data. Similarly, the
multipath component arrival times must be compared for specific locations of measure-
ments and predictions. In [Law92], the cumulative distribution functions of measured and
predicted rms delay spreads were computed for a particular set of rooms inside a building.
However, the relationship between the individual measured and predicted rms delay
spreads was not determined, and the power delay profiles at individual locations were not
compared. In addition, rms delay spread is not necessarily a good measure of the predic-
tion accuracy since two quite different power delay profiles can have the same rms delay
spread. Hence, a comparison criteria that incorporates the multipath component arrival
times in a power delay profile is required to determine the accuracy of a ray tracing propa-
gation prediction model. Here, a location-by-location power delay profile comparison, and
a path loss and delay interval comparison are used to quantify the prediction accuracy.
Rms delay spread results are also presented since this is a more common measure of the

time dispersion of a radio channel.

Because the exact building material properties are unknown, a method for mini-
mizing the mean square error between measured and predicted power delay profiles as a
function of excess delay is developed. The predicted power delay profiles are modified by
implementing different amplitude and phase models for the reflection and transmission
coefficients. The reflection and transmission coefficients are varied by changing the
dielectric properties of the building materials used for prediction. The reflection and trans-
mission coefficient models that give the minimum mean square error over an ensemble of
measurement locations are used to determine the predicted power delay profiles presented

here.

Next, measured and predicted power delay profiles are compared at 4.0 GHz for
two buildings at 1.3 GHz in one of the buildings. This provides a qualitative comparison
between measured and predicted power delay profiles for a variety of measurement loca-

tions with different surroundings. Finally, a location-by-location comparison of the propa-
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gation parameters determined from measured and predicted power delay profiles is given.
The standard deviation of path loss error is less than five decibels for all measurement
locations, and this error is achieved over a total path loss dynamic range of fifty decibels.
It is shown that a 16 dB change in measured path loss as a receiver is moved from a line-
of-sight to an obstructed location is predicted for the same locations. Although there are
several locations where the measured and predicted values disagree, comparison of delay
interval and rms delay spread show good agreement between measured and predicted

propagation parameters in many cases.

6.1 Comparison Criteria and Error Function Definition

Consider a measured and a predicted power delay profile as shown in Figure 6.1-1.
Some measure of the ‘distance’ between the two curves is desirable. A quantitative mea-
sure of the error that incorporates both the amplitudes and arrival times of the individual
multipath components is a useful measure of the ‘distance’ between measured and pre-
dicted power delay profiles. The measure used is the mean square error between the two
curves on a pointwise basis at one nanosecond intervals. The error between the two curves
on a sample-by-sample basis is computed for all samples that have an amplitude above the
received power threshold for either the measured or predicted power delay profile. These
values are computed as the difference in decibels. Samples that are below the threshold for
both measured and predicted profiles are not included in the calculation. When the sample
at a constant time delay is above the threshold for one profile and below the threshold for
the other, the error is considered to be the difference between the amplitude above the
threshold and the threshold value. This prevents large errors due to missed multipath com-
ponents from significantly weighting the calculation. For each comparison of measured
and predicted power delay profiles, an error curve that is the difference between the mea-
sured and predicted power delay profiles as a function of excess delay is computed. The
optimization is to minimize the total area under all of the squared error curves. Figure 6.1-
1 shows measured and predicted power delay profiles and the error curve as a function of
excess delay for a typical measurement location on the second floor of Whittemore Hall.

Note that the error curve is displayed in the figure and the area under the squared error
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curve is minimized to determine the reflection and transmission coefficient models. The
error curve ranges between plus and minus ten decibels. Hence, at some excess delays, the

predicted power is too large, and at other excess delays, the predicted power is too small.
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FIGURE 6.1-1. Measured and predicted power delay profiles and the error curve

as a function of excess delay measured on the second floor of Whittemore Hall on
the Virginia Tech campus.
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This method assumes that the arrival times of measured and predicted multipath
components are aligned. If a measured and predicted multipath component have the same
amplitude, but are offset in time delay by a small amount, the error between the two com-
ponents computed by this method would contribute to the overall error. However, this case
could indicate that the error in the predicted multipath component is only in time delay
and not in the predicted amplitude. This point is mentioned to suggest that future methods
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of determining the ‘distance’ between measured and predicted power delay profiles con-
sider the possibility of arrival time as well as amplitude differences of individual multipath

components.

The difference between the measured and predicted power delay profiles as a func-
tion of excess delay is computed for each combination of transmitter and receiver. Two
different optimizations are performed. The first optimization is computed for each individ-
ual location. The second optimization considers all locations at the same frequency in the
same building. These two optimizations are used to determine the penalty for using the
results from a combination of locations as compared to the smallest possible error deter-

mined by optimizing for each individual location.

6.2 Optimization of Effective Building Material Properties

6.2.1 Optimization Method

Because the exact building material properties are often unknown, a method for
minimizing the mean square error between measured and predicted power delay profiles
as a function of excess delay is developed. The ray tracing program determines the arrival
times and path loss distance dependence of each received multipath component from the
site-specific building database. The only variable that can be used to change the predicted
power delay profile is the building material properties. The predicted power delay profiles
are modified by implementing different amplitude and phase models for the reflection and
transmission coefficients. The reflection and transmission coefficient models that give the
minimum mean square error for all excess delay are then used to determine the predicted
power delay profiles for forty-five locations in two different buildings. The mean square
error function is used for optimization since this representation incorporates the most
information about the amplitudes and time delays of individual multipath components.
The channel parameters such as path loss and rms delay spread are not used since the mea-
sured and predicted values of these parameters could be quite close even though there are

major differences in the power delay profiles.
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Each wall is modeled as a homogeneous infinitely thin flat planar surface infinite
in extent with a constant relative dielectric constant and conductivity. In addition, all walls
in a building with the same name specified in the .ray file are considered to be identical.
Ideally, the material properties of each individual wall represented in the database would
be known in advance. However, the dielectric properties of many common building mate-
rials are as yet, unknown. Also, the building walls are rarely (if ever) homogeneous, and
are never infinite in extent or infinitely thin. Since the material properties are unknown, an
alternate method is used to determine the appropriate material properties that should be
used in a particular building to predict the power delay profiles. The ray tracing propaga-
tion model uses the Fresnel plane wave reflection and transmission coefficients to deter-
mine the amplitudes of individual multipath components. Hence, the approach is to
determine the effective material properties for the walls in the buildings under consider-
ation. These effective material properties are the material properties that, when put into the
Fresnel reflection and transmission coefficient equations, give the equivalent amplitude (in
a minimum mean square error sense) of the reflections and transmissions measured in the
real-world, finite-size, non-homogeneous environment. Thus, the building material prop-

erties are optimized to minimize the area under the mean square error curve.

Two different effective material properties are computed for each measurement
(and prediction) location. First, the effective material properties are computed solely as a
function of each measurement/prediction location. That is, only the samples for the mea-
sured and predicted power delay profiles from one location are used to optimize the effec-
tive materials based on the mean square error. These effective material properties are
computed for each combination of transmitter and receiver location in a building. Optimi-
zation of the error for each individual location indicates the smallest possible error that
can be obtained when only the material properties (reflection and transmission coeffi-
cients) are varied over an appropriate range. The effective material properties are also
computed for an ensemble of measurement locations at the same frequency in the same
building. The mean square error is minimized for several different combinations of trans-

mitter and receiver location at once. This provides overall ‘best-fit’ values of the effective
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material properties for the particular ensemble when all walls of the same type are consid-

ered identical and homogeneous.

6.2.2 Optimization Results

Optimization was performed for three different sets of measured data. Measure-
ments were made in Whittemore Hall at 1.3 GHz and 4.0 GHz, and in Norris Hall at 4.0
GHz. Both buildings are on the Virginia Tech campus and the measurements are described
in detail in Section 6.3 Comparison of Measured and Predicted Power Delay Profiles.
Whittemore Hall is an office building with offices and classrooms that are located along a
central hallway that snakes throughout the building on the second floor. Most walls are
made of drywall mounted on metal studs. These walls separate individual offices from one
another and the hallway. The walls that surround the stairwells at each end of the building
are cinderblock and poured concrete. For the purposes of building material optimization,
all walls are considered identical. Norris Hall is an older building and is constructed out of
cinderblock. Offices are located along an L-shaped hallway. At the end of one hallway,
there is a large metal door to a laboratory. This door is modeled as a perfect electric con-
ductor with a reflection coefficient of -1 regardless of incidence angle. All of the cinder-

block walls are modeled as a homogeneous dielectric.

The optimization was performed over a range of relative permittivities of 1 to 10.8.
A loss tangent (o/weg) of 15x10 was included to incorporate a slight loss for each wall.
In Whittemore Hall, the dielectric constant that minimizes the squared error functions is
€,~4.4 at both 1.3 GHz and 4.0 GHz. These values were determined independently. In
Norris Hall, the best-fit effective dielectric constant is £,=7.4. The resultant Fresnel reflec-
tion and transmission coefficients as a function of incidence angle are shown in Figure
6.2-1. These effective material properties were determined for each specific combination
of measurement locations in the two buildings at the two frequencies. The resultant values
of £=4.4 and 7.4 fall between the relative dielectric constant values of 2.4 for plicene
cement and 8.8 for marble [Von54]. The values of the material properties of a concrete
wall were derived from propagation measurements at 1.2 GHz in [Hor86]. The reflection
coefficients were found to vary between 0.33 and 0.4, and the relative dielectric constant
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was between 3.9 and 5.4. Hence, the values determined here for the effective relative
dielectric constant seem reasonable. The Fresnel reflection and transmission coefficients
are not sensitive to small changes in the dielectric constant so that this ray tracing method
may be used with confidence even when the optimal effective building materials are
unknown.
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FIGURE 6.2-1. Magnitude of the Fresnel transmission and reflection coefficients
at 4.0 GHz for the effective building material properties of £.=4.4 in Whittemore
and £,.=7.4 in Norris.

6.2.3 Analysis of Optimized Error Function With Excess Delay

In order to determine if there are any excess delays where the prediction error is
consistently positive, negative, or large, the average and square root of the mean square
error as a function of excess delay is determined. The error functions from all measured
and predicted locations are used to compute the statistics. The building and frequency
dependence is incorporated in the prediction for each location. Only non-zero errors were
included in the calculation since a zero error indicates that both the measured and pre-
dicted power delay profiles are below the threshold. The average and square root of mean
square error functions are shown in Figure 6.2-2. The average error is shown in the top fig-
ure, and the square root of the minimum mean square error is shown in the bottom figure.
The error statistics are shown for optimization based on each location and for optimization
for the ensemble of locations. Notice that the average error is close to zero for all excess
delays with a maximum of about 4 dB. This indicates that the optimization process has

provided a near zero-mean error function and does not consistently predict too much or
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too little power at particular excess delays. The square root of mean square error, however,
is larger for excess delays less than fifty nanoseconds. This indicates that a majority of the
error is due to incorrect calculations of the first-arriving multipath components. Much of
this error can likely be attributed to obstructed locations where the first few paths pass
through rooms that contain furniture and thick rather than infinitely thin walls. These
unmodeled objects may attenuate the measured signal leadjﬁg to prediction error. From
the curves in Figure 6.2-2, it can be seen that there is little difference between the individ-
ual and combination optimization errors. Hence, the best-fit building material properties
do not vary significantly from location to location, and the effective material properties

“model gives close to the smallest possible error for the multipath components predicted by
the ray tracing program.
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FIGURE 6.2-2. Average and square root of the mean square error function of the
difference between measured and predicted power delay profiles as a function of
excess delay.
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6.3 Comparison of Measured and Predicted Power Delay Profiles

This section provides a qualitative comparison of measured and predicted power
delay profiles. The measured and predicted power delay profiles for different measure-
ment locations at the two different frequencies and two different buildings are compared
and discussed for both line-of-sight and obstructed measurement locations. The uniform
geometrical theory of diffraction was included in the model. However, for the measure-
ment and prediction locations presented here, the diffracted rays do not contribute signifi-
cantly to the received power delay profiles. It is likely that at other locations diffraction
will significantly contribute to the received power delay profile. Hence, it is included in

the model for completeness.

6.3.1 Whittemore Hall - 1.3 GHz

The floor plan of Whittemore Hall is shown in Figure 6.3-1. The transmitter was
located at the intersection of two hallways, and is indicated by the letters ‘Tx’ in the fig-
ure. The different receiver locations are indicated by the letters ‘A’ through ‘I’. These
measurements were made with a direct pulse measurement system at 1.3 GHz with a 4 ns
rms pulse width resolution. Both the transmitter and receiver were stationary during mea-
surements and each power delay profile represents an instantaneous ‘snapshot’ of the
channel. Omni-directional vertically polarized discone antennas were used, and the mea-

surements are described in more detail in [Haw91].

The measured and predicted power delay profiles for the line-of-sight receiver
location G are shown in Figure 6.3-2. Notice that the path loss error is less than 2 dB and
the rms delay spreads are quite similar. The amplitudes and arrival times of significant

individual multipath components are predicted.

The measured and predicted power delay profiles for obstructed measurement
location ‘H’ are given in Figure 6.3-3. The path loss error is 0.3 dB and multipath compo-
nents are predicted out to a total delay of 200 ns. Although agreement is not as good as for
line-of-sight locations, the large-scale change in path loss based on the change in topogra-
phy has been tracked for this obstructed location.
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FIGURE 6.3-1. Measurement locations on the second floor of Whittemore Hall at
1.3 GHz. The transmitter is indicated by a ‘Tx’, and the receiver locations are
indicated by the letters ‘A’ through ‘I’.
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FIGURE 6.3-2. Measured and predicted power delay profiles at location G in
Whittemore Hall at 1.3 GHz. The path loss error is 1.8 dB and the rms delay
spreads are nearly identical.
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FIGURE 6.3-3. Measured and predicted power delay profiles for obstructed
location ‘H’ at 1.3 GHz in Whittemore Hall. The path loss error is 0.3 dB, and the
arrival times of significant individual multipath components are predicted at total
delays of up to 200 ns.

Table 6.3-1 presents the measured and predicted path loss, rms delay spread, and
delay interval for a window that contains 90% of the received energy for measurements
made at 1.3 GHz on the second floor of Whittemore Hall.

TABLE 6.3-1: Measured and predicted path loss, rms delay spread, and 90% delay
interval at 1.3 GHz on the second floor of Whittemore Hall.

r
WHL1AVV 17.3 109 14.5 10.2 51 15
WHL1BVV 19.4 13.3 7.9 7.5 17 25
WHOICVV 42.0 51.6 234 115 68 38
WHO1IDVV 50.2 45.5 14.1 9.5 41 23
WHLIEVV 17.8 16.6 35.6 5.1 27 15
WHL1FVV 239 19.3 434 229 77 15
WHLIGVV 223 24.1 11.1 10.0 32 33
WHOIHVV 429 42.6 35.0 17.5 91 59
WHO1IVV 47.1 52.7 33.7 25.1 91 70
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6.3.2 Whittemore Hall - 4.0 GHz

Additional measurements were made on the second floor of Whittemore Hall at 4.0
GHz with the spread spectrum channel sounder described in Section 2.5 Multipath Propa-
gation Measurements. The channel sounder chip rate was 240 MHz which yielded a time
resolution of about 8 ns. Omni-directional bi-conical antennas were used at the transmitter
and receiver. The transmitter location was the same as for the 1.3 GHz measurements. The
receiver was moved to different locations in the hallway throughout the same measure-
ment area. The transmitter and receiver measurement locations are indicated in Figure 6.3-
4. For measurements at 4.0 GHz, the transmitter remained stationary, and the receiver
recorded five instantaneous power delay profiles over a path length of about one meter.
Each instantaneous power delay profile was recorded while the receiver was stationary,
and the five power delay profiles were averaged to provide a spatial average that elimi-

nates multipath fading within one pulse period.
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FIGURE 6.3-4. Building blueprint of the second floor of Whittemore Hall that
shows where power delay profile measurements were made at 4.0 GHz with a
spread spectrum channel sounder with a 8 ns pulse resolution.
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Consider the line-of-sight receiver measurement location W251 shown in Figure
6.3-5. The path loss error is less than one decibel and the rms delay spreads are quite sim-
ilar. There is good agreement between the measured and predicted power delay profiles as
the prediction includes the amplitudes and arrival times of many significant multipath
components. A table of measured and predicted path loss, rms delay spread, and 90%
delay interval is given in Table 6.3-2. Notice that the measured and predicted path loss at
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FIGURE 6.3-5. Measured and predicted power delay profiles at receiver
measurement location W251 in Whittemore Hall at 4.0 GHz. The path loss error is
less than 1.0 dB and the rms delay spreads are quite similar.

location W262 is on the order of 15 dB greater than the free space path loss at one meter
for this line-of-sight location. Consider the obstructed locations WJO and WDA. The
comparison of measured and predicted power delay profiles is given in Figure 6.3-6 and
Figure 6.3-7, respectively. The significance of these locations is that as the receiver is
moved from a line-of-sight position to an obstructed position, the predicted power delay
profiles accurately tracks the 16 dB change in path loss. The change in path loss from 31
dB to 38 dB relative to one meter as the receiver moves from WJO to WDA is also pre-
dicted. Hence, major changes in propagation characteristics are correctly tracked as the

receiver undergoes significant changes in the surroundings.
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TABLE 6.3-2: Measured and Predicted path loss, rms delay spread, and 90% delay
or of Whittemore Hall.

w248 134 14.7 17.7 8.6 38 14
w252 113 214 4.0 33.1 9 15
W256 19.2 203 36.0 4.1 51 199
W260 19.2 144 259 33.6 31 11
W262 17.5 12,5 16.3 34.8 14 143
W266 19.8 12.0 19.1 125 40 8

w270 20.7 14.6 19.5 18.3 73 74
W274 22.7 246 15.8 153 47 39
w276 27.6 25.6 42.6 305 52 137
wJO 29.9 316 319 40.6 76 147
WDA 383 383 45.2 124 154 29
WWM 43.8 46.3 50.4 129 162 41
w281 47.6 50.2 385 310 140 114
w285 56.0 444 26.5 7.8 80 5

6.3.3 Norris Hall - 4.0 GHz

The locations of the transmitters and receivers for 4.0 GHz measurements in Nor-

ris Hall are shown in Figure 6.3-8. Some measurements were made with the transmitter at

location ‘J’ where the two hallways intersect, and others were made with the transmitter at

location ‘B’ in one of the hallways. The receiver was located at the locations indicated by

the letters ‘A’ through ‘J’. The measurement equipment and procedure were identical to
the 4.0 GHz measurements made in Whittemore Hall.
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FIGURE 6.3-6. Comparison of measured and predicted power delay profiles in
Whittemore Hall at 4.0 GHz at receiver location WJO.
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FIGURE 6.3-7. Measured and predicted power delay profiles for the obstructed
location WDA in Whittemore Hall at 4.0 GHz.

Consider the transmitter at location ‘J’ and the receiver at locations ‘F’ and ‘H’.
The measured and predicted power delay profiles for location ‘F’ are shown in Figure 6.3-
9, and the profiles for location ‘H’ are shown in Figure 6.3-10. For both line-of-sight loca-
tions, the amplitudes and arrival times of significant multipath components are predicted

and the path loss errors are less than 4.1 dB. At location ‘F’, the rms delay spreads are
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FIGURE 6.3-8. Building blueprint of Norris Hall that shows the transmitter and
receiver locations where power delay profiles were recorded at 4.0 GHz. At the
end of the hallway near measurement location ‘H> was a large metal door.
Measurements were made with the transmitter at locations ‘J’ and ‘B’.

quite similar since the amplitudes of measured and predicted multipath components in the
power delay profiles are nearly identical at almost all excess delays. At location ‘H’, the
rms delay spread varies considerably, but this parameter is sensitive to small changes in
the power delay profile such as the 8 dB difference in the first arriving multipath compo-
nent. However, the predicted power delay profile accurately predicts the arrival times of
the multipath components and predicts a path 1oss within 4.1 dB of the measured value.

Consider now the measurement location with the transmitter moved from location
‘T’ to location ‘B’ with the receiver remaining at location ‘H’ at the end of the hallway
next to the metal door. The measurement topography changes from line-of-sight to heavily
obstructed. In fact, the direct path passes outside the building and re-enters in the other
wing of the building. The measured and predicted power delay profiles are shown in Fig-
ure 6.3-11. Notice that the path loss error is less than one decibel and many of the ampli-
tudes and arrival times of significant multipath components are predicted. The significance

of this prediction is that as the transmitter was moved from a line-of-sight location to an
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FIGURE 6.3-9. Measured and predicted power delay profiles for transmitter
location ‘J’ and receiver location ‘F’ in Norris Hall at 4.0 GHz.
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FIGURE 6.3-10. Measured and predicted power delay profiles for transmitter
location ‘J’ and receiver location ‘H’ in Norris Hall at 4.0 GHz.

obstructed location, the predicted path loss remained within several decibels of the mea-
sured path loss over a path loss change of 30 dB. Thus, changes in the propagation charac-
teristics as a function of major changes in the surroundings of the transmitter and receiver
have been accurately modeled with this ray tracing propagation method. A table of values
for measured and predicted path loss, rms delay spread, and 90% delay interval is given in
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Table 6.3-3. The second digit in the name of the measurement location with the transmitter
at location ‘J’ is 1, and the second digit in the name of the measurement location with the
transmitter at location ‘B’ is 2. The third digit is the receiver location and the first digit

represents that the measurement were made in Norris Hall.

TABLE 6.3-3: Measured and Predicted path loss, rms delay spread, and 90% delay
interval at 4.0 GHz on the first floor of Norris Hall.

MIA 25.6 233 10.2 19.1 27 15
MI1B 19.3 224 5.1 7.4 14 116
Mi1C 19.0 12.0 12.0 54 27 11
MID 18.2 85 30.9 7.4 51 9
MIE 13.8 14.7 16.4 37.1 19 18
MIF 16.9 143 61.5 55.6 171 171
Mi1G 21.1 185 46.1 344 105 100
MI1H 211 25.2 10.6 364 24 16
M2C 19.9 15.6 18.6 14.6 52 37
M2D 18.9 21.0 16.7 346 69 78
M2E 55.0 583 344 41.0 72 148
M2F 59.8 583 60.9 36.6 171 109
M2G 59.1 61.3 224 205 69 60
M2H 592 58.8 17.7 322 53 80
M2J 224 21.2 12.9 6.5 38 13

6.4 Comparison of Measured and Predicted Channel Parameters

Although path loss, rms delay spread, and delay interval are not necessarily appro-
priate as optimization criteria, they are important channel parameters that are commonly
used to characterize the propagation channel. Hence, a quantization of the accuracy of the
model in these areas is required. The parameters are computed from the measured and pre-
dicted power delay profiles where the predicted power delay profiles were computed from
the effective building materials optimized over the ensemble of locations in a given build-

ing at a given frequency. For each combination, a loss tangent of 0.0015 was used and the
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FIGURE 6.3-11. Measured and predicted power delay profiles in Norris Hall at
4.0 GHz. The transmitter was at location ‘B’, and the receiver was at location ‘H’.

A

relative permittivity was 4.4 for both sets of predictions in Whittemore Hall and was 7.4
for predictions in Norris Hall. Figure 6.4-1 shows a scatter plot of measured and predicted
path loss for all measurement locations. The standard deviation of path loss error is 4.8 dB
for all measurement locations. This standard deviation is obtained over a dynamic range of
path loss that ranges from 10 dB to 60 dB above the path loss along a one meter free space
path. The individual path loss scatter points are clustered about the diagonal line that indi-
cates where measured and predicted path loss are identical. This result shows the validity
of the ray tracing propagation prediction model for path loss coverage prediction in a
building. The model accurately tracks large changes in path loss as a function of the sur-

roundings of the transmitter and receiver.

A scatter plot of the rms delay spread for the measured and predicted locations is
shown in Figure 6.4-2. The rms delay spread calculations show large errors at some loca-
tions. However, rms delay spread can be extremely sensitive to small changes in the power
delay profile. Only samples above the threshold were used to compute the statistics. If the
predicted component is below the threshold, it is not counted, even though the difference
between the measured and predicted power delay profiles is small. For example, examine
the measured and predicted profiles for location WHL1EVYV in Whittemore Hall shown in
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FIGURE 6.4-1. Scatter plot of measured and predicted path loss for the three sets
of measurements in Whittemore Hall at 1.3 and 4.0 GHz and in Norris Hall at 4.0
GHz. The standard deviation of path loss prediction error is 4.8 dB over all
measurement locations.

Figure 6.4-3. The rms delay spread error is large, but in Figure 6.4-3, it can be clearly seen
that several multipath components are predicted with amplitudes below the threshold that
must be used because of the dynamic range of the measurements. Hence, the difference
between measured and predicted power delay profiles is not as large as the difference in
rms delay spread indicates. Similar results can be seen at location WHL1FVV in Whitte-

more, and location M1E in Norris Hall.

Consider the COST 207 delay interval statistics. The delay interval is a measure of
the span of excess delay that contains a certain portion of the received energy. This is a
parameter that considers the arrival time and amplitude of the multipath energy that is less
sensitive to small changes in power delay profiles than is rms delay spread. Delay intervals
can be computed for any amount of received energy. Here, the measured and predicted
delay intervals for 90%, 75%, and 50% of the received energy are computed. Figure 6.4-4
gives the scatter plot of delay interval for 90% of the received energy. Most of the delay
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FIGURE 6.4-2. Scatter plot of measured and predicted rms delay spread for all
three measurement combinations.
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FIGURE 6.4-3. Measured and predicted power delay profiles for location
WHLIEVY in Whittemore Hall. Notice that the predicted component at 110 ns
total delay is below the threshold leading to a large discrepancy between the
measured and predicted rms delay spread.
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intervals are less than 100 ns and are clustered about the diagonal line that indicates where
measured and predicted delay interval window sizes are equal. There are several locations
where the measured and predicted delay intervals differ significantly, but in general, the
90% delay interval scatter plot is more clustered than the rms delay spread scatter plot
shown in Figure 6.4-2. The scatter plot of 75% of the received energy is given in Figure
6.4-5, and the scatter plot for 50% of the received energy is given in Figure 6.4-6. The
span of values for the 75% and 50% delay intervals decreases and becomes more clustered
about the diagonal (measured=predicted) line as the amount of energy in the window

decreases.
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FIGURE 6.4-4. Scatter plot of the measured and predicted COST A207 delay
interval for 90 % of the received energy.

6.5 Summary

This chapter has detailed the results of the ray tracing site-specific propagation
model. Previous work in propagation prediction has not focused on comparison of mea-
sured and predicted propagation data that includes the multipath arrival time and a specific
location-by-location comparison of the measured and predicted data. Hence, a method for
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FIGURE 6.4-5. Scatter plot of the measured and predicted COST 207 delay
interval for 75 % of the received energy.
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interval for 50 % of the received energy.
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quantifying the difference between measured and predicted power delay profiles has been
developed. The area under the square error function as a function of excess delay has been
minimized to provide predicted power delay profiles and determine effective building
material properties. The effective building material properties were determined for each
combination of building and frequency. Optimization revealed that the effective relative
dielectric constants are 4.4 at both 1.3 and 4.0 GHz in Whittemore Hall, and 7.4 at 4.0
GHz in Norris Hall. These values are similar to the values of other materials that could
possibly used in building construction. However, the use of an effective relative dielectric
constant is only a first-order approximation since all objects were considered homoge-

neous and identical. Ideally, the exact material properties for each object would be known.

Qualitative comparison of power delay profiles showed that the amplitudes and
arrival times of individual multipath components were predicted in both line-of-sight and
obstructed topographies. In both buildings, as a receiver was moved from a line-of-sight
location to an obstructed location, the predicted power delay profiles accurately tracked
the change in path loss. This change was 16 dB in one building and 30 dB in the other.
Overall, the standard deviation of the path loss error is 4.8 dB over a dynamic range of 50
dB. Comparison of the rms delay spread and COST 207 delay interval indicates that in
many cases the time delay parameters of measured and predicted power delay profiles are

similar.
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7 Conclusions and Future Work

7.1 Conclusions

This work has presented a site-specific ray tracing method for predicting radio
wave propagation in buildings. Chapter 1 discussed the recent growth of wireless commu-
nications and why accurate propagation prediction models are needed. Chapter 2
described multipath propagation and its effects on transmitted signals. Several methods of
measuring radiowave propagation in multipath radio channels were detailed. Both wide
band and narrow band measurement techniques and data processing methods were dis-
cussed. Multipath channel parameters such as path loss, rms delay spread, and delay inter-

val were defined.

Chapter 3 discussed propagation models based on measurements in many different
building environments. Results for path loss and delay spread were presented as a function
of building environment and frequency. The models discussed in Chapter 3 progressed
from statistical models to site-specific models that incorporate elements of the building
surroundings into the model. In particular, models for path loss caused by floors between
transmitters and receivers, partitions, and other common obstructing objects were pre-

sented.

The fundamental theory for site-specific propagation modeling was outlined in
Chapter 4. The theory of geometrical optics was presented for application in an automated
ray tracing program. Scattering and diffraction from flat plates were computed using the
uniform geometrical theory of diffraction, physical optics, and a heuristic incoherent scat-
tering model based on radar cross-section. The applicability of each model to site-specific
propagation prediction was discussed. The uniform geometrical theory of diffraction was

shown to be the most accurate for a wide range of scattering angles.

Chapter 5 described the ray tracing technique based on geometrical optics in detail
for prediction of radiowave propagation in buildings. Line-of-sight paths, specularly
reflected and transmitted paths, and diffracted paths were included in the model. A build-
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ing database manager and data processing of the raw ray tracing program output were
detailed.

The comparison of measured and predicted propagation in Chapter 6 verified the
use of this ray tracing propagaﬁon model for prediction power delay profiles for a trans-
mitter and receiver located on a single floor within a building. Propagation parameters
such as path loss, rms delay spread, and delay interval can be computed from the power
delay profiles. The standard deviation of path loss error is 4.8 dB and qualitative compari-
son of measured and predicted power delay profiles show good time delay agreement. The
results presented here indicate that this model can be used to predict power delay profiles
in many different buildings based on site-specific information such as wall location and

building materials. Suggestions for future efforts in ray tracing are given below.

7.2 Future Work

This work has presented a geometrical optics model for predicting multipélth
power delay profiles inside buildings using a site-specific building database. This disserta-
tion has shown that this model is successful for predicting the propagation inside two
buildings on the Virginia Tech campus. One extension of this work would be to test and
refine this ray tracing method by measuring and predicting propagation in a large number
of additional buildings. This model has been validated for single-floor measurements only.
A suggested extension is to extend the region of validity of the ray tracing program to pre-
dict the case of propagation between a transmitter and receiver located on different floors
within a building. Even for measurements on the same floor in the same building, there is
still some discrepancy between the measured and predicted power delay profiles. A
detailed investigation into the error mechanisms could prove useful for improving the pre-

diction accuracy.

This work has been the first to compare the time information in measured and pre-
dicted power delay profiles for specific locations. Path loss, rms delay spread, and the
delay interval have been used as parameters to quantify statistical differences between

measurements and predictions. The optimization of effective building material properties
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has been performed based on a point-by-point error function as a function of excess delay.
This optimization has attempted to reduce the ‘distance’ in some sense between the two
curves. The development of a statistic, parameter, or function that quantifies the error
between measured and predicted power delay profiles that provides insight into the source
of the error would be extremely useful in the development of more accurate propagation
models. This method should be able to identify arrival time as well as amplitude differ-

ence between the measured and predicted power delay profile.

There are a few specific areas of the model that could be improved to increase the
prediction accuracy and model applicability. The polarization models used in this work are
rather simple. Vertical polarization (TM) was assumed for interactions with the floor and
ceiling, and horizontal polarization (TE) was assumed for interactions with vertical walls.
While this first approximation has been used for the results presented here, this model
does not account for depolarization upon reflection and transmission. Several researchers
have studied the effects of polarization in buildings [Ber86], [Cox86], [Haw91], [Vil91],
[Ho92], [McG92]. The inclusion of a larger amount of polarization dependence would

likely increase the applicability and accuracy of the model.

This work has assumed homogeneous, infinitely thin, smooth planar surfaces infi-
nite in extent for the development of the reflection and transmission coefficient models.
Some improvements to these assumptions include phase effects due to wall thickness and
cavities inside cinderblock walls, and models for the scattering from non-homogeneous
walls such as drywall mounted on metal studs. Incorporation of these effects based on the-

oretical models may allow these constraints to be relaxed.

The uniform geometrical theory of diffraction model used here can only be used
for single-diffraction paths. Multiple diffraction and reflection-diffraction are not included
in the model. An expansion of the diffraction model could lead to more accurate predic-
tion. A double wedge diffraction coefficient model is given in [Sch91].

Many of the procedures in the propagation prediction were performed manually.

Full automation of the prediction process from building blueprint entry and transmitter
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and receiver placement to ray tracing and data processing would facilitate the use of this
program as a tool for wireless communication system installation and design. Unmodeled
objects such as furniture have not been included. Incorporation of additional site-specific
information with the appropriate propagation models will likely increase the prediction

accuracy.

Another critical aspect in the utility of this method is the computational complex-
ity which leads to large execution times. Depending on the complexity of the building
blueprint, the receiver thresholds, the tessellation frequency, and the efficiency of the
bounding volume structure, the ray tracing can take anywhere from several hours to sev-
eral days to complete. An automated bounding volume generation algorithm, an adaptable
tessellation frequency, and an adaptable threshold could be used to decrease execution
time. One way to circumvent the large run times would be to implement parallel process-
ing where different rays could be traced on different machines. The raw output files could
then be combined and processed in the same manner as the raw ray tracing output files

described here.
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APPENDIX A: Fresnel Plane Wave Reflection Coefficients

Consider a uniform plane wave with perpendicular (TE) polarization obliquely
incident upon a planar dielectric boundary shown in Figure A. This derivation is para-
phrased from [Che83]. The polarization is perpendicular because the E field is perpendic-
ular to the plane of incidence. The plane of incidence is the plane that contains the vectors
k; and 7. Note that the entire region below the boundary is made up of the dielectric mate-
rial and that the interface extends infinitely in the positive and negative z directions. Table

A summarizes the variables used to describe the fields.

Perpendicular (TE) Polarization A
X k,

0 -

: ) Et

— A
H, ki

FIGURE A : Reflection and transmission field polarization of a perpendicularly
(horizontally) polarized plane wave obliquely incident upon a planar dielectric
boundary. Note that the entire region below the boundary is made up of the
dielectric material and that the interface extends infinitely in the positive and
negative z direction.
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TABLE A : Summary of variables used to describe plane wave reflection.

Ho Permeability of free space [H/m]
£ Permittivity of free space [F/m]
€ = g8, Permittivity of dielectric material [F/m]

o) Conductivity of dielectric material [S/m]

8: Complex relative dielectric constant of material

6 Angle of incidence (measured from surface normal) [radians]
E; Incident electric field [V/m]

H i Incident magnetic field [A/m]

k i Propagation direction of incident field

6, Angle of reflection (measured from surface normal) [radians]
E, Reflected electric field [V/m]
H, Reflected magnetic field [A/m]

IE, Propagation direction of reflected field

6, Angle of transmission (measured from surface normal) [radians]
E, Transmitted electric field [V/m]

H P Transmitted magnetic field [A/m]

IAC, Propagation direction of transmitted field

n = Ju/e Wave impedance in dielectric medium [Q]
1o Wave impedance in free space [2]

k=27n/A = (DJLE Wave number in dielectric medium [radians/m)]

ny, = e, Index of refraction in dielectric medium

Unit vector in the coordinate direction x

=

Unit vector in the coordinate direction y

<
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z Unit vector in the coordinate direction z
r, Reflection coefficient for perpendicular polarization
T, Transmission coefficient for perpendicular polarization
T, Reflection coefficient for parallel polarization

T, Transmission coefficient for parallel polarization

The incident electric and magnetic field phasors of the time-harmonic fields in the

free space source-free region are [Che83]

—Jjko (xsin6; + zcos0))

Ei(x,z) = JE; e (1)
Hi(x,z2) = Tw (= %£cos6; + ZsinB,) ¢ ko (xsind; +zcost)) ()
The reflected fields in the free space region are
- N —jko (x5in® —zcosB )
E (x,z) = JE_.e 0 3)
N E., ' ) —jky (x5in® —zcos0 )
H,(x,z) = — (RcosO_+2sind )e '™° r r 4)
r n r r
In the dielectric region, the transmitted fields are represented by
- —jk (xsinB, + zcosH,)
E;(x,z) = JE, e f f )
H, (x,2) = -2 (~#cos® + 2sin ) ¢ /¥ (¥sind, +zc0os0) 6)
! n t t

In order to satisfy Maxwell’s equations, the tangential components of the E and H fields

must be continuous at the boundary. Snell’s laws of reflection and refraction give

APPENDIX A: Fresnel Plane Wave Reflection Coefficients Page 199



Site-Specific Propégation Prediction for Wireless February 7, 1993
In-Building Personal Communication System Design

sin® k o [L.E
i ofke e, ™
Satisfaction of the boundary conditions on the surface require
Eio+Ero = Eto ®)
1 E,
n—o (Eio_Ero) cosBi = Tocosat )

Solving for the reflected and transmitted field amplitudes in terms of the incident field

amplitudes gives the Fresnel reflection and transmission coefficients for perpendicular

(TE) polarization.
- Ey (n/cosB,) — (n,/cosO)) o
L E;, (n/cosB) + (ny/cosd)
E 2 (n/cosH)
1 E;, (n/cosOt) + (nO/cosei)

The reflection coefficient I" | and the transmission coefficient T | are related as follows.
1+T L= T, , (12)
A similar analysis follows for parallel (TM) polarization shown in Figure B.

E (ncosd, - nocosei)

ro
L E;,  (ncosB,+mn,cosh)) (13)
_— E,, _ 2ncos9i "
I E, (M cosB,+n,cosb,)
cosGt
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Parallel (TM) Polarization

FIGURE B : Reflection and transmission field polarization of a vertically
polarized plane wave incident upon a planar dielectric boundary. Note that the
entire surface below the interface is made up of the dielectric medium and that the
surface boundary extends to positive and negative infinity in the z direction.

Lossy materials may be considered by letting the relative permittivity of the

. . Cc .
dielectric constant be complex. The term oe s referred to as the loss tangent.

* Ke)
er = Gr(l —JBE) (16)

Polarizations other than vertical and horizontal may be divided into vertically and
horizontally polarized components [Bec68]. Conductivity, permittivity, frequency, and

angle of incidence influence the Fresnel reflection coefficients.
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APPENDIX B: Physical Optics

Consider a flat planar surface of area ab as shown in Figure C. An electromagnetic

FIGURE C : Geometry for scattering by a perfectly conducting flat plate with
area ab. An electromagnetic wave is incident at an angle 0; from the surface
normal, and ¢; from the x-axis as indicated in the figure.

wave is incident at the angles 0;, ¢; with respect to the center of the surface. This wave is
TE with respect to the propagation direction. The polarization is shown in Figure D. Using
the notation of [Bal89], the incident E and H fields are

=y E -F
E; = [-2sing, +Jcosd,] r—°e k) a7)
1

= . .. Ey _jtr
H; = [J“ccosﬁicosd)l.+)”rcos6ism¢i—zsm6i]n——r—e ! (18)
1

where E is the electric field strength at 1 meter and r; is the distance from the source to
the exact location on the plate in three dimensions. For all calculations Ej is the electric

field strength for free space propagation at one meter from the source. Although the total
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Perpendicular (TE) Polarization

. 2777 =0

scatterer

FIGURE D : Incident and scattered field polarization of a perpendicularly (TE)
polarized plane wave incident upon a finite flat plate scatterer (¢;=270, ¢s=90).

field strength at one meter may not be equal to the free space value, the free space value is
used as the reference field strength for all calculations. The equivalent problem is deter-
mined by using the appropriate surface currents to produce the correct scattered field
everywhere due to the presence of the scatterer. The appropriate scattered fields are com-
puted by free space radiation of the surface currents in the absence of the scatterer. Physi-
cal optics assumes that the current on the surface of the plate is proportional to the total
field at the surface as determined by geometrical optics. For a dielectric surface scatterer
and TE polarization, the induced electric and magnetic surface currents are proportional to
the total tangential fields on the surface.

T =axHyl (19)

xmy' ymy' z=(

M, =7 xEq| (20)

xmx , ymy, zm(
The total tangential fields are the sum of the incident and reflected fields on the
surface of the scatterer. Hence, the surface currents become

-

EO ) : _jkrl
Jsen—rI(I-I‘_L(r)) [cosB,cos,9 — cosB sind 2] e 21)
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M uE°(1+1‘ (*)) [sind 5 +cosd £] e 7" (22)
s_r_l 1 i i

For a perfect electric conductor (PEC), I", =-1 and the magnetic surface current is zero. If

a dielectric scatterer is modeled, the Fresnel plane wave reflection coefficients on the sur-
face of the scatterer are used in equations (21) and (22). These currents are exact for an
infinite plane, but approximate for the scatterer in Figure C, due to the neglect of the
edges. These currents are the physical optics approximations for the true currents.

The scattered fields are determined by the radiation of the currents on the surface
of the plate. The vector potentials are

< ey 1) 3 A, e--jklé ,
A(P) = i JJS () 2 ds (23)
2. _ s — 5' e-ij '
F() = THIJM‘U) 7 ds (24)

where R = | — ;'I is the distance from a point on the surface to the observation point, and

the integration is performed over the entire surface of the plate S’. The total scattered elec-
tric field is the superposition of the electric field due to each of the vector potentials.

According to [Bal89, p. 283], the magnetic field due to the vector potential Ais

7 (B . _ 1 5 1+JkR _jxr ,

Hy(R) = T::U (RxJ) Te ds (25)
where R is the unit vector in the direction of R. The electric field due to the electric vector
potential in the % direction can be written as [Bal89]

jT‘EO ] ] ’ -, t
Ey = —7—— J (G + (x=2)GyX [(x=x) T+ (y=y) T, 1} e7Rds' (26)
with no approximations where

3+ j3kR-K*R?
RS

_ —1-jkR+k*R?
R3

G, and G, = 27)
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The electric field due to the magnetic vector potential Fis

o p kR
1 ;Q"R) e ds (28)

Ep = —%J's[(z—z')My(

and the total electric field which is polarized in the X directionis E; = E, + Ep . The

electric field in the other directions are zero, and the magnetic fields can be determined by
equations similar to (26) and (28) that can be found in [Bal89].

Equations (26) and (28) are the exact expressions for the scattered field due to a
surface current and these expressions are valid in the near field. Its accuracy is determined
by the accuracy of the physical optics assumption for the electric and magnetic currents on
the surface of the plate in equations (21) and (22).
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APPENDIX C: Measured and Predicted Power Delay Profiles
Whittemore Hall 1.3 GHz - 9 locations
Whittemore Hall 4.0 GHz - 21 locations

Norris Hall 4.0 GHz - 15 locations
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