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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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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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g 45
§-50 I |
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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.
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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
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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

Propagation Models Based on Measurements Page 49



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

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 insp