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A SURVEY OF VARIOUS
PROPAGATION MODELS FOR
MOBILE COMMUNICATION

SUMMARY

For mobile systems, in order to estimate the signal parameters accurately, it is
necessary to estimate its propagation characteristics through a medium. The
propagation analysis provides a good initial estimate of the signal characteristics.
The ability to accurately predict radio propagation behavior for wireless personal
communication systems such as cellular mobile radio is becoming crucial to
system design. Since site measurements are costly, propagation models have
been developed as a suitable low-cost, convenient alternative. Channel modeling
is required to predict path loss and to characterize the impulse response of the
propagating channel. The path loss is associated with the design of base stations,
as this tells us how much a transmitter should need to radiate to service a given
region. Channel characterization, on the other hand, deals with the fidelity of the
received signals and has to do with the nature of the waveform received at a
receiver. The objective here is to design a suitable receiver that will receive the
distorted transmitted signal due to the multipath and dispersion effects of the
channel and decode the transmitted signal. An understanding of the various
propagation models can actually address both problems. This chapter begins with
areview of the available information provided by the various propagation models
for both indoor and outdoor environments. The existing models can be classified
into two major classes: statistical models and site-specific models. The main
characteristics of a radio channel, such as path loss, fading, and time delay
spread, are discussed. Currently, a third alternative, which includes many new
numerical methods, is being introduced into propagation prediction. The
advantages and disadvantages of some of these methods are summarized. In
addition, an impulse response characterization for the propagation path is
presented, including models for small-scale fading.
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8.1 INTRODUCTION

The commercial success of cellular communications since its initial
implementation in the early 1980s has led to an intense interest among wireless
engineers in understanding and predicting radio propagation characteristics in
various urban and suburban areas, even within buildings. As the explosive
growth of mobile communications continues, it is very valuable to have the
capability of determining optimum base station locations, obtaining a suitable
data rate, and estimating their coverage without conducting a series of
propagation measurements, which are very expensive and time consuming. In
order to provide design guidelines and installations of the mobile systems, it is
therefore important to develop effective propagation models for mobile
communication.

8.2 DEFINITIONS AND TERMINOLOGIES USED FOR
CHARACTERIZING VARIOUS PARAMETERS OF A
PROPAGATION CHANNEL

In order to understand the nature of the models that are going to be presented,
several definitions and terminologies for both narrowband and wideband wave
propagation over a radio channel are first described to make the reader familiar
with the terminologies and parameters of the probiem.

8.2.1 Path Loss

Path loss (PL) is a measure of the average RF attenuation suffered by a
transmitted signal when it arrives at the receiver after traversing several
wavelengths. It is defined by [1}]

PL(dB) =10 10g% 8.1

r

where F,and P, are the transmitted and received power, respectively. In free

space, power reaching the receiving antenna, which is separated from the
transmitting antenna by a distance d, is given by the Friis free-space equation:
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) (d) (8.2)

where G, and G, are the gain of the transmitting and receiving antenna,

respectively, L is the system loss factor not related to propagation, and A is the
wavelength in meters. It is clear that equation (8.2) does not hold for d = 0.



VARIOUS PARAMETERS OF A PROPAGATION CHANNEL 241

Hence, many propagation models use a different representation for a close-in
distance, d, known as the received power reference point. It is typically chosen

to be 1 m. In realistic mobile radio channels, free space is not the appropriate
propagation medium. A general PL model uses a parameter, v, to denote the
power law relationship between the separation distance and the received power.
So path loss (in decibels) can be expressed as [2]

PL{(d) = PL(dy) + 10} log(d/dy) + X (8.3)

where y= 2 characterizes free space. However, it is generally higher for wireless
channels. X, denotes a zero mean Gaussian random variable of standard
deviation o that reflects the variation on the average of the received power that
naturally occurs when a PL model of this type is used. Path toss is the main
ingredient of a propagation model. It is related to the area of coverage of mobile
systems.

8.2.2 Power Delay Profile

The random and complicated radio propagation channels can be characterized
using the impulse response approach. For each point in the three-dimensional
environment, the channel is a linear filter with the impulse response h(f). The
impulse response provides a wideband characterization of the propagating
channel and contains all the information necessary to simulate or analyze any
type of radio transmission through that channel.

Multipath propagation causes severe dispersion of the transmitted signal.
The expected degree of dispersion is determined through measurement of the
power delay profile of the channel. The power delay profile provides an
indication of the dispersion or distribution of transmitted power over various
paths in a multipath model for propagation. The power delay profile of the
channel is calculated by taking the spatial average of lh(t)l2 over a local area. By
making several local area measurements of |h(t)|2 for different locations, it is
possible to build an ensemble of power delay profiles, each representing a
possible small-scale multipath channel state [3, 10]. A typical plot of the power
delay profile is shown in Figure 8.1.

Many multipath channel parameters are derived from the power delay
profile. Power delay profiles are measured using wideband channel sounding
techniques and are presented in the form of plots of the received power as a
function of an additional or excess delay with respect to a fixed time delay
reference. There is a delay between when the signal is transmitted to the time
when it is received, due to the finite velocity of propagation of the
electromagnetic signal. However, additional delay may be introduced by the
propagation medium as well. A mobile channel exhibits a continuous multipath
structure, hence the power delay profile can be thought of as a density function of
the form
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Figure 8.1. Typical power delay profile and definition of the delay parameters.

8.2.3 Time Delay Spread

Time dispersion varies widely in a mobile radio channel, due to the fact that
reflections and scattering occur at seemingly random locations, and the resulting
multipath channel response appears random as well. Because time dispersion is
dependent on the geometric positional relationships between the transmitter,
receiver, and the surrounding physical environment, some parameters, which can
grossly quantify the multipath channel, are used. They are as follows.

8.2.3.1 First Arrival Delay (z,). This time delay corresponds to the arrival of
the first transmitted signal at the receiver. It is usually measured at the receiver.
This delay is set by the minimum possible propagation path delay from the
transmitter to the receiver. It serves as a reference, and all delay measurements
are taken relative to it. How the origin is defined is shown in Figure 8.1. Any
delay measured longer than this reference delay is called an excess delay.
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8.2.3.2 Mean Excess Delay (). This is the first moment of the power delay
profile, as shown in Figure 8.1 with respect to the first delay and is expressed as

T, = [(r-14)P()dT (8.5)

8.2.3.3 RMS Delay (txyms). This is the square root of the second central moment
of a power delay profile, as seen in Figure 8.1. It is the standard deviation about
the mean excess delay and is expressed as

trms =L (7 =7, ~74)? P()d7)? (8.6)

RMS delay is a good measure of the multipath spread. It gives an indication of
the nature of the intersymbol interference (ISI). Strong echoes (relative to the
shortest path) with long delays contribute significantly to 7rys. The effects of
dispersion on the performance of a digital receiver can be related reliably only to
the RMS delay, independent of the shape of the power-delay profile, so long as it
is small compared to the symbol period (T) of the digital modulation. It is also
used to give an estimate of the maximum data rate of transmission.

8.2.3.4 Maximum Excess Delay (7 ). This is measured with respect to a
specific power level which is characterized as the threshold of the signal. When
the signal level is lower than the threshold, it is processed as noise. For example,
in Figure 8.1 the maximum excess delay spread can be specified as the excess

delay (z,) for which P(7) falls below —30 dB of its peak value, as shown in
Figure 8.1.

8.2.4  Coherence Bandwidth

Whereas the delay spread is a natural phenomenon caused by reflection and
scattering of the transmitted signal in a radio channel, the coherence bandwidth,
B, is defined in terms of the RMS delay spread. It is a statistical measure of the
range of frequencies over which the channel can be considered “flat .” It is
defined as the bandwidth over which the variation of the signal is about 10% and
is approximated by [4, 10]

1
B = —————— 8.7
€~ 50 tamrs (8.7

It is important to note that an exact relationship between the coherence
bandwidth and the RMS delay spread does not exist. The real coherence
bandwidth depends on the actual impulse response of the channel.
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8.2.5 Types of Fading

The type of fading experienced by a signal propagating through a mobile radio
channel depends on the nature of the transmitted signal as well as on the
characteristics of the channel. Different transmitted signals will undergo different
types of fading according to the relation between the signal parameters, {such as
path loss, bandwidth (BW), symbol period, etc.] and the channel parameters
(such as RMS delay spread and Doppler spread). Figure 8.2 describes the
different types of fading and the different relationships that exist between them
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Figure 8.2. Types of fading.

The phenomenon of large-scale fading is affected primarily by the presence
of hills, forests, and buildings between the transmitter and the receiver. The

statistics of large-scale fading provide a way of computing an estimate of the
path loss as a function of distance and other factors.

A channel is said to exhibit frequency-selective fading when the delay
spread is greater than the symbol period. This condition occurs whenever the
received multipath components of a symbol extend beyond the time duration of
the symbols. Such multipath dispersion of the signal yields a kind of inter-
symbol interference (ISI) called channel-induced ISI. When the delay spread is
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less than the symbol period, a channel is said to exhibit flat fading and there is no
channel-induced ISI distortion. But there can still be performance degradation
due to the irresolvable phasor components that add up destructively to yield a
substantial reduction in signal-to-noise ratio (SNR) at the receiver.

Fast fading and slow fading are classified on the basis of how rapidly
transmitted baseband signal changes as compared to the rate of electrical
parameter changes of the channel. If the channel impulse response changes at a
rate much faster than the transmitted signal, the channel may be assumed to be a
fast-fading channel. Otherwise, it is assumed to be a slow-fading channel. 1t is
important to note that the velocity of the mobile or velocity of objects using the
channel through a baseband signal determines whether a signal undergoes fast or
slow fading.

8.2.6  Adaptive Antenna

An application of antenna arrays has been suggested in recent years for mobile
communications systems to overcome the problems of single-antenna systems.
The use of adaptive antenna arrays helps in improving the system performance
by increasing channel capacity and spectrum efficiency, extending range
coverage, tailoring beam shape, steering multiple beams to track many mobiles,
and compensating for the aperture distortion electronically. It also reduces
multipath fading, co-channel interferences, system complexity and cost, bit error
rate (BER), and outage probability [6].

A phased array antenna uses an array of simple antennas and combines the
signal induced on the elements to form the output. The term adaptive antenna is
used for a phased array when the gain and the phase of the signals induced in the
various elements are weighted before combining to adjust the gain of the array in
a dynamic fashion along a particular look direction while placing nulls along the
undesired directions. A block diagram of a typical adaptive antenna system is
shown in Figure 3.1.

The propagation models used for an adaptive antenna are different from
those for a single antenna. Details of a phased array antenna and joint estimation
of channel parameters can be obtained in [6-8].

8.3 MULTIPATH PROPAGATION

In a typical mobile radio application, the base station is fixed in position while
the mobile unit is moving, usually subject to such a condition that the
propagation between them is largely through scattering, either by reflection or
diffraction from buildings and terrain or objects within buildings, because of
obstruction of the line-of-sight (LOS) path. Radio waves therefore arrive at the
mobile receiver from different directions with different amplitude, phase, and
time delays, resulting in a phenomenon known as multipath propagation. The
radio channel is then obtained as the sum of contributions from all the paths.
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If the input signal is a unit impulse, &(7), the output will be the channel impulse
response that can be written as [9]

N
h(t) = X A, 6(t=7,) exp(—j@y,) (8.8)

n=1

It can thus be characterized by N time-delayed impuises, each represented by an
attenuation and phase-shifted version of the original transmitted impulse. Here,
A, 7, and ¢, are the attenuation, delay in time of arrival, and phase
corresponding to path n, respectively. This model is only valid for a very
narrowband signal. For a wideband signal the phase term has to be appropriately
dealt with.

Although multipath interference seriously degrades the performance of
communication systems, little can be done to eliminate it. However, if we
characterize the multipath medium well and have sound knowledge of the
propagation mechanisms and their influence on the system, the best design for
the system can be selected to achieve good propagation performance and hence
to achieve better quality of service.

8.3.1 Three Basic Propagation Mechanisms

Reflection, diffraction, and scattering are the three basic propagation mechanisms
[10], that affect propagation in mobile communication systems. They are briefly
explained below.

8.3.1.1 Reflection. Reflection occurs when a propagating electromagnetic wave
impinges upon an object that has very large dimensions compared to those of the
wavelength of the propagating wave. Reflection occurs from the surface of the
ground, walls, and furniture. When reflection occurs, the wave may also be
partially refracted. The coefficient of reflection and refraction is a function of the
material properties of the medium, and generally depends on the wave
polarization, angle of incidence, and the frequency of the propagating wave.

8.3.1.2 Diffraction. Diffraction occurs when the radio path between a
transmitter and receiver is obstructed by a surface that has sharp edges. The
waves produced by the obstructing surface are present throughout the space and
even behind the obstacle, giving rise to bending of waves around the obstacle,
even when a line-of-sight (LOS) path does not exist between the transmitter and
receiver. At high frequencies, diffraction, like reflection, depends on the
geometry of the object as well as the amplitude, phase, and polarization of the
incident wave at the point of diffraction.
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8.3.1.3 Scattering. Scattering occurs when the medium through which the wave
propagates consists of objects with dimensions that are small compared to the
wavelength, and where the number of obstacles per unit volume is large.
Scattered waves are produced by rough surfaces, small objects, or by other
irregularities in the channel. In practice, foliage, street signs, lampposts and stairs
within buildings can induce scattering in mobile communication systems. Sound
knowledge of the physical details of the objects can be used to accurately predict
scattered signal strength.

In most cases, the scattering can be neglected [11] and the complex received
field from the various incident paths is given by [12]

- -
Ereceive = ., E; 8.9)
i
where
E; = Eopi,Li(d) I T(@;) T1 T(Bp) e/ " (8.10)
J p
and
E, amplitude of the reference incident field (V/m)

§,and g transmitting and receiving antenna field radiation patterns along the
direction of interest for the ith multipath component

L(d) path loss characterization for the ith multipath component
I'(¢) reflection coefficient for the jth reflection of the jth multipath
component;
I(¢,) transmission coefficient for the pth transmission of the ith multipath
component
~jkd

propagation phase factor due to the path length d(k = 2n/A with A
representing the wavelength)
d path length (meters)

E. field strength of the ith multipath component

For diffraction, the product of the complex reflection and transmission
coefficients is replaced by the complex diffraction coefficient.

8.3.2  Propagation in Outdoor and Indoor Environments

With the growth in the capacity of mobile communications, the size of a cell is
becoming smaller and smaller from macrocell to microcell and then to picocell.
The service environments include both outdoor and indoor areas.

When propagation is considered in an outdoor environment, one is interested
primarily in three types of areas: urban, suburban, and rural. The terrain profile
of a particular area also needs to be taken into account. The terrain profile may
vary from a simple curved earth to a highly mountainous region. The presence of
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trees, buildings, moving cars, and other obstacles must also be considered. Direct
path, reflections from the ground and buildings, and diffractions from the
corners, and roofs of buildings are the main contributors to the total field
generated at a receiver due to radio-wave propagation.

There is also a great deal of interest in characterizing radio propagation
inside buildings with the advent of personal communication systems (PCSs). The
indoor radio channel differs from the traditional outdoor mobile radio channel in
two aspects: the distance covered is much smaller, and the variability of the
environment is much greater for a much smaller range of transmitter and receiver
separation distance [10]. Propagation into and inside buildings has, to some
extent, a more complex multipath structure than for an outdoor propagation
environment. This is mainly because of the nature of the structures used for the
buildings, the layout of rooms, and most important, the type of construction
materials used. Table 8.1 represents the categories of buildings where
propagation measurements have been made [13].

TABLE 8.1
Classification of buildings

Category Description
1 Residential houses in suburban areas
Residential houses in urban areas
Office buildings in suburban areas
Office buildings in urban areas
Factory buildings with heavy machinery

Other factory buildings, sports halls, exhibition centers
Open environment (e.g., railway stations, airports, etc.)
Underground (e.g., subways, underground streets, elc.)

[N BN | Fo N AW, B B LN Y | 6

8.3.3  Summary of Propagation Models

In mobile communications, signals from the mobile arrive at a base station with
multipaths, each with its own angle of arrival (AOA), path delay, and
attenuation. When the communication system uses an adaptive processing
methodology, it is also important to estimate joint angle and delay for various
signals.

There are two main models for characterizing path loss, which are empirical
(or statistical) models and site-specific (or deterministic) models. The former is
based on the statistical characterization of the received signal. They are easier to
implement, require less computational effort, and are less sensitive to the
environment geometry. The latter has a certain physical basis and requires a vast
amount of data regarding geometry, terrain profile, locations of building and
furniture in buildings, and so on. These deterministic models require more
computations and are more accurate.



EMPIRICAL OR STATISTICAL MODELS FOR PATH LOSS 249

Most models regarding fading apply stochastic processes to describe the
distribution of the received signal. It is useful to use these models to simulate
propagation channels and estimate the performance of the system in a
homogeneous environment. Models of time delay spread both for outdoor and
indoor environments are generally derived from a lot of measurements. In [142]
some of the propagation models have been discussed and here we have included
additional new models.

8.4 EMPIRICAL OR STATISTICAL MODELS FOR PATH LOSS

8.4.1 Outdoor Case

A number of empirical or statistical models are suitable for both macrocell and
microcell scenarios for outdoor environment. Some of them are described below.

8.4.1.1 Okumura et al. Model. This is one of the most widely used models for
propagation in urban areas [14]. The model can be expressed as

Lso(dB) = Ly + Ay, (f,d) - G(h,) — G(h,) — Gagea (8.11)

where L., is the median value of the propagation path loss, Ly is the free-space

propagation loss, A_ is the median attenuation in the medium relative to free
space at frequency f, and d corresponds to the distance between the base and the

mobile, G(k,) and G(h,) are the gain factors for the base station antenna and

mobile antenna, respectively, h, and h are the effective height of the base
station and the mobile antennas (in meters), respectively, and Gugga is the gain
generated by the environment in which the system is operating. Both A,,,(f,d)

and Garga can be found from empirical curves. Okumura et al.’s model is
considered to be among the simplest and best in terms of accuracy in predicting
path loss for early cellular systems. It is very practical and has become a standard
for system planning in Japan. The major disadvantage of this model is its slow
response to rapid changes in terrain profile.

8.4.1.2 Hata Model. 1t is an empirical formulation [15] of the graphical path
loss data provided by Okumura’s model. The formula for the median path loss in
urban areas is given by

Lsg(urban)(dB) = 69.55 + 26.16log f, — 13.82logh,,
(8.12)
~ a(h,,) + (449 — 6.55 logh,,)logd
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where f. is the frequency and varies from 150 to 1500 MHz, A, and A, are the

effective height of the base station and the mobile antennas (in meters),
respectively, d is the distance from the base station to the mobile antenna, and

a(h ) is the correction factor for the effective antenna height of the mobile which
is a function of the size of the area of coverage. For small to medium-sized cities,
the mobile antenna correction factor is given by

a(h,,)=.11log f. -0.7)h,, —(1.5610g f. —0.8) dB (8.13)
For a large city, it is given by

a(h,,) =8.29(logl.54h,,)2> —1.1 dB  for f. < 300MHz  (8.14a)

a(h,,) =3.2(10g11.75h,,)? =4.97 dB for f, > 300MHz  (8.14b)

To obtain the path loss in a suburban area, the standard Hata formula is
modified as

Lso(dB) = Lsg(urban) — 2[log(f, 128))% ~5.4 (8.15)
The path loss in open rural areas is expressed through
Lgg(dB) = Lsg(urban) —4.78(log fc)2 —-18.331og f. —40.98 (8.16)

This model is quite suitable for large cell mobile systems, but not for personal
communications systems, which cover a circular area of approximately {km in
radius.

84.1.3 COST-231-Walfisch-Ikegami Model. This utilizes the theoretical
Walfisch-Bertoni model [16], and is composed of three terms [17]:

L _ 14) + LrtX + Lm5d f()[‘ Lrts + Lde > 0 (8 17)
b Ly for Lrts + Lmsd <0 .

where L represents the free-space loss, L is the rooftop-to-street diffraction

and scatter loss, and L _, is the multiscreen diffraction loss. The free-space loss
is given by

Ly =32.4+201logd +20 log f (8.18)
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where d is the radio-path length (in km), fis the radio frequency (in MHz), and
L, =~169-10 logw+10 log f + 20 log Ahponite + Lori (8.19)
Here w is the street width (in m) and

Ahpobite = PRoof — PMobile (8.20)

is the difference between the height of the building on which the base station

antenna is located, h, ., and the height of the mobile antenna, hy,... L . is
given by
-10+0.354¢ 0°< ¢<35°
L,;= $25+0075(p~-35)  for 35 < ¢<55 (8.21)
4.0 -0.114 (p-55) 55° < ¢<90°

where ¢ is the angle of incidence relative to the direction of street. L _, is given
by

Lmsd =Ly +ka +kd IOgd +kf log f -9 ]Ogb (8.22)

where b is the distance between the buildings along the signal path and L, , and

k, represent the increase of path loss due to a reduced base station antenna height.
Using the abbreviation

Ahpase = hBase — iRoof (8.23)

where Ay, is the base station antenna height, we observe that L, and k, are
given through

Ly ={_ 18log(1+ Ahg,g.) hBase > hRoof (8.24)
0 hBase s hRoof
54 hBase > hRoof
k,={54—08Ahg,, d=205km  and  hyue < hpoos (8.25)

54-1.6 Ahg,,,d  d <0S5km and hBase < PRoof

The terms k, and k, control the dependence of the multiscreen diffraction loss
versus distance and the radio frequency of operation, respectively. They are
given by
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18 hBase > hRoof
kg = (8.262)
18—15 AhBase hBase ShRoof
Roof
and
kp =4+ 07 S (8.26b)
925

for medium-sized cities and suburban centers with moderate tree densities and

f
kp =—4+ 1.5(% - ) (8.26¢)

for metropolitan centers.

This model is being considered for use by International Telecommunication
Union-Radiocommunication Sector (ITU-R) in the International Mobile
Telecommunications-2000 (IMT-2000) standards activities. Some improved
solutions for diffraction by multiple absorbing half-planes have also been
developed [18, 19]. Other solutions based on the uniform theory of diffraction
(UTD) are also available [20, 21]. The performance of the various methods in
estimating the multiple diffraction loss term and the final diffraction loss term 1is
given in [22]. Recently, a correction to the COST-231-Walfisch-Ikegami Model
has been reported [23].

8.4.1.4 Dual-Slope Model. This is based on a two-ray model {24, 25] which is
used commonly when the transmitting antenna is several wavelengths or more
above the horizontal ground plane and suitable for the line-of-sight (LOS)
propagation regions. The propagation loss, L(d), in that case is described by a
dual-slope model. This can be represented as a function d, the distance between
the base station and the receiver. It is given by [26]

10n logd + R, l<d <dpy
L(d)=L, + (8.27)
IO(nl—nz)logdb,k+ 10n2 10gd+PI dZdbrk

where P, = PL(d,) and is the path loss in dB at the reference point dy and d,,
represents the breakpoint or the turning point distance. The "point” where this
transition occurs is often called the Fresnel breakpoint. L, is a basic transmission
loss parameter which depends on frequency, and antenna heights n, and n,
represent the slopes of the best-fit line before and after the breakpoint. If the
transmitter and receiver antenna heights are known, along with the distance
between them, the path loss can be computed based on the two parameters n, and
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n,. It is very reasonable to let ny = 2 for the region prior to the Fresnel
breakpoint. There is much more variability in the path loss and the exponent for
the region beyond the Fresnel breakpoint, with values of n; ranging from 2 to 7.

8.4.1.5 Other Models. Other models, including use of wideband measurements
for different situations, have been discussed in recent times [27, 28, 141]. These
models have been developed from measurements and use different parameters
for different situations.

8.4.2 Indoor Case

Indoor radio propagation is not influenced by terrain profile as is outdoor
propagation, but it can be affected by the layout in a building, especially if there
exists various building materials. Owing to reflection, refraction, and diffraction
of the radio wave by objects such as walls, windows, and doors inside a building,
the transmitted signal often reaches the receiver through more than one path.

Distance/power model is the main propagation model for path loss. As
shown in equation (8.3), many researchers estimate the rate of decay of a
transmitter signal through this relation [29-34]. In an enclosed environment, the
value of 7y in equation (8.3) may be 1.5 to 1.8 when the transmitter and receiver
are placed in the same hallway and are in sight of each other. When the receiver
is Iocated within a room off the hallway, y ranges from 3 to 4 [30-33]. y also
varies with frequency [33] and is dependent on building materials used in a
particular environment [34]. References [5] and [32] provide reviews on early
works of these models. Table 8.2 [29] shows the parameters of (8.3) determined
by measurement for different buildings [35—40].

TABLE 8.2
Path loss measured in different buildings

Building ¥ PL (dB) | Frequency | pef

(MHz)
Grocery store 1.8 5.2 914 [35]
Retail store 2.2 8.7 914 [35]
Open-plan factories 2.2 7.9 1300 [36]
1.4-3.3 — 910 [37]
Open-plan factories B 2.0 3.7 1300 {38]
2.1 4.0 1300 381
Open-plan factories C 24 9.2 1300 [38]
2.1 9.7 1300 [38]
Suburban office building open plan 2.4 9.6 915 [39]
2.6 14.1 1900 [39]
Suburban office building soft partition 2.8 14.2 915 [39]
3.8 127 1900 [39]
3.0 — 850 [40}
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In order to take into account the attenuation due to walls and floors, two
additional terms are added to (8.3) to result in [35, 41]

Y P
PL(d) = PL(dy) + 10nlog(d/dy) + Z FAF(g) + Z WAF(p) (8.28)
g=1 p=1

where FAF(g) and WAF(p) are the floor and wall attenuation factors,
respectively. Table 8.3 lists the FAFs for two buildings [29, 30].

It is also observed that the propagation path loss as a function of the distance
also has two distinct regions for indoor environments [42], as described in (8.28).
When electromagnetic radiation is incident on a wall or a floor in an oblique
fashion, less power will be transmitted through the wall than would occur at
normal incidence. Reference {41] modifies the term of WAF(p) as
WAF(p)/cos ¢, and FAF(q) as WAF(g)/cos ¢;, where WAF(p) and FAF(q) are

the values of the attenuation factors at normal incidence. @, and ¢, are the angles
of incidence of the signal on the walls and floors, respectively. A diffraction term
has also been added to the formula in [41]. When the base station is out of the
building, the path loss in the building has been given in [43].

These empirical or statistical models described in this section are simple to
implement and are used widely when the accuracy of the data is not a critical
requirernent.

TABLE 8.3
Average Attenuation Factor (FAF)
Location FAF (dB) PL (dB)

Office building 1
Through 1 floor 12.9 7.0
Through 2 floors 18.7 2.8
Through 3 floors 24.4 1.7
Through 4 floors 27.0 1.5

Office building 2
Through 1 floor 16.2 2.9
Through 2 floors 27.5 54
Through 3 floors 31.6 7.2

8.5 SITE-SPECIFIC MODELS FOR PATH LOSS

Site-specific propagation models, also called deterministic models, are based on
the theory of electromagnetic-wave propagation. Unlike statistical models, site-
specific propagation models do not rely on extensive measurements but on
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greater detail of the environment and provides an accurate prediction of the
signal propagation.

In theory, propagation characteristics of electromagnetic waves could
exactly be computed by solving Maxwell’s equations. Unfortunately, this
approach requires very complex mathematical operations and requires
considerable computing power. In [44], this method has been applied to
simplified environments.

8.5.1 Ray-Tracing Technique

Ray tracing is a technique based on geometrical optics (GO), which can easily be
applied as an approximate method for estimating levels of high-frequency
electromagnetic fields. GO assumes that energy can be considered to be radiating
through infinitesimally small tubes, often called rays. These rays are normal to
the surface of equal signal power, and lie along the direction of propagation and
travel in straight lines, provided that the relative refractive index of the medium
is constant. Therefore, signal propagation can be modeled via ray propagations.
By using the concept of ray tracing, rays can be launched from a transmitter
location and the interaction of the rays can be described using the well-known
theory of refraction and reflection and interactions with the neighboring
environment. In GO, only direct, reflected, and refracted rays are considered, and
consequently, abrupt transition areas may occur, corresponding to the boundaries
of the regions where these rays exist. The geometrical theory of diffraction
(GTD) and its uniform extension, the uniform GTD (UTD) [45], complement the
GO theory by introducing a new type of rays, known as diffracted rays. The
purpose of these rays is to remove the field discontinuities and to introduce
proper field corrections, especially in the zero field regions predicted by GO.

The Fermat principle and the principle of local field are two basic concepts
used extensively by ray models. The Fermat principle states that a ray follows the
shortest path from a source point to a field point, while the principle of the local
field states that when hitting a surface, the high-frequency rays produce
reflection, refraction, and diffraction. This depends only on the electrical and
geometrical properties of the scatterer in the immediate neighborhood of the
point of interaction.

The ray-tracing method is widely used in propagation model and system
design [12, 42, 46-72, 145]. It is most accurate when the point of observation is
many wavelengths away from the nearest scatterer. All scatterers are assumed to
be large, compared to a wavelength. Two types of ray-tracing methods, namely
the image method [12, 48, 55, 58] and the brute-force ray-tracing method, are
generally used. They are now explained.

8.5.1.1 Image Method. This method generates the images of a source at all
planes. These images then serve as secondary sources for subsequent points of
reflections. If there are N reflecting planes, there are N first-order (i.e., one-
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reflection) images of a source, N(N — 1) two-reflection images, NN— 1)}N-1)
three-reflection images, and so on [48]. To determine whether an image of the
source is visible at the destination is to trace the intersection of the reflected ray
at all necessary planes of interest. Thus, the energy reaches the destination
through multiple reflections and contributes to the received power. Once a ray
has been traced through all its reflections to the source, the attenuations
associated with all the reflection terms are calculated.

A

Figure 8.3. Images due to a source placed between two mirrors, A and B.

Image method is efficient but can handle simple environments only. Many
environments with which we are concerned in our daily life are complicated, and
the conventional image method is not adequate. Figure 8.3 shows a source and its
images corresponding to two reflections [48]. The concept of a lit region has
been introduced in [58] and is illustrated in Figure 8.4. Behind the plate
representing a building where the image is formed, the region is termed the unlit
domain. For the 2D case, only reflections from walls and diffraction from corners
in buildings are taken into account. Ground reflection and rays over rooftops are
neglected [58]. In [53-55] a modified shooting-and-bouncing-ray technique,
combined with the image method, has been used to deal with the radio wave
propagation in furnished rooms. The effects of diffraction have also been
considered. A threshold must be set with respect to the number and order of
reflection and diffraction rays that can be considered.

8.5.1.2 Brute-Force Ray-Tracing Method. This method considers a bundle of
transmitted rays that may or may not reach the receiver. The number of rays
considered and the distance from the transmitter to the receiver location
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determines the available spatial resolution and hence the accuracy of the model.
This method requires more computing power than the image method.

building building

image-source

source \

..

lit region

—V

Figure 8.4. The reflection by a wall in a building is modeled by an image source placed
behind it and a lit region in front of it.

A finite sample of the possible directions of the propagation from the
transmitter is chosen. For each such direction, a ray is launched. If a ray hits a
wall, a reflecting ray and refracting ray are generated. If a ray hits a wedge, a
family of diffracting rays is generated. A reception sphere with the correct radius
can describe a region that will receive exactly one ray. If the radius is too large,
two rays could be received and the same specular ray may be counted twice. If
the radius is too small, it is possible that none of the rays will reach the reception
sphere and the specular ray will be excluded [42, 59}. Figure 8.5 shows the
proper size of the reception sphere which may receive a ray. For each receiver
location, the perpendicular distance d from the receiver to the ray is computed
together with the total (unfolded) ray path length L from the source to the
perpendicular projection point. If d is greater than or equal to (¢ L)/2 for the 2D

case or (L) / \/5 for the 3D case, the ray is treated as not having reached the
receiver location. Here ¢ is the angle between two rays. Otherwise, the ray is
considered to be contributing to the received signal. There is no reception sphere
associated with use of the image method.

The key part of the ray-tracing method is the generation and description of
the rays. There are two kinds of methods to obtain the rays at the source point.
One is a 2D approach, the other is a 3D method.
® 2D ray-tracing model [42]. In two dimensions, all the rays or ray tubes are
treated as ray sectors, as shown in Figure 8.6. At the source, rays are launched
along different directions with the same sector angle ¢ in a plane. How to choose
the angle ¢ depends on the accuracy required and the computation time. If the
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angle is small, it will provide high accuracy and will take much time to compute.
For example, if the angle ¢ = 1°, then there will be 360 rays to be traced.

-

L Reception
Radius ¢L/2

Reception Radius  Reception Radius
too large too small

Figure 8.5. Reception sphere for a 2D ray tracing.

ray n

P rayn-1

Figure 8.6. Rays generated from a source in two dimensions.

Each ray is launched from the source and can be traced through a binary
tree. An intersection with a surface of an object is represented by a node in the
tree. The incident ray is decomposed into an object-reflected ray and an object-
penetrated ray. It is assumed that the reflected ray propagates along the specular
direction (incidence angle equals the aspect angle) and the ray that penetrates the
object keeps the original direction of the incident ray. Both rays then propagate
to the next intersection. An intersection with a wedge is also represented by a
node, and the diffraction point is processed as a source and a large number of
rays must be launched. The decomposition process is repeated as a recursion
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process. This procedure is continued until the rays are weaker than an assumed
threshold, leaves a predefined propagation area, or is received. The strength of
the field at the receiver is then calculated according to (8.9).

A 2D diffraction model has been introduced in [62, 64]. The various
buildings are considered as vertical knife-edges, neglecting the over-rooftop
diffraction and ground reflection. Because the buildings are much higher than the
base station (BS) and mobile station (MS) antennas in an urban microcellular
environment, the weak contribution from the signals from the over-rooftop rays
can be neglected. No rays due to a single ground reflection from the transmitter
to the receiver exist in the shadow regions. For ranges less than 1 km from a
transmitter (primary source), the received power may have a range R
dependence according to the power law of 1/R*. However, for LOS regions, the
ground reflections appear to be less important.

As reported in {64], the 2D ray-tracing algorithm is quite accurate when the
transmitting and receiving antenna heights are much below the rooftops of the
surrounding buildings. This propagation model between a transmitter and
receiver located close to the ground is usually called the canyon model.

When using a 2D model, the inputs are: (1) 2D geometry described by
means of vectors specifying the location of the building walls; (2) estimated
electrical characteristics of the building walls (permittivity and conductivity or
the scalar reflection coefficient); (3) base-station location; (4) antenna pattern,
and (5) frequency of operation.

e 3D ray-tracing model [12, 64-72]. The transmitter and receiver are
modeled as point sources when using this ray-tracing technique. In order to
determine all possible rays that may leave the transmitter and arrive at the
receiver in three dimensions, it is necessary to consider all possible angles of
departure and arrival at the transmitter and receiver. Rays are launched from the
transmitter at an elevation angle &and with an azimuth angle ¢ as defined in the
usual coordinate system. Antenna patterns are incorporated to include the effects
of antenna beamwidth in both azimuth and elevation.

To maintain all the ray manipulation routines as general, it is desirable that
each ray tube occupies the same solid angle d€Q, and each wavefront has an
identical shape and size at a distance r from the transmitter. Additionally, these
wavefronts must be such that they can be subdivided so that an increased ray
resolution can be handled easily. For example, let =1 and the total wavefront be
the surface of a unit sphere. The problem then becomes one of subdividing the
sphere surface into areas of equal “patches” so that all are of the same size and
shape and collectively covers the surface of interest without gaps. Hexagonal
[12] and triangular [53, 54] ray wavefronts have also been used.

The procedure of ray tracing in 3D is similar to a 2D model, but more
computational time is needed.

Some sectors of the walls in a corridor thus can be made of different
materials, for example, wood, metal, concrete, or even glass, which may have
different reflectivity for the incident wave. Neglecting the differences between
the reflectivities of the various materials will degrade, predicting the accuracy of
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the propagation model. Therefore, in [12] it is proposed to have the concept of an
effective building material to represent the physical and complicated constitutive
materials used in the walls of a building. However, permittivity of this effective
material is not easy to determine since it depends on the experimental data as
well as on the propagation model. To simplify this problem, patches of different
dielectric constants and physical sizes have been introduced in [65]. It is noted
that the size and dielectric constant of each patch are chosen according to their
physical dimensions and the material it is made of.

The key to a propagation model based on ray tracing is to find a
computationally fast way to determine the dominant ray paths so as to provide
accurate pathloss predictions. It is well known that for outdoor propagation
prediction, in addition to specular reflections, diffraction from edges must be
accounted for, especially in non-LOS regions. Unfortunately, diffractions are
very time consuming to model since a single incident ray encountering an edge
will generate an entire family of new rays. The generation of a large number of
diffracted rays limits the number of diffractions that can be considered. For any
given path we choose at most two, unless an approximation can be made to find
the important contributing rays. In order to find the contributing rays in an urban
environment where the building walls are nearly always vertical planar polygons,
a vertical-plane-launch (VPL) method has been developed [66]. The VPL
approach accounts for specular reflections from vertical surfaces and diffraction
at the vertical edges and approximates diffraction along horizontal edges by
restricting the diffracted rays to lie in the plane of incidence or in the plane of
reflection. The VPL approach can treat many multiple forward diffractions at
horizontal edges. It can also be used for rooftop antennas and areas where there
exist buildings of different heights.

To improve the efficiency of ray-tracing models, many researchers have
developed a large number of methods [68, 72]. In [68], a hybrid technique has
been presented where the object database is held in two dimensions, but a ray-
tracing engine operates in three dimensions. The 3D rays are produced by
combining the results of two 2D ray tracers, one on a horizontal and the other on
a vertical plane. Moreover, by significantly enhancing the concept of
illumination zones the performance of the algorithm can be dramatically
improved.

Comparison of 2D and 3D models has been made in [64].

8.5.2 Finite-Difference Time Domain Models

Based on geometrical optics (GO) and usually supplemented by UTD, a ray-
tracing algorithm provides a relatively simple solution to radio propagation.
However, it is well known that GO provides good results for electrically large
objects and UTD is rigorous only for perfectly conducting wedges. For complex
lossy structures with finite dimensions, ray-tracing fails to predict correctly the
scattered fields. In a complicated communication environment, transmitting and
receiving antennas are often inevitably installed close to a structure with complex
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material properties, for which no asymptotic solutions are available. Such
problems can be solved by numerical solution of Maxwell’s equations. In
particular, the finite-difference time domain (FDTD) method is an alternative.
The advantages of the FDTD method are its accuracy and that it simultaneously
provides a complete solution for all the points in the map, which can give signal
coverage information throughout a given area.

In a simple outdoor environment, a two-dimensional FDTD is generally
applied [73]. A simple approach for introducing the correct spherical wave
spreading has been developed. A comparison with the FDTD predictions could
be used to evaluate and refine the GTD-based methods.

A reduced formulation for the standard FDTD technique [74], requiring four
scalar field components instead of the usual six, is used to predict channel
statistics inside a residential building. Measurements have also been conducted
and results compared with simulated data. In order to introduce arbitrary-shaped
antennas into the simulations, a two-and-a-half dimension (2.5D) or a multimode
FDTD method has been established for indoor radio propagation calculations
[75].

A hybrid technique [76] based on combining a ray-tracing method with
FDTD method for more accurate modeling of radio wave propagation has also
been suggested. The basic idea is to use ray tracing to analyze wide areas and
FDTD to study areas close to structure with complex material properties, where
ray-based solutions are not sufficiently accurate.

As a numerical method, FDTD requires large amounts of computer memory
to keep track of the solution at all locations, and extensive calculations to update
the solution at successive instants of time. Application of an accurate numerical
analysis method to model an entire area is neither practical because of the
computational resource required, nor is it necessary for open areas without many
objects.

8.5.3 Moment Method Models

Ray-tracing models can be used with sufficient precision to predict radio
coverage for large buildings having a large number of walls between the
transmitter and the receiver, while the moment method (MM) model is better
when higher precision is required and the size of the buildings is smaller. A
combination of these two models is also possible using the advantages of each.
Where a lot of small but dominant obstacles are present or paths that cannot be
taken into account by a ray-tracing model, the MM model can be used {77, 78].
The solutions determined by MM are numerically exact as long as the spatial
segmentation used for the objects is small enough. Due to the limitations of the
computer memory and CPU time, the MM is generally used to analyze objects
which are tens of wavelengths in size. However, by choosing structures with
dimensions around a few wavelengths, the MM can be used to check and verify
the ray-tracing program. A 2D problem, which includes stair-shaped walls above
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a lossy ground, was simulated by using both the MM and ray-tracing methods
{77].

The transmission of an UHF wave through a window in a wall is critical
when integrating systems that include both indoor and outdoor areas. A novel
simulation approach based on the moment method is presented in [79]. In the
simulations, the walls have been modeled as two long dielectric slabs, long
enough so that any diffraction or reflection at the outer edges would not influence
the results. No distinction has been made between the concrete and brick parts.
The glass plates have also been assumed to be homogeneous and the aluminum
frame was modeled as a perfectly conducting material. The resulting simulations
are then compared to a set of measurements, where good agreement has been
achieved.

A hybrid approach combining the ray-tracing method and the periodic
moment method (PMM) for material objects has been developed to study the
indoor wave propagation, penetrations, and scattering due to periodic structures
in buildings [80]. The PMM is applied to evaluate the specular and grating
transmission and reflection coefficients of the periodic structures. Those data are
then used in a ray-tracing program to find the specular and grating rays for each
ray tube illuminating one of the periodic structures. Those excited ray tubes are
continuously traced to determine their contributions to the receiving antennas.

8.5.4  Artificial Neural Network Models

The main problem with the statistical models is usually the accuracy, while the
site-specific models lack computational efficiency. Artificial neural networks
(ANNs) have shown very good performance in solving problems with mild
nonlinearity on a set of noisy data. This case corresponds to a problem at a field-
level prediction, as the data obtained from measurements is always noisy.
Another key feature of the neural networks is the intrinsic paratlelism, allowing
for fast evaluation of the solutions.

The ANN model {81}, which has the form of a multilayer perception, is
generally used with 12 inputs and one output. It has been developed to predict the
propagation in an indoor environment. In this case, a 2D floor plan is used for a
database with a resolution of 10 x 10 cm. All particular locations are classified
into 11 distinct categories, such as wall, corridor, outdoor area, laboratory, and so
on. One input of the network represents the normalized distance from the
transmitter to the receiver. In addition, there is an input for each defined
environment category. Other inputs represent either a normalized number of
occurrences (doors and windows) or an appropriate percentage (wall, corridor,
and so on) of that category along the straight line drawn from the transmitter to
the receiver. The process of learning may last for a couple of hours, but the
process for field-level prediction is fast. The accuracy of a prediction model
significantly depends on the accuracy of the environment databases.

In {82], theoretical investigations into the suitability of a neural network
simulator for the prediction of field strength based on topographical and
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morphographical data are presented. Effective input and output data processing is
developed using a deterministic and heuristic formula for the training of a neural
network simulator. The network used is similar to that described in [81]. The
inputs are frequency, heights of the antenna for a base and mobile stations,
respectively, and the distance between them. The output is the field sirength.
Although the multilayer neural network [82] is a useful method for
approximating the propagation loss, however, it suffers from drawbacks of slow
convergence and unpredictable solutions during learning. To overcome this
difficulty, radial basis function (RBF) neural networks that have a “linear in the
parameters” representation are proposed to enhance the real-time learning
capability and achieve a rapid convergence [83]. The RBF neural network is a
two-layer localized receptive field network whose output nodes form a
combination of radial activation functions computed by the hidden layer nodes.
Appropriate centers and connection weights in the RBF network lead to a
network that is capable of forming the best approximation to any continuous
nonlinear mapping up to an arbitrary resolution. Such an approximation
introduces best nonlinear approximation capability into the prediction model in
order to accurately estimate the propagation loss over an arbitrary environment
based on adaptive learning from measurement data. Okumura’s data are often
included to demonstrate the effectiveness of the RBF neural network approach.

8.5.5 Other Models

Recently, many new methods have been introduced to predict propagation for
mobile communications. Some of them are described here.

8.5.5.1 Parabolic Equation Model. This is applied to the modeling of radio-
wave propagation in an urban environment. As a parabolic version of Maxwell’s
equations it allows full treatment [84, 138, 139] of 3D electromagnetic
scattering which is not possible with scalar versions of the algorithm. It is
particularly useful for accurate modeling of scattering by a single building or a
group of buildings at microwave frequencies. Examples include scattering by a
building with a hemispherical roof and scattering by a group of buildings with
sloping roofs.

8.5.5.2 Fast Far-Field Approximation Model. This is substantially faster than
conventional integral-equation (IE)-based techniques. The technique is improved
by incorporating the Green’s function perturbation method. The method has been
applied to gently undulating terrains and compared to published experimental
results in the 900-MHz band. It has also been successfully applied to more hilly
terrain and to surfaces with added buildings {85]. An improved version of the
“shifting function” has been introduced, which can improve the performance of
the technique for more challenging problems such as scattering from a wedge.
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The issues of profile truncation and smalil-scale roughness effects have been
addressed, and numerical results presented show excellent agreement with
published measured data.

8.5.5.3 Waveguide Model. In large metropolitan areas which have tall
buildings, the transmitting and receiving antennas are both located below the
rooftops and the city streets act as a type of waveguiding structure for the
propagating signal [86, 87, 140]. In this case, there is a need to develop efficient
algorithms for the computation and mapping of the field distribution in such
structures. Theoretical analysis of propagation in a city street modeled as a
3D multislit waveguide is proposed. Assuming that the screens and slits are
distributed by a Poisson law, the statistical propagation characteristics in such a
waveguide are expressed in terms of multiple ray fields approaching the
observer. Algorithms for path loss prediction have been presented and compared
with experimental data in the two references cited above.

8.5.5.4 Boltzmann Model. This was initially developed for simulated fluid
flows. It describes a physical system in terms of the motion of fictitious
microscopic particles on a lattice [88, 143]. This technique can take complicated
boundary conditions into account. Two-dimensional simulations have been
performed starting from a city map and a renormalization scheme has been
proposed. The method, which is simple and easy to implement, provides good
path loss predictions compared with on-site measurements.

8.6 SUMMARY OF MODELS FOR PATH LOSS

A summary of the various propagation models dealing with path loss has been
reviewed. A brief comparison of some of the main models is presented in Table
8.4. Propagation models dealing with path loss for mobile communication have
been emphasized using two very different approaches. First, a simple empirical
or statistical model of the path loss has been considered where some of the
parameters used are determined empirically from measurements. The second
approach used is site-specific methods. Ray tracing is the main method. Some
other numerical methods used in electromagnetic fields computation have also
been applied.

Each of these two kinds of approaches makes a very different trade-off of
accuracy versus complexity. The empirical (statistical) models are extremely
simple (no environmental information is used other than of a very type in the
choice of the parameters), but the predictions are not very accurate. On the other
hand, site-specific models are considerably more accurate than the empirical
models, but require a great deal of specific information about the area of interest
(the locations of all the objects at a minimum and possibly the locations of large
objects).
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TABLE 8.4
Comparison of models for path loss

Model Suitable Experimental Details of

e Complexity Environment Accuracy Time Other
Name Environment Data Request

Okumura Macrocell Simple Based on No Good Little Graphical
model experiments path loss data
Hata Macrocell Simple No No Good Little
model (carly

celluiar)
Cost-231 Microcell Simple No No Good Little

(outdoor)
Dual-slope Microcell Simple No No Good Littie

and picocell

(LLOS region)

Ray- Qutdoor and Complex No Yes Very good Very
tracing indoor much
FDTD Indoor Complex No Every detail Best Very Often
(smalt) much combined
with ray-
tracing
MOM Indoor Complex No Every detail Best Very
(small) much
ANN Outdoor and Complex Yes Detail Very good Little ‘Take time to
indoor learn from
experimental
data

8.7 EFFICIENT COMPUTATIONAL METHODS FOR PROPAGATION
PREDICTION FOR INDOOR WIRELESS COMMUNICATION

This section presents two different deterministic methods for efficient
characterization of an indoor channel. First an improved version of a ray-tracing
method is presented. Next the finite-difference-time-domain (FDTD) method is
used to calculate the effects of walls in an indoor wave propagation environment.

8.7.1  Efficient Ray-Tracing Methods

The application of several ray-tracing techniques in combination with the
uniform theory of diffraction is an efficient method for prediction of propagation
in the UHF (communication) band in an indoor environment. This is discussed in
detail [136] as we improve the computational efficiency of the two-dimensional
(2D) ray-tracing method by reorganizing the objects in an indoor environment
into irregular cells. In addition, by making use of the 2D ray-tracing results, a
new three-dimensional (3D) propagation prediction model is developed, which
can save 99% of the computation time of traditional 3D model. This new hybrid
model is more accurate than 2D models and more efficient than traditional 3D
models in computing the path loss to any point in the building. In this model,
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reflection and refraction by layered materials and diffraction from the corners of
the wall are considered.

As shown in Figure 8.7 there are four main types of rays from the transmitter
to the receiver. There are two types of ray-tracing methods, one is called the
image method [53, 54, 57] and the other is the brute force ray-tracing method
[12, 42]. The image method is well suited to analysis of radio propagation
associated with geometry of low complexity and with small number of
reflections. The brute-force method launches a bundle of rays that may or may
not reach the receiver. It requires numerous ray object intersection tests and
extensive data arrays for ray tracing. In the brute-force method, both refraction
and diffraction can be considered. In these two methods, both the 2D and 3D ray-
tracing models are used widely. In the 2D model, only those rays in a plane are
traced, so it needs less computation time. In the 3D model, all rays must be
traced, so it needs much more computation time.

Transmitter

Direct ray

Receiver
Diffracted ray

Reflected ray Refracted fay

Wall Wall

Figure 8.7. Four main types of rays in an indoor environment.

2D ray-tracing technique is widely used for indoor propagation prediction
[58, 128, 129]. When the indoor environment is large and complex, it will take
much CPU time to calculate the propagation characteristics. It is therefore
important to improve the computational efficiency. In [128, 129], only those rays
that have certain contribution to the receiver are traced. In {130], effective-
propagation-area method and dominant-corner extraction method are used.
However, by making use of the geometrical characteristics of an indoor
environment and reorganizing the objects, a new 2D ray-tracing model termed an
irregular cell model is presented. Almost 60% of the CPU time can be saved
using this technique and without any loss in accuracy.
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Based on that, we develop a new efficient 3D ray-tracing model that
integrates several improved ray-tracing techniques. In this model, all objects are
projected onto the floor. By using a 2D ray-tracing algorithm and a suitable
selection of an elevation angle, all effective rays (which can reach the receiver)
can be determined. Because fewer effective rays need to be traced, much
computation time can be saved. In addition, the patched-wall technique and the
ray-fixed coordinate system, respectively, are used in the analysis in order to
improve the computation accuracy and to reduce the dimension (from three to
two) for the dyadic characterization of reflection, refraction, and diffraction
coefficients. The computation results are validated by measurements carried out
in a building at Shanghai Jiao Tong University at 1.7 GHz.

8.7.1.1 Rays in an Indoor Environment. As shown in Figure 8.7, the direct ray
makes the main contribution to the received signal, if it exists. When the receiver
is out of sight from the transmitter, reflected, refracted, and diffracted rays carry
energy to the receiver. They are expanded as follows.

o Reflected and refracted rays. In an indoor environment, objects always have
a certain thickness, as shown in Figure 8.8. In addition, they also introduce
losses. Generally, when a ray in air illuminates an object, a reflected ray and a
refracted ray are produced in the upper and lower areas of the space, respectively.
The reflected ray can be considered as the rays coming from the mirror image of
the object. The refracted ray in the lower area of the space is parallel to the
incident ray, but it has a deviation Ad, as shown in Figure 8.8. The deviation is
given by

Ad =dsin(@; —¢,)/cosg, (8.29)

where @ and ¢, are the angles of incidence and refraction, respectively. In an
indoor environment, the thickness of a typical wall is 20 to 30 cm, so the general
distance between the refracted ray and the incident ray may be less than 20 cm. If
the wall is thicker, the refracted ray may be too weak to be considered in the
calculations. When using a ray-tracing technique, the ray is considered as a tube
and it diffuses as it propagates. For example, assume the angle of the tube to be
1°; the radius of its wavefront will be 17.46 cm after it propagates a distance of
20 m. At most, it is reasonable to ignore the offset between the refracted ray, and
the incident ray as has been done in most papers. In [131], an equivalent source is
introduced to consider this offest. On modern interior walls which are construced
from two layers of gypsumboard nailed onto the studs, the offset is also very
small. Sometimes, there are multiple reflections within the wall, and the offset
between the first reflected ray and other higher-order reflected rays can be treated
in a fashion similar to that used for the refracted ray.
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Incident ray Reflected ray

Figure 8.8. Typical reflected and refracted rays in an indoor environment.

The coefficients of reflection (R) and refraction (T) for layered lossy
materials are given by (8.30) [132]. It is assumed that there are n layers of
homogeneous and nonmagnetic lossy materials. Layer 1 and layer n are the air
regions. One can therefore write

P w T 8.30
PV Wy,] 0 (8.30)

where [U},] = (U1 U1 - [Unotyy] with

1 k(i+1)x ejk(iﬂ).xdi R. i+l e—jk(iﬂ).x di
Wiisyl = 5 |1 +——— T l(l )'k
2 ki R,-(-H)ej (i+1)x i e /it d;
14

k; = wavenumber of medium i = @,/ & 1
ki = ki~ (kysin@)?, for i=1,2,..,n—1
d; = thickness of layer i with (d, = d,= 0)
£; = complex dielectric constant of layer i

¢ = angle of incidence

« = angular frequency of the incident ray
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Superscripts L and // represent the perpendicular polarization and parallel

polarization, respectively. The values for the reflection coefficients for different
polarizations are given by

| - Karnx

+ - kix
o K
k

for perpendicular polarization,
ix
and

LY
&i41kix

/7
R/ oy =
b Eikiri)x

for parallel polarization for i = 1,2,...,n-1.

I+
8i+1kix

When a ray-fixed coordinate system is used, reflected field E +(R) at a position

R is determined from the incident field E,’(R) at position R by using the

following equation:
L 1 1
E-V_|RT O |E (831)
E/ o R"||E/

We have a similar relation to obtain the refracted field at the position R, by
substituting the reflection coefficients R and R’ with the respective
transmisston coefficients by T and T//, respectively, with T and 77 given by
(8.30).

The magnitude of the reflection coefficients |R| at 1.8 GHz for various
materials is shown in Figure 8.9. Some of the materials described, for example,

are wall (thickness d = 20 cm, € = 3.25), a wooden door (d = 4 cm, g, = 1.94),

and a glass window (d = 0.4 cm, ¢ = 3.95). From this figure it can be seen that
the magnitude of the reflection coefficient for all the materials are close to 1

when the incident angle is close to 90°.
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Figure 8.9. Magnitude of the reflection coefficients as a function of polarization for
different materials.

v=(2-n)mt

Diffraction plane

Figure 8.10. Diffraction due to a corner.

s Diffracted ray. The uniform theory of diffraction (UTD) is applied to
calculate the diffracted field from the corners in an indoor environment. In Figure
8.10 a wedge with an angle (2 - n)xis used for illustration purposes. The field is
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incident on it at an oblique angle. The coefficients of diffraction D" are given
by [54]

~jmi4 ,
pi - _~¢ {Cotﬂ+(¢ -@) FlkLa* (@' - 9)]
2n+/ 27k sin 2n voe
+cot?=9 "D plita ¢ - 9]
2n (8.32)
+ R cot TP (;” ) FlkLa™ 9+ 9]
n
+ R cotw FlkLa™ (¢ + ¢’)]}
n
where
: P2
= ; Jx [ it i i
F(x) = 21Jx_e L[; e /7T dr is aFresnel integral
+ +
E@re) =2 IV 020
Nt = integer that approximately satisfies equation 2nZN* —( @'+ ¢) =
+ 7 asclose as possible
Do = angle between the incident ray and the edge of the wedge
¢ = angle between the plane of diffraction and plane 0, as shown in
Figure 8.16
¢ = angle between the plane of diffraction and plane O, as shown in
Figure 8.16
k = wavenumber
L = distance parameter dependent on the form of the incident wave

’
ss’
sin® B, and s and

for an incident spherical wave L= -

s+s
5" are distances from the diffracted point D to the source and
observation point, respectively

R()L/ "and R,,U/ = reflection coefficients related to plane O with an incident angle
¢ and form a plane n with a reflection angle nz ~¢’,

respectively.

In a ray-fixed coordinate system, we have a relation similar to (8.31) for
determining the diffracted fields. For an incident angle ¢ = 45° and = 90°, the
magnitude of the diffraction coefficients for a 90° concrete edge as a function of
the diffraction angle at 1.8 GHz is shown in Figure 8.11. In our model, only the
diffractions from the vertical corners of the walls that are recorded in the
database are considered because most receivers and transmitters are generally
vertically polarized. When a ray hits the edge, the edge is treated as a secondary
source and all rays emanating from it are traced as a normal ray. Because the
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strength of the diffracted ray is weak, the second- and higher-order diffraction
effects are neglected.

8.7.1.2 Improvement of the Computational Efficiency for 2D Ray Tracing. A
typical indoor environment is shown in Figure 8.12, where some furniture is
present in the room. When applying a 2D ray-tracing algorithm, a database must
be built. In order to deal with the differences in the dielectric properties among
materials, each different object, such as a wooden door, a glass window, or a
concrete wall, is defined as different regions. A boundary between any two
regions is denoted by a line segment. All the data related to that segment, such as
the point of origin, direction, length, thickness, and dielectric properties are
specified. For example, there are 17 different segments for each sidewall of the
corridor, and there are more than 80 segments in the environment of Figure 8.12.

0.6

Amplitudes of diffrection coefficients

150

Angle of diffrection(degree)

Figure 8.11. Magnitudes of the diffraction coefficients.

When a ray is traced through a usual 2D ray-tracing model, one needs to
locate the ray intersections for every segment to determine whether there is an
intersection. The equation for the ray is given by

{X=d]f+XO
(1=0) (8.33)

y=dyt+yy

where (xo, yo) is the origin and (d,, d;) is the direction vector of the ray. The
equation for a segment is given by
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x=am+ x|
(0sm<l) (8.34)

y=aym+y

where (x; y|) is the origin and (a,, a,) are the direction cosines for each of the
segments. The length of each segment is L. From (8.33) and (8.34), it is easy to
obtain ¢ and m and determine the point of intersection of the segments. From a
geometrical point of view, one ray may intersect with many segments. It is
important to get the point of intersection that is nearest the origin of the ray,
where the reflection and refraction really occur.

— IFumiture

O T——

I Concrete wall

ﬂ Glass window

V:l l:\/q \r::! l::-\/n A Wooden door
* Transmitter

*R1 ® Receiver

Figure 8.12. Typical environment for modeling propagation.

In fact, a ray usually intersects with only one segment before it changes its
direction. This means that all computations of intersections with the remainder of
the segments are not necessary. If all these computations are omitted, the
computational efficiency of ray tracing will be greatly improved. In [133] the
propagation area is divided into equal cells. But there are several disadvantages
associated with this technique. It is difficult to determine the best size for the
cell. Sometimes, there is no segment in a cell, and sometimes one segment
crosses more than one cell. All these make the computations complicated. To
overcome these difficulties, we have developed an irregular cell technique.

It is possible that physically disjoint segments of an indoor environment may
lie on a straight line but are not continuous (e.g., open windows). We reorganize
these segments into a line that can be described as a special segment without
having any dielectric properties. According to this linear grouping method, the
indoor environment as shown in Figure 8.12 has only nine lines. When there is
furniture within the room, we can first introduce a rectangular box (indicated by
a dashed line in Figure 8.12) to encompass it, and then consider the two
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diagonals of the box as two virtual segments to see if the ray of interest intersects
them. If the answer is yes, we take the real segments of the furniture into
account; otherwise, we omit the entire box. That can result in considerable saving
of the CPU time.

In our model we first build the database of segments of the indoor
environment for prediction. All the segments in the database will be reorganized
automatically into lines or boxes that form another database. When a 2D ray-
tracing method is applied, only the intersections between rays and lines or boxes
need to be determined. If a ray has no intersection with a line or two diagonals of
a box, it has no intersection with the segment members of that line or box, and
therefore tracing of the ray is terminated. For all the lines or boxes intersecting

60 — 1 1 r {1 T T T T T
55 - s
50 —o— Equal Cell .
45} Traditional 2D .
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g a0t -
g*r ﬁ ]
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Figure 8.13. Computation time for predicting path loss at location R1 of Figure 8.12.

with the ray, the nearest line or box to the point of origin of the ray can be found
and then the corresponding segments intersecting with the ray can also be
determined. When the real intersecting segment is found, the electric field is
calculated and both the reflected and refracted rays can be traced further.

In order to verify our model, numerical simulations have been carried out.
The path losses in an indoor environment shown in Figure 8.12 have been
predicted. The environment is composed of an area 17.9 x 20.8 m* and consists
of concrete walls, wooden doors, glass windows, and furniture. The transmitter is
located at the central part of the floor. The transmitting frequency is 1800 MHz.
Figure 8.13 plots the computation time on a PC for calculating the path loss at
the receiver location R1 as shown in Figure 8.12. It indicates that the proposed
irregular cell method can save almost 60% of CPU time on the average over
other traditional methods. The conclusion is also true for other locations of
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transmitter and receivers in this environment. Because no ray intersections with
objects have been omitted, the accuracy of the prediction does not degrade.

8.7.1.3 New Improved Model.

o Patched-wall model. The layout for the measurement system shown in
Figure 8.14 is on the 3rd floor of a building with many classrooms at Shanghai
Jiao Tong University, Shanghai. In Figure 8.14, T denotes the location of the
transmitter and R indicates the location of the receiver. The field is measured at
39 receiver locations. The width, length, and height of the floor are 18.26 m,
76.39 m, and 3.74 m, respectively. There are 20 rooms on this floor. The ceiling
and the floor are made of concrete. The partition board between classrooms is
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Figure 8.14. Layout of a building in the University (arrows mean stairs).

made of wood. The sidewalls of the corridor are mainly made of concrete. There
are wooden doors and glass windows on these walls. Figure 8.15 shows a part of
the sidewall. The front and back walls of the building are composed of concrete
with inserts for glass windows.

Because of the differences in the dielectric characteristics between different
materials, it is necessary to introduce patches of different dielectric constants and
physical sizes to represent actual objects. Four different patches have been used.
They are concrete walls, wooden doors, wooden partition boards, and glass
windows. A database is built to record the location, thickness, and dielectric
constants of all the patches. In order to simplify the calculation of the
intersections, every patch is divided into several rectangles and is given an
integer number for identification (ID). As shown in Figure 8.15, the patches are
separated by dashed lines. There are 10 patches in Figure 8.15. The IDs of the
patches having the same vertical projection on the floor are different only in the
last digit. The ceiling and the floor are considered to be special patches. The
measurement environment is divided into more than 400 patches that are stored
in the database.
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o Model description. The process of ray tracing is a complicated program of
recursion. For the 3D model, there are many rays that need to be traced. But in
fact, there are only a few rays that will reach the receiver. It is advantageous to
search for the rays that will probably reach the receiver for tracing. In some
simplified models, only singly reflected rays from the floor and ceiling are
considered. Even though there may be no direct rays, however, multireflected
rays from the floor and ceiling cannot be neglected.

Figure 8.15. Part of an actual wall and how to divide it into patches.

Indoor environments are composed of floors, ceilings, and walls vertical to
the floor. On a single floor (considering the floor to be the x—y plane and the
direction vertical to the floor the z-axis), one can find the following properties for
propagation when using a ray-tracing technique. In this coordinate system,
transmitter and receiver are regarded as points in a 3D space. Therefore:

1.) When the floor or the ceiling reflects a ray, the incident and reflected rays
have the same azimuth angle. Namely, perpendicular projections of the
two rays on the floor are in a line.

2.) When a wall vertical to the floor reflects a ray, the angle of incidence is
equal to the angle of reflection along the perpendicular projection plane
on the floor.

3.) The angle between the ray reflected by a wall and the z-axis is equal to
that between the incident ray and the z-axis.

4) Rays that have the same azimuth angle in a 3D space have the same
perpendicular projection on the floor.

In our model, first we project all walls, objects, the transmitter, and the
receiver (except the ceiling and the floor) vertically onto the floor and use a 2D
ray-tracing technique on the projection plane and then apply a 3D ray-tracing
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technique based on the results of a 2D ray tracing. This is explained through the
following figures. Figure 8.16 characterizes a simple indoor environment with a
wall, a ceiling, and a floor. The height of the transmitter and the receiver from
the floor are A, and h,, respectively. The height of the ceiling is 4 above the floor.
In Figure 8.17, the wall, the transmitter, and the receiver are projected vertically
onto the floor. By performing a 2D ray tracing on the floor, one sees that there
are only two paths from the projections of the transmitter and the receiver. If no
reflection from the ceiling and the floor is considered, there are only two actual
paths in the 3D space when using a 3D ray-tracing model. One is the direct path
from the transmitter to the receiver; and the other includes one reflection from

the wall.
Ceiliny
Z
y

X

Wall| , Receiver

* Transmitter

Floor /

Figure 8.16. Simplified room structure.
Projection of I y
Receiver X

Projection of
Transmitter

¢

Projection of
Wall

Figure 8.17. Projection onto the floor of various objects described in Figure 8.16.
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When multiple reflections from the ceiling and floor are considered, the
situation is different. We define the unfolded length of a path to be d and the
azimuth angle of the projection for the corresponding launching ray to be ¢.
Using the properties of propagation, one can observe that rays launched in the 3D
space that may reach the receiver is given by

0= % + ¢ arctan M (8.35)

where hg = hy + h,, the positive sign is used when the total number of reflections
from the ceiling and the floor is odd, and the negative sign is used when it is
even, respectively. Possible values are = +1. The positive value is used when
the first reflection (does not include reflections from walls) occurs on the floor,
and the negative value is used when it is from the ceiling.

These rays are all significant and should be launched in a 3D environment.
The paths from the transmitter to the receiver for all these rays launched in 3D
have the same perpendicular projection on the floor. The launching of the rays
are carried out forn =0, 1, 2, ..., M (n # 0 when a = -1), where n is an index
related to the order of reflection from the ceiling and the floor and M is an index
related to the maximum order of reflection from the ceiling and the floor. When
n= 0, two 3D paths are included; one has no reflection from the ceiling or the
floor, and the other has only one reflection from the floor. When n = 1, there are
four 3D paths that are considered. The first path has one reflection from the
ceiling. The second path has one reflection from the ceiling and then one
reflection from the floor. The third one has one reflection from the floor and then
one reflection from the ceiling, and the last one had one reflection from the floor,
one reflection from the ceiling, and then one reflection from the floor again. So,
the total number of useful 3D rays included in each 2D path is 2 + 4M. The total
2D paths should include all reflections from all the walls.

During the 2D tracing on the projection plane, all 2D paths from the
projection of the transmitter to the projection of the receiver are recorded and the
unfolded length for each path is also calculated. After an integer M is given, a 3D
ray tracing is performed for all useful 3D launched rays corresponding to each
2D path. Because only parts of all 3D launching rays need to be traced, much
time of computation can be saved. Based on Figure 8.17, Figure 8.18 shows the
various paths in 3D space according to our model. If M = 1, then n =0 and there
are six paths in the 3D space corresponding to each 2D path as shown in Figure
8.17. Therefore, a total of 12 [=2 x (2 + 4 x1)] 3D rays are considered.
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Transmitter

Figure 8.18. Tracing of rays in a three-dimensional space.

The field intensity of each ray is calculated using a 3D ray tracing. Finally,
the total field intensity can be obtained by summing up all the individual field
intensities. Our model includes direct, reflected, refracted, and diffracted fields
that are represented by the rays. Each propagation mechanism is treated
separately.

8.7.1.4 Results of Simulation and Measurement. The simulation environment
and the measurement site are shown in Figure 8.14. In the prediction simulation,
all the advantages of a 3D ray-tracing model have been taken into account in the
new model. Because of the high computational efficiency of the 2D tracing
technique, fewer useful 3D rays need to be traced. This 3D model just took 1% of
the computation time over traditional 3D models. And because no useful rays
have been ignored, the prediction accuracy is quite high.

To carry out the measurement, a 1.7-GHz narrowband CW signal generator
is used as the transmitter. A 0- to 15-dBm CW signal is transmitted by a half-
wavelength dipole antenna at a height of 1.6m above the floor. The signal is
received by a half-wavelength dipole antenna located at a height of 1.5m from
the floor. To assure that the propagation channel is stationary in time, the
measured data has been averaged over 10 instantaneous sampled values.

Figure 8.19 shows both the predicted and measured results for the path loss
at each location in the building. Predicted results from both the new model and
the traditional 3D model have been presented along with measurements.
However, the latter takes about 100 times more computation time than the new
model. Because the position of receivers R18 and R19 are close to the
transmitter, it is difficult to measure the path loss accurately. In the corridor,
there is a LOS path or one reflected path so that the signal received at these
locations is stronger than those inside the rooms.
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Figure 8.19. Results of simulation and measurement.

The method used in {61] has been extended to an indoor environment. In
[61], the authors used the image method and projected objects on the ground to
find an exact 3D path for an outdoor street scene. In this new model using
multiple reflections from the floor and the ceiling and from one 2D path on a
projection plane, many 3D paths can be determined. A formula to determine the
3D path has also been provided.

8.7.1.5 Conclusion. A computationally efficient method is described which
transforms the results of a 2D ray-tracing method to a 3D model which has
correlations with experimental results.

8.7.2.  Analysis of the Effects of Walls on Indoor Wave Propagation
Using FDTD

The ray-tracing technique does not take the effects of the inner structure of walls
into account for indoor propagation prediction. A numerical approach to treat this
problem using the FDTD method is now described. Numerical results for path
loss calculated by a FDTD method are compared with those obtained by the ray-
tracing technique. Use of a ray-tracing technique in propagation prediction has
been under development for more than a decade. It is powerful and easy to use.
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There have been a number of recent investigations on indoor radio propagation
modeling using a ray-tracing method [57, 65, 126], but few pay attention to the
inner structure of the walls [134, 135]. When using a ray-tracing method, it is
assumed that reflection from walls has a substantial specular component. Typical
concrete blocks used in wall construction are shown in Figure.8.20. The air hole
in the block forms a periodicity of blocks. It is found that nonspecular reflection
occurs when the operating frequency is above 1.2 GHz [134].

In this approach, the reflection and transmission characteristics of the walls
can be derived by solving for higher-order Floquet modes. Also, the method of
homogenization can be used to determine the effective material properties of
walls, but they did not consider nonspecular reflection.

In this section, the FDTD method is used to predict propagation properties
for indoor environments [137]. The periodic structure of walls is also considered.
Numerical results for the path loss are calculated by a FDTD method and are
compared to those obtained by the ray-tracing method. It is proved that the inner
structure of walls has a considerable influence on the path loss when predicting
propagation, and the FDTD method can give more accurate results.

In this approach, the reflection and transmission characteristics of the walls
can be derived by solving for higher-order Floquet modes. Also, the method of
homogenization can be used to determine the effective material properties of
walls, but they did not consider nonspecular reflection.

In this section, the FDTD method is used to predict propagation properties
for indoor environments [137]. The periodic structure of walls is also considered.
Numerical results for the path loss is calculated by a FDTD method and are
compared to those obtained by the ray-tracing method. It is proved that the inner
structure of walls has a considerable influence on the path loss when predicting
propagation, and the FDTD method can give more accurate results.

8.7.2.1 Description of the Procedure. For the analysis of a wall at a frequency
of 1.8 GHz, the parameters for the model of Figure 8.20 are chosen as d = 4,/20
and the relative dielectric constants of a concrete wall as & = 3. When a plane
wave in the x—z plane is incident on the layered periodic structure at an angle &to
the z-axis with an electric field polarized along y, the inner periodic layer of the
structure will support an infinite set of modes with different wavenumbers,
km(m=0,+1,+2,...). The field produced by these modes can in turn be
decomposed into a series of space harmonics (n =0, +1, 42, ...), each having a
wavenumber [, =kysin@+27xn/T along x, where ko is the wavenumber of the
incident wave in free space and T is the period of the inner structure. The space
harmonics in the periodic region will couple to the air region. As a result, there
will exist reflected and transmitted space harmonics whose directions of
propagation in the air are given by sing, = Sy/ko, where ¢, is the outbound angle
relative to the normal [134]. At higher frequencies, more modes have real ¢, and
will carry power along nonspecular directions. Figure 8.21 shows the relation of

the incident angle and the outbound angle for the structure of Figure 8.20 at 1.8
GHz when n =0, +1.
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In order to observe the effects of the inner structure of the walls on wave
propagation, consider a room with a wooden door, glass windows, and concrete
walls which are placed in the computation area as shown in Figure 8.22. A two-
dimensional FDTD method is applied. An artificial outer boundary encloses the
room defining the computational area. A second-order radiation boundary
condition has been used at the outer boundary. The incremental spatial step is d
and the time step is d/(2C), where C is the wave velocity in free space. The
thickness of the wooden door, which has a permittivity of & = 1.9, is 6d. The
thickness of the glass windows is d and it has a permittivity of & = 3.9. A line
source (T) to simulate the antenna is placed outside the room. A CW signal with
an electric field polarized along the y-axis is transmitted at 1.8 GHz. The path
loss at 250 points from left to right along a line is evaluated and compared with
the results of ray tracing. When using the ray-tracing method, the transmitter is
treated as a point source.

3d

Figure 8.20. Typical periodic inner stiucture of the walls.
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Figure 8.22. Two-dimensional geometry of the grid for the FDTD method.
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8.7.2.2  Numerical Results. The fields of the environment are calculated using
a 2D FDTD method when the wall is (1) assumed to be a periodic structure, and
(2) uniform in nature with an effective dielectric constant. For the FDTD
method, 5000 time steps are calculated and it takes more than 6 hours of CPU
time on a PC. A 2D ray-tracing method is used to analyze the uniform structure,
and it takes only 10 minutes to compute the path loss for 250 sample points.
Figure 8.23 shows the simulation results of path loss for the sample points.
It indicates that the effects of the inner structure of the walls cannot be neglected
for propagation prediction. The maximum difference in field strength when the
wave is assumed to propagate through a periodic structure and a uniform
structure is more than 10 dB when using the FDTD method. As a full-wave
analysis tool, FDTD is more accurate than the ray-tracing method. All the
propagation phenomena, such as reflection, transmission, and diffraction, are
included. A ray-tracing method considers only reflection and transmission. The
maximum difference in the field strength when propagating through a periodic
structure using the FDTD method and the ray-tracing method is around 18 dB.
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Figure 8.23. Simulation results using three different FDTD methods.
— , FDTD (periodic); ——FDTD (uniform); ------- . ray tracing (uniform).

8.8 MODELS FOR SMALL-SCALE FADING

Small-scale fading refers to dramatic changes in signal amplitude and phase that
can be experienced as a result of small changes (as small as a half-wavelength) in
the spatial separation between a receiver and a transmitter. These changes in the
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envelope of the received signal is statistically described by a stochastic process.

In order to get a sound understanding of the channel, it is important to study
the distribution of the envelope of the received signal. A few possible choices of
the statistical distributions to model the envelope are explained below. As
explained and emphasized in Appendix A, we have to be extremely careful when
using a statistical model, as a complete lack of knowledge of the system cannot
be supplemented by a stochastical distribution.

8.8.1 Ricean Distribution
When there is a dominant stationary (nonfading) signal component present, such

as a line-of-sight propagation path, the fading distribution is Ricean. The Ricean
distribution (also called Rice distribution or Rician distribution) is given by

2
Lexp{—r—i—?—c} IO(A—;J (Az20,r=0)
p(r)=40 20 (o3 (8.36)
0 r<0

where r is the amplitude of the envelope of the received signal, 207 is the
predicted mean power of the multipath signal, A denotes the peak amplitude of
the dominant signal, and Iy(e) is the modified Bessel function of the first kind
and zero order. The Ricean distribution is often described in terms of a parameter
K, which is defined as the ratio between the deterministic signal power and the
variance of the multipath. It is given by [10]

A2
K(dB):lOlog—2 8.37)
20

K is known as the Ricean factor and completely specifies the distribution.

It is possible to estimate the Ricean K-factor of a signal, from measurements
of received power versus time. One approach is to compute the distributions of
the measured data, then compare the result to a set of hypothesis distributions
using a suitable goodness-of-fit test. Another is to compute a maximum
likelihood estimate using an expectation/maximization (EM) algorithm.
However, both of these approaches are relatively cumbersome and time
consuming. A simple and rapid method has been developed based on calculating
the first and second moments of the time series data. When perfect moment
estimates of the Ricean envelopes are available, the method is exact. In that case,
the factor K can only be obtained implicitly, by equating a ratio of the measured
moments to a complicated function of K. By contrast, the method described in
[89] yields an explicit and quite simple expression for K in terms of the measured
moments.
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8.8.2 Rayleigh Distribution

As the dominant signal in Ricean distribution becomes weaker, the composite
signal resembles a noise signal which has the envelope of a Rayleigh distribution.
For mobile radio channels, the Rayleigh distribution is widely used to describe
the statistical time-varying nature of the received envelope of a flat fading signal,
or an individual multipath component. The Rayleigh distribution has a
probability density function (pdf) given by

2
- exp(——r ZJ (0Sr<o
pir=y0 20 (8.38)

0 (r<0)

The probability that the envelope of the received signal does not exceed a
specified value R is given by the corresponding cumulative distribution function

(cdf):
2
P(R) = P(r<R) = J.gp(r)drzl—exp[—-z—ll—z—J (8.39)

where r is the envelope amplitude of the received signal and 207 is the predicted
mean power of the multipath signal.

Since the fading data are usually measured in terms of the fields, quantities
for a particular distribution cannot be assumed. The median value is often used
other than the mean values and it is easy to compare different fading distributions
which may have widely varying means. A typical Rayleigh fading envelope for a
moving mobile at 900 MHz is shown in Figure 8.24 [90].
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Figure 8.24. Typical Rayleigh fading envelope at 900 MHz received by a mobile

traveling at 120 km/hr.
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8.8.3 Lognormal Fading Model

The lognormal fading model is quantified to represent the distribution of rays
which experience multiple reflections and diffractions between a transmitter and
a receiver. The lognormal pdf can be expressed as

2
_EﬂﬁiﬂL} (8.40)

i
p(r) = —exp{
2702 207

where m is the median value and ¢'is the standard deviation of the corresponding
normal distribution, obtained by using the transformation y=(n(r)[91].
Techniques such as the Monte Carlo method and Schwartz and Yeh method have
been developed to simulate the power sum for the lognormal components [92].

8.8.4  Suzuki Model

The Suzuki model combines the lognormal and Rayleigh distributions and
provides a more accurate approximation of the sum of correlated complex
lognormals for a wider variety of channel behaviors. Usually, the Rayleigh
distribution is obtained from two statistical independent normal processes, £4(f)
and 5(f), with zero means and identical autocorrelation functions according to

the relation
E(ty =i (1) + 143 () 8.41)

where &(f) can be regarded as the envelope of one complex-valued normal
random process A(t). The requirement of statistical independence between 4 (f)
and 6,(¢) is identical with the demand for a symmetrical power spectrum for A(f).
The received power averaged over a period of a few seconds can vary
considerably due to various shadowing effects. In order to adapt the model to this
behavior, the process &(f) is substituted by the product 7(r) = {(#) x &(r), where
the lognormal process C (£) = exp[4(#)] is defined by a normal process f45(f) with
variance s> and mean m. The product process with this particular amplitude
density distribution is called the Suzuki process and is given by [93]

2 2
oo T r 1 (Inoc —m)
Pn(=|, —exp — exp| — do (8.42)
7 jo o’ [20'] 2rsC |: 252 ]

where @ is the standard deviation and r is the amplitude. The assumption of
statistical independence does not always meet the real conditions in a multipath
wave propagation, so it has been modified [94] and simulated in [95].
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It is a widely accepted statistical model for the received signal envelope in
macrocellular mobile radio channels, where there is no direct LOS path.

8.8.5 Nakagami Model

The Nakagami Model was developed in the early 1940s. The corresponding
probability density function is written as {96]

2mmr2m-l exp (_.Ln_rZJ
Q

m) Q™

plr) = (8.43)

Here, r is the envelope amplitude of the received signal, Q = < r* > is the time-
averaged power of the received signal, and m = < ¥ >?/ < (# = < r>%* > is the
inverse of the normalized variance of r2. T{(e) is the Gamma function. The
Nakagami pdf may be shown to be a more general expression of other weli-
known density functions. For m = 1, the Rayleigh probability density function is
obtained. It can also be approximated by both Rice and lognormal distributions
over certain domains given the appropriate bounds on the parameters.

A Nakagami model parameterized by the fading severity parameter m has
been shown to fit well to some urban multipath propagation data. A simulation of
the Nakagami model has been presented in [97].

8.8.6  Weibull Model

The Weibull model arises when results from mobile radio propagation
measurements are plotted on graph paper that is scaled such that a Rayleigh
distribution appears as a straight line with a slope of —1. The Weibull pdf can be
written as [91)

o-1 o
p(r) = 9’__[7_[_17__*_) exp —[—bLJ (8.44)

I I )

where o is a shape parameter, which is chosen so as to yield a best fit to the
measurement results. ry is the RMS value for r. b=,/(2/a)l“(2/a) is a

normalization factor. For the special case in which a = 1/2, it becomes a
Rayleigh pdf. The Weibull distribution provides flexibility to model any shape
offered by a Nakagami distribution, but it lacks a theoretical basis. In [146] it is
shown that the Weibull distribution characterizes indoor propagation path losses
quite well.
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8.8.7 Other Fading Models

Many other models for fading have been developed. They are the Rice-lognormal
model [98], Nakagam—Rice model [99], Nakagami-lognormal model [100], and
the K-distribution, which is a substitute for the Rayleigh-lognormal distribution
[101]. They are mixtures of two kinds of distributions and are now widely used.
In [102], propagation models that include both the effects of shadowing and
multipath fading have been developed and have been used in studying terrestrial
and satellite channels. In [103, 104] a new theoretical model for the prediction of
fast fading in an indoor environment has been developed. This model makes the
assumption that the number of dominant propagation paths that contribute to the
signal in the receiver in a multipath environment is not infinite but rather small
(e.g., 15). This assumption leads to the development of a new theoretical model
called POCA that is more general and more efficient than the Rayleigh one,
especially for indoor environments, and it fits generally for environments in
which a small number of dominant propagation paths exist.

In this section, some of the statistical models for fading have been
introduced. Only their pdf distribution has been described. Details of the
implementation of these models can be obtained from the various references
cited.

8.9 IMPULSE RESPONSE MODELS

Narrowband or continuous wave (CW) path loss is a parameter that can predict
the power level of the system and the space coverage of a base station. In modern
mobile communication systems with high data rates and small cell size it is
necessary to model the effects of multipath delay as well as fading. The impulse
response is a useful characterization of the system since the output of the system
can be computed through convolution of the input with the impulse response if
the system is linear. A multipath propagation channel is modeled as a linear filter
and has a complex baseband impulse response [105-125, 144, 147-151].

In digital wireless communications, one of the main reasons of occurrence
of bit errors is intersymbol interference (ISI) caused by multipath propagation. If
the symbol rate is much lower than the coherent bandwidth, time delay spread
can be neglected. In this case, multipath propagation only causes fading of the
signal level, and Gaussian noise is the dominant factor that causes bit errors. If
the symbol rate is relatively high, time delay spread cannot be neglected.

A large number of measurements have been made for the impulse response
for both outdoor and indoor environments. Based on the measured data, some
models have been derived. The results of measurements along with some typical
models are described here followed by some deterministic models.
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8.9.1 Models Based on Measurement Results

Because of the importance of determining the time delay spread for wireless
communications, a number of wideband channel sounding techniques have been
developed. These techniques may be classified as: (1) direct pulse measurements,
(2) spread spectrum sliding correlator measurement, and (3) swept frequency
measurements.

The block diagram for each of these techniques is shown in Figure 8.25
[10). Almost the same result can be obtained from the last two methods [105].
Some measurements, both for indoor and outdoor environments and the
calculated RMS time delay, have been summarized in Table 8.5, where Med
indicates median values, T-R indicates the distance between transmitter and
receiver, and Ave. implies the mean average values. In Table 8.5 it is found that
the RMS delay spread varies from several nanoseconds to several microseconds,
corresponding to different environments and frequencies.

There are many factors affecting the impulse response, such as frequency,
height of transmitting and receiving antennas, fixed objects (mountains,
buildings, or indoor furniture), and moving humans or objects close to the
transmitter and/or the receiver. It is shown in Table 8.5 that the RMS time delay
varies little for different frequencies for indoor environments [106], but a
different conclusion has been obtained in [107]. In [108] it is found that at 11.5
GHz, RMS time delay in most cases is significantly smaller than at 2.4 GHz and
4.75 GHz, which are in general about the same. The reason that two different
conclusions have been reached is that all these various conjectures have been
derived from specific measurements. OLOS (obstructed line-of-sight) channels
are subjected to higher variations in RMS delay spread caused by movement of
the terminal around a small area because of the presence of more scatters in
OLOS than in an LOS environment. On the other hand, the short time variations
in the RMS delay spread in OLOS environments are found to be less than those
in LOS environments [117]. It is concluded that in an empty indoor environment
the RMS delay spread is a function of transmit-receive separation, and when
there are furniture and mazes of semipermanent partitions, RMS delay spread
becomes constant for all ranges [105]. It is shown in [121] that in many cities
where terrain is flat, RMS delay spreads do not exceed 7 or 8 s, and in urban
areas with surrounding hills, RMS delay spreads do not exceed 13.5 ps. In |26,
123], RMS delay spread has been analyzed as a function of path loss and the
height of antenna. The predicted results may be bounded by an exponential
model of the form #us(ns) = exp(0.065PL.), where PL is the path loss in
decibels. Table 8.6 shows the measurements of 7zys with relation to the height of
the antennas. It indicates that the delay spread increases as the antenna height
increases because as the antenna is raised it becomes visible to more objects
scattering the electromagnetic radiation at greater distances.
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Figure 8.25. Block diagrams of the impulse response measurement system: (a) direct RF
channel impulse response measurement system; (b) spread spectrum channel impulse
measurement system; (c) frequency domain channel impulse measurement.
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TABLE 8.5
Measurements and RMS delay spreads
Technique Location TrMs(S) Frequency (MHz) Reference
B Office building 30-100 850, 1,700 [106]
A Manufacturing 15-29(Area A) 910 [109]
floors 31-62(Area B)
48-90(Area C)
52-57(Area D)
19-37(Area E)
A Indoor sports arena 7-120 1,300 [110]
Open-plan factory 40-30 4,000
Textile plant 15-125
Office building 5~-40
A Within a room 7-16 37,200 [111}
(4 rooms) 10 ns(Med.)
B Urban area | 98-1270 910 [z
590(Ave.)
Urban area 11 61-2940
480(Ave.)
C Building 1 About 12-72 40,000 [113]
Building 2 About 4-25
B Sidewalk of LOS 0.5d + 40 2,600 [113][114]
street (d is T-R)
A Engineering bldg. 12.85-84.60 2,400 {115)
Retail store 20.74-102.44
_ Laboratories at same 8.3 LOS (Med.) 910 [117]
floor 14,1 OLOS1 (Med.)
22.3 OLOS2 (Med.)
B Outdoor Sitel 60-250, 130(Med.) _ [118]
Site2 40-130, 70(Med.)
Site 3 60-250, 120(Med.)
C In two buildings 10-50 with 900-1300 [119)
mean 20-30
C Four types of indoor 10-20 (Med.) 2,400 {108]
locations 10-20 (Med.) 4,750
5-15 (Med.) 1,150
A Hamburg 1300 (typical) 942,225 [120}
Dusseldorf 3100 (typical)
Frank furt (bank) 8100 (largest)
Frankfurt (apart.) 19,600 (largest)
A Washington 2500-7500 892 [121]
Greenbelt 2000-7000
Qakland 2500-13,500
San Francisco 1000-25,500
- LOS (100400m) 140.6-325.4 2,197.5 [122]
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TABLE 8.6
RMS delay spread as a function of the height of an antenna

Antenna Mean RMS Standard Deviation of

: Location Reference
Height Delay (ns) RMS Delay (ns)
8.5m 176.8 147.1 Francisco
133 m 2759 352.0
85m 173.1 156.8

8.9.2  Statistical Models of Time Delay Spread

8.9.2.1 Two-ray Rayleigh Fading Model. A commonly used multipath model is
an independent Rayleigh fading two-ray model [10]. The impulse response of the
model is represented by

h(ty = aqexplj6(1)1o(t) + opexpljbr(1)] 6(t—1) (8.45)

where ¢ and o are independent random variables and have a Rayleigh pdf. &,
and &, are also two independent random variables and their density functions are
uniformly distributed over [0, 27]. ris the time delay between the two rays.

8.9.2.2 Saleh and Valenzuela Model. Saleh and Valenzuela [30] reported the
results of indoor measurements between two vertically polarized omni-
directional antennas located on the same floor of a medium-sized office building.
The measurements indicate that the statistics of the channel impulse response are
independent of the polarizations of the transmitting and receiving antennas if
there is no line-of-sight path between them. The model assumes that the
multipath components arrive in clusters. The clusters and components within a
cluster form a Poisson arrival process with different rates.

8.9.2.3 Lognormal At Any distance. In [124], Cardoso and Mouliness present
three conjectures about delay spread. The first is that zjys is lognormal at any
distance. This is derived from measurement data which are classified into urban,
suburban, rural, and mountainous area. The second conjecture is that the median
Trums increases with distance, and the third conjecture is that %kys tends to
increase with shadow fading. %&ms can be given by

TRMS =Tld€y (846)

where T) is the median value of jys at d = 1 km, & is an exponent that lies
between 0.5-1.0, and y is the lognormal variate.
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8.9.2.4 SIRCIM Model. Based on measurements at 1300 MHz in five factory
and other types of buildings, the piecewise functions of excess delay for the
probabilities of multipath arrivals are derived as [3]:

1__TL Ty <110ns
367
Po(Tg,S;) =| 0.65— TK3‘6‘(1)]O 110ns < T <200ns 847)
O.22—TK_2OO 200ns < Tg <500ns
1360
Tk

0.55+6—67 Tx <100ns

PR(TK’SZ): TK—IOO (848)

0.08+0.62¢ 75 100ns < Ty <500ns
. . e

where S; and S5 correspond to LOS and OLOS environments, respectively. Ty in
units of nanoseconds is the excess delay at which a multipath component will
arrive at the receiver and takes on values which are integer multiples of 7.8 ns.

8.9.2.5 A-K Model. This model [9, 119] takes into account the clustering
property of paths caused by the grouping property of scatterers. The process is
described by transitions between two states representing different mean arrival
rates. Initially, the process starts in state 1 with a mean arrival rate A(f). If a path
arrives at time ¢, transition is made to state 2 with a mean arrival rate KAy(f). If no

additional paths arrive in the interval [z, ¢ + A}, a transition is made back to State
1 at the end of the interval.

8.9.2.6 Discrete-Time Model. In this model [119, 125], the time axis is divided
into small time intervals called bins. Each bin is assumed to contain either one
multipath component or no multipath component. The possibility of more than
one path in a bin is excluded. A reasonable bin size is the resolution of the
specific measurement.

8.9.3  Deterministic Models of Time Delay Spread

The statistical models above are based on measurements made in a specific
environment. It may not be suitable for prediction in other environments.
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8.9.3.1 Ray Tracing. In theory, ray-tracing technique [12, 105, 118, 123, 127]
can determine almost all multipath components, including their amplitude, time
delay, and phase, and it is effective in predicting the time delay spread. When
applying a ray tracing method, detailed knowledge of the environment is
required. Another advantage of ray-tracing models over other propagation
models is its ability to incorporate antenna radiation patterns and particularly to
consider the effect of the radiation pattern on each ray individually.

Since the phase of each ray arriving at a receiver varies significantly with
distance and cannot be accurately predicted, it will be impossible to achieve
agreement with either the instantaneous measured shape or the value of the RMS
delay spread for a single individual measurement. The comparison between
measured and modeled results should be for average values in a small area
around the actual mobile position [127]. A seven-ray and a 25-ray model
consider only single or double reflections, respectively, and are used to simulate
propagation in a room [105]. The RMS delay spread is predicted and agrees well
with that calculated from measurements.

8.9.3.2 VRP Model. This model is similar to a seven-ray model but in an
outdoor environment. It assumes some virtual reflection points (VRPs) located at
the intersection points along the LOS on streets and at building walls [122]. Tt
does not consider the effects of traffic and moving human. The predicted results
of the RMS delay spreads are verified by measurements.

8.10 CONCLUSION

Propagation models are not only needed for installation guidelines, but also play
a key part of any analysis or design that strives to mitigate interference. In this
chapter we have surveyed some of the typical propagation models which provide
good estimates for both large- and smali-scale fading channels. Despite the
enormous efforts to date, much work remains in the understanding and predicting
the characters of mobile communications channels. In addition, an efficient ray-
tracing method has been presented for tracing rays in an indoor propagation
system. A FDTD method has been described to analyze wave propagation
through the walls in a building.
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