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Abstract

This research involves the numerical modelling of electromagnetic wave propagation, (1) 

to calculate the electric and magnetic fields at any point in a hallway for a known trans

mitter and receiver antenna pattern and orientation and (2) to determine the wave nor

mal direction of the electromagnetic wave using the electric fields calculated in (1). The 

results of the numerical simulation are compared with measurements for two hallways. 

Both the transmitter and receiver employ vertically oriented A/4 dipoles operating at

2.4 GHz. Our work has led to the following new results: (1 ) The calculated signal power 

varies as 1 / r 2 whereas the measured data varies as 1 / r 14, where r is the transmitter- 

receiver separation distance, (2) The temporal clustering of calculated multipath arrival 

times qualitatively agrees with the Saleh-Valenzuela model [1987], (3) For an SNR of 0 

dB, the standard deviation of the error in the DOA estimate for the direct path signal 

is ~2° and ~4° for the azimuth and elevation angles respectively. (4) In the presence 

of multipath, the DOA estimate shows an error of 50° in the elevation and 125° in the 

azimuth.
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Chapter 1 

Introduction

1.1 Motivation of research

Site specific propagation prediction and direction-of-arrival (DOA) estimation are essen

tial in designing navigation and positioning systems in confined indoor environments. 

Positioning systems are primarily required to guide people in urban environments, sim

ilar to the car-based navigation systems that are popular today. These systems need 

an alternative to GPS in locations where there is no line of sight with the GPS satel

lites such as in indoor and crowded urban environments. Several applications of such 

navigation systems are being researched to help blind and physically impaired people 

to spatially orient themselves and, thereby navigate more successfully inside a building. 

Evacuation and mine clearance in dense foliage and underground tunnels require robotic 

vehicles. Two of the many technical challenges in developing robotic ground vehicles 

and indoor navigation systems are maintaining reliable communication between vehicles 

and providing accurate position information. The electromagnetic radiation that is uti

lized in these communication links propagates in a straight line from the transmitter, 

unless it is reflected or refracted by an obstacle or the propagation medium. Diverse 

propagation mechanisms such as reflection, diffraction, transmission, and scattering of 

the electromagnetic waves on obstacles give rise to multipath propagation. As a result, 

several copies of the transmitted signal reach the receiver with random amplitude, phase, 

and angle of arrival. The interference of these waves at the receiver causes fading and



degrades the system performance. Hence these propagation mechanisms should be care

fully characterized as they account for non-line-of-sight (NLOS) communication between 

vehicles. Another effect of multipath propagation is time dispersion of the signal. Time 

dispersion causes intersymbol interference, and limits the maximum data rate that can 

be used in the digital system. Communication systems have to be designed to mitigate 

both signal fading and time dispersion. To aid in the deployment of navigation systems 

in a complex propagation environment such as a hallway, it is important to first fully 

understand the indoor radio channel and to quantify the effects of multipath on the DO A 

estimate.

Indoor wireless communication systems operate in unlicensed, shared frequency bands. 

In the US, two such bands exist. They are the Industrial, Science, and Medicine (ISM) 

band at 2.4 GHz and the Unlicensed National Information Infrastructure (UNII) band 

at 5.2 GHz. Since these bands are unlicensed, they can contain a wide variety of signals 

such as microwave ovens, RF tags, cordless telephones, Wireless Local Area Networks 

(WLANs), Wireless Personal Area Networks (WPANs), etc. This results in high inter

ference noise levels for wireless systems operating in this band that need to be carefully 

quantified.

1.2 Literature review

Site specific propagation simulations using Geometrical Optics (GO) in complex indoor 

environments has grown in the last decade [Chia et a/., 1987; McKnown and Hamilton, 

1991]. Most early ray tracing approaches were for urban macro-cells (radius <  2 km) 

where the height of the base station is assumed larger than the height of the buildings 

in the city [Rossi and Levy, 1992; 1993; Kurner et al., 1993]. All simulations done used 

the two-ray model (single bounce) to account for reflections. This was a common feature 

in most of the initial work in ray tracing which was limited to simple planar, polygonal 

environments (e.g., perpendicular intersections). It is worth noting that these early 

works were two-dimensional ray tracing approaches. A 3-D ray tracing model was first 

developed by Kreuzgruber et al. [1993], however it was limited to a small number (~25) of

2



buildings. They used a ray splitting approach where rays were split into secondary rays 

when they hit a boundary. The magnitude and the splitting of the rays were governed 

by the building material properties and the power in the incident ray. This reduced the 

computation time associated with the ray tracing in comparison to the ray launching 

approaches proposed by Yoshida et al [1988]. Ray launching involved shooting rays 

in all directions and bouncing them off the walls and other structures present in the 

environment. The simulations by Russell et al. [1992; 1993] showed that for a small 

number of buildings the error in the field strength estimate due to brute force imaging 

increased exponentially with the error in the database that describes the building. But 

they did not account for second and higher order reflection and diffraction in their 

simulations.

The assumption that electromagnetic wave propagation occurs in the vertical plane 

has been used for many years in the prediction of propagation in hilly terrain [Schelleng 

et aZ., 1933; Deygout, 1968]. The same assumption of vertical plane propagation was 

used for the prediction of propagation in urban and suburban macro-cellular environ

ments [Yoshida et aZ., 1988] and more recently for small cells (radius < 300 m) [Li and 

Lachat, 1997]. The terrain and buildings are sliced along the vertical plane containing 

the transmitter and the receiver and the resulting 2-D profile is used to perform ray 

tracing. This approach greatly reduces the computational load of 3-D ray tracing by 

projecting it to 2-D.

Until the late 80s, most indoor wireless systems were single antenna systems. The 

issue of modelling the spatial characteristics of the channel had not been addressed ow

ing to the complexity of making such measurements. It is significantly more difficult 

to simultaneously collect space-time data than it is to make time-domain impulse re

sponse measurements for a specific transmitter-receiver separation, as done in most of 

the previous work. The majority of research in indoor propagation has ignored the 

spatial component of the channel. Turin [1972] produced a seminal paper in this field 

which was based on the data collected by Saleh and Valenzuela in Crawford Hall, Bell 

labs [Saleh and Valenzuela, 1987]. They observed a temporal clustering of multipath 

arrivals. The first multipath delay spread measurements within a building were reported

3



by Devasirvatham [1985]. He used a carrier at 850 MHz, bi-phase modulated with a 40 

M bit/s maximal-length pseudo-noise code, resulting in a 25 ns time resolution. Saleh 

and Valenzuela [1987] used low-power 1.5 GHz radar-like 10 ns pulses, with a repetition 

period of 600 ns, to obtain a large ensemble of the channel impulse responses with a time 

resolution of about 5 ns. They proposed the following results:

1 . The indoor channel is quasi-static, or very slowly time varying (related to move

ments of people).

2 . The nature and statistics of the channel impulse responses are virtually indepen

dent of the states of polarization of the transmitting and receiving antennas, pro

vided that there is no line-of-sight path between them.

Based on their measured data, they built a statistical channel model. In their model, the 

rays of the received signal arrive in clusters. The received ray amplitudes are independent 

Rayleigh random variables with variances that decay exponentially with cluster delay as 

well as with ray delay within a cluster. The clusters, as well as the rays within a 

cluster, form Poisson arrival processes with different, but fixed, rates. Equivalently, the 

clusters and the rays have exponentially distributed inter-arrival times. The formation 

of the clusters is related to the building superstructure (e.g., large metalized external or 

internal walls and doors).

Other related models in indoor propagation have been developed such as that pro

posed by Ganesh and Pahlvahan [1991]. Their model is an extension of the Saleh- 

Valenzuela model where the probability of an arrival in a time bin is partially dependant 

on whether or not an arrival was observed in the previous time bin. They presented 

measured channel impulse response data with small movements [± 1 m about a fixed 

position] of the receiving antenna, and also addressed the movement of people close to the 

transmitting and receiving antennas. The major advantage of these statistical models is 

that they can be easily implemented in simulators that do not need big computational 

resources. The drawback is the dependence on measured data that must be updated to 

analyze different frequency bands or environments.

Lo and Litva [1992] were the first to specifically address the angle of arrival issue,

4



and made the preliminary observation that multipath arrivals with large angular spreads 

did occur in the indoor environments. They used a rectangular grid of receivers to 

estimate both the azimuth and elevation angles of arrival for major multipaths, but did 

not propose a model to describe their measurements. A large amount of research for 

direction of arrival determination in cluttered environments has been done in the field 

of acoustics [Ayers, 2001].

The next section looks at the problem statement and the contributions of this research 

work.

1.3 Problem statement and approach

5 6

5

Figure 1.1 A schematic of wave propagation in a hallway environment EM waves from 
a transmitter (1 ) reach the receiver (2) through a direct path (3) as well as through multiple 
propagation paths (4) owing to reflection (5), scattering (6) and transmission. Three key com
ponents that need to be individually modelled are the transmitting and receiving antennas, the 
propagating wave and the electromagnetic properties of the wall.

As illustrated in the figure 1 .1 , a source transmits electromagnetic (EM) waves. These 

waves spread as they propagate in a straight line and reach the receiver through a 

direct path as well as through multiple propagation paths owing to reflection, scattering, 

and transmission. The interaction of the transmitted waves with walls depends on the 

shape, size and surface roughness with respect to signal wavelength, and location of 

the walls with reference to a known source, and receiver location. These waves tend to 

add constructively and destructively causing signal fading and temporal dispersion. The



electric field at the receiver for a single propagation path is given by [Balanis, 1989]

(1.D
j = 0

where Pt  represents the input power of the transmitting antenna in watts, Gt represents 

the gain of the transmitting antenna and F  is the complex vector directional pattern of 

the antenna which accounts for the polarization, phase, and directivity of the antenna, 

r is the total unfolded path length in meters, K  is the total number of ray interactions, 

ko is the free space wave number, Fj is the complex reflection coefficient for the j th 

reflection of the electromagnetic wave propagating through a single propagation path. 

Clearly this equation suggests that to compute the electric field strength at a point, three 

key components need to be modelled. They are the transmitting and receiving antennas, 

the propagating wave and the wall reflection coefficient. Each of these components are 

modelled separately and integrated together in order to understand the indoor radio 

channel better. It should be noted that the electric field at a point can only be indirectly 

calculated by the induced voltage at the receiver antenna.

The direction of arrival is estimated using the phase of the received signal, which 

is determined using the in-phase/ quadrature-phase method. The phase of the received 

signal depends on the path length traversed by the signal and the antenna pattern 

for the case where all the walls in the hallway are assumed absorbing. But if this is 

not true, the reflection coefficient of the walls also affects the signal phase. The phase 

of the received signal at each receiver antenna is estimated and the phase difference 

between the antenna pairs determined. This phase difference between signals arriving 

at two spatially separated antennas (d <  A/2) is related to the DOA of the signal. In 

a cluttered environment, waves from multiple propagation paths reach the receiver with 

random angles of arrival and this cause errors in the DOA estimation. Since the purpose 

of this thesis project is to improve position determination in confined environments, the 

errors in the direction of arrival due to multipath and background noise are quantified 

by simulation.

This thesis adopts a direct-inverse problem approach to analyze the DOA estimation 

problem. This formalism was initially developed to simulate and analyze electromag-

6



7

Figure 1.2 Direct and inverse problem approach Adapted from [Sonwalkar, 1986].

netic wave data received on a spacecraft [e.g., Sonwalkar, 1986; Sonwalkar and Inan, 

1988; Sonwalkar et a/., 1991] and later was also adopted to simulate and analyze sonar 

data in the context of the fish enumeration problem [Sonwalkar, 1999; Lai, 2002; Adams, 

2002]. In this formalism, the kinematic constraints arising from the specific geometry 

of the experimental situation and the kinematic constraints arising from the physics of 

the experiment are explicitly taken into account to predict electromagnetic fields and 

calculate the induced voltages at the receiver. Analysis of the simulated data with a 

particular analysis technique allows for counterchecking the validity of the assumptions 

in the simulation model and suggesting improvements to the model. Figure 1.2 schemat

ically shows the various building blocks of the theoretical and numerical models used. 

The direct problem determines the electric and magnetic fields for a known source and 

receiver location and for any specified orientation of transmit and receive antennas. The 

objective of the inverse problem is to estimate the wave normal direction of the elec

tromagnetic wave with reference to a known receiver location from the received electric



and magnetic fields calculated in the direct problem. Once the direction of arrival of 

the wave is determined, it is compared with the known wave direction from the scenario 

geometry. This comparison allows for the calculation of uncertainties and errors and 

leads to improved assumptions and analysis model. This thesis focuses on modelling 

each of the components presented in Figure 1.2 and attempts to quantify errors in the 

direction of arrival estimates due to multipath and back ground noise.

1.4 Contributions of the present work

The specific contributions are listed as follows:

1 . A ray tracing program is written to calculate the electric and magnetic fields at 

any point in a hallway for a known transmit and receive antenna pattern and 

orientation.

2 . The calculated signal power varies as 1 /r2 whereas the measured data varies as 

1 / r 1*4, where r is the separation distance between the transmitter and the receiver. 

The spread of the calculated power shows a 25 dB fading compared to 14 dB fading 

for measured data when the receiver is 20 m away from the transmitter.

3. The calculations show temporal clustering of arrival times of multiple propagation 

paths. The power of the multipath arrivals decays exponential both within a ray 

cluster and between ray clusters. This calculated result qualitatively agrees with 

the observations made by Saleh and Valenzuela, [1987].

4. For a signal to noise ratio (SNR) of 0 dB, the error in the direction of arrival 

estimate for the direct path signal is ~2° and ~4° for the azimuth and elevation 

angles respectively. For an SNR of -20 dB, the standard deviation of the error in 

the direction of arrival estimate for the direct path signal is ~64° and ~32° for 

the azimuth and elevation angles respectively. In the presence of multipath (direct 

path and multiple reflected paths from four concrete walls), the direction of arrival 

estimate shows an error of 50° in the elevation and 125° in the azimuth.



1.5 Organization of thesis
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The remainder of the thesis is organized as follows. Chapter 2 discusses the trans

mitting and receiving antenna model. Chapter 3 explains the deterministic ap

proach adopted to model electromagnetic wave propagation in a hallway. Chapter 

4 explains the formulation of the wall reflection coefficient which takes into account 

both specular as well as diffuse reflection. The reflection coefficient also accounts 

for walls with finite thickness. Chapter 5 formulates the direct problem and dis

cusses the simulation results and compares simulation results with measured data 

for two hallways. Chapter 6 provides a detailed discussion of the inverse model 

and illustrates the effects of noise and multipath interference on the DOA estimate. 

Chapter 7 discusses the conclusions and suggests enhancements that can be done 

to the current simulation program to characterize the effects of multipath more 

accurately.
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Chapter 2

The transmitter and receiver 

antenna model

The first components that are to be modelled are the transmit and receive anten

nas. This chapter discusses the approach adopted to model the antennas and the 

approximations associated with the modelling approach.

2.1 Hallway coordinate system

Both the reflection model and the antenna model involve coordinate transforma

tions. Hence it is essential to define a global coordinate system. The hallway 

coordinate system is taken as reference for all coordinate transformations. This is 

shown in figure 2 .1 . The x-y  plane corresponds to the horizontal ground plane in 

the hallway with x being longitudinal and y being transverse. The z-axis is along 

the vertical right-hand cross product direction normal to the horizontal plane, (j) is 

the azimuth angle from the positive x-axis in the counter-clockwise direction and 

6 is the elevation angle from the positive z-axis in the clockwise direction. The 

global coordinate frame is specified by the basis unit vectors [100], [010] and [001].
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Hallway co-ordinate system

z

Figure 2.1 Hallway coordinate system The Hallway coordinate system is the reference global 
coordinate system for all coordinate transformations and is specified by the basis vector [100], 
[010] and [001].

2.2 Transmitting antenna model

The transmitting antenna is modelled as a planar array of isotropic sources [Bal- 

anis, 1989]. It should be noted that this formulation is valid only in the far field 

of the antenna. The antenna coordinate system is defined by x ant? Vant and zant 

as shown in figure 2.2. The >zanf-axis is normal to the plane containing the array 

elements with the positive z values pointing away from the array plane. The origin 

of the coordinate system is at the midpoint of the rectangular array. This is shown 

in figure 2.2. The xan^-axis is along the line joining the array elements parallel 

to the edge of the array and in the horizontal plane. The /̂ani-axis is along the 

orthogonal direction in the same horizontal plane. The zant-axis is normal to the 

plane containing the x ant and yant axes and pointing away from the plane. The 

definition of the x ant, yant and zant axes become more obvious when the antenna 

pattern rotation is explained as the antenna coordinate frame lines up with the ro

tated hallway coordinate frame. The rotations are specified in terms of the rotation 

angles A 0, A 0, and A t.
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ARRAY COORDINATE 
FRAME

Zant

ARRAY ELEMENTS

Figure 2.2 Transmitting array coordinate system The xant-axis is along the line joining the 
array elements parallel to the edge of the array and in the horizontal plane. The yant-axis is 
along the orthogonal direction in the same horizontal plane. The 2ant-axis is normal to the plane 
containing the xant and yant axes and points away from the plane. The origin of the coordinate 
system is at the midpoint of the rectangular array.

2.2.1 How far is far-field?

There are several definitions describing the far field of an antenna. The definition 

most suitable for our application is as follows. A receiver is located in the far 

field of the transmitter if the distance of separation, r >  2D2/A, where A is the 

operating wavelength and D is the maximum dimension of the radiating antenna. 

The transmitted signal frequency used in this research is 2.4 GHz. Hence, the 

operating wavelength A =  12.3 cm. For a dipole transmitter of length 0.5A, the far 

field occurs for distances of r approximately > 0.6 m. The near field effects of the 

antenna are ignored in the simulations presented in this research work. In the near 

field, the higher order terms in the electric field expression dominate and result in 

large field values close to the antenna. Reactive, non-propagating field components 

also dominate close to the antenna. For a short dipole transmitter (/ < 0.1A), the 

error associated with the field strength when the receiver is located at a distance of 

1 cm from the transmitter is as high as 90 percent. The error reduces to 1 percent



when the receiver is located 2 m from the transmitter. The simulations assume the 

far field of the antenna to be at distances greater than 10 A (1.2 m).

2.2.2 Antenna pattern

According to the principle of pattern multiplication, the radiation pattern of an 

array of identical elements (i.e., identical element patterns) can be written as the 

product (phasor quantities)

\F(e^)\ =  \AF(d^)\\EF(9^)e\ (2.1)

where \AF(0,(f))\ is the array factor and \EF(Q,(j))\ is the element pattern factor 

and the unit vector e denotes the polarization of the element. The array factor 

depends on the geometrical arrangement of the elements and the amplitude and 

phasing of each element in the array. The element factor depends only on the 

type of array element. The transmitting antenna is modelled as a planar array of 

isotropic elements. Hence the element pattern factor \EF{0, <f>)\ =  1 . For a periodic 

array of elements that are laid out in a rectangular lattice in the x-y  plane, the 

array factor can be expressed as the sum

M  N

A m n ^   ̂ x  ̂ )“t s/ ( )) | (2 -2)
m=\ n= 1

where Dx and Dy are the spacing along the x and y axes, k =  and the x and 

y direction cosines are

u =  sin 0 cos (j) and v =  sin 9 sin <j> (2 .3)

The amplitude and phase excitation coefficients for the elements (m, n) in equation

2.2 are Amn and (f)mm which are controlled by the feeding the elements. The 

amplitude coefficients control the gain of the array and the phase controls the 

direction of maximum of the pattern. Several amplitude distributions provide 

different array designs which is analogous to the windowing method of designing 

FIR filters.

13
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Table 2.1 Amplitude coefficients of the individual elements in a 5 X  1 array along the 
cc-direction with a spacing of 0.5A.______________________________________________

S NO: FUNCTION AMPLITUDE COEFFICIENTS
1 Uniform/Boxcar [1 1 1 1 1 ]
2 Binomial [1 4 6 4 1]
3 Tchebychev [0.5 0.8 1 0.8 0.5]
4 Hamming [0.08 0.54 1 0.54 0.08]
5 Bartlett [0.33 0.67 1 0.67 0.33]

Table 2.1 illustrates the amplitudes of the individual elements in a 5 X  1 array 

along the x-direction with a spacing of 0.5A. The amplitude distributions clearly 

suggest that the width of the main beam and the number of side lobes and grating 

lobes depend on the distribution used. The uniform distribution has a narrow 

main beam but also has side lobes that contribute to multipath in a cluttered 

environment. This assumes that the main beam is pointing in the direction of the 

receiver. The binomial distribution has a broader main beam with less gain than 

the uniform distribution but no side lobes. The Tchebychev array controls the 

side lobe level and provides an array pattern with a smaller beam width of the 

main lobe in comparison with binomial for the same configurations. The phasing 

of the individual elements control the direction of the main beam. A 10 X 10 

planar array in the x-y  plane of the hallway coordinate system is simulated and 

its radiation pattern is shown in figure 2.3. The array elements have a uniform 

amplitude distribution and the phasing of the elements is adjusted such that the 

maxima points in the #o — 90° and <f>o =  90° direction which is horizontally across 

the hallway.

2.2.3 Antenna pattern rotation

The simulation program allows the local array coordinate frame to be arbitrarily 

oriented about the reference coordinate frame. The antenna pattern rotation in

volves the coordinate frame transformation from the reference hallway coordinate 

frame to the local antenna coordinate frame. These transformations are governed



100 15o 0

0  [deg]
Figure 2.3 Radiation pattern of a 10 X 10 planar array A 10 X 10 planar array in the x-y
plane of the hallway coordinate system is simulated and its radiation pattern is shown. The array 
elements have a uniform amplitude distribution and the phasing of the elements is adjusted such 
that the maximum points in the 0o =  90° and 0o =  90° direction which is horizontally across the 
hallway. The inter element separation is 0.5A or 6 cm.

by the rotation angles (A0, A ^ ,A t) [Liberti, 1994]. These angles define the pat

tern rotation for the transmit antenna. They are defined as indicated in the figure 

2.4. A(p defines the rotation from the (x, y, z) coordinate frame into the (x/, y/, z>) 

coordinate frame with & =  z. A 6 defines rotation from the (x/, y/, z>) coordinate 

frame into the x//, y//, z» coordinate frame with yn =  y>. A r  defines the rotation 

from the x//, ?///, z» coordinate frame to the X///, y///, z>" coordinate frame with xn 

=  xm. The Xant? yant and are defined to be along the rotated x \ y "  and zm 

axis.

From the above formulation of the rotation angles, the rotation matrix is given by
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Ax

Rotation by A<(> about the Rotation by A6 about the Rotation by Ax about the
z axis y  axis x* axis

Figure 2.4 The rotation angles A three step rotation procedure provides the ability to point 
the antenna in an arbitrary direction. The rotated pattern is referred back to the original hallway 
coordinate frame. It is important to note that the rotations are indicated as counter-clockwise 
rotations which mean that the coordinate system indicated is a left-handed system. Adapted 
from [Liberti, 1994].

It is important to note that the rotations are indicated as counter-clockwise ro

tations and hence a left-handed system is used for pattern rotations but all our 

simulations assume right-handed system. The rotation matrix discussed above 

transform from one system to another without causing any ambiguity. The rota-

R  =  R 3 R 2 R l - (2.4)

/  cos A  </> — sin Acp 0 \ 
i?3 =  sin A cj> cos Ac/) 0

v 0 0 1 /

/  cos A# 0 sin A# \

\ — sin A  6 0 cos A 6 J 

(  1 0 0 \
R l =  0 cos A r  — sin A t

\ 0 sin A t  cosA t  /
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Figure 2.5 Rotation of the antenna radiation pattern The radiation pattern at point p due 
to the antenna array in the original position 1 is Ei. When the array is rotated to position 2, or 
equivalently, the Cartesian axes are rotated to (xant,yant, zant), the radiation pattern at point p 
is F2.

tion of the field vector is equivalent to the rotation of the cartesian coordinates 

(with opposite direction) as shown in figure 2.5. The location of the observation 

point in the (x, y, z) coordinate frame is p . p represents the location of the ob

servation point in the (xant,yant, zant) coordinate frame. The transformation from 

p to p is done by the rotating the (x, y, z ) coordinate frame by the Euler angles 

(A0, A</>,Ar). These angles define the rotation matrix R. Suppose the radiation 

pattern at point p due to the antenna array in position 1 is E\. At position 1 the 

antenna coordinate system is parallel to the reference hallway coordinate system. 

Ei is given by

Ei =  A x (x,y, z )x  +  Ay(x, y, z)y  +  y, z)z  (2.5)

When the array is rotated to position 2, or equivalently the Cartesian axes are 

rotated to (xant, Pant, Zant), the radiation pattern at point p is E2 in the 

{x<int,yant, Zant) coordinate system is given by

-®2 A x{xant') Pant') Zant)Xant T A y{xant> Panti Zant)Pant T A z{xant-) Panti Zant)Zant

(2.6)
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where
Xant \ \ j( x \

Vant
r R yZant ) u /

(2.7)

The pattern terms are determined in the antenna coordinate system and need to 

be rotated back to the reference hallway coordinate system. This is done as follows

Ax {xanti Vant') zant) ^
Ay(xanti Vant') Zant) 
A z(xanti Vant 5 Zant) /

E2 =  Ex(x, y , z)x  +  Ey(x, y, z)y  +  Ez(x, y, z)z

Ex \
Ey II fS i

Ez j

(2.8)

(2.9)

re c

X
re c

Figure 2.6 Receiver coordinate frame The zrec direction is along the axis of the dipole and 
Xrec and yrec are in the horizontal plane perpendicular to the dipole axis. The positive direction 
of all axes are pointed away from the dipole. The orientation of the dipole antenna is given by the 
three angles namely A0rec, A<£rec and Arrec which are the rotations angles defined with respect 
to the hallway coordinate system.

It should be noted that the array factor of the antenna is a complex scalar value 

but the complex directional pattern is a vector quantity. The pattern factor in



this thesis project refers to this vector quantity. Once the transmitting antenna is 

modelled, the next step is to model the receiving antenna.

2.3 Receiving antenna model

19

Figure 2.7 Receiver radiation pattern The receiver is modelled as a dipole of length 0.25A 
and the antenna pattern is dumbbell shaped.

The receiving antenna is modelled as a dipole of finite length and orientation. The 

simulations in the direct problem model the receiver as a single dipole antenna 

system. Hence from equation 2.1, Fr (6, (j>) is obtained by taking \ AF(6, (j))\ =  1 and 

\EF(Q,<f>)\ as the dipole pattern term. The unit vector e denotes the polarization 

of the dipole. The receiver coordinate frame is shown in figure 2.6. The zrec 

direction is along the axis of the dipole and xrec and yrec are in the horizontal plane 

perpendicular to the dipole axis. The orientation of the dipole antenna is given 

by the three angles namely A 0rec, A (j)rec and A rrec, which are the rotations angles 

defined with respect to the hallway coordinate system. These three angles are 

defined similar to the source rotation angles A#, A (j) and A t. All the simulations



in the thesis assume the dipole to be oriented along the ^-direction. The pattern 

rotation follows the same procedure as discussed in section 2.3.2. The antenna 

pattern for A/4 dipole is illustrated in Figure 2.7, which is a dumbbell shape.

2.4 Summary

A transmitter and receiver antenna model is implemented. All antenna equations 

assume that the observation point is in the far field of the antenna (r >  10A). The 

transmitter is modelled as a planar 2-D array of isotropic elements. The receiver 

is modelled as a A/4 dipole which can be randomly oriented. The next chap

ter discusses the modelling of the electromagnetic wave propagation in a hallway 

environment.

20
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Chapter 3

Propagation model: ray tracing

This chapter discusses the method adopted to model electromagnetic wave propa

gation in indoor environments. The first section discusses the fundamentals of ray 

theory and the various techniques in deterministic modelling of wave propagation.

The second section discuses the ray tracing model built as part of this thesis effort 

and explains the advantages and disadvantages of the adopted approach.

3.1 Overview of ray tracing techniques

Understanding how electromagnetic radiation behaves in cluttered indoor environ

ments is essential in predicting its propagation. This section discusses electromag

netic wave characteristics and describes the basics of ray theory.

3.1.1 Concepts of ray theory

Geometrical optics and the concepts of wavefronts and rays can be derived from 

Maxwell’s equations in the short-wavelength (high-frequency) limit. The radar 

cross section of a scattering object is defined as the ratio of the power density of 

the signal scattered in the direction of the receiver to the power density of the radio 

wave incident upon the scattering object, and has units of square meters. Based
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on the radar cross section of an object in relation to the signal wavelength three 

frequency regimes can be classified as

R a yleigh  reg ion  [low  fr e q u e n c y  reg ion ]: The signal wavelength is long with 

respect to the object. The strength of the returned radiation grows rapidly as the 

frequency increases.

R e s o n a n c e  reg ion  [m ed iu m  fr e q u e n c y  reg ion ]: The signal wavelength is com

parable to the size of the object. The returned radiation varies rapidly and the 

amplitude of the variations increase with frequency.

O ptica l reg ion  [high fr e q u e n c y  reg ion ]: The signal wavelength is short with 

respect to the size of the object. The returned radiation intensity is close to a 

constant for all frequencies of the propagating wave.

The signal frequency for this research lies in the ISM band (2450 ±  50) MHz. 

Hence a high frequency approximation can be used to model electromagnetic wave 

propagation because the dimensions of obstacles such as walls are much larger than 

the signal wavelength [A =  12 cm].

Maxwell’s equations govern the dynamics of electromagnetic waves, so any exact 

propagation solution must be a solution to these partial differential equations. The 

simplest solution of the vector wave equations is given by the travelling uniform 

plane wave along the z-axis in a rectangular coordinate system. Figure 3.1 shows 

a snapshot of the variation of the E  and H  along the z axis for harmonic time 

dependance, assuming that E  is polarized along the x-axis. In figure 3.1 E  is 

perpendicular to the direction of propagation and H  is perpendicular to both 

E  and k. The cross product of E  and H  is called the Poynting vector P  =  E  x H  

and has units of W /m 2. The Poynting vector represents the power flowing through 

a surface per unit area. For a plane wave, the Poynting vector points in the 

direction of propagation, which is the positive ^-direction in figure 3.1. Here are 

the mathematical expressions for the electric and magnetic fields in figure 3.1.

E (z , t) =  E0 cos {u) • t — kd • z +  ([) * x  

H (z, t) =  Hq cos(u; • t — kd - z +  <f>) • y

(3.1)

(3.2)
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X

Figure 3.1 Electromagnetic wave For an electromagnetic wave propagating in the z-direction 
the E and H fields are orthogonal to each other and are along the x- and ^-directions. The k is 
pointing along the direction of propagation.

In equations 3.1 and 3.2, Eq and <f> represent the amplitude and reference phase of 

the electric field. The magnetic field has the same reference phase as the electric 

field but its magnitude differs by the factor 1 /% , where r]d is the wave impedance 

of the medium, with units of ohms. Hence % , in terms of the field amplitudes is

Vd =  (3.3)

In equation 3.1 and 3.2, kd is the wave number of the dielectric medium. The 

electric field vector is related to the magnetic field vector through the relation

H  =  (3 .4) 
\k\Zw

The movement of the electric field vector of a plane wave relative to the direction 

of propagation defines the polarization of the wave. The electric field vector traces 

out paths which decide if the wave is linear, elliptical, or circularly polarized. In 

figure 3.1 the electric field is polarized along the x-axis.

The wavefront is a plane defined by the locus of points that have the same phase. 

The wavefront is perpendicular to the direction of propagation of the electromag

netic wave as indicated in figure 3.1. For plane waves, the wavefront is a plane



defined by the k which is normal to the plane and the E  and H  fields are con

tained in the plane. Therefore, a plane wave may be viewed as a ray propagating 

perpendicular to the wavefronts (Fig. 3.2(a)). For rays diverging from a point, 

or converging toward a point, the wavefront is spherical. For rays with varying 

divergence or convergence, the wavefront has other shapes, such as ellipsoidal and 

paraboloidal, depending on the nature of the source. Provided that the point of 

observation is sufficiently distant from a point source, the resulting spherical wave

a) PERFECT PLANE WAVES b) LOCALLY PLANE WAVES
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WAVE FRONTS WAVE FRONTS

Figure 3.2 Locally plane waves Provided that the point of observation is sufficiently distant 
from a point source, the resulting spherical wave can be approximated by a locally plane wave 
on a small portion of the sphere, i.e, it still may be interpreted as a ray. This approximation 
is generally valid for distances greater than from any source, where D denotes the largest 
dimension of the transmitting source.

can be locally approximated as a plane wave on a small portion of the sphere, i.e, 

it still may be interpreted as a ray (Fig. 3.2(b)). This approximation is generally 

valid for distances greater than from any source, where D denotes the largest 

dimension of the transmitting source. Additionally, the extension of the area of 

observation where the spherical surface is assumed to be planar has to be limited, 

so that the phase difference between its borders is sufficiently small.

The amplitude of this locally approximated plane wave decreases with distance in 

contrast to the genuine uniform plane wave. The dependence of the amplitude and 

the phase of the wave (or the ray) on the path length to the source is given by 

geometrical optics. The remainder of this thesis solely concerns with determining 

the electric fields at a point as the corresponding magnetic field can be obtained 

at any time by equation 3.4.



Ray theory is an approximate solution to the wave propagation problem, and it 

assumes that far field approximations hold for all wave interactions that need to 

be modelled.

3.1.2 Ray tracing methods

The signal transmitted from a source spreads as it propagates to the receiver. 

The spreading causes the signal to lose power. Hence the longer the path length 

traversed by the signal, the greater the path loss. Ray tracing methods provide a 

physics-based estimate of the spreading of the EM waves as they propagate from 

the source to the receiver. There are two commonly used ray tracing methods. One 

is the method of images and the other is the ray launching method, also known as 

shoot and bounce ray tracing.

3.1.2.1 Method of images

The method of images places virtual sources in the environment such that the 

reflection from a surface is equivalent to a direct signal from the virtual source. 

Figure 3.3 demonstrates a simple application of the method of images. The source 

S transmits electromagnetic waves. Wall 1 creates an image of the source S '. For 

a single reflection, the total path length traversed by the wave is equal to the 

distance from S' to the receiver R. The figure also shows clearly that as the path 

length increases, the spreading of the wave increases and therefore the path loss 

increases. Wall 2 generates 2 images: a primary image of the source and an image 

S" of the image from wall 1 . Hence the path from S" to the receiver R accounts 

for second order reflection involving 2 bounces, one at wall 1 and another at wall 2 . 

The length of this path is equal to the distance from S" to the receiver R . Hence 

greater spreading occurs as the path length is longer. This procedure repeats for 

all of the reflective surfaces in a database. The implementation is straight forward, 

but the time for image mapping increases exponentially with the number of surface 

elements in the environment. The execution time for the method of images exhibits

25
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Figure 3.3 Concept of method of images The source S transmits electromagnetic waves. Wall 
1 creates an image of the source S . Wall 2 generates 2 images: a primary image of the source 
and an image S of the first image.

a strong dependence on the complexity of the environment that is to be modelled. 

Therefore, brute-force ray tracing using the method of images does not lend itself 

to complicated, three-dimensional environments, which require multiple reflections 

from thousands of surfaces. The success of the image concept in ray tracing is 

based solely on its value as a path-finding technique. This means that this method 

determines the spreading of the EM waves from the path length traversed by the 

wave from the source to the receiver [Nidd, 1995].

3.1.2.2 Ray launching

The counterpart to image based ray tracing is shoot and bounce ray tracing, or 

ray launching. A ray launching algorithm starts at a transmitter location and 

sends numerous test rays in every direction into the numerical environment. The 

algorithm searches through the test rays to discover which ones pass closest to a

spreading

Wall 1
/

Wall 1
/ / / / / / / /

W a i l  z  ,
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receiver location and then uses these rays to estimate the exact propagation path 

taken by a multipath wave. Numerous ray launching schemes and implementations 

are possible, but all of them perform the same three steps:

(a) Launch test rays

(b) Find rays closest to receiver locations

(c) Interpret field strength from these paths.

W all 1

W all 2
Figure 3.4 Concept of ray launching method A ray launching algorithm starts at a transmitter 
location S and sends thousands of test rays in every direction into the virtual environment. The 
algorithm searches through the test rays to discover which ones pass closest to a receiver location 
R and then uses these rays to estimate the exact propagation path taken by a multipath wave, 
the spreading of the rays is related to the number of rays captured by the reception sphere.

Ray launching techniques account for the spreading factor based on the number of 

rays reaching a receiver. The receiver is modelled as a reception sphere of radius 5 

which is related to the angle between two successive rays shot from the transmitter. 

The transmitter is modelled as a geodesic sphere in order to aid in shooting rays 

uniformly in all directions.

Ray launching techniques are very powerful when used in complicated 3D envi

ronments. Although the intersection and reflection calculations for numerous test 

rays appear staggering, the calculation time for a ray launcher does not depend 

as strongly on the complexity of the environment database as does the method
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of images. By using spatial discrimination techniques such as bounding volume 

hierarchies (a technique originally developed for computer graphics), the calcu

lation time exhibits a logarithmic dependence on the number of surfaces in an 

environment database [Durgin, 1997; 1998].

3.2 The ray tracing method adopted in this research

A modified image-based ray tracing is chosen in this research project to model 

EM wave propagation. The image based method provides exact computation of 

path lengths traversed by a ray and hence accurately predicts the spreading of the 

electromagnetic wave in contrast to the ray launching method that computes the 

spreading based on the number of rays associated with each ray path that reach the 

receiver. Accuracy of field strength predictions in image based methods depend on 

accuracy of the environment database and becomes computationally inefficient as 

the number of surfaces in the simulation scenario is increased. An algorithm is used 

in this thesis project to counter that problem by discarding unwanted images in the 

intersection calculations. The computations associated with regular image-based 

raytracing is reduced by generating a source map and specifying a visibility region 

with respect to every primary and secondary source. This reduces the number 

of intersection points actually computed during the raytracing procedure, thereby 

reducing the computation time.

Given certain simulation scenarios and transmitter locations, the algorithm for the 

computation of the electrical field at an observation point consist of three main 

steps as indicated in figure 3.5. The first step involves identification of the image 

sources based on the source location and the wall geometry and not on the receiver 

location. The second step involves the computation of a visibility region associated 

with each source or image. If the receiver lies in the visibility region of the image, 

the image is saved in the source map; otherwise the image is discarded. This step 

works well for our scenarios where the hallway is modelled as a rectangular box 

open at either end. But if a more complicated scenario is considered with several
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Load scenario data

Generate source map based on 
wall geomtery and source location

Prune the source map by computing 
the visibility region and checking if 

the receiver lies in the region

Compute path lengths associated 
with each ray and determine E & H 
field based on the electromagnetic

properties o f  the wall and the 
transmit and receive antenna 

_____________ patterns______________

Figure 3.5 Flow diagram for adopted ray tracing algorithm Source map is defined as the list 
of all primary and secondary images generated based on the source location and wall geometry.

walls lying behind one another then the images cannot be discarded as the receiver 

may lie in the visibility region of a second order image and not in the visibility 

region of a first order image. In our case, this does not occur, and hence the 

step of discarding images is a valid step. The generation of a source map removes 

all the images that do not affect the receiver. This greatly reduces computation 

time and increases the efficiency of the ray tracing program. Once the source map 

is generated the rays from the source to the receiver are traced. The total path 

length of each ray denotes the spreading associated with the ray. The next step 

computes the electric and magnetic fields associated with each ray that reaches the 

receiver. This requires the electromagnetic properties of the walls and the transmit 

and receive antenna parameters. The generation of source map and the tracing of 

rays reaching the receiver are dealt with in this chapter. The actual computation 

of the electric and magnetic fields are dealt with in the next chapter when the wall
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reflection model is explained.

3.2.1 Generation of source map

N - Total number o f walls in the simulation scenario
order - Maximum reflection order 
S - 3-D cartesian coordinates o f  source
R - 3-D spherical coordinates o f  receiver
All coordinates are with reference to the hallway coordinate frame

Figure 3.6 Flow diagram for generation of source map The simulation program steps through 
all N walls in a scenario and for a predefined order of reflection (order).

The algorithm used to determine the source map is illustrated in figures 3.6 to 

3.8. As illustrated in the flow diagram of figure 3.6, the first step involves the 

determination of the image of the source on a wall. The image is located at 

a distance behind the wall which is equal to the perpendicular distance from the 

distance from the source to the wall. This procedure is done for every wall, and then



higher order images are generated based on the image method. The image(whether 

the transmitter or an image source) is associated with a visibility region, which is 

defined as the region in the field of view of the source or the image source. Once the 

visibility region is defined, a check is done to see if the receiver lies in the visibility 

region. If the receiver lies in the visibility region, the image is saved in the source 

map; otherwise the image is discarded. The algorithm to check if a receiver lies in 

the visibility region is explained next.
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Figure 3.7 Visibility region This figure illustrates the principle of image theory in 2-D. For 
every wall, the image of the source S is simply its mirror image reflected across the surface of the 
wall. For any point P located in the visibility region, a ray starting from source point and arriving 
at P will reflect on wall according to the line joining the point and the image s '. The visibility 
region associated with a s ' is defined by 3 lines: the wall itself and the two rays originating at 
the image, and passing through the end points of the wall. This figure is adapted from Radit2d 
software report with permission.

To determine if a reception point lies in the visibility region it is essential to first 

define the visibility region. If the 3-D problem is reduced to 2-D by projecting 

all the walls onto the ground plane, then each wall face is represented by a line



segment. The visibility region associated with a source or image is defined by 3 

lines: the wall itself and the two rays originating at the image, and passing through 

the end points of the wall. As shown in figure 3.7, the inside-outside test is done for 

the receiver and each image visibility region for a single wall. Then the procedure 

is repeated for every wall in the simulation scenario. The figure shows the line 

equations related to each line described above and the sign convention associated 

with performing the inside-outside test to check if a receiver lies in the visibility 

region or not. The figure is shown in 2-D but in 3-D this would be a plane equation 

with a, b and c in each of the cases representing the normal to the plane. If the 

receiver does not lie in the visibility region, the image is discarded. The above 

procedure is repeated for all sources or image sources in the source map. This aids 

in pruning the source map and reducing unwanted computations.

Figure 3.8 illustrates the principle of the visibility region for higher order images. 

Three cases indicating three receiver locations are shown. Receivers R and R" are 

located in the visibility region of the first image S' and not in the visibility region 

of the second image. Receiver R' is located in the visibility region of both S' and 

its image on wall 2 is S " . The image S" reduces the region of interest on wall 2 to 

the small red line. The rest of wall 2 other than the region indicated by the red line 

does not generate any higher-order image sources. Therefore, only the illuminated 

part of a vector will yield a new reflection. This aspect of the algorithm works 

better in conjunction with ray launching rather than image-based ray tracing as 

this reduces the number of ray intersections needed in the algorithm. The algorithm 

allows generation of the minimum number of images, and at the same time takes 

into account all possible reflections. The collection of all the sources generated by 

applying the algorithm described above is called the source map. Thus the source 

map is the set that contains: a) the transmitter, and b) all the image-sources that 

are generated directly by the transmitter or by other image sources.
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Figure 3.8 Visibility region for higher order images The figure illustrates the principle of 
the visibility region for higher order images. Three cases indicating three receiver locations are 
shown. Receivers R and R are located in the visibility region of the first image S and not in 
the visibility region of the second image. Receiver R is located in the visibility region of both S 
and its image on wall 2, S . The image S reduces the region of interest on wall 2 to the small

3.2.2 Tracing the rays reaching a receiver

In this section the procedure for finding the rays reaching a given receiver location 

is explained. For every source in the source map, intersection calculations are 

performed as indicated in Appendix A. Once the reflection point is determined, 

it is very important that the point be saved in an appropriate manner for use in 

the next set of operations. Though intersection calculations appear to be trivial, 

these operations are iterated several times resulting in an enormous number of 

intersection and validation calculations to be performed as the number of surfaces

red line.
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in the model are increased.

3.2.3 Advantages and limitations of the ray tracing program

The complexity of a raytracer is best understood by considering a general envi

ronment with K  surfaces, which are distributed, in a random fashion. Let the 

maximum number of reflections considered for each ray be equal to N. In the worst 

case scenario, each ray has to undergo K N intersection tests. So the total number 

of intersections required is equal N  • K N. This calculation assumes that each ray is 

tested for intersection with every surface in the environment. Keeping this in mind, 

it should be noted that the raytracer used in this thesis reduces the computation 

time as result of lesser number of calculations performed. Table 3.1 illustrates a 

comparison of computation times for the employed raytracing approach and brute 

force ray tracing when the two methods were employed to trace rays in a hallway 

(4 surfaces) up to Ath order rays illustrated in figure 4.7. This simulation was done 

on a Pentium 4 -1 .4  GHz computer with 256 MB RAM. The raytracer written in

Table 3.1 Comparison of execution time between the brute force and modified image-based 
raytracing This simulation is done for 5 orders o f reflection in a hallway environment having 4 
reflecting concrete walls. The simulation is done on a P4- 1.4 GHz com puter with 256 M B R A M .

S NO: METHOD PATHS TRACED EXECUTION TIME [secs]
1 Brute force image method 20 14.323
2 Modified image method 20 9.163

this project computes all reflected rays up to some predefined order. The current 

raytracer requires all walls to be polygonal shapes in order to compute intersections 

much faster. More general shapes can be included at the cost of execution time. In 

contrast to modern ray launching methods, the employed method relies heavily on 

the accuracy of the geometric environment model and an increase in complexity of 

the model greatly increases the execution time.
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3.3 Summary

A 3-D ray tracing program was written using M A T  LAB®  for modelling electro- 

magnetic wave propagation in indoor environments. The simulation model modifies 

the brute force image-based method by calculating the visibility region from each 

source or secondary source. The surfaces partly or completely visible to the source 

are only considered for reflection calculation. This constraint is the essence of the 

algorithm and allows for pruning of the image tree or source map.

The next chapter explains the reflection model used and defines the wall reflection 

coefficient used in the electric field calculations.
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Chapter 4

The reflection model

This chapter discusses the final component in the simulation model, which is the 

wall reflection coefficient. The chapter begins by providing an overview of the 

wave interactions that occur in a hallway and discusses the wall reflection coeffi

cient and the reason for the choice of this reflection coefficient for modelling the 

electromagnetic properties of the wall.

4.1 Wall coordinate frame

The local coordinate frame associated with the reflecting walls need to be defined 

in order to define the individual components of the incident E  and H  fields. The

coordinate system is defined by the incident wave vector ki and n, the normal

to the wall at the point of reflection. The following set of equations define the 

coordinate system

Vwall =  Tl (4*1)

Vwall ^ ki . .
zWall =  ^  p -  (4.2)

I Vwall X ki\

^  Vwall X Zwau . .
x wall — T (4*3)

I Vwall X Zwan |

The origin of the coordinate system is located at the point of reflection on the 

reflecting wall. With reference to figure 4.1, the plane of incidence is defined as the
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REFLECTING PLANE COORDINATE 
FRAME RS

Figure 4.1 The local reflecting plane coordinate frame The coordinate system is defined by 
the incident wave vector ki and n, the normal to  the wall at the point o f reflection. The angles 
o f incidence and reflection 6t and 0r are given by Snell’s law.

plane containing the incident wave direction vector k{, the reflected wave direction 

vector fcr , and the normal to the reflecting surface, n.

Once the coordinate system is defined it is essential to understand how electromag

netic waves interact with typical walls present in the indoor environment. This is 

discussed in the next section.

4.2 Electromagnetic wave interactions in a hallway

A source transmits electromagnetic (EM) waves. These waves spread as they prop

agate in a straight line towards the receiver in a direct or Line of Sight (LOS) path. 

The transmitted waves are incident on obstacles such as walls and interact with the 

obstacles based on the size of the obstacle relative to the signal wavelength, and 

the location of the walls with reference to a known source and receiver location. 

These interactions can be classified as

• Reflection - Reflection occurs when the propagating wave impinges upon an
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Scattering

Figure 4.2 Wave interactions in an indoor environment A  source transmits electromagnetic 
(EM ) waves. These waves spread as they propagate in a straight line towards the receiver in 
a direct or Line o f Sight (LOS) path. The transmitted waves are incident on obstacles such as 
walls and interact with the obstacles based on the size o f the obstacle with reference to  the signal 
wavelength, and the location o f the walls with reference to  a known source and receiver location. 
This results in the wave being reflected, transmitted, diffracted or scattered. Different colors are 
used to indicate diversity in potential surroundings in indoor environments.

object that has very large dimensions when compared to the wavelength of the 

propagating wave. Reflection are of two types: specular and diffuse reflections.

• Diffraction - Diffraction is a phenomenon that occurs when the radio path 

between the transmitter and the receiver is obstructed by a surface that has 

sharp irregularities. Diffraction occurs when edge sizes are comparable with 

the signal wavelength. The mechanism results in the bending of electromag

netic waves around corners.

• Scattering - Scattering of electromagnetic waves occurs when the medium 

through which the wave travels consists of objects with dimensions that are 

small compared to the wavelength, and where the number of obstacles per 

unit volume is large.

Combination of these interactions result in waves reaching the receiver through 

multiple propagation paths.

This thesis project accounts for specular and diffuse reflections, which will be 

discussed in the subsequent section.



4.3 Wall reflection coefficient
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Like light, radio signals reflect when they strike barriers following Snell’s law of

Refractive index, n is

where fi and e are the permeability and permittivity of the dielectric wall and /xo 

and eo are the permeability and permittivity of free space. The reflection of EM 

waves requires a serious consideration of the polarization of the field components. 

The field components can be separated into

(a) Transverse Magnetic fields

Transverse Magnetic is defined as the electric field, E, of the incident wave 

being parallel to the plane of incidence. Thus the magnetic field, H , is per

pendicular to the plane of incidence.

(b) Transverse Electric fields

Transverse Electric is defined as the electric field, E, of the incident wave 

being perpendicular to the plane of incidence. Thus the magnetic field, i?, is 

in the plane of incidence.

The reflection coefficient is defined as the ratio of the reflected field to the incident 

field. The Fresnel reflection coefficient provides a relationship between the angle 

of incidence and the reflection coefficient. If both media are assumed to be homo

geneous, and the surface between them perfectly smooth, then equations relating 

a reflected EM wave to its incident EM wave and the dielectric properties of the 

two media can be obtained. The intrinsic impedance 77 is given by

reflection. Snell’s law states that the angle of incidence 6{ (angle between the 

surface normal and the incoming ray) is equal to the angle of reflection 6r (angle 

between the surface normal and outgoing reflected ray).

0i — 9r =  cos 1(—k{ • h) =  cos 1(—kr • h) (4.4)

(4.6)
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TM CASE

TE CASE

Figure 4.3 Transverse Magnetic (TM) and Transverse Electric (TE) polarization In the
TM case, the electric field,F,of the incident wave being parallel to the plane of incidence and the 
magnetic field,H, is perpendicular to the plane of incidence. In the TE case, the electric field, 
F,of the incident wave is perpendicular to the plane of incidence and the magnetic field, H , is 
in the plane of incidence. The plane of incidence is defined as the plane containing the incident 
wave direction vector fe, the reflected wave direction vector kr, and the normal to the reflecting 
surface,N. The subscripts T denotes incident and V  denotes reflected.

The relative permeability fir is near unity for non-magnetic materials, thus /i «  /io 

=  47t x 10-7  H/m. The grazing angle of incidence xp defined as

xp =  90 -  0i 

n\n =
n2

(4.7)

(4.8)

where n , and n? are the refractive indices of medium 1 and medium 2. The Fresnel 

reflection coefficients for the TM  and TE polarization is defined below.

In the case of TM  polarization, the reflection coefficient Ttm  is

r™ .  f  = _ |rrM|.
^i sm '(p +  y n  * — cos2 'ip

In the case of TE polarization, the reflection coefficient Fv is

(4.9)

n'2 sin 'ip — y jn 2 — cos2 xp
n'2 sin xp +  y  n 2 — cos2 xp

=  I^teI * e->j 4>t e (4.10)
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Figure 4.4 Fresnel reflection coefficients The reflection coefficients are plotted as a function 
of angle of incidence for a reflecting plane of having permittivity er. The | r | vanishes when 0* 
=  Ob-

where | T t m  | and | T t e  I are the magnitude and (\>t m  and (j>TE are the phase 

angles of the Fresnel reflection coefficients. | T | as a function of angle of incidence 

for both the polarizations is plotted in figure 4.4. This figure suggests that as the 

incidence angle, 6{ approaches grazing incidence (90°), | F | for both polarizations 

approaches 1 . The Ttm  varies from positive to negative values through 0. Ttm  

=  0 occurs when the angle of incidence 6{ =  6B) where 6b is the Brewster angle. 

Brewster angle is defined as the angle of incidence at which no reflection occurs in 

the medium of origin and is given by the relation

0B =  tan- 1  y/ê  (4.11)

The reflection coefficient computed above work on the assumption that the reflect

ing medium is of infinite thickness and is smooth in texture. This is not the case in 

indoor environments where the walls have finite thickness and are, to some degree, 

rough surfaces. Hence the reflection coefficient used in this thesis is modelled using 

a transmission line analogy [Bertoni, 2000] to account for finite sized walls. The 

figure 4.5, adapted from [Bertoni, 2000], suggests that if the air impedance is



and the wall material impedance is Zw, then the input impedance of the wall Zin 

is given by equation 4.18. The equivalent form of Snell’s law is
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Z

REFLECTED TRANSMITTED

Figure 4.5 The transmission line model The transmission line analogy to finite thickness 
walls is presented which provides a easy way to determine the Tw of the walls. Adapted from 
[Bertoni, 2000].

=  kd cos 0T

where the transmission angle 9t is given by the relation

. —i/Sin .

6>r =  sm )
V

(4.12)

(4.13)
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where Oi is the angle of incidence and er is the relative permittivity.

=  ^  • \j€' r -  3f~r (4-14)

Pw =  k ■ \Je'r -  j e r -  sin2 0 (4.15)

Z ™  =  - r r = r =  : 2 . (4-16)V 6r — j e r — sm 6

=7 \Ar -  j'er -  sin2 # (4.17)
J r̂

where up =  27r/ and the complex permittivity er =  er — jc r . The input impedance 

Z/jv for a wall of thickness w is

Z L(ejkwweaww +  e -jk wwe -a wwj +  weaww e ~jkwwe —aww'j
ZiN — Zu Zw(eikwWea wW + e~ikwWe~OLwW) + Zi(eikwWeawW + e~ikwWe~~awW)

(4.18)

Hence the reflection coefficient T is given by the relation

T t e > ™  =  ( 4 1 9 )

where Za =  1207T. The above formulation illustrates that when the width of the 

wall is such that aww >  1, the first term in each pair of the parenthesis in 4.13 

is larger than the second term, and hence Zjn ~  Zw. Physically, this means that 

the wall loss dampens the multiple reflections within the wall and the wall appears 

infinitely thick.

The effect of wall thickness on the reflection coefficient is clearly illustrated in figure

4.6 where the reflection coefficient as a function of angle is plotted for a brick wall 

with a complex permittivity er =  4 — jO.l at a frequency of 2.44 GHz for a wall 

thickness of 30 cm. This plot suggests that the standing waves inside the wall 

are strongly damped so that the value of |T| for the finite thickness wall oscillates 

about the |T| for infinite thickness.

Surfaces in an indoor environment are, to some degree, rough surfaces. Figure

4.7 depicts the characterization of a rough surface by its surface height ah- As 

shown in the figure, for an infinite perfectly smooth surfaces, the total energy of 

a ray is reflected in the specular direction, given by Snell’s law of reflection. But 

based on the surface height, some portion of the energy is scattered in directions
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Angle of Incidence 0.

Figure 4.6 Reflection coefficient of a 30 cm thick brick wall The reflection coefficient is 
plotted as a function of the angle of incidence 0*. This is plotted for a brick wall with a complex 
permittivity er =  4 -  jO.l at a frequency of 2A4GHz and a wall thickness of 30cm. The dashed 
line represents fresnel reflection coefficient for infinitely thick walls and the solid line represents 
the reflection coefficient for a wall of 30 cm thickness. Simulations for a frequency of 900MHz 
was done for the same wall and gave an exact match with results in literature [Figure 3-16, Page 
75, Bertoni, 2000].

other than the specular angle due to the roughness of the surface. The scattered 

energy is generally split into coherent and incoherent components [Landron, 1996; 

Didascalou, 2000]. The coherent part is defined by the mean value of the scattered 

field, while the incoherent part characterizes the deviation of this mean. The coher

ent component decreases with increasing surface roughness, whereas the incoherent 

component becomes more significant.

The scattering of electromagnetic waves incident on a surface depends on the re

lation between surface roughness ah and the signal wavelength Ao- A heuristical, 

but widely accepted criterion for the roughness of a surface with respect to the 

wavelength is given by the Fraunhoffer criterion [Bertoni, 2000], which states that 

a surface can be considered smooth if

A0
° h  <  ™  7T32 cos 6i

(4.20)
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Figure 4.7 Characterization of a rough surface Rough surfaces are characterized by the 
standard deviation ah of the surface height which is related to the signal wavelength by the 
Fraunhoffer criterion. The scattered energy has a coherent component and a incoherent compo
nent. The magnitude of each component is dependant on ah in relation to signal wavelength.

If the heights of the surface irregularities are less than A/16 sin -0, where 0  is the 

grazing angle of incidence, then the scattering effects of the surface can be ignored 

[Bertoni, 2000]. The effects of scattering are incorporated into the simulation model 

by modifying the reflection coefficient defined in equation 4.19.

The reflection coefficient defined in equation 4.19 is modified by a scattering loss 

factor, p5, to account for the lower energy caused by rough surface scattering. This 

method was proposed by Landron [1996]. ps is defined by

-  e l - « < ^ V ] / o | 8( -̂ os- f t f | (4.21)
A

where is the standard deviation of the surface height about its mean value, and Io 

is the modified Bessel function of order zero. A modification to this formulation was 

suggested by experimentation [Landron, 1996] and hence the modified reflection 

coefficient Tef f  is

r  e f f  =  (4.22)

Equation 4.22 results from the demand that the root mean square (RMS) phase 

difference between two rays reflected at two different heights on the surface must 

be smaller than | in the far field in order to combine coherently, i.e., the rays are 

almost in phase, as in the case of a perfectly smooth surface.
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Figure 4.8 Variation o f F with gh for a brick wall Reflection coefficient as a function of angle 
of incidence 0i for varying gh at a frequency of 2.44 GHz and a brick wall thickness of 1 m and 
er = 4 — .7*0.1 . The simulation was done for a stone wall with a 2.54 cm and an exact match was 
got with the results in literature [Figure 4-16, page-137, Rappaport, 2002].

The roughness a^ of common building materials is in the lower millimeter range 

(e.g, an <  4 cm for tarred road surfaces [Landron, 1996; Didascalou, 2000] and ah 

<  1 mm for smooth concrete surfaces [Didascalou, 2000]). Hence, the modified re

flection coefficient is well applicable for standard mobile communication frequency 

ranges. For millimeter waves or if the roughness exceeds the millimeter range, 

the diffuse scattering can no longer be neglected. An almost exact solution for the 

scattering of a statistically rough surface can only be obtained numerically by com

putationally costly Monte-Carlo methods. The effect of surface roughness on the 

reflection coefficient is indicated in figure 4.8. This figure shows that as the surface 

roughness is increased, the reflection coefficient deviates from the Fresnel reflection 

coefficient. This means the power of the signal reflected in the specular direction 

reduces with increasing an- A very thin wall of 1 mm thickness is chosen so as 

to confirm that the wall reflection coefficient does not oscillate owing to standing 

waves in the wall and the magnitude of reflection coefficient exactly matches the 

Fresnel reflection coefficient value. From equation 4.20, the surface is considered 

smooth, for the desired signal frequency of 2.4 GHz, if an  <  0.54 =  A/25. This 

is for a angle of incidence, 9i =  45°. The values chosen for a#  in the simulation



were A /50 (smooth surface), A/5 (slightly rough surface surface) and 2A(very rough 

surface).

4.4 Summary

This chapter discusses how the transmitted electromagnetic wave interacts with the 

walls in a hallway. These interactions cause the incident wave to reflect, scatter or 

diffract. A wall reflection coefficient is defined that incorporates the effects of both 

specular as well as diffuse reflections for walls with finite thickness. This reflection 

coefficient is used in the computation of the electric fields in the direct model 

simulations which are discussed in the next chapter. Scattering and diffraction are 

not included in these simulations.
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Chapter 5

The direct problem simulations

This chapter discusses in detail the formulation, assumptions employed and the 

methodology adopted in solving the direct problem. The first section discusses the 

RF pulse model and the noise model. The next section discusses the assumptions 

of the simulation model. The third section talks about the determination of the 

E  field at the receiver using the various components discussed in the previous 

chapters. The last section discusses the simulation results and compares simulated 

results with measured data for two hallways.

5.1 RF pulse model

The generation of the RF pulse model is indicated in the flow diagram in figure 

5.1. The RF pulse incident on the receiver is modelled as a finite duration cosine 

pulse with finite rise and fall times [Pham, 1999]. The cosine pulse rise and fall are 

modelled as a modulated quarter-period cosine wave on either side of a modulated 

rectangular pulse. Figure 5.2 shows a 2.4 GHz noise-free pulse. Tp is defined as 

the pulse period where the amplitude of the pulse is at its peak value, Tp is the 

time taken for the pulse to pass from 0 to 90 percent of it’s peak value or from 90 

to 0 percent of it’s peak value and Tp is the time from the initial transmission of 

the pulse to pulse reception or the delay time.
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Figure 5.1 RF pulse generation flow diagram This diagram shows the steps in producing 
the modelled pulse incident at the Receiver. Bold type indicates input parameters to the pulse 
model. Adapted from [Ayers, 2001].

Figure 5.2 Example of a simulated 2.4 GHz RF pulse The parameters for the pulse are 
amplitude =  1 mV, Tp = 10 ns, Td  =10 ns, Tr  =  1 ns, f s =  24.4 GHz and <j> =  0 degrees.
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x 10- 3  Modulated Noisy pulse at 2.4 GHz

time [sec] x 10

Figure 5.3 Example of a simulated noisy 2.4 GHz RF pulse The parameters for the pulse 
are amplitude=l mV,Tp = 10 ns, TD = 10 ns, 1 ns, /„ =  24.4 GHz, =  0 degrees and
SNR = 10 dB.

Background noise is modelled as a ergodic, uniform, Gaussian random process 

[Ayers, 2001] with zero mean and standard deviation an

A
— (5.1)

V2SN R

where A is the maximum signal amplitude and SNR is the signal-to-noise ratio 

of the received pulse. Figure 5.3 shows an unfiltered pulse with an signal-to-noise 

ratio of 10 dB. A simple FIR (Finite Impulse Response) band-pass filter is used to 

reduce noise in the received signal [Ayers, 2001]. The filter is designed by taking 

a pass-band that has parameters / / ^  =  0.98 f c and fhi =  1.02 / c. The filter 

orders can be varied till the desired roll off is achieved around the filter’s center 

frequency f c =  2.4 GHz. Trial and error experimentation showed that an order of 

about 40 provided adequate noise rejection. The width of the band-pass filter must 

be finite (> 0) because the received pulse has finite rise/fall times that contribute 

spectral content at frequencies other than f c. The demodulated RF pulse is also 

filtered in the receiver model. A FIR low-pass filter is applied to the demodulated



pulse, providing noise rejection. The low-pass filter cutoff is set to fiow =  0.02 

f c. Noise in the demodulated pulse is of critical importance to the calculation of 

the direction of arrival discussed in the next section. The filters used to reduce 

the noise level in the data are simple and were chosen because of the simplicity 

of design. The effect of pulse width, sampling frequency and signal-to-noise ratio 

on the phase of the received signal should be carefully understood as the phase is 

used to determine the angle of arrival. This will be studied in detail in the next 

chapter while discussing the inverse problem. The next section talks about the 

assumptions of the simulation model.

5.2 Assumptions of the simulation model

The simulation model developed in this research assumes the following:

(a) All walls are modelled as homogenous surfaces with finite length and thickness.

(b) There is a direct Line of Sight (LOS) path that exists between the source and 

the receiver. Hence, no shadowing, transmission or diffraction is modelled in 

the simulations.

(c) All calculations of field strength assume far field (r > >  10A) approximations 

and near field effects due to antenna are neglected. This assumption causes 

an error of about 1 percent for separation transmitter-receiver separation 

distance of 2 m.

Each of these assumptions have been dealt with separately in the previous chapters. 

The next step is to explain how all the models discussed in the earlier chapters are 

integrated together to determine the E  field at an observation point.

5.3 Multipath Propagation and Analysis

On its way from the transmitter to the receiver, each ray experiences a certain 

spreading, depolarization, phase shift, and delay, due to the different wave interac
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tions discussed in the previous chapter. In a hallway, there are generally several ray 

paths from the transmitter to the receiver, each representing a physical propaga

tion path for the corresponding electromagnetic wave. Thus multipath propagation 

causes different impinging rays to interfere thereby contributing to the resulting 

field at the receiver. The following section explains how the individual rays are 

combined. First, the formalism for a single propagation path is described, followed 

by the generalization to multipath propagation.

5.3.1 Formal description of a propagation path

The propagation in free space causes the EM wave to spread as it propagates 

from the transmitter to the receiver. The electric field F a t  a distance r from the 

transmitter in free space (fir =  er =  1 ) is given by

where Pt  represents the input power of the transmitting antenna in Watts, Gt

directional pattern of the antenna where 6 and <j> are the spherical coordinates 

in the hallway reference coordinate frame. The pattern term accounts for the 

polarization, phase and directivity of the antenna as discussed in chapter 2 . Equa-

from the transmitter. In this equation it is assumed that the phase at the input 

port/terminals of the transmitting antenna equals tpo =  0°.

On each propagation path from the transmitter to the receiver, a ray may experi

ence several wave interactions in any order. The starting point for each ray is the 

radiated (far) field o f  the transmitting antenna. At each interaction of the ray with 

the walls, the reflected field strength reduces by a factor given by the reflection 

coefficient. One of the key features of this simulation model is to determine the 

exact E  and H  field components at a reflection point. This requires that the effect 

of reflection on each E  field component be studied individually. The simulation 

model accounts for specular and diffuse reflections in the formulation of the wall

(5.2)

represents the gain of the transmitting antenna and F(0, <f>) is the complex vector

tion 5.2 computes the direct path E  field at the receiver which is at a distance r



reflection coefficient as discussed in the previous chapter. The determination of 

the reflected field at a point involves a coordinate transformation of the E  field 

components into the reflecting plane coordinate frame at the point of reflection. 

As discussed earlier, the incident wave can be decomposed into 2 orthogonal com

ponents - Transverse Electric (TE) component and the Transverse Magnetic (TM) 

component. The two orthogonal polarizations of the incident wave are treated 

separately. The total field is then given by the vector sum of the two components. 

The reflected field, in matrix form, at a point Q is determined by

(  E rTM \ (  TtM  0 \ /  EiTM \  o\

V E rTE )  “  V 0  r TE )  V & T E  )

where E itm  and E ite are defined as

E ite — Ei • zwaii (5.4)

E ^ m  =  Ei • x wau +  Ei • ywau (5.5)

The unit vectors x waii, Vwall and zwau define the wall coordinate frame as discussed 

in section 4.1. Hence the reflected field at a point is determined from the incident 

field using the above formulation. The wall material is restricted to the materials in 

table 5.1. In the presence of multiple propagation paths, the received field strength

Table 5.1 Selection of reflecting material used in the simulation program [Bertoni, 2000; 
Von Hippie, 1995].
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S NO: MATERIAL COMPLEX PERMITTIVITY [e*]
1 Wood (1.5 -  2.1) — j‘0.06
2 Gypsum Board 2.8 -  j0.0052
3 Dry Brick 1 O H4

4 Dry Concrete

rHd1S"1

5 Marble 11.6 - j 0 . 0078

at the receiver is given by the relation

/P t Gt Zo e - t o ' £
E ^  =  y — ^ — — * X M ) - l l r J (5.6)27T 1—0



where r denotes the total unfolded path length in meters and K  is the number 

of ray interactions. As indicated in the equation, the reflection coefficient for the 

jth (bounce) reflection of a single propagation path is Tj. This along with the

exponential phase term completely characterize the propagation of each ray path.

The electric field can only be determined indirectly via a receiving antenna by 

its induced voltage Vr at the output port/terminals of the antenna and/or the 

amount of power Pr delivered to its load. The effective aperture area of the 

receiving antenna is given by Balanis [1989] as

A .n  =  ^  (5.T)

where Fr {9, </>) is the complex vector directional pattern of the receiver and Gr is 

the gain of the receiving antenna.

G * =  | i^ (M )|2 (5.8)

The relation between the maximum available power P, the (open-circuit) voltage 

V, and the internal impedance of a generator Z under complex conjugate matching 

is

P  =  8R e(Z)

For an arbitrary orientation of the receiving antenna, the open circuit voltage is 

given by the relation
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Vr =  V — Fr(04>) • (5.10)

where Z$ =  1207i\ Hence the received power can be computed for each ray propa

gating in the model as

A K
Pr =  ( ^ ) 2G r Gt Pt \Fr (6, (t>) * FT(0,(f>) |2 • | Y [ F j\2 (5.11)

The assumption in this formulation is that the receiver antenna is matched to the 

load and hence there is no mismatch loss.



5.3.2 Multipath propagation
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In the previous section, the propagation path of a single ray at a given frequency 

was studied. A large number of rays reach the receiver on different propagation 

paths, especially in a cluttered environment such as a hallway. The overall electric 

field at the receiver is E ^ tot. This is given by the summation of the electric fields 

due to each Ith propagation path, Erj given by equation 5.6. The parameter I 

ranges from 1 to A, where N  is the total number of multipath components. The 

total induced voltage, VRjoti at the output terminals of the receiving antenna is 

obtained by the summation of all contributing complex voltages, Vrj from equation 

5.10, i.e,
N

VR,tot =  ^ 2  Vr j  (5.12)
1 = 1

Here, the complex voltage components are summed up coherently which requires 

perfect knowledge of the amplitude and phase of each component Vr j . Hence the 

total power at the receiver is

JD I V k j t o t  | ( r  i  q \

PR'tot =  8~Re{ZR) ( 5 ‘ 1 3 )

The simulation results are presented in the next section. These results are com

pared with results in literature under simplified assumptions. The simulation re

sults are compared with experimental data measured at two hallways in the Uni

versity of Alaska Fairbanks using the Vehicle Navigation Unit (VNU) hardware.

5.4 Simulations

The simulation program models a hallway as having up to 6 perpendicular walls [in 

the form of a box]. Therefore, it is essential to understand the effect of each wall 

for different source locations before moving on to multiple combination of walls. 

The first part of this section explains the effect of each wall that may be present 

in a hallway and compares some of the simulated results with results present in 

literature. The second part studies the effects of combinations of single walls.
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The third part of this section compares simulation results with measurement for 

two hallways. Finally the fourth part discusses the temporal characteristics of the 

hallway and compares simulated results with the Saleh-Valenzuela model [Saleh 

and Valenzuela, 1987].

5.4.1 Simulation 1 - Single Reflecting Surface

Figure 5.4 Simulation scenario for a single reflecting ground plane The transmitter and 
receiver are located above a single reflecting ground plane which is infinite in length. Adapted 
from [Bertoni, 2000].

The electromagnetic waves transmitted from the source, S, reaches the receiver,

R, through a direct path and a reflected path as illustrated in figure 5.4. The

transmitter is at a height ht above the ground and the receiver is at a height hr.

The separation distance between the transmitter and the receiver is d. The received

power due to these paths is
\ 2 p-jkori p- j k 0r2

Pr =  Pt■ —  I / i ( 0i ) / 2(0i ) — :—  + r ( 02) • / i (02 ) /2(02)— —  I2 (5.14)4 • 7T 7*1 7*2

The path gain (PG) or path loss (PL) is obtained by dividing both sides of equation 

5.14 by Pt and is given by

P r 1
P G = f T ' P L - p G

(5.15)

The expression for received power in equation 5.14 suggests that the path gain or 

path loss depends on four factors:



(a) Spreading

(b) Angle of incidence, 6i

(c) The reflection coefficient, V

(d) Transmit and receive antenna pattern

In terms of electric fields, the total overall electric field at the receiver, £ to t>  is a 

phasor sum of the complex electric field due to the direct path (Ed) and the reflected 

path (Er e f )• This is shown in figure 5.6. The phase difference #a between the
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Figure 5.5 Phasor notation of total electric field Phasor diagram showing the electric field 
components of the direct, ground reflected, and the total received E-fields. Adapted from [Rap- 
paport, 1996].

two phasors is given by the relation [Rappaport, 1996]

2 hthru)
eA =  — j -  (5.i6)

where u  =  27rf. This relation is valid only when the receiver is far away from the 

transmitter, i.e., d »  /̂hthr [Rappaport, 1996]. Hence clearly the phase difference 

of the direct and reflected path fields depends on the height of the transmitter and 

the receiver above the reflecting plane, and the signal wavelength.

The first simulation is done for an isotropic transmitting and receiving antenna. 

This means that the antenna radiates or receives equal power in all directions. 

Hence this simulation clearly explains the effect of the first three components dis

cussed earlier. The transmitted signal frequency is 900 MHz and the transmitted 

power is 1 W. The transmitter is 8.7 m above the reflecting plane and the receiver is 

1.8 m above the reflecting plane. Hence the image of the transmitter, S', is located

8.7 m below the reflecting plane as illustrated in figure 5.6(a). The spreading of 

the direct and reflected path are as shown in figure 5.6(b). This clearly suggests 

that the direct path power falls off as 1 /r2. The spreading of the reflected wave is



greater for shorter separation distances between the transmitter and the receiver. 

As the receiver moves farther and farther away from the transmitter, the direct and 

the reflected path distances are nearly equal and hence the spreading associated 

with the two paths is also the same. The angle of reflection is indicated in figure 

5.6(c) and this suggests that the angle increases till grazing incidence (Qi =  90°) is 

reached for d > 800 m. The reflection coefficient for dry ground with an er =  15 is 

indicated in figure 5.6(d) for both TE and TM polarization. The TM polarization 

shows a zero reflection coefficient at 40 m. This is the distance that the incident 

angle (6t) of the transmitted signal at the reflecting plane is equal to the Brewster 

angle (^ )o f  the medium, which is 75.5°.

The simulation result for the above explained scenario is shown in figure 5.7. The 

variations of the received signal for the perfectly reflecting wall is much larger than 

the variations for dielectric walls. The figure suggests that the variation in the 

overall signal increases with transmitter-receiver separation. This is because at 

large distances, the amplitudes of E^ and E ref are virtually identical and differ 

only in the phase. For the simulation scenario chosen, the receiver is said to be 

far away from the transmitter when d ~  100 m. The TM component shows no 

variation at 40 m as =  05. When d is about 100 m, the variation due to both TE 

and TM polarization show the same trend. This is because the angle of incidence 

is close to grazing incidence and hence the magnitude of the reflection coefficient 

for both TE and TM polarization is 1.

This problem is very useful today because one of the main difficulties encountered in 

communication links involving robotic ground vehicles is that the receiver antenna 

is located very close to the ground plane and this causes reflections to occur at 

grazing incidence. This results in maximum interference in the received signal when 

the vehicle is far away from the transmitter as the | F | of the ground approaches 

1 . Hence it is crucial to study the simulation results for the same problem at the 

desired transmit signal frequency of 2.4 GHz. Figure 5.8 shows the simulation 

result for a single reflecting ground plane. Here only vertical (TM) polarization is 

considered and the receiver is moved along the x-axis in logarithmic steps. The
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Separation Distance [m]

Figure 5.6 Factors influencing received signal power Variation of the spreading, angle of 
incidence and the reflection coefficient for a single reflecting ground plane.



60

Figure 5.7 Simulation of received power for a single reflecting ground plane Path gain 
computed for a single reflecting ground plane using the Fresnel reflection coefficients. This figure 
shows an exact match with simulation results in [Figure 4-11, page-97, Bertoni, 2000].

figure shows that the path gain falls off as 1 /r2 until a distance of roughly 500 m. 

After this distance the path gain falls off as 1 /r4. Literature defines this distance 

as the breakpoint distance [Bertoni, 2000]. The break point distance R& is given 

by

Rb = ^  (5.17)

where ht and hr are the heights of the transmitter and receiver above the ground 

as given in figure 5.4. The signal wavelength, A, is 12.3 cm. For the given scenario, 

ht ~  8.7 m and hr =  1.8 m. The breakpoint distance, i2&, calculated using the 

formula is 509.87 m which agrees with the simulation result.

The purpose of this simulation is to help understand the variation of the path gain 

and the effects of spreading, reflection coefficient and angle of incidence on the 

received signal as the receiver is moved away from the transmitter in the presence 

of a single reflecting ground plane.

The next step is to study the effects of the transmitting and receiving antenna 

pattern on the received signal strength. The transmitting and receiving antennas
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Distance (m)

Figure 5.8 Simulation two ray model at 2.4 GHz Path gain computed for the single reflecting 
ground plane at 2.4 GHz using the Fresnel reflection coefficients. This figure shows that the path 
gain follows a 1/r2 for all distances below the breakpoint distance Rb and shows 1/r4 fall off of 
power for all distances greater than Rb. This simulation was also done at 1850 MHz in order to 
compare with results in literature [Figure 4-13, page-100, Bertoni, 2000] and an exact match was 
obtained.

given in figure 5.4. The signal wavelength, A, is 12.3 cm. For the given scenario, 

ht =  8.7 m and hr — 1.8 m. The breakpoint distance, calculated using the 

formula is 509.87 m which agrees with the simulation result.

The purpose of this simulation is to help understand the variation of the path gain 

and the effects of spreading, reflection coefficient and angle of incidence on the 

received signal as the receiver is moved away from the transmitter in the presence 

of a single reflecting ground plane.

The next step is to study the effects of the transmitting and receiving antenna 

pattern on the received signal strength. The transmitting and receiving antennas 

are modelled as A/4 dipoles and have a pattern as given in figure 2.7. The dipoles 

are vertically oriented along the z-axis defined in the hallway coordinate frame. 

The transmitting and receiving antenna are at a height of 1 m above the ground 

plane. The ground plane is a concrete surface with an er =  6 - O.lj. The transmit 

power is 5 mW and the signal frequency is 2,44 GHz.
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Figure 5.9 Simulation for single (bottom wall) ground plane The transmitting and receiving 
antenna are modelled as A/4 dipoles which are 1 m above a concrete ground plane [er =  6 - O.lj]. 
The red line shows the simulated overall signal. The green line shows the simulated reflected 
signal and the blue line shows the direct signal from the transmitter to the receiver.

the reflection coefficient is 0. The reflected signal [green curve] at distances greater 

than 120 m have identical amplitude and phase with the direct signal and hence add 

in-phase with the direct signal causing the overall signal to be uniformly greater 

than the direct signal. The dipole pattern causes the variation of the overall signal 

to be small at close distances. But this pattern effect occurs only if the reflected 

rays are in a plane parallel to the axis of the dipole. If the plane containing the 

transmitted and reflected waves is perpendicular to the dipole axis then the dipole 

antenna behaves similar to an isotropic antenna. All the field components for this 

case are TE components. This is clearly seen when a sidewall is chosen as the 

reflecting surface and the variation of the simulated overall signal is studied. As 

shown in figure 5.10., the overall signal oscillates about the direct path component 

and then falls off sharply after a distance of 215 m. This is qualitatively similar 

to the variation observed in figure 5.7. The minima of the variation occur when 

the phase difference between the reflected signal and the direct signal is n7r. After 

a distance of about 215 m, the reflected signal adds out-of-phase with the direct
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Figure 5.10 Simulation for single side wall The transmitting and receiving antenna axe 
modelled as A/4 dipoles which are 1.5 m high away from a concrete side wall 6 - O.lj]. The 
red line shows the simulated overall signal. The green line shows the simulated reflected signal 
and the blue line shows the direct signal from the transmitter to the receiver.

signal and hence causes the overall signal to be uniformly lower than the direct 

signal. The wavelength of the overall signal, A increases with increase in

separation distance and is given by the relation

“ = 1 7 ^  ( 5 ' 1 8 )

where 0% is the angle of incidence which monotonically increases to pi/2 as the 

receiver moves away from the transmitter. This variation of 0, and the phase 

of the direct, reflected and overall signals is clearly shown in plots presented in 

Appendix B.2.

The end walls in a hallway are in the same plane as the sidewalls and hence the 

pattern of the dipole has no effect on the end walls provided the transmitter and the 

receiver are located at the same height above the ground plane. The simulation for 

end walls is done with each end wall dealt with separately. The simulated overall 

signal when the end wall is 1 m behind the transmitter is as given in figure 5.11. 

The overall signal shows no variation and falls of as 1 /r2 for separation distances
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greater than 10 m. This can be explained as a sum of two complex numbers. The

Figure 5.11 Simulation for single end wall 1 m behind the transmitter The transmitting 
and receiving antennas are modelled as A/4 dipoles. The transmitter is 1 m in front of the end 
wall and receiver is moved away from the transmitter and the end wall. The wall is metallic 
and hence T =  -1. The red line shows the simulated overall signal. The green line shows the 
simulated reflected signal and the blue line shows the direct signal from the transmitter to the 
receiver.

phase of the reflected signal has a constant phase shift due to the 2 m path length 

from the transmitter to the wall and back to the transmitter. The phase shift 

from then on to the receiver is exactly same as the phase shift of the direct path 

component. For our simulation the reflection coefficient of the wall is -1. Hence the 

phase difference between the reflected path and the direct path has no variation 

with separation distance but their amplitudes have a constant difference because 

of the 2 m path difference. This is seen in the figures in Appendix B.3.

If the end wall is 1000 m away from the transmitter and the receiver is moved along 

a straight line towards the end wall, then the reflected signal amplitude increases 

with distance. This causes variation in the overall signal at separation distances 

greater than 30 m because of the contribution of the metal end wall. This is 

observed in figure 5.12. The amplitude of the overall signal close to the end wall 

shows a standing wave pattern with 16 cycles occurring every meter. This gives a
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Figure 5.12 Simulation for single end wall behind the transmitter The transmitting and 
receiving antennas are modelled as A/4 dipole antennas. The transmitter is 1000 m away from 
the end wall and receiver is moving towards the end wall away from the transmitter. The wall is 
metallic and hence T = -1. The red line shows the simulated overall signal. The green line shows 
the simulated reflected signal and the blue line shows the direct signal from the transmitter to 
the receiver.

wavelength of 6 cm. This is observed in the plots shown in Appendix B.4.

The effect of different walls have been separately studied. In a hallway, a combi

nation of all these walls occur in varying geometries. Hence the effect of multiple 

walls need to be understood before the simulation results can be compared with 

experimental data for a real hallway environment.

5.4.2 Simulation 2 - Two reflecting planes

Once the simulation has been done for the single reflecting surface the next logical 

step is to add another reflecting surface and simulate two parallel reflecting planes. 

The effect of dipole pattern and the effect of two dielectric walls [er =  6 - jO.l] 

on the received signal strength are the features that need to be studied in this 

simulation.

The first simulation is done for top wall (ceiling) and bottom wall (ground) taken
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Figure 5.13 Received signal power in the presence of ground and ceiling The transmitting 
and receiving antennas are modelled as A/4 dipole antennas and are placed 1 m above the ground, 
the ground and the ceiling are 3 m apart. Both the ground and the ceiling are modelled as concrete 
walls. The red line shows the simulated overall signal. The green line shows the simulated total 
reflected signal and the blue line shows the direct signal from the transmitter to the receiver.

together. The transmitting and the receiving antennas are A/4 dipoles located at 

a height of 1 m above the ground. The ground and the ceiling are separated by a 

distance of 3 m. The simulated overall signal for this scenario is as shown in figure 

5.13. The variation of the overall signal [red curve] is small when the transmitter 

and the receiver are close to one another. This is because the reflected signals 

from the top and bottom wall have a small magnitude in comparison to the direct 

signal. The total reflected signal [green curve] shows variations about a constant 

value up to about 10 m. This is because of the phase difference between the two 

reflected paths. This is indicated in Appendix C .l. When the receiver is far away 

from the transmitter, the reflected signals are in-phase with one another as well as 

with the direct signal. Hence all the three complex phasors add in-phase and result 

in the overall signal power being uniformly higher than the direct signal power by 

about 8 dB. All the electric field components computed are TM polarized as the 

TE polarization has no projection on the dipole axis.
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Figure 5.14 Received signal power when transmitter and receiver are placed close to the 
ground The transmitting and receiving antennas are modelled as A/4 dipole antennas. They are 
placed 30 cm from the ground plane. Both the ground and the ceiling are concrete walls. The 
red line shows the simulated overall signal. The green line shows the simulated total reflected 
signal and the blue line shows the direct signal from the transmitter to the receiver.

The next simulation is done to observe the effect of placing the transmitter and the 

receiver very close to the ground plane (l /1 0 t/l of the height of the passageway). 

The simulated overall signal in figure 5.14 suggests that, when the transmitter and 

receiver are very close, the effect of the top wall can be ignored due to the dipole 

antenna pattern. Hence at close distances only the bottom wall affects the received 

signal. The reflected signal shows a dip for a separation distance of 1.7 m. This is 

because the angle of incidence at the bottom wall is equal to the Brewster angle 

and hence there is no reflection from the bottom wall. The overall signal power 

closely follows the direct signal power. But as the receiver moves further away 

the reflections from the top and bottom wall increase and hence at about 5 m 

they show a maxima as indicated in Appendix C .l. This is again an effect of the 

dipole pattern. After 5 m the overall signal is consistently higher than the direct 

path signal and follows the variation of the reflected signal. This is because the 

reflected signal adds in-phase with the direct signal. The reflected signal shows a 

deep fall in power at a distance of 230 m. This is because the reflected signals add
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out-phase and nearly cancel out one another. After this point the overall signal 

power again rises due to in-phase addition with the direct signal. The height of the 

transmitter and receiver provides us with an estimate of the region where all the 

signals uniformly add in-phase with the direct signal. This is useful for planning 

cell sites and estimating coverage area of cellular phone base stations.

Figure 5.15 Received signal power when transmitter and receiver are placed symmetrically 
from two sidewalls The transmitting and receiving antennas are modelled as A/4 dipole antennas 
are placed 1 m from either sidewalls which are separated by a distance of 2 m. Both the side 
walls are concrete walls. The red line shows the simulated overall signal. The green line shows 
the simulated total reflected signal and the blue line shows the direct signal from the transmitter 
to the receiver.

The effect of two parallel sidewalls is simulated and the overall signal variation is as 

shown in figure 5.15. The transmitter and the receiver are placed symmetrically in 

the middle of the passageway between the walls which are separated by a distance 

of 2 m. The combination of the sidewalls shows that the total reflected signal [green 

curve] maximizes at 4.5 m and adds destructively with the direct signal causing 

large fading or interference. After this distance the reflected signal amplitude 

gradually raises above the direct signal amplitude and add destructively with the 

direct field. At large distances, when the spreading of all the three paths is the 

same, the reflected paths add in-phase, but the total reflected field adds out-of
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phase with the direct field. Hence at distances greater than 900 m the overall 

signal has the exact same power as the direct signal. This is because the direct 

and the two reflected paths have the same amplitude but opposite phase. Hence 

one reflected path cancels out the direct path and the other contributes to the 

overall power which is the same as the direct power. This is clearly seen in the 

plots shown in Appendix C.2.

Figure 5.16 Received signal power when transmitter and receiver are placed asymmet
rically from the two sidewalls The transmitting and receiving antennas are modelled as A/4 
dipole antennas are placed closer to one side wall The sidewalls are separated by a distance of 
2 m. Both the side walls are concrete walls. The red line shows the simulated overall signal. 
The green line shows the simulated total reflected signal and the blue line shows the direct signal 
from the transmitter to the receiver.

The previous simulation is done when the transmitter and the receiver are symmet

rical between the two side walls. This causes multipaths from either walls to have 

similar path lengths and have equal amplitude and phase. But if the transmitter 

and the receiver are asymmetrically placed closer to one sidewall (l/10th  of the 

width of the passageway) then the contributions of both walls are not the same 

and variations due to differing amplitudes and phases between either paths and 

the direct path can be observed as seen in figure 5.16. This figure clearly shows 

that the two reflected ray paths from either wall interfere with one another and



hence cause a standing wave pattern that increases in wavelength and amplitude 

as the receiver moves farther away from the transmitter. But the overall signal 

power [red curve] is greater than the direct signal power due to the initial in-phase 

addition of the reflected path. But as the distance between the transmitter and the 

receiver increases the total reflected path adds out-of-phase with the direct path 

and causes maximum fading at 7.2 m. This character of the overall signal is also 

observed in the symmetrical case and hence suggests relation with transmitter and 

receiver position. The total reflected signal power [green curve] shows a maximum 

fade point at 102 m where the phase difference between the two reflected ray paths 

is U7T. After this point the amplitudes of the two ray paths and the direct path are 

the same. The two reflected ray paths are in-phase but the total reflected signal is 

out-of-phase with the direct signal and hence one ray path cancels out the direct 

signal and the other contributes to giving the overall signal. Hence the overall sig

nal power is equal to the direct signal power. This feature is also observed in the 

symmetrical case but occurs when the receiver is 900 m away from the transmitter 

in comparison to the 102 m mark in this simulation scenario. The variation of am

plitude and phase of the direct reflected and overall fields is presented in Appendix

C.2. This result again suggests the importance of transmitter and receiver position 

relative to the walls present in the scenario.

The effect of two parallel end walls is dealt with next. This is important because 

the hallway chosen for measurements had two metallic doors at either ends of the 

hallway. The received signal variation for this wall configuration is shown in figure

5.17. The two end walls are placed 1000 m apart. The transmitter is placed 1 m 

away from one end wall and the receiver is moved towards the other end wall. The 

figure clearly shows that the effect of two end walls taken together is a summation 

of their individual effects. The variations in the overall signal become pronounced 

as the receiver approaches the end wall away from the transmitter. Both end walls 

are modelled as metallic walls. The variation of amplitude and phase of the direct 

reflected and overall fields is presented in Appendix C.3.

The antenna pattern effects for simple configurations of parallel walls is observed.
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Figure 5.17 Received signal power for the two end walls scenario The transmitting and 
receiving antennas are modelled as A/4 dipole antennas. The transmitter is placed 1 m away from 
one end wall and the receiver is moved towards the other end wall away from the transmitter. 
The end walls are separated by a distance of 1000 m. Both the end walls are metal walls. The 
red line shows the simulated overall signal. The green line shows the simulated total reflected 
signal and the blue line shows the direct signal from the transmitter to the receiver.

the hallway chosen for measurements had two metallic doors at either ends of the 

hallway. The received signal variation for this wall configuration is shown in figure

5.17. The two end walls are placed 1000 m apart. The transmitter is placed 1 m 

away from one end wall and the receiver is moved towards the other end wall. The 

figure clearly shows that the effect of two end walls taken together is a summation 

of their individual effects. The variations in the overall signal become pronounced 

as the receiver approaches the end wall away from the transmitter. Both end walls 

are modelled as metallic walls. The variation of amplitude and phase of the direct 

reflected and overall fields is presented in Appendix C.3.

The antenna pattern effects for simple configurations of parallel walls is observed. 

As seen earlier a dipole antenna transmits isotropically in the presence of sidewalls 

provided the the transmit and receive antennas are at the same height above the 

ground. Next we will simulate a single case of three reflecting walls and compare 

our simulation results with results present in the literature.



Figure 5.18 Simulation scenario for three reflecting surfaces The transmitter and receiver 
are located above a single reflecting ground plane and there are two infinite walls bounding them 
in the y direction. The transmitter is located 10 m above the ground and 7 m from walll. The 
receiver is located 1.8 m above the ground and 7 m from wall 1. The permittivity of the ground 
is er =  15 and the walls is er =  6. All walls are assumed to be infinitely thick. The receiver is 
moved from 1 to 1000 m away from the transmitter along the x-axis. Adapted from [Bertoni, 
2000].

are isotropic antennas. The transmitter is located 10 m above the ground and 7 m 

from wall 1. The receiver is located 1.8 m above the ground and 7 m from wall 1. 

The permittivity of the ground is er =  15 and the walls are er =  6. All walls are 

assumed to be infinitely thick. The receiver is moved away from the transmitter 

along the x-axis. The simulation result is shown in figure 5.19. The figure clearly 

shows that more multipath components add up at the receiver and cause the path 

gain to vary more rapidly. Multiple propagation paths will be dealt with in detail 

when the simulation results are compared with the Saleh-Valenzuela model.

5.4.4 Simulation 4 - Four reflecting surfaces [Two sidewalls +  

Ground +  Ceiling]

Once the combination of a pair of reflecting surfaces have been studied then the 

combination of two pairs of surfaces and the interference patterns of the signals 

reflected by these surfaces need to studied before comparing the simulation result 

for a hallway scenario with measured data. Four wall configurations are used for 

long hallways where the transmitter and receiver are far away from either end walls 

such that the effect of reflection from these walls do not affect the received signal 

power.
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Figure 5.19 Path Gain for three reflecting surfaces at 2.4 GHz Path gain computed for 
three reflecting surfaces located as indicated in figure 5.15. This simulation was also done at 
1850 MHz in order to compare with results in literature [Figure 4-15,page-103,Bertoni,2000] and 
a exact match was obtained.

The configuration simulated is one commonly found inside buildings. This sce

nario consists of ground, ceiling and the two sidewalls. The overall signal when 

a A/4 dipole transmitter and receiver are placed symmetrically in the middle of 

the passageway which is 3 m high and 2 m wide varies as shown in figure 5.20. 

All walls are modelled as concrete walls. The variation of the overall signal [red 

curve] suggests that at close ranges the reflections from the ground and the ceiling 

do not affect the overall signal power and most of the contributions are from the 

sidewalls. This explanation is backed by the amplitude plots shown in Appendix

D .l where it is seen that up to 10 m the reflected signals from the ground and the 

ceiling are an order of magnitude less than the sidewall reflections. The fading of 

the signal maximizes at 5.2 m. This feature was also observed in the two sidewall 

configuration which further validates our claim that the sidewalls contribute more 

at closer separation distances between the transmitter and the receiver. The re

flected signal power [green curve] shows a steep fall after a distance of 320 m. This 

is because after this distance the path lengths of the various reflected paths become 

identical and hence all the reflected paths have similar amplitude and phase. The
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Figure 5.20 Path Gain for four reflecting surfaces Path gain computed for four reflecting 
surfaces when a A/4 dipole transmitter and receiver are symmetrically placed between the four 
walls. The red line shows the simulated overall signal. The green line shows the simulated total 
reflected signal and the blue line shows the direct signal from the transmitter to the receiver.

overall signal power shows a decrease and tapers off to the direct signal power. 

This is due to the cancellation of the multipath as the transmitter and receiver are 

symmetrically located between the 4 walls.

The effects of each individual wall and their combinations have been studied thus 

far. The comparison of simulation results with measured data will be presented 

next.

5.5 Comparison of Simulation results with measured 

data

The simulation program models the hallway as an enclosed space with 6 walls like 

a rectangular box. The simulations are done for two different hallways: one in the 

NSF building and another in the Duckering building at the University of Alaska 

Fairbanks. The simulation results are compared with measured data to test the 

validity of the approximations used in the simulation model. The transmitter and



receiver for either simulation is a A/4 dipole which is oriented along the +z-axis 

of the hallway coordinate frame. The signal transmitted is a sinusoidal ampli

tude modulated RF signal of power 5 mW  and signal frequency 2.44 GHz. The 

transmitter and receiver are located 1 m from the ground. The apparatus used 

for measuring the received signal strength was the Vehicle Navigation Unit (VNU) 

which was designed at the University of Alaska Fairbanks [Satavalekar, 2002].
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5.5.1 NSF hallway

The first set of measurements were done for the NSF hallway. The hallway picture 

is shown in figure 5.21(a). The hallway is a relatively clear hallway till the end 

wall is reached which is a wooden door with a lot of metal handles. The walls

a)

b)
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Figure 5.21 NSF hallway Figure (a) shows the NSF hallway. Figure (b) shows the dimensions 
of the NSF hallway which is used in the simulation program. The green line represent metal 
doors present at one end of the hallway and the hallway is considered infinitely long in the other 
direction.

are plasterboard and the floor is concrete. The ceiling is also made of plaster but
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it is not clear if the ceiling is a hanging ceiling and encloses metallic surfaces or 

not. The transmitter is placed 21 m from this door and the hallway is considered 

infinitely long in the other direction as the other end wall is 150 m from the 

transmitter. The receiver is moved away from the transmitter towards the back 

door. The transmitted signal traverses several propagation paths before reaching 

the receiver. Every time a transmitted signal is reflected by a wall the reflected 

signal strength depends not only on the path length but also on the reflection 

coefficient of the wall. Every bounce of the wall reduces the signal strength by the 

reflection coefficient. For example, a reflection coefficient of 0.5 means that every 

bounce of the signal causes the signal power to be halved. Higher order reflections 

are not included in the simulation results.

The simulation program models this hallway as having 4 reflecting walls and one 

metallic end wall as shown in figure 5.21(b). The metallic end wall perfectly reflects 

the incident signal. The ground is modelled as a concrete surface. The ceiling and 

the side walls are modelled as plaster board surfaces [er =  2.8 - O.lj].
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Figure 5.22 Comparison of simulation result with measured data for the NSF hallway The
black line represent the simulated overall signal power. The blue line represents the simulated 
direct path signal and the green curve represents the filtered simulated overall signal. The red 
triangles represent the measured data using the VNU apparatus.
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The simulation result is presented in figure 5.22. The overall signal power [black 

curve] varies sinusoidally about the direct path [blue line] but the slope of the 

variation is smaller than the direct path which falls off as 1 /r2. The simulations 

are done with a spatial resolution of 1 mm. Hence the filtered overall signal having 

a spatial resolution of 0.8 m is shown as the green curve. The measurements for the 

NSF hallway are shown as red triangles. The measured data falls of as 1 /r -136, 

where r is the separation distance between the transmitter and the receiver. The 

simulated signal power falls off as 1 /r2. The variation of the measured data shows 

a spread of 23 dB which is roughly similar to the spread of filtered simulated result 

which is 26 dB. The spread of the measured power at a distance of 18 m to the 

back wall is ^  10 dB whereas the simulated overall signal power has a spread of 25 

dB. This large difference between the simulated signal and measured data maybe 

because the measurements were made with a spatial resolution of 0.83 m as it is 

seen in the next case that with greater spatial resolution the measurements show 

greater spread of signal power.

5.5.2 Duekering hallway

The Duekering hallway is much more complicated than the NSF hallway as in

dicated in figure 5.23(a). The hallway has 2 metallic doors at either ends. The 

transmitter and the receiver are placed as shown in figure 5.23(b). The hallway 

picture clearly shows the presence of metal pipes and several metal doors that will 

scatter the transmitted signal causing interference in the received signal. The sim

ulation program models this hallway as an enclosed space with 6 reflecting surfaces. 

Hence the effect of metal structures present in the hallway are not accounted for 

in the simulation. The side walls are modelled as plaster board walls. The ground 

is modelled as a concrete surface. The ceiling is modelled as a metallic surface due 

to the presence of several metal pipes of varying diameters. The two end doors are 

also modelled as metallic surfaces.

The variation of the simulated signal power is shown as a black line in figure 5.24.
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b)

Figure 5.23 Duekering hallway Figure (a) shows the Duekering hallway and the VNU appa
ratus used for measuring the signal strength in the hallway. Figure (b) shows the dimensions of 
the Duekering hallway which is used in the simulation program. The green lines represent metal 
doors present at either end of the hallway.

The simulated direct path is shown as a blue line and falls off as 1 /r2. The overall 

signal power is simulated with a spatial resolution of 1 mm. The filtered overall 

signal is shown as the green curve and is simulated with a spatial resolution of 0.8 

m. Two data sets are presented for this hallway and are shown by pink and orange 

triangles. The measured data shown by the pink triangles has a spatial resolution 

of 0.3 m. The measured data represented by the orange triangles has a spatial 

resolution of 1 m. The pink triangles show a much larger spread in the power of 

25 dB in comparison to the orange triangles which show a spread of 14 dB. The 

simulated overall signal power shows a spread of 26 dB which closely matches the 

spread of the pink triangles. The slope of the measured data is again found to be 

smaller than the slope of the simulated data. The spread of the power close to 

the back wall (28 m) for the measured data is about 20 dB in comparison to the 

simulated power which has a spread of 10 dB.
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Figure 5.24 Comparison of simulation result with measured data for Duekering hallway
The black line represent the simulated overall signal power. The blue line represents the simulated 
direct path signal and the green curve represents the filtered simulated overall signal. The orange 
and pink triangles represent the measurements made at two different days in the same hallway 
using the VNU apparatus shown in the previous figure.

5.5.3 Discussion

Both the comparisons for the Duekering and NSF hallway suggest that the simple 

6 wall model for the hallway is not sufficient to characterize the variation of the 

received signal. The slow fall-off of the measured signal power in both hallways is 

attributed to the hallway acting like a waveguide [Davis and Linnartz, 1997]. All 

the simulations are done for single reflections only whereas the transmitted signal 

can undergo several reflections before reaching the receiver especially in places 

where metallic structures are found. The human interference factor causes the 

measurements to fluctuate and a stable value of measured voltage is not reached. 

At close distances (<3 m), the amplifier in the measurement apparatus saturates 

causing the measurements to remain a constant value. Several features of the 

hardware such as mutual coupling between antennas, cable losses etc., have not 

been accounted for in the simulation model.
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5.6 Comparison of simulation with Saleh-Valenzuela 

(S-V) model

80

In a hallway, the transmitted signal propagates through several propagation paths 

before adding up constructively or destructively at the receiver. This is clearly seen 

in the previous section. The arrival of multiple copies of the transmitted signal 

with different delays causes temporal dispersion. This section studies the temporal 

characteristics of the hallway and compares simulations with the S-V model.

5.6.1 Saleh-Valenzuela model

Figure 5.25 Saleh-Valenzula model The temporal clustering of the multipath arrivals and the 
exponential decay of the power of the multipaths is shown in the schematic adapted from Spencer 
[1998]. The two room schematic explains the concept behind the clustering phenomenon.

Adel Saleh and Reinaldo Velenzuela at Bell Labs [1987] used 1.5 GHz radar-like 

pulses to obtain a large ensemble of the channel impulse responses with a time 

resolution of about 5 ns. The measurements were made in a large office building 

(ATT Bell Laboratories main location in Holmdel, NJ), which occupies an area of 

315 X  110 m and is 6 stories high. Both transmitter and receiver were vertically 

polarized discone antennas. To explain the observations of Saleh and Valenzuela 

let us consider figure 5.25. The schematic shows two rooms separated by a doorway 

which is open while measurements are made. The transmitter and receiver are in



the same room. The waves transmitted from the source, S, reflect off the walls 

in room 1 and reach the receiver, R. Waves reflected off the walls of room 2 also 

reach the receiver but with greater delays. This is because the path length of the 

rays reflected off the walls of room 2 are greater than the path length of the rays 

reaching the receiver after reflections from walls in room 1. The greater the path 

length the more is the spreading of the wave and hence smaller is the power of 

the wave reaching the receiver. The delays of the several reflected paths in room 

1 have small differences and hence rays arriving after reflections from within the 

same room cluster together. The reflections from room 2 have greater delays and 

smaller power and hence form a second cluster of rays. This temporal clustering 

of rays was observed by Saleh and Valenzuela in their measurements. They also 

observed that the received ray amplitudes decay exponentially within a cluster and 

also the first arrivals of each cluster decay exponentially. Hence they observed two 

exponential decays and modelled it as a poisson process in their statistical channel 

model. The formation of the clusters is related to the building superstructure (e.g., 

large metalized external or internal walls and doors).

5.6.2 Simulation results

The power delay profile for two hallway scenarios is indicated in figure 5.26. The 

transmitter and receiver are separated by 10 m along the x-direction. Simulation 

A is done for a 20 X  3 X 2 m hallway with 4 reflecting surfaces and is infinitely 

long. The red triangles show the power of the multipath arrivals plotted against 

excess delay. Excess delay is the delay of the multipath with reference to the 

direct path component. This shows a single cluster being formed due to multipath 

arrivals. The blue line shows an exponential decay of the multipath power which 

qualitatively compares well with the measurements made by Saleh and Valenzuela. 

The signal transmitted from the source travels a distance of 10 m in 33 ns. If the 

signal undergoes 5 bounces then the total path length traversed by the signal is 

approximately 17 m and this accounts for a delay of 57 ns, which means an excess 

delay of 27 ns. This is observed in Figure A. It should be noted that figure shows
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the delay of the multipath in excess of the first arriving signal which in our case is 

the direct path signal.

a) b)
Top View -  4 Walls Top View -  5 Walls

T-R S eparation - 10 m

Figure 5.26 Power delay profile Figure (a) shows the simulation done for a 20 X 3 X 2 m 
hallway with 4 reflecting surfaces and is infinitely long. The red triangles show the power of the 
multipath arrivals plotted against excess delay. The blue line shows a exponential decay of the 
multipath power. Figure (b) shows the simulations done for a hallway with 5 reflecting surfaces. 
There are two clusters formed. The green line indicates the metal back door. The black curve 
shows the exponential decay of ray power between clusters and the blue curve shows the decay 
of ray power within cluster 1.

Simulation B is done for a hallway with 5 reflecting surfaces: 4 concrete walls and 

one metal back door. 2 clusters are formed in this case because the metal door 

causes mirror like reflections of the incident signal. The second cluster is formed 

due to multiply reflected waves from the metal door. The waves reaching the 

receiver in the second cluster is due to the combination of the top or bottom wall 

and the door. They travel a distance of 30 m which accounts for aa excess delay 

of about 67 ns. This is the delay of the first arrival in the second cluster. This 

also shows an exponential decay of ray power within a cluster as well as between 

clusters. Hence this simulation result agrees well with the Saleh-Valenzuela model. 

Thus figure 5.26 clearly suggests that the formation of a cluster is dependant on 

the wall geometry and the electromagnetic properties of the wall. The rays within



a cluster are formed by multiple bounces of the transmitted signal of the walls 

present in the scenario.
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5.7 Delay statistics

The temporal dispersion of the received signal is due to multiple copies of the 

transmitted signal reaching the receiver with different delays. This is quantified 

by three factors namely

(a) Power delay profile - Received power as a function of excess delay, where 

the excess delay is quantified as the delay of the ray is reference to the first 

arriving ray.

(b) Mean excess delay - First moment of the power delay profile

E f M n  .

T ,P i r t )  { )

(c) RMS delay spread - Square root of the second central moment of the power 

delay profile

aT =  y V 2 — (r )2 (5.20)

where

E P ( r k) (5'21)
and k is the total number of multipath components.

The power delay profile has already been discussed in the previous section. RMS 

delay spread and mean excess delay depend greatly on the geometry and size 

of hallways and rooms. They also depend on the transmitter-receiver separation 

distance and the electromagnetic properties of the walls. Hence they are specific to 

a given hallway. Secondly, the RMS delay spread depends on the power threshold 

that is set in their computation. In our simulations the threshold of power is set 

to -130 dBm. This value is chosen based on literature [Saleh and valenzuela, 1987] 

as the results of the simulation are validated by comparing with literature. The 

RMS delay spread of a 20 X 3 X 2 m hallway is 12 ns and the mean excess delay



is 27 ns for a separation distance of 10 m. This value of delay spread is computed 

for a hallway that is modelled by 4 walls which are infinitely long. To check the 

RMS delay spread calculations the, delay spread for a 11.5 X  16.6 X 3 m hallway 

having concrete walls and marble floor is calculated. The delay spread is 43 ns and 

the mean excess delay is found to be 61 ns for a transmitter receiver separation 

distance of 10 m. The signal frequency chosen for this simulation is 5.2 GHz. This 

value is roughly within 2 ns of values measured by McDonnell [1998]. He observed 

an RMS delay spread of 41 ns in a business room with the same dimensions and 

the same transmitter-receiver separation.
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Figure 5.27 Variation of RMS delay spread with transmitter-receiver separation The delay 
spread is dependent on the separation distance. As the transmitter-receiver separation distance 
is increased the <t r m s  for a hallway [4 surface open box model] increases and plateaus off at a 
maximum value. But when a metal back wall is introduced the spread in the multipath power 
with excess delay increases exponentially.

The RMS delay spread for a specific hallway geometry becomes important as it 

decides how the indoor channel affects the the transmitted pulse. If the transmitted 

pulse width is much greater than the ar of the hallway then flat-fading or amplitude 

fading occurs. This means that the strength of the received signal varies with 

time, due to the fluctuations in the gain of the channel caused by multipath but 

the spectral characteristics of the transmitted signal are preserved at the receiver. 

This type of fading is already seen in the simulation results shown in figure 5.23
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and 5.24. The delay spread is dependent on the separation distance and this is 

seen in figure 5.27. This figure suggests that as the transmitter-receiver separation 

distance is increased, the (Jrms for a hallway having 4 reflecting surfaces increases 

and plateaus off to a maximum value. This occurs because as the transmitter 

moves away the power in the reflected ray paths fall off and become constant with 

the direct path power. Also, more reflected ray paths reach the receiver with 

amplitudes comparable to the direct ray amplitude. But when a metal back wall is 

introduced the spread in the multipath power increases exponentially. This result 

also helps to understand the large fading of the overall signal in figure 5.24 when 

the receiver is close to the back wall. The maximum delay spreads seen for a 

hallway having 4 walls and 2 metal end walls is 46 ns and the delays spreads range 

from 3-46 ns as the receiver is moved 1-20 m away from the transmitter.

5.8 Summary

The simulation results for the direct problem are presented in this chapter. The 

simulations are compared with measurements for two hallways. The measurements 

show a fall-off in received power of r ' 1'4 whereas the simulations show a fall-off 

of r-2 , where r is the transmitter-receiver separation distance. The spread of the 

calculated power shows a 25 dB fading compared to 14 dB fading for measured data 

when the receiver is 20 m away from the transmitter. Both the comparisons suggest 

that the simple 6-wall model for the hallway is not sufficient to characterize the 

variation of the received signal power. The simulation indicates good qualitative 

agreement with the Saleh-Valenzuela model. A double exponential decay of power, 

both between clusters and within a cluster, is observed as explained in the model. 

The calculated delays spreads match measured values in literature [McDonnell, 

1998]. The simulations under simplified assumptions produce identical results to 

those found in literature [Bertoni, 2000].

The next chapter formulates the inverse problem and discusses how noise and 

multipath affect the the direction of arrival estimate.
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Chapter 6

Inverse problem simulations

This chapter discusses in detail the formulation of the inverse problem and elabo

rates on the assumptions employed and the methodology adopted in determining 

the Direction of Arrival (DOA) of the electromagnetic wave for a known receiver 

location. The chapter also discusses the simulation results on how multipath and 

background noise influence the DO A estimate.

6.1 Direction of arrival determination techniques

The fundamental principle behind DOA estimation employed in this work is to use 

the phase information present in signals picked up by receiver antennas that are 

spatially separated by distances d <  A/2. For a signal wavelength of A =  12 cm, 

the separation distance d <  6 cm.

When the antennas are spatially separated, the electromagnetic signals arrive at 

them with time differences. For an array geometry that is known, these time delays 

are dependent on the DOA of the signal. There are three main categories of meth

ods that process this information to estimate the DOA [Diabiase and Silverman, 

2001].

The first category consists of the steered beamformer based methods. Beamformers 

combine the signals from spatially separated antennas in such a way that the array



output emphasizes signals from a certain look-direction. Thus if a signal is present 

in the look-direction, the power of the array output signal is high and if there is no 

signal in the look-direction the array output power is low. Hence, the array can be 

used to construct beamformers that look in all possible directions and the direction 

that gives the maximum output power can be considered an estimate of the DOA. 

The delay and sum beamformer (DSB) is the simplest kind of beamformer that 

can be implemented. In a DSB, the signals are so combined that the theoretical 

delays computed for a particular look direction are compensated and the signals 

get added constructively. The minimum-variance beamformer (MVB) [Veen and 

Buckley, 1999] is an improvement over simple DSB. In an MVB, we minimize the 

power of the array output subject to the constraint that the gain in the look- 

direction is unity (normalized).

The main advantage with a steered beamformer based algorithm is that, with one 

set of computations, we are able to detect the directions of all the sources that 

are impinging on the array. Thus it is inherently suited to detecting multiple 

sources. From considerations of the eigen-values of the spatial correlation matrix, 

if we have N elements in an array, it is not possible to detect more than N-l 

independent sources. Methods like complementary beamforming [Kamiyanagida 

and Saruwatai, 2001] have been proposed to detect Direction of Arrival even when 

the number of sources is equal to or greater than the number of sensors. For our 

requirement, which is detecting a single source, the computational load involved 

in a steered beamformer based method is deemed to be too large. For example, if 

we have to perform 3-dimensional DOA estimation we have to compute the array 

output power using beamformers that are looking in all azimuths (0 to 360°) and 

all elevations (-90 to +90°). For a resolution of 1°, this involves a search space of 

64,979 search points. If we add to this the condition that the source is in the near 

field of the array, then the set of possible ranges (distances of the sources from the 

array) is added to the search space.

The second category consists of high-resolution subspace based methods. This 

category of methods divides the cross-correlation matrix of the array signals into

87



signal and noise subspaees using eigen-value decomposition (EVD) to perform DOA 

estimation. These methods are also used extensively in the context of spectral esti

mation. Multiple signal classification (MUSIC) is an example of one such method 

[DARPA-TIMIT, 1990]. These methods are able to distinguish multiple sources 

that are located very close to each other much better than the steered beamformer 

based methods because the metric that is computed gives much sharper peaks at 

the correct locations. The algorithm again involves an exhaustive search over the 

set of possible source locations.

The third and final category of methods is a two-step process. In the first step the 

time-delays are estimated for each pair of antennas in the array. The second step 

consists of combining or using this information based on the known geometry of 

the array to come up with the best estimate of the DOA. There are various tech

niques that can be used to compute pairwise time delays, such as the generalized 

cross correlation (GCC) method [Knapp and Carter, 1976] or narrow-band filtering 

followed by phase difference estimation of sinusoids. Fusing of the pair-wise time 

delay estimates (TDEs) is usually done in the least squares sense by solving a set 

of linear equations to minimize the least squared error.

The next section sheds light on the algorithm adopted for Direction of Arrival 

estimation.

6.2 Adopted DOA estimation technique

6.2.1 Receiver array geometry and receiver coordinate frame

The receiver array geometry chosen consists of 4 antennas, 3 placed 120° apart and 

uniformly distanced at d =  0.2A with the central reference antenna. All antennas 

have their axis along the vertical ^-direction of the reference hallway coordinate 

frame. This is indicated in figure 6.1. This array geometry is used because it is 

the receiver geometry of the VNU measurement setup. The initial effort of this 

research was to compare the simulations with measurements for DOA estimation



and help suggest improvements to the hardware of the vehicle navigation unit. 

The comparison with measured data was not done as the research efforts were 

diverted towards using Ultra-Wideband systems which seemed to be a much more 

suitable alternative for direction finding in cluttered environments. Though the 

comparisons were not done the receiver geometry was maintained throughout the 

research project. The transmitting source is a narrow-band source assumed to be 

in the far field of the array. This means that the distance of the source, S, from 

the array is much greater than by [at least 10 times] the distance between the 

receiver array elements. Under this assumption, we can approximate the spherical 

wavefront that emanates from the source as a plane wavefront. It is important 

to note that the adopted approach assumes a single plane wave incident on the 

receiver antenna and determines the wave normal direction of this single plane 

wave. In a multipath environment signals arrive at the receiver from more than one 

direction and hence the above explained assumption does not hold. This indicates 

an inherent error in the algorithm in situations where the multipath arrivals are 

comparable in amplitude with the direct signal.

6.2.2 DOA estimation algorithm

The receiver array used in the simulation is as explained in the previous section. Let 

us assume the array receives a sinusoidal signal from a distant narrow-band source. 

The phase of the received signal depends on the path length and the antenna 

pattern for the case where all the walls in the hallway are assumed absorbing. 

But if this is not true, the reflection coefficient of the walls also affects the signal 

phase. The phase of the received signal at each receiver antenna is calculated 

and the phase difference between antennas 1, 2 and 3 and the reference antenna 

is determined. The phase difference associated with a pair of antenna is directly 

related to the path difference. The phase of a signal that propagates a distance r 

is

ip =  k - r (6.1)
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(>/3d/2, -d/2, 0)

Figure 6.1 The receiver array geometry and the receiver coordinate frame The receiver 
array consists of 4 antennas, 3 placed 120° apart and uniformly distanced at d =  0.2A with 
the central reference antenna. All antennas have their axis along the vertical z-direction of the 
reference hallway coordinate frame. The 0S angle varies from 0 -  180° and the </>s angle varies 
from 0 -  360°.
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where k is the wave normal direction of the electromagnetic wave. Using this 

relation, the phase difference associated with each of the three antennas and the 

central reference antenna is directly related to the path difference. Hence

Aipi =  k ■ ( f i  -  r0)

Aip2 =  k • ( f2 r0)

Atp3 =  k - ( f 3 -  ro)

(6.2)

(6.3)

(6.4)

where f i ,  f*2, and r3 are the 3-D position vectors of the antennas 1, 2 and 3 in the 

hallway coordinate frame, tq is the position vector of the central reference antenna 

in the hallway coordinate frame. The components of k in the hallway coordinate 

frame are

k  =
to

kx
u

sin 6S cos (ps

ky c sin 6S sin <ps

. kz _ cos 6S
(6.5)

The receiver array has a specific geometry as explained in figure 6.1 . If the central 

reference antenna has the coordinates (#0, Vo> ^o) in the hallway coordinate frame 

and the receiver antennas 1, 2 and 3 have the coordinates as given in figure 6.1, 

then substituting for k and f i n  equations 6.2 , 6.3 and 6.4 yields

(jud
A -01 =  —  • sin 0S sin <p

c
ud

A -02 =  —  * [— V s  sin 6S cos <ps — sin 6S sin <p$zc

^ ^ 3  =  • [V3 sin 0S cos (j)s — sin 6S sin 1
2c

(6.6)

(6.7)

(6.8)

These equations form a set of simultaneous transcendental equations. There are 

two unknowns namely 6S and <fis that need to be determined but three equations 

to determine them suggesting that the problem is ill-posed and there can be more 

than one solution to this problem. The above set of equations written in matrix 

form are

(6.9)
Aipi

(jod
Q

0 1 0 ' sin 6S cos (ps
AV>2 -V 3 / 2 - 1 /2  0 sin 6S sin (ps

.  . v/3/2 —1/2 0 _ cos 6S



Let us define the 3 X 3  matrix V , the vector and the vector k as
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V  =

ip -

k =

0
-V 3/ 2  
\/3/2

Aipi
Axp2

A ^3 -3X1 
sin 0S cos (j)s 
sin 6S sin (j)s 

cos 6S

1 0 
- 1/2  0 

- 1/2  0 3X3

3X1
Rewriting equation 6.9.,

(6.10)

(6.11)

(6 .12)

(6.13)$  =  V - k

The above equation clearly suggests that the inverse of V  cannot be determined 

as the matrix is singular. The cos 6S term cannot be determined from the above 

equation as the entire third column of the 3 X 3  matrix in equation 6.9 is zero. 

This suggests that the 0S angle can only be determined from 0 - 90° as the sine 

function is periodic. Equation 6.6 is linearly dependant on equations 6.7 and 6.8, 

hence the set of equations can be reduced to pairs of two equations and solved. So 

solving for equations 6.6 and 6.7 yields

sin 0S sin (j)s ud 1 0
-1

Axpi
sin 6S cos (J)§ c - 1 /2 — y/Z/2 _ 2X2 . A^2 . 2X1

Solving equations 6.6 and 6.8 yields

sin Qs sin cj)s u)d 1 0
-1

A^i
sin 6S cos (f)s c

.  - 1/ 2 i
CM

2X2 .  A^3 . 2X1
Finally solving equations 6.7 and 6.8 yields

sin 6S sin (j)s uod ' - 1 /2 VS/2 '

- l
Alp2

sin 9S cos 4>s c
.  “ VS VS/2 _ 2X2 . A^3 .

(6.14)

(6.15)

(6.16)
2X1

Considering a =  sin 0S sin (fcs and b — sin 6S cos </>s, the three equations provide three 

solutions for a and b. The 6S and (j)s angles can be determined from a and b as

4>s

Os

tan

sm- l
sin 0.

0 <  <  2tt

0 <  0S <  tt/2

(6.17)

(6.18)



(6.19)

3X1

When only the direct signal is considered, all the three solutions for a and b 

are the same. This is because the equations are linearly dependent. But when 

background noise is considered, the phase difference associated with each antenna 

pair is random in nature and we call this phase difference vector

A ^ i 9m  
tpM =  ,M

_ A^3,M _

In practice, would be the measured phase difference values. The error, E, 

between the expected phase difference from equation 6.9 and the calculated phase 

difference in equation 6.19 is

E  =  [ V - k - ^ M ] T - [ V - k - ^ M ]  (6.20)

-  kT - V T - V - k - ^ M r - V - k - ^ M - V T - k T +  ^ M r -^ M  (6.21)

The receiver array configuration is fixed and hence the only variable is the vector 

k. Therefore the aim is to minimize the error E with respect to vector k.

=  0 (6'22) 
kT • V T • V  +  kT • V r  • V  -  2 • ip l/  ■ V  =  0 (6.23)
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2 • kT • V r  • V  -  2 • -V  =  0 (6.24)

kr  • V T • V  -  i h / - V  (6.25)

kT =  (V r  • V ) -1 • V  "0 m T (6.26)

k =  (V T • V )_1 • V T • V’m  (6.27)

The term (V r  • V ) -1 • V T is the pseudo-inverse of the matrix V  given as V*. Once 

the k matrix is determined from equation 6.27, the azimuth and elevation angles 

can be determined using the relations given in equation 6.14 and 6.15 respectively. 

This approach is called the linear least-squares approach. The inherent assumption 

in this approach is that all calculated phase differences have equal error or are 

weighted equally.

In the absence of noise, the vectors &nd ip are identical. Hence revisiting 

equation 6.27 and substituting for V  with the 2 X 2  matrix of equation 6.14, we



get

k = 1 0
- 1/2  -y/Z/2

rP
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(6.28)
2X2

From equation 6.28, it is obvious that this is identical to equation 6.14 if the inverse 

and the pseudo-inverse are equal. Hence determining the pseudo-inverse
T

(6.29)
1 0 t

1 -0.5770 1 0
- 1 / 2  -V 3 /2 2X2 -0.5770 1.6645 - 1 /2  -y/3/2

1 0 
-0.5770 -1.1539

The inverse of the 2 X 2  matrix is

1 0
- 1 /2  -> /3 /2

- l

2X2

2X2

0
-0.5770 -1.1539

(6.30)

(6.31)
2X2

Clearly equations 6.30 and 6.31 are identical and hence equation 6.27 reduces to 

equation 6.14 in the absence of noise.

This thesis uses the phase difference between the antenna pairs and then employs 

the above mentioned method to determine the direction of arrival. The receiver 

configuration chosen is a 2-D array in the x-y  plane and hence can resolve 6S angles 

from 0 to 90° and <ps angles from 0 to 360°.

As the phase of the received signal needs to be determined it is essential to un

derstand the approximations and factors associated with the phase determination 

algorithm. This is discussed in the next section.

6.2.3 Phase estimation

The noisy pulse phase is calculated using the in-phase/quadrature-phase method. 

Figure 6.2 shows a block diagram of in-phase/quadrature-phase measurement [Carl

son, 2001]. The phase is calculated by first mixing (multiplying) the pulse with a 

sine and a cosine waveform of the same frequency as the pulse ( / c). The mean of 

each waveform is then calculated. The phase of the signal is calculated by:

Ai =  Mean[s(t) x cos 2irfct\ (6.32)
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Figure 6.2 The In-phase/Quadrature-phase estimation flow diagram The pulse is first mixed 
with a sine and a cosine waveform of the same frequency as the pulse ( / c). The mean of each 
waveform is then calculated. An arctan function providing angles from — n to 7r is then used to 
calculate the phase 0 . Adapted from [Ayers, 2001].

Aq =  Mean[s(£) x sin 27rfct] (6.33)

tp =  tan-1 [A .] (6.34)

where A{ and A q are the mean of the in-phase and quadrature phase signal compo

nents, f c is the carrier frequency, s(t) is the received signal, and i/) is the calculated

signal phase. The phase that is calculated using this method is modulo 27r.

The phase of the received RF pulse involves averaging of the signal over increased 

number of samples to reduce the associated error. The number of samples that are 

averaged directly depends on:

(a) Sampling Frequency

(b) Pulse width of the signal

The effect of both these factors on the DOA estimation will be discussed later in 

this chapter.

6.2.4 Restrictions on receiver array geometry

There is a relationship between the frequency content of the incident signal and the 

maximum allowed separation between each pair of antennas in the receiver array. 

Any phase difference out of the range of — 7r and 7r will be wrapped around to



within that range. This fact places an important restriction on the array geometry 

to prevent spatial aliasing, when performing narrow-band DOA estimation. Spatial 

aliasing happens when the phase delay, at the frequency of interest, between signals 

from a pair of antenna elements, exceeds 7r. This causes the phase differences to 

be interpreted wrongly, which in the end results in wrong DOA estimates.

Let us consider a 2-element linear array with a inter element separation distance d 

along the y-axis with reference to the hallway coordinate frame. The angle 6 from 

the broadside z-direction is the angle of arrival of the incident signal as shown in 

figure 6.3. Let this signal have a frequency of f c . If we would like to restrict the 

phase difference, at this frequency, between signals of any pair of antennas to be less 

than or equal to 7r, then we require 27r /cr  <  ir. The signal time delay r  =  dsin 0/c, 

where 6 is the angle of arrival of the electromagnetic wave and d is the inter-element 

spacing of the array. Rearranging these terms, we have d <  c / (2 /c sin0). Since we 

have no control over the incident direction, the worst case scenario of 0 =  90° is 

assumed. Also the term j~c *s same as Ac, the wavelength of the received signal. 

Thus we have the condition d <  Ac/2, which means that the distance between any 

pair of antennas in the array should not exceed half of the smallest wavelength of 

the received signal. When this condition is satisfied, spatial aliasing is avoided and 

correct DOA estimates can be obtained. In this thesis, more emphasis is placed on 

avoiding spatial aliasing in DOA estimates by choosing the inter-element spacing 

to be 0.2A. Algorithms that directly compute the time delays of broadband signals 

using cross-correlations are not restricted in this manner.

Another important criterion in the choice of the receiver array geometry is the 

Front-back ambiguity. The angles made by the sources are measured with respect 

to two different broadsides, one in front of the array and the other behind it. The 

extra distance travelled by either source signal to reach R1 as compared to R2 is 

dsin 6. Thus the pair-wise phase difference associated with either source will be the 

same. This is under the assumption that the antennas are isotropic, which means 

that the gain of the antenna does not change the direction of the electromagnetic 

wavefront. What this means is that the Uniform Linear Array (ULA) is only

96
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Figure 6.3 Front-back ambiguity A 2 element array along the y-axis with the 6 angle measured 
from the broadside z direction. The front-back ambiguity is indicated.

capable of distinguishing that the source is at an angle with respect to the axis 

of the array, but not where exactly it is around the axis. This is referred to as 

Front-back ambiguity of the array. A ULA can uniquely distinguish angles between 

±90° with respect to the broadside of the array.

The simulations in this thesis have used a 2-D array and hence both azimuth and 

elevation can be determined. The azimuth can be accurately determined from 

0 — 360°, but the elevation can be determined only from 0 — 90°.

Before discussing the various cases, it is essential to discuss the effects of sampling 

frequency and the pulse width on the uncertainty in DOA estimation.



6.3 Uncertainty in DOA estimation due to sampling 

frequency
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The DOA estimation requires an accurate determination of the phase of the re

ceived signal at each antenna. The phase estimation algorithm used in this thesis 

is adopted from Ayers [2001]. Ayers studied the effect of noise on the uncertainty 

in fish location using acoustic signals at 120 KHz. He found that for a SNR of 15 

dB, the maximum variation in the uncertainty of fish location is 2.5 X 10~3 degrees 

for a sampling frequency of 10 f c. When the sampling frequency is reduced to 5 f c 

he calculated a uncertainty of 3.5 X  10-2 degrees. He found that filtering of the 

data does not appear to affect this sampling frequency requirement. He also found 

that choosing a pulse duration that is greater than 100 cycles (1 ms @ 120 kHz) is 

adequate to provide good results at any signal to noise ratio.

If the sampling frequency is not large enough, errors will occur in the calculated 

phase. The sampling frequency required for reliable operation is approximately 

5 /c, where f c is the carrier frequency of the pulse. Filtering the modulated pulse 

does not appear to decrease the sampling frequency requirement. In general, as 

the sampling frequency is decreased, the uncertainty in the DOA increases. This 

is clearly illustrated in Figure 6.4, where the a error of 6S and <ps decreases with 

increasing sampling frequency. A sampling frequency of 4f c has a large variation 

of error of gqs =  0.187° and — 0.187°. A higher sampling frequency provides 

a more accurate mean for phase estimation and has lesser uncertainty in the DOA 

estimation. The receiver arrangement used in the simulation is the same as shown 

in figure 6.1. The SNR for this simulation is 15 dB.

6.4 Uncertainty in DOA estimation due to pulse width

The effect of transmitted pulse duration on the accuracy of the DOA estimate is 

studied. As the pulse duration is reduced, the uncertainty in the DOA increases. 

The inherent averaging in the in-phase/quadrature method of phase measurement
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Figure 6.4 Uncertainty in DOA with Sampling frequency The uncertainty in the DOA 
decreases with increasing sampling frequency. A sampling frequency of 4f c has a large variation 
of error of ctqs and =  0.187°.

leads to better results with longer pulses as indicated in Figure 6.5. Simulation 

results show that choosing a pulse duration that is greater than 100 ns is adequate 

to provide good results at any signal to noise ratio. For a sampling frequency 

of 10f c and a SNR of 15 dB, the variation in error of 9S and (j)s is 1.213X10-2 

degrees. As the pulse length increases the error in DOA estimation decreases but 

the computational load associated with processing of large signal arrays increases 

exponentially with pulse duration and linearly with sampling frequency.

From the results in the previous section, the pulse duration of 100 ns and the 

sampling frequency f s =  10f c are chosen for the rest of the simulations in this 

chapter.

6.5 Results and Discussion

There are three specific cases that are simulated and their results are discussed in 

this section. The three cases are

RASMUS0N LIBRARY
UNIVERSITY OF ALASKA-FAIRBANKS
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Figure 6.5 Uncertainty in DOA with pulse width rs.

• Case 1: direct [LOS] signal +  noise [no multipath]

• Case 2: direct [LOS] signal +  multipath signal [no noise]

• Case 3: direct [LOS] signal +  multipath signal +  noise

Noise, as described earlier, is modelled as an ergodic, zero mean, Gaussian random

process. The multipath environment chosen is the hallway which was discussed in 

the previous chapter.

6.5.1 Simulation 1 - direct signal +  noise [no multipath]

The errors associated with just the direct signal completely depend on the SNR of 

the system. Since the frequency of operation is in the ISM band, there is a high 

probability of noise due to external interfering sources such as microwave ovens, 

hand-held telephones etc. Hence the choice of the right noise level is critical for 

quantifying the angular spread in a multipath environment. There are two specific 

simulation scenarios chosen:

(a) Scenario A: If the receiver coordinate frame is taken as reference, the source
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A

Figure 6.6 Simulation scenario for DOA estimation for direct path -1- noise There are 
two scenarios considered in this simulation. With the receiver coordinate frame as reference, 
simulation (A) indicates that the source is in the same plane as the receiver array whereas 
simulation (B) indicates that the source is located above the plane containing the receiver array.

is located at 9S =  90° and (f)s =  270°. This is shown in figure 6.6(A). This 

scenario is chosen to exploit the features of the DOA estimation algorithm 

when the source and receiver are located in the plane of the receiver array.

(b) Scenario B: If the receiver coordinate frame is taken as reference, the source 

is located at 9S =  135° and <f>8 =  225°. This is shown in figure 6.6(B). This 

scenario is chosen to show that with a 2-D array, the location of the source 

can be determined only when it is in the plane of the receiver array; otherwise 

the front-back ambiguity holds and the 6S has only a 0 — 90° resolution range.

The transmitter and receiver are placed 5 meters apart and both scenarios A and 

B are simulated for SNR =  5 dB, pulse width rs =  100 ns and f s =  10f c. The 

spread in the 9S and the (f)s angles, for scenarios A and B, is shown in figures 6.7 

and 6.8. The array can resolve only from 0 -  90° for 9S and hence a 9S =  135° is 

resolved as 45° indicating the front-back ambiguity discussed earlier in the section.
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Figure 6.7 The spread of the angle of arrival for direct signal +  noise case for scenario A
The standard deviation of the angles 6S and <f>s are aBs =  0.29° and a<t>s =  0.75° for an SNR of 5 
dB. The true location of the Source is r= 5, 0S =  90° and <j>s =  270°.

The SNR ratio has an exponential relationship with DOA estimation error. This is 

shown in figure 6.9. The higher the SNR, the better the DOA estimation accuracy. 

For an SN R =  15 dB, the standard deviation of the error in 0S and (j)s is 1.7X10-2 

degrees. But in a noisy environment where SNR =  -20 dB , the standard deviation 

of the error in 6S is 32° and the deviation in the (f)s error is as high as 64°.

6.5.2 Simulation 2: direct [LOS] signal +  multipath signal [no 

noise]

The scenario chosen to simulate the spread in the DOA estimate with multiple 

propagation paths is as shown in figure 6.10. The source is located at r=10, 6S — 

90° and (j)s =  180° with reference to the receiver coordinate frame. It is important 

to note that the adopted approach to compute DOA assumes that a single plane 

wave is incident on the receiver antenna and determines the wave normal direction 

of this single plane wave. In a multipath environment, signals arrive at the receiver 

from more than one direction and hence the above explained assumption does not



103

226.8

226.4

226

225.6

o! 225.2o~o
“  224.8

Scenario B

■e»
224.4

224

223.6

223.2

222.8
44.

SNR=5 dB, XPULSE =100ns, f s =24.4GHz

O® o
V - 0 4812  0
cr̂ 3 - 0.8122 

m0s' 45 34 o
% -224.79

44.8 45.2 45.6 46
6S [deg]

46.4 46.8

Figure 6.8 The spread of the angle of arrival for direct signal +  noise case for scenario
B For an SNR of 5 dB, the o>s=0.810 and the 6S shows a close to 90° error owing to front-back 
ambiguity. The true location of the source is r=5,0s =  135° and <j>s = 225°.
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Uncertainty in DOA with SNR The SNR shows a exponential relationship with 
the DOA estimate. The error monotonicaliy decreases with increasing SNR.



104
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Is

Figure 6.10 Simulation scenario for direct signal -1- multipath signal case The source is 
located at r=10, 0S = 90° and <j>s =  180° with reference to the receiver coordinate frame.

hold. This indicates an inherent weakness in the algorithm in situations where the 

multipath arrivals are comparable in amplitude with the direct signal.

To study the effect of multipath arrival on the DOA estimate the first simulation 

done is with a single reflecting ground plane. The electromagnetic properties of 

the reflecting plane governs the power of the reflected signal. Hence by varying 

the material of the reflecting surface, the effect of different materials on the DOA 

estimate is studied. The calculated result, shown in figure 6.11, suggests that as the 

wall becomes more reflective or metallic, the error in the elevation angle increases 

to 58° whereas the error in the azimuth increases to 5.6°.

Before moving on to study the effect of four reflecting concrete walls on the DOA 

estimate, it is essential to understand the effect of each wall on the received pulse. 

The received pulse on antenna 1 for just the direct path is shown in figure 6.12(a). 

The figure 6.12(b)-(e) indicate the effects of 1, 2, 3 and 4 reflecting walls on the 

received pulse shape for a transmitter-receiver separation distance of 5.2 m. The 

pulse in figure 6.12 (b) shows very little distortion in pulse shape as the signal 

amplitude of the reflection from the ground plane is a factor of 100 smaller than 

the direct path signal. This is als.o observed in figure 5.9. The reason for the very
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i n
Figure 6.11 Error in the DOA estimate for different wall materials for a single reflecting 
surface The source is located at r=10, 0S =  90° and <ps =  180° with reference to the receiver 
coordinate frame. The error increases as the walls become reflective and more reflected signal 
from the walls corrupts the direct path signal.

small reflection amplitude from the ground plane is because, at this separation 

distance, the angle of incidence is equal to the brewster angle for the concrete 

ground plane. Hence the fading due to the ground plane is very small. When a 

top wall is present in conjunction with the bottom wall, the pulse shape shows 

more variations towards the end of the pulse. This is because the transmitter and 

receiver are closer to the ground plane and hence the delayed pulse from the top 

wall adds with the direct path component causing the pulse width of the overall 

signal to increase. This is seen in figure 6.12 (c). When three walls namely the 

top wall, ground, and one side wall are present then the pulse shows out-of-phase 

addition of the reflections from the sidewall. The reflections from the sidewall are 

comparable in amplitude to the direct signal. Hence the out-of-phase addition of 

the sidewall reflection causes distortion of the pulse shape. This is seen in figure 

6.12 (d). The pulse received when four walls are present, is indicated in figure 6.12 

(e). The pulse shows that the distortion in pulse shape is due to the contributions
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Figure 6.12 RF pulse received on antenna 1 for different wall scenarios The source is 
located at r=5.2, 6S — 90° and (f>s — 180° with reference to the receiver coordinate frame. The 
pulse received when no walls, 1 wall, 2 wall, 3 wall and 4 walls are present in the hallway is shown 
t indicate the effect of multiple walls on the received pulse.
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of the sidewalls that add in-phase with one another.

The next simulation is done to calculate the errors in the DOA when four reflecting 

concrete walls are present. As seen in figure 6.13, the error in the DOA estimate 

increases exponentially with the reflection order. The receiver is placed 5.2 meters 

away from the source and up to 5 orders of reflection are considered. The azimuth 

angle error is 125° and the error in the elevation angle is 26°. The large error in 

the azimuth is because the reflected signals from the sidewalls add out of phase 

with the direct signal and hence cause large fading at 5.2 m distance. This is 

observed in figure 5.20. When the receiver is placed at a distance of 900 m from 

the transmitter, figure 5.20 suggests that the reflected signals cancel out and there 

is no variation in the received signal power. This would mean we would expect a 

very small error in the DOA estimate at this distance. The figure 6.13 indicates 

that the error in the (f)s falls to 0.4° as expected but the error in the 0S remains at 

26°. The large error in 9S could be attributed to the front-back ambiguity of the 

2-D array.

The above simulation is done by symmetrically placing the transmitter and receiver 

between the four walls. This would mean that the reflected signals from the various 

walls add or cancel completely at specific locations. If the transmitter and receiver 

are asymmetrically placed closer to one of the walls the effect of that wall is more 

pronounced than the other walls at close ranges. This feature is of importance be

cause asymmetry prevails in real hallway scenarios where several structures maybe 

found [like in the Duekering hallway]. Hence the third simulation done looks at 

the effect of reflection order on the error in DOA for 4 different locations of the 

transmitting and receiving antenna keeping in mind that both antennas are at the 

same height above the ground. The first case of symmetrically placing antennas 

between the four walls has already been calculated. The next case involves placing 

the transmitter and receiver 30 cm above the ground separated by a distance of 

5 m. This distance is chosen because the calculations for the same scenario with 

only ground and ceiling showed that the fading minimizes at this distance. This is 

observed in figure 5.14. The third case chosen is when the transmitter and receiver
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Reflection order

Figure 6.13 Error in the DOA estimate for transmitter and receiver symmetrically placed 
from 4 reflecting concrete walls The source is located at r=10, 0S =  90° and Q„ =  180° with 
reference to the receiver coordinate frame. For a separation distance of 5.2 m, the error in 6a is 
26° and the error in 4>s is 125°. When the receiver is moved 900 m away from the transmitter 
the error in 6S is 25.5° and the error in the <f>., is 0.4°.

are placed closer to one of the sidewalls. The final case is when transmitter and 

receiver are placed closer to both sidewall and bottom wall. The simulation result 

for these cases is shown in figure 6.14. The calculated error in the DOA for each of 

these cases is indicated in table 6.1. Case 4 shows maximum error in the elevation 

angle and case 1 shows maximum error in azimuth angle. It should be noted that 

case 1 was done for a separation distance of 5.2 m where the fading of the received 

signal is a maximum.

6.5.3 Discussion

The simulation 1 was done to quantify the effects of background noise on the 

DOA estimate. The standard deviation of the errors in DOA were less than 2° for 

an SNR greater than 0 dB. Simulation 2 studied the effects of multipath on the 

DOA estimate. The calculations showed that for a single reflecting ground plane 

having a |T| =  0.4, the cTerror -- 2°. But when four reflecting walls having the
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TR sym m etrically placed
TR placed 30 cm from bottom wall but sidewall symmetrical
TR placed 20 cm from side wall but bottom wall symmetrical

- * ~ T R  placed 30 cm from bottom wall and 20 cm from side wall

Figure 6.14 Error in the DOA estimate for 4 reflecting concrete walls for different T-R  
positions relative to the walls Four cases are considered in this simulation. The blue triangles 
indicate the 6S and <t>s error when the transmitter and receiver are symmetrically placed in the 
middle of the hallway. The red triangles indicate the 03 and error when the transmitter and 
receiver are placed 30 cm from the bottom wall but symmetrical with respect to the side walls. 
The pink triangles indicate the 6S and <t>3 error when the transmitter and receiver are placed 20 
cm from one side wall but symmetrical with respect to the top and bottom wall. The orange 
triangles indicate the 6S and <t>s error when the transmitter and receiver are placed 30 cm from 
the bottom wall and 20 cm from one side wall. The hallway, 2 m wide and 3 m high, has four 
reflecting, concrete walls.

same |T| were considered, the DOA error is 125° in the azimuth and 26° in the 

elevation. To understand the reason behind the large errors in the DOA estimate 

in the presence of multipath, we need to study the simulated received pulse as the 

error in the calculated phase of the received pulse decides the error in the DOA 

estimate. The pulses received when all the walls in the scenario are absorbing 

such that only the direct path contributes to the overall signal are shown in figure 

6.15 (A). The SNR for this case is 0 dB. The amplitude of the pulse changes as 

the noise adds randomly with the transmitted pulse. On the other hand, when 

four reflecting concrete walls are present, the pulse shape is distorted because each 

multipath component has a different phase and adds together constructively and
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Table 6.1 Error in DOA estimate in the presence of four reflecting concrete walls This 
simulation is done for four different transmitter and receiver positions. The reflection order 
chosen for this simulation is 4.

S NO: CASE Distance [m] 6S Error [deg] (j>s Error [deg]

1

T-R  symmetrically placed 

between the four walls at 

maximum fade point 5.2 26.2 125

2

T-R  placed 30 cm above 

the ground but symmetrical 

with side walls 5.0 39.8 80

3

T-R  placed 20 cm from 

side wall but symmetrical with 

top and bottom walls 7.2 1.2 85

4

T-R  placed 20 cm from 

side wall and 30 cm above 

the ground 10.0 40.7 19

destructively causing pulse distortion. The pulse distortion is not uniform for each 

of the receivers and hence the phase difference between each receiver and the central 

reference receiver is different leading to large errors in the DOA estimate. This 

is clearly seen in figure 6.15 (B) for a T-R  separation of 5.2 m. The transmitter 

and receiver are symmetrically placed between the 4 walls in a hallway which is 

3 m high and 2 m wide. Figure 6.16 shows a zoomed in view of the figure 6.15 

for receiver 1. The figure clearly shows that the phase of the multipath signal 

differs from the direct path signal whereas the noise causes the received signal to 

randomly vary about the direct path signal. Hence the effect of noise averages out 

when the phase of the received signal is determined. But the multipath changes the 

phase of the received signal and hence causes large errors in the DOA. The above 

simulations suggest that the error in DOA estimate due to multipath dominates 

the error due to background noise. The error in DOA due to sampling frequency 

and pulse width are negligible in comparison to the errors due to multipath.
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A) Received Pulse for SNR = OdB B) Received Pulse for four concrete walls
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Figure 6.15 Received pulses at the four receiver antennas for the simulations 1 and 2
The figure A shows the received pulses for a direct path reaching the four receiver antennas for 
an SNR =  0 dB. The figure B shows the received pulses on the four receiver antennas when 
the transmitter and receiver are symmetrically placed in the middle of four concrete walls. The 
transmitter and receiver are separated by a distance of 5.2 m.
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Figure 6.16 Enlarged view of the received pulse The received pulse for direct path, direct 
path corrupted with noise having an SNR =  0 dB and direct path corrupted by multipath is 
indicated. Two cases are shown, one in which 3 cycles of the received signal in each case is shown 
and the second indicates 10 cycles. Clearly the multipath shows a different phase than the direct 
path signal. The noise varies randomly about the direct path signal and averages out to give 
small errors in phase whereas the multipath results in much larger errors.



6.5.4 Simulation 3: direct [LOS] signal +  multipath signal +  noise

The error due to multipath propagation is discussed in the previous section. In 

real time, both the effects of multipath as well as background noise need to be 

considered in tandem. Hence the simulations in this section are done to study 

the effect of both multipath and noise on the DOA estimate. In this simulation 

the source is located 8 m away from the receiver in the presence of four reflecting 

concrete walls. The simulation is done for an SNR — 5 dB. The simulation result 

in figure 6.17 shows an error of gqs =  1.8° and — 0.4°. The small error in <j>s 

maybe as a result of the multipaths cancelling out one another at 8 m separation 

distance as observed in figure 5.20. More simulations need to be performed to 

understand the effects of multipath in conjunction with background noise.
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Figure 6.17 Error in the DOA estimate in the presence of four reflecting surfaces and 
background noise The source is located at r= 8, 0S =  90° and (j>s = 180° with reference to the 
receiver coordinate frame. The standard deviation of the error in 0S for a separation distance of 
8 m is 1.8° and the error in the 4>s is 0.4°.
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6.6 Summary

This chapter presents an approach to determine the wave normal direction using 

the phase difference between signals reaching a specified geometry of spatially 

separated receiver antennas. The approach assumes that a single plane wave is 

incident on the receiver antennas. For an SNR of -20 dB, the standard deviation 

of the calculated error in the direction of arrival estimate for the direct path signal 

is ^32° and ~64° for the azimuth and elevation angles respectively. This is much 

larger than a standard deviation of 2° and ~4° calculated for an SNR of 0 dB. 

In the presence of multipath, the direction of arrival estimate shows an error of 

50° in the elevation and 120° in the azimuth. The calculations suggest that a 

sampling frequency of 4fc, where fc is the signal frequency, and a pulse width of 

100 ns would be a suitable choice as the errors due to sampling and pulse duration 

are negligible in comparison to the errors due to multipath. We have not made 

comparisons between our simulated results with azimuth angle measurements made 

by the VNU due to lack of time. The next chapter summarizes this work and 

suggests improvements in the simulation model.
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Chapter 7

Conclusions and 

Recommendations

The first section of this chapter summarizes the work done in this thesis project 

and presents conclusions based on this work. The second section provides recom

mendations for future work.

7.1 Summary and conclusion

This research is done to calculate the uncertainty in the direction of arrival deter

mination in a hallway. The problem of direction of arrival estimation in a hallway 

environment was approached by splitting the problem into a direct and an inverse 

problem [Sonwalkar 1986], The direct problem calculates the electric and mag

netic fields at any point in a hallway for a known radiation pattern, location and 

orientation of the transmit and receive antennas. The source location is known in 

the direct problem. In the inverse problem, the simulated electric fields from the 

direct problem are used to determine the wave normal direction of the received 

electromagnetic wave. Background noise is taken into account in our simulation 

program. The simulated DOA estimate is then compared with the actual source 

azimuth and elevation known to us. This comparison helps quantify errors in the



simulation model and makes the problem entirely deterministic. The use of this 

analysis approach makes this research work unique in relation to previous work 

done in propagation modelling [McKnown, 1991; Rossi, 1992; Kreuzgruber, 1993; 

Valenzuela, 1993; Durgin, 1998; Diascalou, 2000].

The results of the numerical simulation are compared with measurements for two 

hallways. Both the comparisons suggest that the simple 6-wall model for the 

hallway is not sufficient to characterize the variation of the received signal power. 

The measured signal power falls-off as 1 /r14. Measurements in literature [Davis 

and Linnartz, 1997] indicate a fall-off of r“ 17 in hallways which are narrower than 

8 ft. The slower fall-off was attributed to the hallways acting like a waveguide 

[Davis and Linnartz, 1997].

The calculations show temporal clustering of arrival times of multiple propagation 

paths. The power of the multipath arrivals decay exponential both within a ray 

cluster and between ray clusters. This calculated result qualitatively agrees with 

the observations made by Saleh and Valenzuela, [1987].

The error in the DOA estimate is relatively insensitive to noise because the effect 

of noise on the signal phase averages out and results in small errors in the DOA 

estimate(<  2°) for SNR up to 0 dB. In the presence of multipath (direct path and 

multiple reflected paths from four concrete walls), the direction of arrival estimate 

shows an error of 50° in the elevation and 120° in the azimuth. This large error in 

DOA estimate is due to the fact that the phases of each multipath is different as 

they travel different path lengths and add constructively and destructively causing 

pulse distortion. This causes the overall signal phase to be altered. The effect of 

sampling frequency and pulse duration on the accuracy of the DOA estimate is 

negligible in comparison to effects of multipath and noise.

7.2 Recommendations for future work

The simulation model assumes far field approximations for all its calculations. 

But in hallways and small rooms, the receiver could be in the near field of the
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transmitter. Hence including near field effects will improve the accuracy of the 

simulation model.

The slower fall-off of measured signal power is because the hallway acts like a 

waveguide and confines the transmitted power to within a volume bounded by the 

walls in the hallway. The ray tracing model does not show this slow fall-off. This 

maybe because only specular and diffuse reflections are accounted for in the model. 

But when there are several structures present in the hallway, the propagating wave 

scatters and diffracts. Hence these interactions need to be accounted for in the ray 

tracing model to provide an accurate estimate of the received signal power.

All simulations done in this thesis have a line-of-sight path between the the trans

mitter and the receiver. Non-line-of-sight cases can be simulated if transmission, 

scattering, diffraction and shadowing are included in the ray tracing model.

The spatial clustering of the multipath arrivals could also be simulated and com

pared with measurements made by Spencer et al [1997].

The direction of arrival is determined by estimating the received phase at each 

receiver antenna. This method has the inherent limitation that the antenna sep

aration must be less than 0.5A to prevent errors due to phase wrapping. For a 

frequency of 2.4 GHz, this places a restriction that the antennas cannot be sepa

rated by distances greater than 6 cm. For separation distances of 6 cm, the errors 

due to mutual coupling between antennas may affect the DOA estimate. If numer

ous receivers, spread out in a large area, need to be networked together to exactly 

determine the transmitting source location, then alternative approaches using the 

time delay estimate need to be used.

The DOA estimation approach applied in this thesis assumes that the incident 

EM wave is coming in from a single wave normal direction. This is not true 

in a multipath environment where several rays reach the receiver from different 

directions. Hence if the DOA of each of these rays need to be determined then a 

more efficient approach needs to be adopted.

Though noise has been accounted for in this thesis, a more complete noise analysis
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will aid in providing an accurate interference model to support the physics-based 

model. More cases need to be simulated and studied to understand the effects of 

multipath in conjunction with noise better. The noise model put together with 

the ray tracing model would provide an efficient channel model for accurately 

characterizing multipath propagation in indoor environments.
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Appendix A

Intersection calculation

The calculation of the intersection point of the ray on a wall is done using the 

approach given in [Glassner, 1989]. Assume a source S (xs ,ys ,zs )  and the ray 

from the source to the plane passes through a point P (rrt,yt,zt).  A ray passing 

through the point P is defined by the parametric equation

p(t) =  S +  dir • t (A .l)

where p(t) is a point on the line at time t and Dir is the direction vector of the 

ray. Hence the ray from S to P is given by the parametric ray equation

p{t) =  S +  (P  -  S) * t (A .2)

where 0 <  t <  1 and and p(t) represents all of the points on the line from S to

P; however, if t is allowed to go beyond these boundaries (in a positive direction)

m

Figure A .l  Intersection calculation Intersection calculation to determine the reflection point 
on a Polygonal surface.



it will define an infinite ray in the direction from S to P. We can easily determine 

the hit time t where the ray intersects the plane by substituting the parametric 

ray equation into the point-normal form of the plane. Since p(t) defines a point 

on the ray at time t and the point-normal equation defines all points p on the 

plane, substituting this value into the equation results in a function of t that can 

be used to determine the hit time t where the ray’s point satisfies the point-normal 

equation of the plane. The infinite plane defining the wall in its point-normal form 

is given as

m - p — d (A .3)

Hence

m  • p =  d (A .4)

m -p {t)  =  d (A. 5)

m * S +  (P — S) * £ -  d (A .6)

m • S +  m • (P -  S) • t — d (A .7)
( =  ( P - S )  ( m . S)

m • dir

It should be noted from the above equation that if m • dir =  0, the ray and the 

plane do not intersect (because the ray and the plane are parallel since the normal 

m is perpendicular to the ray direction dir). Also, if the hit time t is negative, 

the ray has intersected the plane in the opposite direction and hence should be 

ignored. The hit time also refers to the distance from the ray’s starting point S to 

the intersection point P. The intersection point can be determined by substituting 

the hit time t calculated in equation A .8 in the equation A .2.

The next step would be to validate if the intersection point actually lies in the finite 

dimension wall or they lie outside the wall dimension but in the infinite plane that 

defines the wall. This is done by computing the angles made by the lines joining the 

intersections point and each vertex of the square. The sum of the angles should be 

equal to 360°, as illustrated in figure A.I. This calculation is valid for all polygons 

with any number of vertices.
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Appendix B

Single reflecting plane

B .l Single reflecting ground plane

The variation of the amplitude and phase of the received voltage of the direct, 

reflected and, the overall signal is presented for the case of the single reflecting 

concrete ground plane. The variation of T and 9i as the receiver moves away from 

the transmitter up to a distance of 10 m is presented. The spreading associated 

with the direct and single reflected path is shown. The figures B -l, B-2 and B-3 

clearly explain the figure 5.9.

B.2 Single reflecting side wall

The variation of the amplitude and phase of the received voltage of the direct, 

reflected and, the overall signal is presented for the case of the reflecting side wall. 

The variation of T and 9{ as the receiver moves away from the transmitter up to a 

distance of 10 m is also presented. The spreading associated with the direct and 

single reflected path is shown. The figures B-4, B-5 and B-6 clearly explain the 

variations in figure 5.10.



B.3 Single reflecting end wall

122

The variation of the amplitude and phase of the received voltage of the direct, 

reflected and, the overall signal is presented for the case of the reflecting metallic 

end wall. The transmitter is 1 m in front of the end wall. The variation of T and 

6i are not presented as the metallic wall has a T = -1 for all incident angles and the 

incident angle also does not vary as the receiver moves away from the transmitter 

in a straight line and both the transmitter and the receiver are at the same height 

of 1 m above the ground. The spreading associated with the direct and single 

reflected path is shown. The figures B-7 and B-8 clearly explain the result in figure 

5.11.

B.4 Single reflecting end wall away from the transmit

ter

The variation of the amplitude and phase of the received voltage of the direct, 

reflected and, the overall signal is presented for the case of the reflecting metallic 

end wall. The wall is placed 1000 m away from the transmitter and the receiver 

is moved towards the wall. The variation of T and 6i are not presented as the 

metallic wall has a T = -l for all incident angles and the incident angle also does 

not vary as the receiver moves away from the transmitter in a straight line and 

both the transmitter and the receiver are at the same height of 1 m above the 

ground. The region of interest for this simulation lies when the receiver is close to 

the end wall and hence two plots of amplitude and phase for all the components 

are done when the receiver moves from 1- 10 m away from the transmitter and 

when the receiver moves from 990 - 1000 m very close to the metallic end wall. 

The spreading associated with the direct and single reflected path is shown. The 

figures B-9, B-10, B -ll  and B-12 clearly explain the variations in figure 5.12.
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Figure B .l  Amplitude and phase of the direct, reflected and overall received voltage for 
a single reflecting ground plane.



124

Figure B.2 Spreading of the direct and reflected path for a single reflecting ground plane.
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Figure B .3 Variation of angle of incidence and T for a single reflecting ground plane.
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Figure B .8 Spreading of the direct and reflected path for a single reflecting end wall close 
to transmitter The transmitter placed 1 m away from the wall an the receiver moved away from 
the wall and the transmitter.

Separation Distance [m]

Figure B .9 Spreading of the direct and reflected path for a single reflecting metallic end 
wall Spreading of the direct and reflected path for a single reflecting metallic end wall when the 
receiver is very close to the metallic end wall and is moved from 990 - 1000 m away from the 
transmitter.
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Appendix C

Two reflecting planes

C .l Ground +  Ceiling - Two concrete reflecting planes

The variation of the amplitude and phase of the received voltage of the direct, 

reflected and the total signal is presented for the case of ground and ceiling taken 

together. The variation of T and 6i as the receiver moves away from the transmitter 

is also presented for each wall. Both the ground and the ceiling are modelled as 

concrete walls. The spreading associated with the each reflected path and the direct 

and is also shown. The figures C -l, C-2 and C-3 clearly explain the simulation result 

shown in figure 5.13

When the transmitter and receiver are located at 30 cm from the ground plane 

then the effect of the ground plane dominates at small separation distances and 

this is observed in figures C-4, C-5 and C-6 which clearly explains the figure 5.14.

C.2 Two concrete side walls

The variation of the amplitude and phase of the received voltage of the direct, 

reflected and the total signal is presented for the case of two concrete reflecting side 

walls. The variation of F and as the receiver moves away from the transmitter
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Figure C.5 Spreading of the direct and reflected path for the T-R located close to the 
concrete ground The transmitter and receiver are placed 30 cm from the ground plane.

is also presented for each wall. Both the side walls are modelled as concrete walls. 

The spreading associated with the each reflected path and the direct and is also 

shown. The figures C-7, and C-8 clearly explain the simulation result shown in 

figure 5.15.

When the transmitter and receiver are not placed symmetrically between the two 

walls then the contributions of the reflected signal from one wall dominates for short 

distances. The amplitude and phase of each reflected component in comparison 

to the direct component and their relative phases is seen in figures C-9, C-10, and 

C -ll  and these figures clearly explain figure 5.16.

C.3 Two metallic end walls

Two metallic end walls are separated by 1000 m distance. The transmitter is 

located 1 m from one end wall and the receiver is moved away from the transmitter 

towards the other end wall. Close to the metal end wall, the contributions of the 

wall start to dominate this is clearly explained in C-12 and C-13.
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Figure C .8 Spreading of the direct and reflected path for two parallel concrete side walls 
taken together.
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Appendix D

Four reflecting planes

D .l Ground +  Ceiling +  two sidewalls

The variation of the amplitude and phase of the received voltage of the direct, 

reflected and total signal is presented for the case of four reflecting concrete walls. 

The variation of T and 6{ as the receiver moves away from the transmitter is also 

presented for each wall. Both the ground and the ceiling are modelled as concrete 

walls. The spreading associated with the each reflected path and the direct and 

is also shown. The figures D -l, D-2 and D-3 clearly explain the simulation result 

shown in figure 5.20. The spreading factor and the angle of incidence are not 

plotted as the transmitter and the receive are symmetrically placed between the 

four walls and hence the spreading of all paths will be the same.
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