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Abstract

The time-of-arrival (ToA)-based localization technique performs superior in
line-of-sight (LoS) conditions, and its accuracy degrades drastically in proximity of
micro-metals and human body, when LoS conditions are not met. This calls for
modeling and formulation of Direct Path (DP) to help with mitigation of ranging
error. However, the current propagation tools and models are mainly designed for
telecommunication applications via focus on delay spread of wireless channel
profile, whereas ToA-based localization strive for modeling of DP component. This
thesis provides a mitigation to the limitation of existing propagation tools and
models to computationally capture the effects of micro-metals and human body on
ToA-based indoor localization. Solutions for each computational technique are
validated by empirical measurements using Ultra-Wide-Band (UWB) signals.
Finite-Difference-Time-Domain (FDTD) numerical method is used to estimate the
ranging errors, and a combination of Uniform-Theory-of-Diffraction (UTD) ray
theory and geometrical ray optics properties are utilized to model the path-loss and
the ToA of the DP obstructed by micro-metals. Analytical UTD ray theory and
geometrical ray optics properties are exploited to model the path-loss and the ToA
of the first path obstructed by the human body for the scattering scenarios. The
proposed scattering solution expanded to analytically model the path-loss and ToA

of the DP obstructed by human body in angular motion for the radiation scenarios.
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Chapter 1 Introduction

The immense applicability of indoor localization and Body Area Networks
(BAN) have drawn special attention by the community with hope of unveiling
challenges and alleviation of complexities associated to the applications in this area
to contribute to the humanitarian safety and improvements to the day-to-day life of
every individual. Required positioning applications to protect valuable lives of
firefighters in an indoor area that is sabotaged by wild fires, army forces engaged in
dangerous indoor battle grounds, miners working in dark and tight underground
tunnels, tracking activities associated to a patient’s or elderly’s in a hospital or
nursing room, and localizing diagnostic apparatus (i.e. endoscopy capsule) inside

the human body [1][2] are just a small subset of those applications.

To put all this into perspective, while back when Defense-Advanced-
Research-Project-Agency (DARPA) initiated an interest in indoor localization
technology for all the known good reasons, millions of dollars were invested in this
area, and the original assumption was to adopt the existing GPS technology in the
indoor environments. CWINS lab at WPI at the heart of this activity, was the leading

organization to call out on challenges associate to the un-predicable characterization



of wireless profile channel for indoor localization [3] , and since then has pioneered
variety of empirical models, later expanded into Human Body localization, to
overcome some complexities and difficulties associated to these localization area.
The current difficulties and challenges involved with indoor localization techniques
are related to the unforeseen propagation behaviors in indoor environment due to
scattered objects, where as in human body localization, those difficulties are
associated to the complex geometry of human body parts and considerable variety
of organ tissues. In such circumstances, the existing procedures and mathematical
models will face inaccuracies that calls for new modeling approaches that is the
concentration of this dissertation. The study presented in this dissertation is related
to Time-of-Arrival (ToA)-based indoor and human body localization. We will
elaborate on particular challenges associated to this technique for each of
localization cases, and present novel solutions - based on applicability of
electromagnetics (EM) numerical computational methods and analytical Uniform-
Theory-of-Diffractions (UTD) approaches - to improve the accuracy of ToA
positioning technique. In the remainder of this chapter, the background and

motivation are discussed followed by our novel contributions and outline of the



dissertation. The background and motivation associated to this dissertation will be

discussed in the next section.

1.1 Background and Motivation

Recently, with advancements in signal processing and communication
domains various research studies focused their attention to the problem of indoor
localization. The indoor localization problem is considered a challenging and
difficult problem to formulate and model mainly due to the ever-changing
characteristics of the wireless channel [4]. Results of multitude of research studies
has reported that ToA-based techniques perform superior in line-of-sight (LoS)
conditions compared with received signal strength (RSS) and angle-of-arrival (AcA)
techniques [3][5][6][7]. This is due to the fact that location bearing metrics obtained
from LoS measurement are more accurate than RSS and AoA metrics. The ToA of
the direct path (DP) can then be related to the distance of the antenna pair. In 2-D
scenarios three accurate distance measurements from known reference points (RPs)
are enough to precisely determine the location of the mobile terminal [3]. However,
the accuracy of the ToA-based technique degrades drastically when LoS conditions

are not met [8][9] , which is confirmed in various measurement campaigns [3][10].
3



In such scenarios, mitigation of the ranging error plays a vital role in improving the
accuracy of the system. This necessitates the use of modeling and estimation of
ranging error in non-line-of-sight (NLoS) conditions. The most realistic approach to
model the typical values of ranging error in such environment is to conduct a

physical measurement in such scenario [10][11] for empirical analysis.

Results of measurements reported in [3][14] illustrate that ranging estimates
are greatly affected by the scattered objects around the transmitter and the receiver.
As a result, it is difficult to associate the paths observed by measurements to those
paths bounced from scattered objects and it is extremely difficult to differentiate the
effects of micro-metals from other objects. To be specific, measurements conducted
in the third floor of Atwater building in WPI revealed undetectable-direct-path
(UDP) conditions that were associated to metallic chambers, elevator along the
corridor, cabinets and doors. This initiated a new era in analysis of effect of micro-
metals on ToA-based techniques as prior to that, the main emphasis of community

was on understanding the effect of macro level metallic objects.

Similar to effect of micro-metals, the human body is not an ideal medium for

RF wave transmission either. It is partially conductive and consists of materials of



different dielectric constants, thickness, and characteristic impedance. Therefore,
depending on the frequency of operation, the human body can exhibit high power
absorption, central frequency shift, and radiation pattern disruption. The absorption
effects vary in magnitude with both frequency of the applied field and the
characteristics of the tissue, and shadowing should be considered for stationary and
non-stationary position of body. The empirical procedures conducted by [15] indeed
confirms the effect of human body on ToA-based localization systems, and in
particular focuses on analysis of effect of angular motion of human torso on ranging
errors. As part of the study, the paths observed from the measurement are a testimony
to the UDP conditions that were caused by human body obstructing the DP

component at each specific angle.

Therefore, a controlled simulation environment allows a more in-depth
understanding of the problem. Unfortunately the existing models and simulation
tools for propagation in general are designed for telecommunication applications
with a focus on delay spread of wireless channel profile whereas; in ToA-based

localization the focus should be the DP component. From those tools and



computational methods we can refer to Ray Tracing (RT), Finite-Difference-Time-

Domain (FDTD) method and Analytical UTD Ray Theory.

The RT algorithm functions based on fundamental image [16] and Shooting
and Bouncing Ray (SBR) [17] techniques. A 2D RT simulation technique was
originally developed [12] to analyze the behavior of wireless channels in small
indoor areas using the two dimensional reflection and transmission model to trace
rays by means of the ray shooting technique [4]. This model offered a low-cost
means of propagation analysis for small indoor areas used for wireless local area
network (WLAN) applications. Diffraction did not play a major role in most indoor
radio propagation scenarios since the diffraction effect would influence propagation
significantly only in locations such as corridors when the LoS path is blocked and
the received signal involves multiple reflections and transmissions. However, this is
not a likely situation for indoor WLAN applications, where terminals are typically
used in reasonably open indoor areas. Later, a 3D ray tracing simulation [13] based
on a typical residential area was developed to again analyze the behavior of wireless

channel in macrocellular high-rise urban canyons with antennas installed above roof



level. This simulation was based on the model that reflections and sharp edge

diffraction were the main mechanism for simulation of signal propagation.

The FDTD method is probably the most straightforward and widely used
method for numerical solution of Maxwell’s equations, and belongs to the general
class of grid-based differential time-domain numerical modeling methods. A more
computationally efficient form of traditional FDTD method used for communication
application has also been applied previously to indoor areas, showing significant
improvement in accuracy over the rectangular FDTD algorithm. The computational
time needed for this method was comparable to available three-dimensional ray-
tracing algorithm at that time. A point-to-point comparison between predicted and
measured power in all locations for two-dimensional and three-dimensional ray-
tracing and for the FDTD models showed that both ray-tracing models and the
FDTD model were all in good agreement with the measurements. However, ray-
tracing provides a more accurate estimate of the power based on the standard

deviation calculated against the measurements [4].

The UTD ray theory is ray-based asymptotic technique that includes

diffraction phenomena and exhibits uniform properties in lit, transition and shadow



regions. The Bertoni [18] is one of major contributors to the radio propagation and
modern wireless systems, who he has utilized analytical UTD ray theory in outdoor
and large urban canyons for telecommunication applications. The effort included
diffraction by the tip of the houses, large buildings, hills, trees and jungles. The [19]
has also utilized UTD ray theory for human body where Ghaddar and et. al. analyze
effect of human body in indoor areas intersecting the LoS to capture the shadowing

effect.

With respect to the modeling of DP component and ToA-based localization,
there are two studies mostly focused on ToA-based human body localization. First
is the studies conducted by [20] , leveraging numerical methods inside human body
based on applicability of HFSS [21] and Finite-Element-Method (FEM), and the
second one is the analytical UTD Ray Theory approach conducted by Zhao and et.
al. [22] in a restricted manner limited to the geometry of human body, positioning

of antenna pair in respect to the human body and etc.

This highlights the need for modeling and estimation of DP component and

ranging error in proximity of micro-metals and human body that is the focus of this



dissertation. The contribution of this dissertation will be discussed in the next

section.

1.2 Contributions of the Thesis

This thesis provides a mitigation to the limitation of existing propagation tools
and models to computationally capture the effects of micro-metals and human body
on ToA-based indoor localization. Solutions for each computational technique are

validated by empirical measurements using Ultra-Wide-Band (UWB) signals.

Figure 1.1 elaborates on the contribution of the thesis related to the two
problem areas of ToA-based indoor and human body localization. There are four
solutions proposed to the aforementioned problem areas. Electromagnetics (EM)
computational method, and a combination of analytical UTD and geometrical
procedures offered to model the effects of micro-metals on ToA-based indoor
localization. Analytical UTD ray theory and geometrical procedures are used to
model the effects of human body on ToA-based human body systems for scattering
and radiation scenarios. Precisely, FDTD numerical method is used to estimate the

ranging errors [23], and a combination of UTD ray theory and geometrical ray optics



properties [24] are utilized to model the path-loss and the ToA of the DP obstructed
by micro-metals [25]. Analytical UTD ray theory and geometrical ray optics
properties are exploited to model the path-loss and the ToA of the first path
obstructed by the human body for the scattering scenarios [26]. The proposed
scattering solution expanded to analytically model the path-loss and ToA of the DP

obstructed by human body in angular motion for the radiation scenarios [27].

[ ]
h ‘ToA—based Positioning\ <

Analytical UTD
Analytical UTD Ray Ray Theory and

EM Numerical Theory and geometrical
Method (FDTD) geometrical procedures for

procedure for Radiation and
Scattering angular Motion of

Tnren

Figure 1.1 High-level contribution of the dissertation
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The outline of the dissertation will be discussed in the next section.

1.3 Outline of the Dissertation

The remainder of this dissertation is organized as following; Chapter 2
provides an overview of ToA-based indoor and human body localization systems
unfolding the actual techniques and challenges involved with that approach. The
chapter continues with brief description of empirical measurement and

computational methods associated with modeling the DP.

Both Chapter 3 and Chapter 4 focus on the effects of micro-metals on ToA-
based indoor localization systems. Chapter 3 explores applicability of FDTD
computational method by recitation of FDTD technique, and unveiling the
measurement setup and the simulation domain specific to the experimental
scenarios. The validation of simulated ranging error with the measurement is
presented at the end of the chapter. Chapter 4 investigates applicability of analytical
UTD ray theory and geometrical ray optics. It provides an overview of measurement
setup and formulation of UTD conductor screen path-loss and geometrical ray optics

formulation of ToA followed by validation of analytical path-loss, ToA and DME

11



with the measurement. Both Chapter 5 and Chapter 6 focus on the effects of human
body on ToA-based indoor localization systems. Chapter 5 investigates applicability
of analytical UTD ray theory and geometrical ray optics for scattring by the human
body. The chapter starts off by covering measurement setup and formulation of UTD
ray theory path-loss models and geometrical ray optics formulation of ToA followed
by the validation of those proposed models with the measurement. In Chapter 6 , we
investigate applicability of analytical UTD ray theory and geometrical ray optics for
radiation scenarios by the human body in angular motion, which are validated with
the measurement. Appropriate modifications are proposed to the model to help
gapping the short falls around instabilities observed in the analytical results. The last
section of this chapter illustrates a 3D model to count for variable positioning of

transmitter and angular motion of receiver at the same time.

Finally, Chapter 7 concludes the dissertation and provides feedback on the

future directions.

12



Chapter 2 Background on ToA-based Localization Systems

2.1 Introduction

The emerging technology of “internet of things” helps information remain
local thru connection of lots of devices, which operates based on short distance
communication and precise localization. Their communication employs high data
rate and precise localization helps to overcome the interference and minimize the
noise (i.e. beamforming). The precise localization needs ToA-base technique, and

for ToA-based ranging the strength and ToA of DP are important.

A classic indoor localization system entails base stations referred to as
anchors (RPs) along with mobile terminals for tracking purposes. The based station
architecturally is attached to an engine node capable of leveraging a variety of
positioning algorithm while tracking each terminal. The system could benefit from
a variety of ranging matrices in order to acquire the positioning data such as: RSS,
ToA, AoA and etc. Due to implementation nature of RSS and ToA that tracks the
ranging figures, those are considered as ranging matrices. The positioning algorithm

for those techniques would require at least three ranging estimates from different

13



RPs to locate the mobile terminal. In the case of AoA however, two estimates from

the RPs would help with a satisfactory localization.

In particular and in case of ToA-based indoor localization system, the
positioning algorithm operates based on the time an impulse with the speed of light
travels between the terminal and each of the RPs to determine the prevailing
separation. The operational requirement for this technique is rather simple; the time
difference between an emanating impulse from the transmitter antenna and the very
first received pulse arriving at the receiver antenna correlates to the ToA , and

detectable first path is referred to DP for both indoor localization and BAN [28][29].

In the introduction section of this dissertation, we discussed the accuracy of
the ToA-based indoor localization technique degrades drastically when LoS
conditions are not met [8][9] , which is confirmed by the various measurement
campaigns [3][10]. It is known the existence of macro/micro level metallic objects
(i.e. chamber, doors, and cabinets), walls and influence of individual human bodies
in the vicinity of antenna pair results severe ranging errors caused by multi-path
reflection, blockage and severe attenuation of DP. In case of multi-path reflections,

followed by the first impulse response, there are consecutive pulses arriving at the

14



destination that are manifested by the reflection of emanating impulse from the
screening objects in the environment. In addition, the blockage of DP component by
the metallic objects and its diffraction by the sharp edges are the condition that leads
to large degradation of DP power and severe Distance-Measurement-Error (DME)
of the first path that is confirmed by [10][30]. Specific to multipath scenario, a
superposition of DP with the received multipath pulses at the receiver side results in
shifting of the expected first path resulting in ranging errors that are confirmed by

empirical procedure provided in [31][32].

In such scenarios, mitigation of the ranging error plays a vital role in
improving the accuracy of the system. This necessitates the use of modeling and
estimation of ranging error in non-line-of-sight (NLoS) conditions. The most
realistic approach to model the typical values of ranging error in such environment
IS to conduct a physical measurement in such scenarios [10][11][29][31][32][33] for

any empirical procedures and developing statistical models.

Specific to human body ToA-based localization systems, [34][35][36] in
particular explores empirical procedures in the proximity of a human body in

angular motion, and [37] explores applicability of angular-based statistical models

15



with a focus on the first path around the body in the pursue of better understanding
of the DP behavior in the proximity of human body. The result of statistical models
offered for ToA-based indoor and human body ToA-based are a testomony to the
fact; inacurrencies invovled with ToA estimates are directly associated to the
specifics of environment (i.e. screening objects, geometry of human body part)

[10][11][34][35][37] and the bandwith, SNR and power of the signal [33][34][35] .

While the empirical procedures have utilized the community modeling
capabilities for the ToA-based localization systems, it has proclaimed itself as a
tedius and time-consuming procedure to conduct. Therefore, researchers have
examined variety of approaches to avoid the physical measurement. The first
approach was to use RT and estimate the ranging error [12][13]. This initial versions
have utilized 2D and 3D features with a focus on the delay spread of the wireless
channel profile for telecommunication purposes. In telecommunications, the delay
spread of the wireless channel profile is important while ToA-based localization
applications strive for modeling of the DP component, which is directly related to
the ranging error. The early version of ToA-based empirical procedures conducted

by [38] leverage this 2D RT software version. The model offered use the results of

16



measurement-calibrated ray-tracing software to develop a statistical model for the

DME and to relate that to the bandwidth of the sensor.

The full-wave EM computational methods has also been recognized as an
alternative computational solution to analyze the delay spread of the wireless
channel profile. In particular applications based on traditional rectangular FDTD
algorithm and a more computationally efficient method were used to model the
indoor propagation problems but their focus were mainly on the telecommunication
applications rather than localization. A number of research projects also have been
carried out using one or more computational techniques to model Body Area
Network channels. Among these, the most popular were FDTD, used by the National
Institute of Standards and Technology (NIST) [39], and Method-of-Moments
(MoM) used by the IEEE P802.15 working group [40]. Both of these projects
involved the modeling of the power delay profile of the human body channel for

medical communication purposes, and not for TOA-based localization.

The Khan et. al. in [41] are the very first in the community that have used EM

numerical methods for human body ToA-based localization purposed and have

17



leveraged the applicability of a full-wave simulator HFSS on a 3D human body

domain to analyze the DP phenomenon for 900 MHz with 100 MHz bandwidth.

In the past, analytical procedures based on applicability of UTD ray theory
were employed for communication purposes in large urban canyon areas with hills,
forest , high rises [18] , which localization was not the real goal. In an effort to
estimate ranging errors in the proximity of human body, [22][42] have further
explored applicability of UTD ray theory for coupling and scattering scenario’s
respectively, that are tight to very limited conditions and in some cases their

validation approach is questionable.

Considering the importance of modeling and estimate of the DP component
for ToA-based indoor and human body localization, we will provide a brief
background on the ToA techniques in this chapter. The challenges associate to ToA-
based technique are discussed , where the main focus of chapter will be on blockage
, diffraction , and the severe attenuation of DP in proximity of micro-metals and
human body. Empirical measurements, Ray Tracing, EM computational methods
and UTD Ray Theory are discussed as possible computational methods to help with

modeling and estimation of DP component.

18



The remainder of this chapter is organized as following; section 2.2 provides
an overview of ToA-based localization technique. Section 2.3 discusses the
challenges invovled with ToA-based localization technique . In Section 2.4 we
discuss empiricial measurement campain for ToA-based technique and finally

section 2.5 elabrates on computational methods invovled with ToA-based technique.

2.2 ToA Based Techniques

In order to discuss the ToA-based indoor localization, we will start off by
explaining the multipath channel impulse response model represented by equation
(2.1) [4][43][45]:

Ly

h(t) = Z a6(t — 1)
e (2.1)
, Where L, is the number of multipath components, and a;, = | a|e/?x and t,, are

amplitude and propagation delay of the k" path at the receiver, respectively. The
first peak of received signal in a LoS condition is called the detectable-DP (DDP),
which its value is a function of bandwidth and the occurrence of undetectable-direct-

path (UDP) conditions.
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The ToA-based localization technique is one that relies on ranging estimates
that are directly derived based on the time DP pulse travels from the transmitter to
the receiver with the well-known speed of light. As a matter of fact, the single
Important entity of having an accurate estimation in a multipath environment is the
ToA of the first path (or DP) in a LOS condition. A ToA sensor estimates the

distance from a reference point based a following basic equation (2.2):

—_

d, =c7,, (2.2)

, Where ¢ is the speed of light and 73, is an estimate of the ToA of the direct path

for a specific system bandwidth. The studies conducted by [46][47][48][49]
confirms the Ultra-wide-band (UWB) measurement provide the widest bandwidth

which leads to more accurate resolution of DP. Consequently, associate to each

7, thereis a distance error that is defined as:

5, =d,—d 23

, Where d is the actual distance between the sensor and target object.

20



The fact the accuracy of ToA systems has bandwidth dependency, would
necessitate the need of complex receivers compare to other positioning systems
involved with different positioning algorithm. Another important aspect of accurate
ranging estimate using a ToA system is taking advantage of clock synchronization
between the transmitter and the receiver that usually happens through frequent
exchange of synchronization tokens between the mobile terminal and RPs. While at
least three RPs needed for accurate positioning, a fourth RP maybe used to legitimize

the timing between various terminals in the system [50].

It is worth mentioning, beside the estimation of ToA, the computational tools
that are involved with simulation of DP (i.e. RT algorithm operating based on
reflection and transmission methods) take advantage of actual distance (d) in order
to calculate the distance power. To calculate the distance power between the
transmitter and the receiver, we use the average RSS and a distance-power

relationship to determine the d . If we define the DME as the difference between the

measured and actual values of distance,s, =d—d , the “error” in RSS systems

would be independent of the bandwidth of the system. The power is calculated by

21



based on the common principle behind all RSS-based statistical presented in

equation (2.4):

RSS, =10log,, P. =10log,, P —10« log,, d + X (2.4)

The model is referred to as lognormal, where P, is the transmitted power, d is

the distance between the transmitter and the receiver, and « is the distance-power
gradient of the environment. The random variable X is a lognormal distributed

random variable representing shadowing effects.

Based on different values of « and X , the lognormal model can be employed
for a variety of indoor localization that are discussed in details by [51]. In the case
of propagation in the proximity of human body, the environmental variations and
body movements will have direct influence on the path loss resulting in a different
mean value for a given distance. This phenomenon is called shadowing, and it
represents the path loss variation around the mean. As an extension to this model,
Yazdandoost et.al. in [39] introduce variety of statistical path-loss models for

medical device implants, and a series of RSS-based techniques [52][53][54][55] are
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utilized by CWINS lab at WPI to help with localization accuracy of wireless capsule

endoscopy.

In the next section of this chapter we will discuss challenges involved with
ToA-based localization technique and expand the discussion to diffraction

phenomenon in the proximity of micro-metals and human body.

2.3 Challenges for ToA techniques

The indoor radio channel suffers from severe multipath propagation and
heavy shadow fading conditions so that measurements for localization are far from
accurate in many instances. In general, measurements for indoor ToA-based
technique provide very unreliable results as their estimates are susceptible to large

errors due to undesirable multipath conditions.

The classification of multipath channel response is comprehensively analyzed

in [10] and divided into DDP, none-detectable-direct-path (NDDP) and UDP.

e DDP: In a LoS condition, A DDP class is one that DP is the strongest path and

easily detectable at the receiver side.
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e NDDP: In a Obstructed-Light-of-Sight (OL0oS) condition, The NDDP class
relates to scenarios the DP is blocked by a rather dielectric object (i.e. window
wood frames) resulting in attenuation of DP. In this case the DP is no longer the
strongest but still detectable by the ToA-based localization system.

e UDP: InaOLoS condition, The UDP class depicted by relates to the scenario DP
Is blocked by metallic object or human body; or aggregated with other existing
multipath resulting in large attenuation of DP. In this scenario, the DP power
experience severe power loss to extend it falls below the ToA-based localization

threshold, where it is no longer detectable by the antenna receiver.

To accurately estimate ToA in indoor areas, we need to resort to different
frequencies of operation and more complex signaling formats and signal processing
techniques that can resolve the problems. The behavior of a ToA sensor in indoor
multipath propagation is highly sensitive to the bandwidth of the sensor. The UWB
systems, which exploit bandwidths in excess of 1GHz, have attracted considerable
attentions as a means of measuring accurate ToA for indoor geolocation applications
[46][47][48][49]. However, as in other ToA systems, UWB systems cannot

completely avoid UDP problems [56].
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Figure 2.1 Parameters involved in wideband TOA measurement using arrival of the
first path directly connecting the transmitter and the receiver.

Figure 2.1 shows the basic concepts involved in wideband TOA
measurements using the arrival time of the first path in a typical indoor multipath
environment [57][58]. In this figure, the DP is represented by the first path, which
Is also the strongest path. Location of this path is the expected value of the ToA.

Other paths with a number of reflections and transitions arrive after the DP with
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lower amplitudes. These paths would have been observed at the receiver if the
bandwidth of the system were infinite. In practice, bandwidth is limited, and the
received signal comprise a number of pulses whose amplitudes and arrival times are
the same as impulses but they are shaped pulse. The superposition of all these pulse
shapes forms the received signal, which we refer to as the channel profile. A
common practice is to estimate the location of the DP as the location of the peak of
the first path that, is the estimated ToA. In a single path environment, the actual
expected and the estimated direct paths are the same. In multipath conditions,
however, the peak of the channel profile gets shifted from the expected ToA,
resulting in a TOA estimation error caused by the multipath condition. We refer to
the distance error caused by erroneous estimate of the ToA as the DME, which can
be calculated using equation (2.3) as discussed in the previous section. For a given
multipath condition we expect that as we increase the bandwidth the distance

measurement error becomes smaller.

As a mobile terminal moves away from a base station the strength of the DP
and the total received signal power decay exponentially. The scenario is categorized

as OLoS condition as the DP drops below the threshold while other paths are still
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(b)

Figure 2.2 Challenges involved with ToA-ranging: blockage of DP by (a)
metallic object or (b) human body.
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detectable. In this situation the receiver considers the first detectable path in the
wireless channel profile to be the DP resulting in substantial ranging error associated
to the wideband ToA-based empirical procedures. We refer to this situation the UDP

condition [56].

Alternatively, one major challenge with ToA-ranging associates to blockage
of DP by the metallic objects or human body. Figure 2.2 depicts a scenario the
transmitter and the receiver are positioned within the certain vicinity of each other.
In this situation, the ToA of the DP (z,,,) collates to the direct distance between the
antenna pair (d.,,). Once a metallic object or human body is placed in between the
antenna pair, it blocks the DP, and what is received at the receiver antenna are
diffracted paths. Those diffracted paths are attenuated version of expected DP, which
arrive at 7,,,, + 67 , and correlate to d,,, + DME . This is a classic UDP condition
and behavior of signal for this condition are consequently shown in Figure 2.3. In
this figure the left hand signal resembles the DP at the transmitter at time = 0. While
we are expecting DP path signal to arrive at the receiver side at 7,y (~ dexp ), With
negligible power attenuation, upon blockage of DP by a metallic object or human

body , an attenuated version of expected DP (signal in the middle) will
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Figure 2.3 Challenges with ToA-ranging: Behavior of expected and actual DP
signal.

2.3.1 Diffraction in Proximity of Metallic Objects

In the previous section we discussed in addition to the multipath condition,
blockage of DP by a conductor (metallic) object and its diffraction by the sharp edges
of that conductor object, would result in severe power attenuation of the DP and
therefore leading to a UDP condition. We elaborated during empirical procedures

the ranging estimates are considerably influenced by the surrounding objects in the
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proximity of a pair of transmitting and receiving radio devices. To be specific it is
difficult to associate the paths observed in the measurement to those reflected by the
scattered objects and specifically extremely challenging to distinguish the effect of

micro-metals.

Understanding the diffraction phenomenon plays a vital role on analysis of DP
component in the proximity of micro-metals, and it is worth to spend some time to describe
this phenomenon. Upon the incidence of a propagated plane wave to a metallic-object
(metallic door), that part of wave that hits the edges, gets diffracted and continues traveling

behind the object as a cylindrical wave. This diffraction phenomenon is shown in
Figure 2.4-1.

Figure 2.4-1 schematically depicts a dipole antenna (which is the type of antenna we
sometimes use for our wideband measurements) away from a metallic plane object (a

metallic door in our measurement case).
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Figure 2.4 1) Geometrical optics approximation for a dipole antenna above a
metallic plane ground I1) Problem formulization in term of tm to z-axis field.
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At the same time, in terms of geometrical optics or GO (used in ray tracing), the
total field is considered to be a combination of rays emanating from the dipole and
then reflected from the metal surface according to the Snell’s law. According to

geometrical optics the field everywhere within the reflection boundary (RB) in

Figure 2.4-11 is a combination of the incident (line-of-sight or LOS signal) and
the reflected signal (RS). The field everywhere outside the reflection boundary but
still inside the shadow boundary (SB) is the LOS signal from the dipole. The field

below the shadow boundary is zero.

Ray tracing is using both diffraction theory and GO i.e. the Geometrical Theory
of Diffraction (GTD), which is mostly related to 2D problems. In the first half of the
last century there was relatively little work on high frequency diffraction. However
all that changed in 1953 when Keller introduced the Geometrical Theory of
Diffraction (GTD) as an extension of geometrical optics to include diffracted rays
[59][60][61]. This theory introduces diffracted rays in addition to the usual
geometric optical rays (used in Ray Tracing). Unlike geometric optics, the diffracted
rays can enter the shadow regions. This is a very important concept, because it makes

it possible to calculate the high frequency radiation from antennas and scatterers of
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a quite general shape and to understand the various radiation mechanisms involved.
Also, the GTD motivated the asymptotic treatment of the numerous canonical
problems to determine the fields diffracted from edges, vertices and smooth curved

surfaces [62].

Physical Optics (PO) is a division of optics that analyzes interference, diffraction,
polarization or in general any properties, in which the approximation of
Geometrical-Theory-of-Optics (GTD) is not valid. The terms “physical optics
approximation” applies to the computational methods amid Geometrical Optics,
which ignores effect of electromagnetic waves, and full electromagnetics, which is
pure theory. The term “physical” implies the real focus is on the physical than
geometric or ray optics and in reality not a physical theory. The term
“approximation” applies to using ray optics to estimate the field on a surface and
integrating the field over surface to calculate the transmitted or scattered field. In
Optics, it is referred to customary procedure of estimating diffraction effects. The
physical optics approximation t allows us to find the currents on metal surfaces through the

incident field, and then recalculate the secondary radiation by that current, like the
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diffraction mechanism. In terms of the primary or incident wave, the surface current

density on a metal conductor reads.

—

J ~ 2Ax H, (2.5)

surface
In this equation, fsurface is the surface current 7 x H; and is the magnetics field
orthogonal to the conducting surface. Both the GTD and PO become very involved when
the number of scatterers (micro-metal objects) increases. Nevertheless, the ray tracing can
still be developed for very large structures, and more important drawback of ray tracing is

that it not capable of modeling resonant micro-metal objects.

2.3.2 Diffraction in Proximity of Human Body

In the case of the BAN and the human body ToA-based localization systems,
we often deal with scenarios that either one or both of the sensors are mounted on
the surface of human body or in the proximity of subject matter. The statistical
models discussed in [63] illuminate to the fact that blockage of the DP by the human

body leads to classical EM diffraction phenomenon called creeping waves over the
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human body. This creeping waves phenomena exhibit an exponential decay of
power, which depends on the loss in the dielectric and where the conductivity is
higher. The large projection of path-loss for the penetrating propagation through the
human tissue leads to believe the penetrating portion will not survive the human
body. For example the path-loss projection from the sternum to the spine is to be as
high as 90 dB at 400 MHz , and as a result we can concluded the contribution of
penetration compare to the creeping portion is much less and could be even
neglected. This is the typical OLoS scenario that leads to the UDP condition in

proximity of human body. This behavior is also confirmed by the statistical models

provided in [64] , which demonstrates 6 — 8 dB/Cm attenuation for penetrating

wideband RF signals within the human body.

Upon blockage of the DP by the human body, the creeping waves start
traveling in different directions over the head or around the body [15][63]. The
shortest creeping wave path to the receiver is called the first peak and the statistical
modeling provided in [37] confirms the first peak exhibits large path-loss as the

angle between transmitter and receiver increases.
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To elaborate on an NLoS condition related to the human body ToA-based
localization systems, let’s consider two Body-to-Body and Body-to-external
scenarios associated to the surface sensor mounted on the human body [25]. Each
experiment can be further divided into the LoS and NLoS conditions. In the LoS
scenario, there is a direct unobstructed path between the transmitter and the receiver,
and in the NLoS scenarios the body blocks the signal from direct connection path
between the transmitter and the receiver. Figure 2.5 shows the results of two
measurement experiments for body surface to body surface for LoS and body NLoS
conditions, using Ultra Wideband (UWB) frequencies. In LoS experiment, we can
clearly see the direct path which is also the strongest path. Considerable changes in
multipath profiles necessitates for separation of LoS and NLoS channel models for

these scenarios application.
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Figure 2.5 Channel impulse response in for different orientations of the
body at UWB Frequencies.

2.4 Empirical Measurement of ToA

In the early days of indoor wireless networking development, all wideband
measurements were aimed at telecommunication applications, where the interests
center mainly around signal coverage and rms delay spread analysis using frequency
domain measurement [4][11][65][66]. The main objective of the indoor channel
measurements is to establish a realistic foundation for the evaluation of indoor

channel models. Measurements targeted for indoor geolocation application were
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initially carried out in Center for Wireless information Networks (CWINS), and they
were conducted primarily for empirical procedure to study the distance measurement

error behavior for different indoor environments [10][38].

The most commonly used measurement technique for TOA-based localization
Is employment of 40 GHz Agilent E83633B vector analyzer (VNA) used to sweep
a specific frequency spectrum with specific sampling points (i.e. 3 — 8 GHz with
1601 sampling points) as depicted in Figure 2.6. After passing through a 30-dB
amplifier, the output is connected to the transmitter antenna (Skycross SMT-
3TO10M) by a cable. The receiver is connected to an attenuator and then, through a
low noise amplifier (LNA), to the receiver port of the network analyzer. The transfer
function of the channel is measured through VNA S21 S-parameters. The antennas
are two UWB cone antennas and the analyzer has a sensitivity of -100dBm. The
measurements are further calibrated to remove the effects of the lossy cables, power
amplifiers and other system imperfections. The measured frequency-domain data are
passed through a Hanning window to further suppress the unwanted side lobes. Then
the IFT is applied to estimate the time-domain channel profile. A threshold is used

to characterize the channel profile according to the power of the direct LoS path.
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Figure 2.6 Measurement system used for UWB ranging measurements.
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Estimating the time-domain power-delay profile requires estimating the
relative amplitudes and delays of the arriving multipath components. Distinguishing
between actual paths and measurement system noise required the implementation of
a noise threshold. Since the noise floor of the measurement system is -100 dBm and
the Hanning window has side lobes of -31dB relative to the peak of the profile, a
threshold is selected according to the larger of the two values. Then, the first path
having power greater than the noise threshold is the first detected path. The same
measurement configuration, excluding the power amplifier, also applies to wideband

measurement campaigns.

2.5 Computational Methods for Estimation of ToA

In the previous sections, we discussed ToA-based localization technique
strive for modeling of DP in a NLoS. We discussed the most realistic approach to
model ranging errors are empirical procedures, however conducting measurements
are time-consuming and tedious. In this section we will review a series of
computational techniques that will be used in this thesis for the modeling and

estimation of DP in ToA-based indoor and human body localization.
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2.5.1 Ray Tracing Algorithm

The Ray Tracing algorithm is an optimal tool for modeling radio propagation
without incurring the labor cost of conducting empirical measurements. The RT
techniques are approximations to the direct solution of electromagnetic wave
propagation equations. As a ray meets a wall, two paths emerge, one reflected and
the other transmitted through the wall. There are two general approaches that can be
employed to calculate these paths. The first uses optical images of the transmitter
and receiver. In this approach, reflections of the transmitted signal by various
reflecting objects in the floor plan are described by images of the transmitter, and
these images are used with images of the receiver to find all the paths to the receiver.
The second method for determining the reflected and transmitted paths is through
the application of ray-shooting techniques. A pincushion of rays is sent out from the
transmitter, and the progress of each ray is traced through the environment until the
ray has either intersected the receiver or has lost enough power that its contribution
to the received signal is negligible. The time of arrival, intensity, phase and direction
of arrival are recorded for each ray that intersects the receiver. Once every ray has
been traced to completion, the channel impulse response is formed. The user

interface of a typical 2D RT software package is shown in Figure 2.7,
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Figure 2.7 Typical user interface of a 2D Ray-Tracing software.

In this figure, the transmitter is represented by the red dot in the graph on the
left screenshot in Figure 2.7, and the receiver is represented by the cross mark. The
small bar in the center represents the overhead view of a metallic door. The channel
impulse response is shown in the graph on the right screenshot. The same MATLAB
code used to extract and process measurement data and is also used to process the
RT simulation result. The dielectric constant of the walls and micro-metals in the
graph can be adjusted to match the real environment. Specific to this simulation

scenario, the power of the DP between the Tx and Rx would be significantly reduced
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by the metallic door, and since during the DME estimate and the selection of the first
path the effect of diffraction has not been included in the current RT software, we
will erroneously consider the reflected path from the outer walls as the direct path

and thus the model suffer large positive ranging errors.

Figure 2.8 illustrates an increase in separation of transmitter and receiver in
the simulation environment helps with discrepancy of DP and the reflected paths by
the walls. In another word, larger distance between antenna pair, closer neighboring
and less distinction between the length of the DP and reflected path decreases, which
leads to the reduction of the DME. The simulation results captured in Figure 2.8

confirms this kind of error.

Figure 2.9 depicts a flow diagram of procedures involved with generating a
channel profile for ToA-based localization systems. The RT algorithm, operating
based on image or Shooting and Bouncing Rays techniques, computes the channel
impulse response (Figure 2.9 — a,b) that is passed through a raised cosine low-pass-
filer to create the channel profile including the DP and the rest of multipath (Figure

2.9-ab).
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Figure 2.8 RT simulation scenario and ranging error versus distance.

For specific examples provided in Figure 2.9, the bandwidth of raised cosine
filter is chosen as 200 MHz, first path ToA of unfiltered radio channel (RT) captures
9.5 ns, and first path ToA of filtered radio channel (Raised Cosine) is calculated for

10.2 ns. The measured distance is computed for 3 m, and DME is calculated for

0.15 m.
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Figure 2.9 Flow diagram of process for generating RT channel profile.
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2.5.2 EM Computational Method

The arrival of high power computers has provided the opportunity to solve
Maxwell’s equations in an intense and interesting way. The part of electromagnetics
that deals with numerically solving the potentials and field components in time and
frequency domain is known as electromagnetics (EM) computational methods. The
method provides a relatively fast approach to simulation and modeling of RF
propagation in a complex media. The performance of applications that operate based
on EM computational methods has improved over the years pertinent to recent
enhancement in computational resources (i.e. CPU, memory) and optimization of
those computational algorithms [67]. In general there are finite difference (FD) —
normally in time domain, finite element method (FEM), and boundary element
method (BEM) which are referred to as the method of moment. The FD methods
involves discretization of Maxwell’s equations in differential form for field
components on a structured grid of points (Figure 2.10 - a). In particular the finite-
difference-time-domain (FDTD) perform very efficient as their algorithm require
few operation per grid points. As a result of one of the widespread methods in the
area of propagation of microwaves. The drawback of FDTD method is the fact they

only perform well on uniformed structured grid which calls for boundary
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approximate to align with the grids [68]. The operational philosophy behind FEM
method involves division of computational region into unstructured grids called
elements, typically triangle in 2D or tetrahedral in 3D but pyramid, prism and cube
are also possible, that can be used for geometrically complex boundaries and
structures (Figure 2.10 — b). An element consist of nodes and boundaries and a
collection of elements stablish a mesh. The performance related to FEM
computation is relatively slower in time domain calculation and it is mainly used for
time-harmonic problems and a standard procedure for eddy current calculations [69].
The MoM algorithm operates based on discretization of Maxwell’s equations in
integral form with surface current and charges as unknown parameters and a result
the MoM algorithm performs better for problems that involves simulations with
small structural surfaces or open environments (Figure 2.10 — c). Lastly, The MoM

method is a good candidate for scattering problems [67].

In the past EM computational method and in particular FDTD has been used
to analyze the wireless channel profile for telecommunication purposes. The
applicability of EM computational method simulation software in respect to ToA-

based indoor and human body localization is based upon the fundamental philosophy
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Figure 2.10 (a) FDTD structural grid with electric and magnetic points (b) FEM
tetrahedral 3D structure (c) Source and surface discretization for MoM .
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Figure 2.11 (a) Diffraction around micro-metals (door) (b) Diffraction around
human body.

of simulation of DP behavior in terms of field point excitation (ﬁ and E) , currents
and charges between the antenna pair in the simulation environment. A controlled
simulation environment will provide an ideal scenario where we can capture the
effect of surrounding object (i.e. diffraction in the proximity of micro-metals and
human body, Figure 2.11- a, b) excluding the multipath effects from the undesired
entities (i.e. reflection from walls) within the simulation environment. The user
interface of a typical Ansyst HSSS software package which is FEM solver is
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provided in Figure 2.12. It depicts a computational domain consists of two dipole

antenna in the proximity of metallic door.
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Figure 2.12 Ansyst HFSS user interface for a propagation scenario antenna pair are located
in the proximity of a metallic screen.
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2.5.3 Analytical UTD Ray Theory

In 1953 Kirchhoff provided Kirchhoff-Huygens approximation, which claims
fields reaching any mathematical surface between a source and a receiver can be
thought of as producing secondary point sources on the surface that in turn generate
fields [70]. This was the start of what we can refer to as GTD era as an extension of
Geometrical-Optics (GO), when the diffraction phenomena is considered in the

shadow regions [60][61].

Incident Plane Waves

Figure 2.13 Diffraction on plane waves by an edge.
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Figure 2.13 depicts a scenario that incident plane waves are diffracted by the
conductor edge and start emanating as cylindrical waves both in and outside the
shadow region that is reflected by field equation (2.6) at any distance p and angle of

@ from the Shadow Boundary (SB).

Eerp = EgU (‘9)"' Ep (26)

In this formula, the U (8) is simply a unit function that helps with extension of model
to GTD. The E, is the incident plane wave and Ejis the field in the shadow region

that depends on diffraction coefficient D(6).

EGO — Eoe—ij (27)

e e (2.8)

7 D(#)

ED — Eoe—jﬂ'/4

Diffraction coefficients for the absorbing screen is the same for both possible
polarization of Transverse-Magnetic (TM) or Transverse-Electric (TE) electric
fields [71] as the orthogonal polarization will no couple , and scalar Kirchhoff
approximation can be used for complex amplitude of diffractions [70][72].
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Absorbing screens, which is realistic scenario in many wireless problems, avoids
added complexity required to count for polarization [80]. This is contrary to
situations a conducting object (micro-metallic or human body) is interfering the
propagation field and both TM and TE should be considered in order to compute the

diffraction coefficients.

It was the use of Kirchholf-Huygens approximation (evaluation of field
distortion) that led to physical signature of Fresnel Zone [70] presented in Figure
2.14. This helps with localization phenomena of propagation in wireless applications
and reflects on significant of perturbation of direct wave by scatter object in this

Zone.

Figure 2.14 Fresnel Zone for localization phenomena of propagation in wireless
applications.



The Fresnel zone is represented by equation (2.9), where R and R’ are the distance
of antenna pair from the nth Fresnel Zone border and A is the wavelength of the

transmitted signal.

A 2.9
(R+R’)—(s+d)=n§ (29)
First Fresnel zone is usually of interest for wireless communication applications as
it provides less complexity, and once the problem is solved in this region helps with

expanding the approach for the larger zones. In this thesis we use the first Fresnel

zone to capture the significant of propagation in modeling and estimation of DP.
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Figure 2.15 Transition zone for localization phenomena diffraction.



The Fresnel zone also applies to the diffracted rays as they are considered a
secondary field source emanating from the diffraction point. The variation of field
power around the SB of this region is highest from illumination into the deep shadow
region [18] , and as a result referred to as transition region. The half-width (W) of
transition region for a receiver located about the shadow boundary is the same as the
width of the first Fresnel zone when the receiver | located on the shadow boundary.

W for the nth Fresnel zone [73] is shown in equation (2.10).

ARR' (2.10)

R+ R’

WF= n

The GTD properties that is discussed in equation (2.6) is not valid in the
transition zone as it cannot handle the large field discrepancies observed that region.
This lead to definition of UTD ray theory [62][80] in equation (2.11) , that is broadly
used in this thesis. The F(S) is referred to as transition function, Dgrp () is the
regular diffraction coefficient outside the transition, which its values in the transition

region (D, (8)) is defined as following:

Dyrp (6) = Dgrp (8) F(S) (2.11)
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The transition function F(S) is further defined in equation (2.12), and its value
reaches unity outside the transition zone. The parameter S can be defined
appropriately based on the geometry of scatter and the type of UTD model used for

the computation.

F(S) =2jVSels J e~/ du
VS

(2.12)

The definition of diffraction coefficient heavily relies on the properties of
UTD model, and the field polarization in the proximity of conductor objects, where
the diffraction happens. In the upcoming chapters of this thesis we discuss in details
the UTD models utilized for micro-metals and human body. Out of those, the models
used for micro-metals are relatively straight forward and easy to follow based on
what is already described in this chapter. However, the UTD models used for human

requires some background that will be the subject of this session going forward.

The UTD of diffraction for scattering by a cylinder has evolved from
fundamental work provided by Fock [81], Wait [82], Kouyoumjian , Logan and

many more [61]. Weston obtained the back-scattered electromagnetic field from a
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perfectly conducting sphere when the incident field is a plane wave [83] .Pathak
introduced UTD for plane wave scattering by a cylinder, and later Pathak et. al. [83]
to UTD diffraction of any electromagnetic waves by a smooth convex surface based

on applicability of Pekeris and transition region functions (Figure 2.16).

Figure 2.16 Ray path associated with problem of scattering of an obliquely
incident plane wave by a smooth convex surface.

The UTD ray theory of smooth convex surfaces are not uniform in a sense
different formulation are used, depending on positioning of source and the field
points on and off the surface [80]. The different cases are referred to as coupling,

radiation and scattering problems. When both the source and the field points are
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located on the smooth convex surface the coupling is formulated based on Fock
functions v and u , and for cases source and field points are near the surface the
problem is formulated based on Fock functions Fg, F;, . When one of the source and
the field points are on the surface the problem is commonly referred to as radiation
and is formulated based on g, g functions. When both the source and the field are
off the surface, the problem referred to as scattering and is formulated in term of
Pekeris functions. Application of uniform scattering approach provided Pathak et.
al. [83] to the line source illuminating a circular cylinder is adequately described by
McNamara et. al. in [80] as reflected and diffracted fields (Figure 2.17) , where both
fields have an associated coefficient formulated as two parts. The first part describes
the Fresnel diffraction, and the second part model the effect of creeping waves on
the surface of cylinder. It described the creeping waves adds in phase with diffracted
field and they are caused by the generation of the Fock currents on the surface of
scatterer [81]. This confirms the fact the scattered field from convex surfaces
manifest less attenuation in compare to sharp obstructions dependent on the field

polarization and the conductivity of the object.
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Figure 2.17 Ray nature and path geometry for the case of scattring by single
convex surface .

In the next chapter of this thesis we discuss analysis of effects of micro-metals
on ToA-based indoor localization. FDTD computational methods is used to model
DP, and the computational model is validated with UWB measurement. This is the
starting point to computational models offered in this dissertation to model DP in

ToA-based indoor and human body localization.
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Chapter 3 Analysis of Effects of Micro-metals Using FDTD

3.1 Introduction

Throughout the previous sections we explained how TOA-based techniques
can suffer large ranging errors, mainly because of the effects of micro-metals and
the human body around the transmitter and receiver. We discussed, experiments that
were conducted at CWIN lab in WPI to analyze and compare the results of TOA-
based measurements with ray-tracing results. Measurements were made with the
receiver placed in the vicinity a macro-metallic object (i.e., metallic chamber in
CWINS lab or the elevator along the corridor). The measurement results clearly
exhibited a UDP condition due to the blocking of the first path [10]. The large
discrepancy that was observed between ray-tracing and measurement results led the
research team to examine the possible influences of micro-metallic objects such as
doors or windows in those areas. Although introducing metallic objects to the ray-
tracing map improved the discrepancies in some cases, it did not significantly affect

the result of 2D ray-tracing.

To better understand the effects of micro-metals in ToA-based localization, a

series of experiments was conducted to analyze and observe the behavior of the DP
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in close proximity to a metallic door. This effort strived for a simulation environment
which could predict the DP behavior in the present of diffraction and as a result the
applicability of full-wave FDTD EM methods as an alternative was investigated -

which is the subject of this chapter.

Previously FDTD applications were used to model the indoor propagation
problem but its focus is mainly on the telecommunication applications rather than
localization. In telecommunications, the delay spread of the wireless channel profile
Is important while ToA-based localization applications call for modeling of the DP
component which is directly related to the ranging error. In communication and
modem performance evaluations, the system designer is usually concerned with the
overall performance over typical areas or typical buildings, and statistical models
usually serve the purpose reasonably well. In other applications such as
microcellular or indoor installations, where proper sitting of antennas is an important
issue, building-specific radio propagation models offer a more precise tool for
determining optimum antenna locations. Building-specific radio propagation models
are based on direct solution of the radio propagation equations with boundaries

defined by a map of a coverage area or the layout plan of a building. The technique
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known as RT provides a simple approximation for analysis of radio wave
propagation. Another approach is numerical solution of the Maxwell equations using
the FDTD technique. Although ray-tracing models can efficiently predict radio
propagation characteristics for indoor and outdoor applications, these techniques are
only approximations to the direct solution of electromagnetic wave propagation
equations. The ideal method of simulating radio propagation is to solve Maxwell’s
equations numerically. The numerical solution of these differential equations over a
designated area requires selection of a number of points at which the solution is to

be determined iteratively.

The FDTD method is probably the most straightforward and widely used
method for numerical solution of Maxwell’s equations. With this method, Maxwell’s
equations are approximated by a set of finite-difference equations. By placing the
electric and magnetic fields on a staggered grid and defining appropriate initial
conditions, the FDTD algorithm employs the central differences to approximate both
spatial and temporal derivatives, and it solves Maxwell’s equations directly. The

distribution of electric and magnetic fields over the whole grid is calculated
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incrementally in time; and when the simulation is finished, the propagation

characteristics are known at every location in the area under study.

A more computationally efficient form of traditional FDTD method used for
communication application has also been applied previously to indoor areas,
showing significant improvement in accuracy over the rectangular FDTD algorithm.
The computational time needed for this method was comparable to available three-
dimensional ray-tracing algorithm at that time. A point-to-point comparison between
predicted and measured power in all locations for two-dimensional and three-
dimensional ray-tracing and for the FDTD models showed that both ray-tracing
models and the FDTD model were all in good agreement with the measurements.
However, ray-tracing provides a more accurate estimate of the power based on the

standard deviation calculated against the measurements [4].

In the past, a number of research projects have been carried out using one or
more computational techniques to model Body Area Network channels. Among
these, the most popular were FDTD, used by the National Institute of Standards and
Technology (NIST) [39], and MoM used by the IEEE P802.15 working group [40].

Both of these projects involved the modeling of the power delay profile of the human

63



body channel for medical communication purposes, and not for TOA-based
localization. CWIN lab at WPI have followed a 3D human body model based on
applicability of a full-wave MoM simulator (HFSS) to analyze the DP phenomenan
for 900 MHz with 100 MHz bandwidth [41]. They have also taken avdatanges of
Ansoft HFSS sfoware , a FEM solver, to confirm the accuracy of capsule endoscopy
localization in human body [52][54][53] . Zhao et al. in [22], have adopted a hybrid
sub-band FDTD to validate analyze UWB characteristics of creeping waves around

human body.

To achieve our goal of predicting ranging error in proximity of micro-metals,
a comparative study is made of the applicability of different commercial EM full-

wave software packages, and the 2D FDTD solver developed for our purpose [85].

The research team initially was inclined to utilize Ansoft HFSS and CST FDTD
simulation software, however the extensive computational time required in using
these packages led the group to use a custom MATLAB 2D FDTD software package

[86] designed and developed for academic purposes to expedite the analysis.

We solve three canonic problems of voltage time response identification for
an indoor monopole antenna link, with open (free space and door frame) and closed
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metal door cased in a wall. We then compare the results of the FDTD simulation to
the channel profiles obtained from real-time frequency-domain measurements. The
measurement setup was designed to match the center frequency of 1GHz via
bandwidth of 500 MHz compare to characteristics of the simulation based on 500
MHz frequency so a fair comparison could be performed. The measurement system

consisted of a vector network analyzer with two omnidirectional monopole antennas.

The rest of the chapter is organized as following; in sections 3.2 we introduce
FDTD computational method, section 3.3 focuses on experimental procedures
related to a metallic door and in particular 3.3.1 discusses the measurement
campaign and 3.3.2 covers the simulation configurations associated to each
experimental scenarios. Section 3.4 discusses comparison of simulation and

empirical measurement results, and finally section 3.5 concludes the chapter.
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3.2 FDTD Method

In 1966 Yee [87] proposed a technique to solve Maxwell's curl equations
using the finite-difference time-domain (FDTD) technique. Yee's method has been
used to solve numerous scattering problems for microwave circuits, dielectrics, and
electromagnetic absorption in biological tissue at microwave frequencies. Since it is
a time-domain method, solutions can cover a wide frequency range with a single
simulation run. The FDTD method belongs to the general class of grid-based
differential time-domain numerical modeling methods. The time-dependent
Maxwell’s equations are discretized using central-difference approximations to the
space and time partial derivatives. The resulting finite-difference equations are
solved in either software or hardware in a leapfrog manner: the electric field vector
components in a volume of space are solved at a given instant in time; then the
magnetic field vector components in the same spatial volume are solved at the next
instant in time; and the process is repeated over and over again until the desired

transient or steady-state electromagnetic field behavior is fully evolved.

Let us consider a two-dimensional transverse magnetic (TM)-to-z field

(Electric and Magnetic fields are perpendicular to the Z-axis) as depicted in Figure
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3.1 in proximity of metallic aperture. This figure presents a classic
scattering/radiation problem where both the radiating and receiving antennas (dipole
or monopole) are vertical. The TM to z field can be illustrated by Maxwell's equation

(3.1), (3.2) and (3.3):

1= Y T x TF (3.1)
o4 e ox &0y ¢
M, 10 o 2
ot opdy u
oH .

v LE oy (3.3)
ot uoX u

Here E and H are electric and magnetic fields, respectively; o and o"are the
electric and magnetic conductivities (losses), real or artificial. The standard Yee 2-2
FDTD scheme represented in equation (3.4), (3.5) and (3.6) can be implemented [88]
to operate on a staggered grid that is shown in Figure 3.2 for

n=12..N,-1 k=12..N,+1 m=12..N,+1 - In the aforementioned equations, E

and H are discretized in time and space as the initial excitation travels through the

computational area.
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Figure 3.1: Two-dimensional traverse magnetic to Z-field.

E,(t,2) > E,(n-2)-At (k-1)-Ax, (M-1)-Ay)=E,, (34
H,(t,2)—> HX((n— %) At, (k-1)- Ax, (m_ %) Ay): Hov2 o (3:5)

Ht.20 > H, (- 1) at k- 1) ax, (n-2)-ay)=H,"22  (3:6)

68



In equation (3.4), (3.5) and (3.6), n represents the imaginary layer number that is
calculated in the time domain and shown in Figure 3.2 as layer 0 and 1 (layers of
electrical fields separated by At). The middle layer 1s represented as imaginary layer
(n =0.5). On the other hand, m and k represent the position of electrical or magnetic
fields along the x or y axis of any of imaginary time domain layers. For example, (k
= 1) represents the position of the second electrical field on (n = 0) layer from the t
axis and (k = 0.5) represents the position of the first magnetic field on the (n = 0.5)
layer from the t axis. Substitution of equation (3.4), (3.5) and (3.6) into the
fundamental Maxwell equations that are shown in (3.1), (3.2) and (3.3) results in

discrete formulas of (3.7) , (3.8) and (3.9):

E nl E' 2y w2 H N2y e
zkm =zkm B 1 Yk+1/2,m Yk-1/2m ]- Xkm+1/2 Xk,m-1/2 0 (E n+l - n ) (3-7)
- B - zkm T =zkm
At Een AX En Ay 2.,
n+3/2 n+1/2 n+l n+l *
ka,m+1/2 - ka,m+1/2 _ 1 Ezk,m+1_Ezk,m ¢ ( w2 g el ) (3.8)
At h A 9 Xk,m+1/2 Xk,m+1/2
Hy maar2 y Hy maar2
n+3/2 _ n+1/2 E n+l E n+l %
Yriam ~ Viiam _ ketm “km O ( n+3/2 n41/2 ) (3.9)
B Yesti2zm o Ykel/2m
At Hyiom AX 2,Uk+1/2,m
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At

Figure 3.2: Standard YEE 2-2 FDTD scheme on a staggered grid.

These formulas are basically the core engine of any FDTD simulation
software. Once we initialize the emanating electric and magnetic fields with the
appropriate excitation values, a recursive call to these formulas, in time-domain, will
predict electric and magnetic fields at any point within our computation space. From
equation (3.7), (3.8) and (3.9) we can clearly see that a 2D version of such a

simulation would only calculate electric and magnetic fields for two specific
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dimensions. To better understand a 2D FDTD simulation, one can visualize the
simulation space as an imaginary plane. We can calculate fields, in time-domain, for
any points located on this plane from the time an excitation emanates from the

transmitter until it impinges upon the edges of the plane and the receiver point.

Metal and dielectric targets (walls, doors, etc.) are treated in a standard fashion [88].
The method can routinely handle electrically large structures on the size up to 200Ax200A
in MATLAB and is fast. The computation time for the FDTD technique is proportional
to the size of the area, and the addition of structural details does not affect the
computation significantly. However, the number of nodes used for computation is
related exponentially to the size of the area and the frequency of operation. The
computational methods can provide the relationship between the layout of a building
or an outdoor area and the detailed channel response in a specific location. Therefore,
they can provide realistic estimates of the azimuthal distribution of rays received in

a multipath environment.
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3.3 Diffraction in Proximity of a Metallic Door

The structures shown in Figure 3.3 — a, b are used as an example to illustrate
the scenarios that we are going to investigate. There is either an aperture - a door
opening in a metal screen — see Figure 3.3 — a, or a metal scatterer - a door in a
dielectric screen - see Figure 3.3 — b. A two dimensional (2-D) environment with

transmitter Tx and receiver Rx polarized in direction perpendicular to figure are

considered. In the latter case, the walls are dielectric with &, = 12 approximately.

Figure 3.3 (a) Simulation of an open door in a metal screen (b) Simulation of
a closed door in a dielectric screen.
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3.3.1 Measurement Setup and Scenarios

The measurement set up consists of a dipole antenna pair with TM
polarization. Each one of transmitter and receiver antenna are placed 1 m away from
surface of a metallic door in dimensions of 1.21 m width, and 44 mm thickness
assembled in a door frame for free-space, open-door and closed-door scenarios
depicted in Figure 3.4. The measurement is taken by a vector network analyzer
(Agilent E8363) operating at 1GHz, and sweeping 500 MHz bandwidth. The
transmitter antenna is used as reference node and it is attached to tripod with the
same height as receiver. During the measurement, S-parameters S,,, the transfer
function of the channel, is measured by VNA in frequency domain with 1601 sample
points. The receiver signal is transferred to time domain by inverse fast Fourier
transform with a Hanning window applied to the time domain received channel
profile to limit the sidelobe. The first peak can be detected by setting up proper
threshold of the time domain signal strength and the propagation time of the first
peak can be easily estimated. To guarantee the accuracy of the first path ToA,
undesirable effects of cables, antennas, and other system components are removed

through system calibration. The calibration process consist of connecting the test
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port cables of analyzer to form a thru configuration in order to capture the thru
response of the system. The result of measurement provided in Figure 3.5, testifies
to the 0.8 m DME when transitioning from a LoS condition in free-space and open-
door scenarios to an NLoS and in particular UDP condition in a closed-door

scenario. Upon closing the door, the first path will interfere by the conductor surface

Closed

Figure 3.4 2 m antenna separation measurement for free-space, open-door and
closed-door scenarios.
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of metallic door resulting in blockage of DP and its diffraction by the edge of the
door. It is safe to assume the DME that has been observed in the measurement
campaign is as a consequence of diffraction phenomena influencing the first path in

the proximity of a micro-metals such as this metallic door used in our experiment.

Distance and detected peaks

12 — 1 [ [ [ 0
first pick for free space
/flfS’[ pick for open door
— closed door
10~ open door [
free space
8 L. -

open door to closed door TOA error: ~ 0.8 (m)

first pick for closed door

magnitude (dB)
D

distance in (m)

Figure 3.5 measurement results associate to free-space, open-door and
closed-door scenarios.
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3.3.2 2D FDTD Simulation Scenarios

Having outlined the theory of diffraction phenomena, we can now relate
diffraction effect to each of the three scenarios depicted in Figure 3.4. In this part,

we explain the simulation setup for each of those scenarios.

The very first scenario that we are going to discuss - which is the simplest
one -is the free-space scenario which, transmitter Tx and the receiver Rx are located
2 m away from each other without the effect of the environment (Figure 3.6 and
Figure 3.7).The other two scenarios are the ones that we are mainly interested in.
There is either an aperture - a door opening in a metal screen, Figure 3.8- or a metal
scattered - a metallic door in a dielectric screen - Figure 3.9. These figures present a
two dimensional example with the transmitter and receiver polarized in the direction

that is perpendicular to the figure plane.
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Figure 3.6 Free space scenario, Initial excitation or 2 m separation of
antenna pair.
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Figure 3.7 Free space scenario, Initial excitation receiving at the Rx
for 2 m separation of antenna pair.

77



<) EM Object Toolbox - DODR_FRAME_WITH_WALL_2M.M

File Edit Options Draw MoM Boundary  Objects FDID  Results
DS - 20
B Jlm|c|@ = alt (e o z|mn|s & S e 02 ¥ O
(=i Rectangl
T % 4 : : . : : . :
@Rz
@ R3
A 35
- Ellpses
@
@ | —.
& Polygon: 3 (m)
e -~
25
| — e
1.5 4
1 (] g
a5 4
0 L | | L | | L \ ‘
a 05 1 15 2 25 3 35 4
Into: FDTD Simulstion: Electric field st t=8.0666 ns | Exit

Figure 3.8 Open-door scenario, 2 m separation of antenna pair in proximity of
door frame.

In the open-door scenario, the walls are simulated as dielectric material with

&, = 12 approximately and as shown in Figure 3.8, the signal emanates from the
transmitter in free space through the dielectric walls, and is received at the receiver
in the presence of the door-frame. On the other hand Figure 3.9 clearly shows the
penetration of waves through the walls and the diffractions phenomena that is

experienced on the edges of the metallic door in closed door scenario.
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Figure 3.9 Closed-door scenario, 2 m separation of antenna pair in proximity of
metallic door.

To set up our simulation environment, we configure the simulation area
within relatively small dimensions of 4 m x 4 m with perfectly-matching-layer Layer
(PML) walls surrounding the computational region and two antennas (a Transmitter
and a Receiver) separated by 2m. The internal material of the box (2D square in our
simulation case), are simulated as free space (4,,¢,). To virtualize a door frame

with two antennas on each side of it, we configure two walls with metallic sides
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away from each other by introducing an open space between transmitter and the
receiver. The screening walls are simulated with dielectric constant of (-, =12) and
thickness of 12 cm. The metallic sides are provided with a thickness of 5 cm. The
actual metallic door is simulated in dimensions of 1.21 m width and 44 mm

thickness.

Figure 3.6 - Figure 3.9 depict a snapshot of E-field wave propagation from the
transmitter to the receiver antenna. In our simulation environment the small red
square represents the transmitter (Tx) and the green square represents the receiver
(Rx). A PML boundary is used to insure very little reflected energy from the
truncated mesh. PML is a layer of artificial highly absorbing material surrounding
the computational region. The PML is further terminated with Perfect Electric

Conductor (PEC) surface.

3.4 Comparison of Computation with Empirical Results

The purpose in conducting a free-space scenario experiment is to prove the
accuracy of our simulation result, while the open-door scenario serves to

demonstrate how well the simulation approximates an ideal condition.
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Throughout our analysis emanating voltage time response is represented by
the first peak and the received voltage time response is represented by the second
peak. Using results derived from Figure 3.11 and Figure 3.10, we see that the
simulation provides us with a 1.99 m distance between the transmitter (Tx) and
receiver (Rx) antennas. Comparing these results with the actual measurements
campaign that are derived from Figure 3.5 shows that, the simulation and
measurement results are in good agreement. We can clearly see the effect of the
environment in our measurement campaign (considering second and third multipath
reflections, etc.), which are not captured in our simulation results due to the PML
condition and the impulse signal nature of the transmitter in our simulation. Such a
simulation is an ideal environment since the surrounding walls have little effect on

our results.

81



Transmitting/received signals(x1000) (r)
Red - Source; Green - Receiver;

0.025
0.02
)
[
)
o 0.015
£
£
@ X: 7.595e-009
% Y:0.009715
S 0.01 m
> /
0.005 /

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
time x 10’8

Figure 3.11 Voltage excitation (red) and voltage time-response (green) for free-
space simulation.
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Figure 3.10 Voltage excitation (red) and voltage time-response (green) for
open-door-frame door simulation.
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Figure 3.12 Voltage excitation (red) and voltage time-response (green) for closed-
door simulation.

To simulate an open-door-frame scenario as shown in Figure 3.8 , the setup
was exactly the same as a free-space experiment except that we added a 2D

representation of screening walls with a dielectric constant of -, =12 and thickness

of 12cm to our configuration. Part of this configuration was the design of the metallic

door frame, which we simulated as metallic 2D rectangles with real dimensions of 5
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cm widths. During the open-door experiment, we observed very close agreement

between free-space simulation and measurement results.

Comparing Figure 3.11 and Figure 3.10 we can conclude that the screening walls in
the open-door scenario have no diffraction effect on the first path, which clearly

reflects our measurement results shown in Figure 3.5.

Figure 3.12 depicts the simulation result for the closed-door scenario. The
results provides 2.81 m distance between transmitter (Tx) and receiver (RX)
antennas. Such a distance reflects a DME of 0.81 m, which is close to what we see
from the measurement as well. This DME is as a result of blocking of DP by the
conductor screen and diffraction of first path by the edges of metallic door. In
Chapter 2 we referred to this phenomena as one of the sources of UDP condition

resulted from significant amount of signal attenuation for the DP.

3.5 Summary

The purpose of this chapter was to show the effectiveness of FDTD
computational method to analyze the effect of micro-metals on the ranging error.

Built upon the scattering theory presented in the previous section for micro-metals
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provided a brief summary of FDTD method equations. We also presented the
discrete differential equations that our FDTD solver uses to compute the electric and
magnetic fields within a computational domain. Later we presented the simulation
results for free space, open-door (door frame) and closed-door scenarios and
compared those results with the actual measurement results. We realized that the
simulation provide us with an ideal scenario which the effect of walls that are
screening , the walls placed in between antenna pair for door frame and closed-door
scenario, but not the surrounding walls are captured in the real-time response of
simulation. This is a good condition to investigate the effect of micro-metals on the
ranging error. We were also able to have a close estimate of ranging error as a result
of effect of micro-metals in present of transmitter and the receiver within our
computational domain. To achieve our goal of micro-metal TOA ranging error
estimation, we simulated the micro-metal object as a metallic closed-door and
compared our result with the actual measurement. We conducted free pace and open-
door (door frame) experiment scenarios as a proof of accuracy of our simulation and

later closed-door scenario experiment to get a close estimate for ranging errors.
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In the next chapter we attempt to analytically analyze the effects of micro-
metals on ToA-based indoor localization. We propose UTD ray theory and

geometrical ray optics to model DP, and validate the result with UWB measurement.
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Chapter 4 Ray Optics and Effects of Micro-Metals

4.1 Introduction

In the previous chapter we explained how TOA-based techniques can suffer
large ranging errors, mainly because of the effects of micro-metals and the human
body around the transmitter and receiver. We discussed, empirical procedures that
were conducted at CWIN lab in WPI to analyze the results of TOA-based
measurements with ray-tracing results. Measurements were made with the receiver
placed behind a macro-metallic object such as metallic chamber in CWINS lab or
the elevator along corridor on the 3™ floor of Atwater building in WPI [10]. The
measurement results clearly exhibited a UDP condition due to the blocking of the
first path [10]. The large discrepancy that was observed between RT and the
conducted measurement led the research team to examine the possible influences of
micro-metallic objects such as desks, cabinets, doors or windows in those indoor

environments.

The RT is a software that its algorithm operates based on applicability of Ray
Optics and was originally designed for analysis of wireless channel profile for

telecommunication purpose. In another word, the focus of RT algorithm has been on
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the average power of channel profile, whereas ToA-based localization strive for
modeling and estimate of DP component and its diffraction in the proximity of

metallic objects.

To better understand the evolution of RT software, the 2D RT simulation
technique was originally developed [12] to analyze the behavior of wireless channels
in small indoor areas using the two dimensional reflection and transmission model
to trace rays by means of the ray shooting technique [4]. This model offered a low-
cost means of propagation analysis for small indoor areas used for wireless local
area network (WLAN) applications. Diffraction did not play a major role in most
indoor radio propagation scenarios since the diffraction effect would influence
propagation significantly only in locations such as corridors when the LoS path is
blocked and the received signal involves multiple reflections and transmissions.
However, this is not a likely situation for indoor WLAN applications, where
terminals are typically used in reasonably open indoor areas. Later, a 3D ray tracing
simulation [13] based on a typical residential area was developed to again analyze
the behavior of wireless channel in macro-cellular high-rise urban canyons with

antennas installed above roof level. This simulation was based on the model that
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reflections and sharp edge diffraction were the main mechanism for simulation of

signal propagation.

As part of studies conducted at CWIN lab in WPI to understand the effect of
micro-metals on ToA-based indoor localization systems, although introducing
metallic objects, as regular objects, to the ray-tracing map improved the
discrepancies in some cases, it did not significantly affect the resolution of 2D ray-

tracing.

This led the research team to explore FDTD computational method as a
deterministic technique that can provide accurate results while avoiding extensive
measurement campaigns. While the FDTD numerical method demonstrated
promising results in predicting ranging errors in proximity of metallic objects, the
overheads stemmed from complexities and required computational resources (i.e.
CPU, memory) associated with EM computation methods, shaped a desire to adopt
UTD-based analytical approach substitute. The ultimate goal is to consider this UTD
solution as an enhancement to existing RT algorithm to count for effect of diffraction
in proximity of edge-shaped micro-metals in ToA-based indoor localization

systems.
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In the past, Bertoni et al. in [18][89][90][91] have proposed analytical
procedures in order to calculate the path-loss in an urban area for communication
purposes. The effort involved path-loss computation of RF propagation specific to
an operating frequency in a metropolitan areas with hills, houses and large trees.
The fundamental principal behind the proposed solution was to calculate the
diffraction of rays by the tip of buildings and trees and their reflection by the
surrounding objects (i.e. cars) in those environments based on applicability of
conductor screen and right-angled wedge UTD approach. A subset of the procedures
discussed in [18] entails taking advantage of conductor screen or wedge diffraction
coefficients derived from [62][80] combined with a series of geometry skillsets to
calculate the path-loss of the received signal based on analytical solution. In majority
of cases the author did not have to worry about transition zone effect with the
exception of dense cities with high-rises that the effect of multi-edge transition zone

diffraction coefficient was important [92].

Since the primary focus of this chapter is to analyze the effect of micro-metals,
in a ToA-based indoor localization systems, we plan on adopting the path-loss model

proposed in [89] , based on applicability of models offered by [62][80] . The model
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adopted for the ToA-based localization operates based on center frequency of
wireless channel profile instead of calculating the frequency response of wireless
profile channel. This approach provides necessary and appropriate resolution
[93][94], while helping with expediting the computation time of modeling and
saving on computation resources. Compare to the buildings in urban area, the micro-
metals are conductor objects in small dimensions positioned in the proximity of
antenna pair in an indoor environment that can cause large DMEs resulted from
blockage of DP. A generic form of a micro-metal in an indoor environment are
conductor objects with sharp edges (i.e. metallic chamber, cabinets, doors etc.) that
can be considered as conductor screens or wedges in proximity of transmitter and
receiver antenna. Our analysis focuses on thin-shaped micro-metals such as a
metallic door to investigate the effect of diffraction of DP by the edges of micro-
metals. We introduce the effect of transition zone to the inherited path-loss model as
it plays a vital role in accurate calculation of DP power in small-scaled
computational domains compare to urban areas. To proceed with an analytical
approach and in order to predict the behavior of DP, we leverage the UTD ray theory
for conductor screen introduced by [62][80] for the path-loss calculation ,and expand

the model by geometrically calculating the ToA for indoor localization purpose. The
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result of analytical calculation of ToA and path-loss of DP is validated with
measurement campaign operating at 3 GHz center frequency and 4 GHz bandwidth.
The overall solution is proposed as an enhancement to existing RT algorithm to

account for effect of micro-metals for ToA-based localization systems.

The remainder of the chapter is organized as following; section 4.2 provide
analysis of diffraction around edges and in particular 4.2.1 describes the
measurement campaign followed by proposed analytical approach in section 4.2.2.
A comprehensive analysis of analytical result as well as validation with
measurement and RT results are provided in section 4.3 .Finally section 4.4

concludes the chapter.

4.2 Analysis of diffraction around the edges

In this section we discuss applicability of UTD ray theory to capture the effects
of diffraction by the edges of a micro-metal such as a metallic door. We discuss the
measurement campaign as well as the proposed formulation for UTD analytical

approach.
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4.2.1 Measurement Setup

The measurement set up consists of a UWB cone antenna pair with TE

polarization as the front view of the scenario is depicted in Figure 4.1.

201 cm

(@) (b)

Figure 4.1 Measurement campaign in proximity of a metallic door: (a) Front
view (b) side view .
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As shown in Figure 4.2, each one of transmitter and receiver antenna are placed
1 m away from surface of a metallic door in dimensions of 201 by 91 by 4 cm. The
orientation of antennas are symmetrical to the edge. The measurement is taken by a
vector network analyzer (Agilent E8363) operating at 3 GHz center frequency and
sweeping 4 GHz bandwidth. The transmitter antenna is used as reference node and
it is attached to tripod with the same height as receiver. During the measurement, S-
parameters S,,, the transfer function of the channel, is measured by VNA in
frequency domain with 1601 sample points. The receiver signal is transferred to time
domain by inverse fast Fourier transform with a Hanning window applied to the time
domain received channel profile to limit the sidelobe. The first peak can be detected
by setting up proper threshold of the time domain signal strength and the propagation
time of the first peak can be easily estimated. To guarantee the accuracy of the first
path ToA, undesirable effects of cables, the power amplifier, antennas, and other
system components are removed through system calibration. The calibration process
consist of connecting the test port cables of analyzer to form a thru configuration in

order to capture the thru response of the system.
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/=3 GHz, BW =4 GHz,

Figure 4.2 Top view of measurement campaign in proximity of a metallic door.

4.2.2 UTD Analytical Approach

The general path-loss model offered by [18][89] for diffraction by the edges

of large scaled objects in urban canyons are based on applicability of the wedge
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Figure 4.3 Generic edge diffraction scenario using UTD conductor wedge model.

model as shown in equation (4.1) . Figure 4.3 portraits a scenario, in which a cluster
of oblique plane waves is incident upon the edge modeled as UTD ray theory of
conductor wedge. The rays that illuminate the edge in turn generate cylindrical

waves that propagate behind the object.
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A )2 Do (0 1
(4.1)

S EN o

P \4r) cos“w rr(r+r,)
, where 4 is the wavelength, 6 is the angle of diffracted waves away from the edge
(between the image of the incident wave and the diffracted wave), ¢ represents the
angle of incident ray with the diffracted path, ¢’ represents the angle incident wave
with the incident plane of the wedge, and r and r, are the sidelopes of antenna pair

from the edge of conductor wedge model. In order to adopt the path-loss model in

Shadow
boundary

Tncident
Ray

Transition region

Figure 4.4 Generic diffraction scenario (side view of two edge diffraction) using
UTD conductor screen model.
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small scaled computational domains and indoor areas for ToA-based localization,
we need to apply the effect of transition region properties, shown in Figure 4.4, to

the overall path-loss model via Fresnel (transition) function [62].

PG =

5:( A j De,(O)F(S)” 1

P \4n cos’y  rr(r+r,)

(4.2)

The integral form of Fresnel function F(S), used to count the effect of transition
region, is given by [18][89] and reaches unity outside the transition region deep in

shadow area:

F(S)=2jJSe® je““zdu
Js

(4.3)

In equation (4.3), S varies based on the characteristic of UTD model. For the

wedge model discussed here S can be defined as follows :

s A
S =2k cosy —2—sin? (9
Ve 2

An approximation to the transition function F(S), is given by :

98



_ (4.5)
F(S) = V2rS [f( 2%) +3jg( 2%)]

, Where f(u) and g(u) are defined respectively as [95][96]:

f(U) = 1+0.926u (4.6)
2+1.792u +3.104u
1 (4.7)
u)=
9(v) 2+4.14u +3.492u* +6.67u’

While the UTD wedge was a good fit to model the diffraction of edges for
large scaled objects in [18], the conductor screening model will be adopted to count
for sharp edges of micro-metallic objects for ToA-based localization as depicted in
Figure 4.5. In the former case it is safe to assume the distance between each edge to
another one is relatively large where as in later one we can consider this distance

negligible.

Figure 4.5 depicts a scenario antenna pair are position in the proximity of a
metallic door. Considering the edge of the metallic door as a conductor screen, It
provides a snapshot of incident and diffracted waves by the tip of the conductor

screen. The ¢ represents the angle of incident ray with the diffracted path, ¢’
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Figure 4.5 edge diffraction of a micro-metal modeled as conductor screen.

represents the angle incident wave with the incident plane of the wedge, and r and
1, are the sidelopes of antenna pair from the edge of conductor wedge model with
the receiver positioned in the transition region. The diffraction coefficient function
can then be resented as equation (4.8) for a UTD ray theory of conducting screen
[62][80]:
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_1 1 FE,H

D(p,¢") = — + ;
22Tk | oos @2 @ o 2T P (4.8)

2 ¢ 2

, Where k is the wavenumber, ', = -1 for E parallel to the edge and T, =1 for H

parallel to the edge. Using applicability of equation (4.3) and equation (4.8) and
applying them to the path-loss model in equation (4.1) , we can derive equation (4.9)
, Which is an appropriate path-loss model suitable to ToA-based indoor localization

in the proximity of micro-metals.

PG =

5_( A jz D(p.o)FS) 1
- (4.9)

P \4r cos’y o (r+r,)

Consequently, The =, ToA of diffraction of DP by the edge, will be calculated

using following equation (4.10) :

r=df = rin (4.10)

[

, Where c is the speed of free space wave propagation and d is the DP traveling
distance from transmitter to the receiver. In this case it is an aggregation of r and

1, Sidelopes for the incident and diffracted rays.
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Fresnel
one

Conduetor screen

Figure 4.6 description of transition zone in proximity of metallic door edges.

To put the effects of transition zones around the edges of metallic door into
some perspective and understand the influence of equation (4.3), we refer to Figure
4.6 , where transmitter and receiver are placed to the sides of a conductor screen

edge. Using equation

(4.11) [91], we can calculate the half-width of the transition region for a receiver
located about the shadow boundary of an imaginary wedge. The half-width is
directly proportional to wavelength and the length of antenna sidelope from the

conductor screen edge (tip of the wedge) [73]. Comparing w (half-width) and h (the
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distance from projection of antenna on the door to the transition zone shadow

boundary), we can confirm whether receiver is located in the transition zone or not.

A RR’
R+ R’ (4.11)

w =

4.3 Comparison of Analytical with Empirical Results

To proceed with the proposed analytical approach, we start off by calculating
the path-loss for the diffracted rays from the edges of the micro-metallic door using
equation (4.9). The antenna that is used in the measurement campaign has a

TE polarization, E parallel to the edge, calling for utilizing ', =-1 in calculation of

diffraction coefficient in equation (4.8). Figure 4.7 depicts the result of analytically
calculated path-loss for the DP diffracted by edges of the metallic door for the
bandwidth range of 1-5 GHz and it shows the calculated path gain has a reciprocal
relationship to the operating frequency and direct relationship to the wavelength that

Is confirmed by equation (4.8) .
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Analytical path-loss vs. Frequency
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Figure 4.7 Analytically computed path-loss for diffracted DP.

A quick numerical analysis of wavelength (1), S from equation (4.4) and magnitude
of transition function (|F (S)]) is provided in Table 1, where it clearly shows as the

frequency is increases, the A decreases, S grows and |F(S)| reaches unity.
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Table 1 Numerical analysis of analytical approach

100 MHz 0.03947 0.6832

450MHz 0.6667 1.7760 0.9121
900 MHz 0.33 3.5519 0.9715
1.8 GHz 0.1697 6.9763 ~ |

The big take away from this analysis is the fact as frequency increases, the
effect of transition region on the diffracted rays (DP) becomes negligible. Based on
following analysis, and the result of path-loss provided in Figure 4.7 , it is safe to
assume the effects of diffraction by the edges of micro-metals would be more

aggressive as the frequency increases.

From Figure 4.7, it is clear an adaptation of 3 GHz center frequency of the
bandwidth in our analytical calculation, leads to PL = 75 dB. Effect of transition
zone plays a vital role in accurate computation of path-loss. Using half-width of
transition zone from equation (4.11) and position of receiver antenna from the

shadow boundary we can confirm the receiver is located in the transition region.

105



Later on using equation (4.10), the ToA of diffracted DP can be calculated
though in upcoming analysis we leverage the traveling distance. The fact antenna
pair are located symmetrically from the edges of the door, it makes it easy to
geometrically calculate the traveling distance of first path. The total traveling
distance for the DP includes the distance from the transmitter to one edge of the
door, and diffraction of that from the edge in to the receiver sensor, which was

calculated as 2.19 m.

During the measurement campaign, which its results are depicted in Figure
4.8, we recognized one of the paths at distance ~ 2.2 m (among the paths that were
not the strongest ones — in UDP condition) and measured its power. At this point we
assumed this specific path is the power of the signal that is diffracted DP from one
edge of the door. Later on, using two RF absorber as shown in Figure 4.9, we
attempted to block two side edge of the door, which abruptly caused a power

reduction in the aforementioned path. Consequently, removing one of the absorbers
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Empirical path-loss vs. Distance
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Figure 4.8 Measurement campaign — Blocking diffraction path on one side of the
metallic door using an absorber.

from the edge of the door (Figure 4.10) we see the path at ~2.2 m again comes to

live. This confirms our assumption; the path at ~2.2 m is in fact the diffracted DP.
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AB+BC =22m

Absorber

Figure 4.10 Measurement campaign — Blocking diffraction path on one side of
the metallic door using an absorber.

Absorber

|(_,‘

4

Figure 4.9 Measurement campaign — Blocking diffraction paths on both sides of
the metallic door using an absorber.
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Comparing analytically calculated path-loss from Figure 4.7 and calculated
ToA from equation (4.10), with the empirical results captured in Figure 4.8 , shows
that the measurement results and the analytical results are in good agreement. In both
cases we see a path-loss of ~ 75 dB for the path at ~2.2 m, which is confirmed as the

diffracted DP by the edges of metallic door.

To show the effectiveness of proposed analytical approach as an enhancement
to existing RT algorithm, we attempt to make a comparison of proposed analytical
approach, and the existing RT algorithm. Figure 4.11 provides a snapshot of the RT
simulation for the same measurement scenario which antennas are positioned 1 m
away from the surface of a metallic door. The result of RT simulation provides
approximately 25 m ranging error relative to the measured diffraction that is

provided in Figure 4.8.
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Ray tracing results{without diffraction)
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Figure 4.11 RT simulations for 2(m) antenna separation with metallic door in
between.

4.4 Summary

The primary focus of this chapter was to analyze the effect of micro-metals,
in a ToA-based indoor localization systems. To proceed with an analytical approach
in order to predict the behavior of DP in the proximity of micro-metals the path-loss

model, originally used for communication purposes in urban areas, is adopted which
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operates based on center frequency of wireless channel profile. Compare to the
buildings in urban area, the micro-metals are conductor objects in small dimensions
positioned in the proximity of antenna pair in an indoor environment that can cause
large DMEs resulted from blockage of DP. A generic form of a micro-metal in an
indoor environment are conductor objects with sharp edges (i.e. metallic chamber,
cabinets, doors etc.) that can be considered as conductor screens or wedges in
proximity of transmitter and receiver antenna. Our analysis focused on thin-shaped
micro-metals such as a metallic door edges and to align with that the diffraction
coefficient model is changed from wedge model originally used in urban and large
scaled areas to screen model for small scale computational domain. We introduced
the effect of transition zone to the inherited path-loss model as it plays a vital role in
accurate calculation of DP power in small-scaled computational domains compare
to urban areas. To proceed with an analytical approach and in order to predict the
behavior of DP, we leverage the UTD conductor screen diffraction coefficient for
path-loss calculation, and expand the model by geometrically calculating the ToA
for indoor localization purpose. The result of analytical calculation of ToA and path-
loss of DP is validated with measurement campaign operating at 3 GHz center

frequency and 4 GHz bandwidth. The overall solution is proposed as an
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enhancement to existing RT algorithm to account for effect of micro-metals for ToA-

based localization systems.

In the upcoming chapter, we focus on analytical analysis of effects of human
body on ToA-based localization. In particular, the next chapter discusses UTD ray

theory and geometrical procedures to model DP for a scattering scenarios.
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Chapter 5 Ray Optics and Effects of Human Body

5.1 Introduction

The area of Body Area Network has recently drawn a special attention by the
community with the purpose of unveiling propagation phenomena in the proximity
of human body [74][75][76][77][78][79]. Specific to human body indoor
localization, majority of UTD-based research studies consider the human body as
smooth convex surfaces such as a conductor sphere or a cylinder, which does not
persist as a uniform approach for different orientation of source and field point in
respect to the surface [80]. This scenario can be further categorized into coupling
(creeping waves for on and off the surface) and radiation problems in terms of
different Fock functions, and scattering problem in terms of Pekeris functions in the
proximity of human body. The studies conducted by [80][83][97][98] pay special
attention to the effect of transition region in such circumstance, and such prominence
plays a vital role in accuracy of human body ToA-based localization systems where
it has a dominant effect to the accurate modeling of DP [98]. In the past, [19][22]
have applied applicability of [80] for coupling and scattering problems for Body-

Area-Networks (BAN). In [22], authors leverage a cylindrical UTD ray theory that
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utilizes the Fock coupling functions and applies a mechanistic multiplication of UTD
coupling coefficients to compute the fields around the surface of human body. The
field only assumes the creeping waves and bounds the applicability of the solution
in the transition zone for those scenario. Consequently, authors in [99][100] have
followed the creeping theory and coupling functions introduced in[97][101], for on-
body propagation solutions, when the height of antenna from the body surface are in
small fractions of wavelength (~ A/20 or less), and [102] based on applicability of
[84][97], and [42] based on applicability of [103][104] have investigated scattering
scenarios in the proximity of human body. In the scattering cases of [19][42], the
validation scenario is purposely chosen such that the receiver sensor avoids the

transition zone.

From the above scholarly studies on the human body, [100] seems to be the
only one that has truly captured the effect of transition zone in prediction of fields
thru utilizing the fundamental coupling work of Paknys [97], which has discussed
transition function as a part of unified creeping formula introduction. Koutitas’
proposed solution for multi-human body effect in [102] remains limited to analyzing

the effect of transition zones based on the approach of providing modification to [80]
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In accordance to scattering modification of Paknys to [83] in [98]. As a result, the
proposal only analyzes the cross-propagation in deep shadow and outside transition
zone by assuming transition function reaching unity, or limited to the scenario the
receiver is mounted 6 mm (h = A/10 for 5 GHz) from surface of the body. Except
the studies presented by Lee et al. in [42] and Zhao et al. in [22], the rest of
aforementioned studies pay less attention to localization and ranging errors in the
proximity of human body, and rather their focus is on the delay spread of wireless
channel profile for communication purposes. This highlights the necessity of
analyzing ranging errors in the proximity of human body and in transition zone for

a BAN scattering scenario.

In this paper, and with consideration of past struggles to take into account the
effect of transition function formulation embedded within the UTD ray theory of
smooth convex, different UTD scattering approach is followed in the proximity of
human body. We plan on computing the creeping wave fields based on fundamental
smooth convex surface proposed in [80], and apply it in terms of creeping wave
diffraction coefficient to the UTD ray theory of conductor wedge path-loss originally

introduced in [73] for the communication purposes in the urban areas. Embedded in
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the UTD conductor wedge path-loss, the wedge diffraction [62] encapsulates the
transition function property that will help with precise prediction of the fields in the
transition region and in the proximity of human body. A mechanistic multiplication
of the creeping wave diffraction coefficient and the wedge diffraction coefficient is
conducted to help with blending the effect of creeping wave into the UTD ray theory
wedge model, which can be described in terms of EM field properties in the
proximity smooth convex surface. Contrary to the previous approaches that have
perused full frequency-response solution, we will apply the center frequency of
channel profile, which helps with expediting the simulation time as well as saving
on computational responses. To model the ranging errors, a custom geometrical
formulation of ToA is adopted. Both the path-loss and the ToA formula are applied
to the first path, which correlates to the only shortest diffracted (including the
creeping wave) path in the proximity of the human body, and confirmed by statistical

models introduced in [34][37] for coupling and scattering, respectively.

Closest to the hybrid approach proposed in this paper for ToA-based
localization purpose, Bertoni in [73] applies asymptotic UTD ray theory of creeping

wave diffraction coefficient as a substitute to wedge diffraction coefficient in wedge
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path-loss model over large urban hills and bumpy areas for communication purposes
with a focus on delay spread of wireless channel profile. Moreover, since the
evaluation of analytical approach occurs in a large scale, the effect of transition zone
Is simply eliminated. In the past, Wang et al. in [105] have also proposed a three-
edge diffraction model to capture the shadowing effect in the proximity of human
body, however it bounds the effect of creeping wave and ultimately is not consider
as a sound option for an accurate ToA-based localization, which is confirmed by
their validation campaign. In this paper, the validation procedure involves
comprehensive analysis of creeping and wedge diffraction coefficients along with
comparison of analytical calculation of path-loss and ToA with the wideband
measurement that is performed by a vector network analyzer operating at 900 MHz,
sweeping 100 MHz of bandwidth, and the HFSS simulation (a FEM solver).
Compared to the previous scholarly studies that have considered an arbitrary
creeping angle for coupling (e ~/(“/c)4) [22] or scattering scenarios (¢ = m 6) [98],
the evaluation of proposed analytical approach in this paper is conducted in a rather
unigue way by discovering a range of possible creeping angles that could apply to
the specific positioning of transmitter and receiver in respect to the body, and

choosing the appropriate one by matching the scenario to the well-known statistical
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models provided in [63]. The analytical approach discussed in this paper is
recommended as a simulation enhancement to existing RT algorithm and for human

body ToA-based indoor localization.

This paper is organized as follows: Section 5.2 covers analysis of effect of
human body on ToA-based indoor localization systems for a scattering scenario
including discussion of measurement setup in section 5.2.1, analytical model for
path-loss and ranging error in section 5.2.2 and validation discussion in 5.3. Finally,

section 5.4 presents our conclusion.

5.2 Analysis of Effects of Human Body for Scattering Scenarios

In this section, we conduct an analytical approach based on applicability of
UTD to calculate first path path-loss and ToA for a scenario that antenna pair placed
to the sides of a human torso. The upper portion of human body is considered as a
conductor cylinder such that; the overhead view of torso displays as circular cross-

section with radius R (Figure 5.1-a and Figure 5.1-b).
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(b)

(a) (©)

Figure 5.1 (a) Upper section of human body considered as conductor cylinder
embedded in human torso (b) Overhead view of cylinder circular cross-section in
relationship with human head (c) Overhead view of creeping waves, with angle 6,

over cross-section of cylinder embedded within an oval-shaped torso for a scenario
Tx and Rx are placed to the side of human body.
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In particular, we are interested in behavior of shortest diffracted first path from
the time rays emanate from transmitter, hit the side of human body and creeping over
body surface to the gazing point toward the receiver. Figure 5.1-c portrays the top
view cross-section of a human torso with an embedded conductor cylinder with a
radius of R. In a scenario that a human body is located between transmitter (Tx) and
receiver (Rx), it is clear that once the radio waves hit the torso at point P1, on the
circular cross-section of cylinder, those waves diffract and continue traveling on a
curvature path with an angle 6 until reach point P2 and leave the body surface toward
the receiver. That part of the waves that travels over the body surface and around the
circle cross-section referred to as creeping wave and angle 6 referred to as the

creeping angle.

5.2.1 Measurement Setup

Figure 5.2-a and Figure 5.2-a portrays the measurement scenario used for our
analysis. The set up consists of a dipole antenna pair with TM polarization placed at
50 cm separations to the sides of human torso with radius approximation of 10.6 cm.
The separation of antenna pair matched to size of human body subject in the

measurement to situate the placement of receiver in the transition region. The
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measurement is taken by a vector network analyzer (Agilent E8363) operating at 900
MHz, and sweeping 100 MHz of bandwidth. The human involved remains standing
posture during the measurement. The transmitter antenna is used as reference node
and it is attached to tripod with the same height as receiver. During the measurement,
S-parameters S,;, the transfer function of the channel, is measured by VNA in
frequency domain with 1,601 sample points. The receiver signal is transferred to
time domain by inverse fast Fourier transform with a Hanning window applied to
the time domain received channel profile to limit the sidelobe. The first peak can be
detected by setting up proper threshold of the time domain signal strength and the
propagation time the first peak can be easily estimated. To guarantee the accuracy
of the first path ToA, undesirable effects of cables, the power amplifier, antennas,

and other system components are removed through system calibration.,
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Figure 5.2 (a) Measurement setup (b) Measurement setup with human body
placed in between antenna pair.

5.2.2 Modeling of Path-loss and Ranging Error

The basic ray tracing software functions based on two fundamental
algorithms; the image method and method of shooting and bouncing (SBR) [12].
The UTD models and geometrical procedures proposed in this paper are targeted for

SBR-based RT algorithms, and the focus of algorithm should be on ToA and path-
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loss of the first path, or shortest diffracted path, in order to leverage those RT
methods for human body ToA-based indoor localization systems. The main goal of
this paper is to propose an analytical UTD enhancement to the existing SBR-based
RT algorithm to calculate ToA and path-loss of the first path for scenarios the
receiver sensor is located in the transition region. As discussed in the introduction
of this paper, with the consideration of past struggles to take into account the effect
of transition function formulation embedded within the UTD ray theory of smooth
convex, we are planning to follow a different scattering UTD approach in the
proximity of human body. We plan on computing the creeping wave fields based
on fundamental smooth convex surface proposed in [80], and will apply it in terms
of creeping wave diffraction coefficient to the UTD ray theory of conductor wedge
path-loss originally introduced in [73] for the communication purposes in the urban
areas. Embedded in the UTD conductor wedge path-loss, the wedge diffraction [62]
encapsulates the transition function property that will help with precise prediction of
the fields in the transition region and in the proximity of human body. A mechanistic
multiplication of the creeping wave diffraction coefficient and the wedge diffraction
coefficient will be discussed and described in terms of EM fields in the proximity of

torso surface to help with blending the effect of creeping wave into the UTD ray
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theory wedge model. Figure 5.3 — a displays the upper section of a human torso for
a scattering scenario. The torso is presented as a cross-section of a conductor
cylinder (in purple) with radius, which encapsulates a conductor wedge (filled in
blue). Figure 5.3 — b, provides top view cross-section of human body considered as

a conductor cylinder.

In an attempt to proceed with the analytical approach, the overall path-loss
will be calculated in three steps. The first step is to calculate the diffraction
coefficient of creeping wave using diffraction model around a conductor cylinder
[80][91]. The subsequent step would be to transition the problem from a conductor
cylinder into a conductor wedge model by considering P, and P, (Figure 5.3),
overlap each other at one point, and compute the diffraction coefficient that brings
into consideration the effect of Fresnel zone [62]. The final step would be calculation
of total path-loss using total diffraction coefficients. The diffraction coefficient of
creeping wave depends on two coefficients of i, and D,, which subsequently
depend on polarization of electrical (E) and magnetic (H) fields and the ratio of

cylindrical radius R to the wavelength (4). The vy, coefficient is an important entity
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In our calculation as its real part denotes the attenuation of creeping wave and losing

energy in form of, rays leaving surface along the tangential line at P, [80][91].

(5.1)

{wf _ (ﬂf)% /s {2.338

ph — 2 1.019

{Df _ 1 (nR)1/3ejn/6 (2034 (5.2)

pr T o\ 3.421

The superscripts e and h depicted in equations (5.1) and (5.2), denote TE and TM
polarization associated with ,and D; for a conductor cylinder. It is known that,

creeping wave field decreases exponentially with angle 6 and for:

0 > (A/nR)'/3 (5.3)

.the creeping wave diffraction coefficient is perceived by [80][73].

DT—Creeping = Dle_lple/\/E (5.4)
Once the creeping wave diffraction coefficient is calculated, the problem
formulation transition into approximation of a conductor wedges scatterer.

Subsequently, it is safe to assume P; and P, overlap each other at one point at the
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peak of the wedge and rays will intercept the peak of triangle cross-section of the

wedge that has an inner angle of M = 7T/Z.

2-nr=M (5.5)
Figure 5.3 provides an illustration to this discussion, and it depicts angles ¢’
and ¢ with the incident triangle surfaces for incident and diffracted rays (in green)
respectively. The Transition zone presented with the shadow boundary as an
extension of incident cylindrical waves, which it’s half-width calculated using
equation (5.6). The half-width is directly proportional to the wavelength and the
length of antenna sidelobe from human torso and can be leveraged to analyze the

orientation of receiver in respect to the transition region [73]:

ARR'
R+ R’ (5.6)

w =

The total diffraction coefficient is a combination of diffracted and reflected waves
from both incident and reflected surfaces of triangle with consideration of
polarization of incident wave [73]. For a right-angled conducting wedge, the GTD

diffraction apprehended as following [73][80] :
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Figure 5.3 (a) scattering by human body (b) top-view scattering by human body.
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Dr_weage =Dy + Dy + Tgy (D3 + Dy) (5.7)

Using diffraction coefficient and Fresenl functions introduced in [62], equation (5.7)

will become:

LA 5.8
Dr_weage = Zneﬁ* { (5.8)

[cot(ﬂ ’ (fn_ O FlkL a* (g — o]

+ cot(ﬂ _ (Zq)n_ ¢ )) FlkLa (¢ — (p’)]]
*lus [COt(n - (;0n+ P FlkL a* (g + )]
+ cot(n _ (2<Pn+ (,0')) FlkLa (¢ + <,0')]] }

The "F(x)" in equation (5.8) is the Fresnel function provided by equation (5.9) used
to account for behavior of rays in transition zone, which its approximation is
provided by equations (5.10) - (5.12) [73]:
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- (5.9)
F(S) =2jVSes f e I du

NG
F(S) = V2nSs [f( Zn/S> +jg( Zn/S)] (5.10)
B 14 0.9267 (5.11)
f@ = 2 + 1.7927 + 3.10472
1
g(@) = (5.12)

2+ 4.1427 4 3.4921% + 6.67073

Considering a perfectly conductivity of the wedge-shaped model, in equation
(5.8) Ty = —1 used for waves with E¥* polarized parallel to wedge and Iy = +1

for H™¢ polarized parallel to wedge.

To study a NLoS scenario using wedge model, where human body obstructs

the DP, the angles a, ¢ and ¢’ are of interest calculated correspondingly:

a= tan"*(R/,) (5.13)
o' = (") - (5.4
@ = (3n/4) 1 (5.15)

129



Associates to the cylindrical incident wave, there is a parameter:

L RR’ (5.16)
R+ R

, and in calculation of a* (), N* is considered as the closest integer to:

(B £ m)/2mn (5.17)

, based on (n) derived from equation (5.5) [62]:

a* (B) = 2cos (nnNir — ’8/2)2 (5.18)

The diffraction coefficient over the smooth convex of P,M , at point M as a
result of wedge model and over smooth convex of MP, are represented by Dp p ,
Dr_weage »and Dyp,respectively. They can be described in terms of ration of fields

of the end point to the beginning point of the domain path they represent, which can
help with blending wedge and smooth convex surface diffraction coefficients. A
mechanistic multiplication of those diffraction coefficients in terms of the field is

depicted in equation (5.19):

Dy =Dp .y X Dr_weage X Dup, = == X = X =
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,where the negative and positive signs depicts the field state before and after effect

of wedge model.

The overall nature of equation (5.19) corespond a linear system that includes
diffraction coefficient of two smooth convex surfaces, decreasing exponentially with
the angle of creeping based on equation (5.4), and static value of wedge diffraction
coefficient for the same positioning of point of Mand the antenna pairs from the body
in accordance to equation (5.8). The linear nature of equation (5.19) give us the
ability to proceed with a mechanistic manipulation of ordering of diffraction

coefficients multiplication as depicted in equation (5.20):

E, _ Ew . Ep, (520
EM EP1 EI-I\-,I

Dy = DT—Wedge X DPlM X DMPZ =
It is safe to assume the effect of wedge model can be considered an external
factor to the linear system of smooth convex surfaces. This assumption helps with

excluding the effect of wedge model when we speak in the context of creeping

wave and smooth convex surface propagation. Based on this analogy and the fact
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creeping fields are continuous over a smooth convex surface [81], we can conclude

E,JV} and E—M> are the same at point M. We can re-write equation (5.20) as:

g . (5.21)
Dy = Dr_weage X Dp,p, = ﬁ X E:PZ
1

From equation (5.20) we can conclude, the total diffraction coefficient to
capture far-field, near-field, and creeping waves behavior of first path in the
proximity of human body is the total ratio of diffraction coefficients calculated in

equations (5.8) and (5.4):

Dy = DT—Wedge * DT—Creeping (5.22)
In conclusion, the first path path-loss is derived using equation (5.23), which
reflects the effect of creeping diffracting, wedge-shaped diffraction, frequency and

antenna pair distance from the human body [107][73]:

A | Dy : (5.23)
L = —10log )
+R"

41\/R'R" (R’

The ToA (7) of the first path will be computed geometrically using equation
(5.24). For what has been shown in Fig. 1, the traveling distance for the first path is
calculated from location of the transmitter to P, (Tyx P;) , over the curvature of torso
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(P, P,) and from P, to the receiver location (P, R,.) in question (21), c is the speed
of wave propagation. The P; P, calculated using R =+ 6 , where R is the radius of

torso and @ is the creeping angle.

1= Ty P,+P P+ PR, )(1/) (5.24)
Following the same analogy that was described for blending UTD ray theory
of wedge and smooth convex surface diffraction coefficients, a general propagation
model for on and off body can be derived using UTD ray theory of wedge and
smooth convex surface for different position of tip of the wedge on the same smooth

convex surface (A, B, C) that is depicted in Figure 5.6.

Figure 5.4 General propagation model for on and off human body using UTD ray
theory of wedge and smooth convex surface .
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Figure 5.5 (a) coupling both field points on the surface (b) coupling both fields
very close to the surface (c) radiation (d) scattering .
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The specific form of general model depicted in Figure 5.4 are the coupling,
radiation and scattering models that are depicted in Figure 5.5 ,which are extensively
described section 2.5.3. Figure 5.5 — d is the scattering solution that we used in this
chapter, and in the upcoming chapter we utilized the radiation model that will be

described in details.

5.3 Comparison of Computation with Empirical Results

The accuracy and validity of measurement campaign for the scattering
scenario discussed in measurement setup in section 5.2.1, in respect to the noise,
reflection and scattering from surrounding environment are confirmed by an
anechoic chamber. We can verify the receiver positioning within the transition
region via calculation of the half-width (w) of transition zone using equation (5.6)
and the height of receiver antenna (h) from the shadow boundary (SB) using simple
geometry involved (a) from equation (5.13) and the antenna separation. Both (w)
and (h) are depicted in Figure 5.3 - b. It is clear the circumstances the receiver

antenna falls into transition is directly associated to the operating frequency, antenna
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pair separation, size of sidelopes from antenna pairs to the torso and the radius of

cylinder simulating the torso.

Using equations (5.4) and (5.8), for a TM polarization, we attempt to calculate
the diffraction coefficients for creeping and wedge-shaped scenarios, which are
depicted in Figure 5.6 for a valid range of creeping angles (6) with consideration of
lower-bound condition of 8 = 1.0003 (Rad) derived from equation (5.3). The result
of Figure 5.6 shows; while diffraction coefficient value for creeping waves is less
than wedge-shaped model, the creeping wave diffraction coefficient decays
exponentially with angle (6) ,which aligns with what has been suggested in
[73][106] . To discuss this behavior from localization perspective, as the creeping
angle increases, the DP vanishes, resulting in a gradual transition of LoS to NLoS
(NDDP or UDP) condition between transmitter and receiver. We also see the
diffraction coefficient of wedge-shaped scenario stays independent of creeping angle
(6) , something that is understandable as the pivot of the wedge (peak of triage in
Figure 5.3) has a static position for different creeping angles. This analysis of UTD

ray theory of wedge and smooth convex surface models was the driving force behind
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leveraging wedge model as an external factor to the linear system of total diffraction

coefficient in equation (5.20).

0.25 T T T T
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7 wedge diffraction coefficient
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Figure 5.6 diffraction coefficient for creeping wave and wedge-shaped scenarios
for a range of creeping wave angles.

Subsequently, Figure 5.7 depicts the first path path-loss around the torso for
a range of creeping angles. This is the result of equation (5.23) with consideration

of ~10.6 cm cylindrical cross-section radius replacing the torso in the measurement
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setup. Since in our experiment antenna pair is positioned to the opposite side of
human torso with 180 (degree) separations, we should expect a maximum value of
total path-loss for the diffracted first path, which indeed confirmed by wideband
statistical study of [63] for 900 MHz experimental scenario. It is safe to assume, this
maximum path-loss is the result of diffracted rays around the torso and contribution
of penetrating waves can be neglected [63]. As a result, the maximum path-loss of

64.84 dB for a creeping angle of 3.142 Rad is derived from Figure 5.7.

66 T T T T

64 X:3.142 -

Y: 64.84

62 -

60 [~ -

58~ !

56 !

54 -

first path path-loss around body (dB)

52 -

50 !

48 r r r
1 1.5 2 2.5 3 3.5

creeping angle (Rad)

Figure 5.7 first path path-loss for a range of creeping wave angles.
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Furthermore, Figure 5.8 depicts first path ToA for a range of creeping angles
based on applicability of equation (5.24), in which for a creeping angle of 3.142 Rad,
we can capture the first path ToA of 2.07 ns. The corresponding ToA, maps to 0.1210
m ranging error manifested by placement of torso in between the antenna pair for
our validation scenario. The size of creeping is also an indication of traveling path

on the surface of torso, approximately half the cylinder diameter.

2.15¢ T T T T

2.1 X: 3.142 -
Y:2.07

2.05

1.95

first path TOA (nsec)

1.9

1.85

1.8C r r r
1 1.5 2 2.5 3 3.5

creeping angle (Rad)

Figure 5.8 first path TOA for a range of creeping wave angles.
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Figure 5.9 Broadband measurement result compared to HFSS simulation (FEM
solver) for a scenario that human torso is placed between Tx and Rx.

The path-loss and ToA of the first path derived from the analytical UTD
approach (64.84 dB,2.07 ns) shows close agreement with the wideband
measurement (65 dB, 2 ns) and HFSS simulation results (67 dB, 1.8 ns) depicted in
Figure 5.9. The green and the blue graphs provide the measurement and the black
and the red graphs provide HFSS [21] simulation results , which is a FEM solver,

before and after human torso placed in between the antenna pair. The blue and red
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graphs are mainly of interest as the path-loss is a relative measure in our analytical

calculation.

5.4 Summary

We proposed an analytical UTD approach to predict the behavior of shortest
diffracted path, known as the first path, for ToA-based indoor localization and
accurate ranging for a scattering scenario in the proximity of human body and in
particular in the transition region. This analytical approach is based on the
applicability of UTD conductor wedge path-loss model previously used for
communication purposes in an urban area, and a custom geometrical formulation to
calculate ToA and DME of the first path. With the consideration of past struggles to
take into account the effect of transition function formulation embedded within the
UTD ray theory of smooth convex, the UTD ray theory of smooth convex surface is
applied to the wedge path-loss model in terms of creeping wave diffraction
coefficient. The mechanics happens with a comprehensive analysis of EM fields on
the surface of torso to help in blending the smooth convex and wedge diffraction
coefficients into the wedge path-loss model. Embedded in the UTD conductor wedge

path-loss model, the wedge diffraction encapsulates the transition function, in which
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it will contribute to the precise prediction of the fields in the transition region and in
the proximity of human body. The model introduced spans across a variety of
antenna positioning in respect to human body by addressing creeping waves for on-
body, far-field and near-field waves for off-body propagations. It shown the analogy
and the approach used for the scattering solution proposed in this chapter can be
generalized, based on applicability of UTD wedge and smooth convex surface
models, to analytically model the coupling and radiation scenarios in the proximity

of human body as well.

To validate our approach, we compared the result of the analytically
calculated path-loss and ToA of first path with wideband measurement and HFSS
simulation (a FEM solver) for a scenario where the receiver is located in the
transition region and away from the body (~1/3), and provided our prediction for
NLoS ranging error manifested by human torso obstructing the LoS. The analytical
approach discussed in this paper is proposed as a enhancement to existing RT

algorithm for human body ToA-based indoor localization.

In the next chapter of this thesis we discuss an analytical approach to analyze

effect of angular motion of human body for a radiation scenario.
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Chapter 6 Ray Optics and Effects of Angular Motion of Human Body

6.1 Introduction

Considerting the overheads stemmed from complexities and required
computational resources (i.e. CPU, memory) associated with EM computation
methods and as an extension to the UTD analytical effort for modeling ranging errors
in the proximity micro-metals, has shaped a desire to adopt UTD-based techniques
for BAN as a substitute. We can consider this UTD solution as an enhancement to
existing RT algorithm to count for effect of diffraction in proximity of human body
parts. There has been multiple research studies in Body Area Network (BAN) , that
have in the past pursued ray theory based on applicability of a conductor cylinder
for coupling, radiation and scattering solutions. The Zhao et al. in [22], Alves et al.
in [99] and Zasowski et al. in [100] have followed the creeping theory - diffraction
phenomena of rays around shadowed surface of smooth convex body - and coupling
functions for on-body propagation solutions introduced by [83][98][84]
respectively, when the height of antenna from the body surface are in small fractions
of wavelength (~ A1/20 or less). On the other hand, Ghaddar et al. in [19] based

on applicability of [83], Koutitas et al. in [102] based on applicability of
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[80][98][84], and Lee et al. in [42] based on applicability of [103][104] have
Investigated scattering scenarios based on solutions offered for off-body or a hybrid

version of off-body and on-body propagation solutions.

In particular the main focus of studies conducted by [19][99][100] is the
analysis of channel profile in proximity of human body, and in respect to angle or
position of antenna pair. The authors in [22] have followed a UTD approach based
on applicability of surface field (Fock coupling) functions and coupling coefficients
introduced in [80], also, they have compared the result of time-response derived
from computed frequency-response with FDTD and measurement for on-body
channel characterization. However, there has been less consideration to the
diffracted rays around the transition zones. Reference [102] counts for the effect of
parallel shadow boundaries on the sides of human body in the deep shadow region
and away from shadow boundary, where transition function reaches unity, for a
scatterer case. Validation of their approach in scheming the path-loss and the delay
derived from frequency-response is rather limited to the scenario the receiver is
mounted 6 mm (h = A/10 for 5 GHz) from surface of the body. This approach

explores the effect of diffracted rays in transition zone for the coupling and the
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creeping conditions. Alternatively, [42] entertains the idea of validating the ranging
base on the time-response derived from frequency-response and based on
applicability of [103][104]. Despite uncertainties in the trunk, head and hand
geometry and transceiver location in respect to the body in the validation scenarios,
it is palpable the primary focus of proposed procedure neglects cross-propagating
rays over the cylinder, which bounds the applicability of solution around the
transition zones. Additionally, The UTD solutions that are discoursed in
aforementioned studies are predominantly based on applicability of conductor
cylinder for scatterer or on-body propagation scenarios, leaving this solution
inadequate to count for effect of angular motion of human that is confirmed by
statistical models provided by [34]. Although [42] has explored an elliptical solution

to human body, a static position is assumed for the validation scenarios.

The RT remains as an important simulation tool widely used in indoor to
model RF propagation when there are obstacles. In addition to the above references,
[108][109][110] in recent years have conducted studies to help with improving the
accuracy, computational resources and complexity of RT algorithm for simulations

in the proximity of human body, that conclude current state of art for RT algorithm.
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In detail, [108] confirms modeling the human body as a cylinder in the RT
environment provides more accuracy in some specific scenarios compare to knife-
edge, blade and parallel pipe UTD models and absorbing material would require less
computation complexity compare to conductor and dielectric. [109] proposes a twin
cylinder model for moving head and human body shadowing in 60 GHz WLAN to
help with accuracy of human body in RT simulation, and [110] leverages additional
statistical models under different settings to help with accuracy of current RT

algorithm for modeling effect of human movement on indoor propagation.

In the upcoming sections we explore an alternative UTD approach to above
studies applicable to a diverse propagation scenarios such as on-body or off-body
propagation solutions in proximity of human body. A comprehensive dive into the
technical details of aforementioned proposal will be discussed , that explores the
creeping theory introduced by [80][106] along with wedge-shaped conductors
model reported in [62] - diffraction phenomena of rays in proximity of a conductor
wedges with finite wedge angle - introduced by to account for behavior of far-field
and near-field rays in proximity of human body. Particularly, leveraging wedge-

shaped diffraction coefficient and Fresnel function, the proposed UTD model can

146



count for cases the receiver is localized in the transition zone and away from the
body (~4/3) , which provides a good accuracy compared to the previous studies that

may have experienced instabilities in their validations in that region.

The primary focus would be to calculate the path loss, ToA and Distance-
Measurement-Error (DME) of the first path in OLoS condition, when LoS blocked
by the human body and the receiver orientation falls within the transition region.
While [102][42] leverage a subjective creeping angle in their calculations for on-
body propagation, in this paper, a creeping angle is analytically calculated, which
appropriately suits the experimental scenario. The analytical UTD approach operates
based on applicability of desired center frequency to compensate for limitations
associated to computational resource of large and complex environments. The
validation procedure consists of wideband measurements performed by a vector
network analyzer operating at 900 MHz, sweeping 100 MHz of bandwidth, and

HFSS simulation.

Soon after, leveraging creeping theory and wedge model from above
discussion with an addition of screen conductor solution - diffraction phenomena of

rays in proximity of a screen made of a thin conductor , based on applicability of
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elliptical geometry for human torso in angular motion is investigated, which is the
focus of this paper. The validation scenario consists of static positioning of a
transmitter antenna placed 5 m away from a receiver mounted on the human torso
and in rotational motion[0°,360°]. UWB measurement conducted at 30° intervals
used to validate the analytically calculated ToA and path-loss of first path for 3-8

GHz of bandwidth.

Potential adjustments to the aforementioned model are proposed to
compensate for path-loss oscillations in transition regions in proximity of human
torso. The proposed model is leveraged to model path-loss, DMA and ToA for
various positioning of transmitter antenna in the same scenarios - in respect to human

torso in angular motion and mounted receiver on its chest.

The reminder of this chapter is organized as following; Section 6.2 covers
analysis of effect of angular motion of human torso on ToA-based indoor
localization systems when a transmitter has a static position in respect to the receiver
that is mounted on the human chest including discussion on modeling LoS in section
6.2.1, OLOoS in section 6.2.2 and results and discussion in section 6.3 respectively.

Section 6.4 discussed proposed enhancements to the model to overcome some
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instability in the aforementioned model and section 6.5 explores various position of

antenna. Finally section 6.6 concludes the chapter.

6.2 Analysis of Effect of Angular Motion of Human Torso

In this section, analysis of effect of angular motion of human torso will be
investigated. To proceed with an analytical UTD ray theory and geometrical ray
optics formulation to compute the path-loss, DME and ToA of the first path around
human torso in angular motion, calls for geometrical improvements from a circular
cylinder model to an elliptical cylinder. The solution helps to account for a realistic
geometry of torso that brings into consideration the effect of hands and shoulders as
depicted by Figure 6.1-a. Two cylinder with radius R are considered crossing each
other at points, M and N , resulting in an overlapped elliptical cross-section area that
Is depicted by Figure 6.1-b. This elliptical cross-section is considered the overhead
view of the torso in respect to the human head such that, d represents the width of
human torso (shoulder-to-shoulder size) and x captures the depth of human torso
(size of chest to back). Using d and x, the radius of the overlapping cylinders can
be calculated using equation (6.1) , which further has a vital role in calculation of

creeping waves in equations (5.1) (5.2) and (5.3):
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(R=%/)*+ (Y)* = R’ (6.1)

(a) (b)

Figure 6.1 (a) Human torso as an elliptical cylinder with mounted
antenna on the chest. (b) overhead view of human torso geometry
with elliptical cross-section.

The overall UTD ray theory and geometrical ray optics properties previously
introduced for scattering cases are expanded and employed in a new fashion for
radiation scenarios. The experimental scenarios involve a receiver antenna mounted

on a human chest (over the torso) facing the transmitter that is positioned at the same
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Figure 6.2 (a) Radiation scenario by human body in angular motion (b) top view
cross section of torso depicting angle B between direction of the face/torso and the
original transmitter/receiver reference line.
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height as human torso and 5 m away (Figure 6.2 - a and Figure 6.2 - b) operating at
5.5 GHz operating frequency with 5 GHz bandwidth. Analytically calculated path-
loss, ToA, and DME of the first path is validated with the empirical measurements
using UWB signal as the human torso rotates in a clockwise angular motion (as
increases in Figure 6.2-b). The same measurement system discussed in section 5.2.1
will be adopted for validation of new proposed analytical UTD ray theory and
geometrical ray optics procedures for the experimental scenario depicted in Figure
6.2 —a. The empirical measurement incdes a pair of UWB antenna (Skycross SMT-
3TO10M) with TM polarization, which implies addition of a power amplifier (3 — 8
GHz, 30dB) connected to the VNA (Agile E8363). The width and the depth of
subject human torso considered for validation process are 40 cm and 16 cm
respectively. There are 50 measurements attempts at intervals of 30° spanning a
complete ration of torso for g = [0°,360°]. This is done as the subject human and
mounted antenna on its torso (chest) rotate clockwise in respect to the transmitter.
The average path-loss, DME , and ToA at each interval will be used to validate the

result of proposed analytical approach.

g = {0°,30°60°90° 120° 150° 180°, ..., 360°} (6.2)
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Measurement scenarios are divided into LoS or OLoS conditions provided the
human body blocks the LoS between transmitter and receiver. The angular rotation

(B) can further classify to scenarios (S) depicted as :

S_{Los, L €10°,90°] and f € [270°,360°] (6.3)
~ | NLoS, B € (90°,270°)

6.2.1 Modeling for LoS Condition

Analytical calculation of the path-loss and ToA of the first path for a LoS
condition (B € [ 0°,90°] and B € [270°,360°]) depicted in Figure 6.3 are rather

straight forward, as the Friis free space depicted in equation (6.4) , can be leveraged.

p (6.4)
PL = GtGr(E)z

In this equation, G.and G, are transmitter and receiver gains, respectively, and
it is safe to assume them as unity. The r is the direct path between the transmitter

and the receiver, which can easily be calculated for any S. For these two scenarios,

the ToA derived from equation (6.5), where c is the speed of wave propagation:

="/ (6.5)
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©
oa

Direction of the face N

Figure 6.3 LoS conditions for B €[ 0°,90°], where free space model can be
used to calculate the direct path path-loss and ToA.

6.2.2 Modeling for OLoS Condition

Analytical calculation of the path-loss and ToA of first path, for an OL0S
condition (£ € (90°,270°) ), is rather complex. Figure 6.4 depicts a scenario, in
which the clockwise angular rotation of human torso localizes position of the
mounted receiver on the chest, in an angle of g € (90°,270°), in respect to the

transmitter antenna. For these scenarios, the human body blocks the DP between
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antennas pair resulting in diffraction of first path. Upon diffraction of the first path,
creeping waves fashion in different direction over the body, but as [34] reflects, the
creeping waves around the shoulder and the human torso reach the receiver fastest.

These rays are referred to as first path around human torso in this paper.

©
Oa

Direction of the face

N

Figure 6.4 OLoS condition for B & (90°,270°), where human body blocks the
DP.

As depicted in Figure 6.5, to proceed with our analytical approach to calculate
the path-loss and ToA of first path around the torso for scenarios of S €

(90°,180°) and B € (180°,270°), the portion of body that blocks the DP is
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replaced with a wedge model that has isosceles triangle cross-section,. The right leg
of triangle lies on the line representing the width of the torso (d in Figure 6.1-b) and
base of triangle (1 in Figure 6.5) lies between transmitter and receiver at angle S =
0. The same equations (5.1) - (5.23) previously used for scattering by the conductor
cylinder model will be deployed with the exception of redefinition of angles a , ¢

and ¢’ in equations (5.5), (5.13) - (5.15) :

y={ T2 [ €(90°,180° (6.6)

B {2(/3 — ), B e (180°270°)

] = d/z sin (B—T/5), B € (90°,180°) (6.7)
d/z sin (3”/2 - B), B € (180°,270°)

(14 %/y) - (d/2 cos(B — /) ) B €(90°,180°)  (68)
L+ %/5) - (d/z cos(37/, — B) ),/3 € (180°,270°)

a=tan'(//p) (6.9)
C(B=T/y—a B €(90°,180°) (6.10)
v {3"/2 — B—a B E(180°270°)

¢ =2m— M- tan"*(*/,) (6.11)
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Direction of the face

Figure 6.5 Conductor wedge model to calculate path-loss and ToA of the first path.

To discuss equation (5.22) in terms of electromagnetic fields, it is known the
wedge and creeping diffraction coefficients are the electric field ratio of the
diffracted rays to the incident rays in proximity of the wedge and the torso
respectively. The total diffraction coefficient corresponds to the electric field ratio

of the rays diffracted by the wedge and creeping over the torso into the receiver with
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consideration of the incident rays traveling over the torso are the same as diffracted
rays by the wedge (ﬁ = E_TJ) and rays received at the receiver are the diffracted

(creeping) rays from the torso) (E_;f) = E_,{). The subscripts W, T and R correspond
to the wedge , smooth convex surface of torso models and the receiver antenna
respectively. The negative and positive signs corresponds to rays incident and
diffracted by the wedge and the smooth convex surface at point P and over the torso

respectively.

D = ER——EJ/X—E;—D x D
Total — —/]/] — —/— — — YT-Wedge T—Creeping
E,, Ey Ex (6.12)

The creeping angle (8), which is the angle of creeping wave from one side of

human torso to the mounted antenna on the chest is % . This angle stays constant

throughout the NLoS computations as the torso and the mounted antenna on the
chest rotate clockwise. The R and R’ are the sidelopes to the peak of the wedge

calculated as following:
R= T2+ J2 (6.13)
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(6.14)

R = \/x/z2 + d/zz
Once the Dr_yeage aNd Dr_creeping are calculated using equations (5.7) and (5.4),
it is safe to assume, that R’ can replace the curvature of human torso in the
formulation to proceed with modeling the path-loss of the first path. Consequently,
equation (6.15) will be used to calculate the ToA of first path. It is the duration of
first path traveling the direct distance from the transmitter to the point that human

body blocks it and creeping over the curvature of torso to reach the receiver.

t=R+R:0)(Y/) (6.15)
The R is the free space distance DP travels from transmitter to the point of
intersection, where body blocks it. R is the curvature radius of torso derived from

the equation (6.1), 6 is the creeping angle and c is the speed of wave propagation.

As we transition to 8 = 180°, one of experimental scenario’s depicted in

Figure 6.2-b, it is safe to assume the two legs of isosceles triangle that is cross section

of the wedge in Figure 6.5 (QP and PO) overlap each other resulting in M reaching
0°, and the wedge-shaped model transitioning to a conductor screen model as

depicted in Figure 6.6.
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Figure 6.6 Conductor screen model to calculate path-loss and ToA of the
first .path for f=180°.

The changes required to proceed with conductor screen are related to angles M , ¢
and ¢’ and replacing conductor screen diffraction coefficient (D _gqreern) definition

with wedge diffraction coefficient (Dr_yeqge )-

M = 2tan™! */4 (6.16)
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@' = 7T/Z —«a (6.17)

@ = 21— M/Z (6.18)
Dr_screen = N o — ¢/+ (P‘+ o
T cost——  cost——"

6.3 Results and Discussions

This section provides the result of analytical approach derived from
applicability of free-space, conductor wedge and screen models discussed in sections
6.2.1 and 6.2.2, and their validation with the measurement scenarios discussed in the
early section of 6.2. While the measurement results are discretized for intervals of
30° scenarios, the analytical solution is rather continuous (intervals of 1°) spanning
across a complete rotational motion for 8 € [0°,360°] scenarios. Figure 6.7, Figure
6.8, and Figure 6.9 depict the result of analytical calculation of ToA, DME and the
path-loss of first path, and their comparison with the measurements respectively. In
those figures, there are two instances of free space measured data at angle § = 0°,
one of which includes the effect of human body when the receiver is mounted on the

human chest facing the transmitter.
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6.3.1 First Path ToA

Figure 6.7 depicts the result of analytical calculation of ToA for the first path
as the human torso and mounted receiver on the chest rotate clockwise in an angular
motion for g € [0°,360°]. For angles involved in LoS scenarios (8 € [0° 90°]
and g € [270°,360] ), the equation (6.5) is used to calculate the ToA of the first
path. As depicted in Fig. 3a, for scenarios of g € [0°90°] , the TOA increases as
the torso rotates clockwise in respect the transmitter imposing longer distance
between the antenna pair. In case of g € [270° 360]however, the ToA value
decreases as torso and mounted antenna rotates clockwise toward the transmitter
resulting in a shorter distance between antenna pair. As the torso rotates from 90° to
91° scenario, a jump in ToA value is observed. This is due to a transition from LoS
to NLoS condition, calling for NLoS condition equation (6.15) at 91°. A comparison
of Fig. 3aand 3b, testifies to the fact the distance first path travels in a NLoS scenario
Is longer than LoS scenario, which is indeed confirmed by equations (21) and (36).
The same analogy applies when the torso rotates from 270° to 271°, but this time

there is a transition of NLoS to LoS resulting in degradation of ToA.
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For a NLoS condition with 8 € (90°,270°) scenarios depicted in Figure 6.4,
the equation (6.15) is used to analytically calculate the first path. In these scenarios,
ToA captures the time the first path travels a distance (R) until blocked by human
torso and diffracted rays travel a creeping distance ( R.0) over the curvature of torso
to reach the receiver. As we discussed in the previous sections, the creeping distance

stays constant for the duration of the time torso rotating in a NLoS condition with
(6 =§). As a result, while R.6 stays constant as the torso rotate for S €
(90°,180°] , ToA of the first path increases with R. The same analogy applies to

B € [180°,270) scenario but this time the ToA decreases with R.

There are two instances of free space measured ToA at angle f = 0°. The one
with the larger ToA corresponds to the effect of human body when the receiver is

mounted on the human chest facing the transmitter.
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Figure 6.7 Comparison of analytical model and measured ToA of first path for 8
€[0°,360°] scenarios.

6.3.2 First Path DME

The DME presents the difference between expect and actual distance that first
path would travel. Figure 6.8 depicts the result of analytical calculation of DME for

the first path as the system rotate clockwise for f € [0°,360°]. In the analytical
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calculation, the expected travel distance of first path is the direct path between
transmitter and the receiver independent of any objects blocking the path while the
actual distance of first path simply derived from ToA depicted in Figure 6.7 for LoS
and NLoS scenarios. As a result, the DME results provided in Figure 6.8 follows the

same pattern as ToA graph in Figure 6.7.

For a LoS scenario of € [0°,90°] and B € [270°, 360] the expected and
actual distance are the same and as a result graphs shows a flat horizontal line. For
scenarios system transitions from LoS to NLoS (from 90° to 91°angle) continues in
NLoS condition (8 € (90°270°) ), and transitioning back from NLoS to LoS
(from 270° to 271°) we observe the same behavior as ToA , which follows the same

analogy described for ToA calculation.
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Figure 6.8 Comparison of analytical model and measured DME of first
path for p &[0°,360°] scenarios.

6.3.3 First Path Path-loss

Figure 6.9 depicts the result of analytical calculation of path-loss and validates
the results with the actual measurement. For LoS condition with 8 € [0°,90°] and

B € [270°, 360] scenarios, the result of analytical approach - based on applicability
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of equation (6.4) - appears as a straight line. In reality, as the torso rotates clockwise,
for B € [0°,90°] scenarios the path-loss increases slightly with the antenna pair
distance increasing. For the scenarios involved S € [270°,360] , the path-loss

slightly decreases as the distance between antenna pair declines.
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Figure 6.9 Comparison of analytical and measured path-loss for  €[0°,360°]
scenarios.
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A strong degradation in path—loss is observed as torso rotates from 90° to
91°angle. This is due to the fact the first path between transmitter and the receiver
Is blocked by the torso resulting in transitioning from a LoS to a NLoS condition. At
90°, the free space path loss model provided in equation (6.4) is used, while the
total path-loss at 91° is based on applicability of equations (5.22) and (5.23) , which
counts for diffraction of first path around the torso, and creeping over torso curvature
to reach the receiver antenna. The condition is rather different for the case torso
rotates from 270°to 271° as the torso transition from NLoS to a LoS condition,
resulting in a large improvement of the path-loss. The NLoS scenarios [ €
(90°,270°) are further divided in two categories. While calculation of path-loss is
based on applicability of equation (5.23), for g = 180° , the conductor screen
diffraction coefficient derived from equation (6.19) will substitute the wedge

diffraction coefficient in equation (5.22).

To further analyze the NLoS scenarios, with a simple geometrical calculation
and based on applicability of equation (5.6), the half-width of transition region (w),
distance of receiver antenna from the shadow boundary (h) , and current position of

receiver from the 180°-axis (h') depicted in Figure 6.5 and Figure 6.6, can be
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considered with the goal of unveiling scenarios (specific § angles) that receiver
antenna falls into the transition region. This condition correlates to experimental
scenarios of g € [91°,140°] and § € [220° 269°], which the transition function
specified in equation (5.9) has a maximum effect leading to the oscillations observed
with the path-loss for § € [91°,111°] andB € [249°,269°]. The effect of transition
function diminutions as the receiver moves away from the shadow boundary and its
magnitude approaches unity outside the transition zone for g € (140°,220°) ,
resulting in an overall smooth path-loss pattern for § € (111°,249°) as depicted in
Figure 6.9. For B € [91°,111°], an average increase in path-loss is observed, that it
can be described in the contexts of transition zone properties. If a reflective object is
near the shadow boundary, the signal will experience a 180° phase shift and cancel
the direct wave at the receiver. If a reflective object is tangent to transition zone, the
electromagnetic waved will be shifted because of the increase in path length,
undergo an additional 180° phase shift due to reflection, and reinforce the direct
wave at the receiver. A transition from shadow boundary to the tangential area
results in an increase in the wave power. In this experiment, as the torso rotates in
an angular motion for g € [91°,111°], the portion of chest that is positioned near

the shadow boundary of transition region, manifest itself as reflective object, and as
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the torso curvature moves away from the shadow boundary, results in degradation
of the path-loss. Using the same analogy, as the torso rotates for S € [249°,269°]
the chest curvature moves toward the shadow boundary, resulting in a growth of
path-loss. The measurement data did not reveal such a behavior as those have been
conducted at 30° intervals. Consequently, the magnitude of Dr_yeq4. and
Dr_screen (diffraction coefficients of wedge and screen models) follow a gradual
growth for angles f € (140°,180°] and a reduction for g € [180°,269°) and
since, they are the dominant parts of path-loss model in equation (5.23), result in an
increase of path-loss for £ € (140° 180°] and a degradation path-loss for g €

[180°,269°) respectively.

There are two instances of free space measured path-loss at angle § = 0°. The
one with the smaller path-loss corresponds to the effect of human body when the

receiver is mounted on the human chest facing the transmitter.

6.4 Proposed Enhancements to the UTD Model

Potential adjustments can apply to existing wedge model to compensate for

oscillations observed with g € [91°,111°] andf € [249°,269°]. To proceed with
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that, the effect of reflection waves from the incident plane (QP leg in Figure 6.5),
correlated to the last term of equation (5.8), can be neglected to better match the
model to the geometry of human torso. To be more specific, equation (5.8) , is a
derivative of equation (6.20) that is approximation is provided in equation (5.7)

[62][73][107] .

Dr_wedqge = D1 + D, + I, D3 + I, Dy (6.20)

Another enhancement to existing path-loss model could be to expand the
conductor screen model used for f = 180° (depicted in Figure 6.6) across all NLoS
B € (90°269°) scenarios. To proceed with the proposed enhancement, a small
modification to equations (6.10) and (6.11) is employed by adding M from equation

(6.6), which implies to overlapping of triangle legs in the wedge to simulate a

conductor screen.

o = B—T/y—a+M, P €(90°,180°
3n/2 — B—a+M, B €(180°270°) (6.21)

@ =21 — tan‘l(x/d) (6.22)

The proposed enhancements provide a slight growth in the computed path-

loss compare to the original wedge and screen models, which is due to deprivation
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of reflected waves from the incident plane of the wedge model. The path-loss
comparison of original model versus the proposed enhancement models is depicted
in Figure 6.10. One interesting observation is the fact the wedge model without
incident plane and the conductor screen model for 8 € (90°,269°) introduces a
slightly larger path-loss than original wedge model, which is due to excluding the
effect of reflected waves from the incident plane of the wedge-shaped model.
Furthermore, for wedge model without the incident plane the path-loss stays intact

for f = 180° as we had always used a conductor screen model for this scenario.
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6.5 Variable Positioning of Transmitter Antenna

The previous sections of this chapter provides discussion on analysis of
shortest first-path ToA , DME and path-loss in proximity of human torso in angular
motion and for a static positioning of transmitter placed 5 m away from a receiver

mounted on the human chest.
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Figure 6.11 Shortest first path ToA; for variable transmitter antenna distance and
angular rotational motion of human torso.
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In this section, as an expansion to the previous study, variable positioning of
transmitter antenna will be investigated, when human torso is in angular motion.
Figure 6.11, Figure 6.12 and Figure 6.13 provide an illustration t to this analysis for

ToA, DME and path-loss respectively.

Figure 6.11 provides the 3D model depiction of first path ToA in the proximity
of a human torso in angular motion for variable positioning of transmitter in respect
to the received mounted on human chest. The ToA/angle cross-section of this figure
is similar to the 2D first path ToA provided in Figure 6.7 for static positioning of
transmitter antenna. Figure 6.11 depicts an average inclination of shortest first path
ToA as the distance of transmitter varies from 1 m to 20 m, which is due to an
increase in the free space distance of transmitter antenna from the human torso in an
angular motion from the equation (6.4). The model can certainly handle transmitter
distances beyond 20 m, we are just limiting the computation to 20 m to save one

computation time and resources.
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Figure 6.12 Shortest first path DME; for variable transmitter antenna distance and
angular rotational motion of human torso.

Figure 6.12 provides the 3D model depiction of first path DME in the
proximity of a human torso in angular motion for variable positioning of transmitter
In respect to the received mounted on human chest. The DME/angle cross-section of
this figure is similar to the 2D first path DME provided in Figure 6.8 for static
positioning of transmitter antenna. Figure 6.12 illustrates a degradation of DME

behavior of shortest first path as the distance of transmitter move from 1 m to 20 m.
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It is understood the DME and effect of diffraction of first path around human body
becomes negligible as the distance between transmitter and the torso increases (value
of DME approaches zero in Figure 6.12). This aligns with our diffraction discussion
in section 2.5.1 and Figure 2.8 , which confirms the DME decreases as the distance
between antenna pair increases due to elimination of effect of diffraction around an
edge-shaped metallic objects. The model can certainly handle transmitter distances
beyond 20 m, we are just limiting the computation to 20 m to save one computation

time and resources.

Consequently, Figure 6.13 provides the 3D model depiction of first path path-
loss in the proximity of a human torso in angular motion for variable positioning of
transmitter in respect to the received mounted on human chest. The Path-loss/angle
cross-section of this figure is similar to the 2D first path path-loss provided in Figure
6.9 for static positioning of transmitter antenna. Figure 6.13 depicts a slight
degradation of shortest first path path-loss as the distance of transmitter move from
1 m to 20 m, which is due to the free space path-loss between transmitter antenna

and the human torso in angular motion from the equation (6.4).
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Figure 6.13 Shortest first path path-loss; for variable transmitter antenna distance

and angular rotational motion of human torso.

As mentioned before, The model can certainly handle transmitter distances
beyond 20 m, we are just limiting the computation to 20 m to save one computation

time and resources.
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6.6 Summary

We proposed an analytical UTD approach to predict the behavior of shortest
diffracted path, known as the first path, for ToA-based indoor localization and
accurate ranging for radiation scenario by the human body in an angular motion.
This analytical approach is based on the applicability of UTD conductor wedge path-
loss model previously used for communication purposes in an urban area, and a
custom geometrical ray optics formulation to calculate ToA and DME of the first
path. The UTD ray theory of smooth convex surface is applied to the wedge path-
loss model in terms of creeping wave diffraction coefficient. The mechanics happens
with a comprehensive analysis of EM fields on the surface of torso to help in
blending the smooth convex and wedge diffraction coefficients into the wedge path-
loss model (an exception to this is using UTD ray theory of conductor screen
diffraction coefficient instead of conductor wedge diffraction coefficient for angular
motion £ = 180°). Embedded in the UTD conductor wedge path-loss model, the
wedge diffraction encapsulates the transition function, in which its effect in the
transition region in the proximity of human torso in angular motion is
comprehensively analyzed. The validation scenario entailed static positioning of a

transmitter antenna placed 5 m away from a receiver mounted on the human chest
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in angular rotation. The UWB measurements used to validate manually calculated
ToA, DME and path-loss of first path sweeping 3-8 GHz of bandwidth. Two
potential adjustments to the proposed model discussed to compensate for path-loss
oscillations in transition regions in proximity of human torso. A 3D model was
provided based on analytical calculation of first path ToA, DME and path-loss of for
various separation of the transmitter antenna from the human body, when torso and
the receiver antenna mounted on the chest are in angular motion. The overall solution

was proposed as an enhancement to existing RT algorithm.

In the next chapter of this thesis, we discuss the conclusion of the thesis and

provide recommendation on the future direction of research conducted in the thesis.
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Chapter 7 Conclusions and Future Directions

This chapter provides an overall conclusion and discussion of some possible

directions for the research that has been the focus of this dissertation.

To conclude, this thesis provided modeling solutions as a mitigation to the
limitation of existing propagation tools and models to computationally capture the
effects of micro-metals and human body on ToA-based indoor localization.
Solutions for each computational technique were validated by empirical
measurements using UWB signals. Related to the two problem areas of ToA-based
indoor and human body localization, there were four solutions proposed to the
aforementioned problem areas. EM computational method, and a combination of
analytical UTD and geometrical procedures offered to model the effects of micro-
metals on ToA-based indoor localization. Analytical UTD ray theory and
geometrical procedures were used to model the effects of human body on ToA-based
human body systems for scattering and radiation scenarios. In particular, FDTD
numerical method was used to estimate the ranging errors, and a combination of
UTD ray theory and geometrical ray optics properties were utilized to model the

path-loss and the ToA of the DP obstructed by micro-metals. Analytical UTD ray
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theory and geometrical ray optics properties are exploited to model the path-loss and
the ToA of the first path obstructed by the human body for the scattering scenarios.
The proposed scattering solution expanded to analytically model the path-loss and
ToA of the DP obstructed by human body in angular motion for the radiation

scenarios.

For future directions, | would like to recommend analysis of effects of
bandwidth on the analytical UTD rays theory models introduced in this dissertation,
which operate based on center frequency of bandwidth, to estimate the path-loss for
the DP obstructed by the micro-metals and the human body. The same approach was
previously conducted in the empirical analysis provided by [34][35] in the proximity
of human body. A more complex experimental scenarios which encompasses
misaligned elevation of antenna pair could be analyzed to understand their effects
on the UTD models introduced in the thesis as the models developed throughout this
dissertation assume the same height for transmitter and receiver. As part of this effort
it is recommended to analyze vertical motion of the human body in addition to the
angular motion of torso that is discussed in this dissertation. It is recommended to

analyze the effects of different orientation of carrying tag mounted on human body
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on the proposed UTD models, in the same fashion that [34] has evaluated statistical

models for the mounted sensors on the human chest or attached to the wrist.

Lastly, the models introduced in this dissertation operate based upon the
assumption the conductivity, permittivity and permeability of human tissues are
analogous to a conductor material. It is recommended to analyze the effects of
different human tissue type on proposed models in this thesis in the same fashion
[108] has analyze effects of absorbent, conductor and dielectric material on proposed

UTD model for communication purposes.
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