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Abstract

In an indoor wireless environment, the presence of the human bodies significantly influences
the radio link between the access point and user equipment due to their low heights. It is
essential to include human body models in the most widely used deterministic propagation
models, wherein the human body has to be approximated to certain geometry and asso-
ciated electromagnetic properties. The circular conducting/dielectric cylinder is the most
widely used geometrical approximation for the standing posture of the human body. By
visual inspection, the human body form does not appear to be symmetric and uniform at
different heights, unlike cylinders. Furthermore, the dielectric nature of the human body
may cause frequency-dependent human-radio interaction. Therefore comparative meas-
urement and deterministic modelling of human-radio interaction at sub-6GHz and higher
frequencies considering the accountability of cylinder simplification at different height is
the main goal of this project. The frequencies of choice, one at mid-band sub-6 GHz and
one at high-band close to 20 GHz, are representative in the current development of 5G.
This work re-evaluates the accountability of using cylinder geometry at both sub-6GHz
and higher frequencies.

ii



CONTENTS

Contents

Contents iii

List of Figures v

List of Tables vii

1 Introduction 1
1.1 Background . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Literature Review . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
1.3 Problem Statement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5
1.4 Objective . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 5

2 Modelling Methodology 7
2.1 Physical Mechanism of Radio-Body Interaction . . . . . . . . . . . . . . . 7
2.2 High-Frequency Asymptotic Modeling of Radio-Body Interaction . . . . . . 8

2.2.1 Physical Optics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8
2.2.2 Geometrical Optics . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Uniform Theory of Diffraction – A GO method . . . . . . . . . . . . . . . 9
2.3.1 Direct Field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.2 Reflected Field . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.3.3 Surface Diffracted Fields . . . . . . . . . . . . . . . . . . . . . . . . 13
2.3.4 Interaction Coefficients . . . . . . . . . . . . . . . . . . . . . . . . . 16
2.3.5 Total Electric Field . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
2.3.6 Total Received Power Calculation . . . . . . . . . . . . . . . . . . . 17

2.4 Applying UTD Model to Human body . . . . . . . . . . . . . . . . . . . . 18

3 Measurement Campaign 20
3.1 Measurement Setup . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.2 System Specifications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.3 System Calibration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22
3.4 Data Processing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4 Numerical Examples 27
4.1 Measurement Results and Analysis . . . . . . . . . . . . . . . . . . . . . . 27

4.1.1 Angular Power Spectrum . . . . . . . . . . . . . . . . . . . . . . . . 27
4.1.2 Measured Human Body Attenuation at Head, Torso and Leg Level 28
4.1.3 Comparison of Human Body Attenuation at 3.6GHz and 19GHz . . 30

4.2 Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
4.2.1 Verification of UTD Model . . . . . . . . . . . . . . . . . . . . . . . 30
4.2.2 Three Electric Field Components of the Total Electric Field . . . . 34

4.3 Comparison Between Measurement and Simulation Results . . . . . . . . . 35

iii



CONTENTS

4.3.1 Simulation Results Compared with Cylinder Measurement Results . 36
4.3.2 Simulation Results Compared with Human body Measurement Results 37

4.4 Parameterization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40

5 Evaluation 42
5.1 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42
5.2 Recommendations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

6 Future Work 44

References 45

iv



LIST OF FIGURES

List of Figures

2.1 Radio-body interaction in an indoor environment. Image source:[3] . . . . 7

2.2 General illustration of the scattering problems of a smooth circular convex
surface. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3 Geometrical details for the calculation of electric field in the lit region. Image
source: [23] . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.4 Geometrical details for the two rays surface diffraction from a circular cyl-
inder. Image source: [23] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

2.5 Human body modelled as a three joint circular cylinders of different radius 18

2.6 Permittivity and conductivity values of the human skin at different frequen-
cies. Image source: [18] . . . . . . . . . . . . . . . . . . . . . . . . . . . . 19

3.1 Two dimensional floor plan of the measurement setup . . . . . . . . . . . . 20

3.2 Channel measurement with the presence of the human body & Cylinder . . 21

3.3 Ultra Wide Band(UWB) directional horn antennas. . . . . . . . . . . . . . 22

3.4 Power Delay Profile of LoS measurement conducted after system calibration 23

3.5 Flowchart for the data processing of the measurement data . . . . . . . . . 24

3.6 Illustration of head level measurement data processing at 3.6GHz for AoD 0◦ 25

3.7 Illustration of head level measurement data processing at 19GHz for AoD 0◦ 26

4.1 Angular power spectrum at 3.6 GHz . . . . . . . . . . . . . . . . . . . . . 27

4.2 Angular power spectrum at 19 GHz . . . . . . . . . . . . . . . . . . . . . . 28

4.3 Comparison of FSL and human attenuation averaged over AoD at 3.6GHz
and 19GHz . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.4 Fresnel zone calculation at leg level . . . . . . . . . . . . . . . . . . . . . . 29

4.5 Empirical Cumulative Distribution Function of attenuation averaged over
AoD at 3.6GHz and 19GHz . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.6 Electric field pattern of the conducting circular cylinder illuminated by a
TM polarized electric field in lit zone. . . . . . . . . . . . . . . . . . . . . 31

4.7 Electric field pattern of the conducting circular cylinder illuminated by a
TE polarized electric field in lit zone. . . . . . . . . . . . . . . . . . . . . . 32

4.8 Electric field pattern of the conducting circular cylinder illuminated by a TM
polarized electric field with surface-diffracted ray contributions included in
the lit zone. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

4.9 Verification of simulation model . . . . . . . . . . . . . . . . . . . . . . . . 32

4.10 Verification of simulation model . . . . . . . . . . . . . . . . . . . . . . . . 33

4.11 Direct, Reflected and diffracted components of the total electric field at fc:
19GHz, r = 0.1m, d= 4m . . . . . . . . . . . . . . . . . . . . . . . . . . . 34

4.12 Measurement based modelling & parameterization methodology . . . . . . 35

4.13 Comparison between measurement and simulation results of a conducting
cylinder at 19GHz, r =0.1m, D = 2.5m . . . . . . . . . . . . . . . . . . . . 36

4.14 Comparison between measurement and simulation results at 19GHz for head
level. r=0.1m,D=2.5m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

v



LIST OF FIGURES

4.15 Comparison between measurement and simulation results at 19GHz for torso
level. r=0.2m, D=2.5m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

4.16 Comparison between measurement and simulation results at 3.6GHz for leg
level. r=0.15m, D=4m . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39

4.17 Radius parameterization at different transmitter angles at frequency 3.6GHz 40
4.18 Radius parameterization at different transmitter angles at frequency 19GHz 40

vi



LIST OF TABLES

List of Tables

3.1 Details of the system parameters . . . . . . . . . . . . . . . . . . . . . . . 22
3.2 Technical details of the antenna . . . . . . . . . . . . . . . . . . . . . . . . 23
3.3 Time gating delay range for different heights of the human body. . . . . . . 25
4.1 Average attenuation over all Angles of Departure and Angles of Arrival . . 30
4.2 Permittivity and conductivity assumed at 3.6GHz and 19GHz . . . . . . . 35
4.3 RMSE calculated between measured and simulated APS of cylinder at three

AoD . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.4 Mean R.M.S error and standard deviation at head level . . . . . . . . . . . 41
4.5 Mean R.M.S error and standard deviation at Torso level . . . . . . . . . . 41
4.6 Mean RMSE and standard deviation at leg level . . . . . . . . . . . . . . . 41

vii



1 INTRODUCTION

1 Introduction

1.1 Background

The diversity of indoor wireless applications has increased considerably in recent years.
The performance of the indoor wireless systems is significantly influenced by the radio
propagation environment, the frequency bands, and the resulting multipath channel. The
multipath propagation channel is a result of the interaction of electromagnetic waves with
surrounding objects. Similarly, the presence of the human bodies may cause scattering of
electromagnetic waves, when the dimension of the human body becomes relatively larger
than the dimension of wavelength resulting in significant changes in the signal strength,
time, and phase. For this reason, the effects and characterization of human body scattering
on radio links at different frequency bands for various applications have been investigated
by several studies [1][2][3]. The studies are done under various experimental setups in an
indoor environment. For example a human body at different positions with respect to
the transmitter and the receiver within the measurement environment, a human body at
different positions with respect to the Line of Sight(LoS) link, a human body crossing the
LoS link, channel variations due to the human body movement in the indoor environment,
shadowing effects due to the different orientation of the human body, etc.

Deterministic channel models based on ray tracing and geometric optics techniques
take into consideration the geometrical and electromagnetic properties of the interacting
objects(IOs). Therefore in such propagation models, human bodies are approximated by
a certain geometry based on the morphology and associated electromagnetic properties.
The computational electromagnetic wave techniques such as Method of Moments(MoM)
[4], Finite-Difference Time-Domain(FDTD) method [1], Physical optics(PO) [5], Uniform
Theory of Diffraction(UTD) [6] etc are used to estimate the physical mechanism of the
human-radio interaction.

The most widely used geometrical model for the standing posture of the human body is
the conducting/dielectric circular cylinder [6]. The simplest model is one cylinder approx-
imating the whole body and the improvised models have each body part, ex: legs, arms,
torso, etc. approximated by cylinders of different radius [7]. As we know the human body
is not exactly cylindrical when observed from different angles around the human body.
Therefore in deterministic modelling it is vital to consider a cylinder model with a radius
that best fits from all observation angles around the human body. Furthermore, the dielec-
tric nature of the human body may cause frequency-dependent human-radio interaction.
Therefore the objective of this thesis is measuring and comparative deterministic modelling
of height-dependent human-radio interaction taking account of cylinder simplification of
the human body. Considering recent advancement in 5G technology, the frequencies at
Mid-band sub-6GHz and close to High-band is chosen for comparative modelling. This
work re-evaluates the accountability of using cylinder simplification at both sub-6GHz and
higher frequencies.

1



1 INTRODUCTION

1.2 Literature Review

Indoor wireless channel communication is strongly influenced by human bodies in contrast
to the outdoor systems because the transmission power and the height of the base stations
are much lower. It is observed that the presence of the human body results in significant
changes in the channel gain [1]. Over the last few decades the study of the propagation
characteristics of radio waves in the presence of the human body has increased at higher
frequencies, e.g. Mid-band sub-6GHz, High-band, mmWave frequencies, etc. due to the
recent development of 5G and mmWave technologies.

The human body has a complex shape consisting of different layers of tissues each with
its permittivity and conductivity. Therefore Electromagnetic(EM) wave can be trans-
mitted through, absorbed by, and reflected in varying degrees, depending on the tissue
properties, morphology, and frequency. In deterministic channel propagation models, vari-
ous human body models have been used to estimate the attenuation due to human body
scattering or blockage. The developed models differ based on the posture dependent geo-
metrical approximation, frequency-dependent dielectric property, and on the mathematical
model used to estimate the EM interaction. The geometrical model can be either two or
three dimensional based on the requirements. In the case of 2D, it can be modelled as a
disk, ellipse, rectangular thin film, etc whereas in the case of 3D it can be modelled as a
parallelepiped, ellipsoid, spheroid, cylinder, etc. The kind of material constituting these
geometrical models can be a perfect conductor, lossy dielectric, or absorber which will
influence the electromagnetic phenomenon associated with the model.

In [8], a comparison between ten human body models that differ in shape, material,
and computational techniques used with the ray-tracing algorithm was made. The general
implementation scheme of the models was presented and the results were compared with
the empirical data, obtained through a 2.4GHz transmission while a single human body
was crossing the LoS. The absorbing cylindrical human body model was chosen as the most
appropriate for the human body shadowing analysis when the human body crosses the LoS.
However, the case where the human body is in the ray vicinity, without intercepting LoS
is not explored in this research.

In [3], to study the effect of the movement of the human body close to LoS link a
measurement scenario was setup in which a metallic circular cylinder was used as a human
body approximation. The transmitter and receiver are in fixed positions and the cylinder is
moved in parallel to the LoS link. The experiment is conducted at 10GHz, the simulation
and measurement results are compared and showed that the human motion affects LoS
link for close distances. In [6], the same experimental setup as previously has been used.
Continuous-wave experimental measurements are done using a cylinder approximated as
a human body torso with a radius of 0.25m. The effect of the reflected ray in the channel
as a function of the cylinder radius in the range 0.15 to 0.35m is investigated. It is
observed in their experiment that the influence of radius is more in the vicinity of the
transmitter/receiver antennas.

Plouhinec et al in [9] has developed a 3D UTD modeling of a measured antenna dis-
turbed by a finite length dielectric circular cylinder for WBAN applications. The model is

2



1 INTRODUCTION

validated with the measurement results of an antenna disturbed by a cylindrical phantom
which is a cylindrical plastic bottle filled with MSL1800 phantom liquid. The measure-
ment was done at 4.5GHz and 3GHz. The presented model gives results very close to
measurement results.

In [4], scattering by the lossy dielectric elliptical cylinder and the elliptical cylinder
with circular cylinders which is approximated as the human body is examined. MoM
numerical technique was used for theoretical analysis. The dielectric values are referred
from the literature[10] wherein permittivity and conductivity of human body samples are
measured. It is observed that for front incidence, the relative power at the elliptical cylinder
back is smaller than in other cases. This means that the cross-section of the elliptical
cylinder shadow at the observation plane affects the absorption of the incident power. The
frequency characteristics of the equivalent diameter of an elliptical cylinder to model the
human body are also studied in this literature. For the lower frequencies, the equivalent
diameter is larger than that of higher frequency. This hypothesis is justified by comparing
the numerical results with the experimental results at 3.35GHz.

In [4], it is studied that when the human bodies are close to each other it cannot
be treated independently as there could be mutual interference and the absorption of
an electromagnetic wave by human bodies are not independent. MoM technique is used
to investigate the scattering by two independent dielectric cylinders at 3.35GHz wherein
dielectric and conductivity values are taken from the literature [10]. These cylinders are
modelled as a person. The cylinders are placed adjacently with varying distances between
them in two different co-ordinate axis such as x and y-axis. It is also proven that the
scattering by two independent cylinders touching each other is the same as the scattering
by the equivalent circumscribed cylinder with twice the radius.

There have been studies on the human body effect at High-band frequencies. In [11],
the attenuation caused by the human body is investigated at 26GHz and 39GHz. Different
human body models such as the Knife Edge(KE) model, UTD single-cylinder model, double
cylinder model representing 2 arms of the human body are used to compare with the
measured human attenuation. It is found that the KE model is concise, simple, and better
predicts the attenuation if the shape of the model representing the human body is neglected.
The double cylinder UTD model overestimates the attenuation. The attenuation and the
penetration loss is generally higher at 39GHz than 26GHz. A dynamic channel model
for moving human bodies in an indoor channel environment is proposed by Michael et al
[12]. The Thalmann human walking model with 12 body parts modelled as a dielectric
cylinder of different radii except for the head which is modelled as a sphere is developed.
The transmitter and receiver are set at two different heights to study the effects of the
upper body(torso and arms) and the lower body(legs). The time-dependent body part
translations and rotations are used with ray tracing and UTD calculations to characterize
the time-varying channel conditions. The human body crosses the Line of Sight (LoS)
transmission link at these two heights. The measurement is done at 2.4GHz and 31.8GHz.
At 2.4GHz the simulation results are compared with the measurement results and also with
the simple model consisting of only one cylinder. The simulation results of the developed
model show good agreement with the measurement results but when compared with the

3



1 INTRODUCTION

single-cylinder model the difference is high for the lower body parts than the upper body
level. The analysis at 31.8 GHz shows that there is a difference in the simulation results
of the two models.

Compared to Mid-band and High-band frequencies human body blockage is promin-
ent at mmWave frequencies as the human body becomes electrically large. In [13], the
experimental results show that there can be greater than 40dB shadowing loss at 57 to
64GHz mmWave frequencies when the human body blocks the LoS path completely. In
[14], the human body is geometrically approximated as the infinitesimally thin absorbing
screen. KE mathematical model is used for numerical analysis. The applicability limits
and feasibility of using such a simple diffraction model to compute the blocking of the
human body at millimeter-wave radio frequencies in indoor environments is the main goal
of this research.

In [15], a deterministic indoor radio propagation channel is modelled in the presence
of a human to investigate the path loss statistics at 60GHz mmWave frequency. The
human body is considered as a perfectly conducting circular cylinder. The analysis is
done in different indoor environments. Statistical parameters were obtained for different
room sizes to study the effects of an increasing number of persons on the distribution of
the received signal strength. The variance of the path loss increased non linearly as the
number of persons increased for fixed room size. For a fixed number of persons, increasing
the room size resulted in a decreased variance of the path loss. The effects of varying the
room dimensions for a given area and a different number of persons were also investigated.

Due to increasing interests in mmWave communications, Ting Wu et al[16] provides
examples of the global regulatory requirements for mmWave exposure of the human body
for 60GHz. Also, the propagation characteristics of mmWaves in the presence of the human
body are studied, and the thermal effects due to the mmWave radiation on the body were
also evaluated using 4 different models: naked skin, naked forehead, clothed skin, hat
on the forehead. Their simulation results show that the lowest steady-state temperature
elevation is produced in the naked skin model since the heat generated in the skin can be
dissipated and taken away by the blood flow in the muscle whereas the highest steady-
state temperature elevation is produced in the hat on the forehead model since the skin is
covered with the cloth. The dependence of clothing thickness upon the power transmission
coefficient and steady-state temperature elevation was also studied using the clothed skin
model. Their simulation results also predict that about 34% to 42% of the power is reflected
by the skin surface at 60GHz.

The frequency-dependent complex permittivity should be determined when the human
body is approximated as the dielectric material. Gabriel et al[17], has done a literature
survey on the dielectric properties of tissues and presented in a graphical format by ex-
tracting data from different literature. The data are presented in a graphical format to
highlight the information concerning the frequency coverage and the scatter in the data.
They made a basis for their research[18] based on the existing gap in the available know-
ledge. In [18], the dielectric properties of the different tissues and parts of the human
body(also animals) are measured using the VNA, impedance analyzers, and open-ended
coaxial probes which are used to interface the measuring equipment. Measurement was

4



1 INTRODUCTION

done on human autopsy material after 24 to 48hours after death. The dielectric parameters
were found for the frequency range 10MHz - 20GHz. In [19], a proof of concept to measure
the dielectric properties of internal body components(lung, heart, etc) and to effectively
determine irregularities in real-time is presented based on the simulation. A surgery-free
method is proposed for an on-body monitoring system to evaluate the dielectric properties
by using a set of electrodes at low frequencies (10MHz) to obtain data that can determine
the underlying layered structure. The permittivity and conductivity values obtained in the
latter and similar kinds of literatures are used in cases where human body is assumed as
the dielectric cylinders.

1.3 Problem Statement

From the literature review, cylindrical human body models are extensively used to study
the scattering and shadowing caused by the human body. Mostly, this approximation is
used in the scenario where the human body obstructs the LoS or is located in the close
vicinity of the LoS. Human body scattering is studied in a scenario where both transmitting
and receiving antennas are in fixed positions meaning that scattering is observed from
only a part of the human body at only one incidence angle of source. There is a lack of
study on the human body scattering observed from different angles around it with different
incidence angles of source considering cylinder simplification. Although the cylinder models
are studied at various frequencies there is a lack of comparative deterministic modelling at
different frequencies.

• With the recent advancement of 5G for indoor applications, the High-band spectrum
(typically in the range of 24GHz to 40GHz) offers high data speed, capacity, quality,
and low latency but the coverage is limited. For wider-area coverage, combination
with mid-band(3.5GHz to 8GHz) is essential [20]. There is a lack of comparative
deterministic modelling of the human body at High-band and Mid-band frequency
bands considering the accountability of cylinder simplification.

• The human body dimension at a different angle around the human body and at dif-
ferent heights is different. Therefore in deterministic modelling it is vital to consider
a cylinder model radius that best fits the human body at all the incidence angles of
source around the body.

1.4 Objective

Measuring and comparative deterministic modelling of height-dependent human-radio in-
teraction at Mid-band Sub-6GHz and higher frequency close to High-band. This motiv-
ates the selection of two frequency bands with 2GHz bandwidth centered at 3.6GHz, and
19GHz. Analyzing the scattering caused by the human body at different angles around it
for a different incidence angle of the source is also part of the thesis. The morphology of
the head, torso, and leg of the human body is different compared to the cylinder and hence
this work re-evaluates the accountability of using cylinder geometry at these three heights.

5



1 INTRODUCTION

The Uniform Theory of Diffraction (UTD) solution for a dielectric circular cylinder
offers a relatively fast analyzing method and also provides a clear and valuable physical
picture for the mechanisms of scattering via rays. It also provides a solution that is
continuous across the surface shadow boundaries and is valid in the transition regions.
Therefore UTD solution for a dielectric circular cylinder model is chosen for the simulation
model as the human body has dielectric nature. The simulated Angular Power Spectrum is
compared with the measured Angular Power Spectrum to evaluate the prediction accuracy
of the model.

6



2 MODELLING METHODOLOGY

2 Modelling Methodology

In this section, details of the Uniform Theory of Diffraction for dielectric circular cylinder
is discussed. It also includes the modelling technique used.

2.1 Physical Mechanism of Radio-Body Interaction

Figure 2.1: Radio-body interaction in an indoor environment. Image source:[3]

The study of radio propagation is vital in the design of practical radio systems. The
radio waves that travel in a straight line from the transmitting antenna to the receiving
antenna are referred to as LoS. Besides the LoS, other basic mechanisms governing the
propagation of electromagnetic waves when the radio waves impinge on the human body
are:

1. Reflection: Reflection occurs when the human body is larger than the wavelength
of the impinging electromagnetic wave. There are two kinds of reflection: Specular
& Diffused. If the standard deviation of the surface roughness is significantly smaller
than the wavelength, incidence waves can still be seen as specularly reflected. Oth-
erwise, the incidence wave is scattered into multiple directions due to the interaction
with a rough surface. The same surface may be rough or smooth depending on the
frequency of the impinging wave and the angle of incidence [21] [22].

2. Refraction: Refraction is the change in the direction of a wave passing from one
medium to another or from a gradual change in the medium. As we know the
human body is composed of various layers of tissues with its dielectric and conductive
properties. Therefore refraction plays a major role in intra-body communication
systems. [21]

3. Diffraction: Human body is closed and an impenetrable obstacle which means it
can block the electromagnetic field causing shadowing. Due to Huygen’s principle,
secondary waves are formed even behind the human body, which leads to the exist-
ence of a diffracted field. Geometrical Theory of Diffraction and Uniform Theory of

7



2 MODELLING METHODOLOGY

Diffraction are used to calculate these diffracted fields in the shadow region. The
human body may also experience surface diffracted rays.

4. Absorption: The absorption induced in the human body due to the exposure of
the electromagnetic fields depends on the frequency and dielectric properties of the
tissues. The absorption seems to be higher in the tissues of high water content such
as muscle, brain tissues, internal organs ,and skin, while the absorption is lower in
the tissues of low water content such as fat and bone [10].

At different frequencies, combinations of these phenomena are experienced at varying
intensities. In this project, we mainly focus on calculating the scattering caused by the
human body at Sub-6GHz and high frequency close to 20GHz therefore study of the re-
fraction mechanism is not part of our analysis. In the following sections, a mathematical
method used to calculate the scattering caused by the human body is explained.

2.2 High-Frequency Asymptotic Modeling of Radio-Body Inter-
action

The high-frequency phenomena mean that the fields being considered in a system where
the properties of the medium and the size parameters of the scatterer vary little over an
interval on the order of a wavelength [23]. When the number of unknowns to evaluate
the scattered fields grows whenever the working frequency becomes higher, the full-wave
methods, ex: Fast Multipole Method(FMM), Finite Element Method(FEM), MoM, FDTD,
Finite-Difference Frequency-Domain(FDFD) cannot tackle the analysis of such problems
beyond an upper limit determined by the computational requirements in terms of time
and memory. High-frequency techniques consist in the asymptotic evaluation of Maxwell’s
equations [24]. As a consequence, they provide good accuracy when dealing with elec-
trically large geometries meanwhile the computational needs diminish with respect to the
aforementioned methods. This method does not have an intrinsic frequency limitation
however it is restricted by the fact that the size of the scatterer must be large in terms of
the wavelength at the given frequency.

Within the high-frequency techniques, the Geometrical Optics(GO) and the Physical
Optics(PO) are the most extended methods due to the successful results obtained in various
fields.

2.2.1 Physical Optics

In physical optics or wave optics, the propagation is in terms of waves. The physical optics
approximation is a technique based on the determination of equivalent current densities
induced on the surface of an illuminated plane. Once the equivalent current densities are
obtained, both electric and magnetic field levels can be calculated from the corresponding
radiation integrals. This model predicts the phenomena such as interference, diffraction,
polarization, etc which are not explained by classic geometric optics [24].

8



2 MODELLING METHODOLOGY

2.2.2 Geometrical Optics

In Geometric Optics or ray optics, propagation is described in terms of rays wherein the
ray is a model for the path taken by EM radiation emitted by a source. The main property
of a ray is that of being a straight line and whose paths are governed by the laws of reflec-
tion and refraction at interfaces between different media. The failure of GO to predict the
correct fields in the shadow regions is a serious shortcoming because EM fields have to be
smooth and continuous everywhere, the discontinuities across the shadow boundaries can-
not occur in nature. Nevertheless, ray tracing based GO is a powerful technique due to its
unique simplicity and gives better physical insight. Therefore a cure for its failure is found
instead of rejecting the method altogether. The Geometrical Theory of Diffraction (GTD)
was developed by Keller in the 1950s as an extension of geometrical optics. By adding the
diffracted rays Keller succeeded in correcting the deficiency in the GO that predicts zero
fields in the shadow regions. However, the shortcoming of the GTD was that it was not
uniform in the sense that it predicts the diffracted fields in regions away from the shadow
boundaries, but became singular in the transition regions surrounding such boundaries. In
1974 Kouyoumjian and Pathak had succeeded in developing a ray-based Uniform Theory
of Diffraction(UTD) that is valid everywhere in space. They had performed an asymptotic
analysis and found that by multiplying the diffraction coefficients by a transition function,
the diffracted fields remain bounded across the shadow boundaries. Because of its charac-
teristics, UTD is usually preferred by researchers and practicing engineers for treating the
EM scattering from the canonical geometries [23]. There are three different UTD curved-
surface-diffraction solutions based on the location of the source and the observation points
relative to the scattering object. It is classified as a scattering problem, the radiation prob-
lem ,and the coupling problem. The scattering problem, wherein both the source and the
observation points are off the surface of the scattering object is relevant to this project.

2.3 Uniform Theory of Diffraction – A GO method

The Uniform Theory of Diffraction can be used to compute the total electric field associated
with ray tracing. The geometrical configuration for the scattering problems of a smooth
circular convex surface is illustrated in Figure 2.2. The extension of the incident ray beyond
the point of grazing at Q1 and Q3 on the surface defines the Shadow Boundary(SB) which
broadly divides the space exterior to the surface into the lit and the shadow regions. The
UTD offers a solution for the field both in the lit and the shadow regions. S is the source
point, PL ,and PLS is the observation point in the lit region and PS is the observation

point in the shadow region. The electric field represented in the vector form are:
−−→
SPL is

the direct ray,
−−−→
QrPL is the reflected ray,

−−−−→
Q2,4Ps is the diffracted ray. The total field in the

lit region is the sum of direct and reflected fields. It may also include surface diffracted
fields if the surface of the obstacle is closed, however, their field is generally negligible. In
the shadow region, only diffracted rays exist.

Figure 2.3 illustrates the details of the geometry to calculate the reflected field. An
ejωt time dependence is assumed and suppressed in the present analysis. ω and t refers to

9



2 MODELLING METHODOLOGY

(a) Electric field components in lit and
shadow region

(b) Surface diffracted field in the lit region
for a closed object

Figure 2.2: General illustration of the scattering problems of a smooth circular convex
surface.

angular frequency and time.

Figure 2.3: Geometrical details for the calculation of electric field in the lit region. Image
source: [23]

Assuming that the observation point is in the far-field zone, the observation point can
be referred by observation direction φ rather than observation point as such. The unit
vector from the source point to the observation direction is denoted as ŝo and the unit
vector from the reflection point to the observation direction is denoted as ŝr, ŝ is the
vector at observation direction. The direct and reflected vectors can be given as:

ŝo = ŝr = cos(φ)x̂+ sin(φ)ŷ (2.1)

The unit normal vector at the reflection point Qr, which lies on the surface of the

10



2 MODELLING METHODOLOGY

cylinder is given by:
n̂ = cos(γr)x̂+ sin(γr)ŷ (2.2)

γr is the angle at which the reflection point is located. It is measured from the x-axis
as shown in figure 2.3.

2.3.1 Direct Field

The expression for the direct field from the source point,S to the observation point,PL as
shown in figure 2.2 for a spherical wave incidence is given as:

Ei
s,h(φ) = Adirectivity

−→
E s,h

e(−jkso)

so
(2.3)

where, Adirectivity is the approximation of the antenna directivity,
−→
E s,h is the polariza-

tion vector, k is the wave number, so is the distance between the source and the observation
point,PL. The subscripts s and h are soft and hard components which is equivalent to the
vertical and horizontal component respectively. Since the observation point is assumed to
be at the far-field zone, the direct field notation is observation direction-dependent instead
of the observation point. so on the L.H.S of equation 2.3 is the magnitude of the vector ŝo
which is direction-dependent as described previously.

The Jones vector formulation for the vertical polarization expressed in a circular basis is
used which is expressed as:1/

√
2[−1; 1]. Antenna directivity, Adirectivity is calculated based

on the comparison of the angle, θ between the incident field vector ŝi, and the direct field
vector ŝo, with the beamwidth angle, θBW of the transmitting antenna at different receiver
positions. The expression is:

Adirectivity =

Amax −
2

0.5θBW
θ If θ ≤ 0.5 θBW

0 otherwise
(2.4)

Amax is the maximum antenna gain on a linear scale. This approximation is taken as
antenna pattern information was unavailable. The direct field is considered as the spherical
wave field because the transmitting and the receiving antennas do not necessarily maintain
the far-field distance from each other.

2.3.2 Reflected Field

At a far-field distance from the spherical wave source, the field components oriented in the
incident direction, ŝi usually have decayed so rapidly that the only significant components
are those transverse to the ŝi and are related in precisely the same way as those of a
plane wave, therefore the field incident on the reflection point can be considered as locally
plane. Hence it follows that the direction of the incident plane wave vector at the point of
reflection Qr is:

ŝi = −cos(φi)x̂− sin(φi)ŷ (2.5)

11
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Special case: For the plane wave incidence at Qr with an angle of incidence φi = 0◦,
the incident ray unit vector can be given as:

ŝi = −x̂ (2.6)

Locating the reflection point Qr

Given the observation direction φ, we must find the associated reflection point Qr. Ac-
cording to the law of reflection, the angle of incidence is equal to the angle of reflection
which yields the expression:

− n̂ · ŝi = n̂ · ŝr (2.7)

For each observation angle φ, this equation has to be solved for the angle γr to locate
the point of reflection Qr. γr is the angular variable that is associated with the reflection
point.

Determination of the reflection caustic distance

At reflection point Qr, we know that cos(θi) = n̂ · ŝr therefore:

θi = cos−1(n̂ · ŝr) (2.8)

The reflected ray tube caustic distance ρr(i;e the radius of curvature of the reflected
ray at its reference point Qr) is obtained from the relation[25]:

1

ρr
=

1

ρi(Qr)
+

2

rcos(θi)
(2.9)

where ρi is the radius of the curvature of the incident wavefront at the point of reflection
Qr, r is the radius.

Incident field at reflection point

The incident field at Qr with its phase referenced to the source position is

Ei
s,h(Qr) =

−→
E s,h

e−jksi

si
(2.10)

si is the distance between the source and the reflection point Qr.

Reflected field at observation point

The reflected field in the direction φ is [25]:

Er
s,h(φ) = Ei

s,h(Qr)RAre
−jksr (2.11)
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Ar is the spreading factor of the reflected field expressed as:

Ar =

√
ρr

ρr + sr
(2.12)

R is the dyadic reflection coefficient which can be written as

R = Rsê
i
⊥ê

r
⊥ +Rhê

i
‖ê
r
‖ (2.13)

êi,r⊥ and êi,r‖ are perpendicular and parallel unit vectors respectively of the incident and
reflected electric fields. According to the ray-fixed coordinate system, these unit vectors
are computed using the equations below [24]:

êi,r⊥ =
ˆsi,r × n̂

‖ ˆsi,r × n̂ ‖
(2.14)

êr‖ = êi,r⊥ × ˆsi,r (2.15)

According to the law of reflection, the reflected ray lies in the plane of incidence, i.e.
the one containing the incident ray and the normal to the surface at the reflection point,
it follows that êi⊥ = êr⊥ = ê⊥.

The UTD reflection coefficient is defined as [9]:

Rs,h = −
√
−4

ξL
e
−j

(ξL)3

12 Gs,h(ξL, XL) (2.16)

with:

ξL = −2m(Qr) cos θi & XL = 2kLL cos2 θi (2.17)

XL is the argument of the transition function. The transition function is the Fresnel
integral which is explained later. ξL is the fock parameter associated with the reflected
field.

Total electric field in the lit region

The total electric field in the lit region is the sum of the direct field and the reflected field
given as:

Elit
s,h(φ) = Ei

s,h(φ) + Er
s,h(φ) (2.18)

2.3.3 Surface Diffracted Fields

Figure 2.4 shows the geometrical configuration for surface diffracted rays. The surface
diffracted rays become “attached”to the cylinder at the point of grazing incidence Q1,3, at
which they are tangential to the surface. Then travels through a geodesic path along the
surface of distance t1,2. As they travel over the surface the rays are attenuated exponentially
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2 MODELLING METHODOLOGY

Figure 2.4: Geometrical details for the two rays surface diffraction from a circular cylinder.
Image source: [23]

and also contribute to the phase change. The ray leaves the surface tangentially at shedding
points Q2,4. If the observation point,Pd is in the far zone, we refer to the observation
direction φ rather than an observation point as such. From figure 2.4, two surface diffracted
rays proceed in a given direction φ. The diffraction ray direction is simply the observation
direction given as:

ŝd = cos(φ)x̂+ sin(φ)ŷ (2.19)

it is same for both the ray 1 and 2.

Finding the attachment and the detachment points

The point Q1,3 at which n̂(Q1,3) · ŝi(Q1,3) = 0 must hold is given by [23]:

γ′1 = cos−1(r/d) (2.20)

r is the radius and d is the distance of the source location from the center. Symmetry
leads to

γ1 = 2π − cos−1(r/d) (2.21)

The position of the shedding points for a given observation direction φ, are located by:

n̂(Q2,4) · ŝd(Q2,4) = 0 (2.22)

which implies that

γ′2 = φ− π/2 (2.23)

γ2 = φ+ π/2 (2.24)
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The length of the cylinder geodesic between Q1((resp. Q3)) to Q2(resp. Q4) is t1(resp. t2)
given by:

t1,2 = ±r[γ1,2 − γ′1,2] (2.25)

and the plus(or minus) sign applies if the arc length is measured counterclockwise(or clock-
wise)

t1 = r(γ1 − γ′1) (2.26)

t2 = −r(γ2 − γ′2) (2.27)

Incident field at the attachment points

The GO incident fields at both Q1 and Q3 are:

Ei(Q1,3) =
−→
E s,h

e−jksi(Q1,3)

si(Q1,3)
(2.28)

where si(Q1,3) is the distance between source and the attachment point Q1,3.

Diffracted field at the observation point

The surface diffracted field(due to ray 1 or 2) is given as [25]:

Ed1,2
s,h (φ) = Ei(Q1,3)T

1,2

s,hA
1,2
d

√
s0

s0 + t1,2
e−jks

d

(2.29)

where, A1,2
d is the spreading factor given as 1/

√
sd. sd is the distance between the

detachment point and the observation location.

√
s0

s0 + t1,2
is the conservation of energy

flux in the surface-ray strip from Q1,3 to Q2,4.

T
1,2

s,h is the dyadic diffraction coefficient given as:

T
1,2

s,h = T 1,2
s ê⊥(Q1,3)ê⊥(Q2,4) + T 1,2

h ê‖(Q1,3)ê‖(Q2,4) (2.30)

The unit vectors are calculated as follows:

ê⊥(Q1,3) =
ŝi(Q1,3)× n̂(Q1,3)

‖ ŝi(Q1,3)× n̂(Q1,3) ‖
(2.31)

ê‖(Q1,3) =
ê⊥(Q1,3)× n̂(Q1,3)

‖ ê⊥(Q1,3)× n̂(Q1,3) ‖
(2.32)

ê⊥(Q2,4) =
ŝd(Q2,4)× n̂(Q2,4)

‖ ŝd(Q2,4)× n̂(Q2,4) ‖
(2.33)
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ê‖(Q2,4) =
ê⊥(Q2,4)× n̂(Q2,4)

‖ ê⊥(Q2,4)× n̂(Q2,4) ‖
(2.34)

ŝi(Q1,3) is the incident vector from source to the attachment point Q1,3. n̂(Q1,3) is
the normal vector at point Q1,3. ŝd(Q2,4) is the vector from detachment point Q2,4 to the
observation location, n̂(Q2,4) is the normal vector at point Q2,4.

UTD diffraction coefficients T 1,2
s,h are expressed as:

T 1,2
s,h = −m(Q1,2)

√
2

k
e−jkt1,2Gs,h(ξd1,2, Xd1,2) (2.35)

The Fock parameter, ξd1,2 and the parameter, Xd1,2 is given as:

ξd1,2 =
m(Q1,3)

r(Q1,3)
t1,2 & Xd1,2 =

kLd(ξd1,2)
2

2m(Q1,3)2
(2.36)

2.3.4 Interaction Coefficients

The curvature parameter m is expressed as:

m =

(
kr

2

)(1

3

)
(2.37)

where r is the cylinder radius of curvature along the geodesic containing the point Pt.
Pt is the point on the surface of the cylinder. It can be Qr, Q1,3, Q2,4.

Finally, a common function Gs,h(ξ,X) appearing in equations (2.12) and (2.30) is ex-
pressed as:

Gs,h(ξ,X) =
e−jπ/4

2ξ
√
π

[1− F (X)] + P̂s,h(ξ, qs,h) (2.38)

F(X) is the Fresnel integral calculated as:

F (X) = 2j
√
XejX

∫ +∞

√
X

e−jt
2

dt (2.39)

and the Pekeris function P̂s,h(ξ) is given as[26][9]:

P̂s,h(ξ, qs,h) =
e−j(π/4)√

π

{
− 1

2ξ
+G1(ξ, qs,h) +G2(ξ, qs,h)

}
(2.40)

G1(ξ, qs,h) =
e−j(π/6)

2

∫ ∞
0

[e−j(π/6)Ai′(t) + qs,he
j(π/6)Ai(t)]e−jξat

ej(π/6)Ai′(tej(2π/3)) + qs,he−j(π/6)Ai(tej(2π/3))
dt (2.41)
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G2(ξ, qs,h) = −1

2

∫ ∞
0

[Ai′(t)− qs,hAi(t)]e−jξt

ej(π/6)Ai′(te−j(2π/3)) + qs,he−j(π/6)Ai(te−j(2π/3))
dt (2.42)

wherein, a = e−j2π/3

qs = −jm(Pt)K (2.43)

qh = −jm(Pt)

K
(2.44)

K =
√
εr =

√
ε′r − j

[
ε′′r +

σ

2πfc8.85e−12

]
(2.45)

ε′r and ε′′r are the real and imaginary relative permittivity values. σ is the conductiv-
ity. fc is the operating frequency. Pekeris function is the only function that takes into
consideration of the dielectric property of the human body.

2.3.5 Total Electric Field

Finally, the total received electric field is computed using the following expression:

ET
s,h(φ) ' αEi

s,h(φ) + βrE
r
s,h(φ) +

2∑
n=1

βdE
dn
s,h(φ) (2.46)

α =

{
1, lit region

0, shadow region

βr =

{
1, lit region

0, shadow region

βd =

{
1, shadow region

0, lit region

n in equation 2.46 is the number of rays. In this project two-ray diffraction model is
used therefore n=2.

2.3.6 Total Received Power Calculation

Total received electric field is the vector sum of the soft and hard received electric com-
ponents:

Etotal =
√
|ET

s |2 + |ET
h |2 (2.47)
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According to the Frii’s free space equation the received power is calculated as:

Pr[dBm] = Pt[dBm]− FSL[dB] +Gt[dB] +Gr[dB] + Lprop[dB] (2.48)

where, Pt is the transmit power, Gt is the transmitting antenna gain, Gr is the receive
antenna gain, FSL is the Free Space Loss given as:

FSL = 20log10

(
4πrfc
c

)
(2.49)

fc is the operating frequency. r is the distance in meters. c is the velocity of light in
free space. Lprop is given as:

Lprop = 20log10(Etotal) (2.50)

2.4 Applying UTD Model to Human body

While modelling the human body we should consider two important aspects. Firstly, the
geometrical approximation and secondly the electromagnetic properties of the human body.
The height-dependent human body geometrical approximation is as shown in Figure 2.5.
In the figure, hhead, htorso, hleg is the height of the cylinder at head, torso, and leg level.
The height of each cylinder is assumed according to the structure of the human body. The
radius at head, torso, aand leg is denoted as rhead, rtorso, rleg respectively which is assumed
based on the radius of the minimum enclosing sphere of the human body at respective
heights.

Figure 2.5: Human body modelled as a three joint circular cylinders of different radius

The relative permittivity and conductivity are selected based on the skin model meas-
urement from the literature [18] wherein permittivity and conductivity of the human skin
are measured using swept-frequency network and impedance analyzers in the frequency
range 10Hz to 20GHz. The skin model is chosen as the scattering is observed at the human
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body skin level. As seen in Figure 2.6 both permittivity and conductivity is frequency-
dependent. When the frequency increases the conductivity of the human skin increases
and the permittivity decreases.

Figure 2.6: Permittivity and conductivity values of the human skin at different frequencies.
Image source: [18]

The UTD solution for the dielectric circular cylinder is applied separately for each
cylinder during the simulation. All three cylinders are assumed to have homogeneous
dielectric properties. The input parameters of the simulation model are frequency, the
radius of the cylinder at different heights, the distance between the source, and the center
of the cylinder, permittivity and conductivity.
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3 MEASUREMENT CAMPAIGN

3 Measurement Campaign

In this section details of the measurement scenario, system specifications, system calibra-
tion, and data processing procedure of the measured data are discussed.

3.1 Measurement Setup

Figure 3.1: Two dimensional floor plan of the measurement setup

The measurement campaign was conducted in a large empty room on the 4th floor of
carré building inside the University of Twente campus as illustrated in Figure 3.1. The
human body is stationary and is at the center of observation semi-circle throughout the
experiment. The measurement was planned in detail to avoid the reflections from walls and
other objects that interfere with the signal from the human body. The distance between
the human body/antennas and the sidewalls of the room is at least 1m. Furthermore,
there is no scatterer in the proximity of the human body or antennas. Directional horn
antennas are used to avoid the interference from the multipath signals. The transmitting
and receiving antennas are at equal distance from the human body and always directed
towards the human body. The point and cross lasers are used to improve the accuracy
of the antenna’s orientation and positioning towards the human body. These lasers are
mounted on the center of both the transmitting and receiving antennas which can be seen
in Figure 3.2. In the same setup, the measurement was also done on a cylindrical object of
height 34cm and diameter 23.5cm. The metallic cylinder object is placed approximately
1.4m above the ground level on a platform to avoid reflections from the ground.

(φt, θt) is the Angle of Departure(AoD) at the transmitting antenna and (φr, θr) is
the Angle of Arrival(AoA) at the receiving antenna. The azimuth angles of both the
transmitting and receiving antenna are varied from 0◦ to 180◦ at a step of 10◦. The co-
elevation angle of both the transmitting and receiving antenna is fixed at 90◦. Both position
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and orientation of the human body are unchanged throughout the measurement campaign.
The orientation of the human body is based on the antenna reciprocity assumption.

(a) Torso level measurement at 3.6GHz

(b) Head level measurement at 3.6GHz (c) Cylinder measurement at 19GHz

Figure 3.2: Channel measurement with the presence of the human body & Cylinder

3.2 System Specifications

The system parameters and its values are described in Table 3.1. The human body meas-
urement was done at two frequencies, 3.6GHz and 19GHz and the cylinder measurement
was done only at 19GHz. The 2GHz bandwidth is chosen to have a high delay resolution.
Both the transmitting and receiving antennas are located on an observation semi-circle with
a human at the center. The radius of the observation semi-circle satisfies the Fraunhofer
far-field criteria:

D >
2d2

λ

d is the largest dimension of the antenna, λ is the wavelength. The largest dimension
of the Dual ridge horn antenna is 34.45cm and the Rectangular horn antenna is 7.77cm.
The human body measurement is done at three heights - head, torso and leg level of the
human body. The heights chosen are specific to the physical measurement of the subject.
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System specification

Human body Cylinder

Antenna height 1 [m] 1.59 1.56
Antenna height 2 [m] 1.10 NA
Antenna height 3 [m] 0.81 NA
Center frequency 1 [GHz] 3.6 NA
Center frequency 2 [GHz] 19
Bandwidth [GHz] 2
Frequency points 801
Time resolution [ns] 0.5
Power [dBm] 0

Table 3.1: Details of the system parameters

Figure 3.3 depicts the two UWB directional horn antennas used during the measurement
and its specifications are mentioned in Table 3.2. More details on the antennas can be
referred from the website [27][28]. The transmit power is within the Maximum Permissible
Exposure(MPE) limits of the human body in the controlled environments specified by
“IEEE Standard for Safety Levels with Respect to Human Exposure to Radio Frequency
Electromagnetic Fields, 3 kHz to 300 GHz”[29] and also in the detectable range of the
receiving antenna.

(a) Dual ridge horn antenna (b) Rectangular horn antenna

Figure 3.3: Ultra Wide Band(UWB) directional horn antennas.

3.3 System Calibration

The transmitting and receiving antennas are connected to the Agilent VNA which operates
up to 20GHz. Before starting the measurement, the traditional two-port SOLT(Short
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Antenna specification

Parameters Dual ridge horn Rectangular horn

Frequency range [GHz] 0.7 - 18.0 18.0 - 40.0
Gain [dBi] 10.0 17.5

3 dB beamwidth [deg]
Vertical: 16.0

Horizontal: 20.0
Vertical: 20.5

Horizontal: 24.02
Dimension [L x W] [cm] [23.5 x 25.2] [5.5 x 5.5]

Table 3.2: Technical details of the antenna

Open Load Through) calibration was done using the calibration kit. The calibration kit
comprises three impedances- Short, Open, Load, and one Transmission standards to define
the calibrated reference plane. After calibration, the Line of Sight measurement was done at
3.6GHz and 19GHz. The theoretical received power is calculated using Frii’s transmission
equation:

PRX |dBm = PTX |dBm +GRX |dB +GTX |dB − FSP |dB (3.1)

FSP is the free space loss factor given as:

FSP |dB = 20log10

( λ

4πR

)
(3.2)

λ is the wavelength, R is the distance between transmitting and receiving antennas.
Theoretically, PRX = -41.62dBm at 3.6GHz, R = 7.5m and PRX = −36.99dBm at 19GHz,
R = 3.6m for the antenna gain and transmit power given in the Table 3.2 and 3.1. The
SNR is measured by taking the ratio of highest received power and the average noise floor.
For the measurement data shown in Figure 3.6 the SNR estimated is 46dB and for Figure
3.7 is 38.24dB.

(a) f = 3.6GHz, R = 7.5m, SNR = 30.67dB (b) f = 19GHz, R = 3.6m, SNR = 49.72dB

Figure 3.4: Power Delay Profile of LoS measurement conducted after system calibration
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3.4 Data Processing

Figure 3.5 shows the flowchart of the measurement data processing. The VNA measures
the S-parameters of the channel for the given frequency band. The measured S21 parameter
is the channel gain in the frequency domain. The S21 is converted to the time domain
by applying the Inverse Fast Fourier Transform(IFFT) in MATLAB. The obtained Power
Delay Profile(PDP) is time-gated to extract the delay bins relevant to the human body.
The time gating delay range is the range between the minimum and maximum delay of a
signal from the human body. The radius of the minimum enclosing sphere of the human
body at a head, torso, and leg level is taken as the radius of the approximated cylinder. It is
considered to be 0.1m, 0.2m, and 0.15m at head, torso, and leg level. This approximation
of the human body radius is used only to extract delay bins relevant to human body
from the channel measurement. The distance between the antennas and the human body,
approximated radius are the variables used to calculate the minimum and maximum delay.
The time gating delay range for the different heights and frequency is given in Table 3.3.
The Figure 3.6(c) & 3.7(c) illustrates the time gating. In Figure 3.6(c) the highest peak
falls outside the time gating delay range of the head and hence it is not part of the time
gating. This peak could be from the torso as antenna beamwidth does not cover just the
head.

Figure 3.5: Flowchart for the data processing of the measurement data

24



3 MEASUREMENT CAMPAIGN

Time gating delay range [ns]

3.6GHz 19GHz

Head 26.0 - 27.5 16.0 - 17.0
Torso 25.5 - 28.0 15.5 - 17.5
Leg 25.5 - 27.5 15.5 - 17.5

Table 3.3: Time gating delay range for different heights of the human body.

Mean power of time gated delay bins is estimated using the formula below:

P̄ =

N∑
i=1

Pi ∗ τi
N∑
i=1

τi

The mean power is calculated for each AoA and AoD resulting in Angular Power
Spectrum as shown in figure 3.6(d) & 3.7(d).

(a) S21 in frequency domain (b) Power Delay Profile

(c) Time gating applied for AoA 20◦ (d) Angular Power Spectrum

Figure 3.6: Illustration of head level measurement data processing at 3.6GHz for AoD 0◦
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3 MEASUREMENT CAMPAIGN

(a) S21 in frequency domain (b) Power Delay Profile

(c) Time gating applied for AoA 40◦ (d) Angular Power Spectrum

Figure 3.7: Illustration of head level measurement data processing at 19GHz for AoD 0◦
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4 Numerical Examples

This section discusses the measurement and simulation results. It includes measurement
data analysis, simulation model verification, comparison between simulation and measure-
ment results, results of parameterization.

4.1 Measurement Results and Analysis

The purpose of this experiment was to measure the human body scattering at observation
semi-circle around the human body at three different heights. Both the transmitting and
receiving antennas are at the same height and the antenna’s aperture is oriented towards
the human body center from the same distance. The missing data points in the plots at
certain angles is because both the transmitting and receiving antennas could not be placed
at the same location.

4.1.1 Angular Power Spectrum

The angular power spectrum estimated from the measured channel gain at each AoD and
AoA is as shown in Figure 4.1 and 4.2 for 3.6GHz and 19GHz respectively. The received
power is measured at 18 AoA(excludes the angle at which the transmitting antenna is
located). There is gradual power level increase approx up to 20dB at AoA 0◦ − 40◦ and
160◦ − 180◦ while AoD is between 160◦ − 180◦ and 0◦ − 40◦ respectively. This is due to
the occurrence of obstructed LoS scenario. The later means that both transmitting and
receiving antennas are facing each other establishing a Line of Sight(LoS) link which is
partially shadowed by the human body as the beamwidth of antennas are larger than the
width of the human body. The scattered field is dominant at AoA 40◦ - 160◦ and LoS
signal is dominant after AoA: 160◦ and before AoA:40◦. Similar observations are made at
both 3.6GHz and 19GHz. From both the figure it can be observed that the power level at
certain AoA varies for different AoD.

(a) Head level (b) Torso level (c) Leg level

Figure 4.1: Angular power spectrum at 3.6 GHz
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(a) Head level (b) Torso level (c) Leg level

Figure 4.2: Angular power spectrum at 19 GHz

4.1.2 Measured Human Body Attenuation at Head, Torso and Leg Level

Human body attenuation is calculated from the measured APS. Friis transmission equation
for the received power is written as:

PRX |dBm = PTX |dBm +GRX |dB +GTX |dB − FSP |dB − SLhuman|dB (4.1)

The additional term, SLhuman is the scattering loss caused by the human body. To
obtain the scattering loss, the antenna gain, transmit power and free space loss factor are
eliminated from the received power. Equation 4.1 is re-arranged to get the equation for
scattering loss as:

SLhuman|dB = PTX |dBm +GRX |dB +GTX |dB − FSP |dB − PRX |dBm (4.2)

The obtained scattering loss in decibels is converted to a linear scale as given below for
further data manipulation:

SLhuman|linear = 10SLhuman|dB/10 (4.3)

The above equations are used to calculate the human body attenuation from the APS.
The APS is a matrix of dimension [APS]19X18, where 19 is the number of AoD and 18
is the number of AoA. The range of human attenuation at each AoA, human attenuation
averaged over all the AoD at all the three heights compared to the Free Space Loss(FSL)
is seen in Figure 4.3. It is observed that there is a gradual decrease in average attenuation
approx. 10dB to 15dB around AoA:0◦ − 40◦ and 140◦ − 180◦. This could be due to the
influence of the obstructed LoS scenario explained earlier. Since the distance travelled by
LoS signal and the human scattered signal is nearly the same wherein the LoS signal is
more dominating, it is possible that the human scattering loss is influenced by LoS signal
at these angles at both 3.6GHz and 19GHz. The FSL is calculated using equation 3.2.
At 3.9GHz, the FSL is 61.62dB for a distance of 8m and at 19GHz, the FSL is 72dB for
a distance of 5m. The FSL is nearly 30dB higher than the human attenuation at both
3.6GHz and 19GHz meaning that at given distance and frequency FSL is more dominating.
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(a) 3.6GHz (b) 19GHz

Figure 4.3: Comparison of FSL and human attenuation averaged over AoD at 3.6GHz and
19GHz

It is also observed that the attenuation at the leg level is higher than the head and
torso level by 1dB - 2dB. There can be two reasons for the lowest received power level
at leg height: 1. Electromagnetic wave interaction with a different forms of human body
composition ex: higher bone density and less fat and 2. Could be due to the destructive
interference caused by the signals received from the two legs. The Fresnel zone computation
has proved that there is no possibility of ground reflection. The Fresnel zone radius is
calculated using the formula:

F [m] = 6.656

√
D[km]

f [GHz]

F is 12.9µm at 3.6GHz for a distance of 8m and 5µm at 19GHz for a distance of 5m.

Figure 4.4: Fresnel zone calculation at leg level
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4.1.3 Comparison of Human Body Attenuation at 3.6GHz and 19GHz

The empirical cumulative distribution function is plotted for the human body attenuation
averaged over all AoD as seen from Figure 4.5. It is observed that the human attenuation
is approximately 10dB higher at 19GHz at all three heights. The attenuation averaged
over all AoA and AoD is also computed for all the heights and tabulated in the Table 4.1.
From Table 4.1, attenuation at head level is observed to be the lowest compared to the
torso and leg level at both 3.6GHz and 19GHz.

(a) Head level (b) Torso level (c) Leg level

Figure 4.5: Empirical Cumulative Distribution Function of attenuation averaged over AoD
at 3.6GHz and 19GHz

Average attenuation [dB]

Height 3.6GHz 19GHz

Head 16.88 22.62
Torso 18.84 28.73
Leg 18.47 28.71

Table 4.1: Average attenuation over all Angles of Departure and Angles of Arrival

4.2 Simulation Results

The simulation model is first verified using the existing examples from the literature and
then used for the human body modelling. Therefore this section contains the results from
the model verification, followed by simulation model comparison with measurement.

4.2.1 Verification of UTD Model

The simulation results of a UTD circular dielectric cylinder model was compared with a
textbook [23] and a literature [9] examples. All the UTD equations from section 2.3 are
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used except a few equations such as 2.4,2.47-2.50 which are specific to the measurement
scenario of this project.

Figure 4.6-4.8 are the simulation results for an example from the textbook. In this
example, the electric field pattern of the conducting circular cylinder illuminated by a TE
and TM polarized electric field is computed for the lit region and shadow region. The
radius of the cylinder is λ, the distance between the observation point and the cylinder
center is 2λ. The operating frequency is 1MHz. Since the conducting cylinder is assumed,
the values of the relative permittivity, εr = 1, and conductivity σ = 107 are assigned based
on the material properties given for metal from the ITU-R literature [29]. For the lit zone,
the reflection coefficient of GO and UTD both are verified.

Figure 4.9-4.10 are results for the specification given in the literature [9]. In this ex-
ample, the simulation is done for a dielectric circular cylinder model with εr = 48.2 and
σ = 4.7 at center frequency 4.5GHz. The cylinder radius is 3.5cm and the distance from the
cylinder and the source point is 7cm. The latter values are according to the measurement
performed in the literature. The antenna pattern information used in the literature are
not provided and hence not used in our simulation. Therefore the results are not exactly
the same as in the literature.

(a) Simulation results (b) Textbook example

Figure 4.6: Electric field pattern of the conducting circular cylinder illuminated by a TM
polarized electric field in lit zone.
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(a) Simulation results (b) Textbook example

Figure 4.7: Electric field pattern of the conducting circular cylinder illuminated by a TE
polarized electric field in lit zone.

(a) Simulation results (b) Textbook example

Figure 4.8: Electric field pattern of the conducting circular cylinder illuminated by a TM
polarized electric field with surface-diffracted ray contributions included in the lit zone.

(a) Simulation results (b) literature example

Figure 4.9: Verification of simulation model
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(a) Simulation results (b) literature example

Figure 4.10: Verification of simulation model
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4.2.2 Three Electric Field Components of the Total Electric Field

The total electric field mainly comprises three distinct electric field components: direct
field, reflected field, and the diffracted field as shown in Figure 2.2. The intensity of
these fields varies based on the location of the observation point. In the lit region, the
direct and reflected field is more dominant than the surface diffracted field. Whereas
in the shadow region, the diffracted field is dominant and there is an absence of direct
and reflected field. This theory is verified through the simulation model specifically for
the measurement scenario of this project. All the equations used in the simulation are
discussed in section 2.3. During the measurement campaign, two-directional antennas
were used for both transmitting and receiving. The approximated directivity of these
antennas is provided using equation 2.4. This is because the radiation pattern of the
antennas used was not available. Figure 4.11 illustrates the three electric field component
pattern observed from an observation semi-circle with a cylinder located at the center of
the observation semi-circle as shown in Figure 3.1.

The simulation results for AoD: 0◦ is seen in 4.11(a). Due to the directional property
of the antenna, direct field increases at angles starting from approximately 160◦. This
is because the antennas are aligned at these angles establishing a LoS link. The surface
diffracted field is negligible compared to the reflected field in the lit region which is in
accordance with the theory. In 4.11 (b), results for AoD: 90◦ is seen. In this scenario,
antenna directivity transmitting and receiving antennas don’t align with each other at any
angles to establish LoS link. Therefore reflected field component is more dominant than
the direct field. The diffracted field is negligible and increases gradually on either side of
the AoA: 90◦ as the antenna move toward the shadow region. The electric field intensity
of these three components affects the total electric field at each AoA.

(a) AoD: 0◦ (b) AoD: 90◦

Figure 4.11: Direct, Reflected and diffracted components of the total electric field at fc:
19GHz, r = 0.1m, d= 4m
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4.3 Comparison Between Measurement and Simulation Results

Figure 4.12 illustrates the measurement-based modelling and parameterization technique.
The estimation of APS from the channel measurement is explained in section 3. On the
other hand, simulated APS is calculated for the dielectric circular cylinder by applying
the UTD solution for the given frequency, associated dielectric values, and radius. The
power normalisation is done for simulated APS using equation 2.48. The assumed complex
dielectric values for the simulation is given in the table 4.2:

Complex dielectric parameters

Frequency εr σ

3.6GHz 65 4
19GHz 40 15

Table 4.2: Permittivity and conductivity assumed at 3.6GHz and 19GHz

Figure 4.12: Measurement based modelling & parameterization methodology

Both the measured and simulated APS at each AoD is normalized by the maximum
value of the APS before calculating the RMSE. The RMSE between the measured APS
and the simulated APS is estimated to evaluate the accuracy of the simulation model for

35



4 NUMERICAL EXAMPLES

every AoD. The equation for the RMSE is given below:

RMSE =

√∑T
t=1(Pmeas − Psim)2

T
(4.4)

where, T is the number of receiver positions. The radius of the simulation model is tuned
to find the least RMSE between simulated and measured APS.

4.3.1 Simulation Results Compared with Cylinder Measurement Results

To observe the scattering pattern of the cylindrical object for different AoD, cylinder meas-
urement was performed at three AoD: 0◦, 90◦ and 180◦. The delay bins relevant to the
cylinder are extracted from the delay range 16ns to 17ns using time gating. This measure-
ment was done at 19GHz for two reasons: (a) the directivity of rectangular horn antenna is
better than ridge horn antenna and (b) the dimension of the cylinder becomes electrically
large at this frequency. Figure 4.13 illustrates the comparison between measurement and
simulation results. The pattern of the simulation results closely matches the measurement
results. The RMSE is calculated as explained in the previous section and tabulated in
Table 4.3. The lowest RMSE proves that the simulation model is fitting well with the
measurement results.

(a) AoD: 0◦ (b) AoD: 90◦ (c) AoD: 180◦

Figure 4.13: Comparison between measurement and simulation results of a conducting
cylinder at 19GHz, r =0.1m, D = 2.5m

RMSE

AoD Error

0◦ 0.16
90◦ 0.40
180◦ 0.13

Table 4.3: RMSE calculated between measured and simulated APS of cylinder at three
AoD
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4.3.2 Simulation Results Compared with Human body Measurement Results

In this section, a few examples are presented to illustrate the comparison between simulated
APS and measured APS at head, torso, and leg level for different AoD. Figure 4.14 and
4.15 depicts the comparison at 19GHz for head and torso level. Figure 4.16 is for leg level
comparison at 3.6GHz. From the given examples, by visual inspection, it is observed that
for any AoD between 40◦− 160◦ the measurement results deviate largely. At these angles,
the antennas are directed towards the side plane of the human body. The simulation and
measurement results are closely matching at angles such as 0◦, 20◦, 180◦, etc. At these
angles, antennas are oriented towards either front or back plane of the human body. This
proves that the cylinder approximation of the human body is valid at only certain AoD.

(a) AoD: 20◦ (b) AoD: 160◦

(c) AoD: 80◦ (d) AoD: 100◦

Figure 4.14: Comparison between measurement and simulation results at 19GHz for head
level. r=0.1m,D=2.5m
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(a) AoD: 30◦ (b) AoD: 90◦

(c) AoD: 70◦ (d) AoD: 110◦

Figure 4.15: Comparison between measurement and simulation results at 19GHz for torso
level. r=0.2m, D=2.5m
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(a) AoD: 0◦ (b) AoD: 180◦

(c) AoD: 70◦ (d) AoD: 110◦

Figure 4.16: Comparison between measurement and simulation results at 3.6GHz for leg
level. r=0.15m, D=4m
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4.4 Parameterization

To compute the radius that best fits at all the angles around the human body observed
from the observation semi-circle, RMSE is computed between the measured and simulated
APS at each AoD for different radius. Figure 4.17 and 4.18 depicts the RMS error at AoD
0◦ − 180◦. The RMSE plot indicates the accountability of the cylinder simplification at
different AoD. It is observed that the error is high between 40◦− 160◦ at all three heights.

The RMSE is averaged[30] over all AoD to find the radius that is suitable from all
the angles around the human body. The standard deviation [31] is calculated to find the
deviation of the radius over this mean value. It is observed that the best fit radius at head,
torso, and leg level is different for 3.6GHz and 19GHz. At 3.6GHz, the best fit radius is
0.06m, 0.30m and 0.10m at the head, Torso and leg level respectively. At 19GHz, the best
fit radius is 0.11m, 0.15m, and 0.15m at head, Torso and leg level respectively. The best
fit radius for the leg is the same as the torso level at 19GHz.

(a) Head (b) Torso (c) Leg

Figure 4.17: Radius parameterization at different transmitter angles at frequency 3.6GHz

(a) Head (b) Torso (c) Leg

Figure 4.18: Radius parameterization at different transmitter angles at frequency 19GHz
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Head level

Radius [m]
3.6GHz 19GHz

Mean
RMSE

Standard
Deviation

Mean
RMSE

Standard
Deviation

0.06 0.43 0.04 0.48 0.07
0.11 0.44 0.04 0.45 0.06
0.16 0.61 0.07 0.52 0.08
0.21 0.58 0.07 0.56 0.07

Table 4.4: Mean R.M.S error and standard deviation at head level

Torso level

Radius [m]
3.6GHz 19GHz

Mean
RMSE

Standard
Deviation

Mean
RMSE

Standard
Deviation

0.15 0.54 0.05 0.49 0.09
0.20 0.56 0.06 0.54 0.11
0.25 0.53 0.08 0.52 0.11
0.30 0.48 0.05 0.52 0.11

Table 4.5: Mean R.M.S error and standard deviation at Torso level

Leg level

Radius [m]
3.6GHz 19GHz

Mean
RMSE

Standard
Deviation

Mean
RMSE

Standard
Deviation

0.10 0.43 0.05 0.47 0.06
0.15 0.52 0.05 0.46 0.06
0.20 0.54 0.05 0.51 0.08
0.25 0.50 0.06 0.49 0.08

Table 4.6: Mean RMSE and standard deviation at leg level
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5 Evaluation

5.1 Conclusion

Comparative deterministic modelling of height-dependent human-radio interaction was per-
formed at center frequency 3.6GHz and 19GHz with 2GHz bandwidth. The channel meas-
urement with both transmitting and receiving antennas directed towards the human body
center was performed at head, torso, and leg heights of the human body. The Angle of
Departure and Angle of Arrival of the antennas are varied only in the azimuth domain
from 0◦ to 180◦, both the antennas are located on an observation semi-circle. For human
body modelling, the Uniform Theory of diffraction solution for dielectric circular cylinder
model was simulated. The height-dependent dielectric cylinder model assumes homogen-
eous dielectric properties.

From the measurement data analysis, it is observed that the received power from the
human body at a particular Angle of Arrival varies approximately up to 10dB (excluding
the angles where Line of Sight signal is dominant) for different Angle of Departure. This
indicates that the human body is not uniform and symmetric unlike cylinder wherein the
power level variation is less than 3dB(excluding the angles where Line of Sight signal is
dominant). There is a gradual decrease of human body attenuation averaged over Angle of
Departure, approx.10dB to 15dB around Angle of Arrival: 0◦ − 40◦and 140◦ − 180◦. This
could be due to the influence of obstructed Line of Sight scenario wherein the Line of Sight
signal is more dominating. It is observed that human body attenuation averaged over all
the Angle of Arrival and Angle of Departure at 19GHz is approx. 10dB higher than the
human body attenuation at 3.6GHz at the torso, leg levels, and 6dB higher at head level.
The free space loss is approximately 30dB higher than the human body attenuation at
all three heights at both 3.6GHz and 19GHz. This suggests that free space loss is more
dominant at the chosen frequency and distance.

The simulation model was verified for examples from the textbook, the curve pattern
and dynamic range are close to the results of the existing example. However, results
were not the same for examples from the literature due to missing details of the antenna
pattern. The RMSE between the simulation model and the cylinder measurement results
is estimated and the RMSE: 0.16, 0.40, and 0.13 at Angle of Departure 0◦, 90◦, and 180◦

respectively indicates that the simulation model fits with the cylinder measurement data.
The angular power spectrum of the simulation model was compared with the measured
angular power spectrum of the human body at every Angle of Departure to verify the
accountability of using cylinder simplification. The results of RMSE indicates a high error
at Angle of Departure between 40◦ to 160◦ approximately. At these angles transmitting
antenna is directed towards the side plane of the human body. This proves that the cylinder
simplification suits better only at certain AoD. The best fit radius for head, torso, and leg
is 0.06m, 0.30m, 0.10m at 3.6GHz and 0.11m, 0.15m, 0.15m at 19GHz respectively.
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5.2 Recommendations

• UTD dielectric cylinder simulation model is used for geometric approximation. The
variation of the dielectric parameter was not influencing the results significantly. In
general, the simulation model is not suitable for dielectric parameterization.

• The high RMSE at Angle of Departure 40◦− 160◦ proves that cylinder simplification
is not suitable at these angles. I recommend investigating if the elliptical cylinder is
more suitable than a circular cylinder at these angles.

• The reason for higher attenuation at leg level compared to the torso and head level
can be investigated further.
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6 Future Work

• The manual positioning and the orientation of the antennas may introduce unavoid-
able errors, to avoid this, automatic positioning of the antennas is preferred.

• A more general parameterization, including both geometrical and dielectric inform-
ation, based on the measurements on multiple humans needs to be performed.

• Elliptical cylinder geometrical approximation of the human body can be verified as
a human body is more similar to an ellipsoid than a cylinder by visual inspection.

• The UTD formulation for the infinite length cylinder is considered for simulation.
Since each cylinder is modelled separately the present analysis should not be influ-
enced. The 3 joint cylinders are not modelled as a whole. For the future, I recommend
considering the finite length, of the human body in the simulation. Due to the finite
length there could also be edge diffraction at the top or bottom of the human body
which also needs to be considered.

• The dielectric properties of the clothing and the layers of the skin can be considered
in the future which further requires to include the higher-order physical mechanisms
such as multiple reflections and volume scattering, etc.
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