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Abstract

Ultra-wideband (UWB) radio techniques have long promised good contrast and high reso-

lution for imaging human tissue and tumours; however, to date, this promise has not entirely

been realised. In recent years, microwave imaging has been recognised as a promising non-

ionising and non-invasive alternative screening technology, gaining its applicability to breast

cancer by the significant contrast in the dielectric properties at microwave frequencies of nor-

mal and malignant tissues.

This thesis deals with the development of two novel imaging methods based on UWB mi-

crowave signals. First, the mode-matching (MM) Bessel-functions-based algorithm, which en-

ables the identification of the presence and location of significant scatterers inside cylindrically-

shaped objects is introduced. Next, with the aim of investigating more general 3D problems,

the Huygens principle (HP) based procedure is presented. Using HP to forward propagate the

waves removes the need to apply matrix generation/inversion. Moreover, HP method provides

better performance when compared to conventional time-domain approaches; specifically, the

signal to clutter ratio reaches 8 dB, which matches the best figures that have been published.

In addition to their simplicity, the two proposed methodologies permit the capture of a

minimum dielectric contrast of 1:2, the extent to which different tissues, or differing conditions

of tissues, can be discriminated in the final image. Moreover, UWB allows all the information

in the frequency domain to be utilised, by combining information gathered from the individual

frequencies to construct a consistent image with a resolution of approximately one quarter

of the shortest wavelength in the dielectric medium. The power levels used and the specific

absorption rates are well within safety limits, while the bandwidths satisfy the UWB definition

of being at least 20% of the centre frequencies. It follows that the methodologies permit the

detection and location of significant scatterers inside a volume. Validation of the techniques

through both simulations and measurements have been performed and presented, illustrating

the effectiveness of the methods.
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1

Introduction and Literature Review

1.1 Fundamentals of UWB

1.1.1 Historical Background

Ultra-wideband (UWB) is known as a new and emerging technology, although the first use

of it goes back as far as many decades. In 1973 the first US patent was awarded to Sperry

research centre for UWB communications [1]. For years, most of the applications and de-

velopment of UWB occurred in the military or work funded by the US government under

classified programs and the technology was alternatively referred to as baseband, carrier-free

or impulse communication systems. By 1989, over 50 patents had been awarded to the Sperry

research centre in the field covering UWB pulse generation and reception methods, in appli-

cations such as communications, radar, automobile collision avoidance, liquid level sensing,

positioning systems and altimetry [2, 3]. The move to commercialise UWB communication

devices and systems came in the late 1990s, when companies such as Time Domain [4] and

XtremeSpectrum [5] were formed around the idea of consumer communications using UWB.
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1.1.2 UWB Definitions and Regulations

In 2002, the USA based Federal Communication Commission (FCC) [6, 7], allocated a

bandwidth of 7.5 GHz for UWB signals [8]. This bandwidth covers a frequency band of 3.1 to

10.6 GHz. The large spectrum covered by UWB signals results in some interference with exist-

ing users. In order to minimise this interference, the FCC and other regulatory groups specify

spectral masks for different applications which show the allowed power output for specific fre-

quencies. The spectral mask allocated by FCC for indoor applications is shown in fig. 1.1 [9].

By observing this spectral mask it can be seen that this frequency band has the largest UWB

equivalent isotropically radiated power (EIRP) emission level of about -41.3 dBm/MHz among

all frequencies, while the frequency band of 0.96-1.61 GHz has the lowest emission level due

to usage from other applications such as the global positioning system (GPS).

Figure 1.1: Indoor spectral mask allocated by FCC [9].

In order for any signal to be considered as a UWB signal, it must either have a bandwidth

of at least 500 MHz, or it should have a fractional bandwidth of greater than 20% in the range
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defined by the FCC. The fractional bandwidth, B f is defined as follows:

B f = 2
(

fH − fL

fH + fL

)
(1.1)

where fH and fL represent the upper and lower -10 dB frequencies of the spectrum of the signal,

respectively.

1.1.3 UWB vs. Narrow Band

Comparing UWB signals with the conventional narrow band (NB) signals shows the key

differences between them. UWB signals have a much lower power spectrum. The reason is, due

to the large bandwidth occupied by UWB signals there would be a probability of interference

between UWB signals and other communication systems, but we also do not require a high

power spectral to be achieved. Therefore, the power spectrum of UWB is reduced. These

differences can be seen in fig. 1.2 [10].

Figure 1.2: Comparison between UWB and NB signals in terms of bandwidth and power spectral den-
sity (PSD) [10].
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1.1.4 UWB Benefits and Applications

There are a wide range of benefits and advantages associated with UWB signals. The key

benefits are [10]:

• High data rates

• Low equipment cost

• Multipath immunity

• Ranging and communication at the same time

Having these advantages and using low power, ultra short information pulses and not re-

quiring sine-wave carriers in modulation, enables UWB signals to be used in a wide range of

applications, which include precision navigation, through wall imaging, high resolution ground

penetrating radar and short range and high-speed broadband access [8].

1.2 Medical Applications of UWB

1.2.1 History of UWB Medical Applications

There has been an increasing interest in the application of the UWB technology to the

medical field in recent years. The first suggestion for such application was presented in the

1970s, but was rejected due to size, cost and safety reasons [11]. However, the interest was

regenerated in August 1994, by T. E. McEwan’s patent on “Micropower impulse radar”. In

the following year, Massachusetts Institute of Technology (MIT) began an educational project

focusing on the “Radar Stethoscope” [12]. In 1996, the addition of photo and sample tracing

improved and simplified the biomedical use of UWB radars and in the same year, McEwan’s

patent on “Body monitoring and imaging apparatus and method” was awarded [13]. Ever since,

UWB has been considered as an alternative to remote sensing and imaging. Its characteristics,
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such as having a very low average power level, using short pulses, and its power efficiency

have transformed the UWB into a suitable and potentially cost effective way of human body

imaging, especially in real time applications [14].

1.2.2 Existing Imaging Techniques

In recent years, there has been a growing interest in the development of imaging methods

for medical applications. A number of existing medical imaging technologies are already in

use today. These technologies are able to produce well-defined tomographic reconstructions

of living tissues using a range of media. Most common are ultrasound scanners, X-ray based

computed tomography (CT), and the radio frequency (RF) technique of nuclear magnetic reso-

nance imaging (known as MRI). Each one of these established imaging techniques has its own

drawbacks; for example, ultrasound is a very cost-effective technique and is extremely useful

for selected tissues, but suffers from contrast problems and an inability to image objects with

large acoustic impedance differences like air spaces and bones [15]. CT, on the other hand,

is very effective for imaging of high-contrast subjects, but does result in significant dose of

ionising radiation, and thus has limited application [16]. Finally, while MRI does not cause

ionising radiation, it is quite expensive to purchase, maintain and operate. In addition, it has a

long scan time, which for a whole body can take as long as 2 hours during which time the pa-

tient is required to remain quite still within the confines of a rather cramped and claustrophobic

environment.

Moreover, concerning breast cancer detection, the limitations of conventional X-ray mam-

mograms are well recognised. For example, this technique, even in high resolution images,

with relatively low radiation doses, misses approximately 15% of all cancers while 75% of

the identified breast lesions are in fact benign [17]. In response to all these limitations, mi-

crowave imaging has been recognised as a promising non-ionising and non-invasive alternative

screening technology for these application areas.
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1.2.3 Current Microwave Imaging Techniques

Microwave imaging has attracted growing attention in the last decade, especially for its

applicability to breast cancer detection, motivated by the contrast in the dielectric properties

at microwave frequencies of normal and malignant tissues. Addressing an imaging problem

involves estimating the distribution of the field within a volume V based upon observations of

the field on the surface of V, and this involves estimating the distribution of dielectric properties

within the target volume. In recent years, other medical applications of microwave imaging,

such as bone imaging [18, 19] have also been investigated.

Current research in microwave breast imaging can be divided mainly into microwave to-

mography, UWB radar techniques and microwave holography. In tomographic image recon-

struction, a nonlinear inverse scattering problem is solved to recover an image of the dielectric

properties in the breast [20, 21]. Such non-linear (and ill-posed) problems can be addressed by

resorting to a number of methods, including conventional conjugate gradient methods and the

modified Born iterative method [21]. More recently, a new analytical approach (partly based on

previous work [22, 23]) has been introduced by reformulating the inverse scattering problem

as an inverse source one. The approach requires the calculation of both the radiating and the

non-radiating parts of the induced currents, and permits an efficient solution of 2D problems

[24, 25].

In contrast to tomography, the UWB radar approach solves a simpler computational prob-

lem by seeking only to identify the significant scatterers [26-30]. In order to reconstruct the

image, beamforming techniques of varying complexity are required. Current beamforming

techniques use time domain processing algorithms; one method is confocal imaging which

employs simple delay-and-sum beamforming [26, 27]. However, while confocal processing is

computationally inexpensive, it presents major problems in imaging spaces which possess vol-

umes of varying dielectric constant. In fact, internal refraction cannot be easily removed and

would render the image inaccurate. An alternative technique, microwave imaging via space-

time (MIST) beamforming [28, 29], uses filters that compensate for dispersion and fractional
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time delays. The filters solve a penalised least-squares problem such that signals originating

from a candidate tumour location are passed with approximately unit amplitude and linear

phase while the white noise gain is constrained. Filter designs improve clutter suppression and

spatial discrimination, but they lead to an increase of complexity and computational burden.

In [30], data-adaptive beamforming is proposed which accounts for some uncertainties during

preprocessing steps, e.g. non-ideal time-delays, or errors in amplitude compensation.

Time-reversal (TR) based approaches have also been proposed in [31] and [32]. TR is

based on the following assumption: If the scattered fields at the receiver are time-reversed

and computationally reradiated into the medium, focussing is achieved at the source point.

However, reradiation into the medium is possible if an approximate knowledge of the channel

transfer function associated with the numerical back-propagation is known.

In microwave holography, targets in the near-field range are reconstructed by using a Fourier

analysis of the wideband transmission and reflection signals recorded by antennas scanning to-

gether on both sides of the inspected region [33].

In this context, the aim of this research has been to develop novel, fast and accurate UWB

microwave imaging methods. First, a procedure based on the mode-matching (MM) of Bessel

functions, which permits to identify the presence and location of significant scatterers inside

cylindrically-shaped objects, will be introduced. Next, with the aim of investigating more gen-

eral 3D problems, a method based on Huygens Principle (HP) is presented. Using the MM

procedure leads to the generation/inversion of a rather small matrix; conversely, using HP to

forward propagate the waves removes the need to solve inverse problems and, consequently,

no matrix generation/inversion is required. Together with their simplicity, the two method-

ologies permit the capturing of the extent to which different tissues, or differing conditions of

tissues, can be discriminated, and hence render contrast in the final image. Moreover, UWB

allows all the information in the frequency domain to be utilised by combining the information

from the individual frequencies to construct a consistent image. Validation of the techniques

through both simulations and measurements on cylinders and spheres with inclusions has been
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performed and the results are presented, illustrating the effectiveness of the methods. Potential

application would be breast cancer detection, internal organ imaging, and whole body imaging.

1.3 Thesis Organisation

We now proceed with a chapter-by-chapter description of the thesis, pointing out the major

contributions.

In chapter 2, the propagation of UWB signals in human tissue is investigated analytically,

such that the body is modelled as a cylinder of infinite length, and Maxwell’s equation is

solved for plane wave and line source excitations. First, a simple perfectly electrically conduct-

ing (PEC) cylinder is considered; next, the complexity is increased considering homogeneous

dielectric cylinder, 2-layer stratified cylinders, and 3-layer stratified cylinders, respectively. Fi-

nally, human-type tissue is assumed in a multilayered stratified cylinder model. In order to

validate the analytical method, the comparison between the analytical frequency response and

that of measurement involving a multilayered medium is presented in the last section.

The first of the two proposed imaging methods based on UWB microwave signals is de-

scribed and investigated in chapter 3. The method is based on the MM of Bessel functions. In

the first section, a complete analytical explanation of the MM procedure is formulated. In the

last two sections the validation of the method through a number of simulations and measure-

ments involving cylindrical shapes with inclusions is performed.

Chapter 4 investigates the second proposed imaging technique, which employs the Huy-

gens Principle. The formulation of HP is presented in details in section 4.2. Next, the valida-

tion of the technique through simulations on cylindrical mediums with one or more inclusions

is shown and the performance of HP procedure in comparison with some of the recent imaging

techniques is investigated. Afterwards, HP is validated through measurements involving cylin-

drical mediums with one or more inclusions, and a further measurement extending the imaging

to a 3D medium (sphere) with an inclusion is also performed; all the measurement results are
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presented in the final section of this chapter.

In chapter 5, the application of the HP method is extended to more realistic geometries

constituting of multiple layers. In section 5.2, the procedure is verified through realistic simu-

lations involving 3-layer cylindrical mediums, based on analytical calculations of section 2.8.

In section 5.3, the validation of the method through measurements on a 4-layer cylinder with

an inclusion is presented.

Chapter 6 presents the further extension of the HP method to cover simulations and mea-

surements involving realistic inhomogeneous hemispherical phantoms with one more inclu-

sions. In section 6.2, the data obtained from MicrostripesTM, a commercial transmission line

matrix (TLM) analysis package is used in the reconstruction process for simulation purposes of

an inhomogeneous breast model. Additionally, measurement results on a commercially fabri-

cated breast phantom with multiple hidden inclusions is presented in section 6.4, and the results

are compared to that of an Elastography scanning machine presented in section 6.3. At the end

of the chapter, the measurement is repeated with cross-polar and horizontal polarisation con-

figurations, and the polarisation issues of the discone antennas used in 3D measurements are

also investigated.

The last chapter concludes the thesis and contains a discussion of topics for future research.

9



2

Human Body Modelling

2.1 Introduction

UWB wireless biomedical sensors is a promising new application area made possible by

recent advances in ultra low power technology. Each sensor measures parameters of interest

and sends the data in short bursts to a central device. Examples include sensors to observe

brain activity for recording or warning against seizure events, to examine heart activity for

diagnosis and automatic emergency calls, to measure glucose levels in diabetic patients, and to

monitor oxygen, blood pressure, or disease markers. The large diversity and potential of these

applications makes it an exciting new research direction in wireless communications.

In developing these sensors, detailed knowledge of the body area network (BAN) commu-

nication channel is essential. Measurements [34] and finite difference time domain (FDTD)

simulations [35] have been successfully applied for specific communication scenarios. How-

ever, measurements do not directly consider the physical propagation mechanism, forcing re-

searchers to rely on ad-hoc modelling approaches. On the other hand, realistic FDTD simu-

lations that numerically evaluate the solution to Maxwell’s equations of small antennas worn

close to the sophisticated curved inhomogeneous human bodies are very time-consuming. An-

other approach resorts to the uniform theory of diffraction (UTD) [36]; while this approach
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offers considerable physical insight, it typically relies on a high-frequency asymptotic approxi-

mation. Here, in contrast to conventional approaches based on FDTD methods, the propagation

of UWB signals in human tissue will be investigated analytically. In detail, the body will be

modelled as a cylinder of infinite length, and Maxwell’s equation will be solved for plane wave

and line source excitation. First, a simple perfectly electrically conducting (PEC) cylinder

will be considered; next, the complexity will be increased considering homogeneous dielec-

tric cylinder, 2-layer stratified cylinders, and 3-layer stratified cylinders, respectively. Finally,

human-type tissue will be assumed in the multilayered stratified cylinder model. In order to

validate the analytical method, the comparison between the analytical frequency response and

that of measurement involving a multilayered medium will be presented in the last section.

2.2 Bessel Functions

For a long time, Bessel functions have been widely used in mathematics [37, 38]. They were

first described by Dutch-Swiss mathematician Daniel Bernoulli [39] and were later generalised

by Friedrich Bessel [40]. Bessel functions are defined as canonical solutions y(x) of Bessel’s

differential equation such that:

x2 d2y
dx2 + x

dy
dx

+(x2 −α2)y = 0 (2.1)

where α is an arbitrary real or complex number representing the order of the function. Bessel

functions are divided into different kinds (orders), and the common ones are described below.
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2.2.1 First Kind

Jα: Jα(x) are solutions of Bessel’s differential equation that are finite at the origin (x = 0)

for integer α, and diverge as x approaches 0 for negative non-integer α [41].

Jα(x) =
∞

∑
m=0

(−1)m

m!Γ(m+α+1)

(x
2

)2m+α
(2.2)

where, Γ(·) is the Gamma function.

Figure 2.1 shows a plot of the Bessel function of the first kind Jα(x) for integer orders

α = 0,1,2.

Figure 2.1: Plot of Bessel function of the first kind, Jα(x), for integer orders α = 0,1,2.

2.2.2 Second Kind

Yα: Yα(x) are solutions of Bessel’s differential equation. They have singularity at the origin

(x = 0). They are sometimes referred to as Neumann or Weber functions [42].

Yα(x) =
Jα(x)cos(απ)− J−α(x)

sin(απ)
(2.3)
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A plot of Bessel function of the 2nd kind, Yα(x), for integer orders α = 0, 1, 2 is shown in fig.

2.2.

Figure 2.2: Plot of Bessel function of the second kind, Yα(x), for integer orders α = 0,1,2.

2.2.3 Hankel Functions (Third Kind)

Hα: Formulation of 2 linearly independent solutions to Bessel’s equations are the Hankel

functions H(1)
α (x) and H(2)

α (x) defined by:

H(1)
α (x) = Jα(x)+ iYα(x) =

J−α(x)− e−απiJα(x)
isin(απ)

(2.4)

H(2)
α (x) = Jα(x)− iYα(x) =

J−α(x)− eαπiJα(x)
−isin(απ)

(2.5)

where i is the imaginary unit. These linear combinations are also known as Bessel functions

of the third kind, as such, they are two linearly independent solutions of Bessel’s differential

equation [43].
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2.2.4 Modified Bessel Functions

Iα,Kα: Bessel functions are valid even for a complex argument x, for which a special case

is that of a purely imaginary argument. Such solutions are referred to as modified (hyperbolic)

bessel functions of the first and second kinds, defined as follows:

Iα(x) = i−αJα(ix) =
∞

∑
m=0

1
m!Γ(m+α+1)

(x
2

)2m+α
(2.6)

Kα(x) =
π
2
· I−α(x)− Iα(x)

sin(απ)
=

π
2

iα+1H(1)
α (ix) (2.7)

where Iα(x) and Kα(x) are two linearly independent solutions to the modified Bessel’s equation

[44]:

x2 d2y
dx2 + x

dy
dx

− (x2 +α2)y = 0 (2.8)

Figures 2.3(a) and 2.3(b) show the plots of Iα(x) and Kα(x), for integer orders α = 0,1,2,3,

respectively. It can be seen that unlike the oscillating behaviour of ordinary Bessel functions,

Iα(x) and Kα(x) are exponentially growing and decaying functions, respectively.

(a) (b)

Figure 2.3: Plot of modified Bessel functions (a) 1st kind, Iα(x), (b) 2nd kind, Kα(x) for integer orders
α = 0,1,2,3.
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2.3 PEC Cylinder

Let us consider a PEC cylinder in free space with radius a illuminated by a plane wave hav-

ing a z-polarised E-field and travelling along the x-axis (fig. 2.4). In free space, characterised

by ε0 and µ0, we define:

k0 =
√
(2π f )2ε0µ0 (2.9a)

Z0 =

√
µ0

ε0
(2.9b)

where f is the frequency of the plane wave. Thus, it holds:

−→
E i = E0îze− jk0x (2.10)

with E0 representing the amplitude of the plane wave
−→
E i. The total field inside the cylinder is

Figure 2.4: PEC cylinder in free space.

the sum of the incident and scattered fields, that is:

Ez = E i
z +Es

z (2.11)
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By using the cylindrical expansion and cylindrical coordinates (ρ,ϕ), we can write [45]:

E i
z = E0

+∞

∑
n=−∞

(− j)nJn(k0ρ)e jnϕ (2.12)

Es
z = E0

+∞

∑
n=−∞

(− j)nanH(2)
n (k0ρ)e jnϕ (2.13)

where Jn(k0ρ) and H(2)
n (k0ρ) are Bessel functions of the first and third kind, respectively. At

the cylinder, the boundary condition Ez = 0 at ρ = a must be met. By using the orthogonality

of the exponential functions, the coefficient an can be determined as follows:

an =− Jn(k0a)

H(2)
n (k0a)

(2.14)

To evaluate the scattered field, the infinite summation in eq. (2.13) has to be truncated;

thus, it follows:

Es
z ≈ E0

+NF

∑
n=−NF

(− j)nanH(2)
n (k0ρ)e jnϕ (2.15)

For the examples presented here, a check on the error in boundary conditions, i.e. average

relative error lower than 10−3, leads to NF=50. Note that this value is related to k0a.

2.4 Homogeneous Cylinder

Let us now consider a dielectric homogenous cylinder in free space with radius a illumi-

nated by the plane wave of eq. (2.10). The dielectric is characterised by relative constants εr1,

µr1, and by conductivity σ1. It holds that µr1=1, and:

ε1 = ε0εeq1, µ1 = µ0 with εeq1 = (εr1 − j
σ1

2π f ε0
) (2.16)

From eq. (2.16) it is evident that, if σ1 ̸= 0, εeq1 varies with frequency. It is worthwhile to

point out that when dealing with human tissues, the frequency-dependence of εr1 and σ1 has to
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be taken into account as well. More concisely, it can be stated that the cylinder is characterised

by ε1, µ1, both of which can be complex and can vary with the frequency. Next, we define the

quantities:

k1 =
√
(2π f )2ε1µ1 (2.17a)

Z1 =

√
µ1

ε1
(2.17b)

We proceed by writing the following equations [45]:

E0
z = E0

+∞

∑
n=−∞

(− j)nJn(k0ρ)e jnϕ +E0

+∞

∑
n=−∞

(− j)nanH(2)
n (k0ρ)e jnϕ (2.18a)

E1
z = E0

+∞

∑
n=−∞

(− j)nbnJn(k1ρ)e jnϕ (2.18b)

Eqs. (2.18) hold in free space and inside the cylinder respectively. Moreover, we have [45]:

H0
ϕ =

E0

jZ0

+∞

∑
n=−∞

(− j)nJ′n(k0ρ)e jnϕ +
E0

jZ0

+∞

∑
n=−∞

(− j)nanH ′(2)
n (k0ρ)e jnϕ (2.19a)

H1
ϕ =

E0

jZ1

+∞

∑
n=−∞

(− j)nbnJ′n(k1ρ)e jnϕ (2.19b)

Again, eqs. (2.19) hold in free space and inside the cylinder, respectively. All the coeffi-

cients can be determined by imposing the boundary conditions of E and H fields on the surface.

Thus, the field can be determined in each region.

2.5 2-Layer Stratified Concentric Cylinder

Next, a 2-layer stratified concentric dielectric cylinder in free space illuminated by the plane

wave of eq. (2.10) is considered. The two cylinders are concentric and are indicated as cylinder
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‘1’ and cylinder ‘2’ (fig. 2.5).

Figure 2.5: 2-layer stratified concentric cylinder in free space.

Cylinders ‘1’ and ‘2’ are characterised by ε1, µ1 and ε2, µ2, respectively, which can be

complex and can vary with the frequency [see eq. (2.16)]. It holds:

k2 =
√
(2π f )2ε2µ2 (2.20a)

Z2 =

√
µ2

ε2
(2.20b)

We proceed by deriving the following equations, where ϕ0 has now been introduced to

represent the angle of incidence of the plane wave:

E0
z = E0

+∞

∑
n=−∞

(− j)nJn(k0ρ)e jn(ϕ−ϕ0)+E0

+∞

∑
n=−∞

(− j)nanH(2)
n (k0ρ)e jn(ϕ−ϕ0) (2.21a)

E1
z = E0

+∞

∑
n=−∞

(− j)nbnJn(k1ρ)e jnϕ +E0

+∞

∑
n=−∞

(− j)ncnH(2)
n (k1ρ)e jnϕ (2.21b)

E2
z = E0

+∞

∑
n=−∞

(− j)ndnJn(k2ρ)e jnϕ (2.21c)

Above equations hold in free space, inside cylinder ‘1’ and inside cylinder ‘2’, respectively.
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Moreover, we derive the following:

H0
ϕ =

E0

jZ0

+∞

∑
n=−∞

(− j)nJ′n(k0ρ)e jn(ϕ−ϕ0)+
E0

jZ0

+∞

∑
n=−∞

(− j)nanH ′(2)
n (k0ρ)e jn(ϕ−ϕ0)(2.22a)

H1
ϕ =

E0

jZ1

+∞

∑
n=−∞

(− j)nbnJ′n(k1ρ)e jnϕ +
E0

jZ1

+∞

∑
n=−∞

(− j)ncnH ′(2)
n (k1ρ)e jnϕ (2.22b)

H2
ϕ =

E0

jZ2

+∞

∑
n=−∞

(− j)ndnJ′n(k2ρ)e jnϕ (2.22c)

Again, eqs. (2.22) hold in free space, inside cylinder ‘1’ and inside cylinder ‘2’, re-

spectively. The coefficients an, bn, cn and dn can be determined by imposing the boundary

conditions of E and H field on the surfaces of ‘1’ and ‘2’. For the sake of clarity, we rename

the coefficient in the following way:

an → o0,n

bn → i1,n

cn → o1,n

dn → i2,n (2.23)

where the acronyms o, i indicate the outward and inward waves, and the indexes 0, 1, 2 indicate

the correspondent media. Thus, by using the orthogonality of exponential functions, we have:

Jn(k0a1)e− jnϕ0 +o0,nH(2)
n (k0a1)e− jnϕ0 = i1,nJn(k1a1)+o1,nH(2)

n (k1a1) (2.24a)

1
jZ0

J′n(k0a1)e− jnϕ0 +
1

jZ0
o0,nH ′(2)

n (k0a1)e− jnϕ0 =
1

jZ1
i1,nJ′n(k1a1)+

1
jZ1

o1,nH ′(2)
n (k1a1)

(2.24b)

i1,nJn(k1a2)+o1,nH(2)
n (k1a2) = i2,nJn(k2a2) (2.24c)

1
jZ1

i1,nJ′n(k1a2)+
1

jZ1
o1,nH ′(2)

n (k1a2) =
1

jZ2
i2,nJ′n(k2a2) (2.24d)
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Next, we proceed with some algebraic manipulation, eq. (2.24a) becomes:

o0,n =
1

H(2)
n (k0a1)

[
− Jn(k0a1)+ e jnϕ0

(
i1,nJn(k1a1)+o1,nH(2)

n (k1a1)
)]

(2.25)

Combining eqs. (2.24c) and (2.24d), we can write:

i2,n =
i1,nJn(k1a2)+o1,nH(2)

n (k1a2)

Jn(k2a2)
(2.26a)

o1,n =−A
B

i1,n (2.26b)

with

A =
1
Z1

J′n(k1a2)−
1
Z2

Jn(k1a2)
J′n(k2a2)

Jn(k2a2)
, B =

1
Z1

H ′(2)
n (k1a2)−

1
Z2

H(2)
n (k1a2)

J′n(k2a2)

Jn(k2a2)

(2.26c)

Using eqs. (2.25) and (2.26) in eq. (2.24b), i1,n can be solved:

i1,n =−C
D

e− jnϕ0 (2.27)

with,

C =
1
Z0

J′n(k0a1)−
1
Z0

Jn(k0a1)
H ′(2)

n (k0a1)

H(2)
n (k0a1)

(2.28)

and,

D=
Jn(k1a1)

Z0
· H ′(2)

n (k0a1)

H(2)
n (k0a1)

− A
B
· H(2)

n (k1a1)

Z0
· H ′(2)

n (k0a1)

H(2)
n (k0a1)

− J′n(k1a1)

Z1
+

A
B
· H ′(2)

n (k1a1)

Z1
(2.29)

Once we have i1,n, we go back to calculate the others coefficients. Thus, the field can be

determined in each region.
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2.6 2-Layer Stratified Eccentric Cylinder

Let us now consider a 2-layer stratified cylinder in free space illuminated by the plane wave

of eq. (2.10). The two cylinders are eccentric and are indicated as cylinder ‘1’ and cylinder ‘2’

(fig. 2.6).

Figure 2.6: 2-layer stratified eccentric cylinder in free space.

Cylinder ‘1’ and cylinder ‘2’ have radii a1 and a2, respectively; the distance between the

centres is OO′ = D and the angle between OO′ and the x-axis is ϕ. We proceed to calculating

the fields by writing the following field expressions for axial components [46]:

E0
z = E0

+∞

∑
n=−∞

(− j)nJn(k0ρ)e jn(ϕ−ϕ0)+E0

+∞

∑
n=−∞

(− j)nanH(2)
n (k0ρ)e jn(ϕ−ϕ0) (2.30a)

E1
z = E0

+∞

∑
n=−∞

(− j)nbnJn(k1ρ′)e jnϕ′ +E0

+∞

∑
n=−∞

(− j)ncnH(2)
n (k1ρ′)e jnϕ′ (2.30b)

E2
z = E0

+∞

∑
n=−∞

(− j)ndnJn(k2ρ′)e jnϕ′ (2.30c)

Eqs. (2.30) hold in free space, inside cylinder ‘1’ and inside cylinder ‘2’, respectively.
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Moreover, we have the following field expressions for azimuthal components [46]:

H0
ϕ =

E0

jZ0

+∞

∑
n=−∞

(− j)nJ′n(k0ρ)e jn(ϕ−ϕ0)+
E0

jZ0

+∞

∑
n=−∞

(− j)nanH ′(2)
n (k0ρ)e jn(ϕ−ϕ0)(2.31a)

H1
ϕ =

E0

jZ1

+∞

∑
n=−∞

(− j)nbnJ′n(k1ρ′)e jnϕ′ +
E0

jZ1

+∞

∑
n=−∞

(− j)ncnH ′(2)
n (k1ρ′)e jnϕ′ (2.31b)

H2
ϕ =

E0

jZ2

+∞

∑
n=−∞

(− j)ndnJ′n(k2ρ′)e jnϕ′ (2.31c)

Again, the coefficients an, bn, cn and dn can be determined by imposing the boundary

condition of E and H field on the surfaces of ‘1’ and ‘2’.

Once more, we rename the coefficients as shown in eq. (2.23). Next, to impose the boundary

condition on the surface of cylinder ‘1’, the fields E1
z (ρ′,ϕ′) and H1

ϕ (ρ
′,ϕ′) must be expressed

in (ρ,ϕ) coordinates by resorting to the addition theorem for Hankel functions [46, 47]. Thus,

by using the orthogonality of the exponential functions (which consists of multiplying each

term by e− jlϕ and integrating between 0 and 2π, we have:

j−lJl(k0a1)e− jlϕ0 +o0,lH
(2)
l (k0a1)e− jlϕ0

=
+∞

∑
n=−∞

e− j(l−n)ϕJl−n(k1D)
[
i1,nJl(k1a1)+o1,nH(2)

l (k1a1)
]

(2.32a)

1
jZ0

j−lJ′l(k0a1)e− jlϕ0 +
1

jZ0
o0,lH

′(2)
l (k0a1)e− jlϕ0

=
1

jZ1

+∞

∑
n=−∞

e− j(l−n)ϕJl−n(k1D)
[
i1,nJ′l(k1a1)+o1,nH ′(2)

l (k1a1)
]

(2.32b)

Next, by proceeding with some algebraic manipulation, we obtain:

o0,l =
1

H(2)
l (k0a1)

[
− j−lJl(k0a1)+ e jlϕ0

( +∞

∑
n=−∞

Jl−n(k1D)
[
i1,nJl(k1a1)

+o1,nH(2)
l (k1a1)

])
e− j(l−n)ϕ

]
(2.33)
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It should be noted that the values of i2,n and o1,n are similar to the concentric case calculated

in eq. (2.27). Thus, using eqs. (2.33) and (2.26), i1,n can be solved:

+∞

∑
n=−∞

i1,n

[
Jl−n(k1D)

(
Jl(k1a1)

Z0
·

H ′(2)
l (k0a1)

H(2)
l (k0a1)

− A
B
·

H(2)
l (k1a1)

Z0
·

H ′(2)
l (k0a1)

H(2)
l (k0a1)

−
J′l(k1a1)

Z1

+
A
B
·

H ′(2)
l (k1a1)

Z1

)
e− j(l−n)ϕ

]
=− j−l

[
J′l(k0a1)

Z0
− Jl(k0a1)

Z0
·

H ′(2)
l (k0a1)

H(2)
l (k0a1)

]
e− jlϕ0 (2.34)

that, in compact notation becomes:

+∞

∑
n=−∞

i1,nGl,n =Vl (2.35)

Eq. (2.35) represents a set of infinite equations which are transformed in a matrix form and

then solved numerically after proper truncation to retrieve the proper coefficients i1,n. Once we

have i1,n, we can go back to calculate all the other coefficients and consequently, the field can

be determined in each region.

2.7 3-layer Stratified Concentric Cylinder

Next, we consider a 3-layer stratified concentric cylinder in free space illuminated by the

plane wave of eq. (2.10). The three cylinders are concentric and are indicated as cylinder ‘1’,

cylinder ‘2’, and cylinder ‘3’, as shown in fig. 2.7.

Cylinders ‘1’, ‘2’ and ‘3’ are characterised by ε1,µ1, ε2,µ2 and ε3,µ3, respectively, which

can be complex and can vary with the frequency [see eq. (2.16)].
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Figure 2.7: 3-layer stratified concentric cylinder in free space.

It holds:

k3 =
√
(2π f )2ε3µ3 (2.36a)

Z3 =

√
µ3

ε3
(2.36b)

We proceed by writing the following equations, where ϕ0 represents the angle of incidence of

the plane wave:

E0
z = E0

+∞

∑
n=−∞

(− j)nJn(k0ρ)e jn(ϕ−ϕ0)+E0

+∞

∑
n=−∞

(− j)nanH(2)
n (k0ρ)e jn(ϕ−ϕ0) (2.37a)

E1
z = E0

+∞

∑
n=−∞

(− j)nbnJn(k1ρ)e jnϕ +E0

+∞

∑
n=−∞

(− j)ncnH(2)
n (k1ρ)e jnϕ (2.37b)

E2
z = E0

+∞

∑
n=−∞

(− j)ndnJn(k2ρ)e jnϕ +E0

+∞

∑
n=−∞

(− j)nenH(2)
n (k2ρ)e jnϕ (2.37c)

E3
z = E0

+∞

∑
n=−∞

(− j)ngnJn(k3ρ)e jnϕ (2.37d)

Eqs. (2.37) are derived for free space, inside cylinder ‘1’, cylinder ‘2’ and cylinder ‘3’,
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respectively. Moreover, we have:

H0
ϕ =

E0

jZ0

+∞

∑
n=−∞

(− j)nJ′n(k0ρ)e jn(ϕ−ϕ0)+
E0

jZ0

+∞

∑
n=−∞

(− j)nanH
′(2)
n (k0ρ)e jn(ϕ−ϕ0)

(2.38a)

H1
ϕ =

E0

jZ1

+∞

∑
n=−∞

(− j)nbnJ′n(k1ρ)e jnϕ +
E0

jZ1

+∞

∑
n=−∞

(− j)ncnH
′(2)
n (k1ρ)e jnϕ (2.38b)

H2
ϕ =

E0

jZ2

+∞

∑
n=−∞

(− j)ndnJ′n(k2ρ)e jnϕ +
E0

jZ2

+∞

∑
n=−∞

(− j)nenH
′(2)
n (k2ρ)e jnϕ (2.38c)

H3
ϕ =

E0

jZ3

+∞

∑
n=−∞

(− j)ngnJ′n(k3ρ)e jnϕ (2.38d)

Again, eqs. (2.38) are derived for free space, inside cylinder ‘1’, cylinder ‘2’ and cylinder

‘3’, respectively. All the coefficients can be determined by imposing the boundary conditions

of E and H on the surfaces of ‘1’, ‘2’ and ‘3’; thus, the field can be determined in each region.

The procedure can be iterated if an n-layer stratified concentric cylinder is considered.

2.8 3-layer Stratified Eccentric Cylinder

Here, we consider a 3-layer stratified eccentric cylinder in free space, illuminated by a plane

wave. The three cylinders are indicated as cylinder ‘1’, cylinder ‘2’ and cylinder ‘3’, and have

radii a1, a2 and a3 respectively (see fig. 2.8).

Cylinder ‘1’ is characterised by ε1,µ1, cylinder ‘2’ is characterised by ε2,µ2 and cylinder

‘3’ is characterised by ε3,µ3.

To determine the field in different regions, we start by writing the field expressions for axial

components, where ϕ0 represents the angle of incidence of the plane wave:
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Figure 2.8: 3-layer stratified eccentric cylinder in free space.

E0
z = E0

+∞

∑
n=−∞

(− j)n[Jn(k0ρ)+o0,nH(2)
n (k0ρ)]e jn(ϕ−ϕ0), (2.39a)

ρ > a1

E1
z = E0

+∞

∑
n=−∞

(− j)n[i1,nJn(k1ρ)+o1,nH(2)
n (k1ρ)]e jnϕ, (2.39b)

a2 < ρ < a1

E2
z = E0

+∞

∑
n=−∞

(− j)n[i2,nJn(k2ρ′)+o2,nH(2)
n (k2ρ′)]e jnϕ′, (2.39c)

ρ < a2 and ρ′ > a3

E3
z = E0

+∞

∑
n=−∞

(− j)ni3,nJn(k3ρ′)e jnϕ′, ρ′ < a3 (2.39d)

Eqs. (2.39) are derived for free space, inside cylinder ‘1’, inside cylinder ‘2’ and inside
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cylinder ‘3’, respectively. Similarly we derive the following field expressions for azimuthal

components:

H0
ϕ =

E0

jZ0

+∞

∑
n=−∞

(− j)n[J′n(k0ρ)+o0,nH ′(2)
n (k0ρ)]e jn(ϕ−ϕ0), (2.40a)

ρ > a1

H1
ϕ =

E0

jZ1

+∞

∑
n=−∞

(− j)n[i1,nJ′n(k1ρ)+o1,nH ′(2)
n (k1ρ)]e jnϕ, (2.40b)

a2 < ρ < a1

H2
ϕ′ =

E0

jZ2

+∞

∑
n=−∞

(− j)n[i2,nJ′n(k2ρ′)+o2,nH ′(2)
n (k2ρ

′
)]e jnϕ′, (2.40c)

ρ < a2 and ρ
′
> a3

H3
ϕ′ =

E0

jZ3

+∞

∑
n=−∞

(− j)ni3,nJ′n(k3ρ′)e jnϕ′, (2.40d)

ρ′ < a3

By applying the boundary condition at ρ = a1 we have:

E0
z (ρ = a1) = E1

z (ρ = a1) ⇒

[Jn(k0a1)+o0,nH(2)
n (k0a1)]e− jnϕ0 = i1,nJn(k1a1)+o1,nH(2)

n (k1a1) (2.41a)

H0
ϕ (ρ = a1) = H1

ϕ (ρ = a1) ⇒

[J′n(k0a1)+o0,nH ′(2)
n (k0a1)]e− jnϕ0 =

Z0

Z1
[i1,nJ′n(k1a1)+o1,nH ′(2)

n (k1a1)] (2.41b)
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From eqs. (2.41a) and (2.41b),

i1,n = Rn +o0,nSn (2.42a)

o1,n = Rn +o0,nSn (2.42b)

where

Rn =
πk1a1e− jnϕ0

j2
[Jn(k0a1)H ′(2)

n (k1a1)−
Z1

Z0
H(2)

n (k1a1)J′n(k0a1)] (2.43a)

Sn =
πk1a1e− jnϕ0

j2
[H(2)

n (k0a1)H ′(2)
n (k1a1)−

Z1

Z0
H(2)

n (k1a1)H ′(2)
n (k0a1)] (2.43b)

Rn =−πk1a1e− jnϕ0

j2
[Jn(k0a1)J′n(k1a1)−

Z1

Z0
Jn(k1a1)J′n(k0a1)] (2.43c)

Sn =−πk1a1e− jnϕ0

j2
[H(2)

n (k0a1)J′n(k1a1)−
Z1

Z0
Jn(k1a1)H ′(2)

n (k0a1)] (2.43d)

Next, applying the boundary condition at ρ′ = a3 we have:

E2
z (ρ

′ = a3) = E3
z (ρ

′ = a3) ⇒ i2,nJn(k2a3)+o2,nH(2)
n (k2a3) = i3,nJn(k3a3) (2.44a)

H2
ϕ′(ρ

′ = a3) = H3
ϕ′(ρ

′ = a3) ⇒ i2,nJ′n(k2a3)+o2,nH ′(2)
n (k2a3) =

Z2

Z3
i3,nJ′n(k3a3) (2.44b)

From eqs. (2.44a) and (2.44b),

o2,n =−i2,nQn (2.45)

with

Qn =
Jn(k2a3)J′n(k3a3)− (Z3/Z2)J′n(k2a3)Jn(k3a3)

H(2)
n (k2a3)J′n(k3a3)− (Z3/Z2)H ′(2)n (k2a3)Jn(k3a3)

(2.46)

To facilitate the imposition of boundary conditions at ρ = a2, E2
z and H2

ϕ′ are first expressed
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in terms of ρ and ϕ:

E2
z =E0

+∞

∑
n=−∞

(− j)n[i2,n
+∞

∑
m=−∞

Jm−n(k2d)Jm(k2ρ)e jmϕe− j(m−n)ϕ

+o2,n

+∞

∑
m=−∞

H(2)
m (k2ρ)Jm−n(k2d)e jmϕe− j(m−n)ϕ],

ρ < a2 and ρ′ > a3 (2.47a)

H2
ϕ′ =

E0

jZ2

+∞

∑
n=−∞

(− j)nE0[i2,n
+∞

∑
m=−∞

Jm−n(k2d)J′m(k2ρ)e jmϕe− j(m−n)ϕ

+o2,n

+∞

∑
m=−∞

H ′(2)
m (k2ρ)Jm−n(k2d)e jmϕe− j(m−n)ϕ],

ρ < a2 and ρ
′
> a3 (2.47b)

In above, d and ϕ represent the distance between the axes of cylinders ‘2’ and ‘3’ (OO′),

and the angle between OO′ and the x-axis, respectively.

Moving on to the boundary condition at ρ = a2, we have:

E1
z (ρ = a2) = E2

z (ρ = a2) ⇒
+∞

∑
n=−∞

(− j)n[i1,nJn(k1a2)+o1,nH(2)
n (k1a2)]e jnϕ

=
+∞

∑
n=−∞

(− j)n[i2,n
+∞

∑
m=−∞

Jm−n(k2d)Jm(k2a2)e jmϕe− j(m−n)ϕ

+o2,n

+∞

∑
m=−∞

H(2)
m (k2a2)Jm−n(k2d)e jmϕe− j(m−n)ϕ] (2.48a)
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H1
ϕ (ρ = a2) = H2

ϕ (ρ = a2) ⇒
+∞

∑
n=−∞

(− j)n[i1,nJ′n(k1a2)+o1,nH ′(2)
n (k1a2)]e jnϕ

=
Z1

Z2

+∞

∑
n=−∞

(− j)n[i2,n
+∞

∑
m=−∞

Jm−n(k2d)J′m(k2a2)e jmϕe− j(m−n)ϕ

+o2,n

+∞

∑
m=−∞

H ′(2)
m (k2a2)Jm−n(k2d)e jmϕe− j(m−n)ϕ] (2.48b)

Employing the orthogonality property of e− jlϕ (
∫ 2π

0 e− jlϕe jmϕdϕ = 2π if l = m and equals

to 0 if l ̸= m), yields:

(− j)l[i1,lJl(k1a2)+o1,lH
(2)
l (k1a2)]

=
+∞

∑
n=−∞

(− j)ne− j(l−n)ϕi2,n[Jl−n(k2d)Jl(k2a2)−QnH(2)
l (k2a2)Jl−n(k2d)] (2.49a)

(− j)l[i1,lJ′l(k1a2)+o1,lH ′(2)
l (k1a2)]

=
Z1

Z2

+∞

∑
n=−∞

(− j)ne− j(l−n)ϕi2,n[Jl−n(k2d)J′l(k2a2)−QnH ′(2)
l (k2a2)Jl−n(k2d)] (2.49b)

Substituting for i1,l and o1,l from eqs. (2.42a) and (2.42b), results in:

(− j)l
[
[RlJl(k1a2)+RlH

(2)
l (k1a2)]+o0,l[SlJl(k1a2)+SlH

(2)
l (k1a2)]

]
=

+∞

∑
n=−∞

(− j)ne− j(l−n)ϕi2,n[Jl−n(k2d)Jl(k2a2)−QnH(2)
l (k2a2)Jl−n(k2d)] (2.50a)

(− j)l
[
[RlJ′l(k1a2)+RlH ′(2)

l (k1a2)]+o0,l[SlJ′l(k1a2)+SlH ′(2)
l (k1a2)]

]
=

Z1

Z2

+∞

∑
n=−∞

(− j)ne− j(l−n)ϕi2,n[Jl−n(k2d)J′l(k2a2)−QnH ′(2)
l (k2a2)Jl−n(k2d)] (2.50b)

Eliminating o0,l from eqs. (2.50a) and (2.50b), the following result is obtained,

+∞

∑
n=−∞

i2,nGl,n =Vl (2.51)
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where

Vl = (− j)l
[
[RlJl(k1a2)+RlH

(2)
l (k1a2)][SlJ′l(k1a2)+SlH ′(2)

l (k1a2)]

− [RlJ′l(k1a2)+RlH ′(2)
l (k1a2)][SlJl(k1a2)+SlH

(2)
l (k1a2)]

]
(2.52a)

and

Gl,n =

[
[SlJ′l(k1a2)+SlH ′(2)

l (k1a2)][Jl−n(k2d)Jl(k2a2)

−QnH(2)
l (k2a2)Jl−n(k2d)]− (

Z1

Z2
)[SlJl(k1a2)

+SlH
(2)
l (k1a2)][Jl−n(k2d)J′l(k2a2)

−QnH ′(2)
l (k2a2)Jl−n(k2d)]

]
(− j)ne− j(l−n)ϕ (2.52b)

Thus, all inward and outward fields, and hence the field everywhere inside the stratified

cylinder have been calculated. The procedure can be easily iterated if more layers are consid-

ered. It should be noted that if the cylinder in fig. 2.8 is illuminated by an electrical z-directed

line source of intensity I, then all the expressions in this section which have been derived from

the plane wave illumination can still be used by simply replacing (− j)n with H(2)
n (k0ρ0), where

ρ0 represents the distance of the line source from the axis of the cylinder.

2.9 UWB Pulse

The previous equations hold for each frequency of the plane wave. Let us now consider a

UWB pulse u(t) associated with the
−→
E i of eq. (2.10). It is evident that:

U( f ) =
∫ +∞

−∞
u(t)e− j2π f tdt (2.53)

u(t) =
∫ +∞

−∞
U( f )e j2π f td f (2.54)
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By sampling the spectrum of U( f ) over its band B at the frequencies [ f1, ..., fn f ], we can

write:

u(t) = ∆ f
n f

∑
k=1

U( fk)e j2π fkt (2.55)

The samples of the spectrum R( fk,u) of the received signal at a given point u are expressed

as:

R( fk,u) =U( fk)H( fk,u) (2.56)

The samples of the frequency response H( fk,u) can be determined by employing the pre-

vious equations, after setting f = fk and expressing the point u in the appropriate cylindrical

coordinates. Then, an inverse discrete Fourier transform (IDFT) provides the sampled version

of the impulse response h(t,u) and the received signal r(t,u):

h(t,u) = IDFT{H( f ,u)} (2.57)

r(t,u) = IDFT{U( f )H( f ,u)} (2.58)

Note that h(t,u), r(t,u) ∈ R if a bilateral spectral interval is assumed.

2.10 UWB Channel Modelling of Human Body

Stratified cylinder configurations can be used as a starting point to model the human body.

In this context, we will analyse the problem of UWB BAN channel modelling as following:

1. We construct a stratified cylinder model by using the required number of layers and

consistent dielectric parameters.

2. We calculate the spectrum of the UWB signal.

3. For each frequency component (sample) we derive the analytical solution by resorting to

the previous sections.

4. The set of solutions is collected and transformed into the time domain (IDFT).
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5. The required channel parameters are derived.

A key point to address is using the dielectric parameters which correctly represent hu-

man tissues. The interaction between microwave frequency (∼ 1− 40GHz) electromagnetic

signals and most materials is governed by two parameters, the material’s complex dielectric

permittivity (εr = ε′− jε′′) and its conductivity σ (assuming the material is not magnetic). The

components of the dielectric permittivity are functions of frequency, its real part ε′ decreases

monotonically from a stationary value at low frequencies towards low values at high frequen-

cies. This behaviour can be seen in literature [26, 48]; specifically, in [48] it is pointed out

that in frequencies below 100 Hz the relative permittivity of a tissue could reach up to 107,

while its value decreases at high frequencies through three main steps known as the α, β, and γ

dispersions. On the other hand, the imaginary component ε′′ reveals two major contributions;

at low frequencies this “loss” term is dominated by bulk conduction (and hence σ) effects and

at higher frequencies (>10GHz) dipolar rotational excitations introduce distinct peaks. This

means that the majority of the effects a tissue has on the propagation of electromagnetic waves,

arises from ε′ and the conductivity σ.

Many measurement campaigns have been conducted to determine the dielectric properties

of biological tissues [48]. The dielectric constant and conductivity values from a selection of

tissues at different frequencies are presented in tables 2.1 and 2.2, respectively. Meanwhile

table 2.3 lists the dielectric constant and conductivity values for a variety of different tissues at

a frequency of 5 GHz. The data for all three tables were extracted from [48]. The measured

data can be extrapolated to all the frequencies using the Debye model [26].

εDebye
eq ( f ) = ε∞ − j

σs

2π f ε0
+

εs − ε∞
1+ j2π f τ

(2.59)

Referring to the above equation, for each tissue the parameters ε∞ (permittivity at high

frequency limit), εs (static permittivity), σs (static conductivity) and τ (relaxation time) are

chosen in order to match the measured dielectric constant and the conductivity. Thus, each

tissue will be characterised by its equivalent dielectric constant εDebye
eq . It follows that the
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proposed model adequately takes into account the frequency-dependence of human tissues.

Table 2.1: Dielectric constant (εDebye
eq ) of a selection of tissues for different frequencies [48].

Frequency Skin (dry) Average muscle Fat (Mean) Cancellous Bone Cortical Bone
0.1 GHz 45 60 11 25 15
1 GHz 40.94 55.74 11.29 20.58 12.36
2 GHz 38.57 54.17 10.96 19.09 11.65
3 GHz 37.45 52.85 10.66 17.94 11.07
4 GHz 36.59 51.52 10.36 16.95 10.53
5 GHz 35.77 50.13 10.08 16.05 10.04
6 GHz 34.95 48.70 9.80 15.24 9.56

Table 2.2: Conductivity of a selection of tissues for different frequencies [48].

Frequency Skin (dry) Average muscle Fat (Mean) Cancellous Bone Cortical Bone
0.1 GHz 0.8 0.8 0.07 0.2 0.1
1 GHz 0.90 1.01 0.12 0.36 0.16
2 GHz 1.27 1.51 0.21 0.65 0.31
3 GHz 1.74 2.24 0.34 1.00 0.51
4 GHz 2.34 3.16 0.50 1.40 0.73
5 GHz 3.06 4.24 0.68 1.81 0.96
6 GHz 3.89 5.45 0.87 2.23 1.20
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Table 2.3: Dielectric constant and conductivity from a large variety of tissue at the frequency of 5 GHz
[48].

Tissue Epsilon (ε) Sigma (σ)
Bladder 16.67 1.53
Blood 53.95 5.39

Bone (Cancellous) 16.05 1.81
Bone (Cortical) 10.04 0.96

Bone (Marrow Infiltrated) 9.05 0.98
Breast fat 4.65 0.35
Cartilage 33.63 4.09

Cerebellum 41.05 4.19
Cerebrospinal fluid 61.95 6.60

Colon (large intestine) 49.72 4.58
Cornea 47.73 4.72
Dura 38.86 3.58

Eye tissue 49.0 4.5
Fat 5.03 0.24

Fat (average) 10.08 0.68
Gall bladder 54.76 4.65

Heart 50.27 4.86
Kidney 48.06 4.94
Liver 39.26 3.83

Lung (Inflated) 18.97 1.72
Lung (Deflated) 44.86 3.94

Nerve (Spinal chord) 27.89 2.43
Ovary 39.96 4.48

Skin (Dry) 35.77 3.06
Skin (Wet) 39.61 3.57

2.11 UWB Channel Modelling of Human Body: Numerical

Example

Let us consider a 3-layer stratified cylinder in free space. We assume that cylinder ‘1’

(a1 = 0.15 m) is made of dry skin; cylinder ‘2’ (a2 = 0.149 m) is made of fat, and cylinder ‘3’

(a3 = 0.02 m) is made of cortical bone. It has to be highlighted that each tissue is characterised

by its own equivalent dielectric constant εDebye
eq , calculated as shown in the previous section.

The cylinder (fig. 2.9) is illuminated by an electrical z-directed line source of intensity I

positioned at (ρ0,ϕ0). It can be shown that the field radiated by the line source is expressed as
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Figure 2.9: 3-layer stratified concentric cylinder in free space illuminated by an electrical z-directed
line source; cylinder ‘1’ is made of dry skin, cylinder ‘2’ is made of fat, and cylinder ‘3’ is
made of cortical bone.

[45, 49]:

E i
z =−

k2
0I

8π f ε0

+∞

∑
n=−∞

H(2)
n (k0ρ0)e jn(ϕ−ϕ0) (2.60)

Thus, it follows that all the expressions of the previous sections which have been derived

from plane wave illumination can still be used by simply replacing (− j)n with H(2)
n (k0ρ0).

We assume that the pulse u(t) =
√

2πe t
τe−π( t

τ )
2

is associated to the line source. When

τ = 0.14 ns we have the pulse given in fig. 2.10 and the spectrum in fig. 2.11.
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Figure 2.10: Amplitude of the transmitted pulse (time-domain).
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Figure 2.11: Amplitude of the spectrum of transmitted pulse (frequency-domain): the continuous line

refers to a discrete Fourier transform (DFT) approach, while the dotted lines represents the
analytical Fourier Transform.

Figure 2.12 shows the path loss of the impulse when assuming the line source positioned

at (ρ0 = 0.016,ϕ0 = π) and moving along the circumstance having radius equal to ρ0; a fre-

quency sampling of ∆ f = 10 has been used. The path loss is shown in dB relative to the loss

at a reference distance of 0.01 m; the distance has to be intended to represent the distance

around the body. It is useful to point out that, when determining the path loss, the received

signal is intended as the total received signal, i.e. it comprises both the incident and scattering

components.

Figure 2.13 depicts the path loss for different frequency components. From the figure, it is

possible to see that the decay increases with frequency. Moreover, all the curves tend to flatten

out on the opposite side of the cylinder (note that half diameter is approximately 0.502 m).

This behaviour is presumably due to the clockwise and counter-clockwise diffracting waves

interfacing with each other on the opposite sides of the cylinder. The same conclusion can be

found in [50], where a homogeneous lossy cylinder model has been used. A representation of

the path loss with respect to the distance and frequency is given in fig. 2.14.

Finally, fig. 2.15 shows the normalised pulse received in the forward direction. From
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Figure 2.12: Path loss of the impulse when assuming the line source positioned at (ρ0 = 0.016,ϕ0 = π)
and moving along the circumference having radius ϕ0 = 0.016.

Figure 2.13: Path loss for different frequency components when assuming the line source positioned at
(ρ0 = 0.016,ϕ0 = π) and moving along the circumference having radius ϕ0 = 0.016.

this figure, it is possible to note how the pulse has been distorted by the frequency-dependent

effects of human tissues. The knowledge (even approximated) of the received pulse can be of

vital importance for this design of the communication link [51]. Again, it can be useful to note

that fig. 2.15 refers to the total received signal, i.e. it comprises both incident and scattering

components.
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Figure 2.14: Path loss with respect to the distance and frequency when assuming the line source
positioned at (ρ0 = 0.016,ϕ0 = π) and moving along the circumference having radius
ϕ0 = 0.016.
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Fig 9. Normalized pulse received in the forward direction 

Figure 2.15: Normalised received pulse.

2.12 Validation of the Procedure Through Measurements

To assess the validity of the proposed method a comparison with measurement is presented.

Specifically, a multilayered human tissue like phantom was constructed. To achieve this pur-

pose, a 2 mm thick Polyvinyl chloride (PVC) cylindrical pipe with radius of 5 cm and height

of 30 cm was concentrically placed inside a larger PVC cylindrical pipe, also 2 mm thick and

30 cm tall, but with a larger radius of 6.25 cm. Both pipes (having dielectric constant of 2.6
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and negligible conductivity) were filled with Agar-Agar gel approximating high water-content

human tissues. Although the thickness of the pipes was chosen to be as narrow as possible,

their minimal effect could not be ignored, making this model effectively a 4-layer problem

[see fig. 2.16(a)]. The Agar-Agar was dissolved in hot water at approximately 95◦C and then

cooled to room temperature to form a semitransparent gel. For all measurements performed

throughout this thesis, a concentration of approximately 6% (15g per 250g) was used. The

dielectric constant and the conductivity are functions of the concentration of the Agar-Agar

[52]; for this experiment two distinct concentrations of Agar-Agar were used. The external

plastic pipe was filled with a lower conductive Agar-Agar (σ =0.5), while the smaller plastic

pipe was filled with a higher conductive Agar-Agar (σ =2). This increase in conductivity value

can be gained by adding the necessary amount of salt to the original Agar-Agar mixture; the

approximate relationship between the salt concentration and the Agar-Agar’s conductivity was

first given by eq. (2.61) [53], and later improved in [54], as represented in eq. (2.62):

σ(S/m) = 200× grams of NaCl
solution volume (mL)

(2.61)

σ(S/m) = 215× grams of NaCl
solution volume (mL)

+0.0529 (2.62)

For all measurements performed in this thesis, the relationship stated in eq. (2.61) has been

used to adjust the conductivity of the Agar-Agar. Meanwhile, the change in the dielectric

constant value was insignificant [52] and was assumed to be equal to 70 for both Agar-Agar

solutions. By comparing these values with those given in [48], it can be noted that the dielectric

constant and the conductivity of Agar-Agar can be used to simulate the actual dielectric prop-

erties of human tissues. Frequency-domain UWB measurement in an anechoic chamber was

performed, using a vector network analyser (VNA) arrangement to obtain the transfer function

(frequency response) at 1601 discrete frequencies in the band of 3.5-8 GHz. Throughout this

thesis, two different types of antennas have been used in the measurements. Wideband bow-

tie antennas have been used in the more basic 2D measurements; while for 3D measurements
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and more complex 2D measurements wideband discone antennas were employed. The use of

two different antennas would also allow for showcasing the robustness of the reconstruction

algorithm for different UWB designed antennas.

For this experiment, Wideband discone antennas, vertically polarised and omni-directional

in the azimuth plane were used (after checking that the S11 is lower than -10 dB in the band of

interest). A careful adjustment was done for both antennas to be in vertical position to avoid

any polarisation mismatch. The location of the transmitting antenna was fixed at approximately

20 cm away from the centre of the cylinder, while the receiver antenna was positioned close

to the external surface of the cylinder at the opposite side of the cylinder. Both antennas were

placed at the same height (approximately half of the height of the cylinder).

The measured frequency response H( f ) is given in 2.16(b), shown with continuous line.

In the same figure, the H( f ) calculated analytically by using the approach presented in this

chapter is also plotted (dotted lines), showing a good agreement with the measurements [55].

It is worthwhile to point out that, to allow comparison with measurements, the transmitter

reflection coefficient (S11) of the discone antennas had to be included in the analytical proce-

dure.
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(a)

(b)

Figure 2.16: (a) 4-layer human tissue-like phantom, (b) Comparison between the frequency response
calculated analytically (blue) and the one achieved using measurements (green).

2.13 Summary

The proposed approach uses an analytical process based on the exact Maxwell’s equation

solution for stratified cylinders. The model assumes the body can be approximated as a strati-

fied multilayered infinite cylinder. Each layer represents a human tissues, and is characterised

by the consistent equivalent dielectric constant εDebye
eq . It follows that the model adequately

takes into account the frequency-dependence of human tissues. Moreover, the stratified multi-
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layered infinite cylinder can represent a reasonable approximation of a human body allowing us

to take into account many propagation phenomena, including diffraction around a curved lossy

surface, reflections off the body, multi-reflection between different tissues and penetration. All

of these effects are expected to play a role in BAN propagation, though the relative importance

of each effect will depend on such factors as the frequency, polarity, radius of curvature, and

tissue properties.

The modelling approach proposed in this chapter is very generic and we can postulate sev-

eral future uses and extensions. Examples include sensors to observe brain activity for record-

ing or warning against seizure events, to examine heart activity for diagnosis and automatic

emergency calls, to measure glucose levels in diabetic patients, and to monitor oxygen, blood

pressure, or disease markers. For all these systems, channel parameters such as frequency dis-

persion and path loss trends can be investigated. The approach is computationally faster than

FDTD, clearly at the cost of a simplified body model. For the example presented in section

2.11, the execution time is less than 10 minutes in an Intel Pentium M 2 GHz with 1 GB RAM.

It follows that the model is suited not only for providing a physical insight into the BAN propa-

gation phenomena, but also to be used in Monte-Carlo approaches for deriving communication

statistics. In the next chapter, the first proposed imaging algorithm, which is based on the MM

of Bessel functions, will be introduced.
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3

Proposed Imaging Technique I:

Mode-Matching Bessel-Functions-Based

Procedure

3.1 Introduction

First of the two proposed methods based on UWB microwave signals is described and in-

vestigated in this chapter. Specifically, a procedure based on the mode-matching (MM) [56, 57]

of Bessel functions is introduced, which enables the identification of the presence and location

of significant scatterers inside cylindrically-shaped volumes [58]. Using the MM procedure

leads to the generation/inversion of a rather small matrix. Together with its simplicity, the

methodology permits the capture of contrast, to the extent in which different media can be dis-

criminated in the final image. Potential applications of the proposed method would be breast

cancer detection and internal organ imaging.

In the first section, a complete analytical explanation of the MM procedure is formulated,

while in the last two sections the validation of the method through a number of simulations and

measurements involving cylindrical shapes with inclusions is performed.
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3.2 Mode-Matching Bessel-Function-Based Procedure

3.2.1 Formulation

In order to explain this procedure, let us consider a cylinder with a radius a1 in free space.

The cylinder is illuminated by a transmitting line source txm and operates at a frequency f .

It is assumed that the dielectric properties of the cylinder, i.e. the dielectric constant εr1 and

the conductivity σ1 are known. The cylinder is envisaged to contain an inclusion (fig. 3.1),

here assumed to be cylindrically-shaped and with a higher dielectric constant than εr1. The

problem consists of identifying the presence and location of the inclusion by using only the

fields measured outside the cylinder.

Figure 3.1: Pictorial view of the problem, with the red and black dots representing the receiving and
transmitting positions, respectively.

Assume that the field at the surface points rxnp = (a1,ϕnp) is known, such that:

Eknown
txm

|rxnp = Eknown
np,txm

with np = 1, ...,NPT (3.1)

where NPT indicates the number of measured points across the outside cylinder. By exploit-

ing the cylindrical symmetry of the problem, the field within the cylinder is expressed as the

summation of Bessel functions, or modes, as follows:
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Ercstr
MM(ρ,ϕ; txm; f ) =

n=∞

∑
n=−∞

anJn(k1ρ)e jnϕ ≈
n=NF

∑
n=−NF

anJn(k1ρ)e jnϕ (3.2)

In eq. (3.2), k1 represents the wave number of the cylinder and is assumed to be uniform,

the string “rcstr” is used to indicate the reconstructed internal field, while the string “MM”

indicates that mode-matching procedure will be employed.

Moreover, the size of the reconstructed field will depend on the illuminating source and the

frequency (since Eknown
np,txm

depends on these parameters). The summation in eq. (3.2) contains

an infinite number of terms: to render the problem manageable, the summation needs to be

truncated after NF terms, where NF has to be determined. If (1+2NF)< NPT, then the weights

an can be calculated by following the least mean square (LMS) approach. For this purpose, we

write the matrix equation ZA ≈ B, where:

Z =


J−NF (k1a1)e− jNF ϕ1 . . . JNF (k1a1)e jNF ϕ1

. . . . . .

J−NF (k1a1)e− jNF ϕNPT . . . JNF (k1a1)e jNF ϕNPT

 (3.3)

A =

[
a−NF . . . aNF

]T

(3.4)

and

B =

[
Eknown

1,txm
· · · Eknown

NPT,txm

]T

(3.5)

The coefficient vector A can then be calculated by minimising the residuum:

∥r∥2 = ∥ZA−B∥2 (3.6)

It then follows that:
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A = (Z∗T Z)−1Z∗T B (3.7)

Having calculated the weights an, the reconstructed field is determined in the entire internal

region using eq. (3.2), and it matches the field observed on the surface points rxnp. The constant

number NF has to be set large enough to allow an accurate reconstruction of the field, but also

to avoid the matrix Z from becoming poorly scaled (singular).

The MM procedure is subject to linear Born approximation; this holds true because it can

be shown that the linear Born approximation is equivalent to the least mean square error method

which is used here to calculate the coefficients of the expansion.

Other authors have used expansion into functional series to reduce the ill-posedness of the

inverse problem [59, 60]. In [59], an iterative algorithm is adopted to achieve the solution, lead-

ing to an increasing of the CPU time. In [60], the number of iteration is reduced by exploiting

the adjoint variable method.

3.2.2 Validation Through Simulations

3.3.2.1 Cylinder without an inclusion: internal field reconstruction

Some numerical examples are now provided to show the capability of eq. (3.2) to represent

the internal field [61]. First, we consider a cylinder without an inclusion, i.e. a homogenous

cylinder. The cylinder (a1 = 5 cm, εr1 = 4, σ1 = 0) is illuminated by a 0.001 amplitude line

source located at (ρsource = 8 cm,ϕsource = π) and operating at a frequency of f = 9 GHz. The

field at NPT = 180 equally phi-spaced points lying on the external surface, Eknown
np,txm

, is calculated,

and these values are used to fill the vector B. Note that the number of points used leads to a

spatial sampling of approximately 0.1λ1, where λ1 represents the wavelength in the cylinder.

Moreover, it is worthwhile to point out that in the examples presented in this section Eknown
np,txm

has been determined analytically, while in realistic situations it will be determined through

measurements. Next, the Z matrix is constructed using NF = 50; this value has been chosen
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after a check on the convergence of the solution (performed by evaluating the relative error

in magnitude of the reconstructed field); the same value is used in all examples given in this

chapter. It has to be clearly pointed out that the dimensions of the Z matrix are rather small

being equal to (1+2NF)×NPT, and conversely to other inverse techniques, they are not related

to the discretisation of the volume where the image is required. Finally, the weights an are

obtained by resorting to eq. (3.7) and the internal field is reconstructed. In fig. 3.2(a) the

linear magnitude of the reconstructed internal field is plotted, while fig. 3.2(b) refers to the

reference solution, which has been obtained by resorting to the analytical calculation for the

entire internal region. By comparing the figures, it is possible to see that the use of MM Bessel

functions procedure permits the accurate reconstruction of the internal field of homogenous

cylinders.

(a) (b)

Figure 3.2: Linear magnitude of the field of a homogeneous cylinder illuminated by a line source: (a)
reconstructed and (b) reference field, obtained through the MM procedure. x and y axes are
in metres.

3.3.2.2 Cylinder with an inclusion: internal field reconstruction

Next, a cylinder with an inclusion is considered; in particular, a concentric 5 mm radius

PEC cylindrical inclusion is assumed. The cylinder is illuminated by the same line source as

in the previous case and the field at NPT = 180 points lying on the external surface, Eknown
np,txm

, is
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calculated; next, the MM Bessel functions procedure is employed to reconstruct the internal

field. In fig. 3.3(a) the linear magnitude of the reconstructed internal field is plotted when

using NF = 50, while fig. 3.3(b) refers to the reference solution, which has been obtained by

resorting to analytical calculation for the entire internal region.

(a) (b)

Figure 3.3: Linear magnitude of the field of cylinder with inclusion illuminated by a line source: (a)
reconstructed and (b) reference field, obtained through the MM procedure. x and y axes are
in metres.

From the figures, it is possible to note that the internal field is reconstructed quite well

everywhere except “near” and “inside” the inclusion. This is due to the difference in properties

between the two media, which is not taken into account by eq. (3.2) (Some discrepancy can be

seen on the right side of figures, which is due to the contour plotting algorithm connecting the

wrong points, and can be fixed by changing the threshold). Moreover, a mismatch in the region

of transition of the two media is clearly visible in the reconstructed field, paving the way for a

new strategy for detection and localisation. Considering the problem in more detail, suppose

the external cylinder is illuminated using a range of different frequencies and from different

illuminating points; all the reconstructed fields will exhibit the mismatch, which will always

be located in the region of transition of the two media. Thus, by summing incoherently all the

solutions, i.e. the reconstructed fields, the inclusion will be detected and localised.

Mathematically speaking, assuming we use M transmitting sources txm with m= 1,2, ...,M,
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and F frequencies fi with i = 1,2, ...,F , it follows that the intensity of the final image I can be

obtained through the following equation:

I(ρ,ϕ) =
1
B

M

∑
m=1

F

∑
i=1

∆ f |Ercstr
MM(ρ,ϕ; txm; fi)|2 (3.8)

where ∆ f and B are the frequency sampling and the bandwidth, respectively. The resolution

is expected to achieve the optical resolution limit of λ1, fmax/4 , where λ1, fmax represents the

wavelength in the cylinder calculated at the highest frequency; this gives a rule of thumb for

determining the highest frequency to be used.

3.3.2.3 Cylinder with an inclusion: detection and localisation

A numerical example is now provided to validate the proposed method. Consider a cylinder

with a radius of 5 cm, which has dielectric constant and conductivity values of 10 and 0, respec-

tively (a1 = 5 cm, εr1 = 10, σ1 = 0). The cylinder has an eccentrically placed cylindrically-

shaped inclusion with radius a2 = 2.5 mm, dielectric constant of εr2 = 50, and conductivity

σ2 = 0; the distance between the centres of the two cylinders is 1 cm (see fig. 3.4).

Figure 3.4: Pictorial view of the problem: multi-sources illumination (not to scale).

The cylinder is illuminated by M = 12 transmitting line sources txm with m = 1,2, ...,M,

located at a distance of 8 cm from the centre and equally spaced along phi. Frequency band
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of 8-10 GHz was considered, and a frequency sample spacing of 10 MHz was used. For each

frequency sample and each illuminating source, the field Eknown
np,txm

at NPT = 180 points lying on

the external surface was calculated. Then, the MM Bessel functions procedure was employed

to reconstruct the internal field. It should be noted that in this example, Eknown
np,txm

has been

determined analytically by resorting to [46] and [47].

Figures 3.5(a), (b) and (c) show the linear magnitude of the reconstructed fields correspond-

ing to a given frequency sample and 3 different illuminating sources. The figures highlight the

fact that all the reconstructed fields exhibit the mismatch, which is always located in the region

of the transition of the two media.

Figure 3.5: Linear magnitude of the field of cylinder with inclusion illuminated by a line source: re-
constructed field obtained through the MM procedure when considering f=9 GHz and (a)
ϕsource = 180◦, (b) ϕsource = 195◦, (c) ϕsource = 210◦; x and y axes are in metres.
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Figure 3.6 shows the linear normalised intensity obtained through eq. (3.8); a peak can

be clearly detected in the region of the inclusion. This region is indicated inside the figure

with a white circle surrounding it. Thus, both detection and localisation are achieved [62].

By observing the figure, it can be stated that the resolution (the dimension of the region with

normalised intensity greater than 0.5) is approximately 2.5 mm. This value is in agreement

with the expected optical resolution limit of λ1, fmax/4. For the signal to clutter ratio (S/C),

defined as the quantity which compares the maximum inclusion response with the maximum

clutter response in the same image, a value of 7 dB was achieved. This value was obtained

with M = 12 transmitting positions and 2 GHz of bandwidth. A lower number of transmitting

positions leads to a lower S/C, while an increase of the bandwidth leads to a higher S/C [63].

Figure 3.6: Linear normalised intensity obtained by adding all the reconstructed fields gathered using
different frequencies and from different illuminating points; the white circle indicates the
position of the inclusion. x and y axes are in metres.

In this example, the values for dielectric constant of two media (εr1 and εr2) were chosen

according to [28] and [29] to more realistically reproduce the normal and malignant breast

tissue properties in the band of interest. Accordingly, it is worth pointing out that in the example

considered here, the electrical properties of the external cylinder were assumed to be frequency

independent. However, frequency dependence of the electrical properties can also be taken into
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account by this approach.

It must be pointed out that in [28] and [29] the contrast between malignant tissue and

healthy breast tissue is assumed to be quite significant (i.e. equal or greater than a factor of 5 in

permittivity and conductivity). However, more recent studies indicate that such contrast exists

between malignant and fatty (or adipose) breast tissue, while the contrast between malignant

and healthy fibroglandular tissues can be as low as 10% in both permittivity and conductivity

[64].

3.3 Measurement Results

3.3.1 Cylinder with an Inclusion

The capability of the MM Bessel function procedure to detect and locate inclusions has

been verified through measurements. Specifically, a cast Poly Methyl Methacrylate (P.M.M.A.)

cylinder having a radius of 4.25 cm and a height of 30 cm was constructed. The cylinder has

electrical properties of εr1=2.7 and σ1 = 3×10−7 S/m, where εr1 and σ1 represent the dielectric

constant (relative permittivity) and the conductivity of the cylinder, respectively. The cylinder

has an eccentric inclusion, made from a PEC cylinder with a radius of 3 mm. The distance

between the two cylinders is approximately 2.1 cm as shown in fig. 3.7.

Frequency-domain UWB measurements in an anechoic chamber were performed, using a

VNA arrangement to obtain the transfer function at 1601 discrete frequencies, in the band of

6-10 GHz (frequency sampling of 2.5 MHz), and using the nominal power output of the VNA

(2mW). Wideband bow-tie antennas, vertically polarised and omni-directional in the azimuth

plane were used, after a proper check of s-parameters. For each set of measurements, the

transmitting antenna was fixed at approximately 20 cm from the centre of the cylinder, while

the receiver antenna was positioned close to the external surface of the cylinder and placed on

a computer-controlled rotating stage with 3◦ of angular resolution (fig. 3.8).

Next, the field Eknown
np,txm

at NPT=120 equally phi-spaced points lying on the external surface
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Figure 3.7: Close up image of cast P.M.M.A. cylinder with PEC eccentric inclusion.

Figure 3.8: Measurement equipment, transmitting and receiving antennas are on the right and left sides
of the figure, respectively.

was measured. It should be noted that these number of points lead to a spatial sampling of

approximately 0.1λ1, fmax , where λ1, fmax represents the wavelength in the P.M.M.A. cylinder

calculated at the highest measured frequency (10 GHz). By changing the position of the trans-

mitting antenna by 30◦ between each set of measurements, 12 sets of data were recorded (fig.

3.9).
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Figure 3.9: Pictorial view of the problem, with the red and black dots representing the receiving and
transmitting positions, respectively.

Figure 3.10 shows the normalised intensity obtained through eq. (3.8) after proper image

adjustments. The image is adjusted by enforcing to zero the intensity values below 0.5 and ex-

panding from 0 to 1 of the values above 0.5. It can be seen that a peak can be clearly detected

in the region of the inclusion, which is marked with a white circle. Two other smaller peaks can

also be observed in the image, which most probably correspond to the mirror images (which

are imaging artifacts) and have intensity values of less than 0.5. Therefore, both detection and

localisation are achieved [65]. The total time required to perform all 12 sets of measurements

was approximately 2 hours, while the CPU time required to process the MM Bessel function

procedure on MATLAB was approximately 45 minutes on an Intel Pentium M 2 GHz with 1

GB RAM system. In section 4.3.2, it will be shown that the measurement time will be reduced

by a factor of 5, if a spatial sampling of 0.5λ1, fmax is used.
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Figure 3.10: Linear normalised intensity, with the white circle indicating the position of the inclusion.

3.3.2 Cylinder with Multiple Inclusions

Here, to assess the applicability of MM procedure in solving more complex problems,

a medium with two inclusions was considered. A P.M.M.A. cylinder (εr1 = 2.7, σ1 = 3×

10−7 S/m), with identical geometry to the one in the previous section but now with an extra in-

clusion, was constructed. The cylinder has an eccentric inclusion consisting of a PEC cylinder

with a radius of 3 mm, and in addition, a second inclusion was emplaced by drilling a 3 mm

radius hole at 90◦ (relative to centre) from the PEC and filling it with an Agar-Agar solution

(fig. 3.11). The distance between the centres of each inclusion and that of the outer cylinder is

approximately 2.1 cm. The Agar-Agar was dissolved in hot water at approximately 95◦C and

then cooled to room temperature to form a semi-transparent gel. The dielectric constant and

the conductivity are functions of the concentration of the Agar-Agar [52]; for this experiment a

concentration of approximately 6% (15g per 250g), leading to εr2 = 70, σ2 = 1 S/m, was used.

Agar-Agar gels are often used for approximating high-water-content human tissues [66].

Frequency-domain UWB measurements in an anechoic chamber were performed, using a

VNA arrangement to obtain the transfer function at 1601 discrete frequencies in the band of

6-8 GHz. Wideband bow-tie antennas, vertically polarised and omni-directional in the azimuth

plane, were used (after checking that the S11 is lower than -10 dB in the band of interest). For
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(a) (b)

Figure 3.11: Cast P.M.M.A. cylinder having a radius of 4.25 cm with PEC and Agar-Agar solution
inclusions: (a) from above, (b) from side.

each set of measurements, the location of the transmitting antenna was fixed at approximately

20 cm away from the centre of the cylinder, while the receiver antenna was positioned close

to the external surface of the cylinder and placed on a computer controlled rotating stage with

3◦ of angular resolution. Thus, the field Eknown
np,txm

at NPT=120 equally phi-spaced points lying

on the external surface were measured. A total number of M = 6 sets of data were recorded

(with m = 1,2, ...,6), changing the position of the transmitting antenna along phi with a step

of 60◦; fig. 3.12 shows the linear normalised intensity obtained through eq. (3.8) after a proper

image adjusting. Two peaks can be clearly detected in the region of inclusions, with different

intensities. Specifically, the peak with the higher intensity corresponds to the PEC cylinder

(due to the fact that a greater contrast, i.e. greater mismatch boundaries, occurs when going

from P.M.M.A. to PEC cylinder), while the less intense peak represents the location of the

Agar-Agar solution cylinder. Hence, both detection and localisation are achieved, showing the

ability of the methodology in resolving multiple scatterers and paving the way for addressing

problems involving tissue inhomogeneities too.
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Figure 3.12: Normalised intensity (linear) obtained through eq. (3.8) when using a cast P.M.M.A. cylin-
der having a radius of 4.25 cm with PEC and Agar-Agar solution inclusions.

3.4 Summary

In this chapter, it has been shown that the MM Bessel function procedure permits the

detection of the presence and location of significant scatterers inside cylinders. Using the MM

Bessel function procedure leads to the generation/inversion of a rather small matrix, whose

dimensions are not related to the discretisation of the volume where the image is required. The

method allows all the information in the frequency domain to be utilised by combining the

information from the individual frequencies to construct a consistent image with a resolution

of approximately one quarter of the shortest wavelength in the dielectric medium. Validation of

the technique through both simulations and measurements has been performed and presented,

illustrating the effectiveness of the method. It follows that, if the properties of the external

object are known, both detection and localisation are achieved using MM. Further research will

be focused on the investigation on the robustness with respect to errors in the measurement grid

and knowledge of the dielectric properties of the target volume.

The use of Bessel functions seems to limit the applicability to cylindrically-shaped vol-

umes. One can think to replace Bessel functions with Mathieu functions [67, 68] or spherical

Bessel functions [69] if ellipsoidal and spherical problems are encountered. An extension to
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more realistic 3D geometries is possible by resorting to the extraction of the modes. Specifi-

cally, the modes are a set of basis functions that are necessary and sufficient for the represen-

tation of the electromagnetic field inside the object (at a given frequency); the modes can be

numerically evaluated by resorting to the characteristic basis function method (CBFM) [70, 71].

In any case, the need of finding a more efficient method, both in terms of computational cost

and time, and applicability to more general geometries was evident, and therefore, a new imag-

ing technique was investigated . This new technique, based on the Huygens principle will be

introduced in the next chapter.
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4

Proposed Imaging Technique II:

Huygens-Principle-Based Procedure

4.1 Introduction

In the previous chapter, the first proposed imaging technique employing MM of Bessel

functions was investigated. It was shown that this approach permits the detection of the pres-

ence and location of significant scatterers inside cylindrical volumes. However, MM requires

matrix generation and inversion, and the knowledge of the field on the entire external surface;

moreover, the use of Bessel functions limits the applicability of this procedure to cylindrically-

shaped objects. Therefore the extension of this approach to more realistic 3D geometries would

not be trivial. Hence, due to these difficulties, another approach was needed to be exploited;

this novel, fast, and accurate microwave imaging method is based on the principles of physical

optics. The method deals with the Huygens Principle (HP) [72, 73]: Using HP to forward-

propagate the waves removes the need to solve inverse problems and, consequently, no matrix

generation/inversion is required. Together with its simplicity, it will be shown that the method-

ology permits the capturing of the extent to which different tissues, or differing conditions of

tissues, can be discriminated, and hence provides contrast in the final image. Moreover, UWB
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allows all the information in the frequency domain to be utilised by combining the information

from the individual frequencies to construct a consistent image. It follows that the methodology

can identify the presence and location of significant scatterers inside a volume.

The formulation of HP is presented in detail in the following section. Next, the validation of

the technique through both simulations and measurements involving cylinders and spheres with

one or more inclusions has been performed, and results are presented in the final two sections

of this chapter. Following on from this initial exposition, all the simulation and measurement

results involving mediums with multiple layers, and employing HP will be presented separately

in chapter 5.

4.2 Formulation

As stated previously, a key feature of the MM based procedure is that a mismatch appears

in the region of transition between the two media. The mismatch is due to the difference

between the properties of the two media, which is not taken into account by eq. (3.2). Such

mismatch offers the capability of capturing the contrast, and it can be used for detection and

localisation of inhomogeneities. To make a comparison between the HP and the MM method,

let’s consider the same example that was given in the MM chapter (fig. 4.1). The HP states

that: “Each locus of a wave excites the local matter which reradiates a secondary wavelets, and

all wavelets superpose to a new, resulting wave (the envelope of those wavelets), and so on”

[72]. Therefore we consider what would happen if we apply the HP using Eknown
np,txm

as locus of a

wave. Then, in order to exploit such a strategy, we calculate the field inside the cylinder as the

superposition of the fields radiated by the NPT observation points of eq. (3.1):

Ercstr
HP,2D(ρ,ϕ; txm; f ) = ∆s

NPT

∑
np=1

Eknown
np,txm

J0(k1|−→ρ np −−→ρ |) (4.1)

where (ρ,ϕ) ≡ −→ρ is the observation point, k1 represents the wave number for the media con-

stituting the cylinder, and ∆s is the spatial sampling. In eq. (4.1), the string “rcstr” is used
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Figure 4.1: Pictorial view of the problem, with the red and black dots representing the receiving and
transmitting positions, respectively.

to indicate the reconstructed internal field, while the string “HP” indicates that an HP-based

procedure will be employed. Moreover, we note that the reconstructed field will depend on the

illuminating source and the frequency (since Eknown
np,txm

depends on these parameters). In eq. (4.1),

the Bessel functions for homogeneous media are used to forward propagate the field. However,

when dealing with 3-D problems, the Green’s function can be used. Thus, we have:

Ercstr
HP,3D(r,θ,ϕ; txm; f ) = ∆s

NPT

∑
np=1

Eknown
np,txm

G(k1|−→r np −−→r |) (4.2)

where (r,θ,ϕ) ≡ −→r is the observation point. It follows that eq. (4.1) can be used for 2-D

problems (such as cylinders), while eq. (4.2) represents the generalisation to 3-D problems.

It should be emphasised that the HP procedure does not give the correct internal field, even

when dealing with homogenous problems. This is due to the essence of HP, which is formulated

for far field phenomena, i.e. it refers to a propagating wavefront. More in detail, to be able to

capture the far field, only the knowledge of the E field is enough as we have plane wavefronts.

On the other hand, to be able to capture and recover the near field, the knowledge of the H

field or normal derivative of the E field is also necessary. Anyhow, in this case the intention
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is not to evaluate the internal field, but to see if the HP can capture the contrast (mismatch

boundaries) and locate an inclusion within a volume (as in MM procedure). The capability of

capturing the contrast is due to the difference in properties between the two media, which is not

considered in eqs. (4.1) and (4.2). Consequently, the reconstructed field exhibits a mismatch

in the region of transition of the two media. This mismatch opens the way for a new detection

and localisation strategy. In order to further explain this problem, suppose the external cylinder

is illuminated using a range of different frequencies and from different illuminating points; all

the reconstructed fields will exhibit the mismatch, which will always be located in the region

of transition of the two media. Hence, by summing up incoherently all the solutions, i.e. the

reconstructed fields, the inclusion will be detected and localised.

Mathematically speaking, assuming we have M transmitting sources txm with m = 1,2...M,

and F frequencies fi, then the Intensity of the resulting image I using Bessel and Green’s

functions respectively can be obtained through the following equations:

I2D(ρ,ϕ) =
1
B

M

∑
m=1

F

∑
i=1

∆ f |Ercstr
HP,2D(ρ,ϕ; txm; fi)|2 (4.3)

I3D(r,θ,ϕ) =
1
B

M

∑
m=1

F

∑
i=1

∆ f |Ercstr
HP,3D(r,θ,ϕ; txm; fi)|2 (4.4)

where ∆ f and B are the frequency sampling and the bandwidth, respectively. The resolution is

expected to reach the optical resolution limit of λ fmax/4, where λ fmax represents the wavelength

in the cylinder calculated at the highest frequency; this gives the rule of thumb for determining

the highest frequency to be used.

Finally, it should be emphasised that the use of Green’s function implies a singularity for

|−→r np −−→r | = 0. This singularity can be removed by performing a multiplication between

the same Green’s function and |−→r np −−→r |. Furthermore, when dealing with mediums with

high losses, the constant k1 in eqs. (4.1) and (4.2) can be replaced with Re{k1}, in order to

compensate the field attenuation, which could mask the target feature.

The proposed procedure can be seen as an application of holography theory, first devel-
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oped by R. P. Porter and A. J. Devaney in the early 1980s [74, 75], who showed that an inverse

source problem can be determined from the value of the field and its normal derivative over any

closed surface completely surrounding the volume of interest. However, [74, 75] are focused

on recovering an image of the dielectric properties in the volume. Conversely, the approach

proposed here solves a simpler computational problem by seeking only to identify the signif-

icant scatterers; to achieve our goal, only the field on an arbitrary closed surface is used. For

this purpose, in [76], it is shown that, under certain conditions, an exact solution can be de-

rived by using only the field on an arbitrary closed surface. Moreover, in the same [76], the

well known delay-and- sum algorithm (back-propagation) is demonstrated quantitatively from

basic physics.

The proposed HP-based procedure is equivalent to a synthetic time-reversal algorithm per-

formed in the frequency domain for a wide range of frequencies. In time-reversal and delay-

and-sum algorithms, which do not require any inverse problem solution perform a non-coherent

summation in the time domain; here instead, the non-coherent summation is performed in the

frequency domain for each frequency component. This means that the approach allows all

the information in the frequency domain to be utilised by combining the information from the

individual frequencies to construct a consistent image.

Furthermore, there is a difference between HP and Kirchhoff migration method [77], whose

algorithms usually perform time-reversal and back-propagation to find the phase, that is, time

traces. Conversely, here we are not interested in finding the phase traces; in fact, we use HP

with the aim of reconstructing the field. In the reconstruction process, if the Green’s function

for a homogeneous medium is used, a mismatch appears when going from one medium to

another, and the capability of capturing the mismatch boundaries represents the key feature

of the proposed method allowing the detection of anomalies. This difference between the

proposed HP-based procedure and the Kirchhoff migration method is further supported by

the observation that the position of the transmitter is not required at any step of the image

reconstruction algorithm [63, 78]. In section 4.3.2, it will be shown that this feature is capable
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of providing as good or even better performances when compared to conventional time-domain

approaches.

4.3 Validation Through Simulations

4.3.1 Cylinder with a Single Inclusion

To clarify the method, let us consider a cylinder, with an inclusion. In particular, the

external cylinder is assumed to have a radius of 4.25 cm, and is constituted by cast P.M.M.A.

with dielectric constant and conductivity values of 2.7 and 3× 10−7 S/m, respectively. The

inclusion is a PEC cylinder having a radius of 3 mm, a radial offset of 1 cm and an angular

offset of 45◦ [fig. 4.2(a)]. One single transmitting line source illumination tx1 is considered,

while the frequency band spans from 8 to 10 GHz with frequency sample spacing of 10 MHz.

For each frequency sample, the field at NPT = 180 points lying on the external surface of the

cylinder was calculated analytically by resorting to [46] and [47].

In order to be able to distinguish between the two fields, the notation Eknown,withrod
np,tx1

has been

used to refer to the field corresponding to the cylinder with a rod, illuminated by tx1. Next,

the HP procedure is applied to Eknown,withrod
np,tx1

, and the image is obtained through eq. (4.3). The

resulting image can be seen in fig. 4.2(b); a peak can be detected, but not at the location of the

inclusion. This peak is postulated to be the image of the transmitter, which masks the image of

the rod, thus detection cannot be achieved.

Next, we consider the same cast P.M.M.A. cylinder, but without an inclusion [fig. 4.3(a)],

again, the cylinder is illuminated using the single transmitting line source tx1. HP is applied to

Eknown,norod
np,tx1

(notation is used to indicate the field corresponding to the the cylinder without the

rod), and the image is obtained through eq. (4.3). Again, the peak representing the image of

the transmitter appears, supporting the postulation [see fig. 4.3(b)]. This is further supported

by the observation that this feature moves as the position of the transmitter is varied.

As the last step, HP is applied to the difference between the two fields, (i.e. Eknown,withrod
np,tx1

−
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(a) (b)

Figure 4.2: (a) Cast P.M.M.A. cylinder with a PEC rod, (b) linear normalised intensity. x and y axes
are in metres.

(a) (b)

Figure 4.3: (a) Homogeneous cast P.M.M.A. cylinder without the PEC rod, (b) linear normalised inten-
sity. x and y axes are in metres.

Eknown,norod
np,tx1

). Figure 4.4 shows the normalised intensity after an appropriate image adjusting

(consisting in enforcing to zero the values below 0.25 and expanding from 0 to 1 the values

above 0.25) obtained through eq. (4.3).

From the figure, it is possible to note that image of the transmitter has been removed, and

66



the peak representing the rod appears. The other peak probably corresponds to a mirror image,

but its intensity is lower than 0.5. The presence of the mirror image can be explained due

to the circular symmetry of the transmitter positions, and Residual (fitting) error due to the

convergence of the algorithm.

Figure 4.4: HP applied to the difference between two fields, linear normalised intensity obtained
through eq. (4.3). x and y axes are in metres.

In a practical situation, it is not possible to determine Eknown,norod
np,tx1

. However, it can be

shown that the image of the transmitter can be removed, also by applying the HP as follows:

Ercstr
HP,2D(ρ,ϕ) = ∆s

NPT

∑
np=1

(Eknown
np,txm

− avgM{Eknown
np,txm

})J0(k1|−→ρ np −−→ρ |) (4.5)

Ercstr
HP,3D(r,θ,ϕ) = ∆s

NPT

∑
np=1

(Eknown
np,txm

− avgM{Eknown
np,txm

})G(k1|−→r np −−→r |) (4.6)

where avgM{Eknown
np,txm

} represents the average of signals obtained illuminating the object using M

different transmitter positions. This in effect smears out the transmitter image; later in section

4.4.2, it will be shown that the minimum number of M=3 sources is required.

Next, let us consider a similar problem, this time assigning realistic human tissue electri-
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cal properties to the cylinder and the inclusion. Specifically, we consider a cylinder in free

space with a1 = 4.25 cm, εr1 = 10 and σ1 = 0.4 S/m. The cylinder has an eccentrically placed

cylindrically-shaped inclusion having radius a2 = 3 mm, dielectric constant εr2 = 50 and con-

ductivity σ2 = 5 S/m; The distance between the centres of the two cylinders is again 1 cm and

the phi offset is equal to 120◦. The cylinder is illuminated by 12 transmitting line sources,

located at a distance of 8 cm from the centre and equally spaced along phi. The band 1.5-7.5

GHz is considered, and a frequency sample spacing of 5 MHz is used. Note that the val-

ues of εr1, σ1, εr2 and σ2 were chosen in accordance with [29] to reproduce the normal and

malignant breast tissue properties. For this purpose, it is worthwhile pointing out that in the

examples presented here the electric properties of the external cylinder have been assumed to

be frequency-independent; however, a frequency-dependence of the electric properties can be

taken into account by this approach. For each illuminating source and for each frequency sam-

ple, the field at 120 points on the external surface is calculated. Next, the average of 12 sets is

computed and HP is applied as illustrated in eq. (4.5). Figure 4.5 shows the normalised inten-

sity obtained through eq. (4.3). A peak can be clearly detected in the region of the inclusion;

thus, both detection and localisation are achieved.

Figure 4.5: Cylinder (εr1 = 10, σ1 = 0.4 S/m) with eccentric inclusion (εr2 = 50, σ2 = 5 S/m) Linear
normalised intensity obtained through eq. (4.3). x and y axes are in metres.
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4.3.2 HP Methodology Characterisation

At this point, validation of the technique through simulations has been performed, illus-

trating the effectiveness of the method. However, the following points need to be accurately

characterised with regards to the simulation in the previous section (fig. 4.5):

1. Analysis of signal-to-clutter ratio (S/C) and resolution with respect to the band.

2. Investigating the optimum number of employed transmitting and receiving positions.

3. Investigating the frequency sampling.

4. Analysis of the performance with respect to uncertain knowledge of the dielectric prop-

erties of the target volume.

Concerning the S/C, the following definition can be found in microwave breast-cancer

imaging literature [27]: “The within-breast S/C compares the maximum tumour response with

the maximum clutter response in the same image. The maximum clutter is determined by lo-

cating the maximum pixel value outside of the volume containing the imaged tumour (defined

by twice the extent of the full-width at half-maximum (FWHM) response of the tumour)”.

Thus, let us refer to the aforementioned definition. To evaluate the S/C with respect to the

band, we apply eq. (4.3) for different bandwidths: specifically, we perform image reconstruc-

tion assuming a bandwidth of 0.5, 1, 2, 4 and 6 GHz, respectively. In this example, the lower

limit of the band coincides with the lower frequency. Next, for each image the S/C is calculated

by applying the within-breast definition. It is worthwhile pointing out that within-breast S/C

calculation has to be performed by using the not-normalised (and not-adjusted) image. Fig-

ure 4.6 shows the image obtained through eq. (4.3) when using 4 GHz of bandwidth (starting

from 1.5 GHz); in the same image, the maximum tumour response and the maximum clutter

response are highlighted, together with their correspondent intensity.

Figure 4.7(a) shows the S/C for the bandwidths given above. It is important to highlight that

in HP procedure the within breast S/C approaches 8 dB for a bandwidth of 6 GHz. This value

has been obtained with M=12 transmitter positions. Note that in [27], for a similar problem of

6 GHz bandwidth, a within breast S/C of 4.1 dB has been obtained by employing 45 transmitter
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Figure 4.6: Image (not-normalised and not-adjusted) obtained through eq. (4.3) when using 4 GHz
of bandwidth (1.5-5.5 GHz); the maximum tumour response and the maximum clutter re-
sponse are highlighted. x and y axes are in metres.

positions, and using delay-and-sum beamforming algorithm.

Next, the resolution with respect to the band is addressed. Specifically, the resolution, here

defined as the dimension of the region whose normalised intensity is above 0.5, is calculated

assuming a bandwidth of 0.5, 1, 2, 4 and 6 GHz, respectively. It can be shown [see fig. 4.7(b)]

that the resolution achieves the optical resolution limit of λ1, fmax/4, where λ1, fmax represents

the wavelength in the cylinder calculated at the highest frequency. From fig. 4.7(b), one could

suggest to further increase the maximum frequency so as to obtain a better resolution; however,

it has to be pointed out that we are dealing with lossy materials, that is, the penetration depth

decreases if the frequency is increased.

Turning now to the investigation of the optimum number of employed transmitting posi-

tions, it will be shown that M=3 is the minimum number of transmitter positions used which

can successfully smear out the transmitter image in both simulations and measurements, whilst

achieving good detection and localisation. A lower number of transmitting positions M leads

to a lower S/C and causes mirror ambiguity. It can be shown that a degradation of 4 dB occurs

when using M=3 rather than M=12. Conversely, the S/C does not vary significantly from that

given in fig. 4.7(a) if a lower number of receiving positions and a lower number of frequency
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Figure 4.7: Analysis for S/C and resolution: (a) Within-breast S/C for bandwidth of 0.5, 1, 2, 4 and
6 GHz, (b) Resolution for bandwidth of 0.5, 1, 2, 4 and 6 GHz.

samples is used. Specifically, a spatial sampling of approximately 0.5λ1, fmax , that is, NPT = 24,

and a frequency sampling of 20 MHz can be used without any significant degradation in terms

of S/C.

Finally, the characterisation of HP procedure with respect to the uncertain knowledge of

the dielectric properties of the target volume is addressed. We begin our analysis by evaluating

the S/C assuming that the dielectric properties in HP procedure are equal to:

1. εr1 = 5, σ1 = 0.2 S/m

2. εr1 = 20, σ1 = 0.8 S/m

while the dielectric properties in analytical simulation remained fixed to εr1 = 10 and σ1 =

0.4 S/m. For both sets of values, the process of S/C calculation was repeated assuming band-

width of 0.5, 1, 2, 4 and 6 GHz, respectively. In both cases, the S/C has only a small variation

of less than 1 dB from that given in fig. 4.7(a), which refers to the matching case. However, if

the dielectric properties in HP procedure do not match the dielectric properties of the analytical

simulation, the inclusion is not accurately localised. Figure 4.8 shows the normalised inten-

sity along phi=120◦ cut, that is, the cut containing the inclusion, when assuming the dielectric

properties in HP procedure is equal to εr1 = 5 and σ1 = 0.2 S/m (dotted line), εr1 = 10 and

σ1 = 0.4 S/m (continuous line), and εr1 = 20 and σ1 = 0.8 S/m (dashed line), respectively.
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The location of the peak intensity changes significantly in all the three cases investigated here.

As expected, the figure shows that the inclusion (which is indicated with the red stem) is most

accurately localised when the dielectric properties used in analytical simulation are equal to

those assumed in the HP procedure. Thus, the primary effect of mismatch between actual and

assumed dielectric properties is a location bias. The same effect has been highlighted in [29]. It

has to be stated that fig. 4.8 has been obtained using 4 GHz of bandwidth (1.5-5.5 GHz) and us-

ing an image adjusting (which consists of zero enforcing the values below 0.25 and expanding

from 0 to 1 the values above 0.25).
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Figure 4.8: Linear normalised intensity along phi=120◦ cut, that is the cut containing the inclusion,
when assuming the dielectric constant in HP procedure is equal to εr1 = 5 (dotted line),
εr1 = 10 (continuous line), and εr1 = 20 (dashed line), respectively. Inclusion (3 mm radius
and positioned at 0.9 cm from the centre) is indicated with the red stem.

4.3.3 Agar-Agar Solutions with Different Conductivities

In order to investigate the effect of changing the conductivity on the quality of the image

detected, let’s consider a different scenario of cylinder with an inclusion. More in detail, the

external cylinder is assumed to have a radius of 4.25 cm, simulating an Agar-Agar solution,

which has electrical properties of εr1 = 70 and σ = 0.1 S/m. The inclusion is assumed to be a
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cylindrically-shaped plastic tube with a radius of 3 mm, a radial offset of 1 cm and an angular

offset of 45◦, representing a more conductive Agar-Agar solution, which has the same εr1 = 70

but a higher conductivity of σ = 2 S/m. Three illuminating sources are considered, while the

frequency band spans from 1 to 3 GHz with a sampling rate of 10 MHz. Then, for each source

and each frequency, the field on the external surface Eknown
np,txm

is calculated. For the purpose of

removing the transmitter image, HP is applied as in eq. (4.6). Figure 4.9 shows the linear

normalised intensity, a peak can be clearly detected in the region of the inclusion.

Figure 4.9: Linear normalised intensity when going from a less conductive medium into a medium with
higher conductivity.

A similar simulation is performed afterwards, the only difference being that this time the

outer cylinder is filled with an Agar-Agar solution of higher conductivity (i.e. σ = 2 S/m),

while the inclusion (plastic tube) was filled with Agar-Agar solution with original conductivity

value of σ = 0.1 S/m. HP is applied through eq. (4.6), and the linear normalised intensity

image is shown in fig. 4.10.

Again, the inclusion can be detected and located at its correct position. Two mirror images

with a much lower intensity can be seen at 165◦ and 285◦ with respect to the x-axis, which are

due to the 120◦ symmetry of the illuminating sources. They can be easily removed by breaking

this symmetry or by raising the threshold when adjusting the image.
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Figure 4.10: Linear normalised intensity when going from a more conductive medium into a medium
with lower conductivity.

4.3.4 Cylinder with Multiple Inclusions

4.3.4.1 Identical inclusions

An important test for any imaging algorithm would be to check whether it could detect

multiple inclusions within a particular medium. Previous simulation results have already shown

the capability of the method in capturing and locating a single inclusion. To verify the detection

of multiple inclusions using the HP procedure, an external Agar-Agar cylinder in free space

having a radius of 4.25 cm, with electrical properties (frequency independent for the moment)

of εr1 = 70 and σ1 = 0.2 S/m, with inclusions is considered. Three identical inclusions, all

having a radius of 3 mm, dielectric constant εr2 = 70, and conductivity σ2 = 2 S/m are situated

2 cm away from the centre of the cylinder, and at angular offset of 0◦, 60◦ and 120◦ relative to

the x-axis respectively.

The external cylinder is illuminated using 4 transmitter sources situated 8 cm from the

centre of the cylinder, while a frequency band of 1-2 GHz with frequency spacing of 5 MHz is

used. For each illuminating source and for each frequency, the field at NPT = 120 points lying

on the external surface is calculated. The number of points used leads to a spatial sampling

of approximately 0.1λ1, fmax . Finally, the average of the 4 data sets is calculated and HP is
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applied to the difference between the measured field and the average field as stated in eq.

(4.6). Figure 4.11 shows the linear normalised intensity obtained using an appropriate image

adjusting. Three peaks can be clearly detected in the regions of the inclusions; thus, both

detection and localisation are achieved for this multi-inclusion problem [79].

Figure 4.11: Linear normalised intensity , when considering outside cylinder with parameters εr1 = 70,
σ1 = 0.2 S/m, and inclusions with parameters εr2 = 70, σ2 = 2 S/m. x and y axes are in
metres.

4.3.4.2 Realistic inclusions

The ability of the method in detecting multiple identical inclusion inside a medium was

investigated in the previous simulation. Next, in order to consider a more realistic scenario, the

electrical properties of human body tissues are assigned to the inclusions. This time, an external

cylinder with radius 4.25 cm, dielectric constant εr1 = 10 and conductivity σ1 = 0.4 S/m is

considered. Values of εr1 and σ1 are chosen to represent the properties of normal human breast

tissue [29]. Three eccentrically placed cylindrically-shaped inclusions with radii of 3 mm,

placed 2 cm from the centre and with phi offsets equal to 0◦, 60◦ and 120◦, respectively, are

considered. The inclusion at phi offset of 0◦, with εr21 = 50 and σ21 = 5 S/m represents a

malignant breast tissue [29], while the one with 60◦ offset is assigned the properties of breast

fat, εr22 = 4.65 and σ22 = 0.35 S/m [48]. Lastly, the third inclusion, with 120◦ offset is assigned
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the properties of cartilage, i.e. εr23 = 33.6 and σ23 = 4.1 S/m [48]. The same frequency

range, sampling value, transmitting sources and other conditions as the previous simulation are

implemented here. Figure 4.12 shows the normalised intensity obtained through eq. (4.4) and

using an image adjusting and averaging. Three peaks can be clearly detected in the regions

Figure 4.12: Linear normalised intensity obtained through eq. (4.4), when considering outside cylinder
with parameters εr1 = 10, σ1 = 0.4 S/m, and inclusions with parameters εr21 = 50, σ21 =
5 S/m at 0◦, εr22 = 4.65, σ22 = 0.35 S/m at 60◦ and εr23 = 33.6, σ23 = 4.1 S/m at 120◦. x
and y axes are in metres.

of the inclusions. However, by looking closely at the resulting intensity figure it can be seen

that the inclusions are detected with different intensities, such that the inclusion with higher

conductivity (malignant breast tissue) is more intense than the other two. Thus, it can be

concluded that the detection of the malignant tissues will be achieved in nearly all cases, as it

has a conductivity value higher than most human tissues [48].

4.4 Measurement Results

4.4.1 Cylinder with an Inclusion

A series of experiments were performed to verify that the HP can detect and locate an

inclusion from measured data. Similar to the MM chapter, a cast P.M.M.A. cylinder with

dielectric constant of εr1 = 2.7, conductivity of σ1 = 3× 10−7 S/m, and a radius of 4.25 cm
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and height of 30 cm was used as the first test medium. The cylinder has an eccentric inclusion

consisting of a PEC cylinder with a radius of 3 mm; the distance between the centres of the

two cylinders is approximately 2.1 cm (fig. 3.7).

Frequency-domain UWB measurements in an anechoic chamber were performed using a

VNA arrangement to obtain the transfer function at 1601 discrete frequencies in the band of

6-10 GHz (∆ f = 2.5 MHz); this measurement only used the nominal output power level of

the VNA (2 mW). Wideband bow-tie antennas, vertically polarised and omni-directional in the

azimuth plane were used, after calibration and a careful check of S11 parameters (fig. 3.8). A

careful adjustment was done for both antennas to be in vertical position to avoid any polari-

sation mismatch. For each set of measurements, the location of the transmitting antenna was

fixed at approximately 20 cm away from the centre of the cylinder, while the receiver antenna

was positioned close to the external surface of the cylinder and placed on a computer-controlled

rotating stage with 3◦ of angular resolution. Thus, the field Eknown
np,txm

at NPT = 120 equally phi-

spaced points lying on the external surface was measured. A total number of M = 12 sets of

data was recorded (with m=1, 2, ...,12), changing the position of the transmitting antenna along

phi with a step of 30◦ [fig. 4.13(a)]. Next, the average of the 12 data sets was computed, i.e.

(avgM{Eknown
np,txm

}) and HP was applied to the difference between the measured field and the aver-

age field as stated in eq. (4.5). Figure 4.13(b) shows the normalised intensity (linear) obtained

using eq. (4.3) after a proper image adjusting. A peak can be clearly detected in the region of

the inclusion, which is at approximately 270◦ relative to the x-axis.

Again, by looking at the figure, it can be observed that the resolution (i.e. the dimension

of the region whose normalised intensity is above 0.5) is approximately 4.5 mm. Previously, it

was stated that the optical resolution limit should be λ1, fmax/4, as calculated below:

λair =
c

fmax
=

3×108

10GHz
= 0.03 m (4.7)

λ1, fmax =
λair√

εr1
=

0.03√
2.7

= 18.26 mm (4.8)

λ1, fmax/4 = 4.56 mm (4.9)
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(a) (b)

Figure 4.13: (a) Pictorial view of the problem, with the red and black dots representing the receiving
and transmitting positions, respectively. (b) Normalised intensity obtained through eq.
(4.3); a peak can be clearly detected in the region of the inclusion. x and y axes are in
metres.

Therefore the resolution achieved from performing the experiment is in agreement with the

expected optical resolution limit.

The time required to perform all 12 sets of measurements is approximately 2 hours with a

single network analyser, while the CPU time required by the HP procedure is approximately 10

minutes on an Intel Pentium M 2 GHz with 1 GB RAM. The high measurement time depends

on the number of transmitting and receiving positions, which for this example has been set to

M = 12 and NPT = 120, respectively. It follows that a reduction of the measurement time of a

factor 5 can be achieved by reducing the number of measured points to NPT = 24. A further

reduction is achievable if employing an array configuration rather than a full mechanical scan-

ning system, yielding to a measurement time comparable to that given in [30]. The CPU time

required by the HP procedure depends on the number of transmitting and receiving positions

and on the number of frequency samples. Referring to section 4.3.2, it has been shown that

the S/C does not vary significantly if a spatial sampling of 0.5λ1, fmax and a frequency sampling

20 MHz is used. It follows that a reduction of the computational time of a factor 40 can be

achieved.
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4.4.2 Agar-Agar Cylinder with Inclusion

After achieving successful and promising results by applying the HP on P.M.M.A. made

cylindrical object, the next step was to focus on more realistic human tissue-like example. To

achieve this goal, a cylindrical container (plastic cup) with radius of 4.2 cm was filled with

Agar-Agar gel, mimicking a high-water-content human tissue. A small PEC cylinder with a

radius of 1 mm, representing a tumour was positioned inside the Agar-Agar gel, at a distance

of 1 cm from the centre of the cylinder. Furthermore, the thin layer of the plastic cup can be

viewed as representing the skin layer covering the tissue simulant.

The Agar-Agar was dissolved in hot water at approximately 95◦C and then cooled down to

room temperature, to form a semi-transparent gel. The dielectric constant and the conductivity

are functions of the concentration of the Agar-Agar [52]; for this experiment, an Agar-Agar

substance with approximately 6% concentration (by weight) in water was used, leading to

εr1 = 70 and σ1 = 1 S/m at 1GHz. By comparing these values with those given in [48], it can be

noted that the dielectric constant and the conductivity of the Agar-Agar can be used to simulate

the actual dielectric properties of human tissues. It is important to point out that the loss

in Agar-Agar is even greater than that encountered in some human tissue imaging problems.

Therefore, it follows that the example here presented can be considered representative of lossy

media imaging problems.

To couple the microwave energy into the Agar-Agar cylinder more efficiently, both trans-

mitting and receiving antennas are placed in a matching medium. Here, for simplicity, water

has been used as a matching medium as sketched in fig. 4.14.

After cooling down, the Agar-Agar cylinder was positioned inside a circular container hav-

ing radius of 20 cm and filled with water. (see fig. 4.15). Frequency domain UWB measure-

ments were performed inside an anechoic chamber, using a VNA arrangement to obtain the

corresponding transfer function. Discone antennas, vertically polarised and omni-directional

in the azimuth plane were used, after calibration.

It was important to analyse the transfer function of the receiver with respect to the trans-
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Figure 4.14: Pictorial view of the problem, with the red and black dots representing the receiving and
transmitting positions, respectively.

Figure 4.15: Measurement setup, Agar-Agar solution inside water.

mitter, S21, in order to get an idea of the appropriate frequency band to be used. The frequency

range of 1-3 GHz was chosen for the experiment, as higher frequencies would cause very high

losses due to the high conductivity of water. Figures 4.16 and 4.17 show the magnitude of S21

for the frequency range of 1-3 GHz at the nearest and farthest point between the two antennas,

respectively.

It can be observed that, the amplitude of S21 for the longest path falls below the noise level

(-70 dB) for f > 1.6 GHz. This measurement only used the nominal output power level of the

VNA (2 mW), and hence only the frequency band 1-1.6 GHz was used, recording the transfer
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Figure 4.16: Magnitude of S21 for the frequency range 1-3 GHz for the nearest point.

Figure 4.17: Magnitude of S21 for the frequency range 1-3 GHz for the farthest point.

function at 1601 discrete frequencies (frequency sampling ∆ f = 0.375 MHz). Obviously, the

upper frequency limit can be increased when a matching liquid with lower losses is used or

if a proper amplifier is introduced in the measurement system (subject to clinical power-level

considerations).

For each set of measurements, the location of the transmitting antenna was fixed at a dis-

tance of approximately 15 cm away from the centre of the cylinder, while the receiver an-

tenna was positioned close to the external surface of the Agar-Agar cylinder and mounted on

a computer-controlled rotating stage with 3◦ of angular resolution. Then, the field Eknown
np,txm

at
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NPT=120 equally phi-spaced points lying on the external surface was measured; again, the num-

ber of points leads to a spatial sampling of approximately 0.1λ1, fmax , where λ1, fmax represents

the wavelength inside the Agar-Agar cylinder calculated at the highest frequency of 1.6 GHz.

In total, 4 data sets (M=4) were recorded, by changing the position of the transmitting antenna

along the azimuth plane with a step of 90◦ (see fig. 4.14). Next, the average of 4 sets was

computed, using avgM{Eknown
np,txm

} and HP was applied through eq. (4.5). Figure 4.18 shows the

linear normalised intensity, it can be seen that, a peak has been clearly detected in the region of

the inclusion, and hence both detection and localisation of the inclusion have been achieved.

Figure 4.18: Normalised intensity (linear), when using 4 illuminating sources and the band 1-1.6 GHz.
x and y axes are in metres.

By exploring the figure, another spot having approximately the same intensity can be de-

tected; this corresponds to the “mirror image” of the object with respect to the y-axis and is due

to the ambiguity introduced by the symmetry in the position of the illuminating sources used

in the measurements. However, further investigation on the experimental data showed that this

artefact could be removed by increasing the number of illuminating sources, or alternatively

by breaking the symmetry of the 4 illuminating sources. In this context, in order to remove the

ghost image, the same experiment was repeated using only 3 illuminating sources (M=3), with

a transmitting step of approximately 120◦. The resulting image is shown in fig. 4.19; it can

be seen that the false image has successfully been removed. This is due to the fact that when
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Figure 4.19: Normalised intensity (linear), after breaking the symmetry of the illuminating sources. x
and y axes are in metres.

using M=4, two of the transmitting positions (0◦ and 180◦ with respect to x-axis) will be on the

same axis as the inclusion, causing quadrantal symmetry, resulting in the presence of a mirror

image. The figure also shows that the resolution of the image is approximately 5 mm; again,

this value is in agreement with the optical resolution limit of λ1, fmax/4. In general, it will be

realised that a measurement regime can be adopted which avoids any ambiguities (non-unique

solutions) by breaking any symmetry in the transmitter and receiver positions. Moreover, it can

be shown that the minimum number of M=3 illuminating sources is required to smear out the

transmitter image [see eq. (4.5)].

4.4.3 Cylinder with Multiple Inclusions

Here, to assess the applicability of HP in solving more complex problems, the measurement

in 3.3.2 (fig. 4.20) was repeated, this time applying the HP for the purpose of reconstruction. In

brief, a P.M.M.A. cylinder (εr1 = 2.7, σ1 = 3×10−7 S/m) with two inclusions was considered;

the cylinder has an eccentric inclusion consisting of a PEC cylinder with a radius of 3 mm, and

in addition, a second inclusion was emplaced by drilling a 3 mm radius hole at 90◦ (relative to

centre) from the PEC and filling it with an Agar-Agar solution. The distance between the axis
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of each inclusion and that of the outer cylinder is approximately 2.1 cm.

(a) (b)

Figure 4.20: (a) Cast P.M.M.A. cylinder having a radius of 4.25 cm with PEC and Agar-Agar solution
inclusions. (b) Pictorial view of the problem, with the dark and light circles representing
the PEC and Agar-Agar solution inclusions, respectively.

Frequency-domain UWB measurements in an anechoic chamber were performed, using a

VNA arrangement to obtain the transfer function at 1601 discrete frequencies in the band of

6-8 GHz. Wideband bow-tie antennas, vertically polarised and omni-directional in the azimuth

plane, were used. For each set of measurements, the location of the transmitting antenna was

fixed at approximately 20 cm away from the centre of the cylinder, while the receiver antenna

was positioned close to the external surface of the cylinder and placed on a computer controlled

rotating stage with 3◦ of angular resolution. Thus, the field Eknown
np,txm

at NPT=120 equally phi-

spaced points lying on the external surface were measured. A total number of M=6 sets of data

were recorded (with m=1, 2, ..., 6), changing the position of the transmitting antenna along

phi with a step of 60◦. Next, the average of the six sets was computed, and HP was applied.

Figure 4.21 shows the linear normalised intensity obtained through eq. (4.3) after a proper

image adjusting. Two peaks can be clearly detected in the region of inclusions, with different

intensities. Specifically, the peak with the higher intensity corresponds to the PEC cylinder

(due to the fact that a greater contrast, i.e. greater mismatch boundaries, occurs when going

from P.M.M.A. to PEC cylinder), while the less intense peak represents the location of the

Agar-Agar solution cylinder. Hence, both detection and localisation are achieved, showing the
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ability of the methodology in resolving multiple scatterers and paving the way for addressing

problems involving tissue inhomogeneities as well.

Figure 4.21: Normalised intensity (linear). Two peaks can be clearly detected in the region of the
inclusions. x and y axes are in metres.

4.4.4 3D Measurements (Sphere)

From the previous examples, it follows that the proposed HP-based procedure can capture

the contrast in order to detect and locate an inclusion. Using HP to forward-propagate the

wave removes the need to solve any inverse problem, thus no matrix generation/inversion is

required. Moreover, extension to more realistic 3D geometries is straightforward. In fact, for a

given 3D object, the field Eknown
np,txm

can be determined in the external surface, and eq. (4.6) can

be applied to forward propagate the field in order to construct the corresponding image. The

3D extension has been validated through measurements. In particular, a cast P.M.M.A. sphere

with a radius of 6 cm, dielectric constant value of εr1 = 3.45 and conductivity value equal to

σ1 = 3× 10−7 S/m has been considered. An inclusion consisting of a PEC cylinder having a

radius of 3 mm and a height of 6 mm was positioned inside the sphere by drilling it, putting

the PEC cylinder into the hole, and refilling the hole with liquid P.M.M.A. having dielectric

properties similar but not equal to those of the sphere. Figure 4.22 gives two pictorial views of

the sphere used in the measurements.
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Figure 4.22: Cast P.M.M.A. sphere having a radius of 6 cm with PEC eccentric inclusion.

Frequency-domain UWB measurements in an anechoic chamber were performed; the VNA

was adjusted to obtain the transfer function at 1601 discrete frequencies in the range of 6-10

GHz, with a frequency sampling of ∆ f = 2.5 MHz. Wide-band discone antennas, vertically

polarised and omni-directional in the azimuth plane were used, after calibration. A careful

adjustment was done for both antennas to be in vertical position to avoid any polarisation

mismatch. To observe the radiation pattern of the discone antenna over the frequency range of

1-10 GHz when no object is present, the S21 magnitudes between the transmitting and receiving

antennas at their nearest point (15 cm) and farthest point (25 cm) are shown in figs. 4.23(a) and

4.23(b), respectively.

(a) (b)

Figure 4.23: Logarithmic magnitude of S21 over the frequency range 1-10 GHz for (a) the nearest point
(∼15 cm), (b) farthest point (∼25 cm).
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A large variation over the frequency range can be seen, along with occasional dips which

correspond to the frequencies which do not include any usable information; however this does

not have an impact on the measured result as this effect is normalised and the unwanted fre-

quencies will be naturally excluded by the algorithm.

For each set of measurements, the location of the transmitting antenna was fixed at approx-

imately 20 cm away from the centre of the sphere, while the receiver antenna was positioned

close to the external surface of the sphere and placed on a computer-controlled rotating stage

with measurements taken at intervals of 3◦ (fig. 4.24).

In total, 8 sets of measured data Eknown
np,txm

, were recorded. Each set of measurements dif-

fered from the previous ones, as 8 equally spaced equatorial planes were used to record the

measurements, whilst keeping both antennas in vertical positions with respect to such planes.

For simplicity, in order to produce measurements along 8 different equally spaced equatorial

planes, the sphere was rotated with respect to the x-axis, while the data was recorded in the

same xy-plane (fig. 4.25).

Finally, the average of the 8 sets was computed, and HP was applied as indicated in eq.

(4.6). Figures 4.26(a) and 4.26(b) show views of the normalised intensity of the resulting field

in which a peak can be clearly detected in the region of the inclusion. Looking at the figures,

a region of dark-red areas can be observed surrounding the peak. This area can be attributed

to the difference in dielectric properties between the P.M.M.A. of the sphere and the liquid

P.M.M.A. used to refill the hole.
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(a) (b)

Figure 4.24: (a) Measurement equipment. (b) pictorial view of the problem, with the circumference
lying on the xy-plane representing the equatorial plane where the measures are recorded.

Figure 4.25: To reproduce 8 sets of measurements along different equatorial planes, between each set of
measurements the sphere is rotated by 45◦ with respect to z-plane, while the measurements
are recorded on the same xy-plane.
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(a)

(b)

Figure 4.26: Linear normalised intensity obtained through eq. (4.4), (a) view1, (b) view2; a peak can
be clearly detected in the region of the inclusion; x and y axes are in metres.
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4.5 Summary

A novel microwave imaging procedure based on the Huygens principle has been introduced

and analysed. Using the HP procedure to forward-propagate the waves removes the need to

solve inverse problems, and unlike the MM approach, which can be referred to as a special

case of the HP based technique for a sophisticated Green’s function employing higher order

Bessel functions, no matrix generation/inversion is required.

The method allows all the information in the frequency domain to be utilised by combin-

ing the information from the individual frequencies to construct a consistent image. Initial

simulation and measurement results indicate that this feature is capable of producing as good

or better performance when compared to similar examples in conventional time-domain ap-

proaches; specifically, the S/C reaches 8 dB. The procedure is robust to uncertainties in the

medium, and it is capable of resolving multiple scatterers as well, with a resolution of approxi-

mately one quarter of the shortest wavelength in the dielectric medium. The power levels used

are well within safety limits, while the bandwidths satisfy the UWB rule of being at least 20%

of the centre frequencies. It follows that the methodology permits the detection and location of

significant scatterers inside a volume.

Validation of the techniques through both simulations and measurements have been per-

formed and presented, illustrating the effectiveness of the methods. It is worthwhile pointing

out that the S/C given in fig. 4.7(a) has been calculated using simulated, i.e. noiseless data. A

slight decrease in S/C can be observed when using measurement data. However, this decrease

does not affect the detection and localisation, as gathered from measurement result sections.

The next two chapters of this thesis will focus on the extension of HP to more complex and

realistic geometries. In chapter 5, application of HP on multilayered cylindrical mediums will

be investigated both analytically and through simulations/measurements; while in chapter 6,

further extension of the methodology to three-dimensional phantoms with realistic shape and

realistic tissue architecture will be covered both through FDTD simulations and measurements,

which will permit the exploitation of the potential of the new methodology when applied to
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realistic medical imaging problems.
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5

Modelling Multilayered Media With

Inclusions

5.1 Introduction

This chapter covers the extension of the HP technique, introduced in chapter 4, to more

realistic geometries constituting multiple layers. Using HP to forward propagate the waves

removes the need to solve inverse problems and, consequently, no matrix generation/inversion

is required. In addition to its simplicity, the methodology permits the capture of contrast, to the

extent in which different materials with different properties within the region of interest can

be discriminated in the final image. It follows that the methodology can identify the presence

and location of significant scatterers inside a volume, without having a’priori knowledge on the

dielectric properties of the target object. Thus, due to all the mentioned advantages of the HP,

it has been chosen as the desired technique to be used for the rest of this thesis.

Here, in contrast to conventional approaches based on FDTD methods, the propagation of

UWB signals in human tissue will be investigated analytically. The human body will be mod-

elled as 3-layer concentric and eccentric cylinders of infinite length, and Maxwell’s equation

will be solved. The analytical results from section 2.8 will then be used to simulate realistic
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examples involving 3 cylindrical layers. Validation of the technique through measurements on

multilayered cylindrical objects with inclusion has also been performed.

This chapter is organised as follows: In the next section, the procedure is verified through

realistic simulations involving 3-layer cylindrical mediums, based on solution of Maxwell’s

equation for 3-layer stratified concentric and eccentric cylindrical models, formulated in sec-

tions 2.7 and 2.8. Then, in the last section the validation of the method through measurements

on a 4-layer cylinder with an inclusion is given.

5.1.1 Simulation Results: Multilayered Object with an Eccentric Inclu-

sion

Before proceeding to perform an experiment, we used the analytical formulation of section

2.8 to verify the applicability of HP in a multilayered configuration. Specifically, an exter-

nal Agar-Agar cylinder in free space having a radius of 4.25 cm, with electrical properties

(frequency independent for the moment) of εr1 = 70 and σ1 = 0.5 S/m, with inclusions is

considered. A smaller cylinder of radius 3 cm, with the same dielectric constant value but a

higher conductivity value σ2 = 2 S/m is placed inside the outer cylinder to represent the sec-

ond medium. Finally, an eccentric inclusion made of a PEC cylinder of radius 3 mm, is placed

1.75 cm away from the axis of the cylinder, 90◦ relative to the x-axis.

The external cylinder is illuminated using 4 transmitter sources situated 8 cm from the axis

of the cylinder, while a frequency band of 1-3 GHz with frequency spacing of 10 MHz is used.

For each illuminating source and for each frequency, the field Eknown
np,txm

at NPT = 120 points lying

on the external surface is calculated. It should be noted that in this example, Eknown
np,txm

has been

determined using the analysis presented in section 2.8. Finally, the average of the 4 data sets is

calculated and HP is applied to the difference between the measured field and the average field

as stated in eq. (4.6). Fig 5.1 shows the normalised intensity obtained through eq. (4.4) and

using an appropriate image adjusting. The image is adjusted by enforcing to zero the intensity

values below 0.5 and expanding from 0 to 1 of the values above 0.5. A peak can be clearly
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detected in the region of the inclusion; thus, both detection and localisation are achieved for

this multilayered problem.

Figure 5.1: 3-layer cylinder with an inclusion: linear normalised intensity obtained through eq. (4.4). x
and y axes are in metres.

Next, a similar geometrical model, this time with realistic human body tissue properties

assigned to its 3 layers is further simulated. The external cylinder is assumed to be a thin

human skin with radius 4.25 cm, εr1 = 41 and σ1 = 0.9 S/m [29]. The internal concentric

cylinder and the eccentric inclusion are then assigned the electrical properties of a normal

(εr2 = 10 and σ2 = 0.4 S/m) and malignant (εr3 = 50 and σ3 = 5 S/m) tissue respectively. The

inclusion with a radius 3 mm, is placed 1.5 cm away from the axis of the cylinder, 90◦ relative

to the x-axis. In the simulation, the radius of the middle cylinder is increased to 4.05 cm in

order to have a thin skin layer of only 2 mm, while the sizes of other layers remain unchanged.

The values of frequency range and sampling, and the number of transmitting and receiving

sources also remain the same as the previous simulation. Figure 5.2(b) shows the normalised

intensity obtained through eq. (4.4) and using an appropriate image adjusting and averaging. It

is important to point out that in both multilayered simulation, the quantity k2 is used instead of

k1 in the Green’s function for the reconstruction process. This is due to the fact that the target
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is now contained in the second layer. The use of k1 too results in the detection of the inclusion

at its correct angular position, but in such case a slight decrease in the resolution and an offset

of 2 mm in the positioning of the inclusion with respect to the axis is noticed.

(a) (b)

Figure 5.2: 3-layer cylinder with human tissue properties. Linear normalised intensity obtained through
eq. (4.4): (a) before image adjusting, (b) after image adjusting. x and y axes are in metres.

A peak can be clearly detected in the region of the inclusion. It can be seen that the method

successfully detects and locates the breast tumour in this multilayered simulation, and knowing

that malignant breast tissue has a conductivity value higher than most human tissues [48], its

detection will be achieved in nearly all cases.

Next, an analysis of the S/C and resolution with respect to the band is performed. To

evaluate the S/C with respect to the band, we apply eq. (4.3) for different bandwidths; more in

detail, we perform image reconstruction assuming a bandwidth of 1, 2, and 4 GHz (the lower

frequency is fixed at 1 GHz). Next, for each image the S/C is calculated and reported in table

5.1. Note that in HP procedure the within-breast S/C approaches 4 dB for a bandwidth of 4

GHz. This value has been obtained with M=4 transmitter positions, NPT=120, and a frequency

sampling of 20 MHz. It should be noted that since no mirror image is present in this case, M=4

has been used in order to achieve a better S/C. Use of M=3 too results in the detection and

localisation of the inclusion, but with a slight decrease in S/C. Further details concerning the
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variation of S/C with respect to M, NPT and frequency sampling has been presented in chapter

4 [63]. In the same chapter, it has been shown that an increase of approximately 4 dB occurs if

using M=12. It should be pointed out that in [27], for a similar problem of 4 GHz bandwidth, a

within-breast S/C of 4.1 dB has been obtained by employing the delay-and-sum beamforming

algorithm and using M =45, while in [32] a within-breast S/C of 4 dB has been obtained by

employing time-reversal approach and using M=7. Note that in both [27] and [32], the skin has

also been considered.

Resolution, i.e. the dimension of the region whose normalised intensity is above 0.5, has

been addressed with respect to the band. Specifically, in table 5.1 the resolution is given assum-

ing a bandwidth of 1, 2 and 4, respectively. It has been shown (see table 5.1) that the resolution

achieves the optical resolution limit of λ fmax/4; this value is comparable to that achieved by

time-reversal approach [32], and by the delay-and-sum beamforming algorithm [27]. In [80],

it has been shown that time-reversal approach is capable of achieving sub-wavelength resolu-

tion. A detailed analysis of computational efficiency has already been presented in the previous

chapter.

Table 5.1: Within-breast S/C and Resolution for bandwidths of 1, 2 and 4 GHz.

Band (GHz) Within-breast S/C (dB) Resolution (mm)
1 3 7.5
2 3.5 6
4 3.9 5

5.1.2 Measurement Results: 4-layer Cylinder with an Eccentric Inclu-

sion

To assess the practical ability of the HP method in locating an eccentric inclusion in a

multilayered medium, a human tissue like model was constructed. To achieve this purpose,

a 2 mm thick PVC cylindrical pipe with radius of 5 cm was concentrically placed inside a

larger plastic pipe, also 2 mm thick but with a larger radius of 6.25 cm. Both pipes were filled
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with Agar-Agar gel approximating a high water-content human tissue; a 3mm thick PEC rod

representing a tumour was positioned eccentrically inside the gel [fig. 5.3(a)], at a distance

of 3.25 cm from the axis of the cylinders [fig. 5.3(b)]. Although the thickness of the pipes

was chosen to be as narrow as possible (2 mm), their minimal effect on the imaging procedure

could not be ignored, making this model effectively a 5-layer problem.

(a)

(b)

Figure 5.3: (a) Multilayered medium with an inclusion, (b) Pictorial view of the problem.

The Agar-Agar was dissolved in hot water at approximately 95◦C and then cooled to room

temperature to form a semi-transparent gel. The dielectric constant and the conductivity are

functions of the concentration of the Agar-Agar [52]; for this experiment two distinct concen-
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trations of Agar-Agar were used. The external plastic pipe was filled with a lower conductive

Agar-Agar (σ1 = 0.5), while the smaller plastic pipe was filled with a higher conductive Agar-

Agar (σ1 = 2). This increase in conductivity value can be gained by adding the necessary

amount of salt to the original Agar-Agar mixture; By comparing these values with those given

in [48], it can be noted that the dielectric constant and the conductivity of Agar-Agar are similar

to the actual dielectric properties of human tissues. It is worthwhile to point out that the loss

in Agar-Agar is even greater than that encountered in some human tissue imaging problems

(due to higher conductivity); thus, it follows that the example here presented can be considered

representative of lossy media imaging problems.

Frequency-domain UWB measurements were performed in free space, using a VNA ar-

rangement to obtain the transfer function. Discone antennas, vertically polarised and omni-

directional in the azimuth plane were used, after calibration. In order to observe the variation

of signal in different frequencies, the measurements were recorded using a large frequency

range of 1-10 GHz, using a frequency step of 5.6 MHz. For each set of measurements, the

location of the transmitting antenna was fixed at approximately 15 cm away from the axis of

the cylinder, while the receiver antenna was positioned roughly 1 cm away from the external

surface of the Agar-Agar cylinder and mounted on a computer-controlled rotating stage with 3◦

of angular resolution. In addition, a 30 dB amplifier was used to increase the received signal.

Figure 5.4 shows the logarithmic S21 magnitude for the employed frequency range when the

transmitting and the receiving antennas are at their farthest position.

Next, the field Eknown
np,txm

at NPT = 120 equally phi-spaced points lying on the external surface

was measured; it should be noted that the employed number of points leads to a spatial sampling

of approximately 0.1λ1, fmax , where λ1, fmax represents the wavelength in the cylinder calculated

at the highest frequency (10 GHz). It has been shown that the number of measured points

and the frequency samples can be reduced to NPT = 24 and 20 MHz, respectively, without

decreasing the detection capability [78]. Four sets of data were recorded, changing the position

of the transmitting antenna along phi with a step of 90◦. Next, the average of the 4 data sets
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Figure 5.4: S21 magnitude (dB) for the frequency range 1-10 GHz when the transmitting and the receiv-
ing antennas are at their farthest position.

(avgM{Eknown
np,txm

}) is calculated and the HP is applied to the difference between the measured

field and the average field as stated in eq. (4.6). However, when applying the Green’s function

in the reconstruction process, k0 is now used. This is done due to the fact that unlike previous

measurements, here the receiving antenna was not touching the external layer of the medium

containing the target, and therefore the layer of air (free space) between the antenna and the

medium could not be ignored; hence the initial use of k1 resulted in some distortion. It was

then observed that the use of k0 (which corresponds to air) not only resulted in detection of the

target, but also excellent positioning. Furthermore, the use of k0 removes the need of having any

knowledge about the dielectric properties of the target volume. Figure 5.5(b) shows the linear

normalised intensity obtained through eq. (4.4) and using an appropriate image adjusting. A

peak can be clearly detected in the region of the inclusion; thus, both detection and localisation

are achieved for this multilayered problem.
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(a) (b)

Figure 5.5: Normalised intensity (linear), (a) before image adjusting, (b) after image adjusting. x and y
axes are in metres.

5.2 Summary

In this chapter, the analysis of a novel microwave imaging procedure based on the Huygens

principle has been extended to multilayered mediums, by making use of an analytical formu-

lation based on the exact Maxwell solution for a multilayered eccentric cylinder. The model

assumes that the body can be approximated as a stratified multilayered cylinder with an ec-

centric inclusion representing a tumour. The analytical model has been used for verifying HP

procedure through simulations. Analysing the S/C and the resolution of the simulated model

shows that HP method provides better performance when compared to some of the conven-

tional time-domain approaches. Additionally, the HP has been tested through measurements

using a multilayered phantom constituting of human-like tissues containing an inclusion. It has

been shown that the HP can detect and locate an inclusion in multilayered cylindrical mediums.

In the next chapter, we will see the extension of the HP through TLM simulations and mea-

surements on inhomogeneous breast phantoms with inclusions.
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6

Investigation of Huygens Principle

Method on an Inhomogeneous Breast

Phantom

6.1 Introduction

In previous chapters, the applicability of the HP method was tested on a range of moder-

ately complex phantoms involving different numbers of layers and inclusions. All presented

simulation and measurement results verified the capability of the method in detecting and lo-

cating one or more inclusions in a homogenous medium. In this chapter, both simulations and

measurements are extended to image inhomogeneous hemispherical phantoms with inclusions.

The data obtained from the Microstripes analysis package is used in the reconstruction pro-

cess for the case of a hemispherical breast model. Additionally, a commercially supplied breast

phantom with multiple hidden inclusions has been used for measurements. As no information

was provided by the manufacturer regarding the electromagnetic properties of the phantom, or

the location of its inclusions, careful Elastography scanning [81, 82] was required to acquire

an exact idea about the location and the size of the inclusions. Elastography is a non-invasive
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method in which stiffness or strain images of soft tissues are used to detect or classify tumours

[83]. A tumour is normally between 5 and 28 times stiffer than the background of normal soft

tissue [84]. Hence, when applying a form of mechanical compression or vibration, the tumour

deforms less than the surrounding tissue, i.e. the strain in the tumour is less than that of its

surrounding tissue [85]. The resulting tissue strain image is then shown on an Elastogram.

The rest of this chapter will then focus on imaging the breast phantom by employing HP,

using vertically polarised antennas inside an anechoic chamber, and comparing it with the

results achieved using the Elastography scanning machine. At the end of the chapter, the

measurement is repeated with cross-polar and horizontal polarisation configurations, and the

polarisation issues of electromagnetic imaging are also briefly investigated.

6.2 Numerical CST Microstripes Simulation using Transmis-

sion Line Matrix Method

Computer simulation technology (CST) Microstripes package is a solver of 3D electromag-

netic problems, which employs the transmission line matrix (TLM) method to solve Maxwell’s

equations in time domain. The idea behind the TLM method is to discretise and approxi-

mate the space for computation of electromagnetic fields, based on the analogy between field

propagation and a mesh of transmission lines [86]. Electromagnetic fields are then solved

numerically in time domain with simpler and less computationally intensive equations.

6.2.1 Model 1: Cylinder

Before moving on to perform the simulation on a more complicated hemispherical model,

the cylindrical model with an inclusion, which was successfully simulated analytically on

MATLAB in section 4.3.3, is now numerically simulated to test the effectiveness of the TLM

procedure for our purpose [87]. In this context, the dimensions of the base circle of the cylinder

were kept the same as in the analytical model. This was also the case for the electrical prop-
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erties of the materials and the position of the excitations (wire antennas). For each frequency,

the output of the simulation was defined by a region encapsulating one layer of the cells in the

cylinder, indicated by the yellow cuboid in fig. 6.1. The layer consisted of 10000 cells creating

a cuboid of 100×100×1 cells. There were attempts to further increase the number of cells for

a better resolution, however this did not result in any improvements at the reconstruction stage.

Figure 6.1: Discretised cylinder with frequency output region.

A frequency range of 1-1.2 GHz with 50 MHz sampling rate, creating 41 outputs was used

in the simulation. The output table, which was then imported to MATLAB as a matrix, had

10000 rows representing each cell in the output region. The field reconstruction was done based

on the field data on the surface of the cylinder. A vector of values were created to represent

consecutive points on the cylinder surface. The matrix was then stripped off unnecessary rows

and columns leaving only real and imaginary field components in the z-direction.

Having gathered the surface field data from both analytical and numerical solutions in MAT-

LAB and Microstripes, respectively, it was possible to compare their outputs for one simula-

tion. To do so, the magnitudes and phase plots of both solutions at 2 different frequencies have

been plotted in fig. 6.2. The figures show similar patterns for both sets of solutions. In the

left part of fig. 6.2(a), a difference in amplitude between the numerical and analytical solution

can be seen. This is due to the lack of data point in the numerical solution for that particular

frequency, which prevents the phase from reaching the desired maximum; this issue can be

solved by changing the step size to achieve a better resolution.
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(a) (b)

(c) (d)

Figure 6.2: Comparison of analytical and numerical solutions. Graphs show normalised field of the
120 points on the surface of cylinder (Blue/Red - phase of analytical/numerical solution,
Yellow/Green - magnitude of analytical/numerical solution) for (a),(b) 1 GHz and (c),(d)
1.1 GHz.

At this point, all analytical and numerical output solutions consisted of 120 data points

on the surface of the cylinder. This is not very realistic, as in reality, it would be very time

consuming to take such large number of measurements; rather, the most convenient way would

be to use an array of antennas to perform more measurements at once. In such case, the number

of received data points would be limited depending on the size of the single array. Assuming an

array cell size of 2 cm, there could be around 18 data points on the cylinder surface. Moreover,

in real life, the antenna array around the breast could scatter the incoming waves from the

transmitting antenna.
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The proposed solution was to use cells from the antenna array as transmitters in the fol-

lowing Microstripes simulations. The cylindrical model was modified such that the sources

were on the cylinder. In addition, many adipose inclusions, with dielectric constant and con-

ductivity values of 10 and 0.02 S/m, respectively, were placed randomly inside the cylinder

in this model to evaluate the performance of the reconstruction algorithms in dealing with an

inhomogeneous medium. Next, the algorithms were modified to include only 18 data points

from the surface of the cylinder. The new solution was tested and the resulting reconstruction

image was compared with the previous one, which employed 120 receiving points. Figure 6.3

shows the difference between normalised intensity images. It can be seen that there is only a

minor difference between the original model and the more realistic one.

Figure 6.3: Difference between normalised intensities of the two antenna configurations (original model
with 120 receiving data points and the more realistic one with 18 receiving data points),
showing that there is not much difference between the two models.

Having tested the effectiveness of the method on a cylindrical geometry, it was then possible

to move on to more complex simulations on a hemispherical model.

6.2.2 Model 2: Hemisphere

A hemisphere is the simplest geometrical 3D approximation to a female breast and a rea-

sonably good one too. Unlike the cylindrical model, it presents the problem in the method of

data gathering. In previous analysis it was assumed that it is possible to collect data from the
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whole surface of cylinder. In the case of a hemisphere it is possible to collect data only from

the spherical surface as in real life the flat surface is joined to the rest of the body. According to

HP there is a need of knowledge of all field points on the wavefront to reconstruct the wave. In

a hemisphere this could limit reconstruction in z-direction. To test how the reconstruction al-

gorithms would deal with a hemisphere a model (shown in fig. 6.4) was created (Chmielewski

[87]). The hemisphere has a radius of 5 cm and electrical properties of ε1 = 40 and σ1 = 0.2

S/m. In addition, a small spherical inclusion having a radius of 3 mm, with ε1 = 60 and σ1 = 2

S/m was placed at a radial position of 2.6 cm from the axis of the sphere, at an azimuth and

inclination position of 45◦ with respect to the axis.

It should be pointed out that the model considered here is a basic one, and hence does

not consider some of the important challenges in real breast imaging scenarios such as skin

reflection, spine effects and the presence of dense tissues.

(a) (b)

Figure 6.4: (a) Hemisphere model of a human breast and (b) mesh around it [79].

Meshing for the hemisphere is much larger as it is extended by 50% of a wavelength in

5 directions. The computation takes approximately 6 times longer than that of the cylindrical

model. All boundaries, including the bottom, were absorbing. In real life, there would be some

scattering from the rest of the body but here it was assumed that such scattering is negligible in

comparison with other unwanted effects described later.

The antenna sources had also to be reconsidered for the hemispherical model. In the 2D

analysis of the cylinders, the wire antennas were represented as point sources and only z-
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polarisation of the field was analysed. Other types of antenna could have been used but the

wire was consistent with the analytical solution and allowed for some verification. In the case

of the 3D analysis of the hemisphere, 3 directions needed to be considered and it was uncertain

where and how antennas should be placed to provide the best reconstruction. The most widely

used excitation, with the least degrees of freedom, is a plane wave and it offers more clarity in

3D analysis. It is less realistic in the context of medical scanning but the plane wave excitation

could provide a good initial step to 3D modelling.

However, there is a phase change when using the plane wave instead of a wire. Figure

6.5 shows two wavefronts of a plane wave indicated by green colour, and a wavefront from

a wire antenna shown in blue. For these two different waves the fields on the surface of the

hemisphere have a relative phase difference. This effect is magnified because of the curvature

of the hemisphere and would also occur for other polarisations (i.e. when the blue wavefront

was generated by a horizontal wire).

Figure 6.5: Wavefronts from plane wave and wire antenna, shown in green and blue colour, respectively.

In order to check whether the reconstruction algorithms can deal with the phase difference

a quick test was performed. As such, the 2D homogeneous cylinder model was re-simulated

with plane wave sources instead of line sources propagating at 0◦, 120◦ and 240◦ to the xz-

plane (similar to fig. 6.5 but in 2D). The localisation is good but a mirror effect is present (fig.
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6.6). This mirror effect can be explained due to the small number of observation points in the

Microstripes simulation, resulting in the generated field to be less accurate than the analytical

simulations performed in the previous chapters.

Figure 6.6: Reconstructed field for planar wave excitation. x and y axes are in metres.

Having confirmed that the reconstruction algorithms were compatible with a planar wave-

form in 2D, it was possible to continue with the hemispherical model. There were 4 planar

excitations directed at 0◦, 90◦, 180◦ and 270◦, each with two polarisations orthogonal to prop-

agation direction. Hence, all 3 components were present in the analysis which could provide

extra information.

The reconstruction algorithms had to be modified to accommodate 3D analysis with 3 po-

larisations. There were two ideas of approaching the problem [87]. In the first one, the hemi-

sphere was cross sectioned into 2D slices and analysed as cylinders [fig. 6.7(b)]. The biggest

advantage of this method is that reconstruction algorithms have been already proved to work

in the cylindrical models. However, changing the 3D analysis into a sequence of 2D analyses

allows for only one polarisation, so information from the remaining two is lost. Moreover the

scattering from neighbouring layers could influence the result for a particular layer and worsen

the localisation. Thus this approach was not researched further. The more sophisticated way

of modifying the reconstruction algorithms was to implement vector analysis. Numerical so-

lutions provide information about all three polarisations and hence the output electric field is a
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vector field. The reconstruction algorithms had to propagate all three polarisations from each

surface point taking into consideration the direction of propagation [fig. 6.7(a)]. The field

magnitudes were then summed for all frequencies and antenna positions to create the final re-

constructed field. Hence, no information was lost and inclusions’ shapes that would be difficult

to detect in only z polarisation could be clearly visible. Therefore, this method was chosen to

modify the algorithms.

(a) (b)

Figure 6.7: Principle of: (a) full 3D reconstruction and (b) 2D cross-sections [79].

The first step in the new reconstruction algorithm was to import data. As mentioned above

the output included extra dimension because of all 3 polarisations being analysed. The surface

data points were defined on the edges of cross sections in z direction [green rings in fig. 6.7(a)].

They were equally spaced with their number proportional to the ring radius. Each point was

defined by a position vector and a field vector. For each of these sources and each point inside

the hemisphere, a propagation vector was defined, which simply linked these two points. This

vector was then used to define a new coordinate system with the x′-axis along the vector. A

transformation matrix linking these two systems had to be derived.

Lets assume a vector p to be an example of a propagation vector with spherical coordinates

θ = β, ϕ = α and ρ = r, as shown in fig. 6.8. To create the new coordinate system X′Y′Z′, the

existing coordinate system should be rotated first by β in xy-plane and then by α in z direction.

Similarly, if there is a field defined in XYZ coordinates by polarisations Ex, Ey and Ez it also
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Figure 6.8: Propagation vector p defined by point P in XYZ coordinate system.

should undergo a similar transformation to be expressed in X′Y′Z′ coordinates by polarisations

E ′
x, E ′

y and E ′
z. Hence it is necessary to build the following transformation matrix.


E ′′

x

E ′′
y

E ′′
z

=


cos(β) −sin(β) 0

sin(β) cos(β) 0

0 0 1




Ex

Ey

Ez

 or E′′ = BE (6.1a)


E ′

x

E ′
y

E ′
z

=


cos(α) 0 −sin(α)

0 1 0

sin(α) 0 cos(α)




E ′′
x

E ′′
y

E ′′
z

 or E′ = AE′′ (6.1b)

M = AB and E′ = ME (6.1c)

Note that in eq. (6.1), E ′′
x , E ′′

y and E ′′
z represent the coordinates after xy-transformation. Af-

ter obtaining the transformation matrix for the propagation vector, the surface point source field

Eps was transformed to the propagation coordinates. Naturally, only components perpendicular

to the propagation direction matter and in the new coordinate system these were simply E ′
y and
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E ′
z polarisations. The field was then propagated using an exponential function with appropriate

impedance and propagation constant. Finally it was transformed back to original coordinates.

E(x,y,z) = M−1Ze−k1|r|Eprop (6.2)

where, E(x,y,z) represents the field at a point (x,y,z) and Eprop is equal to M.Eps (point source

field transformed into propagation coordinates) but with the first coordinate equal to 0.

Next, the 3 polarisations for all frequencies, source points and antenna positions were

summed to give a 3D vector field. The resolution of the reconstructed field was set to be

30 by 30 by 8 cells using 512 point sources on the surface. Previous results from 2D analysis

showed that it is adequate to use less point sources and therefore, their number was decreased

to 128. The normalised intensity of the reconstructed field is shown in fig. 6.9.

Figure 6.9: Reconstructed field of a homogeneous hemispherical model. x, y and z axes are in metres.

The inclusion can be clearly detected at its correct position in the reconstructed field with-

out any mirror or shift effects present. The results prove that extra information from additional

polarisation would improve the localisation of the inclusion. Having successfully tested the

application of 3D reconstruction algorithms on a homogeneous breast model, it was then nec-

essary to test them with an inhomogeneous hemisphere. For this purpose, some adipose inclu-

sions with electrical properties σ = 0.02 S/m and ε = 10 were added to the existing model (fig.

6.10).
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Figure 6.10: Inhomogeneous hemisphere model with hidden normal tissue spots.

Figure 6.11 shows the linear normalised intensity obtained through HP. Again, the recon-

struction successfully detects the inclusion spot. However, another large residual spot is also

present, most probably, due to the decrease in resolution caused by the reduced number of

receiving points, and could be removed by increasing the input data which enhances the reso-

lution. Before further modelling, it was important to validate the capability of the HP method

on measurements involving inhomogeneous phantoms, as we will see in the next section.

Figure 6.11: Reconstructed field of an inhomogeneous hemispherical model. x, y and z axes are in
metres.
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6.3 Breast Phantom Imaging: Measurement Results

6.3.1 Elastography Imaging Results

A model-059 [88] breast phantom, 15 cm in length, 12 cm in width and 7 cm in height, was

chosen for the purpose of measurements. The phantom is made of a solid elastic water based

polymer, known as Zerdine [89], and has a volume of 600 cc (see fig. 6.12). The size and shape

of the phantom simulates that of an average patient in the supine position. The properties of the

model allow it to accurately mimic the ultrasonic characteristics of tissues found in an average

human breast [90].

Figure 6.12: Breast phantom model 059.

According to the company, the phantom contains 12 randomly positioned solid masses

(inclusions), 3-12 mm in diameter, that appear isoechoic to the simulated breast tissue under

normal ultrasound, however, the lesions are 3 times stiffer than the background enabling them

to be detected on Elastograms [88]. As the Elastograms are accurate, and an exact information

on the size and position of each inclusion was needed, it was necessary to image the phan-

tom using the ultrasound based Elastography machine first before proceeding to perform HP

based measurements. The Elastography imaging is performed by attaching the Elastography

transducer to the phantom (fig. 6.13), slightly pressuring it inwards and outwards whilst slowly

moving the transducer around until an inclusion appears on the Elastogram image (fig. 6.14).

This procedure is repeated in all directions until the whole phantom surface is covered. The
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Elastogram image provides the necessary information about the dimensions of the inclusion

and its depth from the surface of the phantom. In order to increase the matching between the

transducer and the phantom, a thin layer of gel needs to be placed between them.

Figure 6.13: Elastography scanning of the phantom via the transducer.

Figure 6.14: Elastogram screen, an inclusion is detected by Elastography while it remains hidden in the
ultrasound image.

After a careful scan, 8 masses, varying in diameter between 8 and 12 mm were detected

around the phantom (table 6.1). The information from the Elastogram image was then used to
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locate the position of the masses on a 3D hemispherical design. The resulting diagrams, from

three different views are shown in fig. 6.15. The blue ‘+’ mark indicates where the centre of

each mass is located.

(a) (b)

(c)

Figure 6.15: 3D mapping of the location of the inclusions from different views: (a) general 3D view,
(b) view from above (planar) showing x and y axes, (c) view from the side showing x and
z axes. All axes are in centimetres.

6.3.2 Microwave Imaging Results

The results from the previous section indicate that the solid masses are spread in different

depths and heights inside the breast phantom. Elastography imaging results show that all of the

inclusions are situated between 2 and 6 cm above the flat surface of the phantom [fig. 6.15(c)].
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Table 6.1: Coordinate location and diameter size of the detected inclusions from Elastography scanning.

Inclusion x-coordinate y-coordinate z-coordinate diameter (mm)
1 -0.91 3.7 3 8.5
2 2.8 3.1 3.3 8
3 -4 0 6 11.9
4 3.8 1.1 3.14 12
5 -3.9 0.4 5 12
6 3.4 1.6 3.33 9.3
7 2.05 -3.7 2.45 9
8 0.1 -3.8 4.6 10

Hence, to cover this height of interest, it was decided to perform 4 planar measurements at 1 cm

intervals using the discone antenna. For this purpose, four pairs of cylindrical stands (fig. 6.16),

with heights 5, 6, 7 and 8 cm were constructed and used such that the centres of the antennas

were placed at 2.5, 3.5, 4.5 and 5.5 cm above the surface of the phantom, respectively. Both

transmitting and receiving discone antennas used were 1.5 cm long, enabling each measured

cut to be fully covered by their signals.

Figure 6.16: 4 pair of cylindrical stands with heights 5, 6, 7 and 8 cm used for measuring different
breast phantom cuts.

Frequency-domain UWB measurements were performed in an anechoic chamber, using a

VNA arrangement to obtain the transfer function. Discone antennas, vertically polarised and

omni-directional in the azimuth plane, were used after calibration. The measurements were

recorded using a large frequency range of 1-10 GHz and a frequency sampling of 5.6 MHz. For
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each set of measurements, the location of the transmitting antenna was fixed at approximately

25 cm away from the centre of the breast phantom, while the receiver antenna was positioned

roughly 1 cm away from the major axis surface of the phantom and mounted on a computer-

controlled rotating stage with 3◦ of angular resolution (fig. 6.17).

Figure 6.17: Antenna arrangement corresponding to the bottom cut measurement (2.5 cm above sur-
face).

After observing the S21 magnitude, frequency range of 2-3 GHz was chosen for the pur-

pose of reconstruction. Next, the field at NPT = 120 equally phi-spaced points lying on the

external surface was measured; the employed number of points leads to a spatial sampling of

approximately 0.1λ1, fmax . For each height, 8 sets of data were recorded, changing the position

of the transmitting antenna along phi with a step of 45◦. Next, the average of the 8 data sets

was calculated and the HP was applied to the difference between the measured field and the

average field as stated in eq. (4.6). The same procedure was repeated for the other 3 planar

measurements. Figures 6.18(a), (b), (c) and (d) show the linear normalised intensity obtained

through eq. (4.4), corresponding to heights 2.5, 3.5, 4.5 and 5.5 cm of the phantom above the

flat surface, respectively.

In total, 10 peaks of varying intensities can be clearly detected in the figures, 6 of which

have been detected at approximately the same positions using the Elastography machine. The
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(a) (b)

(c) (d)

Figure 6.18: Linear normalised intensity, corresponding to heights (a) 2.5, (b) 3.5, (c) 4.5 and (d) 5.5
cm of the phantom above the flat surface, respectively.

others, could have either been detected as mirror image [see figs. 6.18(a) and 6.18(b)], or might

represent an inclusion undetected by the Elastogram possibly due to its deep position inside the

phantom (inner inclusion in fig. 6.18(c)). Therefore, it has been shown that our technique is

capable of detecting and locating inclusions even in an inhomogeneous medium.

It is important to point out that for this measurement, the quantity k1 was used instead

of k0 (which was used in multilayered measurement of section 5.3.2) in the Green’s function

for the reconstruction process. It is speculated that, this is because of less contrast in the

relative permittivity between air (εr = 1) and breast phantom (speculated to have εr ≃ 10), than

there is between air and Agar-Agar (εr ≃ 70). This means that, comparing to the previous
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measurement the contrast between the two mediums is reduced by a factor of 7 and hence

there is less mismatch. Therefore, the algorithm considers the breast phantom (and not the air)

as the first medium for this configuration. Another important point to note is that due to the

hemispherical shape of the phantom and circular rotation of the receiving antenna, the distance

of the receiving antenna from the surface of the phantom varies during the 360◦ scan of the

object which could have had minor affect on the exact positioning of the inclusions during the

reconstruction process. This problem could be solved by employing a mechanical scanning

system which has the receiving antenna always placed at a touching distance from the external

surface.

6.3.3 Changing the Antenna Polarisation

So far all the measurements performed had seen both transmitting and receiving antennas

vertically polarised with respect to the medium being imaged. In this section, to observe the

effect of changing the polarisation on the quality of the detected image, two other polarisation

setups were investigated. Specifically, the breast phantom imaging measurement for the cut

containing the most number of inclusion, i.e. height of 3.5 cm above level, was repeated

twice considering cross-polar and horizontal polarisation arrangements of discone antennas,

respectively.

6.3.3.1 Cross-polarisation Measurement

The measurement performed in section 6.3.2 was repeated for the cut containing the most

inclusions (3.5 cm cut), by rotating the transmitting antenna by 90◦ with respect to the phantom,

thus placing the discone antennas in a cross-polar formation. Again, a frequency range of 1-10

GHz with 5.6 MHz sampling rate was used. Figure 6.19 shows the logarithmic S21 magnitude

in the 1-10 GHz range for the farthest antenna position (∼33 cm). It can be observed that for

most part there is poor signal that falls below the -70 dB noise level, which is the expected

behaviour for this kind of polarisation.
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Figure 6.19: S21 magnitude (dB) corresponding to the frequency range 1-10 GHz when transmitting
and receiving antennas are at their farthest position (∼ 33 cm) in a cross-polarisation setup.

The frequency range with the best power level, i.e. 2.5-3 GHz was chosen for the purpose

of reconstruction. Next, the average of the 8 data sets was calculated and the HP was applied

to the difference between the measured field and the average field as stated in eq. (4.6). Figure

6.20 shows the linear normalised intensity obtained through eq. (4.4), and after image adjusting.

Figure 6.20: Linear normalised intensity when imaging the breast phantom using cross-polarised an-
tennas.

A peak can be seen on the x-axis; the peak does not move as the position of the transmitter
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is varied; therefore it is assumed to be an image of the transmitter.

6.3.3.2 Horizontal Polarisation Measurement

Previously, we observed that our proposed imaging technique is capable of locating the

inclusions using vertically polarised antennas. An investigation was needed to check whether

similar detection can be achieved using horizontally polarised antenna setup. To repeat the

breast phantom measurement of section 6.3.2 using a horizontal polarisation, both transmitting

and receiving discone antennas were rotated by 90◦ with respect to the position of the phan-

tom (fig. 6.21); meanwhile the frequency range, sampling, number of measurements and the

distance of the antenna from the object remained the same as before. Figure 6.22 shows the

Figure 6.21: Experimental setup for imaging the breast phantom with horizontally polarised discone
antennas.

S21 logarithmic magnitude corresponding to the recorded frequency range. We can see a much

better power level compared to the cross-polar case and the magnitude only falls below the

noise level after 5 GHz. Once more, frequency range of 2.5-3 GHz was chosen for the purpose

of reconstruction. The average of the 8 data sets was calculated and the HP was applied to the

difference between the measured field and the average field as stated in. Figure 6.23 shows the

linear normalised intensity after image adjusting.
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Figure 6.22: S21 magnitude (dB) corresponding to the frequency range 1-10 GHz when the transmit-
ting and the receiving antennas are at their farthest position (∼33 cm) in a horizontal
polarisation setup.

Figure 6.23: Linear normalised intensity when imaging the breast phantom using horizontally polarised
antennas.

Some peaks with different intensities are seen, which do not represent any of the inclusions

because their position does not vary with the movement of the transmitter. The darkest peak

is presumed to be an image of the transmitter. Therefore, we can conclude that the phantom

is not an electromagnetic type, but rather an “anisotropic” one. To validate this assumption,

the P.M.M.A. with 2 inclusion measurement in section 4.4.3 was repeated using horizontal

polarisation. Both inclusions were detected, although the measurement showed a decrease in
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signal level and the resolution due to less current being excited in the wires compared to the

vertical polarisation case, as would be expected.

6.3.3.3 Polarisation comparison when no object is present

One final set of measurements was carried out to compare the performance of the discone

antenna for different polarisations when no object is present. The distance between the anten-

nas and all other measurement parameters remained unchanged. Figure 6.24 shows the linear

magnitude for different polarisations with respect to the measured angular position for a single

frequency, when the antennas are in their nearest position (∼15cm). A similar trend can be

seen in all polarisation setups.

Figure 6.24: Comparison in linear magnitude between the 3 polarisations for a single frequency when
no object is present.

Finally, the logarithmic magnitude with respect to the frequency range of 1-10 GHz for a

single measurement in horizontal and cross-polar polarisations, when the antennas are in their

nearest position (∼15cm) is plotted in fig. 6.25. It can be observed that the horizontal polari-

sation gives a good performance for very low (1-3 GHz) and very high (8-10 GHz) frequency

ranges whilst in the cross-polar case we have a low power, noisy and alternating signal for most

of the frequency band.
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Figure 6.25: Comparison in logarithmic magnitude between horizontal and cross-polar measurements
for a single measurement, when no object is present.

6.4 Summary

In this chapter, the application of the HP technique was extended to simulations and mea-

surements involving inhomogeneous media. Numerical simulations on Microstripes showed

promising results in detecting and locating an inclusion within both homogenous and inho-

mogeneous cylindrical and hemispherical models. Furthermore, comparing HP based mea-

surement results (using a very simple setup with only 2 antennas) on an inhomogeneous hemi-

spherical breast phantom with many inclusions, with that obtained from Elastography scanning

further proved the capability of this novel method in good detection and localisation of multiple

inclusions while satisfying the optical resolution limit.

In the microwave measurements performed in this research, the nominal output power of

the VNA is 2 mW, out of which a much lower power of approximately 0.3µW reaches the

object; this value is very low in comparison with existing imaging techniques. In terms of the

specific absorption rate (SAR) [91], which indicates the rate of absorption of electromagnetic

radiation by human body tissues, the measurements show a low value of 3.3 mW/kg. This

is much less than the SAR limits set by the USA (1.6 W/kg in 1g of tissue) and Europe (2

W/kg in 10g of tissue) [91], and the average of SAR of mobile phones (0.7-1.3 W/kg) [92].
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Hence, it can be seen that the transmitted power of the measurements can be further increased

without causing any damage to the tissues. With more time and investment spent on improving

this method, especially in terms of building an automatic scanning machine, the technique will

have the potential to emerge as an alternative and efficient technique for clinical testing.
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7

Conclusions and Proposed Future Work

7.1 Conclusions

This thesis’s contribution to the UWB microwave imaging has been the development of two

novel methods of image formation for the purpose of medical applications. Other than their

simplicity, non-ionising and non-invasive features, another benefit of the two methodologies

is their capability of capturing the contrast or dielectric variation. The methods, which are

equivalent to a synthetic time-reversal algorithm, allow all the information in the frequency

domain to be utilised by combining the information from the individual frequencies to construct

a consistent image with a resolution of approximately one quarter of the shortest wavelength

in the dielectric medium, without using contrast agents.

The first introduced method based on the mode-matching of Bessel Functions covered a

smaller part of this thesis. Using the MM Bessel function procedure (which employs Born

approximation) leads to the generation/inversion of a rather small matrix, whose dimensions

are not related to the discretisation of the volume where the image is required. Validation of the

technique through both simulations and measurements on cylindrical media with one or more

inclusions has been presented, illustrating the effectiveness of the method. It follows that, if the

properties of the external object are known, both detection and localisation are achieved using
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MM. On the other hand, with regards to the MM method, the use of Bessel functions limits the

applicability to cylindrically-shaped objects, and the extension of the method to realistic 3D

geometries does not seem to be straightforward; moreover, MM requires matrix generation and

inversion, and the knowledge of the field on the entire external surface. Hence, due to these

difficulties, another approach was needed to be exploited.

The last three chapters of this thesis have focused on Huygens principle technique, a novel,

fast and accurate microwave imaging method based on the principles of physical optics. Using

HP to forward-propagate the waves removes the need to solve inverse problems and, conse-

quently, no matrix generation/inversion is required. HP can be applied to more general ge-

ometries and its application is not limited to cylindrical or spherical media. It follows that the

methodology can identify the presence and location of significant scatterers inside a volume,

without the need for a’priori knowledge on the dielectric properties of the target object. Due to

the above features, HP was the chosen method for the rest of the investigations. Going along

the thesis, a step by step extension of the HP method to more and more complex geometries

can be seen. The simulations and measurements began on simple media with an inclusion, and

then followed to successfully image media with multiple inclusions, multilayered media and

finally inhomogeneous realistic hemispherical phantoms, respectively.

All the measurements performed in this thesis have satisfied the UWB definition of having

bandwidth of at least 20% of centre frequencies, while the power levels used and the specific

absorption rates were well within the safety limits. Moreover, the measurement results indicate

the robustness of the methods with respect to the usage of two different types of UWB designed

antennas. In addition, quantitative analysis on signal to clutter ratio and resolution with respect

to the band, optimum number of transmitting and receiving positions required, frequency sam-

pling and performance with respect to uncertain knowledge of the dielectric properties of the

target volume has shown that HP technique provides better performance when compared to

some of the conventional time-domain approaches.

The work in this thesis has been based on the assumption that a significant contrast exists
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between the dielectric properties of normal and malignant tissues. Recent investigation how-

ever, indicate that this contrast exists between malignant and fatty (or adipose) breast tissue,

while the contrast between malignant and healthy fibroglandular tissues can be as low as 10%

in both permittivity and conductivity. In addition, other important factors such as the presence

of skin reflection, spine signals and dense tissues which would make the imaging problem more

challenging need to be carefully considered and investigated.

7.2 Future Work

Like any other technique during its first years of development, the two methods introduced

in this thesis still have a lot of room for improvement before they can be used in clinical

applications such as breast cancer detection, internal organ imaging, and whole body imaging.

A major change that should be made to the current experimental set up would be the use

of an array of antennas as transmitters and receivers, in order to achieve multiple simultane-

ous measurements which would reduce time and increase the accuracy of the measurements.

Current set up uses one single transmitting and receiving antennas, which requires manual

movement of the transmitting antenna to the next position after each set of measurement, which

means there is a possibility of human error. Measurement time may also be reduced by increas-

ing the number of VNAs; having twenty VNAs instead of one would reduce the measurement

time by a factor of 20, while the cost of the imaging procedure would still be less than most

already existing methods.

One source of improvement is the use of a consistent frequency range for all future mea-

surements. Different frequency bands and samplings were used depending on the media under

investigation, and in some cases due to the high losses of the medium, a low frequency range

(compared to UWB standards) of 1-1.6 GHz or 1-3 GHz was employed. It is known that

increasing the frequency also increases the resolution of the image; therefore, in future, trans-

mitter amplifiers will be implemented in all measurements to increase the frequency band, and
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hence the resolution.

Although a detailed computational analysis regarding the performance of HP was presented

in the thesis, more investigation on the lowest number of receiving points which can be used,

minimum power level applicable and detectable contrast with respect to the permittivity is

required. Moreover, only two types of UWB antennas (bow-tie and discone) were used in the

measurements. More investigation on other types of antennas and their effect on imaging result

is also needed.

Concerning the MM method, further research should focus on the investigation on the ro-

bustness with respect to errors in the measurement grid and knowledge of the dielectric proper-

ties of the target volume. Furthermore, a quantitative investigation on the detectable dielectric

contrast with respect to the frequency band is also required. Also, the extension of the method

to geometries other than cylinders needs to be investigated. This could be possible by replacing

Bessel functions with Mathieu functions or spherical Bessel functions if ellipsoidal and spher-

ical problems are encountered. An extension to more realistic 3D geometries is possible by

resorting to the extraction of the modes as explained earlier in the thesis.
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