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Abstract

One of the techniques to enhance the performance of microwave imaging (MWI) sys-

tems is to increase the amount of independent measured data that is collected when

interrogating the object-of-interest (OI). A novel method is introduced which employs

field perturbing elements (FPEs) to achieve this goal.

The research reported herein utilizes a cylindrical metallic enclosure having an octag-

onal cross-section, i.e. with flat-faceted walls on which a set of electrically controlled

field perturbing elements (FPEs) that project into the chamber. The FPEs are imple-

mented as printed circuit boards that include diodes that can be forward or reversed

biased. Transmit and receive antennas are placed on the walls of the chamber and for

each transmitter the interrogating field can be changed by turning one or more of the

reconfigurable plates ON or OFF. This allows one to reduce the number of transmit

antennas that are used. Our current system consists of an octogonally shaped cham-

ber with four transmitter/receiver antennas. The size of the metallic chamber is on

the order of a few wavelengths and with the entirety of the enclosure being made up

of a conductive metallic material, it constitutes a quasi-resonant chamber (we utilize

an open top adding some loss to the chamber).

The field perturbing elements include a pattern of segmented PCB traces with mul-

tiple diodes connecting the trace segments. To reduce the computational resources

required to model these reconfigurable plates, the design criteria is to choose a pattern

of the segmented PCB traces that minimally perturb the field within the chamber

when the diodes are “OFF” (i.e. in reverse-biased mode) by choosing the frequencies

that match closely with the numerical model. This allows us to remove the plates
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from the numerical model when in the “OFF” mode with small effects on the accu-

racy. In the “ON” mode, the plates are modelled as PEC surfaces. To evaluate the

performance of the proposed approach, a number of imaging experiments were per-

formed with a DUT placed in two positions in the chamber for different configurations

and combinations of the electrically reconfigurable plates. a comparison between two

cases of FPE configurations have been performed. First, the case with FPEs in OFF

mode and second, when the FPEs are in ON mode in two different frequencies. The

critera for selecting the frequencies are also described. The results of the experiments

are presented in this thesis.
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Symbols and Acronyms

Symbol Description

S Measurement domain

D Imaging domain

~Etot Total electric field

~Einc Incident electric field

~Esct Scattered electric field

~H Magnetic fields

χ Electric contrast of the object of interest

~ω Contrast source variable

~B Magnetic flux density

~D Electric flux density

ρ Electric charge density

~M Imposed magnetic source

~J Imposed electric source

j Imaginary unit: j =
√
−1

εr Relative complex permittivity of the object of interest

εb Relative complex permittivity of the background

~r Cartesian position vector

x̂, ŷ, ẑ Unit vectors along x, y and z directions

∇× Curl operator

∇· Divergence operator
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Acronym Description

MWI Microwave imaging

MWT Microwave tomography

FPE Field perturbing element

OI Object of interest

RI Region of interest

USI Ultrasonic imaging

TE Transverse electric

TM Transverse magnetic

MST Modulated scattering technique

DST Differential scattering technique

PEC Perfect electric conductor

FEM Finite element method

HDG Hybridizable discontinuous galerkin

CSI Contrast source inversion

PCB Printed circuit board

SMD Surface Mounted Diode

EIL Electromagnetic Imaging Laboratory

E-field Electric field

H-field Magnetic field

EM Electromagnetic

VNA Vector network analyzer
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Application of Electrically Reconfigurable FPEs in MWI Introduction

Chapter 1

Introduction

1.1 Microwave Imaging Overview

Recent developments in the field of Microwave Imaging (MWI) and its applications

have led to renewed interest in further expansion of this field in various aspects. MWI

is relatively low cost, portable, and is used in various applications from industrial non-

destructive testing [1, 2] to uses in medical imaging. Microwave imaging is a category

of general electromagnetic imaging where the utilized frequency band is normally in

the range of 1GHz - 3GHz. Other applications of MWI include through-wall imaging

[3], ground penetrating radars [4, 5], measurements of geophysical structures [6, 7]

and grain bin imaging which has vast applications in the agriculture industry [8, 9,

10]. There is potential for various other applications where invasive methods are not

feasible. MWI is particularly of significant import in the field of biomedical imaging

such as breast cancer detection where non-invasive testing must be performed prior

to any invasive testing [11, 12, 13, 14]. A general overview of different applications

of biomedical imaging can be found in [15, 16, 17, 18].

There are two general types of MWI: qualitative and quantitative. In qualitative

techniques, the reconstructed image of the target consists of different intensities with-

out any corresponding values. Quantitative methods on the other hand, reconstruct

a map of the region of interest (RI) by assigning specific permittivity values to each

of the discretized elements in the regions. In this research, we work on obtaining a

dielectric profile of an object of interest (OI) providing qualitative information regard-

ing the shape and location of the OI, as well as some quantitative electromagnetic
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Application of Electrically Reconfigurable FPEs in MWI Introduction

properties of those features [19], such as the permittivity profile of the OI which is

the main objective of MWI.

A MWI system is normally comprised of an imaging chamber within which are in-

stalled a set of antennas typically one acting as a transmitter illuminating the RI

and a set of receivers located at various positions within the chamber collecting the

scattered field. For each illuminating field that is utilized to interrogate the OI, one

collects data at several locations around the OI. The collected data over all the illumi-

nating fields is the data that will be inverted to create an image of the complex-valued

permittivity of the OI. Other hardware include a switching network to interface with

the antennas, a vector network analyzer to send and receive microwave signals from

the antennas. The measurements are in the form of S-parameters which are then con-

verted into scattered field data through a calibration procedure, described in more

details in chapter 5, that can be used to obtain quantitative information on the (RI)

using inversion algorithms such as Finite-element contrast source inversion (FEM-

CSI) [20]. Fig. 1 shows a general overview of a typical MWI system.

The common approach to increasing the amount of independent data is to increase

the total number of transmitter/receiver pairs. However, the amount of data that

can be collected using this common approach is limited by the resulting increase in

the complexity of the system: there is a limited amount of space available around the

OI to fix co-resident antennas. Even if a large number of antennas were to be used,

space permitting, the required computational resources to include numerical models

of the co-resident antennas within the inversion model would be too high. The pro-

posed solution which is described in this work is to use FPEs to obtain/extract more

information in a MWI system without adding more Tx/Rx pairs.
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Application of Electrically Reconfigurable FPEs in MWI Introduction

Figure 1: Overview of a typical Microwave Imaging System

1.2 Context on some of the Research Performed in the EIL

The Electromagnetic Imaging Laboratory (EIL)[21] at the University of Manitoba

began its research with a focus on the use of ground-penetrating radar for landmine

detection and has expanded into several different areas related to microwave imaging,

ultrasonic imaging (USI)[22] and recently incorporating machine learning as a tool

in performing MWI or USI or a combination of the two modalities [23]. The two

main applications have been breast cancer imaging and the imaging of stored-grain

for spoilage monitoring [24, 25, 26].

Antenna and probe design is a significant part of the imaging system. In [27], it

is shown how a novel design of multiplexed Vivaldi antennas can be utilized to collect

both transverse electric (TE) and transverse magnetic (TM) fields and in [28], it is

described how a PCB based loop antennas can be utilized in a faceted quasi-resonant

perfect electric conductor (PEC) chamber as magnetic field (H-Field) probes.

A crucial part of any imaging system besides hardware design such as antennas and
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the imaging chamber configuration, is the implementation of algorithms utilized to be

able to invert the collected data and reconstruct the OI. In case of MWI the data is

collected in the form of S-parameteres which is then converted to scattered electric or

magnetic fields and is then used as input to, for example, the state of the art Contrast

Source Inversion technique (CSI) which is a quantitative imaging technique utilizing

full-wave, non-linear inversion technique. Another technique is the Gauss-Newton

Inversion (GNI) [29]. In [30], Finite-element method is used as the discretization

technique for the forward solver and CSI as inversion technique that reconstructs a

permittivity map of the OI. This is referred to as the FEM-CSI technique. On the

other hand, another discretization technique is developed at the EIL that follows the

Hybridizable Discontinuous Galerkin (HDG) Method and CSI as Inversion technique

(HDG-CSI) [31]. This method utilizes the same data as in FEM-CSI as input but

uses the contrast in permeability, µ, of the object in addition to permittivity, ε. It

inverts the collected fields on µ or ε that in turn creates a permeability or permittivity

map of the OI. Multiplicative regularization (MR) can be used with any of the these

methods, thus we have (MR-FEM-CSI, MR-DG-CSI, and MR-GNI). More details on

general multiplicative regularization can be found in [32].

Besides MWI, a different modality of imaging has been developed that uses ultra-

sound. In USI, ultrasound pressure measurements are collected by piezo-electric

transducers located within the ultrasound imaging chamber which is then fed to

the algorithm described in [33] to reconstruct the ultrasound attenuation and speed

map of the OI.
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1.3 Motivation, Goals, and Scope

The accuracy and resolution of images produced using MWI depend heavily on the

amount of independent data that can be collected through interrogating the OI by

means of electromagnetic (EM) radiation. These data consist of EM fields measured

at receiving antennas placed within the chamber. The EM field that is measured is

the field that has been scattered from the target when illuminated by the field pro-

duced by a transmitting antenna.

One of the most crucial aspects for obtaining accurate reconstructions is the chamber

design or more specifically its geometry. Chambers of circular-cylindrical shape have

been consistently and productively used previously for MWI in the EIL. However,

there are a number of potential disadvantages to using enclosures of this geometry

such as modelling the chamber boundary using first-order tetrahedral elements. Uti-

lizing an imaging chamber with flat facets means that we can more accurately model

the fields at the boundaries compared with a cylindrical chamber. Due to the curva-

ture of the boundary in a circular-cylindrical or a spherical chamber, using tetrahedral

elements produces modelling error.

As indicated earlier, we have taken advantage of a metallic chamber. Touching upon

some of the advantages of using a metallic enclosure, one can include the shielding

effect that the conductive boundaries create from the outside noise, allowing better

control and modelling of unwanted reflections and mutual coupling effects, giving rise

to higher signal to noise ratio and quality factor. Additionally, a metallic chamber

traps the electromagnetic energy inside the chamber that can lead to larger interro-

gating field strengths.
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Since data are collected at the boundaries of the enclosure, only the normal compo-

nent of the electric field and tangential components of the magnetic field are present.

Therefore fewer measurements are required to characterize the fields at a given lo-

cation. Furthermore, in this design a smaller chamber is developed compared to

previous systems designed in the EIL.

To obtain a more accurate model of a system, either the complexity of the exper-

imental system must be reduced, or the complexity of the model must be raised.

The latter significantly adds to the computational burden while the former limits the

choice of design of the MWI system including transceivers and the immersion media

[34]. On the other hand, to obtain a high quality (better accuracy and resolution)

image of the OI, a MWI system is to be designed in a manner that as much non-

redundant data can be collected as possible.

Traditionally, the common methods to achieve this goal have been to use multiple

frequencies or using a higher number of transmitters and receivers [35], or making

use of a rotational enclosure to break the symmetry and introduce more unique in-

formation in the collected fields [36] to expand the total amount of collected data.

Using mechanical/rotational boundaries as well as increasing the number of Tx-Rx

pairs add to the complexity and design of the system. Imaging in highly resonant en-

closures can be highly frequency dependent and imaging at different frequency points

can drastically change the outcome of the inversions. This points out the necessity

to have a frequency selection procedure details of which are discussed in chapter 5.

The novel method that is introduced in this thesis expands upon the utilization of

field perturbing elements (FPEs) to increase the amount of non-redundant data while

using a low number of sources and receivers in the chamber and collecting data at a
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single frequency [37].

Figure 2: Novel Metallic Octagonal Chamber

For this set up, the novel metallic octagonal chamber that was designed is shown

in Fig. 2. Four co-resident antennas are set up on the walls of the octagonal chamber

with one on four of the eight sides. At any one data collection cycle, one antenna

is transmitting and the other three act as receivers. The FPEs will be toggled be-

tween ON/OFF modes during each of the data collection cycles creating more non-

redundant fields which leads to higher amount of independent data.

1.4 Thesis Outline

Chapter 2 provides an overview on the theoretical background of MWI as well as

some of the previous work done to achieve a higher amount of useful data in our

MWI system.

Chapter 3 puts the emphasis on the design of the system and setting up of the

experiments to validate the new technique. Utilization and operation of the vector

7
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network analyzer (VNA) as well as the probe driver is discussed as well as the oper-

ation and design of the field pertubing elements (FPEs).

In Chapter 4, a numerical study is conducted to examine the feasibility of the design

and to validate the performance of the FPEs as well as the ability to enhance the

final image in a synthetic framework.

In Chapter 5, the experimental results as well as the calibration techniques utilized are

studied and analyzed. As pointed out earlier, the performance of the FPE technique

and its effectiveness in the outcome of the inversions, is highly frequency dependent

due to using a highly resonant chamber, as will be shown, and therefore a frequency

selection procedure is required. A detailed description on selecting proper frequencies

is provided in this chapter. Monopole antennas are utilized as transmitter/receiver

and electric field data are collected in the experimental process.

In Chapter 6, we provide a summary of the work presented in this thesis and describe

briefly that in a MWI system, when the amount of non-redundant data is increased

using the FPEs, the resulting image reconstruction is significantly improved. Addi-

tionally, an outline of some of the possible future work is also provided that one might

build upon and follow.

8
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Chapter 2

Theoretical Background and Literature Review

2.1 Theoretical Background of Microwave Imaging

The goal of a MWI problem is to reconstruct the constitutive parameters of an object

of interest (OI) that is located in the imaging domain D. The constitutive parameters

of interest are the complex-valued permittivity ε and permeability µ. This is done

by illuminating the imaging domain with microwaves propagated from transmitters

placed in the measurement domain S and collecting the scattered electromagnetic

fields.

Figure 3: Geometrical schematic of the microwave imaging system. Tx and Rx represent the
transmitting and receiving antennas respectively. The domain D, which contains the ”object of
interest”, is the imaging domain. The domain S contains the transmitting and receiving antennas

9
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Figure 4: An overview of MWI procedure

These measured fields are the source of information in finding the constitutive pa-

rameters of the OI. The scattered fields are defined as:

Esct(~r) , E(~r)− Einc(~r) (1)

where E(~r) and Einc(~r) are electric fields in the presence of the OI and in absence of

it at position ~r = (x, y, z ), respectively.

10
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In a MWI system, an accurate numerical model of the experimental measurement

setup includes the numerical background and transmitter and receiver probes (EM

data sources and collectors). A “Forward” Solver is employed to collect numerical

data based on the synthetic model of the system. These data are used in conjunction

with the experimentally measured data and are input into an “Inverse” Solver, to

reconstruct an image of the OI. Fig. 4 provides an overview of this procedure. The

inverse solver used in this work is the FEM-CSI developed at the EIL [30]. It con-

siders the inverse problem as an optimization problem and minimizes the difference

between the actual measured fields and those generated by the forward solver.

In what follows, we describe how the scattered field is formulated based on the total

and incident fields, as well as obtaining the field equation that is iteratively solved by

the FEM-CSI solver to ultimately reconstruct the complex permittivity of the object

of interest. The total and incident fields satisfy the Maxwell’s equations in differential

form. These are in the frequency domain assuming ejwt time dependency:

∇× ~E = −jω ~B(~r) + ~M(~r) (2)

∇× ~H = jω ~D(~r) + ~J (~r) (3)

∇ · ~D(~r) = ρ(~r) (4)

∇ · ~B(~r) = 0 (5)

Here, ~D(~r) is the electric flux density, ρ(~r) is the electric charge density, ~B(~r) is the

magnetic flux density, ~E(~r) and ~H(~r) are the total electric and magnetic fields, j is

the imaginary unit equal to
√
−1, ω is the angular frequency equal to 2πf and ~M(~r)
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and ~J (~r) are imposed magnetic and electric sources, respectively.

Taking into account the constitutive relationships ~D(~r) = ε(~r) ~E(~r) and ~B(~r) =

µ(~r) ~H(~r) and substituting them into (2) and (3) and considering the OI to be non-

magnetic and assuming no magnetic sources we get:

∇× ~H(~r) = jωε(~r) ~E(~r) + ~J (~r) (6)

∇× ~E(~r) = −jωµo ~H(~r) (7)

Where ε(~r) = εoεr(~r) is the complex permittivity and µo is the free space permeability.

In our work, the object is assumed to be non-magnetic and thus, µr is considered to

be one. The complex permittivity ε at position ~r is:

ε(~r) = ε′(~r)− jε′′(~r) (8)

Taking curl of Eq. 7 we will have:

∇×∇× ~E(~r) = −jωµo∇× ~H(~r) = ω2µoε(~r) ~E(~r)− jωµo ~J (~r) (9)

Here, the wave-number k is defined as:

k2(~r) = ω2µoε(~r)εo (10)

Substituting Eq. 10 into Eq. 9 we get:

12
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∇×∇× ~E(~r)− k2(~r) ~E(~r) = −jωµo ~J (~r) (11)

Similar formulation can be written for the electric incident field ~Einc(~r) that is defined

as the field produced by the sources in the background (absence of OI).

∇×∇× ~Einc(~r)− ko2(~r) ~Einc(~r) = −jωµo ~J (~r) (12)

Here, the background wave-number can be written as k2o = ω2µoεo.

Based on formula described in (1), by subtracting Eq. 12 from Eq. 11, scattered

field will be obtained:

∇×∇× ( ~E(~r)− ~Einc(~r))− k2(~r) ~E(~r) + ko
2 ~Einc(~r) = 0 (13)

Rewriting the above equation in terms of scattered fields, we get:

∇×∇× ~Esct(~r)− ko2 ~Esct(~r) = (k2(~r)− ko2) ~E(~r) (14)

When electromagnetic fields illuminate an object, the scattered field can be repre-

sented as being produced by contrast sources, (k2−ko2) ~E(~r), as in the right-hand-side

of Eq. 14. The contrast source w(~r) is the induced current in the object created by

the incident field and is defined per transmitter as:
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~w(~r) , χ(~r) ~E(~r) (15)

Here, χ(~r) is the dielectric contrast that is satisfies the following relation:

χ(~r) =
εr(~r)− εo

εo
(16)

Based on the above formulations, we will obtain the scattered field for a transmitter

t, that is governed by the vector wave equation inside the imaging domain D as follow:

∇×∇× ~Et
sct

(~r)− ko2 ~Et
sct

(~r) = ko
2 ~wt(~r) (17)

The vectorial partial differential Eq. (17) can be solved using FEM given a set of

boundary conditions details of which are given in [38].

In the Dynamic Boundary Model Contrast Source Inversion (DMCSI) which is a

generalization of (CSI) algorithm, boundary conditions of the finite element model

are no longer assumed to be fixed; By changing boundaries we get varying total fields

which are the illuminating fields that induce contrast sources. Although there will

be a different contrast source for each boundary condition that is incorporated, the

contrast will remain the same. DMCSI works to update the contrast, χ, and contrast

sources, w, iteratively to ultimately minimize the cost functional within the frame-

work of the finite-element method. The DMCSI cost functional is made up of two

functionals:

14
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FDMCSI(χ, ~ωτ ) = FD(χ, ~ωτ ) + FS( ~ωτ ) (18)

Where ~ωτ is the contrast source vector per changing transmitter τ or changing bound-

ary conditions (BCs). The normalized data-error FS(~ω) and the normalized domain-

error FD(χ, ~ω) are given by:

FS( ~ωτ ) =

∑
τ

∥∥∥~Esct,meas

τ − ~MS ~Lτ [ ~ωτ ]
∥∥∥2
S∑

τ

∥∥∥~Esct,meas

τ

∥∥∥2
S

(19)

FD(χ, ~ωτ ) =

∑
τ

∥∥∥χ� ~E
inc

τ − ~ωτ + χ� ~MD ~Lτ [ ~ωτ ]
∥∥∥2
D∑

τ

∥∥∥χ� ~E
inc

τ

∥∥∥2
D

(20)

Here, τ denotes changing the transmitters and/or changing BCs in the finite element

model,MS andMD are interpolatory matrix operators, ~Lτ is the inverse FEM oper-

ator that incorporates the boundary conditions, ~E
sct,meas

τ is a vector of the measured

scattered fields at receiver locations per transmitter and or BCs in S, ~E
inc

τ contains

the incident field values in D and χ is the contrast values located in D. Details on

the above FEM-CSI formulation are provided in [30, 35, 39, 40]. A description of the

MR regularization techniques applied to the inversion is provided in [41] and [42].
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2.2 Significance of the Amount of Independant Interogration

Fields

When designing microwave imaging (MWI) systems, it is important to consider the

amount of independent data that can be collected by the system. The number of

independent measurements can be increased by using arbitrarily positioned antennas

in a non-symmetric imaging chamber. However, the total number of antennas in an

imaging system is limited by the size of the chamber, switching mechanism such as

the one shown in Fig. 5, including the hardware to feed the antennas as well as

mutual coupling between the antennas.

Figure 5: RF switch device used in order to multiplex the VNA ports and feed the 24 port systems

It has been well established that in any microwave imaging system, the accuracy

of the reconstructed permittivity map of the OI is proportional to the amount of

scattered field data collected at the receiver points within the chamber. That is, the

higher the amount of independent data collected, the more accurate the reconstructed

permittivity of the target will be [43, 44].
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There are several published studies that have attempted to expand the amount of

non-redundant data with focus on chamber design to improve the overall perfor-

mance and versatility of a microwave imaging system [45], as well as the ways in

which the interrogating fields can be varying either by changing the boundaries [36]

or by introducing external elements within the chamber such as FPEs to manipulate

the electromagnetic fields [39]. Fig. 6 shows the chamber used in [39].

There are two fundamental techniques which provide one the ability to increase the

total amount of data to be collected. First, by increasing the total number of spatial

sampling points and second, by increasing the amount of non-redundant interrogat-

ing fields. Normally, increasing the spatial sampling points requires more resources

in the form of more probes which in turn requires a switching mechanism hardware

leading to an increased cost and complexity of the design. For instance [34] has used

24 co-resident probes at 24 different receiver points within the chamber utilizing a

24-port switch to feed the system.

Figure 6: Cylindrical chamber with 24 monopole antennas used in [39]
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It is shown in [27], how a novel design of multiplexed Vivaldi antennas can be utilized

to collect both transverse electric (TE) and transverse magnetic (TM) by placing the

probes in horizontal and vertical positions inside the chamber thus collecting more

polarizations of the field in order to increase the amount of data. The Vivaldi antenna

used is shown in Fig. 7.

Although increasing the number of probes especially within a PEC chamber has

the added draw back of mutual coupling effects which can have considerable effects

on the system performance as well as additional devices which ultimately leads to a

more complex and expensive MWI system.

Figure 7: one of the Vivaldi antennas used in [27]

Techniques such as the modulated scattering technique (MST) [46] or the differential

scattering technique (DST) [19] have been developed to increase the number of spatial

sampling points without the need to increase the number of receiver points as well

as avoiding some of the problems associated with mutual coupling of the antennas.

However, MST/DST probes can only be used to increase the number of spatial sam-

pling points and not the amount of interrogating fields. This limitation can have a
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significant effect on the accuracy of the image reconstructed from these field data [47].

On the other hand, the techniques considered herein leading to the generation of

unique illuminating fields and thereby eliminate several of these drawbacks by al-

lowing us to use fewer antennas which lead to less mutual coupling effects as well

as eliminating the need for an additional switching device to feed a high number of

probes. In [39], it has been shown how increasing the amount of interrogating fields

by making use of active elements placed within the chamber can help enhance the

reconstructed permittivity map of a dielectric target inside a metallic chamber.

Also in [36], it has been shown how a rotatable conductive enclosure is used to in-

crease the amount of interrogating fields that are collected at each static position of

the chamber by making use of a minimal antenna array having as few as only four

co-resident antennas. The antenna array remains fixed with respect to the imaging

domain and only the boundary of the PEC chamber is rotated leading to creation of

more non-redundant field data without the need to add more probes to create higher

spatial sampling points.

In the research presented herein we show that using a small active field perturbing

element inside a conducting imaging chamber can enhance the imaging performance

by removing the symmetry of the field distribution and increasing the number of

illuminating fields [39]. We investigate the effect of using dynamic boundaries for

changing the distribution of the fields inside a chamber. We investigate their effect

on increasing the amount of independent interrogating fields. Numerical and exper-

imental results from a simple wooden target in air background will be used to show

the effectiveness of this technique.
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Chapter 3

Hardware Setup and Implementation

3.1 Field Perturbing Elements

In metallic enclosures, the placement of conducting objects can considerably vary the

field distribution within the chamber. As will be shown, increasing the number of

illuminating sources by including Field Perturbing Elements (FPEs) to the imaging

system has a significant effect on the enhancement of the reconstruction results. FPEs

influence the performance of a microwavce imaging system by perturbing the inter-

rogating fields within the chamber leading to a higher amount of non-redundant data.

The chamber consists of eight sides that are screwed together and the open space

between each side is covered by copper tape to ensure proper shielding. The recon-

figurable plates are placed in between the adjacent sides held firmly by bolts from

outside the chamber. The placement of the FPEs within the chamber is depicted in

Fig. 8 and Fig. 9. Two of the monopole antennas are also shown in the figure.

There are two FPEs placed in the chamber across from eachother at different depths

from the top of the chamber. The placement of the monopole E-field probes as well

as the FPEs are visible in the figures below.
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Figure 8: Placement of FPEs within the PEC Octagonal Chamber

Figure 9: Placement of FPEs within the PEC Octagonal Chamber (perspective view)

Each FPE printed circuit board (PCB) is comprised of five conducting traces (seg-

ments). There are diodes on each segment and the length of each segment is 1 cm

and with spacing of 1.8 mm between every two segments as shown in Fig. 10. They

are implemented on a printed circuit board which are controllable in the sense that

they can be put to forward or reversed biased mode. With the microwave frequency
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of operation being 1GHz - 2GHz, when in forward biased mode (ON), the traces will

be electrically connected to create a long shorting element that will perturb the elec-

tromagnetic waves within the chamber. When in reversed biased mode (OFF), the

traces are effectively broken into small 1 cm segments that are effectively invisible to

the waves inside the chamber. Figure below shows the Field perturbing element:

Figure 10: Field Perturbing Element

The electronic design of the FPEs was implemented on a PCB using surface mount

SMD parts including resistors, capacitors and diodes. An input voltage of 6.5V - 10V

is used at the D.C. input terminals of the FPE to control the bias of the diodes. The

input DC voltage is controlled using the driver circuit device that reads commands

directly from the accompanying computer to control which FPE should be put in

ON/OFF mode at any one time. Fig. 11 shows the electronic schematic of the FPE.
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Figure 11: schematic of the Field Perturbing Element

For more clarification on how each FPE trace is integrated in the design, the following

figure shows the utilization of diodes to connect the traces together and to have the

ability to connecting and disconnecting them using a command computer. The three

bypass capacitors are implemented to prevent short circuit and to ensure the diodes

will be forward biased when voltage is applied at the input. The negative terminal is

grounded in the power source.

Figure 12: Integration of the sub-wavelength traces in the PCB design
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Fig. 13 and Fig. 14 show the high frequency equivalent circuit of the FPEs in OFF

and ON modes as seen by the illuminating wave.

Figure 13: High frequency model for the Field Perturbing Element in OFF mode

Figure 14: High frequency model for the Field Perturbing Element in ON mode

Values of the parts are shown below:

- R1 = 110 Ohms

- R2 = 110 Ohms

- C1 = 215 PF

- C2 = 210 PF

- C3 = 210 PF
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The part number for the surface mount PIN diodes are BAR64-02V. The voltage drop

across each of the diodes in an unbiased state is 0.648 V and the voltage drop across

the LED is 1.7 V. To put the diodes in forward or reversed biased mode, the FPEs

are connected to the proper end (positive or negative) of the probe driver details of

which are described in section 3.3. In forward biased state, the five patches (traces)

shown in Fig. 12 will be electrically shorted, at microwave frequencies, forming a long

PEC plate which in turn will perturb the fields.

On the other hand, when in reversed biased or in OFF mode, each of the five patches

shown in the figure will be disconnected from one another leading to a series of short

segments that, at microwave frequencies, will be invisible to the fields within the

chamber as the length of the individual elements will be much less than that of the

wavelength l << λ.
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3.2 Chamber Design

Throughout this work, we take advantage of of the electrically conductive sides of our

imaging chamber which serves as both probe and FPE holder (on the inside of the

walls) as well as a shield from outside interference. Utilizing a quasi-resonant cham-

ber of this type significantly varies the distribution of the electromagnetic energy in

comparison with that of an open system. The field distribution is now in the form of

standing-wave modes. These will be quite complicated because of the octagonal shape

of the chamber and the open top. Making use of PEC boundaries of the chamber

allows for more accurate modelling of reflections at the boundary because the PEC

boundaries can be easily modelled using PEC boundary conditions on the tetrahedral

facets in the FEM code.

(a) Octagonal Metallic Enclosure with Open Top (b) Octagonal Metallic Enclosure in Imaging Mode

Figure 15: Metallic Octagonal Chamber used in this Experiment

Fig. 15 shows the constructed measurement chamber. Each of the four thin wire

monopole E-field antennas are attached to one of the side walls positioned across

from one another. Two of the probes are located 11 cm from the top surface of the
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chamber and two of them located 7 cm from the top surface to create a more asym-

metrical setting. The two FPEs are also placed across from each other on different

depths from the top surface at 3.7 cm and 7.6 cm respectively. The schematic depic-

tion of the chamber including the probes and the FPEs are shown in Fig. 16 and Fig.

17.

The design of this quasi-resonant chamber allows data collection for both H-field

as well as E-field. Collection of each of these field components require a different type

of antenna. Also, as a robust design, the chamber allows for an arbitrary number of

probes to be placed in it. To this end, there are holes drilled on each wall to place the

antennas and the extra drill holes are covered by copper tape for shielding purposes

for scenarios where a small number of antennas are being utilized.

In Fig. 16 and Fig. 17, the antenna positions within the octagonal chamber are

marked by blue dots and the electric field polarization each antenna receives is shown

by red arrows, i.e., each antenna is sensitive to the normal electric field En polar-

ization. Each probe’s polarization is relative to the facet it is adhered to. i.e. each

En probe measures the component of the electric field that is normal to its facet.

The FPE plates are also shown in the figures below and their positions within the

enclosure is specified.
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Figure 16: Octagonal Chamber (side view). Blue dots represent the monopole antenna positions
and the red arrows represent their polarization. The two gray plates represent the FPEs

Figure 17: Octagonal Chamber (top view). Blue dots represent the monopole antenna positions
and the red arrows represent their polarization. The two gray plates represent the FPEs
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3.3 Characterization of the Object of Interest

In our experiments, the OI that was chosen for testing, was a demoisterized dry

wooden sphere of 50 mm diameter shown in Fig. 18a. Fig. 18b shows the placement

of the wooden OI inside the chamber hung by a non-conductive thread of length 6.2

cm from the top plate. A vector network analyzer (VNA) as well as a dielectric probe

is used to measure the electrical properties of the object. For this purpose, a spherical

wooden object that is identical to the OI was cut in half as shown in Fig. 19a so that

it could be placed under the dielectric probe shown in Fig. 19b with the probe laying

flatly on top of it.

(a) Wooden Object used as OI (b) Wooden OI inside the Chamber

Figure 18: The wooden target and the placement of it within the imaging chamber

The VNA measures the electrical properties of the object, specifically ε′ and ε′′.

Details on the method in which the properties are obtained can be found in [48, 49].

In order to make an accurate reading of the properties, the VNA must be calibrated

with a known material such as water first. At which point the proper range of

frequencies is selected (1 GHz - 2 GHz) and the probe is placed on the wooden object

to perform measurements. From the S11 readings, the real and imaginary permittivity

values are extracted for 101 frequency points across the frequency range.
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(a) Wooden Object cut in half (b) Dielectric Probe

Figure 19: The wooden target and the dielectric probe used to measure its electrical properties

Figure 20: VNA set up to measure the electrical properties of the target
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The following graphs show the measured values of ε′ and ε′′ obtained from the mea-

surements. The object is considered homogeneous and its complex permittivity value

is obtained from Eq. 8.

Figure 21: Real Permittivity of the Wooden OI over the 1 GHz - 2 GHz Frequency range

Figure 22: Imaginary Permittivity of the Wooden OI over the 1 GHz - 2 GHz Frequency range
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Since we are utilizing a dielectric object of interest, it must allow sufficient wave pen-

etration. As in our experimental measurements the frequency of operation is between

1 GHz - 2 GHz, it is essential to verify that there will be adequate interrogation en-

ergy into the target for optimized imaging. Equation below calculates the penetration

depth based on frequency as well as electric and magnetic properties of the OI [50]:

δ =

√
2ρ

ωµ

√√
1 + (ρωε)2 + ρωε (21)

Here, δ denotes the wave penetration in meters [m] to the depth where the inter-

rogating field loses 37% of its initial power and ρ is the resistivity of the target. Using

one of the exemplary inversion frequencies f = 1.15 GHz, and knowing the free space

permeability µ0 = 4π×10−7 [H/m], we can obtain the skin depth based on the above

relation once the conductivity σ is calculated. Since our OI is considered to be non-

magnetic, µr is assumed to be 1.

To calculate the resistivity ρ, of the material, first the electrical conductivity σ, must

be obtained from which the resistivity can be calculated. For this purpose we make

use of the Ampere’s law as stated in Eq. 22. In the following equation, ~Jc denotes

the conduction current.

∇× ~H = jωεoε̂r ~E + ~Jc (22)

The conduction current ~Jc is defined as follow:
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~Jc = σ ~E (23)

Substituting (23) into (22) and factorizing the right hand side, we get:

∇× ~H = jωεo(ε̂r − j
σ

ωεo
) ~E (24)

Further simplifying; the right hand side can be written as:

jωεo(ε
′
r + jε′′r) ~E (25)

From the above relation, we can deduce a relationship between the electrical conduc-

tivity σ, and the imaginary permittivity ε′′ as follow:

ε′′r = − σ

ωεo
(26)

From the above equation, conductivity σ, can be obtained. Resistivity ρ is calculated

based on ρ = 1/σ. By substituting this value into Eq. 21, the penetration depth of

the illuminating wave is calculated to be 59.31 [meters]. This means that the wave

will fully penetrate into the object and adequate electromagnetic scattered field data

will be collected at the receiver points.

To approximate the wave that reflects back due to impedance mismatch and to es-

tablish that there will be sufficient power entering the OI, the reflection coefficient is

considered in order to obtain the percentage of power that is reflected at the surface
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and in turn retrieving the transmission coefficient. For this instance, plane wave in-

cidence at normal is used as example.

Γ =
η2 − η1
η2 + η1

(27)

Here, Γ is the reflection coefficient, η2 is the impedance of the OI and η1 is the

impedance of the background that in our case is air. Choosing frequency of 1.15

GHz which is one of the inversion frequencies, and substituting the ε′′r and ε′r values

obtained from Fig. 21 and Fig. 22 into Eq. 27, the reflection coefficient is calculated

to be roughly -0.2. Substituting this value into Eq. 28, the transmission coefficient

T, is calculated to be 0.8.

T = 1 + Γ (28)

The power transmission coefficient |T |2 will be 0.64 meaning that 64% of input power

enters the OI. Considering both approximations discussed herein, it is concluded that

there will be ample interrogation energy and sufficient power entering the OI.
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3.4 VNA and Probe Driver Operation

For all our measurements in this research, we have utilized a 4-port Vector Network

Analyzer (VNA) feeding the four probe chamber system. The VNA is the transceiver

that allows us to transmit illuminating energy into the chamber and receive energy

at each antenna. The VNA makes measurements in the form of S-parameters. Using

only four antennas, relieves us from the need to use a RF switch multiplexer device or

to use a VNA with higher number of ports. Fig. 23 shows the 4-port VNA (Agilent

E5071C) used in this project.

Figure 23: 4-port Vector Network Analyzer

Since utilization and reconfiguration of the FPEs is a major part of this design, a

control device is utilized which allows us to set each FPE placed within the chamber

to ON or OFF mode by sending a biasing voltage to the desired FPE. This device is

called the probe driver and was designed by 151 Research Inc. [51].

The front panel of the device features 24 pin headers for connections to probes that

are in this case FPEs. Each pin header can be connected to six probes. The positive
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(a) Probe Driver device (b) DC Power Supply

Figure 24: The Power Supply and the MST Probe Driver

voltage lead from a FPE is connected to the top row of the desired column (one

through six) and the negative voltage lead from a FPE is connected to the bottom

row of the same column to ensure proper biasing. The back of the device features a

USB connection to the internal microcontroller, and banana jack connection to the

BK Precision 1687B power supply which is a DC power supply with the desired volt-

age setting required to power the probe driver.

Figure 25: Close up of the front panel of the probe driver and pin connections

Communication with the probe driver is done over the USB port on the back panel.

Power for the internal circuitry is also provided over this port. The probe driver is

connected to a command computer with a serial terminal application (e.g. PuTTY)
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with a USB cable and commands are sent to the device in the form of 32 digit binary

code specifically activating the desired pins. For example, in order to set the FPE

that is connected to the pin showing in Fig. 25, the code that is sent to the probe

driver is as follow:

“00000000000100000000000000000000”

Considering Fig. 25 as an example, the pin to be activated is the sixth pin on WG12.

In the binary code shown above, the first six characters refer to the pins on WG11,

the second six characters refer the pins on WG12 and so on. To activate each pin

using the binary code, the binary character referring to that pin is set to “1”, while

other characters are set to “0”. Therefore, the binary code to activate the above pin

shown in Fig. 25 is the 32 digit code shown above.

The voltage of the BK Precision supply can be set manually to voltages from 0.8

V to 36.2 V. For this experiment the voltage is set to between 6.5 V and 9 V. The

overall setup is shown in Fig. 26.
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Figure 26: Overall Setup showing the probe driver, the VNA, the chamber as well as the control
computer

As shown in the above picture, the four coaxial cables are connected to the four

ports on the VNA on one end and to the monopole antennas inside the chamber on

the other end. The cables are calibrated to make sure that they are in phase. The

Precision power supply is also shown that is connected to the probe driver. The FPEs

placed in the chamber are connected to the pins on the front panel of the probe driver

device that is controlled by the command computer.
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Chapter 4

Proof of Concept and Simulations

4.1 Proof of Concept

As described in the previous chapters, different combinations of FPE patterns of

ON/OFF give rise to varying EM fields within the chamber without the need to

modify and manipulate the Tx-Rx pairs and/or the chamber to create more non-

redundant data. To this end, a brief experiment was conducted to verify that varying

experimentally collected fields are observed when toggling FPEs between ON and

OFF modes.

To investigate the proper operation of the field perturbing elements, two FPEs were

placed on either end of the chamber across from each other at the same height from

the top surface. Two magnetic or electric field probes were placed on opposite walls of

the chamber, 90 degrees along the circumference to where the FPEs are located, to act

as transmitter as well as collect the data. For this experiment both E-Fields and H-

Fields were collected in the frequency range 1 GHz - 3 GHz. Fig. 27a shows the setup

for the case with monopole E-field probes to collect the E-Fields. In the numerical

FEM model the transmitting probes are modelled as point sources. The chamber

includes a metallic top with a circular hole that is covered by an absorbing foam

during measurements. The empty circular top is modelled as an absorbing boundary

condition (ABC) and is shown in Fig. 27b. Fig. 281 shows a direct comparison, in

dB, of the fields with the FPEs in different modes in an empty chamber for both

synthetically and experimentally collected data.

1Note that in Fig. 28, the synthetic plots show the field quantities while the experimental plots
show the S21 values. For convenience in comparison they are plotted in the same graph.
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(a) Octagonal metallic measurement chamber
(b) Numerical chamber showing the top mod-
elled as ABC

Figure 27: Two-probe setup to inspect the effect of FPEs

Figure 28: Numerical (field values) vs. experimental (S21) in different FPE modes (ON/OFF)
for frequency 1GHz - 3GHz. SynOFF shows the synthetic case where FPE is in OFF mode and
SynON shows the same with FPE in ON mode. ExpNon shows the measured field with no FPE in
the chamber. ExpOFF shows the measured field with FPE in OFF mode and ExpON shows the
measured fields with FPEs in the ON mode
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It is clearly observed that the measured fields follow very similar patterns as the

synthetically collected fields which validates the model and also confirms that FPEs

that are ON/OFF can be modelled by thin PEC surfaces or no surfaces, respectively,

in the FEM algorithm. Moreover, the change in the collected fields once the FPE

mode is toggled is clearly visible which further shows that this is a viable technique

to modify the field within the chamber.

Fig. 29 shows the experimentally measured S21 fields in three different modes. First,

when there are no FPEs present in the chamber. Second, when the two FPEs are

in reversed biased/passive mode (OFF). And third, when they are in the forward

biased/active mode (ON). It can be deduced from the figure below that the FPE

mode has a readily observable effect on the field within the chamber. That is, the

field within the chamber is considerably different when the FPE is in active mode as

compared with when it is in the passive mode.
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Figure 29: Measured S21 for different modes of the FPEs in the frequency range 1GHz - 3GHz.
Red plot shows the case with no FPEs in the chamber, Blue plot shows the case when FPEs are in
OFF mode and the Green plot shows the case with the FPEs in ON mode
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4.2 Synthetic Analysis of the Field Distribution

In order to further evaluate the efficacy of the FPEs and their ability to alter the

field distribution inside the enclosure, a numerical analysis was conducted with the

chamber being modelled to the size of the actual measurement chamber and two

FPEs placed in the same position within the chamber as in the experimental case.

As stated previously, in the FEM forward solver, for the case where an FPE is in the

ON position it is modelled by a PEC surface. For the case that the FPE is in the

OFF position, it is modelled as non existent.

The different cases of FPEs being in different modes within an otherwise empty

chamber were modelled using the forward FEM solver the results were input in PAR-

AVIEW to get a visual on the field distribution in different states of FPE combina-

tions. The fields were simulated at several frequencies in the bandwidth of interest and

two exemplary frequencies: 1.13 GHz and 1.15 GHz, are here looked at in more detail.

It is shown that fields in two different frequencies due to the excitation of the model

with a ρ-directed monopole (that is modelled by a point source) differ significantly

which is another testament to frequency dependence of MWI particularly in a metal-

lic enclosure. It is also observed that the field is altered substantially when the mode

of the reconfigurable plate is toggled. Fig. 30 and Fig. 31 show the change in field

distribution in magnitude and phase of the fields in different FPE modes and fre-

quencies. Electric field distribution in ẑ and ŷ polarizations are shown when one of

the ρ-directed monopole E-field probes is transmitting.
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(a) Ey , Magnitude (OFF) (b) Ey , Magnitude (ON)

(c) Ey ,Phase (OFF) (d) Ey ,Phase (ON)

(e) Ez , Magnitude (OFF) (f) Ez , Magnitude (ON)

(g) Ez , Phase (OFF) (h) Ez , Phase (ON)

Figure 30: Magnitude and phase of the Ey and Ez inside a metallic enclosure when Eρ is excited
when dynamic boundaries are in (a,c,e,g) passive/OFF mode and (b,d,f,h) active/ON mode at
1.13GHz
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(a) Ey , Magnitude (OFF) (b) Ey , Magnitude (ON)

(c) Ey ,Phase (OFF) (d) Ey ,Phase (ON)

(e) Ez , Magnitude (OFF) (f) Ez , Magnitude (ON)

(g) Ez , Phase (OFF) (h) Ez , Phase (ON)

Figure 31: Magnitude and phase of the Ey and Ez inside a metallic enclosure when Eρ is excited
when dynamic boundaries are in (a,c,e,g) passive/OFF mode and (b,d,f,h) active/ON mode at
1.15GHz
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It is noted from the above diagrams that both magnitude and the phase of the field

distribution inside the chamber are changed when the mode of the dynamic boundary

elements are toggled (active/passive). It is also noted that the field distribution is

significantly different in the two frequencies due to the metallic and resonant nature

of the enclosure that is modelled as PEC in this numerical experiment.

Looking at Fig. 30a and Fig. 31a when the FPEs are modelled as non-existent,

the field distribution of the magnitude of Ey is considerably different at the two fre-

quencies. That is, the field is more intense at 1.15 GHz than at 1.13 GHz. A similar

comment can be made for the field distribution of the magnitude of Ez, that it is also

more intense at 1.15 GHz when the FPEs are modelled as passive. When the FPEs

are in the active mode however, the magnitude of the field is of higher intensity at

1.13 GHz.

Fig. 30h and Fig. 31h show the field distribution of the phase of Ez within the

chamber at 1.13 GHz and 1.15 GHz respectively. As shown in the diagrams, the

phase variations surrounding the FPEs at 1.13 GHz is significantly higher than the

phase variations at 1.15 GHz. A similar observation is true for the phase of Ey.

Comparing the field distributions at the two frequencies considered herein, it can be

deduced that toggling the FPE modes have a clear and observable effect on the field

distribution on both magnitude and phase. This effect however, is more significant

at the frequency of 1.13 GHz compared with 1.15 GHz.
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4.3 Simulation Setup

In order to be able to validate the feasibility of the FPE technique and to gather

applicable evidence that utilizing FPEs to increase the amount of collected data will

in fact enhance the accuracy of permittivity reconstruction of the OI, a series of nu-

merical tests were performed using FEM-CSI.

A synthetic octagonal chamber similar to the actual enclosure but with shorter side

lengths was designed with 16 FPEs positioned inside it. The OI in this case was a

sphere of 55 mm diameter positioned 2.5 cm off-center and is positioned at 2.65 cm

from the top surface of the chamber. The height of each of the side walls are 15.65 cm

and the four receivers are positioned on four walls across from each other. Numerical

data was collected in normal E-field polarization and was inverted on five frequencies

to obtain permittivity reconstruction of the OI.

Figure 32: Schematic depiction of the 16 FPEs and the target with the chamber with side walls
with the height of 15.65 cm and length of 12.14 cm
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Figure 33: Difference in the FPEs OFF/ON mode of the synthetically collected fields utilizing four
antennas in the empty chamber for all Tx-Rx pairs in the frequency range 1 GHz - 2 GHz

The above figure shows the difference between the synthetically collected fields in

two modes: first, when the FPEs are in OFF mode (modelled as non-existent) and

second, when two FPEs are in ON mode (modelled as PEC plates) for all Tx-Rx pairs

in the empty chamber. Five frequency points were selected based upon Fig. 33. The

frequencies to attempt inversions at were selected to be the ones with the greatest

change in the magnitude of the collected fields when the FPEs are toggled OFF/ON.

The y-axis shows the difference between the OFF mode and the ON mode while the

x -axis portrays the frequency range 1 GHz - 2 GHz. The goal is to select frequencies

where the collected field data showing the difference between the OFF and ON mode

follows the same pattern for all or most of the Tx-Rx pairs. Therefore, the selected

frequency points based on the above criteria are 1.07 GHz, 1.12 GHz, 1.36 GHz and

1.61 GHz and 1.84 GHz.
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Table (1) shows the details of the numerical design setup:

Total number of transmitters 4
Total number of receivers 3
Total number of FPEs 16
Number of FPE configurations 16
Total amount of data 192
Total number of Tetrahedra 95551
Tx/Rx polarization E-Normal
Target permittivity 2.0-j0.2
Background permittivity 1.0-j0.001

Table 1: Numerical Inversion Details

4.4 Numerical Inversion Results

In this section numerical inversion results are presented for the five frequencies se-

lected based upon the above criterion. Figures on the left show the case where no

FPEs are used with the total amount of data being 12 (Sii removed). Figures on

the right hand side show the case where 16 configurations of the FPEs are utilized

giving rise to total amount of data of 192. The results are shown for each of the

five frequency points individually for comparison. The final reconstructed permittiv-

ity map is thresholds for each frequency so that the target can be easily distinguished.
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Figure 34: F = 1.07GHz, Left: No FPEs utilized, Right: 16 FPEs combination. Threshold set
from 4% below the maximum to the maximum permittivity

Figure 35: F = 1.12GHz, Left: No FPEs utilized, Right: 16 FPEs combination. Threshold set
from 4% below the maximum to the maximum permittivity

.

Figure 36: F = 1.36GHz, Left: No FPEs utilized, Right: 16 FPEs combination. Threshold set
from 8% below the maximum to the maximum permittivity
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Figure 37: F = 1.61GHz, Left: No FPEs utilized, Right: 16 FPEs combination. Threshold set
from 3% below the maximum to the maximum permittivity

Figure 38: F = 1.84GHz, Left: No FPEs utilized, Right: 16 FPE combination. Threshold set from
6.5% below the maximum to the maximum permittivity

From the simulation results it can be clearly deduced that increasing the amount of

non-redundant data by the use of FPEs is attainable and there is significant improve-

ment to the image when utilizing the increased amount of data with the incorporation

of the FPE combinations.

In addition, it is observed from the above figures that the frequency dependency

of the results is still significant where for instance at frequency of 1.61 GHz there are

no meaningful enhancement of the image. We see that at 1.84 GHz the improvement

is minimal whereas most of the observable imaging performance enhancement has

have taken place in the lower frequency spectrum, specifically at 1.07 GHz and 1.12

GHz.
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Based on Fig. 33, the frequencies where we have a meaningful improvement in the

OI reconstructions are the ones that the difference in the OFF/ON modes are con-

sistent and close between all Tx-Rx pairs. Examples of this would be at frequencies

1.07 GHz, 1.12 GHz and 1.36 GHz where the reconstructed permittivity of the OI is

considerably more accurate for the case when the FPEs are being utilized compared

with the case when no FPEs are incorporated.

At frequencies where a subset of Tx-Rx pairs dominate the interrogation energy,

there are no meaningful improvements in the target reconstruction due to dominat-

ing data-error by those Tx-Rx pairs. Examples of these frequencies are 1.61 GHz and

1.84 GHz. At those frequencies, there are still observable changes in the reconstructed

permittivity map due to the varying field distribution within the enclosure and the

more independent data that is generated but the reconstructions do not pinpoint the

location of the OI the same way as in the mentioned lower tier frequencies.

The focus of this chapter was first to prove that placement of the field perturb-

ing elements within the metallic resonant chamber will change the field distribution

within the enclosure. For this purpose, a number of experiments were performed to

confirm the changes in field distribution due to utilization of FPEs. The second focus

was to synthetically show that the variations in the field distribution will lead to

generation of more independent data which ultimately leads to enhancement in the

imaging performance and reconstruction of the OI.
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Chapter 5

Experimental Results

In this chapter, the experimental setup and inversion results as well as the modelling

approach, frequency selection and data calibration are presented and discussed. For

the experimental system, the chamber with side walls of height 19.65 cm and length

12.14 cm has been designed and utilized. Four monopole E-field probes as well as

two FPEs are placed in the chamber as shown in Fig. 39. The wooden target (OI

characteristics described in detail in chapter 3.3) was placed in two different positions

diagonally at 2 cm off-center and at the height of 6.2 cm from the top surface of the

chamber. A numerical model of the full sized chamber has been developed with the

probes and FPEs in the exact same positions as in the experimental chamber.

In the following sections, the frequency selection procedure and criteria based on

the match between the measurement system and the numerical model is discussed

and analyzed. Based on the chosen frequency points, a calibration procedure is also

discussed in the following section which discusses calibrating the measured data with

those of the synthetically collected ones. Finally the inversion results are presented

showcasing the effectiveness of the FPE technique in permittivity reconstruction of

the OI.

5.1 Frequency Selection and Modelling Error

It is well observed that MWI in metallic imaging chambers is highly frequency depen-

dent where slightest perturbations inside the chamber creates vastly different collected

fields. Thus, as the frequency selection criterion, it is of considerable importance for
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Figure 39: Experimental chamber incorporating four monopole E-field probes as well as two FPEs

data to be collected at frequency points where there is significant match between the

incident fields with different combinations of FPEs. In other words, the measured

fields inside the chamber in the absence of the OI must match closely with those of

the synthetically collected fields with the absence of the OI for as many of the Tx-Rx

pairs as possible.

For this purpose, experimental incident field data were collected at 101 frequency

points in the range of 1 GHz - 2 GHz in 10 MHz increments and compared with those

of the synthetically collected fields with all three combinations of the FPE modes.

Specifically, the first combination is when both FPEs are in OFF mode. In the second

combination, one FPE is set to ON while the other remains in OFF mode. In the

third combination, both FPEs are set to ON mode.

Utilizing the four probes in the chamber and without the inclusion of the FPEs, the

total number of collected data equals the number of transmitters, nTx, multiplied

by the number of receivers, nRx, (nTx × nRx = 16). When all three combinations

of the FPEs are incorporated, the total number of collected data for the target at
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each position is multipled by the number of FPE combinations, nFPE, and will be

equal to nTx × nRx × nFPE = 4 × 4 × 3 = 48. For each round of data collec-

tion cycle, the Sii terms are ignored therefore the total number of independent data

utilizing FPEs will be 48 - 12 = 36 and without utilizing them will be 16 - 4 = 12.

It is noted that this is a relatively small amount of data to perform 3-D inversions,

but the target is a simple sphere and the point of this exercise is to validate that us-

ing FPEs can increase the amount of independent data resulting in improved imaging.

One round of data collection is performed for each FPE combination resulting in

three times the amount of non-redundant data collected. The resulting incident field

data are compared and it is determined that at the following frequency points the

correlation coefficient between the measured and numerical incident fields are higher

than 65%: 1.13 GHz, 1.14 GHz, 1.15 GHz, 1.16 GHz, 1.86 GHz and 1.87 GHz.

Correlation coefficient values which have been calculated on the magnitudes of the

field are obtained based on the following relation:

ρ(A,B) =
1

N − 1

N∑
n=1

(
Ai − µA
σA

)(
Bi − µB
σB

) (29)

Here, A is the measured S-parameter and B is the synthetically collected incident

field. Both collected fields are normal component of the electric field. µ and σ are

the mean and standard deviation respectively.

The following figures compare the normalized measured vs. numerical incident fields

at the aforementioned frequency points.
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(a) F = 1.13GHz

(b) F = 1.14GHz

(c) F = 1.15GHz

Figure 40: Measured vs. Numerical incident fields for frequencies 1.13 GHz, 1.14 GHz and 1.15
GHz. Measured and Numerical data are depicted by red and blue plots respectively
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(a) F = 1.16GHz

(b) F = 1.85GHz

(c) F = 1.86GHz

Figure 41: Measured vs. Numerical incident fields for frequencies 1.16 GHz, 1.86 GHz and 1.87
GHz. Measured and Numerical data are depicted by red and blue plots respectively
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In the above figures, the x -axis shows the transmitter-receiver (Tx-Rx) numbers with

the Sii terms ignored. We utilize two FPEs in three combinations. The first combina-

tion being where both FPEs are in OFF mode. In the second combination one FPE

plate is in OFF mode while the other is in ON mode and in the third combination,

both FPEs are set to ON mode. The first 12 numbers on the x -axis show the first

FPE combination with both FPEs being OFF. 13 - 26 are for the case when one FPE

is ON while the other is OFF. Finally the Tx-Rx pairs from 27 - 36 refer to the third

combination where both FPEs are ON. The y-axis depicts the normalized magnitude

of the incident fields.

Table (2) presents the correlation coefficient values at each frequency between the

measured and synthetic incident fields:

Frequency, GHz Correlation Coefficient
1.13 0.7511
1.14 0.6742
1.15 0.7533
1.16 0.7063
1.85 0.8239
1.86 0.8337

Table 2: Correlation coefficients between simulated Einc,sim and measured fields Einc,meas at six
frequency points

58



Application of Electrically Reconfigurable FPEs in MWI Experimental Results

5.2 Calibration

When comparing the experimentally collected data to the synthetic ones, there are

always some mismatches between the measurement system and the numerical model.

For instance the mismatch includes the fact that measurements collect voltages at

the ends of antenna/cable systems whereas the numerical models output field values.

In addition there will be inaccuracies in modelling boundary conditions and the di-

electric properties of the target being modelled. The accuracy of the model itself can

be improved by either creating a more complex numerical model [52] or by design-

ing a less complex experimental system. Increasing the complexity of the numerical

model can dramatically raise the computational burden. So the next option is to

reduce the complexity of the imaging system by reducing the number of sources and

receivers and/or by utilizing simple probes and chambers that can be easily modelled.

In the end, the experimental data must still be calibrated, but the effectiveness of the

calibration and the resulting imaging results will be much improved if the modelling

error is low.

There are two major techniques for calibrating the experimentally measured data

inside an imaging chamber when utilizing a homogeneous background [34, 53]:

- “Incident Field Calibration” shown below in Eq. 30

- “Scattered Field Calibration” shown below in Eq. 31
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Esct,cal
r,t =

Einc,empty
r,t

U inc,empty
r,t

(U tot,OI
r,t − U inc,empty

r,t ) (30)

Esct,cal
r,t =

Esct,calobj
r,t

Utot,calobj
r,t −U inc,empty

r,t

(U tot,OI
r,t − U inc,empty

r,t ) (31)

Here, the calibrated scattered field values are provided for a given transmitter t and

receiver r. Esct,cal
r,t is the calibrated scattered field, Einc,empty

r,t is the simulated incident

field (empty chamber), U inc,empty
r,t is the measured incident field (empty chamber),

U tot,OI
r,t is the measured total field in presence of the OI, Esct,calobj is the simulated

scattered field for the calibration object and U tot,calobj
r,t is the measured total field for

the calibration object.

When utilizing reconfigurable FPEs, one round of data is collected for each com-

bination of the FPE mode. As described earlier, we utilize three FPE combinations

therefore three rounds of data collection cycles are performed. The individual data

sets are then added together leading to an increased amount of overall independent

data which is ultimately input in the calibration algorithm that is based on Eq.

30. Given that the OI is imaged against a homogeneous air background for the ex-

periments performed herein, we have made use of incident field calibration which

eliminates the need for utilizing additional calibration objects.
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5.3 Inversion Results

To evaluate the performance of the FPE methodology, experimental tests were per-

formed utilizing the imaging setup shown in Fig. 26. Data was collected and inverted

at two frequencies, 1.13GHz and 1.15GHz, at two different OI positions and for two

different cases. First, for the case where there are no FPEs present in the chamber and

second, for the three FPE configurations providing us with three times the amount

of data. Table (3) shows the computational requirement for each of these inversions:

Number of
Bkg

Tetrahedra

Iteration
Count [s]

Amount of
Data

Time per
Iteration

Total
Inversion

Time
93244 300 12 5.6 00:00:26
93244 300 36 17.20 00:01:27

Table 3: Required computational resources for 300 iteration inversion of discretized mesh on 32
cores

The following figures present the experimental inversion results and compare the two

cases, with and without FPEs, and their effects on the final reconstructed permit-

tivity map of the OI. The diagrams below show the 3-D inversion results for the

spherical wooden OI that its real and imaginary permittivity values are given in plots

of Fig. 21 and Fig. 22. According to the plots, the complex permittivity of the OI

at 1.13 GHz and 1.15 GHz is approximately 2.33 - j0.11. The diagrams below show

the results from different angles at the two frequency points being considered. Note

that the permittivity reconstructions are thresholded and the threshold percentage is

given for each frequency in the following figures.
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(a) No FPEs (side view) (b) 3 FPE combinations (side view)

(c) No FPEs (top view) (d) 3 FPE combinations (top view)

Figure 42: Experimental inversion results at 1.13GHz for the target at Position 1. (a,c) are the
case where no FPEs are incorporated whereas (b,d) are the case where 3 FPE combinations are
utilized. Threshold set from 12.5% below the maximum to the maximum permittivity. (dashed
sphere shows the approximate position of the target)
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(a) No FPEs (side view) (b) 3 FPE combinations (side view)

(c) No FPEs (top view) (d) 3 FPE combinations (top view)

Figure 43: Experimental inversion results at 1.15GHz for the target at Position 1. (a,c) are the case
where no FPEs are incorporated whereas (b,d) are the case where 3 FPE combinations are utilized.
Threshold set from 18% below the maximum to the maximum permittivity. (dashed sphere shows
the approximate position of the target)
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(a) No FPEs (side view) (b) 3 FPE combinations (side view)

(c) No FPEs (top view) (d) 3 FPE combinations (top view)

Figure 44: Experimental inversion results at 1.13GHz for the target at Position 2. (a,c) are the case
where no FPEs are incorporated whereas (b,d) are the case where 3 FPE combinations are utilized.
Threshold set from 11% below the maximum to the maximum permittivity. (dashed sphere shows
the approximate position of the target)
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(a) No FPEs (side view) (b) 3 FPE combinations (side view)

(c) No FPEs (top view) (d) 3 FPE combinations (top view)

Figure 45: Experimental inversion results at 1.15GHz for the target at Position 2. (a,c) are the
case where no FPEs are incorporated whereas (b,d) are the case where 3 FPE combinations are
utilized. Threshold set from 16.5% below the maximum to the maximum permittivity. (dashed
sphere shows the approximate position of the target)
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The main objective of this chapter was to show, using experimental inversion results,

that utilization of field perturbing elements in a metallic resonant enclosure will lead

to increasing the amount of non-redundant data which ultimately leads to better

permittivity map reconstructions at the systematically chosen frequency points. It is

clearly visible from the results presented herein, that incorporation of field perturbing

elements in the chamber enhances the overall imaging performance by eliminating the

false positives (artifacts) and help in more accurate reconstruction of the permittiviy

map of the OI 2. Moreover, modelling errors as well as data calibration technique

were also discussed and analyzed.

As pointed out earlier, MWI with a metallic enclosure is highly frequency depen-

dent and this frequency dependency is observable in the figures. It is observed that

the inversion at 1.13GHz yields slightly more accurate reconstructions compared with

those at 1.15GHz.

2It is noted that in Fig. 43a and 43c, when no FPEs are utilized the FEM-CSI code is not truly
reconstructing because the values of the reconstructed permittivity map of the tetrahedral elements
are much lower than the case with FPEs
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Chapter 6

Conclusion and Future Work

The goal of the research that was reported herein was to explore alternative ways

of enhancing the final image produced in a MWI. Research in the wavefield imag-

ing community has clearly concluded that in any object imaging setting, be it mi-

crowave, ultrasound or otherwise, the higher the amount of collected independent

data the better and more accurate the reconstructed image of the object of interest

will be. Different ways of achieving this goal were discussed in Chapter 2 of this thesis

including increasing the spatial sampling points by adding to the number of transmit-

ter/receiver pairs, possibly using the modulated scattering technique, or by varying

the boundaries of the imaging chamber, e.g., using a rotational chamber to create

unique boundaries per each round of data collection cycle. All such techniques will

increase the modelling complexity and/or to the experimental design of the imaging

system. The technique proposed and evaluated in this work is to increase the amount

of non-redundant data by utilizing reconfigurable field perturbing elements (FPEs)

that can be set to active/ON or passive/OFF mode using a probe driver device. This

effectively varies the illuminating field without the need for mechanical or rotational

change in the boundaries. The FPE technique generates an increased amount of inde-

pendent data that are collected using a fixed, small, number of transmitter/receiver

pairs.

A crucial aspect in design and setup of a MWI system is the design and implementa-

tion of the imaging chamber which plays a significant role in obtaining accurate object

reconstructions. During this work, we utilized a metallic chamber with flat surfaces
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in the shape of an octagon which can be considered superior to the quasi-transparent

dielectric chambers that are commonly used (typically filled with a lossy immersion

medium to reduce modelling error). Some of these advantages are summarized as:

- Octagonal chamber with flat surfaces is easier to model compared with cylin-

drical or multi-faceted chambers

- Metallic walls allow better control and modelling of unwanted reflections and/or

mutual couplings

- the metallic boundaries shield the measurement taken within the chamber from

outside noise

- the quasi-resonant nature of such chambers can lead to higher signal-to-noise

ratios

- Cavity modes can be easily perturbed using shorting elements such as the FPEs

described herein, thus leading to large variations in the illuminating fields

To validate the concept and verify the operation of the field perturbing elements, it

was shown, by placing the FPE in an empty chamber with two transmitters, that

toggling the mode of the FPEs within the chamber will effectively change the fields

inside. Simulated inversion results were presented and examined to confirm that the

concept is in fact effective. Subsequently, a complete experimental system was set

up to collect and invert measured data from a dry wooden OI placed in two differ-

ent positions in the chamber. The procedure to select data collection and inversion

frequencies as well as the calibration technique were also discussed and the results

presented in Chapter 5.

To build upon this work, one can zero in on the design of the reconfigurable plates
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to be able to design PCB plates that match more closely with the modelled plates.

The plates used in this research have been shown to be effective and have good match

with the model in certain frequencies. FPEs that have higher accuracy in modelling,

would certainly give one the ability to collect data at a higher number of frequency

points. Progressive subsequent research should be performed to reduce the modelling

error, although one can only get closer to the model but never to match it.

There would be value in studying the dominant polarizations, for each transmitting

antenna, within the chamber and customizing FPEs that optimize the perturbation

of such modes. For instance when using thin wire monopoles placed normal to the

side walls, the dominant component of the electric field inside the chamber is Eρ and

the component with smallest magnitude level is Ez. It is possible to enhance these

weak field components by making use of the FPEs. That is, if a dynamic boundary

element has a bent L-shape with a prominent size in a desired direction (in this case

ẑ) can help elevate the field intensity for that particular polarization by offering a

path for currents along that direction [54].

The research reported in this thesis paves the way for further study on design and

implementation of low cost biomedical imaging systems by keeping the design and

modelling complexity to a minimum through the use of alternative methods to in-

crease the amount of independent data collected in a MWI system.
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