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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

� Electric contrast of the object of interest

~! Contrast source variable

~B Magnetic flux density

~D Electric flux density

� Electric charge density

~M Imposed magnetic source

~J Imposed electric source

j Imaginary unit: j =
p
�1

"r Relative complex permittivity of the object of interest

"b Relative complex permittivity of the background

~r Cartesian position vector

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

r� Curl operator

r� 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 Recon�gurable FPEs in MWI Introduction

Chapter 1

Introduction

1.1 Microwave Imaging Overview

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

have led to renewed interest in further expansion of this �eld 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 signi�cant import in the �eld 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 di�erent 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 di�erent intensities with-

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

a map of the region of interest (RI) by assigning speci�c permittivity values to each

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

dielectric pro�le 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 Recon�gurable FPEs in MWI Introduction

properties of those features [19], such as the permittivity pro�le 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 �eld. For each illuminating �eld that is utilized to interrogate the OI, one

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

nating �elds 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 �eld 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 �x 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 Recon�gurable 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 di�erent 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 signi�cant 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) �elds 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 �eld (H-Field) probes.

A crucial part of any imaging system besides hardware design such as antennas and
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the imaging chamber con�guration, 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 �elds 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,� , of the object in addition to permittivity, " . It

inverts the collected �elds on� or " 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 di�erent 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 �elds measured

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

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

duced by a transmitting antenna.

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

design or more speci�cally 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 �rst-order tetrahedral elements. Uti-

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

the �elds 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

e�ect that the conductive boundaries create from the outside noise, allowing better

control and modelling of unwanted re
ections and mutual coupling e�ects, 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 �eld strengths.
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Since data are collected at the boundaries of the enclosure, only the normal compo-

nent of the electric �eld and tangential components of the magnetic �eld are present.

Therefore fewer measurements are required to characterize the �elds 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 signi�cantly 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 �elds [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 di�erent 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

�eld 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 �elds 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 �eld 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

�nal 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 e�ectiveness 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 �eld data are collected in the experimental process.

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

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

using the FPEs, the resulting image reconstruction is signi�cantly 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 domainD. The constitutive parameters

of interest are the complex-valued permittivity " and permeability � . This is done

by illuminating the imaging domain with microwaves propagated from transmitters

placed in the measurement domainS and collecting the scattered electromagnetic

�elds.

Figure 3: Geometrical schematic of the microwave imaging system. Tx and Rx represent the
transmitting and receiving antennas respectively. The domainD, 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 �elds are the source of information in �nding the constitutive pa-

rameters of the OI. The scattered �elds are de�ned as:

E sct(~r) , E(~r) � E inc (~r) (1)

whereE(~r) and E inc (~r) are electric �elds 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 di�erence

between the actual measured �elds and those generated by the forward solver.

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

and incident �elds, as well as obtaining the �eld 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 �elds satisfy the Maxwell's equations in di�erential

form. These are in the frequency domain assumingejwt time dependency:

r � ~E = � j! ~B(~r) + ~M (~r) (2)

r � ~H = j! ~D(~r) + ~J (~r) (3)

r � ~D(~r) = � (~r) (4)

r � ~B(~r) = 0 (5)

Here, ~D(~r) is the electric 
ux density, � (~r) is the electric charge density,~B(~r) is the

magnetic 
ux density, ~E(~r) and ~H (~r) are the total electric and magnetic �elds,j is

the imaginary unit equal to
p

� 1, ! is the angular frequency equal to 2� f and ~M (~r)

11
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and ~J (~r) are imposed magnetic and electric sources, respectively.

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

� (~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:

r � ~H (~r) = j!" (~r) ~E(~r) + ~J (~r) (6)

r � ~E(~r) = � j!� o
~H (~r) (7)

Where"(~r) = "o" r (~r) is the complex permittivity and � o is the free space permeability.

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

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

" (~r) = "0(~r) � j" 00(~r) (8)

Taking curl of Eq. 7 we will have:

r � r � ~E(~r) = � j!� or � ~H (~r) = ! 2� o" (~r) ~E(~r) � j!� o
~J (~r) (9)

Here, the wave-numberk is de�ned as:

k2(~r) = ! 2� o" (~r)"o (10)

Substituting Eq. 10 into Eq. 9 we get:

12
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r � r � ~E(~r) � k2(~r) ~E(~r) = � j!� o
~J (~r) (11)

Similar formulation can be written for the electric incident �eld ~E inc (~r) that is de�ned

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

r � r � ~E inc (~r) � ko
2(~r) ~E inc (~r) = � j!� o

~J (~r) (12)

Here, the background wave-number can be written ask2
o = ! 2� o"o.

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

�eld will be obtained:

r � r � ( ~E(~r) � ~E inc (~r)) � k2(~r) ~E(~r) + ko
2 ~E inc (~r) = 0 (13)

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

r � r � ~E sct(~r) � ko
2 ~E sct(~r) = ( k2(~r) � ko

2) ~E(~r) (14)

When electromagnetic �elds illuminate an object, the scattered �eld can be repre-

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

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

the incident �eld and is de�ned per transmitter as:

13
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~w(~r) , � (~r) ~E(~r) (15)

Here, � (~r) is the dielectric contrast that is satis�es the following relation:

� (~r) =
" r (~r) � "o

"o
(16)

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

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

r � r � ~E t
sct

(~r) � ko
2 ~E t

sct
(~r) = ko

2 ~wt (~r) (17)

The vectorial partial di�erential 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 �nite element model

are no longer assumed to be �xed; By changing boundaries we get varying total �elds

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

be a di�erent contrast source for each boundary condition that is incorporated, the

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

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

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

functionals:

14
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F DMCSI (� ; ~! � ) = F D (� ; ~! � ) + F S( ~! � ) (18)

Where ~! � is the contrast source vector per changing transmitter� or changing bound-

ary conditions (BCs). The normalized data-errorF S(~! ) and the normalized domain-

error F D (� ; ~! ) are given by:

F S( ~! � ) =

P
�






 ~E

sct;meas
� � ~M S

~L � [ ~! � ]







2

S
P

�






 ~E

sct;meas
�








2

S

(19)

F D (� ; ~! � ) =

P
�






 � � ~E

inc
� � ~! � + � � ~M D

~L � [ ~! � ]







2

D
P

�






 � � ~E

inc
�








2

D

(20)

Here, � denotes changing the transmitters and/or changing BCs in the �nite element

model,M S and M D are interpolatory matrix operators, ~L � is the inverse FEM oper-

ator that incorporates the boundary conditions,~E
sct;meas
� is a vector of the measured

scattered �elds at receiver locations per transmitter and or BCs inS, ~E
inc
� contains

the incident �eld values in D and � is the contrast values located inD. 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 Signi�cance 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 �eld 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 �elds can be varying either by changing the boundaries [36]

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

the electromagnetic �elds [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 �elds. 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 di�erent 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]

17
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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 �eld 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 e�ects which can have considerable e�ects

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 di�erential

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 �elds. This limitation can have a

18
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signi�cant e�ect on the accuracy of the image reconstructed from these �eld data [47].

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

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

lowing us to use fewer antennas which lead to less mutual coupling e�ects 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 �elds

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 �elds 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 �xed with respect to the imaging

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

more non-redundant �eld 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 �eld perturbing

element inside a conducting imaging chamber can enhance the imaging performance

by removing the symmetry of the �eld distribution and increasing the number of

illuminating �elds [39]. We investigate the e�ect of using dynamic boundaries for

changing the distribution of the �elds inside a chamber. We investigate their e�ect

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

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

the e�ectiveness 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

�eld 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 signi�cant e�ect on the enhancement of the reconstruction results. FPEs

in
uence the performance of a microwavce imaging system by perturbing the inter-

rogating �elds 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-

�gurable plates are placed in between the adjacent sides held �rmly 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 �gure.

There are two FPEs placed in the chamber across from eachother at di�erent depths

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

as the FPEs are visible in the �gures below.
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