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ABSTRACT

WIDE-BAND ANTENNA DESIGN FOR USE IN MINIMAL-SCAN, MICROWAVE
TOMOGRAPHIC IMAGING

By

Jacob Klaser

Microwave tomography is widely-used in biomedical imaging and non-destructive
evaluation of dielectric materials. A novel microwave tomography system that uses an
electrically-deformable mirror to steer the incident energy for producing multi-view projection
data is being developed in the Non-Destructive Evaluation Laboratory (NDEL). Such a system
will have a significant advantage over existing tomography systems in terms of simplicity of
design and operation, particularly when there is limited-access of the structure that is being
imaged. The major components of a mirror-based tomography system are the source mirror
assembly, and a receiver array for capturing the multi-view projection data. This thesis addresses

the design and development of the receiver array.

This imaging array features balanced, anti-podal Vivaldi antennas, which offer large
bandwidth, high gain and a compact size. From the simulations, as well as the experimental
results for the antenna, the return loss (Si1) is below -10dB for the range from 2.2GHz to
8.2GHz, and the gain is measured to be near 6dB. The data gathered from the receiver array is
then run through MATLAB code for tomographic reconstruction using the Filtered Back-
Propagation algorithm from limited-view projections. Initial results of reconstruction from the
measured data shows the feasibility of the approach, but a significant challenge remains in
interpolating the data for a limited number of receiving antenna elements and removing noise

from the reconstructed image.
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Chapter 1 - Introduction

1.1 - Research Background

Imaging is a method of non-invasively analyzing structures and objects that provides
applications in areas of biology and non-destructive evaluation. Tomography is one of these
imaging techniques, and uses projections of an object acquired by illuminating this object from
different angles using an energy source that is capable of penetration. In common tomographic
imagining systems, such as X-Ray or MR, a source emitting radiation and receivers collecting
the radiation are required to rotate around the object that is being imaged, and often require a full
360°-revolution for an image to be reconstructed. This type of imaging is an often-used method
in the detection of cancerous tissue. In breast cancer detection, X-Rays have been used for
decades, but using this method has several disadvantages, even though its use is very
widespread, and successful detection rate for breast cancer reaches up to 90% [1], while cases of
false-positives can range from 5-15% of individual cases. The density contrast between healthy
and malignant tissues is not large, with maximum contrast achieved at lower energies, around
15keV, which results in longer exposure time and high radiation absorption in the tissue [2]. The
objective of this research presented in this proposal is to design and develop a microwave
tomographic-imaging system that can be used in bio-medical imaging, as well as structural
health monitoring and evaluation of dielectric materials, such as polymer laminates, composite
and ceramic structures.

Microwaves are electromagnetic radiation within the range of 30MHz-300GHz. Unlike
X-Rays, microwaves diffract whereas X-Rays are absorbed or passed through an object, and
therefore this diffraction, which makes straight-ray tomography, used for X-rays, invalid. The

wave object interaction at microwave frequencies are governed by wave propagation and



diffraction phenomenon [1], which will be described in Chapter 2. Since the wavelengths at
these frequencies are in the range of meters diffraction effects make microwave tomography
more complex.

In order to obtain these minimal-angle scans, a different part of this research involves
beam steering through a deformable electromagnetic mirror. Doing so is completed through
using reflect-array antenna, which are used to steer incident beams based upon voltages applied
to varactor diodes placed across the patches of the array. While initial results have shown beam-
steering to work for +30°, the goal is to have over 120° of coverage through the novel idea of
beam-steering, which is currently being progressed through comparing different diode and patch

combinations. Figure 1.1 shows one of the layouts used in designing the mirror.

Figure 1.1 - Schematic of Mirror for Microwave Tomography System. For interpretation of the
references to color in this and all other figures, the reader is referred to the electronic version of
this thesis.

1.2 - Objective

The objective of this research is two-fold; the first objective is to create a proto-type
imaging antenna array to be used in minimal-scan microwave imaging. To accomplish the goal,
Vivaldi antennas, a type of microstrip antenna that is classified as a tapered-slot antenna, or TSA,

was chosen, due to their ability to operate over a wide range of frequencies, as well as possessing



low cross-polarization, high gain and compact size, when compared to other microstrip antennas.
Secondly, to develop a tomographic reconstruction algorithm that can be used for diffracting

sources with limited views and limited scans. Figure 1.2 shows the system layout.

Transmitter

Object

Receiver Array

Figure 1.2 - Proposed System Layout

1.3 - Organization of Thesis

This thesis has been organized as follow: Chapter 2 starts by first explaining some of the
background and imaging methodology used in this research via the Fourier Diffraction Theorem
and Minimal-Scan Filtered Back-Propagation. Then, a brief overview and theory of microstrip

antennas is presented in Chapter 3, followed by some simulation results for several different



types of antennas. In Chapter 5, a simulation study on the microwave switches used in this
research is presented, followed by the measured results obtained from the switches. After the
components of the microwave tomography system have been tested individually in Chapter 6,
Chapter 7 shows the full system integration results, and how the automated antenna array
performs as part of the whole system. Finally, Chapter 8 concludes this thesis with on-going and

future work for this research.
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Chapter 2 - Theory
2.1 - Introduction

Imaging can be accomplished through various techniques, with one of them being
tomography; tomography can be thought of as combining cross-sections of projected data into
the final result of an image, or tomogram. Many conventional imaging methods use X-Rays as a
source for imaging, which do not scatter, also called non-diffracting, when incident with an
object, but rather are either passed through or are absorbed by the object. For reconstruction, it
is a measurement of the absorption by the tissue or object, and for non-diffracting objects, the
Fourier Slice Theorem can be implemented to reconstruct the object being imaged; the Fourier
Slice Theorem can be derived by, "...taking the one-dimensional Fourier Transform of a parallel
projection, and noting that it is equal to a slice of the two-dimensional Fourier Transform of the
original object.” [1]. From Figure 2.1 below, the projection data is transformed to the frequency
domain via the Fourier Transform, where the original object can then be reconstructed from line
integrals via the inverse Fourier Transform, as the values of the original object lie along the

straight line in the Fourier-space.



Spatial Domain Frequency Domain

Figure 2.1 - Graphical Representation of the Fourier Slice Theorem [1]

One of the negatives with using X-Rays, however, is that they are ionizing radiation,
which, after prolonged exposure, can cause cancer in a living patient. A new, safer, method

using micro-waves has become more-prevalent over recent years because the radiation is non-



ionizing, as well as providing much larger contrasts between healthy and damaged tissue, and
therefore offering a higher detection rate. Compared to X-Rays, however, microwaves diffract
when they are incident with an object, and, therefore, the same techniques of straight-ray
tomography based on the Fourier Slice Theorem cannot be used; in order to account for the
scattering, the Fourier Diffraction Theorem must be employed for image reconstruction, and will

be introduced in the following section.

2.2 - Fourier Diffraction Theorem

As mentioned above, for diffracting objects, that is, where the inhomogeneities are less
than approximately one wavelength in size [2], imaging that uses microwaves as the incident
source cannot use line integrals to reconstruct the object in question, but, rather, must rely on
plane-wave propagation properties to determine the reconstructed image. This thesis will not
delve into too much of the mathematics behind the Fourier Diffraction Theorem; for a full
explanation, the reader should refer to [2], but a brief description will be provided here. The
homogenous wave equation, shown in Equation (1) below, describes the behavior of an

electromagnetic wave that travels through a medium.

N 1
Viu(r, t) — Szu@ ) =0 W)

Equation (1) can be simplified [2] to the following:

[VZ2 + kK2(P)]u(@t) =0 0
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Figure 2.2 - Graphical Representation of the Fourier Diffraction Theorem [2]

which is satisfied for both homogenous or inhomogenous cases if the wavenumber, k, is assumed
to be strictly real by ignoring de-polarization effects of the medium [3].
The reconstruction process reconstructs the complex permittivity of a weakly-scattering
object, as experimental data will show in subsequent chapters, and a circular window ranging

from -2kq to 2k is used as a low-pass filter, and anything outside of this window is regarded as

10



an evanescent wave, which is an electromagnetic wave that decays exponentially, instead of
sinusoidally [4], and is filtered out from the reconstruction process. The circular window is
constructed from the arcs shown in Figure 2.2 which rotate around the entire Fourier-plane for
360° of coverage, as seen in Figure 2.3. As seen in Figures 2.1 and 2.2, the main difference is
that in the Fourier Slice Theorem, the data in the Fourier-space is collected along straight lines,
whereas in the Fourier Diffraction Theorem, the data is along a semi-circle in the Fourier-space.
The coverage of the Fourier-space is what creates the low-pass filter mentioned above, and

depicted in the following figures.

Noted by Pan, et. al. in 1999, the Fourier space can also be covered by applying what are
called 'weight filters," which use the data redundancy of the coverage in the Fourier space to
completely reconstruct the object with 270° of coverage with the same fidelity as 360° of
coverage. Note the comparisons between Figure 2.3 and Figure 2.4, that the same amount of

Fourier space is covered by the arcs generated by the Fourier Diffraction Theorem.

11



Figure 2.3 - 360° Coverage of Fourier Space
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Figure 2.4 - 270° Coverage of Fourier Space

Based upon the double-coverage in the Fourier space, this is the basis for the coding that
has been developed that allows for minimal angle scans to be taken and reconstruct the object in
question; this process has been given the name minimal-scan filtered back-propagation, or

MSFBPP.

Once the scattered fields have been generated, that data, along with the locations of the
sensors along each arc point in the Fourier space for each angle, are passed through the MSFBPP
portion of the code. For full, 360° coverage of an object, the standard Filtered Back-Propagation

equation can be used:

13



a(r,0)

Vo

2T
1 V .
= f f v—?|vm|M(vm,¢).eUmmC°S(fi’-“-@ﬂdvmdq)

0=0 v;p=—V,
3)

Where vi, represents the wavenumber, and M(vy, ¢) represents the scattered data. For limited-

angle scans, however, the Minimal-Scan, Filtered Back-Propagation algorithm is:

a“(r,0)

3m/2 Vo
1 V :
— E j f V_? |vm IM’(Vm; Qb) e[}Zmecos (¢—a—9)]dvmd¢

$=0 vyp=-vg (4)

with M'(vm, ¢) representing the weighted data set, which is defined as:

Mr (va (I)) = W(vmr q))M(va ¢’) (5)
and, one set of weight filters, w(vp, ¢), is defined as:
- ZF ¢ I
sin 1 7atal’ 0< ¢ <n/2+2a
1, n/f2+2a < p< m+2a
WV, @) =1 L [n 3n/2-¢
s 4 n/h—a ,T+2a < ¢p < 3m/2
\ ':], 3?TX2 = f,b < Zm (6)
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Currently, the weight filters are not being used on the experimental data, due to the effects of
noise on these filters being unknown. For the simulated data, as will be shown later in this
chapter, the weight filters do provide better reconstruction results for limited-angle scans down
to near 180°. For a full explanation of the weight filters, the reader should refer to [5], but the

following images show a glimpse into the affects of these filters.

2.3 - MSFBPP Implementation Process

While the main goal of this research and thesis was in designing the receiver array, much
time was also spent on developing, testing, de-bugging and evaluating the minimal-scan filtered
back-propagation code, which is the basis for how the images are reconstructed; this section will
cover some of, but not all, the aspects of the coding process. The method of MSFBB, while
relatively new, has, to our knowledge, not been implemented with experimental data, but only

run with simulated data.

The coding process begins by generating scattered data, and, based off of the Born
Approximation and Fourier Diffraction Theorem [2], this scattered data represents theoretical

data under ideal conditions.
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Figure 2.5 - Simulated Scattered Data

The scattered data has been generated for simple objects, such as circles and squares, as
well as more recently, object such as the Shepp-Logan phantom. Once a seed image is
generated, typically 64x64 pixels, it is then zero-padded to 512x512 pixels, or larger, so that
there is more available data in the Fourier space; without this extra padding, many of the smaller
details, such as edges or un-symmetrical components, are not detected in the reconstruction
process. From this point, the two-dimensional Fourier Transform is taken, and once the data is
in the Fourier-space, the method outlined above in Figure 2.2 of passing the arc through the u-v

plane is completed via the Fourier Diffraction Theorem.
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Figure 2.6 - Effect of Weight Filters on Reconstruction of Simple Object

Clearly, from this figures, the initial set of weight filters developed in [5] allow for better
reconstruction results than without using the filters. For more-complex objects, the following
results have been obtained through the Filtered Back-Propagation and Minimal-Scan Filtered
Back-Propagation algorithms for one large and small circle with a dielectric of 1.01, and sizes of

2) and 1.5A, respectively.
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Figure 2.7 - Weighted and Un-Weighted Reconstruction Results for MATLAB Code

These reconstruction results clearly show the effect of the weighted-filters on the reconstruction
process for simulated data, and this effect for experimental data is currently being studied, and

will be discussed in the Conclusions and Future Work chapter of this thesis.

Another aspect of the code that has recently been added is that of Total Variation
minimization, which enforces specific criterion on the reconstructed image, and is able to

remove some of the ripples, as evident from the following images:

18



Angular MS-FBPP TV-Minimized Image
Coverage Reconstruction

180°

150°

100° o

Figure 2.8 - Total Variation Regularization Applied to MSFBPP Images for Limited-Angle
Views

Evident from these figures, it is clear that the method of Total Variation can reduce some
of the noise that was added into the reconstruction process, and while this is a common technique
in many image processing applications, the full impact has not been studied in-depth for

diffraction tomography, let alone for experimental data. For a more-complete definition of the

19



method of Total Variation, the reader should refer to [6]. Both weight filters and total variation
have been shown to work well with simulation data, but more studies need to be conducted to see
the effect upon experimental data, and how these powerful post-processing applications can be

used in reconstructed diffracted scattered fields.
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Chapter 3 - Microstrip Antennas
3.1 - Introduction

In antenna design, the impedance of the antenna is designed to match that of the
surrounding medium for maximum power transfer; for the case of free-space, the intrinsic
impedance of air is approximately 377Q, and proper impedance matching allows for the antenna
to receive or transmit electromagnetic energy. When considering the design criteria for the
antennas, many considerations must be taken into selecting the proper design that will not only
allow for operation in the desired frequency range, but also including the important aspects of
gain, beamwidth, polarization and radiation pattern, as well as the physical size of the antenna.
Microstrip antennas were initially developed in the 1950's, but successful implementation was
not fully achieved until the 1970's, which came about due to the more-recent availability of

higher-quality substrates, modeling and fabrication. Defined as:

"A conducting patch of any planar or non-planar geometry on one side of a dielectric

substrate with a ground plane on the other." [1]

Microstrip antennas are commonly used in areas such ranging from cellular and satellite
communications to imaging and radar applications. This chapter will outline some of the theory,

as well as different approaches taken in designing the receiver array using microstrip radiators.

[2]

3.2 - Patch Antennas

Patch antennas have, generally, simple feeding techniques, are easy to fabricate and
typically have wide beam-widths. The resonant frequency of a basic patch antenna can be

determined, roughly, from A/2 for a rectangular patch, although the fringing fields actually make
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the electrical size slightly larger, so, for design purposes, the length and width can be estimated

as slightly less than half of a wavelength [1].
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Figure 3.1 - Microstrip Antenna Fringing and Radiating Fields [3]

Charge build-up occurs from a distribution on the top and bottom sides of the patch, as
well as the ground surface, and, from these charge densities, radiation occurs from the fringing

fields at the end of the patch, where the magnitude of the current is greatest.

Non- Radiating
radiating edges

B

Figure 3.2 - Radiating Edges of Patch Antenna [3]
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Likewise, for other patch antennas, discontinuities, open circuits and sharp corners also
account for radiation, whether intended or unintended. In their simplest construction, a
microstrip patch antenna consists of a radiating patch, made out of a conducting material, on one
side of a dielectric substrate, and a ground plane on the other side of the substrate. When
designing antennas, often the electrical size is a large factor that requires a good amount of
attention; for proper antenna operation, a thick dielectric substrate having a low dielectric
constant is desirable since this provides better efficiency, larger bandwidth and better radiation.
However, such a configuration leads to a larger antenna size. In order to design a compact
microstrip patch antenna, higher dielectric constants must be used which are less-efficient and
result in narrower bandwidth, and, therefore a compromise must be reached between the

electrical dimensions and the performance of the antenna.

While there are many advantages of patch antennas, such as their low cost of fabrication
and ability to be integrated with RF circuitry, there are also many disadvantages, such as their
low gain and bandwidth [2], which are two traits necessary for the imaging array. After these
realizations, as well as the simulation results in the following chapter, the research went in a

different direction to try and find antennas that fit the required criteria.

3.3 - Series and Corporate-Fed Antennas

The next step in the research was investing what are called series and corporate-fed
antenna arrays; they are combinations of patch antennas, but, compared to simple patch antennas,
the gain and bandwidth is higher, and, from the previous section, these were two of the more-

important antenna design factors that needed to be improved upon from previous designs.

25



Series-fed antennas are simply a connection of patch antennas, spaced A/2 apart, and fed
by quarter-wavelength-long lines, and, because of this spacing, the radiation adds in-phase,
allowing for higher a larger gain, due to the spacing of the patches. And, instead of using the
same size of patches for, say, a 4x1 array, different sizes can be used, which also increase the

bandwidth of the antenna, as the different sizes provide a slightly different resonant frequency

[3].

Next, a corporate-fed array was developed, which basically acts as a power-divider for
the array, splitting the power from the source evenly between the radiating patches (generally a
power of two.) This setup is ideal for imaging and scanning arrays, as the amplitude and phase
of the feed can be more-easily controlled [3]. To evenly divide the power from a 50Q-source,
stepped-impedance lines are used, and the patches are then fed in-phase from the source. This

setup lowers the presence of side-lobes, and generates a narrower, more-focused beamwidth.

Combining these two methods (see the subsequent chapter for pictures and results) allows
for both a higher gain, as well as a larger bandwidth and narrow main beam, which are the
parameters that were sought that were lacking in simple patch antenna design. However, two
draw-backs to this approach are, one, for the stepped-impedance of the corporate feed, the
impedance lines are matched to 100€2, which, for even frequencies in the 2-6GHz range, can
become extremely narrow, around the neighborhood of less than 0.5mm, which can be difficult
to accurately fabricate. On top of this, the size of these antennas, because of the nature of the
corporate feed, are large in size, roughly two feet by one foot, for a 4x2 array, and, for the
purposes of imaging, the scattered data that we are attempting to measure, will not be received
by all of the patches on an individual antenna, but, rather, only one or two, at the most. Because

of these draw-backs of fabrication tolerance and size of the overall antenna, this corporate and
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series-fed design could not be used in this research, even though the parameters of a wider
bandwidth and narrower beamwidth with high gain were present with this current antenna

design.

3.4 - Microstrip Log-Periodic Antenna

Before delving into the main portion of this chapter, a brief note will be made on log-

periodic microstrip antennas, pictured below in Figure 3.3.
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Figure 3.3 - Microstrip Log-Periodic Antenna with Inset-Fed Patches [4]

Similar to a log-periodic antenna, such as the Yagi, the microstrip version of the log-
periodic consists of increasingly-larger inset-fed patches that are spaced roughly A/2 apart.
These antennas provide large bandwidth and moderate gain, and were nearly considered for
using in the receiver design, but the main lobe was too large, as well as size being an issue, but
the bandwidth of these antennas was basically a summation of the bandwidth's of all of the
elements connected to the main feed line of the antenna. And, as the simulations in the next

chapter will show, the return loss was very good, when compared to the other types of antennas
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researched up to that point, but, again, the gain and radiation pattern fell short of what was

required for this receiver array.

3.5 - Tapered-Slot Antennas

Several years after the successful implementation of the first microstrip antennas, Peter
Gibson, in succession with several others, proposed the first idea of a tapered-slot antenna in
1978 [5]. Known as a end-fire radiator, electromagnetic waves propagate through the surface of
the antenna substrate with a phase velocity less than the speed of light; antennas with phase
velocity greater than the speed of light are referred to as leaky wave antennas, which do not
experience end-fire radiation [6], i.e. patch antennas. Electromagnetic waves move along the
increasingly-separated metallization until the separation is such that the wave detaches from the
antenna structure and radiates into free space from the end of the substrate.

The E-plane of the antenna is the plane containing the electric field vectors of the
radiated electromagnetic waves. For most tapered-slot antennas, as well as those discussed in this
thesis, this is parallel to the substrate, with the electric field attached to the horizontally separated
tapers prior to being radiated outwards [7]. The H-plane, which contains the magnetic
component of the electromagnetic wave that is radiated, runs perpendicular to the substrate,

which is also perpendicular to the radiated electric field [8]; hence, the tapered-slot antenna
operates in the TMg; mode.

Many different types of tapered-slot antennas exist, and Figure 3.1 shows several of the

commonly-used designs:
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(d)

(e) ® (2) (h)

Figure3.4 - TSA Types: (a) Vivaldi, (b) Linear-Constant, (c) Tangent, (d) Vivaldi-Constant), (e)
Parabolic, (f) Stepped-Constant, Linear (g), Broken-Linear (h) [9]

One interesting note about the different flare profiles of these antennas is that the rate of
the tapered-slot controls the input impedance; this was a key point of interest in this research,
and, as will be seen in subsequent chapters, was a main contributing factor in selecting a type of
Vivaldi antenna for implementation in the research.

Outside of the input impedance matching, there were several other benefits of the
tapered-slot antennas, such as their larger bandwidth when compared to other microstrip
antennas, as well as the tolerance in fabrication, and how this affects the performance of the
antenna; when compared to, say, a patch antenna, a mis-calculation of Zmm on the dimension of
the patch can greatly alter the radiation pattern, resonant frequency and input impedance, but,
which tapered-slot antennas, dimensions may be altered by several millimeters, and the response

of the antennas will remain roughly the same. This was also another key factor, as this research
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required many antennas to be fabricated, and if a slight error was present, we would need to be
assured that the negative impact would be minimal.

For feeding tapered-slot antennas, there are several different methods, with one of the
more-common options being to use a microstrip line that is terminated A/4 away from the
beginning of the slot as an open circuit, which causes the radiation, along with the short-circuit

of the flare, to radiate to the right, as shown in Figure 3.5 below.

Figure 3.5 - Slot-line Radiation for Vivaldi Antenna [6]

One down-side to using this method, however, is that while impedance matching is
easier, the bandwidth of the antenna is lowered; because of this issue, the quarter-wave stub was
introduced, which allows for efficient power to be radiated from the antenna without a loss of
bandwidth. Figure 3.6 shows one of the possible methods for the stub, as well as the following

chapter, which shows the simulation results for a Vivaldi antenna with this type of feed.
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microsirip

slotline below
substrate

Figure 3.6 - Radial Stub for Feeding Vivaldi Antenna [11]

However, with the traditional Vivaldi antennas, one of the major drawbacks, outside of
creating a impedance-matched stub, can be their size. While the simulated and measured return
loss were what was required for the research, the size of these antennas was a hindrance,
especially in an imaging array, where many antennas may need to be used; this restriction on size
led to looking into a new design of the Vivaldi antenna called the anti-podal and balanced, anti-

podal Vivaldi antenna.

Slotline

Paired strip
Microstrip Feed

Figure 3.7 - Anti-Podal Vivaldi Antenna [11]
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Figure 3.8 - Balanced, Anti-Podal Vivaldi Antenna [11]

The main advantages of both of the designed shown above is that they are smaller in size,
and also have a slightly better bandwidth, in theory, than the traditional Vivaldi antenna. In
Figure 3.7, the anti-podal Vivaldi is printed on one side, and both patches of metalization share
the same feed line; this causes high levels of cross-polarization, so, to remove this, Langley in
[12] proposed the balanced, anti-podal Vivaldi antenna, show in Figure 3.8, which consists of

two layers of metalization, where the top yellow layer is connected to the feed of the SMA, and
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the bottom, brown, layer is connected to the ground of the SMA connector. Doing so balances
the electric field produced from the radiation [12].

The narrow microstrip feed on the top layer, matched to a 50Q2 SMA connecter, is able to
provide a constant input impedance over a 3:1 frequency range [2], which is unlike most other
antennas, as typically the feed length and width are very frequency-dependent. This factor,
along with the ratio of the length of the antenna to the wavelength, provides the basis for the
wide-band nature of the balanced, anti-podal Vivaldi antenna.

This chapter was intended to serve as a background into several types of microstrip
antennas, and the following chapter will present simulation results from the different types of
antennas discussed in this chapter, and show that the balanced, anti-podal Vivaldi antenna is very

well-suited for use in a microwave imaging array.
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Chapter 4 - Antenna Simulation Results
4.1 - Introduction

Initially, the design procedure started out with using rectangular edge and inset-fed patch
antennas at the frequency of 2.0GHz, as well as 2.7GHz, as the initial deformable mirror design
was found to resonate best at those frequencies. However, after other prototypes of the mirror
were designed, the resonant frequency deviated from 2.7GHz, which ultimately led to altering
the requirements of the antenna design to a more wide-band model. Doing so also allows for use
of imaging at different frequencies, which has become increasingly useful in this research as
objects, such as cylinders with small notches, are being used as the back-propagation code
becomes more robust; also, as the imaging is performed at higher frequencies, the defects in the
material become larger in terms of wavelength, and are ultimately easier to detect. In these

simulations, both Sonnet and HFSS were used to generate the figures that follow.

In the simulated work presented in this chapter, the results begin with what is known as
an edge-fed patch antenna, and then are followed up with several different variations of antennas
that use patches as the main source of radiation. From that point, the next few simulations are

for several types of Vivaldi antennas.
4.2 - Simulated Results

First, shown in Figure 4.1 is the standard edge-fed patch antenna with a quarter-
wavelength, 50Q-matched line that transfers the power to or from the patch with minimal loss.
Initially designed to resonate at 2GHz, Figure 4.2 shows that the resonant frequency has shifted
by about 100MHz, which, as mentioned in Chapter 3, is due to the fringing fields on the sides of

the patch making the antenna appear electrically larger, and the larger electrical size corresponds
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to a lower frequency. Also, evident from Figure 4.2, the bandwidth of this patch is roughly only

40MHz, which is clearly not enough for use in this research.

INGSSS

Figure 4.1 - Patch Antenna
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Figure 4.2 - Sy; for Patch Antenna

After realizing that the single patch did not meet the needs required for our antenna array,
the next step was looking into a 4x2 patch array; while the return loss had slightly improved, and
the bandwidth was slightly larger at roughly 140MHz, these results were still not what was
required, not to mention the size of the individual arrays was much larger than what would be

useful for an imaging array.
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Figure 4.3 - 4x2 Patch Array
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Figure 4.4 - Return Loss for 4x2 Patch Antenna Array

The next simulation that was run was for the 4x2 Corporate and Series-Fed antenna;
while the return loss was strong, the bandwidth, again, was nothing near what was required.

And, as pointed out in the previous chapter, the physical size of this antenna was much too lageto

employ in an imaging array.
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Figure 4.5 - Layout of Corporate Series-Fed Antenna
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Figure 4.6 - Return Loss of Corporate Series-Fed Antenna

Next, the microstrip log-periodic antenna was simulated; here, inset-fed patches were
used, and, beforehand, one of these single patches was fabricated that resonated at 2.7GHz, and it
was used briefly in an array setting to capture the radiation pattern of a horn antenna. While this
approach worked, the limiting bandwidth was what ultimately led in an attempt to design higher-

bandwidth antennas. With the log-periodic, the resonances of the patches add up, so the points
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on Figure 4.8 where the S;; is dipping below -10dB is where the patches are resonating together.
Similarly, in Figure 4.9 and Figure 4.10, more elements were added, and while the performance
of the antenna greatly improved, the radiation pattern was very sporadic, and did not have the

narrow beamwidth that was required.

Figure 4.7 - Log-Periodic Microstrip Antenna
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Figure 4.8 - Return Loss of 3-Element Log-Periodic Microstrip Antenna
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Figure 4.9 - More Elements in a Log-Periodic Microstrip Antenna
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Figure 4.10 - Return Loss of 18-Element Log-Periodic Antenna

Because of the bandwidth and radiation pattern limitations of patch antennas, the next
step was to find an antenna that would suit those needs, as well as be able to be fabricated on a
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single dielectric board; Vivaldi antennas fit that need, and modeling of several designs in HFSS

took place. The first design that was simulated was the traditional Vivaldi with the radial stub on

the back-layer, as shown in Figures 4.11 and 4.12.

Y
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Figure 4.11 - Vivaldi Antenna Layout

Figure 4.12 - Front and Back Layer of Vivaldi Antenna
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Figure 4.13 - Simulated Return Loss of Vivaldi Antenna

As can be seen in the figure above, the simulated return loss does drop below -10dB for
certain frequencies, so this antenna was fabricated to see how well it would work as an array
element. Upon testing the fabricated element, however, the measured return loss was much
different than the simulation; the reason for this being is that while the flare rate of the antenna
does not have to be exactly symmetric for proper radiation to occur, the radial stub on the back
side was not directly lined-up with the opening of the flare on the opposite side, and this caused
some of the radiation to not be sent down the flare. While this was something that could be fixed
by fabricating another antenna, for an array of multiple antennas, it was determined that this low-

tolerance to error in fabrication was not acceptable, as all antennas needed to operate in the same
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manner so that accurate reconstructions would be possible. This is one factor that led to

searching for a new design of Vivaldi antenna.

-

Figure 4.14 - Layout of Anti-Podal Vivaldi Antenna

As mentioned in the previous chapter, the Anti-Podal Vivaldi is an alternative to the
traditional Vivaldi antenna, and does not require the radial stub on the back-side of the antenna
for feed purposes; however, the simulated return loss, shown below, was not below -10dB for the
desired frequency range, and, as also mentioned earlier, the cross-polarization issues with these
antennas is often a large problem; this led to the next, and final, design of the balanced, anti-

podal Vivaldi antenna, shown in Figure 4.16 below.
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Figure 4.15 - Simulated Return Loss of Anti-Podal Vivaldi Antenna
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Figure 4.16 - Layout of Balanced, Anti-Podal Vivaldi Antenna (Top and Side-Views)
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This design, once fabricated, had the dimensions of 8x6.5cm, which was much smaller
than the initial Vivaldi antenna, which made designing the receiver arc and stands much easier.
From Figure 4.17, the return loss shows that it is below -10dB for nearly the entire range of 2 -
8GHz, which is the range required for this research. As the following chapters will show, the

measured return loss of the BAPV antenna is slightly better than that of the simulated values.
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Figure 4.17 - Simulated Return Loss of Balanced, Anti-Podal Vivaldi Antenna
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Figure 4.18 - Simulated Three-Dimensional Gain of Balanced, Anti-Podal Vivaldi Antenna at
6GHz

One of the criteria that none of the other antennas previously described in this paper were
able to provide was a narrow beamwidth, and while this simulation does show some side-lobes
that reach above 2dB, the main-beam reaches roughly 8dB in the simulation, and is narrow,

around 15°, which is ideal for an imaging array [3].
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Chapter 5 - Antenna Control

5.1 - Introduction

For a fully-automated receiving array, very few options are available for a low-cost
system that involves a two-port VNA, and as such, to accomplish switching for large amounts of
antennas, Figure 5.1 shows a basic block diagram of how the switches are used with different
levels of control logic that will route the data from a single antenna ultimately to the VNA and

then to a PC, where the MATLAB code will take the input data.

Microwave Switch Control

Output To VNA

Control
Bits
D2
D3

Receiver
Antenna
Input

Do
D1

Figure 5.1 - Control for Multiple Switches

So, for example, Figure 1 shows for 16 antennas can be controlled while using four

control bits, which are generated from LabVIEW. The output of each of the switches are fed to
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the switch on the next 'level," which, by using a different sequence of control bits, will select one
antenna to read the data from. As will be seen later in this paper, a two-level system operates
very well, in terms of transmitted signal power, and many more levels could also be added on,

when more antennas are required.

5.2 - Initial Designs

For obtaining the data from the antennas, an automated system was sought that would
allow for readings to be taken in a fast and accurate manner. Initially, HP 33312B switches were
used, along with control circuitry that consisted of the switching transistor and damping diode,
that would allow for fast switching between the different antennas of the receiver array. One of
the main issues with this system, however, was the need for multiple 24-volt power supplies, as
well as a need for many switches, as there were only two inputs and one output per switch. The
inability to find similar switches for purchasing was also a factor that led the design down a
different path. The method of switching the antenna elements to be read by the VNA by hand
was also employed, but significant error came from this approach, in that the antennas were
moved slightly out-of-place when attached to the VNA, but also in that this method was very

time-consuming, for even a small number of antenna elements.
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Figure 5.2 - Initial Switch Design with HP Coaxial Switch

As another option, and one that is rather inexpensive compared to other options, was to
use PIN diodes as a mechanism of switching between antennas. A PIN diode can be thought of
as a current-controlled diode, compared to a varactor diode, which is controlled by an applied
voltage. In the context of switching, a PIN diode, along with a DC-blocking capacitor and an RF
choke, can be used to either pass or block an RF signal if a control bias is applied; the PIN diode
acts as a potentiometer, and when the control bias is applied, it maintains a very low value of
resistance, allowing the signal to pass through. Likewise, when the control bias is not applied,
the PIN diode will possess a very high resistance, which will block the incoming RF signal.

The main difference separating a regular diode and a PIN diode is that the depletion
region existing between the P and N regions is larger. In PN junctions, the P region contains a

large amount of holes, and the N region contains electrons. The region between the P and N
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regions contains no charge carriers as any holes or electrons cancel and behaves as an insulator
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Figure 5.3 - Series and Shunt Configurations for PIN Diode Switches [1]

5.3 - Fully-Automated Switching System

In the previous designs, there were positives and negatives for each; the cost of the PIN
diode switching option was much less-expensive than that of the HP Coaxial switch alternative,
but the manufacturing and impedance matching of the PIN diode design was very sensitive.
Likewise, if the final choice would have been to go with the coaxial switches, finding the same
model of switches would have been difficult, as those are no longer in production. After these
realizations, a need for a simpler switch with less room for error, such as altered phases from
slightly different machined path lengths, was required. After looking for some time, the SP4T
HMC345LP3 chip from Hittite Microwave Corporation was found, and the option was also
available to purchase the evaluation board, pictured below, which has the chip, as well as the

DC-blocking capacitors and SMA connectors already soldered on the PCB board, which, if we
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were to manufacture these on our own, the cost would still be over half of what the switches cost,
but there would still be room for error in the fabrication and soldering processes, so the final

decision was to go with the evaluation boards.

Figure 5.4 - Hittite HMC345LP3 Microwave Switch
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Figure 5.5 - Schematic of Hittite HMC345LP3 Chip and Evaluation Board

5.4 - LabVIEW Control

As previously mentioned, in order to select the proper antenna to gather the necessary
data, control logic sequences must be applied to the microwave switches that follow the truth

table below:
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A B Output
Low Low RF1
High Low RF2
Low High RF3
High High RF4
Table 5.1 - Truth Table for Antenna Control Via Microwave Switch [3]

So, for example, if (A, B) were set as (1, 0), then that specific microwave switch would 'select’
the antenna connected via a coaxial cable, and send that data through the output port. As seen in
Figure 5.1, there is a need for more than one switch when more than four antennas are used, as
well as for multiple levels or stages to be implemented so that many antennas can be
implemented in the imaging array. Initially, to provide these control bits, a microprocessor was
used that could be programmed to send high and low bits; however, using this did not allow for
changes during the run-time by the user, as the logic levels had to be programmed beforehand, so

the need for a user-interface and run-time control was now the main priority.

While there were several options that would allow for control bits to be written with a
user-interface, there was a need for up to eight control bits, which only LabVIEW provided
through its In/Outport.32 VI (Virtual Instrument), which writes to, and reads from, a computer's
parallel port, allowing the user to select which sequence of control bits are sent to the parallel
port, and, ultimately, sent to the microwave switches to control which antenna the data is read
from. With using different levels of switches in this design, we are able to send the same control
logic signals to the same level, as can be seen in Figure 5.1; these eight control bits allow for up
to 256 antennas to be used in the imaging array. How this works is that, for example, in a 20-
element array, there are eight switches, and three levels of switches - five switches on the first
level, two on the next and one on the final level. Again, every switch on the same level receives

the same two bits of control logic, so for a sequence of (1, 0), the second antenna on each switch
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is selected. For the next level of switches, two different control logic sequences are sent to

the switches, which opens the path for the RF signal to go through, and, finally, the last

switch, which is connected to the VNA, receives the final two control logic bits, and allows
the data from the second antenna of the array to pass through to the VNA. Table 5.2 shows the

mapping of control bits for the 20-element array just described.

Antenna Number D6 D7
0 0 0
1 0 0
2 0 0
3 0 0
4 0 0
5 0 0
6 0 0
7 0 0
8 0 0
9 0 0

10 0 0
11 0 0
12 0 0
13 0 0
14 0 0
15 0 0
16 0 0
17 0 0
18 0 0
19 0 0

Table 5.2 - Control Logic Sequence for 20-Element Antenna Array
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Figure 5.6 - Parallel Port Pin-Out [4]
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As previously mentioned, the over-arching goal of the array is to have it fully-
automated. The three figures below show a brief glimpse of how that is accomplished, but more
description is needed to detail the entire process. For the LabVIEW portion of antenna control,
several virtual instruments were combined into one that allows for the user to simply input the
number of antennas that are in the imaging array and what the file name that the data to be stored
for each element should be called. Once the program starts, the control bits are initially set all to
zero, and for that corresponding logic sequence, the data from that antenna is passed through the
microwave switches to the VNA, which averages and reads the data for the given antenna. After
the data is read, it is then transferred by a sub-V1 that gathers the data from a GPIB (General
Purpose Interface Bus) to the PC, where it is stored as a text file. After this is completed, the
control bits will increment by one, and the process of reading, averaging and passing the data

will continue, until the number of antennas specified by the user have been read from.

Because of the need for multiple projections to be taken in order to obtain a more-
complete representation of the object being imaged, a rotating stage was developed that, by use
of a stepper-motor, allows for small (or large) angle rotations of the object. Figure X.9 and
Figure 5.10 show the stepper motor with stand and some of the LabVIEW control, respectively,
that, along with some simple op-amps and 555-timing circuits, allow for precise rotation of the
stage. As was made clear in the Introduction of this thesis, and will become more evident in the
Results section, since we do not have a rotatable source and receiver array, rotating the object is
a replacement for not having that setup, that is commonly found in microwave or X-Ray

tomography.
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Figure 5.7 - Stepper Motor
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Chapter 6 - Simulations for Antenna Control
6.1 - Introduction

The purpose of this chapter is to show simulation results that served as a test to see how
the SPAT switches from Hittite Microwave would operate, based on simulations performed in
Agilent's Advanced Design Software (ADS). Where ADS separates itself from other
electromagnetic simulation software, such as HFSS or Sonnet is that it has many drag-and-drop
features for transmission lines, filters, diodes, capacitors, etc, that do not have to be designed
from scratch, but, rather, can be added to a circuit by specifying a few values. From the data
sheet provided by Hittite Microwave Corporation for the SP4T microwave switch, there was no
detail given about the device as to what was actually used for the switching mechanism, so,
based on reading from [1], and from prior knowledge, PIN diodes were used in the simulation as
the switch, with one of the main reasons being that they posses very fast switching times, and,
based on whether they are in forward or reversed-biased mode, can provide either high or low
impedance, which acts as either blocking or allowing a signal to pass through. PIN diodes act as
essentially current-controlled resistors, and the larger amount of DC current in the intrinsic

region, the lower the resistance [2].

6.2 - Design Procedures and Results

Before purchasing the switches from Hittite Microwave, it was decided to model the

devices to see if they would operate as demonstrated in the data sheets.
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Figure 6.1 - Series and Shunt PIN Diode Switches [1]

From Figure 6.1, the two different configurations can be seen for a PIN diode switch: either the
series or shunt method, and, for this research, the shunt configuration was chosen due to the
fewer components required, and, if this were to be made into a physical circuit, the ON state,
which in this research is only one switch at a time, requires -5V, while the high-impedance OFF
state requires +5V; the positive power supplies are much easier to obtain, and therefore

influenced the decision greatly.

In beginning the simulations, 3GHz was chosen as the center frequency, as that is roughly
the frequency where most of the research on this project takes place, as well as being near the
middle of the range of this switch; Hittite rates them as ranging from DC-8GHz switches. To
first see if this idea would work in ADS, the first model that was simulated was a SPDT, and the

results of this can be seen in the following figures. To obtain these results, PIN Diode default
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values given by [3], some standard capacitor and inductor values, A/4 lines and the Rogers 4350

Laminate, specified by [4] were used.

From Figure 6.3, we can see that for the reverse-biased mode, the S,; values indicate that
the data is being transmitted from Port 1 to Port 2, and, from Figure 6.4, the forward-biased
mode, it is seen that the S,; has a low value, meaning that the data is not being transmitted from
Port 1 to Port 2. Clearly, these results show that for the proper bias voltage applied, -10V for
reverse-biased and +10V for forward-biased, the SPDT switch operates correctly, and from this,

the basis for a SP4T were constructed.

For expanding the design to a SPAT, several different layouts were tried that would fit the
criteria that each path for the RF signal needed to travel a distance of A/4 from the input of the
antenna, and then, if the antenna was selected based on the control logic, would travel another
M4 distance to the output of the SPAT, which, in the case of these simulations, is Terminal 1 in
the ADS model. To accomplish this, cross and tee-joints were used in the ADS model, which
allowed for four different PIN diode switches to be created with equal pathways, as can be seen

in Figure 6.5.
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Figure 6.2 - S-Parameters for SPDT in Reverse-Biased Mode
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Figure 6.3 - SPDT in Forward-Bias Mode

Very similar to the previous SPDT, the SPAT will route a signal to Terminal 1 if the bias
voltage is -5V; otherwise, the switch will resemble an OFF, high-impedance state that will block
the incoming RF signal from the antenna. The S-parameter results are shown in Figure 6.6 and
6.7, and demonstrate how a reverse-bias voltage at Port 4 and Port 3 will alter the transmitted

signal.
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Figure 6.4 - SPAT for Switch 4 Selected
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Figure 6.5 - SP4T For Switch 3 Selected

From these figures, it is clear that the SP4T works very well for the desired range of DC through
8 GHz; when the switch connected to Port 4 is selected with the -5V DC bias, the Sa; shows
transmission of the signal, while all others are suppressed, and, likewise for the switch at Port 3.

In Figure 6.8, the data from the HMC345LP3 data sheet shows similar results to the simulations.
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Figure 6.6 - HMC345LP3 Return Loss Parameters from Hittite Microwave Corporation [4]
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Chapter 7 - System Measurements

7.1 - Introduction

After the simulations were completed, the Balanced, Anti-podal Vivaldi (BAPV) antenna
was fabricated on Rogers Duroid 6010LM Laminate, which possesses a dielectric constant of
10.2 [1]; such a large dielectric allows for smaller electrical size of the fabricated antenna, which
was 8cm x 6.5cm after fabrication. For the initial proto-type of the receiver array, the individual
antennas were placed on wooden stands and secured with nylon screws and bolts. To fasten the
antenna stands to the array, curved, wooden arcs were cut, along with a linear array, which
allows for ease of installation of the antennas. See Figure 7.1 below for a picture of the initial
receiver array. As will be discussed further in the final chapter of this thesis, there is currently a
new design almost completed for making the actual array and the antenna stands out of HDPE

plastic, which causes slightly lower scattering than the wooden counterpart.
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Figure 7.1 - Array Setup

7.2 - Antenna Measurement Results

Once the antennas were fabricated, gold-plated SMA connectors provided by Lighthorse
Technologies, which has a frequency range of DC-18GHz [2], were soldered onto the feed of the
antenna, and then connected to the 8207B Hewlett-Packard Network Analyzer, which operates
from 130MHz - 20GHz. Once calibrated, the Si1, or return loss, of the antenna was measured.
Figure 6.2 below shows the results, which very closely match those of the simulated results in
the Antenna Simulations chapter of this thesis. From the figure below, the antenna has a return
loss lower than -10dB for nearly the entire frequency range from 2.2 to 8.2GHz, or, in other

words, nearly a 4:1 bandwidth, outside of a few data points that reach above the -10dB level.

77



From research, most Vivaldi antennas are designed for much-higher frequency ranges, typically
above 8GHz, due to the complexity of the antennas working for a lower frequency. However,
using the Rogers/Duroid 6010LM Laminate allowed for this a-typical success in the Vivaldi

antenna working at lower frequencies.
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Figure 7.2 - Measured Return Loss of BAPV Antenna

Next, the gain of the antenna was measured by using the Two-Antenna Method; this

method is only valid for two antennas that are identical, so several BAPV antennas were used to
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ensure that the readings were accurate, in case there were slight differences in the antennas. For

the Two-Antenna Method, the following equation is used to determine the gain:

4R

G(dB) = 5[20 + logso (37) + 10 % logy, (i—t)] )

N |-

Where R represents the separation between the antennas, P, is the power received by the
receiving antenna and P is the power transmitted [3]. The following was performed at intervals
of 0.5GHz from one through nine gigahertz; the maximum gain occurs at 6GHz, and is 5.2dB, as
seen in Figure 6.3, which is acceptable for such a small antenna, and is somewhat close to the
simulated value of slightly over 7dB, which is common for simulations to not have accurate

values for the overall gain of the antenna.
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Figure 7.3 - Measured Gain of BAPV Antenna versus Frequency

The next step was to measure the radiation pattern to see how closely it matched the
simulated pattern. To do this, the BAPV receiver array was used to measure the transmitting
antenna, and then a polar plot was created through MATLAB. At 6GHz, the radiation pattern
was captured in Figure 6.4; while only a limited-number of receivers were used to capture the
radiation pattern, it very closely matches that of the simulated radiation pattern presented in
Chapter 3, in that there is one main side-lobe, and several side-lobes, but with much lower levels
of power. The measured beam pattern is also nearly symmetric. One option that has been
briefly explored with this receiver array is to use it for the purpose of beam-scanning, which,

based on the phase applied to the antenna at the receiver end, would allow the beam to be moved
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over an area. Doing so would require phase-shifting circuits which can be created from PIN
diodes, and would allow for fewer antennas to be used in the array, as well as less angular
coverage. With the narrow beam, this ensures that in our current set-up, we would only be
obtaining the scattered field that is closest to the desired antenna, instead of obtaining a much-
wider range; hence, this is one of the main reasons why a Vivaldi-type antenna was chosen over
something like a patch antenna, which has a very wide beam-width, and can therefore receiver

unwanted data and clutter.

180

270

Figure 7.4 - Measured Radiation Pattern of BAPV Antenna
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7.3 - System Measurements of Microwave Switch

The next step in the measurement process was to measure, without an antenna, the

transmission, or Sp1, of the signal from the source through the network of the microwave

switches. In Figure 7.5 below, the green data points indicate the signal that was transmitted
through the level of switches when the specific antenna and switch were selected. (Note, the
antenna was selected, but instead of having the coaxial cable connected to the antenna, it was
connected from the output of the first microwave switch that was joined Port 1 from the VNA to
Port 2.) And the blue data points represent the transmitted signal through the system of
microwave switches when a different antenna was selected; one of the largest concerns of this
system was how the data read from other antennas would interfere with each other when only
one antenna at a time is being read from. Clearly, the low-levels of power transmitted through
show that there is little interference from the antennas that are not selected when the data is being
transmitted to the VNA. Figure 7.6 shows the results provided by Hittite Microwave for the
isolation from one antenna to another when one antenna is selected. One step that can be taken to
reduce this level even further, however, is to purchase EMI-shielding devices, which is discussed

in the last chapter of this thesis.
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Figure 7.5 - Transmitted Signal through Selected and Un-Selected Series of Microwave Switches

83



Isolation

[ [ —————————— =

ISOLATION (dB)

FREQUENCY (GHz)

Figure 7.6 - Isolation Between Switches from Hittite Microwave Data Sheet [4]

7.3 - Polarization Measurements of Receiver Array Antennas

Before beginning the process of using the antennas for the purpose of imaging, the
polarization of the antennas was to be tested to ensure that the electric and magnetic fields were
not interfering with each other, in other words, that the cross-polarization levels of the antennas
were low. From Chapter 3 of this thesis, it was mentioned that one of the reasons for choosing
the balanced, anti-podal Vivaldi design over other Vivaldi antennas, such as the anti-podal
Vivaldi, was due to the fact that the shared feed-line of the anti-podal Vivaldi created large levels
of cross-polarization. While the balanced, anti-podal Vivaldi antennas inherently possess low

levels of cross-polarization [5], a polarizing filter was built, see Figure 7.7 below, to test how
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well this system was working. To build a electro-magnetic polarizer, thin wire needs to be
placed at least A/10 apart from each other. Then, the filter is placed in front of either the source
or receiving antenna. Doing so will, based on the rotation of the filter, will block the electric-
field radiation from the antenna, and, if rotated by 90°, will allow transmission of the electric
field of the source to receiver. In Figure 6.8 below, the solid (blue) line represents the signal
where there is no filter placed in-front of the source, the dashed (red) line represents the signal
with the polarizer placed in-front of the source and the dot-dashed (green) line represents the
signal with the polarizer rotated by 90°. From this figure, it is seen that the signal obtained by
the receivers, the solid line, is nearly the same as the signal obtained with the filter placed in-
front of the source, but this does not block the electric field from propagating, as the wires do not
obstruct their propagation due to the polarization of the electrical field aligning with the direction
of the wires. However, for the dot-dashed (green) line, the polarizer was rotated by 90°, and the
level of the transmitted signal is much lower, hence the rejection of the electric field by the filter,
based on the orientation of the wires being smaller in electrical size, and therefore able to block
the E-field from propagating. In taking the average value of both signals, there is roughly 12dB
of polarization contrast between the electric and magnetic fields of the antennas, which proves
the research completed in [5] that balanced, anti-podal Vivaldi antennas have very low cross-

polarization.
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Figure 7.7 - Polarizing Filter
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Figure 7.8 -Polarizing Filter Effect on Signal Transmitted from Source

7.4 - Complete System Measurements

With the system function as intended, the next step was to test the entire system with the
goal of limited-angle reconstruction in mind. While this is currently still being resolved, as will
be discussed in the final chapter of this thesis, initial results show that the antenna array is able to
distinguish between different dielectric materials, which is the requirements that this array needs;
the only step keeping this array from obtaining being able to use the MSFBPP code to
reconstruct more-complex objects outside of cylinders, is more antenna readings. Once we are
able to operate at a higher sampling rate, we can combine the weakly-scattering dielectric

materials and try to reconstruct them and observe the differences in contrast in the reconstructed
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image; for example, we could use the cylinder with defect, and place an object with different
dielectrics inside of the defect, and with the reconstruction, see how the contrast ratio differs
between the boundary of the two objects. This would be very applicable to something along the
lines of cancer detection, as the material difference between healthy and malignant tissues would
need to be detected. After showing some scattered field readings for simple objects, a
comparison will also be shown that will that will demonstrate the ability of the receiver array to
distinguish between two different dielectric materials; some that present a very high contrast, and

some that have very close values of permittivity.

Initially, readings were taken of a dielectric cylinder made of out delrin, which possesses
a dielectric constant of around € = 3; the object was placed slightly less than half-way between
the source and the receivers, meaning that it was slightly closer to the receiver array, so that the
entire scattered field would be able to be captured. First, however, since we are finding the

scattered field, which, again, is based off of the following equation:
Escat = Etor — Einc (1)

Where E Is the total electrical field, which is measured without the cylinder in place, which
allows us to account for the stand and the other objects that are included in the imaging array that
we do not wish to consider for reconstruction purposes, and then the E;n field is the data that is

being collected with the scattering object in-place.

For the simple dielectric cylinder, Figure 6.7 and Figure 6.8 below show the absolute
values of the scattered field; as can be seen from these figures, they are very symmetric about the
center sensor position, indicating that the object being imaged is itself symmetric. Also, the
highest peak of both of the plots occur at the middle sensor position, which indicated that the
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highest level of scattering occurred at this point, and that the scattering tapers off as the receivers
are placed farther away from the cylinder. This cylinder is roughly two-wavelengths in electrical
size, at 6GHz.
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Figure 7.9 - Scattered Field of Dielectric Cylinder for 0°-Rotation
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Figure 7.10 - Scattered Field of Dielectric Cylinder for 90°-Rotation

In the research process, before it was determined that more receiver positions were
required, the MSFBB was yielding very similar results in reconstructing circles, squares and
cylinders with defect. Because of this, one approach to ensure that the antennas were actually
obtaining the correct data was to obtain the scattered fields for the cylinder, but in this case, the
cylinder would be off-centered, and rotated around a point for 10° increments. The scattered
field measurements are presented below in Figures 7.11 and 7.12, and the reconstructed results
will be presented later in this chapter, as a verification that we are indeed able to detect the
location of an object that is not directly in-between the path of the source and middle receiver

position.

90



Amplitude

Amplitude

0.014 : : :

0.012 4

I

0.01 “l

T

o
o
o)
[e3]
I
1

o
o
S
R
I
1

0 5 10 15 20
Sensor Position

Figure 7.11 - Scattered Field of Off-Centered Circle 0° Rotation

0.015 : ; :

I

0.01 4

0.005 y

I

0 5 10 15 20
Sensor Position

Figure 7.12 - Scattered Field of Off-Centered Circle 180° Rotation
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Clearly, these scattered-field plots are nearly symmetric around the center sensor position, and
show that the array can not only detect an symmetric object located in the center of the source

and receiver array, but also one that is located off-center.

The next step was to obtain the scattered-field plots for a dielectric square cylinder,
roughly two-wavelengths in electrical size at 6GHz; while the reconstruction results via the
MSFBPP algorithm need more data points because of the un-symmetric nature of this object, the
scattered field plots show that for symmetric angles, namely 0° and 90°, and, with a square
exhibiting 90°-symmetries, one would expect that the scattered-field plots are identical, and, as

Figures 7.13 and 7.14 show, that are nearly the same.
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Figure 7.13 - Scattered-Field Plot for Dielectric Square at 45° Rotation
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Figure 7.14 - Scattered-Field Plot for Dielectric Square at 135° Rotation

With the array able to detect larger objects, such as the circle and square cylinders, the
next step was in seeing what smaller objects the array could detect. To do so, a circular cylinder
with a notch in it, as seen in Figure 6.15 below, was used to see how the scattered field would
differ from that of the regular circle. The dimensions of the notch are (at 6GHz), roughly one-
wavelength wide by half-wavelength deep. If able to detect the differences between these two
objects, the array could justifiably be used to find cracks in materials, among other non-

destructive evaluation tasks.
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Figure 7.15 - Cylinder with Defect

Figure 7.16 and 7.17 below show the measured scattered fields for an incident beam
with the cylinder rotated at 0° and 180°; at 0° the defect, which causes scattering, is on the left-
side of the cylinder, and closer to the receiver positions that are less than the ninth element. For
the cylinder rotated to 180°, the defect is on the right-side of the cylinder, which is closer to the
receiver elements that are the tenth receiver element and higher. From the two figures below, it
is clear that the defect causes the scattered field to be higher on the left side of the receiver arc if
the defect is on the left side (0°-rotation) and likewise for the defect located on the right side of

the cylinder (180°-rotation).
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Figure 7.17 - Scattered Field Plot for Cylinder with Defect at 180°-Rotation

Now that it was confirmed that the array was able to detect defects in a material, at least
in terms of comparing the scattered fields, the next step was to determine what different
dielectrics the array could detect. With human tissue, for example, the dielectric differs between
that of healthy tissue versus cancerous tissue, so the next step with the array was to see what

different dielectrics could be detected by the receiver array.

First, copper sheet metal was placed inside the defect of the cylinder, and several
measurements at different angular rotations were taken. While this data is not able to be used in

the image reconstruction process, because the Born Approximation only holds for weakly-
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scattering objects, it was done to see what scattered field, if any, was detected. Figures 6.18 and
6.19 below show the difference in the absolute plots of the scattered fields, and show that there is
a difference of roughly 25% between the amplitude of the two plots. From this, it is evident that
the array does not obtain the scattered field, as it is reflected away from the receivers.
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Figure 7.18 - Absolute Plot of Scattered Electric Field for Cylinder with Copper Sheet Metal
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Figure 7.19 - Figure 6.18 - Absolute Plot of Scattered Electric Field for Cylinder

For water, which has a dielectric constant of around 80, the same experiment was conducted, and
Figures 6.20 and 6.21 show the plots of the scattered field with and without water. A relative

difference of 4.9% difference was obtained.
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Figure 7.20 - Scattered Field of Cylinder with Water in Defect

99

16



Without Water
004 £ T T T L . T T T

\ X:9
0.035 - Y: 0.03952 B

0.03 -
0.025 -
0.02 |-
0.015 -
0.01-

0.005 |-

Figure 7.21 - Scattered Field of Cylinder

Following the same method, plexi-glass and wet wood, which have dielectric constants of

3.2 and 20, respectively, the scattered fields with the material coupled with the cylinder and
without the material, were measured. Figure 6.22 shows the differences scattered field detected
by the receiver array. Again, these plots are using the absolute data, a combination of the real
and imaginary parts, to describe the difference in the fields obtained. So, in the plots where the
peak is present at the ninth antenna position, since this is the absolute value being shown, actual
value is a negative complex number that actually shows that there is very little scattered field
measured at that point. Viewing a plot without it being displayed in absolute format is difficult

to understand, so that is why these have been presented in this form.
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Figure 7.22 - Plot of Permittivity Versus Percentage Difference of Scattered Fields

7.5 - Initial Reconstruction Results

As mentioned earlier in this thesis, the reason that the reconstruction code, the MSFBPP
algorithm, did not work very well with this data was due to the fact that the data was collected
with a number of antennas that was too small. However, for objects that are symmetric from
every angle, namely a circle, the image reconstruction results showed some initial results that are
very in shape and size to the original object. In Figures 7.9 - 7.12, the scattered field results
were presented for a dielectric cylinder and an off-centered dielectric cylinder, and here, the

reconstructed results will be shown. To obtain Figure 7.23, projections were taken at 20°
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increments for a coverage of 270°. To verify that this results was accurate, the dimensions in
terms of pixels of the reconstructed image were converted to into a wavelength, and the size of
the reconstructed cylinder was found to be less than 1cm different than that of the physical
cylinder. The ripples that are prevalent in the image disappear as more samples are taken per

angle.

Reconstruction of Dielectric Cylinder
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Figure 7.23 - Initial Reconstruction Results of Dielectric Cylinder

For the off-centered circle, as outlined above, the cylinder was rotated around a central
point, and a projection was taken every 10° for a total of 270° of coverage. While the image
does appear to be washed-out, the center of the cylinder was found to be 20 pixels away from the
origin, and converting those pixels to wavelengths, the distance from the origin to the
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reconstructed cylinder was very close to the physical distance from the central point to the

location of the actual cylinder.
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Figure 7.24 - Initial Reconstruction of Off-Centered Cylinder
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Chapter 8 - Conclusions and Future Work

8.1 - Summary

As made clear in the results presented in this thesis, the antenna array system works well
for identifying different contrasts in materials and objects, but further steps need to be taken to
allow for the minimal-scan filtered back-propagation code to be fully-integrated with the system.
From generating simulated scattered electromagnetic field data, and subsequently running that
data through the MSFBPP code, it was determined that the present number of antennas that are
used in the system, 19, are not enough to fully reconstruct more-complex objects with limited-
angle coverage. Simple object with symmetry, such as a cylinder, are able to be reconstructed
with recovering almost exactly the correct dimensions, but objects such as cylinders with defects

or squares simply need more antennas per reading to collect the scattered data.

At a frequency of 3GHz, the spacing between the antennas of the array was roughly two
wavelengths, while the objects being imaged were one-wavelength in electrical size. Likewise,
when the frequency of imaging was set to 6GHz, while the electrical size of the objects became
near to two wavelengths, the spacing between each antenna rose to four wavelengths. And,
based upon the Nyquist criterion, sampling must occur at intervals of at least A/2 to avoid
aliasing. With the linear array, up to 64 readings per view were taken, but this was done shifting
the array manually, and introduced error from doing so. At 6GHz, at least 128 readings per
reading must be taken, and since placing the antennas that close to each other will cause loading
effects which will drastically alter the data obtained, a linear shifting array is currently being
fabricated that will allow for motor control via LabVIEW that is capable of shifting the array in

small, accurate increments, which will allow for the full number of sensors to be obtained per
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reading. The results below from the generated scattered data show that more antenna readings

are required.
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Figure 8.1 - Original Image of Square with Electrical Size of 2
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Figure 8.2 - Reconstructed Image with 64 Sensors at 5° Projection Increments
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Figure 8.3 - Reconstructed Image with 128 Sensors at 2° Projection Increments
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Figure 8.4 - Reconstructed Image with 256 Sensors at 2° Projection Increments

From the first reconstructed image, it is seen that the reconstruction algorithm needs
many more data points to fully reconstruct the object, and, in Figure 8.3, it can be seen that
doubling the number of sensors, as well as increasing the number of readings, the general shape
of the object becomes somewhat apparent. Finally, with a total of 256 sensors, the object is very-

closely reconstructed to the original shape, as can be seen in Figure 8.4.

Currently, the LabVIEW code allows for the rotating stage and antenna control to all be
automated so that an object can be imaged by simply specifying the number of sensors and the
degree increase per rotation of the stage. One limitation in this system, however, is the

temperature that the motor reaches when it has been left on for more than several minutes; a
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previous design of the stage melted due to the temperature, so a new stage was designed with a

stronger plastic that has a higher melting point. The motor, however, still need to be monitored,
as it can still over-heat the plastic stand in a short amount of time. To overcome the temperature
issue, the motor and control circuitry can be turned off, but by doing so, there is a small amount
of back-lash when the motor is turned back on, and this throws off the angular measurements by
a large amount when taking many projections. This, however, will be shortly corrected by using

wood to replace the plastic in some of the stage design.

To allow for more sensors to sample the scattered data at smaller intervals, a linear array,
constructed out of HDPE plastic, with stepper-motor control, is nearly complete; this will
provide much-more accurate reconstruction results, as evident from the previous figures. Once
this has been completed, the LabVIEW code will add in the motor control for this second

stepper-motor, which will allow for full-automation of the receiver.

The minimal-scan, filtered back-propagation code, outlined in Chapter 2 of this thesis,
assumes that the receiver array is in a straight arc, however, with current spatial limitations in the
NDE lab, the circular arc provides better isolation from some of the walls and other objects that
cause scattering and noise to be integrated into the system, and, so far, we have not seen a
noticeable difference in either the scattered fields, or the reconstruction procedures, when using a
linear arc versus a curved arc for the receiver array. The noise, however, as mentioned in
Chapter 7, does play a significant role in altering the data that is being collected. While the
system is currently functioning, the noise floor is high, and a few steps can be taken to have that
reduced. First, testing the system in an anechoic chamber would be a good starting point to see

how much the noise is actually affecting the data we are collecting. The idea of turning a portion
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of our lab into an anechoic chamber was discussed and researched, but the costs of doing so

would have been exorbitant, and, at this time, has not been further pursued.

Another option would be to purchase EMI shielding boxes for the switches and for the
control circuitry for the stepper-motors that control the rotating stage and linear array
movements; as previously mentioned, the circuitry includes 555-timers, which radiate unwanted
signals due to the digital clock, which could interfere with the data that the antennas are

collecting, as well as coupling onto the feed lines of the switches and the coaxial cables.

Currently, on the post-processing end, weight-filters and the method of total-variation,
used for smoothing out the data, is being implemented with the code, which has shown
promising results for the simulated data, and is being explored as to how this can be used with
the experimental data, but more time needs to be spent searching for how weight filters can be

used in experimental data, as that has not been done to this point.
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