METAMATERIAL AND METASURFACE LENSES FOR HIGH-RESOLUTION
MICROWAVE IMAGING

By

Srijan Datta

A DISSERTATION

Submitted to
Michigan State University
in partial fulfillment of the requirements
for the degree of

Electrical Engineering — Doctor of Philosophy

2022



ABSTRACT

Metamaterials are engineered materials which consist of a periodic arrangement of
subwavelength scatterers or unit cells, whose size is much smaller than wavelength A of the
incident electromagnetic (EM) wave. The effective EM properties of metamaterials depends on
the design and arrangement of unit cells in contrast to material composition in atomic scale like
that of conventional materials. Hence, they can be tailored to have specialized EM characteristics
which are difficult or impossible to achieve with lenses made of conventional dielectric materials.
A lens made of negative refractive index metamaterials can overcome the diffraction limited
resolution of conventional lenses at far-field working distances. This dissertation focuses on the
implementation of such metamaterial lenses for microwave nondestructive evaluation (NDE)
applications.

In the first part of the dissertation, negative index metamaterial (NIM) lens design
consisting of split-ring resonators (SRR) and thin wires unit cells is studied and implemented at
two frequencies of operation in the microwave S and C bands. A novel NIM lens imaging sensor
system using homodyne detection measurements is proposed in this work. Coherent homodyne
detection scheme provides a simple, low-cost, and highly sensitive NIM lens imaging system that
can be used in the field under practical conditions. Using the proposed sensor system,
subwavelength focusing by negative refraction is verified experimentally at both frequencies of
operation. Subwavelength focal spot of sizes 0.82A and 0.65A are obtained with the 3.5 GHz (S
band) and 6.3 GHz (C band) designs respectively. Imaging resolution enhancement by a factor of
2.24 is obtained at a distance of 1.67A with the C band lens design. The sensor system was further
used to perform microwave NDE experiments of subwavelength defects inside Teflon and glass

fiber reinforced (GFRP) composite samples. Defects comprising subwavelength hole of diameter



0.25A and a groove of dimensions 0.17A x 0.06A placed at the focal plane of the lens was imaged

both in the transmission and reflection mode using the proposed sensor system.

In the second part of the dissertation, an alternative approach using gradient index (GRIN)
metasurface lens consisting of electric-LC (ELC) unit cells is studied. Metasurfaces are 2D
counterparts of 3D metamaterials and provide an attractive alternative to metamaterials as they
take less physical space and exhibit lower losses. Although GRIN lens operation is distinct from
that of NIM lenses and does not rely on negative refraction, they offer various advantages including
planar design, wideband operation, and no restrictions on source to focal plane distances. The
design, simulation, and experimental validation of a GRIN metasurface lens operating at 8 GHz 1s
reported in this dissertation. The proposed lens has an aperture of size 119 mm (3.21) x 119 mm
(3.2M) and thickness of only 0.6 mm (.0161). The metasurface lens is designed and analyzed using
full-wave finite element (FEM) solver. A prototype of the proposed GRIN metasurface lens was
fabricated for experimental verification. A focal spot size of 1.1A is achieved with the proposed
GRIN lens with a resolution enhancement factor of 1.5 at a distance of 8.37\. Microwave NDE
imaging results of a defect of dimensions 0.4\ kept at the focal plane of the GRIN lens is also
reported. The work is concluded by presenting a comparative discussion of the two approaches
(NIM lens and GRIN lens) for high resolution microwave imaging along with remarks on the

future direction of the work.
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INTRODUCTION
1.1 Motivation

Microwaves, occupying 300 MHz to 300 GHz of the electromagnetic (EM) spectrum, are
widely used in a variety of imaging and sensing applications due to their ability to penetrate non-
conducting or dielectric materials. The fundamental principle of operation of microwave imaging
involves illuminating the test object by microwaves and capturing the scattered signal. Embedded
anomalies or defects will perturb the scattered signals owing to their contrasting EM properties
relative to that of surrounding dielectric material. The captured microwave signals are processed
to infer information about the anomalies and image them. Biomedical imaging for cancer cell
detection [1][2], ground penetrating and remote sensing for geological objects [3][4], security
screening for concealed weapons detection [5], structural health monitoring [6] and nondestructive
testing [7][8] are some of the applications of microwave imaging.

Microwave imaging can be implemented in far-field and near-field modes depending on the
distance between the source and test object. Near-field imaging sensors such as near-field scanning
microwave microscopy depend strongly on the near-field interaction between source and the test
object [9][10]. Near-field sensors can sample remnant evanescent waves containing higher spatial
frequency information, thus allowing for high resolution images. However, the probe stand-off
distance is generally limited to the order of A/10, where A is the operating wavelength [11]. Far-
field imaging is typically done by synthetic aperture radar (SAR) [12] or focusing lens systems
[13]. SAR implementation involves complex reconstruction algorithms to solve the nonlinear
inverse problem and retrieve image content from scattering effects [14]. This leads to information

loss and heavy computational processing of data. Imaging with focusing lens systems removes the



need to for computational processing. However far-field imaging resolution using lenses is
diffraction limited since a conventional lens cannot focus waves onto an area smaller than square
A?. The evanescent wave components of the scattered field, which contain the high-resolution
information about an object, decay exponentially with distance from the test object. Hence, far-
field sensors are ineffective in imaging subwavelength objects. Fig 1-1 shows the schematic of
typical near-field and far-field microwave NDE setups. In near-field NDE, the probe is placed in
close proximity (~A/10) to the sample under test (Figure 1-1a). Far-field imaging methods instead
use a lens to focus the transmitted waves on the sample under test (Figure 1-1b). Near-field and
far-field microwave NDE imaging results of a Glass Fiber Reinforced (GFRP) composite sample
with drilled holes of varying sizes (diameters of /4, /7 and 1/15 respectively) are presented in
Figure 1-1c to demonstrate the diffraction limited resolution of far-field imaging [15], [16]. It is
observed that all the three drilled holes can be imaged using near-field sensor. However, the far-
field NDE results indicate that the largest hole is detected clearly, while the smallest hole with a
dimension of /15 cannot be detected due to the diffraction limit.

These limitations motivate the development of metamaterial lenses, which hold significant
promise to bridge the gap between stand-off distance limited near-field imaging and diffraction-
limited far-field imaging. Lenses made of negative index metamaterials (NIM) can potentially
bridge the gap between the two imaging modes by providing subwavelength resolution beyond the
diffraction limit at far-field working distances. This dissertation investigates the feasibility of using
such metamaterials lenses to enhance the resolution of far-field microwave imaging beyond their
inherent diffraction limits for nondestructive evaluation (NDE) applications. The concept of NIM
can be extended to graded metamaterials and metasurfaces, whose effective electromagnetic

properties vary spatially by introducing a slight change in the properties of each successive unit



cell. The second part of the dissertation reports the design and experimental validation of such a
GRIN metasurface lens. Although the proposed GRIN metasurface lenses do not provide sub-
diffraction imaging resolution, they offer several other advantages over NIM lenses such as high
resolution from greater working distances. Research on both the methodologies is undertaken with
a view to provide a holistic discussion on the subject of metamaterials and metasurfaces for high

resolution microwave imaging.
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Figure 0-1 (a) Near-field microwave NDE schematic (b) Far-field microwave NDE schematic (c)
Comparison of near-field and far-field NDE imaging results on a GFRP composite sample.

1.2 Research Scope

This research focuses on the design and evaluation of metamaterial lenses for enhancing
the diffraction-limited resolution of far-field imaging so that subwavelength objects can be
detected in the far-field at large stand-off distances. A novel NIM lens imaging sensor system
using homodyne measurements is proposed in this dissertation. Idea of negative refractive index
materials was discussed as early as beginning of the 20™ century when Schuster showed that
negative refraction takes place at the boundary of two media, one supporting a forward wave and
the other one a backward waves [17]. Present-day research in metamaterials was stimulated by the
theoretical work of Veselago et al. in the 1950s [18][19][20] and later by the realization of

3



engineered metamaterials by Smith et al. at the turn of the century [21]-[24]. Since then,
metamaterials have been extensively researched as means of controlling the propagation of EM
waves ranging from microwave to optical frequencies [25]. Pendry showed theoretically in [26]
that a slab made of negative index metamaterials (NIM) can act as a “perfect lens” for a diverging
source as both the propagating and evanescent wave components of the EM field will contribute
to the resolution of the image. Although losses associated with engineered metamaterials makes it
impossible to realize perfect lensing conditions [27][28], sub-diffraction imaging using NIM
lenses is still achievable as shown by various studies [29]-[32].

While numerical studies of NIM lenses in the far field have been undertaken
[33][34][33][35], the practical feasibility of their use as imaging sensors has not been widely
demonstrated. Existing literature on using metamaterials for microwave NDE has mostly involved
metamaterial inspired structures for near field sensing applications[36]—[43]. One prior study on
using NIM lenses for far-field microwave NDE was done by Shreiber et al., where they presented
the detection of subwavelength defects at a working distance of 1.9\ [44]. However, the NDE
measurements was performed using a Vector Network Analyzer (VNA) in a semi-anechoic
environment, which may not be practical for industrial implementation. The NIM lens was
embedded in microwave absorbers to isolate the transmitter and receiver. Moreover, high
frequency amplifiers were required since the directivity of diverging sources is weak and
engineered NIM lenses are highly dispersive structures. This research proposes a novel system
using homodyne measurement techniques with NIM lenses to provide a NDE imaging sensor that
can be used in the field. The high SNR and preservation of phase information associated with such
synchronous detection allows the lens to be characterized in free space and, hence, provides a

system that can be used in the field under practical conditions [45].



Major part of the dissertation focuses on the design and implementation of the novel NIM
lens sensor system for subwavelength microwave imaging applications. An SRR-wire unit cell
based design of NIM lens is studied and implemented at two frequencies of operation in the
microwave S and C band. A focal spot of dimension 0.82X is obtained with the 3.5 GHz lens (S
band). Subwavelength defect of dimension 0.17A x 0.06A in Teflon are shown to be detected by
the sensor system. Consecutive positions of the defect with a separation of 0.23A was resolvable
using the proposed S band system. Additional imaging experiments were performed with the NIM
lens operating at 6.3 GHz (C band) to determine the resolution enhancement. A focal spot of size
0.62 1s obtained for the C band lens design. Reflection mode imaging results of a subwavelength
hole of diameter 0.25A in GFRP sample and a groove of dimensions 0.31A x 0.1A in a Teflon

sample are reported using the proposed NDE sensor system at 6.3 GHz.

Although the initial overwhelming research interest in metamaterials lied in the realization
of negative refraction, which can provide sub-diffraction imaging capabilities at working distances
beyond the near field, realizing them in practice is difficult due to the high losses and strong
dispersion associated with the resonant responses of NIM lenses. The concept of 3D bulk
metamaterials was judiciously extended to 2D metasurfaces, which consists of subwavelength unit
cell placed on a surface or an interface. Planar metamaterials or metasurfaces takes less physical
space than bulk metamaterials, exhibits lower losses and can be easily integrated into sensor
systems due to its thin profile. And after it was shown in 2005 that metamaterials whose effective
EM properties vary spatially can also be fabricated by introducing a slight change in the properties
of each successive unit cell, research on metamaterials was no longer limited to realizing negative

refraction.



Therefore, the last part of the dissertation investigates the use of such graded metasurfaces
as alternatives for high resolution microwave imaging. The physics, design and implementation of
GRIN metasurface lenses working at 8 GHz is discussed. Even though GRIN lenses do not offer
sub-diffraction imaging resolution, they can still provide high resolution microwave imaging at
much greater working distances. In this research work, a focal spot size of 0.65A was obtained at
a distance of 1.67A for a NIM lens whereas a focal spot size of 0.88A is achieved with a GRIN lens
at a distance of 8.26A. The NIM lens requires 31 PCB layers in contrast to the GRIN metasurface
lens which can be implemented using a single PCB layer. Thus, GRIN lens provides a low-cost,
low-profile, and lightweight solution to the high resolution microwave imaging problem and is
explored in this work as an alternative approach.

Chapter 2 provides a brief theoretical discussion on the fundamental limits of microwave
imaging resolution and the electrodynamics of negative index metamaterials. This is followed by
a literature review of pioneering research works on experimental implementation of NIM
structures. The operating principle of NIM lenses and how they can provide subwavelength

focusing beyond the diffraction limited resolution is discussed in Chapter 2.

Chapter 3 presents the study of an S band NIM lens operating at 3.5 GHz. Numerical results
of the proposed unit cell design obtained using commercial FEM solver Ansys HFSS is reported.
A NIM lens consisting of 20x10x31 of the proposed unit cells was fabricated for experimental
validation. A homodyne detection architecture was used to demonstrate negative refractive index
behavior of the fabricated lens. Chapter 3 concludes with NDE results of subwavelength defects

in Teflon test objects.

Chapter 4 reports the study of a C band NIM lens design operating at 6.3 GHz. The lens

design is similar to the preceding chapter but scaled to work at a higher frequency. The resolution



of the lenses are dependent on the operating wavelength. Therefore, a shorter wavelength design
is considered in this chapter to demonstrate the scalability of the NIM lens designs for detection
of smaller defects. Source and subwavelength defect imaging with and without the proposed lens
is presented to demonstrate the resolution enhancement using NIM lenses. Finally, using the C
band NIM lens, novel reflection mode imaging results for microwave NDE of subwavelength
defects is presented. Reflection mode imaging provides a practical system that can be used in the
field, where single side access to the sample under test is more likely to occur.

Chapter 5 presents the alternative thin metamaterial (metasurface) lens design for
enhancing the far-field microwave imaging resolution. The operating principle of the lens is based
on GRIN optics, where a spatially varying refractive index is used to focus incident plane waves.
Theory of the unit cell design and GRIN optics is discussed in this chapter. Numerical study of the
focusing action of the GRIN metasurface lens is presented along with experimental verification
with fabricated prototypes. Initial microwave NDE imaging results are also presented at the end
of Chapter 5.

Chapter 6 provides a summary of the report. Concluding remarks are presented followed

by the novel contributions of this research. A discussion on the future work of the research is also

stated at the end.



METAMATERIAL LENS FOR FAR-FIELD MICROWAVE IMAGING
1.3 Fundamental limits on microwave imaging
Microwave imaging can be implemented in two modalities, namely, the near-field and the
far-field imaging. Non-propagating reactive fields dominate in the near-field region while
propagating EM radiation dominates in the far-field region. The demarcation of the spatial field
regions is subjective as there is no precisely defined cutoff between the two regions and the field
components of the regions overlap. In study of antenna design, the Fraunhofer distance dp, given

by (0.1), is typically taken as the limit between the near-field and far-field.

2D? (0.1)
=T

where, D is the largest dimension of the radiator and A is the operating wavelength. In order
to understand the diffraction limit of far-field systems, consider a wave of frequency w travelling
along the +z direction. The E component of the field can be defined as a superposition of

elementary plane waves given by the equation

E(x,y,z;t) = Z A(k,, ky)ej(kxx+kyy+kzz—(l)t) (0.2)
Kxky

2
where, A is the amplitude of the wave, k, = /%— k% — k% is the wave number in

2
direction of propagation and c is the speed of light. For transverse wave numbers k; + k; < (:—2,
k, is real, leading to propagating waves in the z direction. However, for larger values of transverse

2
wave numbers, corresponding to high spatial frequency, i.e. (k% + kj > (Z_Z) , k, 1s imaginary

leading to non-propagating evanescent waves. These evanescent waves, containing the higher



spatial frequency information, attenuate exponentially with distance from the scattering object.
The evanescent wave spectrum of the object is removed from images in the far-field, which

generally comprise of the propagating waves only. Since propagating waves are limited to k2 +

2
k3 < (:—2 , the maximum resolution in the far-field image Ay is given by

AL 2w e (0.3)
F kmax w

and the diffraction limit manifests itself as an image smeared over an area of approximately one
wavelength in diameter [26]. Therefore, subwavelength objects are not resolvable using far-field
imaging systems.

Near imaging can be done to overcome the diffraction limited resolution of far-field
systems by sampling the evanescent waves. The spatial resolution of evanescent waves from the
object directly determine the resolution limit in near field imaging systems. Since the spatial
resolution of the evanescent waves cannot be smaller than the smallest feature size py of the near-
field imaging probe, near field imaging resolution is in the order of py and is given by

Ay ~ pn (0.4)

Furthermore, evanescent waves decay exponentially with stand-off distance from the
object. Due to these stringent requirements, the near-field probe size and stand-off distance must
be considerably less than A to break the diffraction limit.

1.4 Metamaterials theory and literature review

Metamaterials, by virtue of their negative refractive index, can help to mitigate the
constraints posed by diffraction limits on resolution of microwave imaging, by allowing
subwavelength resolution in far-field. The EM theory of NIMs and the application of effective

medium theory in engineering such structures is briefly discussed in this section followed by a



literature review on pioneering research works involving characterization and demonstration of

NIM structures.
1.4.1 EM properties of Negative Index Metamaterials

In 1968, V. Veselago theoretically introduced the electrodynamics of materials having
simultaneous negative values of permittivity € and permeability u [18]. He showed that such
materials will exhibit unusual properties such as negative refraction, reversal of Doppler shift and
backward Cherenkov radiation. The electric field, magnetic field, and wave vector of a plane wave
form a left-handed triplet in such a medium, instead of the conventional right-handed one. The
word “metamaterial” was coined for such materials, alluding to their unusual properties, not

generally encountered in nature.

To understand the electrodynamics of materials with simultaneous negative € and u,

consider the Maxwell equations and the constituent relations,

Fuio 108
T c ot
VXB=—
c Ot
B= uH
D= ¢E

Where D is the displacement field and H is the magnetizing field. For a plane
monochromatic wave of frequency w travelling in z direction, in which all quantities are
proportional to e/*z=®t) where k, is the wavenumber in direction of propagation, the Maxwell’s

equations reduce to

=
X
i
Il
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kx| = _§e§ (0.6)

It can be immediately seen from (2.6) that the vectors 7€, E and H form the conventional
right-handed triplet for positive values of u and €, but a left-handed one for negative u and €. For

this reason, NIMs are often termed as Left-Handed Materials (LHMs).
The Poynting vector S , representing the direction of power flow of the EM field, always
form a right-handed triplet with the vectors E and H and is given by,
S=ExH (0.7)
The direction of phase velocity U, of an EM wave coincides with the direction of wave
vector k while the direction of group velocity ¥, coincides with the direction of Poynting vector
S. Thus, Upp and v, are anti-parallel for a metamaterial with simultaneous negative y and €.

For the passage of a wave from one medium to another (medium 1 to medium 2), the

following boundary conditions have to be satisfied,
Ey =Ep, , Hy =Hg (0.8)
€1En1 = 6By, WHpy = poHyp

where E; and H; denote the tangential components and E,, and H,, represent the normal
components of the field and subscript denotes the medium. Equation (2.8) shows that even though
the tangential field components of the refracted ray in medium 2 does not change direction, the
normal field components undergo changes direction for €,, , < 0. Thus the refracted ray in NIM
medium 2 follows the path in red (ray 3) as illustrated in Figure 2-1. The group velocity is along

this direction whereas the phase velocity is antiparallel to this direction in medium 2.

Snell’s law for medium 2 having a refractive index n is given by,

11



sin @ (0.9)

sin ¢

Hence, for a left-handed medium having simultaneous negative u and €, the index of

refraction n relative to vacuum is negative (since ¢ is negative for LHMs).

Medium 1

Medium 2

Figure 0-1 Passage of ray through boundary between two media. 1 - incident ray; 2 - reflected ray; 3 -
refracted ray if medium 2 is left-handed; 4 — refracted ray if medium 2 is right-handed

1.5 Effective medium theory for Engineered Metamaterials

ty Focal point
-—2b
2 d,
Refiacted vey in Metamaterial
conventional <0 & ! SRR
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NIM lens unit cell
d)
- NIM lens effective medium
Point source

(a) (b)
Figure 0-2 (a) Homogenous NIM medium (b) Engineered NIM medium
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The first LHM structure was realized by Smith et al., in their seminal paper of 2000 [21],
where they showed that an alternating periodic array of SRRs and thin wires can produce an
effective medium having a negative refractive index in the microwave regime. Early on, negative
refractive index structures were a controversial topic, and their existence was disputed by
researchers [46][47]. However, over the past two decades, there has been significant evidence that
certain periodic structures can indeed have an effective negative refractive index over a limited
range of frequencies [48][29][49][50]. Such periodic structures, even though inhomogeneous, can
behave as a homogeneous medium in response to electromagnetic (EM) waves with appropriate
wavelength [51].

A periodic array of conducting elements can act as an effective medium for EM scattering
when the wavelength is much longer than the element dimensions, i.e.,

a<kl (0.10)
where a is the dimension of a unit cell of the periodic array, and A is the operating

wavelength in the effective medium. The approximate lower limit for the effective medium ratio
(g) is 4 for effective medium theory to hold [52]. EM response of an effective medium is
determined by the configuration of the unit cell and can be characterized by an effective relative
permeability u. ¢ and effective relative permittivity €. over a specific range of frequencies. The

pioneering LHM unit cell comprises two distinct structures: an SRR element with dominant
magnetic response and a thin wire element with dominant electric response (Figure 2-2b).

A periodic array of the SRR elements can exhibit an effective magnetic behavior, similar
to that of magnetic plasmas, in the microwave regime [22]. Under excitation by an external
magnetic field parallel to the axis of the SRRs, the array behaves as a bulk medium having an

effective relative permeability given by
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ar? (0.11)

2

=1- a
Herr (@) 1 3lck 42l
7t2a)2ln%r3 @THo

where, a is the lattice constant, / is the distance between layers, r,c,d are defined in Figure
2-3a, p is the resistance/unit length of the rings measured around the circumference, ¢y is speed of
light in vacuum, uy is the permittivity of vacuum, and w is frequency of incident radiation. A more

generic form of the effective permeability of an SRR array is given by,

Fo? (0.12)
w? — w§ + iwl

.ueff(w) =1-

where F'is the fractional volume of the unit cell occupied by the rings, I' is the dissipation

factor, w, is the resonant frequency of the SRRs, and w is the frequency of the excitation field.

CCRCC

(a) (b)
Figure 0-3 (a) SRR unit cell schematic. (b) A periodic array of SRRs for negative permeability effective
medium. The representative figure shows 5 x 4 x 3 unit cells of SRR.
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Figure 0-4 (a) Thin wire unit cell. (b) A periodic array of thin wire for negative permittivity effective
medium. The representative figure shows 4 X 4 X 3 unit cells of thin wires.

Equation (2.12) shows that the real part of j, ¢ is negative for frequencies w greater than

resonant frequency w, and less than magnetic plasma frequency wp, given by wp, =

wo/V1 — F. Propagating wave modes are prohibited in this frequency band due to negative y,rf
of the SRR medium.

A periodic array of the thin metallic wire elements (Figure 2-4), under the influence of a
time-varying electric field, can mimic an electric plasma at microwave frequencies [23]. The
effective relative permittivity of such an array in the presence of an external electric field parallel

to the wires is given by

w2 (0.13)
Eeff(w) =1- wef

where, w,,, is the electric plasma frequency given by,

o =2 (0.14)
» " a2ln (a/7)
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where ¢y is the speed of light in free space, a is the lattice parameter, r is the radius of the
wires and w is the frequency of the excitation field.

where wep, is the electric plasma frequency of the wire medium, and w is the frequency of
the excitation field. Equation (2.13) shows that the real part of €,7f has negative values for
frequencies w < w,, . This causes the wire medium to prohibit propagating modes in that
frequency regime.

Combining both the SRR and wire elements in a periodic array gives rise to a metamaterial
medium having simultaneous negative p, ¢ and €.5¢ over a certain range of frequencies (Figure
2-5). Assuming that there is no direct interaction between the SRR and wire media, the refractive

index n of the resulting metamaterial is given through

n2 = :ueff(w)eeff(w) (015)

The negative square root in the calculation of # is chosen in (2.15) when both p, s (w) and
€.rr(w) are negative to account for propagation of left-handed waves in a metamaterial []. A left-

handed transmission band occurs within the previously overlapping forbidden bands of negative

Uers and negative €.5¢. The combined array behaves as a medium having an effective negative

refractive index in this transmission band, and the transmission peak is referred to as a left-handed

peak.
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(a)
Figure 0-5 (a) SRR-wire unit cell (b) A periodic array of SRR-wire unit cells for negative refractive
index effective medium. The representative figure shows 4 X 4 X 3 unit cells of SRR-wire.

1.5.1 Literature review on Engineered NIMs

After the first physical NIM design was realized by Smith et al. in 2000, extensive research
on experimental verification of left-handed behavior followed. The transmission and reflection
measurements of metamaterials reported by Smith et al. were performed in a waveguide chamber.
Scattering experiments of unit cells performed in a TEM chamber provides requisite boundary
conditions to mimic an infinite array of unit cells. Although experimental validation of left-handed
transmission can be performed in this way, waveguide implementation limited one of the
dimensions of the NIM structures in addition to practicality issues. Researchers in [53] for the first
time described an EM windowing method for free space measurements of NIM structures. A
typical setup for a free space S parameter measurement of a NIM structure in shown in Figure 2-
6a. Figure 2-6b shows the measured S parameters of a NIM material designed to operate at 3.5

GHz.
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Figure 0-6 (a) Typical experimental setup used for free space S-parameter measurement of metamaterial.
The setup schematic is shown in inset of figure [53]. (b) Measured and simulated S parameters for a left-
handed material slab. Line A: measured transmission. Line B: measured reflection. Line C: simulated
transmission. Line D: simulated reflection [53].
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Figure 0-7 (a) Measured transmission and reflection spectra of SRR medium in free space. The negative
permeability regions do not allow the propagation of electromagnetic waves through the SRR structure [54]
(b) Measured transmission and reflection characteristics of the thin wire medium. The transmission
spectrum exhibits a wide stopband extending from 7 to 18 GHz [54]. (c) Measured transmission and
reflection spectra of the NIM medium. Relatively high power, -4.5 dB, is measured between frequencies
9.5 and 14.5 GHz in which both effective permittivity and permeability have negative values [54].

Ozbay et al. investigated the transmission and reflection properties of SRR medium, thin
wire medium, and combined metamaterial medium separately [54]. A left-handed passband was
demonstrated within the stop bands of the SRR and thin wires medium. The measured transmission
and reflection characteristics for the three cases are shown in Figure 2-7.

Negative refraction in a NIM was first demonstrated in [24] using a 2D metamaterial

structure (Figure 2-8). To determine the refractive index, the deflection of a beam of microwave
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radiation is measured as the beam passes through a prism-shaped sample (Figure 2-8b). A positive
refractive index sample will deflect the incident beam (black) will be deflected towards the right
(blue) while a negative index metamaterial sample will deflect the beam towards left (red).

Experiments were performed with a prism-shaped NIM sample, as well as with a similarly shaped

Teflon sample as a reference. The measured E field strength (z-axis) is shown in Figure 2-8c as a
function of refraction angle (x-axis) and frequency (y-axis). It is interesting to note that Teflon
behaves as a positive refractive index material for all frequencies (12.5-13.5 GHz in the plot) while
the engineered metamaterial behaves as a negative index medium around 13 GHz only. This
demonstrates the narrowband operation of such engineered metamaterials. Negative refraction can
also be demonstrated via incident beam shift experiment as described by Aydin et al. in [55]. This
work will follow the beam shift experiment procedure for demonstration of NIM behavior. The

experiment details is give in section 3.2.2.

14
13
115 Frequency (GHz)

(a) (b) (c)
Figure 0-8 (a) A typical 2D prism-shaped NIM sample [24]. (b) Negative and Positive Refraction in a
prism-shaped sample. (c) Surface plot of measured normalized peak amplitude of electric field component
for a Teflon and a NIM prism shaped sample [24].

1.6 NIM lens for super resolution beyond the diffraction limit
An object is visible because it either emits or scatters EM radiation. The problem of imaging an
object is concerned with reproducing the EM field distribution of the object in an image plane.

Consider a 2D monochromatic object in the x-y plane placed at z = 0. The field distribution
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Y(x,y, z) of the object in free space can expressed as a superposition of all possible elementary

plane waves given by the 2D Fourier spectrum

e : (0.16)
‘('[)(x' v, Z) = jj lpF(kxﬁ ky)e](kxX+kyy+kzz)dkxdky

where l[)p(kx, ky) are the spatial frequency components of the object. Maxwell’s equations tell

us that k, = ’(:_22 — k% — k2, where w is the frequency of the source and c is the speed of light.

2
For spatial frequencies k% + k3 < %, k, is real, leading to propagating waves of the field in the z

direction. As we move out of the object plane along the z direction, the field distribution will
change. As a consequence, the Fourier spectrum on the observation (image) plane will no longer
resemble the object Fourier spectrum. The function of a lens is to apply phase correction to the
radiative Fourier components of the object so that the fields reassemble to a focus, and an image

of the object appears at the focal plane of the lens. However, for larger values of transverse wave
2
numbers, corresponding to high spatial frequency, i.e. (k2 + k32, > (:—2) , k, 1s imaginary leading to

non-propagating evanescent waves. These evanescent waves, containing the higher spatial
frequency information, attenuate exponentially with distance from the object. Conventional lenses
can focus only the propagating waves and the evanescent wave spectrum of the object field is

essentially removed from images in the far-field. Since propagating waves are limited to k2 +

2
ki < 62—2 , the maximum resolution Ap achievable by a conventional lens image is given by

A 2m_2me (0.17)
FNkmax_ w B

and the diffraction limit manifests itself as an image smeared over an area of approximately

one wavelength in diameter. It was shown in [20] that a slab made of negative refractive index
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material can act as a “perfect lens” as it can amplify the evanescent wave components along with
bringing into focus the propagating waves. Figure 2-9 describe the working principles of a negative
refraction lens. Negative refraction through the flat lens will bend the diverging rays from an object
towards optical axis. The rays will converge once inside the lens, and then at a focal spot outside
the lens where an image of the object will be formed (Figure 2-9a). In addition to bringing into
focus the propagating rays, the evanescent wave components will also be amplified by the negative
index slab, and the high spatial frequency information can be recovered in the image plane (Figure
2-9b). Hence, a perfect image of the object can be obtained at the focal plane of such a lens as all
the Fourier components will contribute to the resolution of the image. Using geometric optics, it
can be shown that an object placed at a distance d, (front focal length) from a slab of thickness t
with an arbitrary negative refractive index n will be bought to focus at a distance d,(second focal

length) given by [43],

ngcos(@)t 0.18
NSO LI 018
Jn? —n2sin (6)

where n; is the refractive index of the surrounding medium and 6 is the angle of incidence
(Figure 2-9a).
The conditions under which perfect imaging will occur is given by
€= —¢€, U= —HUs (0.19)

where € and u are the dielectric permittivity and magnetic permeability respectively of the
negative index slab, and €; and pg are the corresponding quantities of the surrounding medium.

The refractive index, n of any material is given by

n=+/ue (0.20)
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The negative square root in the calculation of # is chosen in equation (5) when both € and u are
negative to account for propagation of backward waves in negative index medium [41]. Therefore,
the refractive index n of a perfect lens in free space equals —1 and equation (3) reduces to
d, =t—d;.

The enhancement of evanescent wave components by NIM medium is demonstrated in
Figure 2-9b. For the derivation of recovery of the evanescent waves by a NIM lens, a transverse

electric mode wave with z as the direction of propagation is considered. Subscript 1 indicates

vacuum medium whereas subscript 2 denotes NIM medium. The E field is given

Ey = [0,1,0]e/Caxthzz=at) (0.21)
n<0 <0
€< 0 -
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Figure 0-9 (a) Ray diagram showing focusing action due to reversal of Snell’s law in a metamaterial
medium. (b) Enhancement of evanescent wave components in a metamaterial medium.

For evanescent waves as discussed in Section 2.1, the wave vector k, is imaginary and is

given by k, = +j ’k,% + k3 —(;)—22 , which implies exponential decay. At the boundary with

medium 1, the reflected wave is given by

El— — [0' 1' O]ej(kxx+kzz—a)t) (022)

And the transmitted wave in medium 2 is given by
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E2+ = [O’ 1, O]Qj(kxx"'kéz_wt) (023)

2
where, k;, = +j ’k,% + kZ —%. Causality requires that this form of the wave in the

medium is chosen i.e., it must decay exponentially from the interface. By matching wave fields at
the interface, it can be shown that the transmission t, and reflection r, of the wave inside medium
1 is given by

. 2uk, uk, —k, (0.24)
= —' 'r = ——

uk, + k;, uk, + k,
The transmission t’ and reflection ' of the wave inside NIM medium 2 is given by

L , _ ki —pk, (0.25)
" kL + pk,’ " Tk + pk,

To calculate the transmission Ty through the NIM medium of thicknessd, the multiple
scattering events have to be summed,
T, = tt'eUkzd) 4 ¢t'y72¢(3/kza) (0.26)
+tt'rte(ikzd) ..

tt'e(kza)

1— r/Ze(ijéd)

or, T, =

By substituting from 2.20 and 2.21 into 2.22 and taking the limits ¢ — —1 and e—-1 for

NIM medium, the transmission T is obtained as

o2k 2K, e 020
1m =

=15 T ke, + kKl kg 4 (kuk,\ i)

e—>—1 k;+likz

lim TS = e(‘jkéd)
u—--1

e—>—1
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Thus, even though strictly causal calculation was carried out, the result is that the NIM
medium does amplify evanescent waves [26]. Such a negative index medium not only focuses
propagating waves but also enhances the evanescent wave component of the angular spectrum of
the incident field, which contains high-resolution information. Subwavelength focusing beyond
the diffraction limit is, thus, made possible by using a negative index metamaterial lens. Pendry’s
seminal paper discussed the theoretical possibility of obtaining subwavelength imaging by virtue
of metamaterial lens, which then led to experimental work on demonstration of subwavelength
focusing [55][30][31][56][30].

Although in theory a perfect image reconstruction of an object can be obtained in this way
using a lossless n = —1 slab, it is impossible to achieve these idealized conditions in practice.
Losses associated with engineered metamaterials degrades the perfect resolving capabilities of
NIM lenses. However, overcoming the diffraction barrier is still achievable using engineered NIM
lenses [45].The EM metamaterial concept was extended to acoustic engineering as well [46], with
several studies demonstrating subwavelength imaging using acoustic metamaterial lenses [47-48].

[28]. The focal distance of NIM lens is related to the image resolution A in the presence of
losses stemming from imaginary permittivity (€") and imaginary permeability (u "), and

geometrical factor £ = 0.6 by the equation [57]
2
4 (52 iz _ 1) (0.28)
A?
{e}" + (252 _A2> {u}"

AZ
4 ’62 _/1_2

The relationship specifically calculates the resolution A as the full width at half maximum

In

f=a

of the image. Equation (2.24) does however assume real part of 4 = -1 and € = -1. Despite this,

(2.21) provides a more robust model for the assessment of focal spot of a planar NIM lens with
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real losses. Periodicity associated with a fabricated metamaterial also forces it to deviate from
Pendry’s perfect lens condition. The limitations for subwavelength imaging by a NIM lens have
been studied by Smith et al. in detail [28].

Theoretical background and a literature review for effective medium of metamaterials is
provided in this chapter, which guides this research. Imaging theory of NIM lenses and how they
enhance the far-field resolution are also presented in this chapter. The following two chapters

discuss the implementation of such NIM lenses at microwave S and C bands respectively.
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S BAND NIM LENS FOR SUBWAVELENGTH DEFECT DETECTION

This chapter discusses the design of an S Band NIM lens and its experimental
implementation for far-field microwave detection of subwavelength defects. Detailed numerical
and experimental characterization of the lens design and its feasibility for far-field subwavelength
defect detection is presented. Existing literature on using NIMs in the far-field employs
electromagnetic windowing techniques to realize subwavelength focusing or defect detection.
Microwave absorbers are typically used to create a window of the size of the NIM. The NIM
structure is embedded in the window to ensure that waves pass through the NIM only. In this
chapter, a homodyne receiver-based architecture is proposed to be used in conjunction with the
NIM lens for far-field measurements. The high SNR and preservation of phase information
associated with such synchronous detection allows the lens to be characterized in free space and,
hence, provides a system that can be used in the field under practical conditions. The results of this
chapter is published in [58][59].

The first section provides a numerical study and EM parameter retrieval of the lens design
using the commercial software HFSS. The second section presents the experimental
characterization of the metamaterial lens and its implementation for detection of subwavelength
defects using the homodyne system.

1.7 Simulation

A metamaterial can be modeled by simulating an infinite periodic array of unit cells using
periodic boundary conditions. Figure 3-1a shows an HFSS model of the proposed unit cell along
with incident field polarization and direction of propagation. The Perfect E and Perfect H boundary

conditions of HFSS were applied on the y-z and x-y boundaries, respectively, to mimic an infinite
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array of unit cells and ensure correct polarization of the incident wave. FR4 (¢, = 4.4,tané =
0.02) of thickness 1.6 mm was used as the substrate for the PCB. Copper of thickness 35 micron
was used as the conducting material. Wave ports were assigned on the z-x boundary to excite the
model with a plane wave and obtain the S-parameters of the metamaterial medium. Figure 3.1b
shows the dimensions of the unit cell. The dimensional parameters for the proposed design at 3.45
GHz are as follows: r = 1.5 mm, c =g =0.2 mm, t =w = 0.9 mm, and a = 9.3 mm. The distance

between consecutive PCB layers (length of unit cell model along z direction) is 6.5 mm.

Wire | ., = a -
E * » i
L A Il
B, e

~1.

=

FCB v

(a) (b)
Figure 0-1 (a) HFSS unit cell model. (b) Schematic of the metamaterial unit cell showing both sides of the
PCB

1.7.1 Scattering Parameters

Figure 3-2 shows the simulated S-parameters for three cases—an SRR-only medium, a

wire-only medium, and a medium that combines both wires and SRRs. For the SRR-only medium,
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Figure 0-2 HFSS S-parameter results for (a) SRR-only medium, (b) wire-only medium, and (¢) SRR and
wire combined metamaterial medium. The respective HFSS models are shown in the insets of the figures.

a dip in the transmission parameter S>; is observed around the resonant frequency of 3.45 GHz of
the SRR (Figure 3-2a). This is due to the prohibition of propagating waves by the negative u of
the medium. Figure 3-2b shows that the wire-only medium allows transmission (with less than 10
dB of insertion loss) above 5.5 GHz, which is the electric plasma frequency we,. Propagating
waves below this frequency are prohibited due to the negative € of the wire medium. Figure 3-2c

shows that after combining both the SRR and wire, a transmission band is observed around 3.45
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GHz with a peak of -2 dB. Left-handed waves are allowed to propagate in the frequency region
where both ¢ and € are simultaneously negative.

Figure 0-3 HFSS S-parameter results for (a) SRR-only medium, (b) wire-only medium, and (¢) SRR and
wire combined metamaterial medium. The respective HFSS models are shown in the insets of the figures.

1.7.2 Electromagnetic Parameter Retrieval

Extraction of the EM parameters from S-parameter data of the metamaterial design was
done to verify left-handed nature of the transmission band. Estimation of permittivity and
permeability of an engineered material from its S-parameters is a well-established method, first
proposed in the original work of Nicolson and Ross [60] and Weir [61]. Using this approach, an
inhomogeneous metamaterial structure, assumed to be a homogenous medium under the effective
medium theory, can be characterized by a refractive index » and normalized impedance z [62],
[63].

The normalized impedance z of a metamaterial unit cell is related to its S parameters by

the equation

(1+53,)? -S4

0.1
T @+ 8%+ S5 0D

7 =

Since the metamaterial is a passive device, the reflected power cannot exceed the incident
power. Therefore, the real part of z is positive, which in turn resolves the sign ambiguity in (3.1).
The refractive index of a metamaterial unit cell of dimension d is related to the S-

parameters by the following equation

) S
kod _ 21
e | 0.2)
1=5u777

The value of refractive index n can be evaluated from (3.2) as
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n= ﬁ [{Re(In (e/mk0d)) + 2mmn} — j{Im(In(e/0%))}] (0.3)

where Re(.) and /m(.) are the real and imaginary operators, respectively, ko is the free space
wavenumber, and m is an integer. The ambiguity in the branch selection of the multi-valued
complex logarithmic function in (3.3) can be resolved by choosing correct integer value m, which
is dependent on the electrical length of the unit cell. Due to the small electrical length of the
proposed unit cell design (9.3 mm) compared to the homogenized wavelength (38 mm), the
fundamental branch (m = 0) is chosen for calculation of material parameters from the simulation
model for the S band design [64].

The extracted material properties for the combined SRR and wire medium simulation
results are shown in Figure 3-3. From the normalized impedance curve in Figure 3-3a, a resonance
near the two plasma frequencies (3.45 GHz and 5.5 GHz) of the metamaterial medium is observed
as expected. Figure 3.3b shows that the real part of the extracted refractive index is negative, thus
verifying the left-handed transmission band in this frequency region. The value of real part of n at

the resonant frequency of 3.45 GHz is —2.18. The real parts of the extracted p.rf and €55 are also

simultaneously negative in the frequency region, as expected (Figure 3-3c¢, d). It should be noted
that above 5.5 GHz, both . ¢ and €, are simultaneously positive, rendering the refractive index

to be positive above this frequency.
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Figure 0-4 Extracted simulated EM parameters of the metamaterial design: (a) impedance, (b) refractive

index, (¢) permeability, and (d) permittivity.
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1.8 Experimental Validation

A metamaterial lens, consisting of N, =20, N, = 10 and N, = 31 unit cells, was
fabricated for experimental validation. Figure 3-4 presents the fabricated metamaterial lens. An
array of 20 x 10 unit cells in the x-y plane were printed in a single FR4 PCB of thickness 1.6 mm,
and 31 such boards were stacked in the z direction at an interval of 6.5 mm. The magnetic and
electric field vectors are polarized along the z and x axes, respectively, while the wave propagation
vector is along the y axis. The thickness of the lens, #, in direction of propagation is 100 mm.
Frequency sweep measurements using a VNA were done at first to confirm the presence of left-
handed transmission peak of the fabricated lens, which are presented in section 3.2.1. A homodyne
detection-based scheme was used to experimentally validate the negative refractive index and
determine the subwavelength focal spot at the left-handed transmission peak frequency. The
implementation details and left-handed experimental results of the fabricated NIM lens with the
homodyne architecture is discussed in section 3.2.2. NDE results for a set of dielectric test samples
are presented to show the feasibility of using an LHM lens for the detection of subwavelength

defects.

Figure 0-5 Fabricated metamaterial lens consisting of 20x10x31 unit cells and operating in S band.

32



1.8.1 Transmission characteristics

A large metallic screen (~10A) with an appropriate aperture was used to obtain the
transmission characteristics of the fabricated metamaterial lens. The metallic screen was
implemented by mounting an aluminum sheet ono a styrofoam board. An aperture of the size of
the lens was cut in the middle of the board to allow for waves to pass through the lens only [].
Wideband (675 MHz to 12 GHz) Vivaldi antennas were used as transmitter and receiver to
illuminate the lens with a uniform plane wave. The antennas were placed 40 cm apart to ensure
far-field measurements. The frequency sweep measurements were done using an Agilent EBO70B
vector network analyzer (VNA). Figure 3-5a shows the schematic of experimental set up. The
measurements of S2; in Figure 3-5b clearly indicate the presence of a left-handed transmission
band with a peak transmission of —16 dB around 3.5 GHz (Figure 3-5b). The slight shift in
frequency between the simulated and experimental results can be attributed to fabrication

tolerances. Above 5.5 GHz, the metamaterial acts as a conventional medium having positive ye s
and €.5. Conventional right-handed waves are allowed to propagate in this frequency regime, and

hence, the transmission band is observed. The regions of negative and positive refractive index

can be verified from Figure 3-3b.
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Figure 0-6 (a) Free space transmission experiment schematic. (b) Experimental transmission response of
the metamaterial lens. The measurements were calibrated with respect to transmission in free space.

1.8.2 Left-Handed Characteristics

- TX R_X
| Lens

RF Signal
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<«—Homodyne Receiver

DMM

Figure 0-7 (a) Schematic of homodyne architecture-based setup for single frequency measurements. (b)
Homodyne receiver used in experiment setup

After experimentally confirming the left-handed transmission peak at 3.5 GHz, single
frequency measurements using a homodyne receiver architecture were used to facilitate fast
characterization of the metamaterial lens at 3.5 GHz. The schematic of the homodyne architecture
is shown in Figure 3-6. The RF signal generator produces a continuous sinusoidal wave of
frequency 3.5 GHz. The generated signal is passed through a splitter with one channel to the
transmitting antenna and the other channel to the local oscillator (LO) port of the mixer. The RF

port of the mixer is connected to the receiver antenna. The DC signal produced at the intermediate
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frequency (IF) of the mixer is read by a digital multimeter (DMM) and is proportional to the
strength of the received signal. The homodyne detection technique suppresses excessive noise
components and provide stable access to information that is encoded into the phase of the received
signal. This allows the fabricated NIM lens to be implemented in free space under practical
conditions without the need for the windowing used in the frequency sweep measurements.
Moreover, using homodyne detection obviates the need for the use of expensive RF instruments
such as a VNA.

The operating principle of a homodyne detection system can be understood from the
following equations. The sinusoidal output V;, of the RF signal generator, which is used to excite
the experiment setup and feed the LO port of the mixer is of the form

Vio = Vier(SinWyest + Orer) (0.4)

where, Vy..r, wrer and 0,.¢ are the amplitude, frequency, and phase of the RF signal

generator output respectively. The received signal Vi at the RF port of the mixer will be a sinusoid
of the same frequency but different amplitude and phase given by.

Ver = Vrec (Sin Wrect + Hrec) (0.5)

where, V..., and 6,... are the amplitude, and phase of the received signal at the RF port

respectively. The output V; at the IF port of the mixer is the product of the two sine waves given

by,
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Vie = VioVgrr (0.6)

VIF = Vref (Sin wreft + Qref)Vrec (Sin (‘)reft + grec)

1
Vip = EVrerrec COS([wref ~ Wrer]t + Orec — Href)

1
- EVrerrec COS([wref + wref]t + Qrec + Href)

It can be seen from (3.3) that the first term is a DC signal of the form

(0.7)

1
Vpe = EVrerrec Cos(erec - eref)

Vpc produced at the IF port of the mixer is read in by the digital multimeter and is
proportional to the received signal amplitude.
Negative Refraction Behavior of MM

An imaging experiment was carried out to demonstrate negative refraction by the
metamaterial lens and to calculate its effective refractive index. A standard gain horn antenna at
3.5 GHz was used as the transmitter, while a quarter wavelength monopole was used as the
receiving probe. Outgoing spherical waves from the horn are incident at an angle 6; at the first air-
LHM interface. After undergoing negative refraction through the LHM of thickness 7, the waves
are shifted towards the side of the transmitter by a distance d at the second LHM-—air interface. The
angle of refraction can be determined by scanning the received signal amplitude and calculated as

0, = tan"1(d/t). The top view of the experimental setup is shown schematically in Figure 3-7.
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Metamaterial
lens

Figure 0-8 Negative refraction experiment schematic top view.

The receiving probe was mounted on a 2D scanner, moved in the y-z plane, and the received
amplitude distribution was measured. A step size of 5 mm was used in both the z and y directions.
The transmitting horn was placed at a distance of 12 cm (1.4A) from the first air—-LHM interface
with an angle of incidence 6; = 10°. The normalized amplitude distribution measured is shown in
Figure 3-8a. The outgoing wave from the metamaterial lens has a beam profile centered towards
the transmitting antenna. The angle of refraction, 6,., through the lens of thickness # = 100 mm and
beam shift =15 mm is calculated to be 8.53°. The real part of effective refractive index is thereby

computed using Snell’s law and is equal to —1.17 at 3.5 GHz.
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Figure 0-9 (a) Normalized received signal amplitude scan. The outgoing wave from the NIM lens has a
beam profile centered at 85 mm. (b) Normalized line scan of the received signal amplitude at y = 0. The
beam shift d is measured to be equal to 15 mm.
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Subwavelength Focusing

The presence of negative refraction allows the possibility of using the fabricated
metamaterial structure as a lens for subwavelength focusing. A monopole antenna produces an
azimuthally symmetric field pattern, as does an ideal isotropic radiator. Therefore, a monopole
with a resonant frequency of 3.5 GHz was used as the transmitter to demonstrate subwavelength
focusing. Due to the negative refractive index of the metamaterial lens, diverging beams from the
monopole antenna, placed at an appropriate distance, will be brought to focus outside the lens
according to (2.13). Figure 3.9 presents the schematic top view of the experimental setup.

A quarter wavelength monopole was used as the probe for measuring the received signal.
The receiving probe was mounted on a 2D scanner and moved on the y-z plane and the received
amplitude distribution was measured. A step size of 5 mm was used in both the z and y directions.
The transmitting monopole was placed at 60 mm (d1) from the air—LHM interface. Figure 3-10a
shows normalized received signal amplitude. A focal point is observed at a distance 30 mm (d>)
from the second LHM-—air interface. The measured focal spot distance satisfies the relation in
(2.13) for the fabricated lens of thickness 100 mm (7). Figure 3-10b shows the normalized line scan
at the focal plane (y = 30 mm). The full width at half maxima (FWHM) for the focal spot is found

to be 70 mm (0.821).
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Figure 0-11 (a) Normalized received signal amplitude. A focal spot is observed at a distance of d> =30
mm from the lens. (b) Normalized line scan at y = 30mm. The dashed lines indicate —3 dB point.
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Figure 0-12 (a) Microwave NDE with NIM lens schematic (b) Calibration and defect detection flowchart.

Natural fiber reinforced composites have seen increasing use over the past few years due
to their lower cost, preferable mechanical properties and environment sustainability over
conventional materials such as metals and synthetic fibers. Composites can be tailored to have
enhanced characteristics which has facilitated their growing application in industries such as
aerospace, automotive and structural engineering [65][66][67]. However, composites are
susceptible to defects due to manufacturing issues or damages incurred in usage. Hence, there is a
need for NDE sensors for composites which can reliably detect these flaws that can affect the

performance of crucial engineering structures [68].

Microwaves have the ability to penetrate deep into low loss dielectrics and hence are
suitable for inspection of electrically insulated low loss composites. In addition to this, a
microwave NDE system offers various advantages over other existing NDE techniques such as
non-contact, no requirement for couplants, relatively low cost and one-sided scanning [7].
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Therefore, the capability of the fabricated NIM lens for detection of subwavelength defects with
far-field microwave NDE data is demonstrated. The Microwave NDE schematic is shown in
Figure 3-12a. The calibration and detection procedure are shown in Figure 3-12b and is
summarized as follows:
i Samples for testing are placed at the focal plane of lens, and line scans are performed
to obtain the scattered data
i Contributions due to a defect is measured by changes in the test signal relative to
baseline signal (found by measuring a similar healthy sample)
11 Position of defect is determined by the minima in the line scans
The experimental setup for this study is shown in Figure 3-12, and the schematic top view
is shown in Figure 3-13a. Figure 3-13b shows the schematic of sample under test. Teflon samples
are used as the dielectric test object that is inspected for defects. A groove of size 15mm (0.17A) X
5 mm (0.061) is machined along the length of the sample and serves as the anomaly. A similar
Teflon sample with no machined groove is treated as the healthy sample for background
subtraction. The samples are placed at the focal plane of the lens. Three sets of measurements were
taken at three positions of the sample by following the described calibration and detection

procedure. The distance p between consecutive defect positions was set to be 20 mm (0.234).
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Figure 0-15 NDE line scan results. (a) Measurements using the LHM lens. The minimum of the plot gives
the defect position. (b) Measurements without the LHM lens. Waves are not focused in free space.
Subwavelength defects position cannot be determined.

Figure 3-14a shows the defect signal for the three measurements. The received line scans
were fitted with smooth curves to obtain the minima. The minima in the three line scans are shifted
with repositioning of the defect location, thus indicating the position of the subwavelength defect.
This demonstrates the proposed system is sensitive to a 0.17A x 0.06A defect and can determine
the defect positions with a separation of 0.23A. The NDE measurements were repeated without the
NIM lens to illustrate that the subwavelength defects are not detectable without the lens. Figure 3-
14b shows the resulting received line scan signals without the lens. Since waves from the monopole
transmitter are not focused, the received signal strengths are dominated by edge effects and
scattering from the background. Therefore, no clear minima, as in the case of the NIM lens, are
observed. Hence, these initial results clearly demonstrate that subwavelength defects, which are
undetectable in free space in the far field, can be detected using a properly designed metamaterial

lens.
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C BAND NIM LENS FOR SUBWAVELENGTH MICROWAVE IMAGING

This chapter describes the design of a C band microwave imaging system using a negative
index metamaterial (NIM) lens for nondestructive evaluation (NDE) applications. The imaging
system consists of a split ring resonator (SRR)-wire based NIM lens, operating at 6.3 GHz, used
in conjunction with a homodyne detection system. The lens design is similar to the preceding
chapter but scaled to work at a higher frequency band. The resolution of the lenses are dependent
on the operating wavelength. Therefore, a shorter wavelength design is considered in this chapter
to demonstrate the scalability of the NIM lens designs for detection of smaller defects in composite
samples. The unit cell design reported in this chapter has an improved left-handed transmission
with a peak of -1.08 dB (S band design transmission peak was -2 dB). Hence, a smaller focal spot
is obtained for this C band NIM lens design. Simulation studies of the unit cell design are presented
followed by experimental verification of left-handed focusing by the NIM lens with a focal spot
of size 0.65\. Further, 2D NDE scans are reported in this chapter to demonstrate the ability of the
proposed system for imaging defects in addition to detection capabilities reported in Chapter 3. A
subwavelength hole of diameter 0.25A in a glass fiber reinforced polymer (GFRP) sample is
imaged at a stand-off distance of 1.67A using the proposed system. High SNR and preservation of
polarity and phase information associated with synchronous detection provides a NIM lens

imaging system that can be used in the field for rapid inspection at large standoff distances.
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1.9 Simulation

SRR

Figure 0-1 NIM lens unit cell model with incident wave polarization and unit cell schematic.

The unit cell schematic along with the incident wave polarization is shown in Figure 4-1.
The H field is polarized into the plane of the SRRs (z direction) while the E field is polarized

parallel to the wires (x direction) to generate the required EM response for negative refractive

index. A left-handed (E , H and k form a left-handed triplet) transmission band is obtained in the
frequency region where the refractive index is negative. The dimensional parameters for the unit
cell to operate around 6.3 GHz is given by a = 4mm, r = 0.9 mm, t = 0.4 mm, w=0.4mm, g =0.2
mm, ¢ = 0.2 mm. FR4 of thickness 0.6 mm is used as the PCB substrate. The distance between
consecutive PCB layers is set to be 3.4 mm. The simulated S parameters for the unit cell design
using commercial solver Ansys HFSS is shown in Figure 4-2a. A transmission band is obtained
around 6.3 GHz with a transmission peak of -1.08 dB. To verify the left-handed nature of the
transmission band, EM parameter retrieval from the simulated S parameters is performed. The
parameter retrieval method is described in section 3.1.2. The real part of p.rr and €.55 are
simultaneously negative in this band, rendering the refractive index n to be negative (2.15). The
refractive index for the proposed NIM lens is -3.33 at the operating frequency of 6.3 GHz (Figure

4-2b).
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Figure 0-2 (a) Simulated S parameters using Ansys HFSS (c) Refractive index calculated from simulated S
parameters

1.10 Experimental Validation

A NIM lens, consisting of N,, = 20, N, = 10 and N, = 30 unit cells, was fabricated for
experimental validation. Figure 4-3a presents the fabricated metamaterial lens. Each PCB layer
consists of 20x10 unit cells and 30 such layers were stacked at intervals of 3.4 mm using 3D printed

holder with slots. The final dimensions of the lens are 80 mm (1.674) X 40mm (0.83 1) X

100 mm(2.081).
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1.10.1 Transmission Characteristics

Frequency sweep measurements were performed at the beginning using an Agilent
EB070B VNA to experimentally determine the left-handed transmission peak of the fabricated
lens. Two horn antennas were used as the transmitter and receiver to ensure correct polarization of
the incident EM waves. The antennas were kept at a distance of 20 cm to ensure far-field
measurements. A large metallic screen with a window of the size of the lens was used to perform
the measurements (Figure 4-3b). The S»1 normalized to peak transmission are shown in Figure 4-
3c. A left-handed peak transmission of -1.5 dB is observed around 6.3 GHz. Conventional right-
handed transmission band is obtained above 9.5 GHz. The refractive index of the lens is positive
in that frequency region as shown in Figure 4-2b.

The differences between the simulated and experimental transmission characteristics can
be attributed to the following factors. The simulation study considers an infinite array of unit cells
with periodic boundary conditions whereas the experimental study consists of a finite number of
unit cells. In this study, to estimate the bulk parameters using unit cell simulations, periodic
boundary conditions in the directions perpendicular to the wave propagation direction, is
implemented. Along the direction of propagation, the model uses one unit cell as it can estimate
the effective parameters without complicating the calculation of effective parameters. One unit
cell in the propagation direction produces nearly the same scattering parameters as a thicker
material, and estimation of bulk parameters using this simulation model becomes less
cumbersome. Depending on the value of bulk parameters and frequency of a metamaterial design,
there is a certain "critical length" of unit cells after which, the simulation model will closely
resemble the scattering parameters of a finite metamaterial array structure. This is because the

transmission in a single unit cell model along the direction of propagation includes contribution
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from additional polarized waves in addition to the incident wave polarization. The contributions
from these additional polarized waves, due to perturbation inside the structure, are not observed
after the “critical length” of unit cells. Therefore, the simulation transmission characteristics will
closely follow finite array experimental characteristics only if multiple unit cells in direction of
propagation are simulated. However, in that case, the branch selection in the estimation of bulk
parameters from scattering parameters will be more involved and out of scope for this thesis work.
For this study, 3 unit cells in direction of propagation will result in transmission characteristics
that closely match that of experimental results. The result of such a simulation model is reported
in figure 6 of [59]. Another reason for the deviation from simulated results reported in this work
is the use of EM windowing experiments. Performing the experiments in an anechoic chamber will

remove the noise in the experimental transmission characteristics reported in this study for NIM

lenses.
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Figure 0-3 (a) Fabricated NIM lens (b) Transmission experiment schematic (c) Measured transmission

characteristics

1.10.2 Source Imaging

After the left-handed peak frequency was determined, single frequency measurement using
synchronous detection was done to provide a low-cost practical imaging system without the need

for EM windowing. The setup for the source imaging experiment is shown in Figure 4-4. A
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monopole with resonant frequency of 6.3 GHz was used as source. A monopole antenna produces
an azimuthally symmetric field pattern, as does a point source. Left-handed focusing of the
incident omnidirectional waves by the NIM lens allows source imaging at the focal plane of the
lens. A quarter wavelength monopole was used for measuring the received signal. The receiving
probe was mounted on a 2D scanner and moved on the y-z plane and the received signal
distribution was measured. A step size of 5 mm was used in both the z and y directions. The
transmitting monopole was placed at 10 mm from the air-NIM interface. Figure 4-5a shows
normalized received signal distribution. A focal point is observed at a distance 35 mm from the
second NIM-—air interface. The measured focal spot distance is consistent with NIM lens imaging
theory [1]. The source imaging experiment was performed without the NIM lens as well and the
results are shown in Figure 4-5b. The received signal distribution shows the radiation pattern of
an omnidirectional source as expected. Figure 4-5c displays the cross-range intensity profiles for
the two cases. The full width at half maxima (FWHM) for the focal spot is found to be 30 mm
(0.62)). The FWHM at the focal plane without the lens is 67 mm (1.391) indicating resolution

enhancement by a factor of 2.24 (A;eps/Afree) is achieved with the lens.
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Figure 0-4 Source imaging experiment (a) setup and (b) schematic
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Figure 0-6 (a) Focal spot shift in (a) Down range direction (b) Cross range direction

The focal spot position of a NIM lens can be adjusted in the cross-range and down-range
directions by moving the source object. This is an added novelty to the operation of NIM lenses,
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as focal spot scanning can be achieved without any complex tuning methods [50]. The source was
first moved away from the NIM lens and kept at a distance of 15 mm (d_1). The focal spot in this
case is found to be at 20 mm(d_2), clearly indicating a shift in the down-range direction (Figure
4-6a). The focal spot moves closer to the lens as the source is moved away from the lens, which is
consistent with the imaging theory discussed in Section 2 (equation 3). Also, laterally shifting the
source shifts the focal spot laterally. This was demonstrated by moving the source right of the
optical axis (along z direction) by 10 mm.

The imaging results for this case show a cross-range shift of the focal spot by
approximately the same distance (Figure 4-6b). These results signify that the NIM lens system can
be used for source (or defect) localization techniques as well when the position of the source is
unknown. It is important to note that the focusing performance degrades as the source is moved
away from the optical axis, as seen in the comparison in Figure 4-6a and Figure 4-6b. This is due
to the increase of diffraction effects from the edges of the lens as the source is moved towards the
sides. Therefore, the range of movement of the focal spot is restricted by the thickness of the lens
in the down range direction (equation 3) and by the aperture of the lens in the cross range direction

(edge effects).
1.10.3 Subwavelength defect imaging

Next, the capability of imaging subwavelength defects beyond the diffraction limit is
demonstrated for NDE applications. The experimental setup is shown in Figure 4-7a. GFRP
samples are used as dielectric test objects. The samples are shown in the inset of the Figure 4-7a.
A hole of diameter 12 mm (0.25)) is drilled in the sample of dimensions 100 mm x 100 mm x 8
mm. A similar GFRP sample without the drilled hole is used for deriving a baseline or reference

signal (Figure 4-7b). The samples are placed at the focal plane of the lens and C scans are
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performed in the z-x plane with a step size of 2 mm. The source to test object distance is 80 mm
(1.67X). The contribution due to the defect is measured by the changes in the test signal relative to
the baseline signal.

The NDE imaging measurements were repeated without the NIM lens to illustrate that
subwavelength defects are not detectable without the lens. The imaging results are displayed in
Figure 4-8. It is seen that the subwavelength defect is undetectable without lens (Figure 4-8b) and
is imaged using the NIM lens (Figure 4-8a). The lateral intensity profile of the defect image in x

and z direction is shown in Figure 4-7¢c. The average FWHM of the defect image is 20 mm (0.41).

1.11 Proposed NIM Lens Sensor System
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Figure 0-9 (a) Subwavelength defect image with lens (b) Subwavelength defect image without lens (c)
Lateral intensity profile of defect image at the focal plane

Using the proposed system, subwavelength defect imaging of dielectric materials in
transmission mode has already been reported [38-39]. The system was also used for imaging of
subwavelength defects in reflection mode to demonstrate the feasibility of using the system for

imaging in single side access. Figure 4-9 presents the schematic of the proposed microwave NDE
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sensor for imaging of subwavelength defects. A transmitting monopole antenna is placed in the
front focal plane of the NIM lens. The diverging waves from the antenna are bought to focus by
the lens at its second focal plane where the dielectric material under test is positioned. The reflected
rays from the dielectric material can be sampled at the front focal plane in reflection mode to
collect high spatial frequency information and image subwavelength defects. Coherent homodyne
detection provides stable access to the information encoded in the phase data by suppressing the
excessive noise components [40-41]. High signal to noise ratio associated with such synchronous
detection allows the implementation of dispersive NIM lenses in free space under practical
conditions without the use of amplifiers or microwave absorbers. Demodulating the image signal
into a measurable dc signal also reduces the complexity of the imaging system and hence provides

a rapid, low cost solution.

]
Subwavelength

defect

Figure 0-10 Schematic of Microwave NDE experimental setup

The schematic of experimental setup for microwave NDE in reflection mode is shown in
Figure 4-10. The reflected waves from the material under test placed at second focal plane (d_2
distance from lens) can be imaged at the first focal plane (d_1 distance from lens) , where the
transmitter and receiver are placed. Subwavelength defects inside the dielectric sample can be

imaged by performing background subtraction of signals from a healthy sample. The measured
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voltage difference at the focal plane will correspond to the contributions due to the defect and can
be plotted in a 2D graph to obtain the image of the defect. Two sets of NDE experiments are

performed on two types of subwavelength defects: holes and grooves.
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Figure 0-11 Experiment setup for subwavelength hole imaging (b) GFRP composite sample under test
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Figure 0-12 Imaging results (a) with lens and (b) without lens

A drilled hole of diameter 12 mm (0.254) in a glass fiber reinforced polymer (GFRP)
composite sample is tested first. The GFRP sample is of dimensions 100 mm x 100mm with a
thickness of 8 mm. The experiment setup is shown in Figure 4-11a and the sample schematic is
shown in Figure 4-11b. A similar sample without any drilled hole is treated as the healthy sample

for obtaining the baseline signal for subtraction (inset of Figure 4-11a). The receiver is scanned in
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the first focal plane (x-z at d_1) near the source with a step size of 2 mm in both directions. The
imaging result for the drilled hole is reported in Figure 4-12a. The presence of subwavelength
defect is clearly imaged as indicated by the maxima (location y = 35 mm, z = 50 mm) of the image.
The probe to defect standoff distance is 80 mm (1.67)), which is in the far-field. The experiment
was performed without the NIM lens to demonstrate that the subwavelength defect is not
detectable in the far-field at large stand-off distances. The imaging result in free space is shown in
Figure 4-12b. No detectable variation in measurements is observed in this case and the

subwavelength defect goes undetected.

It is observed that the reflection mode imaging results of the same GFRP hole (Figure 4-
12a) is worse than the transmission mode imaging results of the same defect (Figure 4-8a). This
can be attributed to two reasons. First, in transmission mode imaging, waves have to pass through
the lens only once whereas it has to propagate twice in the case of reflection mode imaging. Since
NIM lenses are lossy, more losses are introduced in the case of reflection mode imaging, thereby
reducing the imaging quality. Introducing amplifiers in case of reflection mode imaging can be a
solution to improve the SNR. Second, in case of reflection mode imaging, the transmitter and
receiver are placed in close proximity to each other, which results in mutual coupling between the
two antennas. Hence, the omnidirectional radiation pattern of the transmitter is affected, resulting
in a shift at the focal spot. This ultimately contributes to the degradation of the image as the defect
might not be exactly at the focal point. Implementing a receiver antenna with orthogonal
polarization to the transmitter antenna can be done to reduce the mutual coupling. Multiple
scanning of the samples by placing it at different locations to obtain a better image can be a

potential solution to tackle the issue of transmitter receiver coupling.
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Next, imaging study of a groove of subwavelength dimensions was performed. The sample

under test is composed of a Teflon block of dimensions 150 mm x150 mm and a thickness of 30

mm, mounted on an aluminum sheet to simulate a metal-composite joint [51]. Metal-composite

joints are prone to disbond defects since air gaps can be introduced in the bonding epoxy layer

during manufacturing or usage. Microwaves offer an attractive solution to detect such disbonds in

metal composite joints and has been undertaken by various studies [52-54]. The purpose of this
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study is to show that subwavelength grooves, which are not typically detectable in the far-field,
can be imaged using the proposed system in reflection mode. The simulated disbond is created by
machining a groove of dimensions 15 mm (0.31A) x 5 mm (0.11) along the entire length of the
sample. The experiment setup and sample schematic are presented in Figure 4-13. Similar to the
earlier experiment, the sample with defect is placed at the second focal plane of the lens and the
receiver is scanned in the first focal plane with a step size of 2 mm. A Teflon sample without any
groove is treated as the healthy sample for baseline subtraction. The defect image results with the
lens 1s plotted in Figure 4-14a. A 1D strip maxima is observed at the center, indicating the presence
of the groove. The NDE experiment is repeated without the lens and the corresponding results are
shown in Figure 4-14b. Absence of any discernable maxima in free space measurements further
validate that subwavelength defects in dielectric materials, which are undetectable in far-field, can

be imaged using a properly designed NIM lens.

NIM lens designs discussed in Chapter 3 and 4 provide access to the evanescent wave
components due to their negative refractive index. Subwavelength imaging at large stand-off
distances is possible using NIM lenses. However, such NIM lenses have some limitations, which

restrict their usage and implementation.

The source and focal spot distance is limited by the thickness of the lens according to (2.6).
This restricts the stand-off distance for NDE imaging using NIM lenses. The lens designs discussed
are also bulky in nature and losses associated with fabricated NIM lenses restricts the “super
resolution” capability. The SRR-wire NIM lens designs are also narrowband device since negative
refractive index phenomena is observed over a small range of frequencies. Due to these limitations
of NIM lenses, an alternative metamaterial lens design is investigated and its feasibility for

imaging is studied in the following chapter.
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GRADIENT-INDEX METASURFACE LENS

In the preceding work, metamaterial lenses have been constructed from periodic array of
identical unit cells, and the resulting effective medium can be considered homogeneous in the
sense that the averaged electromagnetic response does not vary over the structure. However,
metamaterials whose effective electromagnetic properties vary spatially can also be fabricated.
Such functionally graded metamaterials can be used for lensing applications. This chapter
discusses metamaterial lens design based on ELC resonator unit cells, in which a spatially varying
refractive index is introduced by a slight change in the properties of each successive unit cell. The
parameters of the metamaterial lens medium are chosen in a way such that a relatively constant
gradient in the index occurs along one axis of the metamaterial, perpendicular to the direction of
propagation [69].

Despite their super resolution capabilities, NIM lenses discussed in previous chapters still
have one fundamental limitation: inability to focus plane waves into a focal spot which forms the
basis of Fourier transform and imaging capabilities of a conventional lens [35]. NIMs also tend to
be narrowband and highly dispersive structures since they operate in the resonant region of the
unit cells. In 2005, the concept of NIM was extended to graded metamaterials, where it was shown
that metamaterials whose effective electromagnetic properties vary spatially can also be fabricated
by introducing a slight change in the properties of each successive unit cell [36]. This paved the
way for numerous unprecedented applications of metamaterials including GRIN metamaterial
lenses, which can provide phase compensation mechanisms and bring plane waves into focus [37].
A GRIN metamaterial lens also operates in non-resonant regions of its unit cells and hence

overcomes the narrowband and large transmission losses associated with NIM lenses [38].
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The idea of GRIN lenses was theorized by Maxwell back in 1854, when he described
remarkable imaging capabilities of a sphere with a radially symmetric refractive index [39]. Such
gradual refractive index variation can be used to construct flat lenses, where bending of incident
waves is achieved through the refractive index contrast rather than the curved surface of
conventional lenses. Classic examples of GRIN lenses include the Fresnel lens, Wood lens and
Luneburg lens [40-43]. The advent of metamaterials and metasurfaces have renewed interest in
research of GRIN lenses and inspired numerous works [44-50]. The tailorable properties and flat
geometry of metasurfaces has provided ground-breaking engineering potential for GRIN lens
designs, which was not possible with conventional dielectrics.

ELC resonators provide an attractive alternative to the conventional metamaterial designs
based on SRRs [70][71]. The propagation vector of the incident wave in ELC designs is into the
plane of the unit cell, in contrast to SRR designs where the propagation vector is parallel to the
plane of the unit cell. This allows design of planar metamaterial structures or metasurfaces, which
are desirable in terms of fabrication as well as implementation [72][73]. Although negative index
physical properties are not utilized in GRIN lens design, the source and focal distance is not limited
by the thickness of lens as is the case for NIM lens (2.16). Further, high gain horn antennas instead
of monopole antennas can be used as the source in the case of GRIN lens design, resulting in much
greater stand-off distances in comparison to NIM lenses operating at similar frequencies. In
addition to this, GRIN lenses are also wideband devices in contrast to the narrowband NIM lenses,

making them more suitable for imaging a wide range of defect sizes.

This chapter presents the design of a GRIN metasurface lens operating at 8 GHz. The
resonant frequency, and consequently the refractive index of the ELC unit cell is gradually varied

by varying the split-gap dimensions of the ELC resonator. A spatially varying refractive index
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profile perpendicular to the direction of incident wave is generated by appropriate variations in
parameters of the ELC unit cell. Theory behind the operation of GRIN lenses and ELC unit cells
is discussed to guide the design procedure. A lens of thickness 0.6 mm (.016A) and a focal spot
distance of 110 mm (2.93)\) was chosen for the design. The desired gradient phase profile of the
lens is generated using numerical parametric study of the ELC unit cell. Extraction of refractive
index profile from the parametric numerical results was done to verify with geometric optics
calculations. Numerical simulation of the full lens design consisting of 10x18 unit cells in Ansys

HFSS was done to study the performance of the lens.
1.12 Theory

1.12.1 ELC Unit cell
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Figure 0-1 (a) ELC unit cell resonator with dimensional parameters (b) Equivalent circuit of single ELC
resonator. (c) A 3x3 array of ELC resonators showing the inter cell capacitance Cp

Schurig et al. proposed an inductive - capacitive resonator also known as electric-field-
coupled LC (ELC) resonator as shown in Figure 5-1a [70] . This resonator has a split gap at the
center of the structure providing capacitance (which couples strongly to an applied electric field
parallel to the split gap) and two loops in parallel at the sides to provide inductance in the structure.
An equivalent circuit of the resonator has been shown in Figure 5-1b. The resultant resonant

frequency w, can be expressed as

62



_ 1 (0.1)

w, =
° JIC

where L and C are the total inductance and capacitance of the structure respectively. When
the resonator is excited by a uniform magnetic field parallel to the split-gap, current induced in the
two loops are in opposite direction leading to zero magnetic moment. Thus, the structure does not
provide magnetic coupling and only the capacitive C element drives its fundamental resonance by
(5.1).

The total capacitance C of the ELC unit cell is related to the gap capacitance C, and inter

cell capacitance Cy, by [74]

CyCpo (0.2)
C =
Cq+Cho
The gap capacitance Cj is given by
_ Ereff10_3 K(k) (03)

9 18m K’(k)LC

where, €, 18 the effective permittivity of the unit cell, L. is shown in Figure 5-1a. €,..5f

is given by the equation

(. =D Kk K (0.4)
Ereff‘e"( T2 K’(&)K'(k))

The approximated ratio between the elliptic integrals of first kind K (k) and its

complement K'(k) reads
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1+Vk (0.5)
;lnl lfor0707<k<1
K(k) x
K'(k) | ————— for0<k<0.707
() ln21+\/Flf

The variables k and k'are related to the ELC resonator dimensions by the following equations

g (0.6)

g and d are shown in Figure 5-1a and h is the thickness of the substrate. The inter cell
capacitance C, shown in Figure 5-1c can be calculated the same way and the total inter-cell
capacitance in equation (5.2) is given by Cy,, = 4C,,.

The total inductance L in the unit cell is related to the ELC dimensions by the equation,

w w-—=2d—g

d
L~u0h<2 +2-+ T)

(0.7)

where w is shown in Figure 5-1a. It can be clearly observed from these equations that the split gap

dimensions g can be varied to change the €,.7r and hence the refractive index (n? = u, Fr€eff)

and resonating frequency w, of the unit cell.
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1.12.2 GRIN Lens

Focal spot

@(x+ Ax)é

x x+Ax - e
(a) (b)
Figure 0-2 (a) Deflection of a beam by a structure whose refractive index possesses a gradient that is
constant. Shading of the sample indicates the gradient in the index: darker shading corresponds to a higher
index value. (b) GRIN lens operating with a lens thickness ¢ and focal spot f

The operation of a gradient index lens can be understood by observing the deflection of a
beam incident on a planar metamaterial slab whose refractive index varies linearly in a direction
perpendicular to incident radiation. To calculate this deflection, two normally incident but offset rays
entering a gradient index planar slab of thickness ¢, as shown in Figure 5-2a. The rays will undergo
different phase changes as they propagate through the slab. Assuming the two rays enter at locations
x and x + Ax along the slab face, then the phase difference of the two beams with thickness into the
slab is given by [69],

(0.8)

dn
o(x + Ax) — <p(x)~ktan

where k is the propagation constant and Z—Z is the index gradient. The acquired phase

difference must be equal to the phase advance across the path L marked in Figure 5-2a. Therefore,

d dn dw, d
sin @ ~t = ¢+ %G 09)
dx dw, dg dx
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which shows that if the split-gap g(x) is varied gradually as a function of distance along the
metamaterial slab, a spatial gradient index can be generated so that an incident beam is deflected by
an angle 6.

A GRIN lens consists of such a metamaterial slab with spatially varying refractive index
as shown in Figure 5-2b. Using geometric optics, the optical path p(x) of an arbitrary ray located

at x can be written as [75],
p(x) =+/f%? +x%2+nlx)t (0.10)

where f is the focal point and n(x) is the spatial distribution of the refractive index. For
all the rays to converge to a single focal point, the optical path lengths of arbitrary off-axis rays
should equal to those passing exactly at the optical axis. This results in the profile of gradient index

n(x) for GRIN lens expressed as,
1 0.11
n(x)=n0—?[\/f2+x2—f] ©.11)

where n, is the maximum refractive index at the center of the lens. For ELC resonators, a
smaller split gap will correspond to a larger capacitance and consequently a higher refractive index.
Hence, a symmetric array of such ELCs, with increasing split-gap from the middle, will generate the
required refractive index profile for focusing. Incident waves from both the edges of the lens will be
refracted towards the higher refractive index unit cells at the center, thus allowing for focusing to
occur. For bending and focusing of waves using graded refractive index lenses, the spatial

distribution of the phase shift, ¢ across the lens should obey the following equation [73]

2n(\Jf2+x2—f) (0.12)
2

px) =
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where x is the position on the lens in the x-direction and the center of the lens isat x = 0,
f is the focal length of the lens, and A is the operating wavelength.
1.13 Simulation

1.13.1 Unit cell

»»»»»»»» AP A

[ 1

| 2 SO

M
A

|'_‘

SIS IRIN 14
IS
S

e |
== e

(a) (b) (c)
Figure 0-3 (a) GRIN Lens Unit Cell schematic and incident wave polarization (b) Transmission magnitude
parametric simulation results (¢) Phase shift parametric simulation
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Figure 0-4 (a) GRIN Lens Unit Cell schematic and incident wave polarization (b) Transmission magnitude
parametric simulation results (c) Phase shift parametric simulation results.

The ELC unit cell HFSS model, with the incident wave polarization and dimensional
parameters, is shown in Figure 5-3a. The dimensional parameters for the unit cell design are: a =
7mm, d = 6.5 mm, / = 2 mm. Periodic boundary conditions are used to obtain the scattering
parameters for the unit cell in a metamaterial arrangement. Figures 5-3b and 5-3c plot the surface

current density and electric field distribution, respectively, as obtained from HFSS numerical

67



results. The surface current density plot shows that there is no net circulation of current in the unit
cell due to clockwise and counterclockwise components in adjacent areas of structure as expected.
The electric field distribution plot shows a strong local field enhancement in the capacitive gap at
the center of the unit cell. The frequency response of the unit cell is varied by varying the split-
gap g. The nominal split-gap g for highest refractive index unit cell is taken as 0.2 mm due to
fabrication limits. The PCB material used is FR4 with a thickness of 0.6 mm and trace width (w)
of 0.4 mm. Parametric unit cell study was done for varying values of split-gap g, ranging from
0.2mm to 4 mm to obtain varying phase shifts and determine the frequency of operation of the
lens. Figures 5-4a,b show the parametric S>1 magnitude and phase results for 10 representative
cases obtained using HFSS. 8 GHz was chosen as the frequency of operation from the parametric
results to maximize transmission through the lens (S21 magnitude) and achieve high phase shift
between the individual unit cells (S21 phase) simultaneously.

1.13.2 GRIN lens

The desired phase profile of the lens of thickness 0.6 mm operating at 8 GHz for a focal
distance of 110 mm follows (3) and is plotted in Figure 5-5a. The numerical phase shift results
from the model-based parametric study were used to determine unit cells with appropriate split-
gaps and obtain an approximation to the desired phase profile. The proposed GRIN metasurface

lens design consists of 18x20 unit cells in the x-y plane as shown in Fig. 5c. The lens has a total

dimension of 126 mm (3.36A) x 140 mm (3.72X) x 0.6 mm (.016A). The simulated phase profile of
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Figure 0-5 Simulated gradient profile. The center of the lens is at x=0. (a) Theoretical and simulated
phase profile comparison. (b) Requisite split-gap profile. (c) Theoretical and simulated refractive index

profile comparison.

the final lens design is also plotted in Fig. 5a. A higher phase shift is observed for larger split-gap

unit cells as expected.

Electromagnetic parameter retrieval according to Appendix of [34] was done for the 18
unit cells to extract the refractive index profile. The highest refractive index (no in Equation 1) at
the center of the GRIN lens is 27.91 for the proposed design at 8GHz. The simulated refractive

index profile is plotted in Figure 5-5c. The theoretical refractive index profile according to (2) is

= = =Theory
[ Simulated

14 28 42 56

X (mm)

(©)

69




plotted as well to demonstrate the correlation between the geometric optics and full wave
electromagnetism. The difference in the theoretical and simulated gradient index profile is due to
the approximations of EM waves as straight rays in geometric optics which does not consider
effects such as scattering and diffraction. Although it has been argued that assigning bulk material
properties to metasurfaces using a variant of Nicholson Ross Weir method may produce
ambiguous results [55-56], they can still be used to characterize metasurfaces if the thickness of

the metasurface remains constant [19].
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Figure 0-6 Proposed GRIN lens design. GRIN Lens Design. The lens design consists of 18x10 unit cells
in the x-y plane.
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The full GRIN lens design considered consists of 18x10 unit cells in the x-y plane as shown
in Figure 5-5. The lens has a total dimension of 126 mm (3.36A) x 70 mm (1.861) x 0.6 mm (.016A).
Full wave simulation of an incident spherical wave with £ field polarized along the x-axis was
done in Ansys HFSS to show the focusing action. A waveguide was used as the source of spherical
waves and kept at a distance of 150 mm (4A) from the lens. A focal spot is obtained around 110
mm (2.93)) from the plane of the lens as seen from the £ field distribution in Figure 5-6a. Figure

5-6b shows the full wave simulation without the GRIN lens. The source to focal spot distance
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Figure 0-7 (a) HFSS setup for focusing simulation (b) Simulated E field distribution with
lens (c) Simulated E field distribution without lens.
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(stand-off distance) is 6.94\ for GRIN lens while it was 2.29\ and 1.8\ for the S and C band NIM
designs respectively.

Full wave simulation of incident plane waves was done in HFSS to illustrate the focusing
action. The geometrical setup modeled by HFSS is shown in Figure 5-7a. The GRIN lens is placed
on the x-y plane and centered at the origin. The gradient of index is along y while the wave
propagation direction is along z direction. A horn antenna with its £ field polarized along the x-
axis is used as the source of incident EM waves and kept at a distance of 200 mm (5)) from the
lens. Open boundary conditions are used to simulate the structure in free space. The magnitude of
the simulated E field distribution is plotted on a y-z observation plane on the other side of the lens.
In Figure 5-7b, the waves can be seen to refract towards the center after passing through the GRIN
lens and come to focus close to the designed focal length of 110 mm (2.93%) from the plane of the
lens. Figure 5-7c shows the full wave simulation without the GRIN lens. E field distribution
without the lens shows the incident plane waves from the horn antennas propagating without any

focusing action.
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Figure 0-8 Sy simulation results of full lens for 3 dB bandwidth.
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Figure 5-8 plots the simulated S>; results of the full lens design using two waveguides as
transmitter and receiver. From the graph, the 3 dB bandwidth for the proposed lens is 3.12 GHz

(7.08 GHz to 10.2 GHz).

1.14 Experiment

A prototype of the proposed GRIN metasurface lens was fabricated for experimental verification.
The fabricated lens is shown in Figure 5-9a. A homodyne detection scheme described in [34] was used to
perform the microwave imaging experiments at 8 GHz. A wideband horn antenna was used as the source
of plane waves. The horn was kept at 200 mm from the metasurface lens. A quarter wavelength monopole
is used as the receiver to sample the field after it passes through the lens. The experimental setup is shown
in Figure 5-9b. Figures 5-10a and 5-10b shows the measured field distributions with and without the lens.
From the plots, focusing action of the fabricated metasurface lens is clearly observed and they match well
with the numerical results as shown in Figure 5-7. The cross range field distribution in the focal plane (110
mm) with and without the lens is plotted in Figure 5-10c. The full width at half maxima (FWHM) at the
focal plane with the lens is 33 mm (0.884) and is 77 mm (2.04A) without the lens, indicating a resolution

enhancement by a factor of 2.33 that is achieved with the proposed lens.

1.15 Proposed GRIN Metasurface Lens
1.15.1 Simulation

The GRIN lens described in the previous section has a gradient index in only one direction
and hence the focusing action was in the azimuthal plane only. The same design concept was
extended for a two directional gradient metasurface lens design and is reported in this section. The
focusing action in this case will occur both in the vertical and horizontal plane and hence a point
focus can be obtained for microwave imaging applications. The proposed GRIN lens design is
shown in Figure 5-11 and consists of 17x17 unit cells with dimensions of 119 mm (3.2 &) x 119

mm (3.2 3) x 0.6 mm (0.016 ).
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The HFSS model setup to validate focusing action is shown in Figure 5-12. Two
observation planes (both horizontal and vertical) are considered in this case. The solution
frequency is 8 GHz, which is same as the 1D GRIN lens. The electric field distribution in the
horizontal plane is shown in Figure 5-13a. A similar focusing action is observed with the GRIN
lens, while the free space results show the incident plane waves without any focusing. The
predetermined focal length for this design is 100 mm. The vertical observation plane is placed at
the focal plane (100 mm from the GRIN metasurface lens) and the electric field distribution is
plotted in Figure 5-14 to observe the point focusing action. Symmetric refraction of incident waves
produces a circular confinement of electric field in the focal plane as observed in Figure 5-14a.
The electric field distribution without the GRIN lens is plotted as well (Figure 5-14b) to indicate

the resolution enhancement.
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Figure 0-11 Proposed GRIN Metasurface Lens
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Figure 0-12 Ansys HFSS experiment setup.
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Figure 0-13 Azimuthal plane electric field distribution (a) with lens (b) without lens
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Figure 0-14 Vertical plane electric field distribution (a) with lens (b) without lens.

1.15.2 Experiment

The prototype of the 2D GRIN lens is shown in Figure 5-15. The homodyne setup
described in previous sections was used to perform the experiments. A horn antenna kept at a
distance of 200 mm was used as the source of incident plane waves. A quarter wave monopole
was used to sample the field distribution in the horizontal as well as the vertical plane. The
experiments were performed without the lens as well to validate the focusing action of the lens.
The horizontal field distribution is plotted in Figure 5-16 and compares well with the simulation
results shown in Figure 5-13. The vertical observation plane is located 100 mm from the lens
surface and the experimental results are shown in Figure 5-17. A circular focal spot is obtained
with the GRIN lens as expected (Figure 5-17a). The experiment is repeated without the lens to
calculate the resolution enhancment. The FWHM with lens is 40 mm (1.2A) and without lens 70

mm (1.86A) indicating a resolution enhancment by a factor of 1.5 (Figure 5-17c).
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Figure 0-15 Prototype of pré)posed 2D GRIN Metasurface Lens
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Microwave NDE experiments were performed with the 2D GRIN lens to validate it’s use
as a imaging device. A machined groove of dimensions 15 mm x 5 mm along the length of the
Teflon sample under test is treated as defect. The contributions due to the defect is measured by
subtracting the signal from a similar healthy Teflon sample. The sample schematic and details is

provided in section 4.3. The experiment setup is shown in Figure 5-18. The sample is located at
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the focal plane of the lens. A quarter wave monopole is used to scan the vertical plane and sample
the field distribution in transmission mode. The presence of the groove defect is indicated by the
presence of the 1D strip maxima shown in Figure 5-19a. The experiments were performed without
the lens (Figure 5-19b) to show that the groove defect can only be defected due to the resolution

enhancment obtained using the proposed GRIN Metasurface lens.

This chapter presents a planar metamaterial (metasurface) lens design operating at 8 GHz.
This lens does not operate on the principle of negative index metamaterials, but rather is a gradient-
index lens, with a spatially varying refractive index perpendicular to the direction of propagation.
The advantages of the gradient index lens over negative index lens are that the former is planar (
more compact) wideband and can provide relatively larger source to focal point distances, which
is not limited by the thickness of the lens.

Additional validation studies in this area involves the fabrication and experimental
implementation of the proposed GRIN metasurface lens. Unit cell miniaturization technique for
the GRIN lens will be studied to improve the effective medium response of the metasurface design
and provide a smoother GRIN profile (Figure 5-4c). The resolution enhancement obtained using
the GRIN lens for microwave imaging of subwavelength defects will be tested to validate the
approach for NDE applications. The feasibility of using the GRIN lens as a microwave

hyperthermia applicator will also be studied.
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SUMMARY

1.16 Concluding Remarks

Far-field microwave imaging resolution is limited by the physics of diffraction.
Subwavelength features cannot be detected with such far-field sensors. Metamaterials provide a
means of achieving subwavelength resolution beyond the diffraction limit at far stand-off
distances. The effective negative refractive index of metamaterial lenses results in focusing of
propagating waves as well as amplification of evanescent wave components. This research reports
the design of two such negative index metamaterial lenses, operating at microwave S and C bands
for subwavelength NDE applications. The NIM lenses consists of a periodically arranged array of
unit cells of SRR and wires. Existing literature on such periodic metamaterial structures employs
EM windowing techniques for experimental implementation. In this research work, a homodyne
detection scheme is proposed to be used in conjunction with the lenses to provide a system to be
used in the field under practical conditions. Unit cell simulation studies of the two lens designs are
presented. Left-handed focusing by experiment is also demonstrated. Subwavelength imaging of
source and defect is exhibited to show the capability of NIM lenses in breaking the diffraction
limit.

Finally, an alternative to the SRR-wire based metamaterial design is considered since the
NIM lenses considered have inherent limitations. They are lossy and bulky in nature and the point
source distance from the lens is limited by its thickness (2.13). A planar gradient index
metamaterial lens with ELC as its unit cells is considered as the alternative. The direction of
propagation in such a ELC GRIN lens is into the plane of the unit cell. Thus, the thickness of the

metamaterial lens is only limited by the thickness of the substrate and can be considered as a planar
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(metasurface) lens. Engineering of flat metamaterials or metasurfaces are desirable in terms of

fabrication as well as implementation. A horn antenna can be used as a source for the GRIN lens

focusing action. The source distance is not theoretically limited by any parameter in contrary to

the NIM lens case. Prototypes of the GRIN Metasurface lens is fabricated for experimental

verification.

1.17 Contributions

Extensive research on fundamental properties of NIM structures have been conducted over
the past couple of decades. This thesis focuses on the feasibility of using a NIM lens as a
NDE imaging sensor for NDE applications.

A homodyne detection architecture was proposed in conjunction with NIM lens for
imaging in the field under practical conditions. The use of synchronous detection along
with the NIM lens provides a fast and high SNR imaging systemthat can be used in the
field under practical conditions. According to the author’s best knowledge, 2D NDE
imaging results of subwavelength defects inside GFRP composites samples using NIM
lenses at large stand-off distances is reported for the first time.

Reflection mode microwave NDE results of subwavelength defects is reported for the first
time in literature. Reflection mode imaging provides a practical system that can be
deployed in the field when there is only single side access to the samples under test.

An alternative metamaterial lens design consisting of ELC unit cells is studied. Research
on GRIN lens designs have been conducted mostly in the optical and THz regime. This
thesis proposes a GRIN lens design at microwave frequencies. A novel microwave NDE

method using GRIN lens design is proposed.
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e This thesis looks at the topic of metamaterials and metasurfaces and provides a comparative
study of their performance in the context of microwave imaging. Such a comprehensive
study of metamaterials is done for the first time. Comments on the strengths and
weaknesses of metamaterials and metasurfaces are presented to provide a holistic view on

the subject.
1.18 Future work

As part of future study, unit cell miniaturization techniques will be considered since it will
improve the effective medium response of the periodic metamaterial structures. An
electromagnetic metamaterial is an engineered composite material comprising a periodic array of
unit cells. These unit cells collectively exhibit macroscopically observed effective values of € and
u that are not found in naturally occuring materials. For metamaterials to function properly, they
must be operated in the effective-medium regime, i.e., the lattice constant or unit cell size should
be much smaller than A/4, where A is the homogenized wavelength in the effective medium [52].
Under this condition a collection of metamaterial elements appears nearly homogeneous to
incident waves and can be characterized by an effective € and u as discussed in the report. As the
unit cell size approaches A/4, diffraction effects become significant. These effects are detrimental
to the performance of effective medium metamaterials in quasi-optical applications [76]. When
the unit cell size is comparable to or larger than a quarter-wavelength, the effective material
parameters lose their relevance [77].

Several approaches can be implemented to increase the effective medium ratio, for various
types of metamaterial unit cells. These approaches are based on the idea of raising the overall
inductance and capacitance of the unit cell structures, which results in decrease in their resonating

frequencies (which in turn increases the effective medium wavelength). One way of achieving this
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is to change the feature sizes of the structure, i.e., shorten gaps or lengthen wires to increase the
capacitance and inductance, respectively. However, the realization of this approach can be limited
by fabrication tolerances. As an alternative, increasing the permittivity or permeability of the
dielectric substrate leads to a larger effective capacitance or inductance [77]. Another way is to
integrate a surface-mounted capacitor onto the unit cells. The resonant frequency of the unit cells
can be tuned down significantly using this approach [78]. However, loading the structure with
lumped capacitive elements complicates the fabrication process.

In this work, we propose a practical approach to increasing the effective medium ratio for
the GRIN lens design. The structure proposed in this work involves replacing the normal capacitive
gap in the center of a conventional ELC resonator with an interdigital capacitor (IDC), as illustrated
in Figure 6-1 to increase the capacitance [79].

Essentially, IDC’s are widely used as lumped elements in microwave circuits with an aim
to decrease their circuit board footprint. As such, its concept well suits design of metamaterials,
where the unit cell needs to be much smaller than the homogenized wavelength. The feature size
of an IDC does not need to be finer than the gap width of an ordinary ELC resonator to enhance
the capacitance. The single layered PCB design of IDC-loaded ELC resonators eliminates

additional fabrication steps that might be required in other approaches.
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Figure 0-1 (a) Inter Digital Capacitance (IDC) schematic (b) Conventional ELC unit cell (¢) IDC loaded
ELC unit cell [79]

Analytically, the capacitance of the IDC shown is a function of the finger length /ipc, total

number of fingers N, line width w, gap width g, and dielectric constant €,., as indicated in the

following formula:

o €,1073 K (k) N1 (0.1)
IDC — 187 K,(k)( ) IDC

where the approximated ratio between the elliptic integrals of first kind K (k) and its

complement K'(k) is given by equation.k = tanZ[O'ZSW”

w+g ]

An ordinary parallel-strip capacitor can be approximated as an IDC with N = 2, the

capacitance of which can be deduced from Eq. (6.1) as

€,1073 K (k) 0.2)
187 K'(k) °

0:

where [, is the strip length as shown in figure. Provided that an IDC and a parallel-strip

capacitor possess the same line width, gap width, and substrate type, their capacitances can be
related through

l
Cioc = (N = DI, 03)
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For an ELC resonator, if the inductance loop remains unchanged, it can be estimated from
Eq. (6.3) that the new resonance frequency fj ne, after IDC loading equals

. (0.4)

fonew = mfo

where f, is the resonance frequency of a conventional ELC resonator. This simple model
gives an impression for the expected change in the resonance frequency of IDC-loaded ELC

resonators.

With that objective, an improved GRIN lens design with IDC loaded ELC will be
numerically and experimentally studied in future work. The performance of both the conventional
ELC and IDC loaded ELC design metasurface lenses for imaging purposes will be compared and

presented in the future work.

Initial simulation study using Ansys HFSS was conducted to observe the effect of IDC
loading in ELC unit cells. The unit cell model is shown in Figure 6-2 and the dimensions are
equivalent to the one reported in section 5.2.1. An additional IDC is introduced at the center of the
unit cell to observe the effect of the extra capacitance. It is observed that the resonating frequency
of the nominal design is shifted from around 5.6 GHz (Ao = 53 mm) to 3.6 GHz (A, = 83 mm).
Hence, for the design unit cell size of a = 7 mm, the effective medium ratio (A./a) improves from
7.57 to 11.85 by the introduction of the IDC at the center. Design and simulation of a metasurface
lens consisting of ELC resonators must be studied in the future along with experimental

verification of such a design.
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Figure 0-2 (a) Ansys HFSS unit cell model of IDC loaded ELC resonator. (b) Simulated Si; and S»;

Another possible application of GRIN lenses are for microwave hyperthermia.
Hyperthermia is a technique that has gain increasing attention in the biomedical community as a

complementary treatment of cancer [80]. External hyperthermia is the non-invasive alternative of
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increasing the temperature of the target tissue by electromagnetic or ultrasound radiation into the
affected area. In the treatment of cancer with external hyperthermia, it is desirable to apply the
radiation in a localized point into the body. Tumors are heated by exposure to the radiation up to
temperatures of 41° to 43°. The need for focusing a certain amount of energy into a specific area
can be achieved by a dual GRIN lens system [81][82]. The amount of heat that is induced in tissues
when radiated by microwaves systems is related to the Specific Absorption Rate, SAR, in (W/kg),
or by the Power Loss Density, PLD, in (W/m3).

Figure 6-3 presents the dual GRIN lens approach for microwave hyperthermia. The system
will consist of two planar GRIN lenses separated by a distance, d, see Figure 6-2. The plane wave
produced by a microwave source will enter into Lens-2 and will be converted into a convergent
spherical wave, whose focal length is larger than the distance separating the two lenses. The
outgoing convergent spherical wave from Lens-1 is converted again into a more convergent wave
by Lens-2, with an effective focal length shorter than that of both the lenses. Finally, by varying
the separation d between the lenses, the effective focal point, Fes, of the system can be controlled.

Figure 6-3 shows the dual GRIN lens approach where F and F» are the focal lengths from
Lens-1 and Lens-2, respectively. The radial axis of both lenses is aligned along the z-axis, as well

as their focal points.

Plane Convergent i Crmal] Sirmall
wavefront wave T
& e | ; EE T
L le) T f |60 - tissue
....—. .. | 3
i | More Convergent
wave E. . €
4 =1 O b mm
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—T,—— d —+T,— F F, F,Z

Figure 0-3 Dual GRIN lens system for Microwave Hyperthermia treatment [81].
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The building blocks/unit cells of metamaterials are passive, and hence, once they are
fabricated, the frequency response of metamaterials are fixed. Moreover, metamaterials work in a
relatively narrow frequency regime which makes its application limited in terms of operating
wavelength, A and imaging resolution become restricted due to the narrowband nature of the NIM
lens. A tunable or reconfigurable MM lens are composed of passive as well as active components.
These tunable metamaterials allow greater degree of freedom in choice of operating wavelength
by controlling the active components. The lens can be configured to work in a specific frequency
regime depending on the composite structures under investigation. Higher frequency will allow
for greater resolution of defect imaging within the structures while lower frequency allows for
greater penetration. Work on developing and modifying metmaterial lens designs to make them
tunable will be conducted under this major task. One of the approaches involving the previously
discussed unit cell design is discussed below.

Split ring resonators (SRR) of unit cells can be modelled as a LC tank circuit, where the
capacitance is given by the splits in the rings while the inductance is offered by the rings

themselves. Figure 6-4 shows the circuit diagram of an SRR as a LC tank circuit.

) §

O

Figure 0-4 Circuit diagram of SRR unit cell as LC tank.

O
(9]

The resonant frequency of the split ring resonator is given by equation, wy = % ,
where, L is the average inductance given by the rings and C is the capacitance due to the splits
and the gap of the rings. When external capacitance is introduced in the SRR, the resonant

frequency is shifted. Since the negative refractive index of the metamaterial occurs around this
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resonant frequency, we can effectively change the frequency of operation of the NIM Lens by
varying the external capacitance. Numerical simulations were done by loading the outer split
of the SRR with an external capacitor to study its effect in changing the operating frequency.
Three case studies were conducted by loading the SRR unit cell with capacitor at three
possible locations: inner split, outer split and the gap between the rings. The HFSS model for
the three cases are shown in Figure 6-5. Parametric study for the three cases using various
capacitance value was investigated to study the effect of tuning. The capacitance value is swept
from 0.1 pF to 5 pF and the corresponding results for the three cases are plotted in Figure 6-6.
It can be observed that the surface mount capacitor when placed at the outer split provides
maximum tunability. This can be understood from the electric field distribution of a SRR unit
cell. The simulated electric field distribution of a unit cell without any capacitor loading is
presented in Figure 6-7a. The strongest electric field is at the outer split, thus corresponding to
maximum tunability achieved when tunable capacitance is placed at the split of the outer ring.
The comparison of change in resonant frequency for the two cases is shown in Figure 6-7b.
Future work will involve the experimental implementation of such tunable unit cells to

fabricate active metamaterial lenses for microwave imaging.

—_—

©

Figure 0-5 SRR unit cell model with capacitor loading at (a) outer split (b) inner split (c) gap.
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Finally, future work to investigate a more general approach to design of metamaterials will
be undertaken. In current practice, the design of metamaterials relies on a trial-and-error process,
usually involving numerical methods such as Finite-Difference-Time-Domain (FDTD) or Finite
Element Method (FEM) to iteratively solve the appropriate Maxwell’s equations. Therefore,
development of new metamaterials designs with a set goal of performance characteristics tends to
be a cumbersome process. It is proposed that exploring inverse design approaches to generate new
metamaterial designs by optimizing an objective function describing the desired performance can
have potential applications [83]. Data-driven methods based on machine learning (ML) solve the
optimization problem from statistical perspectives, unlike numerical calculations. This will
expedite the design of new metamaterial lenses and could provide with multiple designs for similar

set of properties.
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