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ABSTRACT

For more than a decade, metamaterials have generated significant interest due to
their theoretical and later experimentally demonstrated properties that are not observed in
nature; yet, many of these designs are plagued by very limited bandwidth and/or high
losses due to the dispersion characteristics of metamaterials. While many applications
exist where a narrow band response is acceptable, examples of dual-band and multi-band
responses within a communication bandwidth are limited. Furthermore, the ability to
implement reconfigurability becomes complicated due to the lack of high performance
switch technologies. In this dissertation, a new technique for constructing and
synthesizing broadband metasurfaces is presented. A synthesis technique using Bézier
surfaces is subsequently shown to not only outperform known optimization techniques
but to produce results with bandwidths far exceeding those found in the literature
Additionally, a composite metamaterial geometry is introduced that facilitates a dual
band response with a tunable frequency ratio within usable bands. The design also
facilitates reconfigurablity. To mitigate the loss and bandwidth concerns of existing RF
switch technologies a new technology is introduced and characterized - a chalcogenide
glass phase change material enabled bistable switch. The superior efficiency and
bandwidth are subsequently demonstrated by a novel quad state frequency selective
surface, which once again boasts multiband reconfigurability within a communication

band.
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Chapter 1

Introduction

Since their inception almost two decades ago, metamaterials have generated
significant interest due to their theoretically [1-6] and later experimentally [7-10]
demonstrated properties which are not observed in naturally occurring materials. Such
early examples include negative permeability, left-handed media, cloaks of invisibility
and perfect lenses [1-10]. Metamaterials derive their unique properties from engineered
electromagnetic responses, most often in the form of 2-D and 3D periodic arrays of
metallic unit-cells, which, in order to avoid grating lobes at oblique incidence, are smaller
than their operational wavelength [11]. As such, these sub-wavelength metamaterial unit-
cells are analogous to atoms in a crystal lattice. Yet, metamaterial unit-cells differ from
atoms in that in order to achieve a bulk response; they only need to be slightly smaller
than their operational wavelength, resulting in realizable fabrication dimensions well into

the optical range.

Naturally occurring materials exhibit electrical conduction that is dictated by the
transport of its electrons. In the classical sense, this behavior can be described in terms of

a superposition of second-order Lorentzian (resonant) functions [12]. In its simplest
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form, the relative permittivity of a lossless material as a function of angular frequency

can be modeled by the Lorentz-Drude model [12],

(1.1)
where w,, represents the plasma frequency. In a naturally occurring material, the plasma
frequency can be solved for directly using solid state physics, where the plasma
frequency is defined as a function of the electron density, N, the electron charge, q, the

electron mass, m, and free space permittivity, &,, as [12]

(1.2)
Applying effective medium theory to metallo-dielectric metamaterials, the same
dispersive Lorentz-Drude model applies. An effective electron density, electron charge,

and effective electron mass can be determined for specific metamaterial geometries [13].

The total energy in a non-dispersive medium is given as the sum of the electric

and magnetic energies [14]



Utotar = l5|E|2 +1H|H|2-
4 4
(1.3)
However, in order to account for resonances, naturally occurring or engineered, the
medium must exhibit dispersive material parameters, such that

19:(@) -, 100(w)

Utotal:4 EYR |E|2+4 P |H|2,

(1.4)
where, even for the cases of negative permittivity and permeability, their respective
derivatives are always positive due to energy conservation [14]. Ignoring loss, the
dispersive behavior of a metamaterial can be expressed in terms of the real parts of its

constituent parameters as [14]

! —wp,e
Re[er(w)] = & (w) =1 ————
W* — Wy,
(1.5)
and
! wg,m
Re[p, ()] = wp(w) =1 = —F———,
wW* — Wom
(1.6)

where wy, . and w,, ,, are the electric and magnetic plasma frequencies and w . and wg

are the electric and magnetic resonant frequencies, respectively.



Introducing loss, the Kramers-Kronig equations relate the real part of the

constituent parameters to their imaginary parts (loss) as follows

gw)=1 +% OOO(ZI,;?—(_CUZZdw’
(1.7)
and
20 (® 1 —-¢&/(w)
&' (w) = T . (a)’)z——wz '
(1.8)

where the real and imaginary permeabilies can be expressed in an identical fashion [15].

From the Kramers-Kronig equations it is apparent that a large increase or decrease
in permittivity corresponds to a large increase in loss. Refining Equation 1.4 and
Equation 1.5, loss can be accounted for through the addition of a dampening coefficient,

I, as follows

wﬁ_e
(w? —w},) +jol'(w)’

&r(w) = &r(w) +jer' (w) = 1 =

(1.9)
This dispersive dampening coefficient takes into account all system losses, consisting of

conductor losses, dielectric losses, and radiation losses.



In order to gain further insight into a material’s dispersive behavior, it is
convenient to first characterize the dispersive behavior of metallo-dielectric
metamaterials in terms of an equivalent circuit defined in terms of resistance, inductance

and capacitance (RLC). First and foremost, the resonance frequency is given as

(1.10)

while the aforementioned system loss is expressed in terms of total resistance as [16]

Reotat = Rc + Rg + Ry

(1.11)
Generally speaking, especially for radio frequencies (RF), the conductor (R.), and
dielectric (R,) resistances are minimized through the use of highly conductive metals and
low-loss dielectrics. As such, the metamaterial losses are dominated by the radiation
resistance, R,. For the specific case of a split-ring resonator (SRR) [2], the radiation
resistance as a function of unit-cell size, relative to wavelength, is plotted in Figure 1.1.
From Figure 1.1, we can observe that the SRR becomes more resistive due to increased
radiation losses as the unit-cell size increases; similarly, and perhaps more intuitively,
this can also be described as an antenna’s radiating efficiency increasing as its size

approaches its operating frequency.



Radiation Resistance of Square SRR vs. Particle Size
10 T 1 T T

Radiation Resistance (£2)

i i i i
0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
Particle Size (Fractions of .)

Figure 1.1. Radiation resistance of a SRR as a function of unit-cell size relative to

wavelength [16].

The relation of stored energy (LC) to loss (Riwta) IS quantified by the quality (Q)
factor. The Q-factor is defined in terms of reactance (X), angular frequency (w), and loss

as [17]

0X
Jdwl’

Q= 2
2Rtotfal

(1.12)
From this expression the dispersion or more specifically, the rate of change of the surface

impedance as a function of frequency, can be related to the Q-factor as
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(1.13)

where the bandwidth (B) shares an inversely proportional relationship with the Q-factor

and surface impedance dispersion.

1.1 Statement of Problem

The insight gained from the two expressions in Equations 1.13 and 1.14 can be
used to underscore two fundamental limitations in metamaterial applications. First,
operational bandwidths are fundamentally limited by the high Q-factors that
metamaterials exhibit due to the requirement of sub-wavelength unit-cell dimensions. As
such, the dispersion can only be moderately decreased through lowering the Q-factor.
Thus, a need remains to develop techniques to design broadband metamaterials which are

compatible with existing communication bands. This is discussed further in Section 1.2.1.

Conversely, as is the case for many multi-band designs, the Q-factor is generally
maximized to facilitate multiple resonant frequencies within a desired frequency
bandwidth. The challenge then becomes how to design multiple resonances within a
small bandwidth. This becomes especially challenging when one is restricted to using
only one metallic layer. As such, a need to develop an intuitive approach towards dual
band reconfigurability especially in the context of antennas is needed. This is discussed

in greater detail in Section 1.2.2.
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Likewise, for reconfigurable designs, a narrow bandwidth, high Q response is also
desirable, allowing for a discernible shift between states. In practice, insertion loss of
commonly used switches can compromise the metamaterial Q-factor due to significantly
increased losses resulting from impedance mismatching and ohmic losses. Furthermore,
the capacitance of the switch ultimately limits the upper operating frequency by
degrading the off-state resistance. Thus, there is a need to address loss and operating
frequency limitations in the context of reconfigurable metamaterial designs. This is

discussed in greater detail in Section 1.2.3.

1.2 Technical Approach and Current State of the Art

1.2.1 Broadband Metamaterials

Broadband metamaterials are commonly found at RF frequencies utilizing
periodic repetition of unit-cells along the wave propagation vector, achieving bandwidth
improvements directly analogous to that found in electronic filter design through
cascaded filter stages [17]. Practical examples of such cascaded metamaterial
transmission lines are multiple layer frequency selective surfaces (FSS) [18-24],

electromagnetic band gap (EBG) structures [25-27], and multi-layer absorbers [28].

However, these cascaded designs are not always suitable when weight, thickness,

or fabrication constraints (such as the dimensions required at optical wavelengths) are
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considered. For these reasons a lot of effort has been directed towards making thin
profile single layer absorbers. In these designs a single resistive impedance sheet with the
appropriate metamaterial geometries can facilitate a thickness much smaller than a
wavelength [31]. Early designs successfully demonstrated this phenomenon, albeit at a
very narrow frequency band [32, 33]. Rather than relying on tuning known geometries
[11, 33], an important and powerful synthesis technique was demonstrated [32] wherein a
binary Genetic Algorithm [34-39] was used to generate a pixelated screen. Additional
work has extended this technique to single layer absorbers exhibiting multiple absorption

bands [40] and, ultimately, broadband single-layer absorbers [41].

Yet, regardless of their application, pixelated metamaterial geometries have two
inherent disadvantages. First, diagonally adjacent pixels are often present in optimized
designs. Diagonal pixels are problematic because they cannot be fabricated and can cause
instabilities in many commercial solvers, requiring further design iterations or an a priori
built-in-correction to the design algorithm. Unfortunately, the former approach is not an
ideal solution since it requires significant user input, and both methods can undermine the
final design’s performance. A second concern is that the sharp edges of the pixels
become increasingly difficult to manufacture as the feature size decreases, resulting in a
greater likelihood for a rounding of edges, causing a degradation and/or a deviation from

the expected performance.

In order to resolve these two issues while simultaneously demonstrating a broad

bandwidth and low-loss, a new approach for synthesizing metamaterials is introduced in
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this dissertation. A real valued algorithm, CMA-ES [42], is chosen because of its
superior performance among real valued optimizers [43]. CMA-ES is integrated with an
algorithm in which two-dimensional (2-D) metasurfaces are synthesized from Bézier
surfaces, a computationally efficient method of generating complex shapes from a small

sampling of real valued numbers.

To demonstrate the utility of this new metamaterial synthesis method, the problem
of improving upon the dielectric wave-plates commonly employed at optical wavelengths
[93] is addressed with broad-band, low-loss metasurfaces. In Chapter 2, the theory,
metrics for assessing performance, and a study of the performance for known
metamaterial geometries is presented [63]. In Chapter 3, the Bézier surface synthesis
technique is assessed in terms of algorithm efficiency and final design performance
relative to designs generated using the GA approach [64]. The performance of the Bézier
surfaces is to not only be superior to the GA synthesized designs; but, also, surpasses

performance found in the current literature [65-92].

1.2.2 A Dual-Band Circularly Polarized Antenna Utilizing Dispersion Engineered

Metamaterial Radiating Slots

The advantage to realizing useful multiband performance in microstrip patch
antennas designs is evident in the literature [95-98]. For the case of dual-band antennas
applicable to GPS, GNSS, and WiFi/WiMAX applications, multiple stacked layers are

routinely employed [44-54] utilizing varied geometries and approaches [55]. For
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successful operation, a dual band antenna must radiate a uniform broadside gain pattern
at both frequency bands. Such a design task becomes non-trivial if one considers that the
upper radiating frequency often utilizes a higher order mode which can greatly distort the
radiation pattern and the polarization if not properly addressed. Additionally, designing a
feed network that adequately matches both bands can be rather involved; furthermore, the
requirement for circularly polarized radiation further complicates the design process. The
feeding methods vary for these designs but are generally comprised of aperture-coupled
[44, 49-51, 53], multiple feed [46, 48], or wideband microstrip and coaxial probe [47,52]
feed networks. The drawbacks of these multiple layered design are fabrication

complexity and cost.

Conformal (single layer) designs resolve these problems while attempting to
retain small frequency ratios, good axial ratio, and high gain [56-62, 94], in addition to a
further fabrication simplification through a reliance on a single probe feed. Yet, while
these designs achieve acceptable axial ratios (< 3dB), many rely on higher order modes
that result in larger frequency ratios [56-61]. Additionally, the designs exhibit poor gain
[57, 60] or do not to specify absolute gain [56, 58, 59, 61, 62], suggesting the
performance is rather poor. Lastly, some of these designs rely on very low permittivities,
suggesting a possible incompatibility with PCB fabrication techniques, which would limit

their utility and increasing the antenna footprint [59, 61].

To address the above issues, a conformal dual-band circularly polarized patch

antenna that employs an integrated high Q-factor metamaterial along its radiating slots is
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presented in Chapter 4. The antenna utilizes a single layer and single coaxial feed,
simultaneously exhibiting a small footprint, high gain, and a low axial ratio. —The
frequency ratio is readily tuned by the metamaterial slots and its reconfigurability is

subsequently demonstrated as a function of either capacitive or resistive switching.

1.2.3 Chalcogenides Glass Phase Change Materials Functioning as High

Performance Bistable Switches at RF Frequencies

At radio frequencies, there are several common switching technologies utilized to
facilitate reconfigurability [99]. Varactors represent the most commonly utilized
technology for antenna [100-106], metamaterial, or FSS [107-111] reconfigurability at
microwave frequencies. Varactors, which behave as variable capacitors, are attractive due
to their low cost and simple integration into RF circuitry. However, varactors are limited
in that they exhibit a series resistance, reduced performance above 10GHz due to
parasitics. They are also not easily scalable into arrays due to poor tolerances, resulting in
varied capacitances across an array [99].  Similarly, PIN diodes or RF switches are
essentially varactors that are forward biased and behave as resistive switches. In addition
to the drawbacks exhibited by varactors, a PIN diode’s utility is limited by a nontrivial
bias current on the order of tens of mA is required, further limiting array scalability due
to power constraints. Consequently, examples of antennas [112, 113] and metamaterial

FSSs [114] utilizing PIN diodes are less common.
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Microelectromechanical systems (MEMS) are an emerging alternative technology
is [115].  While the use of packaged MEMS (compatible with PCB fabrication
techniques) is most prevalent in reconfigurable microstrip filter and phase shifter designs
[116], examples of reconfigurable antennas, FSSs, and metamaterials integrated with
packaged MEMS can also be found [117-119, 129, 130-133]. Another common
approach is monolithic designs where the MEMS are integrated into the designs using top
down manufacturing techniques [120-128]. While MEMS exhibit very high operating
frequencies and large on/off ratios, MEMS are limited in utility by their reliance on high
bias voltages (~70V-150V) that are difficult to implement and exhibit poor tolerances
[99], limiting their utilities in arrays. Furthermore, when compared to semiconductor

based switches, MEMS exhibit slower switching speeds (uS) [134].

Among these common switching choices, trade-offs must be made between static
power consumption, switch isolation, insertion loss, switching speed, required voltage
bias, power handling, cost, and reliability. Thus, any new switching technology that can

improve on the currently required trade-offs can have an important impact on RF design.

In Chapter 5, a new RF switching technology is presented. Specifically, a
chalcogenide glass (ChG) phase change material (PCM) RF switch technology is
presented which improves upon each of these aforementioned metrics. To demonstrate its
feasibility and performance a multiband reconfigurable FSS integrated with functional

ChG PCM switches is also demonstrated in Chapter 5.
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1.3 Original Contributions

This dissertation contains several original contributions to the field. They are as

follows:

The introduction of the integration of anisotropic metamaterials with
chalcogenide glass phase change material substrates as a means to modulate

reflection polarization at long wave infrared wavelengths [63, 138].

The introduction of an intuitive analytical approach towards realizing broadband

dispersion engineered metasurface wave-plates [63, 64, 137].

The introduction of a new metamaterial geometry that exhibits an intuitive
tunability, resulting in microstrip patch antennas with tunable/reconfigurable

frequency ratios [136].

The introduction of a new metamaterial synthesis technique using Bézier surfaces
and a real valued optimizer CMA-ES [64, 137]. The algorithm performance is
subsequently shown to outperform the commonly used pixelated GA algorithm in

terms of computational efficiency and better converged designs.

The first demonstration and characterization of a ChG PCM (GST) at microwave

frequencies, clearing the path for a new high performance RF switch [135].
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e The introduction of a quad-state reconfigurable FSS integrated with ChG PCMs
that behave as a spectral barcode, applicable to stand-off detection within the X-

band communication band.
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Chapter 2

Polarization Converting Reconfigurable Metasurfaces at Optical

Wavelengths

This chapter introduces alternatives to dielectric wave-plates by using
metamaterial based birefringent dielectrics. Analytical solutions and equivalent circuit
models are presented for linear and circular polarization splitters, half-wave-plates and
quarter-wave-plate metasurfaces. Know metamaterial geometries, the split-ring, the end-
loaded dipole, and the meander line, are presented and compared in terms of
performance. Reconfigurable polarization is integrated into some of the designs in the
form of a substrate that consist of phase change materials. The Stokes parameters are
utilized as a metric to assess polarization performance, bandwidth, and scattering

efficiency.

2.1 Birefringent Dielectrics

Dielectric wave-plates are comprised of transparent birefringent crystals or
polymers. Such anisotropic media are linearly birefringent and change the incident wave

polarization into another state such as converting linear polarization into circular
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polarization. Birefringent media differ from isotropic media in that its D-E constitutive

relationships are given by the following vectors

D, & 0 O]|E,
Dy[=]0 &, O}|E].
D, 0 0 &l|E,

2.1)

For a birefringent dielectric slab, the ordinary axis has permitivities & = &, = &,
and the extraordinary axis is given as e, = g.. For the case of a normally incident plane
wave with amplitude A, rotated 45° with respect to the ordinary axis, the electric field is

given as

E(z)=A g (% + 9) - ef(0t=kz)
(2.2)

where

W~/ 1Ey 0 0
k= 0 W+ LEe 0

0 0 W+ LEy

(2.3)
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Dropping the time convention, the solutions for the electric field at a dielectric

slab’s interfaces (assuming ideal anti-reflective coatings) are

_ V2
E,—o :A7(x+y)

and

E,or = A7 (e Hal + geTkel)e=ikil,
where the length of the slab is given as I. After simplifying, Equation 2.5 gives

_ \2 ’ '
E,_;=A 7 (56\ + ﬁef(kx‘ky)l)e—}kxl.

Thus, the relative phase difference between the x and y components is

2ml
¢ = (kx - ky)l = ("x _"y)TO

(2.4)

(2.5)

(2.6)

2.7)

For a quarter-wave plate, where a linear wave is converted into a circular

polarized (CP) wave, the desired phase difference is
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s 2ml
¢ = E: (nx —le)/1—0,
(2.8)
resulting in the following relationship
A
(nx — ny)l = ZO
(2.9)

Similarly, for a half wave plate, where a linear wave is rotated by 90°, the phase
relationship is
0
(ny —ny)l = >

(2.10)

2.1.1 Dielectric Quarter-Wave Plate Represented by the Stokes Parameters

2.1.1.1 Stokes Parameters

In order to convey the degree of circular polarization transmitted by the quarter-
wave plate, the Stokes vector is used. The Stokes vector completely describes the
polarization of a wave in terms of amplitude and the degree of polarization using four

parameters
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SO ~

(2.11)

The Stokes parameter | corresponds to the total intensity of the reflected or transmitted
wave. The Stokes parameter £Q corresponds to a horizontally or vertically oriented linear
polarization, respectively.  Similarly, the U Stokes parameter corresponds to a
horizontal or a vertical linear polarization, each of which have been rotated 45° degrees
counter-clockwise. Lastly, the £V Stokes parameter corresponds to right hand or left
hand circular polarization, respectively. These parameters and a corresponding graphical

representation of the polarization vector are depicted in Figure 2.1.

(1) (1) 1
1 -1 0
SLHP=IO‘ ‘*LVP_IOi o | SL+45P=IO 1
{ {0 ) 0
I /
1) (1) (1)
Sp-ssp = Lo 1 i Srep = Lo ol Srep = Do ol

O O

Figure 2.1. Stokes vectors with corresponding parameters and polarization depictions.
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To calculate the Stokes parameters for a scattered wave in Cartesian coordinates,

the following relationships to the normalized complex electric fields are used

I = |E.? +|E)|",

(2.12)
Q = IEI? - B[,

(2.13)
U = 2Re(E,E;),

(2.14)
V = —2Im(E,E;).

(2.15)

2.1.1.2 Quarter-Wave Plate Using a Birefringent Crystal.

As an example, a birefringent crystal, calcium carbonate (n, = /.66 and ne = 1.5),
is used as the medium for a quarter-wave plate centered at 2 = 1.55 um. The results,
utilizing the analytical expression given in Equation 2.9, are summarized in Figure 2.2.
The plots are of the first four orders of a birefringent quarter-wave plate. The orders
correspond to the initial length that results in the quarter-wave condition (i.e. zeroth
order) followed by higher orders which refer to additional length increases corresponding

to 2z phase permutations, respectively. For these solutions the I-parameter equals unity,
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corresponding to complete transmission given by our assumed loss-less and reflection-
less crystal. The V-parameter equals negative one at our operating wavelength of 1.55
pm, corresponding to a purely left hand circular polarized transmitted wave. The zero
order quarter-wave plate, with our assumed indices of refraction, results in a length of | =
2.422 um whereas subsequent orders add 9.688 um to the length for each 2z permutation.
The transmitting quarter-wave plate can be configured as a reflecting quarter-wave plate
by reducing the length by a factor of 2 and backing the structure with a highly reflective
metal surface, yielding the same response in terms of reflection rather than transmission.
This response shows that the bandwidth of the quarter-wave plate is inversely
proportional to the order of the structure. However, this idealized response neglects
several key factors, namely the feasibility of the aforementioned requirement for an ideal
anti-reflective coating in addition to the omission of loss and dispersion which will
further limit efficiency and bandwidth. This is especially true in the context of atomic
resonances that can be described by the Drude-Lorentz dispersion model. They can
render a specific material unusable at certain wavelengths due to increased absorption.
Lastly, the length of the crystal does not take into account any mechanical requirements
of the structure. Since the prescribed thickness is a direct function of the magnitude of
birefringence that a material exhibits, it cannot be assumed that a zeroth-order wave plate
or a highly birefringent crystal like calcium carbonate is practical in all cases.
Nevertheless, the results serve as a frame of reference for the comparison to metasurface

performance.
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Figure 2.2. Stokes V-parameter for zero through third order reflection-less quarter-wave

plate responses.

2.2 Anisotropic Metasurfaces

In this section, it will be shown that an anisotropic metasurface, consisting of a 2-
D infinitely periodic array of sub-wavelength metallic resonators, can behave as a
polarization splitter and can subsequently be configured as a polarization splitter or,
through the addition of a ground plane, as either a quarter-wave or a half-wave plate. To
analytically demonstrate the polarization conversion of the anisotropic metamaterial, a

normally incident plane wave,

Eine = Eo(cos ¢ £ + sin @ 9) - ed(@t=k2),
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(2.11)

is assumed to be horizontally polarized (i.e. =0) and in phase at the interface of the

metasurface such that in vector form,

= 1
Einc = [O]
(2.16)
In order to simplify successive derivations, the amplitude has been normalized while the

time and frequency dependence has been suppressed.

Furthermore, it will be shown that a plane wave normally incident to the surface
of an ideal planar metamaterial, the interaction, or more specifically the linear, lossless
scattering of polarized light, can be described in a manner similar to the Jones matrix
calculus [168], in which the amplitudes of the reflected wave in terms of co-polarization

and cross-polarization for a two port system are contained in a 2 by 2 matrix.

2.2.1 Anisotropic Impedances
Beginning with an anisotropic impedance surface,
. [Z, O
Z= [ 0 Zy]’

(2.17)

the reflection matrix for a plane wave traveling in free space is,
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L0
F:[o ry]

(2.18)

The anisotropic reflection coefficient in free space is calculated in the usual manner:

~»

Il
No| N
+‘ |
NS

(2.19)
Rotating the reflection matrix azimuthally, we transform the reflection matrix using the

rotation matrix,

__[cosep —sing
R(g) = [singo cos@ |’
(2.20)
as follows:
I'(¢) =R(p)-T-R(~9),
(2.21)

which, when rotated by 45°, gives:

(2.22)
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2.2.2 Linear Wave Decomposition

Referencing Equation 2.22, a linearly polarized incident wave can be decomposed

into two equal amplitude U-polarized waves of opposite handedness,

_ 1 1
Eue =[] =3[ 24] +31]
(2.23)

Alternatively, the incident wave can also be decomposed into two equal amplitude V

polarized waves of opposite handedness,

fioe= ol =301 -3 L5

(2.24)

We can use these results and treat them as the desired scattering responses for two
types of anisotropic metasurface polarization splitters. Specifically, the first design will
scatter a +Q-incident wave into a +U-polarized reflected and a —U-polarized transmitted
wave. The second design will scatter a +Q-incident wave into a +V-polarized reflected

and a —V-polarized transmitted wave (see Figure 1.3).
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Fig. 2.3. Scattered field handedness, amplitude, and propagation direction for an

anisotropic metasurface illuminated by a linearly polarized incident field.

2.2.3 Polarization Splitters

2.2.3.1 Linearly Polarized Splitter

Utilizing Equation 2.22, the desired response for the reflected wave for a linearly

polarized splitter can be expressed as

(2.25)
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(2.26)

Referencing the equivalent circuit depicted in Figure 2.4, these reflection coefficients

result from a shunt short circuit and a shunt open circuit, respectively.

a) n n b) n n
—AN AN—— —AW AN—s
—> —
R R
rx=0 Fy=-1
C L 1Zd»n ¢ =z,50
L L

Figure 2.4. Equivalent circuit model for a linearly polarized metasurface splitter for (a)

horizontal and (b) vertical polarizations, respectively.

2.2.3.2 Circularly Polarized Splitter

Next, for the case of a circularly polarized splitter the desired response for the

reflected wave can be expressed as:

(2.27)

A physical solution for the reflection coefficients yields
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I, = gej%n and [, = ge_j%n,
(2.28)
where it is emphasized that
L,=1,"
(2.29)

As depicted by the equivalent circuit in Figure 2.5, these reflection coefficients
result from a shunt positive and negative reactance, respectively. The magnitudes of each

reactance can be approximated as equal to #/2.

> &
- » L .

Figure 2.5. Equivalent circuit model for a circularly polarized metasurface splitter for (a)

horizontal and (b) vertical polarizations respectively.
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2.3.4 Analytical Solutions for Wave-plates

2.2.4.1 Half-Wave Plate

If the transmitted wave is reflected backwards by the introduction of a conductive
sheet with an electrical standoff length of / = /4, then the reflection coefficients become
I'=+1. The resultant equivalent circuit is shown in Figure 2.6. The reflection coefficients

are now

(2.30)
Utilizing Equation 1.22, the response for the reflected wave for a half-wave plate can be

expressed as

B =[) ollo] =[3]
(2.31)

The polarization response of this half-wave plate as a function of azimuthal rotation (i.e.

using Equation 2.21) is shown in Figure 2.7.
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A A
l = — l - _
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— — —
R R
rle I'V=-1
C = |Zy| »n C — 7,50
L _ L B

Figure 2.6. Equivalent circuit model for a half-wave plate metasurface for (a) horizontal

and (b) vertical polarizations, respectively.

Figure 2.7. Stokes parameters for a half-wave plate metasurface as a function of

azimuthal rotation.
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2.2.4.2 Quarter-Wave Plate

Similarly, for a circularly polarized splitter the transmitted wave is reflected
backwards by the introduction of a conductive sheet with an electrical standoff length of |

= 1/4. The resulting reflection coefficients are

Jra PEL
I,=e % andl, =e " 4.

(2.32)
The resultant equivalent circuit is shown in Figure 2.8. Utilizing Equation 2.22 again, the

response for the reflected wave for a quarter-wave plate can be expressed as:
ra= 2] A= 0]
ref =2 1j —1llol T 21j )

(2.33)
The polarization response of this quarter-wave plate as a function of azimuthal rotation is

depicted in Figure 2.9.

A A
l=_ l:—
4 4
a) n rk—w b) n f_A_W
M AV,
—> _ —
R R
31 ‘j%T
=) =
re=e’ 4 C — Zx':c:]g rye C bzyz_]n
2
L - L
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Figure 2.8. Equivalent circuit model for a quarter-wave plate metasurface for (a)

horizontal and (b) vertical polarizations, respectively.

— |
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e \/ -

180°

Figure 2.9. The Stokes parameters for a quarter-wave plate metasurface as a function of

azimuthal rotation.

2.3.5 Broadband Quarter-Wave-plates

2.3.5.1 Short-Wavelength Infrared Broadband Quarter-Wave Plate

Through dispersion engineering, the concept of broadband metamaterial wave-

plates can be realized. By engineering the anisotropic Lorentzian resonances for a wave
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plate metasurface, we can mitigate losses and maximize bandwidth over a wide field of
view. To demonstrate this concept, designs operating within the short-wavelength
infrared are simulated. Each design consists of a 2-D-infinitely periodic array of an
anisotropic metasurface geometry. The first design is a dipole and the second one is a
split-ring. Both structures exhibit anisotropic Lorenzian resonances that are staggered in
terms of frequency. For both designs, vertically polarized light excites the first resonance
at the lower frequency whereas the upper frequency bounds are determined by a

resonance that occurs due to horizontally polarized light.

The first anisotropic metasurface (Figure 2.10 (a)) is a 2-D infinitely periodic
array that consists of capacitively end-loaded dipole elements. The unit-cell is 480 nm X
480 nm, and the dipole is comprised of 75 nm thick Au supported by a 75 nm polyimide
substrate and backed by a 200 nm Au ground plane. The lower resonance, w,, caused by
the decomposition of an incident linear wave parallel to the dipole axis falls into the
realm of metamaterial (i.e. sub-wavelength) behavior due to the size reduction caused by
the capacitive end-loading of adjacent unit-cells. However, the orthogonal resonance,
w,, does not occur at a sufficiently long wavelength because it is attributed to the
formation of a dependent grating which is in turn highly angularly dependent.
Consequently, a very broadband CP design is achieved at normal incidence but
performance degrades rapidly for increasing oblique angles, thereby limiting the utility of

the design.
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The second anisotropic metasurface (Figure 2.10 (b)) is a 2-D infinitely periodic
array consisting of split-ring elements. The unit-cell is 380 nm x 380 nm and the SR is
comprised of 75 nm thick Au supported by a 50 nm polyimide substrate and backed by a
200 nm Au ground plane. The lower resonance, w4, is caused by the decomposition of
an incident linear wave perpendicular to the SR gap. The upper orthogonal resonance is
caused by the decomposition of an incident linear wave parallel to the SR gap. Both
resonances fall within the realm of metamaterial behavior due to the retention of a
sufficiently sub-wavelength geometry at both frequencies. This directly results in a
broadband CP reflector with a wide field of view (FOV). By properly engineering the
dispersion of the anisotropic, frequency-offset resonances we can retain a very wide field
of view while also exhibiting low loss and a broad-bandwidth for polarization
conversion. For easier comparison with other metrics of assessing the degree of circular
polarization found elsewhere, the performance of the split-ring design of Figure 2.10 (b)
is represented in Figure 2.11 in the full Stokes parameters, the Stokes parameters as a
function of azimuthal rotation within its band of operation, axial ratio and finally

polarization conversion ratio.
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Figure 2.10. Dispersive Stokes | and V parameters as a function of angle of incidence for
(a) a dipole and (b) a split-ring metasurface (*note the difference in x-axis scale between

the two designs).
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Figure 2.11. (a) Stokes parameters, (b) Stokes parameters as a function of azimuthal
rotation, (c) axial ratio, and (d) polarization conversion ratio for the split-ring design from

Figure 2.10(b).

2.3.5.2 Long-Wavelength Infrared Reconfigurable Quarter-Wave Plate

The utility of the circularly polarizing metasurface can be increased if

reconfigurability is introduced; because, polarization sensing can offer a lower signal to
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noise ratio than amplitude modulation [63]. Reconfigurability is facilitated by
incorporating a phase change material (PCM) into the substrate. In the amorphous state,
the substrate will be insulating and the metasurface will function as a quarter-wave plate
metasurface. When the PCM is converted into the crystalline state, the substrate becomes
conductive, shorting out the metasurface layer. As a result, the structure behaves as a
metallic mirror. The Stokes parameters of a reconfigurable quarter-wave metasurface are
plotted as a function of azimuthal rotation in Figure 2.13 for both the amorphous and the

crystalline PCM phase states, respectively.

—— )+
sesffpass Q-
U+
U-
—

L e V- |

-axis  1gp®

Figure 2.12. Ideal Stokes parameters for a quarter-wave metasurface as a function of

azimuthal rotation given a GST substrate in the (a) amorphous or (b) crystalline state.
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Three known metamaterial geometries, the end-loaded dipole, the meander-line

and the split-ring are utilized and there performances are compared in this reconfigurable
configuration. These three examples are designed for the atmospheric window within the
long-wave infrared band (8 um to 12 um). Each design incorporates a Ge,Sh,Tes (GST)
chalcogenide (ChG) PCM substrate and functions as a circular polarizer when the GST is
in the amorphous state. In the crystalline state, the substrate becomes lossy, resulting in a
metallic, mirror-like reflection with no polarization conversion. The measured values
utilized for GST at A=10um are n = 4.2, k = 0.01 in the amorphous state and n = 8, k =
4.8 in the crystalline state [63]. As with the near IR designs, full-wave simulations

consider all losses using material parameters measured by ellipsometry.

The first geometry is a 2-D infinitely periodic metasurface that consists of end-
loaded dipole elements. The unit-cell is 700 nm x 700 nm and the dipole is comprised of
150 nm thick Au, supported by a 430 nm GST substrate, and backed by a 150 nm Au
ground plane. The lower resonance, w,, is caused by the decomposition of an incident
linear wave parallel to the dipole axis. The orthogonal resonance, w,, is attributed to the
higher Q end load resonance. Since the structure is sufficiently sub-wavelength angular
performance is good (Figure 2.13(a)), but the asymmetrical Q-factors exhibit markedly

different dispersion properties and result in a limited region of high CP.

The second geometry is a 2-D infinitely periodic metasurface that consists of
meander line elements. The unit-cell is 900 nm x 1800 nm and the meander line is

comprised of 150 nm thick Au supported by a 400 nm GST substrate and backed by a
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150 nm Au ground plane. While exhibiting a broad bandwidth and similar Q-factors for
the lower and upper resonances (Figure 2.13(b)), the large unit-cell length results in a
deterioration of angular performance, as indicated by the emergence of an in-band

resonance at larger oblique angles.

The third geometry is the familiar SR design with appropriate geometry scaling.
The unit-cell is 975 nm x 975 nm and the SR is comprised of 150 nm thick Au, supported
by a 465 nm GST substrate, and backed by a 150 nm Au ground plane. Since the
structure is sufficiently sub-wavelength and exhibits highly symmetric Q factors, broad
bandwidth and good angular performance are exhibited (Figure 2.13(c)). This design is
used to demonstrate in Figure 2.14(d) that when the GST substrate phase is changed to
the crystalline state the structure no longer behaves as a broadband birefringent surface

but rather as a metallic mirror.
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Figure 2.13. Dispersive Stokes | and V parameters as a function of angle of incidence for

(a) an end-loaded dipole, (b) a meander line, and (c) a split-ring. (d) Depicts the Stokes |

and V parameters as a function of the GST substrate phase state.
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Chapter 3

Optimized Bézier Metasurfaces Wave-plates

The previous chapter has shown that known anisotropic metamaterial geometries
can be used as broadband metasurface wave-plates when the dispersion is properly tuned.
Yet, the question remains whether these known designs represent the best realizable
performance or if better performance is attainable through the synthesis of new
geometries. In this chapter, a new technique for optimizing 2-D periodic anisotropic
metasurfaces is presented that perform significantly better than commonly used
geometries found in the recent literature [65-92]. Specifically, the Bézier surface [139] is
introduced as an effective design tool to obtain very broadband metasurface-enabled IR
quarter-wave and half-wave-plates. To demonstrate the effectiveness of this Bézier
surface synthesis technique, a real valued optimizer, CMA-ES [42], is used to synthesize
the metasurfaces. The computational efficiency and performance of the optimized Bézier
surfaces is compared to an existing and well known optimization technique for pixelated
structures synthesized via a binary GA [34-39]. When compared to the GA optimized
pixelated structures, the synthesis of Bézier surfaces using CMA-ES is shown to not only
provide better results but also to generate them with an order of magnitude reduction in
computation time. In order to further demonstrate the advantages of the proposed Bézier
metasurface synthesis technique, a broadband reconfigurable quarter-wave plate is

designed for the 8 um to 12 um band and subsequently shown to exhibit improved
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performance when compared to SR design from the previous chapter. Additionally, a
multi-octave IR linear polarization splitter and quarter-wave and half-wave plate Bézier

metasurface designs are presented with bandwidths surpassing the MWIR.

3.1 The Bézier Surface

Historically, the origin of the Bézier curve and Bézier surface can be traced to
Bernstein’s proof of the Weierstrass approximation theorem. The Weierstrass
approximation theorem states that polynomials can uniformly approximate any function
which is continuous over a given interval. Bernstein’s proof of the Weierstrass theorem
employs only basic algebraic functions; thus, its form is conducive to rapid computation.

The Bernstein polynomial with any continuous function f(t) is given as

PG = ) flUe/m) BE),
k=0

(3.1)

with the Bernstein basis defined as

B (x) = (Z) xk(1—x)0 gk =0,..,n.

(3.2)
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In the early 1960s, De Casteljau and Bézier began investigating mathematical
tools applicable to automotive body design which would provide intuitive and accurate
methods to create and subsequently convey complex shapes which were not easily
defined by simple geometric parameters. Their work lead to an adaptation of the

Bernstein polynomial to what is now referred to as the Bézier curve

P = ) CeBRGO)
k=0

(3.3)
where Cy represents the amplitude and position for the control points to be manipulated.
An example of a Bézier curve is shown in Figure 3.1. Only five (i.e., n = 5) control

points are used to define the complex curve.
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Figure 3.1. A Bézier curve (blue) plotted as a function of x with n = 5 control points

(black).

This approach can now be extended to three dimensions via the introduction of a

Bézier surface which is simply represented as

n

Pum(x,) = z D€y BB )

i=0 j=0
(3.4)
The control points are now defined as amplitudes contained within a matrix of

arbitrary size (m x n)
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(3.5)

An example of a Bézier surface is shown in Figure 3.2, where a five by five
matrix (i.e., m = 5, n = 5) of control points is used to define the complex surface. Figure
3.3 depicts the positive values of the Bézier surface projected onto the z = 0 plane. This
projection illustrates the approach used to synthesize metasurface geometries in the

following section.

Interval (y) 00 Interval (x)

Figure 3.2. Plot of a m=5, n=5 Bézier surface (color) with control points shown (black).
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Figure 3.3. Plot of the positive values of the Bézier surface in Figure 3.2 projected onto

the z = 0 axis.

3.2 Bézier Metasurface Synthesis

It can be reasonably inferred that fabricating structures synthesized via Bézier
surfaces will have an inherent advantage over the conventionally used pixelated
structures when considering relative geometrical complexity, especially for optical
metasurface-enabled devices. This is attributed to the greater ease in the manufacturing
of the Bézier surface’s continuous contours versus the potential difficulty in realizing the
finer features of a pixelated structure, especially in the case of numerous diagonally
adjacent pixels. In addition to fabrication complexity of generated designs, another
concern when optimizing structures is the overall time it takes to complete the required
simulations. Global optimizers generally take thousands of evaluations to arrive at good
results. Therefore, considering that full-wave electromagnetic solvers are notoriously
slow, any demonstrable increase in the speed of an optimization is highly desirable. In

order to assess the computational efficiency of the Bézier surface optimization, a GA is
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used as a reference optimizer. The binary GA has been widely used to generate pixelated
metasurfaces at radio frequencies (RF) and optical wavelengths for several decades [32-
39]. While the GA is a binary algorithm, the Bézier surface is optimized by a real valued
algorithm CMA-ES which has been shown to be very efficient and reliable at solving real
valued problems [43]. CMA-ES is linked to the Bézier surface through the optimization
of a 10 by 5 matrix of control points (see Equation 3.5) with the values of individual
control points ranging from -1 to 1. For the algorithms’ comparison, the initial

populations for both algorithms are generated by the same 20 seeds.

The use of the same seeds allows for a direct comparison between the two
algorithms by ensuring that they have the same initial random populations, whereas the
use of multiple seeds helps in assessing the overall algorithm performance. The progress
and overall performance of the algorithms are assessed by their ability to minimize the
error from ideal performance as a function of the number of completed simulations. The
deviation from optimal performance is defined by a fitness function which for this study

is defined as

fitness=z ((A-D*+Q*+U*+(1—-1|V)D?
frequency

(3.6)
where the Stokes parameters are utilized to assess the degree of circular polarization

across the 8 pm to 12 pum band.
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3.2.1 Performance Comparisons Between Optimized Pixelated and Bézier Surfaces

Figure 3.4(a) depicts the performance of each optimization conducted for 20
seeds. For both algorithms, the mean fitness of all seeds, the median fitness of all seeds,
and the seed with the best fitness are plotted in terms of fitness value versus the number
of function evaluations. Figure 3.4(b) and Figure 3.4(c) depict the best seed’s
performance for the GA (pixelated surface) and CMA-ES (Bézier surface) respectively.
It is clear that the Bézier surface optimized via CMA-ES not only provides better final
results than the GA optimized pixelated surfaces; but, it also achieves superior solutions

with more than an order of magnitude reduction in the number of required function
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Figure 3.4. Performance comparison of pixelated structure GA optimizations versus
Bézier surface CMA-ES optimizations. (a) Mean, median, and best fitness over 20 seeds
for GA and CMA-ES optimizations. (b) Dispersive Stokes parameters for the best GA

optimized seed. (c) Dispersive Stokes parameters for the best Bézier surface seed.

3.2.2 Performance Comparisons Between Reconfigurable Bézier Surfaces and the

Split-ring Geometry

In this section, the performance of a reconfigurable Bézier metasurface is
compared to the reconfigurable split-ring metamaterial structure from Figures 2.11-2.13.
The I and V Stokes parameters are shown plotted in Figure 3.5 for both the SR and Bézier
metasurfaces. It can be seen that the optimized Bézier metasurface provides a higher
intensity as well as a broader band quarter-wave response. The unit-cells of the
respective structures are depicted in the insets. The SR unit-cell is 975 nm by 975 nm and
the SR itself is comprised of 150 nm thick Au supported by a 465 nm GST substrate that
is backed by a 150 nm Au ground plane. The Bézier unit-cell is 1300 nm by 100 nm (a
square 1 by 13 unit-cell array is shown in the inset for Figure 3.5) and is comprised of
150 nm thick Au supported by a 500 nm GST substrate that is backed by a 150 nm Au

ground plane.
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Figure 3.5. Dispersive Stokes | and V parameters comparing the SR’s CP response versus

that of the optimized Bézier metasurface.

3.2.3 Additional Examples of Bézier Metasurfaces

In this section, additional optimized Bézier metasurfaces operating in the MWIR
and LWIR are presented. Specifically, a multi-octave splitter and half-wave and quarter-

wave metasurfaces operating at MWIR are presented.
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3.2.3.1 Multi-Octave Infrared Linearly Polarized Splitter

The first design is an optimized linear polarization splitter. The Bézier surface is
optimized to scatter +U-polarized waves across the MWIR and LWIR bands (3 um to 15
pm). The performance of the final design is presented in Figure 3.6 where the MWIR and
the 8 um to 12 um atmospheric transmission band are highlighted. The optimized design
exhibits a multi-octave response spanning 3um to 15um (i.e. MWIR to LWIR). The
synthesized unit-cell for the 2-D periodic structure measures 2300 nm by 300 nm and
consists of a 75nm Au layer deposited on top of a 50nm layer of SiO,. A depiction of a1
by 5 unit-cell section is shown in the inset of Figure 3.6. The scattering as a function of

azimuthal rotation is shown in Figure 3.7.
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Figure 3.6. Pertinent Stokes parameters for the scattering of a Bezier linear polarized

splitting metasurface spanning MWIR to LWIR.

Figure 3.7. Stokes parameters as a function of azimuthal rotation for (a) reflection and (b)

transmission of Bézier splitter.

3.2.3.2 Mid-Wavelength Infrared Half-Wave Plate

Next, a half-wave plate Bézier metasurface is optimized to cover the 3 um to 5
pm band. The optimized Bézier unit-cell is 1700 nm by 1550 nm. The surface is
comprised of a 150 nm thick patterned Au layer supported by a 650 nm SiO, substrate
that is backed by a 150 nm Au ground plane. The results are illustrated in terms of
pertinent Stokes parameters in Figure 3.8(a), and the azimuthal response is shown in

Figure 3.8(b). These results demonstrate an extremely wide band half-wave response that
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surpass the desired 3 um to 5 um range and compare favorably to results presented in

other work [81].
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Figure 3.8. Bézier half-wave metasurface MWIR response at (a) normal incidence and (b)

in-band azimuthal response.

3.2.3.3 Mid-Wavelength Infrared Quarter-Wave Plate

Finally, a quarter-wave plate Bézier metasurface is optimized to cover the 3 um to
5 um band. The optimized Bézier unit-cell is 2050 nm by 200 nm (a square 1 by 10 unit-
cell array is shown in the Figure 3.9 (a) inset). The surface is comprised of a 150 nm

thick layer of patterned Au, supported by a 370 nm SiO; substrate, and then backed by a
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150 nm Au ground plane. The results are displayed in terms of pertinent Stokes
parameters in Figure 3.9(a), and the azimuthal response is shown in Figure 3.9(b). The
results once again demonstrate an extremely wide band quarter-wave response, far

surpassing the targeted 3 um to 5 um range.
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Figure 3.9. Bézier quarter-wave metasurface MWIR response at (a) normal incidence and

(b) in-band azimuthal response.
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Chapter 4

A Dual-Band Circularly Polarized Microstrip Patch Antenna
Demonstrating Reconfigurablity

4.1 Reconfigurable Patch Antennas

Patch antennas are prevalent in literature and a popular choice for antenna
designers of antennas that operate at high frequencies. They are low-profile, relatively
simple, and inexpensive to manufacture. This makes them a desirable option at shorter
wavelengths. In its simplest form, a linearly polarized patch antenna excites the TMyg
mode at a frequency for which the patch’s length equals A¢q/2. Circular polarization is
achieved by exciting the TMj, and TMy modes through the introduction of the
appropriate asymmetries [55]. In addition, multi-band behavior can generally be
introduced by the inclusion of properly designed slots. However, it is not a given that the
radiation patterns for each frequency will be well behaved. This is due to the fact that
such designs often operate by exciting higher order modes which can result in undesired
lobes in the radiation patterns. Additionally, relying on higher order modes also

fundamentally limits how small the frequency ratio between bands can be.

A popular design that satisfies the criteria for dual band circular polarization with

a small frequency ratio and well behaved radiation patterns is the stacked patch antenna.
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However, its multilayer design and a general desire for size reduction calls for further
investigation into the problem. Moreover, the integration of reconfigurability would
further increase the utility of such an antenna. As such, this work presents a miniaturized,

dual-band, circularly polarized, conformal and reconfigurable patch antenna.

4.1.1 End-Loading

A useful alternative to exciting higher order modes for multiband behavior is the
use of reactive end-loading. Reactive end-loading relies on terminating a micro strip
transmission line with a significantly mismatched load. The load is often chosen to be a
short, or, in the case of reconfigurable designs, a variable capacitor terminated to ground.
This length-dependent transmission line excites a secondary resonance when the
transmission line length corresponds to A¢s/2, thereby shorting the edge of the patch. Yet,
it can also be recognized that a more compact resonant structure exists which can achieve

a frequency dependent short at the patch edge.

First, a study is conducted on a proposed custom metamaterial end-load. The
composite structure, shown in Figure 4.1(a), consists of a dipole end-load surrounded by
a ring. The individual structures are compared in terms of input impedance. The metric
used to assess performance is the spacing and location of the resonance zero-crossings
where closely spaced zero-crossings occurring at a low frequency is optimal. From the

results in Figure 3.1(b), we can see that the dipole end-load has a relatively low Q-factor
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resonance resulting in a high resonance frequency outside of the band of interest and only
one zero crossing within the band of interest. The ring, on the other hand, displays a
higher Q-factor and contains two zero-crossings within the plotted band. Unfortunately,
the spacing of the zero-crossings is far too wide for our application, since the zero-
crossings need to occur well within one octave. This ensures the excitation of a
degenerate fundamental mode rather than an undesirable (from a radiation pattern
standpoint) higher order mode. Finally, the composite structure which combines the two
aforementioned geometries into a single resonator through coupling does exhibit the
desired zero crossing location and spacing and is subsequently used in the proceeding

patch antenna design.
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Figure 4.1. a) Depiction of the dipole, ring, and composite end-load structure. b) Input

impedance of each structure.

The geometry of the patch antenna integrated with the end-loads is depicted in
Figure 4.2. This patch, properly matched to a probe feed, will radiate at the two zero-

crossings designated by black arrows in Figure 4.1. However, to further increase the
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utility of the design, the design is expanded into a circularly polarized dual band patch.
This is achieved by adding end-loads along the orthogonal edges, thereby exciting the
TEj0 mode. To facilitate the desired 90° phase shift between these orthogonal modes, a
slot is introduced into the center of the patch to perturb the currents that create a phase
difference between the orthogonal modes. The geometry and the currents for the final
circularly polarized design are depicted in Figure 4.3 for the degenerate mode. From the
current distribution, we can see that the end-loads do in fact create a short at the end-load

termination along the patch edge.

Figure 4.2. Geometry of the end-loaded patch antenna.
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Figure 4.3. Currents of the end-loaded circularly polarized patch antenna for the

degenerate mode resonance.

The performance of this circularly polarized dual band patch antenna is
summarized in Figure 4.4. The Sy; is shown in Figure 4.4(a). The total gain, the total
realized gain, the left hand circularly polarized (LHCP) realized gain, and the right hand
circularly polarized (RHCP) realized gain are depicted and Figure 4.4(b). Furthermore,
the isotropic radiation patterns for the fundamental and the degenerate mode resonances
are shown in Figure 4.5. From these results, we can conclude that the antenna preforms

well, exhibiting dual fundamental radiating modes as expected.
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Figure 4.5. Azimuthally dependent realized gain for both frequency bands.

4.1.2 Introducing Reconfigurability

As previously mentioned, a metamaterial can be made to be reconfigurable at RF
frequencies by changing either the capacitance or the resistance of the equivalent circuit.
Using the dual band patch described in the previous section, reconfigurability is
demonstrated for either varying capacitance or varying resistance. Referencing Figure
4.6, two different configurations for a capacitively reconfigurable and a restively
reconfigurable design are presented. For the capacitive approach, the appropriate port

placement is depicted in Figure 4.6(a). Such a variable capacitance can be achieved by
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the use of an active component such as a varactor or MEMS, assuming the proper biasing
is accounted for. Next, the port placement for the resistively reconfigurable design is
depicted in Figure 4.6(b). This switching can be achieved by an active component such
as an RF switch or by the incorporation of a ChG PCM switch (discussed in more detail

in the proceeding chapter).

Figure 4.6. a) Port location for capacitively controlled reconfigurability. b) Port location

for resistively controlled reconfigurability.

The S;1 response of the capacitively reconfigurable design is shown in Figure 4.7.
The fundamental resonance remains stationary for all states whereas the degenerate mode
is influenced by a change in port capacitance. An open and a short define the bandwidth
bounds of the reconfigured design, and four capacitance values ranging from 0.7 pF to

2.9 pF are shown to provide discernible frequency shifting within that band.
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Figure 4.7. S;; as a function of capacitance for the reconfigurable design shown in

Figure 4.6(a).

Finally, the S;; response of the resistively reconfigurable design is shown in
Figure 4.8. Noting the change in port placement, the fundamental resonance once again
remains stationary for all switch states whereas the degenerate mode is influenced by a
change in dipole length of the composite metamaterial end-load, which is controlled by

opening or shorting the ports as noted in Figure 4.8.
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Figure 4.8. S;; as a function of shorted ports for the resistively reconfigurable design

described in Figure 4.6(b).
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Chapter 5

Characterization of an RF Switch Based on Chalcogenide Glass Phase
Change Materials

5.1 The History of Chalcogenide Glass Phase Change Materials and the Beginnings

of Solid State Memory Storage.

In the early 1900s, Alan Tower Waterman of Yale University observed that the
conductivity of the chalcogenide MoS, behaved in a strange manner [140]. Specifically,
he observed that Ohm’s law was not obeyed, demonstrating a negative coefficient of
resistance with respect to temperature [140]. This behavior is now known to be typical of
semiconducting chalcogenide materials. Waterman noted that a breakdown in resistance
occurred when the material was heated by an electrical current and subsequently noted
that the material can exist in two forms, both high and low conductivity [140]. In 1962,
A. David Pearson of Bell Laboratories reported that the high and low conductivity states
were reversible given the appropriate electrical pulses [140]. In 1968, Stanford
Ovshinsky demonstrated that this switching could be done many times, thereby laying the
foundation for phase change memory [140, 141]. Subsequent patent filings noted that the
“set” operation require that an applied voltage must exceed a threshold value and that the
“reset” is a melt-quench process which requires a rapid removal of applied voltage [140].

The limiting factor at the time was that the amount of energy needed to switch these 10
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pm films was prohibitive. However, as semiconductor devices were scaled down over
the next several decades so did the ability to scale down the ChG films to ~100nm which

resulted in a significant reduction in switching power consumption.

5.2 The Kinetics of Chalcogenide Glass Phase Change Materials.

Contrary to the work done at RF using a PCM VO,, whose resistance changes
linearly as a function of temperature (ignoring a slight hysteresis) [151-153], ChG PCMs
RF switches offer an inherent advantage in that they are bistable (i.e. either permanently
off or on), as is the case with any ideal switch. In this section, an alternative to known
RF switching technologies is investigated for integration into RF devices. This material
is the chalcogenide (ChG) based phase change material Ge,Sb,Tes (GST). This class of
phase change materials (PCMs) has the potential to provide large changes in RF
conductivity (rather than permittivity changes). As a result, the equivalent circuit of an
RLC metamaterial can be changed in terms of resistance. As will be demonstrated in
Chapter 6, these drastic conductivity changes can be exploited to design novel

reconfigurable metamaterial devices.

The change in resistivity for such ChG PCM materials occurs when they undergo
a thermally driven phase transition from an amorphous glass to a crystalline semi-metal,
which results in large changes in both the optical and electrical properties of the material.

Based on these profound property changes, PCMs such as GST have been integrated into
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a variety of commercially available optical disks and electrically addressed, nonvolatile
memory products. While the material properties of GST are well known at DC and
optical wavelengths, nothing had been reported characterizing GST at RF until 2011

[135].

5.2.1 Crystallization Kinetics and Amorphizing Energy by Optical Energy

Glassy materials are produced by the rapid supercooling of a liquid below its
melting point to a temperature at which the atomic motion necessary for crystallization
cannot occur [145]. This process is exploited in ChG-based PCM switch, whereby
controlling the input energy intensity and pulse duration, a PCM switch can be changed
between the amorphous and crystalline states. The crystallization kinetics of a 140 nm
thick film of a chalcogenide, Te;;GeypAss, is studied using a laser source [143]. The

transmission ratio,

I trans

Iinc

(5.1)

gives the intensity ratio of the transmission of incident beam into the sample relative to
the transmission exiting the test sample. Given a film thickness, d = 140 nm, Equation

5.1 can be expressed as
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Itrans — f(e_Aad) + (1 _f)

I inc

(5.2)
where f is the crystallization fraction and Aa is the difference between the absorption
constants between the crystalline and amorphous regions. Equation 5.2 shows that f is
directly proportional to unity subtracted by the transmission ratio. In other words, a
reduction in absorption signifies a higher degree of crystallization, and, more importantly
a higher beam intensity results in a higher degree of crystallization. Therefore, the rate of

crystallization, given as:

d(ltrans)
d(f)o( Iine
dt dt

(5.3)
also states that the higher the incident field intensity the faster the crystallization process.

From the crystalline state, the chalcogenide can be returned to the amorphous state using

(5.4)
where P represents the applied power, L corresponds to the heat of fusion, and x refers to
the distance of the melt line to the surface. In other words, more incident power results in
a faster melt rate. It is assumed that upon rapid removal of the power source, a substrate

with a high thermal conductivity results in rapid quenching of the PCM. Further work on



71

the kinetics of optically excited GeTe-based alloys also demonstrated a similar behavior

[167].

5.2.2 Crystallization Kinetics and Amorphizing Energy from an Electrical Source

More recent work has focused on Ge,Sh,Tes (GST) in which the phase change is
facilitated through electronic pulses [144-147]. For crystallization, the amorphous
material must be heated to a temperature between these two temperatures for a sufficient
amount of time (see Figure 5.1). When a particular threshold voltage, Vi, is exceeded,
the material rapidly changes into a highly conductive state. Once the current passes for a
significant amount of time, the crystallization is set [145]. The PCM can in turn be reset
by a short higher voltage pulse. To reset, the pulse needs to have a sufficient magnitude
and duration to melt the PCM, in addition to having a fast enough falling edge to permit
rapid cooling [145]. The specific amplitudes and durations of the set and reset pulses are
contingent on the amount of bulk material and resultant thermodynamics of the switch

geometry.
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Figure 5.1. Depiction of heat needed to switch a PCM to the amorphous and crystalline

states respectively.

5.3 Properties of Chalcogenide Glass Phase Change Materials at Radio Frequencies

5.3.1 Mismatched Transmission Line Test Cell

In order to characterize GST at RF, a test setup was devised. A coplanar
waveguide (CPW) to be measured at 10 GHz to 50 GHz was designed. Usually, by the
use of analytic equations, a micro strip transmission line (TL) is engineered to match the
characteristic impedance of the probe station (50 Q). The subsequent insertion loss is

used to characterize the material under test. However, testing had to be compatible with
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fabrication techniques and materials necessary to adhere a 250 nm layer of GST to the
TL. Specifically, the quartz substrate measured 1.575 pm with an almost 20% tolerance
on thickness between samples. The tolerance on thickness can result in an obvious
problem when engineering a micro strip transmission line for the prescribed characteristic
impedance. Additionally, since the probe station platform was grounded, the analytical
solution for a CPW backed by a ground plane breaks down due to the substrate thickness.
Conversely, using the analytical solutions for a CPW without a ground plane is not
advisable since the ground plane is still very much within the near field. Lastly, the TL
traces consist of a 500 nm film of gold (Au) which was on the order of its skin depth.
Again, analytical solutions for RF designs assume a 2-D conductive surface (i.e. a
thickness of at least 5x the skin depth). As a result, the field distribution and the

attenuation constant of the TL line also differ from the analytical solutions.

Rather than relying on potentially inaccurate analytical models for a microstrip
TL, a custom test structure that was tolerant to slight impedance mismatches was devised
using a CPW TL structure that was designed parametrically using a full-wave solver.
The structure shown in Figure 5.1(a) is used to characterize the conductivity of GST in
the amorphous and crystalline states. Before crystallizing the GST, the CPW TL sees an
open circuit for an electrical length of 2.5 mm. After the GST is crystallized, the length
of the transmission line doubles to 5.0 mm. The return loss of the CPW TL can be used
to verify switching behavior because an impedance match occurs when the GST becomes
sufficiently conductive as the TL is loaded by a second probe with a Zjgag = 50 Q. Since

there is some mismatch between the loads and the TL characteristic impedance, the best



74

impedance match condition occurs at ~ 19 GHz and ~ 38 GHz for the conductive GST
states, which corresponds to a half-wave impedance transformer. Conversely, when the
GST is not sufficiently conductive, the input of the TL sees the input impedance depicted
in Figure 5.1(b). The simulated and measured responses are shown in Figure 5.2. By
comparing the data, we can extract the conductivities for GST in the amorphous and

crystalline states as 100 S/m and 100k S/m, respectively.
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Figure 5.1. a) Transmission line test cell with GST in the center. b) Input impedance as a

function of GST conductivity.



a)

b)

c)

S,, (dB)

s, (d8)

S,4(dB)

o=1e2
— =105
Open

P — L Y

1 L L L L L J

15 20 25 30 35 40 45 50
Frequency(GHz)

Open
m— Short
e GST

— GST

h

! L | L I ) L )

-25

15 20 25 30 35 40 45 50
Frequency(GHz)

! ! L 1 L L L )

10

15 20 25 30 35 40 45 50
Frequency(GHz)

76



77

Figure 5.2. a) Simulated S;; for ideal open and short transmission lines compared to fitted
GST conductivity (inset: modeled structure). b) Measured transmission line response for
GST in the amorphous and crystalline states compared to an ideal open and short (inset:
fabricated structure GST section and a probe pad, respectively). ¢) The simulated
transmission line response for GST in the amorphous and crystalline states compared to

an ideal open and short, accounting for non-ideal probe placement due to ‘skating’.

5.3.2 GST in Waveguide Test Cell

For confirmation, the conductivity for both GST phases was tested in a different
configuration. In this particular configuration, a 300 nm layer of GST was deposited on a
quartz slide. In the amorphous state, the GST slide should be almost transparent, causing
the scattering parameters of the waveguide to remain mostly unchanged. When the GST
is in the crystalline state its conductivity creates a short, preventing the wave from
propagating across the waveguide. Referencing Figure 5.3, it is clear from the simulated
and the measured response that a large, broadband conductivity contrast exists between
the amorphous and crystalline states. The extracted conductivity values for GST in the
amorphous and crystalline states are again shown to be 100 S/m and 100k S/m,

respectively.
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Figure 5.3. a) Simulated rectangular waveguide response as a function of GST
conductivity (inset: rectangular waveguide loaded with GST test cell). b) Measured

rectangular waveguide response for amorphous and crystalline GST.

5.3.3 A High Performance Four Terminal Bistable PCM Based RF Switch

The cut-off frequency for any RF switch is related to the on state resistance and

the off state capacitance given as [115]

1
€T 2mRonCoff’

(5.5)

Similarly, a figure of merit [135],

ZOTI.

FOM=
Zoff

=jwRonCosf)

(5.6)
is used to assess the dispersive on/off ration of the switch. Using typical values for a pin
diode, MEMS, and measured values for ChG PCM switches [115, 135], the FOM is
converted to transmission referencing a typical 50 Q RF system [17]. From Figure 5.4,

we observe a superior on/off ratio and bandwidth for the ChG PCM switch.
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Subsequent work has characterized ChG PCM RF switches [153-159]. These
authors elected to use GeTe rather than GST; although, tthe reason for using GeTe rather
than GST isn’t clear because GeTe exhibits a higher melting temperature of ~190°C
[154] compared to ~150°C for GST. A realized heater structure was fabricated (Figure
5.5) and measurements were conducted. The extracted on state resistance (tenths of
Ohms) and off state capacitance (on the order of femto farads) in [153, 154] are similar to

those given by the extracted conductivity values from [135], varying only slightly due to
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slight differences in RF contact geometry [153, 154]. Using these results the return loss
(S11) and the insertion loss (S12) are plotted in Figure 5.6. Finally, the switching behavior
of the RF switch is studied in [156] and a thorough thermodynamic analysis of the heater
stricter is covered in [158]. The switching behavior is depicted in Figure 5.7, where the
on to off switching is achieved with a 100 nS pulse, consuming 1.55 W, and the off to on

switching is achieved with a 1500 nS pulse, consuming 0.5 W [156].

Phase Change
20um

Figure 5.5. a) Phase change switch test cell with RF ports and DC heater ports. b) Close-

up colorized SEM image of a phase change switch [156].
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Chapter 6

A Multi-Band, Multi-State Frequency Selective Surface Using an RF

Switched Based on a Chalcogenide Glass Phase Change Materials

In this chapter, a novel reconfigurable FSS structure inspired by the metamaterial
is used to end-load the patch antenna described in Chapter 4. A ChG PCM RF switch,
exhibiting the properties discussed in Chapter 5, is used to facilitate the switching.
Additionally, the necessary bias lines are integrated into the metamaterial design. The
metasurface can be configured into four unique states within the X-band (8 GHz to 12
GHz). Specific frequency channels are used for sensing each state. They behave as a
spectral barcode, effectively sensing four distinct states using a combination of reflection
and or transmission at these three channels (analogous to the absorbing and reflecting

lines found in a barcode).

In Figure 6.1, the unit-cell for the quad state FSS is depicted. DC lines that carry
the heater pulses are integrated into the unit-cell design. The placement of the switches is
also shown, where GST Switches 1 are always in the same state. The substrate is a 254
pm SiC wafer, and the gold traces are 500 nm thick. The GST is simulated with
extracted conductivity values from Chapter 5 with a width, length, and thickness of 30

pm, 1.3 um, and 150 nm, respectively [153, 154].
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Figure 6.1. Unit-cell design with GST switches and DC heater ports designated (inset:

colorized SEM of GST switch RF/heater junction [156]).

The four states of the metasurface are depicted in Figure 6.2, where green
corresponds to a shorted switch and red corresponds to an open switch. The reflection
curves are generated for each state from simulations of 2-D infinitely periodic arrays
corresponding to each of these four switch states. From the results shown in Figure 6.3,
we can see that three stationary sensing bands can be defined where each switch state

corresponds to a unique presence and/or absence of reflection.
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periodic arrays of the unit-cells from Figure 6.2.

6.1 Finite Array with DC Pulse Switching

In a practical scenario, the sensor would be deployed with a finite but usually
substantial array of unit-cells. Given the need for a power source to switch the GST, a
small array is desirable. Therefore, a finite array of 6 x 6 unit-cells (Figure 6.13) is
simulated. For each switch configuration, the simulations for a normally incident

Gaussian beam are summarized in Figure 6.14 where the off axis reflection as a function
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of theta is included for bistatic transmitter/receiver configurations. From these results,
we can see that despite only utilizing a finite number of unit-cells, the array still
maintains performances similar to the ones predicted by the 2-D infinitely periodic array

simulations.

Figure 6.4. Finite 6-by-6 array of the quad state FSS geometry.
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reflection of the finite array depicted in Figure 6.4 with switch configurations

corresponding to the switch states depicted in Figure 6.2.
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Chapter 7

Conclusions and Future Work

In conclusion, several examples of novel dispersion engineered metamaterials are
presented. First, the synthesized surfaces Bézier are high bandwidth wave-plates, far
surpassing other know designs. Second, the composite end-load structure used to
facilitate the reconfigurable microstrip patch antenna exhibits not only an intuitive easily
controllable reconfigurability but also performance metrics that exceed most if not all of
the conformal dual band patch antennas found in the literature. Third, the quad-state
spectral bandwidth FSS demonstrates a versatile multiband reconfigurability within the
X-band. In order to enable reconfigurable metamaterials at RF that exhibit a superior
switching performance, the development and measurement of an RF switch chalcogenide
glass phase change material is presented. The subsequent design characterization showed
not only the energy saving inherent in a bistable switch but also exhibited superior

performance.

Several areas of this dissertation suggest paths for further exploration:

e Broadband wave-plates may be used as signal modulators when a phase
change substrate such as GST is used. If future research efforts succeed in
developing a mechanism to switch this substrate phase back and forth, it
could lead novel standoff detectors and communication systems which

exhibit lower signal to noise ratios than intensity-based detectors.
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Metamaterial wave-plates may be implemented with antenna structures
where an anisotropic ground plane can facilitate a dipole with an
unbalance feed (probe feed) in addition to polarization reconfigurability.
The Bézier synthesis technique provides a powerful new tool for the
design of optimized absorbers, FSSs, emitter, modulated leaky wave
antennas, metasurfaces, holographic impedance surfaces, and other
applications.

The microstrip patch antenna is the focus of future work, in so far that the
design will be built and measured at the 2.4 GHz and 3.5 GHz bands.
Given the frequency ratio tenability, this design approach is directly
scalable to military GPS technology.

The patch antenna may also facilitate active reconfigurability, the
implementation of which needs further refining since bias lines must be
included (a relatively straightforward task).

The newly developed ChG PCM RF switch has been validated as a high
performance switch. Further work now needs to determine the trade-offs
between the different available ChGs. As with the case of GST and GeTe,
different melting points result in slightly different energy consumption;
yet, an optimal choice has yet to be agreed upon. Additionally, the
thermodynamics of the heaters need to be investigated more thoroughly,
as any inefficiency in the Joule heating of the PCM directly result in a

need for higher switching currents and longer pulse durations. Lastly, the
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ability to package an RF PCM switch compatible with PCB fabrication

techniques would facilitate wide spread adoption.
The quad-state FSS spectral barcode is a powerful design whose behavior
has not yet been described in the literature. Fabrication and measurements

of such a device should prove useful for stand-off detection applications.
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