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Abstract

Metamaterials are devices with embedded structures that provide the device with

unique properties. Several applications for metamaterials have been proposed includ-

ing electromagnetic cloaks, lenses with improved resolution over traditional lenses,

and improved antennas.

There are two obstacles to practical metamaterial development that this thesis

addresses. The first is uncertainty in the characterization of electromagnetic field be-

havior in the presence of metamaterial structures. The uncertainty lies in the current

methods of describing the unique properties of metamaterials. To address this obsta-

cle, a method of prediction aided measurement is developed and exploited to examine

the field interactions within metamaterial devices. The fusion of simulation and mea-

surement techniques enhances the understanding of the physical interactions of fields

in the presence of metamaterials. Guided-wave measurements of the metamaterial

samples performed using a stripline waveguide are the chosen measurement technique

because the stripline generates the same TEM excitation as a plane wave at normal

incidence which is typical of the anticipated applications. The electromagnetic fields

within equivalent models are examined using CST Microwave Studio R©, revealing the

field behavior inside and outside resonance regions.

The second obstacle to practical metamaterial development that this thesis ad-

dresses is the small bandwidth of current metamaterial devices. This thesis character-

izes the effectiveness of several metamaterial designs. The basic design incorporates

a microelectromechanical systems (MEMS) variable capacitor into a double negative

(DNG) metamaterial structure. One set of devices is fabricated with the MEMS

capacitor in the gap of the split ring resonator (SRR) of the DNG metamaterial.

iv



Applying voltage to the MEMS device changes the effective capacitance, thereby ad-

justing the resonant frequency of the device. Stripline measurements of devices show

a maximum shift of 1.62 GHz or an 11.34% difference from the original resonance

frequency. Simulation results of the devices are compared to the measured results to

validate the modeling process. They are found to be in agreement.

Additionally, a similar device with a larger unit cell and four possible capacitor

layouts is examined with stripline measurements and computer models. Recommen-

dations for design improvements are provided. The initial capacitor layout with

MEMS capacitors in the split ring gaps is recommended for future design iterations

with adjusted gap capacitance values.

v
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ELECTROMAGNETIC MODELING AND MEASUREMENT OF ADAPTIVE

METAMATERIAL STRUCTURAL ELEMENTS

I. Introduction

1.1 Problem Description

Metamaterial devices have received much attention over the past two decades.

There are many definitions for metamaterials. For this research effort, a metamaterial

is defined as “an arrangement of artificial structural elements designed to achieve

advantageous and unusual properties” [20]. In spite of the attention garnered by

metamaterials, the science behind their apparent unusual properties is not settled.

According to some researchers, metamaterials can be viewed to have a set of

macro effective parameters for the medium, much as a molecular lattice interacts

with incident electromagnetic fields. These effective constituent parameters produce

quantities such as the effective index of refraction and effective impedance. These

quantities dictate the behavior of the electromagnetic fields inside a metamaterial

and are what gives a metamaterial its unusual properties.

The effective permittivity and permeability are controlled by the geometry of the

structural building blocks, the unit cells. When both the permittivity and perme-

ability are negative, the material is referred to as a double negative (DNG) material

and takes on a negative index of refraction [7]. Commonly, DNG materials are con-

structed with wire lattices and a pair of split ring resonator (SRR) particles. An

example is shown in Figure 1. Other unit cell structures are possible and are dis-

cussed in Chapter II, however the unit cell shown in Figure 1 is the basis for the
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structures analyzed in this thesis.

Still, other researchers contend that it is impossible for a material to achieve

a negative index of refraction. Their arguments are based on causality and the

physical meaning behind a negative index of refraction. The theories behind these

two dissenting opinions are discussed in Chapter II.

Despite the disagreement on the physics of the phenomena, both groups of re-

searchers can agree that the dispersive region of interest is small. Unfortunately, this

narrow bandwidth limits the utility of metamaterials in certain applications. In the

interest of practicality, expansion of the resonance bandwidth would be very useful.

In general, directly measuring electromagnetic fields without the measurement

setup disturbing the experiment is a difficult task. Specifically with metamaterials,

slightly disturbing the fields around the highly resonant devices can change near-field

measurements drastically. To overcome this challenge, a prediction aided measure-

ment (PAM) technique is developed and exploited to examine the field interactions

within adaptive metamaterial devices. For this technique, models of physical devices

are created with far field results reasonably matching measured data. The simulated

Figure 1. A typical unit cell for a DNG metamaterial structure consists of a concentric
SRR pair and wire lattice [16].
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field interactions within these models are assumed to reasonably match the field inter-

actions within the measured devices. This assumption does not account for different

structures that would create the same far field results, limiting current analysis only

to structures designed and manufactured at the Air Force Institute of Technology

(AFIT).

1.2 Potential Metamaterial Applications

The ability to steer electromagnetic fields in a medium consisting of conventional

materials is restricted by the fact that the electric permittivity and magnetic per-

meability are positive. While discussed in theory by Veselago in 1968, the idea of

materials with negative constituent parameters did not receive much interest until

an increase of research into metamaterials took place [46]. Transformation optics

uses smooth transitions of the constituent parameters of the guiding media to guide

electromagnetic fields in place of traditional guiding structures such as waveguides or

fiber optics. Using negative refraction, effective media can theoretically be created

to steer electromagnetic fields. Ward and Pendry show that Maxwell’s equations

are invariant under any type of coordinate transformation with only the permittivity

and permeability changing values [48]. A metamaterial’s constitutive parameters are

defined by the unit cell geometry, allowing the constitutive parameter tensors to be

designed to guide electromagnetic waves along a desired path [21].

Based on the promise provided by transformation optics, a 2009 Popular Mechan-

ics article listed several common place applications for metamaterials: cellphones

with smaller antennas, detectors capable of detecting single molecules for use in find-

ing weapons of mass destruction, microscope lenses capable of focusing beyond the

diffraction limit, and fast metamaterial switching devices for photonic equipment

[11]. Metamaterials have also been proposed as cloaking devices in [14], [21] and [31].
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1.3 Research Goals

The goals of this research fall into two areas: characterization of field behavior in

the presence of metamaterial structures and the analysis of adaptive metamaterial

structures.

The first objective is to examine field behavior in the presence of metamate-

rial structures. Included in the characterization of the field behavior are advanced

computational electromagnetic models. These models utilize frequency- and time-

domain techniques to generate theoretical predictions of the field behavior in meta-

material structures. These models are based solely on Maxwell’s equations and are

not attached to the two differing theories on metamaterial characterization: effective

medium theory or frequency selective surface (FSS) theory. The simulation tech-

niques are described in detail in Section 2.3.

The electric and magnetic fields cannot be easily measured in the near-field with-

out disturbing the fields. Therefore, measurements can only provide far field infor-

mation about the field interactions in the presence of metamaterials. Computational

models are therefore used in concert with measurements to analyze and characterize

the field behavior in the presence of metamaterials. Guided-wave measurements of

the metamaterial samples performed using a stripline waveguide are the chosen mea-

surement technique because the stripline generates the same TEM excitation as a

plane wave at normal incidence which is more typical of the anticipated applications.

The stripline measurements also utilize equipment already owned by AFIT.

A novel metamaterial structure that achieves frequency adaptability was pro-

posed in a previous AFIT research effort [34],[19]. The structure is based on a basic

DNG unit cell. The proposed structure also incorporates a microelectromechanical

systems (MEMS) variable capacitor across the gaps of the SRR particles. Figure 2

shows the proposed design. Varying the capacitance of the SRR particles has been
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Figure 2. AFIT-designed adaptive metamaterial structure. (a) A picture from a pre-
vious design iteration shows the basic structure and MEMS device [34]. In the latest
design, a few of the dimensions are slightly different. (b) The dimensions in µm for
the latest design iteration of the basic unit cell.

shown to change the dispersive location of the resonance regions of the device. The

device was also examined separately in a previous AFIT research effort without the

acquisition of simulation and measurement data from a system that provided usable

data within the frequency range of the resonance frequency [23]. Both are acquired

in this research effort, fulfilling the second objective of analyzing adaptive metama-

terial structures. Additionally, larger sized variants of the proposed structures with

different MEMS capacitor layouts are examined using similar computational and

measurement techniques. The fusion of the simulation and measurement techniques

enhances the understanding of the physical interactions of fields in the presence of

the metamaterials.
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1.4 Organization of Thesis

This thesis is organized into five chapters. Chapter II provides theoretical back-

ground information related to the concepts investigated through this research as well

as reviews similar research efforts. Chapter III describes the creation, implementa-

tion, and results of computational models used for analysis of both passive and adap-

tive metamaterial structures. Chapter IV includes descriptions of the procedures,

setup, and results from laboratory measurements. Chapter V includes conclusions

drawn from this research effort and proposed future research ventures to advance the

science.
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II. Theory

2.1 Chapter Overview

The purpose of this chapter is to present necessary background information on

the electromagnetic theory behind metamaterials and the techniques used to model,

test and evaluate their properties, as well as to present current research in the field

of passive and adaptive metamaterials.

The basic theory presented in this chapter addresses the research objectives laid

out in Chapter I. First, the published methods of characterizing field behavior are

described. These methods will be used in later chapters to analyze metamaterial

structures. Relevant simulation methods are also described, as this research effort

makes use of computational electromagnetics techniques.

In addition to the basic theories, recently published research results from efforts

to characterize metamaterials are discussed in this chapter as well as their relevance

to the material presented in later chapters.

2.2 Characterization of Metamaterials

There is controversy over the proper explanation of the physical phenomena ob-

served when metamaterials are subjected to electromagnetic waves. Many researchers

believe that these embedded structures can display effective material parameters and

can be represented as effective media. Other researchers believe that the effective

media explanation is not complete and posit that surface wave models are a more

physically accurate depiction of the physics associated with the electromagnetic in-

teraction.

The controversy stems from the implications of materials that have negative per-

mittivity and permeability values, an unnatural phenomenon. This section provides
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background on effective media with negative permittivity and permeability frequency

bands and describes the construction of these structures. This section also examines a

particular counterclaim to the effective media theory. Proponents of the counterclaim

believe the phenomena observed can be explained by surface wave models.

2.2.1 Negative Index of Refraction.

This concept of materials with negative permittivity and permeability was first

introduced by Veselago in [46]. In his work, Veselago expounds upon the basic elec-

tromagnetic theory behind these materials and introduced left handed propagation.

Maxwell’s equations and the constitutive relations describe the behavior of electro-

magnetic fields in a material. Maxwell’s curl equations for time harmonic fields in a

source-free region along with the constitutive relations are [2]

∇×E = −jωB, (1a)

∇×H = jωD, (1b)

D = εE, (1c)

B = µH , (1d)

where E and H are the electric and magnetic field vectors respectively, D and B

are the electric and magnetic flux densities respectively, c is the speed of light in free

space, ε is the electric permittivity of the medium, µ is the magnetic permeability of

the medium, and j is the imaginary unit (j =
√
−1). For an electromagnetic field

with a single angular frequency ω and wave vector k, Equation (1), simplifies for

plane waves to [46]
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k ×E =
ω

c
µH , (2a)

k ×H = −ω
c
εE. (2b)

If the values of permittivity and permeability are simultaneously negative in Equa-

tion (2), E, H , and k will be a left-handed set of vectors, leading to the title of left-

handed material (LHM)[46]. In contrast, when E, H , and k form the traditional set

of right handed vectors, the material is referred to as right-handed material (RHM).

Also, as noted by Veselago in [46], the Poynting vector (S), E, and H always form

a right-handed set of vectors, regardless of the signs of ε and µ [46]. From Balanis,

the Poynting vector is defined by [2]

S =
1

2
< [E ×H∗] , (3)

where < denotes the real part and the ∗ symbol denotes the complex conjugate.

Equation (3) shows that the Poynting vector is independent of ε and µ and therefore

is independent of material classification. Electromagnetic fields incident on LHM

experience negative refraction. This can clearly be seen through examination of the

boundary condition of the interface between two media where there are no sources.

Figure 3 shows this interface, where the top region is the RHM. The boundary con-

ditions at this interface are [2]
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n̂× (E2 −E1) = 0, (4a)

n̂× (H2 −H1) = 0, (4b)

n̂ · (ε2E2 − ε1E1) = 0, (4c)

n̂ · (µ2H2 − µ1H1) = 0, (4d)

where the 1 and 2 subscripts refer to the medium 1 and medium 2 respectively and n̂

refers to the boundary normal directed into medium 2. According to Equations (4c)

and (4d), the normal components of E and H change sign when the field crosses the

boundary between a right handed material and a left handed material.

As seen in Equations (2), the normal component of k also changes direction.

These three sign reversals, along with the boundary conditions and the requirement

for E, H , and k to be left-handed mean that the electromagnetic field in the LHM

will be on the same side of the z-axis as it is in the RHM [46]. This is not the case

for a boundary between two RHM. This field set will only satisfy Snell’s law if the

index of refraction (n) for a LHM is negative, causing refraction at the boundary of

a RHM and a LHM to be called negative refraction [46]. Since the reflected ray is in

the same medium as the incident ray, it will be in the same direction regardless of

the second medium [46]. Figure 4 shows a comparison between positive and negative

refraction.

E2, H2, ε2>0, μ2>0

E1, H1, ε1<0, μ1<0

n̂ ẑ

x̂

ŷ

Figure 3. Boundary between RHM and LHM. Medium 2 is the RHM
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Refraction

n̂ ẑ

x̂

ŷ

Positive 

Refraction

Incident 

Field

Reflected 

Field

Figure 4. Comparison between negative and positive refraction. When an electromag-
netic field crosses the boundary between a LHM and RHM, the refracted field appears
in a different plane than an electromagnetic field that undergoes positive refraction.
The reflected field is not affected by the classification of the second media.

In order to satisfy Snell’s law, the definition of n is modified by the inclusion of

the parameter p, defined to be one if the material is RHM and negative one if the

material is LHM. Therefore, n can be calculated from ε and µ for both material types

as [46]

n =
p1
p2

∣∣∣∣√ εµ

ε0µ0

∣∣∣∣ , (5)

where the subscripts 1 and 2 denote the materials on either side of the boundary and

ε0 and µ0 are the permittivity and permeability of free space respectively.

Snell’s law of refraction can now be rewritten to account for the type of media.

Snell’s law of refraction to find the angle of transmission (ϕt) through the second

material is [7]

ϕt =
sgn(n1)

sgn(n2)
arcsin

(
|n1|
|n2|

sinϕi

)
, (6)

where ϕi is the angle of incidence.
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2.2.2 Realization of Negative Refractive Index.

When LHM was first discussed by Veselago in the late 1960’s, there were no

known substances that had both ε < 0 and µ < 0, however in the 1990’s researchers

discovered methods that would supposedly create media with simultaneously nega-

tive effective ε and µ values. These effective parameters are created by embedding

metallic structures in dielectric materials. These effective parameters are only valid

for wavelengths longer than the size and separations of the structures, where the

material appears homogeneous [47].

2.2.2.1 Negative Permittivity Metamaterials.

Pendry et al. show that a material containing a periodic lattice of metallic wires

can have an effective permittivity [30]. By confining electrons to thin wires, the mass

of the electrons is enhanced, therefore reducing the plasma frequency [30]. For a

wire lattice with separation distance a and radius rw, the plasmon frequency (ωp) is

reduced to [30]

ω2
p =

2πc20
a2 ln(a/rw)

. (7)

The plasma frequency is the frequency at which the electron density oscillates in a

metal. Incident fields at a frequency higher than the plasma frequency penetrate the

metal as if it were transparent; whereas fields below the plasma frequency are expo-

nentially decayed [15]. The plasma frequency of Equation (7) produces a dispersive

expression for the effective ε [30]

ε = 1−
ω2
p

ω(ω +
jε0a2ω2

p

πr2wσ
)
, (8)

where σ is the conductivity of the metal used for the wires. The results of Equation
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(8) will have a negative real component when ω < ωp [30].

2.2.2.2 Negative Permeability Metamaterials.

Pendry et al. show in [29] that by embedding certain microstructures into a

material, a medium can be made to have an effective µ. The structures are arranged

in a periodic cubic array with dimension a. Pendry et al. claim that if a � λ,

where λ is the wavelength of the incident radiation, then the incident waves will be

largely unaffected by the microstructures and the medium can be characterized by

an effective permeability [29].

One of the structures introduced by Pendry et al. in [29] consists of two concentric

SRR particles. Figure 5 shows the geometry of this structure. The gap in the SRR

particles prevent current from flowing around any one ring, however the capacitance

between the two rings allows current to circulate. The effective µ of this structure is

[29]

µ = 1−
πr2SRR

a2

1 + j 2`R1

ωrSRRµ0
− 3dc2

πω2 ln 2w
d
r3SRR

, (9)

where rSRR is the radius of the inner SRR, w is the width of the SRR traces, d is the

difference between the outer radius of the inner SRR and the inner radius of the outer

SRR, ` is the separation length between the SRR layers, and R1 is the resistance of

a unit length of the metal sheets that make up the SRR particles measured around

the circumference.

In deriving Equation (9), constraints are placed on the dimensions of the structure

[29]
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rSRR � w, (10a)

rSRR � d, (10b)

` < r, (10c)

ln
w

d
� π. (10d)

The frequency-dependence of Equation (9) has a resonant form, and the resonant

angular frequency (ω0) is of the form [29]

ω0 =

√
3dc2

π2r3SRR
, (11)

where c refers to the speed of light in the substrate containing the SRR particles.

Figure 5. The geometry of the SRR structure proposed in [29].

Pendry et al. provide an example calculation using the dimensions of Table 1

and R1 = 200.0 Ω/m. It is noted that these values do not satisfy Equation (10),

but “the inequalities are only important to the accuracy of [Equation (9)], not to the

functioning of the structure” [29]. Figure 6 shows the effective µ given by Equation

(9). The effective µ shows a resonant behavior at 13 GHz. Equation (9) also predicts

a negative µ band between approximately 13.5 and 14.5 GHz.
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Table 1. Dimensions for the SRR example given in [29].

Parameter Value (mm)
a 10
w 1.0
d 0.10
` 2.0
rSRR 2.0

Figure 6. The effective µ for the SRR example structure in [29]. The structure displays
a resonant behavior near 13 GHz and µ is negative between approximately 13.5 and
14.5 GHz.

2.2.2.3 Double-Negative Metamaterials.

A medium with simultaneously negative ε and µ values is created by including

wire lattice and SRR particles in the same structure. Smith et al. present this

structure and experimentally measure its performance in [42]. Figure 7 shows the

experimental comparison between a metamaterial structure consisting of just SRR

particles (solid line) and a metamaterial structure consisting of SRR particles and

a wire lattice (dashed line). The SRR particles alone create a stop band near the

resonance frequency where the effective µ is negative. The combination of the SRR

and wire particles create a passband near the resonance frequency.

Smith et al. lack analysis of the electric response of the SRR particles in [42],

however this is addressed by Simovski et al. in [41]. Simovski et al. show that
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Figure 7. Experimental transmission results for a DNG metamaterial based on an SRR
structure and an SRR with a wire array. The insets shows the geometry for each of the
structures. The solid line shows that the transmitted power for the SRR metamaterial
acts like a stop band. The dashed line indicates that the combination SRR and wire
lattice metamaterial acts like a passband in the band where ε and µ are negative [42].

the interaction between the SRR particles and wire traces influence the effective

permittivity due to the electric response of the SRR particles [41].

This thesis deals only with structures including both SRR particles and wire

traces. All numerical simulations in this thesis take into account the electric response

of the SRR particles.

2.2.3 Surface Waves in Metamaterials.

Some researchers believe that negative refraction is impossible and that the radia-

tion pattern from an illuminated metamaterial structure can be explained by surface

waves. One of those researchers, Ben Munk, published a book describing his objec-

tions to the effective medium theory described in the sections above [26].
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There are four basic theories inherent to the effective medium theory of meta-

materials that Munk disputes: that certain metamaterial structures can have an

effective negative index of refraction, that the phase of a signal inside a medium with

an effective negative index of refraction advances as it moves away from the source,

that evanescent waves grow in amplitude as they propagate away from the source,

and that E, H , and k form a left-handed triplet [26].

Munk notes that the concept of a medium with negative effective values for per-

mittivity and permeability and, thus a negative effective index of refraction leads to

the notion of negative time and violates causality. To illustrate his argument, he

notes that the distance traveled by a wave in any medium (dm) is given by [26]

dm =
ωt

nk0
, (12)

where k0 is the wavenumber for freespace. The quantities k0, dm, and ω in Equation

(12) are taken to be positive. Therefore, n and t must be the same sign. The

conclusion is that a medium with n < 0 would require negative time [26].

Rather than approaching metamaterials as effective media, Munk argues that

the formulation for predicting scattering from an FSS will apply. Using this model,

Munk states “the direction of refraction in air is determined solely by the interelement

spacingsDx andDz as well as the direction ŝ of the incident field, never by the element

type” [26].

According to Munk, for a metamaterial slab to be considered continuous, the in-

terelemental spacing must be less than λ/2 [26]. This condition on the interelemental

spacing also results in the suppression of grating lobes. Assuming the array is infinite,

reradiation from the metamaterial slab is only possible in two directions: the forward

direction (along same path as incident field) and specular reflection direction. This

is because only Floquet currents are present in an infinite array [27]. For an infinite
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array in the x- and z-directions, the radiated fields will be in the direction of r̂± given

by [25]

r̂± = x̂

(
sx +m1

λ

Dx

)
± ŷry + ẑ

(
sz +m2

λ

Dz

)
, (13a)

ry =

√
1−

(
sx +m1

λ

Dx

)2

−
(
sz +m2

λ

Dz

)2

, (13b)

where sx and sz are the x- and z-components respectively of a vector pointing in

the direction of propagation of the incident plane wave, m1 and m2 are the Floquet

modes in the x- and z-directions respectively, and Dx and Dz are the interelemental

spacings in the x- and z-directions respectively. Note that the waves radiated from

the array are inhomogeneous.

The principle direction is given by the condition m1 = m2 = 0 [26]. In this case,

Equation (13) reduces to r̂± = x̂sx ± ŷry + ẑsz and ry =
√

1− s2x − s2z = sy. The

direction of the reflected field becomes r− = x̂sx − ŷsy + ẑsz while the direction of

the transmitted field becomes r+ = x̂sx + ŷsy + ẑsz. As expected, the reflected field

will be in the specular direction. Furthermore, the direction of the transmitted field

remains the same as the incident field.

For a finite array, the radiated fields take on a pattern where mainlobes are aligned

along the forward and specular reflection directions. This pattern will also contain

sidelobes due to the residual currents. The residual currents can be broken down into

surface wave and end currents. Radiation from the end currents is typically much less

than radiation from the surface waves. Radiation from surface waves is generally at

least 14 to 20 dB lower than the main beam and notably lower than can be explained

by loses in the material used to make the metamaterial [26]. These levels are similar

to those found in many negative refraction experiments [26].
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The two dissenting methods for describing field behavior in metamaterials dis-

cussed in this chapter are key background elements of this research effort, however,

this thrust does not attempt to settle the debate. In later chapters, scattering predic-

tions for metamaterials will be made using a commercial full-wave solver where the

details of the metamaterial structure are modeled. Thus the controversy of the two

theories presented previously is avoided. The following section discusses the compu-

tational techniques of the commercial full-wave electromagnetics solver used in this

thesis.

2.3 Computational Techniques

The computational tool used to characterize the metamaterial structures pre-

sented in later chapters is CST Microwave Studio R© (MWS R©). CST MWS R© is a

commercial full-wave electromagnetics solver that primarily uses the finite integration

technique (FIT). CST MWS R© can employ the FIT in the time- or frequency-domain.

The results from the simulations are often provided in the form of scattering param-

eters or S-parameters. From S-parameters, effective material parameters can be

calculated.

This section describes basic background theory on the FIT, the method used in

this research to extract the effective material parameters, and some recently published

articles on modeling metamaterials.

2.3.1 Finite Integration Technique.

The computational method used for this study is the FIT. The finite integration

technique is similar to the finite difference time-domain (FDTD) technique. The

computational domain is divided into two grids, denoted G and G̃. The grids are

shown in Figure 8 [1]. The grids are spaced so that the corner of a cell in one grid is
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collocated with the center of a cell in the other grid [6]. The state variables of the FIT

are referred to as the grid electric voltage vector (e), magnetic voltage vector (h),

magnetic induction flux (b), electric charge current (j), and electric displacement

flux (d), with vectors denoted with bold letters. The quantities e, b, and electric

charge density (qev) are defined on G; while d, h, and j are defined on G̃ [6]. The

state variables for the ith grid cell are defined on both the edges and facets of the

cells by [49]

ei =

∫
Li

E · ds, (14a)

bi =

∫
Ai

B · dA, (14b)

di =

∫
Ãi

D · dA, (14c)

hi =

∫
L̃i

H · ds, (14d)

ji =

∫
Ãi

J · dA, (14e)

where Li and L̃i are the lengths of the ith cell edges in G and G̃ respectively, Ai and

Ãi are the areas of the ith cell facets in G and G̃ respectively, and J is the electric

current vector.

Figure 8. Computational grids for the FIT.[1]
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The FIT is based on the integral form of Maxwell’s equations. Assuming no

magnetic source current, these equations are [49]

∮
∂A

E · ds = − d

dt

∫
A

B · dA, (15a)∮
∂A

H · ds =

∫
A

(
d

dt
D + J

)
· dA, (15b)∮

∂V

D · dA =

∫
V

qevdV, (15c)∮
∂V

B · dA = 0. (15d)

Support topological matrix operators (C=
∮
∂A
·ds, S=

∮
∂V
·dA) and (C̃=

∮
∂Ã
·ds,

S̃=
∮
∂Ṽ
·dA) are defined for G and G̃ respectively. The elements of C, S, C̃, and S̃

can only take on values of -1, 1, or 0, representing merely topological information [49].

If evaluated for each facet or cell of the mesh, then Equation (15) can be transform

into [49]

Ce = − d

dt
b, (16a)

C̃h =
d

dt
d + j, (16b)

S̃d = qes, (16c)

Sb = 0, (16d)

using the support operators and the definitions in Equation (14).

Figure 9 can be used illustrate the FIT scheme. Considering Faraday’s Law,

Equation (15a), the closed integral on the left side of the equation can be written as

the sum of four grid voltages. The time derivative of the magnetic flux defined on

the enclosed primary cell facet represents the right side of the equation. Repeating
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this procedure for all available cell facets summarizes the calculation rule in a matrix

formulation using C as the discrete curl operator [1] .

The constitutive relation describing the relationship between E, J , and σ is [2]

J = σE. (17)

The constitutive parameters ε, µ, and σ, are discretized in both G and G̃ and are

represented by the matrices Mε, Mµ, and Mσ respectively. Thus, the constitutive

relations of Equations (1c), (1d), and (17) are converted to the discrete constitutive

relations and become [36]

d = Mεe, (18a)

b = Mµh, (18b)

j = Mσe + js, (18c)

where the source currents (js) have been included with j. Equation (18) is where the

first inaccuracies due to spatial discretization are introduced because the material

Figure 9. FIT example using Faraday’s Law.[1]
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parameters are spatially averaged [36].

Equations (16) and (18) form a complete system of equations that can be solved

in the time-domain. Time-domain calculations are especially useful for broadband

calculations. By defining a specific signal for the frequency range of interest, the

corresponding time-domain signal can be found by computing the inverse Fourier

transform. The time-domain signal is then used as the excitation signal and the

time-domain solution is found using Equations (16) and (18). The solution can be

transformed back into the frequency-domain using a Fourier transform [50]. While

this procedure does involve transformations to and from the time-domain, it only

requires one solution to Maxwell’s equations. Generally speaking, solving Maxwell’s

equations takes considerably longer than Fourier transforms, so this procedure can

produce results over a frequency band relatively quickly. A potential drawback is

that in the time-domain Equations (16) and (18) have to be repeatedly computed

until steady-state criteria are met. For resonant structures, this may become very

computationally intensive. Since metamaterial structures are resonant by design, a

frequency-domain implementation of Equations (16) and (18) is desirable.

For frequency domain calculations, Equation (16) can be re-written in the frequency-

domain (assuming the time harmonic case) by substituting the complex frequency jω

for d/dt. The frequency-domain version of Equation (16) along with Equation (18)

are solved directly at individual frequency points. This implementation does not have

the same steady-state requirement, therefore solutions for resonant structures can be

found quickly. However, multiple solutions will be required for multiple frequencies.

The number of solutions required can be reduced by using interpolation techniques

on the results [50].
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2.3.2 Boundary Conditions.

The computational domain must be terminated appropriately to obtain accurate

solutions from the FIT. CST MWS R© can employ several different boundary condi-

tions. The boundary conditions most relevant to this research are perfect electric

conductor (PEC), perfect magnetic conductor (PMC), open, and periodic or unit

cell.

PEC and PMC boundary conditions are relatively straightforward. A PEC ma-

terial has an infinite electric conductivity. Thus, E inside a PEC material must be

zero. PEC materials are often used to approximate good conductors, like metals. A

PMC is the magnetic equivalent to a PEC material. That is, inside a PMC material

H must be zero. PEC and PMC boundary conditions are mathematically simple to

realize. To create a PEC boundary, use E1 = 0 in Equations (4a) and (4c). Likewise,

for a PMC boundary, substitute H1 = 0 into Equations (4b) and (4d).

An open boundary condition is more difficult to implement mathematically. An

open boundary simulates an infinite amount of space in that direction. No energy

incident on an open boundary is reflected back into the computational domain. CST

MWS R© realizes an open boundary with a form of the convolution perfectly matched

layer (PML). The convolution PML is a robust and computationally efficient mech-

anism that has very little numerical reflection and can be implemented with the

standard FIT or FDTD formulation [3].

Periodic and unit cell or Floquet boundary conditions mirror the computational

domain along one axis or two axes respectively. The result for the periodic boundary

condition is a structure that is infinitely long in one dimension. The result for the

unit cell boundary condition is a structure that is infinitely long in two dimensions.

These infinite arrays are created by assuming a known phase progression along the

array, allowing the response from the infinite array to be calculated by using the
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appropriate phase shifts.

2.3.3 Parameter Extraction.

Extraction of effective metamaterial parameters is a critical issue in the charac-

terization of metamaterials, but it is a complicated process. Traditional methods

tend to fail when the S-parameters are small in magnitude. Finding the roots of the

impedance can be difficult. Further complicating matters is the behavior of the fields

in the resonance band. Whether parameter extraction can be accomplished at all in

the resonance band is a current topic of debate.

In light of these complexities, Chen et al. propose a more stable method for

extracting the effective parameters of metamaterials [5]. While their method does not

address the issue of field behavior in the resonance band, it is stable enough to work

when the S-parameters are small and does pick the correct root for the impedance.

The traditional methods calculate the impedance z and index of refraction n of a

slab of thickness ds with [5]

z = ±

√
(1 + S11)

2 − S2
21

(1− S11)
2 − S2

21

, (19a)

ejnk0ds = X ± j
√

1−X2, (19b)

X =
1

2S21(1− S2
11 + S2

21)
. (19c)

The signs of the roots in Equations (19a) and (19b) are determined by [5]

<{z} ≥ 0, (20a)

={n} ≥ 0. (20b)
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The equations above treat n and z independently. However, n and z are related,

and Chen et al. exploit that relationship to find the appropriate roots. In the case

of finding the roots for the impedance, their procedure uses the fact that the wave

can not grow in amplitude. Therefore |ejnk0d| ≤ 1; where the left side is found with

the relationship [5]

ejnk0ds =
S21

1− S11
z−1
z+1

. (21)

Chen et al. note that when finding the roots of Equation (19a), Equation (21) is only

necessary when z is small. When z is large, Equation (20a) can be used.

Calculating index of refraction is more complex than finding the impedance. Solv-

ing Equation (19b) for n yields [5]

n =
1

k0ds
[={ln(ejnk0ds)}+ 2mπ − j<{ln(ejnk0ds)}], (22)

where m is the branch integer of n. From Equation (22) the imaginary part of n can

be found with little trouble since Equation (22) gives a unique solution, but the real

part of n will require making the proper branch choice. The proposed method is an

iterative process that starts by determining which values of m are valid for the first

frequency sample. By using the fact that imaginary parts of the relative permittivity

and permeability must be positive, Chen et al. show for a branch choice to be valid

it must satisfy

|<{n}={z}| ≤ ={n}<{z}. (23)

If only one value of m satisfies Equation (23), then that value is the proper branch

cut for all frequencies. If more than one value of m satisfies Equation (23) at the first

frequency, then those solutions should be tested at the other frequencies. The value

26



of m that satisfies at the other frequency values is the correct branch [5].

Note that there may exist a band of frequencies for which no values of m satisfy

Equation (23). This is most likely the resonance band. As mentioned above, the

process proposed by Chen et al. does not address this band. However, for the

purposes of this research, the values of m that satisfy the most frequencies will be

used as the correct value of m. Therefore, extracted results in the resonance band

will be shown.

The extraction of the material parameters creates an effective medium, but the

size of that effective medium has not yet been determined. Chen et al. present

an algorithmic approach to solve for the location of the first boundary of the ef-

fective medium as well as its thickness. Their approach minimizes the difference in

impedances between metamaterial structures of different thicknesses. However, after

using the approach on different types of structures, they conclude that their algorithm

is only necessary for two-dimensional and asymmetric one-dimensional metamateri-

als. For symmetric one-dimensional structures, like the one pictured in Figure 10, the

first unit cell boundary is the first effective boundary, and the thickness of the meta-

material structure is the effective thickness [5]. The structures analyzed in this thesis

closely resemble the structure shown in Figure 10. Thus, the first unit cell boundary

and structure thickness are used for the effective first boundary and thickness.

2.3.4 Computational Studies of Traditional (Passive) Metamaterial

Structures.

Computational studies of metamaterials are currently being conducted in both

academia and industry. This section provides a sampling of current efforts.
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2.3.4.1 Model of Left-Handed Materials Using Finite Element Method.

Smith et al. model the LHM shown in Figure 10 in [43]. The structure consists

of two concentric SRR particles with openings on opposite sides and a wire embed-

ded further down in the substrate that runs down the center between the opening

of the SRR particles. The FR4 substrate has a relative permittivity of 4.4 and a

loss tangent of 0.02. The bianisotropy inherent in SRR particles is avoided in this

paper by analyzing only one incident polarization. The authors state that the cross-

coupling terms are small for this polarization, so their method provides an adequate

characterization for the polarization of interest. A similar argument could be made

to address the anisotropy of the FR4 substrate.

Figure 10. The symmetric structure from [43].

The modeling results published by Smith et al. for this structure are shown

in Figure 11. To perform the modeling, the authors use Ansoft’s HFSSTM. Ansoft

HFSSTM is a commercial full-wave electromagnetics solver that uses the finite element

method (FEM). The extraction of the refractive index, impedance, relative permit-

tivity, and relative permeability are performed using a technique similar to the one

described in [5]. The results shown in Figure 11 demonstrate an effective negative

index band around 10 GHz which has both a negative permittivity and permeability

[43].
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Figure 11. The published results from modeling the structure of Figure 10. The
S-Parameters magnitude (a) and phase (b) are found. The index of refraction (c),
impedance (d), permittivity (e), and permeability (f) are extracted [43].
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2.3.4.2 Model of Left-Handed Material Using FIT.

Weiland et al. [49] present simulation and measurement results of the LHM

structure presented in [42]. The structure consists of two concentric, round SRR

particles and a single wire. Figure 12(a) shows the structure of the unit cell. CST

MWS R© is used to simulate the structure. The wire and rings are modeled as a

PEC material. A plane wave source is introduced at the left face as shown in Figure

12(a). The boundary conditions at the top and bottom faces are PEC, while the

boundary conditions at the forward and rear faces are PMC. A symmetry plane

parallel to the top and bottom faces is introduced in the center of the structure to

cut the computational domain in half. The time-domain solver is used. The reported

solution time was approximately 1/2 hour using an 800 MHz Pentium III processor

[49]. The results are shown in Figure 12(b). The data from CST MWS R© demonstrate

the same passband behavior as the measured results in [42].

(a) (b)

Figure 12. Simulation model and results of a metamaterial structure analyzed by
Weiland et al. (a) The unit cell for the computer simulation consists of two concentric
SRR particles and a wire. (b) S21 for an array of the metamaterial unit cells shows the
expected bandpass behavior. The data from the CST Microwave Studio R© (solid line)
show the same behavior as the measured data (triangles) [49].

Weiland et al. also include a parametric study of their model in [49]. They show

the dependence of the resonant frequency on the thickness of the SRR particle, radius

of the inner SRR, gap width of the SRR particles, gap between the SRR particles in
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a single unit cell, and the ε and µ of the substrate of the structure. The results are

shown in Figure 13. The thickness of the SRR particles, SRR radius, and the gap

width have only small impacts on the resonant frequency. The largest influence on

the resonant frequency comes from varying ε and µ of the dielectric substrate [49].

2.3.4.3 Model of Metamaterial Wedge Using FIT.

CST MWS R© is used to analyze a metamaterial wedge structure in [16]. The

model is shown in Figure 14. The unit cell of the metamaterial structure consists

of a square SRR pair and wire trace, similar to the structure analyzed by Smith et

al. in [43]. A negative refraction band is said to occur between 8.5 and 9 GHz.

The unit cells are arranged in a stair-step grid forming a 26.6◦ wedge. The wedge is

illuminated by a waveguide port. The transient-solver in CST MWS R© is used to

perform the simulation [16].

The electric field magnitudes resulting from the simulation in the negative re-

fraction band are shown in Figure 14(c). The fields are transmitted at an angle of

-22◦relative to the wedge normal. The transmitted field is on the same side of the

wedge normal as the incident field. Using this angle and solving Equation (6), the

effective refractive index of the metamaterial wedge in the negative refraction band

is n = −1.17. Similarly, the electric field magnitudes outside of the negative refrac-

tion band are shown in Figure 14(d). The fields are transmitted at an angle of 5◦,

corresponding to n = 5.14 [16].
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(a) (b)

(c) (d)

(e)

Figure 13. Results from the parametric study of the DNG structure from [49]. (a)
Increasing the thickness of the SRR particles causes a slight decrease in the resonant
frequency. (b) Increasing the radius of the SRR particles also decreases the resonant
frequency slightly. (c) The width of the gap in the SRR particles has only a slight
impact on the resonant frequency. (d) The gap between the SRR particles has a little
more influence on the resonant frequency. (e) Only slight changes in the permittivity
and permeability of the substrate can impact the resonant frequency [49].
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(a) (b)

(c) (d)

Figure 14. CST MWS R© model and results for the metamaterial wedge analyzed in
[16]. (a) The model consists of metamaterial unit cells arranged in a stair-step fashion
forming a 26.6◦ wedge. The structure is fed by a waveguide port (the red plane).
(b) A close-up view of the model shows that the metamaterial unit cells consist of
an SRR pair and a wire trace. (c) Inside the negative refraction frequency band,
the diffracted fields are seen emanating at an angle of about 22◦. (d) Outside of the
negative refraction frequency band, positive refraction occurs [16].
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2.4 Experimental Studies of Traditional (Passive) Metamaterial Struc-

tures

Many experiments have been conducted on non-adaptive (passive) metamaterials.

This section provides a sampling of experiments relevant to this research thrust.

2.4.1 Experiments with Metamaterial Wedges.

One of the early experiments was carried out by Shelby et al. in [40]. In this ex-

periment, a wedge, or prism, containing a lattice of two concentric SRR particles and

wires is fabricated and then radiated with microwave energy. The transmission angle

through the prism (i.e. the angle where the maximum forward scattering occurs) is

measured. The results of the LHM measurements are compared to the results for a

material known to be a RHM.

Figure 15 shows the structure, setup, and results of the measurements carried out

in [40]. The transmitted power for the LHM and Teflon samples (Figure 15(c)) are

normalized “such that the magnitude of the peaks are unity” [40]. The peaks show

a discernible difference in the angle of transmission. For the metamaterial prism, the

measured angle of transmission is -61◦; whereas the Teflon prism shows a transmission

angle of 27◦. This corresponds to an index of refraction of -2.7 and 1.4 for the LHM

and Teflon samples respectively.

The refractive indices of the Teflon and LHM samples as a function of frequency

(f) (Figure 15(d)) show that, while the index of refraction for Teflon is constant

across the frequency band, the LHM index shows strong dispersion characteristics.

The dotted portion of the black line is the region where the wavelength inside the

metamaterial sample became too long to use geometrical optics to characterize the

scattering (occurs at f > 10.8 GHz). The authors also note that anywhere |n| > 3,

the electromagnetic wave undergoes total internal reflection. Thus, |n| > 3 can not
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be measured using these samples [40]. The solid and dotted red lines show the real

and imaginary parts of the LHM’s index of refraction calculated using theoretical

values for ε and µ in Equation (5). A large imaginary component of n (i.e. losses) is

shown near the resonance band [40].

(a) (b)

(c) (d)

Figure 15. Setup and results of an experiment conducted in [40] to determine the index
of refraction for a LHM. (a) The LHM is made up of a metamaterial array with two
concentric SRR particles and a wire lattice. (b) The right face of the metamaterial
prism is subjected to an incident electromagnetic field. The detector is placed on a
pivot on the left face of the metamaterial prism and rotated to determine the refraction
angle. The thick black line shows what the refraction through the prism would be if
the prism index of refraction is positive. (c) At the metamaterial’s resonant frequency
of 10.5 GHz, the bulk of the power transmitted through the prism appears at an angle
of approximately -61◦. A Teflon sample with a positive index of refraction shows peak
transmission at approximately 27◦. Note that the two curves are normalized. (d) The
measured index of refraction of the Teflon sample (solid blue line) as compared to the
measured index of the LHM (black line). The portions of the black line that are dotted
are beyond the researchers’ ability to accurately measure. Note that the LHM does
show a negative index band near 10.5 GHz [40].
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The results of [40] have generated some controversy and other researchers dispute

the interpretation of the results. Since the theoretical development of [40] does not

account for losses in the material, some claim that the results do not show left-handed

behavior [8]. Below 30 GHz, the permittivity of the metamaterial sample is largely

imaginary, thus the metamaterial acts more like a metal than a dielectric. This will

lead to an inhomogeneous electromagnetic wave that complicates the analysis [8].

The losses due to dispersion are so great at microwave frequencies for this structure

that they “swamp any characterization of a net negative real refractive index” [8].

In a later paper [35], these same critical researchers explain that the losses in the

structure will cause the transmitted wave to appear to curve towards the thinner

end of the wedge as shown in Figure 16. The transmitted field is stronger at the

thinner edge of the wedge because it is attenuated less by the losses in the wedge.

In effect, the transmitted field is no longer properly aligned with the center of the

wedge complicating angle measurements. To show this, the researchers compare

the transmission angle of light passing through a wedge of loss-free glass versus lossy

gold. The results show that the beam transmitted through the wedge of lossy material

bends toward the smaller end of the wedge and appears to show negative refraction

despite the fact that the sample is known to have <{n} > 0 [35]. To better show

negative refraction experimentally, these researchers argue that a flat sample should

be used instead of a wedge so that the losses will be uniform across the sample. They

also note that increasing the radius of the wires in the metamaterial sample should

reduce the amount of losses present [35].

Another group of researchers also performed the prism experiment, but then also

measured a parallelogram-shaped slab [33]. The geometry of the measurement of the

parallelogram-shaped metamaterial slab is shown in Figure 17. The advantage of this

geometry is that it allows for an even distribution of loss along the wavefront. The
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Figure 16. Illustration of light transmission through a wedge made of lossy material.
The electromagnetic wave emerging from a wedge-shaped medium with losses will
appear to curve towards the smaller end since there will be less losses in that part of
the wedge [35].

incident electromagnetic field refracts twice—once at each boundary. This causes the

beam to shift away from the centerline. This shift, denoted db, is dependent on the

index of refraction for the metamaterial slab [33].

Figure 17. Setup for the measurement of a parallelogram-shaped metamaterial slab.
Unlike the wedge-shaped prism, the parallelogram causes an even distribution of loss.
The index of refraction for the sample can be determined by the distance the beam is
shifted from the centerline [33].

The measurement is conducted on different types of metamaterial structures: a

non-concentric SRR and wire structure, two types of omega resonator structures,

and an S-shaped resonator structure. The non-concentric SRR and wire structure
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is similar to structures to be analyzed in this thesis. The metamaterial structure is

shown in Figure 18(a). Figure 18(b) shows the results from the measurement. In the

resonant frequency band (near approximately 8.7 GHz) the center of the beam shifts

to -34 mm. Empty measurements give a reference point O of -13 mm. Thus the beam

shifted -21 mm. The direction of the shift indicates that the index of refraction for

the wedge is negative in the resonant frequency band [33].

(a) (b)

Figure 18. Basic metamaterial structure and results from the measurement of a
parallelogram-shaped slab. (a) The basic unit cell consists of a single wire trace and
two non-concentric SRR particles. (b) The results from the measurement show that
in the resonant frequency band the beam center shifts to -34 mm (-21 mm from the
reference point) [33].

Lundell furthers research of the behavior of electromagnetic fields in the presence

of metamaterials by applying bistatic radar cross section (RCS) measurement tech-

niques to a metamaterial wedge in [23]. The wedge cells consist of two concentric

split ring resonators and a wire trace. The cells are fabricated into the wedge shown

in Figure 19(a) with dimensions as shown in Figure 19(b).

Lundell uses CST MWS R© to model a unit cell of the metamaterial and models

of varying size in terms of number of cell steps in the wedge. The resonance band is

predicted to be between 12.5 GHz and 14.5 GHz. The extracted index of refraction

38



(a) (b)

Figure 19. (a) Wedge metamaterial characterized by Lundell using modeling and free
space measurements and (b) the dimensions of the metamaterial wedge’s unit cell. All
dimensions are in mm. Not shown is the 0.76 mm wide flat wire trace on the backside
of the dielectric board containing the SRRs [23].

predicts a negative effective index of refraction in the resonance band with a large

imaginary component, resulting in a large amount of attenuation in the wedge at

resonance.

Using the effective medium theory and taking into account losses in the wedge,

reflection angle results are predicted for the geometry shown in Figure 20(a). The

resulting reflection angle prediction is shown in Figure 20(b).

Lundell also makes scattering angle predictions for the wedge using the FSS the-

ory. Table 2 shows the principle forward (transmission into the wedge) and back

(reflection from the face of the wedge) return angles. With m1 and/or m2 greater

than zero in Equation 13, the transmitted/reflected angles become complex at all

frequencies, indicating that for Floquet modes m1 > 0 or m2 > 0, the grating lobes

are trapped and do not radiate. Additional radiation for these conditions must be
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Figure 20. (a) The geometry for the bistatic RCS measurements of the metamaterial
wedge in [23] and the predicted angles transmitted through the metamaterial wedge
and reflected off the metal plate taking into account the losses in the metamaterial
wedge.

due to residual currents and are not predicted by Lundell [23].

Table 2. Metamaterial wedge principle scattering angles using FSS theory [23].

β (degrees) Forward Angle (degrees) Back Angle (degrees)
0 0 21.2
15 30 51.2
30 60 81.2
45 90 111.2

The computational predictions show similar results to the effective medium theory

and FSS predictions. The computational results are compared to actual bistatic RCS

measurements. The models and measurements show that the dominant scattering

mechanism is the specular reflection off of the wedge face. Like the models, the

measurements show that the magnitude of the return is reduced in the resonance

band, showing penetration into the lossy wedge [23].
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A key difference between Lundell’s models and measurements is the location of

the resonance bands. The approximate resonance bands are shown in Table 3. The

resonance bands calculated with the frequency solver better match the measured

resonance band. Therefore, for this thesis effort, the frequency solver will be used.

2.4.2 Experiments with Planar Metamaterial Structures.

A group of Chinese researchers conducted free space measurements of a similar

double-negative metamaterial structure [44]. The setup and some of the results are

shown in Figure 21. For their measurements, alternating circuit boards with square

SRRs and wires are arranged vertically (see Figure 21(a)). Horn antennas are used for

transmission and reception and are placed on opposite sides of the sample (along the

x-axis in Figure 21(a)). The circuit boards are measured at different rotation angles in

the xz-plane: 0◦, 30◦, 60◦, and 90◦. The circuit boards are also rotated in the xy-plane

at the same angles in another set of measurements. At each angle, measurements

are made with alternating SRR/wire circuit boards, SRR circuit boards only, wire

circuit boards only, and no circuit boards [44].

The results for the 0◦ rotation angle are shown in Figure 21(b). When only

the SRR circuit boards are measured, transmission is reduced by approximately 45

dB in the frequency band between 10.5 and 12.0 GHz. When only the wire circuit

boards are present, transmission is reduced throughout the entire frequency band.

Table 3. Metamaterial wedge resonance bands [23]

Data Set
Resonance Band

Starting Frequency (GHz) Ending Frequency (GHz)
Unit cell1 12.5 14.5
Mid-size1 13 14
Full-size2 12 13
Measurement 12.8 14.5
1 Model uses frequency solver.
2 Model uses transient solver.
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When both the wire and circuit boards are measured, transmission between 12.0 and

13.8 GHz is close to free space transmission, but reduced throughout the remaining

frequency band [44]. The researchers interpret these results to mean that the bands

that show reduced transmission in the cases of the SRR circuit boards only and wire

circuit boards only indicate that either ε or µ are negative, but not both. They make

this claim by stating that an electromagnetic wave can not propagate when only ε or

µ are negative. In the case where both circuit boards are present, the band between

12.0 and 13.8 GHz can allow propagation because both ε and µ are negative. Outside

of that band µ is positive, but ε is negative. Thus the wave can not propagate and

transmission is reduced [44]. The results from the various angles shows that rotating

the circuit boards affects the behavior of the SRR particles more than the behavior

of the wire particles [44].

(a) (b)

Figure 21. Setup and transmission measurement results of a DNG metamaterial [44].
(a) The setup consists of separate circuit boards containing SRR particles and wire
elements. The incident electric field propagates along the x-axis, and E is aligned along
the y-axis. Measurements are made with the alternating SRR and wire circuit boards,
SRR circuit boards only, wire circuit boards only, and no circuit boards. The angle
of incidence is also varied. (b) The results for 0◦ incidence show reduced transmission
in a frequency band for any of the configurations with one of the metamaterial circuit
boards [44].

The research efforts presented in this section have generated many intriguing
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results, however, they differ from the experiments conducted in this thesis for several

reasons. The experiments performed in [40] and [33] are performed in a guided-wave

environment. The measurements in [44] include free-space measurements, but their

analysis is limited to just beam shifting. All three papers focus on transmission

results and do not look at reflection. The stripline measurement approach utilized

in this research effort allows both transmission and reflection to measured. These

dispersive results can be used to extract constituent parameters of a bulk sample in

the waveguide using the procedures discussed in Section 2.3.3.

2.5 Achieving Frequency Adaptability

Many different methods for implementing frequency adaptability in metamaterial

structures have been proposed recently, focusing mostly on affecting the resonant

frequency of the particle. The particle is usually an SRR with inductance L and

capacitance C. The particle’s resonant angular frequency is given in the microwave

frequency regime by [13]

ω0 =
1√
LC

. (24)

The capacitance and inductance of an SRR is dependent on the material it is

made of as well as its dimension and shape. For an SRR made of a PEC material, L

and C can be approximated using [45]

L ≈ µ0
`

4
ln

(
8l

w + h

)
, (25a)

C ≈ ε0
wh

δ
, (25b)

where, h is the thickness of the SRR, l is the length of the SRR, and w and δ are
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shown in Figure 22. Note the use of Equation (25b) assumes the capacitance of

the gap can be approximated with the model for a parallel-plate capacitor. While

the assumption may not be valid in all scenarios, Equation (25b) can be used for

illustrative purposes.

Figure 22. Dimensions of an SRR particle. The thickness of the particle (into the
page) is denoted as h; while the length of the SRR is denoted as l [45].

Current attempts to introduce frequency adaptability into SRR structures focus

on manipulating the inductance or capacitance of the circuit to change the resonant

frequency of the structure. Gollub et al. in [10] show that the effective inductance

of the structure can be influenced by incorporating a magnetic layer in the material.

Conversely, Gil et al. in [9] and Shadrivov et al. in [39] propose structures that make

use of a varactor diode to control the capacitance of the structure. Shadrivov et al. in

[38] propose similar structures that make use of changes in field intensity to enhance

or suppress wave transmission. Huang et al. further the analysis of varactor-loaded

metamaterials in [17] by examining the second and third order susceptibilities of the

structure. Han et al. in [12] propose the use of semiconductor materials for the SRR

allowing control of the resonant frequency through the application of an external

magnetostatic field. A tunable metamaterial structure that utilizes an externally

mounted MEMS switch to change the capacitance of the SRR is proposed by Hand

and Cummer in [13]. Lunet et al. propose a unique FSS that utilized the tunable
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permittivity of a thin film to adjust the resonance of the material [24]. Nicholson and

Ghorbani present a series SRR design with tunable capacitances to adjust resonance

in [28]. The following sections will look at these proposals in more detail.

2.5.1 Magnetic Circuits.

The structures proposed by Gollub et al. combine the dispersive properties of

the metamaterial structure with the dispersive properties of a magnetic layer. The

basic structure is shown in Figure 23. The additional magnetic layer introduces an

approximately perpendicular magnetic field in the gap at resonance [10].

Figure 23. Unit cell structure that utilizes a magnetic layer. Inset: A magnetic field
that is approximately perpendicular is produced in the gap of the magnetic material
at resonance [10].

The magnetic field changes the equivalent inductance of the structure. The new

inductance L is given by [10]

L = µ0

(
µr(ω)

µr(ω)(1− q) + q

)
ggeom, (26)

where µr is the relative permeability of the magnetic material and q is the volume

fraction of the frequency dependent magnetic material. The new resonance frequency
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(ω′0) is found by substituting the new expression for inductance from Equation (26)

into Equation (24) yielding [10]

ω′0 =
1√
µr(ω′

0)

µr(ω′
0)(1−q)+q

ω0. (27)

Gollub et al. show that by tuning the biasing field of the magnetic material, the

resonance frequency of the metamaterial structure can be adjusted. They validated

their findings through simulations using the Ansoft HFSSTM finite element solver.

The results of the analysis for bias values: 0 kilogauss (kG), 1 kG, 2 kG, and 3

kG are shown in Figure 24. The resonance bands are characterized by the drops in

transmission. From Figure 24, it is clear that the resonance frequencies are dependent

on the bias values.

While there are non-metamaterial structures that make use of magnetic materials

to make tunable microwave devices, the proposed structure has a larger range of

material properties and can function in a larger resonance band. Furthermore, the

combined effects of the metamaterial structure and magnetic layer would require less

material than a similar device that did not implement a metamaterial structure [10].

2.5.2 Varactor-Loaded Circuits.

Gil et al. propose the use of a varactor-loaded SRR in the design of a tunable

notch filter. Their proposed design utilizes a square-shaped geometry to increase the

coupling between the line and the ring. Their design incorporates a varactor diode

between the inner and outer rings as shown in Figure 25. The structure’s overall

effective capacitance is dominated by the varactor’s capacitance. By using a tunable

diode, the resonant frequency of the structure can be changed to block transmission

at certain frequencies [9].

By adjusting the bias applied to the structure, the resonance shifts in frequency.
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Figure 24. Results from the analysis of the SRR structure with magnetic layer. The
transmission results are shown for four different bias values: 0 kilogauss (kG), 1 kG, 2
kG, and 3 kG. The resonant frequencies are the drops in transmission. Note that the
location of the resonance frequencies are dependent on the bias values [10].

Figure 25. SRR structure proposed by Gil et al. A varactor diode is placed between
the inner and outer rings [9].

Figure 26 shows the results of measurements of the structure’s transmission coefficient

under different bias conditions. The physical device consists of a 50 Ω microstrip line
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with two of the unit cell structures shown in Figure 25 placed on each side of the

line. The bias voltage changes the capacitance of the varactor diode circuit. This has

a dominant effect on the overall effective capacitance of the circuit. The changes in

resonant frequency with respect to changes in bias voltage show the ability to tune

the proposed structure to different frequencies [9].

Figure 26. Measured transmission coefficients for the varactor-loaded SRR structure
proposed by Gil et al. The different curves show the results at the different bias
conditions used. Note that the resonant frequency depends on the bias voltage that
controls the capacitance of the varactor diode circuit [9].

Shadrivov et al. also propose a structure that implements a varactor diode to

control the capacitance of the circuit, however their design differs in the placement

of the diode. Gil et al. placed the varactor between the outer rings, while Shadrivov

et al. propose placing the varactor diode in series with the distributed capacitance

of the outer ring. This is achieved by adding an additional gap in the outer ring and

placing the varactor across it. They show that this structure also allows for tunability

of the transmission response by changing the bias voltage. For example, they show

that with a negative bias voltage of 10 V, the resonant frequency is 2.9 GHz. With

a positive bias of 1 V, the resonant frequency is 2.27 GHz [39].

Shadrivov et al. also show that the bias of the diode can be controlled by incident

electromagnetic field strength [39]. These results demonstrate the structure’s ability
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to respond dynamically to an incident electromagnetic wave. In [38], Shadriivov et

al. extend the study of this structure with experimental waveguide measurements.

Their proposed design is applied to the metamaterial array shown in Figure 27.

Figure 27. An array of SRR metamaterial structures that contain varactor diodes to
allow for frequency adaptability. Inset: A closeup of an individual cell. The varactor
diode is the small structure attached at the bottom of the outer ring [38].

The results from waveguide measurements of this varactor loaded structure are

shown in Figure 28. The source power influences the bias of the diode, in turn,

changing the capacitance of the structure and ultimately, the resonance frequency

of the metamaterial. The result is a structure that can adapt based on the power

carried by the incident electromagnetic field [38].

Huang et al. furthered the analysis of varactor-loaded metamaterials in [17]. They

confirmed that over a limited range of power, a varactor-loaded SRR can be described

by its second and third order nonlinear susceptibilities. For their work, the design

shown in Figure 29 is used.

First, CST MWS R© is used to extract parameters used in their analytical models.

Next, their theoretical results are generated to be compared to transmission line

measurements of the fabricated structure. The results of the analytical model and

measurements are shown in Figure 30. The results show a slight downward frequency
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Figure 28. Waveguide measurement results for the design proposed by Shadrivov et al.
The transmission coefficient as a function of source power is shown for four different
frequencies [38].

Figure 29. The varactor-loaded SRR structure analyzed by Huang et al. in [17]. (a)
The single varactor-loaded SRR unit cell. (b) The double varactor-loaded SRR unit
cell. (c) The equivalent circuit model for a single-gap unit cell. (d) Orientation of the
unit cell.

shift with increasing power. More importantly, “the results point to the feasibility of

nonlinear metamaterials formed by integrating inherently nonlinear crystals into the

high-field regions of metamaterial elements” [17].

2.5.3 Semiconductor Split Ring Resonators with Magnetostatic Fields.

Han et al. also demonstrate frequency adaptability with a proposed design where

the SRRs are made of a semiconductor material instead of metal. Their structure

varies significantly in geometry from the previous designs. Concentric rings are re-
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Figure 30. (a) Experimental and (b) theoretical transmission spectrum for a single
varactor-loaded SRR. Comparison of analytical and experimental resonant frequency
shifts for (c) single- and (d) double-gap unit cell models. The resonant frequency shifts
slightly downward as the incident power level is increased.

placed by the structure shown in Figure 31.

Figure 31. Geometry of a tunable metamaterial structure that contains SRRs made of
semiconductor material [12].

The use of semiconductor material in the SRR changes the relative permittivity

of the structure. The new relative permittivity (εr) is given by [12]

εr(ω) = ε∞ −
ω2
p

ω2 + jγω
, (28)
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where ε∞ is the high-frequency relative permittivity value, ωp is the plasma frequency,

and γ is the damping constant.

Han et al. propose the introduction of an external magnetostatic field to control

the response of the structure. They present simulation results for various incident

configurations. In the Faraday configuration, the magnetostatic field is aligned par-

allel to the wave vector of the incident field. In that case, the resonant frequency

decreases as the amplitude of the magnetostatic field increases [12]. In the Voigt

configuration, the magnetostatic field is aligned perpendicular to the wave vector of

the incident wave. Two cases were analyzed in the Voigt configuration:

• when the magnetostatic field is perpendicular to the electric field the resonant

frequency decreases with increases to the intensity of the magnetostatic field

(similar to the Faraday configuration); and

• when the magnetostatic field is parallel to the electric field, the intensity of the

magnetostatic field has no effect on the resonance of the structure [12].

2.5.4 SRRs with MEMS Switches.

Hand and Cummer propose a frequency adaptive metamaterial design with a

MEMS switch in either a series or parallel configuration. Equivalent circuits for the

series configuration are shown in Figure 32. When the switch is open, there is an

additional capacitance (Cs) and resistance (Rs) due to the MEMS switch itself. When

the switch is closed, Cs is shorted out. In this configuration, the MEMS switch allows

the particle to resonate at two different resonant frequencies [13].

The parallel configuration has the equivalent circuit depicted in Figure 33. There

is an additional capacitance (Cs) and resistance (Rs) due to the switch when it is

open, but now they are in parallel with the capacitance of the SRR (C). When the
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Figure 32. Equivalent circuits for an SRR element with a MEMS switch in the series
configuration. (a) The capacitance (Cs) and resistance (Rs) of the switch are in series
with the capacitance of the SRR (C) when the switch is open. (b) When the switch is
closed, Cs is removed from the circuit, but Rs remains [13].

switch is closed, Cs again is shorted. In this configuration, the open-state yields

resonance at a certain frequency, while the closed-state has no resonance [13].

Figure 33. Equivalent circuits for an SRR element with a MEMS switch in the parallel
configuration. (a) The capacitance (Cs) and resistance (Rs) of the switch are in parallel
with the capacitance of the SRR (C) when the switch is open. (b) When the switch is
closed, Cs is removed from the circuit, but Rs remains [13].

Hand and Cummer measured both configurations in a waveguide. The results of

the measurements with the switch in series are shown in Figure 34(c). As expected,

the resonant frequency shifts when the MEMS switch changes states. In the closed

state, the resonant frequency is approximately 2.04 GHz. The resonant frequency of

the open state is over 2.9 GHz [13]. The results of the measurements with the switch

in parallel are shown in Figure 34(d). In the open state, the resonant frequency is
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2.26 GHz, however in the closed state there is no resonant behavior [13].

(a) (b)

(c) (d)

Figure 34. Results from measurements of the metamaterial structures implemented
by Hand and Cummer. (a) Photograph of the series configuration circuit used. (b)
Photograph of the parallel configuration circuit used. (c) For the series configuration,
the open state shows the expected resonant behavior at over 2.9 GHz. The closed state
lowers the resonant frequency down to approximately 2.04 GHz. (d) For the parallel
configuration, the open state (solid line) shows the expected resonant behavior at
approximately 2.26 GHz. The closed state (dash-dot line) shows no resonant behavior
[13].

The parallel configuration also demonstrates the difficulty of scaling the frequency

response outside of a small band. As the size of the ring decreases, the capacitance

decreases as well. Below a certain size, the capacitance of the gap approaches the

capacitance of the switch. Therefore, to make use of this design at higher frequencies,

the switch capacitance must be reduced [13].
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2.5.5 FSS with Thin Film for Permittivity Tunability.

Lunet et al. propose the unique FSS design shown in Figure 35. This structure

differs greatly from the SRR type structures presented previously. When an electric

field is applied between the inner and outer particles of the unit cell, via electrodes,

the permittivity is shifted, thereby shifting the resonance of the device [24].

Figure 35. Geometry of a tunable FSS structure that has permittivity tunability based
on the thin film “accordable” or tunable material [24].

Lunet et al. made simulations of the structure using Ansoft HFSSTM (FEM)

and CST Microstripes (Transmission Line Matrix Method (TLM)). The results of

the simulation are shown in Figure 36. As the design is anisotropic, the electric field

is simulated parallel to the coplanar lines. When the electric field is perpendicular to

the coplanar lines, the incident wave is totally reflected [24]. The simulations show

that by varying the permittivity, the resonance frequency will shift. They go on to

propose two tunable dielectrics for the “accordable” or tunable layer. It is noted

that the permittivity and permeability are not negative on the same frequency band,

therefore the structure is not a DNG material [24]. The material is still considered a

metamaterial because the material has unusual properties with negative constituent

parameters.
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Figure 36. Simulation results show the tunability of the resonance based on the pro-
posed permittivity. [24]

2.5.6 Series SRR Particles.

Nicholson and Ghorbani present a series SRR design with interdigital capacitors

patterned on a barium strontium titanate thin film to achieve a tunable negative re-

fractive index band [28]. The permittivity of barium strontium titanate can be varied

by exposing the crystal to a static electric field, thereby changing the capacitance of

the gap. The unit cell and series structure is shown in Figure 37.

The design is tuned such that magnetic resonance of the SRR is located in the

region of negative permittivity of the wires. The design is simulated using Ansoft

HFSSTM. The simulation yields a negative refractive index band that is tuned from

8.7 GHz at 0.3 pF gap capacitance to 4.7 GHz at 1.0 pF gap capacitance [28]. The

simulation results are shown in Figure 38.

2.5.7 Adaptive Metamaterial Literature Summary.

The research efforts on adaptive metamaterials presented in this chapter show

a myriad of different ways to manipulate the resonant frequency of a metamate-
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Figure 37. Geometry of the series SRR design, (a) unit cell and (b) static electric field
configuration [28].

Figure 38. Simulation results for the series SRR design. The negative index of refrac-
tion bands are seen at 4.7 GHz for 1.0 pF and 8.7 GHz at 0.3 pF [28].

rial structure, however, these efforts differ from the approach taken in this research

thrust. The metamaterial designs in [10] and [24] depend on the inclusion of tunable

magnetic and dielectric material respectively to adjust the resonant frequency. In [9],

the authors propose a design that employs a varactor diode to adjust the resonant

frequency, however the varactor is large, leading to a perturbation of the pure SRR
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and complicating structure scalability for manufacturing. The authors in [39] and

[17] present a similar design with alternate placements of the varactor. This diode

is controlled by the incident electric field, automatically adjusting based on the inci-

dent power. Similar to the design examined in this thesis, the structures in [13] use a

MEMS device to control the resonance of an SRR particle, but their MEMS device is

a switch, not a variable capacitor. The authors of [28] present an alternate structure

with series capacitors that are controlled with a static electric field, which is similar

to the method used to control the capacitance of the metamaterial presented in this

thesis, however, their capacitance changes are based on changes to the permittivity

of the dielectric present.

The metamaterial design investigated in this thesis uses a MEMS variable capac-

itor that has six distinct states. It has a small footprint that is fabricated as part of

the SRR element and is independent of the incident electromagnetic field.
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III. Calculations and Computational Models

3.1 Chapter Overview

The purpose of this chapter is to describe efforts to model metamaterial structures

using CST MWS R©. As described in Section 2.3.1, CST MWS R© employs the FIT.

The models presented here are for the purposes of calculating the bandwidth of the

AFIT adaptive metamaterial designs and calculating the expected response of the

metamaterial structures when stimulated in a waveguide.

The use of the models presented in this chapter should provide insight into the

physical phenomena that give metamaterial structures their unique properties. The

models of adaptive metamaterial structures are a solid foundation on which to base

future designs.

The results of this modeling effort show that introducing an additional variable

capacitor in the gaps of the SRR particles is an effective method of changing the

resonant frequency of the metamaterial device. The models also accurately predict

the measurement results, showing that the computational techniques used in this

thesis can greatly aid the systems engineering process by reducing the cost and length

of the design cycle.

All simulations are completed on the AFIT low observable radar and electromag-

netics network (LOREnet) machines. The computers are Dell Precision 690TM Work-

stations with one Quad 3.00 GHz Intel Xeon R© processor and 32 GB of RAM. All

workstations run Microsoft Windows R© XP Professional x64.

3.2 AFIT Adaptive Metamaterial Models

AFIT-designed adaptive metamaterial structures are modeled using CST MWS R©.

Several different models are presented including:
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1. a single cell structure with periodic boundary conditions,

2. a single cell structure with non-periodic boundary conditions,

3. a column of 4 unit cells placed in the waveguide used for measurements,

4. a column of 17 unit cells placed in the waveguide used for measurements.

For these models, the MEMS capacitor is modeled using a lumped network element.

Modeling the actual MEMS capacitor would be difficult due to how small it is com-

pared to the rest of the structure. The resulting computational mesh would be too

large to solve on the computers available at AFIT. However, the lumped network

element demonstrates the basic concept of operation and shows the movement of the

resonant frequency relative to the change in capacitance. The mesh statistics for all

models of the smaller AFIT metamaterial design can be found in Table 14 and solve

times for the simulations can be found in Table 13. Both tables are in Appendix A.

3.2.1 One Cell Periodic Model.

The basic metamaterial structure investigated throughout this effort is shown

in Figure 39(a). The structure consists of two SRR particles and two wire trace

particles. The inner and outer SRRs are aligned such that they are concentric and

their gaps are on opposite ends.

The SRR particles provide a negative permeability at resonance while the wire

traces provide a negative permittivity at resonance. In the gaps of the SRR particles

is a variable capacitor. The variable capacitor is fabricated as a MEMS device and is

described in detail in [34]. For CST MWS R© simulations the dimensions are altered

to make the simulations more robust, simulating infinitely thin PEC surfaces unless

otherwise noted.
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The substrate is modeled as loss-free Quartz, a dielectric with εr = 3.75. Original

fabrications and modeling of this device used Sapphire as the dielectric, however

Quartz is now used as the substrate material to avoid of the anisotropy of Sapphire.

For this simulation, periodic boundary conditions are assumed in the xy-plane.

This creates the infinite surface shown in Figure 39(b). This set of boundary condi-

tions is not representative of the waveguide scenario, however this allows bulk samples

to be modeled without increasing the simulation domain. The z-boundaries are the

Floquet ports or the source ports for problems with periodic boundary conditions.

This is the source location and the measurement area for the S-parameter analysis.

The z-plane to the left of the model corresponds to port 1, while the z-plane to

the right of the model corresponds to port 2. The reference planes of the ports are

adjusted to be flush with the face of the model closest to the respective port. The

simulation is solved using the frequency domain solver for the frequency range 1 to

25 GHz.

(a) (b)

Figure 39. CST MWS R© model of a single cell variable capacitance SRR metamaterial
structure with periodic boundary conditions. The blue objects are the lumped element
capacitors. (a) The basic structure consists of two concentric SRR particles with
variable capacitors over their gaps. There are also two wire traces that run along the
sides of the outer SRR. (b) Periodic boundary conditions are used in the xy-plane.

The results of the S-parameter analysis for the model with the variable capacitors

removed are shown in Figure 40. The magnitudes of simulated reflection (S11) and
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transmission (S21) cross near 11 GHz, 20 GHz and 23 GHz. These are the resonant

frequencies.

(a) (b)

Figure 40. S-parameter results from the single cell periodic model with fixed gap
capacitance. (a) The magnitudes of S11 and S21 show resonance points near 11, 20 and
23 GHz. (b) The phases of S11 and S21 show the largest changes around the resonance
point.s

The presence of the cantilever beams on the SRR creates a new source of capaci-

tance which modifies the resonance of the structure. With all the beams raised the

cantilevers can be modeled as two capacitors in series, one with an air gap (C1) and

the other with a dielectric gap (C2). The first capacitor will have a separation dis-

tance (d1) equal to 2 µm, the ideal raised height of the cantilever beams. The second

capacitor will have a separation distance (d2) equal to the thickness of the dielectric

layer, ideally 0.3 µm. The capacitance of the un-actuated beams is calculated by [22]

Ctotal =
1

1
C1

+ 1
C2

=
εoεrA

εrd1 + d2
, (29)

where εr is the permittivity of the dielectric, silicon nitride, and A is the area of the

capacitor. As the beams pull down they no longer behave as two capacitors in series

but rather one capacitor with a separation equal to the thickness of the dielectric.

The additional capacitances provided by the six different beam configurations are
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summarized in Table 4.

Table 4. Calculated additional capacitance values for MEMS cantilevers

State Activated Beams Capacitance (pF)
C0 None 0.195456
C1 300 µm 2.2282
C2 300 and 325 µm 4.26095
C3 300, 325, and 350 µm 6.29369
C4 300, 325, 350 and 375 µm 8.32644
C5 300, 325, 350, 375 and 400 µm 10.3592

With lumped element capacitors inserted in the SRR gaps, the structure is sim-

ulated with capacitance values shown in Table 4. The S-parameter analysis results

are shown in Figure 41. The results show a deep resonance at 20 GHz that does

not shift with increased capacitance. The results also show a thinner area of shifting

resonance that begins around 5 GHz for capacitance equal to C0 and shifts to below

0.5 GHz for capacitance equal to C5. As the capacitance increases, the height of the

resonance in the transmission data decreases. For capacitance values above C0, the

resonance is barely perceptible in the reflection data. The strength of the resonance

can be increased by increasing the depth of the simulation, i.e. the number of unit

cells in the z direction, which is only one unit cell deep for these models.

Due to a fabrication issue, cuts needed to be made in the samples to enable the

cantilever beams to actuate. Two types of cuts are made. One type cuts across

the outer split ring, leaving the sets of cantilevers in the outer SRR gaps in the up

position, while allowing the inner gap cantilevers to actuate. The other incision type

cuts the inner cantilever control trace, leaving the sets of cantilevers in the inner SRR

gaps in the up position, while allowing the outer gap cantilevers to actuate. For each

model, both the structure with cuts across the outer split ring and the structure with

cuts across the inner cantilever control trace are modeled.
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(a) (b)

Figure 41. S-parameter results from the single cell periodic model with lumped element
capacitors in the place of the MEMS capacitors in the SRR gaps. (a) Reflection and
(b) transmission results show resonance shifting from 5 GHz for C0 to below 0.5 GHz
for C5.

3.2.1.1 Structure with Cuts Across Control Trace.

The structure with cuts across the inner cantilever control trace is modeled with-

out any additional cuts as the thinner cantilever control traces are not included in

the basic model. The inner capacitor is held constant at the C0 value shown in Table

4 while the outer capacitor is varied over the range of C0 to C5.

The results of the S-parameter analysis are shown in Figure 42. The results show

a stationary resonance at 20 GHz and a deep but narrow resonance around 5 GHz

for C0 that shifts to 7.5 GHz for C1 though C5. A smaller resonance is seen around

2 GHz for C1, 1.3 GHz for C2 and 1 GHz for C3. The resonance shifts below 0.5 for

C4 and C5.

3.2.1.2 Structure with Cuts Across Outer SRR.

The structure with cuts across the outer SRR is modeled with two 5 µm gaps in

the outer SRR as shown in Figure 43. In the fabricated structure, the cuts allow the

cantilevers in the inner SRR gap to actuate, while leaving the cantilevers in the outer
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(a) (b)

Figure 42. S-parameter results from the single cell periodic model with lumped element
capacitors varying only the outer capacitor to simulated the structures with cuts across
the inner cantilever control trace. (a) Reflection and (b) transmission results show a
stationary resonance at 20 GHz and a deep but narrow resonance around 5 GHz for
C0 that shifts to 7.5 GHz for C1 though C5. A smaller resonance is seen around 2
GHz for C1, 1.3 GHz for C2 and 1 GHz for C3. The resonance shifts below 0.5 for C4
and C5.

SRR gap in the up position. For the models, the outer capacitor is held constant at

the C0 value shown in Table 4 while the inner capacitor is varied over the range of

C0 to C5.

Figure 43. CST MWS R© model of a single cell variable capacitance SRR metamaterial
structure with cuts across the outer SRR with periodic boundary conditions.

The results of the S-parameter analysis are shown in Figure 44. The results show

two stationary resonances around 13 and 22 GHz. There are also smaller resonances
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below 5 GHz. The variance at the 13 and 22 GHz resonances is due to mesh issues

stemming from the size of the cuts in the outer SRR compared to the size of the

other edges in the unit cell.

(a) (b)

Figure 44. S-parameter results from the single cell periodic model with cuts across
outer SRR and lumped element capacitors varying only the inner capacitor. (a) Re-
flection and (b) transmission results show stationary resonances at 13 and 22 GHz and
a shifting resonance below 5 GHz.

3.2.2 Single Cell Structure with Non-Periodic Boundary Conditions.

The next step in modeling the AFIT structure is the removal of the periodic

boundary conditions, removing coupling between the adjacent SRR cells in the x-

direction. Otherwise, the structures presented in this section are the same as previ-

ously described. For these models the boundary conditions in the x-direction are set

to open while the boundary conditions in the y-direction are set to PEC. In this and

the following models, the Floquet ports are replaced with waveguide ports. As in

the previous models, the reference planes of the ports are set even with the faces of

the structure. The additional space between the faces of the cell and the x-direction

boundaries must be adjusted such that the ports capture all the energy at the res-

onance points and only a single mode is excited. It is determined that the results

are obtained in the least amount of time when the width of the computational do-
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main is about the width of the large SRR. The boundary conditions and spacing are

summarized in Table 5.

Table 5. Non-periodic single cell adaptive AFIT metamaterial model boundary condi-
tions and spacing.

Boundary Normal Condition Spacing from Edge (µm)
±x Open 1000
±y PEC 0
±z Open (waveguide ports) 4000

As with all simulations of the metamaterial structures presented here, the problem

is solved with the frequency domain solver. The first mode for this structure is TEM

with E polarized in the y-direction. This field orientation is required to have the

electric field interact with the vertical wire traces. First, the single cell structure

is simulated with simultaneously varying inner and outer capacitor values. The S-

parameter results are shown in Figure 45. The transmission results show a single

resonance region shifting from 5 GHz at C0 to below 0.5 at C4. Similar resonance

areas are seen in the reflection data. When compared to S-parameter data from the

model with periodic boundary conditions (Figure 41), differences are noted. The

transmission results remain low for entire frequency range for the single cell model,

while the periodic model shows increased transmission peaking around 20 GHz. The

reflection data for the single cell model shows a decrease with increased frequency,

while periodic model shows high reflection data for the majority of the frequency

range except around 20 GHz where the is a large null. The following two sections

present the S-parameter analysis results for single cell non-periodic models of the

metamaterial structures with cuts across the inner cantilever control traces and cuts

across the outer split ring.
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(a) (b)

Figure 45. S-parameter results from the single cell non-periodic model with lumped
element capacitors in the place of the MEMS capacitors in the SRR gaps. Both the
inner and outer capacitors are varied. (a) Reflection and (b) transmission results show
resonance shifting from 5 GHz to 0.5 GHz.

3.2.2.1 Structure with Cuts Across Control Trace.

The simulation results of the metamaterial structure with cuts across the can-

tilever control trace are presented next. As previously modeled, no additional cuts

are added to the basic model, as the cantilever control traces are not included in the

model. The inner SRR capacitor is held constant at C0 to simulate the cantilevers

all up, and the outer capacitor is varied from C0 through C5.

The S-parameter results are shown in Figure 46. The transmission shows a shift-

ing resonance from 5 GHz at C0 to below 0.5 GHz at C5. There is also a resonance

point at 8 GHz for C1 though C5 that is not evident at C0.

3.2.2.2 Structure with Cuts Across Outer SRR.

Next, the simulation results of the single cell non-periodic metamaterial structure

with cuts across the outer SRR are presented. As with previous models, the cuts are

modeled as 5 µm gaps in the outer SRR. The outer SRR capacitor is held constant

at C0 to simulate all the cantilevers up, and the inner capacitor is varied from C0
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(a) (b)

Figure 46. S-parameter results from the single cell non-periodic model with lumped
element capacitors in the place of the MEMS capacitors in the SRR gaps. Only the
outer capacitor is varied. (a) Reflection and (b) transmission results show resonance
shifting from 5 GHz to 0.5 GHz.

through C5.

The S-parameter analysis results are shown in Figure 47. The transmission shows

resonance at 7.3 GHz for C0 that shifts to 0.5 GHz at C5. The reflection shows similar

dispersive results. There also appears to be some resonant behavior around 13 and

20 GHz that is seen in the transmission but not in the reflection data.

(a) (b)

Figure 47. S-parameter results from the single cell non-periodic model with lumped
element capacitors in the place of the MEMS capacitors in the SRR gaps and cuts across
the outer SRR. Only the inner capacitor is varied (a) Reflection and (b) transmission
results show resonance shifting from 7 GHz to 0.5 GHz.
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When compared to the S-parameter results from the models with cuts across the

cantilever control trace several items are evident. The static resonance that is present

at 8 GHz in the results from the model with cuts across the cantilever trace is not

present for the model with cuts across the outer SRR. The two resonances at 13 and

20 GHz present in the model with cuts across the outer SRR are not present in the

model with cuts across the cantilever control trace.

3.2.3 4-Cell Column in Waveguide.

After modeling the structures as an infinite plane of single cell entities and as a

single cell, the models are refined to be more like the measurements performed for

this thesis. For these devices, stripline measurements are determined to be the best

approach. The stripline provides electric and magnetic field structures that interact

with the devices to provide the desired unique properties. Specifically, the electric

field must be oriented along the wire traces on either side of the concentric SRRs. The

TEM mode created in the stripline provides the needed field structure as opposed to

measurements utilizing rectangular waveguides where a TE mode is dominate.

3.2.3.1 18 GHz Stripline.

The AFIT adaptive metamaterial structures presented in previous sections are

designed to be tested using a stripline waveguide designed for operation up to 18

GHz. To verify the operation of the stripline and to gain some insight into its

frequency modes, a cross-sectional model of the stripline is constructed using CST

MWS R©. The model is shown in Figure 48. The physical dimensions of the model

match the actual dimensions of the waveguide. All metal pieces are modeled as PEC,

and all boundaries are set to open. The length of the stripline model is greater than

three times the length of the longest sample to be measured in the physical stripline.
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Figure 48. Model of the empty 18 GHz stripline. The cross sectional dimensions of
the stripline structure match the physical dimensions of the actual stripline.

The results of the simulation are shown in Figure 49. Figures 49(a) and 49(b)

show E and H at the longitudinal center of the waveguide respectively. As expected,

E radiates in and out of the center conductor of the stripline while H circles around

the center conductor. The magnitudes of the reflection and transmission from the

simulation are shown in Figure 49(c). Ideally, S11 would be close to zero and S21

should be close to one for frequencies below the cutoff of the second propagating

mode. The simulation results match the expected behavior.

Additionally, the simulation provides insight into the second mode of the stripline.

The cutoff frequency of the second mode is about 18.5 GHz. This confirms that results

above 18 GHz should be disregarded for both simulation and measurement. Next,

4-cell columns of the metamaterial structures are examined.

3.2.3.2 Structure with Cuts Across Control Trace.

In an effort to incrementally improve simulation and measurement results com-

patibility, single columns of the metamaterial structures are simulated inside the

stripline, as the measurement would occur. To limit cell to cell interactions, a col-

umn of 4 cells is modeled in place of the 17-cell column to be measured. Despite

the stripline field structure having the desired orientation, a design flaw in the sam-
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(a)

(b)

(c)

Figure 49. Results from the empty 18 GHz stripline simulation. (a) E at the center
of the stripline radiates in and out of the center conductor as expected. (b) H at
the center of the stripline circulates around the center conductor as expected. (c)
Simulated transmission and reflection are one and zero respectively, as expected from
an ideal empty waveguide.
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ples required the cantilever control traces to run along the axis of propagation in

the waveguide. To account for this difference, the unit cells are rotated such that

the orientation in the simulated waveguide matches the orientation in the physical

waveguide.

For the model, all boundaries are set to open, exactly as the empty stripline model.

Also, the length of the stripline along the axis of propagation is set to three times

the length of the metamaterial structure. This value is chosen to place the ports

far enough away from the structure such that the near-field perturbations caused

by the sample have enough distance to die out and not be detected as in the real

measurements. For this model, no additional cuts are made as the cantilever control

traces are not modeled. The number of port modes simulated is set to two for all

simulations of the smaller AFIT adaptive metamaterial structures in the simulated

waveguide. It is assumed that the physics of the structures is captured within these

two modes and that higher order modes will have decayed before reaching the waveg-

uide ports. The limited number of modes simulated also decreases simulation time

drastically. The model is shown in Figure 50. The spacing of the structure simulated

is not exactly as the measured samples are placed, with some tilt being observed in

measurements. To simulate the un-actuated cantilevers, the inner capacitor is held

constant and the outer capacitor is varied. The capacitance values simulated for this

structure are calculated using Equation (29) and are summarized in Table 4.

The S-parameter analysis results for the structure are shown in Figure 51. At

C0, resonance regions are seen around 5, 7, 8 and 14 GHz, with the strongest regions

at 5 and 14 GHz. With the outer capacitor value increase to C1 through C5, the

resonance area around 5 GHz is no longer seen. The resonance regions around 7

and 8 GHz shift down an equal amount while the resonance at 14 GHz shifts down

slightly less. All of the resonance areas are dispersively the same for C1 through C5
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Figure 50. Model of a 4-Cell column of the AFIT metamaterial in the waveguide
without additional cuts. To simulate the un-actuated inner cantilevers, the capacitor
is set to C0 while the outer capacitor is varied.

values of capacitance.

Figure 51. S-parameter analysis of a 4-cell column of the AFIT metamaterial modeled
in waveguide changing only outer capacitor. Resonance areas are seen at 5, 7, 8 and
14 GHz for C0, however only resonances are seen at 7, 8 and 14 GHz for C1 through
C5. The 7, 8 and 14 GHz shift down for C1 though C5.

The multiple resonance areas evident in the S-parameter results lead to an inves-

tigation of the fields in those regions. In particular, the dominant component of the
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electric field, the vertical component, is examined. For the investigation, only one

capacitance value is needed to examine the fields. For the simulation, the inner ca-

pacitor is set to C0 and the outer capacitor is set to C5. The two deepest resonances

are located at 6.9 and 13.5 GHz for this simulation. The fields are examined at five

frequencies. The frequencies and their significance are summarized in Table 6.

Table 6. Frequencies examined for 4-Cell in waveguide model without additional cuts.

Frequency (GHz) Significance

5.376 Below first resonance
6.944 First resonance
10.000 Between resonances
13.408 Second resonance
14.800 Above resonances

The vertical component of the electric field outside the resonance regions is shown

in Figure 52 and the electric field within the resonance regions are shown in Figure

53, with the images on the left of the page being the fields tangent to a vertical

plane in the center of the waveguide, bisecting the waveguide ports, and the images

on the right of the page being the fields normal to a horizontal plane located half

way between the bottom of the metamaterial structure and the top of the center

conductor of the waveguide. The color scales of the images are on the same linear

scale, with a minimum of -10000 V/m and a maximum of 10000 V/m. Field values

below the minimum or above the maximum are displayed as the color of the minimum

or maximum respectively.

As seen in Figures 52(a) and 52(b), the fields maintain their strength and are

transmitted through the metamaterial structure for frequencies below the resonances.

Figures 52(c) and 52(d) also show the fields at a frequency outside of the resonance

bands, however this frequency is between the resonance areas. Again, most of the

energy is transmitted though the structure, with just the beginnings of additional

scattering. Figures 52(e) and 52(f) show the fields at a frequency above both res-
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(a) (b)

(c) (d)

(e) (f)

Figure 52. Simulated field results outside of the resonance regions from the 4-cell AFIT
metamaterial in waveguide without additional cuts. Fields tangent to a vertical plane
in the center of the waveguide, bisecting the waveguide ports, are shown on the left
with the images on the right of the page being the fields normal to a horizontal plane
located half way between the bottom of the metamaterial structure and the top of the
center conductor.

onance regions. While most of the energy is still transmitted though the sample,

additional energy is scattered away from the waveguide ports, reducing the transmis-

sion only slightly.
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(a) (b)

(c) (d)

Figure 53. Simulated field results inside resonance regions from the 4-cell AFIT meta-
material in waveguide without additional cuts. Fields tangent to a vertical plane in the
center of the waveguide, bisecting the waveguide ports, are shown on the left with the
images on the right of the page being the fields normal to a horizontal plane located
half way between the bottom of the metamaterial structure and the top of the center
conductor.

Figures 53(a) and 53(b) show the vertical component of the electric field in the

first resonance band. For the phase angle depicted, the field inside the cells is strong

negatively for the first two cells and strong positively for the second half of the

cells. The fields are very small in the remainder of the waveguide. The structure

is scattering the field away from the waveguide ports at the resonance frequency,

leading to a loss in transmission. The fields that are scattered are minimal compared

to the fields that are transmitted through the sample outside of the resonance regions.

Figures 53(c) and 53(d) show the fields at the second resonance frequency. The field

structure at this frequency is similar to the first resonance frequency, however for
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the phase angle depicted, the fields inside the cells is strong negatively for the first

and last cells in the structure and strong positively for the middle two cells in the

structure. The horizontal cut particularly shows the creation of a different mode in

the waveguide that is not collected by the waveguide ports because only two modes

are recovered in the simulations. In measurements, the local field modes around the

metamaterial structure would evanesce away before reaching the end of the waveguide

because at this frequency region, only the principle TEM mode propagates. Also, the

physical waveguide is much longer along the axis of propagation than the simulated

waveguide. In summary, the coupling between cells in the structure at the resonance

frequencies scatter the incident energy in a different mode than the propagating

TEM mode, while outside of the resonance regions, the cells do not couple, allowing

the waves to travel along the waveguide unimpeded. Both of these effects lead to

high transmission outside of the resonance areas and lower transmission within the

resonance regions.

3.2.3.3 Structure with Cuts Across Outer SRR.

A 4-cell column of the metamaterial structure with cuts across the outer SRR

is also modeled. The cuts are modeled as 5 µm gaps in the outer split ring, the

width of the physical cuts. Again, a design flaw in the sample required the cantilever

control traces to run along the axis of propagation in the waveguide. To account for

this difference, the unit cells are rotated such that the orientation in the simulated

waveguide matches the orientation in the physical waveguide.

For the model, all boundaries are set to open, exactly as the empty stripline model

and the model of the column in the waveguide without additional cuts. The model

is shown on the left of Figure 54. A magnified view of the cuts across the outer

SRR are shown on the right of Figure 54. To simulate the disabled cantilevers, the
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outer capacitor is held constant and the inner capacitor is varied. The capacitance

values simulated for this structure are again calculated using Equation (29) and are

summarized in Table 4.

Figure 54. Model of a 4-Cell column of the AFIT metamaterial in the waveguide with
cuts across the outer SRR. The 4-cell structure in the waveguide is shown on the left.
The blue objects are the lumped element capacitors. On the right, the structure is
magnified to show the cuts across the outer SRR in detail.

The S-parameter analysis results for the structure are shown in Figure 55. Mul-

tiple transmission nulls are observed at 6, 11, 13, 14, 16, and 17 GHz. The inclusion

of the cuts across the outer SRR gives rise to additional resonance regions compared

to the model without cuts. The resonance around 7 GHz begins as two nulls at C0,

however for capacitance values of C1 through C5, only a single null is seen. The

resonance around 11 GHz shifts down from the C0 location and remains constant

for C1 though C5. The resonance region around 13 and 14 GHz follows the same

behavior. The resonances around 16 and 17 GHz do not show consistent trending

with increasing capacitance.

The multiple resonance regions observed in the S-parameter results lead to an

investigation of the field in those regions. In particular, the dominant component

of the electric field is again examined. For the investigation, only one capacitance

value is needed to examine the fields as the resonance behavior is common across the
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Figure 55. S-parameter analysis of a 4-cell column of the AFIT metamaterial modeled
in waveguide including cuts across the outer split ring changing only inner capacitor.
Multiple transmission nulls are observed at 6, 11, 13, 14, 16, and 17 GHz.

capacitor values simulated. For the simulation, the outer capacitor is set to C0 and

the inner capacitor is set to C5. The fields are examined at eight frequencies. The

frequencies and their significance are summarized in Table 7.

Table 7. Frequencies examined for 4-Cell in waveguide model with additional cuts.

Frequency (GHz) Significance

4.349 Below first resonance
6.627 First resonance
9.296 Between resonances 1 and 2
10.792 Second resonance
12.407 Between resonances 2 and 3
12.781 Third resonance
15.603 Fourth resonance
17.354 Fifth resonance

The vertical component of the electric field for the frequencies selected outside

resonance regions are shown in Figure 56, with the images on the left of the page

being the fields tangent to a vertical plane in the center of the waveguide, bisecting the

waveguide ports, and the images on the right of the page being the fields normal to a
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horizontal plane located half way between the bottom of the metamaterial structure

and the top of the center conductor of the waveguide. The color scales of the images

are on the same linear scale, with a minimum of -10000 V/m and a maximum of

10000 V/m. Field values below the minimum or above the maximum are displayed

as the color of the minimum or maximum respectively. The vertical component of the

electric field for the first three resonance frequencies is shown in Figure 57, while the

vertical component of the electric field for the remaining two resonance frequencies

is shown in Figure 58 .

As seen in Figures 56(a) and 56(b), below the resonance frequencies, the fields

are transmitted through the sample to the waveguide port with very little scattering.

Figures 56(c) and 56(d) show the fields between the first two resonance regions. The

fields again maintain their strength through the sample, however more scattering

is observed. Figures 56(e) and 56(f) show the fields between the second and third

resonances. As seen for the fields between the first two resonances regions, the field

maintains strength through the sample, scattering minimally.

Figures 57(a) and 57(b) show the vertical component of the electric field at the

lowest resonance frequency. For the phase angle depicted, the field is strong negatively

for the first two cells and strong positively for the second half of the cells, similar to

the field structures in the first resonance of the model without additional cuts. The

fields are very small in the remainder of the waveguide. At the resonance frequency

the fields are interacting strongly with the metal particles in the cells. The fields

show a decrease in strength as the wave moves away from the source port of the

stripline.

Figures 57(c) and 57(d) depict the simulated fields within the second resonance

area. For the phase angle depicted, the field structure is similar to previous resonant

modes with the fields strongly negative in the first and last cells of the structure and
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(a) (b)

(c) (d)

(e) (f)

Figure 56. Simulated field results outside the resonance regions from the 4-cell AFIT
metamaterial in waveguide with additional cuts. Fields tangent to a vertical plane in
the center of the waveguide, bisecting the waveguide ports, are shown on the left with
the images on the right of the page being the fields normal to a horizontal plane located
half way between the bottom of the metamaterial structure and the top of the center
conductor.

strongly positive for the center two cells. There is also a decrease in field strength as

the wave moves away from the source port of the waveguide. A higher order mode is

created by field interactions with the sample. For this frequency regime, the higher
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(a) (b)

(c) (d)

(e) (f)

Figure 57. Simulated field results from the 4-cell AFIT metamaterial in waveguide
with additional cuts in the first second and third resonance regions. Fields tangent
to a vertical plane in the center of the waveguide, bisecting the waveguide ports, are
shown on the left with the images on the right of the page being the fields normal to
a horizontal plane located half way between the bottom of the metamaterial structure
and the top of the center conductor.

order mode does not propagate down the waveguide.

Figure 57(e) and 57(f) show the fields within the third resonance. For this phase

angle depicted, the fields are near zero within the entire stripline, however a phase
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progression reveals strong fields across the outer SRR of the last cell in the column.

This interaction excites multiple modes which are not captured by the waveguide

ports, leading to a low transmission.

(a) (b)

(c) (d)

Figure 58. Simulated field results from the 4-cell AFIT metamaterial in waveguide with
additional cuts in the forth and fifth resonance regions. Fields tangent to a vertical
plane in the center of the waveguide, bisecting the waveguide ports, are shown on the
left with the images on the right of the page being the fields normal to a horizontal
plane located half way between the bottom of the metamaterial structure and the top
of the center conductor.

Figures 58(a) and 58(b) depict the simulated fields within the fourth resonance

area. The field structure at this frequency is similar to the first and second resonance

frequencies, however for the phase angle shown, the field is strongly negative for the

first and last cells of the column and strongly positive for the middle two cells in the

structure. The horizontal cut shows the creation of a different mode in the waveguide

that is not collected by the waveguide ports.
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Figures 58(c) and 58(d) show the simulated fields within the fifth resonance. The

vertical cut highlights large interactions between the sample and the conductors of

the stripline. Additionally, there are large field interactions with the leading and

trailing edges of the structure. The fields outside of the sample regions are orders

of magnitude smaller than the interactions within the sample region. The localized

fields do not propagate to the waveguide port.

In summary, for samples with and without additional cuts, fields within the reso-

nance regions interact with the sample in such a way to create modes other than the

principle TEM mode. The lack of propagation appears as nulls in the S-parameter

data. These modes evanesce and do not propagate down the waveguide. Outside of

the resonance regions the fields do not interact strongly with the structure, allowing

the fields to propagate down the waveguide freely.

3.2.4 17-Cell Column in Waveguide - As Fabricated.

After modeling a shorter length column, the model is further refined to include a

full length column. The columns are again modeled in the 18 GHz stripline described

in Section 3.2.3.1. The stripline method for testing was chosen for these samples as

the stripline provides the correct field orientation to achieve metamaterial properties,

however a flaw in the sample design orients the wire traces along the propagating

axis. The simulated samples are oriented as measured in the physical waveguide. An

additional fabrication issue requires additional cuts be made in the material to allow

the cantilevers to actuate. Both types of cuts are again examined.

3.2.4.1 Structure with Cuts Across Control Trace.

For the model, all boundaries are set to open, exactly as the empty stripline model.

Also, the length of the stripline along the axis of propagation is set to greater than
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three times the length of the metamaterial structure. For this model, no additional

cuts are made as the cantilever control traces are not modeled. To simulate the un-

actuated cantilevers, the inner capacitors are held constant and the outer capacitors

are varied. The capacitance values simulated for this structure are calculated using

Equation (29) and are summarized in Table 4.

The S-parameter analysis results for the inner capacitor set to C0 and the outer

capacitor set to C5 for the structure are shown in Figure 59. The inclusion of the 17-

cell column leads to 10 areas of sharp resonance. In comparison, there are three areas

of resonance seen in simulations of 4-cell columns. The ratio of resonance regions to

number of cells in the simulated column is 0.59 and 0.75 for the 17-cell and 4-cell

columns respectively.

Figure 59. S-parameter analysis of a 17-cell column of the AFIT metamaterial modeled
in waveguide with capacitance values of C0 and C5 for the outer and inner respectively.
A multitude of resonance areas are seen.

As seen in Section 4.3, the measured results do not show the multitude of reso-

nance regions that the simulation results provide. In an effort to include more of the

physics of the actual structure in the model, the cantilever control traces are added.
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The control trace for the outer split ring cantilevers is modeled as a thin metal trace

connected to the metal trace running along the axis of propagation of the stripline.

The new control trace runs vertically from the bottom trace to the center of the split

ring gap. The control trace for the inner split ring cantilevers is modeled as a thin

metal trace running vertically from the top part of the outer split ring to the center

of the split ring gap. There is a 5 µm gap between the outer split ring and cantilever

control trace to model the cuts of the trace in the physical samples. The addition of

the cantilever control traces is shown in Figure 60.

(a) (b)

Figure 60. AFIT metamaterial modeled with control traces. (a) Outer cantilever
control trace running from bottom trace to the vertical center of the outer split ring
gap. (b) Inner cantilever control trace running from 5 µm away from the inside of the
outer split ring to the vertical center of the inner split ring gap.

The S-parameter results of the simulation holding the inner capacitance at C0 and

varying the outer capacitance from C0 through C5 are shown in Figure 61(a). The

results are still clouded by the multitude of transmission nulls. When compared to

measured transmission data, Figure 61(b), the widest simulated transmission nulls are

collocated with the measured transmission nulls for the 0 volts applied measurement

and the C0 simulation.

With the simulation results still producing a multitude of deep resonance areas

that are not evident in the measurements, the model is further refined to incorporate

the metal particles as gold, a lossy metal, in the place of the previously modeled PEC.
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(a) (b)

Figure 61. (a) Simulated transmission data from a 17-cell column of the AFIT meta-
material without additional cuts and including the control traces. The resonances
shift with increased capacitance. (b) Measured transmission data compared to simu-
lated transmission data at 0 volts applied and C0 respectively. The widest simulated
transmission nulls are collocated with the measured transmission nulls.

The S-parameter analysis of the structure with metal particles modeled as gold is

shown in Figure 62(a). The transmission nulls above 9 GHz seen in the results from

the structure modeled as PEC are greatly reduced in depth.

(a) (b)

Figure 62. (a) Simulated transmission data of 17-Cell column modeled as gold includ-
ing control traces and cuts across inner control traces compared to measured data.
The resonances shifts with increased capacitance. (b) Measured transmission data
compared to simulated transmission data at 0 and 28 volts applied and C0 and C1
respectively. The widest simulated transmission nulls are close to the measured nulls,
however optimization needs to be completed to determine more accurate capacitance
values.
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When compared to measurements, shown in Figure 62(b), the simulations for

calculated capacitances are close to the measurement results, however an optimization

of the simulated capacitance values needs to be carried out to empirically determine

the actual capacitor values in the measured structure. The results of the optimization

are shown in Section 4.3.4.2.

An examination of the vertical component of the electric field normal to a hor-

izontal plane located half way between the bottom of the metamaterial structure

and the top of the center conductor is carried out to determine the field behavior in

regions inside and outside of the resonance region. The vertical component of the

simulated electric field is shown in Figure 63, with the images on the left of the page

being the fields tangent to a vertical plane in the center of the waveguide, bisecting

the waveguide ports, and the images on the right of the page being the fields nor-

mal to a horizontal plane located half way between the bottom of the metamaterial

structure and the top of the center conductor of the waveguide. The color scales of

the images are on the same logarithmic scale, with a minimum of -2500 V/m and a

maximum of 2500 V/m. Field values below the minimum or above the maximum are

displayed as the color of the minimum or maximum respectively. An examination of

the fields in the structure shows very little scattering from the structure below the 8

GHz resonance frequency, as seen in Figures 63(a) and 63(b). More scattering from

the structure is observed at higher frequencies, leading to a decrease in transmission

in that region. There is also a different mode structure at the higher frequencies as

seen in Figures 63(e) and 63(f). The presence of the metamaterial structures causes

more modes to be excited at lower frequencies than will propagate in the waveguide.

The fields inside the resonance area are shown in Figures 63(c) and 63(d). Inside

the resonance region, equal amounts of scattering are seen in the forward and reverse

directions of the stripline which is different from the higher frequency fields, where
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scattering in the forward direction dominates.

(a) (b)

(c) (d)

(e) (f)

Figure 63. Simulated field results from the 17-Cell AFIT metamaterial in waveguide
including cantilever control traces, cuts across inner cantilever control traces, and metal
modeled as gold. Fields tangent to a vertical plane in the center of the waveguide,
bisecting the waveguide ports, are shown on the left with the images on the right of
the page being the fields normal to a horizontal plane located half way between the
bottom of the metamaterial structure and the top of the center conductor.

To summarize, below the resonance region, the fields are generally unaffected

by the structure, while at and above the resonance region more scattering is seen,
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leading to high transmission below the resonance region, lower transmission at the

resonance frequency and initially high but decreasing transmission as the incident

frequency increases from just greater than the resonance frequency. Additionally, as

modeled and measured, the interactions within a single column of the structure do

not create enough scattering to produce the desired metamaterial effects. Enhanced

effects would be seen if multiple columns are used as samples. Due to fabrication

difficulties, only single columns of the devices were available for testing. The structure

with cuts across the outer split ring is examined next.

3.2.4.2 Structure with Cuts Across Outer SRR.

A similar model refinement progression is completed for the structure with cuts

across the outer split ring. For the models, all boundaries are set to open, exactly

as previous models including the stripline. Also, the length of the stripline along the

axis of propagation is set to greater than three times the length of the metamaterial

structure. For this model, 5 µm gaps are included in the outer split ring to simulate

the cuts. To simulate the un-actuated cantilevers, the inner capacitor is held constant

and the outer capacitor is varied. The capacitance values simulated for this structure

are calculated using Equation (29) and are summarized in Table 4.

The results for the model without the control traces is omitted, as the data again

yields transmission results clouded by multiple resonances not seen in measurements.

The model is refined by the addition of the cantilever control traces. The control

trace for the outer split ring cantilevers is modeled as a thin metal trace connected to

the bottom metal trace running along the axis of propagation of the stripline. The

new control trace runs vertically from the bottom trace to the center of the split

ring gap. The control trace for the inner split ring cantilevers is modeled as a thin

metal trace running vertically from the top part of the outer split ring to the center
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of the inner split ring gap. For this structure, the cuts across the outer split ring are

included and the new control trace is connected to the outer split ring. The model

with the new cantilever control traces is shown in Figure 64.

(a) (b)

Figure 64. AFIT metamaterial with cuts across the outer split ring modeled with
control traces. (a) Outer trace running from the bottom trace to the vertical center
of the outer split ring gap. (b) Inner trace running from the inside of the outer split
ring to the vertical center of the inner split ring gap.

The S-parameter results of the simulation holding the outer capacitance constant

at C0 and varying the outer capacitance from C0 through C5 are shown in Figure

65(a). The results are still complicated by multiple transmission nulls. There is

a large null around 14 GHz and a smaller null around 8 GHz. When compared to

measured transmission data, Figure 65(b), the widest simulated transmission nulls are

collocated with the measured transmission nulls for the 0 volts applied measurement

compared to the C0 simulation.

With the simulation results still producing resonance regions not seen in measure-

ments, the model is further refined. The material of the metal structures is changed

to gold, a lossy metal used for the measured samples. The S-parameter analysis of

the structure with metal particles modeled as gold is shown in Figure 66(a). The

depth of the transmission nulls between the deep resonance areas at 8 and 13 GHz

are greatly reduced.

When compared to measurements, shown in Figure 66(b), the simulations for
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(a) (b)

Figure 65. (a) Simulated transmission data from a 17-cell column of the AFIT meta-
material with additional cuts across the outer split ring and including the control
traces. The resonances shift with increased capacitance. (b) Measured transmission
data compared to simulated transmission data at 0 volts applied and C0 respectively.
The widest simulated transmission nulls are collocated with the measured transmission
nulls.

(a) (b)

Figure 66. (a) Simulated transmission data from a 17-cell column of the AFIT meta-
material modeled as gold with additional cuts across outer split ring and including
the control traces. The resonances shift with increased capacitance. (b) Measured
transmission data compared to simulated transmission data at 0 and 60 volts applied
and C0 and C1 respectively. The widest simulated transmission nulls are close to the
measured nulls, however optimization needs to be completed to achieve more accurate
capacitance values.

calculated capacitances are close to the measurement results, however an optimization

of the simulated capacitance values needs to be carried out to empirically determine

the capacitor values in the measured structure. The results of the optimization are
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shown in Section 4.3.3.2.

To determine the field behavior in regions inside and outside the resonance bands,

the vertical component of the electric field normal to a horizontal plane located half

way between the bottom metamaterial structure and the top of the center conductor

is carried out. The frequencies selected and their significance are summarized in

Table 8.

Table 8. Frequencies examined for 17-Cell in waveguide model with additional cuts.

Frequency (GHz) Significance

3.380 Below first resonance
7.953 First resonance
8.871 Between resonances 1 and 2
13.529 Second resonance
15.161 Above resonances

The vertical component of the electric field for the frequencies selected outside

resonance regions are shown in Figure 67. The images show the fields normal to a

horizontal plane located half way between the bottom of the metamaterial structure

and the top of the center conductor. The color scales of the images are on the same

logarithmic scale, with a minimum of -2500 V/m and a maximum of 2500 V/m. Field

values below the minimum or above the maximum are displayed as the color of the

minimum or maximum respectively.

Below the resonances, very little fields are scattered by the structure, as seen in

Figures 67(a) and 67(b), leading to high transmission. Between the resonances the

field is still only slightly scattered, shown in Figures 67(c) and 67(d). Above the

resonances, the fields are scattered by the structure, however mostly in the forward

direction of the waveguide, leading to higher transmission than in the resonance

regions. The fields above the resonance regions are depicted in Figures 67(e) and

67(f).

The vertical component of the electric field for two resonance frequencies are
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(a) (b)

(c) (d)

(e) (f)

Figure 67. Simulated field results outside of the resonance regions from the 17-Cell
AFIT metamaterial in waveguide with additional cuts across the outer split ring and
metal modeled as gold. Fields tangent to a vertical plane in the center of the waveguide,
bisecting the waveguide ports, are shown on the left with the images on the right of
the page being the fields normal to a horizontal plane located half way between the
bottom of the metamaterial structure and the top of the center conductor.

shown in Figure 68. At the first resonance frequency, shown in Figures 68(a) and

68(b), the fields do not maintain their strength upon transmission through the sample.

The fields are reduced in strength and scatter mostly in the forward direction. Figures
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68(c) and 68(d) shows the fields at the second resonance. There are sub-wavelength

sized interactions observed along the top and bottom edges of the column. The fields

are scattered from the structure in all directions, leading to greatly reduced fields

traveling to the second waveguide port. In light of these field results, the transmission

data behaves as expected. The transmission is high below the resonance frequencies

and lower within the resonance regions. Above the resonance areas, the transmission

decreases as expected from the increased scattering observed in the field results.

(a) (b)

(c) (d)

Figure 68. Simulated field results in the resonance regions from the 17-Cell AFIT
metamaterial in waveguide with additional cuts across the outer split ring and metal
modeled as gold. Fields tangent to a vertical plane in the center of the waveguide,
bisecting the waveguide ports, are shown on the left with the images on the right of
the page being the fields normal to a horizontal plane located half way between the
bottom of the metamaterial structure and the top of the center conductor.
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3.2.5 Smaller Scale AFIT Adaptive Metamaterial Model Conclusions.

The basic single cell models of the structures provide a starting point to exam-

ine the basic regions of resonance. The stripline models provide a powerful tool to

explore electromagnetic field behavior in metamaterials. The empty stripline model

accurately predicts the propagating modes, including the cutoff frequencies. The S-

parameters from the empty stripline model show that the operation of the stripline

between 0 and 18 GHz is very close to ideal. The model also confirms that results

from the stripline above 18 GHz should be disregarded.

The models are refined from a single unit cell to the full length, 17-cell column

in the physical waveguide, simulating the samples as measured. The model refine-

ment procedure leads to models that match the general operation of the samples,

while balancing computation requirements. With the cantilever structures modeled

as lumped element capacitors, the models effectively simulated the measurements, as

seen in Sections 4.3.3.2 and 4.3.4.2. The simulation results with optimized capacitor

values effectively match measured transmission results. The simulations provided im-

mense insight into the field behavior both inside and outside of the resonance regions

of the samples. Field investigations into 4-cell structures show different resonance

modes at different resonance regions. The inclusion of the cantilever control traces

and lossy metal in the model lead to decreased resonance behavior in the transmis-

sion null regions. The resonance modes seen in the 4-cell PEC models are not seen

strongly in the models that take most of the physics of the samples into account. The

transmission loss appears to come from scattering from the sample within the reso-

nance regions. Additionally, there is a distinct roll off of the transmission at higher

frequencies caused by more scattering as the wavelength decreases. Despite the size

of the metallic inclusions and separation distances compared to the wavelength of

incident energy meeting size requirements discussed in Chapter II, there is still non-
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negligible scattering, and therefore transmission loss at the higher frequencies.

The smaller AFIT metamaterial design is next adjusted to account for the lessons

learned from fabrication and increased in size to be measured in the larger AFIT

stripline. The larger model is oriented appropriately in the waveguide and no ad-

ditional cuts are required. The model refinement process is applied to these larger

samples with expected resonance regions around 3 GHz.
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3.3 Larger AFIT Models

A variation of the previous AFIT adaptive metamaterial structure is examined

next. This structure is based on a scaled version of the previously examined structure.

The unit cell is four times the size of the structure designed to resonate at 10 GHz.

The new structure is designed to resonate around 3 GHz as to use AFIT’s larger

stripline to make measurements of the samples. The design of the 3 GHz structures is

improved from the 10 GHz samples. No additional cuts are required for the cantilevers

to actuate, allowing both the inner and outer ring capacitors to change at the same

time. The cantilever sets are designed to achieve that same capacitances as calculated

for the smaller samples. The capacitances are calculated using Equation (29) and

are listed in Table 4. The samples are also fabricated such that the thicker traces

are aligned with the dominant electric field component in the stripline, attempting

to achieve negative permittivity as discussed in Section 2.2.2.1.

There are five different capacitor layouts examined for the larger SRR samples.

The five different layouts are shown in Figure 69. The first layout (layout A) has

the cantilevers arranged as the previous design, with one cantilever set in each of

the split ring gaps. The second layout (layout B) has one set of cantilevers on each

side of the structure between the inner and outer split rings. Based on the work

of Lundell in [23], the intra-ring capacitance is expected to have a greater impact

than the gap capacitance with the larger structures. Layout C is similar to layout B,

however there are two sets of intra-ring cantilevers on each side of the cell. Layout

D is a combination between layouts B and C, with sets of cantilevers in each of the

split ring gaps as well as two sets of intra-ring cantilevers per side of the unit cell, six

sets of cantilevers in total. Layout E is similar to layouts B and C, having three sets

of intra-ring cantilevers on each side of the cell. For all models discussed here, the

structures do not include the thinner metal traces found to have a large impact with
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(a) (b)

(c) (d)

(e)

Figure 69. Larger AFIT metamaterial variants. (a) Layout A with cantilevers in the
gaps of the split rings. (b) Layout B with one set of cantilevers between the inner and
outer split ring per side of the cell. (c) Layout C with two sets of cantilevers between
the inner and outer split ring per side. (d) Layout D with sets of cantilevers in the split
ring gaps and two sets per side of the cell. (e) Layout E with three sets of intra-ring
cantilevers per side of the cell.
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the smaller structures. The thinner traces for the larger samples are oriented along

the propagation axis and do not interact strongly with the fields. Also, the metal

structures are modeled as PEC.

For the examination of the variants of the larger samples, the empty stripline

model is first examined, followed by the model refinement progression for each of the

variants. The model is refined from a unit cell model to a single cell model, followed

by a 4-cell strip in the waveguide as the samples are measured. The mesh statistics

for all models of the larger AFIT metamaterial design can be found in Table 16 and

solve times for the simulations can be found in Table 15. Both tables are in Appendix

A.

3.3.1 4 GHz Stripline.

The larger AFIT adaptive metamaterial structures are designed to be tested using

a stripline waveguide designed for operation up to 4 GHz. To verify the operation

of the stripline and to gain some insight into its frequency modes, a cross-sectional

model of the stripline is constructed using CST MWS R©. The model is shown in

Figure 70. The physical dimensions of the model match the actual dimensions of

the waveguide. All metal pieces are modeled as PEC, and all boundaries are set

to open. The length of the stripline is greater than three times the length of the

longest sample to be measured in the physical stripline. The number of port modes

simulated is set to four for all simulations of the larger AFIT adaptive metamaterial

structures in the simulated waveguide. It is assumed that the physics of the structures

is captured within these four modes and that higher order modes will have decayed

before reaching the waveguide ports.

The results of the simulation are shown in Figure 71. Figures 71(a) and 71(b)

show E and H at the longitudinal center of the waveguide. As expected, E radiates
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Figure 70. Model of the empty 4 GHz stripline. The cross sectional dimensions of the
stripline structure match the physical dimensions of the actual stripline.

in and out of the center conductor of the stripline while H circles around the center

conductor. The magnitudes of the reflection and transmission from the simulation

are shown in Figure 71(e). Ideally, S11 would be close to zero and S21 should be

close to one for frequencies below the cutoff of the second propagating mode. The

simulation results match the expected behavior.

Additionally, the simulation provides insight into the second mode of the stripline.

The cutoff frequency of the second mode is about 4.06 GHz. Figures71(c) and 71(d)

show the electric and magnetic fields respectively at the longitudinal center of the

waveguide above the cutoff frequency of the second mode. The results show lateral

variation along the center conductor of the stripline. This confirms that results above

4 GHz should be disregarded for both simulation and measurement. The five variants

of the larger AFIT metamaterial structure are examined next.
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(a) (b)

(c) (d)

(e)

Figure 71. Results from the empty 4 GHz stripline simulation. (a) E at the center
of the stripline radiates in and out of the center conductor as expected. (b) H at the
center of the stripline circulates around the center conductor as expected. (c)E and
(d) H at the center of the stripline at frequencies above the cutoff for the second mode
show lateral variation along the center conductor. (e) Simulated transmission and
reflection are one and zero respectively, as expected from an ideal empty waveguide.
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3.3.2 Capacitor Layout A.

For all five capacitor layouts, results are presented from three simulations:

1. a unit cell model, one unit cell deep along the axis of propagation, extending

infinitely in the two non-propagation directions, stimulated by a TEM mode,

2. a single cell model stimulated by a TEM mode with the electric field oriented

along the vertical wire traces, and

3. a 4-cell column simulated in the model of the physical waveguide.

With each step, the model is refined to be closer to actual measurements. The

first simulation provides information about locations of resonance areas in the fre-

quency domain, while extremely limiting the length of time required for simulation.

The second simulation is stimulated by a TEM mode as the samples would be in

the measurement setup. The final simulation provides results for comparison to mea-

surements without modeling the physical dimensions of the sets of cantilevers thereby

balancing the need for simulations that accurately model the physics of the samples

with the requirement for timely simulation data.

The simulation results for the three types of simulations of the structure with

capacitor layout A are shown in Figure 72. Figure 72(a) shows the results from the

unit cell simulation. Despite the slight magnitude changes, there appears to be an

area of resonance above 2 GHz for C0, that shifts to 1 GHz for the remainder of the

capacitance values. Figure 72(b) depicts the results from the single cell simulation.

The results show a similar location for the resonance frequency at 2 GHz for C0 that

shifts to below 0.5 GHz for C4 and C5. Figure 72(c) again, shows similar dispersive

transmission results for the 4-cell column in the waveguide. The single resonance

frequency shifts from an initial location of 2 GHz to below 0.5 GHz by C3.
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(a) (b)

(c)

Figure 72. Simulation results from the larger AFIT metamaterial structure with ca-
pacitor layout A. Results from (a) unit cell, (b), single cell, and (c) a 4-cell column
in the waveguide simulations show a single resonance region shifting with increased
capacitances.

3.3.3 Capacitor Layout B.

Results from simulations of the AFIT metamaterial structure with capacitor lay-

out B are presented next. Simulations were not completed for the sample in the

waveguide, as no samples were created for testing. Figures 73(a) and 73(b) show

simulation results from the unit cell and single cell simulations of the structure with

capacitor layout B. The unit cell results show very high transmission with a resonance
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area around 2.5 GHz for C0, that is not seen other than a smaller area of resonance

around 1 GHz for C1. The single cell results show a region of resonance at 2.5 GHz

for C0 that shifts to just above 0.5 GHz for C5. There is also an area of resonance

around 4 GHz for C1 through C5 that is not observed for C0.

(a) (b)

Figure 73. Simulation results from the larger AFIT metamaterial structure with ca-
pacitor layout B. Results from (a) unit cell, (b), single cell, and (c) a 4-cell column in
the waveguide simulations show a shifting resonance region around 2.5 GHz, shifting
with increased capacitances. There is an additional resonance region seen at 4 GHz.

3.3.4 Capacitor Layout C.

Simulated transmission results for the AFIT metamaterial structure with can-

tilever layout C are depicted in Figure 74. Figure 74(a) shows the results from the

unit cell simulation. Minimal resonance is seen with the unit cell structure. The

simulated results from the single cell model are shown in Figure 74(b). The trans-

mission data is clouded by multiple resonance areas. There appears to be a shifting

resonance area at 2.25 GHz that shifts downward with increasing capacitance. There

is also a resonance region at 4.5 GHz. There is a resonance for C1 seen below 3 GHz

that appears to shift for C2 through C5. Figure 74(c) shows a similar set of multiple

resonance regions for the 4-cell simulations. At C0, the single region is seen around

2.25 GHz. For C1 and C2, two shifting regions are seen. For C3 through C5, the
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resonances appear to have shifted below 0.5 GHz.

(a) (b)

(c)

Figure 74. Simulation results from the larger AFIT metamaterial structure with ca-
pacitor layout C. Results from (a) unit cell, (b), single cell, and (c) a 4-cell column
in the waveguide simulations show multiple resonance regions shifting with increased
capacitances.

3.3.5 Capacitor Layout D.

Simulated transmission results for the AFIT metamaterial structure with can-

tilever layout D are shown in Figure 75. Figure 75(a) shows the results from the unit

cell simulation. Multiple resonance regions are seen for all capacitor values. Figure
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(a) (b)

(c)

Figure 75. Simulation results from the larger AFIT metamaterial structure with ca-
pacitor layout D. Results from (a) unit cell, (b), single cell, and (c) a 4-cell column
in the waveguide simulations show multiple resonance regions shifting with increased
capacitances.

75(b) depicts the transmission data from the single cell simulations. The greater

number of cantilever sets, as represented by lumped element capacitors, pushes the

initial resonance frequency at C0 to 1.75 GHz. At C1, a resonance appears at 2.75

GHz, that shifts downwards for C2 through C5. This resonance may be above 5 GHz

at C0, and shifts into range for the remaining capacitance values, while the resonance

for C0 shifts below the frequency range for the remaining frequencies. Figure 75(c)
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shows the simulated transmission results from the 4-cell structure in the waveguide.

The C0 results show two resonance regions at 1.75 GHz and 3.5 GHz, that shift to

0.75 GHz and 2.25 GHz for C1, respectively. There is also a third resonance region

for C1 at 2.75 GHz. The resonance regions shift out of the frequency range as the ca-

pacitance values increase. The increased number of capacitors adds to the complexity

of the transmission data.

3.3.6 Capacitor Layout E.

Simulated transmission results for the AFIT metamaterial structure with capac-

itor layout E are shown in Figure 76. Figure 76(a) shows the clouded results for

the unit cell model. Figure 76(b) shows the transmission data from the single cell

simulations. Similar to capacitor layout C, multiple resonance areas are seen. There

is an area of resonance at 2 GHz for C0 that appears to shift below the frequency

range for greater capacitance values. There is also a resonance region around 2.75

GHz for C1 that shifts to around 1.25 GHz for C5. Furthermore, there is a constant

area of resonance around 4.5 GHz. Figure 76(c) shows the transmission data from

the 4-cell structure in the waveguide, revealing a similar set of resonance areas.

3.3.7 Larger AFIT Model Recommendations.

Having reviewed simulated results from all five variants of the larger AFIT meta-

material structure, recommendations can be made for design improvements. While

there are clear resonance shifts observed for the structures simulated with additional

intra-ring capacitance, the multiple resonance areas complicate analysis. Also, cell to

cell variance of additional capacitance in the physical devices can limit the strength

of the resonances. The single resonance frequency provided by layout A provides

transmission results that are easily evaluated for resonance frequency shifts. The ca-
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(a) (b)

(c)

Figure 76. Simulation results from the larger AFIT metamaterial structure with ca-
pacitor layout E. Results from (a) unit cell, (b), single cell, and (c) a 4-cell column
in the waveguide simulations show multiple resonance regions shifting with increased
capacitances.

pacitance change required to achieve a shift within the frequency range of the stripline

is examined. Various capacitance values are simulated and the resonance frequencies

are calculated. The resultant resonance frequencies are shown in Figure 77(a).

Based on the simulated resonance frequencies for layout A, a non-linear increase

in capacitance values is recommended. To achieve a shift from 2.3 GHz to 1.0 GHz,

a change of capacitance from 0.1 pF to 1.5 pF needs to occur. The recommended
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cantilever states are summarized in Table 9. The simulated transmission using the

recommended capacitance values shows a linear shift in resonance frequency, as seen

in Figure 77(b).

Table 9. Recommended additional capacitance values for MEMS cantilevers

State Activated Beams Capacitance (pF)
C0 None 0.1
C1 1 0.2
C2 2 0.4
C3 3 0.7
C4 4 1.5

The other layouts are not recommended for further design improvements. As

the number of capacitors is increased, the strength of resonant mode coupling is

decreased, as seen in measurements of the samples, presented in Section 4.4.
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(a)

(b)

Figure 77. Simulation results from the larger AFIT metamaterial structure with ca-
pacitor layout A capacitance investigation. (a) Simulated resonance frequency results
for larger AFIT metamaterial structure with capacitor layout A. As expected, a linear
increase in frequency does not provide a linear shift in frequency. (b) Transmission
results for recommended capacitance values leads to a linear shift in resonance fre-
quencies.
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3.4 2D-Focus Beam Measurement System

An alternate method for making transmission and reflection measurements of

metamaterial samples is also investigated. The stripline measurement method is

limited to a small set of incident angles as the field is only constant in the area

between the broad sides of the inner and outer conductors as seen in Sections 3.2.3.1

and 3.3.1. The alternate measurement methodology examined attempts to create

a technique viable for examining responses for fields of off-normal incidence. The

measurement system examined is a two dimensional radio frequency (RF) focusing

system fed by a simulated monopole. The system allows for rotation of a sample. The

system is shown in Figure 78. The system is sized to fit into the AFIT broadband

antenna near-field test and measurement (BANTAM) range. The design would have

a bottom plate the size of the entire enclosure and a smaller top plate that would

allow for scanning the measurement area with a field probe located at the center of

the top plate. The focusing lenses are a scaled version of the profile of the Georgia

Tech Research Institute (GTRI) three dimensional focus beam system. The lenses

are scaled to fit the system in the BANTAM range.

(a) (b)

Figure 78. (a) Perspective and (b) side view of the 2D-focus beam measurement system
model with 1 inch tall lenses.

For the system to be effective at simulating an incident plane wave, there must

113



be an area of constant amplitude and phase at the focal plan that is larger than the

samples to be tested. To determine the size of the quiet zone, the field strength and

phase at the focal plane is examined. The quiet zone encompasses the area where

the field is within 1 dB and 22.5◦ of the field at the center of the focal plane[18]. The

system is also limited to operation below the cutoff frequency of the second mode of

a parallel plate waveguide determined the height of the lenses. To illustrate this, two

lens heights are simulated, 1 and 2 inches.

Both models are simulated using the CST MWS R© time domain solver. The

height of the simulated monopole is half of the lens height. The lenses are simulated

as a dielectric with εr = 2.54. The boundary conditions and additional space for the

simulations are summarized in Table 10. To determine the quiet zone, the field is

evaluated on a horizontal line across the center of the focal plane and on a vertical

line down the center of the focal plane. The mesh statistics and solve times for both

models of the 2D focus beam system can be found in Table 17 in Appendix A.

Table 10. 2D-Focus Beam Measurement System boundary conditions and spacing.

Condition Spacing from Edge (inches)
Boundary Normal Minimum Maximum Minimum Maximum
x Open Open 2 2
y PEC Open (add space) 1 1
z Open Open 2 2

The normalized field magnitude and phase values for the 2D-focus beam measure-

ment system with 1 inch lenses are shown in Figure 79. The frequencies of the field

evaluations were selected to determine frequency regions with multiple propagating

modes. For the field amplitude horizontal cut at 3 GHz, there is a non-gaussian

shaped beam that is very wide. At the remaining frequencies, the main beam is

gaussian shaped. Away from the main beam, there is additional ripple caused by

diffraction. For the phase, there is a wide area of constant phase at 3 GHz, with
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smaller regions for the higher frequencies. For the vertical amplitude cut, there is a

constant amplitude at 3, 5.9 and 6 GHz. Higher order modes are seen in the 6.5 and

11 GHz data. For the vertical phase cut, there is also higher order modes seen in the

6.5 and 11 GHz data, while there is constant phase in the 3, 5.9 and 6 GHz data.

The size of the quiet zone is summarized in Table 11 for the system with 1 inch tall

lenses.

(a) (b)

(c) (d)

Figure 79. Simulated field results for the 2D-Focus Beam Measurement System with
1 inch tall lenses. Field (a) normalized magnitude and (b) phase for the horizontal cut
shows a larger quiet zone for lower frequencies. Field (c) normalized magnitude and
(d) phase for the vertical cut shows a full vertical quiet zone except at 11 GHz.

The normalized field magnitude and phase values for the 2D-focus beam mea-

surement system with 2 inch lenses are shown in Figure 80. The same frequencies
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Table 11. 2D-Focus Beam Measurement System quiet zone size with 1 inch tall lenses.

Horizontal Cut Vertical Cut
Frequency (GHz) Amplitude (in) Phase (in) Amplitude (in) Phase (in)
3.0 7.3304 13.5477 1.0 1.0
5.9 1.4029 5.7497 1.0 1.0
6.0 1.6926 6.7245 1.0 1.0
6.5 1.9297 5.0779 1.0 1.0
11.0 1.1789 2.1537 0.0987 0.8421

examined for the 1 inch lenses are examined for the 2 inch lenses. The horizontal

amplitude cut shows a wide non-gaussian main lobe. At the remaining frequencies,

the main lobe appears gaussian. There is a large amount of ripple in the side lobes

for frequencies other than 3 GHz caused by diffraction and the presence of multiple

modes. For the phase, there is a wide area of constant phase at 3 GHz, with smaller

regions at higher frequencies. For the vertical amplitude cut, there is constant am-

plitude for only the 3 GHz data, in contrast to the model with 1 inch lens height.

Higher order modes are evident in the remaining frequencies. There is also constant

phase in the 3 GHz cut, while the remaining frequencies show deviation. The size of

the quiet zone is summarized in Table 12 for the system with 2 inch tall lenses.

Table 12. 2D-Focus Beam Measurement System quiet zone size with 2 inch tall lenses.

Horizontal Cut Vertical Cut
Frequency (GHz) Amplitude (in) Phase (in) Amplitude (in) Phase (in)
3.0 3.2997 8.6345 2.0 2.0
5.9 1.3502 6.0395 0.4934 2.0
6.0 1.5873 5.9210 0.4408 2.0
6.5 1.3765 5.3282 1.4603 1.1513
11.0 1.0340 2.3776 0.7303 0.8289

The two dimensional focus beam system provides an alternate measurement ap-

proach to examine metamaterial samples. The system provides a vertically polarized

TEM plane wave within the confines of the quiet zone. The linearly polarized TEM

mode is needed to ensure the samples are stimulated appropriately to achieve their
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(a) (b)

(c) (d)

Figure 80. Simulated field results for the 2D-Focus Beam Measurement System with
2 inch tall lenses. Field (a) normalized magnitude and (b) phase for the horizontal cut
shows a larger quiet zone for lower frequencies. Field (c) normalized magnitude and
(d) phase for the vertical cut shows a full vertical quiet zone except at 11 GHz.

unique properties. A quiet zone is achievable for the two different lens heights. A

balance must be made between vertical and horizontal sample size to ensure the quiet

zone size is taken into account. Care must be taken to ensure that samples fit inside

the quiet zone for the entire frequency range measured.

117



3.5 Simulation Summary

The previously presented model refinement process of the smaller AFIT designed

metamaterial devices develops models to be used with a prediction aided measure-

ment technique intended for exploring the complex field interactions involved with

metamaterial devices. The model refinement process leads to simulated structures

that produce far field results reasonably matching measured results and provide sim-

ulated field results representative of physical fields in measurements that cannot be

directly quantified. Also, previously discussed simulations of the larger AFIT de-

signed metamaterial devices allow for evaluation of current design options and lead

to recommendations for future design iterations. Additionally, simulations of an al-

ternate measurement method are presented previously, however the system is not

fabricated, therefore no measurements are presented in the next chapter. In the next

chapter, results from waveguide measurements of the metamaterial devices used in

the prediction aided measurement process for the smaller devices are presented. Also,

measurement results used to evaluate the larger devices are discussed.
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IV. Experimental Results

4.1 Chapter Overview

The basic assumption of the prediction aided measurement technique developed

in Chapter III is that the simulated field results from models of physical metamateri-

als will reflect the field interactions in the manufactured devices if the far field results

match. In the previous chapter, representative models were created that result in S-

parameters that reasonably match the measured behavior without capacitor values

optimized for the simulated S-parameters to dispersively match the measured reso-

nance regions. This chapter presents the far field data obtained through experimen-

tal waveguide measurements. Additionally, simulated far field results for optimized

capacitance values are compared to measured data. The setup and measurement

procedures are discussed first.

4.2 Stripline Measurement Procedures and Theory

While there are different methods accessible to measure S-parameters for a ma-

terial sample, this thesis uses a network analyzer (NWA) to acquire the data. Here,

the network analyzer connected to a stripline stimulates the sample with a stepped

frequency sweep through a range of frequencies. The signal reflected from and trans-

mitted through the sample are measured. Figure 81 shows the equipment used for

this experiment. The network analyzer model is an Agilent E836B with a frequency

range of 10 MHz to 20 GHz. The striplines used are the same striplines described in

Sections 3.2.3.1 and 3.3.1, utilized depending on the expected resonance frequency

and size of the samples tested.

The S-parameters of a network are the ratio of voltage waves and are defined

in the frequency-domain. This research effort focuses on S11 and S21 because the
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Figure 81. The network analyzer and 18 GHz stripline setup is common to all structures
based on the 10 GHz design.

metamaterial samples produce the same results measured forward or backward in the

stripline (i.e., S22 = S11 and S12 = S21). S11 and S21 are defined by the frequency-

domain impulse voltage response received at port 1 (V −1 ), received at port 2 (V −2 ),

and transmitted at port 1 (V +
1 ) by [32]

S11 (f) =
V −1 (f)

V +
1 (f)

, (30a)

S21 (f) =
V −2 (f)

V +
1 (f)

. (30b)

Using a network analyzer in place of a Time Domain Reflectometer provides the S-

parameters directly. The material parameters n, z, εr, and µr can be determined from

the measured S-parameters, S11 and S21. Preliminary stripline measurements used

time domain gating alone to isolate the sample’s response. Further measurements

were calibrated using the 12-term error correction model detailed in [4]. The most

accurate results were obtained using the 12-term error correction model as well as
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time domain gating. After the the error correction model is applied, the reflection

and transmission of the sample, Ssam11 and Ssam21 are defined as [4]

Ssam11 = Snwa11 , (31a)

Ssam21 = Snwa21 ejk0ds , (31b)

where Snwa11 and Snwa21 are the reflection and transmission received by the network

analyzer respectively, and ds is the length of the material sample.

The basic procedure for taking stripline measurements for a material sample using

the 12-term error correction model is:

1. calibrate the NWA with reflected and transmitted signal for the stripline in an

empty configuration except for any sample holders,

2. calibrate the NWA with reflected and transmitted signal for an electrical short

a known distance in front of the zero phase plane,

3. calibrate the NWA with reflected and transmitted signal for an electrical short

at the zero phase plane,

4. calibrate the NWA with reflected and transmitted signal for an electrical short

at the same known distance behind the zero phase plane,

5. measure reflected and transmitted signasl at the NWA for the stripline with

the sample in place,

6. apply Equation (31) to calculate Ssam11 and Ssam21 .
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4.3 AFIT Metamaterial Design Stripline Measurements

The measurements presented in this section are of the same adaptive metamaterial

structure designed in [34] and modeled in Section 3.2.4. Without additional SRR gap

capacitance, the device is designed to be resonant at 10 GHz. The physical structures

are depicted in Figure 82. Figure 82(a) shows the unit cell structure while Figures

82(b) and 82(c) show the two types of physical cuts used to allow the cantilever

structures to actuate. Structures to measure the capacitance of the cantilevers were

not available for this set of devices.

(a)

(b) (c)

Figure 82. (a) The unit cell of the 10 GHz structures is shown with cuts across the
outer SRR trace. (b) A close up view of the cuts across the outer SRR. (c) The other
incision type cuts across the cantilever control trace.
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4.3.1 Stripline Measurements of Passive Metamaterial.

To verify predictions of the baseline SRR structure, a structure of only concentric

SRRs and wire traces on substrate material with expected resonance at 10 GHz was

examined with stripline measurements. The sample is 17 unit cells long, the same

length as the adaptive samples. Both measurement and simulation transmission

results are shown in Figure 83. The measured resonance is seen at 10.32 GHz while

the simulated resonance is seen at 10.19 GHz, a difference of only 0.13 GHz or 1.26%.

With simulated resonance frequency locations validated with measurement results,

adaptive metamaterial samples are next examined.

Figure 83. The simulated transmission for the 10 GHz baseline structure is shown
with the solid line while the measured transmission is shown with the dashed line.
The measured resonance is at 10.32 GHz while the simulated resonance is at 10.19
GHz, a difference of 0.13 GHz or 1.26% of the resonance frequency.
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4.3.2 Preliminary Stripline Measurements of AFIT Adaptive Meta-

material.

Prior to taking measurements of the metamaterial sample, a time domain in-

vestigation is completed with an electrical short with a height of half that of the

stripline at various locations of the stripline. Time domain gating is applied such

that the S-parameter response is only from the region of the stripline containing the

sample. The un-gated and gated time domain response for the half-short centered in

the waveguide and at 70 mm from the center is shown in Figure 84. The structures

are then placed in the stripline as shown in Figure 85 and excited with the network

analyzer. As shown, there is a tilt in the measured sample. This tilt will perturb

measurements, however it will not change the dispersive location of the resonance

regions.

(a) (b)

Figure 84. The (a) un-gated and (b) gated time domain response of an electrical short
with half the height of the waveguide. Time domain gating limits the response to the
location where the sample will be placed in the waveguide.

As stated earlier, due to a fabrication issue, cuts need to be made in the samples

to enable the cantilever beams to actuate. Two types of cuts are made. One type

of incision cuts across the outer split ring, leaving the sets of cantilevers in the outer

SRR gaps in the up position, while allowing the inner gap cantilevers to actuate. The
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Figure 85. Experiment setup for stripline measurements of the 10 GHz AFIT meta-
material structures in the 18 GHz stripline.

other type cuts the inner cantilever control trace, leaving the sets of cantilevers in

the inner SRR gaps in the up position, while allowing the outer gap cantilevers to

actuate. At the time of the preliminary stripline measurements, only samples with

cuts across the outer split ring were available for testing. Samples with both types

of cuts are examined in following sections.

Figure 86 shows the S-parameter results from the measurements of the 17 cell long

adaptive metamaterial strip as the applied voltage is increased from 0 to 40 volts,

in 20 volt increments. At frequencies above 18 GHz there are multiple propagating

modes in the waveguide, therefore results above 18 GHz should be discarded. With no

applied voltage, the resonant frequency is 14.65 GHz. At 20 volts, the first cantilever

pulls in and the resonant frequency is 14.3 GHz, a shift of 0.35 GHz. At 40 volts,

two of the cantilevers have been actuated and the resonance shifts to 13.65 GHz for

an overall shift of 1 GHz. While transitioning the applied voltage from 40 volts to

60 volts, the sample shorts out and is no longer usable for measurements.

An investigation into the repeatability of stripline S-parameter measurements is
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Figure 86. Measured transmission results for the AFIT adaptive metamaterial. With
0 volts applied, the resonant frequency is 14.65 GHz. At 20 and 40 volts applied, the
resonant frequency is shifted by 0.35 GHz and 1 GHz respectively.

also carried out. The investigation takes place with a different sample because the

previous sample examined is no longer an adaptive sample as the cantilevers are

immobile. The voltage applied to the sample is varied from 0 volts to 60 volts. Mea-

surements are taken for both increasing and decreasing voltage steps. The series of

measurements is taken three times. Figure 87(a) shows the mean of the measurements

for each applied voltage. Figure 87(b) shows the variance for each applied voltage.

As seen, the variance is at least 10 dB lower than the average measurements.

4.3.3 Stripline Measurements of AFIT Adaptive Metamaterial using

12-Term Error Correction Model.

After stripline measurements of the adaptive metamaterial samples are taken

using only time domain gating for error correction, the 12-term error correction model

is applied to calibrate the measurement system. The measurement procedure outline

in Section 4.2 is used to obtain the S-parameters of the sample. Figure 85 shows a
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(a) (b)

Figure 87. The (a) mean and (b) variance of stripline transmission measurements of
the AFIT adaptive metamaterial structure. The variance is at least 10 dB below the
measured mean transmission.

metamaterial sample in the stripline. Samples with both types of cuts are examined.

4.3.3.1 Calibration.

After calibration of the NWA is performed, the calibration quality is examined

by inspecting the transmission and reflection of the stripline containing only the

sample holder. Figure 88 shows a quality calibration from 6 GHz to 18 GHz, with

the transmission magnitude at 1 and the reflection magnitude at 0 as expected for

an empty stripline.

4.3.3.2 Metamaterial Strips with Cuts Across Outer Split Ring.

Stripline measurements were taken at 0 volts applied and then taken at every 5

volts from 10 to 60 volts for the sample with cuts across the outer split ring. Figure

89 shows the measured transmission of the sample with cuts across the outer split

ring, sampled at every 15 volts from 0 to 60 volts. Areas of resonance are seen around

8 and 14 GHz. The resonance frequency around 14 GHz is seen to shift as the applied

voltage is increased, thereby increasing the split ring gap capacitance by pulling the
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Figure 88. Measured transmission and reflection results for the empty calibrated 18
GHz stripline. As expected, the transmission magnitude is 1 while the reflection
magnitude is 0.

cantilevers down. By 60 volts applied, all cantilevers are expected to be pulled down.

Figure 89. Measured transmission from AFIT metamaterial sample with cuts across
the outer split ring sampled every 15 volts. Areas of resonance are seen around 8 and
14 GHz.

Figure 90(a) shows the resultant resonant frequency for each applied voltage and
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Figure 90(b) shows the difference in resonance frequency from the 0 volts applied

situation. The measured data shows the resonance frequency of the sample remaining

constant until 20 volts are applied, then decreasing with increased voltage applied

to the cantilever control lines. The difference in resonance frequency from the 60

volts applied situation to the original 0 volts applied case is 1.62 GHz or an 11.34%

difference from the original resonance frequency.

(a) (b)

Figure 90. Observed (a) resonance frequency and (b) difference from 0 volts applied
case of the metamaterial strip with cuts across the outer split ring. As expected, the
resonance frequency decreases with increase in applied control voltage.

The measured S-parameter data is compared to simulated S-parameter data in

Figure 91. The simulation used the most realistic model created, having one 17

cell strip in the stripline with the metal particles, including the control line traces,

modeled as gold instead of PEC. The simulations are described in Section 3.2.4.2.

The capacitor values used in this model were based on the parallel plate model of the

cantilever capacitors, calculated using Equation (29) and summarized in Table 4. The

outer gap capacitors are modeled as a constant, C0, the value for all cantilevers in the

up position. The inner capacitor is varied through all calculated capacitance values

for the cantilevers actuating. As seen in Figure 91, C0 is too large of a capacitance

value for the 0 volts applied case, while C1 is in the correct frequency area for the 60
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volts applied case.

Figure 91. Measured stripline transmission compared to simulated stripline trans-
mission of a 17 cell metamaterial strip with cuts across the outer split ring. Using
calculated capacitance values for inner and outer capacitors leads to disagreement be-
tween measurement and simulation results.

With the simulations involving the calculated capacitor values leading to disagree-

ment between measurements and simulations, the appropriate capacitance values are

next determined. Optimizations were completed on the model described in Section

3.2.4.2. The model is fully refined from a single unit cell to the full length 17-cell

column inside a simulated version of the physical stripline, with the metal struc-

tures modeled as gold in place of PEC. Based on optimizations that held both inner

and outer capacitors to the same value, 0.1375 pF is chosen as the value for the

non-actuating outer capacitors. This capacitance is consistent with cantilever beams

curling up slightly. From there, the value of the inner capacitor is optimized to match

the two resonance areas of the results.

The best optimization results for the transmission measurement and simulation

comparison for the structure with the outer capacitor not able to actuate are shown

in Figure 92. Figure 92(a) shows the comparison for the measurement with 0 volts
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applied while Figure 92(b) shows the comparison for the measurement with 60 volts

applied. The 0 volts applied case is best matched with the value of the inner capacitor

set to 0.2125 pF. The measured transmission null around 8 GHz is matched in the

simulation by a set of nulls while the wide transmission null at 14 GHz is matched in

the simulation by a wide transmission null. The 60 volts applied case is best matched

with the value of the inner capacitor set to 3.3125 pF. The measured resonance

around 13 GHz is matched by a set of two resonances, however the deepest simulated

null is at a higher frequency than the measured data. The resonance areas seen in

the measurements below 8 GHz are matched by shallower nulls at slightly greater

frequencies. The 60 volts applied case may appear to be better matched in Figure

91, however the optimized simulations for the 0 volts applied case sets the value of

the unchanging outer capacitor to 0.1375 pF. With the outer capacitor value set, the

optimized capacitor is found to be slightly greater than the calculated C1 value.

(a) (b)

Figure 92. Measurement and simulation comparison of samples with cuts across outer
split ring, modeling optimized capacitance values. (a) The 0 volts applied case is best
matched with the value of the inner capacitor set to 0.2125 pF. (b) The 60 volts applied
case is best matched with the value of the outer capacitor set to 3.3125 pF. The inner
capacitor is set to 0.1375 pF.
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4.3.3.3 Metamaterial Strips with Cuts Across Control Trace.

A similar set of data was obtained for the sample with cuts across the cantilever

control trace, however the applied voltage reached a maximum of 70 volts. Originally,

data was obtained only over the frequency range of 6 to 18 GHz. Initial simulations

not presented in this thesis using the calculated additional gap capacitance provided

by the cantilevers did not show resonance outside of the 6 to 18 GHz frequency range.

In an effort to maximize the number of meaningful data points, the smaller frequency

range was used.

The measured transmission data from the 17 cell long metamaterial strip on the

frequency range 6 to 18 GHz sampled every 15 volts applied is shown in Figure 93.

The measured transmission does not show discernible resonance frequencies over the

frequency range.

Figure 93. Measured stripline transmission of a 17 cell metamaterial strip with cuts
across the cantilever control trace. There is no discernible resonance frequency seen
over the frequency range. Also, there is very little difference between measured trans-
mission for the different applied voltage measured.

The measurement data is also clouded by a ripple in the transmission data. The
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ripple is caused by constructive and destructive interference of at least two signals.

The ripple can be mitigated by applying time domain gating to the measured S-

parameter data. Stripline measurements using the 12-term error correction model

and time domain gating are presented next.

4.3.4 Stripline Measurement of AFIT Adaptive Metamaterial using

12-Term Error Correction Model and Time Domain Gating.

In an effort to clarify the S-parameter data, stripline measurements of various

samples were taken using the 12-term error correction model as well as time domain

gating. Gating was applied at 2.5 ns on both sides of the zero phase plane, miti-

gating the frequency ripple seen in previous measurements while allowing for signals

directly from the sample and signals from multiple interactions within the sample to

be recorded by the NNA. Before measurements were obtained, the calibration of the

measurement system was examined.

4.3.4.1 Calibration.

The stripline measurement system is calibrated using the calibration procedure

outlined in Section 4.2. The calibration quality is evaluated by examining S-parameter

data for a known standard. S-parameter data is taken for the stripline containing

only the sample holder. The calibrated but non-gated reflection and transmission

data is shown in Figure 94(a). The calibration is as expected for the majority of the

frequency range with transmission at 1 and reflection at 0, however the calibration

is not as accurate at lower frequencies. The calibration is improved by time domain

gating, as seen in Figure 94(b). Based on the calibrated and gated empty stripline

transmission and reflection data, the highest quality data is collected from 3 to 13

GHz. Over that frequency range, the average transmission and reflection for the
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un-gated empty stripline data are -0.0012 dB and -37.0477 dB respectively, and the

average transmission and reflection for the gated data are -0.0002 dB and -37.3886 dB

respectively. There is an improvement of 0.001 dB and 0.3409 dB in the transmission

and reflection data respectively with the time domain gating applied.

(a) (b)

Figure 94. Reflection and transmission data for the empty 18 GHz stripline (a) cali-
brated without time domain gating and (b) calibrated with time domain gating. The
calibration is improved with time domain gating, especially in the lower frequency
range. The highest quality data is collected from 3 to 13 GHz.

4.3.4.2 Metamaterial Strips with Cuts Across Control Traces.

S-parameter data was obtained for a 17 cell metamaterial strip in the 18 GHz

stripline measurement system. Data was taken for various applied voltages: 0 to 20

volts in increments of 5 volts and 22 to 34 volts in increments of 2 volts. Figure 95

shows the measured transmission data of the sample with cuts across the cantilever

control traces. The consistent ripple in the data is suspected to stem from the edges

of the time domain gate used. However, when examined, the ripple corresponds to

objects separated in the time domain by 2.97 ns, which is smaller than the 5 ns width

of the gate. The transmission data reveals two areas of shifting resonance around 5

and 8 GHz.

Figure 96(a) shows the measured transmission data magnified around the 5 GHz
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Figure 95. Measured transmission from AFIT metamaterial sample with cuts across
the cantilever control traces. Areas of shifting resonance are seen around 5 and 8 GHz.

resonance. Figure 96(b) shows the computed resonance frequency for the 5 GHz

area of resonance. As seen, the resonance frequency decreases only slightly from

the location at 0 volts when applied voltage is increased to 15 volts. From 20 to

28 volts, the resonance frequency decreases more rapidly, reflecting the physics of

the cantilevers puling down, thereby increasing the gap capacitance. The resonance

frequency at 30 and 32 volts applied, do not follow the same trend, slightly increasing,

rather than continuing to decrease. This deviation actually reflects the physics of the

cantilevers. The pull down pad for the cantilevers is in the center of the cantilevers.

As the cantilever center pulls down and touches on the dielectric, the voltage applied

can pull the center of the beam further than the tip, allowing the tip to curl upward,

decreasing the additional capacitance until enough voltage is applied to pull down

the next cantilever. The maximum resonance frequency shift observed is 618 MHz

or a 12.5% difference from the original 0 volts applied resonance frequency.

Figure 97(a) shows the measured transmission magnified around the 8 GHz res-
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(a) (b)

Figure 96. (a)Magnified view of measured transmission around the 5 GHz resonance
of the metamaterial sample with cuts across the cantilever control traces and (b) the
computed resonance frequencies for each applied voltage. The resonance frequencies
follow the physics of the cantilevers, rapidly decreasing from 15 to 28 volts, then slowing
and increasing slightly, before decreasing again.

onance of the metamaterial sample with cuts across the cantilever control traces.

Figure 97(b) shows the computed resonance frequency for the 8 GHz area of reso-

nance. Similar to the 5 GHz region results, the resonance frequency changes only

slightly from 0 to 15 volts applied, although above 15 volts, the resonance frequency

only decreases slightly before it increases from 24 to 26 volts. From 28 to 32 volts,

the resonance frequency decreases rapidly as another cantilever pulls down, before

curling up at 34 volts, decreasing the additional gap capacitance slightly thereby

increasing the resonance frequency slightly.

The difference between the voltage trends of the 5 and 8 GHz resonance frequen-

cies highlight the non-uniformity of cantilever actuation across the 17 cells. Different

cells in the strip can impact differently for the two resonance areas. If all cantilevers

actuated uniformly, the resonance frequency trends would match for both resonance

regions. For the 5 GHz region, enough cantilevers bend up to cause the resonance

frequency to increase around 30 volts, while for the 8 GHz region, enough cantilevers

bend up to cause the resonance frequency to increase around 24 volts. This non-
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uniformity emphasizes fabrication difficulties with MEMS devices.

(a) (b)

Figure 97. (a)Magnified view of measured transmission around the 8 GHz resonance
of the metamaterial sample with cuts across the cantilever control traces and (b) the
computed resonance frequencies for each applied voltage. The resonance frequencies
measured follows the physics of the cantilevers.

The measured S-parameter data is compared to simulated S-parameter data in

Figure 98. The simulation used the most realistic model created, having one 17 cell

strip in the stripline with metal particles, including the control line traces modeled as

gold instead of PEC. The simulation is described in Section 3.2.4.1. The capacitance

values used in this model were based on the parallel plate model of the cantilever

capacitor, calculated using Equation (29) and summarized in Table 4. The inner

gap capacitors are modeled as a constant, C0, the value for all cantilevers in the up

position. The outer capacitor is varied through all calculated capacitance values for

the cantilevers actuating. As seen in Figure 98, the C0 simulation is close for the

8 GHz resonance and had multiple transmission nulls in the region of the 5 GHz

resonance band for the 0 volts applied case. The C1 simulation appears too large

for the 8 GHz resonance of the 28 volt case. The C1 simulation does not show deep

areas of resonance around 5 GHz. Additionally, above 14 GHz, there is too much

ripple to make a meaningful comparison.

With the simulations involving the calculated capacitor values leading to disagree-
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Figure 98. Measured stripline transmission compared to simulated stripline transmis-
sion of a 17 cell metamaterial strip with cuts across the cantilever control trace. Using
calculated capacitance values for inner and outer capacitors leads to disagreement be-
tween measurement and simulation results.

ment between measurements and simulations, the appropriate capacitance values are

next determined. Optimizations were completed on the model described in Section

3.2.4.1. The model is fully refined from a single unit cell to the full length 17-cell

column inside a simulated version of the physical stripline, with metal structures

modeled as gold in place of PEC. Based on the comparisons of simulated results to

measured results, the value of the inner capacitor is chosen to be the calculated value

for all the cantilevers in the un-actuated position, C0. From that starting point, the

value of the outer capacitor is optimized to match the two resonance areas of the

results.

The best optimization results for the transmission measurement and simulation

comparison for the structure with the inner capacitor not able to actuate are shown

in Figure 99. Figure 99(a) shows the comparison for the measurement with 0 volts

applied while Figure 99(b) shows the comparison for the measurement with 28 volts

applied. The 0 volts applied case is best matched with the value of the outer capacitor
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set to 0.195456 pF or the calculated value for the all the cantilevers in the un-actuated

position. The wide transmission null around 5 GHz in the measurement is matched

in the simulation by a set of transmission nulls. The set of two shallower transmission

nulls at 9 GHz in the measurements is matched in the simulation by a single deeper

transmission null. The 28 volts applied case is best matched with the value of the

outer capacitor set to 1.5 pF. The deep null at 5 GHz seen in the measurement is

matched with a shorter null in simulations. The null around 8 GHz observed in the

measurements is matched with a deep null in the simulation results.

(a) (b)

Figure 99. Measurement and simulation comparison of samples with cuts across control
traces, modeling optimized capacitors. (a) The 0 volts applied case is best matched
with the value of the outer capacitor set to 0.195456 pF or the calculated value for the
all the cantilevers in the un-actuated position. (b) The 28 volts applied case is best
matched with the value of the outer capacitor set to 1.5 pF. The inner capacitor is set
to C0.

4.3.5 AFIT Metamaterial Design Stripline Measurements Conclusions.

Despite optimization efforts, the simulation results do not exactly match the

measurement results. The simulations do not take into account the actual geometry

of the cantilever structures, using lumped element capacitors in their place. The

cantilever structures of the physical devices are not simulated in the models. The

accurate models of the cantilevers lead to extreme simulation durations. Models of
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a single set of cantilevers take multiple days to simulate. Fabrication issues with the

MEMS devices also lead to simulation difficulties. The cantilever structures do not

actuate uniformly, leading to different values for each capacitor modeled. Performing

optimization for all 34 capacitors would not be feasible in a timely manner. The

variance of the capacitor values can also lead to widening of transmission nulls, while

decreasing the null depth. Modeling the samples as fabricated, rotated and with cuts,

leads to more complicated results. The simulation results are more in agreement

with measurements, however the inability to optimize all capacitor values limits the

accuracy of the optimization. With the difficulties of simulating the actual physical

structures, the optimized best fit capacitance values are actually average effective

capacitor values, not exact values.

For the 17-Cell structure with cuts across the inner cantilever control traces, the

optimization procedure produced an average effective capacitance value of 0.195456

pF for the inner capacitors at all voltage levels and average effect capacitance values

for the outer capacitors of 0.195456 pF and 1.5 pF for the 0 volts and 28 volts

applied cases respectively. The measured resonance frequency shifts 618 MHz or a

12.5% difference from the original resonance frequency.

For the 17-Cell structure with cuts across the outer split ring, the optimization

procedure produced an average effective capacitance value of 0.1375 pF for the outer

capacitors at all voltage levels and average effective capacitance values for the inner

capacitors of 0.2125 pF and 3.3125 pF for the 0 volts and 60 volts applied cases

respectively. The measured resonance frequency changes 1.62 GHz or an 11.34%

difference from the original resonance frequency.
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4.4 Larger AFIT Metamaterial Design Stripline Measurements

The measurements present in this section are of the same adaptive metamaterial

structure modeled in 3.3. Without additional SRR gap capacitance, the device is

designed to be resonant around 3 GHz.

4.4.1 Stripline Measurement of Larger AFIT Adaptive Metamaterial

using 12-Term Error Correction Model.

Stripline measurements of the adaptive metamaterial samples were taken using

the 12-term error correction model to calibrate the measurement system. The mea-

surement procedure outlined in Section 4.2 is used to obtain the S-parameters of the

sample. Figure 100 shows a metamaterial sample in the stripline.

Figure 100. Experiment setup for stripline measurements of the 3 GHz AFIT meta-
material structures in the 4 GHz stripline.

4.4.1.1 Calibration.

After calibration of the NWA is performed, the calibration quality is examined by

inspecting the transmission and reflection of the stripline containing only the sample

holder. As expected, the transmission data was at 0 dB, with the reflection data at

least 40 dB below the transmission data, a near zero reflection. The calibration was

deemed sufficient and measurements of adaptive metamaterial samples were obtained.
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4.4.1.2 Stripline Measurements of Larger Passive Metamaterial.

To verify predictions of the baseline SRR structure, a structure of only concentric

SRRs and wire traces on substrate material with expected resonance at 3 GHz was

examined with stripline measurements. The sample is 4 unit cells long, the same

length of the adaptive samples. Both measurements and simulation transmission

results are shown in Figure 101. The measured resonance is seen at 2.88 GHz while

the simulated resonance is seen at 2.82 GHz, a difference of only 0.06 GHz or 2.1%.

With simulated resonance frequency locations validated with measurement results,

adaptive metamaterial samples are next examined.

Figure 101. The simulated transmission for the 3 GHz baseline structure is shown
with the solid line while the measured transmission is shown with the dashed line.
The measured resonance is at 2.88 GHz while the simulated resonance is at 2.82 GHz,
a difference of 0.06 GHz or 2.1% of the resonance frequency.

4.4.1.3 Capacitor Layout A.

The first of the 3 GHz adaptive metamaterial structures is fabricated similarly to

the 10 GHz structure, with sets of cantilevers in the gaps of both inner and outer

142



split rings, as modeled in Section 3.3.2. This layout is referred to as capacitor layout

A. The design issue from the 10 GHz design that required cuts across either the

outer split ring or the control line traces to allow the cantilevers to actuate has been

resolved in the 3 GHz structures, therefore all sets of cantilevers are free to actuate

with applied voltage.

The stripline measurements were taken at 0 volts applied then at every 5 volts

from 10 to 25 volts, where the sample shorted out. The measured transmission data

from the 3 GHz sample with capacitor layout A is shown in Figure 102(a). Figure

102(b) shows the measured transmission magnified about the resonance frequency.

Above 2 GHz, the measured transmission is unphysical, with results above 1. For this

measurement the data above 2 GHz should be disregarded. The resonance is seen to

shift from 1.20 GHz at 0 volts applied to 0.93 GHz at 25 volts applied, a difference

of only 0.27 GHz. The small shift is due to the small range of voltages applied. The

sample shorted just as the first cantilever would be touching down.

(a) (b)

Figure 102. (a)Measured transmission from larger AFIT metamaterial sample with
capacitor layout A (split ring gap capacitors) over the entire frequency range measured.
(b)Measured transmission magnified around resonance frequency. An area of shifting
resonance is seen around 1 GHz.

Figure 103 shows the measured transmission compared to the simulated transmis-

sion for capacitance values calculated based on the cantilever geometry. The com-
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parison shows that simulating C0 for the 0 volts case is too small, while simulating

C2 for the 25 volt case is too large.

Figure 103. The simulated transmission for the 3 GHz structure with capacitor layout
A is shown with the dotted line while the measured transmission is shown with the
dashed line. Simulating C0 for the 0 volts case is too small, while simulating C2 for
the 25 volt case is too large.

With the simulations involving the calculated capacitor values leading to disagree-

ment between measurements and simulations, the appropriate capacitance values are

next determined. Figure 104 shows the measured transmission compared to the simu-

lated transmission for capacitance values selected to achieve the measured resonance

frequencies. Simulations and measurements show agreement with capacitors equal

to 0.85 pF for the 0 volt case and 1.5 pF for the 25 volt case, with a difference of

0.0070 GHz and 0.0088 GHz from the measured resonance frequency respectively.

The capacitance value simulated for the 0 volt situation implied that the cantilevers

are slightly closer than expected. The capacitance value simulated for the 25 volt

case implies that only one cantilever is close to touching down completely.
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Figure 104. The simulated transmission for the 3 GHz structure with capacitor layout
A is shown with the dotted line while the measured transmission is shown with the
dashed line. Capacitance values were selected to achieve the measured resonance
frequencies. Simulations and measurements show agreement with capacitors equal to
0.85 pF for the 0 volt case and 1.5 pF for the 25 volt case.

4.4.1.4 Capacitor Layout C.

The second variant of the 3 GHz structure to be examined has two sets of can-

tilevers on each side of the cell between the inner and outer split rings, providing

additional intra-ring capacitance but not additional gap capacitance, as modeled in

Section 3.3.4. The sample is 4 cells long. This layout is referred to as capacitor layout

C.

The stripline measurements were taken at 0 volts applied then at every 5 volts

from 10 to 35 volts, where the sample shorted out. The measured transmission

data from the 3 GHz sample with capacitor layout C is shown in Figure 105(a).

The frequency range above 2 GHz shows some type of measurement contamination

evident in large oscillations in the measured transmission. For this measurement,

the data above the 2 GHz area should be disregarded. Transmission nulls are seen

around 1 and 2 GHz, however no shifting is seen.
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(a) (b)

Figure 105. Measured transmission from two larger AFIT metamaterial samples with
capacitor layout C (two intra-ring cantilever sets per side). (a) Transmission nulls are
seen around 1 and 2 GHz however no shifting is observed. (b) Slight changes are seen
around 1 GHz, however no appreciable shift is seen.

A second set of transmission measurements was taken on a different sample with

capacitor layout C. Measurements were taken in increments of 5 volts applied from

0 to 20 volts, where the sample shorted. The measurements are shown in Figure

105(b). Above 2 GHz the measurements are again clouded by large oscillations and

should be disregarded. Despite no resonance shift being seen, these measurements

highlight the need to include time domain gating in the stripline measurements to

ensure only responses from the sample are recorded which will also eliminate the

large oscilations above 2 GHz.

4.4.1.5 Capacitor Layout D.

The next variant of the 3 GHz structure to be examined has a set of cantilevers

in each of the split ring gaps as well as two sets of cantilevers on each side of the

cell between the inner and outer split rings, as modeled in Section 3.3.5. The layout

combines capacitor layouts A and C. This combination layout will be referred to as

capacitor layout D. The sample is 4 unit cells in length.

The stripline measurements were taken at 0 volts applied then at every 5 volts
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from 10 to 40 volts, where the sample shorted out. The measured transmission data

from the 3 GHz sample with capacitor layout D is shown in Figure 106(a). A large

oscillation is present in the transmission data above 2 GHz, therefore data above 2

GHz should be disregarded. Transmission nulls are seen around 0.5 GHz and just

below 2 GHz. The transmission data does not change with applied voltage at the 0.5

GHz transmission null, however there are changes at the 2 GHz transmission data.

As seen in Figure 106(b), even with the changes at the 2 GHz transmission data, no

appreciable null shift is seen, only a slight decrease in the transmission amplitude. In

this region, the calibration appears poor, with transmission measurements above 1,

a non-physical result. The need to include time domain gating in the measurement

procedures is again highlighted.

(a) (b)

Figure 106. Measured transmission from a larger AFIT metamaterial sample with
capacitor layout D (a) over the entire frequency range and voltage set measured and
(b) magnified around the 2 GHz resonance region for voltages of 0, 20 and 40 volts.
The 0.5 GHz transmission null does not change with applied voltage, however the 2
GHz transmission data does change with applied voltage. Even with the changes, there
is no appreciable null shift seen, only a slight decrease in amplitude.

4.4.1.6 Capacitor Layout E.

The final variant of the 3 GHz structure to be examined without time domain

gating has three sets of cantilevers on each side of the cell between the inner and
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outer split rings, as modeled in Section 3.3.6. The sample is a 4 cell column.

Figure 107. Measured transmission from a larger AFIT metamaterial sample with
capacitor layout E. While changes with applied voltage are evident around 1 and 2
GHz, the clouded transmission data does not allow for conclusions.

The stripline measurements were taken at 5 volt increments from 0 to 30 volts.

The measured transmission data from the 3 GHz sample with capacitor layout E is

shown in Figure 107. A large oscillation is present in the transmission data above 2

GHz leading to that data being disregarded. Changes with applied voltage are seen

around 1 and 2 GHz. While changes are seen, no conclusions are to be made with

the clouded data.

The transmission data collected using only the 12-term error correction model

for calibration does not allow conclusions to be made for capacitor layouts C, D,

and E. To improve calibration of the system, for the remaining measurements the

12-term error correction model and time domain gating is applied to the S-parameter

measurements.
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4.4.2 Stripline Measurement of Larger AFIT Adaptive Metamaterial

using 12-Term Error Correction Model and Time Domain Gat-

ing.

In an effort to clarify the S-parameter data, stripline measurements of various

samples were taken using the 12-term error correction model as well as time domain

gating. Additionally, the results presented here are from different samples because

the previous structures shorted out during the testing process. Gating was applied

at 2.5 ns on both sides of the zero phase plane, mitigating the frequency ripple seen

in previous measurements while allowing for signals directly from the sample and

signals from multiple interactions within the sample to be recorded by the PNA.

Before measurements were obtained, the calibration of the measurement system is

examined.

4.4.2.1 Calibration.

The stripline measurement system is calibrated using the calibration procedure

outlined in Section 4.2. The calibration quality is evaluated by examing S-parameter

data for a known standard. S-parameter data is taken for the stripline containing

only the sample holder and for the stripline containing a short at the zero phase

plane. The calibrated but non-gated reflection and transmission data is shown in

Figure 108(a) for the stripline containing only the sample holder. The calibration

is as expected for the majority of the frequency range with transmission at 1 and

reflection at 0, however the magnitude is larger than expected at lower frequencies.

There are also spurious results above 2.5 GHz for both transmission and reflection.

As seen in Figure 108(b), these erroneous results are correct by applying time domain

gating.

The calibration quality for a second known standard is also examined by taking
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S-parameter measurements with an electrical short placed at the zero phase plane of

the system. The calibrated by non-gated reflection and transmission data is shown

in Figure 108(c) for the stripline containing only an electrical short at the zero phase

plane of the measurement system. The results are as expected for the majority of the

frequency range with transmission at 0 and reflection at 1, however at frequencies

above 2 GHz there are spurious results for both reflection and transmission. The cali-

bration is improved by applying time domain gating, as seen in Figure 108(d). Based

on the calibrated and gated S-parameter data for the empty and short standards, the

highest quality data is collected from 0.5 to 4 GHz. Over that frequency range, the

average transmission and reflection for the un-gated empty data are -0.00063 dB and

-41.6706 dB respectively, and the average transmission and reflection for the gated

empty data are -0.000171 dB and -42.0452 dB respectively. For the empty data, there

is an improvement of 0.000459 dB and 0.3746 dB for the transmission and reflection

data with the time domain gating applied. Also, the average transmission and re-

flection for the un-gated short data are -26.4732 dB and 0.0040 dB, and the average

transmission and reflection for the gated short data are -27.5807 dB and -0.0016 dB

respectively. For the short data, there is an improvement of 1.1075 dB and 0.0024

dB for the transmission and reflection respectively.

4.4.2.2 Capacitor Layout A.

The first 3 GHz variant to be examined using the 12-error correction model and

time domain gating for calibration is fabricated with capacitor layout A, as simulated

in Section 3.3.2 and previously examined using only the 12-term error correction

model for calibration.

The stripline measurements were taken at 0 volts applied and then at every volt

from 5 to 21 volts. The measured transmission data from the 3 GHz sample with
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(a) (b)

(c) (d)

Figure 108. Reflection and transmission data for the empty 4 GHz stripline (a) cal-
ibrated without time domain gating and (b) calibrated with time domain gating for
the stripline containing only the sample holder and (c) calibrated without time domain
gating and (d) calibrated with time domain gating for the stripline containing only an
electrical short at the zero phase plane. The calibration is improved with time domain
gating, especially in the frequency range from 2 to 4 GHz. The highest quality data is
collected from 0.5 to 4 GHz.

capacitor layout A is shown in Figure 109(a). A region of shifting resonance is seen

around 2 GHz. Figure 109(b) shows the measured transmission magnified around

the 2 GHz area. The resonance is seen to shift from 1.98 GHz at 0 volts applied to

1.89 GHz at 21 volts applied, a difference of only 0.11 GHz or 5.5% of the original

resonance frequency. The small shift is due to the small range of voltages applied.

In the interest of sample preservation, the range of applied voltages was limited to

under 22 volts, as previous samples with capacitor layout A shorted at 25 volts.
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(a) (b)

Figure 109. (a) Measured transmission calibrated including time domain gating from
larger AFIT metamaterial sample with capacitor layout A (split ring gap capacitors)
over the entire frequency range measured. (b)Measured transmission magnified around
resonance frequency. An area of shifting resonance is seen around 1 GHz.

The measured resonance frequency follows the physics of the cantilevers pulling

into position, as seen in Figure 110. The measured resonance frequency reflects one

cantilever already down at 0 volts and curling up as the voltage is increased until 8

volts when the next cantilever is pulled down far enough to add appreciable capac-

itance, thereby causing the resonance frequency to shift rapidly down until 15 volts

where the second beam appears to curl up. The resonance frequency remains around

1.9 GHz until 20 volts where the resonance frequency begins trending downwards.

Figure 110. Observed resonance frequency of 3 GHz metamaterial sample with capac-
itor layout A. As expected, the resonance frequency decreases with increase in applied
control voltage.
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The resonance frequency results show how thickness of the cantilevers plays a large

role in the uniformity of additional capacitance. The thin cantilevers used in samples

up to this point lead to non-uniform distance between the cantilever and the dielectric,

even at 0 volts applied, leading to unexpected resonance frequency behavior, such

as increasing for increased applied voltage in this situation. For future sample sets,

thicker cantilevers will be used to provide more uniform cantilever actuation.

4.4.2.3 Capacitor Layout C.

The next variant of the 3 GHz structure to be examined with stripline measure-

ments calibrated using the 12-term error correction model and time domain gating

has two sets of cantilevers on each side of the cell between the inner and outer split

rings, providing additional intra-ring capacitance, as modeled in Section 3.3.6. This

sample is also 4 unit cells long.

The stripline measurements were taken at 0 volts, 5 volts, and every two volts

from 10 volts to 30 volts. The measured transmission data is shown in Figure 111(a).

Transmission data magnified around the 2 and 3 GHz transmission nulls are shown

in Figures 111(b) and 111(c) respectively. With increased voltage, the transmission

nulls are seen to shift slightly, only 0.052 GHz and 0.050 GHz for the 2 and 3 GHz

resonance regions respectively.

4.4.2.4 Capacitor Layout E.

The next variant of the 3 GHz structure to be examined with stripline measure-

ments calibrated using the 12-term error correction model and time domain gating

has three sets of cantilevers on each side of the cell between the inner and outer split

rings, providing additional intra-ring capacitance, as modeled in Section 3.3.6. The

sample is 4 cells in length.
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(a) (b)

(c)

Figure 111. (a) Measured transmission calibrated including time domain gating from
larger AFIT metamaterial sample with capacitor Layout C(two intra-ring capacitors)
over the entire frequency range measured. Measured transmission magnified around
(b) 2 GHz and (c) 3 GHz transmission nulls. The transmission nulls are seen to shift
slightly with increased voltage.

The stripline measurements were taken at 0 volts and at every volt from 5 to 15

volts. The measured transmission data from the 3 GHz sample with capacitor layout

E is shown in Figure 112. Transmission nulls are seen around 1 and 2 GHz, however

there is no shifting seen as voltage is increased.

4.4.3 Capacitance Test Structure Measurements.

For the larger adaptive metamaterial structures, capacitance test structures were

created to measure and quantify the additional capacitance provided by the cantilever
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Figure 112. Measured transmission calibrated including time domain gating from a
larger AFIT metamaterial sample with capacitor layout E. While transmission nulls
are observed around 1 and 2 GHz, changes are seen with increased applied voltage.

structures. The structures allowed for capacitance values to be extracted from S-

parameter measurements of the structure using [2]

ZTotal = Zo
1 + S11

1− S11

(32)

where Zo is the reference impedance, to determine the total impedance of the struc-

ture (ZTotal). From the impedance, the total capacitance (CTotal) can be computed

using

CTotal =
−1

2πf={ZTotal}
. (33)

The measurement system was calibrated using the short open load through (SOLT)

method discussed in [37] using a CS-5 calibration substrate. Due to ambiguity in the
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time domain response of the cantilever test structure, time domain gating was not

performed on the S-parameter measurements. The ambiguity comes from the size

of the test structures and time domain resolution of the NWA. Calibration of the

system places the calibration plane at the RF probe tips, not a the test device. S-

parameters are measured for an electrical short test structure for the cantilever test

structures, allowing the calibration plane to be moved to the appropriate location in

post processing.

Measurements were taken with different voltages applied to the test structure.

The voltages were taken from 0 to 30 volts in increments of 5 volts. The frequency

range is restricted to the operating range of the stripline, 0 to 4 GHz. Two samples

of the cantilever test structure with five cantilevers are examined. The extracted

capacitance values for the first sample are shown in Figure 113(a). The signal is

clearly noisy below 1.5 GHz. Between 1.5 GHz and 4 GHz, the capacitance data is

as expected, a fairly constant value, except for a peak around 3.2 GHz. Changes

are seen as the applied voltage is increased. At 0 volts applied, the capacitance is

about 2 pF. When the voltage is increased to 5 volts, the capacitance is about 1 pF a

decrease from the 0 volt case. This shows that there is at least one cantilever starting

in the down position that becomes bent as the voltage is initially increased. From

5 to 15 volts, the capacitance increases to through 1.5 pF at 10 volts back to 2 pF

at 15 volts, showing a second cantilever pulling into the down position. For 20 to 30

volts, the capacitance reaches the maximum value of about 4 pF.

The extracted capacitance values for the second samples are shown in Figure

113(b). Again, the measurement is noisy below 1.5 GHz. Above 1.5 GHz, the data is

smooth, however there is no appreciable changes in capacitance with applied voltage

increases. The capacitance remains between 4 and 6 pF for most of the frequency

range between 1.5 and 4 GHz except around 3.2 GHz where the capacitance peaks
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(a) (b)

Figure 113. Measured additional gap capacitance provided by cantilever structures.
(a) The first sample shows changes with increased voltage applied that match cantilever
physics, while (b) the second sample does not show discernible changes.

around 11 pF. Without consistent measurements of the additional gap capacitance

provided by the cantilever test structures, recommendations cannot be made to im-

prove simulation validity. The additional capacitance values found empirically using

CST MWS R© remain the best estimates for the additional gap capacitance values.

Altered cantilever test devices are recommended.

4.4.4 Larger AFIT Metamaterial Design Stripline Measurements Con-

clusions.

Four different capacitor layouts of the larger AFIT metamaterial design are exam-

ined with stripline measurements. Samples with capacitor layout A show the most

promise for shifting the resonance frequency. A maximum shift of 5.5% from the

resonance frequency without voltage applied is observed. This resonance shift corre-

sponds to simulated average effective capacitance values of 0.85 pF and 1.5 pF for the

0 and 25 volts applied cases respectively. These additional gap capacitance values

are obtained empirically with CST MWS R© because cantilever test structures do not

produce repeatable measurements as designed. Improvements to the cantilever test
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structures are recommended. There is minimal resonance shift observed for the other

three capacitor layouts measured.

Fabrication issues present in the smaller devices were eliminated, allowing the

devices to be oriented properly in the waveguide. All sets of cantilevers are also

operable. Despite clearing these fabrication hurdles, issues with cantilever thick-

ness leads to non-uniform cantilever actuation. The non-uniform actuation leads to

smaller resonance frequency shifts and less intense resonance behavior. Samples with

thicker cantilevers would lead to higher pull down voltages of the cantilevers with a

more finite set of cantilever states. The simulated capacitance values shown in Table

9 are also recommended for a linear decrease in resonance frequency.
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4.5 Measurement Summary

The stripline measurement results presented for the smaller AFIT designed meta-

material devices provide a far field basis for the prediction aided measurement (PAM)

field examination presented in Chapter III. The physical devices show frequency

adaptability of greater than 10% of the initial resonance frequency for both of the

smaller structures analyzed. Measurement results of the four capacitor layouts of the

larger AFIT designed metamaterial structures show the most promising frequency

adaptability from the capacitor layout with additional gap capacitance only. A max-

imum shift of 5.5% from the initial resonance frequency is seen for this structure while

minimal shift is seen with the other three layouts. Repeatability of the stripline mea-

surements is discussed in Section 4.3.2. The measurements of a single structure are

repeatable if the voltage applied to to the device is kept within the operating range of

the device. However, measurement repeatability for a single sample can degrade as

the number of cantilever actuation cycles increases due to increased wear on the me-

chanical components of the cantilever structures. Measurements are not repeatable

from device to device as all sets of cantilevers are not initially in the same position, i.e.

some are in the up position while some are in the down. This leads to non-uniform

cantilever actuation from sample to sample, leading to different dispersive resonance

regions and resonance depth for different samples. Despite these complications, the

simulation tool proves effective at modeling the physical devices in both the far and

near field.
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V. Conclusions and Recommendations

5.1 Smaller Scale AFIT Adaptive Metamaterial Research Summary

Full wave electromagnetic simulations are combined with stripline measurements

of metamaterial samples in this thesis to characterize electromagnetic field behavior

in the presence of these devices. A basic single cell model of the smaller scale AFIT

adaptive metamaterial is refined to a model representative of stripline measurements.

The final model is a 17-cell column modeled as fabricated: with additional cuts to

allow the cantilevers to actuate, rotated off of the ideal orientation, with cantilever

control traces included and with metal particles modeled as gold instead of PEC. The

far field data from the simulated structures, the S-parameters, match reasonably well

with measured data while balancing computational requirements.

The lumped element capacitor values are optimized to determine the average

effective capacitance values required for simulated devices to respond as the physically

measured samples. For the 17-Cell structure with cuts across the inner cantilever

control traces, the optimization procedure produced an average effective capacitance

value of 0.195456 pF for the inner capacitors at all voltage levels and average effect

capacitance values for the outer capacitors of 0.195456 pF and 1.5 pF for the 0 volts

and 28 volts applied cases respectively. The measured resonance frequency shifts 618

MHz or a 12.5% difference from the original resonance frequency. For the 17-Cell

structure with cuts across the outer split ring, the optimization procedure produced

an average effective capacitance value of 0.1375 pF for the outer capacitors at all

voltage levels and average effective capacitance values for the inner capacitors of

0.2125 pF and 3.3125 pF for the 0 volts and 60 volts applied cases respectively. The

measured resonance frequency changes 1.62 GHz or an 11.34% difference from the

original resonance frequency. The simulations predict and the measurements verify
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that the resonant frequency can be influenced by the AFIT MEMS capacitor design.

The combination of measurements with full wave electromagnetic solutions allow

the field behavior within the computational domain to be examined. Field investi-

gations into 4-cell structures show different resonance modes at different resonance

regions. The inclusion of the cantilever control traces and lossy metal in the model

lead to decreased resonance behavior in the transmission null regions. The resonance

modes seen in the 4-cell PEC models are not seen strongly in the models that take

most of the physics of the sample into account. The transmission loss appears to come

from scattering from the sample within the resonance regions. Outside the resonance

regions, there is little scattering by the structure, while inside the resonance areas,

the fields do not maintain their strength, scattering from the structure. Additionally,

there is a distinct roll off of the transmission at higher frequencies caused by more

scattering as the wavelength decreases. Despite the size of the metallic inclusions

and separation distances compared to the wavelength of incident energy meeting size

requirements, there is still non-negligible scattering, and therefore transmission loss

at the higher frequencies.

As modeled and measured, the interactions within a single column of the struc-

tures do not create enough scattering to produce the desired effects. Enhanced effects

would be seen if multiple columns are used as samples, however fabrication difficulties

lead to limited sample availability.

Overall, this research effort shows that using full-wave electromagnetic solvers

to model metamaterials including as much of the physics of the device as possible

provides the most accurate solution when compared with measurements. Because

models that include more of the physics of the devices are more complex, there

is a limit on the number of parameters that can be optimized to match measured

results. The capacitance values that are obtained empirically from the optimizations
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are average effective capacitance values for the sets of inner and outer cantilevers and

do not take into account the cell to cell non-uniformity of the cantilever sets. This

limit on the optimization can be eased as the required computation time decreases.

5.2 Larger Scale AFIT Adaptive Metamaterial Research Summary

Full wave electromagnetic simulations and measurements of larger scale AFIT

metamaterials are also combined in this thesis to determine the most promising

structure for changing the resonance frequency. For the four capacitor layout variants

created, a single cell model is refined to represent the structures as measured, 4-cell

long columns in a stripline. The single resonance frequency provided by capacitor

layout A provides transmission results that are most easily evaluated for resonance

frequency shifts. To achieve a resonance frequency shift from 2.3 GHz to 1.0 GHz, a

change of additional gap capacitance of 0.1 pF to 1.5 pF needs to occur. To achieve a

linear step decrease in the resonance frequency, thicker cantilever beams with geome-

tries that will provide the additional capacitance values in Table 9 are recommended.

The thicker beams would provide a more discrete change in additional capacitance

and therefore a more discrete change in resonance frequency.

The remaining layouts are not recommended for further design improvements. As

the number non-uniformly actuating capacitors is increased, the strength of resonant

mode coupling as decreased, as seen in measurements of the samples . Stronger

resonance regions would be achieved if the MEMS structures actuated uniformly

across the cells.

5.3 Recommendations for Future Research

The proposals for expansion of this research involve design improvements to the

current adaptive metamaterial models and the suggestion of an alternate measure-
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ment system.

5.3.1 2D-Focus Beam Measurement System Recommendations.

An alternate method for making transmission and reflection measurements involv-

ing a two dimensional RF focusing system is proposed for fabrication and evaluation.

The proposed system would allow for examining responses for fields of off-normal

incidence. The proposed system would fit inside the current AFIT BANTAM range.

Initial simulations presented in this thesis show that the required TEM mode can be

stimulated inside the measurement system, as well as an area of constant amplitude

and phase generated at the focal plane of the system. The proposed system would

have interchangeable lenses of varying heights depending on the frequency range to

be examined for a particular sample. The system will allow another option for bulk

metamaterial samples to be measure. The smaller top plate of the structure also

allows for a field probe to be used to measure field values in the near-field of the

metamaterial structure. The BANTAM structure allows for two dimensional scan-

ning to take place. The models of the 2D-Focus Beam system should also be refined

to include the field probe in simulations.

5.3.2 Adaptive Metamaterial Recommendations.

Stripline measurements of the adaptive metamaterial structures confirm the va-

lidity of the modeling approach used in this thesis. As shown in this thesis, the

capacitance values of the larger AFIT metamaterial structure with capacitor layout

A should be adjusted to match capacitor values in Table 9.

Capacitance measurements should also be made of the MEMS cantilever struc-

tures at higher frequencies. The current cantilever test structures intended for this

use are not long enough for time domain gating to be applied accurately using the
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NWA. The length of the transmission line from the high-frequency probe pads to

the cantilever structure should be extended such that the test structure length runs

across the entire wafer used in fabrication. Measurements should be performed over

the operating range of the system in which the samples will be measured in.

Investigation should also take place into adjusting the inductance of the unit cell.

Changes in inductance would have the same effect as changes in capacitances. The

outer split ring could include additional lengths of metal that run out from the sides

of the cell, while keeping the general split ring structure mostly intact. The additional

traces would not add additional breaks in the outer split ring, but provide additional

wire length.

For the metamaterial structures including MEMS devices to be useful, the relia-

bility of the devices needs to be improved. The fabrication process does not produce

cantilever beams that are in uniform initial positions, leading to non-uniform beam

actuation across the cells in a sample. Also, the devices continued to short out

throughout testing, therefore not allowing for repeat measurements. Improvements

to the actuation mechanism need be made to ensure that once a beam is pulled down,

it does not pull through the dielectric, causing a short.

Additionally, the models created to match the measured transmission data were

created with fore knowledge of the physical structure creating the responses. Methods

should be investigated to solve the problem in reverse and determine structures that

can create the measured far field data.
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Appendix A. Simulation Statistics

Solve times and mesh statistics for various models are presented.
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Table 13. Solution time for smaller AFIT metamaterial models

Model
Time1

Hours Minutes Seconds
Smaller AFIT metamaterial unit cell 0 8 54
Smaller AFIT metamaterial single cell 0 9 42
Empty 18 GHz waveguide 0 35 40
Smaller AFIT metamaterial 4-cell column in
waveguide, cuts across control traces

1 15 36

Smaller AFIT metamaterial 4-cell column in
waveguide, cuts across outer SRR

1 4 36

Smaller AFIT metamaterial 17-cell column in
waveguide, cuts across control traces

16 15 54

Smaller AFIT metamaterial 17-cell column in
waveguide, cuts across outer SRR

16 35 45

Smaller AFIT metamaterial 17-cell column in
waveguide, cuts across control traces with thinner
control traces

53 28 12

Smaller AFIT metamaterial 17-cell column in
waveguide, cuts across outer SRR with thinner
control traces

69 54 12

Smaller AFIT metamaterial 17-cell column in
waveguide (gold), cuts across control traces with
thinner control traces

16 52 42

Smaller AFIT metamaterial 17-cell column in
waveguide (gold), cuts across outer SRR with thin-
ner control traces

18 12 48

1 Total includes simulations at the six different calculated capacitor values except
for empty waveguide where only one simulation is needed.
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Table 15. Solution time for larger AFIT metamaterial models

Model
Time1

Hours Minutes Seconds

Layout A
Unit Cell 0 17 18

Single Cell 0 0 34
4-cell Column in Waveguide 10 59 42

Layout B
Unit Cell 0 19 30

Single Cell 0 16 06
4-cell Column in Waveguide2 - - -

Layout C
Unit Cell 0 20 48

Single Cell 0 7 54
4-cell Column in Waveguide 0 51 36

Layout D
Unit Cell 0 25 06

Single Cell 0 15 00
4-cell Column in Waveguide 1 12 00

Layout E
Unit Cell 0 29 48

Single Cell 0 9 18
4-cell Column in Waveguide 0 55 24

Empty 4 GHz stripline 0 3 42
1 Total includes simulations at the six different calculated capacitor

values except for empty waveguide where only one simulation is
needed.

2 Not completed
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