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Abstract

This dissertation is focused on the application of various holographic techniques to

manipulate light across frequencies from low gigahertz to the terahertz. None of

the holograms described rely on traditional holographic recording media, but are

instead computer-generated. Building off original holographic methods, I examine

simpler approaches in the microwave regime, such as a thin hologram with spatial

phase varied by changing the dielectric thickness and a thick, volume hologram with

variable index defined by effective medium theory. The majority of the work relies

on metasurfaces, which are sheets of subwavelength thickness comprising metama-

terials, acting as subwavelength variations. I describe methods in which dispersive

metamaterial elements are used to interfere with the reference wavefront and gener-

ate the desired radiation patterns. Initial examples take advantage of the Lorentzian

response of the metamaterials by varying the resonant frequencies to change the

phase relative to the desired operation frequency. Further examples utilize this same

response to generate multispectral, detour phase holograms that instead radiate only

at their intended frequencies. Although these passive holograms exhibit an effective

tuning based on their frequency dependent response, the ultimate goal is to dynam-

ically tune a hologram. One tuning method I examine uses diodes to dynamically

manipulate metamaterials in a coplanar waveguide setup. Actual implementation of

this tuning technique for dynamic holography is beyond the scope of this dissertation

due to the unrealistic large-scale fabrication required. Instead, I introduce a method
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for dynamically reconfigurable holography using optical doping of all-dielectric meta-

surfaces in the terahertz.
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1

Introduction

The goal of this dissertation is to improve on previous holographic methods using the

unique properties of metamaterials to achieve dynamic holographic control. Thus,

although this dissertation surveys the use of holographic techniques to manipulate

electromagnetic waves, its primary concern is metamaterials. I first learned of meta-

materials in early 2010, at Boston College’s admitted students’ day, where a professor

was presenting his colleagues’ work to persuade us to come to BC. It was during this

presentation that I learned about Dr. Padilla’s work in metamaterials, specifically,

in the terahertz regime. This sparked my interest in the field and led me to apply for

a research position in Dr. Padilla’s lab. The definition of metamaterials has evolved

with the field over the years, but I follow the general definition that metamateri-

als are subwavelength, geometric inclusions exhibiting unique properties dissimilar

to their constituent material properties. This simple, yet fundamental concept is

central to all of the work in this dissertation.
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1.1 Background

Radio frequencies (RF) spanning from microwave (1–30 GHz) through to submillime-

ter (0.3–1 THz) bands have many applications, including communication, structural

inspection, guidance, and imaging [1–3]. Light at these lower frequencies has greater

skin-depth than it does at higher frequencies, allowing it to penetrate into materials

that would otherwise, at shorter wavelengths, be opaque. This improved penetra-

tion depth is used for security-related imaging: its applications include through-wall

imaging [4], non-destructive testing, and concealed weapon detection with millimeter

(30–300 GHz) waves [5]. Some common security imaging techniques, which rely on

synthetic-aperture radar (SAR), are able to produce detailed 3D images, but are eas-

ily corrupted by movement while recording. A recent, static approach implements a

metamaterial holographic aperture for imaging in K-band (18–26.5 GHz) [6], but is

limited in resolution due to the wavelengths used. This system uses prior knowledge

of the radiating fields to accurately image the scene by comparing the known radia-

tion pattern to the measured fields. Apertures that can control the radiation pattern

could be used for spotlight imaging [7], but would need to be reconfigurable for re-

alistic applications. Also, designed radiation of complex patterns such as Hadamard

masks can be used for computational imaging [8].

Traditional Holography

Holography is an imaging technique in which complex data is recorded by means of

an interference. Unlike photography and other amplitude-based imaging techniques,

where exposed amplitude modulations on a film or port capture the image in a

scene, holograms can store three-dimensional data by incorporating an additional

input into the recording. Instead of imaging with only the scattered fields from

the scene, holograms image with a reference wave that interferes with the scattered

2



fields to create an interference pattern, which is recorded in the film. Illuminating

this recorded hologram again, only after the film was properly developed, causes the

two waves to constructively and deconstructively interact and play-back the initial

scattered image. Since the hologram encodes both the phase and the amplitude in

the interference, the projected image appears not only physically, but also at the

correct position. These techniques, fundamental to traditional holography, remain

important in modern holographic methods.

The pioneer behind holography was Dennis Gabor in 1948 [9]. Gabor created

his first holograms in an attempt to reconstruct electron-microscope images with

visible light. His hologram was primarily a variation of amplitude and lacked the

corresponding phase variation due to the strength of the reference wave relative to

the scattered fields of the scene, thus forming a real-valued hologram. Consequently,

when illuminated by a reference wave, the original Gabor holograms and subsequent

early adaptations [10] generated an unwanted conjugate image and a zeroth order

mode, in addition to the primary image [11]. At the time, the usefulness of Gabor’s

new technique, despite many attempts, was ahead of the current technology; interest

in optical holography waned until major breakthroughs in the 1960s [12].

In the early 1960s, Leith and Upatnieks innovated a method to further separate

the primary and conjugate images by means of off-axis illumination, which made the

primary image easier to see since the two images would no longer overlap [10]. A few

years later, with the adaption of an off-axis reference wave and the introduction of the

laser, which provided a strong coherent source for the reference, the promising success

by Leith and Upatnieks provided a solid foundation for future work in the field [12].

Fig. 1.1 shows a simple demonstration of the recording of an off-axis Leith-Upatnieks

hologram and the reconstruction of the image producing the separated primary and

conjugate images.
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Figure 1.1: Example showing an off-axis hologram setup for recording and play-
back. Unlike an on-axis Gabor hologram, by designing the hologram’s reference
and object to be off-axis from one another, the zeroth order diffraction and recon-
structed conjugate image are physically separated from the desired primary image,
thus, providing higher image fidelity.

Computer-generated Holograms (CGHs)

Many attempts were made to remove the unwanted effects from traditional holog-

raphy, but they were only mitigated by incorporating complex-valued variations.

A few examples, which all relied on calculated Fourier coefficients, were detour-

phase holograms [13], the kinoform [14], and reference-less on-axis complex holo-

grams (ROACH) [15]. These were some of the first successful computer-generated

holograms (CGHs). Calculating the Fourier transform of an object wave in the im-

age plane provides the component of complex-values required at the hologram plane.

The calculation requires taking the reference wave, theoretically removing its inter-

action, and finding the leftover complex values that are required for the hologram.

In the case of a plane wave illumination, the phase and amplitude is constant, so

the calculation of the removal is trivial. These first CGH examples explored possi-

ble methods to generate the complex-values required in the hologram’s variations.

The benefit of CGHs is that they allow for arbitrary calculation of the object waves

4



instead of the physical recording technique that is necessary in previous traditional

methods. In practice, the ideal complex-values required for an arbitrary hologram

are not always easily, or even physically, realizable, and images are often distorted

as a result of the approximations in the methods.

Gerchberg-Saxton (GS) Algorithm

With the development of the Gerchberg-Saxton (GS) algorithm [16], images from

CGHs could be optimized by iteratively propagating fields back and forth between

the image and hologram plane while imposing required constraints on the hologram

or image. Although the first CGH relied on Fourier transforms of the desired image,

other wave propagation methods, and even the use of full wave simulations, were

incorporated into CGH calculations when more advanced computation technology

became available. Without the need for a physical recording using a photosensitive

material, some initial CGHs were fabricated using transparencies with varying di-

electric thickness such that it added the necessary phase advance; the kinoform, for

example, implemented 32 quantized phase levels to approximate the phase of the

hologram [14]. Though most early work relied on pure thickness variations, many

more techniques for phase modulation have been explored.

Volume Holography

Traditionally, most holographic examples are thicker than the subwavelength thick-

nesses of holographic metasurfaces and are typically categorized based on their thick-

ness. Although they all technically have physical volumes, the categorization of a

hologram depends on the relation between the hologram’s thickness and its finest

fringe period [11]. Thin holograms are only a few wavelengths in thickness and can

be treated with much less complex descriptions in comparison to thicker volume

holograms (VHs). As a result of the greater electrical thickness for VHs, diffraction
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in the hologram must satisfy the Bragg condition [12]. Compared to thin holo-

grams, VHs have high selectivity, which is a function of frequency and incident

angle, making them ideal optical components for multiplexing. It can be difficult to

accurately describe the required properties for a desired VH; the interference model

used for thin holograms breaks down for VHs because the incident and diffracted

waves change progressively as a function of thickness and the minor variations in the

hologram compound through the propagation. The accepted method to account for

the propagation through the medium is coupled wave theory (CWT), which consid-

ers the coupling and absorption of the wave in the volume [17]. Though Kogelnik’s

original implementation of the theory made many assumptions, there have been sig-

nificant developments to generalize the theory to include higher-order diffraction,

non-infinite incident plane waves, and a more accurate description for absorption in

the medium [12, 18]. Ultimately, this approximation for wave propagation is still

limited to weak coupling, which is directly related to the efficiency of the VH [19,20].

The typical materials used by these methods impart limitations such as the maxi-

mum achievable index modulation. Because the CWT is derived from the physical

assumptions given by the non-dispersive materials originally used, the theory is not

valid for the inclusion of dispersive elements like metamaterials.

Thin Holograms Using Effective Medium Theory

In the past decade, there have been many improvements in phase modulation tech-

niques for diffractive optics following recent advancements stemming from effective

medium theory [21–23]. Effective medium theory is a macroscopic model that ac-

counts for the constituent materials comprising a medium and can be used as a

fundamental description for materials that are found in nature. Since the theory

considers the effective response of the constituent materials making up a medium,

it is an ideal candidate for modeling man-made materials with subwavelength inclu-
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sions, like metamaterials. Tsai et al. [22] and Larouche et al. [23] rely on subwave-

length structures to manipulate the phase of the illuminating light. By implementing

a pixelated array of layered, non-resonant metamaterials, which adjust the effective

refractive index or electric thickness of the material, the authors were able to spatially

modulate the phase, demonstrated at wavelengths of 10.5 and 1.5 microns, respec-

tively. Their metamaterial designs consisted of four and three layers of silicon dioxide

(SiO2) with gold “I-beam” geometries patterned on top. With these metamaterial

designs, the desired phase responses were realized by varying the refractive indexes

while maintaining a constant physical thickness—opposite the kinoform. Due to the

difficulty of fabrication, the layered metamaterial design did not achieve a full 2π

phase modulation and the design itself lacked any kind of amplitude control.

Metasurface Holography

By implementing metamaterials into a single-layered surface, the unique properties

of the subwavelength structures can be spatially distributed to have a designed effect,

which is the principle idea behind a metasurface [24–26]. Metasurfaces have been

demonstrated for a variety of applications: perfect absorbers [27–29], wireless power

transfer [30–33], magnetic shielding [34, 35], computational imaging [6, 36–38], and

plasmonics [39], among others [24–26, 40–49]. Some holographic metasurface exam-

ples have utilized phase delays for individual phase control of the pixelated surface

with subwavelength gratings [40], pillars [50], or impedance surfaces [47]. Taking full

advantage of the properties of metamaterials, Ni et al. demonstrate a holographic

metasurface consisting of asymmetric, subwavelength elements [42]. By adjusting

the orientation and varying the geometries of the elements, they were able to achieve

eight levels of phase modulation and two levels of amplitude modulation. With only

eight levels of quantizated of phase, they were still able to achieve 2π phase variation.

The elements converted the incident light to the cross-polarization with a polarizer

7



removing the co-polarized un-diffracted light and the resulting throughput formed

high fidelity images, despite the inefficiency of the polarizing elements.

The work of Pfeiffer et al. [45] introduces a new method that utilizes meta-

materials with both electric and magnetic responses. This method provides the

necessary control for both phase and impedance with physical polarization currents

from metamaterials. The metasurface is referred to as a Huygens’ surface, following

from Huygens’ principle, since the elements act as re-emitting sources of the incident

wave due to the polarizable electromagnetic design with close to 100% efficiency.

The Huygens’ surface matches impedance and phase on the surface to mimic the

directionality of a blazed grating. Though they present a method to tailor the wave-

fronts with high efficiency, a Huygens’ surface is impractical because of the increased

coupling between electric and magnetic resonators and difficulty in simultaneously

controlling the impedance. Recent methods in the THz have overcome this challenge

by using all-dielectric metamaterials that exhibit simultaneous electric and magnetic

responses [51].

Work by Hunt et al. [6] demonstrates an early 1D array of metamaterials capa-

ble of mapping the locations of a retroreflector using computational imaging tech-

niques. Not long after this 1D demonstration, both Lipworth et al. [36] and Hunt et

al. [37] present a 2D metamaterial imager, which is referred to as the metaimager.

The metaimager is a holographic computational imaging system that uses a random

metamaterial aperture to create a propagating field pattern. This random aperture

is only random in initial design; after fabrication, the metamaterial locations and the

propagating fields always remain the same. They implemented complementary elec-

tric resonator (cELC) metamaterials designed to radiate in K-band (18–26.5 GHz).

The metamaterials are randomly distributed in the array to ensure proper mode

diversity in the scene. Regardless of the randomized design, the main quality to

this aperture is that the given distribution has a specific radiation pattern, which
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will not change due to the static nature of the design. Essentially, opposite of most

holographic approaches, a random hologram is created with an unknown field pat-

tern and, after measuring the field pattern, the hologram properties are found using

back propagation methods. By introducing an object to the scene, the fields that

typically filled the object space are now reflected and probes are used to receive the

light. By incorporating knowledge of the original propagated fields and the newly

received fields with respect to the locations of the apertures and receivers, the object

can be imaged with computational methods.

The panels used in the metaimager are parallel-plate waveguide (PPWG) backed

metasurfaces in which the reference wave is directly incorporated in the modular

design and the elements radiate when they couple to the cylindrical wavefronts of the

guided mode. The phases of the wavefronts in the guided mode change significantly as

a function of frequency, and, as a result, the radiation pattern is frequency dependent

and each distinguishable frequency step across the sweeping measurement becomes a

measurement mode. Thus, a single broadband measurement provides the appropriate

data to image the object in the scene. Unfortunately, the metaimager images over a

large volume and the pre-measured data for all of the fields needs to be implemented

and included in calculations. Computational handling or calculations of data required

for reconstructing the image can be too slow to image at video frame-rates. To speed

up the acquisition, some methods like limiting the calculation volume to regions of

interest using priors or using signal processing techniques to estimate the image were

implemented. The K-band metaimager has a limited resolution for imaging on the

centimeter scale due to its operation wavelength. Even if the reconstructed image

were completely resolved, limitations of the resolution make threat detection difficult.

Although replacing the K-band system to work at higher frequencies would increase

resolution, the computation time would exponentially increase. A method capable

of selectively imaging target regions with a higher frequency, like spotlight imaging,

9



would provide the necessary resolution for accurate threat detection as well as limit

the total calculation space to that of the highlighted area [7].

1.2 Overview

The dissertation is organized as follows: In Chapter 2, I examine different hologra-

phy techniques for thin and volume holograms. First in section 2.1, I examine an

example of a thin volume hologram in the form of a Fresnel lens. The phase holo-

gram is a computer-generated hologram that uses the thickness of the 3D printed

plastic to manipulate the phase of the incoming light to have the desired radiation.

This example is in the W-band (75–110 GHz), where large designer optics are not

commercially available. Next, I explore volume holograms at X-band (8–12 GHz)

frequencies. In section 2.2, I fabricate volume holograms that are made from sheets

of machinable plastic, Delrin, with a height equal to the height of an X-band parallel

plate waveguide (PPWG). Though they are technically volume holograms, due to

variations in the medium in the propagation direction, the designs are simplified by

bounding one dimension (height) with a parallel plate waveguide. The holograms

are fabricated by drilling holes in the Delrin such that the air inclusions vary the

dielectric constant. The examples use complex wave theory (CWT) to account for

the wave interaction in the varying medium with the first being a focusing hologram

and the second a multiplex hologram with different outputs dependent on the angle

of illumination. Simple multiplexing is limited in efficiency due to the superposition

of the individual holograms [11]. Next, in section 2.3, I investigate the extraction

techniques required to find the polarizability of dispersive meta-atoms so that they

can be applied to a volume hologram. In Chapter 3, I detail my work in meta-

surface holography in the microwave regime. To begin, I introduce the Lorentzian

polarizability model, which is used to describe the magnetic resonant response of

the complementary metamaterial elements utilized in the metasurfaces. These holo-
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grams are designed in simulation and thus are referred to as computer-generated

holograms (CGHs) and the traditional recording method is not needed. As a result,

the holograms are directly fabricated and this method is described. The metasurface

holograms in this chapter radiate in either the K-band (18–26.5 GHz) or W-band

(75–110 GHz). The initial two examples are in the K-band and use complementary

ELC (cELC) metamaterial elements. The first (subsection 3.3.1) uses an on-axis

reference wave to illuminate the hologram while the second (subsection 3.3.2) uses

an off-axis reference wave. These holograms operate at a single frequency and use

geometric changes in the metamaterial elements to manipulate the response about

that frequency. The examples following (section 3.4) are off-axis holograms in the

W-band, which use complementary meander-line metamaterial elements. The first

example (subsection 3.5) operates at a single frequency and uses the same geomet-

ric manipulation method as mentioned before. The next example (subsection 3.6)

operates at multiple frequencies with corresponding metamaterial elements at those

resonant frequencies. By doing this, the maximum throughput for the metamate-

rial is at the desired operation frequency. The final example is a K-band hologram

which is illuminated by the guided mode of the parallel plate waveguide (PPWG) in

which it is fabricated on. The PPWG setup allows for the transmit antenna (TX)

to be integrated with the metasurface and replaces the benefit of operating off-axis

to mitigate the zeroth-order, because only the desired diffracted modes couple out

of the antenna. I examine the possibility of using this modular PPWG design at W-

band, but, due to the difficulty of fabrication, the experimental design is limited to a

K-band hologram that generates a simple focus beam. In Chapter 4, I introduce my

work with coplanar waveguide (CPW) metamaterials. By using CPWs, it is possible

to add bias lines and directly tune individual electrical inclusions in the structure.

I describe my work with a metamaterial CPW structure in V-band, which utilizes

an InP heterojunction bipolar transistor production process. The resulting structure
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has diode inclusions across the gaps on the cSRR, which allows for reconfigurability

by applying a bias. In Chapter 5, I detail my work with all-dielectric metasurfaces in

the terahertz regime. By using silicon cylinders, the elements can be directly tuned

by photo-inducing free carriers with a laser . By utilizing the methods from my

previous metasurface work in Chapter 3, I introduce how these metasurfaces can be

dynamically tuned in the terahertz.
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2

Thin and Volume Holograms

This chapter is a brief exploration of both thin and volume holographic methods.

First, in section 2.1, I explore the use of 3D printed plastic to directly fabricate a

computer-generated thin hologram for millimeter wavelengths. The thin hologram

utilizes thickness variations to generate the phase required by the hologram. 3D

printing methods have also been used to generate dielectric reflectarrays and ef-

fective medium theory thin and volume holograms from low GHz to THz [52–59].

Initial testing of basic VH concepts are explored and the experimental methods are

tested in section 2.2. This work was done in conjunction with Evan Stump, who

helped with the design, simulations, and measurements. In section 2.3, I introduce

using meta-atoms as polarizable inclusions in a parallel plate waveguide (PPWG).

I examine a method for extracting the polarizability of a meta-atom, first with a

conducting cylinder (via) in subsection 2.3.1 and then I implement the same method

on meta-atoms, specifically an ELC and an SRR, in subsection 2.3.2. Though this

exploration is limited to the validity of the extraction, the methods to utilize the

extracted polarizabilities are the subject of other’s work and can be applied to the

same experimental setup used in section 2.2. This PPWG setup, which we refer to as
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the 2D mapper, is ideal for basic VH because it simplifies the technical requirements

and provides a means for measuring VHs by spatially varying the volume in only two

dimensions. The resulting “2.5” dimension VH, can be tested at lower frequencies

as a simplified starting point as a proof-of-concept for several VH methods including

effective medium theory and scattering with polarizable meta-atoms.

Personal Contributions

For the 3D printed hologram,

• I characterized the dielectric properties of VeroWhitePlus plastic experimen-

tally in the W-band GRL setup that I designed. The measured index value was

incorporated into the hologram design such that the correct dielectric thickness

was used.

• I built the experimental setup for testing the fabricated hologram with the

correct reference illumination using an OEWG as the point source and near-

field scanner to measure the resulting focus. I also ran the measurement and

post-processed the data to compare to the simulated design.

• I resimulated the original method with different techniques to troubleshoot and

verify the experimental results.

For the drilled hole volume hologram example,

• I designed the code that calculated a map of discretized volume fractions using

the continuous index variation from COMSOL. This map was subsequently

converted to a number of drilled holes to achieve the effective index at each

discretized subsample. The code then output a “DXF” file with the drilled

holes in the correct spatial locations.
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• I fabricated all the holograms using a CNC. I brought the output files to the

Co-Lab, where I converted them into a program for use with the CNC. I setup

the CNC and used it to drill and cut out the Delrin sheets into the designed

hologram.

• Instead of discretizing the index first, I designed code that converted the

original index variation from COMSOL into an air-to-volume ratio and then

dithered this variation to achieve a direct mapping of drilled holes. This method

allowed for far smoother modulation of the effective properties in the sheet that

were much closer to the original design.

For the polarizability extraction:

• I utilized a theoretical methods for extracting the polarizability tensor of a

scattering element inside a PPWG. I verified the application of the methods

by comparing the analytic model for a via to the extraction using fields exported

from simulations in CST.

• I created the code that used output values from CST and extracted the po-

larizabilities of an arbitrary scattering object inside a PPWG. In testing the

method, I extracted the polarizability of an ELC meta-atom that was designed

to act as an electric dipole and the polarizability of an SRR meta-atom that

was designed to act as a magnetic dipole.

2.1 3D Printed Hologram

Unlike traditional recorded holograms, computer-generated holograms (CGHs) can

be designed without a physical system and only require simulating the electroma-

gentic fields in the system. Though these methods can be used to simulate ideal
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holograms, the physical implementation of the calculated values is not always realis-

tic [11,12]. Here I present a method for generating a 3D printed, phase-only hologram

which varies in physical thickness to achieve the required phase. This implementation

is in the W-band (75–110 GHz), where the introduction of low-cost, large, designer

holographic optics would be beneficial, as commercially available optics are typically

limited to plano-convex lenses.

Figure 2.1: Visualization of 3D printed hologram setup. Point source (yellow)
located at z “ ´20 cm interferes with the hologram and generates focal point (blue)
located at z “ 20 cm.

The hologram design assumes a point source reference from one side of the holo-

gram plane z “ ´20cm to illuminate the hologram at z “ 0. The desired result is

that the interference between the reference and the hologram generates a focal point

on the other side of the hologram plane at z “ 20cm. For simplicity, both the source
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and focus are located on the z axis. A visualization of this setup is shown in Fig. 2.1.

Figure 2.2: Point source and focal point located at z “ ´20 cm and z “ 20 cm,
respectively.

Fig. 2.2 is designed implementation of the reference point source and image fo-

cal point, which only differ in their location in z. To simulate this hologram, the

point source and the fields of the focus are both propagated to the hologram plane

using Fourier components [10, 11]. The resulting field is multiplied by the complex

conjugate of the reference wave to give the ideal complex valued hologram, with the

resulting amplitude and phase for the hologram shown in Fig. 2.3. Only the phase

values of the hologram can be realized in the physical implementation, which is lim-

ited to thickness variations. Physical thicknesses from 0 to λg cause the reference to

accumulate phase from 0 to 2π as it propagates through the medium.

The reconstruction of the fields in the image plane, which are found by propa-

gating the interfering reference with the hologram to the image plane at z “ 20 cm,

is shown in Fig. 2.4. I note that the reconstructed focus is physically limited to a

FWHM of w0 “
4z0λ0

πD
, which matches the simulation [31].

Before physically printing the hologram, the dielectric properties of the material
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Figure 2.3: Magnitude and phase of the desired hologram. The magnitude is shown
on the left, though these values are not implemented into the physical hologram,
which is limited to phase control. The phase on the right is shown in terms of λg,
which corresponds to phases from 0 to 2π.

Figure 2.4: Reconstructed image at z “ 20 cm.

needed to be characterized, as the properties are not readily known in this frequency

band. This would ensure that the thickness of the hologram could be properly set

relative to λg, such that the phase advance matched simulation. I utilized a gated-

reflect-line free-space characterization method [60] to extract the dielectric properties

of the VeroWhitePlus plastic. Using a slab of the plastic with a known thickness, I
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found the permittivity of the plastic across the W-band, as shown in Fig. 2.5. The

setup for characterization utilized OML W-band extenders (V10VNA2) fed by an

Agilent Vector Network Analyzer (PNA N5222A with N5261), which is the same

setup that will be used for the experiment.

Figure 2.5: Extracted permittivity of the VeroWhitePlus across the W-band.

With a characterized value of ε1 “ 2.78, the phase values could be converted to

a varying thickness profile. This profile was used to generate an STL file for 3D

printing. Because the output phase profile has values ranging from 0 to 2π, for

realistic fabrication, an additional constant thickness was added to the back-side of

the hologram. The resulting 3D hologram is shown in Fig. 2.6. Spacing between

sampled at λg{4 for a more continuous phase variation, with the total hologram

being 50 λ ˆ 50 λ, which was printed with a Stratasys Objet350 3D printer.

The hologram was measured using a planar, microwave, near-field scanning device

(model NSI-100V-1X1 by Near-field System Inc., or NSI) at the distance z “ 20 cm.

Using the known plane-to-plane field propagator, I back-propagated the measured
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Figure 2.6: Fabricated 3D printed hologram. The phase-only hologram has thick-
ness variations from 0 to λg

.

Figure 2.7: Experimentally measured fields in the yz plane along the z-axis.

fields to multiple planes along z [11, 61]. The resulting measured fields along the yz

plane are shown in Fig. 2.7. The fields from the hologram came to a focus at z “ 16

cm, which is far from the designed focal plane at z “ 20 cm. The fields in the xy

plane are shown for this distance in Fig. 2.8. The difference in focal distances is

due to the simulated method, which assumed a phase only hologram. In this case,

only the phase components are considered after multiplying by the conjugate of the

20



Figure 2.8: Experimentally measured fields in the xy plane at z “ 16 cm.

Figure 2.9: Simulated fields in the yz plane along the z-axis.

reference, while the amplitude values are not. In a single iteration of this phase only

method, error associated with this missing information can cause drastic differences

between the desired and reconstructed image. The GS algorithm, which is discussed

in detail in chapter 3, is implemented to reduce this error when generating a phase

only hologram [16]. Instead, I use angular spectrum method (ASM) [11] to propagate

the simulated fields at the hologram plane to multiple planes in z. By using this
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Figure 2.10: Simulated fields in the xy plane at z “ 15.4 cm.

propagation method, I can look at the fields from the hologram to planes parallel to

it. As a result, I verified that the experiment was valid given that the simulation did

not utilize an optimization technique like the GS algorithm. The simulated fields

along the yz plane are shown the in Fig. 2.9. Additionally, the location where the

fields were maximum was at z “ 15.4 mm and the xy plane at this distance is shown

in Fig. 2.10.

2.2 Drilled-hole Volume Hologram

Unlike a simple interferometric model for a thin hologram, the wave propagation

through a thick hologram is more complicated. Following the coupled mode theory,

as pioneered by Kogelnik [17], the volume can be defined by sinusoidal perturbations

in index n and absorption α

n “ n0 ` n1 cos ~K ¨ ~r

α “ α0 ` α1 cos ~K ¨ ~r,

(2.1)
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with base values of index and absorption n0 and α0 varied with n1 and α1 as a

function of the grating vector ~K [11, 12]. Assumptions that

n0ko " α0

n0ko " α1

n0 " n1

(2.2)

allow a volume hologram to be treated with the description of the index variations

n in a thick hologram by [11,12,19]

nprq “ n`∆nprq

∆nprq “ aU˚r Us

(2.3)

with a being a small scaling factor, Ur is the reference wave, and Us is scattered

wave. Thus the total field in the volume Ut can be described by

Ut “ Ur ` Us

∇2Ut ` n
2prqω

2

c2
Ut “ 0.

(2.4)

For an initial test of volume holography and baseline of comparison for future

VH work, we created several VHs using an effective medium theory approach. The

2D mapper provides a transverse magnetic (TM) wave with a constant electric field

between the two metallic plates at X-band frequencies. One of the simplest methods

to modulate the index of a dielectric slab is achieved by adding air inclusions in it.

Using the same diameter drill to make holes in a slab is repeatable and relatively

quick with modern CNCs. Also, using holes through the entire thickness of the

slab allows us to model the effective permittivity εeff with the Maxwell-Garrnet

equation [62], because the physical inclusions are invariant along the electric field

and have diameter d much smaller than the height h [63]. The volume fraction f is

f “
pεinc ` εbaseqpεeff ´ εbaseq

pεinc ´ εbaseqpεeff ` εbaseq
, (2.5)
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Figure 2.11: Comparison between the index variation in a focusing volume holo-
gram from COMSOL and the same index variation sampled at discretized λ{4 steps.

where εbase is the relative permittivity of the dielectric slab, and εinc is the relative

permittivity of the inclusion [64]. Since the holes are only filled with air, the εinc “ 1;

we chose to use acetal homopolymer (Delrin) for the dielectric slab because of its

excellent machinability and dielectric constant εbase “ 3.7 [65]. We use the relation

between εeff and f to map index profiles to an air to volume ratio. Using coupled

mode theory (CMT), we can model the required index for a volume hologram by

adjusting the scale factor for the index variation limits.

Using an electromagnetic simulation tool like COMSOL, we find the output index

map for the desired VH. By discretizing the continuous index profile into subwave-

length samples, the required index can be mapped to the appropriate filling fraction.

The filling fraction is then realized into quantized levels as a function of the number

of holes that can be drilled uniformly into the effective medium subsample. Fig. 2.11
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Figure 2.12: The discretized index in Fig. 2.11 physically realized in a Delrin sheet
with drilled holes creating the necessary air to volume ratio to achieve the required
index.

shows the original index profile output from COMSOL and the new discretized index

profile with λ{4 sampling. The discretization of the index is subwavelength enough

to have a minimal affect on the VH’s efficiency since the index variations are limited

by the CWT. The next step of mapping the holes can add more error to the VH’s

index if the hole diameter is large relative to the subsampling. Although smaller hole

diameters allow for a smoother mapping of the index, it also significantly increases

fabrication time. Since each drilling step takes a few seconds, we found that decreas-

ing the hole diameter increased the time proportionally to the ratio of the hole areas.

The drill diameter that I decided to use was 1.6129 mm, which is better known as

a 52 gauge. The vector file for drilling the holes in the VH in Fig. 2.11 is shown in

Fig. 2.12 with a propagation thickness of 5λ and width of 10λ. The thickness of the

Delrin slab is 3/8”, which is 95% of the PPWG height of 1 cm, which we consider to

fill the waveguide completely.
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Figure 2.13: Hologram simulation comparing a continuous index to the corre-
sponding effective hole distribution. The left shows the simulated radiation from the
hologram with the continuous index profile shown in Fig. 2.11. The right plot shows
the simulated radiation given by the drilled hole model of our effective medium in
Fig. 2.12.

The simulated radiation from the hologram with the continuous index profile

shown in Fig. 2.11 can be seen in left plot in Fig. 2.13. The right plot in Fig. 2.13

shows the simulated radiation given by the drilled hole model of our effective medium

in Fig. 2.12, with the index of the slab given by
?
εbase and the holes with an index

of 1. Although energy is lost to other diffracting modes, the focal point is unaffected

and the drilled hole method is still viable with only four levels of variable index per

λ{4 sample (all dielectric or up to three holes). The simulation setup in Fig. 2.13

matches the physical size of the 2D mapper which has a maximum area of 90 cm

ˆ 90 cm, but the scan area is only 60 cm ˆ 45 cm about the center (longer in the

propagation direction). To replicate the 2D mapper’s feed, which is an open-ended

waveguide (OEWG) at the edge, a dipole source was placed in a box with dimensions

matching an X-band waveguide. The VH is centered in the PPWG and the focal

point is designed by using a dipole source at the recording of the interference. The

measurement in the PPWG is taken by six antennas placed at openings on top of
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Figure 2.14: Measurement of the volume hologram using the 2D mapper. The
measured focal point is at the same location of the designed focus, which is marked
by the x.

the metallic plate. The bottom plate sits on a 2D stage that raster scans an area of

roughly 10” ˆ 10”, but the six antennas are separated and spaced such that there

are regions of measurement overlap that can aid in stitching the total measurement

together. The measurement of the VH shown in Fig. 2.12 can be seen in Fig. 2.14.

The rather simplistic discretization explained above limits the realizable VHs

because of the limited values of index achievable. For multiplexed VHs, we require

as ideal of a match as possible to the original simulation, because the additional

multiplexed holograms reduces the overall efficiency of the VH. Since the method

described above first requires the initial discretization of the index before it is once

again discretized into numbers of holes, we instead examine a method that utilizes the

initial finely sampled index map. We implement Floyd-Steinberg dithering by taking

the index map from COMSOL, converting it to the f required, as given by Eq. 2.5,

and normalizing that value to fit the algorithm. The technique is an error diffusion

method that pushes any error from the selected pixel to neighboring pixels [66].
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Figure 2.15: Multiplex volume hologram using dithering algorithm. The arrows
show the two incident angles which result in either two off-axis focuses or a single
on-axis focus.

Figure 2.16: Description of dithering method. The finely sampled, original index
map from COMSOL is converted into the its corresponding volume ratio, which is
run through the Floyd-Steinberg dithering algorithm to find the appropriate drill
locations, which are given by a 1 at the hole’s location.

Essentially, the dithering takes the map of f and makes the binary decision to place

a hole or not.

As an example of the use of dithering, we design a multiplex VH that creates

two off-axis focuses when illuminated at one angle, and a separate, on-axis focus

point when illuminated at the angle rotated by 90˝, as shown in Fig. 2.15. This
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Figure 2.17: Dithered, multiplex volume hologram.

difference in illumination is only a construct of the simulation setup; we realize the

reference wave angle change in the experiment by physically rotating the VH. This

single reference wave results in two separate holograms as a function of the reference

angle. We chose a square geometry to maintain the same propagation length for

both holograms without overfilling the 2D mapper. Demonstrating the dithering

technique, Fig. 2.16 shows the original index map from COMSOL, followed by the

corresponding volume ratio, and finally the drill locations, given by a 1 at the location

of a hole. To simply assume the model using the initial sampling would be incorrect

because the binary points have physical sizes that cannot overlap. This required that

the sampling of the VH is limited only by the hole diameter. Additionally, because

the sampling is assumed as a grid of squares with area d2 the volume ratio must be

scaled by the square to circle ratio
4

π
. The resulting vector file from the algorithm

is shown in Fig. 2.17.

The drilled hole volume holograms were fabricated using vector files generated

in MATLAB. The vector files were holes of diameter d “ 1.6129 mm, which was

set as the smallest feasible drill diameter that could be used to drill plastic with
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the Shopbot Desktop CNC Router both reliably and repeatably. After assigning the

vectors to the correct toolpaths and drill assignments using vCarve Pro software,

the file is imported to the CNC, which first needs to be manually setup including

installing the collet with the bit, clamping the plastic, and setting the drill limits.

After starting the CNC, it first drills all the holes and stops so the drill bit can be

switched to a cutting bit. After install, the CNC contours the outline of the hologram

in multiple thin layers until the thickness is reached and the hologram can be cut

from the thin stubs which keep it physically connected to the clamped plastic while

being cut. After fabrication of the multiplex hologram, it was measured in the 2D

mapper. The resulting field profile shows the desired focal points are measured at

the desired locations, as shown in Fig. 2.18, though the power is quite low compared

to the simulated example in Fig. 2.15. Despite the low power output at the desired

locations, the experimental measurement shows that index variations were within

the realistic range required for desired hologram.

Figure 2.18: Experimental measurement of multiplex volume hologram. The
left is the first configuration creating two off-axis focuses. The right is the second
configuration creating a single on-axis focus.

This drilled hole volume hologram idea was explored to better understand the

limitations of traditional volume holographic theory and to provide a good baseline
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for comparison for future VHs. Next tests for further exploration for CGH VHs would

be using 3D printing methods by either having changes of material density, multiple

material printing, or creating physical voids like in [58]. Other recent advancements

in 3D printing methods have led to printing materials that have a wide range of

properties beyond non-dispersive dielectrics.

2.3 Meta-atom Polarizability Extraction

The metasurfaces in chapter 3 rely on characterizing the effective polarizabilities

using the transmission through an array of metamaterial elements. In this case,

we assume the coupling is either negligible or built into the characterization. Un-

like metasurfaces, which can often be approximated as basic interferograms where

propagation is only through a subwavelength sheet, the calculation of the required

polarizabilities within a VH cannot be accurately found without including the cou-

pling and radiation from each individual dipole. In this section, I verify polarizability

extraction technique derived by Bowen [67,68]. This method was additionally exam-

ined by Pulido-Mancera et al. [69], but for a scattering object in a closed parallel-plate

waveguide (PPWG). The method utilizes basic scattering theory to find the effec-

tive electric and magnetic dipole moments that a meta-atom exhibits. Using these

moments as they are defined in a waveguide and the knowledge of the incident field,

we can calculate the polarizabilities. I validate this method by testing a conducting

wire, or via, excited by a line source in subsection 2.3.1. The example has accepted

analytical models and definitions [67, 68, 70, 71], which I will utilize to compare to

the proposed extraction method [68, 69, 72]. Then, I use the same technique to find

the polarizabilities of ELC and SRR meta-atoms in subsection 2.3.2. Further de-

velopment of this method is required for theoretical characterization of hundreds of

geometries. VHs could be designed using meta-atoms like these if a coupling model

like DDA were used.
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2.3.1 Polarizability of a Via

First, consider a conducting cylinder with radius a centered at the origin and an

infinitely thin line source with current I0 at a point ρ1 in a PPWG. Fig. 2.19 is

provided as a diagram of this scenario, which is the same setup that will be referenced

throughout this section.

ρ′

ρ

r

ρ′- ρ

Figure 2.19: Diagram for extraction method. The meta-atom is centered at the
origin and the source offset by ρ1. The circle of radius r is the curve over which we
integrate the overlap integral of the scattered electric field. The plot is actually of
the total electric field in the PPWG in dBs.

The total electric field Et in the PPWG is defined as

Et
“ Ei

` Esc, (2.6)
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with superscripts i and sc corresponding to the incident and scattered fields, re-

spectively. Since we are looking specifically at a PPWG with height h such that

h ă λ0{2 the µ “ 0 is the only propagating mode and thus the progagation constant

βρ “ ˘

c

β2 ´

´µπ

h

¯2

can be simplified to βρ “ β “ k. Additionally, when ρ " h{π,

the µ “ 0 mode dominates the electric field.

For a line source in a planar waveguide, the incident electric field is given by

Ei
z “ ´

k2I0

4ωε0
H
p2q
0 pk|ρ´ ρ1|q. (2.7)

The incident field from line source induces a current in the via centered at the

origin given by

Iz “ ´I0
H
p2q
0 pkρ1q

H
p2q
0 pkaq

(2.8)

such that the resulting electric field scattered by the induced via is thus given by

Es
z “ ´Iz

k2I0

4ωε0
H
p2q
0 pk|ρ|q. (2.9)

With both the incident and scattered electric fields from the source and via

found, the total electric field is given by the superposition of the fields Et
z “ Ei

z`E
s
z .

Fig. 2.20 shows each other these fields separately, but unlike Fig. 2.19, I have zoomed

into the origin to specifically look at the scattering of the via.

The electric dipole response of the scattering cylinder can be described by a

current line source at the origin with I “ jωpz{h, and with the definition for the

electric polarizability given by pz “ αpzε0E
0
z , we can find the analytic solution to the

electric polarizability αpz. In Fig. 2.21, I plot the analytic electric polarizability as a

function of frequency found with this method.

The polarizability extraction from CST simulations can be solved by using cou-

pled mode theory (CMT), which does not assume a source free basis, defined in
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Figure 2.20: Analytic electric fields from a line source and scattering cylinder.
The plot is zoomed in as to not include the source.

Figure 2.21: Analytic electric polarizability of a current source at the origin.

a cylindral Hankel basis. The complete derivation of the theory is completed by

Bowen [68], but the work below includes derivations from others as well [67,69,70,72].

Since the extraction that I show is for a parallel plate waveguide, I will only look at

the theory for describing the TMz polarization and not include other more general

descriptions. Given by TMz for a PPWG, the electric field across the plates is given

by

Ez “
ÿ

ν

AcνE
c
z,ν ` A

s
νE

s
z,ν , (2.10)
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with all subscripts µ removed, because it is the dominant mode. The superscripts,

c and s correspond to the angular dependence cospνθq and sinpνθq, which are given

by

Ec
z,ν “ Hp2q

ν pkρqcospνθq (2.11a)

Es
z,ν “ Hp2q

ν pkρqsinpνθq. (2.11b)

By using the orthogonality of sin and cos, the amplitude coefficients Acν and Asν

in (2.10) can be solved for with the extracted scattered fields Ez along a curve of

radius r from z “ 0 (the center of the PPWG), as shown in Fig. 2.19, for r " h{π

and r ă ρ1. By integrating both sides of Eq. 2.10 by the inner products of Ec
ξ and

Es
ξ , the amplitude coefficients can be defined as

Acξ “

ş

Ezpρ, θqcospξθqdθ

πp1` δξ0qH
p2q
ξ pkρq

(2.12a)

Asξ “

ş

Ezpρ, θqsinpξθqdθ

πH
p2q
ξ pkρq

. (2.12b)

To calculate the amplitude coefficients , Esc
z must be defined along the curve

of radius r. Using CST, defining the curve and extracting the Ez is required for

both a simulation with just the source Ei
z in a PPWG and a simulation with the

source and the meta-atom Et
z in a PPWG located at the center z “ 0. With those

fields extracted, the scattered field can be found with Esc
z pr, θq “ Et

zpr, θq ´E
i
zpr, θq.

Additionally, if the fields are extracted at the z “ 0 plane, as in Fig. 2.22, we can see

that the fields from CST match the analytic model in Fig. 2.20, despite variations

stemming from the computational meshing and errors associated in using a full wave

solver.

The meta-atom’s amplitude coefficients can be directly mapped to the electric and

magnetic dipole moments given by the CMT described in the methods followed [67–
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Figure 2.22: Simulated electric fields from a line source and scattering cylinder.
The plot is zoomed in as to not include the source.

Figure 2.23: Simulated scattered electric field from the scattering cylinder.

69,72], and are described as

Asξ “
´mxk

2Z0

4h
δξ1

Acξ “
´myk

2Z0

4h
δξ1

Acξ “
´jpzk

2

4hε0
δξ0.

(2.13)

The dipole moments mx, my, and pz can be directly solved for from the

amplitude coefficients As1, Ac1, and Ac0, respectively. Additionally, following the
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description of the polarizability tensor, the resulting effective polarizabilities can be

found by dividing the moments by the fields at the origin that excited them:

αmxx “ mx{H
i
x αmyx “ my{H

i
x (2.14a)

αmxy “ mx{H
i
y αmyy “ my{H

i
y (2.14b)

αpzz “ pz{E
i
zε0. (2.14c)

The double subscripts xx and yx in the equation above are the polarizabilities

excited by the x component of the incident wave that generate dipole moments in x

and y, respectively. In order to get the full polarizability tensor for the meta-atom,

the steps above must be repeated with the meta-atom rotated by 90˝ about the z-

axis [68]. As a result, the αz should stay the same and αmyx would be αmxy, due to

the symmetry of the polarizability tensor. The calculation method for αmxx would

effectively find αmyy in the new coordinate system.

Figure 2.24: Extracted amplitude coefficients and polarizabilities of a via. Each
mode of the amplitude coefficients have five frequency points at 8, 9, 10, 11, and 12
GHz.

Going through the extraction technique for the via that I simulated in CST (fields

shown in Fig. 2.22), I find the frequency dependent responses in Fig. 2.24. I note that
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the method matches almost exactly for the electric polarizability with the calculated

magnetic polarizabilities being negligible and only arising due to computational error

in the simulation. Additionally, the comparison between the analytic and simulated

values for the electric polarizability is shown in Fig. 2.25.

Figure 2.25: Comparison between analytic and simulated electric polarizability of
a via.

2.3.2 Meta-atom Extraction

The method explained in subsection 2.3.1 can be used to find the effective polar-

izabilities of any meta-atom as long as it can be described as an electrically small

dipole. More complex meta-atoms may have a quadrapole response, which is beyond

the scope of this extraction technique due to its connection to additional amplitude

coefficients.

ELC Meta-atom Extraction

Following from previous extraction example, I test the polarizability of an ELC meta-

atom, as shown in Fig. 2.26. Since this is an initial test of the method, the meta-atom
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is not optimized for use in a PPWG, but is a typical ELC geometry made from a

PCB design with copper on Rogers 4003 and was designed to resonate within the

X-band.

Figure 2.26: ELC for polarizability extraction in both orientation (oriented parallel
to x̂ on the left and parallel to ŷ on the right). The axis shown is the same used for
the PPWG. Geometries are designed to have a noticeable polarizable response in the
X-band.

In Figs. 2.27 and 2.28, I present the polarizability extraction of an ELC meta-

atom. I note that, just like the via, Ac0 dominates and, as shown in Eq. 2.13, the

electric dipole moment pz corresponds to Ac0. The plot of the polarizability αpz has the

strongest response in the frequency band. Because the rotation between the ŷ and x̂

orientations is about the z axis, we expect that, if the meta-atom acts as an electric

dipole in one orientation, it should in the other orientation as well. We note that the

magnetic polarizabilities are again significantly less than the electric dipole response,

as expected for a electric dipole meta-atom. The meta-atom orientation had a minor,

but noticeable effect on the resulting scattered fields from the meta-atoms, where the

ELC oriented along x̂ scattered more in ŷ, especially backscattering. The scattering

in x̂ of either orientation was very similar.
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Figure 2.27: Simulated polarizabilities of an ELC in a PPWG (orientated along
ŷ) The amplitude coefficient Ac0 is dominant and acts like a strong electric dipole.

Figure 2.28: Simulated polarizabilities of an ELC in a PPWG (orientated along
x̂) The amplitude coefficient Ac0 is dominant and acts like a strong electric dipole.

SRR Meta-atom Extraction

Although the extractions for the via and ELC acted as strong electric dipoles, they

both lacked magnetic moments. Here I present the same extraction method, but

use a split ring resonator (SRR) meta-atom, which is known to have a magnetic

polarizability [73], as shown in Fig. 2.29. Once again, the meta-atom is not optimized

for use in a PPWG, but is a typical SRR geometry made from a PCB design with

copper on Rogers 4003 and was designed to resonate within the X-band.

In Figs. 2.30 and 2.31, I present the polarizability extraction of an SRR meta-
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Figure 2.29: SRR for polarizability extraction in both orientation (oriented parallel
to x̂ on the left and parallel to ŷ on the right). The axis shown is the same used for
the PPWG. Geometries are designed to have a noticeable resonance in the X-band.

atom. Compared to the previous electric dipoles, the SRR also has a slight pz, which

corresponds to Ac0, but As1 is significant, and, as shown in Eq. 2.13, this amplitude

coefficient corresponds to the magnetic dipole moment mx. Additionally, since the

orientation of the SRR along ŷ did not produce my, which corresponds to the αmyx,

then, due to the symmetry of the polarizability tensor, the orientation of the SRR

along x̂ will not produce mx. This lack of response in αmyx and αmxy is shown in

Figs. 2.30 and 2.31. The orientation of the SRR along x̂, st these frequencies, this

configuration does not excite any dipole moments, as is expected for an SRR. Unlike

the ELC, the rotation between the ŷ and x̂ orientations is about the z axis, but the

magnetic dipole moment is excited by a the Hx component of the electric field. This

rotation does allow for the αpz in each orientation. The polarizability αpz has a slight

response in the frequency band, which is due to the electric field Ez coupling to the

copper that is oriented in ẑ in both orientations.

This specific orientation was chosen such that the split of the SRR was perpen-
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Figure 2.30: Simulated polarizabilities of an SRR in a PPWG (orientated along ŷ).
This orientation excites a strong magnetic dipole which corresponds to the amplitude
coefficient As1. A slight electric polarizability exists due to a slight response response
in pz.

Figure 2.31: Simulated polarizabilities of an SRR in a PPWG (orientated along x̂).
This orientation does not excite any dipole moments. A slight electric polarizability
exists due to a slight response response in pz.

diculdar to the electric field and the only strong polarizability would come from the

magnetic dipole moment. Orientations with rotations about x̂ and ŷ would have a

completely different set of polarizabilities.

Reconfigurable Volume Hologram

Fitting to these methods and design for the X-band, in Fig. 2.32, I present a theoret-

ical diagram showing a reconfigurable volume hologram that can be mapped directly
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using the 2D mapper. Ideally, bias lines could be used to individually address each

ELC meta-atom. A tuning structure like a diode is loaded across the capacitive

gap for direct tuning. With a reconfigurable VH, the volume could be designed to

generate any hologram that were within the accessible range of the tunable polariz-

abilities. This would simplify and limit the extraction process to a small subset of

tuning states to act as the polarizability library. This reconfigurability would allow

for countless future research projects as it is no longer limited to the individual us-

ages that many passive devices are and mitigates the need to fabricate a new passive

hologram for every new design.

Figure 2.32: Reconfigurable 2D volume hologram. The ELC meta-atoms can be
treated as polarizable dipoles. Diodes or tuning elements are placed across the gaps
and are individually tuned with bias lines.
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3

Microwave Metasurface Holography

This chapter explores techniques that I implemented for metasurface holography

in the microwave regime using resonant metamaterial elements acting as magnetic

dipoles. First, I discuss the polarizability definition that is attributed to the magnetic

dipoles. Next, I describe the algorithm used for designing the hologram. The rest

of the chapter goes through the metasurface methods for free-space K-band and

W-band metasurfaces and concludes with the use of guided mode holograms. In

the sections, I describe the steps necessary for designing the hologram, including

the characterization of the metamaterial elements, fabrication process, experimental

setup, and additional analysis. Some of the methods used at K-band are similar to

those at W-band.

Contributions: For the on- and off-axis K-band holograms and the first W-band

hologram:

• I helped create the code that simulated the holograms, including the application

of the constrained GS algorithm.

• I aided in the setup and characterization for the metamaterial responses of the
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cELCs.

• I tested the limits of the LPKF with many iterations to characterize the min-

imum resolutions and overetching with different input parameters. Then, I

measured the feature sizes with profilometry and inferometry.

• I designed the complementary meander-lines to achieve the best response, de-

spite the limitations of the fabrication method, including adjusting for the

overetching.

• I helped design, build, and measure the experiments, including the setup for

utilizing an off-axis reference. I also helped in the characterization of the

reference waves used in simulations.

• I created the W-band setup such that metasurfaces could be easily mounted

and tested.

• I designed, fabricated, and measured the W-band hologram.

For the subsequent W-band holograms:

• All the work was my own, including the design, simulation, fabrication, and

experiment, though the general concepts were built off the previous W-band

hologram.

For the guided mode holograms:

• The aided in the coding and simulation of the W-band guided mode hologram.

• The K-band guided mode hologram simulation was my own design, including

the weighting method that allowed for physical implementation of the concept.

• I designed, simulated, fabricated, and measured the K-band guided mode holo-

gram.
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3.1 Lorentzian Polarizability

In the context of holography, metasurfaces comprising subwavelength, resonant meta-

materials are used to couple to an incident reference wave and structure the resulting

scattered fields. Relying on resonant structures, however, means the polarizabili-

ties of the metasurface elements have a frequency-dispersive form that resembles a

Lorentzian, with a phase response that is limited to 180˝, as shown in Fig. 3.1.

Figure 3.1: Complex Lorentzian polarizability. (a) A resonator with Lorentzian
polarizability exhibits the normalized magnitude (blue) and phase (red, degrees),
plotted as a function of ω0{ω. We define the phase at resonance to be zero degrees.
(b) The coupled relationship between magnitude and phase. In this example the
resonator’s quality factor was arbitrarily chosen as Q = 10.

3.1.1 Magnetic, Holographic Metasurface

The system we consider is a metallic screen with complementary metamaterial el-

ements forming the metamaterial pixels, as depicted in Fig. 3.21. The resonant

metamaterial elements that form the holographic pixels behave as polarizable mag-

netic dipoles, excited by the magnetic field of the reference wave, and radiated as

magnetic dipoles [74]. The magnetic polarizability m̄ of the metamaterial element is

approximately

m̄ “ ¯̄α ¨ U, (3.1)
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where ¯̄α is the dipole’s complex polarizability tensor and U is the reference mag-

netic field pointing along the dipole. For simplicity, we assume that all the tensor

elements of ¯̄α are zero except one of its diagonal entries, which is chosen to cor-

respond to the dipole’s orientation (for example, αxx for x̂- polarized dipoles). In

subsection 3.5, we describe how we experimentally characterize the nonzero entry’s

resonant response. Presently, it is sufficient to model the element’s response as a

Lorentzian-like resonance of the form [75]

αii “
Fω2

ω2
0 ´ ω

2 ` jωγ
, (3.2)

where ω0 “ 2πf0 is the angular resonance frequency, γ is a loss term, and F represents

a coupling factor between the incident field and induced dipole moment (henceforth

assumed to be 1). Since the phase of the fields radiating from a dipole depend on

the dipole moment [76], the radiation pattern from the hologram can be tailored

by appropriately distributing resonant metamaterial elements over the surface to

achieve a desired phase distribution. To control the element polarizabilities, we

modify the geometry of the kth resonator to exhibit a resonance at frequency ω0,k

relative to the operating frequency. An analytic analysis of the element resonance

can be carried out, resulting in a potentially more descriptive form for the element

response; however, those details are not critical for these methods in this thesis since

we rely on measurements over simulations to determine the element response. More

comprehensive discussions on the behavior of element response can be found in [77]

and [78]; in the latter, the authors study the response of ELCs which are the electric

dipole babinet equivalent of the cELCs described in this thesis.

The complex response of a Lorentzian resonator is illustrated in Fig. 3.1, where

we have normalized the polarizability such that at ω “ ω0 the phase is zero and the

magnitude is unity. Based on a single magnetic resonator, ¯̄α is limited in phase to a

range of 180˝ centered around ω0,k with magnitude that is coupled to the phase as
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indicated in Eq. (3.2).

We observe that the amplitude of the polarizability, |α|, peaks at the resonance

frequency, corresponding to a strongly radiating dipole, while far from resonance |α|

approaches a zero magnitude and the phase, Φα, approaches ˘90˝. Practically, we

are limited to a range of Φα that spans less than ˘90˝, because in these extremes the

dipole radiation drops to negligible values. As we discuss below in section 3.3 and

furthermore in section 3.4, by constraining the hologram to ensure its elements obey

the coupled amplitude and phase relationship of Eq. (3.2), the radiation pattern of

a metamaterial hologram can be successfully optimized. Furthermore, despite the

limits imposed by the Lorentzian response on the phase range of α, we note that

when the reference wave exhibits a large phase variation—for instance, by using a

guided reference mode [36–38]—the phase of the holographic pixels can span a range

greater than ˘90˝. This is possible because the phase of the dipole’s polarizability is

added to the phase of the reference wave thereby exciting it. To highlight the effect

of this interference on the behavior of a hologram, H, it is convenient to represent

its pixels with the phasor notation

H “ |α|ejΦα ¨ |U |ejΦU “ |α||U |ejpΦα`ΦU q “ |H|ejΦH . (3.3)

Using this notation, we see that, when the reference wave exhibits a non-uniform

phase distribution, the hologram’s pixels can exhibit phases beyond Φα, which is the

Lorentzian-constrained phase response of the polarizability.

3.2 GS Algorithm

To apply the constraints imposed by the resonant form of the polarizabilities, we use

the well-known Gerchberg-Saxton (GS) algorithm, which iteratively computes the

field patterns on two planes related via a propagating function, with both patterns
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satisfying user-defined constraints [16]. Here, the two planes are the hologram plane

and the image plane. For simplicity, we choose to operate in the Fraunhofer regime,

allowing use of the Fourier transform (FT) as the propagator.

We begin the iterative process with a desired field pattern E to be generated by

the hologram at the image plane. Then, at each iteration, the resonance constraints

are applied according to the steps outlined below, where we use the tilde mark p̃¨q

to denote unconstrained quantities. Before the algorithm can be used, though, the

reference wave, U , as well as the relationship governing the magnitude and phase

response of the dipoles must be characterized or otherwise modeled.

The steps of the GS algorithm are as follows:

1. Compute the unconstrained hologram H by back-propagating E to the holo-

gram plane.

2. Compute α̃ “ H̃{U , the unconstrained, complex polarizabilities needed to

implement the hologram’s pixels.

3. Constrain each pixel’s complex polarizability to ensure its phase, Φα, resides in

the range Φmin ď Φα ď Φmax (where Φmin and Φmax are user-defined thresh-

olds).

4. Constrain |α̃| to satisfy the resonance response given the newly constrained

phases.

5. Compute Ẽ, the fields radiating from the constrained hologram. Constrain the

amplitude of the fields at the image plane to the desired image and repeat the

process until convergence is obtained.

We can constrain the hologram’s pixels (step 3 and 4) in several ways. For exam-

ple, transmission through any pixels exhibiting Φ̃α ą Φmax or Φ̃α ă Φmin can be
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prevented (implemented in the algorithm by setting |α| “ 0 at these locations and

realized experimentally with an opaque pixel). This is the method that we implement

in the initial metasurface examples in section 3.3. Other methods, such as snapping

the phases of α to a predetermined value, is used in section 3.3.2. The first method

limits the hologram’s throughput to only radiate at the designated locations, how-

ever, the resulting hologram suffers from reduced efficiency. The method of snapping

the phase can be achieved by applying the constraints,

Φα “ Φmin if Φ̃α ă Φmin and Φα “ Φmax if Φ̃α ą Φmax, (3.4)

and |α| at these pixels is set to the corresponding amplitude such that it is consistent

with the resonant form of Eq. (3.2) or, in our case, found in experimental character-

ization. Fig. 3.2 is provided to help visualize the steps of the GS algorithm with the

dotted area highlighting the iterative steps of the algorithm.

Figure 3.2: Visualization of the GS algorithm. The dotted area highlights the
iterative steps of the algorithm. The algorithm begins with propagating the desired
fields to the hologram plane and ends with the final constrained hologram being
output after the proper number of iterations.
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3.3 K-band Holographic Metasurfaces

A frequency-diverse metamaterial (MM) aperture was realized recently in the form

of a leaky-wave antenna with irises implemented by resonant MMs of various dimen-

sions resonating at various frequencies. This antenna is able to generate radiation

patterns suited for computational-imaging schemes by sweeping its operation fre-

quency, exciting only a subset of the MM elements at every frequency. This obviates

the need for moving parts, or extraneous phase shifters, which often plague conven-

tional coherent imaging systems. We can think of this antenna as a holographic

aperture in which the hologram pixels are implemented with MM resonators, and

the reference mode is realized by the guided mode that excites these resonators. In a

previous implementation of the imaging system, the MM elements were distributed

randomly, producing random radiation patterns whose diversity was limited by the

resonators quality-factor (Q-factor).

Motivated by the prospect of a single layer holographic metasurface, we present

the use of resonant metamaterial elements that can impart a continuously tunable

phase response and a variable, non-uniform magnitude to the generated wave front

at every point on the surface. While similar to the concept applied in [45, 46], our

holographic metasurface is populated only with magnetic metamaterial elements.

Because this design provides control over only the effective magnetic component of

the field, the impedance is not directly controlled and the full 360˝ phase range

is not reached by the elements’ polarizabilities. However, using only magnetic (or

electric) resonators simplifies the metasurface design process. In the following proof-

of-concept examples, we examine on- and off-axis Fraunhofer metasurface holograms

utilizing the Lorentzian response of the dispersive metamaterial elements.
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Figure 3.3: Simulated setup for single frequency metasurface hologram. A K-band,
Fraunhofer hologram is excited using an on-axis, free-space illumination scheme. A
planar near-field scanner measures the radiated near-fields across a plane parallel
to the hologram; the far-field pattern is computed by propagating the near-fields to
the far-field region. The diagram of the hologram is a simplified image to represent
a subset of the entire hologram and shows the aperiodic nature of the hologram’s
elements.

3.3.1 On-axis K-band

This section examines a co-polarized metasurface hologram created with resonant

metamaterials achieving a continuous, controllable phase and varying amplitude.

The Fraunhofer hologram is designed to produce a far-field pattern forming the letter

‘D’ when illuminated by an on-axis horn antenna in the K-band (18–26.5 GHz), as

illustrated in Fig. 3.3. The work in this subsection was shared and is included in the

dissertation, Metamaterial Designs for Applications in Wireless Power Transfer and

Computational Imaging [35].

As an illustrative proof-of-concept example, we describe the design and fabrica-

tion of a 21 cm ˆ 21 cm K-Band (18–26.5 GHz) Fraunhofer hologram with a far-field

pattern forming the letter ‘D’. While this hologram is designed to operate in K-band

using the on-axis, free-space illumination setup depicted in Fig. 3.3, and the Fraun-

hofer regime allows us to use the simple Fourier Transform (FT) as the algorithms
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Figure 3.4: Metamaterial characterization. Picture of the experimental charac-
terization setup. The cELC element design is shown in the inset with dimensions L
ranging from 1.75 to 2.05 mm and τ is 125 µm. Measured S21 magnitude and phase
for elements of various lengths.

propagator. The techniques described here can be and are applied to holograms op-

erating at higher frequencies, specifically the W-band in section 3.4 and holograms

excited by a guided reference mode [36–38], in section 3.7.

Each pixel in our hologram is realized using a complementary electric inductive-
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Figure 3.5: Magnitude and Phase Response at 23.3 GHz. Interpolated (and
normalized) magnitude and phase of S21 vs. L at 23.3 GHz. Data points mark
physically measured values.

capacitive (cELC) resonator, a well-studied metamaterial element exhibiting high

transmission at resonance [74]. By appropriately choosing the cELCs length L, we

can tailor the elements resonance frequency relative to the operation frequency of the

hologram, and consequentially control each pixels phase (and correlated magnitude).

To determine the value of L required for an element to resonate at a desired frequency,

we fabricated several periodic, uniform, arrays of cELCs with different values of L.

We measured the complex transmission response as a function of frequency through

each sample by placing them between a pair of rectangular, standard-gain horns

connected to an Agilent VNA (PNA N5224A). The experimental characterization

setup is pictured in Fig. 3.4, with the cELC geometry shown in the inset and the

measured transmission is plotted below. Using these measurements, we interpolated

the cELCs complex response as a function of L at an operation frequency of 23.3

54



GHz, allowing us to design holograms with continuous phase levels. The interpolated

transmission values are plotted in Fig. 3.5.

Figure 3.6: On-axis K-band metasurface and setup. Picture of the fabricated
metasurface is shown on the left. For the experimental setup shown on the right,
the hologram is illuminated by an on-axis transmitting (Tx) horn. Near-fields are
measured by a receiver probe across a plane parallel to the hologram plane (not
shown). Copper plates were used to surround the hologram to minimize any non-
interacting transmitted waves.

Figure 3.7: Measured reference wave for on-axis hologram. Magnitude (left) and
phase (right) are shown at the hologram plane. The fields were measured 12 in away
from the horn.

In order to spatially separate the desired primary image from the undesired trans-
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mitted zeroth-order, the desired radiation was designed to be offset from the normal,

but within ˘30˝, such that the fields would not be distorted when measured in a

plane. In designing our hologram, it is not enough to use only the metamaterial re-

sponses, but it is necessary to have accurate knowledge of its reference wave. Initial

tests, following the methodology in this section, utilized the analytic calculation of

the reference wave transmitted from a standard gain, rectangular horn. We found

that we needed to measure the fields from the horn directly, as they differed too

much from the calculated fields. To characterize the reference wave, we used a pla-

nar, microwave, near-field scanning device (NFS) to measure the radiated fields from

the horns across the hologram plane at increments slightly smaller than λ{2 along

x̂ and ŷ [61]. The fields were measured 12 in away from the horn, at the hologram

plane. The phase and magnitude of the reference wave across the hologram plane

are shown in Fig. 3.7. We note that our model assumes the reference wave is not

perturbed by scattering from the dipoles and that the interactions and coupling be-

tween dipoles are negligible. These effects can be modeled using more sophisticated

tools such as the discrete-dipole approximation (DDA), which is beyond the scope

of this discussion [68,72,79,80].

To satisfy Fraunhofer approximations, we design the holograms pattern to form

the letter ‘D’ in the far-field. Because the resolution of the far-field is limited by

the physical geometry of the aperture, we can use the dimensions of the hologram

to determine allowable complexity of the radiation pattern, or visa versa [11,20,81].

Provided that the maximum size of the aperture for our fabrication method is a 21

cm ˆ 21 cm hologram, the minimum spatial frequency in k-space dk is given by

dk “ 2π{A, where A is the width of the aperture in one direction. Additionally, the

sampling or pixel size of the aperture, which in our case is the individual metama-

terial element, determines the effective field of view (FOV) or k-space bandwidth by

kFOV “ 2kmax “ 2π{dA. This connection is determined for both x̂ and ŷ of the aper-
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Figure 3.8: Connection between aperture plane and k-space. The physical di-
mensions of the aperture are directly proportional and linked to the dimensions in
k-space. Specifically, the aperture size A is proportional to the smallest spatial fre-
quency dk and the field of view in k-space kFOV is proportional to the sampling of
the aperture dA.

ture for the corresponding kx and ky of k-space, but they are equivalent for a square

aperture. A visualization of this connection between the hologram plane and k-space

is shown in Fig. 3.8. When the aperture is sampled at λ{2, then kmax “ k0, how-

ever, since the cELC pixel size is 3 mm, which is smaller than λ{2, then kmax ą k0,

with larger components of k being evanescent. In order to keep the far-field pattern

within a ˘30˝ FOV, the kFOV , which is from ˘kmax, must be limited to values where

|k| ď sin p30˝qk0. As a result, the limited kFOV is made up of 15 ˆ 15 spatial fre-

quency pixels. The full FOV, however, is a 70 pixel ˆ 70 pixel area in k-space with

most pixels corresponding to k ą k0. I chose quadrant I in k-space and generated
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the letter ‘D’ to fill the corner 5 pixel ˆ 5 pixel area. Thus, the desired image is

made up of the 15 ˆ 15 pixels, with those making up the ‘D’ having an intensity of 1

and all other pixels equal to 0. The rest of k-space is zero-padded to ˘kmax with the

total image being 70 pixels ˆ 70 pixels. The desired image is shown in Fig. 3.9 with

respect to the full FOV and the limited FOV. The FOV is limited to ˘30˝ because

larger angles distort the planar NFS measurements due to the spherical radiation

patterns given by the Fraunhofer far-field approximation. Smaller angles were not

used as the added distance helped separate the desired radiation pattern from the

undesired zeroth-order.

Figure 3.9: Desired image shown in both the full FOV (left) and limited FOV
(right). The full FOV is 70 pixels ˆ 70 pixels in k-space while the limited FOV is
only 15 pixels ˆ 15 pixels. Thus the desired image only makes up a region of 5 pixels
ˆ 5 pixels.

The hologram that was designed and fabricated was 21 cm ˆ 21 cm in size and

was populated by cELC elements with polarizabilities constrained to phases between

˘60˝ with magnitudes matching the measured response shown in Fig. 3.5. The simu-

lation of the hologram involved creating a CGH using the GS algorithm following the

method described in section 3.2, where the constraints are limited to the metamate-
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rial response. During the implementation of the GS algorithm, the the image plane

magnitude E is constrained to form the desired image, while the the phases are left

unconstrained. The resulting constrained hologram (magnitude and phase) gener-

ated by the GS algorithm is shown in Fig. 3.10. The pixels with zero magnitude and

phase are the locations where the achievable phase from the metamaterial response

was beyond the phase required for the ideal hologram. These locations where the

pixels are “turned off” are realized by leaving the copper unetched, which prevents

transmission of the reference wave.

Figure 3.10: Simulated fields at the hologram plane. The magnitude is shown on
the left. The non-zero values of magnitude are locations with metamaterial pixels.
The corresponding phase at the hologram plane is shown on the right.

The simulated hologram generates the desired far-field patterns by taking the

FFT of hologram fields which propagates the hologram fields to the far-field. The

simulated far-fields are shown in Fig. 3.11.

The corresponding magnitude and phase of the metamaterial elements polariz-

abilities are shown in Fig. 3.12. I note that, although the phase of the hologram is

limited by the achievable polarizabilities of the metamaterials (limited to ˘60˝), the

phase inherent to the reference wave from the wrapping of the spherical waves at the

hologram plane add to the relative phase. These amplitude and phase values corre-
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Figure 3.11: Simulated far-field radiation of the hologram at 23.3 GHz. The fields
are normalized by the maximum value, which in this simulation are in the desired
diffracted mode.

Figure 3.12: Hologram amplitude and phase given by the cELC metamaterial
elements. These are the hologram’s complex values which are used to interfere with
the reference wave. The pixels with zero amplitude and phase are realized by opaque,
copper pixels.

spond to lengths L of the cELC by the relation in Fig. 3.5 and the spatial mapping

of the cELC lengths in shown in Fig. 3.13.

To fabricate the hologram, an LPKF U3 laser system was used to pattern the

cELCs on a 20 mil thick Rogers 4003 dielectric, clad with 0.5 oz (17.5 µm thick)
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Figure 3.13: Spatial mapping of the hologram’s cELC lengths. The pixels with
zero length (amplitude) are realized by opaque, copper pixels.

copper on both sides. Fabrication using the LPKF uses DXF files and generates the

desired pattern by etching the copper directly. At K-band frequencies, the process

works well at the default settings, but, at higher frequencies, different techniques

must be used. More detail on the fabrication process, with specific detail related to

the W-band metasurfaces in section 3.4, is provided in Appendix A.

Figure 3.14: Experimentally calculated fields at the hologram plane. The values
are calculated by measuring the near-fields radiating from the hologram and back-
propagating them to the hologram plane. For better illustration of the concept, the
phases that correspond to low amplitudes are set to zero.
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To experimentally measure the holograms fields, we again used the NFS to mea-

sure the resulting radiation. The measurement used an open-ended waveguide probe

(OEWG) to sample the fields over a grid of points on a plane parallel to and sev-

eral wavelengths in front of the hologram [61]. Then, using the known plane-to-plane

field propagator [11], the measured near-fields were back-propagated to the hologram

plane. The computed hologram fields are shown in Fig. 3.14. The holograms far-

field pattern is computed by taking the Fourier transform of the computed hologram

fields, as was designed in the GS Algorithm. I plot the far-field computed in this

fashion at 23.3 GHz in Fig. 3.15, where the letter ‘D’ is clearly visible away from the

zeroth order mode.

Figure 3.15: Comparison of the simulated and experimentally calculated far-field
patterns. The fields from the hologram plane are propagated to the far-field by using
the Fourier transform.

Unfortunately, the reference wave did not radiate to the diffracted order as well as

was simulated, so the zeroth-order is much stronger in the experimental result. De-

spite this, the position and general shape of the simulated and experimental patterns

match almost exactly.
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3.3.2 Off-axis K-band

One of the advantages of structured, metamaterial holograms is that potentially

only one layer of elements is needed, minimizing the overall profile of the hologram

and significantly easing fabrication. Single resonant metamaterial elements, how-

ever, provide a maximum phase range of π—much less than the 2π range needed

for efficient devices that can eliminate secondary and conjugate images. With two

resonators, one electric and one magnetic, it is possible to achieve a larger angular

range, but such materials are difficult to construct and mostly viable at much lower

frequencies in the microwave [45]. An alternative means of controlling the phase

advance over a plane is to leverage the inherent phase advance associated with a

reference beam incident on the aperture at an oblique angle.

Building on the concepts from the last example, we describe the design and

fabrication of another 21 cm ˆ 21 cm K-Band (18–26.5 GHz) Fraunhofer hologram.

This example, however, utilizes an off-axis reference wave to form a far-field pattern

forming the word ‘DUKE’. As seen in the previous example, the on-axis illumination

scheme allowed for undiffracted zeroth-order diffraction to radiate within the FOV

and disrupted the fidelity of the primary image where the fields were overlapping.

By incorporating an off-axis reference, we can spatially separate our desired primary

image far from the undesired transmitted zeroth-order, because the zeroth-order is

transmitted through the metasurface and maintains its initial k while the primary

image can be at some other k within the FOV. The concept of this off-axis, free-space

illumination is depicted in Fig. 3.16. Although this setup provides a simple means

of improving on the previous example in subsection 3.3.1, the actual implementation

of an off-axis reference requires additional consideration.

Each pixel in our hologram is again realized using a complementary electric

inductive-capacitive (cELC) resonator, but with a new characterization of cELCs
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Figure 3.16: Visualization of the off-axis illumination scheme with the far-field
pattern shown on the shell with radius k0.

due to the use of a different copper thickness of the PCBs. We measured the com-

plex transmission response as a function of frequency through each sample using the

same experimental characterization setup as the on-axis case, pictured in Fig. 3.4,

with the cELC geometry shown in the inset. In this case, I tried to increase the

separation of the resonant responses while centering them around the middle of

the spectrum to maximize the relative phase response. The measured transmission

spectra are plotted below in Fig. 3.17. The measurements were repeated because

a different thickness of copper was being used for the fabrication of the holograms.

This slight difference had a noticeable effect on the resulting resonant response and

so the characterization was repeated. Using these measurements, I interpolated the

cELCs complex response as a function of L at the operation frequency of 22.5 GHz

64



to achieve continuous values of phase. The interpolated transmission values mapping

this response are plotted in Fig. 3.18.

Figure 3.17: Characterization of cELCs. Length L was chosen such that the
resonant responses were centered around the middle of the spectrum to maximize
the relative phase response.

The hologram was illuminated with a reference wave transmitted from a standard

gain, rectangular horn by 30˝ off the holograms normal ẑ, as shown in Fig. 3.16. I

used this different horn to generate a more uniform magnitude at the hologram

plane, unlike the field profile of the previous horn in the on-axis case, which is shown

in Fig. 3.7. Also, unlike the previous example, the phase-advance provided by the

impinging spherical waves creates a spatial phase variation across the entire hologram

plane due to the incident angle.

As a result of incorporating the phase inherent to the off-axis reference wave,

the holographic metasurface can achieve a phase range that is greater than variable

range subtended by the resonators’ polarizabilities. Thus, the design of the holo-

gram requires a very accurate knowledge of its reference wave. We characterize the

reference wave with the NFS, as before in subsection 3.3.1, at the hologram plane

with measurement sampling slightly smaller than λ{2 along x̂ and ŷ. The phase and
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Figure 3.18: Magnitude and Phase Response at 22.5 GHz. Interpolated (and
normalized) magnitude and phase of S21 vs. L at 22.5 GHz. Data points mark
physically measured values.

magnitude of the reference wave across the hologram plane are shown in Fig. 3.20(a)

and 3.20(b), respectively.

After measuring the reference wave, we are able to design a CGH that incorpo-

rates both the complex-valued cELC response and reference wave. We do so

To satisfy Fraunhofer approximations, I designed the holograms far-field pattern

to form the word ‘DUKE’ within a ˘30˝ field of view around the optical axis and

set all other image pixels to zero. I once again used a ˘30˝ field of view because

larger angles distort the planar NFS measurements due to the radial nature of the

Fraunhofer far-field approximation, and to further separated the desired radiation

pattern from the zeroth order. During the implementation of the GS algorithm, I

constrained the image plane magnitude E to form the desired image, but left the

phases in the far-field unconstrained. The desired radiation pattern is shown in
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Figure 3.19: Phase and magnitude of the metamaterial elements polarizabilities
which correspond to the complex-valued hologram. These are the values are used to
interfere with the reference wave.

Fig. 3.20(c), where, unlike the previous example in subsection 3.3.1, the desired

image covers the entire kFOV in ky.

The hologram was designed and fabricated to be 21 cm ˆ 21 cm in size and

was populated by cELC elements with polarizabilities constrained to phases between

˘75˝ and magnitudes matching the measured response shown in Fig. 3.18. The con-

strained hologram (phase and magnitude) generated by the GS algorithm is shown

in Fig. 3.20(d) and 3.20(e), and the corresponding phase and magnitude of the meta-

material elements polarizabilities are shown in Fig. 3.19. Here, I highlight, again,

that pixels with constrained polarizabilities (limited to ˘75˝ in our case) can be used

to implement a hologram with significantly larger phase range due to the inherent

phase of the reference wave.

To fabricate the hologram, I used an LPKF U3 laser system to pattern the cELCs

on a 20 mil thick Rogers 4003 dielectric, clad with 1.0 oz (35 µm thick) copper

on both sides. To experimentally measure the holograms fields, I again used the

NFS to sample the fields over a grid of points on a plane parallel to and several

wavelengths in front of the hologram [61]. Then, using the known plane-to-plane
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Figure 3.20: K-band off-axis comparison of simulation and experiment. Phase (a)
and magnitude (b) of the reference wave illuminating the hologram. Desired field
pattern used in the GS algorithm (c). Phase (d), magnitude (e), and far-field pat-
tern (f) of the simulated hologram generated by the GS algorithm. Measured and
back-propagated phase (g) and magnitude (h) of the fabricated hologram and its ex-
perimental far-field pattern (i). Far-fields were computed as the Fourier transformed
hologram fields. Simulations and measurements shown are reported at 22.5 GHz and
25 GHz, respectively.

field propagator [11], the measured near-fields were back-propagated to the hologram

plane. The phase and magnitude of the computed hologram fields are shown in

Figs. 3.20(g) and 3.20(h), respectively. The holograms far-field pattern was computed

by taking the Fourier transform of the measured hologram as designed in the GS

algorithm. I plot the far-field computed in this fashion at 25 GHz in Fig. 3.20(i),

where the word ‘DUKE’ is clearly visible opposite the zeroth-order mode.
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3.4 Holographic Metasurfaces at Millimeter Wavelengths

This section explores techniques that I implemented for metasurface holography us-

ing resonant metamaterial elements acting as magnetic dipoles at millimeter wave-

lengths. The work here utilzes the Lorentzian-like response of the metamaterial

elements as described in section 3.1. Because the pixels are implemented using only

magnetic resonators and not a pair of electric and magnetic resonators, their phases

can span a maximum range of 180˝, with their magnitude coupled to the phase.

Like the method in section 3.2, the W-band holograms in this section utilizes the

a constrained GS algorithm that includes the Lorentzian constraint of the metama-

terial elements to optimize the radiation pattern from the hologram. The following

subsections examine individual techniques and the methods to achieve them. Sub-

section 3.5 presents an experimental example of an off-axis, free-space illuminated

W-band hologram designed to form a complex radiation pattern at a single frequency

in the far-field using the methods described in sections 3.1 and 3.2 and is a higher

frequency version of the work in subsection 3.3.2. The work in subsection 3.5 is associ-

ated with the manuscript Phase and Magnitude Constrained Metasurface Holography

at W-band Frequencies [82]. Similarly, subsection 3.6 presents another experimental

example of an off-axis, free-space illuminated W-band hologram. Unlike the previous

example, it is designed to form four unique complex radiation patterns at separate,

corresponding frequencies at a specified distance in the Fresnel zone. This example

also uses the methods described in sections 3.1 and 3.2, but with adjustments to the

constraints such that the resultant hologram has the desired multispectral response.

The work discussed in subsection 3.6 is associated with the manuscript Multispectral

Metasurface Hologram at Millimeter Wavelengths [83]. Following these examples,

subsection 3.6.1 presents a focused beam-forming metasurface to test the theoreti-

cal limits associated with the holographic method in subsection 3.6 and section 3.7
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details additional work in modularly-fed metasurfaces.

3.5 Transmission-based Metasurface Operating at a Single Frequency

Similar to the off-axis methods for the K-band example in subsection 3.3.2, this

Fraunhofer hologram is designed to produce a far-field pattern forming the word

‘DUKE’ when illuminated by an off-axis horn antenna in the W-band (75–110 GHz),

as illustrated in Fig. 3.21.

Figure 3.21: Experimental setup. A W-band, Fraunhofer, metamaterial hologram
is excited using an off-axis, free-space illumination scheme. A planar near-field scan-
ner measures the radiated near-fields across a plane parallel to the hologram; the
far-field pattern is computed by propagating the near-fields to the far-field region.
The inset depicts a section of the aperiodic metamaterial array forming the hologram.
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Hologram Design and Measurements

Before the iterative hologram design process could begin, accurate knowledge of the

hologram’s reference wave was needed. In order to spatially separate the desired

image from the hologram’s zeroth order, our reference wave was transmitted from a

corrugated horn oriented 26.5˝ off the hologram’s normal, as shown in Fig. 3.21. We

characterized the reference wave by sampling the fields transmitted from the horn

over a grid of points on a plane parallel to the hologram plane, and using the known

plane-to-plane field propagator to back-propagate the measured horn fields to the

hologram plane [11, 61]. To measure the transmitted fields, we scanned a tapered

rectangular waveguide probe in increments of 1.3 mm along ŷ (slightly smaller than

λ0{2) using a planar, microwave, near-field scanning device (model NSI-100V-1X1

by Near-field System Inc., or NSI). The fields were measured at z “ 16.5 mm, a

distance corresponding to over five wavelengths at the operation frequency. This

distance was chosen in order to avoid any reactive near-field interactions between

the OEWG and the hologram that was eventually placed in front of the horn. The

phase and amplitude of the measured reference wave (when back-propagated to the

hologram plane) are shown in Fig. 3.22(a) and 3.22(b), respectively.

Experimental Metamaterial Characterization for Effective Polarizabilities

Each pixel in our hologram is realized using a complementary meander-line metama-

terial element [84] with the geometry shown in the inset of Fig. 3.23(a). Lithography

is a common way to fabricate such metamaterial surfaces, but it suffers from various

drawbacks, some of which are especially evident at the W-band frequency regime.

Across all frequencies, due to their reliance on masks, lithographic techniques suf-

fer from added costs associated with the mask materials: time delays due to mask

fabrication and shipping, performance deterioration following successive uses, over-

or under-exposure due to refraction through the transparent layer, and alignment
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Figure 3.22: Fields at the hologram plane and far-field images. Phase (a) and
magnitude (b) of the reference wave illuminating the hologram. Desired field pat-
tern used in the GS algorithm (c). Phase (d), magnitude (e), and far-field pattern
(f) of the simulated hologram generated by the GS algorithm. Measured and back-
propagated phase (g) and magnitude (h) of the fabricated hologram and its exper-
imental far-field pattern (i). Far-fields were computed as the Fourier transformed
hologram fields. Simulations and measurements shown are reported at 92.5 GHz
and 94.75 GHz, respectively.

difficulties. Additionally, metal much thicker than the skin depth in the W-band

should be used, which typically requires electroplating, thus adding additional steps

to the fabrication process. In-house lithography on copper-clad printed circuit boards

(PCBs) is relatively easy because it is possible to print large masks on inexpensive

transparencies and develop the negatives in a dark room. However, due to the as-
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pect ratio limitations imposed by the PCB copper’s thickness, this technique is not

always suitable for elements with features small enough for W-band and is usually

reserved for fabrication of metamaterials used in S-, C-, and X-bands. Cleanroom

lithography, of course, is able to yield elements with very small feature sizes and has

been used in fabrication of metamaterials for terahertz (THz) frequencies [23,85–87].

Cleanroom techniques, however, are significantly more expensive and time consum-

ing. Additionally, the mask size—while large enough for THz applications—is too

small for operation in the W-band regime, where wavelengths are longer. For these

reasons, we fabricated our metamaterial elements using an LPKF U3 laser system,

etching the meander-line structures onto the top plate of a 20 mil (508 µm) thick,

low-loss, Rogers 4003 dielectric clad with 1.0 oz. (35 µm thick) copper. This method

allowed us to fabricate an electrically large hologram comprising elements with fea-

tures as thin as 25 µm. A detailed description of the fabrication using the LPKF

and the resulting difficulties associated with using this technique for metamaterials

in the W-band are provided in Appendix A.

The meander-line’s resonance frequency is tailored by selecting its length parame-

ter L (see Fig. 3.23). To determine the value of L required for an element to resonate

at a desired frequency, we experimentally characterize the transmission through a

sequence of fabricated metamaterial samples rather than relying solely on simulated

values. The samples consisted of 1600 identical meander-line elements forming a 4 cm

ˆ 4 cm array; each sample utilized a different meander-line length L, ranging from

363 to 500 µm. We then positioned each sample between a pair of collimated lens

antennas (Quinstar QLA-W00Y03S), measured the complex S21 values as a function

of frequency using an Agilent PNA-X N5247A Vector Network Analyzer (VNA) with

VDI WR10+ millimeter wave extenders, and normalized the measured S-parameters

using a pre-recorded, air-only measurement. The free-space characterization setup

is illustrated in Fig. 3.23(a). We note that the extenders, rated to have amplitude

73



Figure 3.23: Metamaterial characterization. (a) Illustration of the experimental
setup, with the element design shown in the inset; here τ = 25 µm and the unit cell
size is 1 mm. Measured S21 magnitude (b) and phase (c) for elements of various
lengths. Interpolated (and normalized) magnitude (d) and phase (e) of S21 vs. L at
92.5 GHz. circles mark measured data points.

and phase stabilities of ˘0.15 dB and ˘2˝, respectively, were warmed up for over an

hour to ensure our source was stable. To reduce noise arising from multiple reflec-

tions, we gated the measurements in the time-domain around the main transmission

peak for a given sample. The measured (and normalized) magnitude and phase of

the transmission for each of the samples are plotted in Figs. 3.23(b) and 3.23(c),

respectively. We note that while the measured transmission is arguably low, our aim

in this manuscript was to produce a proof-of-concept demonstration of a single-layer

solely-magnetic hologram designed using our method, and no attempt was made in

the design to optimize the elements’ transmission levels. Using these measurements,

we interpolated the metamaterial elements’ complex response as a function of L at an

operation frequency ω = 92.5 GHz, allowing us to design holograms with continuous

phase levels (limited only by the fabrication method’s resolution). The interpolated
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transmission values are plotted in Figs. 3.23(d) and 3.23(e).

Experimental Setup for Transmission-based Metasurfaces

Before the hologram could be designed, we needed an accurate measurement of the

reference wave used for illumination. We conducted this measurement using an NSI

planar near-field scanner, (NSI-100V-1X1 by Near-field System Inc.). This scanner

was installed on site to work with a pair of OML V10VNA2-T/R millimeter wave

extenders, controlled by an Agilent N5261A controller that was connected to an

Agilent PNA N5222A Network Analyzer.

Figure 3.24: Experimental setup. The hologram is illuminated by an off-axis
transmitting (Tx) horn. Near-fields are measured by a receiver (Rx) probe across a
plane parallel to the hologram plane.

The experimental setup with the hologram in place is pictured in Fig. 3.24. The

reference wave was transmitted from a 24.5 dBi scalar-feed, corrugated horn (Quin-

star QSH-W1000), pointing at the hologram’s center at an angle of 26.5˝ in the
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xz-plane relative to the optical axis (aligned using laser diode sight). To measure

the reference wave, we removed the hologram from its mounts while keeping the rest

of the experimental setup intact, in order to include in our measurements reflections

from objects used in the experiment. We then used the scanner to move a rectan-

gular, tapered, OEWG probe and measure the fields at z “ 16.5 mm across a plane

parallel to the hologram plane (defined as the xy-plane) in increments of 1.3 mm

along y. To measure the hologram’s fields, we repeated the same procedure after the

hologram was inserted between the horn and the probe. We note that we measured

the fields radiating from the hologram across an area larger than the hologram itself,

in order to be able to propagate them to a field-of-view spanning ˘45˝ around the

optical axis. We also note that the measurement planes used when characterizing the

reference wave and hologram fields were z “ 16.5 mm and z “ 17 mm, respectively.

This difference was accounted for during the back-propagation step.

GS Algorithm

With the measured reference wave and metamaterial response, it was now possible

to design a constrained hologram using the iterative GS algorithm. To satisfy the

Fraunhofer approximation, I designed the magnitude of the hologram’s far-field pat-

tern to form the word ‘DUKE’ within a 30˝ field of view around the optical axis (ẑ)

and leave all other image pixels blank (the far-field phases were left unconstrained),

as shown in Fig. 3.22(c). The hologram that we designed and fabricated was 7.6

cm ˆ 7.6 cm in size and populated by elements with polarizabilities constrained to

phases between ˘60˝ (chosen empirically) and amplitudes matching the measured

response shown in Figs. 3.23(d) and 3.23(e). I continued to iterate until a satisfactory

convergence was reached in the hologram’s error level, which was computed as the

mean-squared difference between the target image pixels and the simulated far-fields

in the region surrounding the word ‘DUKE’ (excluding the region of the zeroth order
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mode). From experience, convergence occurred within 20 iterations. The phase and

magnitude of the analytical, constrained hologram generated by the GS algorithm

is shown in Fig. 3.22(d) and 3.22(e), respectively. I observe that the hologram’s

pixels span a phase range significantly greater than that of the resonant elements’

polarizabilities, because the (limited) phase of the dipole’s polarizability is added to

that of the reference wave exciting it. The analytical hologram’s far-field pattern,

computed by taking the Fourier transform of the hologram-plane fields, is shown in

Fig. 3.22(f) in log scale (and normalized to its maximum value). We note that, at

each iteration, our model assumes the reference wave is not perturbed by scattering

from the dipoles, and that interactions between dipoles are negligible. Interaction

effects can be modeled using more sophisticated tools such as the discrete-dipole

approximation (DDA) [68,79,80], which are beyond the scope of this discussion.

To experimentally measure the hologram fields, we inserted the fabricated holo-

gram between the horn and the probe, repeated the measurement procedure de-

scribed above, and again back-propagated the measured fields to the hologram plane.

The phase and magnitude of the experimentally computed hologram are shown in

Figs. 3.22(g) and 3.22(h), respectively, and the experimental hologram’s far-field

pattern is shown in Fig. 3.22(i), where we observe that the fields clearly form the

word ‘DUKE’ away from the zeroth order mode.

The Effect of the Hologram’s Phase Range on the Zeroth Order

The hologram was limited to a maximum phase range of ˘60˝ (θ “ 26.5˝), with

its amplitude distribution coupled to the phase, due to the resonant nature of its

elements’ polarizabilities. As a result of this phase constraint, our hologram was

not able to direct all of the incident reference wave fields towards the formation of

the word ‘DUKE,’ and a zeroth order mode was formed along the same direction in

which the reference wave was propagating from the transmitting horn. With a greater
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range of phases, however, a hologram can form an image without the undesired zeroth

order.

To demonstrate the effects of a hologram’s phase range on the quality of the

image it can form, we use the iterative GS algorithm to design a phase-constrained

hologram forming the word ‘DUKE’ in the far-field. Unlike our experimental holo-

gram’s resonant (and coupled) phase and magnitude relationships, for this study the

only constraint we apply is to cap the phase of the hologram’s pixels at each iteration

of the GS algorithm, and enforce a uniform amplitude distribution. For simplicity,

we assumed the hologram is excited by a normally incident plane wave, such that the

reference wave is uniform across the hologram. Fig. 3.25 shows the resulting far-field

images, computed as the Fourier transform of the hologram, when the hologram’s

phases were limited to spans ranging from ˘30˝ to the full ˘180˝. In Fig. 3.25(a),

we observe how the fields radiating from hologram constrained to a narrow range

of phases (˘30˝) are directed almost entirely to the zeroth order mode; the desired

image is much weaker and cannot be observed when plotted on the illustrated scale.

Figs. 3.25(b-d) illustration how, as the phase range increases, a greater portion of

the fields’ energy is directed toward the primary image and away from the zeroth

order mode and conjugate image. When a sufficiently wide range of phases is used,

only the hologram’s primary image is observable, as is the case in Figs. 3.25(e) and

3.25(f). The quality of the far-field images produced in this study, which utilized a

phase-only hologram with uniform amplitude, is expected to be better than the pre-

vious experimental design, which had a non-uniform magnitude response and pixels

that radiated less strongly when their phases deviated from zero degrees.

The experimental results shown in Figs. 3.22(g-i) (i.e. the complex hologram and

its far-field pattern) were measured at 94.75 GHz, corresponding to a shift of about

2.5% from the intended operation frequency. We attribute this blue shift to the fact

that we characterized our metamaterial response using uniform, periodic samples,
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Figure 3.25: The effect of a hologram’s phase constraints on the quality of its
image. The resulting far-field patterns from theoretical phase holograms with uni-
form amplitude and varying phase ranges (a-f). The hologram is illuminated by a
normally-incident plane wave, and its pixels’ phases are constrained to lie in a limited
range, starting at ˘30˝ (a) and increasing in steps of ˘30˝ (b-f) until a full range of
˘180˝ (f) is reached.

while neighboring elements in the hologram are not necessarily identical. However,

we believe this discrepancy can be accounted for using DDA tools, and can serve as

the topic of future research. Lastly, we note that while our hologram was designed

to operate in W-band using the off-axis, free-space illumination setup depicted in

Fig. 3.21—and the Fraunhofer regime allowed us to use the simple Fourier transform

as the propagator in the GS algorithm—the techniques we describe here can be

readily applied to holograms operating at higher or lower frequencies, to Fresnel

holograms [40], and to reconfigurable apertures [88–91].
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3.6 Transmission-based Multispectral Holographic Metasurface

The holographic concept can be realized both for surfaces as well as volumes. In a

volumetric hologram, in which the material properties can be varied in the thickness

direction, multiple holograms can be encoded corresponding to different reference

waves with distinct spatial patterns or wavelengths. This advantage is lost for thin

surfaces, in which the material properties do not vary as a function of thickness, so

that the material can encode only a single hologram specific to a particular wave-

length. Thin holograms thus typically require only a single coherent source at the

specified design wavelength, serving both as reference and illumination.

Many of the limitations associated with holograms relate to the underlying ma-

terial properties. Holograms formed using photographic media consist of isotropic,

dielectric materials with a spatially-varying density. CGHs fabricated directly, how-

ever, can leverage advanced material properties, including anisotropy and material

dispersion. Structured materials such as subwavelength binary gratings [92, 93],

metamaterials [22, 94, 95], and metasurfaces [24, 41, 42, 50, 82, 96–102] are particu-

larly advantageous in this regard, and can be used to increase the functionality of

holographic components. By controlling anisotropy, for example, polarization de-

pendent holograms can be designed, with distinct and independent images formed

in either of the two polarization channels [22, 98]. By controlling frequency disper-

sion, multiple simultaneous holograms can be encoded in a single device [101, 102].

A multispectral metamaterial hologram can be formed using an array of frequency-

dispersive elements. By modifying the geometry or orientation of each metamaterial

element, a controlled phase shift can be introduced at each point throughout the

aperture. A multispectral hologram can thus be formed by grouping together several

distinct metamaterial elements into a set of composite, frequency-dispersive pixels.

In both of these examples, the subwavelength, anisotropic element provides a form
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of artificial birefringence; rotation of the element in the plane perpendicular to the

incident beam imparts a variable phase advance to the incident polarized wave. To

reject conjugate images and other artifacts, however, the polarization state of the

incident and detected beams must be carefully controlled.

The elements comprising the hologram need not provide any additional phase

shift, but can rather be used to select the phase of the underlying reference wave

at specific points. By strategically sampling the illuminated aperture with reso-

nant, subwavelength, metamaterial elements that transmit only near a given wave-

length, a multispectral, phase hologram can be created. Many distinct holograms

can be formed across the bandwidth of the illuminating source, with the number of

holograms depending on the quality factor of the resonant elements. The resulting

holograms are excited by a single source swept over frequency and can be efficient,

maintaining the polarization of the incident wave.

Here, I present the design, fabrication and experimental demonstration of a multi-

spectral, holographic metasurface, formed from a collection of resonant metamaterial

elements, each resonant at one of four frequencies in the W-band spectrum (75-110

GHz). Fig. 3.26 demonstrates the multispectral response of the hologram with a

broadband source, with the different colors representing the radiation at the goal

frequencies. The metasurface consisted of a copper sheet patterned with an array of

complementary meander-line resonators. The complementary meander-line element

exhibited an effective in-plane magnetic dipole moment, coupling to the magnetic

field of the incident reference beam and scattering nearly isotropically as a mag-

netic dipole. Four types of subwavelength meander-line elements are used, each with

different geometrical parameters resulting in different resonance frequencies. The

elements are fabricated by laser-etching a copper-clad, dielectric circuit board, us-

ing the fabrication techniques explained in Appendix A. At resonance, the relative

phase shift added by the meander-line element is zero, so that the phase required for
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Figure 3.26: Rendering of the multispectral response of our holographic metasur-
face. A broadband W-band horn illuminates our metasurface and the goal radiation
patterns are generated at their separate, intended frequencies, with blue, green, or-
ange, and yellow, corresponding to 79, 88, 97, and 106 GHz (same colormap as
Fig. 3.30).

the hologram arises only from the oblique-angle reference wave. Fig. 3.27 shows a

diagram of the experimental setup and the meander-line element used.

In principle, phase holograms with an unlimited number of phase levels can be

obtained by sampling the reference phase at the appropriate points. In practice,

the finite size of the metamaterial elements places a limit on the number of phase

levels as well as the density at which the aperture can be sampled. At the highest

frequency used in the sample demonstrated here, the elements are roughly one-sixth

of the wavelength, implying an inherent bound to the number of effective phase

levels. Moreover, as the number of holograms encoded over the bandwidth increases,
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the number of elements used for each hologram decreases, so that the image fidelity

necessarily degrades as a result of the shared aperture.

Figure 3.27: Experimental setup for our off-axis transmission hologram. The inset
shows the meander-line element design with etching dimensions w “ 25 µm, g “ 100
µm, and l ranging from 365 to 500 µm. The pixel size is 1 mm ˆ 1 mm.

Adjustments to Previous Simulation Method

Given the typical quality factors associated with the complementary meander-line

elements, I empirically determined that four computer generated holograms (CGHs)

would be feasible over the bandwidth (75–110 GHz) of operation. The four dis-

tinct CGHs are created using the metamaterial elements—effectively creating binary

masks at the design frequency, similar to a detour-phase hologram [13] in which

transmission occurs only from those points where the phase of the illuminating ref-

erence wave is equal to the phase required for the hologram. Initially, I determined

the phase hologram by back-propagating the desired image to the hologram plane.
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Rather than assume that the goal images are in the far-field by applying the Fraun-

hofer approximation, as in section 3.3 and subsection 3.5, I applied the angular

spectrum method (ASM) [11] such that the desired images appeared at specific focal

planes at finite distances away from the hologram surface.

For reasonable image fidelity—and to avoid aliasing—the aperture should be sam-

pled at locations spaced a half-wavelength apart. However, to achieve the desired

phase distribution, it is necessary to place the metamaterial elements at locations

where the phase from the reference coincides with the phase needed for the holo-

gram, resulting in an irregular grid of elements. Because it is not guaranteed that I

can always find a location with the appropriate phase for a given element, I chose to

sample the aperture on a scale smaller than a half-wavelength. Sampling with a finer

grid increased the likelihood of matching the required phase. Even with oversam-

pling, there are still a limited number of locations where the reference and desired

phases coincide exactly, so I accepted some level of allowable error from the required

phase. If the metamaterial elements were extremely subwavelength, it would be pos-

sible in principle to subsample the aperture and achieve the exact phase distribution;

however, the finite-sized metamaterial elements unavoidably overlapped at many lo-

cations, precluding obtaining the exact required phase for all locations. To obtain

resonances in the W-band region, complementary meander-line elements were used

with sizes ranging from 365 to 500 µm in size. Given the wavelengths corresponding

to the W-band range, the element sizes lie between λ{8 to λ{6.

Although the metamaterial elements were significantly subwavelength in dimen-

sion, when placed too close together, unwanted coupling between the elements may

cause unwanted shifting of the resonant wavelengths of the coupled elements. To

minimize such coupling, each metamaterial element is contained within a 1 mm ˆ 1

mm pixel, such that they are relatively distant from each other. While the coupling

between elements can be taken into account by including dipole-dipole interactions,
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this complexity adds a significant computational layer to the design process and is

not necessary to demonstrate the concept of this method.

The metasurface aperture can ultimately be modeled as a planar array of non-

interacting polarizable dipoles [38]. To design the hologram, I first back-propagated

the fields from the desired image at the image plane to the aperture, then extracted

a set of equivalent magnetic dipoles, each of which radiated with a particular phase.

At the given design frequency, the equivalent dipole is then replaced by a meander-

line element with resonant frequency equal to the excitation frequency [82]. The

overall width of the resonance is determined by the quality (Q-) factor of the el-

ement. Ignoring any spectral overlap of elements designed for different resonance

frequencies, I could accurately simulate multiple holograms at different frequencies,

as long as I incorporated the broadband response of the elements at all frequencies.

The composite multispectral metasurface thus acted as a set of four distinct, detour-

phase holograms, each with subwavelength elements serving as binary filters that

transmitted at the spatial locations where the phase was near the required phase of

the hologram. Fig. 3.28 shows the frequency-dependent responses of the different

length meander-line elements and also the overlap that each element contributed

at the other frequencies of interest. The phase of the radiated field from the reso-

nant meander-line element also varied as a function of frequency, however, the image

rapidly degraded away from the resonance frequency so that the phase advance away

from the resonance frequency was not important for this demonstration. I note,

however, that the proper phase associated with the Lorentzian polarizability is fully

taken into account in these simulations.

As in section 3.2, I used a constrained error-reduction method similar to the

Gerchberg-Saxton (GS) algorithm [16] to optimize the hologram. Rather than ad-

justing the elements to add an additional phase advance to that of the reference

wave, I instead chose the meander-line length such that the phase at that location
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Figure 3.28: Frequency-dependent, normalized polarizabilities α for each length
of meander-line metamaterial used. Markers are located at the operation frequencies
of the hologram to show the contribution that each element has at each frequency.
These contributions were incorporated when designing the hologram.

had the maximum amplitude at the excitation frequency. The result is a conducting,

opaque plate perforated by set of pixels that radiate as magnetic dipoles. Where

the ideal phase of the hologram (given by back-propagation from the ideal image,

as described above) was within the range of ˘45˝ relative to the reference wave, I

placed a meander-line element at that location. I repeated this process for the other

three holograms. The frequencies of operation were 79, 88, 97, and 106 GHz, corre-

sponding to images of a circle, square, triangle, and cross, respectively, as shown in

Fig. 3.29.

After designing and modeling the four holograms separately, I combined them

into a single composite hologram by allowing the meander-line elements to overlap

spatially if necessary (initially). Due to the phase thresholding constraint, there

are large opaque regions (no dipoles) for a given hologram. When the holograms

are combined, however, many of these previously opaque regions are filled with el-
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Figure 3.29: Desired (ideal) images that the hologram is designed to reconstruct.
A 5 cm scale bar is included in the bottom left (each image is 20 cm ˆ 20 cm).

ements corresponding to other holograms. At locations where the design results

in overlapping elements, only one randomly-selected element is placed. I recorded

the resonance frequency for each metamaterial element, representing it as a single

spot with color corresponding to the resonance frequency, as in Fig. 3.30. Using

the effective polarizability of a meander-line element, I modeled the entire frequency

dependence of the metasurface hologram. Multiplying each polarizability by the ref-

erence wave, I obtained the effective sources in the aperture plane, from which the

fields were calculated at the aperture and throughout the half-space away from the

aperture (the image plane is 15 cm from the hologram plane). Calculating the newly

simulated images was the first step of each iteration of the algorithm, where the in-
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tensity of the ideal image is enforced. The new images for each frequency were then

back-propagated and the four separate holograms were redesigned and combined as

before. This iterative process was repeated until the simulated hologram converged

to an optimized solution, creating new images as similar in intensity to the ideal

images as the constraints of the algorithm allowed. Fig. 3.30 shows the optimized

hologram generated after multiple iterations of our algorithm.

Figure 3.30: Spatial mapping of different element locations on the hologram. The
color-map corresponds to the intended frequency of operation for each pixel, such
that the metamaterial element used at each pixel provides the maximum throughput
for that frequency with Off, meaning that no element is located at that pixel. A 2.5
cm scale bar is included in the bottom left (total size is 20 cm ˆ 20 cm).

Rather than attempting to directly simulate and calculate the response of each
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complementary meander-line element, I instead relied on experimental measurements

of the meander-line response and the reference wave. For the different meander-line

lengths, I measured the transmission from fabricated samples consisting of conduct-

ing sheets with an arrays of single complementary meander-line elements of varying

geometry. I then measured the reference wave at the hologram plane using a pla-

nar, near-field scanning system. The sampling of the measurement was set to λ{2

of the maximum frequency and re-interpolated to have sampling equal to the pixel

size. Using these experimental measurements, I simulated the hologram as explained

above. Using the complete multispectral hologram in Fig. 3.30, I then multiplied

the frequency-dependent polarizabilities for each element of the hologram by the

complex reference wave at each of the goal frequencies to create the distribution of

magnetic dipoles over the surface. The fields from this distribution were then calcu-

lated and propagated to the image plane (a distance of 15 cm) using ASM for each

frequency. The resulting images are shown in Fig. 3.31. The simulated fields were

imperfect due to the constraints applied in the algorithm, which significantly limit

the number elements contributing to each image and included unwanted radiation

from the other elements off resonance. An improved Q-factor would help decrease

contributions, but the simulated fields showed that a Q-factor as low as 5 given by

the meander-line elements is sufficient to resolve the four images.

Experimental Results for Multispectral Metasurface

The metasurface hologram used in the experiment was fabricated using an LPKF

U3 Laser system to etch the copper for the complementary meander-line elements

on the front side and to remove the large area of copper on the back side of the

printed circuit board (PCB) using the parameters discussed in Appendix A. The

metasurface was fabricated on a 9” ˆ 12” 20 mil thick Rogers 4003 board with 1 oz.

copper cladding, using 20 cm ˆ 20 cm of the board to create the 200 pixel ˆ 200
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Figure 3.31: Simulated fields from the hologram at the image-plane. Contributions
from each frequency-dependent element in the hologram were propagated 15 cm
to the image-plane at the desired frequencies. The fields are normalized at each
frequency. A 5 cm scale bar is included in the bottom left (each image is 20 cm ˆ

20 cm).

pixel metasurface. The entire fabricated hologram is shown in Fig. 3.32, with an inset

showing the meander-line elements in greater detail. Only 27191 of the possible 40000

pixels were patterned (etched with a meander-line), with the individual breakdown

for the number of each element length as 6621, 6756, 6684, and 7130 elements for

meander-line lengths 500, 454, 408, and 365 µm, respectively. The breakdown was

not optimized since overlapping elements were randomly chosen, but instead could

be controlled such that the radiation at each operation frequency was equal. In

addition, the phase constraint threshold turned off many of the pixels and further
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optimization of the thresholding could potentially improve performance.

Figure 3.32: Fabricated hologram with zoomed inset showing approximately 0.1%
of the total hologram area. The unit cell length u is 1 mm with the full hologram
being 200 u ˆ 200 u.

The experimental setup used OML W-band extenders (OML V10VNA2 Extended

Frequency Series) fed by an Agilent Vector Network Analyzer (PNA N5222A with

N5261) connected to a corrugated cylindrical horn as the transmitter for the reference

wave, and an OEWG probe as the receiver for measuring the hologram and image

planes. The incident field launched from the transmit horn produced a reference

beam incident on the hologram at an angle of (34.4˝); the transmitter is positioned

a distance of 17.5 cm from the hologram, which lies fully within the illumination

region of the radiated field. Measurement of the image plane used the same scan

parameters as for the reference wave, but with a z-shift away from the hologram

plane by 15 cm as designed. In this way, I directly measured the image plane using
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the near-field scanner and did not require any post-processing of the data, such as

back-propagating to a reference plane. The measured fields are shown in Fig. 3.33

and are normalized to directly compare with the simulated fields in Fig. 3.31.

Figure 3.33: Experimentally radiated fields from the hologram at the desired
frequencies. Fields were measured using an OEWG probe at the image-plane (15 cm
from the hologram). The fields are normalized at each frequency. A 5 cm scale bar
is included in the bottom left (each image is 20 cm ˆ 20 cm).

By importing measured fields for the samples and sources in the simulations, most

of the experimental details are accounted for and thus I obtained good agreement

between the simulations and measurements. For example, in the simulations I used

the experimentally measured responses from the meander-line elements as well as

the measured reference wave at the hologram plane. The experimental fields were
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slightly offset from the desired locations due to minor shifts in alignment. After ini-

tial measurement of the hologram plane, the hologram must be placed exactly in the

measured plane; however, the thin PCB has minor flex and cannot exactly match the

plane. The measurement itself was simulated to be 15 cm from the hologram plane,

but with imprecise control of the receiver in the z-direction, accuracy was limited to

within approximately ˘2λ. Although this could be significant in some experimen-

tal setups, I expected the human error associated with z-position to be within the

Rayleigh length of the focus. The agreement between simulation and experiment

shows that the system was reasonably well aligned, as the simulation provides the

optimal result for the fabricated hologram assuming perfect alignment. Slight varia-

tions in the experimental values could be attributed to modeling the meander-lines as

arrays of the same element. In this way, only the coupling between periodic elements

of the same meander-line length was included in the measurements. Additionally, I

did not adjust the meander-line responses for interactions with dissimilar elements

or for non-periodic spacing of the elements for when pixels were off.

Additional Analysis of the Multispectral Response

Comparing the measured fields across the W-band spectrum at the focal distance

shows that the desired images were focused at their corresponding respective fre-

quencies. The transition between the images is visible in the frequencies in between

the desired frequencies showing one image going out of focus as the other comes into

focus. This transition can be visualized in Fig. 3.34 at frequencies above and below

the goal frequency. Similarly, even though the images are all designed to have focuses

at 15 cm, the ghosted images for frequencies before and after the frequency of the

desired image focus at radiation distances after and before the focal plane, respec-

tively. The images at distances other than the desired distance are faint compared

to traditional methods because the Lorentzian-like response limits the radiation of
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the images away from the desired frequency. Without the Lorentzian-like response,

the off-frequency images would be easily visible at other distances, thus making a

broadband image across a z-range [102] instead of restricting the focus to a specific

distance. I not that, at a goal frequency, the radiated fields before and after the focal

distance (15 cm) begin to concentrate into the other goal images as a function of the

relative phase shift between the frequency of observation and the other goal images,

as seen in Fig. 3.35. Because of the drop in amplitude of the resonant elements, these

off-focus images are faint.

Figure 3.34: Experimentally radiated fields from the hologram at frequencies
above and below the goal frequency of 88 GHz. The fields are normalized to the
goal. A 5 cm scale bar is included in the bottom left (each image is 20 cm ˆ 20 cm).

Figure 3.35: Experimentally radiated fields from the hologram at distances before
and after the goal distance (15 cm from the hologram). Fields were propagated using
a plane-to-plane propagation using the experimentally measured fields at 15 cm. The
fields are normalized to the goal distance. A 5 cm scale bar is included in the bottom
left (each image is 20 cm ˆ 20 cm).
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Figure 3.36: Simulated fields from a hologram with eight images encoded using
resonators with Q-factor of 5 (top) and 50 (bottom). The first four encoded images
are the same from the experiment and the second four images are rotated versions
of the first four. A 5 cm scale bar is included in the bottom left (each image is 20
cm ˆ 20 cm).

The Effect on Multispectral Crosstalk as a Function of Q-factor

Despite the reduction in the total number of radiating elements at each frequency, the

addition of more goal frequencies could be achieved in future implementations with

stronger resonant elements. Higher Q-factor elements would further the distinction

between each goal frequency by minimizing the radiation of frequencies away from the

resonance. This would also help to minimize unwanted radiation at distances other

the desired z and frequencies away from the desired frequency. Fig. 3.36 compares

the simulated radiation of a theoretical hologram that has eight images encoded using

elements with a Q-factor of 5 and 50. The lower Q-factor simulation approximately

resembles the response of the meander-line elements used in the experiment and

can be used to encode more than four goal images in a single hologram using the

same parameters as the experiment. Although the strength of each individual image

starts to deteriorate when additional goals are added, the hologram begins to fail

when more than seven images are encoded. If the Q-factor is increased to 50, the

same eight images can easily be encoded. The first four goal images are the same

images used in the experiment and the last four are the same images rotated by

95



90˝. This study shows that the use of higher Q-factor elements can decrease the

overlap between frequencies and allow for additional goal frequencies. Although

the number of images is a factor of many parameters, such as phase thresholding,

aperture sampling, and image complexity and relative location, increasing the Q-

factor would lead to better image fidelity if using fewer goal frequencies or, instead,

allow for more goal images with less frequency separation.

3.6.1 Beam Forming Metasurface for Spotlight Imaging or Focusing in the W-band

Many advancements in metasurfaces fall into the category of beam forming with the

goal of enhancing the beam resolution or beam complexity—each having benefits for

several applications. Metasurfaces have been demonstrated to generate random ra-

diation patterns for computational imaging [6,36–38], but little work has been done

at higher frequencies above the K-band. Many current imaging techniques using

millimeter wavelengths rely on SAR techniques [103–106] or phased array anten-

nas [107–109]. Directive beams for W-band could improve imaging with techniques

such as spotlight imaging [7]. If spotlight apertures were set such that they formed a

large effective aperture, the resolution would improve [110]. This concept is impor-

tant because the current ability to create large scale W-band holographic apertures

does not exist, though the concept has been studied in simulations [7, 111]. Addi-

tionally, the concept of beam forming can be applied to non-imaging applications

such as wireless power transfer (WPT) [30, 32, 33]. The limitations of metasurfaces

for WPT was examined by Smith et al. for the Fresnel zone [31]. By using the

metasurface simulation method given in subsection 3.6, which proved to accurately

match experiment, I explored a beam focusing hologram. To simplify the simulation

and keep within the tested limits, the hologram was simulated with complementary

meander-lines and an equal aperture size to the metasurface in subsection 3.6. The

goal function for the 20 cm ˆ 20 cm aperture was to generate a point focus at z “ 20
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cm at 100 GHz. I utilized the same reference wave scan from the past experiment

to provide the necessary phase response for the metasurface and followed the same

methods exactly. The only difference is that the metasurface only operates at one

frequency. The resulting radiation pattern with fields focusing at the designed plane

in z is shown in Fig. 3.37. To analyze the fields such that they can be compared to

Figure 3.37: Beam forming metasurface for focusing in the Fresnel zone. The
focal distance here is 20 cm, which is equal to the size of the aperture. The fields
are normalized to the maximum, which occurs at the focus.

the analytic models [31], I need to plot the fields in cross-range as well as the range;

these plots are shown in Fig. 3.38. The analytic model for the minimum beam waist

at the focus is given by w0 “
4z0λ0

πDcos2pθq
, where D is the size of the aperture. Fol-

lowing the analytic model for the aperture: w0 “ 3.8 mm. To compare, the beam

waist can be found by measuring -3dB points of the focus in the cross-range, which

I found to have a physical separation w0 « 3.7 mm. Similarly, the Rayleigh length
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is given by zR “
πw2

0

λ0

which gives an analytic value zR “ 1.53 cm. The Rayleigh

length can also be compared since it is defined as the distance between the points

that are 1 ´ 1{e2 in magnitude from the focus in the range direction. Because the

values in range had to be calculated as individual steps, the step size was limited so

it was not possible to find the 1´ 1{e2 point exactly. Despite this, the simulated zR

was 4 cm. Since this metasurface was only radiating when the reference phase was

near the required phase, the aperture was significantly underutilized. Although this

Figure 3.38: Beam focus analysis in the cross-range and range directions for
analysis of the focus

theoretical application is a non-ideal usage because of the free-space and ineffiecient

design, this setup could be used as a frequency selective lens. The benefit and future

applications of metasurfaces for any kind of beam forming would be more ideal in a

modular format using metasurface antennas.

3.7 Modular Fed Metasurfaces Apertures

Despite the improvements to free-space, transmission setups in sections 3.3 and 3.4,

a more ideal setup for metasurface apertures is in a modular format such that the
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reference feed of the hologram is physically assembled with the metasurface, creating

a metasurface antenna.

This concept has been introduced and successfully reproduced in a few examples

at lower frequencies [6, 36–38], but realizing a similarly capable antenna at millime-

ter wavelengths has typically been limited to expensive phased arrays, which require

high power input. Recently, companies like Kymeta Corp. and Echodyne, Inc. have

designed much more cost-effective, low-power alternatives that utilize metamaterials

in holographic metasurface antennas [112–115]. Unlike with the free-space metasur-

faces, experimental characterization of the reference wave and the polarizability of

the metamaterial elements is no longer physically realistic for a modular metasur-

face. As a result, the simulation modeling for such an aperture must include all

interactions and coupling of the metamaterial elements to each other and to the

feeding wave. Two possible methods for designing a metasurface antenna would be:

(i) avoiding the coupling by utilizing a low-coupling layer such that the feed is negli-

gibly perturbed and the metamaterial response is isolated from the feed; or (ii) using

DDA techniques with simulated metamaterials to find the analytic approximation of

the fields. For the latter, metamaterials as effective magnetic dipoles can be defined

by the polarizabilities extracted using methods in Pulido-Mancera et al. [69] and

in section 2.3. Even though I detail the extraction technique for elements inside of

a parallel-plate waveguide (PPWG) in section 2.3, the method is equivalent com-

plementary metamaterials at the waveguide surface and additional methods for this

configuration are detailed [67–69,72].

While the transmitted fields of the hologram discussed in subsection 3.5 were

successfully structured to form the word ‘DUKE,’ the limited phase range of the

element polarizabilities allows a significant portion of the incident reference wave to

propagate into the undesired zeroth order mode (a theoretical study of the hologram’s

zeroth order transmission as a function of the limits imposed on its resonant elements’
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phase is discussed at the end of subsection 3.5). Alternatively, we can use guided

fields to couple to the resonant elements. The benefit of using a guided reference

mode is two-fold: first, it can yield a larger phase variation and reduce or altogether

eliminate the zeroth order mode; and secondly, a hologram excited by a guided mode

can be significantly more compact than one operating in transmission or reflection.

In fact, the compact form factor is a particularly desirable feature because it allows

the hologram to be used in an antenna format, a concept recently explored and

implemented at frequencies below W-band. In one particular example, Sievenpiper

et al. demonstrated a flat antenna that supports a surface wave on top of a patterned

surface [47]. By implementing a holographic design for the patterned surface, the

authors were able to control the antenna’s surface impedance and form a beam

pointing in a desired direction. In subsequent work, guided structures were used

to form reconfigurable, holographic, metamaterial antennas [88–90]. The ability to

form dynamically reconfigurable, inexpensive, flat antennas has been a ‘holy grail’

in the field of holographic apertures, and relying on a guided reference wave makes

it possible to populate the antenna with the many bias lines needed to modulate its

elements. Though these have recently been realized by a few companies [112–115],

without a fully commercialized fabrication process, dynamic metasurface antennas

are extremely difficult to fabricate in a research setting—especially at millimeter

wavelengths.

In several recent examples of dynamic apertures based on waveguide fed meta-

surfaces, amplitude holograms have been generated through selective damping of the

metamaterial resonators [90, 91]. The guided mode structures can be used in con-

junction with the phase-modulating technique described earlier (in the context of a

free-space illuminated hologram) to produce a guided-mode phase hologram. Addi-

tional holographic modulation techniques are explored for waveguide-fed metasurface

antennas by Smith et al. [116]. As an example, I simulate a guided-mode metasur-
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face hologram, and analytically model its reference wave, metamaterial response, and

resulting radiated field pattern.

The guided-mode metasurface geometry considered for this example is that of two

parallel plates with a probe at their center launching a guided mode with cylindrical

phase fronts, as shown in Fig. 3.39(a). The guided fields radiate from the structure by

coupling to resonant, complementary, metamaterial elements patterned into the top

plate of the waveguide. While the concept is applicable to other varieties of aperture

configurations, this particular configuration is used for many existing holographic

metasurface implementations used for computational imaging [28,36–38] and beam-

forming [7, 88–90,116,117].

Figure 3.39: Simulated guided-mode hologram. (a) One possible embodiment of
a hologram excited by a guided reference wave utilizes a parallel-plate waveguide
excited by a source at the center. The guide mode’s magnitude (b) decays away
from the excitation point while the phase (c) propagates with cylindrical phase fronts
(assuming no reflections from the edges or perturbations due to the metamaterial
elements). The magnitude (d) and phase (e) distribution of the hologram. (f) The
resulting (normalized and log-scale) far-field pattern, computed as the aperture fields’
Fourier transform.
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For the scope of this discussion, I assume the guided mode experiences no reflec-

tions from the hologram’s edges, and that it is not perturbed by the metamaterial

elements’ presence. While I recognize these assumptions make this theoretical holo-

gram significantly simpler to design than would otherwise be possible, this discussion

is an exploration of the concept as a qualitative demonstration of the image-forming

abilities such holograms can exhibit. Treating the probe as a line source along ẑ

and assuming the distance between the plates does not support higher-order modes,

the guided mode propagation can be modeled by Hankel functions in a cylindrical

basis [70], with

U 9 H
p2q
1 pk|ρ̄|qφ̂ (3.5)

where H
p2q
1 is the first-order Hankel function of the second kind, ρ̄ is a location

within the aperture plane, k is the guided field’s wavenumber, and we assume the

source is at the origin. This guided wave decays away from the excitation point

and propagates towards the aperture’s edges with cylindrical phase fronts, as shown

in Figs. 3.39(b) and 3.39(c) for an operation frequency of 92.5 GHz. The field’s

magnitude varies with angle because the resonant elements are excited only by x̂-

polarizedH-field, such that coupling peaks along the ŷ-axis and decays towards the x̂-

axis. The dimensions (7.6 cm ˆ 7.6 cm) and dielectric (Rogers 4003) of this simulated

guided-mode hologram are equal to those of the one discussed in subsection 3.5.

Next, using the modeled guided fields as our hologram’s reference wave, and,

assuming this hologram’s metamaterial elements behave as those measured and dis-

cussed previously, we again use the GS algorithm to design a constrained hologram

forming the word ‘DUKE’ in the far-field. The magnitude and phase of the resulting

hologram are plotted in Figs. 3.39(d) and 3.39(e), respectively. We again computed

the far-field pattern by taking the Fourier transform of the hologram fields, and plot
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the results (normalized and in dB scale) in Fig. 3.39(f). When comparing the far-field

pattern of the free-space illuminated hologram in Fig. 3.22 (simulated or experimen-

tal) to that of the guided-mode hologram, we can clearly see that the latter produces

no observable zeroth order.

Experimental demonstration of modular feed

I present a proof-of-concept design using the guided mode to generate a focus beam

with a K-band hologram. I chose to explore the K-band first as excitation of the

guided mode in PCBs is a method that has been widely used in the field and the costs

are significantly less. The physical implementation of the guided mode hologram

requires additional consideration due to degradation of the wave in the PPWG. As

the outgoing wave propagates and interacts with the metamaterial elements, the

energy that couples to the elements is re-radiated due to their dipole response. The

coupling is non-negligible and thus the reference wave cannot be assumed to be

unperturbed, with the coupling due to metamaterials being especially strong near

resonance. Without utilizing a perturbation model like coupled mode theory, it is

difficult to generate a desired radiation pattern. My method is specifically designed

to minimize coupling to the guided mode such that it can be treated as unperturbed.

To do so, the metasurface only uses slots as the radiative elements, which can be

considered dipoles with a low Q-factor.

Similar to the detour phase method in subsection 3.6, I use a method where

the phase of the guided mode provides the phase for the hologram. The desired

aperture generates a beam radiating along the z-axis. To achieve this specific low

coupling modular metasurface hologram, I implement a weighted sampling method

as described below.

I begin with an aperture with λ{10 subsampling and remove the locations in

the region within 2λ of the feed pin. This method helps the guided mode properly
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Figure 3.40: Demonstration of weighting scheme for subwavelength sampling of the
guided mode. All the possible locations are provided, but only the locations where
the phase is matched to the reference wave are kept. Next locations are weighted by
a physical area in which only one slot can be. This is repeated for all locations until
the resulting hologram is left.

propagate into the aperture before coupling perturb the wavefronts. Additionally,

I create an outer circle, which is the maximum extent that elements are allowed to

populate the aperture, such that I do not create any disturbances due to breaking

the symmetry of the cylindrical waves. Then, I use the required phase for the desired

radiation pattern and find the locations where the phase of the reference wave and

required phase of the hologram overlap and only allow elements within a ˘5˝ range

to remain. The resulting aperture has much fewer elements, but since the sampling

is λ{10, the physical extent of realized elements would overlap. I add a weighting to

each location starting with locations closest to the center. I create an area around

the element based on some defined parameters, like the geometric extent or a certain

distance to reduce coupling between elements. Then I remove all the elements in

that area, besides the picked location. I repeat this process for all elements until the

weighted regions do not overlap with any elements. The visualization of this method
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is shown in Fig. 3.40. The final image shows the actual mapping of the aperture

which is also shown in the physical realization in Fig. 3.41.

Figure 3.41: Physical implementation of the guided mode hologram. Slots replaced
the locations determined in Fig. 3.40.

Using this weighted sampling method, I created a circular aperture using slots

with a resonant frequency at 21 GHz. I designed the hologram to couple to the

guided mode at 18 GHz, which is off from the resonant frequency of the slot. As

a result, the aperture should radiate and generate the desired radiation at 18 GHz

when the desired phases are matched to the phase of the guided mode, assuming that

the off-resonant slots do not perturb the guided mode. The resonant response asso-

ciated with the slots and the corresponding normalized amplitude at the operation

frequency is show in Fig. 3.42.

At (and near) 18 GHz, where the phase of the guided mode was used, the exper-

iment matches well with the simulation and generates a beam along the z-axis, with

the comparison between the simulation and experiment is shown in Fig. 3.43. A slight

tilt in angle and minor skewing of the sidelobes is possibly due to a misalignment
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Figure 3.42: Slot resonant frequency and hologram operation frequency. The
circle marks the slot response at the operation frequency of the hologram (18 GHz).

of the aperture plane with respect to the measurement, which was measured using

the same NSI scanner as in section 3.3. Additionally, the simulated radiation, which

has no coupling model included shows that at the resonant frequency of the slot, it

continues to radiate. The experiment at this frequency, however, has no signifcant

radiation in this same field of view. The comparison for the radiation patterns at 21

GHz is shown in Fig. 3.44.

Figure 3.43: Guided mode hologram at its operation frequency (18 GHz).
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Figure 3.44: Guided mode hologram at the slot resonant frequency (21 GHz)
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4

Coplanar Waveguide Devices at Millimeter
Wavelengths

Metamaterials are often considered as artificial electromagnetic or photonic struc-

tures that can be assigned homogenized effective properties, with some metamateri-

als capable of exhibiting effective properties that are difficult to achieve in natural

materials [118–122]. They are created by embedding subwavelength artificial inho-

mogeneities in a matrix material. Resonant metallic inclusions are typically used in

RF and millimeter-wave metamaterials due to their ability to scatter electromagnetic

waves efficiently. By configuring geometry of the inclusions, metamaterials can ex-

hibit significant electric and magnetic responses [123]. Over the last decade, actively

reconfigurable and nonlinear metamaterials have been an exciting area of research.

Now, controlling the electromagnetic response of metamaterials can be achieved in

real time [124–126]. Most of this work uses discrete components, such as diodes and

transistors, and has theretofore been limited to lower frequencies.

The use of mature semiconductor processes for metamaterials allows for high pre-

cision and micron scale resonant inclusion fabrication for high frequency applications,
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and it also enables the incorporation of active and passive circuit components within

the resonator inclusion structure. Only a limited amount of work has been done in

semiconductor fabrication of high frequency metamaterials, even though a variety

of mature fabrication processes exist. Metamaterials in both transmission lines and

2D (metasurfaces) can be demonstrated using semiconductor processes. A voltage

controlled, silicon based 2D metamaterial has been demonstrated in the W-band (75–

110 GHz) [127], which demonstrated the tunability of effective material properties

(effective permittivity) by using a Schottky diode layer, but did not show the ability

to switch off the metamaterial properties (e.g., negative effective permittivity). A 2D

metamaterial consisting of an array of electric resonator elements and Schottky diode

layers has been fabricated and demonstrated on a semiconductor substrate near the

THz frequency [128]. Both examples [127,128] used a Schottky diode layer that was

deposited over the entire wafer. The work discussed in this chapter is associated

with the manuscript V-band electronically reconfigurable metamaterial [129].

Contributions:

• I simulated the original structures in HFSS to accurately model the fabrication

process. This process required using ADS to properly model the diodes and

import the data back into HFSS using discrete ports.

• I aided in developing the technique to extract the effective dielectric properties

of the structures by modifying existing methods to account for the microstrip

geometry.

• I wrote the code to extract the simulated and measured data, calculate the

effective dielectric properties, and generate the figures.

In this work, we report on a reconfigurable V-band metamaterial fabricated using

an InP heterojunction bipolar transistor production process. As designed and fab-
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ricated, the implementation uses complementary split ring resonators (cSRRs) and

Schottky diodes in both single unit cell and three unit cell monolithic microwave

integrated circuits. Each unit cell has two diodes embedded within the gaps of the

cSRRs. Reconfigurability is achieved by applying an external bias that turns the

diodes on and off, which effectively controls the resonant property of the structure.

In order to measure the metamaterial properties, the unit cells are fed and followed

by transmission lines. Measured data show good agreement with simulations and

demonstrate that the metamaterial structure exhibits resonance at around 65 GHz

that can be switched on and off. The three-unit cell transmission line metamaterial

shows a deeper resonance and a larger phase change than a single cell, as expected.

These are the first reported reconfigurable metamaterials operating at the V-band

using the InP high speed device fabrication process.

In previous work, we have demonstrated passive W-band metamaterials exhibit-

ing negative effective permittivity, embedded in a transmission line, and based on

an InP heterojunction bipolar transistor (HBT) production process [130]. This work

will not be discussed in this dissertation as the tunability of these structures is the

aspect of interest for potential development of reconfigurable holograms.

In this work, I report on a reconfigurable, electronically switchable metamate-

rial in a transmission line using the same process, operating in the V-band range

(50–75 GHz). Complementary split ring resonators (cSRRs) are used as metama-

terial unit cells because they are easily integrated into transmission line structures.

High speed InP based Schottky diodes have been incorporated into each unit cell to

provide a voltage controlled reconfigurability, providing an additional degree of free-

dom in designing future structures. These monolithic microwave integrated circuits

have demonstrated for the first time an ability to turn on and off the metamaterial

properties by changing the applied bias voltage to the diodes using the InP HBT

fabrication process.
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These structures can be used as miniaturized phase shifters, and new applications

can also arise once these structures with unique properties have been incorporated

into classic RF components (such as filters, beam forming networks, antennas, am-

plifiers, and limiters) and into other configurations such as 2D surfaces. Electronic

configurability opens up the application space because of the additional degree of

freedom in the design and properties that can be obtained.

4.1 Semiconductor Technology

Technology chosen for the fabrication of the active metamaterial is Northrop Grum-

man Aerospace Systems’ 0.8 µm InP HBT production process. The InP/InGaAs/InP

double HBT structure is grown by molecular beam epitaxy (MBE), and the process

is similar to that described in previous works [131, 132] but with an updated MBE

structure including an InP emitter. The double HBT structure consists of an n+

InP sub-collector, an n´ InP collector, a graded n´ InAlGaAs base-collector junc-

tion, a p+ InGaAs graded base, and an InP emitter with an In-rich, n+ InGaAs

cap for low emitter contact resistance. The cross-section of the process is shown in

Fig. 4.1. It offers two levels of metal interconnections with an airbridge option, two

layer Metal-Insulator-Metal (MIM) capacitors with a capacitance per unit area of

130 fF/µm2 and thin film NiCr resistors with two sheet resistances of 100 and 20

Ω{l. After front side processing, wafers are thinned to 3 mil with backside vias and

plated backside gold.

This process also offers Schottky diodes using the collector and sub-collector

epitaxial layers, in the size ranges of 3 µm ˆ 3 µm to 15 µm ˆ 15 µm, and the diode

size chosen for this work is 3 µm ˆ 3 µm, for its high frequency operation due to its

small footprint, low DC current, and cutoff frequency of about 220 GHz. Fig. 4.2

shows the measured current versus voltage (IV) curve for the 3 µm ˆ 3 µm Schottky

diode used in this work. This InP based Schottky diode has a low turn-on voltage of
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Figure 4.1: Cross-section of the InP HBT production process used in this work.
The capacitor, diode, and resistor layers are shown.

less than 0.3 V at a diode current of 1 µA and is suitable for applications requiring

low DC power and low drive levels.

Figure 4.2: Measured magnitude of current (ID) versus voltage (VD) curve for the
3 µm ˆ 3 µm Schottky diode. The diode offers low turn-on voltage and is suitable
for low drive level applications.
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4.2 Metamaterial Design

Split ring resonators (SRRs) as unit cell inclusions have been basic building blocks

for many metamaterial designs since they have been proposed by [75]. Both Schot-

tky and varactor diodes have been subsequently used to provide electrical control

of metamaterial properties. Schottky diodes have been traditionally used in mixing,

detecting, and switching microwave signals. Varactor diodes are used as variable ca-

pacitors and offer a large capacitance range versus bias compared to Schottky diodes,

which are the main applications of varactor diodes. In metamaterials, Schottky and

varactor diodes have been used to tune the metamaterial resonance and therefore

enable frequency agility.

We have introduced reconfigurability into a passive, complementary SRR (cSRR) [123]

by incorporating Schottky diodes into the unit cells. In this work, the diodes act

primarily as switches, although some tunability can be achieved due to variable junc-

tion capacitance with bias voltage. Since diodes incorporated into these unit cells

need to be biased, the cSRR configuration was chosen for this design, allowing one

side of the diode to be on a common DC ground. Our structures implements a cSRR

design similar to our previous work [130], but resonates in the V-band when diode

parasitics were taken into account.

A drawing and equivalent circuit schematic of the cSRR unit cell is shown in

Fig. 4.3 to illustrate our reconfigurable concept. The cSRR acts like an electric

dipole and can be modeled as an LC resonant circuit [133, 134]. In Fig. 4.3, Cr is

the total resonant capacitance, while resonant inductance has been split into three

parts (Lr1, Lr2, and Lr3) to reflect the locations of the diodes, the bypass capacitor,

and the bias resistor. A bypass capacitor of „0.6 pF has been used to bias the

diode cathode, while the diode anode is on the DC ground. The equivalent circuit

schematic in Fig. 4.3 also shows that the diode capacitance now becomes part of
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Figure 4.3: Simplified (a) drawing and (b) equivalent circuit of the cSRR unit cell
with diodes, bypass capacitor (“cap”= 0.6 pF), and bias resistor.

the overall cSRR resonant capacitance, while the diode resistance dampens the LC

resonance.

Figure 4.4: Optical micrograph of the three unit cell reconfigurable transmission
line metamaterial. It shows a CPW launcher feeding the microstrip line and three
cSRR unit cells created in the wider microstrip line.

Two transmission line designs were placed on the fabrication mask, one consisting
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of a single unit cell and the other consisting of three unit cells. Fig. 4.4 shows the

optical photograph of the three unit cell design. It consists of a coplanar waveguide

(CPW) launcher followed by a microstrip transmission line. A microstrip transmis-

sion line is formed on a 3 mil (76 µm) thick InP substrate using the first interconnect

metal as a transmission line and the backside metal as a ground plane, as shown in

Fig. 4.6. The scanning electron microscopy (SEM) image of the single unit cell in

this design is shown in Fig. 4.5. When the diode is reversed, the circuit is open, and

the cSRR resonates. When the diode is forward biased, it shortens the cSRR which

then ceases to resonate and the structure reverts to a conventional transmission line.

Two diodes were used to preserve the symmetry of the design. One of the challenges

typically faced when incorporating diodes into metamaterial unit cells is to attach

typically large diodes to relatively small unit cells while keeping the overall cell size

sub-wavelength. An advanced semiconductor process, like our 0.8 µm InP produc-

tion process, offers compact diodes that can be placed in the gaps of the cSSR unit

cells, as shown in Fig. 4.5.

In our cSRR configuration, all transmission line conductors would be at the same

DC voltage, which would prevent us from biasing the diode. However, MIM capac-

itors are used to decouple the DC and RF signals, and the DC bias is provided by

500 Ω thin film resistors. Resistors are placed on both sides of the design in or-

der to preserve the unit cell symmetry, even though only one is functioning for the

DC bias. Fig. 4.6 shows a simplified cross-section of the cSRR metamaterial in a

host microstrip line, and it includes the capacitor, diode, location of the cutout, and

connection to the diode bias. Another challenge in creating high frequency reconfig-

urable cSRR unit cells is that a capacitor has to be placed within the unit cell, which

must be of sub-wavelength size for the metamaterial. Conversely, the capacitor has

to be large enough to work as a bypass capacitor at the designated frequency. We

have solved this challenge by creating a MIM capacitor formed between first inter-
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Figure 4.5: SEM micrograph of a single unit cell of the reconfigurable transmission
line metamaterial. Two diodes are used for electronic control and are labeled in the
figure. The capacitors and resistor are used for decoupling DC and RF and biasing
the diodes.

connect metal and top metal, as shown in Fig. 4.6. Traditionally, rectangular shapes

are used to form a MIM capacitor, but in this work, we use the entire area inside of

the cSSR unit cell, which allows us to maximize the capacitance value, as shown in

Fig. 4.5. The total capacitance value is about 0.6 pF, which is sufficient for operation

at around 60 GHz.

A rule of thumb is that the unit cell must be smaller than about λ/10 for the

homogenization process to be valid; the smaller the unit cell, the better. Many

typical metamaterial unit cells have dimensions close to λ/10, which size is necessary

to obtain the necessary capacitance and inductance. In our design, the size of the

cSRR unit cell is 111 µm ˆ 111 µm, which corresponds to about λ/17 at operating

frequencies. This additional compaction is achieved by utilizing a bias dependent

parasitic capacitance of the diode, which becomes part of the equivalent capacitance

and inductance of the unit cell. Therefore, this work also demonstrated the use of
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Figure 4.6: Cross-section of single-unit cSRR metamaterials showing the mi-
crostrip transmission line, diodes, capacitor, and cSRR cutout.

external capacitance to further compact the unit cell below the typical λ/10 standard.

In the three-unit cell design, bias for each unit cell has been connected to a single

DC pad to simplify the testing, as shown in Fig. 4.4. It can easily be separated,

enabling individual control of each unit element and providing an additional degree

of freedom in the design and tunability of the metamaterial structure.

In designing and analyzing our metamaterial, we have used an ANSYS’ High

Frequency Electromagnetic Field Simulator (HFSS) to simulate the entire passive

structure including capacitors and resistors but without the diodes. The microstrip

feed was included in our simulations to accurately reflect the experimental config-

uration. The result was then imported into a Keysight Technologies’ Advanced

Design System (ADS) where a Schottky diode model was added to the simulation.

This allowed us to simulate the response of the structure under different diode bias

conditions. The Schottky diode model is a macro-model that is configured using

the standard compact diode model with extrinsic lumped elements. Figs. 4.7 and

4.8 show the simulated S-Parameters of the single and three-unit cell reconfigurable

metamaterial, respectively. When the diode is reverse biased (“OFF” state, with
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Figure 4.7: Single unit cell reconfigurable transmission line metamaterial sim-
ulated S-parameters: (a) magnitude of S11, (b) magnitude of S22, (c) magnitude
of S21, and (d) phase of S21. Solid lines denote the case when the diodes are off
and the structure exhibits metamaterial properties. Dashed lines denote the case
when the diodes are on, which shortens the cSRR, and the structure behaves like a
transmission line.

an applied voltage of ´1 V), the structure acts as a classic resonant metamaterial,

characterized by a dip in the magnitude of S21 and the positive phase slope in S21.

When the diode is forward biased (“ON” state, with an applied voltage of „0.6 V),

the diode shortens the cSRRs and the structure acts like a normal transmission line.

The three-unit cell design exhibits a stronger dip in S21 and a larger positive phase

shift in S21, as expected.

In order to demonstrate the metamaterial nature of the proposed line structure,

several additional lines with numbers of cells ranging from 2 to 15 were simulated

in order to extract the equivalent complex relative dielectric permittivity (ε) and
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Figure 4.8: Three-unit cell reconfigurable transmission line metamaterial simu-
lated S-parameters: (a) magnitude of S11, (b) magnitude of S22, (c) magnitude of
S21, and (d) phase of S21. Solid lines denote the case when the diodes are off and the
structure exhibits metamaterial properties. Dashed lines denote the case when the
diodes are on, which shortens the cSRR, and the structure behaves like a transmission
line.

permeability (µ) using well-known extraction methods [135, 136], but modified to

account for the microstrip geometry. The results of this process, shown in Fig. 4.9,

display the consistency in propagation properties, which is expected from a meta-

material structure. A convergence of these parameters for a growing number of cells

suggests that the first and last elements may show a different response due to the

lack of coupling with neighbors, a behavior often observed in periodic structures. As

the number of elements increases, these end effects are gradually diluted, and the

permittivity and permeability values converge as expected for a true metamaterial.

Furthermore, the sharp contrast between the extracted parameters when the diodes
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are in “ON” and “OFF” states demonstrates the ability to switch between the clas-

sical transmission line propagation characteristics and the remarkable cSRR-induced

metamaterial properties.

Figure 4.9: Real and imaginary parts of the effective permittivity (ε) and perme-
ability (µ), extracted from the simulation results for metamaterial lines with different
numbers of unit cells, in “ON” and “OFF” diode states.

4.3 Experimental Data

The reconfigurable metamaterials were tested on wafers using V-band (50–75 GHz)

and W-band (75–110 GHz) setups with a Keysight N5245A 4-port PNA-X driving

the OML, Inc.’s WR-15 (for V-band) and WR-10 (for W-band) extenders. The

RF power delivered to the device under test (DUT) can be controlled by varying

the attenuator on the extenders. RF probes used for the test are GGB Industries

Inc.’s WR-15 (for the V-band) and WR-10 (for the W-band) ground-signal-ground

waveguide probes. An XF setup can be used to determine this structure from 1 to 110

GHz, but the frequency step is reduced because our setup has a limit of 401 points.

Two setups allow us to use a smaller frequency step because they enable much higher
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frequency points, which are needed for the resonant-type structure measurements.

Calibration was performed using an Impedance Standard Substrate (ISS). The DC

bias for the diodes was provided using SV’s DC-1 needle probe.

Figure 4.10: Single unit cell reconfigurable transmission line metamaterial mea-
sured S-parameters using V- and W-band setups: (a) magnitude of S11, (b) magni-
tude of S22, (c) magnitude of S21, and (d) phase of S21. Solid lines denote the case
when the diodes are off and the structure exhibits metamaterial properties, while
the dashed line denote the case when the diode is on and the structure acts like a
normal transmission line.

Figs. 4.10 and 4.10 show the measured S-parameters for single and three unit

cell designs using both V- and W-band setups. There is a slight discontinuity at 75

GHz, which is due to the change in the setup. The results show that we were able to

switch on and off the metamaterial resonant property of the structure, as predicted

by simulations. When the diode is in the off state, the structure was biased at ´1
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V, which puts the diode in the reverse region. The diode current is very low, less

than 1 mA. This corresponds to the solid line results in Figs. 4.10 and 4.11. The

structure was then biased at +3.5 V to turn the diode on, which corresponds to a

diode voltage of about 0.6 V, and the result is shown as the dashed lines in Figs. 4.10

and 4.11. The total bias current per diode is 2.3 mA. Two diodes were used for

the three unit cells for a total of 6 diodes for the structure. Therefore, the total DC

power consumption is 4.6 mW for the single unit cell and 11.8 mW for the three unit

cell design. Low power consumption is key to future applications of reconfigurable

metamaterials.

The measured and simulated results show very good agreement. For example,

there is good agreement between the dip in the S21 magnitude at „71 GHz for the

simulation and the measured dip at „65 GHz for the three unit cell version. The

small difference is attributed to an increase in diode capacitance compared to our

model, which shifts the resonance of the unit cell to a lower frequency. The measured

positive phase shifts S21 are smaller than those predicted by the simulations for both

single and three unit cell versions. This can be explained by an increased resistance

of the diode or metal losses, which dampens the resonance and reduces the phase

shift.
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Figure 4.11: Three-unit cell reconfigurable transmission line metamaterial mea-
sured S-parameters using V- and W-band setups: (a) magnitude of S11, (b) magni-
tude of S22, (c) magnitude of S21, and (d) phase of S21. Solid lines denote the case
when the diodes are off and the structure exhibits metamaterial properties, while
dashed lines denote the case when the diodes are on and the structure acts like a
normal transmission line.
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5

THz

Terahertz, or submillimeter radiation, which is generally accepted as the frequencies

from 300 GHz to 3 THz, has gained attention in the past decades due to the practical

applications utilizing the properties that are characteristic to these wavelength [1–3].

Much of this attention in the terahertz regime has been focused on imaging, especially

for security and defense, but also terahertz radiation has important applications in

the medical field and in quality control [137]. Unlike microwave and optical lights

on either side of the so called “terahertz gap,” the terahertz band is one of the least

accessible frequency ranges due to the limitation of detectors and sources. As a

result, this field has been the focus of recent research leading to new improvements

and developments in the methods used to access this band.

The introduction of metamaterials were a promising development for the tera-

hertz regime. The improvements over natural materials resulting from the designer

characteristics of metamaterials has lead to advancements in the terahertz, including

perfect absorbers [86], tunability [85,87,125,128,138–140], imaging [8,141,142], and

wavefront manipulation [143].

Similar to metasurfaces applications at other wavelengths, the use of all-dielectric
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metamaterials are promising for manipulation of electromagnetic light [96,143–145].

Specifically, utilizing semi-conductors in all-dielectric metasurfaces provides a range

of methods for dynamic control [146, 147]. Building off of similar proven geome-

tries [29,148], recent methods using all-dielectric cylinders allowed for dynamic tun-

ing with photo-induced doping [51, 149]. Here, I explore using the variable response

of the all-dielectric cylinder as a function of optical doping.

Contributions:

• I aided in the fabrication of the all-dielectric metasurfaces.

• I simulated the structures in CST and found the corresponding transmission

and reflection components as a function of charge density.

• I designed and constructed the experimental setup with the optical system that

used a DMD to dynamically tune the light incident on the metasurface.

• I measured the samples in the terahertz time-domain spectroscopy system and

found the transmission and reflection as a function of input photo-doping.

• I simulated the holographic metasurfaces using the simulated and experimen-

tally measured dielectric response as a function of frequency.

5.1 Fabrication

Fabrication of the all-dielectric metamaterial cylinders is a relatively simple clean

room process. Despite the simplicity, there are many steps that lead to inconsistent

variations and the process often ends in failure, even for the most skilled clean-

room users. The challenges are not due to the physical size limitations, but the

difficulties in separating and transferring the silicon cylinders to a handle substrate.

Work has been done to limit these issues by connecting the cylinders by a thin

bridge that allows for a free-standing structure [51]. In this section, I will describe
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the fabrication process to create silicon cylinders impeded in Polydimethylsiloxane

(PDMS). The process requires using a Silicon on insulator (SOI) wafer with the

silicon having the specific height required for the cylinders, which in this case is 50

µm. The general steps are photolithography, reactive ion etching, chemical etching,

and transfer to substrate. Before photolithography, the samples need to be prepared.

Because of the transfer process, which will be explained later, the wafer samples

need to be just larger than the device area. After coating the wafer in photoresist

to protect the surface, the wafer is diced into squares that provide a few millimeters

on each side of the device area for handling and some constraints of the process,

though, it would ideally be as close to the device size as possible. After dicing, the

wafer samples (chips) are cleaned of all organic material in a piranha solution. The

photolithography process requires a negative chrome mask with cylinders with radius

62 µm and a 172 µm pitch while the silicon layer on the wafer is 50 µm thick. In order

to etch the deep sidewall trenches required for the cylinders, I used AZ9260, which

is well documented for generating these deep etches [150]. Due to the thickness of

the resist and the small size of the wafer sample, the spin coating often produces a

thick edge-bead, which prevents proper alignment and direct contact with the device

area during photolithography. To reduce or remove this edge-bead, I need to use

an imprecise method of wiping away the extra photoresist with a swab soaked in

acetone, which is another reason for the extra sample area. After this step, the

photoresist needs a soft-bake to remove the extra solvent that was introduced with

the wiping with acetone. The actual exposure is relatively trivial after this step

is completed, though alignment of the device into the center of the chip is ideal.

After exposure, the chip is developed in a solution of AZ4000 1:4. The process

requires constant agitation to properly remove the developed photoresist from the

deep trenches that it creates. Though complete removal of the resist is necessary

for the etching, over-developing can cause deterioration of the features and affect the

126



geometry. After the development is complete, the chip is hard-baked prior to etching.

The etching of the Si uses deep reactive-ion etching to etch all the way through to

the SOI layer with a high aspect ratio. This etching method is straightforward and

exposes the silicon oxide layer for chemical etching with hydrofluoric acid (HF). The

etching is highly dependent on temperature of the HF and agitation so the etch times

often vary. Unlike the previous method, overetching with HF destroys the sample

by releasing the cylinders completely. In order to test the etching, cylinders near

the edges can be broken off and the remaining silicon oxide post can be measured.

The thinner the post, the easier the next step is, which is the most difficult part of

the fabrication. Because the exposed surface area decreases as a function of post

thickness, the radius of the post changes rapidly near the end of the etch time.

The next step, which involves the transfer of the cylinders to the PDMS is difficult

because a physical shear force must be used at the edge of the sample such that

the cylinders break from the handle substrate at the silicon oxide posts. Before the

transfer, the PDMS must be prepared at a 10:1 ratio of base to curing agent. The

PDMS must held under vacuum before being spun on handle substrates to release

the gas that gets trapped while mixing. The spinning of PDMS generates thin

uniform layers for the cylinders. One layer is spun and baked to create the base and

another is added for the transfer step. The uncured PDMS bonds to the cylinders

in the transfer step and baking cures the cylinders in the top PDMS layer. The

cylinders can be released from the substrate at this point by applying a force directly

perpendicular to the silicon oxide posts, such that they break from the cylinders and

the substrate is released. Unfortunately, this step can easily end in a broken substrate

or torn PDMS layer, both of which render the device unusable. At this point, the

device can be bonded to a thicker PDMS frame, which is more robust than the

thin device PDMS layer. Unfortunately, despite seemingly perfect fabrication, the

PDMS transfer step and subsequent framing can lead to wrinkles in the metasurface
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which can negatively effect the performance. In the case of metasurface holography,

wrinkles in the PDMS would alter the phase across the metasurface and it would not

have the same properties with its flat counterpart.

Figure 5.1: Fabricated all-dielectric cylinders.

5.2 Simulation

Simulation of the all-dielectric metamaterial cylinders was completed using CST. The

cylinders were modeled with material properties following a Drude model [151–153]

with the plasma frequency ωp changing as a function of photo-induced power. The

Drude model is given by

ε “ εinf ´
ω2

p

ω2 ` iωγD

(5.1)

where εinf “ 11.7, γD “ 1013s´1 is the collision frequency, plasma frequency ωp is

defined as ω2
p “ ne2{ε0m

˚ where n is the carrier density in Si, e is the electron charge,

and m˚ “ 0.15me where me is the effective mass. [152,154]. With the Drude model

given as a function of the plasma frequency ωp, which is a function of n, the Drude
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model is directly described by the input laser power by

n “
P0p1´Rqτ

2Ad~ω
(5.2)

[149,155,156] where P0 is the average power, R is the reflectivity of Si, τ “ 25µs [157,

158] is the carrier lifetime, ~ is the photon energy, A is the area of the optical light,

d is the penetration depth in Si, which is approximately 85 µm at 980 nm. The

simulations used the varying levels of input power, and thus manipulated the plasma

frequency of the silicon. The transmission and reflection were found as a function of

input power and are plotted in Fig. 5.2

Figure 5.2: Simulated all-dielectric cylinders

The role of loss in these all-dielectric metasurfaces has been explored [148] with

low loss silicon having high transmission and being capable of more tuning than

lower loss examples [156]. The simulated cylinders are highly doped examples with

tanδ “ 0.1740 as the they were the only example that had a noticeable tuning in

the experimental setup. Additionally, the input power in the simulation was limited

because in order for the entire metasurface to be illuminated, the total area was

almost exactly 1 cm2. In comparison to the Fan et al. [149], the power carrier

concentration due to their smaller area is five times greater.
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5.3 Characterization

To characterize the all-dielectric metasurface, I used terahertz time-domain spec-

troscopy (TDS) with a Hubner F-SPECTRALYZER system. The terahertz pulse

was focused with a 1” diameter TPX lens with a focal length of 100 mm creating a

focus with a 1.5 mm beam waist at 1 THz. Both the emitter and detector used the

same lenses and the sample was placed between them. The detector was mounted to

a motorized xyz stage, while the emitter was mounted such that it could be rotated

about the sample. This setup allowed the emitter to be used at various incident

angles including for reflection measurements. The metasurface can be measured by

the TDS in this configuration, but, to modulate the sample, the optical beam must

be incident the silicon cylinders.

Although this setup is similar to that in Fan et al. [149], this setup utilizes a

spatial light modulator (SLM) to directly control the optical light spatially. Following

the same control scheme as Shrekenhamer et al. [156], the sample was illuminated

by a 980 nm laser and modulated by a digital micromirror device (DMD). The

DMD (DLP D4100-2XLVDS) is an array of micro-mirrors, which pivot with angles of

φ “ ˘12˝. The entire array comprises 1024 pixels ˆ 768 pixels (XGA resolution) with

the total area being 14.0 mm ˆ 10.5 mm and individual pixel pitch dA “ 13.68 µm.

Additionally, the DMD used has an anti-reflection coating for optimized transmission

at NIR wavelengths. Using a DMD allows light to be manipulated at very fine

resolutions at the same scale of the DMD or projected with lenses. In order to fill

the DMD area, the laser diode is first collimated by an aspheric lens before passing

through a Galilean beam expander (Thorlabs BE05-10-B). The resulting illumination

slightly overfills the required area on the DMD due to the elliptical output from the

diode. In its optimal, blazed configuration, which utilizes the fourth diffraction order,

the DMD reflects light 47% efficiency [159]. The setup used for the characterization
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of the metasrufaces is shown in Fig. 5.3.

Figure 5.3: Picture of terahertz time-domain spectroscopy setup with optical
tuning. The 980 nm light (red) is emitted from the laser diode, expanded, and
manipulated by the DMD. The altered light is reflected onto the metasurface with
the desired pattern. The THz light (green) illuminates the metasurface at an angle
with the undiffracted light passing through. The desired pattern generates an on-axis
radiation pattern (green dashed), which is measured by the detector.

After, the losses resulting from the optics and DMD, the power at the metasurface

was measured to be 335 mW/cm2. The experimentally measured results in both a

transmission and reflection setup are shown in Figs. 5.4 and 5.5.

Unlike the simulated responses in Fig. 5.2, the doping of the silicon does not cause

the transmission or reflection to ever be greater than the undoped case. Instead the

amplitude drops with the increased doping.

5.4 Dynamic Holographic Methods

The methods described here are similar to the holographic metasurface methods

presented in chapter 3. Previous methods used to adjust to the desired hologram

by finding the polarizability with the closest match in phase, while the amplitude of

the response was only taken into account after matching the phase. In this chapter,
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Figure 5.4: Experimentally measured transmission of the all-dielectric metasurface
showing both undoped and doped cases. The left plot shows the amplitudes relative
to each other. The right plot shows the doped response normalized by the undoped
response to provide the normalized amplitude and differential phase.

Figure 5.5: Experimentally measured reflection of the all-dielectric metasurface
showing both undoped and doped cases. The left plot shows the amplitudes relative
to each other. The right plot shows the doped response normalized by the undoped
response to provide the normalized amplitude and differential phase.

I utilize a more general and optimized method in which a Euclidean modulation

matches the desired phase response to the constraints achievable in the physical

implementation [116]. This is achieved by minimizing the distance between the two

responses on the complex plane.

The DMD provides a means to directly control the spatial variations of a silicon

metasurface easily and quickly. The onboard processor is capable switching a binary
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pattern at speeds up to 32.5 KHz and gray-scale control at speeds up to 1.9 KHz,

which allow for theoretical use for beyond video frame-rate metasurface modulation

and is only limited by the recombination time in the silicon. I explore the theo-

retical application of the metasurface methods in this configuration by utilizing the

transmission setup in Fig. 5.3.

The hologram’s radiation pattern is fundamentally limited by its aperture size

and sampling, which is discussed in section 3.3. Due to the constraints of the fab-

ricated metasurface designs, which are limited to a 1 cm ˆ 1 cm aperture, which

at these wavelengths, corresponds to about twice the resolution of the examples in

section 3.3. The pixel control is limited by the number of individual cylinders across

the metasurface. The all-dielectric metasurface described above comprised 60 ˆ 60

cylinders with pixel pitch of 172 µm, which is approximately 33λˆ 33λ. Other than

the resolution, the metasurface is limited by the achievable phase response of the

individual elements. In this case, at 1 THz, the metasurface has phase range of

˘27˝ which corresponds to a magnitude between 1 and 0.48. Using these parame-

ters, I design a metasurface using an off-axis reference wave from the emitter. With

the focusing lens off, the emitter generates a collimated beam that can illuminate

the entire metasurface. The experimentally measured fields for this wave are shown

in Fig. 5.6. The reference was measured with the lens on the detector, which was

scanned in the xy-plane, parallel to the reference wave. The slight phase variation

in y is due to a slight tilt of the emitter.

I added a constant kx to the reference wave to simulate off-axis illumination. I

note that, measuring the TDS off-axis directly is more difficult and is better achieved

with a near-field scanner. With the reference at an angle of 15˝ about the optical

axis, the resulting response from the cylinders would change slightly, though less

so in the TE polarization. This change can be modeled or introduce by a rotation

of the coordinate system. In this simulated example, I neglect the variation of the
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Figure 5.6: Collimated reference wave from the terahertz emitter. The magnitude
of the electric field is shown on the left while the phase is shown on the right. Here
the fields are measured by the detector with the lens on while the emitter has the
focusing lens off. The measurement is achieved by scanning the areas in the xy-plane.

response due to any angular dependence. The desired hologram creates an on-axis

focus point at z “ 10 cm. The hologram itself is generated by doping specific

cylinders. The beam in Fig. 5.7 is created when the metasurface is doped with the

pattern shown in Fig. 5.8. This method can be easily attributed to a wide range of

radiation patterns and can include multiple levels of doping by using a subset of the

DMD pixels to create gray-scale power levels. In Fig. 5.9, I present a raster scan of

using the THz metasurface tuning with the corresponding DMD patterns shown in

Fig. 5.10. The fast switching speed and high resolution control make the DMD a

powerful method to dynamically tune metasurfaces in the THz. The concerns related

to actual implementation are that the definitions of the fields at the hologram by both

the reference and the radiating fields are very difficult to measure. I believe this type

of reconfigurable hologram technique would be best tested using a THz near-field

scanner [160] due to the limitations imposed on the measurement by the lenses in

the system. Additionally, the CW laser that was used to illuminate the metasurface

was limited to 350 mW/cm2, which is barely capable of tuning the silicon over the

134



full area of the detector.

Figure 5.7: On-axis focus point at z “ 10 cm. The metasurface is generated by
creating the required hologram with doped and undoped cylinders.

Figure 5.8: Doping pattern on the metasurface to generate on-axis focus point at
z “ 10 cm.
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Figure 5.9: Example of raster scanning the scene with radiation patterns from the
metasurface. The images correspond to the DMD patterns in Fig. 5.10. As this
is only an example of the concept, the axes and colorbars were removed, but were
generated using the same methods as for Fig. 5.7.

136



Figure 5.10: Example of DMD patterns that illuminate the metasurface to gen-
erate beams that raster the scene. The images correspond to the radiation patterns
in Fig. 5.9.
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6

Conclusions

In chapter 2, I present my work related to thin and volume holography. First, in

section 2.1, I present a phase-only hologram fabricated out of 3D printed plastic.

Although the method only relies on the simple interference model, it can be reason-

ably valid as long as the hologram is in fact thin enough. I show in experimental

measurements that the thin hologram does create a focus as intended, though the

physical location is closer than designed. Considering the model was limited to a

phase-only design, and assumed a point source for the reference, the experimental

results were very promising. Additional steps like including the experimentally mea-

sured reference wave and optimizing the output with a error-reduction method like

the GS algorithm should be incorporated in future implementations.

The interference model used in section 2.1 does not easily scale for electrically

thick holograms and significantly limits the theoretical applications for leveraging

volume holography. In section 2.2, I utilize drilled-holes in a sheet of Delrin plastic

to vary the effective index as a function of position. The index variation is calcu-

lated by taking the coupling and propagation through the medium into account with

coupled wave theory. Though this method generates functional VHs, but the appli-
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cation of CWT is limited to the weak scattering approximation and non-dispersive

media. Incorporating polarizable dipole inclusions into a volumetric design cannot

be described by CWT and requires other techniques that take the dipole response

into account. A recent method utilizes an iterative technique and solves for inverse

scattering to directly define the polarizabilities of the volume with DDA [161].

In section 2.3, I utilize a method relying on CMT for a parallel plate waveg-

uide setup to extract the polarizabilities of dispersive meta-atoms. Although I only

describe a via and unoptimized geometries for two meta-atom designs, I note that ge-

ometric changes as well as completely different meta-atoms can be characterized with

this extraction model. After characterizing a handful of polarizabilities, a method

similar to that in Zecca et al. [161] could implemented to generate a specific holo-

gram with a corresponding set of polarizabilities which can be directly mapped to

specific meta-atoms, as a function of their geometries or specific inclusions. The

actual implementation of this method is not exact and requires the assumption of

treating the meta-atom as a point dipole for proper extraction with regard to the

fields, which can be troublesome when the samples become electrically large. The

method also requires the use of a simulation data and utilizes the field exports from

CST. With the added error resulting from computational electromagentic simulation

which often can be attributed to the meshing in the simulation, especially the values

along the circle enclosing the meta-atom. The number of simulations were limited

to the via and the two meta-atoms because of the computational load of the simu-

lations. An extraction of an individual meta-atom required three simulations of the

PPWG: the two orientations and one of the empty PPWG. The total time for these

three simulations was just over sixty hours with the resulting data requiring 315 GB

of storage and using 48 GB of RAM during the simulation.

In chapter 3, I introduced metasurface holograms with pixels solely consisting of

magnetic metamaterial resonators. In sections 3.3, I utilized both on- and off-axis
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illumination setups for transmission metasurfaces in the K-band using cELCs. While

the metasurfaces use resonant polarizabilities which limit the phase range to 180˝ or

less, by accounting for their resonant response, it is possible to design holograms with

a continuous phase variation and nonuniform (albeit coupled) magnitude distribu-

tion. To enforce the resonant phase constraints (and coupled magnitude response)

of the holographic pixels, a constrained, iterative Gerchberg-Saxton algorithm is

applied. Similar steps are taken in section 3.4 to achieve W-band metasurface holo-

grams using complementary meander-line metamaterials elements. While utilizing

the reference allowed for larger phase control in subsection 3.5, I additionally utilize a

method to create a frequency dependant detour phase hologram. In subsection 3.6, I

have provided a method for encoding multiple holograms into a single, multispectral

holographic metasurface using a broadband reference wave and frequency-dependent

metamaterials acting as pass-band filters. Although a majority of the reference wave

is reflected for each frequency, the re-radiation of the metasurface creates images at

the desired frequency and focal plane with high fidelity. The Q-factor of the elements

in addition to the specific phases of reference wave accessed for each frequency forces

the radiated fields to not only focus at the correct frequency but also focus at the

correct distance.

Alternatively, while these transmission metasurface holograms suffer from a trans-

mitted zeroth order mode, in section 3.7, I show that metasurface holograms excited

by a guided reference wave can mitigate this problem. Simulations compare this

method using the same structure size and methods as in section 3.5 but utilize the

guided reference at the operation frequency of 92.5 GHz. Due to the difficulties

and costs involved in creating a guided mode hologram in the W-band, I present

a proof-of-concept example in the K-band. This example is specifically designed to

minimize coupling to the guided mode such that it is unperturbed, though a better

method, like that posed in Pulido-Mancera et al. [69], is required to realistically ac-
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count for this coupling and create larger and more complex holograms. Additionally,

the use of tunable elements, like diodes [117], with this modular form factor provides

a means for incredible applications [112–115], but . Other than these examples, us-

ing the guided mode as a reference can be leveraged in the design of holograms at

higher or lower frequencies; for Fresnel holograms; and for reconfigurable holographic

apertures.

In chapter 4, I introduced my work with tunable coplanar waveguide metama-

terials. The chapter shows the successful demonstration of V-band electronically

reconfigurable metamaterial transmission lines fabricated by a 0.8 µm InP HBT pro-

duction process. Schottky diodes with a cutoff frequency of „220 GHz were used

for electronic control. Single and three resonator unit cell metamaterials were de-

signed, fabricated, and measured. We have demonstrated the ability to turn on and

off the resonance of the structure by controllably biasing diodes embedded into the

unit cells. Good agreement between the simulated and measured S-parameters was

achieved. We have also demonstrated further compaction of the unit cell to „ λ{17

by using diode capacitance as a part of the unit cell design.

These MMIC structures can be building blocks for creating electrically tunable

and controllable metamaterials utilizing active devices and leveraging the high speed

InP semiconductor process technology. This would open up areas of reconfigurable

and nonlinear metamaterials and enable high frequency operation even up to THz

frequencies. The most natural application of this type of structure is its use as minia-

turized phase shifters, due to its sub-wavelength unit cell size and ability to control

each element to achieve a large variety of phase states. In the future, transmission

line metamaterials could be incorporated into many other RF components, such as

reconfigurable filters, beam forming structures, and amplifiers. This would enable

the unique properties of metamaterials to be used in future RF components and

systems.
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Finally, in chapter 5, I explored dynamically controlled metasurface holography

using all-dielectric cylinders in the terahertz. I described the doping model that

generates free-carriers in the silicon, which quenches the resonant response of the

metasurface. I explored both a reflection and transmission setup integrated with

beam from a 980 nm CW laser. The beam was spatially controlled with a DMD

which allowed for the resulting simulated doping patterns to be projected onto the

metasurface. The transmission setup gave a larger phase response than in reflec-

tion and I presented methods for dynamically tuning the metasurface with spatially

controlled doping. Experimental measurements of the radiated patterns were unsuc-

cessful. This was due to optical doping being a function of power per area and the

metasurface was much larger than previous optical doping methods. As a result of

the limited tunability of the THz, the ability to diffract the reference was signifi-

cantly decreased and resulting radiation was difficult to discern from noise without

a lock-in technique, which was not possible with the F-Spectralyzer. Additionally,

I believe this technique would be much easier achieved with a terahertz near-field

scanner [160] capable of directly measuring the fields in a plane. This would allow for

measurement of both the reference wave prior to interfering with the metasurface,

as well as the resulting radiation patterns. The methods here will easily be achieved

in the near future with the right equipment as research continues to look at these

methods [51,149]. Dynamic holographic light manipulation was the far-reaching goal

when I joined this field, yet it is now realizable across the microwave and into the

terahertz by utilizing the methods expressed in this dissertation.
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Appendix A

Metasurface Fabrication Using LPKF

This Appendix provides a detailed description of the fabrication using the LPKF

ProtoLaser U3 and the resulting difficulties associated with using this technique for

metasurfaces in the W-band, with specific mention to the the hologram in subsec-

tion 3.5. Although the LPKF was also used for creating the K-band metasurfaces,

only the default settings were required.

Using a simulation tool, like a 3D full-wave solver, can provide a simple method to

quickly retrieve the effective response of a possible metamaterial design. Using CST

Microwave Studio (CST), we design the complementary of a previously explored

meander-line element [84], such that upon resonance, it acts as a band-pass filter

in transmission, with the tuning of the resonance frequency controlled by changing

the meander-line length L. Simulations of the element presented a strongly reso-

nant element with a Q-factor greater than 10 that could be accurately controlled.

Fabrication, though, is one of the major limiting factors, specifically for many of

the previously mentioned holographic designs [21,23,42,45], leading to experimental

error and long turn-around times, especially when a clean room is necessary.
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In order to create our metasurface, we use a fast fabrication technique that readily

takes DXF files and removes copper directly from the surface of the PCB. The

metasurface hologram was fabricated from a single layer of 20 mil thick (508 µm)

low-loss Rogers 4003 dielectric, clad on both sides with 1 oz. (35 µm) thick copper.

The fabrication technique used an LPKF U3 laser system operating at a wavelength

of 355 nm to etch the metamaterial elements into the copper layer on one side of the

substrate. Then, since our hologram operates in transmission mode, we formed an

aperture on the opposing side by removing all copper in an area just larger than the

metamaterial array.

The laser system’s default settings have it cycle through several steps, known as

phases, in the process of etching copper away from the circuit board; an illustration

of the beam paths associated with the various phases is shown in Fig. A.1(a). The

first phase, called contouring, outlines a desired polygon using a 15 µm in diameter

focused beam; only the metal along the polygon’s outline is removed at this stage.

In the following phase, called hatching, the metal within the outlined polygon is

divided into thin stripes. By default, these stripes are 120 µm wide and up to 20

mm in length. In the final phase, called heating, the laser beam is defocused to

increase its area, and the metallic stripes are separated from the substrate. Unlike

the focused beam used in the first two phases, which melts and vaporizes the copper,

the defocused beam used in the last phase provides enough heat to delaminate the

copper from the substrate’s surface and an air knife blows the delaminated copper

away.

We have found that these steps and their associated default settings provide an

effective way to remove large metallic areas. For small features, however, the hatching

and heating phases can create undesired variations in the amounts of copper removed.

For this reason, we designed our W-band elements using very fine traces, such that

the hatching and heating phases were not needed and our metamaterial elements
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Figure A.1: Laser phases and etching. (a) Our laser’s default phases are contour
(red), hatch (blue), and heat (green)—shown her along paths computed by the laser’s
software to etch a larger, conventional metamaterial element. (b) For our thin W-
band elements, we utilized only the contour (red) phase. Initial unit cell simulations
assumed only the copper layer was removed by the laser’s beam (c), these simulations
were later revised to account for the fact that the laser penetrates beyond the copper
layer and etches into the substrate as well (d).

were instead fabricated using the contour phase alone, as shown in Fig. A.1(b). In

this fashion, we were able to use the laser’s focused beam to ablate meander-line

structures in a repeatable and accurate way with features as thin as 25 µm—smaller

than LPKF’s advertised minimum feature size.

As illustrated in Figs. A.1(c) and A.1(d), we observed that, in addition to etching

the copper layer, the laser’s beam also etched away a non-negligible amount of the

dielectric substrate lying underneath the copper—resulting in a significant frequency

shift of our elements’ resonance, shown in Fig. A.2.

In an attempt to more accurately describe the simulation, we look to two differ-

ent methods for measuring the etch depth: contact profilometry (Bruker Dektak 150

Profilometer) and white light interferometry (Zygo NewView 5000 3D Optical Pro-

filer). The contact profilometer uses a conical tip to physically run across the surface

of a material while recording the relative height. Though the method is capable of

deep scans, the tip is unable to correctly scan the etched areas because of sidewalls

hitting the sides of the conical probe. Because of the deep aspect ratio of the etching,

the interferometer has difficultly capturing scattered light from the etched regions.
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Figure A.2: Initial Comparison of Simulation and Experiment. First tests of the
complementary meander-line show significant mismatch between the simulation and
experiment.

Additionally, the interferometer is best at measuring surfaces with high reflectance,

which poses challenges when imaging dielectric and even rough copper. Despite these

challenges, we find that the substrate itself is non-uniform and has large variations on

the scale of tens of microns. Rogers 4003 dielectric is a fiber-based material, similar

to FR-4, that is pressed into sheets, with the outer surfaces being relatively smooth.

When the LPKF etches the copper, the laser completely passes through the copper

layer and over-etches into dielectric’s surface. As an area gets etched away, the laser

passes over many of these fibers and some of them are broken off. As a result, the

etched surface varies not only from direct over-etching from the laser, but also from

loose or partially etched fibers breaking off. In addition, when the aperture side of

copper is removed, the etching causes significant roughness to what would otherwise

be a clean substrate surface.

To account for the effects of this substrate etching in the design process and miti-
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Figure A.3: Agreement After Etch Correction. The normalized transmission for
both simulation and experiment, with maxima at 97 GHz for one element (left). The
shaded region is where transmission is at half its maximum for experiment, which
corresponds to the possible frequency range. The phase as a function of frequency
for both simulation and experiment, centered at zero on resonance (right).

gate the undesired frequency shift, we modified our unit cell simulations by removing

this depth from the substrate. We determined that, on average, this over-etching re-

moved around 80 to 90 µm of the substrate along the contour paths. Fig. A.3 shows

how the addition of etching of an average depth provides the necessary shift in fre-

quency to match resonant frequencies such that experimental measurements can be

compared. This helps choose the correct meander lengths for a given resonance, but,

despite this resonance matching, the phase and amplitude also need to match to

properly incorporate the response into the simulation of the hologram. Because of

the inability to rely on simulations, we must use experimental data directly to map

the phase response of the metamaterials.

The fabricated hologram, shown in Fig. A.4, was a 7.6 cm ˆ 7.6 cm array popu-

lated by complementary meander-line elements with a lattice constant of 1 mm, for

a total of 5,776 elements. The entire array was etched in about 15 minutes, at a

rate of almost 400 elements per minute. Such speed, and the relatively automated
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fabrication process, offers a significant advantage when compared to alternative fab-

rication methods in academic settings such as lithographic techniques, which could

be expensive or require at least several hours (and likely days) and involve many

manual steps.

Figure A.4: Fabricated sample. (a) The hologram covers a 7.6 cm ˆ 7.6 cm square
of 1 mm by 1 mm elements. (b) A confined view of approximately 7% of the total
hologram area. (c) Zoomed view of 25 elements, which covers less than 0.5% of the
total hologram.
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