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Abstract

Synthetic aperture radar offers unparalleled satellite imaging capabilities for plan-
etary observation. Future systems will realize high resolution with near-real-time
revisit rates by using coordinated satellites, but their development has been slowed
by the high cost, high power draw, and substantial weight associated with existing
antenna technology. Metasurface antennas — a lightweight, low cost, and planar
alternative — can address these challenges to make large scale, multi-satellite sys-
tems practical. In this work, an electronically steered metasurface antenna prototype
is developed for synthetic aperture imaging. A cohesive approach to modeling and
design led to a Nyquist sampled layout which minimizes inter-element coupling and
suppresses grating lobes. Experimental measurements validate its ability to steer a
beam in 2D across a wide bandwidth. Robust performance and favorable hardware
characteristics have poised metasurface antennas to affect many microwave indus-
tries and to facilitate multi-satellite constellations for spaceborne synthetic aperture

radar.
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1

Introduction

Satellite imaging is an essential capability for many Earth observation applications.
Disaster management, agricultural maintenance, city/infrastructure planning, and
reconnaissance demand frequent coverage over a wide area [1{9]. As launch costs be-
come more economical, satellite systems with a focus on sensing and communication
are proliferating. Among satellite imaging systems, those which can use multiple
satellites cooperatively o er the most potential, including the ability to provide high
resolution 3D images with near-real-time revisit rates [10, 11].

Various satellite imaging systems have been deployed to address these needs
across the electromagnetic spectrum, including optical, infrared, and microwave sys-
tems [12{16]. While resolution is high, optical and infrared systems suer from
limited availability due the need for clear skies and sunlight. Meanwhile, microwave
imaging systems can better penetrate inclement weather to o er added capabilities
(such as 3D imaging) and continuous availability. In such systems, a high perfor-
mance, electronically steered antenna is paramount to best performance. Existing
antenna hardware, however, is expensive, bulky, and power hungry | characteristics

which can be avoided with the use of metasurface antennas [17{20]. In this work,
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Figure 1.1 : Depiction of the TerraSAR-X satellite synthetic aperture radar system,
traveling along its synthetic aperture path [24].

metasurface antennas are developed as an alternative hardware for microwave satel-
lite imaging systems, with their favorable hardware characteristics able to render
multi-satellite systems practical.

For any imaging system, resolution can be determined by the size of the aperture
(relative to the wavelength) and the distance to the scene [3,21{23]. In the optical
and infrared regimes, small wavelengths lead to aperture sizes which can t within
practical device sizes€ 1 m) for imaging distances up to hundreds of kilometers.
However, at microwave frequencies, longer wavelengths would require aperture sizes
on the order of kilometers in order to realize high resolution from low earth orbit
(LEO), making it impossible to construct and deploy such large devices. To circum-
vent this challenge, synthesized apertures, created by moving a small antenna, have
been employed to realize large aperture sizes at microwave frequencies.

Synthetic aperture radar (SAR) systems move an antenna along a path to create



a large virtual aperture [3]. This operation enables a small antenna to represent
a large aperture with size equal to the distance traveled, not the physical antenna
size. Some SAR systems do so in order to realize a large aperture size which would
be impractical for a stationary system [25]. Other SAR systems use mechanical
motion to reduce the number of independent antennas in order to reduce cost (one
common example is airport scanners). EXxisting microwave satellite SAR systems
have proven to be capable of forming high quality images for many applications,
with one example system being TerraSAR-X, which was deployed by the German
Aerospace Center (DLR) to operate in LEO and is depicted in Figure 1.1 [18,25{28].
Three speci c example images taken with TerraSAR-X are shown in Figure 1.2:
deforestation detection [29], 3D mapping [30], and oil spill detection [31]. In this
work, | will focus on spaceborne SAR systems, where a virtual aperture is used to
realize an impractically large aperture size in LEO.

When using a SAR system, there are two prominent modes of operation: stripmap
and spotlight. Stripmap mode involves radiating/receiving from an antenna with a
xed radiation pattern. Spotlight mode involves continuously steering a beam to-
wards a xed spot on the ground as the vehicle travels along the SAR path. \Fo-
cusing” the beam on a speci c region in this way lengthens the e ective aperture
size relative to the targeted region, increasing resolution. Stripmap mode can im-
age across a large scene size with lower resolution, while spotlight mode can realize
higher resolution, but for a smaller scene size. Both modes are illustrated in Figure
1.3. For both stripmap and spotlight modes, a highly directive antenna is required
for spaceborne operation in order to return su cient signal strength from backscat-
tered measurements. For spotlight mode speci cally, an antenna which can steer a
directive beam is an essential capability [3].

Traditional antenna hardware for satellite SAR systems takes the form of phased

array architectures or re ector dish systems [26,33]. These antenna types have facil-
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Figure 1.2 : Example capabilities for microwave satellite imaging. The left pane
shows deforestation which has been detected in the Amazonian rainforest with in-
terferometry; smooth areas show where trees have been systematically removed [29].
The center pane shows 3D imaging of a volcano in Chile; the false color corresponds
with height [30]. The right pane shows oil detection after the Deepwater Horizon
spill; the polarimetric signature is used to detect regions covered in oil (red) [31].
Images taken with the TerraSAR-X system [18, 26].

Figure 1.3 : Stripmap and spotlight synthetic aperture radar [32].



itated the deployment of single-satellite SAR systems, but their high cost and large
footprint have slowed the development of next generation spaceborne SAR systems
which will use many satellites collaboratively. Using numerous satellites enables
multiple input, multiple output (MIMO) operation, which can improve resolution,
revisit time, and scene size, while also o ering added capabilities such as 3D imag-
ing, decluttering, and polarization determination. MIMO SAR systems have been
sought after for many years, but the unfavorable hardware characteristics associated
with phased array antennas, along with high launch costs, have severely limited their
deployment.

In this work, | propose metasurface antennas as an alternative hardware for
spaceborne SAR antennas. Metasurfaces o er favorable hardware characteristics rel-
evant to satellite antennas, including that they require little power, are low cost,
lightweight, and planar, and can be easily fabricated. Metasurface apertures have
demonstrated promise for many microwave applications from satellite communica-
tions to biomedical imaging [20, 34, 35]. Metasurface apertures can be easily fabri-
cated promise to be a lightweight, low cost, and planar hardware for shaping mi-
crowave radiation, with spatially diverse patterns and directive beams among the
potential radiation patterns. Recent demonstrations have shown high performance
from metasurface aperture computational imaging systems, which exhibit a compact,
streamlined architecture [36{38].

Metasurface apertures use a waveguide structure to excite a series of metamaterial
elements, each of which selectively leak energy from the waveguide into free space as
radiation [35, 39]. In this way, they act as holographic antennas, where the guided
wave acts as the reference, the metamaterial elements form the hologram, and the
interference between the reference and the hologram forms the radiation pattern. By
changing the hologram (metamaterial elements) or the reference wave (frequency),
the radiation of a metasurface aperture can be modulated [36].

5



Figure 1.4 : Metasurface computational imaging system for security screening. This
system was developed for airport security and uses frequency diverse, passive meta-
surface apertures to illuminate a scene and collect measurements in MIMO fashion.
This system can generate human-sized 3D images at near video rates [38].

One system based on metasurface aperture technology described in [38] (and
shown in Figure 1.4), has shown the ability to realize video rate, human-scale imag-
ing for airport security screening. The metasurface apertures in this system built on
early metasurface aperture work [36] and are frequency modulated such that chang-
ing the input frequency changes their radiation pattern. By conducting a frequency
sweep, a series of spatially diverse radiation patterns are generated which can encode
scene information into a measurement set. Computational imaging algorithms can
then mathematically reconstruct the measurements to form an image. While these
apertures work well for computational imaging, they cannot generate arbitrary, pre-
scribed radiation patterns at will, limiting their range of applications.

Building on the framework of their passive counterparts, dynamic metasurface
apertures have been devised to enhance control over the radiation from a metasurface
aperture [40,41]. Dynamic metasurface apertures use tunable components, embed-
ded within each element, to control radiation. The ability to change the radiation
pattern with tuning, rather than with frequency, reduced the required bandwidth

for computational imaging systems using this technology, even allowing for single



frequency operation. These systems showed many bene ts associated with tunable
metasurface apertures, but were still limited in their ability to form arbitrary ra-
diation patterns. These limitations stem from challenges associated with modeling
early metasurface apertures and incomplete control over the radiating elements. If
these challenges could be addressed, their favorable hardware characteristics would
poise dynamic metasurface apertures to be an excellent candidate to replace existing
hardware for many microwave applications.

For spaceborne SAR applications, an antenna must be able to form a steerable,
highly directive beam which can be rapidly recon gured. Existing dynamic metasur-
face apertures have focused on applications like computational imaging [37] and satel-
lite communication [34]. These systems have shown great promise in their respective
arenas, but would face challenges if applied directly to SAR. Metasurface antennas
for satellite communication can form arbitrary radiation patterns but su er from slow
switching speeds and high loss. Metasurface antennas for computational imaging suf-
fer from incomplete element control and di culty with mathematical modeling. One
method to address these limitations is to opt for a metasurface which relies on var-
actor diodes for element control; using semiconductors enables high switching speed,
while using varactors provides grayscale phase/magnitude control. A prototype of
such a metasurface antenna has been developed (see Figure 1.5) and is described in
detail later in this work [42,43].

In any metasurface antenna design, the incomplete control a orded by metama-
terial elements can limit antenna performance. Incomplete element control is the
cost necessary for improving hardware characteristics, but can lead to strong grating
lobes if not accounted for during the design and implementation process. EXxisting
metasurface antenna designs have turned towards extremely dense element spacing
(< = 4) along with high dielectrics to address this challenge, but this approach leads
to di culty with mathematical modeling and high loss. In this work, | describe an

7



Figure 1.5 : Metasurface antenna prototype developed for synthetic aperture radar.
The antenna is capable of electronically beamsteering in azimuth and elevation and
can be fabricated with printed circuit board technology.

alternative method where the antenna's feed structure is used to suppress grating
lobes. With high dielectrics and dense element spacing not required, a wider range
of antenna layouts are unlocked, creating a path towards Nyquist sampled, e cient
metasurface antennas [44].

Many metasurface apertures are di cult to model in full wave simulation due to
their electrically large size and subwavelength variations. Instead, a numerical model
is often used which approximates each metamaterial element as a dipole [39,45{47].
This model, however, assumes that inter-element coupling is negligible, which can
be a poor assumption in the case of densely sampled metasurface apertures. Since
grating lobe suppression is addressed with the feed structure, element spacing close
to =2 is possible, increasing the delity of this mathematical model. Also, element
placement is o set from the center of the waveguide and alternates sides, providing
additional distance between adjacent elements to further reduce coupling to the
guided wave and decreasing inter-element coupling [43].

A third challenge that faces metasurface antennas is determining the appropriate



tuning strategy. In a phased array, there is explicit, independent control over the
phase and magnitude of each radiating element. To form a beam in a given direction,
a prescribed phase pro le is applied exactly, while ampli ers apply a desired magni-
tude taper (often for sidelobe suppression) [48]. Since tuning metamaterial elements
a ects both their magnitude and phase response simultaneously, phased array tun-
ing methods can cause unintended consequences which limit performance [49]. In
this work, | also describe a metasurface-speci c tuning strategy, callestaled Eu-
clidean modulation which jointly considers the magnitude and phase response of
the constituent metamaterial elements. Scaled Euclidean modulation also provides
a means for controlling the decay of the guided wave, which can balance e ciency
and e ective aperture size to optimize antenna performance [50].

In summary, the antenna prototype presented in this work addresses three main
challenges associated with metasurface antenna design: mathematical modeling,
grating lobe suppression, and tuning strategy determination. These three challenges
are addressed concurrently, with the grating lobe suppression method unlocking a
wide range of layout possibilities, the antenna layout facilitating a straightforward
mathematical model, and the tuning strategy optimizing antenna controlling the de-
cay for the speci c layout at hand. The prototype metasurface antenna provides an
experimental demonstration of the solutions proposed to address these challenges.
Independently veri ed experimental results have shown that this antenna can form
steerable, directive beams and has exceeded all targeted antenna performance met-
rics. In azimuth, the antenna can steer continuously through 50 . In elevation,
the antenna can cover 70 . The antenna can operate across a frequency range of
9.25 - 10.75 GHz. Further, though not targeted during design, the antenna exhibits
reasonable performance in terms of e ciency and polarization isolation. In total, the
demonstrated metasurface antenna prototype validates the proposal of using meta-
surface antennas for SAR applications. The design approach used in this work could
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readily be modi ed to accommodate many of the strict requirements for spaceborne
SAR antennas while maintaining excellent hardware characteristics.

The remainder of this document is organized as follows. First, synthetic aperture
radar is introduced, with traditional modalities and hardware discussed. Second,
metasurface apertures are described, with a discussion of their history, operation,
and use in computational imaging systems. Experimental demonstrations of tradi-
tional and alternative SAR modalities with metasurface apertures are also included.
Next, several simulated metasurface antennas are discussed, with a focus on their
application to SAR, comparison with traditional antenna hardware, and grating lobe
suppression. Finally, the metasurface antenna prototype is described in detail, with

its goals, design, operation, and results presented.

Contribution

Chapter 2 is primarily background on synthetic aperture radar, available in pub-
lished literature. | conducted all simulations to reproduce beamforms generated by
TerraSAR-X as described in Section 2.2. Sections 3.1 and 3.2 provide a background
of published literature on metasurface apertures for computational imaging, some
of which | co-authored. The dynamic metasurface aperture used for computational
imaging (in Section 3.3) has been published across various works. | contributed to-
wards its development and experiments, which were chie y led by Timothy Sleasman.

| led the single frequency SAR imaging work, including the mathematical descrip-
tion, reconstruction algorithm derivation, and experimental measurements discussed
in Section 3.3.6. | conducted all simulations and led all mathematical derivations
presented in Chapter 4. | led the simulation, design, and experimental measurements

associated with the metasurface antenna prototype outlined in Chapter 5.
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2

Synthetic Aperture Radar

Synthetic aperture radar (SAR) is an imaging technique which uses mechanical mo-
tion to increase the resolution of an imaging system. By translating an antenna, it
is often possible to realize an aperture size which is much larger than the physical
antenna, often reaching sizes that would be impossible with a stationary antenna.
SAR has been practiced since the 1950's, with early systems being implemented with
aircraft-mounted systems for reconnaissance [51{54]. The most popular modern sys-
tems are the personnel security screening devices at airports. In environments like
Earth orbit, SAR is particularly useful due to the fact that stationary apertures
would otherwise need to be impractically large in order to achieve reasonable resolu-
tion when operating at microwave frequencies [11,55]. In this chapter, | will describe
traditional SAR operation, including stripmap and spotlight modalities. Then | will
brie y describe existing spaceborne SAR hardware, TerraSAR-X, to facilitate later

comparison with metasurface antenna performance.
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2.1 Traditional SAR Modalities

2.1.1 Stripmap SAR

Initial airborne SAR imaging systems conducted stripmap mode SAR. Stripmap
mode uses an antenna xed to a vehicle, as shown in Figure 2.1 [3]. As the vehicle
moves, the antenna emits a xed radiation pattern. In this setting, 2D images of a
scene on the ground can be reconstructed, with the cross range information extracted
from the motion and the range information extracted from the projection of the
frequency sweep onto the scene [3]. For many radar and microwave imaging scenarios,
including stripmap and spotlight SAR, range resolution is set by the bandwidth of
operation (B) and the speed of light €) [21].

c

range — B (2.1)

Stripmap was a popular initial modality due to its ease of implementation and
since measurements taken this way are compatible with analog processing methods.
In addition, since the antenna is xed relative to the vehicle during stripmap op-
eration, the scene size is not theoretically limited in the cross range direction. In
practice, however, transmitting/recording measurements for a long period of time
in spaceborne environments can overheat an antenna, depending on the antenna's
e ciency. Cross range resolution, for stripmap SAR, is de ned as a function of the

minimum wavelength ( i, ) and the beamwidth ( ) of the antenna [3].

min
cross range — : (2.2)
4sin5

From Equation (2.2) this equation, it can be seen that in order to increase resolution,
the beamwidth must grow. However, a large beamwidth incurs substantial noise,

leading most practical systems to require a narrow beamwidth in order to achieve an
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Figure 2.1 : lllustration of conventional stripmap and spotlight SAR modalities [32].

adequate signal-to-noise ratio (SNR) [55]. It should also be noted that in order for
Equation (2.2) to be valid with respect to a given spot on the ground, the antenna’'s
beam pattern must fully move from illuminating the ground spot with one edge of the

beam pattern, through the center, and to the other edge of the beam pattern, where

the edges of the beam pattern are de ned as the half-power beamwidth (HPBW).
2.1.2 Spotlight SAR

Another popular SAR modality is spotlight mode. In this modality, the antenna is
continuously steered towards a constant spot on the ground, as shown in Figure 2.1.
By continually steering, a strong signal can be measured from the targeted region
throughout a larger portion of the synthetic aperture path. Spotlight mode imaging
follows a cross range resolution de ned as a function of the distance from the synthetic
aperture path to the scene ¢), the minimum steered angle (p), and the length of
the synthetic aperture path (L) [3].

d min

cross range — m (2.3)

The steering approach thus circumvents the tradeo between SNR and resolution
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Figure 2.2 : Examples of traditional spaceborne SAR systems. a) shows NASA's
soil moisture active passive (SMAP) system, which uses a re ector dish [61]. b) and
c) show NASA's SIR-C/X-SAR system, which uses a phased array antenna [56]. One
can appreciate the size of the antenna by comparing to the space shuttle's cargo bay.

experienced when using stripmap mode. Owing to this operation, resolution becomes
a function of the steering limits of the antenna, not the beamwidth, providing a
method to increase resolution from levels possible with strimpap. However, since the
antenna must be continually steered towards the target ground spot, the scene size
is limited to the antenna's projected spot size on the ground.

Implementing stripmap and spotlight SAR from a spaceborne platform requires
a high-powered radio frequency (RF) source in order to achieve an adequate SNR.
Additionally, these systems must be broadband in order to achieve su cient range
resolution which can be on par with the cross range resolution. In order to realize
higher resolution, there has been a recent shift towards higher frequencies, including
X band (8-12 GHz) [28,56], K band (18-27 GHz) [57], W band (75-110 GHz) [58],
or higher [59]. These higher frequencies must be balanced with atmospheric trans-
mission, however, leading to a tradeo between, power, scene size, resolution, and

computational demands [60].
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2.2 Traditional SAR Hardware

Traditional hardware for spaceborne SAR operation has taken the form of phased
array antennas and re ector dish systems, as shown in Figure 2.2 [26, 33]. The
antenna must be able to form a directive beam across the operational bandwidth
and be compatible with high power, chirped pulse RF sources. While re ector dish
systems can be lightweight and low-cost, they require complex deployment and either
need a mechanical gimbal or a small phased array feed antenna in order to steer a
beam for spotlight mode imaging. As a result, phased array antennas have become
a more popular solution for high performance systems. Examples of both systems

are shown in Figure 2.2.
2.2.1 TerraSAR-X Phased Array

Many spaceborne SAR platforms have been deployed over the past few decades.
In this section, | describe TerraSAR-X, a high resolution spaceborne SAR platform
launched in 2007. It was launched by the German aerospace center (DLR) for gov-
ernment, commercial, and public use. TerraSAR-X is a useful system for reference
due to the extensive, unclassi ed information available about its construction and
performance. TerraSAR-X is described in Figure 2.3 and 2.4, which also includes a
sample SAR image of Antarctica. Throughout this document, the performance and
capabilities of TerraSAR-X are used for comparison to various metasurface architec-
tures.

Figure 2.4 shows TerraSAR-X, while Table 2.1 highlights its various metrics.
TerraSAR-X operates at X band, with a center frequency of 9.65 GHz and a de-
fault bandwidth of 150 MHz (expandable up to 300 MHz). X band was chosen due
to its high resolution coupled with operating within a transmission band to avoid

atmospheric attenuation. TerraSAR-X operates from an altitude of 515 km in sun-
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Figure 2.3 : Schematic of the layout of TerraSAR-X; there are 32 radiating slotted
waveguide antennas in the elevation (vertical) direction. The key shown here is used
throughout the document.

synchronous orbit, allowing access to almost any terrain within 2.5 days. It is capable
of operating in various SAR modes, including stripmap, spotlight, and ScanSAR { a
method which uses continual elevation steering to extend scene size [27].

TerraSAR-X utilizes an active phased array comprising center-fed slotted waveg-
uide antennas (SWAs), each tted with two phased shifters, an ampli er, and a 6 W
independent RF source. The SWAs are 2.2 cm wide and 40 cm long and are oriented
with their longer dimension in azimuth. 32 SWAs are stacked together to form a
panel and the overall antenna comprises 12 such panels, as outlined in Figure 2.3.
The antenna is 4.8 m (azimuth) by 0.7 m (elevation). This array architecture leads
to 12 degrees of freedom (DOF) in azimuth, sampled at 13covering an azimuth
steering range of 0:75 . In elevation, there are 32 DOF, sampled a% , covering an
elevation steering range of 20 . If steered past either of these limits, grating lobes
appear which quickly rival the main lobe in prominence.

TerraSAR-X, like many phased array antennas, faced a tradeo in design between
cost and performance. In a phased array antenna, a signi cant portion of the cost

comes from the number of RF sources/phase shifters. For TerraSAR-X, the antenna
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Figure 2.4 : TerraSAR-X modes of operation (a) [27], phased array antenna (b) [62],
full satellite [63], and sample SAR images, showing the Larsen ice shelf breaking o
from Antarctica [64].

cost was reduced by using long SWAs, which span 40 cm. If the SWAs had been made
smaller, more RF sources/phase shifters would have been required, driving the cost
up. With more control points, however, the ner sampling in azimuth would lead

to a larger steering range, increasing performance. This tradeo between number of
phase shifters and steering limits is fundamental to phased array architectures and
requires a compromise between price and performance.

One of the foremost claims made throughout this document is that metasurface
antennas are a suitable replacement for phased array antennas in spaceborne SAR
contexts. To validate this claim, TerraSAR-X has been simulated for comparison
with metasurface designs. Array factor calculations were used to reproduce the

beamforms exhibits by TerraSAR-X, following Equation (2.4) [67].
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Table 2.1: TerraSAR-X antenna parameters [25, 27,63, 65, 66].

Launch date June 15, 2007
Antenna type Active phased array
Radiator type Slotted waveguide
Antenna mass 400 kg
Antenna size 4.8 m (azimuth) x 0.7 m (elevation)

Number of waveguides 12 (azimuth) x 32 (elevation)
Azimuth steering limits 0:75
Elevation steering limits 200
Gain 46 dB
Center frequency 9.65 GHz
Bandwidth 150 MHz/300 MHz
Spotlight resolution 1m
Spotlight scene size 10 km x 5 km
Stripmap resolution 3m
Stripmap scene size 30 km x 50 km
DC control power 800 W
Orbit period 94.76 minutes
Altitude 515 km
Reuvisit time 2.5 days
AF( : ) — X amneik(xm sin cos +yp sin sin ) (2.4)
m n

Here, AF is the array factor calculation,ay, is the antenna weightk is the free space
wavenumber,X,, andy, are the position of each element, is the azimuth direction,
and is the elevation direction. To use Equation (2.4) for TerraSAR-X, the guided
wave emanating from the center of each SWA is calculated (followirl) = Hpe 1% )

at the location of each slot. A phase shift (contained withirH) is applied to each
SWA in order to beamform, according to the desired steered angle. For the phase
shift applied to eachHg, there is no limit to the phase value | full 2 control is
available. From these two calculations (the phase shift and guided wave sampling),
a set ofan, is created which represents the entire antenna.

It should also be noted that in practice, TerraSAR-X employs a Hamming win-
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Figure 2.5 : Azimuth steering with TerraSAR-X. Steering is limited to 0:75;
steering beyond this limit leads to strong grating lobes.

dow ( = 0:6) to suppress sidelobes, depending on the environment [68]. For the
analyses presented here, window functions have not been applied such that a better
comparison between antenna architectures can be conducted. Figure 2.5 shows the
antenna steering to its limits in azimuth; Figure 2.6 show the antenna steering to its
limits in elevation. The performance and capabilities of TerraSAR-X, as described
in this chapter, are used as target metrics for simulated metasurfaces presented later

in this document.
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Figure 2.6 : Elevation steering with TerraSAR-X. Steering is limited to 20 ; steer-
ing beyond this limit leads to strong grating lobes.
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3

Metasurface Apertures

Metasurface apertures have been demonstrated for a variety of applications from
computational imaging [20, 37, 38, 69, 70] to satellite communications [34]. Their
recent development has been motivated by their ability to shape radiation from
a platform with favorable hardware characteristics. A variety of architectures have
been demonstrated, including mode-mixing cavities [71], multiplexing media [72{74],
spatial light modulators [75], and waveguide-fed metasurface apertures [36{38]. Fur-
ther, metasurface architectures can often leverage existing manufacturing technolo-
gies such as printed circuit board (PCB) or liquid crystal display (LCD), promising
easy fabrication with low long-term cost.

In this chapter, various metasurface architectures are presented, including a brief
description of the development of waveguide-fed metasurface apertures, which are
the focus of this document. The operation of passive and dynamic metasurfaces as
holographic antennas is discussed, before moving into the numerical method used to
model a dynamic metasurface aperture. A mathematical framework for computa-
tional imaging (CI) is provided, followed by experimental CI results with a dynamic

metasurface aperture. Last, other imaging modes are demonstrated, including sin-
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gle frequency imaging, traditional and alternative SAR modes, and single frequency
SAR. The di erent imaging modes possible with one dynamic metasurface aperture

highlight the dexterity associated with metasurface antenna technology.

3.1 Metasurface Architectures

Metasurface apertures were developed over the past decade as devices for shaping
electromagnetic (EM) radiation, with early systems frequently targeting computa-
tional imaging as an application [20,36]. Metasurface apertures are electrically-large
antennas composed of a waveguide loaded with subwavelength metamaterial ele-
ments [20, 36, 76]. As the guided wave passes the metamaterial elements, they leak

energy into free space as radiation [69].
3.1.1 Passive Metasurface Apertures

Metasurface apertures can be classi ed as either passive metasurface apertures or
dynamic metasurface apertures. Passive apertures can generate a collection of radi-
ated waveforms as a function of frequency, while dynamic apertures do this by tuning
the radiating elements. Metasurface apertures have also been demonstrated through
various portions of the EM spectrum [38, 75]; in this document | focus on microwave
metasurface apertures. One of the rst microwave metasurface apertures took the
form of a microstrip transmission line with radiating metamaterials embedded within
the upper conductor [36]. In this aperture, each element's resonant frequency was
randomly distributed within the operational bandwidth, such that as the incident
frequency changed, a new collection of elements were excited. This operation results
in the radiated waveform varying rapidly with frequency, leading to the ability to
generate a collection of diverse radiation patterns to probe a scene. After measuring
the signal backscattered from each of these patterns, computational techniques were

able to recover scene information (see Section 3.2 for more detail of the mathematical
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Figure 3.1 : Initial passive metasurface aperture developed for microwave compu-
tational imaging. The left shows an illustration of the aperture; the right shows the
radiation patterns for two di erent frequencies [36].

post-processing).

In an alternative approach, mode-mixing cavities can leverage the variation among
cavity modes, rather than among the resonant frequencies of each metamaterial ele-
ment [71]. In this case, the radiating elements can be circular/slotted irises [70]. As
the input frequency changes, the cavity mode correspondingly changes, with irregular
shapes/features able to amplify this e ect [38,40]. This design approach can enable
a greater set of accessible, distinct radiation patterns [70,77]. The ideas developed
in these works were recently extended to small PCB planar cavity designs which
enabled a massive MIMO system to demonstrate human-sized 3D security screening
imaging at video rates (see Figure 1.4) [38].

Passive metasurface apertures are a great solution when a speci c radiation pat-
tern is not required or when control circuitry/control is limited. Owing to the fact
that passive metasurface apertures can readily generate sets of spatially diverse ra-
diation patterns, they are compatible with computational imaging applications, but
other applications may require more from the radiated patterns. For applications

like communications and SAR, where a speci ¢ beam pattern is desired, the limited
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control a orded by passive metasurface apertures may be insu cient, which has led

to the deveopment of dynamic metasurface apertures.
3.1.2 Dynamic Metasurface Apertures

In addition to passive metasurface antennas, dynamic metasurface antennas have
emerged as an alternative approach for generating di erent radiated waveforms. In
this style, individual elements can be electronically tuned, by semiconductors [78,79]
or liquid crystal [80,81], to adjust the aperture's radiation pattern. Tunability allows

di erent radiation patterns to be generated by applying a di erent tuning state to the
aperture. While added control circuitry is required to operate dynamic metasurface
apertures, their bene ts include a reduced bandwidth requirement and the ability
to generate a larger collection of distinct radiation patterns. Dynamic metasurface
apertures provide more deliberate control over the radiated elds, which leads to
an improved ability to tailor radiation patterns to speci c applications [82]. More
speci cally, by leveraging the individual control over the radiating elements, dynamic
metasurface apertures can deliberately craft arbitrary waveforms, including directive
beams necessary for SAR [81]. The remainder of this document will exclusively focus
on and investigate the operation and performance of dynamic metasurface apertures
for SAR systems.

Towards the development of dynamic metasurface apertures, an individually-
addressable radiating metamaterial element was designed in [83] and shown in Fig-
ure 3.2. This radiator followed a complementary electric inductive-capacitive (CELC)
geometry [84{87], in which the element could be switcheah or o by a PIN diode
which connected the radiator to the surrounding microstrip [83]. The elements could
be individually addressed by means of wia which connected each cELC element to
a tuning circuitry layer below the ground plane. An initial implementations of a dy-

namic metasurface aperture involved creating an array of these elements [79]. From
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Figure 3.2 : Individually-tunable metamaterial element for creating a dynamic
metasurface aperture. Biasing PIN diodes connecting an element to the surrounding
microstrip allows elements to be tuned from a radiating to a non-radiating state [83].

measurements taken with a Cl system featuring this dynamic metasurface aperture,
similar to in the passive metasurface aperture case, computational post-processing
techniques were able to reconstruct high- delity 2D images [37].

When considering the design of a dynamic metasurface aperture, there are two
styles for tuning the individual elements of a metasurface: binary and resonance [47].
Binary tuning enables elements to be tuned from a radiatingof)) state to a non-
radiating (o ) state, for example with PIN diodes [83]. Resonance tuning allows
for a shift in the resonance to be introduced, which can provide ner, grayscale
control of the magnitude and phase of each radiating element, for example with
liquid crystal [80,88] or varactor diodes [89,90]. In the case of a metasurface antenna
applied to SAR imaging, the added control granted by grayscale resonance tuning is
used to generate steerable beams for stripmap and spotlight SAR, as will be described

in further detail in Chapter 4 [91,92].
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Figure 3.3 : Initial dynamic metasurface aperture developed for microwave compu-
tational imaging. The left shows an illustration of the aperture in an imaging envi-
ronment; the right shows the radiation patterns for three di erent tuning states [41].

Figure 3.4 : lllustration of a holographic metasurface antenna. Here, the incident
eld, H, interferes with the radiating elements embedded within the upper conductor
of the waveguide to form the radiation pattern of the aperture [35].

3.1.3 Holographic Antennas

To better grasp the operation of a metasurface aperture, it is helpful to think of them
as holographic antennas. In this paradigm, the guided wave acts as the reference,
the metamaterial elements form the hologram, and the interference between them
forms the radiation pattern [69,93,94]. This process is shown visually in Figure 3.4
[35,95]. To change the radiation pattern, the guided wave can be altered (by changing

frequency) or the hologram can be modulated (by changing/tuning the elements).
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Figure 3.5 : A sample metasurface antenna. The feed wave traverses the waveguide,
exciting each individually tuned metamaterial in the array. The excited metamate-
rial elements radiate, with steerable, directive beams among the available radiation
patterns.

To produce a desired radiation pattern from a holographic metasurface aperture,
the desired far eld radiation pattern is projected onto the aperture plane to form
a set of desired e ective sources (or magnetic dipole moments). By interfering the
set of desired dipole moments with the guided wave, the response required from the
individual elements can be calculated. Tuning the elements to match the desired
response will then allow the metasurface aperture to generate the guided wave when
the incident (guided) wave is applied [96{101]. This process follows backwards from
the antenna shown in Figure 3.5, which shows a metasurface antenna generating a
steered beam.

As the incident eld travels through the waveguide, it becomes attenuated by a
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combination of radiation losses, dielectric losses, and Ohmic losses [47]. This process
results in elements far from the feed receiving less energy than those close to the feed.
For some applications, a gradual tapering of the guided wave is a desired behavior.
However, other applications may desire either a particular decay rate or a more
uniform illumination in the aperture. With a more uniform illumination, the elements

can more readily radiate with a similar magnitude, leading to the possibility of a more
uniformly radiating aperture. To more deliberately engineer the guided wave's decay
di erent approaches may be used. To reduce losses, the element geometry can be
designed to minimize Ohmic losses (for example with wider metal trace widths).
Additionally, one may opt for a low-loss dielectric substrate, though this may incur
added cost.

Many antenna applications desire a uniform illumination, in spite of the various
loss mechanisms associated with metasurface apertures. To achieve a more uniform
aperture illumination, the radiating element characteristics and usage must be specif-
ically engineered. The largest contributing factor to the attenuation is the radiation
losses, so using elements which do not couple strongly to the guided wave can reduce
attenuation. Minimizing this coupling strength can be achieved in a few di erent
ways, including modifying the element geometry, o setting the elements within the
waveguide, or adjusting elements' tuning states. To achieve the most uniform radia-
tion, the elements close to the feed must couple weakly to the guided wave, so as to
retain su cient energy to reach elements far from the feed, and the elements far from
the feed must couple stronger to the guided wave, to ensure that they radiate with
su cient magnitude. While metasurface apertures are lossy structures, considering
the guided wave's attenuation in design can help to realize a desired excitation of a

metasurface aperture when applying holographic beamforming techniques.
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3.1.4 Numerical Modeling of Metasurface Apertures

Metasurface apertures are electrically large devices with subwavelength variations,
rendering them computationally di cult to simulate with full-wave solvers. As a
result, approximate numerical models must be used in order to predict their re-
sponse/performance. In this document, a numerical approximation which treats
each metamaterial element in a metasurface as a frequency-dependent, in nitesi-
mal dipole is used in order to facilitate a rapid estimation of a given metasurface
aperture's performance. Similar to [39], the dipole moment associated with each
metamaterial element can be characterized by its polarizability,, which is the com-
plex ratio between the induced magnetic dipole moment,, and the incident eld,

H. From H and , the dipole moment for a given element can be calculated [102].

=H: (3.1)

Metamaterial elements are resonant structures and their polarizability is a function
of geometry and material parameters. The polarizability of a metamaterial element
follows a Lorentzian response as a function of the incident frequency)(and the

resonance frequency! ().

= FLe : (3.2)

2 124
12 12+ |

Here, F is the coupling factor and is the damping term [103]. In practice, many
of these parameters are di cult to estimate analytically. As a result, full-wave sim-
ulations of single metamaterial elements may be used to determinefor a given
metamaterial geometry. More detail on this process is provided in Section 4.1.
Once a model of has been determined, the magnetic eldH, incident on each

unit cell must be modeled. The magnetic eld of the traveling wave at a distance
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r from the feeding point can be written ase " , where the propagation constant
within the waveguide, = (ea + i imag, IS @ function of frequency, the material
properties, and the waveguide geometry [102]. As the guided wave passes each radi-
ating element, a portion of the energy is coupled to free space from the waveguide as
radiation, a smaller fraction is lost in Ohmic and dielectric losses, and the remainder
is transferred to subsequent elements. These three di erent fractions can be calcu-
lated using the scattering (S) parameters obtained from the single-element full-wave
simulation. Speci cally, the wave is attenuated by $., as it passes through the""
element, while dielectric losses are applied as a function of distance from the feed
location. It should be noted that while some re ections may occur due to impedance
mismatch, this e ect is insigni cant in the context of this work due to a low jS;4j
over the operational bandwidth and is therefore neglected in the present formulation.
With all of these factors taken into consideration, a nal formulation for the exciting

eld H, at elementm, for a given incident eld, Hy, can be written as

_ Y
Hm = Hoe It m SZl;n: (33)

n<m

This calculation of the magnetic eld is then used to simulate a guided wave intro-
duced from any feed location in a metasurface aperture. If multiple feed locations
are introduced, the linearity of the system can accommodate the superposition of
the various feed waves to calculate the overall eld incident upon each element.
Once the magnetic eld incident on each element is calculated, the magnetic
dipole corresponding to each element is obtained using Equation (3.1). Thus, the
metasurface aperture is reduced to an array of magnetic dipoles with known phases
and magnitudes. The radiation of the dipole array at any location in the scene
can be calculated using conventional Green's functions along with the superposition

principle
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E(r) = AO m JT. T_mj ’

(3.4)

whereT is the position in the scenef,, is the position of the m™ resonator, k is
the free space wavenumber, anf, is a proportionality constant with units =m?
[39]. Either the transmitted (E;) or received elds (E;) from a metasurface can
be calculated this way. The overall modeling method is summarized visually in
Figure 3.6 [47].

It should be noted that the framework for modeling metasurface apertures pre-
sented in this section applies equally well to passive and dynamic metasurface aper-
tures. Since and H are both a function of frequency, all essential phenomena
associated with passive metasurfaces are naturally captured. Meanwhilecan be
modeled with an additional input for tunability. Either by incorporating tunability
analytically or through simulation, a library of available nae Can be created, for
modeling dynamic metasurface apertures. Such a library ofynape Can represent

di erent types of tunable elements, including binary and resonance tunability.
3.2 Computational Imaging Framework

Many of the rst demonstrations of metasurface apertures were developed for sta-
tionary computational imaging [36, 37]. In order to describe speci ¢ details of how
metasurface apertures were used in this way, a description of the framework of com-
putational imaging is provided [104]. By illustrating the principles of computational
imaging, the capabilities of metasurfaces and the ways in which a speci c architecture

a ects performance can be better highlighted.
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Figure 3.6 : Numerical modeling procedure for 1D metasurface apertures. This
method extends the full-wave simulation of one unit cell to model an entire aperture
and predict the radiated elds [47].

3.2.1 Mathematical Description

In many computational imaging settings, spatially-uncorrelated radiation patterns
are generated to illuminate a scene and multiplex its spatial content into a collec-
tion of backscattered measurements. A receiving antenna collects the backscattered
signals which are then post-processed with computational techniques to reconstruct
images of the scene's re ectivity [36,37]. Mathematically, the imaging process for

such a system can be represented by the matrix equation [105]

g=H; (3.5)

where g is the signal collected by the receiving apertureH is the measurement
matrix, and represents the scene's re ectivity. By assuming the rst Born approx-

imation (weak scattering) [106], the entries of the measurement matrix are given

by
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[ [
Hy = EN(ry) EXr): (3.6)

r r
Here,E| and E; are the elds generated by the transmitting and receiving apertures,

respectively, at each point in the scene. More explicitly, thé" row of H (referred
to as ameasurement modecorresponds to one measurement of the scene locations,
! rj , at a given frequency and tuning state of the aperture [37,104].
To reconstruct a collection of measurements, the inverse problem corresponding

with Equation (3.5) must be solved to retrieve an estimate of the scene's re ectivity,

est; from a givenH and g. Various algorithms have been demonstrated to solve this
problem, including matched Iter (carried out as s = HYg, whereY is the conju-
gate transpose operator) [107], GMRES (an iterative, least-squares solver [108]), and
TwlIST [109]. Since the mathematical framework presented in this section is agnos-
tic to the imaging system at hand, it can be applied to a variety of computational
imaging systems, including SAR systems, 3D imaging devices, and single frequency

imaging systems.
3.2.2 Measurement Matrix Modeling

Predicting the performance of any computational imaging system requires knowl-
edge of the measurement matrixH. For many well-behaved antennas, an analytic
calculation may be used to determinél by propagating the elds from the transmit
and receive apertures into a de ned scene. Other antennas can use full wave simu-
lation to determine H. As mentioned in Section 3.1.4, metasurface apertures often
require an approximate model to determine their radiated elds (and thereby).
Using this approximate model provides a means of predicting the performance of a
CI system which uses metasurface hardware without requiring a fabricated sample.
This process can rapidly generate performance estimates for a variety of metasurface
designs.
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While performance predictions for metasurface Cl systems can be obtained us-
ing the approximate model outlined in Section 3.1.4, approximate models bf are
often insu cient to reconstruct experimental measurements. Inaccuracies can be in-
troduced from fabrication tolerances, semiconductor component inconsistencies, and
mutual coupling among elements. While these e ects do not signi cantly change
the performance of a metasurface Cl system, these discrepancies render experimen-
tal reconstructions impossible for the metasurfaces discussed in the next section. In
this scenario, experimental characterization can be used to build in place of an-
alytic/simulated methods. To experimentally characterize an antenna, a near eld
scan (NFS) may be used. Near eld scanning uses a reference antenna (typically an
open ended waveguide or a horn antenna) to measure the radiated elds directly in
front of the antenna under test (AUT). Measuring the radiated elds of the antenna
this way forms a set of e ective sources which may then be propagated further into
the near eld or into the far eld in order to populate H. This experimental method
for characterizing an antenna thus includes all fabrication defects and other features

which may be di cult to capture analytically.
3.3 Experimental Imaging with a Dynamic Metasurface

A dynamic metasurface aperture was developed for computational imaging and is
used in the remainder of this chapter for various experimental demonstrations. First,
stationary computational imaging will be described and demonstrated, followed by
single frequency computational imaging. Next, stripmap, spotlight, and diverse pat-
tern stripmap SAR imaging will be presented. Last, the principles, mathematical
derivation, and experimental results for a single frequency SAR system will be de-

scribed.
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3.3.1 1D Dynamic Metasurface Aperture

Throughout this chapter, the experimental work described has been conducted with
a dynamic metasurface aperture detailed in [37] and brie y described here. This
aperture consists of 112 cELC elements embedded within a microstrip. The ele-
ments are spaced 3.33 mm apart ( o=4), spanning a total size of 38 cm. There
are two alternating element geometries; the rst was designed to have a resonant
frequency of 19.0 GHz and the second was designed to have a resonant frequency
of 20.5 GHz. Using elements with di erent resonant frequencies extends the band-
width of operation. The element characteristics are plotted in Figure 3.7. Note that
fabrication tolerances, variation among material parameters, and element-element
interactions have led to a downward shift in the resonant frequencies realized by the
elements in the fabricated samples.

This dynamic metasurface may be fed from any of three feeds: two end-launch
feeds are available at each end of the aperture and a coaxial feed is in the center
(see Figure 3.8). This feed architecture leads to four propagating waves within the
aperture (each with equal power when the appropriate power splitter con guration is
used), as shown in Figure 3.9. Using multiple feed locations simultaneously ensures
that the full extent of the aperture radiates [37,47]. This aperture was designed
to generate spatially distinct radiation patterns by applying di erent tuning states
to the overall aperture, termedmasks This aperture uses elements which couple
somewhat strongly to the guided wave, causing the guided wave to decay quickly
when many elements are turned on at once. To account for the decay of the guided
wave and ensure a more uniform aperture illumination, the most frequently used
masks each had 28 elements on at a time (14 on either side of the center feed). In
this manner, each of the four feed waves only needs to excite approximately seven

elements. A schematic view of di erent radiation patterns is shown in Figure 3.9.
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Figure 3.7 : The left side shows an illustration of the unit cell geometry comprising
a dynamic metasurface aperture; the top right shows the simulated/designed element
response for the two alternate geometries. The bottom right shows a picture of the
fabricated sample [37].

Figure 3.8 : Diagram of the metasurface aperture. The aperture has three feeds,
which generate a total of four propagating waveguides within the microstrip, shown
with the blue arrows.

3.3.2 Stationary Imaging

Stationary computational imaging was conducting using the dynamic metasurface
aperture as the transmitter and three open-ended rectangular waveguide probes as
the receivers (see Figure 3.9). These low-gain receive antennas were spaced across
30 cm and located approximately 5 cm above the dynamic metasurface. In total,
measurement sets taken in this imaging con guration result in a number of measure-
ments equal to the multiplication of the number of probes, the number of frequency

points, and the number of masks.
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Figure 3.9 : The left side shows a schematic view of the dynamic metasurface
aperture's operation. As a new electronic tuning state is applied, a new pattern is
radiated. The right side shows the experimental setup used to conduct computational
imaging experiments, with the metasurface transmitting, while three low gain probes
receive [37].

Figure 3.10 : PSF analysis for stationary computational imaging with a dynamic
metasurface aperture. a), b), and c) show reconstructions with Matched Filter,
GMRES, and TwlIST, respectively [37].

The rst experimental results using the imaging con guration pictured in Fig-
ure 3.9 determined the resolution of the imaging system. Note the coordinate system
shown in Figure 3.9; this coordinate system is used throughout this document. To
characterize the resolution of an imaging system and reveal possible aliasing, a point
spread function (PSF) analysis may be used. A PSF is the resulting reconstructed
image of a subresolution point scatterer. A PSF is shown in Figure 3.10, which was
reconstructed using 25 masks, with a bandwidth of 17.5-21.1 GHz, sampled at 180

MHz, and reconstructed using matched Iter, GMRES, and TwIST. The cross sec-
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Figure 3.11 : Images of two metallic cylinders. a) shows the target, while b), c), d),
and e) show reconstructed images. b) and c) are reconstructed with matched Iter
and d) and e) are reconstructed with GMRES. b) and d) are simulations; c) and e)
are experimental [37].

tion plots highlight that the system achieved near-di raction-limited resolution, at
3.2 cm in cross range and 7.6 cm in range.

A more complex target, consisting of two cylinders was also imaged, as shown
in Figure 3.11. In this study, two di erent reconstruction methods, matched Iter
and GMRES, were used. This study shows the high delity of simulations used to
estimate imaging performance of a metasurface computational imaging system which
has been modeled following Section 3.1.4. This study, and the PSF analysis above,
serve as a brief demonstration of the stationary imaging capabilities for the described

metasurface hardware.
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3.3.3 Single-Frequency Imaging

For many microwave imaging systems, a large operational bandwidth is a severely
inhibiting aspect of the hardware requirements. Near- eld imaging has recently
shown promise in addressing this challenge by enabling the reconstruction of 2D
objects from a 1D platform with only a single frequency point. Initial demonstrations

of this imaging paradigm involved translating horn antennas along a large aperture
extent; this operation measured each combination of positions between a transmit
synthetic aperture and a receive synthetic aperture path, creating a fully bistatic
measurement set. Probing the scene from such a range of angles allowed for high-
delity reconstructed images without bandwidth, but su ered long measurement
times and moving parts [110].

To better understand single frequency imaging, it is helpful to think about an
imaging system in terms of spatial frequencies (dt components). A monostatic
SAR system takes a frequency sweep from a transceiver at a series of SAR positions
to cover an area ink space as a function of positionr{) and frequency ¢) [2, 3].

As an example, consider a monostatic system with 12 SAR locations, evenly spaced
along the y direction, spanning 2 m, and with 6 frequency points covering a 20%
fractional bandwidth. At each SAR location, the angle to the target, located at
(1 m; 0 m), is calculated and the plane wave probing the target is projected onto
the x and y directions to determine the illuminating wavenumber, K. ; ky:). Here,

the illuminating waves can be approximated as plane waves by assuming that the
target is an in nitesimal point in the far eld of the transmitter [110]. The signal

is collected by the receive antenna with ak{, ; ky;) pair associated with the same
incidence angle as the transmitter. Thesk values are added together to determine
the overall (ky; ky) probed by the imaging system a&, = Ky + ki andky = ky; + Ky, .

This process is repeated for each SAR location and frequency to determine the kull
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Figure 3.12 : Schematic description of two styles of microwave imaging systems.
a) shows a monostatic SAR system, which covers an areaknspace function of
SAR position and bandwidth. b) shows a multistatic array, which covers an area in
k space as a function of the transmit and receive aperture size, while only using a
single frequency point [35].

space coverage of the imaging system, as shown in Figure 3.12a. Kspace coverage
shows sampling across a 2D area, stemming from the bandwidth of the system and the
motion of the antenna, leading to the ability to reconstruct 2D images. Itis important
to note that due to the monostatic SAR operation, the transmitting incidence angle
and the receiving incidence angle will always be the same. Additionally, although
this analysis is performed with respect to an in nitesimal point target, a similar
analysis could be applied to a range of targets with similar results.

In contrast to a monostatic SAR system, a multistatic array involves distributing

antennas throughout a large aperture extent and using di erent combinations of
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antennas (as transmitters and receivers) to form a measurement set. To describe how
a multistatic linear array can image with measurements taken at a single frequency,
a k coverage map was calculated (in the same way as the monostatic SAR system
coverage map described in the previous paragraph). Here, the SAR locations from
the monostatic SAR case are used as the antenna locations for a multistatic uniform
linear array (ULA) in order to ensure a fair comparison. In the case of a multistatic
linear array, one antenna is selected as the transmitter and another as the receiver.
The incidence angle from the transmitter to the target determines the unique plane
wave emanating from the transmitter with a given Ky ; ky¢). Since there is a distinct
receiver antenna, due to the multistatic operation, theKy, ; k) is di erent from that

of the transmitter. Once again, adding thek space pairs associated with the plane
waves from the transmitter and receiver determines the overalk(; ky) probed by
one measurement mode. This process is repeated for the exhaustive combination of
each transmitter with each receiver. In this way, an area ik space is covered not
by using a large frequency bandwidth, but by the measurement paths created by the
di erent combinations of antennas as transmitters and receivers. The resultinkg
coverage map for a multistatic ULA is shown in Figure 3.12b, where it is clear that
a su cient 2D area in k space can be covered by measurements taken at a single
frequency point.

Practically demonstrating single-frequency imaging, as described in Figure 3.12b,
can result in prohibitively time-consuming mechanical raster scanning as in [110], or
a costly, complex array of antennas. In [111], these practical shortcomings were over-
come by utilizing electrically-large, singly-fed metasurface apertures. By radiating
di erent spatial patterns from the dynamic metasurface aperture described above,
di erent combinations of (ky; ky) pairs can be simultaneously measured because these
apertures exhibit spatial variation along the range and cross range directions [111].
This illumination strategy is depicted in Figure 3.13. Metasurface antennas can
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Figure 3.13 : Aperture con guration for single-frequency stationary computational
imaging with dynamic metasurfaces. a) shows a schematic view of the transmitted
and received wavefronts, b) shows the control circuitry, and c) shows a picture of the
experimental setup with two dynamic metasurface apertures [111].

generate spatially-distinct radiation patterns at a rapid rate, each of which probes
a superposition of ky; ky) pairs. While these apertures multiplex the information
from many incidence angles, post-processing techniques can isolate the contributions
of each transmit and receive element and virtually achieve the multistatic operation
described in Figure 3.12b.

To use dynamic metasurface apertures for single-frequency imaging, a large aper-
ture extent must be realized and there must be spatial diversity among the radiated
waveforms. In this manner, performance bene ts from using a transmit and receive
aperture which can independently probe the scene with diverse radiation patterns.
To craft such an imaging con guration, two dynamic metasurfaces were deployed,
one acting as the transmitter and one as the receiver. These apertures were sep-
arated by 20 cm, resulting in an aperture which spanned 100 cm. In this case,
di erent masks were applied to the transmitter and receiver, resulting in a set of
NmTx Nmrx measurements, wher&l,.tx and Nn.rx are the number of transmit and
receive masks, respectively.

In the case of single-frequency, panel-to-panel imaging, reconstructions were fa-
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cilitated by an adapted version of the range migration algorithm (RMA). The RMA
was developed for processing SAR data and has been demonstrated as an e cient
method for reconstructing large data sets [112]. An adapted version of the RMA was
initially developed in [113] to facilitate fast reconstructions of metasurface compu-
tational imaging data. This method has been further extended to single-frequency
con gurations in [111]. Since the range resolution of this imaging system is not set
by the bandwidth, analytic calculations or simulations must be used to estimate the
spatially-varying resolution across a given scene. To this end, a spatial frequency
analysis can be used. Th& space of an imaging system determines the angles from
which the scene is illuminated and considers them in the spatial frequency domain.
Each radiation pattern can be decomposed into a set of plane waves such that dif-
ferent spatial frequencies are being generated in the imaging domain. The extent
of k space covered by an imaging system sets the resolution, while gapk ispace
coverage can lead to aliasing [114]. Resolution expectations can be extracted from
analyzing the k space coverage relative to each point in the scene. To experimen-
tally characterize the performance of this system, a PSF analysis was conducted and
the results are shown in Figure 3.14 [115]. Here, the target is well-resolved in both
cross range and range, despite the lack of bandwidth, validating the proposed imag-
ing paradigm. The experimentally achieved PSF matches well with the simulation
predicted PSF, as shown in Figure 3.14. Additionally, a more complex target, con-
sisting of 5 scatterers, has been reconstructed with the adapted RMA as shown in

Figure 3.14c.
3.3.4 Experimental SAR with Metasurfaces

In addition to conducting stationary computational imaging, various SAR modalities
were also demonstrated. These experiments were carried out with the dynamic meta-

surface aperture described in Section 3.3.1. This aperture was designed to generate
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Figure 3.14 : Single-frequency stationary computational imaging results. a) shows
a simulated PSF, b) shows an experimental PSF, and c) shows a complex target con-
sisting of ve scatterers. All reconstructions have been conducted with the adapted
RMA [111].

pseduo-orthogonal spatial waveforms, leading to suboptimal beamforming abilities
and limited performance. Nevertheless, these experiments serve as a su cient proof-
of-concept demonstration of traditional and alternative SAR modalities.

To experimentally demonstrate SAR with a metasurface platform, the aperture
described in Section 3.3.2 was used. Since there is not a su cient predictive model,
an empirical, experimental investigation was used to generate directive beams from
this aperture. This involved measuring the response of the aperture for a variety of
tuning states and then mining those measurements for those which exhibited beam-
like radiation patterns. The rst set of attempted masks was a collection of square-
wave masks, which each possess a certain periodicity. In addition, a large variety of
pseudorandom masks have been measured in an e ort to generate additional steered
beams. By sorting through many measurements of random masks, several radiation
patterns matching desired characteristics can be found.

From the empirically-mined set of tuning masks, directive beams spanning23
have been generated. The beams have a mean width of Hhd all have sidelobes
of less than -4 dB. Figure 3.15a shows a collection of these beams at 19.3 GHz;

Figure 3.15b shows random radiation patterns for comparison. As shown in Fig-
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Figure 3.15 : Experimentally-optimized beam-like radiation patterns generated by

a dynamic metasurface aperture. a) shows optimized directive beams and b) shows
pseudorandom radiation patterns; both are shown for 19.3 GHz. c) shows the cover-

age in frequency and angle where beams with sidelobes below -4 dB were found [82].

ure 3.15c¢, the dynamic aperture masks can be selected such that a directive beam is
steered over angles within 23 across a bandwidth of 2.88 GHz (17.50-20.38 GHz).
A few angle-frequency pairs have not been realized, but this does not severely hinder
the performance in this work and could be corrected with further exploration of ad-
ditional masks. The experimentally-determined beams are su cient for conducting
both stripmap and spotlight imaging.

The process for nding beams from this metasurface aperture was completed
through experimental near eld scanning and was a cumbersome approach to the
problem. With the 112 elements all individually addressable, an enormous variety
(2'12) of masks are possible and allow for the creation of the desired radiation pat-
terns. The set of possible masks left many possibilities untested, but a su cient
guantity of random masks was tested to produce satisfactory beams to Il the de-
sired frequency/angle coverage, as highlighted in Figure 3.15c. While this aperture is
su cient for initial experimental results, its design could be better tailored towards
the goal of beam synthesis by applying techniques such as grayscale tuning, denser

element placement, and tapered element design.
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After directive beams were experimentally determined from the dynamic meta-
surface aperture, stripmap and spotlight mode imaging were demonstrated. For the
experiments described in this section, the bandwidth of available beams stretches
from 17.50 GHz to 20.38 GHz and this range is used for each imaging case, with
the bandwidth sampled at intervals of 90 MHz. Imaging was conducted in an ane-
choic chamber; measurements were formulated as described in Section 3.2 and re-
constructed with matched Iter. The synthetic aperture spanned 60 cm, sampled at
intervals of =3 ( ys =5 mm). Stripmap mode was rst conducted, with a broad-
side beam radiated from each synthetic aperture position. A new tuning mask must
be used for each frequency to maintain a given radiation pattern across a frequency
sweep. For practical reasons associated with the experimental setup, measurements
were taken in an inverse SAR mode, where the scene was translated and the antenna
remained stationary.

In addition to conducting stripmap and spotlight imaging, an alternative modal-
ity, termed diverse pattern stripmap, can be also realized using metasurface antennas.
In this method, which is inspired by computational imaging systems [75,107,116], di-
verse radiation patterns are used in place of traditional, directive beams. These beam
pro les do not necessarily exhibit a distinct main lobe, but instead include multiple
lobes. While it may seem as though this type of radiation pattern may exhibit low
directivity, the majority of the radiated energy can be contained within a small num-
ber of lobes such that there is still a high concentration of energy probing di erent
parts of the scene. The overall patterns can span a wide collective beamwidth, which
allows for high resolution by probing a wide range df components. This method
is described visually in Figure 3.16. Similar to stripmap, diverse pattern stripmap
does not focus on one particular region on the ground, eliminating any limitations on
the size of the ROI. Diverse pattern stripmap stands to provide gains as compared
to traditional stripmap by providing high resolution while maintaining the ability to
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Figure 3.16 : Schematic view of stripmap, spotlight, and diverse pattern stripmap,
conducted with a metasurface aperture [82].

image a large ROI. Furthermore, since this modality has less stringent requirements
regarding beam characteristics, a larger bandwidth may be used due to the fact that
distortion of the radiated beam pro les does not degrade image quality.

To assess the performance of SAR imaging using a dynamic metasurface aperture,
rst a PSF was reconstructed. These results are plotted in Figure 3.17 and highlight
the improvement in resolution of both of these modes as compared to stationary
imaging. From these images and as expected, spotlight imaging results in better
cross range resolution as compared to stripmap. The achieved cross range resolution
for stripmap is 1.6 cm, while for spotlight, it is 1.1 cm.

In addition to characterizing the resolution of these two modalities, an analysis

of the scene size accessible to them is also provided. To highlight the ability of each
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Figure 3.17 : Experimental PSF conducted with a metasurface aperture in various
SAR modalities. Stripmap, spotlight, and diverse pattern stripmap have been shown
[82].

Figure 3.18 : Experimental imaging of a line of point scatterers conducted with a
metasurface aperture in various SAR modalities. Stripmap, spotlight, and diverse
pattern stripmap have been shown [82].

of these modes image across a given scene, a line of spheres was imaged. In total, the
target was 6 metallic spheres (with diameter = 1.5 cm), spaced at 3 cm, spanning
15 cm. The reconstructed images are plotted in Figure 3.18. These images serve to
highlight the tradeo associated with stripmap and spotlight; stripmap can image

a larger scene size, spotlight can achieve higher resolution, and diverse pattern can

realize high resolution across a large scene.
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3.3.5 3D SAR Imaging

In addition to demonstrating diverse pattern stripmap in this manner, other mo-
tion paths were also explored. Up to this point, the aperture was translated in the
along-aperture direction, which yields improved cross range resolution as compared
to stationary imaging. In other implementations, the aperture can move vertically
rendering it possible to reconstruct volumetric images. This imaging paradigm ex-
tracts cross range information from the aperture's spatial diversity, range information
from spectral bandwidth, and height information from mechanical motion. In one
implementation of this method, the synthetic aperture path was oriented in the z di-
rection, spanning 32.25 cm, sampled at 7.5 mm. Measurements taken this way were
reconstructed with matched Iter. Reconstructions of measurements taken this way
are shown in Figure 3.19a and 3.19b, which can clearly resolve objects distributed in
all three directions.

In an attempt to maximize the overall performance of this imaging system, -
nal experiments in this style were conducted with a meandering synthetic aperture

path. This path spanned two dimensions, with along-aperture (y direction) motion

Figure 3.19 : Experimental volumetric images measured with a dynamic metasur-
face aperture operating in diverse pattern stripmap mode. In a) and b), the synthetic
aperture path was one-dimensional, with motion along z. In ¢) motion in both y and
z create the synthetic aperture area. The targets in a) and b) were comprised of a
collection of point scatterers; the target in ¢) was individual wireframe letters [82].
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improving cross range resolution and height motion (z direction) providing height
information from the scene. In these experiments, the synthetic aperture path was
extended to cover 24 cm in the z direction (sampled at 10 mm) and 20 cm in the
y direction (sampled at 20 mm). Results of this method are shown in Figure 3.19c.
Here, the word \DUKE" has been spelled in a metallic wireframe, with each letter
imaged individually. Ultimately, this imaging method yields the highest resolution

in all directions for this system.
3.3.6 Single Frequency SAR

Combining the principles of single frequency imaging and SAR, single frequency
SAR has been demonstrated. Such operation enables fully 3D imaging with single
frequency measurements by obtaining cross range resolution from aperture extent,
range resolution from multistatic operation, and height resolution from a synthetic
aperture. Numerous analyses of the dynamic metasurface aperture described in Sec-
tion 3.3.1 have been documented [37,82,111], but this section details its use for single
frequency SAR [35]. With this application at hand, a detailed mathematical deriva-
tion of the transmitted/measured signal is provided, along with the corresponding

reconstruction method (an adapted form of the range migration algorithm).
Concept and Method

Building on the 2D stationary, single-frequency metasurface imaging system [111],
the single-frequency approach is extended to form a synthetic aperture for full 3D
imaging. To form the e ective aperture, a pair of metasurface antennas is translated
over an area as shown in Figure 3.20. This system can extract range (x) and cross
range (y) information from the electrically large aperture extent and multistatic
operation, while movement of the system (along the height direction) provides height

(z) information. To probe a scene, the metasurface antennas apply collections of
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Figure 3.20 : Conceptual diagram of a single-frequency imaging system using meta-
surface antennas. One metasurface antenna serves as the transmitter while another
receives the backscattered signal. At each synthetic aperture position, measurements
are taken by cycling through combinations of spatially-diverse radiation patterns on
the transmitter and receiver [35].

pseudorandom tuning states to generate radiation patterns that exhibit low spatial
correlation to illuminate a scene as shown in Figure 3.21 [36{38]. This illumination
strategy, coupled with the movement associated with aperture synthesis, leads to an
imaging system that can be conceptualized as producing sets of plane waves from
various angles of incidence. The superposition of plane waves thereby interrogates
multiple spatial frequency components, in x, y, and z, simultaneously. This operation
enables 3D imaging without relying on a wide bandwidth for range information.
Single-frequency microwave imaging with metasurfaces can be supplemented by

incorporating mechanical motion along the z direction (as in the coordinate system
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shown in Figure 3.20) to provide height information. In this manner, the system
performs stripmap synthetic aperture radar (SAR), but with an unconventional illu-
mination strategy in the direction perpendicular to the SAR path [3]. Note that the
virtual multistatic operation is maintained with respect to the range and cross range
directions, but the imaging system is operating in a monostatic manner with respect
to the height direction. In this mode of operation, a virtual 2D multistatic aperture is
formed, with each of the transmit and receive apertures covering independent areas.
Similar imaging con gurations, including di erent metasurface antenna placement
or di erent synthetic aperture geometries may be considered with a similar analy-
sis. Di erent synthetic aperture paths could help to realize denser k space coverage,
which could help to reduce aliasing e ects. Since the geometry shown in Figure 3.20
probes the scene from the maximum and minimum incidence angles availed to the

synthetic aperture footprint, di erent synthetic aperture paths would not extend

Figure 3.21 : Diagram of the illumination strategy for a single-frequency, meta-
surface antenna imaging system. The metasurfaces measure the scene by cycling
through combinations of transmit and receive radiation patterns (each aperture is
set with a tuning state, T,). This process is repeated at each synthetic aperture
position, as shown in Figure 3.13. Note that the transmitter and receiver do not
necessarily apply the same tuning state during a given measurement.

52



	Abstract
	List of Tables
	List of Figures
	Acknowledgements
	1 Introduction
	2 Synthetic Aperture Radar
	2.1 Traditional SAR Modalities
	2.1.1 Stripmap SAR
	2.1.2 Spotlight SAR

	2.2 Traditional SAR Hardware
	2.2.1 TerraSAR-X Phased Array


	3 Metasurface Apertures
	3.1 Metasurface Architectures
	3.1.1 Passive Metasurface Apertures
	3.1.2 Dynamic Metasurface Apertures
	3.1.3 Holographic Antennas
	3.1.4 Numerical Modeling of Metasurface Apertures

	3.2 Computational Imaging Framework
	3.2.1 Mathematical Description
	3.2.2 Measurement Matrix Modeling

	3.3 Experimental Imaging with a Dynamic Metasurface
	3.3.1 1D Dynamic Metasurface Aperture
	3.3.2 Stationary Imaging
	3.3.3 Single-Frequency Imaging
	3.3.4 Experimental SAR with Metasurfaces
	3.3.5 3D SAR Imaging
	3.3.6 Single Frequency SAR


	4 Simulated Metasurfaces for SAR
	4.1 Simulated SAR with Metasurface Antennas
	4.1.1 Simulated Metasurface Architecture
	4.1.2 Beamforming Performance
	4.1.3 Stripmap and Spotlight SAR Imaging
	4.1.4 Alternative SAR Modalities
	4.1.5 Noise Analysis

	4.2 Metasurface Tuning Strategies
	4.2.1 Tuning Strategy Definitions
	4.2.2 Simulation Methodology
	4.2.3 Simulated Beamforming Results
	4.2.4 Scaled Euclidean Modulation

	4.3 Large Scale Simulated Metasurface
	4.3.1 Initial Spaceborne Metasurface Design
	4.3.2 Final Large Metasurface Design

	4.4 Grating Lobe Suppression
	4.4.1 Metasurface Antenna Architecture
	4.4.2 Grating Lobe Suppression


	5 Metasurface Antenna Prototype
	5.1 Individual Element Design
	5.2 Antenna Layout
	5.2.1 Challenges with Metasurface Antennas
	5.2.2 Metasurface Antenna Design

	5.3 Experimental Results
	5.3.1 Element Characterization
	5.3.2 Experimental Beamforming Results


	6 Conclusion
	Bibliography

