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Abstract

T erahertz is the portion of the spectrum that covers a frequency range between
300 GHz - 3 THz. This frequency band has proven its potential for imaging appli-
cations thanks to the good compromise between spatial resolution and penetration;

however, this push towards high frequencies contains many technological difficulties in all
the subsystems involved in the signal generation, transmission and detection. The power
budget restrictions and high losses that sources and receivers currently suffer at these
frequencies require systems with a high level of integration among all the devices and
components of the systems and subsystems. Therefore, the antennas needed for these
systems require to be integrated within the same fabrication processes and technologies
as the sensing and power converting devices that are used at their terminals.

This doctoral thesis has focused on the development of integrated antenna arrays at
Terahertz frequencies for imaging applications, for both near-field and focal-plane geome-
tries, with a special emphasis on the technologies and the fabrication capabilities that can
be potentially used and are currently available. The current imaging systems require large
arrays of antennas in order to achieve the high-speed image acquisition that is required
in most THz applications. This fact increases considerably the difficulty and complexity
to achieve highly integrated and efficient antennas. This thesis has characterized and
analyzed these difficulties and provided solutions to the development of antenna arrays
at millimeter and submillimeter wave frequencies.

The first part of this thesis has focused on the study of a planar antenna array, called
retina, for a specific near-field imaging system based on the Modulated Scatterer Tech-
nique (MST) at millimeter and submillimeter-wave frequencies. This system has been
selected for its capabilities to perform high-speed imaging and because it does not require
a high frequency distribution line network. However, it is hindered by many technological
difficulties: the selection of an antenna geometry that achieves high efficiency, the selec-
tion of the adequate active element and its integration with the antenna. In this thesis,
these challenges have been addressed and studied in-depth, and a design methodology
that integrates all the different aspects of the system has been developed. Because planar
antennas at millimeter and submillimeter wave frequencies suffer from high losses due to
the surface wave modes inside substrate, these losses have been analyzed and quantified
for different antennas, and an antenna geometry that reduces significantly this problem
has been developed. Different switching technologies currently or potentially available at
these high frequencies have been considered in order to study and analyze their capa-
bilities and their integration possibilities: PIN diodes, Schottky diodes and RF-MEMS.
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These technologies have been studied through the development of three retina prototypes,
which have been fabricated using high precision fabrication processes such as laser micro-
machining and photolithographic. Different measurement set ups were fabricated and
assembled to validate the different premises presented.

The second part of the thesis is devoted to the study of integrated Focal Plane Arrays
(FPA). The development of FPA at submillimeter wave frequencies is highly on demand
due to the enormous progress in designing integrated heterodyne receivers. These re-
ceivers integrate arrays of submillimeter-wave diode-based mixers and multipliers with
Monolithically Integrated Circuit (MIC) amplifiers on the same wafer stack. For this
stackable multi-pixel terahertz camera technology to work, a leaky wave antenna with
silicon micro-lenses has been developed, which allows wafer level integration compati-
ble with silicon micro-fabrication techniques for bulk array manufacturing and has high
directivity in order to illuminate a reflector efficiently. Detailed and thorough design
guidelines for this antenna are presented. Two antenna prototypes were built in order
to evaluate the two fabrication possibilities: advanced laser micro-fabrication and pho-
tolithographic fabrication. A study of the aberrations of the lens has been developed
in order to evaluate the performance of the lens profile fabricated. Moreover, a set of
radiation pattern measurements of the fabricated prototypes was performed in order to
evaluate the performance of the antenna and its possibilities to be used as a FPA.

6



Preface
This doctoral thesis comprises the research performed by the author within the Anten-
naLab group of the Signal Theory and Communications Department (TSC) of the Univer-
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Chapter 11
Introduction

T erahertz is the portion of the spectrum that covers a frequency range between
300 GHz - 3 THz (it is extended from 100GHz to 10THz by some authors). This
portion, sometimes referred as THz Gap, falls in between two mature and highly

technologically developed spectral bands: the microwaves and the optical regime. There
are two main approaches that have been adopted to fill this gap. One approach is to
up-scale the technology developed in microwaves, where the aim is to detect the electro-
magnetic field of a propagating wave using an antenna. The other solution is to down-scale
the developed optics technology where the power of the phonon radiation is measured.
New developments of nanotechnology and photonics, specially with the combination and
melding of these two technologies and viewpoints, have led to many technology advances
in the terahertz range, mitigating the gap between both [1].

In comparison with microwaves, infrared and optical bands where its applications and
technologies are already highly developed and well-known, terahertz technology has still
not deeply been investigated and it is still captivating and attracting new members in
the scientific community [2]. During the past decade, with the advancement of various

1



Chapter 1. Introduction

THz technologies, sensing and imaging have impacted a broad range of interdisciplinary
fields, in particular: security, with the ability of detecting concealed weapons, explosives
or drugs [3]; biomedical, where imaging and spectroscopy play an important role [4];
astronomy and space exploration, with the study of the universe and its origin [5].

1.1 Terahertz Imaging Systems

The THz frequency band has proven its potential for imaging applications thanks to the
good compromise between spatial resolution and penetration. The enabler of this devel-
opment is the advancement of different technologies capable of generating or detecting
THz radiation. The current technology for THz generation or detection is based on either
pulsed time domain or frequency domain systems.

Time domain systems cover the broad THz spectra by the use of a laser pulse radi-
ating into a photo conductive antenna. The sampling of the pulse is performed in the
time domain and therefore the spectrum is recovered in amplitude and phase. There are
different types of photoconductive switches available based in different technologies; how-
ever, photoconductive (Auston) switches are increasing popularity. They produce high
bandwidth radiation, though it requires expensive apparatus and the power provided is
still very low. These systems are commonly employed when it is required to perform
imaging for processes that occur very fast in time, for example, of chemical reactions.

Frequency domain systems can be characterized as the ones that use microwave tech-
nology in the form of radiometers (commonly implemented using direct detectors), active
heterodyne transceivers or the photo-mixing of two lasers. Direct detector devices such
as bolometers [6], Golay cells [7], Kinetic Inductance Detectors (KIDs) [8], etc. are able
to measure the power of the THz radiation (incoherent detection) and cryogenic cool-
ing is required among the most sensitive detectors. The common photo-mixing lasers
employed are the Quantum Cascade Laser (QCL); photo-mixing is done by mixing two
CW lasers into a photoconductive antenna. They provide a single sharp laser line with
a relatively cheaper technology; however, it currently requires cryogenic cooling. Hetero-
dyne receivers, on the other hand, are capable of retaining amplitude and phase of the
transceivers fields (coherent detection) offering a great advantage for imaging applications
because they open the possibility for modulating the signal and doing three dimensional
and tomographic imaging. These transceivers consist mainly of a mixer which multiplies
the incoming radiation with a reference frequency that is afterwards filtered to extract
the intermediate frequency. There are different mixer technologies currently available
such as Schottky diodes [9], Superconductor Insulator Superconductors (SISs) [10], Hot
Electron Bolometers (HEBs) [11], etc. Schottky diodes are currently the mixers leading
to the lowest noise without the need of cryogenic cooling. This thesis is going to be
focused on imaging systems that require non-cryogenic diodes as they can be potentially
integrated with Monolithic Integrated Circuits (MIC) in order to perform commercial
systems. Moreover, it will also concentrate in active systems (a source will be used to
illuminate the target and collect the reflection from the object) in order to perform three
dimensional tomographic imaging.

Considering the power budget restrictions and high losses that sources and receivers
suffer at these frequencies it is important to achieve a high level of integration among all
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1.1 - Terahertz Imaging Systems

the devices of the systems in order to avoid unnecessary additional losses. MIC can be
referred as one of the key technological achievements of the last decade because of the
ability to integrate multifunction analog as well as digital circuits on a single chip to im-
prove performance and reduce the size of electronic devices. Specifically from the antenna
point of view, it is important that the antennas can be fabricated and integrated in the
same fabrication process as the sensing or power converting devices that are used at their
terminals [12]. Moreover, realizing specific impedance matching, frequency bandwidth
and high efficiencies remain also significant challenges.

The antenna topology requirements can be broadly classified into two different areas
depending on what type of imaging system topology we are aiming for:
• Near-field imaging systems. These systems perform the imaging within the

near-field region of the imaging system. The system is located at a distance closer
than the Fraunhofer (the Fraunhofer distance is defined as 2D2/λ, where D is the
main dimension of the imaging system antenna and λ is the wavelength) from the
object. These near-field systems are designed with non-directive antennas, i.e. an-
tennas in the order of half wavelength. The main reason is that these systems
require that the antenna itself does not perturb the response of the sample being
imaged. The imaging resolution of these systems is not dictated by the antenna’s
dimensions, but by the Nyquist sampling of the received field (usually in the order
of half wavelength).
Near-field systems are widely used at microwave frequencies like in [13,14] and the
antennas employed are planar antennas. When scaling these antennas to the THz
frequencies, the substrates become too thin and fragile to fabricate or if they are
not scaled, they suffer from high losses due to the trapped surface waves inside.
• Far-field imaging systems. These systems perform the imaging within the far-

field region, which goes from the Fraunhofer distance all the way to infinity. Big
optical systems employing reflectors or lenses are commonly used to achieve the
proper resolution. High directivity is required for the antennas that feed these
optics.
In the submillimeter wave band, conductor materials suffer from high losses. There-
fore, phased arrays are rarely seen. The typically employed antennas for illuminating
these optical systems are lenses or horns. Lenses suffer from multiple internal re-
flections because of the use of high dielectric materials. Horns represent a challenge
to fabricate. While in microwaves traditional fabrication methods of milling and
turning are still used, at THz frequencies, horns become very small structures and
machines with much higher accuracy are needed, increasing the cost significantly.

The image acquisition time for both types of systems is directly proportional to the
number of receiving antennas. Thus, large arrays of antennas will be required in order to
fulfill the incoming requirements of high speed image acquisition of future THz imaging
systems [15]. Such large arrays increase considerably the difficulty and complexity of the
overall process in terms of integration and fabrication of the antennas. All in all, these
constraints are forcing the investigators towards new or simplified forms of traditional
antennas, towards a large variety of new planar antennas (i.e designed to take advantage
of wafer scale integration) and towards new fabrication technologies, in order to provide
high integrated and high efficiency antenna arrays.

3



Chapter 1. Introduction

Figure 1.1: Sketch of a frequency doubler from 500 GHz to 1 THz from Rutledge [16].

1.2 State of the Art in Terahertz Integrated Arrays

This section will introduce the state of the art of the current arrays of integrated antennas
that can be found at THz frequencies. The arrays can be divided into two main technology
areas as it has been introduced in the previous section: non directive arrays and directive
arrays corresponding to near-field and far-field imaging systems, respectively.

1.2.1 Non-Directive Antenna Arrays

Non-Directive antenna arrays where each of the antennas operate independently from
the others are usually referred in the literature as antenna grids [16–18]. They are com-
pounded of multiple non directive antennas, i.e. planar slots or dipoles. In the sub-
millimeter wave band, these antenna grids are used to sample a plane wave (usually in
the form of a collimated field in practical systems) and perform a certain active func-
tion on this field. This function can be a modulation, amplification or a mixing of two
fields [16,18,19].

These arrays do not contain a feeding network that combines the signal coming from
all the antennas into a single port, but instead, an active component is integrated directly
on each of the antenna output terminals [16,17]. This method avoids the high losses and
fabrication problems associated with waveguide structures at THz. A maximum spacing
between elements of λ/2 is required to accomplish the Nyquist sampling theory necessary
to recover the image information from the target. In the microwave regime, these antennas
are usually fabricated in thin substrates or surrounded by metallic pins in order to avoid
the excitation of substrate modes. This integration is critical at high frequencies in order
to avoid the high ohmic losses associated with transmission lines.

Figure 1.1 shows an sketch of a frequency doubler published by Rutledge [16]. The grid
array is composed of dipole antennas loaded with Schottky diodes in a GaAs substrate
of 30 µm thick delivering a frequency of 1 THz for an input frequency of 500 Ghz. It is
also a good example of how quasi-optics technology can blend with microwave technol-
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1.2 - State of the Art in Terahertz Integrated Arrays

Figure 1.2: (Left) Layout of the array (Right) picture of the fabricated array from [20]

ogy allowing the combination of output powers of many amplifiers in free space without
significant ohmic losses.

1.2.2 Directive Antenna Arrays

The directive antenna arrays found at submillimeter wave band are based on phased
arrays, horns and lenses. These antenna arrays are commonly used to illuminate an
optical system like a reflector.

1.2.2.1 Phased Arrays

Phased arrays are able to achieve high gain in the THz band only when the feeding network
is made of a superconducting material. These superconducting lines avoid conductor
losses, so significant at these high frequencies. The superconducting effect occurs only
below the superconducting frequency gap of the material and this gap frequency depends
on the actual material. Moreover, these antennas can be fabricated with lithographic
techniques and therefore easily fabricated in large arrays.

In [20] an example of a phased array of a dual polarization slot antenna fabricated
with superconducting lines is presented (see Figure 1.2). The same microstrip made of a
regular conductor would have a -5 dB loss for a length of just λ/2.

However, this material requires cryogenic cooling in order to operate as a supercon-
ducting material. Because this thesis focuses on non cryogenic imaging systems, these
antennas will not be suitable for our purposes.

1.2.2.2 Horn Arrays

While horn arrays are typically used at microwaves, there are only few examples at THz
frequencies, specially above 300GHz. This is because the fabrication of horn arrays is
complex and requires high precision methods. The most common horn arrays are found
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Figure 1.3: (Left) 31-pixel 100 GHz platelet array prototype shown in [21]. (Right) Machine
tool used for the horn drilling (top) and side view a half drilled horn (bottom) from [22] (the
input waveguide on the left has a diameter of 1.24 mm).

Figure 1.4: (Left) SEM photograph of a 2 THz corrugated feed horn milled with laser micro-
fabrication from [23]. (Right) SEM photograph of a 585 GHz pyramidal horn fabricated using
silicon etching at 35 degree angle from [23].

at the lower end of the terahertz band and are typically fabricated using micromachining
techniques. High precision milling techniques have been proposed in [21,22]. One example
is shown in Figure 1.3(Left), where a W-band corrugated horn array is presented. It is
formed by bass plates milled holes using a Computer Numerical Control (CNC) machine
and stacked together with screws and pins [21]. A similar approach relies on a drilling
technique that has control of the flare-angle in order to provide smooth-walled horns [22].
This technique uses a custom drill bit (see the top figure of Figure 1.3(Right)) to fabricate
a multiple flare-angle horn (see the bottom figure of Figure 1.3(Right)).

An emerging fabrication technique that has allowed the fabrication of horns at higher
frequencies is a silicon micro-machining laser [23]. This technique uses a computer-
controlled argon-ion laser that locally heats a portion of a silicon substrate in a chlo-
rine environment. The melted silicon reacts to the chlorine and it is removed from the
substrate. For example, Figure 1.4(Left) shows a corrugated horn fabricated using this
process and it is suitable for operating at 810 GHz and 2 THz [23].

In order to reduce the cost and time of the fabrication of large arrays of horns us-
ing laser micro-fabrication, techniques based on photolithographic processes are a better
option [23]. There are two different approaches that researchers are following:
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Figure 1.5: (Left) View of silicon platelets before the gold metallization and (Right)view
of the fabricated array of horns from [24]

• One approach is to use of selective etching silicon techniques to fabricate pyramidal
horn antennas as proposed by [23]. It consists on using photolithographic processes
to etch a pair of silicon wafers at 35 degrees (silicon can only be etched in a 90 or
35 degree angle due to the crystal structure). After applying a gold platted layer
on the silicon both wafers are assembled together. Lubecke in [23] shows an exam-
ple of pyramidal antennas suitable for working at 585 GHz (see Figure1.4(Right)).
However, horns fabricated with a 35 degree angle have low directivity and therefore
they would not be suited for instance as a Focal Plane Array (FPA) where directive
antennas are required.
• Another approach is to stack thin gold plated silicon wafers with tapered holes

etched at 90 degree angle. An example is shown in [24] where an array of 84
corrugated horns with an aperture diameter of 55 mm working at 130 to 170 GHz
has been fabricated and measured (see Figure 1.5). The tapered holes are obtained
by applying a deep reactive ion etch (DRIE) to the silicon wafers achieving vertical
sidewalls. This technique is strongly limited by the tolerances of the fabrication
process. This tolerance depends on the photolithographic process, the number of
wafers employed and the alignment process of those wafers. Consequently, the larger
the directivity, the longer the horn and the larger the number of wafers. Since the
tolerance problem is related to the excitation of higher order modes in the horn and
this process is accumulative, the larger the number of the wafers, the tighter the
tolerances need to be.

All in all, even by using photolithographic processes, there has not been developed
an integrated and efficient method to fabricate arrays of horns. Simpler antenna designs
made of a small number of wafers are required in order to reduce the impact of the
alignment tolerances that occur when a high number of wafers are used.

1.2.2.3 Lens Arrays

Integrated lens antennas are the most suited antennas for THz applications for their
focusing capabilities and fabrication techniques for manufacturing. Even though at THz
it is common the adoption of single lenses as a focusing element for a single detector,
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Figure 1.6: Forty-two elements array of sapphire ball lenses at 350 GHz from [25].

it is still hard to see them in large arrays. There are a few examples of lenses arrays
fabricated at THz as in [25] where every lens is assembled manually (one by one). Figure
1.6 shows an example of an array found in [25] of 42 (6x7) sapphire ball lenses coupled
to an array of Kinetic Inductance Devices (KIDs) placed in the focal plane array of the
IRAM telescope [26] working at 350 GHz.

1.3 Thesis Goal

In this past section, several restrictions from the antenna point of view have been identified
that currently limit the size and the electromagnetic performance of arrays of antennas at
terahertz frequencies. The goals of this doctoral thesis are mainly divided into two parts,
both of them leading to the study of integrated antenna arrays for imaging applications.
The objectives are divided as follows:
• Integrated Planar Antenna Arrays

This research has focused in the study of an integrated planar array called retina
for a near-field imaging system. This retina consists of an array of antennas printed
on an electrically thick substrate. The array antenna element is designed to cancel
the surface waves that propagate within this substrate and also to be integrated
with the rest of elements in the system.
The imaging system is based on a near-field Modulated Scatterer Technique (MST)
system. This system has been characterized and general formulation and quality
parameters have been defined. An assessment of different technologies available for
the fabrication of the antenna arrays has been studied and different approaches have
been followed.
The main research including the design and fabrication of the prototypes has been
conducted primarily at the Universitat Politecnica de Catalunya (UPC). One of
the array prototypes which is based on an antenna with Radio-Frequency Micro-
electromechanical Systems (RF-MEMS) device integrated was carried out in close
collaboration with the Utah State University (USU), USA, and its fabrication was
carried out at Cornell Nanoscale Science and Technology Facilities (CNF), USA.

8



1.3 - Thesis Goal

Figure 1.7: SEM image of a fabricated micro-lens array of 500 µm diameter from [30].

Another prototype based on antenna with Schottky diodes was carried out in close
collaboration with Chalmers University, Sweden.
• Integrated Focal Plane Antenna Arrays

This research is a joint collaboration with the Jet Propulsion Laboratory (JPL),
USA. The goal is to design an array of high number of antennas to be used as
a FPA of a reflector, and consistent with the silicon fabrication capabilities and
technologies that are currently being developed at JPL.
The idea was to provide simple antenna designs made of a small number of wafers
in order to reduce the impact of the alignment tolerances (specially in the case of
horns) that could be integrated in an array of detectors fed by waveguides.
One approach considered was to design and to fabricate an array of horn antennas
by stacking gold plated silicon wafers with tapered holes. But in this case, the silicon
is selectively etched with a 5 degree angle (instead of 35 or 90 degree). This etching
allowed a reduction in the total number of wafers and therefore an improvement
of the wafer alignment tolerances. This technique was still in an early stage of
development and an improvement in this angle controllability was required. The
idea was briefly presented in [27] but it has not been developed further.
The approach followed in this thesis was the design and fabrication of an array
of silicon lenses antennas. The whole antenna is designed to be consistent with
two fabrication processes developed: one based on silicon laser micro-machining
and another using silicon photolithographic micro-machining. Silicon laser micro-
machining was already used in [28] and [29] to fabricate hemispherical lenses. And
on the other hand, silicon photolithographic micro-machining is a technique used
in the optics regime like in [30]. In Figure 1.7 an array of 500 µm diameter lenses
fabricated using this method is shown. In this thesis the goal is to explore its
capabilities at THz frequencies.
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1.4 Thesis Outline

The main contents of this thesis are divided in seven chapters including the concluding
chapter. The contents of each chapter are summarized as follows:
Part I studies an array of antennas suited for a near-field imaging system based on MST.
Chapter 2 begins with an introduction and background of the near-field imaging system

that has been studied in this thesis. The chapter provides a full characterization
of the overall system and how each element is optimized to obtain a maximum
response. It concludes with the study of the images that were obtained with the
system and provides different imaging techniques that enhance its performance.

Chapter 3 shows the different prototypes that have been designed, built or that are
currently under development based on the design guidelines provided in Chapter
2. Three prototypes are shown: a retina prototype working at 100 GHz using PIN
diodes, one element probe antenna characterization at 300 GHz using Schottky
diodes and a 2-D retina prototype using RF-MEMS. The fabrication and measure-
ments performed of these prototypes are included also in this chapter at the end of
each prototype section.

Part II studies an array of antennas suited for far-field imaging, specifically in FPAs.
Chapter 4 characterizes the design of an antenna that is consistent with silicon micro-

machining techniques and can be integrated in a FPA. The design guidelines of
each part of the antenna are studied item by item.

Chapter 5 models an array of antennas working as a FPA for an imaging system. A
theoretical description and simulations are developed to provide the antenna require-
ments. This theoretical study is performed assuming different aperture illumination
of the FPA. The overall FPA design and the performance in the system is evaluated
for the antenna described in chapter 4.

Chapter 6 presents the antenna prototypes fabricated, the fabrication process and mea-
surements. The tolerance and performance of the fabrication techniques are evalu-
ated as well as their impact in the antenna performance.

Chapter 7 shows the main conclusions that have been obtained from this work. Possible
future developments and research lines are drawn as a continuation of this thesis.

An appendix with additional information is included at the end of the thesis as well
as a complete list of the general bibliography and the publications from the author.

10



Part I

Integrated Planar Antenna
Arrays
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Chapter 22
Planar Antenna arrays
for Near-Field Imaging

Systems

T his part of the thesis studies the design of a planar antenna array for a specific near-
field imaging system at submillimeter-wave frequencies. In a near-field imaging
system, the key is to sample a sufficient number of scattered field values in space

to obtain a good estimation of the existing scattered field distribution necessary to recover
the currents induced inside the object produced by the incident or illuminating field. This
electromagnetic field sensing requires the use of probe antennas that minimize distortions
in the measured field. A well known technique to sample field distributions is the MST.
This technique was first introduced in 1955 [31, 32] to perform indirect measurements of
the electric field distribution . It consisted on measuring the field distribution by observing
a scattered field of a probe placed at a certain position. In order to discriminate the field
scattered by the probe from others, the scattering properties of the probe are modulated
during the time of the measurement. Originally, this modulation was generated by a
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Figure 2.1: Microwave camera working at 2.45 GHz presented in [38]

mechanical rotation or a displacement of the probe, which limited the applicability of the
technique. An alternative and now more commonly employed technique is the loading of
the probe with some electronic device with two differentiated impedances by using a PIN
diode [32] or a photodiode [33].

In the early developments, a single probe was used to perform the measurements.
Later on, the development of arrays of MST probes called retina reduced the measurement
time, allowing the development of fast antenna radiation pattern measurement systems
[34] and the development of real-time microwave cameras that can be used in material
characterization [35] or tomography applications [36,37]. Figure 2.1 shows a photograph
of the setup of a microwave camera and a photograph inset of the retina working at
2.45 GHz from [38].

The push towards higher frequencies pursued in this thesis is hindered by many tech-
nological difficulties in all the subsystems involved in the generation, transmission and
detection of signals, making very difficult to attain a sufficiently high Signal to Noise Ra-
tio (SNR) for tomography imaging. This system has been chosen because of its capabilities
to perform high speed imaging, the absence of microwave transmission line distribution
networks, and technology available at such frequencies. This system will be employed to
evaluate and study the design and fabrication of planar antenna arrays (retina) at THz
frequencies.

The retina is usually a planar antenna array which is compounded of non-directive an-
tennas, where each antenna operates independently from the others, placed over a dielec-
tric substrate. The major existing problem at submillimeter wave frequencies regarding
the antenna efficiency is associated with this dielectric substrate. While in microwaves
the substrate thickness is by far below the size of a wavelength, at millimeter and sub-
millimeter wave frequencies the substrates available have a thickness in the order of the
wavelength, and a substantial power loss appears, degrading the overall antenna efficiency.

This chapter is divided as follows: the next section presents the near-field imaging
system and its key design parameters; it is followed by the analysis and characterization
of the retina; after that, the efficiency of planar antennas associated with the surface-wave
propagation within the substrate is studied; last, the tomographic imaging algorithm and
its imaging capabilities are presented.
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2.1 - Near-Field Imaging System Design

Figure 2.2: Scheme of the system proposed.

Figure 2.3: Three port scenario of the system proposed.

2.1 Near-Field Imaging System Design

As it has already been introduced, in order to evaluate the performance of these planar
arrays, a near field imaging system based on MST has been designed (see Figure 2.2).
This technique consists on illuminating the target with an antenna which will be called
illuminator and measure its scattered field along a probing plane or also called retina.
The retina reradiates this field to another antenna that will be called collector, which
gather all the fields. Because each probe of the retina is modulated at a different low
frequency, the signal received at each probe can be retrieved. A switching element is
placed in each probe antenna port and provides two different load impedances to the
probe antenna (each of the two possible states of the switching element will be referred
as A or B states).

There are two main advantages of this system. First, the obtention of a multi-pixel
image using a single high frequency receiver which increases the acquisition time of the
image. The second advantage is the absence of microwave line distribution networks in
the system which reduces the conductor losses that are so significant at THz frequencies.

In this section the quality parameters that are required to design an efficient near-field
imaging system at millimeter and submillimeter wave frequencies are presented. For the
design simplicity and controllability we are performing the study for a one element retina
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within a known scenario. The scenario consists in the scheme of Figure 2.3 where the
three basic elements of the system (illuminator, retina and collector) are modeled as a
three-port system [39]:

b =

bilbre
bco

 =

S11 S12 S13
S21 S22 S23
S31 S32 S33

ailare
aco

 = S a (2.1)

where ai is the power wave incident upon the port i; bi is the power wave reflected or
received at the port i; and Sij is the S-parameter between ports i and j. Port 1 is the
illuminator port represented by the subindex il; port 2 is the retina port which corresponds
to the subindex re; and port 3 is the collector port represented by the subindex co.

The optimization of the reflection coefficient from the illuminator to the collector in
order to provide the maximum power to the receiver is usually the most common technique
for maximizing the performance of a system. However, in this system, the key parameter
of the system performance will be obtained by coherently subtract the received power
at the collector when the probe is loaded in each state impedance (ZAL and ZBL ). This
parameter defined as the differential transmission coefficient ∆τ will determine the SNR
of the system and the dynamic range of the image (SNR = PS − PN −∆τ being PS the
signal power and PN the noise level). In this case:

∆τco,il =
∣∣τAco,il − τBco,il∣∣2 (2.2)

where τAco,il = bco
ail
|Zre=ZAL is the amount of power received at the collector relative to

the power input of the illuminator when the probe is loaded in state A; and τBco,il =
bco
ail
|Zre=ZBL is the amount of power received at the collector relative to the power input

of the illuminator when the probe is loaded in state B. ∆τ is maximized when τA and τB
are in phase opposition and it is bounded by 0 ≤ ∆τco,il ≤ 1, being the maximum value
∆τco,il = 1 (or 0 dB).

2.2 Retina Design

The retina is a planar array of N probe antennas fixed against the collector aperture.
The maximum spacing between probes is λ/2 to properly sample the scattered field dis-
tribution according to the Nyquist theorem. As it has been previously introduced, each
probe is composed of an antenna of impedance ZT with a switching element of impedance
Zre that produces the low frequency modulation by changing the impedance between two
states A and B (Zre = ZAL and Zre = ZBL respectively).

From the previous section, it is straightforward to consider the differential transmission
coefficient as the representative index of this MST system. In order to understand the
implications of this parameter in the design of the retina, this formulation is developed
applying reciprocity. Considering a matched illuminator at port 1 (Zil = Z0) and a
matched collector at port 3 (Zco = Z0), equation 2.1 can be developed into:
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b = S

 ail
ρiLbre

0

 = S

ail0
0

+ S

 0
ρiLbre

0

 (2.3)

defining the reflection coefficient of the switching impedance as ρiL = ZiL−Z0
Zi
L

+Z0
, being i =

A,B the state A and B of the switching element. Then, developing equation 2.3:

b =
[
I − S diag

(
0 ρiL 0

)]−1
S

ail0
0

 = ail
1− ρiLS22

S11 + ρiLS21
S21

ρiLS32 + S31

 (2.4)

Next, the transmission coefficient in the i state can be defined as:

τ ico,il = bco
ail
|Zre=ZiL= S31 + S32S21ρ

i
L

1− ρiLS22
(2.5)

Taking the difference of the transmission coefficients:

∆τco,il = τAco,il − τBco,il = S31 + S32S21ρ
A
L

1− ρALS22
− S31 + S32S21ρ

B
L

1− ρBLS22
(2.6)

Finally, the final expression of the ∆τco,il can be defined

∆τco,il = S32S21
ρAL − ρBL

(1− ρALS22)(1− ρBLS22)
= S32S21

(ZT + Z0)2

2Z0

ZAL − ZBL
(ZT + ZAL )(ZT + ZBL )

(2.7)
As it can be observed, ∆τco,il can be fragmented in the different elements of the

systems, i.e the ZT which is the impedance of the physical probe antenna, Z0 which are
the impedances of the illuminator and collector, ZAL and ZBL which are the impedances of
the switching element in state A and B, and S32 and S21 are the coupling factors between
the elements retina-collector and illuminator-retina respectively.

From the point of view of the retina design, a quality parameter defining the matching
between the probe antenna and switching element can be extracted from expression 2.7.
Taking the absolute value of ∆τco,il:

|∆τ |2 = |S32S21|2
∣∣∣∣ (ZT + Z0)2

2Z0

∣∣∣∣2 ME

4R2
T

(2.8)

being RT = <e{ZT }
The difference in the reflection coefficient due to the two states (A-B) of the switch-

ing element impedances is known as the Modulation Efficiency (ME) [39–41]. The ME
represents the differential signal level received at the collector and it is defined as:

ME =
4R2

T

∣∣ZAL − ZBL ∣∣2∣∣ZT + ZAL
∣∣2 ∣∣ZT + ZBL

∣∣2 (2.9)
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(a) (b)

Figure 2.4: Smith chart plots of the two impedance states represented by point PA and PB
respectively. (a) Random impedance states (b) Maximum ME.

The probe reflection factor ρ̃L is the reflection coefficient of the probe, and takes into
consideration the antenna and the switching element impedances:

ρ̃iL = ZiL − Z∗T
ZiL + ZT

(2.10)

where i can be each of the two possible states of the switching element that will be referred
as A or B states,

ME = |∆ρ̃L(ZLA , ZLB )|2 =
∣∣ρ̃AL − ρ̃BL ∣∣2 (2.11)

The ME values are bounded to 0 ≤ ME ≤ 4 or MEdB ≤ 6 dB. ME is maximized
when ρ̃AL and ρ̃BL are in phase opposition. Therefore, in a design process the goal is to
approach the 6 dB ME value for a combination of probe and loads. A representation of
∆ρ̃L on a Smith chart is useful to evaluate the difference in the ME modifying the load
impedance Zre. The two impedance states ρ̃AL and ρ̃BL can be located in the Smith chart
normalized to the probe antenna impedance (see Figure 2.4). In this case ∆ρ̃L will be
the square distance between point PA and PB .

All in all, the design of the retina and the rest of the elements in the system should
maximize the parameter ∆τco,il which is the representative index of the MST system. This
parameter can be dissected among three other quality parameters previously described:
Modulation Efficiency The aim of the ME is to allow to measure how well the probe

antenna of the retina couples to the switching element. At millimeter wave fre-
quencies the impedance states given by the available devices can be far from this
condition and they cannot be freely chosen by the designer. In this case the opti-
mization process is based in designing an antenna with a given ZT that maximizes
the ME for the given switching element.

Surface Wave Efficiency At submillimeter-wave frequencies, the major problem of pla-
nar antenna arrays is associated with the dielectric substrate losses. This efficiency
constitutes a power loss that falls within the overall ∆τco,il and corresponding S32
and S21 parameters. As it will be discussed in the following section, the antenna of
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Figure 2.5: Representation of a surface wave travelling inside a dielectric surface.

the retina has to be carefully chosen in order to minimize the effect of the substrate
thickness in the overall system efficiency.

Coupling Efficiency This parameter describes the losses due the coupling between the
illuminator-retina-collector. It depends on the matching of the illuminator, retina
and collector impedances ZT and Z0 and the S32 and S21 parameters.

In many cases, because of the large size of the retina (if there is a high number of
elements), the collector and illuminator cannot be able to be simulated within the system.
In this case the design of the retina can be adapted to the maximization of the surface
wave efficiency, modulation efficiency, and depending only in the impedance of the probe
antenna and switching element.

2.3 Surface-Waves Analysis

At millimeter and submillimeter wave frequencies, planar antennas suffer from high losses
due to the propagation of surface waves inside the dielectric. When a source is placed
in a dielectric surface the rays propagate through the surface reaching the dielectric-air
edge. At that point, the rays that interface the edge with an angle above the critical
angle sin θc = 1/√εr are completely reflected back into the substrate generating succes-
sive zigzag reflections along the transversal axis of the dielectric (see Figure 2.5). The
propagation constant of these propagating surface waves is larger compared to the free
space. Therefore, they are trapped waves that do not radiate in the free space and will
take a certain percentage of the power and consequently an efficiency loss.

There are a few approaches used to mitigate the effect of the surface waves losses. The
first one is to reduce the thickness of the substrate until it is electrically thin (around one
hundredth of the dielectric wavelength thick). In this case the antenna will couple weakly
into the dielectric as it happens at microwave frequencies. Table 2.1 illustrates the small
dimensions that electrically thin substrates have at millimeter and submillimeter wave
frequencies. The fabrication of planar antennas on such thin substrates or also called
membranes is quite difficult, although there are some results published in [42], where for
instance, a membrane of 1 µm of silicon-oxynitride was fabricated for an antenna working
at 700 GHz.

The second approach is to use an infinite thick substrate ending with a lens that
couples the radiation within the substrate into free space [43]. In this case, the antenna
sees two infinite medium, one top and one on the bottom, and in order to focus all the
radiation into a directive beam, the top of the dielectric is curved. The front to back ratio
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100 GHz 300 GHz 500 GHz 1 THz
εr = 4 15 µm 5 µm 3 µm 1.5 µm
εr = 12 8.6 µm 2.8 µm 1.7 µm 0.8 µm

Table 2.1: Examples of electrically thin substrates (thickness < λg/100) at different mil-
limeter and submillimeter wave frequencies.

of planar antennas between air and a dielectric can be approximated as ε3/2r . Therefore,
in order to focus all the antenna radiation into de dielectric, high substrate permittivities
are required. This approach will be studied in detail in part II of this thesis.

Other approaches include the use of Electromagnetic Band Gap (EBG) substrates.
This substrates consist on all sort of periodic arrangements that control the properties of
the propagation of electromagnetic waves inside the dielectric. Some preliminary results
at 500 GHz are shown in [44]. Another solution is the use of metallic bias in the sub-
strate to prevent the propagation of the surface waves as it has been implemented in the
microwave regime [45]. However, this solution is not feasible to implement it at submil-
limeter wave bands because they cannot be implemented with the fabrication methods
currently available. The last approach comprises a solution which uses an antenna geom-
etry that do not excite surface waves modes inside, like the double arc slot from [46,47].
This approach has been studied in this section as it can be implemented and fabricated
at high frequencies.

In this part of the thesis, the use of planar, electrically thick substrates for planar
antennas is studied [48]. The emphasis of the following discussion is on the use of simple
antenna geometries and dielectric substrates, which make the fabrication of an efficient
millimeter and submillimeter wave planar antenna structure as simple as possible.

In order to evaluate the efficiency of an antenna printed on a thick dielectric, first, we
are going to define the surface wave efficiency of an antenna as the ratio:

ηSW = 1− PSW
Prad + PSW

= Prad
Prad + PSW

(2.12)

being PSW the power radiated by the antenna inside the dielectric and Prad as power
radiated by the antenna into free space. Considering only the dielectric losses, the input
power can be defined as:

Pin = Prad + PSW + |S11|2Pin (2.13)
being S11 the reflection coefficient of the antenna. Therefore, the surface wave efficiency
can be defined as:

ηSW = 1− PSW
Pin(1− |S11|2) (2.14)

The power delivered within the substrate previously named as PSW can be calculated
by integrating the Poynting vector in a cylindric surface around the antenna:

PSW = 1
2

∫
SSW

Re {ESW(ρ, φ, z)×HSW(ρ, φ, z)∗}dS (2.15)
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Figure 2.6: Surface wave efficiency of a dipole (solid line) and slot (dashed line) as a function
of the substrate thickness for εr = 4 (black line) and εr = 12 (grey line) for non grounded
(a) and grounded (b) substrates.

being ESW and HSW the electric field and magnetic field of the surface wave. Considering
the elementary surface element dS = ρ̂ρdzdφ:

PSW = 1
2

∫
SSW

Re {ESW(ρ, φ, z)×HSW(ρ, φ, z)∗} ρ̂ρdzdφ (2.16)

The efficiency of a single slot and a single dipole antennas on grounded substrates as
a function of substrate thickness is shown in Figure 2.6. Both graph has been obtained
by simulating in CST a small dipole/slot and integrating the Poynting vector within a
cylindric surface as it has been referred in Equation 2.16. This approach will allow the
evaluation of the further antenna designs for different non elemental geometries. The
degradation of the radiation pattern as a function of the substrate thickness can be
observed in Figure 2.7. Both E and H plane suffer from high rippling when the surface
wave efficiency increases. This effect happens as a result of the trapped surface wave,
i.e the surface-wave eventually arrives to the border of the substrate and it is radiated
in an non-controlled way, which it strongly affects the radiation pattern of the antenna.
Note that the substrate thickness has been normalized by the dielectrics wavelength λg =
λ0/
√
εr.

This behavior can be understood by studying the propagation of the different surface
wave modes excited inside the dielectric. The propagation constant of the different modes
has been characterized by looking into the spectral properties of the Green’s function as
in [48, 49]. The analysis used here calculates the radiated fields from an infinitesimal
element. The propagation constant of a magnetic source placed on a grounded dielectric
of and thickness h is shown in Figure 2.8. It can be observed that all the modes start
to propagate with a dielectric constant equal to k0 and at a certain substrate thickness
they start to grow until a a maximum which is equal to the propagation constant of the
medium k0

√
εr. The first TM0 mode has a zero cut off frequency due to the fact that

it is independent of the multiple bounds of the wave within de dielectric. Note that the
TE0 mode is not propagated due to the presence of the ground plane. These plots would
correspond to propagation constant of an infinitesimal slot or also, to a grounded dipole.
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Figure 2.7: Radiation patterns of a dipole over a substrate of εr = 4 for different thickness:
(Left) E-Plane (Right) H-Plane.

Figure 2.8: Propagation constants of the different TE and TM modes propagated inside a
grounded dielectric substrate excited by a magnetic source.

In the case of an infinitesimal dipole on a substrate, the functions are similar to the slots,
except that the TE0 does propagate with a 0 cut off frequency as well as the TM0 mode.
After that, the same TE and TM modes are also present but interchanged.

On the other hand, the modes of a double grounded substrate are shown in Figure 2.9.
In this case, the first mode TM0 propagates with a constant propagation of k = k0/

√
εr

and the following modes propagate with k = 0 because it is a closed structure and there
is no radiation to free space. Moreover, the TM0 mode propagating with a zero cutoff
frequency the propagating is constant and the TE1 propagates at a substrate thickness of
0.5 λg. Therefore, by selecting a proper antenna geometry which reduces the excitation
of this TM0 mode, a good efficiency could be achieved until a dielectric thickness of λg/2
instead of the λg/4 that can be achieved in the previous case. Note that a dipole cannot
obtain this behavior as it cannot achieve this parallel plate effect.
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Figure 2.9: Propagation constants of the different TE and TM modes propagated inside a
double grounded dielectric substrate excited by a magnetic source.

Note that Figures 2.8 and 2.9 show the results of two dielectrics with different per-
mittivities εr = 12 (approximation to the permittivity of silicon, commonly employed at
these frequencies) and εr = 4 (which is close to quartz) have been calculated in order to
illustrate how the behavior for different substrate materials is consistent: they are both
scaled to its permittivity. Therefore, as it is shown in Figure 2.6, it is convenient to work
with a low permittivity dielectric in order to couple less radiation into the substrate.

A technique consisting on using twin elements antennas has been studied in [50, 51]
that increases the efficiency for antennas placed on electrically thick double grounded
substrates. This approach consists on reducing the amount of power delivered to the TM0
mode by placing two slot elements broadside to each other properly spaced and driven
in phase. The optimal inter element distance is close to half a wavelength λg/2 where it
produces the phase cancellation along the broadside axis of the slots (see Figure 2.10a).
Therefore, if the TM0 is reduced, the antenna can now have a good performance for
substrate thicknesses until λg/2 (where the next modes TE1 and TM1 start to propagate)
as it is shown in Figure 2.10b. Note that higher efficiency can be obtained for longer
double slots lds, where the optimal lengths is λm, being λm = λ0/

√
(εr + 1)/2. In case of

our system, because the inter element spacing is λ0/2, the arm length is limited by this
dimension. In the case of a dipole element, however, this placement of two elements do
not have the same effect because the direction that the dipoles radiate the TM0 mode
power is off the ends of the element and not in the endfire direction.

The purpose of this array is to couple the radiation to both sides (from the illuminator
to the collector, going through this radiating element of the retina) of the array. Therefore,
even if one could use a dipole with thinner substrates, one could not achieve an even front
to back ratio. Taking as a reference the double slot of Figure 2.10, by placing a double
slot in the ground plane of this antenna, the radiation can go through and an even front-
to-back ratio can be obtained (see the radiation pattern in Figure 2.11). Moreover, the
surface waves efficiency can as well be improved in for a wide range of dielectric thickness
(see Figure 2.12). Considering the the quasi-cylindrical nature of the surface waves, by
curving the arms of the double slot into a curved shape, a considerable improvement in
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(a) (b)

Figure 2.10: Surface wave efficiency of double-slot with ground plane as a function of: (a)
the arm slot separation d and substrate thickness of h = 0.25λg (b) the substrate thickness
for εr = 4.

Figure 2.11: Radiation pattern of the double-slot placed on a substrate of thickness λg/4
grounded with another double-slot.

the efficiency is obtained as shown in Figure 2.12. Moreover, a good frequency behavior
can be obtained over a bandwidth of 25% as is shown in Figure 2.10b.

All in all, there has been demonstrated in this section how surface waves losses are a
significant problem for planar antennas at THz, although the efficiency of these antennas
can be significantly improved by choosing the correct antenna geometry. Dipoles and
slots are not a suitable to work for substrates above 0.1λg. On the other hand, grounded
double-slots can be optimized to work in substrates of thicknesses up to 0.5λg. These
considerations will be taken into account for the further design of the antenna array
prototypes in our system.
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(a) (b)

Figure 2.12: Surface wave efficiency of a: (a) Curved/Straight arm double-slot as a function
of the substrate thickness of εr = 4 grounded with a double-slot. (b) Curved arm double-slot
placed on a substrate of thickness λ/4 and εr = 4 grounded with a double-slot as a function
of the frequency.

Figure 2.13: 2-D planar tomography sensing geometry for the reconstruction of an object.

2.4 Tomography Imaging Techniques

In a tomographic imaging system, the key is to sample a sufficient number of scattered
field values in space to recover the currents induced inside the object by the incident or
illuminating field. This problem is known as the inverse scattering problem. The object
that we want to image needs to be illuminated by a plane wave generated by a transmitter;
and then the scattered field by the object requires to be measured in an array of points (i.e.
output ports). This multiport measurement can be achieved by either virtually generating
it with the movement of one antenna, or by using a real array of multiplexed antennas.
Even though with the first approach the coupling between antennas is not present and
the receiving system is more simple, the second one is certainly advantageous for a real
time system requirement. The imaging system proposed in this research corresponds to
a planar imaging scenario with a real array of antennas in order to perform high speed
imaging.
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The reconstruction algorithm employed for the reconstruction is based on a technique
called mono-focusing [52, 53], which is used for systems of multiple receivers and a plane
wave illuminator as a transmitter. This algorithm is based on the reconstruction of
the local electrical properties of the object by means of synthesis of a receiver focusing
operator. This focusing operator provides a compensation of the amplitude and the
phase variations suffered by a wave due to the presence of the object. In Figure 2.13, the
reconstruction scheme of the mono-focusing algorithm is shown.

A given amount of antennas Nr acting as receivers are placed along a line. When a
transmitter transmits an incident field Ei(~rrj , f) towards the object, this wave impinges
on the object generating a diffracting field or scattered field Es(~rrj , f) that is captured
by the receiver Er(~rrj , f). The vector ~r represents the position vectors within the object.
The total electric field received Er(~rrj , f) measured at the receiver position ~rj is related
to the scattered field Es(~rrj , f) and to the incident field in absence of the object Ei(~rrj , f)
through the following equation:

Er(~rrj , f) = Es(~rrj , f) + Ei(~rrj , f) (2.17)

The reconstruction algorithm forms every image point of the local electrical prop-
erties of the object by the synthesis of one focus group (mono-focusing) of antennas
(receivers) [52]. The received scattered fields are weighted by a focusing operator in order
to be focused on a unique point. Thus, under Born approximation, which supposes low
scattering objects, the following equation reconstructs the image form the scattered field:

Ψ(~rpi , f) =
Nr∑
j=0

Es(~rrj , f)ejk~ri,j (2.18)

where ~ri,j is the distance between the receiving antenna j and the pixel i. Therefore,
only when the focused point corresponds to the object position the focusing operator
will perfectly compensate the real path of the signal and the maximum value of the
reconstruction will be obtained. Applying this mono-focusing operator to every pixel of
the image, a replica of the extended object is obtained.

In order to predict the performance of the system employed, a canonical scenario has
been simulated of the image reconstruction algorithm. It consists in the calculation of
the theoretical scattered field distribution that a metallic cylinder scatters [54] over an
array of Nr receiving antennas in an air medium (see Apendix A). Once obtained this
field, the image can be reconstructed with procedure previously explained. This scenario
has been chosen as it is easily replicable in reality, and therefore the evaluation of the
imaging capabilities of the array can be evaluated.

Figure 2.14 shows the analytically reconstructed images of a Perfect Electric Conduc-
tor (PEC) cylinder placed in front of a retina of Nr = 16 elements in different positions
and for different radius. The retina is placed in x = 0 (right axis) and centered vertically
at y = 0. The cylinder surface is marked with a black circle. In Figures 2.14a,b and c
the cylinder is displaced 2λ vertically and sweeps horizontally at 6λ, 4λ and 2λ. In Fig-
ure 2.14d,c and f the cylinder is placed in the middle of the retina vertically and sweeps
horizontally at 6λ, 4λ and 2λ. Note that because the retina has 16 elements and the
spacing between elements is λ/2, the reconstructed image has an available reconstructing
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Figure 2.14: 2-D planar tomography reconstruction images of a PEC cylinder with a retina
of Nr = 16 for different scenarios: (a), (b). (c) Cylinder of diameter λ/3 placed at y = 2λ
and x = 6λ, x = 4λ and x = 2λ respectively. (d), (e). (f) Cylinder of diameter λ/3 placed at
y = 0 and x = 6λ, x = 4λ and x = 2λ respectively. (g), (h), (i) Cylinder of diameter 3λ/4,
λ/2 and λ/4 respectively in the center position (x = 0 and y = 0) of the imaging scenario.

area of dimensions (Nr − 1)λ/2× (Nr − 1)λ/2 which in this case is 7.5λ× 7.5λ. It can be
observed that the cylinder can be distinguished in the image, however it contains multiple
and high-contrast scattering factors. Figures 2.14g, h and i show the image of a cylinder
for different radius 3λ/4, λ/2 and λ/4 respectively. A displacement of the cylinder in
the horizontal direction can be observed due to the multiple scattering effect that appear
when the visualization angle is reduced.

In order to smooth the non linear and frequency dependent phenomena present in the
previous images, the combination of different images at different frequencies and from
different points of view can provide accurate spatial and electrical information of the
electrically extended object. By using multi-frequency and multi-view, these non linear
and frequency dependent phenomena will be smoothed and reduced as it is presented in
the following section.
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Figure 2.15: (a) Transversal (b) Longitudinal cross-section of the 2-D reconstructed image
of a PEC cylinder for using a frequency sampling with a bandwidth of 25%, 10%, and a
single frequency sampling.

2.4.1 Frequency sampling criteria

In order to improve the quality of the image, multiple frequencies can be combined,
allowing the acquisition of a high number of spatial frequency components of the spectrum.
A coherent combination of the different images at each frequency is used to enhance the
features of interest of the individual images without having the destructive interference
between images [53]. The frequency domain sampling is chosen to avoid aliasing according
to:

∆f ≤ cre
4Rs

(2.19)

where cre is the propagation velocity in the background medium, in this case cre = c0
as the medium is air; Rs corresponds to the imaginary radius of a circle that circum-
scribes the obtect with the transmitter and receiver. This sampling criteria is hold for
impenetrable and penetrable objects.

In Figure 2.15a and b, the transversal and longitudinal sections (the insets of the figure
show the image vertical and horizontal cuts respectively) of the reconstructed image for
a frequency bandwidth of 10% and 25% are shown. The image for a single frequency
is also included as a reference. A PEC cylinder of radius λ/3 is centered in front of a
Nr = 16 element retina. While the transversal section (Figure 2.15a) remains still in both
cases, the longitudinal section (Figure 2.15b) improves significantly when multiple-view
is applied.

2.4.2 Space sampling criteria

In Multi-View, the system rotates around the scenario in order to obtain multiple views
of the sample. It makes a complete 360-degree rotation around the subject obtaining a
complete set of data from which images may be reconstructed covering all the views. The
minimum number of views that are required to avoid loss information [55] and guarantees
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Figure 2.16: Space sampling basic scheme for Nφ = 6.

Figure 2.17: (a) Transversal (b) Longitudinal cross-section of the 2-D reconstructed image
of a PEC cylinder for using a space sampling of Nφ = 1 and Nφ = 48.

an image resolution of λ/2 are:
Nφ ≥

4πRs
λre

(2.20)

where λre is the wavelength in the external medium at the highest operating frequency.
Therefore, the maximum angular step can be written as:

∆φ ≤ λre
2Rs

(2.21)

In the example previously used where a retina of Nr = 16 (then Rs = 7.5λ/2) is
considered, the minimum number of steps is Nφ ≥ 48. In Figure 2.17a and b, the
transversal and longitudinal sections of the reconstructed image for 1 view and 48 views
of the object are shown. While the transversal section (Figure 2.17a) is maintained the
same in both cases, the longitudinal section (Figure 2.17b) improves significantly when
multiple-view is applied. This method can be interpreted as a way to create a uniform
equivalent illuminating field inside the object.
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Chapter 33
Retina Prototypes -

Fabrication and
Measurements

T echnology at millimeter and submillimeter band is limited by the power bud-
get restrictions and high losses that sources and receivers suffer at such high fre-
quencies. Therefore, a high level of integration is required among all the system

components to avoid unnecessary additional losses. From the antenna point of view, the
geometry of an antenna or an array of antennas compatible with Monolithic Microwave
Integrated Circuits (MIC) technology is a technological goal of the current era. This is
due to the many significant challenges that still remain in the design and fabrication of
such antennas due to the difficulty to achieve high efficiencies and broad bandwidths.

The system employed to evaluate the performance of these planar arrays has been
analyzed in the previous chapter and the requirements from the design point of view
are translated into the maximization of the ME, the minimization of the surface wave
efficiency or maximization of the radiation efficiency, the minimization of the coupling effi-
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ciency and the mutual coupling among all the antennas of the retina, and the definition of
certain scanning parameters (number of probes, spacing, frequency span, multi-view, etc).
In this chapter we will see that there is a high compromise between the performance of
these elements, and a tradeoff will be achieved to obtain the highest performance with the
technology and fabrication processes currently available at millimeter and submillimeter
wave frequencies.

This chapter presents a series of prototypes built as an experimental validation of the
system characterization and the analysis obtained in the previous chapter. One of the
prototypes is an MST imaging system which could be employed at millimeter and submil-
limeter wave frequencies. This prototype has been designed and fabricated at 100 GHz
due to the availability of the technology at that moment. However, this prototype was
designed facing all the challenges that occur at higher frequencies like the surface wave
propagation losses. Therefore, even if a thinner substrate could be obtained commer-
cially, the design was performed with a thicker one in order for the design to be scalable
at THz frequencies. Another prototype at submillimeter wave frequency 300 GHz was de-
signed with the technology available in that regime. And last, the potential of RF-MEMS
technology was analyzed as a potential candidate for millimeter and submillimeter-wave
frequencies. Besides the different nature of the prototypes providing a specific individ-
ual analysis and design, each one is characterized by the use of different technologies and
fabrication processes adding additional and individual requirements to the design process.

3.1 MST Imaging System Prototype at 100 GHz

The system implemented in this section corresponds to a tomographic system with planar
geometry where, in this case, the object is illuminated by a plane wave and the scattered
field is measured along a probing line. In Figure 3.1 the basic scheme of the near field
system proposed is shown. An illuminator or transmitter based on a horn antenna emits
millimeter wave radiation that produces a local plane wave that illuminates the sample.
The scattered field produced by the object is sampled at the retina. The retina is able
to mark the value of the electric field at the position of each element using MST. Specif-
ically, the field is marked by using a low frequency (LF) modulation of the probe. By
using a different LF modulation frequency for each probe it is possible to multiplex the
measurements of all the probes and reduce the measurement time. Once the electric field
has been marked at the retina, it is gathered by the collector that is followed by the
receiving system. After this, the image can be calculated by postprocessing the measured
scattered fields.

The retina prototype designed is based on a printed circuit with a 1-D array of 16
probe antennas over a dielectric substrate fixed against the collector aperture. Because the
operating frequency of the prototype is 100 GHz, the maximum spacing between probes
is 1.5 mm (λ/2) that properly sample the scattered field distribution according to the
Nyquist theorem. Each probe is composed of an antenna that receives and reradiates the
scattered field, a switching element that modulates the signal and a filter that reduces the
coupling between the probe and the modulation circuit. The antenna geometry is selected
in order to minimize the mutual coupling between probes and to avoid its interference
with the filter.
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(a) (b)

Figure 3.1: (a) Imaging scheme of the system. (b) Global diagram of the imaging system.

As it has been described on the previous chapter, at millimeter wave frequencies
and submillimeter wave frequencies, the major problem regarding the antenna efficiency
is associated with the surface waves propagating within the dielectric substrate. As
demonstrated, by choosing a double-slot antenna geometry over a grounded dielectric this
efficiency can be significantly improved to work for substrates below λg/2. Therefore,
for the design of this prototype, a double-slot geometry was employed to perform the
optimization over an electrically thick substrate of thickness around λg/4. Moreover,
if this array of double slots is placed in the H-plane the mutual coupling between the
antennas is minimized. This could not be achieved with a linear array of dipole antennas
in the H-plane, as it would be difficult to place the filter in between the dipoles located
at λ/2 between each other. Therefore, a system composed a double-slot antenna and a
collector opening aperture in the H-plane has been chosen for this prototype.

A switching element is placed in each probe antenna port that is modulated at a
certain low frequency. This switching element provides two different load impedances to
the probe antenna. The characterization of this switch is an important step to ensure the
performance of the antenna. The switch that has been employed for this prototype is a
PIN diode. PIN diodes are the main semiconductor switching components that are used in
microwaves because of their reliability, low cost and compatibility with standard Printed
Circuit Board (PCB) assembly processes. This diodes are commercially available at higher
frequencies however beam-lead packaging rises significantly the device and assembly cost.
In the following section a full detail of the characterization of this switch is performed.

3.1.1 Switching Element Characterization - PIN Diode

For this prototype at 100 GHz a commercial PIN diode has been chosen due to its small
dimensions and its cost. It corresponds to the model MA4AGBLP912 from MACOM
Technologies [56] (see Figure 3.2a). The switch characterization has been performed using
calibrated data provided by the manufacture regarding the dimensions and behavior.

The objective of the characterization of the PIN diode is to obtain the impedance
of the core of its P-N junction. The core of a PIN diode is the P-N junction with its
I-V and C-V characteristics and can be characterized using the equivalent circuit model.
The most common way of modeling this junction is a parallel combination of a resistor
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(a) (b)

Figure 3.2: (a)Photograph and (b) Equivalent circuit model PIN diode provided by [56].

and a nonlinear capacitor. In our case, the manufacturer procured the specific Spice
model for this PIN diode based on target specifications, simulated results and prototype
measurements, which would be more accurate than the simple circuit model. These
parameters were then simulated using ADS [57] as shows the diagram of Figure 3.2b and
the impedance was extracted for the frequency band of interest. The impedance has been
obtained by the simulation of the diode in ON and OFF state corresponding to a bias
voltage of VON = 1.35 V and VOFF = 0 V respectively. Figure 3.3a corresponds to the
impedance as a function of the frequency of the PIN diode junction in OFF state while
the impedance in ON state is a constant value of ZLON = 0.13 Ω.

This model corresponds to the equivalent circuit junction modelling of the diode.
However, this circuit does not contain the parasitic elements of the physical properties
of the diode, i.e the cross-coupling effects between different parts of the circuit, which
might be significant, especially in densely packed MIC applications. Therefore, in order
take into account a physical model of the diode is included in the full wave simulations of
the antenna. In this case, the physical model was obtained by adapting a common diode
model to the dimensions provided by the manufacturer. A 3-D electromagnetic full-wave
simulator such as MW-CST the geometry of a common PIN diode was defined associating
the various materials with the desired parts of the circuit including dielectric constant
and loss tangent making the most realistic model in order to obtain the parasitic effects
of this diode. This model will be only used for the simulation of the parasitic effect and
not the other nonlinear physical parts. The combination of the two consists in obtaining
the S-Parameters of the simulated full-wave device and load them with the impedances
obtained for the equivalent circuit model.

Once the junction impedance is determined, the performance of the antenna in our
system can be evaluated by the calculation of the ME. This parameter, as it has been
explain before, shows how well the antenna is matched with the diode. In Figure 3.3b,
the ME as a function of the impedance of the antenna ZT at 100 GHz is shown. It can be
observed that the best matching that the antenna can obtain at 100 GHz is of 5.95 dB (the
maximum being 6 dB) which is significantly high, and corresponds to a desired antenna
impedance of ZT = 30 + 14j Ω.
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Figure 3.3: Junction impedance of the PIN diode in OFF state. Note that the impedance
in ON state is a constant of ZLOFF = 0.12Ω. (b) ME as a function of the impedance of the
antenna ZT .

Figure 3.4: Simulation of the system to perform the optimization of the antenna probe.

3.1.2 Retina Design

The retina design is begun by the maximization of the differential transmission coefficient
∆τco,il between the illuminator and the collector when the retina is loaded with both
impedances of the PIN diode obtained in the previous section. The basic simulation
scenario is shown in Figure 3.4. First, the optimization will be performed for one element
and two waveguides will be used as an illuminator and collector (see Figure 3.4a). Note
that because the main goal is to design an array of antennas, the substrate used for
the simulation of this element has been considered infinite. Figure 3.4b shows the basic
scheme of the retina of one element. The dielectric employed is quartz with an εr = 3.75
and a thickness of 350µm which is greater than λg/4 at 100 GHz. This substrate is
double-grounded and a double-slot geometry is used as antenna. In Figure 3.4c the front
view of the double slot with the physical model of the diode is shown. Note that the
double slot of the ground plane is indicated with the red line.

The simulation is performed using MW-CST using open boundary conditions for the
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(a) (b)

Figure 3.5: (a) ∆τco,il, normalized ME, surface wave losses and coupling losses of the
system as a function of the frequency. (b) ME of the antenna plotted on a Smith chart.

retina edges and three ports for the illuminator, diode port of the retina and collector
respectively. Then, these three ports are loaded with its respective impedances, i.e. the
diode is loaded with its junction impedance in ON and OFF state previously calculated in
order to finally obtain the ∆τco,il. The optimal dimensions of the antenna geometry that
maximize this ∆τco,il were obtained after an exhausting number of simulations. Figure
3.5a shows the ∆τco,il as a function of the frequency for the optimal antenna obtained
at this frequency band. As it is shown a pick value of -7 dB is obtained at 90 GHz (the
maximum ∆τco,il that could be archived is 0 dB). In order to understand the behavior
of the system, the ∆τco,il has been decomposed by the following elements (as it has been
explained in the previous chapter):
• Surface wave efficiency The antenna geometry that reduces the propagation of

surface waves over electrically thick substrates is having a double slot over grounded
substrate with a double slot. As it is shown in Figure 3.5a by employing this
geometry the surface waves losses are less than 1.5 dB in the whole frequency band.
Therefore, this does not constitute the main contribution to the losses obtained.
• Modulation efficiency At millimeter wave frequencies, the impedance states given

by the available devices cannot not be freely chosen by the designer. This im-
plies that the optimization process is based in designing an antenna with a given
impedances that matches the impedance of the switching element, in this case, of
the PIN diode selected before. As it is shown in Figure 3.5a, the ME achieved
has a pick value of 5.78 dB (note that the ME has been normalized to 0 dB, then
MEn = −0.26 dB) when the maximum that can be achieved for this PIN diode
impedance is 5.95 dB. In Figure 3.5b the reflection coefficients due to the antenna
mode contribution of the diode in ON and OFF state are plotted on a Smith chart,
where it can be observed that there is a maximum separation in both states, and
therefore, a very good matching between both elements. However, the low band-
width of the performance of this system is limited by this parameter.
• Coupling between the retina and collector As it is shown in Figure 3.5a this

parameter corresponds in this particular case to the major loss of the system. Even
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Figure 3.6: (a) Mutual coupling between antenna probe elements. (b) Filter isolation and
∆τco,il corresponding to the antenna simulated with and without filter.

though this contribution can be generally low, in this case due to the high physical
blockage produced by the PIN diode package its value is the highest one and is
close to -5dB. This parameter, therefore, can be improved by using a smaller and
less bulky packaging diode (as it will be shown in the next prototype at 300 GHz
where a coupling of -0.5 dB is obtained).

Next, because this antenna will be placed in an array, the mutual coupling between
elements needs to be taken into account. The mutual coupling has been obtained by the
simulation of the coupling of two antennas for a typical spacing of λ/2. As it is shown in
Figure 3.6a, it falls below -40 dB which therefore can be neglected in the losses account.
Note that the double slot geometry improves the mutual coupling as the radiation has a
null in the broadside direction therefore, it was already expected a good behavior.

The next element that is designed is an RF-filter that isolates the probe antenna
from the bias line used to control the diode. The RF-filter is compound of a series
of transmission line steps of length λ/2 alternating high and low impedance line. The
number of steps determines the bandwidth of the filter. In this case, the filter designed is
made of 7 step sections providing an isolation of more than 25 dB in the frequency band
of interest (see Figure 3.6b). Note that the filter is design to obtain a short-circuit at the
entrance (Zin = 0) so it is invisible to the antenna as it can be observed in Figure 3.6b,
where the ∆τco,il of the antenna with filter and without filter is identical.

All in all, the antenna prototype of the retina for imaging system proposed has been
designed to be optimized for the PIN diode employed. The final dimensions of the antenna
including the filter are shown in Figure 3.7. Figure 3.7a is the top layer of the antenna
where the PIN diode is placed and Figure 3.7b is the bottom layer of the antenna.

3.1.2.1 Prototype Fabrication

In this section, the prototype fabrication is presented. The substrate chosen for the
prototype is a 350 µm quartz wafer of 10 mm of diameter. A copper metallization of
thickness 0.75 µm is deposited by evaporation on each side of the wafer. The patterning
of the wafer is performed with a laser micro-machining which has a precision of 2 µm
and a laser point diameter of 25 µm. The previous design already took into account this
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Figure 3.7: (a) Top and (b) bottom layer of the prototype of the retina antenna designed
for the imaging system proposed.

Figure 3.8: (a) One element antenna prototype. (b) Prototype of the 16 elements retina.

restrictions, making the smallest motives of the antenna not smaller than 25 µm.
The goal is to perform two set of measurements which will characterize the analysis

performed. Specifically they consist on:
• One element characterization: This measurement consists on the characterization

of one probe element of the retina. Two waveguides are used as an illuminator and
collector and the retina is placed between them. In order to do that, on one hand a
one element retina needs to be fabricated as the one in Figure 3.8a. Note that a space
of 3λ is left between the antenna and the border of the substrate in order to emulate
an infinite substrate. An extra bias pad is added corresponding to the ground
connection. On the other hand, a special adapter needs to be fabricated in order to
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Figure 3.9: (a),(b),(c) Different views of the designed retina adapter. (d) Fabricated adapter

place this element between the waveguides. The design of this adapter is shown in
Figure 3.9a,b and c. It is based on a WR-10 waveguide patterned on an aluminium
block with two standard flanges UG-387 patterned in each side. The retina profile
is placed in the middle as shown in the figure patterned on the waveguide in order
to provide a good alignment between the antenna and the waveguide. A cavity
of depth 200 µm is patterned on the block in order to avoid short-circuit of the
antenna RF filter with the waveguide.
This block has been fabricated in UPC using a Computer Numerical Control ma-
chine to perform the patterning of all the elements. It has been fabricated by
splitting the block in four pieces (as shown in the Figure 3.9a) and then assembling
them using 4 set of screws on each side of the block (see Figure 3.9d).
• Imaging measurements: This measurement consists on the characterization of the

whole retina within the system. The retina of 16 elements is shown in Figure 3.8b.
In this case a special illuminator and collector that is explained in the following
section is employed.

Once the designs of the individual antennas and retina have been defined. The next
step is to built the mask that will organize these designs in the wafer. The disposition
and distribution has been performed in order to maximize the number of designs that
fit within the wafer and also to optimize the dicing of the wafer. The mask used for the
fabrication is shown in Figure 3.10. As it is shown, 4 individual antennas are placed (2
in the top and 2 in the bottom of the wafer) as well as two whole retinas in the center
part of the wafer. The cutting marks are the lines that go through the wafer vertically
and horizontally. The two empty spaces on the right side and left side of the wafer are
left to perform the calibration and test of the micro-machining laser.

This retina is currently being built. The deposition of the copper in the wafer is
performed by Instituto Tecnologico de Materiales (ITMA) in Asturias and the patterning
of the laser is performed in the University of Oviedo. The dicing of the wafer will be
performed in the National Microelectronics Centre (CNM) a center that belongs to CSIC-
Universitat Autonoma de Barcelona (UAB) in Bellaterra.
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Figure 3.10: Mask set distribution containing the different designs of prototypes at 100 GHz
designed.

3.1.3 Collector & Illuminator

The collector is a sectoral horn antenna with an exponential profile in the H-plane, which
improves the (near-field) plane-wave character in this plane and the system sensitivity.
Based on the reciprocity theorem, the coupling between the collector horn port and the
antenna probe placed in the retina is proportional to the field distribution in the collector
horn aperture when it is excited from its port. It is clear then, that a uniform field
distribution in magnitude in the collector horn aperture maximizes the sensitivity of the
system. The illuminator is designed also with an exponential profile like the collector in
order to illuminate with a plane wave the sample.

In this section the design of a horn with a constant electric field distribution at its
aperture is presented. This horn can be used as illuminator of the sample; on the other
hand, when used as a collector a certain distance between the collector and the retina is
left in order to avoid the short-circuiting of the horn by the metallic wall of the retina.

3.1.3.1 Illuminator/Collector with Uniform Electric Field Distribution

A horn antenna with polynomial profile was used to extend the region at the antenna
aperture over which the power is above -3 dB with respect to its maximum value; that
is, to extend the region with a constant amplitude.

The sectoral horn antenna is planned to operate at a central frequency of 100 GHz
although it is intended to have a frequency band from 75 GHz to 110 GHz. The antenna
is fed by a rectangular waveguide WR-10 with dimensions 2.54× 1.27 mm. With regard
to the feed horn, it was decided to work with a sectoral H-plane horn antenna with
an aperture of 31.50 × 2.54 mm. With such dimensions and considering a frequency of
100 GHz, it is possible to place a 16 half-wavelength probe array with a separation of λ/2
(1.5 mm) between probes at the aperture of the antenna.

The following equations show the expressions used to obtain the polynomial profile
of the feed horn, where lh is the length of the feed horn and a and a1 represent the
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(a) (b) (c)

Figure 3.11: (a) Sectoral horn scheme for different polynomial profiles k. Normalized field
amplitude (b) and phase (c) at the aperture of the horn for different polynomial profiles k
at 100 GHz.

width of the waveguide and the width of the feed horn, respectively. These equations are
referenced to a Cartesian system whose origin is located at the center of the transition
between the waveguide and the feed horn, as illustrated in Figure 3.11a.

y = lh

(
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)k
x′ =

{
x+ a
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2
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a1
2
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Different polynomial profiles were simulated using Ansoft HFSS [58]. Figure 3.11b,c
shows the results for polynomial profiles with k = 1, 1.48, and 2 at 100 GHz. The
position where the field is measured has been normalized to the width of the aperture
a1. By changing the value of k in the equation of the polynomial profile, it is possible to
modify the region of the antenna aperture in which the magnitude of the electric field is
above −3dB. Since we are interested in a uniform amplitude field distribution, the best
result is the one obtained for k = 1.48. The phase remains invariant with k but it could
be corrected with a lens placed at the aperture of the antenna or with software in the
data post processing.

In order to observe the performance of the system for different frequencies, the horn
antenna with polynomial profile that is obtained for k = 1.48 was simulated for different
frequencies along the W-band, the range of frequencies between 75 and 110 GHz (see
Figure 3.12). From the results, it can be observed that the field distribution remains
uniform along the frequency range. Like the variations in magnitude of the electric field,
the phase at the antenna aperture is not strongly affected by frequency in the W-band.

The fabricated horn antenna with polynomial profile with k = 1.48 is shown in Figure
3.13. It was fabricated in an aluminium block using a CNC drilling machine in UPC.
The block was divided into two pieces and drilled with the CNC. After that, both blocks
were assembled together using four metal screws and aligned using two metal pins. The
alignment and assembling gap of the two aluminium blocks employed in the fabrication
process is critical for the good performance of the horn.

Figure 3.14 shows the simulated and measured reflection coefficient of the horn an-
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(a) (b)

Figure 3.12: Normalized field amplitude (a) and phase (b) at the aperture of the horn as
a function of the frequency for k = 1.48.

Figure 3.13: (a) Designed and (b) Fabricated exponential sectoral horn based on the
designed described.

tenna. As it can be observed, both, simulation and measurements of the S11 of the
the horn are always below −15 dB for the frequency band of interest, providing a good
performance and agreement with the simulations in the whole band.

3.1.4 Measurements

A set of measurements were performed using an initial prototype of retina. This mea-
surements were principally to evaluate the imaging capabilities of the overall system. The
fabrication of this retina was performed in UPC with a laser which could fabricate with
minimum track/gap of 100 µm with a precision of 10 µm. A double layer design could
not be fabricated due to the lack of alignment between both layer. Therefore, with this
constraints a single layer retina was designed with a thinner substrate and a double slot
antenna (which has a improved behavior from a single slot). The substrate chosen was
an Arlon CLT with a permittivity of εr = 2.2 and a thickness of 127 µm corresponding to
0.06λg at 100 GHz. The substrate has a metallization of 9 µm of copper. The dimensions
of the double slot and retina were optimized to obtain a high ME. The final fabricated
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Figure 3.14: Reflection coefficient of the fabricated horn.

Figure 3.15: Image of the fabricated retina.

of the retina is shown in Figure 3.15. Because the substrate was so thin and malleable, a
retina holder was fabricated in order to provide stability to the retina (see Figure 3.15a).
The PIN diodes were manually assembled on the retina using polyepoxide (see Figure
3.15b, c).

A PCB was designed and fabricated in order to control the switches of the retina. This
PCB consisted on a Programmable Integrated Circuit (PIC) micro-controller PIC18F2550
which was also programmed to communicated with the computer through the Universal
Serial Bus (USB) port. A picture of this board is shown in Figure 3.16, where it can be
observed the PIC and the output ports where the feeding lines are connected. A line of
transistors were added to the outputs of the PIC in order to provide enough current to
each diode.

Different measurement set ups were assembled and studied to demonstrate experimen-
tally the operational performance of the system proposed. In the following section, the
system calibration and the imaging results will be presented.
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Figure 3.16: Image of the fabricated PCB that generates the LF-modulation of the switches.

Figure 3.17: Set up used for the retina calibration.

3.1.4.1 System Calibration

The first measurements performed were a calibration and testing of the modulation capa-
bilities of the retina. A preliminary set up was assembled consisting in placing the retina
between a pair of collimating lenses and two conical horn antennas working as illuminator
and collector (see Figure 3.17). The modulation board governs the retina providing the
concurrent modulation of each probe of the retina and also triggering the Vector Network
Analyzer (VNA) using its external trigger.

The retina was aligned with two mechanical stages that moved the retina horizontally
and vertically in order to be in the focus point of the two collimating lenses. Afterwards,
the retina, with all the antennas being modulated at the same time, was displaced hor-
izontally every 0.5 mm using the mechanical stage, and the field in each position was
captured at the collector horn with the network analyzer. Each element of the retina was
modulated at a different low frequency, i.e each probe was modulated at a frequency that
doubles the frequency of the previous probe. For example, if the first probe is modulated
at 4 kHz, the second would be at 8 kHz, the third at 16 kHz and so on. This fact avoids
the aliasing among all the multiple harmonics of each probe according to the Nyquist rate
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Figure 3.18: FFT of the received field at the collector.

(a) (b)

Figure 3.19: (a)Non-normalized and (b) Normalized field amplitudes from each probe.

criteria where fi ≥ 2BW being BW the bandwidth of the channel.
In Figure 3.18 it can be observed the Fast Fourier Transform (FFT) of the received

signal at the collector at 100 GHz, when five elements are modulating simultaneously.
Each peak corresponds to the scattered field received at each probe. It can be observed
how the probes are being modulated doubling the frequency from the previous one, i.e the
first is modulated at 36 Hz, the second at 72 Hz, the third at 144 Hz, the forth at 288 Hz
and the fifth at 576 Hz. The multiple harmonics generated by each probe do not interfere
with the desired fields. All the images superposed within the graph corresponds to the
field in each of the position of the retina. Therefore, because all the probes have gone
through the same positions, in theory, all the peaks from each probe should have the same
amplitude as the expected behavior of each antenna is the same. These variations are due
to inaccuracies in manufacturing of the antennas, mounting the diodes and differences on
the theoretical property values of the components used.

In Figure 3.19a the field amplitude captured now by all the 16 modulated probes as
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a function of the displacement is shown. As a result, each probe describes the profile
field amplitude given by the collimating lens used in the set up. The figure shows how
each probe describes the lens profile at a different dynamic margin, i.e each probe has a
different peak amplitude. However, if this amplitude is normalized, each probe describes
a profile that is practically identical, as shown in Figure 3.19b. This measurement was
performed with a network analyzer in continuous wave (CW). The IF bandwidth was set
to 30 kHz allowing a simultaneous capture of all the probes. An averaging of 10 samples
was chosen as a trade off between measurement time and the SNR. From Figure 3.19
and 3.19b, the SNR can be obtained if substracting the field peak level by the first lobe
that appears in the profile at -15dB from the first probe which will correspond to the
noise level. Taking advantage of the fact a high bandwidth from 75 GHz to 100 GHz is
available, a gating in the measured fields is performed in order to diminish the possible
reflections caused by the different elements of the set up.

With these measurements, a variation in the response of the different probe elements
of the array is observed and therefore a calibration of each probe is required in order to
have a good performance of the system.

3.1.4.2 Imaging Results

The final system setup was assembled (see Figure 3.20a)using the previous retina and
the illuminator and collector presented section 3.1.3. In this section, the experimental
results obtained with the system are shown and analyzed. The imaging scenario consists
in placing one or two circular metallic cylinders in front of the retina to perform imaging
as shown in Figure 3.20. This scenario allows to analytically compute the scattered fields
and retrieve the theoretical image by using a tomographic algorithm as explained in the
previous chapter.

In order to minimize the number of reflections, the differential measurement of the
same scenario without the object under test (the so called ”empty chamber”) is used for
the image reconstruction and calibration of the system. Moreover, an averaging and a
gating are used as before in order to diminish the noise and the reflections caused by the
different elements of the set up.

The distance between the illuminator horn and the retina is 4 cm and the retina is
placed in front of the collector horn at a distance of less than 1 mm so it does not short-
circuit the electric field at the aperture of the horn. Different images were taken with the
system described using metallic cylinders of 2 mm of diameter. In Figure 3.21, 3.22 and
3.23 tomographic images are shown corresponding to images taken of one cylinder and of
two cylinders. The figures on the left correspond to images obtained after measurements
with the setup and the figures on the right correspond to the expected results after
simulations. It can be observed that the objects under test are detected successfully and
placed at the expected position with a tolerable level of noise. Further improvements
would require a better calibration of the retina and a better alignment of the different
components of the system.

Both, simulations and measurements contain multiple and high-contrast scattering
factors corresponding to non linear and frequency dependent factors. These factors can
be smoothed and reduced by using multi-frequency and multi-view techniques as shown
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Figure 3.20: Measurement setup.

Figure 3.21: One metallic cylinder placed at 27 mm from the retina and displaced 2 mm.

in the previous chapter.

3.2 One Element Probe Antenna Characterization at
300 GHz

The design procedure and characterizaton previously introduced can be extended for sys-
tems at higher frequencies. In this section, a prototype of a retina using a Schottky diode
and working at 300 GHz is presented. The development of millimeter wave and submil-
limeter wave components and systems still faces many challenges and limitations. The
switching technology currently that is still under development are Schottky diodes, which
are employed in heterodyne receivers for their frequency mixing capabilities. This section
will use this Schottky diodes as switching elements for the near field system presented
before. Chalmers University are currently developing Schottky diode switches allowed us
to access to this technology through a collaboration. The design and characteristics of
the Schottky diode shown in this thesis correspond to the ones that they are currently
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Figure 3.22: One metallic cylinder placed at 18 mm from the retina and displaced 10 mm.

Figure 3.23: Two metallic cylinder separated 1cm from each other placed at 15 mm from
the retina.

developing.
This section presents the design of a one element characterization that was intended to

characterize the diode and the retina capabilities and performance at higher frequencies.
Next, a full detail of the characterization of this switch is presented.

3.2.1 Switching Element Characterization - Schottky Diode

Schottky diodes are junction diodes as the PIN diode, but in this case the junction is
formed from a metal-semiconductor junction, rather than a p-n junction, which reduces
the capacitance while increasing the switching speed. This junction formed between the
metal and the semiconductor once they are in contact is responsible for its current-voltage
and capacitance-voltage behavior, and therefore, its impedance.

The diode used for the prototype corresponds to a Schottky varactor diode with only
one anode. The physical model of the diode is shown in Figure 3.24b. The green substrate
of the model corresponds to a layer of Gallium Arsenide (GaAs) which is a semiconduc-
tor commonly used to fabricate these kind of devices. The yellow parts of the model
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Figure 3.24: (a) Equivalent circuit and (b) Physical model of the Schottky diode used for
the prototype.

correspond to gold. The finger shown in the middle corresponds to the anode whose
area will highly variate the behavior of the junction. Figure 3.24a corresponds to the
equivalent circuit model of the junction. As it is shown, the area of this anode plays an
important role in the intensity value of the diode for a certain voltage, and therefore, in
the impedance behavior. For instance, Figure 3.25 shows the junction impedance for a
diode as a function of the frequency for ON and OFF state for an anode of area 9 µm2

(a) and 2 µm2 (b). The bias voltage in ON and OFF state of the diode is VON = −3 V
and VOFF = 0 V respectively. As it is shown, by reducing the area, the reactance of
the impedance becomes more capacitive. Note that when reducing the area, both states
ON and OFF contain a high reactance part, however, the difference between states is
higher and consequently its behavior improves as shows the ME of Figure 3.26. The ME
improves by 1.2 dB (from 2.9 dB to 4.1 dB) by reducing the anode area.

Figure 3.27 shows the dependence between the voltage applied to the diode and the
junction impedance at 300 GHz. As it can be observed, having a controllability of the
voltage allows the selection of the impedance. In this case, the voltage selection has been
VON = −3 V and VOFF = 0 V in order to leave a safety margin to the instabilities that
occur at 0 V, and also also stay in the safety operational level of the diode.

Therefore, once having determined the operational bias and physical dimensions of
the diode, the antenna geometry is designed in order to match correctly to its impedance.
In this case, the antenna impedance at 300 GHz that needs to be designed for is ZT =
91 + 247j Ω.

3.2.2 Antenna Design

The procedure followed for the design of the antenna is the same followed for the previous
prototype at 100 GHz. The maximization of the differential transmission coefficient ∆τco,il
is the key parameter to optimize. The basic simulation scenario in this case is the same as
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Figure 3.25: Junction impedance of the Schottky diode in ON and OFF state for an anode
area of (a) 9 µm2 and (b) 2 µm2.

Figure 3.26: ME as a function of the antennas impedance for a Schottky diode with an
anode area of (a) 9 µm2 and (b) 2 µm2.

in Figure 3.4. Note that in this case the physical model of the diode is the one in Figure
3.24 and it will be flip-chip soldered on the antenna (upside down into the antenna).

The dimensions of the antenna were optimized in order to obtain a maximum ∆τco,il,
and a maximum value of -5.2 dB at 300 GHz was achieved. In Figure 3.28a it can be
observed that in this case, while the surface wave efficiency and coupling efficiency are
high (each has -0.65 dB of losses), the main contribution to the loss of ∆τco,il it is due
the ME which in this case is 2.1 dB (note that the ME has been normalized to 0 dB, then
MEn = −3.9 dB). This fact is understandable as the behavior of the Schottky diode is
worse in terms of adaptability to the antenna. From the previous analysis of the diode it
was observed that the maximum ME that was obtained at 300 GHz was 4.1 dB (instead
of 6 dB). In Figure 3.28b the reflection coefficients due to the antenna mode contribution
of the diode in ON and OFF state are plotted on a Smith chart, were the behavior is not
as good as in the previous prototype at 100 GHz where the ME achieved was significantly
greater (5.78 dB).
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Figure 3.27: Junction impedance of the Schottky diode at 300 GHz as a function of the
biasing voltage Vbias applied.

(a) (b)

Figure 3.28: (a)∆τco,il, normalized ME, surface wave losses and coupling losses of the
system as a function of the frequency. (b) ME of the antenna plotted on a Smith chart.

The mutual coupling is shown in Figure 3.29, where two antennas have been simulated
and the coupling parameters for each combination of diode state have been taken. In this
case, the results are higher than the previous at 100 GHz due to the smaller physical
blocking produced by the diode package. By choosing different probe modulations (ON-
OFF, OFF-OFF or ON-ON) different mutual coupling are obtained and the performance
can be improved.

The RF-filter that isolates the probe antenna from the bias lines of the Schottky
diode is also compound of 7 series of steps of λ/2 of transmission lines of high and low
impedance. The isolation achieved is more than -25 dB in the frequency band and it is
invisible to the antenna, i.e the ∆τco,il with and without the filter is not affected (only
an insignificant shift in the peak frequency).

Figure 3.29 shows the dimensions of the final prototype antenna. The top plane of
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Figure 3.29: (a) Mutual coupling between the antenna probe elements. (b) Filter isolation
and ∆τco,il corresponding to the antenna simulated with and without filter.

Figure 3.30: (a) Top and (b) bottom layer of the prototype of the retina antenna designed
for the imaging system proposed.

the antenna is where the Schottky diode is placed upside down. Appendix A presents the
next steps to fabricate and measure a prototype using the design shown in this section.

3.3 MST MEMs Retina Prototype

RF-MEMS switches currently employed at microwave frequencies are a high potential
switching technology that can be employed at millimeter and submillimeter wave fre-
quencies because of its small dimensions, high isolation and low conduction losses [59] .
Although MEMS technology is increasing its frequency as the time goes, it is still func-
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Figure 3.31: RF-MEMS switch diagram.

tioning mainly in the microwave regime. This is why in this case, two prototype retinas
were fabricated at lower frequencies, one in the 50-75 GHz band, and another in the 75-
100 GHz band. These prototype were intended to measure the technology capabilities of
the available technology at the moment.

RF-MEMS switches offer in some cases a greater performance than semiconductor
switches because of their potential lower losses, their quasi-zero power consumption and
the possibility of being monolithically integrated within the antenna structure. The goal
of this section is to study integration capabilities of the RF-MEMS in the antennas,
which for this type of retinas could be beneficitial because of the required number of
switches (proportional to the number of pixels). However, the robustness and reliability
of this switches (even in individually packaged RF-MEMS) is currently inferior to the
semiconductor switches.

3.3.1 Switching Element Characterization - RF-MEMS

RF-MEMS are characterized by its mechanical movement that opens or short-circuits the
RF-system. Between the different type of RF-MEMS that can be found, this thesis is
focused in the metal contact RF-MEMS switch which uses physical contact triggered by
a DC voltage.

Figure 3.31 shows the structure of the RF-MEMS used in this thesis, i.e the cantilever
type. The main part of the switch is the cantilever which is the movable part of the
switch. The cantilever is supported by the anchor by one side leaving the other side
connected or disconnected depending on its positon (i.e. state ON or OFF the switch).
The dimples hang from the bottom part of the the cantilever and are responsible for
connecting the cantilever and the contact pad and therefore activating or deactivating
the switch. The state of the switch will be triggered by an activation voltage normally
between 35 V and 85 V applied to the bias pad. The actuation mechanism of the switch
is electrostatic, therefore, the currents over the bias lines are negligible and also the power
consumption. Because of this quasi-zero power consumption, the biasing lines are made
of high-resistivity material that actuates as an RF-filter that provides the antenna an
isolation from the biasing circuitry.

As it has been presented in the past sections, in order to design the retina, it is
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Figure 3.32: (a) 3-D Structure of the RF-MEMS. (b) Mask of the RF-MEMS

required a load that presents two highly differentiated states, and that it is as constant
in frequency as possible. Because the specific parameters of the RF-MEMS switch were
not fully known at the design stage, an ideal RF-MEMS was considered, emulating a
short-circuit and an open circuit for the whole frequency range. Therefore, for the OFF
state, since the capacitance is extremely small all RF-MEMS present basically an open
circuit impedance. On the other hand, for the ON state, the MEMS switches become
basically RL circuit, and the impedance can displace from the ideal short-circuit state.

Figure 3.32a shows the 3-D diagram of the RF-MEMS, while Figure 3.32b shows the
structure of the mask that contains the elements presented. Their fabrication process
consists in a complex multi-layered lithography serial processes, that are sequentially
performed until the final structure is obtained. The RF-MEMS optimization and the
prototype retinas fabrication were developed in a collaboration between the USU and
UPC. The fabrication process and the final fabrication of the prototypes were performed
in the installations of Cornell Nanoscale Science and Technology Facilities, Ithaca, New
York.

3.3.2 Retina Prototype

As it has been explained before, the parameters of the RF-MEMS were not known at the
design stage so the design process was performed using an ideal switch. Therefore, the goal
of these prototypes was to study the current micro-fabrication processes, the RF-MEMS
switches performance and its capabilities to be monolithically integrated within the an-
tenna. Two retina prototypes were designed using bowtie antennas: one at a frequency
of 50-75 GHz and another one at 75-100 GHz. Taking advantage that in this case the
stepped impedance filter was not required, 2-D array of 4× 4 antennas was fabricated.

The final dimensions of the antenna elements are shown in the top of Figure 3.33 and
the mask design with the antenna and the switch is shown at the bottom. Some metallic
bars were added next to the RF-MEMS in order to create uniformity among the area
next to the switch (as it can be observed in Figure 3.32b) and protection from the some
aggressive etching that occur during the fabrication.

The mask set designed with all the antenna prototypes is presented in Figure 3.34.
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Figure 3.33: (a) Retina prototype at 50-75 GHz. (b) Retina prototype at 75-100 GHz

It contains both retina prototypes, the bigger one in the middle part of the wafer and
the second one in the left part of the wafer. The rest of the antenna designs belong to
other integrated antennas for different purposes. Different sets of switches were placed
around the wafer in order to perform an individual characterization of the RF-MEMS
performance. The alignment marks are used to align the different layers of the fabrication
process. They are placed in different areas of the wafer symmetrically distributed in order
to help their finding with the contact aligner. Two types of alignment marks are used
depending on the layer, one is used to align with the top layer and the other one is used
to align the bottom layer. The lithography marks are used to control the quality of the
lithography process, i.e the development of the photoresist and the etching of the metal. It
consists on different horizontal and vertical lines of different widths and different spacing
that can be checked at the microscope after each process. In the following section, the
microfabrication processes and tools are described.

3.3.3 Fabrication Process

The fabrication process was carried out in CNF which allows the fabrication of planar
structures with a lithographic process resolution between 1 and 2µm. The fabrication
techniques and tools are chosen depending on the materials employed and on this case on
the multi-layer structure (the use of a certain process on a layer can affect negatively to
the rest of the multi-layer structure).

The lithographic process consists on the deposition of a layer of the material to be
patterned. Different deposition processes can be employed, such as evaporation, sputter-
ing, spinning and electrolatting. To perform the patterning a thin layer of photoresist is
coated over the previous material. This photoresist material changes its properties when
exposed to ultra-violet radiation. Therefore, with the masks which contain the patterns
of the design, certain areas will be covered or exposed to this light using image projec-
tion or e-beam lithography. After that, a developing process is performed, consisting on
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Figure 3.34: Mask set of the 6 layers that contains all the prototypes.

removing the parts of the photoresist that have been exposed to the light (in case of
negative photoresist). Next, once the design is patterned over the photoresist, an etching
of the first material deposited is performed in order to eliminate the material from the
parts that are not protected. This etching can be performed using wet etching (based
on liquid chemicals) or dry etching (based on high energy ions). Finally, the remaining
photoresist is stripped from the wafer leaving only the patterned material.

The fabrication of the antennas consisted on 172 individual processes performed in
the cleanroom and can be summarized in the following major steps:

1. High-Resistivity Lines Deposition - Mask 1
The feeding lines of the RF-MEMS made of TaN are deposited over the quartz
wafer. The deposition is performed by a sputtering machine and dry etching using
CF4 as plasma etchant.

2. Gold Layer - Mask 2
This layer consists on the deposition of a thin layer of gold over the quartz. First, a
thin layer of 160 A of chrome is deposited using evaporation over the wafer of quartz
in order to provide the adherence, and then a layer of 3000 A of gold is evaporated
on top. Both layers are then patterned using wet etching, first the gold and then the
chrome using its respective wet-etchands. After this process the RF-MEMS switch
looks as in Figure 3.35 were the bottom part of the RF-MEMS is shown (without
the cantilever).

3. Sacrificial Layer - Mask 3
The sacrificial layer serves as a suspender for the RF-MEMS cantiliever. In this
process, a thick layer of Poly-Methyl Methacrystalate (PMMA) is deposited by
spinning in two times in order to achieve the desired thickness of 1 µm. Because
the PMMA has a similar organic nature as the photoresist used for patterning, the
masking is performed with an evaporated thin layer of 530 A of titanium on top of
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Figure 3.35: Optical image of the RF-MEMS without the cantilever.

the PMMA. The patterning is performed using wet etching with Hydrofluoric Acid
and the undesired PMMA is removed using O2 dry etching.

4. Dimples Layer - Mask 4
The dimples, which are the contact points of the cantilever with the contact pads
are created by patterning small holes in the sacrificial layer (patterning half-way
instead of all the way). The patterning in the PMMA layer using the same process
as before (depositing a thin layer of titanium and then using wet etching and O2
dry etching for the patterning).

5. Gold Layer - Mask 5
A thin layer of 2000 A of gold is deposited using evaporation and patterned. A seed
layer of chrome is used for the adherence of the gold over the PMMA.

6. Electroplating - Mask 6
Because of the large thickness of the gold layer required in the cantilever, the pre-
vious layer of gold is grown using the electroplating process until reaching a final
thickness of 4-5 µm. This is one of the critical points of the fabrication process due
to the uniformity issues that this process produces within the wafer.

7. Dicing
The designs are diced using a diamond blade. It is also a another a critical point
of the process due to the high vibrations that this technique produces over the
structure. Therefore, the PMMA in the RF-MEMS is maintained during this process
to provide robustness.

8. Release
This process consists in the realease of the RF-MEMS and leaving the cantiliever
in the final suspension state. Thus, the sacrificial layer is removed by using wet
etching and dried using a critical point drier technique. When the RF-MEMS are
in the wet solution, there are no risks of damages, the possible structural damage
that could cause the dry etching is solved by using the critical point dryer tool.

At this point the antennas are ready to be measured.
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(a) (b)

Figure 3.36: (a) SEM and (b) Optic image of the fabricated RF-MEMS.

Figure 3.37: (a) Isolation and (b) switching response of the RF-MEMS

3.3.4 Measurements

Figure 3.36a shows an optical image of a micro-fabricated switch. It can be clearly
observed the different parts of the RF-MEMS mentioned before. Note also the different
texture and color that can be appreciated between evaporated (shiny smooth golden
areas) and electroplating gold (grain darker golden areas). This roughness could be an
issue for higher frequencies as it could produce a degradation on the antenna or switch
performance, therefore other techniques like evaporation or sputtering are recommended.
Figure 3.36a shows the image of the RF-MEMS using a Scanning Electron Microscope
(SEM) microscope. This microscope provide a 3-D looking image of the RF-MEMS where
the cantiliever is shown suspended on top of the contact pads.

In order to peform the characterization of the RF-MEMS several of those were included
in CPW lines where an easy and realiable testing could be performed. Measurements were
performed using a GSG-probe station and an Agilent PNA Network Analyzer working up
to 50 GHz. Figure 3.37a shows the transmission coefficient for a RF-MEMS in ON and
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(a) (b)

Figure 3.38: (a) SEM image of an element of the fabricated retina. (b) Photograph of the
fabricated retinas. The top retina corresponds to the 50-75 Ghz band and the bottom one
to the 75-100 GHz band.

OFF states. The RF-MEMS DC activation voltage between 40 and 70 V depending on
the thickness of the cantaliever switch (due to the non-uniformity of the gold deposition
from the electroplating process). Results were compared with the RF-MEMS in HSFSS
simulation software. The activation time of the switch is around 75 µm (see Figure 3.37a)
which is typically low considering this type of switches.

Figure 3.38a shows a SEM image of a dipole with the integrated RF-MEMS of one
of the fabricated retinas. In Figure 3.38b it is shown the picture of the final fabricated
retinas. The RF-MEMS in the antennas where individually tested directly on-waver after
their fabrication. The yield of the microfabrication process was less than 40%, i.e. less
than 40% of the RF-MEMS used by the antennas worked as expected, where the rest were
either short-circuited or non-moving switches. These measurements prove the potential
of these RF-MEMS as being a technology capable of working at higher frequencies as
well as capable of being integrated within the antenna, which was the original goal of this
research.
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Integrated Focal Plane
Antenna Arrays
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Chapter 44
Micro-Lens Antenna

Design

L arge1 format heterodyne arrays and cameras are highly in demand in the submil-
limeter wave frequency band for ground based and space applications. In recent
years, there has been enormous progress in designing terahertz heterodyne receivers

in ultra-compact packages which are easy to integrate into arrays. One such idea that
has gained ground is to stack multiple layers of silicon micromachined parts in a receiver
package [60] as in Figure 4.1. Such an assembly allows integration of submillimeter-wave
mixers and frequency multipliers with MIC amplifiers on the same wafer stack. Figure
4.1 shows the scheme of the proposed integration. The key technology that is needed
for this silicon array integration to work is the antenna array to couple the RF signal to
the detectors. Moreover, the antenna array technology should be consistent with silicon
micro-fabrication to have seamless integration of all the front-end elements.

In the submillimeter-wave band, directive antennas are mostly achieved with horns or

1The following sections contain portions, sometimes verbatim, of the publication [JA1] of the author.
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Figure 4.1: Scheme of the wafer-level integration for a multi-element compact receiver

lenses. As it has been explained in the introductory chapter, horns arrays can be fabri-
cated by stacking layers of etched holes in silicon to form platelet horns. This technique
has been successfully demonstrated in relatively low frequencies [61], but the higher the
frequency, the higher the difficulty in achieving the required tolerances for stacking the
layers. At very high frequencies, lenses are usually preferred, as they can be fabricated
with silicon micro-machining [62].

A micro-lens antenna compatible with silicon micro-machining techniques and allow-
ing a wafer level integration for array manufacturing has been proposed in this thesis.
This section presents the detailed design guidelines and electromagnetic modeling of this
antenna.

4.1 Introduction

Submillimeter-wave integrated lens antennas have been extensively studied by Rebeiz
group [43, 63] and they basically consist of a hemispherical lens, a dielectric slab and a
feed antenna that follows the active receptor circuitry. These antennas are commonly
used for imaging applications because of their good coupling to an optical system, i.e how
good the antenna is coupled to a Gaussian beam (Gaussicity).

In general, these lens antennas have an ellipsoidal shape as in Figure 4.2a. The antenna
feed is placed at the second focus (F2) of the ellipse with an eccentricity e = 1/√εr in order
to achieve maximum directivity. The rays that emerge from this point in the direction
above the critical angle are focused parallel to the broadside direction obtaining a perfect
collimated beam that radiates outside the lens (in Figure 4.2a: the rays that hit the
border of the lens below the dashed line are refracted in different directions while the rays
that hit above the dashed line are focused broadside). In order to simplify the fabrication
of such lens, the most common solution is to use a half hemisphere on top of a wafer of
thickness L/R = 1/√εr (the thickness of the wafer is defined as an extension height L
and usually is given as a function of the radius of the hemisphere), see Figure 4.2b. Note
that this approximation is only valid for high dielectric materials.

The reflections that occur at the boundary between the dielectric and air are a sig-
nificant problem in this type of antennas. Even with the use of a matching layer, there
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Figure 4.2: (a) Ray tracing of an elliptical lens feed by an antenna placed in the second
focus F2. (b) Synthesis of an elliptical lens from a hyperhemispherical lens.

is a certain point besides the critical angle (around 60 deg) where all the power is re-
flected back inside the lens. In order to minimize these reflections, a feed antenna that
illuminates only the upper part of the lens (not the side) is needed, achieving a directive
pattern that focuses the radiation above this critical angle.

In order to design the lens to obtain a good performance in terms of Gaussian cou-
pling and radiation efficiencies, a full characterization of the extended hemisphere lens a
function of the extension length needs to be performed for the particular feed antenna
illumination used. The optimum extension length depends on the diameter of the lens,
on the frequency and on the feed antenna illumination [43]. In general, the larger the
diameter, the higher is the extension height. However, for a fix diameter, the optimum
efficiency of the antenna is achieved for a certain extension height. This variation is asso-
ciated to the fact that the extended hemispherical lens is not quite an ellipse and therefore
there is a phase error for the hemispherical lens.

Moreover, if the actual phase center of the antenna is not placed in the antenna aper-
ture plane, the optimum extension height L/R can significantly differ from the geometrical
one. Figure 4.3 shows the taper efficiency as a function of the extension length L/R. The
taper efficiency or utilization factor is defined as ηta =

(
λ
πD

)2 U(θ,φ)|max∫ 2π

0

∫ π
0
U(θ,φ) sin θdθdφ

, where

D is the diameter of the aperture of the lens antenna and U(θ, φ) is the radiation pattern
of the antenna. A high taper efficiency is obtained due to the use of a high directive
antenna feed that illuminates the aperture. Note that in this case the antenna feed phase
center is displaced from the antenna aperture plane. Therefore, it is convenient to design
the lens in accordance with the illumination of the feed antenna.

The use of matching layers in lenses is recommended to reduce the reflections due to
the use of high dielectric substrates. A matching layer is a dielectric layer of thickness
λm/4 (being λm = λdiel/

√
εdiel and εdiel and λdiel the permittivity and the wavelength of

the lens dielectric) placed on top of the curved surface of the lens. These reflections can
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Figure 4.3: Taper efficiency of a micro-lens illuminated with a leaky wave feed as a function
of the extension height for a lens aperture of 5mm at 550 GHz.

impact on the performance of the antenna, causing a large power loss, as it is shown in
Figure 4.3. It can be observed that by using a matching layer a reduction of 30% in the
power loss can be achieved.

4.2 Antenna Geometry

In this chapter a lens antenna that can be fabricated and with the same techniques and
therefore integrated with other front-end MIC detector elements is presented. Moreover, it
can provide directive radiation patterns in order to illuminate efficiently an optical system.
The geometry of the lens antenna is shown in Figure 4.4: shallow lens illuminated by a
leaky wave waveguide feeds.

The leaky wave waveguide feed, first time proposed in [46], consists of a square waveg-
uide, a ground plane with a double slot aperture (iris) and a resonant air cavity. The
waveguide is a square waveguide excited with the TE10 mode. The waveguide is used to
couple the radiation into the Schottky mixers. The air cavity of thickness λ0/2 creates a
directive field inside the silicon by increasing the effective area of the waveguide feed be-
cause of the excitation of a couple of TE/TM leaky wave modes as described in [64]. The
double arc slot iris geometry is used for two purposes: to match the antenna impedance
to the TE10 waveguide mode and to suppress the undesired TM0 leaky wave mode that
can propagate inside the air cavity.

A lens at the top of the waveguide feed is used to radiate a directive highly Gaussian
pattern into free space for an efficient excitation of an optical system. The lens is shallow in
order to facilitate its fabrication with silicon micro-fabrication and moreover it simplifies
the fabrication of the matching layer. The shallow lens corresponds to the top part
of an extended hemispherical lens. In order to generate a well directive pattern with
high aperture efficiency, the shallow lens has to be placed at the right distance from the
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Figure 4.4: Sketch of the silicon micro-lens antenna geometry.

air cavity. This corresponds to displacing the center of the hemispherical lens by an
extension height. The waveguide feed will illuminate this shallow lens with a certain field
edge taper defined by edge angle. The lens geometrical parameters can be optimized and
will be described in the following section to achieve high efficiencies.

4.3 Micro-Lens Antenna Design Guidelines

In this section guidelines employed for the design of the antenna explained before will be
discussed. The design can be divided in two processes: the design of the antenna feed
and the design of the extended hemispherical lens. Specific examples will be provided
of antenna that could be used in an optical system described in [15]. Such system was
characterized by an f-number of 2 implying a lens diameter of diameter approximately
2.5 mm at 550 GHz.

4.3.1 Antenna Feed Geometry

The antenna feed consists of a square waveguide, a double slot iris, and a resonant air
cavity [64,65] as it is shown in Figure 4.5. The feed is a square waveguide propagating the
dominant TE10 mode. This waveguide is loaded with a double slot iris (see Figure 4.5b)
which is designed to match the antenna impedance to the mode TE10 of the waveguide and
to suppress the undesired TM0 mode that alters the radiation pattern at large angles that
can propagate in the cavity [64]. Between the waveguide and the dielectric of permittivity
εrd there is a cavity of dimension h and dielectric constant εrc. This cavity acts as a
partially guiding structure of TE/TM leaky wave modes. These modes are excited when
εrc < εrd and h ≈ λ0/2

√
εrc and radiate towards the broadside of the structure.

The dimensions of the double slot have been optimized in order to obtain a reflection
coefficient around −15dB in the frequency band of 15%. The reflection coefficient is
obtained by the simulation of the waveguide with the iris and an infinite silicon medium
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Figure 4.5: (a) 3D view of the antenna feed and (b) top view of the double-slot iris.

on top using MW CST [66]. Figure 4.6a shows the input reflection coefficient of an
antenna feed designed to work at 550 GHz. The dimensions of its iris are shown in Figure
4.6b.

The antenna illuminates the lens with the leaky wave waveguide feed. In Figure 4.6c
the radiated field by the antenna feed along the silicon medium is shown. As it can be
observed, only the upper lens surface is illuminated.

The modelling of the micro-lens is performed using a Physical Optics (PO) method.
The PO is a ray tracing technique that calculates the far-field patterns of the complete
lens antenna. This PO technique uses as an input the primary fields, which are the fields
radiated by the antenna feed within the silicon medium, on the lens inner surface. These
primary fields are used to compute the distribution of the electric and magnetic fields
across the spherical surface of the extended hemispherical lenses. The Fresnel transmis-
sion coefficients are used at the boundary to calculate the reflected and radiated field
values. After the fields have been multiplied by the appropriate transmission coefficients,
the equivalent and magnetic current densities are determined just outside the spherical
surface. From this currents, the far fields are then determined by integrating over the lens
surface. Further information about the primary and secondary field calculations employed
is presented in Annex 2.

Because the feed antenna is very directive, the lens surface can be in the near field
of the antenna; this fact has to be taken into account in the PO calculation in order to
obtain accurate results. For the cases considered in this thesis, the lens is not placed in
the reactive near-field region of the feed, but in the radiative region, and therefore the PO
can still be performed. The calculation uses the incident field decomposed on plane waves
coming from the antenna feed but with a different amplitude and phase, i.e. the one given
by the near field calculated over the lens surface. The main difference of the calculation
of the primary fields through the near-field or far-field is that broader radiation patterns
are obtained in the case of the near-field compared to the far-field. Thus, the dimensions
of the lens are larger for feeds in the near-field than for feeds in the far-field.

The primary fields has been calculated by simulating the antenna feed structure with
MW CST. The computation of the near field is performed by integrating the field obtained
in CST over the xy grid after the cavity using the free space Green’s function, as explained
in [65]. Figure 4.7a and b shows a comparison of the simulated primary field calculated
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Figure 4.6: (a) Antenna input feed reflection coefficient of a waveguide loaded with a double
arc iris in the presence of an air cavity (h = 273µm) and an infinite silicon medium. (b)
Antenna feed dimensions.(c) Radiated field of the antenna feed along the silicon medium.

(a) (b)

Figure 4.7: Normalized amplitude and phase of the electric near-field (at 4.5λ) (a) and
far-field (b) inside an infinite silicon medium.

in the near-field or in the far-field of the antenna. It can be observed that the near-field
patterns are broader than the far-field patterns. Note also that from the phase of the
electric fields of Figure 4.7, it can be observed that the phase center is not in the plane
of the waveguide aperture. The phase center of this antenna is below the waveguide
aperture, and this displacement implies that the extension height of the lens needs to
compensate this phase difference, as it will be shown in the next section.

This feed antenna has been selected because it is easier to fabricate in array using
silicon micromachining processes and it presents lower losses, i.e reflection losses, ohmic
losses compared to other kind of directive antennas. This feed presents a limitation in its
frequency behavior due to the leaky wave cavity which depends on the dielectric material
of the cavity. Because, of the use of an air cavity, a bandwidth of 15% can be achieved,
and the fields presents a low frequency variation in this frequency range.

The performance of this antenna feed structure is affected by the losses associated to
the finiteness of the structure, i.e spillover in the air cavity and the losses associated to
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the dielectric material used for the infinite medium. In the next section, these losses are
introduced and calculated.

4.3.1.1 Leaky Wave Spillover Losses

There is some residual power radiated towards the air at the edge of the cavity that will
depend on the diameter of the lens. This residual power associated to the leaky wave
air cavity is computed assuming that a cylindrical radiating wave is created inside the
air cavity by a couple of leaky wave modes. The loss has been computed assuming a
rotationally symmetric cylindrical leaky wave:

E = ejβρeαρ
√
ρ

(4.1)

The attenuation constant obtained from [65] is −0.3k0 at 550GHz. Therefore, the
percentage of power that arrives to the lens edge is:

Lleaky(%) =
∫D/2

0
e2αρ

ρ ρdρdφ∫∞
0

e2αρ

ρ ρdρdφ
=
∫D/2

0
e2αρ

ρ ρdρ∫∞
0

e2αρ

ρ ρdρ
= 1− eαD (4.2)

Losses in the air cavity associated to the leaky wave modes have been calculated to
be less than 1% for lens diameters larger than 4λ and therefore, they have been neglected
in the study. This result has been corroborated with simulations in CST by integrating
the field radiated within the leaky wave cavity and normalizing it with the input power.

4.3.1.2 Dielectric losses

The losses in the dielectric have been calculated with the equation:

Ldiel(dB) = 20log(ε−αl) (4.3)

being l the thickness of the dielectric and α:

α = ω
√
µε

√
1
2

[√
1 + (tan δ)2 − 1

]
(4.4)

and

tan δ = σ

ωε
= 1
ωε0εrρ

(4.5)

Considering that the silicon used in this study is high resistivity silicon with a per-
mitivity of εr = 11.67 and a resistivity of ρ = 10kΩ · cm. The tangent loss ob-
tained is tan δ = 2.8 · 10−5, α = 0.5513 and therefore the losses are calculated to be
Ldiel(dB) = −4.79dB/m. For a wafer with a thickness of 21λ = 11.5mm the total losses
due to the dielectric would be 0.055dB. Therefore, these loss has been neglected in this
study.
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Figure 4.8: Sketch of the silicon micro-lens antenna geometry.

4.3.1.3 Conductor Losses

Losses in the conductor ground plane have been calculated using the expression

Pc = 1
2

√
πµf

σ

∫
S

|H|2dS (4.6)

being σ the conductivity of the conductor material, H is the magnetic field intensity in
A/m, f is the frequency and µ is the permeability value of the conductor. In this case of
a 550GHz, losses have been calculated to be 1% of the power transmitted to the antenna.
Therefore, they have been neglected in the study.

4.3.2 Micro-Lens Design

In this section, the detailed design guidelines of the micro-lens geometry are presented.
Several parameters have to be optimized in order to maximize the antenna directivity
for a certain diameter and field edge taper. The parameters depend on the actual lens
diameter because the feed illumination varies if the micro-lens is in the near or far field
of the primary feed. Therefore general design curves with the optimized parameters that
provide maximum aperture efficiency are given as a function of the lens diameter D.

The lens geometry is shown in Figure 4.8. A silicon wafer of thickness W lies on top
of the feed. This wafer includes a sector of a hemispherical lens, referred later in the
paper as micro-lens. This micro-lens is defined by the edge angle θf , radius R of the
hemisphere, height of the lens H, and the diameter D. In order to obtain the maximum
possible directivity, these parameters need to be optimized. Note that the center of the
lens sphere does not coincide with the primary feed and it is subject to the optimization
similar to standard extended hemispherical lenses [43].
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Figure 4.9: Taper values θf as a function of the distance ρ at a function of the distance ρ
at 550 GHz.

The antenna is designed in order to maximize its aperture efficiency at the central
frequency of the band, which corresponds to the frequency in which the air cavity is equal
to λ0/2. The ultimate goal of this work is to fabricate a focal plane lens array including
a standard quarter wavelength matching layer of parylene and therefore eliminating the
impact of the multiple reflections [67, 68]. For ordinary lenses arrays, when the whole
hemisphere of the lens is illuminated, the fabrication of the matching layer is quite com-
plex. But in this case, the use of shallow lenses substantially simplifies the fabrication of
this layer. Note that the geometry considered here is a relatively narrow band antenna,
and therefore such matching layer will have a good behavior over the whole frequency
band.

The first parameter to optimize is the edge angle θf . This angle is associated with
the field level at the edge of the lens aperture in the same way that is done for reflector
antennas (i.e. Te[12dB] corresponds to a field level of −12dB at the edge of the lens with
respect to the field level at the center). This taper angle provides the trade-off between
the spillover loss and the taper efficiency.

The spillover of the lens is defined as the amount of power transmitted by the antenna
feed that is not caught inside the aperture of the lens. The lens field taper has been the
subject of in depth studies such as in [67] and it can be calculated as:

ηSL ==
∫ 2π

0
∫ θf

0 |Ef (θ, φ)|2 sin θ dθ dφ∫ 2π
0
∫ π/2

0 |Ef (θ, φ)|2 sin θ dθ dφ
(4.7)

being Ef (θ, φ) the field radiated by the antenna feed.
The taper angle associated to a certain field level will differ if the feed is in the near or

far field, and this will affect the associated lens diameter. For example, Figure 4.9 shows
the angle as a function of the distance ρ for different taper values (i.e. 10dB, 12dB and
14dB) for the feed presented above at 550 GHz. The dotted lines have been obtained by
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Figure 4.10: The taper angle θf (left axis) and the wafer thickness W/λ (right axis) are
presented as a function of the normalized lens diameter D/λ for different field tapers.

calculating the primary near field inside the dielectric of the antenna feed field simulated
with CST. The solid lines represent the theoretical value of the taper for a fixed aperture
(i.e D = 5mm and D = 2.5mm given by θf = sin−1D/2ρ. The intersection between
both lines will give the optimal taper θf and distance ρ where the lens will be placed.
For example, for a lens aperture of 5 mm and a taper of 12 dB at 550 GHz, it is obtained
a ρ of 10.8 mm and a taper of 13.4 deg. However, for a lens aperture of 2.5 mm and a
taper of 12 dB at 550 GHz, it is obtained a ρ of 4.0 mm and a taper of 18.1 deg. One can
appreciate that the taper decreases more rapidly in the near field zone and it gets flatten
as it moves to the far field, where the taper will be independent of ρ.

Here we perform the optimization for several field tapers because depending on the
application one would like to minimize the spillover, i.e large field taper (e.g. not fully
sampled focal plane arrays) or maximize the directivity (e.g. fully sampled focal plane
arrays).

The angle for a -10, -12 and -14 dB taper has been obtained by calculating the primary
near field inside the dielectric as explained in [65] and averaging the tapers in the main
cuts of the antenna. Figure 4.10 presents the edge angle for these three tapers depending
on the diameter of the aperture that one would like to design. All the curves are provided
as a function of the free space wavelength, λ. It can be observed that the taper angle
decreases more rapidly in the near field zone and it gets flatten as it moves to the far
field, where the taper angle is independent of the lens aperture. The right axis of the
same figure presents the corresponding wafer thickness W , which can be easily calculated
as W = D/2 tan(θf ).

For each diameter, the surface curvature has to be optimized to maximize the antenna
directivity. The lens surface curvature is an extended hemisphere defined with the radius
R and the height H as shown in Fig. 4.11.

Figure 4.11 shows a set of lens surfaces associated with a fixed aperture diameter D
and wafer thickness W , which is selected by fixing the field taper angle θf . The radius
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Figure 4.11: Sketch of different micro-lens curvatures as a function of the hemispherical
lens radius and center for a fixed taper angle.

Figure 4.12: Optimum radius R (right axis) and height H (left axis) of the micro-lens as
a function of the diameter D for different field tapers.

and height parameters control the actual curvature of the lens, as it is shown in Figure
4.11. The height defines where is the center of the hemisphere defining the lens surface
(i.e. L = W +H −R). Note that L can be also negative meaning that the center of the
hemisphere is under the air cavity.

For planar antennas, the optimum lens surface is known. However, the leaky-wave
waveguide feed has a phase center below the waveguide aperture and therefore the op-
timum lens surface will differ from the standard cases [65]. In order to optimize these
lens parameters to maximize the directivity, a set of surfaces obtained varying the height
and radius are studied with a PO tool. Because the structure is too big in terms of
the wavelength, a full-wave simulator cannot be used to perform this analysis due to the
computational time and complexity of the global structure. This PO approach has been
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Figure 4.13: Directivity (left axis) and spillover (right axis) as a function of the diameter
D of the micro-lens for different field tapers.

Figure 4.14: (Left) Normalized amplitude and phase of the electric field inside an infinite
silicon medium at 4.5λ from the antenna feed. (Right) Normalized amplitude and phase of
the electric field obtained with the PO method and full-wave simulation of the lens antenna
for a lens diameter of D = 4.5λ.

validated with full-wave simulations using CST Microwave Software of a lens antenna
with a small diameter D = 4.5λ as it is shown in Figure 4.14 (Right). The same method
was also validated in [65] with full-wave simulations and measurements. The optimiza-
tion of the lens surface (i.e. the selection of the lens radius R and height H) is done as a
function of the aperture dimensions, D, for -10, -12 and -14 dB feed tapers. The optimum
parameters resulting in the highest directivity are summarized in Figure 4.12, whereas
Figure 4.13 shows the obtained antenna directivity and the spillover loss for all the cases.

A very important parameter to investigate is the Gaussicity because the main applica-
tion of such lens antennas is to be used as focal plane arrays and the Gaussicity is related
to how well the antenna is coupled to an optical system. It is defined as the coupling
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Figure 4.15: Gaussicity (left axis) and phase center correction (right axis) as a function of
the diameter D of the micro-lens for different field tapers.

efficiency of an antenna far field patterns to a Gaussian-beam [69]. The coupling efficiency
of an antenna to a Gaussian beam is the relationship between the far-field patterns of the
antenna and the far-field Gaussian beam expression, defined as:

ηGauss = |〈ψant|ψGauss〉|2 =
∫∫

(~υco · F (θ, φ))e−(θ/θ0)2
e±jπ(θ/θ1)2 sin θdθdφ∫∫

|F (θ, φ))|2 sin θdθdφ
∫∫

e−2(θ/θ0)2 sin θdθdφ
(4.8)

Before performing such calculations, the beam waist and the phase center of the lens
antenna that maximize the Gaussicity for each case are calculated. Figure 4.14 (Right)
shows the far field of the antenna (E-Plane, H-Plane, D-Plane). Note that the cross
polarized fields in the three planes fall out of the figure scale. The phase center of the
antenna (indicated as ∆z in Figure 4.8) is shown in Figure 4.15 for all cases. In the same
figure, the Gaussicity is also provided. One can appreciate that high values of Gaussicity
are obtained for all the diameters.

All in all, the optimization has been performed with parametric study varying a single
parameter associated to the lens surface curvature (see Fig.4.11) in order to maximize the
efficiency of the lens. The surface curvature is an extended hemispherical lens, which is
defined with a radius and an extension height. The optimization was performed varying
both the radius and extension height simultaneously for a fixed wafer thickness W and
lens diameter D. In particular, the optimization procedure is the following:
• For a certain diameter D, obtain the taper angle of the primary field and the wafer

thickness W by calculating the primary field radiated inside an infinite dielectric of
silicon using a CST simulation. The field taper varies as a function of the diameter
of the lens, depending if the feed antenna is in the far-field or near-field zone.
• Optimize the lens height H and radius R of the micro-lens to maximize the efficiency

of the antenna. This optimization is achieved by performing a parametric study and
choosing the value that maximizes the efficiency of the antenna. The efficiency of the
antenna is obtained through the secondary field calculation using the PO method.
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Focal Plane Array Design

5.1 Introduction

Submillimeter-wave technology and in particular, heterodyne techniques have been high-
lighted as an important imaging capability for ground based and space applications
[60,70]. Most heterodyne systems currently used provide sufficient science data in spite of
being single pixel. However, recent applications like the imaging radar presented in [15]
or space applications would take advantage from having large format of heterodyne arrays
by imaging several pixels simultaneously and therefore increase its acquisition time.

A Focal Plane Array (FPA) is an array of antennas placed at the focal plane of an
imaging system. In radio astronomy, FPAs are placed at the focus point of a radio
telescope. Initially, radio telescopes had one receiver at the focus of the telescope, like in
Figure 5.1. Now, the use of FPAs allows multiple pixel scanning, increasing the survey
speed by a factor N , being N the number of antennas. Each antenna points to a different
part of the field of view.

Figure 5.1: Imaging system composed by one element
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Figure 5.2: A FPA located at the focal plane of a reflector system, generates multiple
independent beams.

The resolution of the image is the key parameter in an imaging system. In a FPA, the
parameter that is directly related to the resolution is the array spacing d. This parameter
and the illumination efficiency of the array determine the characteristics of the FPA and
they can be optimized for narrow band systems (for frequency bands of less than 25%).

In this chapter, the development of the design guidelines of a FPA at terahertz frequen-
cies is presented. This design complies with the power budget and fabrication constraints
limitations that systems face at THz.

5.2 FPA Illumination

A FPA located at the focal plane of a reflector, generates multiple independent beams as
shown in figure 5.2. Three parameters characterize the performance of the FPA within
the imaging system: the beam separation ∆θ, the reflector diameter Dr, and the focal
distance F . On one hand, the beam separation can be approximated to the resolution of
the imaging system, ∆θ ≈ ∆θHPBW (see Figure 5.2). On the other hand, the illumination
efficiency of the reflector is determined by two parameters:
• The spillover, defined as the power transmitted by the feed antenna that is not

caught by the reflector. The spillover efficiency is defined as the ratio of energy
incident at the reflector to the total energy emitted by the feed. For a cylindrical
symmetry radiation pattern it can be expressed as:

ηso =
∫ 2π

0
∫ θ0

0 |f(θ)|2 sin θdθdφ∫ 2π
0
∫ π

0 |f(θ)|2 sin θdθdφ
(5.1)

where f(θ) is the radiation pattern of the antenna and θ0 is the angle defined by
the feed and the reflector (see Figure 5.3):

tan(θ0/2) = Dr

4F (5.2)

The spillover efficiency improves with the diameter of the feed and at the same time
this diameter is limited by the sampling condition.
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Figure 5.3: The spill over the part of the feed antenna radiation that misses the reflec-
tor.(Left) Efficiently illuminated reflector. (Right) Reflector illuminated inefficiently: (a)
Good spill over bad taper efficiency, (b) Bad spill over and good taper efficiency

• The taper efficiency is the loss associated with the aperture taper and expresses the
uniformity of the field distribution on the aperture. It can be expressed as:

ηt = 32
(
F

Dr

)2
∣∣∣∫ 2π

0
∫ θ0

0 f(θ) tan(θ/2)dθdφ
∣∣∣2∫ 2π

0
∫ θ0

0 |f(θ)|2 sin θdθdφ
(5.3)

The aperture efficiency will be defined as combination of the spillover and taper efficiency
ηap = ηsηt.

Let us now consider what the implications in terms of reflector illumination efficiency
and sampling criteria are, when a circular aperture with a certain field distribution (i.e
the aperture of a horn or a lens) is used to illuminate a reflector of certain f-number.

5.2.1 Uniform Illumination

Consider that the reflector is illuminated with a circular aperture with uniform illumina-
tion. The normalized radiation pattern of an aperture A can be expressed as the Fourier
transform of the aperture field:

f(θ, φ) = 1
A

∫
A

ejk·r
′
dS′ (5.4)

This is valid for very directive antennas, i.e big apertures in terms of the wavelength.
Considering a circular aperture of diameter D and cylindrical symmetry (f(θ, φ) is

independent of φ) illuminated with a linear polarized wave ~E = Exx̂ (see Figure 5.4). For
computing the integral, we may set φ = 0. Having that k · r′ = kxx

′ = kρ′ sin θ cosφ′ and
dS′ = ρ′dρ′dφ′

f(θ) = 1
πr2
a

D/2∫
0

2π∫
0

ejkρ
′ sin θ cosφ′

ρ′ dρ′ dφ′ (5.5)
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Figure 5.4: Circular aperture.

Figure 5.5: Radiation pattern of a circular aperture with uniform illumination for different
aperture diameters.

Using the Bessel functions J0(x)and J1(x) ,

J0(x) = 1
2π
∫ 2π

0 ejxcosφdφ and J1(x)
x =

∫ 1
0 J0(xr)rdr (5.6)

the integrations can be solved giving a normalized radiation pattern field of:

f(θ) = 2J1(kD/2 sin θ)
kD/2 sin θ (5.7)

Figure 5.5 shows the radiation pattern of a circular aperture with uniform illumination
for different aperture diameters D. The directivity of the antenna increases with the
diameter of the aperture and therefore, the spill over efficiency improves(see Figure 5.6).

As it has previously introduced, for an imaging system that fully samples the field
of view, the beam separation should be the same as the resolution. considering that the
∆θHPBW can be approximated as ∆θHPBW ≈ λ/Dr, the beam separation is defined by
the diameter of the reflector:
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5.2 - FPA Illumination

Figure 5.6: (Left axis) Spillover and (right axis) taper at θ0 of the radiation pattern of a
circular aperture with uniform illumination, of a a reflector of F/D = 2.

∆θ ≈ λ/Dr (5.8)

Moreover, the beam separation depends on the array separation and the focal distance
F :

tan(∆θ) = d

F
→ ∆θ ≈ d

F
(5.9)

Using the small angle approximation for ∆θ. With these two connections, the sepa-
ration between the antenna feed can be defined as:

d ∼= ∆θ F = λ
F

Dr
(5.10)

which is usually referred as single sampling.
Lets now consider what this sampling implies in terms of illumination efficiency. Figure

5.6 presents the spillover of a reflector of F/Dr = 2 illuminated by a circular aperture with
uniform illumination as function of the diameter of the feed. As it is shown, the spillover
efficiency improves with the diameter of the feed. However, in a FPA, the sampling
condition d limits the size of this diameter as it is shown in equation 5.10. Note that this
efficiency problem is independent of the F/D ratio because the feed aperture is in any case
limited by the sampling condition. In this example, the separation between antennas is
d = λ F

Dr
= 2λ, and consequently the maximum radius of the aperture has to be D ≤ 2λ,

giving a spillover higher than -3 dB.
One way to increase the beam separation and to cover the field of view would be by

using the fast rotation of a small mirror, a technique called jiggling [71]. In this case
the cross over to adjacent beams would be two times the half power beamwidth as it is
shown in Figure 5.7. This technique allows a double sampling condition, implying that
the distance between elements can be doubled:
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Figure 5.7: In double sampling, the cross over to adjacent beams would be two times de
half power beamwidth.

d ∼= 2∆θ F = 2λ F
Dr

(5.11)

In the example of Figure 5.6, when using double sampling, the separation between
the antennas is d = 4λ and as a result the diameter of the aperture should be less than
D ≤ 4λ, giving more margin to obtain a significantly lower spillover (around -0.6 dB).

The taper efficiency, in the case of double sampling is limited by the high sidelobes as-
sociated to the distribution given in equation 5.7 (see the radiation patterns in Figure 5.5)
as it can be observed in its performance in Figure 5.6. In order to improve this efficiency,
a tapered field distribution in the feed aperture will be used. In the following section a
Gaussian field distribution with a -10, -12, 14 dB is considered. The radiation pattern of a
Gaussian illuminated aperture has lower sidelobes than the uniform illuminated aperture.

5.2.2 Gaussian Illumination

Consider now the synthesis of the radiation pattern for a circular aperture with a tapered
Gaussian illumination. A Gaussian intensity distribution with taper TedB in the aperture
plane has a field distribution of:

g(r) =
{

1√
2πσ e

−r2/4σ2

0
|r| < ra

|r| > ra
(5.12)

where σ is the standard deviation of a standard aperture, i.e σ2 = −r2
a/lnC, C is the

feed taper which is defined as the amplitude of the feed radiation pattern at the aperture
edge relative to the maximum value (in dB, TedB = 20logC) and ra is the radius of the
aperture ra = D/2.

The far field is the Fourier transform of the aperture plane distribution:

f(θ, φ) = F {g(r)} = F
{

1√
2πσ

e−r2/4σ2
circ(r/ra)

}
= F

{
1√
2πσ

e−r2/4σ2
}
∗F {circ(r/ra)}

(5.13)
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5.2 - FPA Illumination

Figure 5.8: Aperture illumination with a gaussian distribution for different tapers.

Because the circular aperture has circular symmetry, and using the following integral
representation of the Bessel function:

J0(x) = 1
2π

2π∫
0

ejxcosφ
′
dφ′ (5.14)

it can be written:

f(θ) =
[

1
πr2
a

∫∞
0
∫ 2π

0
1√
2πσ e

−ρ′2/4σ2
ejkρ

′ sin θ cosφ′
ρ′ dρ′ dφ′

]
∗
[
J1(k ra sin θ)
k ra sin θ

]
=

=
[

1
2π2r2

a

1√
2πσ

∫∞
0 e−ρ

′2/4σ2
J0(k ρ′ sin θ)ρ′ dρ′

]
∗
[
J1(k ra sin θ)
k ra sin θ

] (5.15)

Using the Hankel transform:

H0(u) =
∞∫

0

h(ρ′)J0(uρ′)r dρ′ (5.16)

The radiation pattern can be expressed as:

f(θ) =
[

σ2

8π2r2
a

√
2πσ

e−
σ2k2 sin2 θ

16

]
∗
[
J1(k ra sin θ)
k ra sin θ

]
(5.17)

Figure 5.9 shows radiation patterns of a circular aperture with a tapered TedB Gaus-
sian illumination. Note that the sidelobes with a Gaussian tapered illumination decrease
considerably as the taper increases. Consequently, an improvement of the overall illumi-
nation efficiency is expected as it can be observed in Figure 5.10. Figure 5.10 shows the
spillover, taper and aperture efficiency for a tapered Te[12 dB] Gaussian illumination in
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Chapter 5. Focal Plane Array Design

Figure 5.9: Radiation patterns of a circular aperture with different radius ra with a gaussian
illumination with tapers Te[−10dB] and Te[−14dB].

Figure 5.10: FPA efficiency of a reflector of F/Dr = 2 fed by a 12 dB tapered Gaussian
illumination aperture.

comparison with a uniform illumination. Notice that an increase of 10% in the beamwidth
for the -12 dB taper feed aperture can be obtained with the Gaussian feed illumination
compared to the uniform distribution.

The resolution achieved in a Gaussian field distribution which also depends on the
beamwidth of the imaging system is, in this case, defined as follows:

∆θHPBW = (1.02 + 0.0135TerdB) λ
Dr

(5.18)

where TerdB is the taper of the reflector in dB and Dr is the diameter of the aperture
of the reflector. Therefore, the separation between the antenna feeds for single sampling
will be:
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5.2 - FPA Illumination

Figure 5.11: Aperture diameter D of the circular aperture with a tapered Gaussian and a
uniform field distribution illuminating a reflector with a taper of Ter[−11dB], as a function
of F/Dr.

d = (1.02 + 0.0135TerdB)λF
Dr

(5.19)

and for double sampling:

d = 2(1.02 + 0.0135TerdB)λF
Dr

(5.20)

Therefore, if a taper of Ter[−11dB] in the reflector is considered, the distance between
antenna feeds (equivalent to the maximum aperture size) will be d = 1.17λ F

Dr
for single

sampling and d = 2.31λ F
Dr

for double sampling. With this taper, the optimum diameter
of the aperture has been studied in order to efficiently illuminate the reflector for the
different field distributions discussed. Figure 5.11 and Figure 5.12 shows this aperture
diameter and its the corresponding aperture efficiency of these feed illuminations.

Comparing the aperture’s diameter to the distance between feeds d, a ratio of occu-
pation of the cell can be obtained by:

Occupation(%) = D

d
(5.21)

Figure 5.13 shows the occupation of the cell for each aperture taper as a function of
the F/Dr of the reflector. It has been calculated for a taper of -11 dB at the reflector.
Notice that for a Gaussian field distribution, a radius radius D > 4/λ grants a spillover of
less than 0.5 dB. Moreover, an increase of 5% in the beamwidth for the -12 dB taper feed
aperture and double spacing conditions can be obtained with a Gaussian feed illumination
compared to a uniform distribution. This means that the array spacing can be increased
by a 5% giving some room for the fabrication of the array elements.

Different things can be deduced from this analysis:
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Figure 5.12: Maximum aperture efficiency achieved with a circular aperture with a tapered
Gaussian and a uniform field distribution illuminating a reflector with a taper of Ter[−11dB],
as a function of F/Dr.

Figure 5.13: Occupation of the cell for a circular aperture with a tapered Gaussian and a
uniform illumination illuminating a reflector with a taper of Ter[−11dB], as a function of
F/Dr.

• The efficiency for a single sampling condition is worse in terms of spill over. Double
sampling condition is essential to design a FPA with a high aperture efficiency.
• Higher aperture efficiencies can be obtained with tapered aperture field distributions

(radiation patterns have lower sidelobes). By increasing the taper of the aperture the
efficiency increases however, the occupation of the cell also increases. A fabrication
limitation can restrict the cell occupation of the cell, and consequently the efficiency
of the system.
• The sampling rules derived from this study are employed to design a specific FPA

with the optimal distance between antennas, aperture diameters, efficiency of the
reflector and efficiency of the antenna.
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5.3 - Micro-lens Focal Plane Array Design

• With a Gaussian tapered field distribution and a double sampling condition, one
can obtain spillover and taper efficiencies of 90% (aperture efficiencies of 83%).

5.3 Micro-lens Focal Plane Array Design

In this section, the study of the micro-lens antenna designed in chapter 5 used as a FPA
to illuminate a reflector of a given f-number is presented. Figure 5.14 shows the basic
scheme of the micro-lens antenna. The design will be focused at 550 GHz as in the
previous chapter. The same antenna feed (waveguide+iris+air gap) as the one described
will be used in the analysis.

Figure 5.15a and b show the optimum diameter of the lens aperture in order to ef-
ficiently illuminate a reflector for a given f-number. The spillover of obtained is around
Sor = 0.25 dB for the three tapers. It can be observed that the results are very similar
to the ones obtained in the previous section when a Gaussian illumination feed was used.
This conclusion is understandable as the gaussicity of this micro-lens antenna is very high
(above 80% as shown in chapter 5).

With these graphs and the graphs provided in chapter 5, one is able to fabricate a

Figure 5.14: Micro-lens antenna array basic scheme.

(a) (b)

Figure 5.15: (a) Micro-lens diameter illuminating a reflector of F/Dr with taper
Ter[−11dB]. (b) Occupation of the micro-lens array illuminating a reflector of F/Dr with
taper Ter[−11dB].
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micro-lens antenna array for any given f-number and frequency. This results have been
used to design different FPA at different frequencies and for different f-number imaging
systems for specific projects in the Jet Propulsion Laboratory, USA. In the following
section, a specific micro-lens array design example will be presented for an space mission.

5.4 Design of a FPA for the SOFIA Mission

The SOFIA mission is a space project carried by the Jet Propulsion Laboratory consisting
in a modified Boeing 747SP jetliner that carries a telescope with an effective diameter
of 2.5 m to altitudes as high as 14 km. By flying above the Earth’s atmosphere, the
attenuation caused by the water vapor can be avoided allowing scientist to gather and
study information about the stars and planets, as well interstellar cosmic elements of the
Milky Way Galaxy.

The FPA of SOFIA will host thousands of THz antennas (pixel elements) to achieve
a spatial resolutions higher than the state of the art instruments. In this section, the
design of an antenna is presented, working as FPA for a double sampling condition with
a Ter[−11 dB] reflector taper, an f-number of F/Dr = 19 and a frequency range from
1.8 THz to 2.1 THz, being the central frequency 1.95 THz. Note that the lens dimensions
depends on the primary feed taper that is chosen. Ideally, the largest possible taper would
reduce spill over losses. However this means a larger lens diameter and consequently a
smaller spacing between them. Therefore, three tapers -10,-12 and -14 dB of the an-
tenna have been studied that allow flexibility of selection depending on the fabrication
capabilities of the micro-lens array.

5.4.1 Antenna Feed

The antenna is feed is based in the same design proposed in the previous section. However
in this case, two double slots have been used as the iris in order to obtain a double
polarization and propagating the two TE10 of the square waveguide.

The basic scheme of the iris is found in Figure 5.1. As it is shown the edges of the
slots have been rounded with a radius Rc due to the fact that sharp edges could not

Figure 5.16: Iris design of the SOFIA antenna feed.
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SOFIA Iris Dimensions
f 1.95THz F/D 19
t 2.2µm wg 112µm
s 2.7µm h 79µm
RE 56µm RC 2.8µm
RI 35µm θiris 86deg

Table 5.1: Dimensions of the designed iris at 1.9 THz.

Figure 5.17: (Left) Reflection coefficient and impedance (Right) on the antenna feed in
Figure 5.16

be obtained in the fabrication process. Moreover, the separation of the slots should be
greater than the membrane thickness which should be from 1µm to 3µm. The dimension
of the slots have been optimized considering these fabrication constraints and the final
dimensions of the iris are found in table 5.1.

As it is shown in Figure 5.17(Left) a good matching below -15 dB is obtained in the
whole frequency band of interest. The input impedance of the antenna is shown in Figure
5.17(Left), where the resistance is matched with the waveguide impedance of the mode
TE10 (for a square waveguide of 112 µm it corresponds to 518 Ω). Both results, the
reflection coefficient and input impedance have been obtained by the simulation of the
waveguide with the iris and an infinite silicon medium on top, using MW CST.

5.4.2 Micro-Lens FPA

As it has been already introduced, the micro-lens is designed to be coupled to the SOFIA
optical system of F/Dr = 19. The optimal dimensions of the micro-lens obtained in
chapter 5 were extrapolated for high f-number reflectors. As Figure 5.18 shows, the
diameter of the micro-lens aperture that would efficiently illuminate an optics system of
f-number F/Dr = 19 would be around 6.4 mm (or 40.5λ). In table the final dimensions
of the micro-lens are presented for -10, -12, -14 dB antenna field tapers.

Once the dimensions of the micro-lens are obtained and before proceeding with the
fabrication, the antenna disposition in the FPA grid is studied. In the previous analysis,
the beam separation and the illumination efficiency were optimized for a linear FPA as
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Figure 5.18: Micro-lens aperture diameter illuminating a reflector with a taper of
Te[−11dB], as a function of F/Dr

SOFIA Micro-Lens Dimensions
D/λ D (mm) W/λ W (mm) R/λ R (mm) H/λ H (µm)

Te[−10 dB] 40.23 6.19 mm 103.91 15.66 mm 79.42 12.22 mm 2.584 397.6 µm
Te[−12 dB] 41.47 6.38 mm 100.59 15.48 mm 76.38 11.75 mm 2.866 441.0 µm
Te[−14 dB] 42.82 6.58 mm 97.61 15.02 mm 73.65 11.33 mm 3.181 489.5 µm

Table 5.2: Dimensions of the microlens antenna for different tapers at 1.9 THz and for a
F/Dr = 19.

Figure 5.19: Square grid footprint for a FPA of F/Dr = 19.

the one shown in Figure 5.14. A more realistic scheme would contemplate the spacing and
the sampling of a two dimensional array for the antenna disposition in the FPA, designed
to cover the whole field of view of the image.
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Figure 5.20: Hexagonal grid footprint for a FPA of F/Dr = 19.

The initial footprint of the imaging plane is shown in Figure 5.19 where the micro-
lenses are placed at a distance d from each other in a dx = dy direction in a squared grid.
However, as it is shown in the scheme, there are important unsampled spots (specially
along the 45 deg direction) in the field of view.

In order to improve the field of view coverage, an hexagonal grid provides a better
coverage compared to the square grid maintaining the same illumination efficiency. Figure
5.20 shows the hexagonal grid disposition of the micro-lenses placed at a distance dx =
d cos 30 and dy = d sin 30. Note the footprint is shown for three different antenna tapers
(-10, -12 and -14 dB). Ideally, the largest possible taper would reduce spill over losses.
However this means a larger lens diameter and consequently a smaller spacing between
them. The grid spacing is limited by the capabilities and accuracy of the fabrication
process of the micro-lens as it will be presented in the next chapter.
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Chapter 66
Micro-Lens Antenna

Prototypes - Fabrication
and Measurements

M onolithic1 Integrated Circuits (MIC) can be referred as one of the key tech-
nological achievements of the last decade because of their ability to integrate
multifunction circuits on a single chip. From the antenna point of view, it is

important that the antennas can be integrated in the same fabrication process within the
rest of the device electronics in order to reduce the size and improve the performance (low
losses) of the overall systems.

In chapters 4 and 5, the design of a micro-lens antenna compatible with silicon micro-
machining techniques has been presented. This antenna allows a wafer level integra-
tion for array manufacturing and full integration with the rest of the components of the
transceiver. There are two possible ways to fabricate an array of the micro-lens antennas

1The following sections contain portions, sometimes verbatim, of the publications [JA1, JA3] of the
author.
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presented: using advanced laser micro-fabrication techniques or using optical photolithog-
raphy. The laser technique allows fabrication of advanced three dimensional geometries.
The drawback is that such a technique is a linear process which may not be cost-efficient
for large arrays in applications like the imager radar. The photolithographic technique
instead allows the fabrication of all the elements of the array at once. This following
chapter is focused on the fabrication process of this antenna and the measurements of
the built prototypes. Two prototypes have been assembled: one using photolithography
techniques and another one using laser micro-fabrication. The results obtained for both
prototypes are presented below.

6.1 Micro-Lens Antenna Fabrication

In this section, the micro-lens antenna fabrication process is presented. The antenna array
presented in the previous chapter can be assembled in three parts as it is graphically shown
in Figure 6.1a: a high resistivity silicon wafer containing the shallow lenses, several layers
of high resistivity silicon wafers that define the height of the lens, W , and a gold platted
double Silicon on Insulator (SOI) wafer containing the primary feed composed by the
waveguide, iris and cavity. In the following sections, the fabrication process for the two
main antenna parts are described in detail.

6.1.1 Fabrication of the Leaky Wave Waveguide Feed

This feed is composed of a rectangular waveguide loaded by a double slot iris and a
resonant air cavity as described previously. These three elements can be fabricated on
the same double SOI wafer, using a three-steps etch process.

The wafer consists on a very thin membrane of 17 µm of silicon for the iris, with two
SiO2 layers on the top and the bottom to act as etch-stops. The top SiO2 layer is covered
with a silicon wafer of 272 µm of thickness which is determined by the height of the air
cavity, the bottom etch-stop is mounted on a silicon wafer with a thickness of 995 µm to
create to square waveguide (see Figure 6.2). These three elements were fabricated using
conventional photolithography techniques, combined with inducted coupled plasmas for
SiO2 etches and Deep Reactive Ion Etching (DRIE) for deep selective silicon trenches.
By working around the pressure and the plasma power in DRIE, we were able to achieve
a very selective recipe of 300 : 1, allowing the fabrication of clean and perfectly controlled
iris membranes. After fabrication, these wafers were sputtered with a 2 µm thick layer of
gold.

6.1.2 Fabrication of the Silicon Shallow Lens

In this section, we present the fabrication of an antenna prototype that could be used
with the optical system described in [15]. Such system was characterized by an f-number
of 2 implying a lens diameter of approximately 2.5 mm

Since we utilize the mass production feature of silicon micro-machining technique,
we could micro-fabricate almost unlimited numbers of silicon shallow lens arrays onto
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6.1 - Micro-Lens Antenna Fabrication

Figure 6.1: Geometry of an array of shallow lenses illuminated by a leaky wave waveguide
feed array: (a) three dimensional and (b) side views.

silicon substrate by using both thermal reflow of photoresist and selective Reactive Ion
Etching (RIE). The basic idea of microfabricating silicon shallow lenses is to transfer the
lens shape made into photoresist onto the silicon wafer by RIE as it is shown in Figure
6.3. The process consists in four steps:

1. Pattern the photoresist in the silicon wafer with the desired lens aperture.
2. Reflow the photoresist pattern with heat in order to obtain the lens profile.
3. Etch the photoresist and silicon simultaneously by using a RIE process in order to

transfer photoresist lens onto silicon substrate.
4. The process finishes when a complete etching is achieved and the lens profile is

transferred to the silicon wafer.
In this proposed technique, we have controllability on both diameter and curvature

of silicon lens. First of all, the diameter of the lens depends on the thickness of the
photoresist that we can coat and pattern. So far, the diameter of 6 mm photoresist lens
with 400 µm in height has been successfully micro-fabricated. Based on our experiences,
diameters larger than 1 cm photoresist shallow lens array would be feasible. The curvature
of the shallow lens can be controlled by two process variables:
Amount of photoresist It determines the curvature of the photoresist lens. Since we
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Figure 6.2: (a) Photograph of the fabricated leaky wave waveguide feed and close-up on
the double slot iris in SEM. (b) Diagram of the double SOI wafer.

Figure 6.3: Sketch of the micro-fabrication process of the silicon shallow lenses.

transfer photoresist lens onto the silicon substrate, it will directly control the cur-
vature of silicon shallow lens.

Etching selectivity between photoresist and silicon Photoresist lens is formed by
thermal reflow. In order to transfer the exact photoresist curvature onto silicon, we
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Figure 6.4: Fabricated array of silicon shallow lenses.

need to have etching selectivity of 1 : 1 between silicon and photoresist. However,
by varying the etching selectivity, we could control the curvature of the silicon lens.
For example, if photoresist etches at half etch rate of silicon etch rate, the curvature
of the silicon lens will be two times higher. Thus, we could utilize the plasma
etching process parameters such as gas ratio between CF4 and O2, bias power, and
RF power in order to control the etching selectivity.

An array of 5x5 silicon shallow lens has been micro-fabricated as it is shown in Figure
6.4. The lens located in the center of the array has been characterized and analyzed.
First of all, we have measured the 3-D profile of shallow lens surface as it is shown in the
inset of Figure 6.5. It has a nice smooth curvature and a diameter of 2.5 mm. Secondly,
we have measured the height of silicon shallow lens. In this case, the original height of
photoresist was 210µm. Because of the etching selectivity of 1.3 between photoresist and
silicon, the height of silicon shallow lens is about 280µm. Thirdly, we have measured
the surface roughness of silicon shallow lens using a Dektak surface profilometer with a
vertical resolution of 15 nm (see Figure 6.5). The peak-to-peak surface roughness is less
than 0.5 µm which is adequate in THz frequency. For example, the surface roughness
should be less than 7µm at 600 GHz range.

In order to evaluate the fabrication accurateness, the lens fabricated surface was an-
alyzed by doing a fit into a perfect sphere surface, i.e. the designed surface. The best
fitting sphere was obtained by minimizing the error of the fabricated surface and a certain
sphere surface of radius R, diameter D and height H using the optimization toolbox in
Matlab. The dimensions of the best fitting sphere are R = 3.90 mm, D = 2.93 mm and
H = 285.6 µm, obtained by minimizing the error between both surfaces. The standard
deviation was calculated to be σ = 18.36 µm = 0.11λd, which may inflict severe aber-
rations the radiation pattern of the antenna and in the optical system. As it is shown
in Figure 6.6, the edges of the lens do not provide a good fit with the designed sphere,
containing the higher error. In order to diminish the lens surface distortion, the bottom
part of the lens (area shown in gray in Figure 6.6) were the error was considerably higher
was not taken into account and only the top part of the lens was illuminated by the
antenna feed, reducing the error to σ = 5.4 µm = 0.04λd. Hence, an effective diameter
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Figure 6.5: 3-D plot and top of the surface profile of the silicon shallow lens profile. It
shows less than 1µm peak-to-peak surface roughness.

Figure 6.6: Surface profile 1D cut of the shallow lens surface and the best fitted sphere cut.

Figure 6.7: 3D view and of the (a) fabricated lens surface and the (b) surface distortion
between the shallow lens surface and the perfect sphere.

of 2.38 mm was considered in the antenna design instead of the original 2.93 mm. This
adjustment in the illumination will be achieved by an adjustment of the thickness of the
lens W that in this case, it will be designed to obtained a field taper of -14 dB at the
border of this new effective lens aperture.

Figure 6.7b shows the surface distortion of the shallow lens calculated as the difference
between the fabricated (see Figure 6.7a) and the designed surface (notice that 100 µm of
the bottom part of the shallow lens has been ignored as it has previously been explained).
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Figure 6.8: (a) 2D view of the reconstructed Zernike polynomial decomposition of the error
surface of the lens. (b) Difference between the reconstructed Zernike polynomial decomposi-
tion and the error surface of the lens.

This surface distortion was decomposed in optical aberrations and studied using a Zernike
polynomials expansion in order to evaluate the behavior and performance of the fabricated
lens profile. In Appendix 3 further details about the effects of the lens surface distortions
on the radiated fields of the micro-lens antenna are presented. Zernike polynomials were
used to define and classify the deviations from a zero mean surface error; in this case, the
surface resulting from the difference between the shallow lens and the best fitted sphere
surface. 190 polynomials were been used to expand the error surface of the lens profile
(see the table of polynomials in Appendix 3), giving an Root Mean Square (RMS) error
between the error surface and the Zernike polynomial reconstructed surface of RMS =
2.2 µm, which is not significant. Figure 6.8a shows the 2D view of error surface of the lens
reconstructed from the Zernike polynomial decomposition. And Figure 6.8b shows the
difference between this reconstructed error surface of Zernike polynomial decomposition
and the error surface from Figure 6.8b. By decomposing this surface in the Zernike
coefficients it was detected that shallow lens suffered mainly from spherical aberrations
(25.4% of the global surface distortion) and coma (22.7%). The shallow lens also suffered
in a smaller proportion from astigmatism (6.4%) and defocus (2.2%). In Figure 6.9 we
can see the corresponding Zernike surfaces of the spherical (a), coma (b) astigmatism (c)
and defocus (d) polynomials.

The spherical aberration contribution (see Figure 6.9a) corresponds to the polynomials
of n > 2 and m = 0. It represents in this case the major error with a 25.4% of the total
aberration error. Spherical aberration causes beams distant from the lens axis to be
focused in a different place than beams close to the axis. The effect of this aberration in
the lens is considered as a phase distortion in the aperture fields. In order to understand
this effect, the radiation pattern of a lens illuminated with a tapered Gaussian aperture
with a field edge taper of 14 dB has been studied. The aberration contributions, in this
case the spherical, has been translated as a phase contribution to the aperture field of the
lens; and the radiation pattern is then obtained by calculating the FFT of the resulting
aperture field. Figure 6.10a and b shows the radiation pattern calculated for the same
aperture considering the effect of the spherical aberration (black line) in comparison with
the radiation pattern without aberrations (grey line). Note that the x-cut corresponds
to the cut along the longitudinal axis of Figure 6.10b and the y-cut corresponds to the
transversal cut. It can be observed that the spherical aberrations are translated to an
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Figure 6.9: Decomposition of the shallow lens surface distortion in Zernike polynomials of
(a) Spherical, (b) Coma, (c) Astigmantism and (d) Defocus

increase by 5 dB of the secondary lobes.
The coma aberration contribution (see Figure 6.9b) corresponds to the polynomials

of n > 1 and m = ±1. The error that represents this aberration in the total error of
the fabricated lens is a 22.6%, which is highly significant. In this case, the rays that
pass through the outer margins of the lens are focused at different points, either further
from the axis (positive coma) or closer to the axis (negative coma). As it is shown in the
radiation pattern of Figure 6.10c and d, the coma aberration performs a tilt in the main
and secondary lobules of the field in the y-cut (a cut along the transversal axis) direction.

The astigmatism contribution (see Figure 6.9c) corresponds to the polynomials of
n > 2 and m = ±2 and only represents the 6.38% of the total aberration error. And
the defocusing contribution (see Figure 6.9d) corresponding to the polynomials of n = 2
and m = 0) only represents the 2.17%. These two aberrations do not inflict a significant
impact in the performance of the radiation pattern.

The radiation pattern including all the aberrations is shown in Figure 6.10e and f
compared to the radiation pattern without aberrations. It can be observed that the main
contribution of all the aberrations is an increase of the secondary lobes and the tilt in
the x-cut; and it corresponds to the combination of the spherical and coma aberrations
previously described.

This fabrication process is still under development in order to achieve surface accuracy
and repeatability for the fabrication of large arrays of lenses. Up to now, new advances
in the reduction of the surface error at the border of the lens and improvements in the
uniformity of the surface have been presented in [72]. Preliminary results of the fabrication
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Figure 6.10: Radiation patterns of a Gaussian aperture with a field taper of 14 dB consid-
ering (a),(b) Spherical Aberrations; (c), (d) Coma Aberrations; (e), (f) All the aberations.

of large arrays are also presented in [72].

6.2 Micro-lens Antenna Prototypes and Measurements

6.2.1 Micro-lens Antenna Fabricated with Photolithographic Micro-
machining Techniques

Once the shallow lens surface was fabricated and analysed as described in the previous
section, the rest of the antenna dimensions were adjusted to maximize the aperture ef-
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Lens Dimensions

f 550 GHz h 273 µm
D 2.38 mm wg 409 µm
W 3.21 mm tgp 17 µm
R 3.99 mm θiris 79 deg
L −599 µm RI 109 µm
θf 20.32 deg RE 191 µm

Table 6.1: Dimensions of the designed micro-lens antenna photolithography fabricated
prototype.

ficiency at 550 GHz, the central frequency of the band. The optimum dimensions for a
primary field taper of -14 dB and a diameter of D = 2.38 mm are shown in Table 6.1 and
were obtained following the design procedure described in chapter 5.

The performance of the designed antenna was evaluated using a PO method over
the whole frequency band. Figure 6.11(Left) shows the directivity and the gain as a
function of the frequency. The gain includes the spillover losses (defined as the amount
of power transmitted by the antenna feed that is not caught inside the aperture of the
shallow lens) and the reflection losses inside the lens with and without the use of a
matching layer. As it is shown, the use of a matching layer of thickness λ/4 at the central
frequency improves significantly the performance of the antenna and has a good behavior
in the whole frequency band as the antenna operates over a relatively small bandwidth.
Moreover, the fact that we are employing shallow lenses simplifies the fabrication of this
matching layer.

Because the main application of this antenna is to work as a focal plane array, the
evaluation of the coupling between the antenna and the optical system is a substantial
parameter to be considered. This coupling can be studied by calculating the Gaussicity
[69]. As it is shown in Figure 6.11(Right), a high value of Gaussicity is achieved over the
whole frequency band.

The designed thickness of the substrate was calculated to be 3.21 mm (see Table 6.1).
To achieve the desired thickness, five pieces of high resistivity (ρ = 10 kΩ · cm) double
side polished silicon wafers were placed in between the primary feed and the shallow lens
wafer. Note that these wafers do not need to be aligned. Thus, the antenna thickness was
achieved by the use of the five silicon wafers of 550 µm each, the shallow lens wafer of
422 µm and the 100 µm of the bottom part of the shallow lenses that was not illuminated,
obtaining an overall thickness of 3.15 mm.

6.2.1.1 Antenna Prototype Measurements

A prototype working at 550 GHz was fabricated (see Figure 6.12) and measured using an
ABmm network analyzer [73]. The network analyzer is connected to the antenna through
a waveguide as shown in the right side of Figure 6.12(Left). A transition machined in an
aluminum split block is used to match the output of the ABmm waveguide to the square
waveguide of the antenna. The transition is followed by the antenna feed wafer (the gold
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Figure 6.11: Frequency analysis of the designed antenna. (Left) Directivity and gain.
(Right) Gaussicity calculated for a Gaussian beam divergence angle of θ0 = 11◦.

Figure 6.12: Side and top views of the 550GHz antenna prototype.

wafer in Figure 6.12(Left)), the air cavity (corresponding to the space in between the gold
wafer and the silicon wafers), and a stack of silicon wafers used to match the lens surface
and ended with the micro-machined lens (last silicon wafer in Figure 6.12(Left)). The
antenna primary feed and the lens profile used for the prototype are the ones described
in the previous section. The top of the lens antenna is shown in Figure 6.12(Right). Note
that from the array of lenses only the central lens has been measured. The lens and feed
wafers were aligned using holes and metal screws. In order to have a better alignment
in the future, a novel wafer to wafer alignment technique using silicon pins is currently
being developed and tested.

The measurement set up is shown in Figure 6.13(Left). The ABmm measurement
system is composed of two heads: one head where the prototype antenna was connected
(see Figure 6.13(Right)) and another head where a standard horn antenna was placed.
Two rotating stages were employed to move the antenna in elevation and azimuth in order
to scan the far-field. The scanning range was limited to 45 deg approximately, in both
planes.
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Figure 6.13: (Left) Main view of the measurement set up. (Right) Close up image of the
antenna mounted on the ABmm head.

Figure 6.14: Measured radiation pattern at 530 GHz of the micro-lens prototype fabricated
using photolithography techniques.

Figure 6.14, 6.15, 6.16 and 6.17 show the main cuts of the measured far field patterns.
The measurements are compared to the simulations obtained with the PO for an ideal
extended hemispherical lens antenna fed by the leaky wave waveguide described in Table
6.1. The insets of the figures display the measurements of the two dimensional views of the
pattern amplitudes. As it can be observed, the lens does not give a complete agreement
with the PO simulations. These differences are mainly caused by the aberrations of the
shallow lens surface (as it has been explained in the previous section) increasing the
secondary lobes because of the presence of spherical aberrations, and also causing an
asymmetry in the antenna far field patterns due to the presence of coma aberrations.
Also, a possible misalignment between the lens and the primary feed beam could also
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Figure 6.15: Measured radiation pattern at 550 GHz of the micro-lens prototype fabricated
using photolithography techniques.

Figure 6.16: Measured radiation pattern at 560 GHz of the micro-lens prototype fabricated
using photolithography techniques.

contribute to a tilt in the antenna pointing direction and asymmetry in the antenna far
field. Even so, the measured patterns present a well focused beam very similar to the
design one enabling the use of such shallow lens antenna for illuminating a reflector.
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Figure 6.17: Measured radiation pattern at 590 GHz of the micro-lens prototype fabricated
using photolithography techniques.

Lens Dimensions

f 550 GHz h 272 µm
D 5 mm wg 409 µm
W 11.39 mm tgp 17 µm
R 10.63 mm θiris 79 deg
L 1.06 mm RI 109 µm
θf 12.37 deg RE 191 µm

Table 6.2: Dimensions of the designed micro-lens antenna laser micro-fabricated prototype.

6.2.2 Micro-lens Antenna Fabricated with Laser Micro-machining
Techniques

A prototype has been fabricated as a proof of concept of the antenna design methodology
shown in chapter 5. The prototype has been designed for a diameter of 5mm and a field
taper of -10 dB at a central frequency of 550 GHz. The optimum dimensions of the micro-
lens antenna are shown in Table 6.2 and were obtained following the design procedure
described in chapter 5.

Figure 6.18(Left) shows the directivity and the gain as a function of the frequency.
The performance has been evaluated using the PO method explained in chapter 5 over the
whole frequency band. The gain includes the spillover losses and the reflection losses inside
the lens with and without the use of a matching layer. Like in the previous prototype,
the performance of the antenna improves significantly with the use of the matching layer.
High Gaussicity is also achieved in the whole frequency band.

The prototype was built with the same procedure as the previous prototype: assem-
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6.2 - Micro-lens Antenna Prototypes and Measurements

Figure 6.18: Frequency analysis of the designed antenna. (Left) Directivity and gain.
(Right) Gaussicity calculated for a Gaussian beam divergence angle of θ0 = 11◦.

Figure 6.19: (Left) Final assembly of the lens antenna. (Right) Lens surface fabricated
with laser micro-machining.

bling a waveguide split aluminum block, a waveguide/slot-iris/air-gap wafer, and a silicon
micro-lens; each one fabricated separately (Fig. 6.19). The waveguide, slot iris, and the
air cavity are the same as the ones used for the previous prototype. The silicon micro-lens,
which is placed on the top of the stack, has been fabricated with a laser micromachin-
ing process [62]. Unfortunately a matching layer could not be included in the prototype
fabrication. Even so the measured patterns resembled the simulated ones.

Measurements were performed where performed with the same procedure explained
in the previous section. The main cuts of the measured far field patterns are shown
in Figs. 6.20 through 6.22 at different frequencies. They have been compared to the
simulated results obtained with the physical optics. As it can be observed, the lens gives
a good performance for the whole band and agrees well with the simulations. The minor
divergences between the measurements and the PO simulations can be due to the effects
of the multiple reflections.
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Figure 6.20: Measured radiation pattern at 540 GHz of the micro-lens prototype fabricated
using laser micro-machining techniques.

Figure 6.21: Measured radiation pattern at 560 GHz of the micro-lens prototype fabricated
using laser micro-machining techniques.

All in all, the use of the lens antennas fabricated with photolithographic processes have
a lot of potential in the development of future FPAs. In order evaluate the uniformity
and accuracy of the lenses profile, the lens aberration study presented before could be
integrated within the fabrication process to facilitate the optimization.
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Figure 6.22: Measured radiation pattern at 590 GHz of the micro-lens prototype fabricated
using laser micro-machining techniques.
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Chapter 77
Conclusions

7.1 Main Conclusions

This doctoral thesis has focused on the development of integrated antenna arrays at
Terahertz frequencies for imaging applications with a special emphasis on the technologies
and the fabrication capabilities that can be potentially used and are currently available.
This frequency band has proven its potential for imaging applications thanks to the good
compromise between spatial resolution and penetration; however, this push towards high
frequencies contains many technological difficulties in all the subsystems involved in the
signal generation, transmission and detection. The power budget restrictions and high
losses that sources and receivers currently suffer at these frequencies require systems with
a high level of integration among all the devices and components of the systems and
subsystems. Therefore, the antennas needed for these systems require to be integrated
within the same fabrication processes and technologies as the sensing and power converting
devices that are used at their terminals.

The current imaging systems require large array of antennas in order to achieve the
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high speed image acquisition that is required in most THz applications. This fact increases
considerably the difficulty and complexity to achieve highly integrated and efficient anten-
nas. This thesis has characterized and analyzed these difficulties and provided solutions
to the development of antenna arrays at millimeter and submillimeter wave frequencies.
Due to the different nature and characteristics of the antennas that require near-field
and far-field imaging systems, this research has been divided in two main study areas,
respectively:
• Integrated Planar Antenna Arrays

This research has focused on the study of a planar antenna array, called retina, for
a specific near-field imaging system based on MST at millimeter and submillimeter-
wave frequencies. This system has been selected for its capabilities to perform high
speed imaging and because it does not require a high frequency distribution line
network. However, it is hindered by different technological difficulties: the selection
of an antenna geometry that achieves high efficiency, the selection of the adequate
active element and its integration with the antenna. In this thesis, these challenges
have been addressed and studied in-depth. Not only that: while other researchers
have been focused on the optimization of the antenna impedance solely, this thesis
has developed a design methodology that integrates all the different aspects of the
system.
The performance of the system has been defined by the maximization of the differ-
ential transmission coefficient which will determine the SNR of the system and, as
a consequence, the dynamic range of the image. Furthermore, this parameter can
be dissected among the following three properties. First, the ME that indicates the
matching level between the antenna and the active element impedances. Second,
the surface wave efficiency which quantifies the amount of power loss due to the
surface wave modes that propagate inside the substrate as a result of the lack of
scalability of its thickness at millimeter and submillimeter wave frequencies. Third,
the coupling efficiency among the illuminator, the retina and the collector. These
three parameters allow the understanding of the system efficiency and therefore
they will help in the design process of the system.
The retina is a planar array of antennas that couples the radiation to both sides for
the array (from the illuminator to the collector) and requires, therefore, a front-to-
back ratio close to one. Because planar antennas at millimeter and submillimeter
wave frequencies suffer from high losses due to the surface wave modes inside sub-
strate, these losses have been analyzed and quantified for the different antennas,
as well as the number of modes propagated. The selected antenna geometry is
composed of two ground planes on both sides of the substrates in order to use
thicker substrates and a double slot printed on each ground plane that suppresses
the TM mode and generates a front-to-back ratio close to one. To our knowledge,
this topology has never been employed, and high performances can be achieved, i.e
a radiation efficiency of 95% for substrates with a thickness until λg/2. Moreover,
this geometry is compatible with the integration of the active element.
Different switching technologies currently or potentially available at these high fre-
quencies have been considered in order to study and analyze their capabilities and
their integration possibilities: PIN diodes, Schottky diodes and RF-MEMS. At
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millimeter wave frequencies, PIN diodes can be easily obtained in the market; how-
ever, its size begins to be significantly large and the package considerably bulky in
comparison with the dimensions of the antenna. This fact degrades the overall per-
formance of the system, as it was observed in the low coupling efficiency obtained
in the retina prototype at 100 GHz. On the other hand, at submillimeter wave
frequency bands the Schottky diode is the switching technology that is currently
being developed and can be utilized. Simulations of the prototype at 300 GHz
using this diode showed a higher coupling efficiency due to the smaller size and
packaging of the device. However, the performance, i.e the impedance obtained,
still needs improvement as a lower ME was achieved compared to the PIN diode.
Finally, RF-MEMS switches is a technology with a high potential for millimeter
and submillimeter wave frequencies due to its small size, low power consumption
and the possibility to be monolithically integrated with the antenna. However, the
fabrication process is highly complex and highly unreliable, which was observed in
the low yield that was obtained in the RF-MEMS measurements.
High precision fabrication processes such as laser micro-machining and photolitho-
graphic techniques were required for the fabrication of all the developed prototypes.
The fabrication and assembling tolerances and capabilities play an important role
in the antenna development at such high frequencies. Different measurement set
ups were fabricated and assembled to validate the different premises presented in
the thesis. The alignment of the different components of the system setup and its
calibration were significantly challenging due to the small magnitude of all the de-
vices and components. These inaccuracies can strongly affect the performance of
the measurements results. Different experimental results were obtained with the
fabricated systems, including a set of tomographic images of a canonical scenario
with a good agreement with the simulations.
• Integrated Focal Plane Antenna Arrays

A FPA is an array of antennas placed at the focal plane of an imaging system
where each antenna points to a different part of the field of view, allowing multi-
ple pixel scanning and increasing the survey speed of the imaging acquisition. The
development of FPAs at submillimeter wave frequencies is highly on demand due
to the enormous progress in designing integrated heterodyne receivers. These re-
ceivers integrate arrays of submillimeter-wave diode-based mixers and multipliers
with MIC amplifiers on the same wafer stack. For this stackable multi-pixel tera-
hertz camera technology to work, one would need an antenna array which allows
wafer level integration compatible with silicon micro-fabrication techniques for bulk
array manufacturing and directive antennas that are able to illuminate a reflector
efficiently.
The antenna geometry employed in this case is based on A leaky wave antenna
with silicon micro-lenses has been proven in this thesis to be a viable solution which
works well at these frequencies. This antenna achieves high efficiency and high
gaussicity in order to be coupled correctly to the optical system. Moreover, this
antenna can be fabricated with silicon micro-fabrication techniques. Detailed and
thorough design guidelines for this antenna have been performed, allowing to have
an antenna with an efficiency above 90% and fabricated in array at THz frequencies.
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Basically, two possibilities are available to fabricate such an antenna array: advanced
laser micro-fabrication and photolithographic fabrication. Laser micro-fabrication
allows the fabrication of 3-D geometries. The drawback is that such a technique
is a linear process where the cost depends on the laser time, and this may not be
very cost-efficient for large arrays. The photolithographic technique allows instead
the fabrication of arrays of antennas on a single wafer and in parallel by reflowing
a photoresist material and then etching the silicon.
Two antenna prototypes were fabricated using these fabrication techniques. The
radiation pattern of these antennas was measured and compared to the simulated
ones. Very accurate profiles can be achieved with laser micro-machining processes,
as it could be observed in the agreement in the radiation pattern measured of the
antenna prototype fabricated. On the other hand, the agreement achieved between
the measured and the simulated radiation pattern of the prototype fabricated with
photolithographic processes is not so good due to the difference in surface between
the fabricated and the measured lens. However, it still provided a focused beam
with good aperture efficiency. A study of the aberrations of the lens was developed
in order to evaluate the performance of the lens profile.
All in all, future FPAs should consider the use of these lens antennas fabricated with
photolithographic processes which allows the fabrication of a high number of lenses
in a single process. If high uniformity is needed in the array, one could consider
the integration of the lens aberration study in the fabrication process for further
optimization.

7.2 Future Research Lines

Several research lines can be thought as a continuation of the work developed during this
doctoral thesis that make use of some or several of the conclusions drawn from it.

The design methodology developed for the near field imaging system based on MST
could be extended to other types of systems such as the development of heterodyne
receivers. Heterodyne receivers at millimeter and submillimeter-wave frequencies com-
monly employ planar antennas where, for example, a Schottky diode is placed on top
of the antenna to mix the THz signal and convert it to a lower frequency. The diode
characterization and matching techniques employed in this thesis can be oriented to its
use for the heterodyne receiver.

The Complementary Metal Oxide Semiconductor (CMOS) technology, which is push-
ing up in frequency (at the moment is working at around 400 GHz), becomes a very inter-
esting potential technology that can now be considered in submillimeter wave band. This
technology would allow the fabrication of compact, cost-effective terahertz transceivers
by integrating the antenna within the whole transceiver electronics. The micro-lens an-
tenna presented in this thesis could be an excellent candidate of antenna that could be
used for this type of systems for its integration capabilities and the high performances
demonstrated.

The use of the advanced fabrication processes, i.e the silicon micro-fabrication pro-
cesses, can be extended to design other new antenna geometries. For instance, this pho-
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tolithographic technology has been employed in the fabrication of low degree angle walls
that could be employed in the fabrication of directive horns. It consists of stacking gold
plated silicon wafers with tapered holes. This technique is still in an early stage of devel-
opment and an improvement in this angle controllability is required.

Finally, the systems presented in this thesis could be employed at higher frequencies.
A retina working at 600 GHz using Schottky diodes could be developed with the same
guidelines as explained in this thesis. The micro-lens antenna presented can be also scaled
to a higher frequency. In fact, a prototype at 2 THz is currently being fabricated and
pending to be measured, which opens up the possibilities to design other systems based
on this antenna for radio-astronomy applications.
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Appendix AA
Antenna Prototype at

300 GHz

This section presents the prototype fabrication of the antenna previously designed. The
antenna is intended to be patterned on a substrate of 150 µm of quartz wafer of 50.8 mm
of diameter. A gold metallization of 0.5 µm of gold deposited by evaporation on each side
of the wafer. The patterning of the wafer will is performed with lithographic processes
which have a precision of 1 µm.

For this prototype, the goal was to perform a set of measurements of one antenna
in order to analyze the performance and characterize both, the antenna and the diode.
Figure A.1 shows the final antenna prototype state of the art that is intended to be
fabricated. As it was required in the previous design at 100 GHz, a special waveguide
adapter is needed in order to allocate the antenna within the two waveguides working
as a collector and illuminator. Two WR-3.4 waveguides are used containing a standard
UG-387 flange. One of the waveguide faces contains the pattern of the profile of the
retina and in another face of the other waveguide contains the pattern of the filter and
an extra cavity. Note that in this case, the overall space of the retina was minimized so
the bias pad could not be outside the waveguide flange, therefore, an extra cavity was
profiled in the waveguide face in order to allocate the biasing contact pad preventing the
short-circuit.

The mask distribution of the retina within the quartz wafer is shown in Figure A.2.
Eight individual antenna prototypes were placed in the top part of the wafer which are
enough in order to provide duplicity in case of mistakes. The bottom part of the wafer
contains a prototype of retina at 100 GHz that was intended to be used for other mea-
surements. Besides the prototypes, different marks were distributed around the mask.
First, different sets of alignment masks in order to provide the alignment between the top
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Figure A.1: (a) One element antenna prototype. (b),(c),(d) Different views of the designed
adapter that holds the prototype.

Figure A.2: Mask set distribution containing the design of the prototypes.

layer and the bottom layer. Last, lithography marks that would help to see the etching
quality of the fabrication process.

In the first place, the fabrication was intended to be in the cleanroom facility of the
UPC, however, due to the lack of capabilities to provide the top-bottom layer alignment
the possibility was discarded. Another facility in Chalmers University was considered,
still, due to budgetary restrictions this option was also dismissed.
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Appendix BB
Lens Analysis

B.1 Physical Optics - Secondary Field Calculation

A PO Analysis has been used to perform the study and optimization of the micro-lens
presented in this thesis. The PO Analysis is a method that provides an approximation
to the surface currents Js and Ms over a lens large in terms of the wavelength [74, 75].
By integrating these currents, the radiated field also known as secondary patterns of the
lens antenna can be obtained.

Using Love’s Equivalence Principle [76, 77], the transmitted fields of the lens can be
used to determine the equivalent magnetic and electric sheet currents on the outside of
the lens surface (see Figure B.1):

~Js = n̂× ~Ht

~Ms = −n̂× ~Et (B.1)

where n̂ is the normal vector to the surface and Et and Ht are the radiated fields from
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Figure B.1: Love’s Equivalence Principle scheme. (a) Actual problem (b) Equivalent prob-
lem.

the antenna feed transferred outside the dielectric boundary of the lens.
In order to determine the transmitted fields to the hemispherical surface fields a ray

optics procedure is used. The PO supposes that these currents can be approximated
directly by the incident field ~E. Thus, the incident field is decomposed in their parallel
and perpendicular components to the plane of incidence and multiplied by its appropriate
Fresnel transmission coefficient:

~Et|| = E||τ|| ı̂
t
||

~Et⊥ = E⊥τ⊥ ı̂⊥ (B.2)

being the total field ~Et = ~Et||+ ~Et⊥. The magnetic field can be calculated as ~Ht = itr× ~Et/ζ.
This incident field is calculated using the field obtained by the antenna feed and assuming
a plane wave coming from the center of the antenna feed to each point of the lens. The
Fresnel transmission coefficients are defined as:

τ|| =
2√εr cos θi

cos θi +√εr cos θt

τ⊥ =
2√εr cos θi

cos θt +√εr cos θi
(B.3)

being εr the micro-lens dielectric, θi the angle of incidence and θt the angle of transmission.
And the propagation vectors are defined as:

ı̂tr = ı̂r′
√
εr + ı̂r

√
εr cos θi

√
1 + 1− εr

εr cos2 θi

ı̂t|| = ı̂⊥ × ı̂tr (B.4)

Note that the perpendicular and parallel electric components are defined (with respect
to this normal vector) as: ı̂⊥ = ı̂r × ı̂r′ and ı̂|| = ı̂⊥ × ı̂r′ respectively. The propagation
vector of the incident field is ı̂r′ = ı̂x sin θ′ cosφ′ + ı̂y sin θ′ sinφ′ + ı̂z cos θ′. Then, the
normal vector to the hemisphere surface is:

n̂ = ı̂r = ı̂x sin θ cosφ+ ı̂y sin θ sinφ+ ı̂z cos θ (B.5)
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Figure B.2: (a) Scheme of the micro-lens antenna with the different coordinated systems.
(b) Scheme of the antenna feed simulated in CST, the red plane represents the aperture grid.

Finally, from the currents in equation B.1, the far fields patterns of the micro-lens
antenna are then determined by integrating over the lens surface:

~Eθ = −ke
−jkrt

4πrt

∫ ∫
S

(Mφ
s + ζJθs )ejkR cosϕdS

~Eφ = 
ke−jkr

t

4πrt

∫ ∫
S

(Mθ
s − ζJφs )ejkR cosϕdS (B.6)

where R is the radius of the lens sphere, ~Ms = Mθ
s ı̂θ + Mφ

s ı̂φ, Js = Jθs ı̂θ + Jφs ı̂φ, dS =
R2 sin θdθdφ and cosϕ = ı̂r · ı̂tr.

B.2 Primary Field Calculation

The PO technique described uses as an input the primary field of the antenna feed, which
is the incident field radiated by the antenna feed within the lens inner surface. In this
thesis, the antenna feed fields have been obtained by simulating the antenna feed 3-D
structure with CST. In Figure B.2b the simulated structure is shown. The infinite silicon
medium is achieved by setting absorbing boundaries in the model. The aperture field is
obtained over the x′y′ and z′ = 0 grid (this plane is marked in red in Figure B.2b) which
will allow to compute the currents using the free space green’s function thanks to the use
of the equivalence principle [76,77].

The magnetic current ~Ma are calculated using Equation B.1 using n̂ = ı̂z and the field
obtained from CST. Then, the magnetic field can be calculated at any point by using the
Green function, thus, it can be expressed as:

~H(~r) =
∫ ∫

S

¯̄ghm(~r, ~r ′) ∗ ~Ma(~r ′)d~r ′ (B.7)
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being ¯̄ghm(~r, ~r ′) the spacial green function defined as:

g hm(~r, ~r ′) = −j 1
ζk

k
2 + δ2

δx2
δ2

δxδy
δ2

δxδz
δ2

δyδx k2 + δ2

δy2
δ2

δyδz
δ2

δzδx
δ2

δzδy k2 + δ2

δz2

 e−jk|~r−~r ′|

4π|~r − ~r ′| (B.8)

The same could be done for the electric field using ¯̄gem(~r, ~r ′)
An important consideration to take into account is the fact that the lens can be in

the near-field or the far-field of the antenna feed, because it will cause a variation in the
amplitude and the phase of the resulting illumination. In the case of the far-field, the
magnetic field can be obtained by [48]:

~H = jk cos θG̃hm(k sin θ cosφ, k sin θ sinφ)M̃a(k sin θ cosφ, k sin θ sinφ)e
−jkr

2πr (B.9)

where M̃a(k sin θ cosφ, k sin θ sinφ) is the Fourier Transform of the magnetic current dis-
tribution in the aperture ~Ma and G̃hm(k sin θ cosφ, k sin θ sinφ) is the spectral Green’s
function for a magnetic current defined as:

G̃hm = − 1
kζ

1
8π2

1
kz

k2 − k2
x −kxky −kxkz

−kxky k2 − k2
y −kykz

−kxkz −kykz k2 − k2
z

 (B.10)

being kx = k sin θ cosφ and ky = k sin θ sinφ. Note that the reference system x, y, z is
placed in the center of the hemisphere and the x′, y′, z′ is associated with the antenna
feed (see Figure B.2b). The relationship between them is x = x′, y = y′ and z = z′ − L.
Further details of this development can be found in [48].

Due to the fact that this thesis is using leaky wave antenna feeds which achieve high
directivity, the lens will be in most of cases in the near-field. Moreover, in this case the
lens is placed in the radiative region of the near-field (not in the reactive near-field) and
therefore the PO can still be used. Therefore, the field from the antenna feed can still be
represented by plane waves with an angular distribution that depends on the distance.
Thus, the primary fields over the near field will be calculated using a pre-tabulation of the
Green’s function in the space domain and the component r of the field will be ignored.
In the radiative region, the calculation of Equation B.9 can be simplified assuming that
each infinitesimal contribution of the integral is in the far-field. Therefore, Equation B.9
can be expressed as [78]:

~H =
∑
i

∑
j

jk cos θ′G̃hm(k sin θ′ cosφ′, k sin θ′ sinφ′) e
−jk|~r ′−~r ′′|

2π|~r ′ − ~r ′′| ~ma(xi, yj)∆xi∆yj

(B.11)

Note that in this case the reference system is centered at each point of the aperture, then
the summation of the field components is performed in x, y, z before switching to θ and
φ.

All in all, the far field can be calculated once independently of the geometry of the
lens, as the dependency in r is eliminated (i.e e−jkr/r)and it is added later when the
equivalent currents are computed over the lens. On the other hand, the near-field is
required to be calculated for each lens geometry.
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Appendix CC
Effect of Lens Surface

Distortions on the
Radiated Field of a
Micro-lens Antenna

The micro-lens surface fabricated with a photolithographic process did not achieve a
surface totally spherical. These distortions of the surface cause variations in the radiated
fields of the antenna which can be quantified and calculated by assuming that the physical
aberration is proportional to a phase distortion on the field. In this Appendix the analysis
followed in this thesis is explained in detail.

First, the analysis begins by defining the surface to evaluate; it is defined as the differ-
ence between the fabricated lens profile and the sphere profile that best fits the fabricated
lens. This surface is decomposed in a Zernike polynomial expansion. Zernike polynomials
are employed in optics to describe the physical distortion of lenses and reflectors [75,79].
Zernike polynomials form a complete set of functions or modes that are orthogonal over a
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Appendix C. Effect of Lens Surface Distortions on the Radiated Field of a
Micro-lens Antenna

Zernike Polynomial Modes
j n m Zmn (ρ, φ) Aberration Name
1 0 0 1 Constant term
2 1 1 2ρ cosφ Tilt in x-direction.
3 1 -1 2ρ sinφ Tilt in y-direction.
4 2 0

√
3(2ρ2 − 1) Defocus (longitudinal position)

5 2 -2
√

6ρ2 sin 2φ Astigmatism
6 2 2

√
6ρ2 cos 2φ Astigmatism

7 3 -1
√

8(3ρ3 − 2ρ) sinφ Coma
8 3 1

√
8(3ρ3 − 2ρ) cosφ Coma

9 3 -3
√

8ρ3 sin 3φ -
10 3 3

√
8ρ3 cos 3φ -

11 4 0
√

5(6ρ4 − 6ρ2 + 1) Spherical aberration
12 4 2

√
10(4ρ4 − 3ρ2) cos 2φ Astigmatism 2nd order

13 4 -2
√

10(4ρ4 − 3ρ2) sin 2φ Astigmatism 2nd order
14 4 4

√
10ρ4 cos 4φ -

15 4 -4
√

10ρ4 sin 4φ -

Table C.1: Zernike polynomials expansion.

circle of unit radius and are convenient for serving as a set of basis functions. This makes
them suitable for accurately describing wave aberrations as well as for data fitting. They
are in general a complex valued function; however, for this study only the real parts are
considered. They can be written as:

Zmn (ρ, φ) = Rmn (ρ) cos(mφ) (C.1)

where m and n are positive integers with n ≥ m, φ is the azimuthal angle and ρ is the
radial distance 0 ≤ ρ ≤ 1. Note that |Zmn (ρ, φ)| ≤ 1. And the radial polynomial Rmn (ρ) is
defined as:

Rmn (ρ) =
(n−m)/2∑
k=0

(−1)k(n− k)!
k!((n+m)/2− k)!((n−m)/2− k)!ρ

n−2k (C.2)

The first few Zernike modes, ordered by Noll index j are described in table C.1. 3-D
plots of some of the Zernike polynomials are shown in Figure C.1.

The Zernike polynomial expansion of a surface is an efficient technique to describe its
distortion. The aberration function Φ can be expressed in terms of the Zernike polyno-
mials as:

Φ(ρ, φ) =
∑
n,m

αmn R
m
n (ρ) cos(mφ) (C.3)

for 0 ≤ ρ ≤ 1 and 0 ≤ φ ≤ 2π and being αmn the Zernike coefficient of the polynomial
(n,m). In the case of the surface evaluated from the fabricated lens, 190 Zernike poly-
nomials have been used to expand the surface. The Zernike coefficients were calculated
using least squares estimation. The decomposition of the Zernike polynomials is shown
in Table C.2. Note that the polynomials are sorted by the coefficient αmn which will be
equivalent to the percentage of contribution of each polynomial.
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Figure C.1: 3-D surface representation of the Zernike polynomials.

This aberration function indicates the displacement of the surface in the z-axis in the
aperture plane of the lens. The aperture plane of the lens is defined as the plane in the
xy-axis and z = 0 as shown in Figure C.2a. Thus, this displacement is translated into
a phase variation (using ejkz being z the former displacement) which is multiplied to
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Appendix C. Effect of Lens Surface Distortions on the Radiated Field of a
Micro-lens Antenna

Figure C.2: (a) Scheme of the micro-lens illumination in the aperture plane. (c) Coma aber-
ration translated to a phase variation. (d) 2-D radiation pattern of the micro-lens antenna
considering the coma aberration.

the field distribution at the aperture plane (g(ρ, φ)). Then, the radiation pattern can be
obtained by calculating the FFT of this resulting field distribution:

f(θ, φ) = F{g(ρ, φ)ejkΦ(ρ,φ)} (C.4)

An example is presented in Figure C.2b,c,d, where a Gaussian field distribution of
taper -14 dB is used as an illumination of a lens suffering from a coma aberration (see
Figure C.1c). This coma aberration displacement is converted to a phase variation plane
which is shown in Figure C.2c. The radiation pattern of the micro-lens antenna is shown
in Figure C.2d using the FFT of the combination of the gaussian field distribution plane
(Figure C.2b) and the phase variation plane (Figure C.2c).
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Zernike Polynomial Expansion
# n m αmn # n m αmn # n m αmn # n m αmn
1 4 0 6.5279 49 18 -4 0.5359 97 17 -13 0.2159 145 16 14 0.0913
2 8 0 4.8599 50 13 -3 0.5345 98 20 -6 0.2130 146 15 -13 0.0896
3 3 1 4.7747 51 7 -5 0.5295 99 15 9 0.2083 147 18 12 0.0879
4 10 0 4.2581 52 17 5 0.5199 100 20 -10 0.2071 148 12 -2 0.0860
5 6 0 3.4142 53 16 4 0.4903 101 17 3 0.2061 149 20 -16 0.0848
6 7 1 3.0651 54 13 9 0.4864 102 10 8 0.2039 150 16 8 0.0838
7 9 1 2.5627 55 12 6 0.4767 103 11 9 0.2032 151 13 -5 0.0821
8 12 0 2.1790 56 13 -11 0.4646 104 17 -11 0.2025 152 16 12 0.0817
9 2 0 2.1738 57 15 -1 0.4616 105 20 18 0.2008 153 17 9 0.0794
10 7 -3 1.7225 58 12 4 0.4424 106 16 2 0.2007 154 18 4 0.0754
11 15 1 1.6701 59 11 7 0.4226 107 18 8 0.1969 155 15 7 0.0749
12 8 2 1.6523 60 16 -6 0.4212 108 15 -7 0.1957 156 20 -2 0.0736
13 17 1 1.6439 61 12 -10 0.4183 109 16 6 0.1939 157 16 -10 0.0731
14 18 0 1.5865 62 19 17 0.4095 110 14 -8 0.1932 158 14 8 0.0724
15 7 -1 1.4180 63 9 7 0.4065 111 14 6 0.1925 159 14 0 0.0723
16 5 3 1.3978 64 18 -6 0.4012 112 11 -9 0.1908 160 13 7 0.0720
17 5 1 1.3891 65 20 2 0.3908 113 20 -4 0.1862 161 19 -9 0.0718
18 8 -4 1.3738 66 18 -8 0.3863 114 18 -10 0.1841 162 12 -4 0.0698
19 20 0 1.2915 67 15 3 0.3852 115 10 -2 0.1734 163 18 -2 0.0694
20 7 5 1.2601 68 14 2 0.3616 116 17 13 0.1726 164 15 -9 0.0680
21 9 5 1.2434 69 12 8 0.3536 117 13 5 0.1705 165 4 2 0.0656
22 16 0 1.2340 70 14 -10 0.3526 118 20 -12 0.1673 166 13 -7 0.0577
23 6 -4 1.2268 71 17 -5 0.3519 119 6 -2 0.1615 167 16 -12 0.0569
24 6 2 1.2139 72 17 -15 0.3361 120 14 -12 0.1614 168 14 -2 0.0506
25 3 -1 1.1823 73 12 2 0.3326 121 8 4 0.1589 169 18 10 0.0492
26 19 1 0.9798 74 13 3 0.3306 122 11 -7 0.1548 170 19 13 0.0478
27 8 -6 0.9613 75 12 -6 0.3277 123 11 -3 0.1495 171 19 -13 0.0477
28 11 1 0.9224 76 15 -11 0.3264 124 14 12 0.1493 172 18 14 0.0449
29 10 -6 0.8234 77 16 -14 0.3109 125 16 -8 0.1446 173 19 -1 0.0434
30 10 2 0.8015 78 17 -9 0.3073 126 19 -3 0.1417 174 18 6 0.0404
31 9 -1 0.7883 79 18 2 0.3052 127 19 -11 0.1393 175 11 -5 0.0368
32 10 -4 0.7863 80 6 4 0.3042 128 15 -5 0.1390 176 16 -2 0.0367
33 9 -3 0.7711 81 9 3 0.3002 129 20 12 0.1373 177 20 14 0.0350
34 10 -8 0.7516 82 20 -8 0.2977 130 19 15 0.1361 178 10 4 0.0329
35 16 -4 0.7376 83 19 5 0.2959 131 5 -1 0.1345 179 11 3 0.0324
36 17 -3 0.7244 84 4 -2 0.2929 132 19 -5 0.1342 180 19 11 0.0303
37 14 4 0.7121 85 20 8 0.2874 133 18 -14 0.1308 181 20 10 0.0289
38 13 1 0.6882 86 20 -18 0.2854 134 17 15 0.1305 182 18 -12 0.0241
39 5 -3 0.6806 87 20 4 0.2715 135 13 11 0.1277 183 19 -17 0.0231
40 15 -3 0.6779 88 14 -6 0.2682 136 18 16 0.1160 184 19 3 0.0198
41 12 -8 0.6503 89 13 -1 0.2651 137 14 10 0.1146 185 17 -7 0.0159
42 15 5 0.6025 90 17 7 0.2509 138 20 16 0.1141 186 17 11 0.0143
43 7 3 0.5997 91 12 10 0.2477 139 8 -2 0.1127 187 15 11 0.0110
44 9 -5 0.5973 92 15 13 0.2307 140 16 10 0.1088 188 9 -7 0.0103
45 14 -4 0.5784 93 19 7 0.2297 141 19 -7 0.1022 189 20 6 0.0067
46 17 -1 0.5732 94 18 -16 0.2276 142 13 -9 0.1013 190 19 -15 0.0058
47 11 5 0.5436 95 19 9 0.2244 143 11 -1 0.1013
48 10 6 0.5401 96 8 6 0.2219 144 20 -14 0.0969

Table C.2: Zernike polynomial expansion of the error surface.
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CMOS Complementary Metal Oxide Semiconductor
CNC Computer Numerical Control
CNF Cornell Nanoscale Science and Technology Facilities
CNM National Microelectronics Centre
DRIE Deep Reactive Ion Etching
EBG Electromagnetic Band Gap
FFT Fast Fourier Transform
FPA Focal Plane Array
HEB Hot Electron Bolometer
ITMA Instituto Tecnologico de Materiales
KID Kinetic Inductance Detector
ME Modulation Efficiency
MIC Monolithic Integrated Circuits
MIC Monolithic Microwave Integrated Circuits
MST Modulated Scatterer Technique
PCB Printed Circuit Board
PEC Perfect Electric Conductor
PIC Programmable Integrated Circuit
PMMA Poly-Methyl Methacrystalate
PO Physical Optics
QCL Quantum Cascade Laser
RF-MEMS Radio-Frequency Microelectromechanical Systems
RIE Reactive Ion Etching
RMS Root Mean Square
SEM Scanning Electron Microscope
SIS Superconductor Insulator Superconductor
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SNR Signal to Noise Ratio
SOI Silicon on Insulator
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USU Utah State University
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