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ABSTRACT

The thesis is focused on the research of THz antenna arrays to be used for communications.
Attention is turned to modeling metallic surfaces at THz frequencies, a proper characterization
of gold conductivity, its relation to Drude model and corresponding measurements. Moreover,
the best methods for modeling thin metallic layers (depending on the skin depth related to the
metal thickness) are presented.

An optimized element of a THz 2x2 antenna array designed for the application of
communications is developed in a way that enables an expansion to a larger array. The
expansion ability is demonstrated on a 4x4 antenna array which is presented in the thesis too.
The designed antennas achieve parameters better than the state-of-art antennas. The
presented antennas radiate circularly polarized wave at THz frequencies, operate in a wide
bandwidth, have a high gain and are of a compact size.

In the thesis, an 8x8 antenna array with a beam steering capability is presented. The main beam
of the antenna array can be controlled in two dimensions. A high gain of the radiated circularly-
polarized wave can be achieved that way.

Different approaches to modeling antennas with thin metallic layers are compared and the best
methods are recommended from the viewpoint of different requirements. The designed 2x2 and
4x4 antenna arrays are manufactured using a microfabrication technology. Each step of the
fabrication is described in detail and discussed. The reflection coefficient at the input of antennas
is measured and compared with simulations. Discrepancies in results are associated with
surface roughness which is analyzed by a scanning probe microscope and a scanning electron
microscope.

By down-scaling the developed THz antenna, a low-profile high-gain antenna for Ka-band space
applications is designed. The presented antenna achieves better results than state-of-art
CubeSat antennas. The antenna performance is verified by a prototype to be operated at 9 GHz,
and the radiation characteristics are experimentally confirmed.

KEYWORDS

THz antenna arrays, microfabrication, micromachining, corporate-feed arrays, beam steering,
high-gain antennas, circularly polarized antennas, antennas for space applications, thin metal
modeling, THz antenna modeling, thin gold modeling.

ABSTRAKT

DisertaCni prace je zaméfena na vyzkum terahertzovych anténnich poli optimalizovanych pro
komunikaci. Pozornost je vénovana korektnimu modelovani kovovych povrchl na
terahertzovych frekvencich, spravné charakterizaci vodivosti zlata, vztahu vodivosti k Drudeovu
modelu a souvisejicim méfenim. Dale jsou v praci podrobné popsany metody vhodné pro
modelovani tenkych kovovych vrstev (v zavislosti na hloubce vniku vztaZené k tloustce vrstvy).

V praci je navrzen prvek teraherztového anténni pole. Prvek sestava ze 2x2 zaficu a je
optimalizovan pro komunikaci. Prvek byl vyvinut tak, aby umoZfoval modularni realizaci vétSich
anténnich poli. Princip rozsifeni je demonstrovan na anténnim poli sestavajicim ze 4x4 zaficq;
toto pole je v praci podrobné popsano. Anténni pole dosahuje lepSich parametri nez stavajici
anténni systémy. Popisované antény vyzafuji na terahertzovych frekvencich kruhové
polarizovanou vinu, jsou Sirokopasmové, maji vysoky zisk a kompaktni rozméry.



V praci je rovnéz popsano anténni pole sestavajici z 8x8 zaficl, které umoznuje Fizeni
vyzafovaciho diagramu. Hlavni lalok anténniho pole Ize ovladat ve dvou rozmérech. Timto
zplsobem Ize dosahnout vysokého zisku antény pfi vyzafovani kruhové polarizované viny.

V praci jsou porovnavany ruzné pristupy k modelovani antén s tenkymi kovovymi vrstvami. S
ohledem na rdzné pozadavky je diskutovan vybér nejvhodné;jsi metody.

Navrzena anténni pole sestavajici ze 2x2 a 4x4 zaficu byly vyrobeny technologii micro-
fabrication. Kazdy krok vyroby je v praci podrobné popsan a diskutovan. Na vstupu antén byl
zméfen kmitoétovy priibéh Cinitele odrazu a byl porovnan se simulacemi. Odchylky mezi
vysledky byly zplsobeny drsnosti povrchu. Drsnost byla analyzovana mikroskopem se
skenovaci sondou a skenovacim elektronovym mikroskopem.

Pfepoditanim vyvinuté terahertzové antény do pasma Ka byla navrZzena anténa s nizkym
profilem s vysokym ziskem, ktera je vhodna pro kosmické aplikace. Popsana anténa dosahuje
lepSich parametru nez stavajici CubeSat antény. Parametry antény byly ovéfeny na prototypu,
ktery byl optimalizovan pro praci na kmito¢tu 9 GHz. Experimentalné byly ovéfeny impedanéni
i vyzafovaci charakteristiky antény.

Terahertzové anténni pole, micro-fabrication, mikro-obrabéni, anténni pole s uzavienou
napajeci siti, fizeni smérovych charakteristik, anténa s vysokym ziskem, kruhové polarizovana
anténa, anténa pro kosmické aplikace, modelovani tenkych kovovych vrstev, modelovani
terahertzovych antén, modelovani vrstev tenkych zlata..
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Terahertzové anténni pole, mikrovyroba, mikroobrabéni, pole se sdruzenym napdjenim,
vychylovani paprsku, vysokoziskové antény, kruhové polarizované antény, antény pro vesmirné
aplikace, modelovani tenkych kovovych vrstev, modelovani terahertzovych antén, modelovani
tenkych zlatych vrstev
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1 INTRODUCTION

The dissertation thesis is focused on a design of circularly polarized terahertz antenna
arrays for communications applications at THz frequencies. To make the thesis
understandable, related topics are introduced in this chapter.

The first paragraph is conceived as an introduction to electromagnetic waves
propagating at terahertz frequencies. Specific properties of those waves and their
exploitation in selected applications are discussed. Attention is turned to wireless
communication at terahertz frequencies and related losses.

Since in the THz range, the losses are significantly higher compared to microwave
frequencies, antennas have to be designed to contribute to the compensation. Challenges
of THz antenna fabrication technologies are given in the second paragraph.

Circularly polarized waves are preferred for communications, and therefore, circular
polarization is discussed in the third paragraph of the Introduction.

The fourth paragraph is devoted to satellite communications technologies, the recent
advancements and challenges, and requirements on antennas for satellite
communications.

1.1 THZ AND SUB-THZ WAVES

The number of applications of terahertz (THz) and sub-THz waves has been dynamically
increasing in the last years. The research in the field has been also contributed by the
Group of Applied Electromagnetics at the Brno University of Technology (BUT).
Therefore, BUT was involved in the consortium of the international training network
Convergence of Electronics and Photonics Technologies for Enabling Terahertz
Applications (CELTA).

CELTA was aimed to educate the next generation of researchers who enable Europe to
take a leading role in the multidisciplinary area of terahertz technology. CELTA
comprised both fundamentals and applications involving components and complete
systems for sensing, instrumentation, imaging, spectroscopy, and communications. All
the researched technologies are keys to deal with challenges and create solutions in a
large number of focus areas of the Horizon 2020 program.

Terahertz (THz) radiation is an electromagnetic radiation in the spectrum of frequencies
ranging from 0.1 THz to 10 THz which correspond to wavelengths from
3 mm to 30 um. Waves within the lower range of the THz band, 100 GHz — 300 GHz,
can sometimes be referred to as sub-THz waves.

The position of the THz band in the electromagnetic spectrum is shown in Figure 1. The
THz band is still not well explored, when compared to relatively well-developed science
and technology in the microwave and optical parts of the electromagnetic spectrum. Due
to difficulties in producing THz sources and detectors, the term "terahertz gap" is used
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to describe this frequency range. However, this technological gap has been changing
now, since much more research has been done in the THz field. The recent increased
interest in THz range has been driven by the properties of THz waves and by a wide
range of potential applications [1].

electronics  THz photonics

microwaves visible  x-ray  pray

MF, HE,VHF, UHF, SHF, EHF ml
T T \y! — T T

[V [ | S [ L 1L 10' 0 o
kilo mega giga tera peta exa zZetta  yotta

Frequency (Hz)

Figure 1. Position of the THz band in the electromagnetic spectrum [1].

The THz radiation has many interesting properties which differ from other waves in the
electromagnetic spectrum, for example [1],[2]:

Penetration. Water, metal, and dielectric exhibit a different penetration of THz
waves. Water, as a strongly polar liquid, exhibits highly absorptive behavior in
the THz region. Metals, on the other hand, are highly reflective at THz
frequencies because of their high electrical conductivity. Finally, dielectrics are
usually opaque at optical frequencies but transparent at THz ones.

High-resolution images. THz wavelengths are much shorter than microwave
ones, and therefore THz waves can be used to provide images with a very high
resolution in the range of sub-millimeters.

Spectroscopy. Most solid materials exhibit characteristic spectral features in the
frequency range from 0.5 THz to 3 THz range. These spectral features allow the
detection of many different substances, even when sealed in a package or being
hidden behind clothes.

Non-ionizing radiation. THz radiation is non-ionizing and can be used with very
low power levels (WW) thanks to a very low photon energy. This characteristic
makes THz waves very suitable for medical and biological applications.

High intensity. Focusing and collimating THz waves is much easier than
microwave ones. Hence, higher intensities can be achieved.

Unlicensed band. Currently, frequency bands are licensed up to 250 GHz. Higher
bands are license-free.

1.1.1 THz Applications

The presented characteristics of THz waves differ from waves in different ranges of the

2
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electromagnetic spectrum. Thanks to the unique features, there are many applications
which exploit devices and systems operating in the THz range:

e Communications. In recent years, the demands for high data rates and wide
bandwidth of wireless communication have dramatically increased. In order to
achieve high data rates of 10 to 20 Gbit/s, the carrier frequencies in the millimeter
or sub-millimeter wavelengths range are necessary to be used. The attenuation at
THz frequencies is high, but there are several bands that could be used for high-
data-rate wireless communication.

e Medical Imaging. Water has a high absorption in the THz spectrum. Therefore,
hydrate objects exhibit a strong contrast in comparison with surrounding materials.
The THz radiation is quite gentle to the human body due to the high water
absorption, and THz waves cannot penetrate into the human body. These
characteristics offer a big opportunity for the THz technology to make an impact
on the medical applications. THz waves can be used to precisely detect the margins
of the cancer tissue. THz imaging provides a good contrast between different types
of tissue, due to the possibility of recognition of spectral fingerprints. Therefore,
the THz waves can be used to detect cancer, characterize burn injuries or tooth
decay [2],[3].

¢ Non-destructive testing. THz waves easily penetrate a paper or a plastic which
are often used as packaging materials. This allows to characterize different
packages and objects without damaging them. THz waves can also help in the art
conservation. Due to THz characteristics, we can analyze different layers of
substances the painting was covered in order to conserve it better. This is also
applicable for different kinds of old books and manuscripts, where removing the
cover could possibly damage the document.

e Security. Penetration through clothes provides many options of the detection of
weapons, explosives, chemical and biological agents. Thanks to this feature, THz
imaging systems can be used at the airports for a fast scan at the security check
to detect hidden objects carried by people, or in their luggage.

From all the applications mentioned above, many of them are being currently exploited
(for example, airport security scans, THz-imaging, and spectroscopy). The most
interesting application is the communications, as the THz band delivers an abundance
of bandwidth which would enable sending large amounts of data. Current demand on
data transfers is constantly rapidly increasing, and high-performance THz antennas are
necessary. Therefore, this work focuses on developing THz antennas for communication
systems.

1.1.2 Transmission losses at THz frequencies

Although the THz waves have a lot of interesting and useful characteristics, there are
some challenges in exploiting this part of the electromagnetic spectrum. There are three
types of losses related to an electromagnetic wave transmission [4].

First, the strong atmospheric attenuation occurs at THz frequencies. In Figure 2, the
atmospheric attenuation is presented as a function of frequency. Evidently, the
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attenuation is very high at certain frequencies within the THz range. This should be taken
into consideration if the THz system will be used on Earth or for Earth-space
communications [1].

Second, the free space path loss (FSPL) is the source of losses in the THz region. These
type of losses is strictly related to the frequency of operation. The higher the frequency,
the higher the losses [5]:

4ndf

FSPL = (1)

Here, d is the distance between the transmitter and the receiver, f denotes the operation
frequency and c is the velocity of light.

Lastly, high losses in the THz region are related to the non-line of sight propagation.
This propagation occurs when there are objects in the Fresnel zone of the communicating
antennas. The influences of the objects in the Fresnel zone can be even higher in the
THz region because the THz waves react differently with materials than microwaves.
For example, the water absorption is much higher.

Since the losses in the THz region are higher than losses at lower frequencies, THz
antenna designs need to contribute to their compensation. Hence, the antennas should
provide a high gain and very directive radiation characteristics. Moreover, the distances
on which the communication systems are operating have to be much smaller than for
low-frequency systems.
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Figure 2. Atmospheric attenuation in THz and infrared range
of the electromagnetic spectrum [1].
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1.2 CHALLENGES OF THZ ANTENNA FABRICATION

The design and manufacturing of antennas to be operated at THz frequencies brings a
lot of technological challenges. In case of the popular technology of manufacturing
metallic antennas on a dielectric substrate, the thickness of the substrate is often
comparable to the wavelength at THz frequencies. This makes the substrate very thick
and its effect has to be taken into account. With a thick substrate, rays at certain angles
become completely reflected and trapped within the substrate as a surface wave [6]. A
substrate with a small thickness and low dielectric permittivity can solve the problem in
a lower part of the THz spectrum, but such thin substrates do not exist or are very
expensive for higher frequencies. Surface wave effects can be reduced by exploiting
lenses. Thanks to lenses, rays impinge nearly from a normal direction to the surface and
do not suffer from the total internal reflection.

Very small sizes of transmission lines are another problem of the microstrip technology.
Hence, the manufacturing is highly problematic or even impossible at higher THz
frequencies. This issue can be solved by the use of feeding based on waveguides and by
the exploitation of slots for the excitation of the antenna structure. Lastly, the accuracy
of the printed circuit board (PCB) technology is a big problem and makes the fabrication
impossible for most of the cases.

The lack of a proper characterization of the substrates is another problem with the
designs at THz frequencies. Most of the popular microwave substrates are characterized
up to 10 GHz. Permittivity of materials decreases with frequency, and the exact value
has to be known for a precise design [7]. Some substrates have been characterized, but
still many substrates are not completely described in the THz range [8]. Considering all
of these disadvantages, the PCB based technologies are usually not employed at THz
frequencies. However, there are some THz antennas implemented by these technologies.

Therefore, new fabrication technologies are required. When operating at such short
wavelengths, devices become very small, and also the sensitivity is increased. High
accuracy and high precision of the fabrication process, usually at the level of
micrometers or nanometers, is therefore necessary. Silicon micro- and nano-fabrication
1s commonly used for the manufacturing of the THz antennas. The technology provides
excellent results in terms of accuracy and tolerances, but is not well-accessible (only a
limited number of cleanrooms in the world). The prices can be very high because of the
need for the state-of-art machines and highly trained staff to operate them.

The existence of the so-called “THz-Gap” is another drawback. The THz band lies
between the microwave band and the infrared band. There are sources available in those
bands but cannot be used in the THz range directly. From the microwave side,
fabricating solid-state sources at the THz frequencies is difficult because of a very small
size which is related to a small available power. From the optical side, conventional
lasers are not available in the THz range because suitable semiconductors do not exist.

1.3 CIRCULAR POLARIZATION

An antenna radiates an ideally circularly polarized wave when the horizontal component
of the radiated field is identical to the vertical one. In case of realistic antennas, the
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magnitude of the components differs, and we talk about circular polarization when the
radio of the horizontal and vertical components is between 1 and 2 (in the decibel scale,
from 0 dB to 3 dB). This ratio is referred to as the axial ratio of the circular polarization.
Circular polarization can be right-handed or left-handed depending on the direction of
the rotation of the electric field vector of the radiated wave.

One of the biggest advantages of the circularly polarized antennas is that they do not
require alignment of the transmitting and the receiving antenna. This is not the case for
linearly polarized antennas, where two linearly polarized antennas always should be
positioned parallel to each other in order to avoid polarization mismatch losses.
Moreover, circularly polarized antennas can operate well with linearly polarized ones
and only half of the power is lost, for both the vertical and the horizontal linear
polarization. Moreover, circularly polarized links benefit from resilience to multipath
reflections in different environments as well as other propagation effects dependent on
polarization such as Faraday rotation [9] and reduction of rain clutter [10].

Considering these advantages, circularly polarized antennas are preferred in
communications systems to avoid unnecessary losses added to the transmission losses
in the THz region. Circularly polarized antennas are widely employed in many different
applications such as terrestrial communication systems, satellite communication
systems, radars [11] and others.

In order to design an antenna that radiates circularly polarized waves, an adequate
structure of the radiating element has to be chosen. Different shapes, with a single point
feed were exploited, however, these types of antennas radiate circularly polarized waves
in a narrow bandwidth; the axial ratio bandwidth is narrow. The narrow axial ratio
bandwidth is a common problem for many circularly polarized antennas. This limits the
frequency bandwidth in which the antenna can operate, furthermore it is a restraining
factor for the possible applications.

For the reasons mentioned above, the axial ratio enhancement techniques have been an
interesting subject for many researchers. In [12], a much wider axial ratio bandwidth of
the antenna was obtained when a double feed was chosen. For a circularly polarized
microstrip antenna, the axial ratio bandwidth can be further enlarged by choosing
multiple feeds. By combining multiple antenna elements, each fed separately, with a
phase shift on each of the feeds, a sequential rotation technique can be obtained [13].
Thanks to this technique, wide axial ratios are attainable [14]. However, a complicated
design of the feeding network the disadvantage [15].

1.4 BEAM STEERING

As it was already stated, at THz frequencies the channel losses are considerably higher
than at the microwave range. One of the solutions to those loses is beam forming which is
related to employment of antennas with highly directive and narrow beams.

Moreover, in order to localize and communicate with the mobile terminals, beam steering
is necessary. By choosing the proper direction of radiation, the unwanted signals can be
avoided for the receiving antenna and in case of transmitting antenna the beam can be
steered in the direction of the receiving terminal. Currently, the most popular solution to
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achieve beam steering is implementing active phase shifters in the antenna feeding. This
type of phase shifters supplies wide range of the available phase shift and fast switching
times. However, the complexity is high which is related to high digital demand, large size
as well as increased temperature of the devices [4].

Passive phase shifters offer interesting characteristics [ 16]—[ 18] without the disadvantages
that the active ones hold [4]. In [19] authors present a phase shifter, operating at
75 — 500 GHz, based on carbon nanotubes placed on a dielectric rod waveguide (DRW),
that can be incorporated into a metallic waveguide. By changing the intensity of light
applied to the carbon nanotubes the dielectric constant of the DRW changes, which affects
the phase of the signal that is transmitted in the waveguide.

In [20] a phase shifter based on liquid crystal placed inside a DRW is presented, the bias
voltage around the DRW changes the dielectric constant of the carbon nanotubes which
influence the phase of the transmitted signal in the range of 0° - 900°.

1.5 SATELLITE COMMUNICATIONS

Satellite Communications (SatComs) are going through a large transformation
nowadays intending to refocus on broadband data services. The transformation is aimed
to increase [21]:

e The volume of the media streaming so that big amounts of data can be transmitted.

e To increase the broadband coverage to underserved areas such as developing
countries or remote, rural areas.

Before, only a limited number of organizations were involved in the SatComs industry.
Recently, many private ventures have been included [21]. In January 2020, SpaceX has
deployed 242 satellites to construct its Starlink constellation, intending to reach nearly
12 000 satellites by mid-2020 [22]. With new investments, the SatComs technologies
are developing rapidly and the industry is rapidly growing.

Currently, SatComs operate mainly in L, S and C bands. Applications such as GPS,
Galileo, weather and ship radars, SatComs, space research, space operation, EO satellite
services, TV broadcasting are all using the spectrum within the L, S and C bands [21].
Those bands spread across 1 to 8 GHz, and altogether provide only 7 GHz bandwidth.
Therefore, the existing frequency bands become congested. Bandwidth is abundant in
the higher frequencies ranges and the transition of the satellite technologies to those
bands is unenviable. Hence, new communication systems, including antennas, with
excellent parameters, operating at the K and Ka bands are necessary. The satellite
spectrum with the most exploited bands L, S, and C and future bands K, Ka, and Q/V is
presented in Figure 3 [21].
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1.5.1 Requirements on antennas for satellite communications systems

Systems operating in space have high requirements on the design, because they need to
survive in a very harsh environment. The temperature in space can be even -150°C,
however during the launch the elements need to withstand the temperature of even
150°C and the shock of being accelerated to 28,100 km/h. The elements of the satellite
are also subject to radiation and need to survive in space for at least 20 years without
any need for repairs. Moreover, the size of the communication systems should be small
and the weight should light because the costs of launching every gram to space is high.
Considering an antenna design for space, antenna systems should have high gain,
directive radiation characteristics with a narrow main lobe, and low side lobe levels.

Currently, the most popular antenna architectures are reflector antennas fed by horns.
The large size of the reflector enables to increase the gain significantly and allows the
beams to be more focused, however it also introduces issues [21]. Such a large reflector
is bulky and cannot be mounted on a satellite, therefore deployable reflectors were
introduced. Such an antenna has the large reflector confined, so it takes very little space,
and when the satellite is already on the orbit, the reflector opens. This technology
eliminates some issues, however, the deployment can be problematic as some
mechanical issues can occur.

Antennas are requested to transmit and receive circularly polarized waves, since the
mutual orientation of the transmit antenna and the receive one varies. Moreover, the
wave polarization can be rotated by the atmosphere.



2 STATE-OF-THE-ART

The content of this chapter is a brief introduction to THz antennas and THz antennas
designed for communications. Next, designs of antennas for satellite communications
are presented. The following paragraph is devoted to the modeling of thin metallic
structures at THz frequencies. In the last paragraph, the advances in microfabrication
technologies are given.

2.1 THZ ANTENNAS

For the operation at THz frequencies, three types of antenna geometries are dominantly
used — log-spiral and log-periodic antennas, bow-tie dipoles, and horn antennas.

Log-spiral antennas (Figure 4a) are circularly polarized and provide a relatively
constant input impedance. These antennas have almost constant radiation pattern and
operate in very wide bandwidths. Unfortunately, these antennas are not able to obtain
very high gains. An example of such an antenna can be found in [23]. The antenna has
a bandwidth from 30 GHz to 5.2 THz, and the gain is 1 dB, approximately.

Log-periodic antennas (Figure 4b) do not hold a constant impedance and polarization
when the frequency changes. Also, their radiation efficiency decreases for higher
frequencies of operation and the achieved gain is low. However, log-periodic antennas
have a convenient radiation pattern and can obtain high directivity over a wide
bandwidth. This antenna topology is very popular in the THz region [24]-[26].

The shape of the bow-tie antenna (Figure 4c) is similar to a dipole with the arms
widening from the middle to the end. The bow tie is also of a self-complementary
topology and provides the most constant impedance at the input compared to the log-
spiral and log-periodic antennas. However, its radiation pattern gets worse with
increasing frequency. An example of a bow-tie antenna was presented in [27].

None of the log-spiral, log-periodic, and bow-tie antennas can achieve directional
radiation patterns. For this reason, those antennas are usually completed by a lens to
focus the beam into a desired direction. That way, the radiation becomes more directive.
Unfortunately, lenses have a very large size and their behavior is hard to model.
Moreover, the design of lenses is complex and time-consuming and the manufacturing
can be very expensive [28].
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Figure 4. Typical geometries of THz antenna elements:
a) log-spiral antenna, b) log-periodic antenna, c) bow-tie antenna.

Horn antennas are very popular in the THz region due to very high gains and
directive radiation patterns [28], [29]. Horns are usually made of metal and their
manufacturing can be very expensive, even at low frequencies, because of the shape.
The size and the height of horn antennas are comparable to the wavelength of operation,
and their integration into modern systems might be problematic. The relation between
the size, the height and the directivity of the horn antenna is shown in Figure 5 [30], in
the lower part of the figure the geometry of the antenna is presented.

In [29] authors, present a horn antenna that achieves a gain of 23 dBi, operating at
495 GHz with a large height of 30 A¢. Moreover, it is difficult to implement an antenna
array made out of horns. Because of their large size, the distance between the radiating
elements is large, and this negatively influences the array radiation characteristics.
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Figure 5. Directivity of horn antenna with different aperture diameter and antenna
height [30].
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2.1.1 THz antennas for communications

To establish communication links at THz frequencies, antennas with directive radiation
characteristics, high-gain, circular polarization, and wide bandwidths are necessary.
Aspects as low-profile, easy integration into modern systems, low-cost manufacturing,
and the possibility to group elements into an antenna array are also important factors.

There are many designs of high-gain, circularly polarized antennas to be operated in the
mm-wave bands. Upscaling mm-wave designs to THz frequencies is one of the design
strategies.

Fabry-Perot antennas [31]-[33] antennas can radiate circularly polarized signals, have
a low profile, and, thanks to a large number of radiating elements, can achieve high
gains. However, their bandwidths are very limited (1-3%) and the design proves to be
very problematic to be scaled to THz frequencies, mostly due to fabrication limitations.

In case of spiral antennas, radiation characteristics have to be converted to
unidirectional ones which can be performed by techniques using:

e (avities/absorbers. However, the losses are significantly increased [34].

e Conical shapes. However, the fabrication processes can prove to be very tricky
and expensive at such high frequencies. To the best of the author’s knowledge, the
highest obtained frequency by an actual manufactured porotype is 14 GHz [35].

Lens antennas can overcome all the previous challenges by placing spiral (or other
planar antennas) on a dielectric lens. However, these lenses should be electrically large
in order of 100 [36].

Dielectric rod waveguide antennas achieve excellent gains and bandwidths. However,
they have an electrically large height [37]-[40]. A similar issue occurs for the horn
antennas that were discussed before.

The large size of the lens, horn, and dielectric rod antennas can make it problematic to
integrate them into modern communication systems. Therefore, a compact high gain and
circularly polarized solution with a straight-forward manufacturing process is necessary.

On the other hand, corporate feed antennas can be integrated into the system easily.
These types of antennas usually include multiple layers comprising radiating elements
(slots or patches) and feeding networks which excite radiating elements. Even though
these antenna structures consist of many layers, the profile of corporate feed arrays is
very low, as all the layers have a small height. By increasing the number of radiating
elements in the array, the gain is increased, the radiation pattern becomes more directive,
and the bandwidth is enhanced [41]. Therefore, corporate feed arrays are a promising
solution for creating a high gain, wide bandwidth THz antennas.

In [42], the authors presented multilayered 2x2 and 4x4 arrays. The antennas were
designed and manufactured to operate at 1 THz. One of the manufacturing steps included
a spin coating by a photoresist of the thickness of A/4, which is very thick at lower THz
frequencies, and therefore problematic to manufacture. The presented design was
compact and wideband, however, the gain was limited to 10 dBi (the 2x2 array) and
14 dBi (the 4x4 array). Moreover, the antennas did not provide circular polarization.

11
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In [43], the authors presented a larger array with a similar design to be operated at
350 GHz. Also, a silicon-based manufacturing process was included, and the antenna
achieved a higher gain. However, the antenna [43] was again designed for linear
polarization and had an electrically large height.

Another antenna with slot radiators and the corporate feed was presented in [44]. The
antenna operated at 60 GHz, showed high-gain and radiated circularly polarized waves.
Nevertheless, the bandwidth was only 4% and the design with multiple thin layers is not
feasible to be implemented at THz frequencies.

2.1.2 Antennas with beam steering capabilities

One of the conventional ways in order to achieve beam steering in the required direction
is the mechanically move the antenna. This solution is employed in radar systems,
however it is not suitable for modern communications applications, because of high time
consumption, latency requirements and large sizes.

Frequency scanning antennas, do not require the use of phase shifters or mechanical
steering and can achieve high range of steering angles. Many implementations of
frequency scanning antennas at THz frequencies have been presented [45]-[47]. However
in such solutions the beam steering is never obtained at single frequency, the beam
direction changes with the varying frequency. In the modern communication system this
would occupy too wide bandwidths for one system and is not acceptable. A solution more
compact and faster than mechanical steering and one that can steer the beam without
changing frequency is to include phase shifters in the feeding system.

Currently, antennas with active phase shifters are widely used because of their impressive
parameters. THz antennas with beam steering implemented by active phase shifters were
presented in [48], [49]. However these phase shifters have high digital demands and
complexity which has a direct influence on their cost and size [21].

In [20] authors present a dielectric rod antenna array with liquid crystal phase shifters that
allow beam reconfigurability. However, the antenna operates only at 100 GHz and can
steer the beam into three different directions. Another antenna employing liquid crystal
phase shifters in a Fabry-Perot cavity was described in [50]. The antenna operates at 1
THz, however the beam cannot be continuously steered. Presented THz beam steering
antennas offer interesting characteristics, however none of them has the ability to
continuously steer the beam, has high gain and operates with circular polarization.

2.2 ANTENNAS FOR SATELLITE COMMUNICATIONS

Currently, the SatComs research is focused on improving the capabilities of the
communication links to increase the data rates and deliver coverage to underserved
areas [21]. To achieve that, an antenna design with high gain and wide bandwidth is
necessary. The main challenges for the antenna designers are to improve the gain and
bandwidth while fitting within the size, power, and weight limits for Satellite
Communications.

One of the most common solutions for high-gain space missions antennas are deployable
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reflector antennas [51]. Although they enable the multiple-frequency operation with
high efficiency and high gain, they still require high mechanical complexity due to their
deployment. In [52], an inflatable antenna was presented, which also provides high gain,
but the bandwidth is achieved in Ka-band is only 0.5%. Additionally, it has a complex
structure as it needs to be filled with gas.

As another solution, the authors presented in [53] is a Ka-band helical antenna. However,
it has a gain of only 21 dBi and of 25 Ao.

A metallic antenna with a high-gain and wide bandwidth was presented in [54], it
achieves pick gain of 26 dBi with the size of 7x7 Ao. An advantage of such antenna is a
lack of an unreliable deployment or inflation mechanism.

2.3 MODELING THIN METALLIC STRUCTURES AT THZ
FREQUENCIES

Upscaling millimeter-wave systems to terahertz frequencies requires a proper
characterization of used materials (metal conductors and dielectric layers in case of
passive components). In the terahertz region, dielectric permittivity and electric
conductivity of metallic materials varies with frequency [55], [56]. Those frequency
variations have to be carefully incorporated into precise numerical models of passive
terahertz structures. A proper way of modeling has to be selected to achieve appropriate
results.

There are many commercial solvers available and each of them has several different
methods that can be used to model a thin metallic layer. In this thesis, a suitable method
based on the relation of the skin depth to the layer thickness is presented.

24 MICROFABRICATION TECHNOLOGIES

In recent years micromachining technologies are becoming more popular for high-
frequency antenna manufacture. These technologies can provide very high accuracy and
high precision even when the manufacturing structures are the size of single
micrometers. Micromachining is a technology that has been widely used for fabrications
of MEMS components [57]. One of the most mature micromachining technologies is
silicon micromachining [58]. In this technology, structures are etched in silicon, for such
etching metallic masks are often necessary, therefore photolithography and wet metal
etching are used. Etched silicon structures can be metalized when necessary by
evaporation or metal sputtering. Micromachining allows to create multilayer structures
simply by fabrication of many layers and bonding them together in the final step. Silicon
one of the most popular material to build such structures [43], [46], [59] however
Gallium Arsenide is also employed [60], even devices where the structure is entirely
built by photoresist were presented [42].

Silicon technologies provide high precision and accuracy. Thanks to the technology
being very advanced, it is possible to manufacture very small structures with the
precision of micrometers or even nanometers. The drawback of silicon technologies is
the costs of different processes and materials which can be high. Moreover, a well-
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equipped cleanroom and well-trained staff have to be available, which can make the
manufacture to be quite pricey. There are still not many cleanrooms in Europe than can
provide micromachining possibilities.

There is a number of design constraints that occur during manufacture, which is related
to the fact that every process has its constraints. The choice of the material defines the
available technologies and puts constraints. Silicon is a popular choice because of a
number of advantages such as well-developed technologies, a wide choice of sizes,
thicknesses and other parameters of the wafers and low price.

Two manufacturing technologies enable micromachining, and thanks to them innovative
antennas, detectors, sensors and other devices can be manufactured, these technologies
are dry etching and bonding.

2.4.1 Dry Etching

Etching allows controlled removal of desired material from a substrate. Etching methods
can be primarily divided into two categories: wet etching and dry etching. Wet etching
is referred to as etching the substrate by a liquid chemical. Dry etching is etching the
material by gases or plasmas, where the main etching mechanism can be fully chemical,
fully mechanical or mix of the two [61].

Wet and dry etching methods provide quite different results, however, both of them
require the use of a mask to protect the areas that are not meant to be etched and expose
the areas that are to be removed. The material chosen for the mask should adhere easily
to the substrate, not be affected by the etching solution, enable easy removal after the
etching process is finished. Popular choices of mask materials for silicon wafers are
silicon dioxide, photoresist and different metals.

Several parameters characterize the etching quality [61]:

e Etch rate — the rate at which the material is removed, it defines how fast the
process works. It is important to have good control over the etching.

e Anisotropy and aspect ratio- Anisotropy defines in which direction does the
etching occur. If the etching is equal in all the directions, then it is anisotropic, if
the etch happens only in one direction (usually down the substrate) then it is
isotropic etch. Mostly isotropic etches are desired because straight walls can be
achieved. Aspect ratio defines the straightness of the walls achieved during the
etching.

e Selectivity — is the ratio defining how much the mask is etched in comparison to
how much the material is etched. If the selectivity is low the mask could be
etched before the etching is finished which can result in etching the parts of the
material that should not be etched.

e Etch rate uniformity — how uniform is the etch rate all over the wafer. With low
uniformity the areas in the middle of the wafer could be etched much faster than
the material on the outer areas of the wafer.

e Surface roughness — defines how smooth the inside walls of the etched surface
are.
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In general wet etching gives high etching rates. However, for this reason, the accuracy
of wet etching is usually lower, and etching is anisotropic. With dry etching it is possible
to achieve isotropic etching with very low surface roughness and high selectivity,
however, the etch rates are much lower so etching a thick material could take a lot of
time.

One of the dry etching procedures is Reactive lon Etching (RIE) where the surface of
the material is bombarded by ions of different gases. Deep Reactive lon Etching (DRIE)
is especially useful for antenna manufacture, because almost straight vertical walls can
be obtained. DRIE has the advantage of anisotropic etching thanks to passivation of the
vertical walls, which protects them from etching gases. This type of etching is usually a
mixed etching of chemical and mechanical etching, in chemical etching the ions bond
with the material chemically and in such way parts of the material are removed, in
mechanical etching the ions physically push out the parts of the unwanted material in
the milling process. The results of two types of DIRE: Bosch and cryogenic processes
are presented in Figure 6.

Figure 6. Comparison of results of deep reactive ion etching in mixed mode
(cryogenic process) and pulsed mode (Bosch process) [62].

Cryogenic etch is one of the DRIE methods. This process is a mixed-mode etch when
etching gasses and passivation gasses are released simultaneously. The etching includes
the use of SFe and Oy, the gases mix and SiOxFy grows on the walls providing passivation
for them and Fx etches the silicon. This type of etching is predominantly chemical
etching. The advantage of this method is that the gases used are clearer than in the Bosch
method and the vertical walls are much smoother. However, in order for the passivation
layer not to evaporate the process has to take place in temperature from -140°C
and -85°C. Moreover, because the same gas is responsible for etching as well as
passivation, the process outcomes are harder to control [63], [64].
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Bosch etch is another method of DRIE. This process is a pulsed mode etch where for a
short period an etching gas is released then stopped, after that a passivation gas is
released for walls passivation and stopped, in such a way the process is continued until
the required number of iterations is reached. SFs is used as an etching gas here and C4Fg
as a passivation gas. In case of Bosch process, the etching is predominantly mechanical,
based on milling. The presence of two gases where each of them is responsible for
etching or passivation allows better control of the process in comparison to the cryogenic
etch. Moreover, the fact that the process can be done in temperature around 15° C and
does not need intensive cooling down is another advantage of this process [62].

2.4.2 Bonding

Bonding is a process of fixing two wafers together with high alignment and is usually
used in the packaging of electronics. Wafer bonding can be divided into bonding with
intermediate layer and direct bonding.

The mechanism of direct bonding (fusion bonding) is based on bringing two wafers
together under specific pressure and temperature. This type of bonding quality is strictly
related to parameters such as surface energy, surface roughness and surface morphology
[61]. Direct bonding can occur thanks to the short-range forces, the dominant ones here
being van der Waals forces and hydrogen bonds [65].

In case of intermediate bonding, two wafers are brought together with an intermediate
layer between them, this layer can be adhesive, polymer, solder, glass frit or metal. For
bonding with intermediate layer surface roughness and surface topology are not as
critical [61].

Bonding is an enabling technology for micromachining. During antenna manufacture
bonding tends to be used to fix together layers of a multilayer structure with good
accuracy. Usually, bonding is the last step of the antenna manufacture, therefore the
surface is not extremely smooth anymore, for this reason, bonding with intermediate
layer is preferred.

For bonding with intermediate layer, gold is mostly employed, because it is oxidation
and corrosion resistant, has low yield point and high electrical conductivity. Typically,
the bonding temperature is 300°C, which is much lower than fusion bonding temperature
800°C. The typical applied pressure between two wafers is 7 MPa [61]. In [66], it was
shown that by increasing the pressure, the temperature can be decreased and while
decreasing the pressure, the temperature should be increased for the bonding to occur.
In [67] authors presented eutectic bonding of silicon wafers with gold as an intermediate
layer at the pressure of 0.8MPa, for 30 min at 400°C.
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OBJECTIVES

The dissertation thesis is focused on a design of a circularly polarized terahertz
antenna array. To make the design comprehensive:

17

The physical behavior of metallic surfaces at THz frequencies has to be
properly modeled. Hence, comparison of modeling approaches to be used
for metallic surfaces of THz antenna arrays is the first objective.

An antenna suitable for communications in the THz range should be
designed. To be suitable for THz communications applications, the antenna
should be circularly polarized, have high gain, wide axial ratio bandwidth and
directive radiation. Developing the design methodology is the second objective.

The design methodology should comprise the possibility to extend the antenna
to a bigger array. When completed by phase shifters, the array should be capable
to steer the main beam. Moreover, the design technology should allow the array
to be manufactured by a microfabrication technology.

Properties of fabrication technologies have to be considered when modeling the
array. Hence, technologies for manufacturing THz arrays have to be compared
and the designed antenna at THz frequencies should be manufactured by
microfabrication technologies, which is the third objective.

The best available technology is chosen, and different THz constraints and
phenomena are taken into consideration. Technological aspects are considered
when modeling.

The design procedure should be as general as possible, which is the fourth
objective. The generality of the procedure is verified by replicating the design
at microwave frequencies.

The replication resulted in a circularly polarized antenna array suitable for space
applications. Attention is turned to high gain, wide axial ratio bandwidth, low-
profile and performance better than state-of-art antenna designs provide.



4 MODELING METAL AT THZ FREQUENCIES

Gold is frequently used for manufacturing high-frequency devices. As it was mentioned
before, the benefits include high electrical conductivity, resistance to oxidation, and
resistance to corrosion. Gold is often chosen for the metallization of THz antennas due
to the mentioned advantages.

It is well known that metals change their dielectric permittivity and conductivity with
the increase of frequency. In the optical regions, those changes are very significant. In
the microwave region, variations are usually small enough to be ignored. THz waves
being between those two regions are not so well described in terms of gold conductivity
and permittivity changes. Gold conductivity varies not only with frequency but also with
the thickness of the layer and type of the deposition process [68], [69].

When designing THz antennas, described phenomena have to be properly described and
included in numerical models. Modeling issues are deeply discussed in the following
paragraphs.

4.1 PERMITIVITY AND CONDUCTIVITY RELATION

Dielectric permittivity can be described by the equation [70]:
gr(a)) = &1(w) +i 62(0)) (41)

Here, €, represents the real part and &, represents the imaginary part of permittivity [71].

The conductivity can be described by the equation [71]:
0 =0, — 10y, (4.2)

where o, represents the real part and o, represents the imaginary part of the
conductivity. The conductivity is related to the dielectric permittivity by the equation
[71]:

0= weyey — I (wey(1 — &) (4.3).

4.1.1 Drude model

In order to calculate the conductivity of a material, the dielectric permittivity is needed.

It is possible to calculate the dielectric permittivity of a material using the Drude model

if plasma frequency and damping frequency of the material are known [71]:
2

b (4.4)

gr(‘*’) =1- w(w+ing)

Here, wp is plasma frequency. At this frequency, ¢, of the material is equal to zero, and
wa = 1/75, where 7z represents electron relaxation time. The relaxation time 7y
parametrizes the cumulative effects of various electron scattering processes.
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Modeling metal at THz frequencies

The Drude model depends on the plasma frequency and the damping frequency. In past
times, many experiments aimed to measure the plasma and damping frequencies of gold
were made [71]-[76]. The values are presented in Table 1. Due to the exploitation of
different measurement methods, varying environment of measurements, and different
measured gold samples (various thicknesses and deposition methods), the published
conductivities differ significantly. Moreover, the used methods were not well described,
hence hard to replicate.

Table 1. Values of measured plasma frequency f,
and damping frequency fz for gold.

Ref. Author fp [PHz] fa [THz]
[71] Olmon 2.0382 11.37
[72] Ordal 2.183 6.46
[73] Blaber 2.068 4.449
[74] Zeman 2.15 17.14
[75] Grady 2.165 17.94
[76] Berciaud 2.176 17.71

As mentioned before, the conductivity of gold can be calculated by the Drude model.
Another way to obtain gold conductivity is a direct measurement of the dielectric
permittivity and recalculating the result to conductivity with equation &,y = &1(w) +

i €2() (4.1). This was done by many researchers, but mostly in

the optical region. Only two works present the dielectric in the part of the THz region,
in one down to 10 THz [71] and in another down to 1 THz [72].

4.1.2 Gold conductivity at THz frequencies

The real and imaginary parts of the conductivity values calculated by the Drude model
with the use of the values from the literature (see Table 1) and the values obtained
through measurement of dielectric permittivity [71], [72] are presented in Figure 7 and
Figure 8. The results of the analysis with parameters from [74], [75], [76] were almost
identical so they were presented as one curve marked as Grady.

At frequencies below 1 THz, the real part of the conductivity is constant and the
imaginary part rises linearly for all the models and measurements. At frequencies above
10 THz, both the real part and the imaginary one decrease linearly. Hence, trends are
identical and absolute values have to be calibrated. The discrepancies in values of the
conductivity at the lower frequencies can be observed, which are associated with
different measurement methods employed and varying gold sample thicknesses.
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Figure 7. Frequency response of the real part of the conductivity obtained
analytically and through measurement of dielectric permittivity.
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Figure 8. Frequency response of the imaginary part of the conductivity obtained
analytically and through measurement of dielectric permittivity.

In order to observe the importance of using precise values of plasma frequency and
damping frequency on the value of conductivity calculated by the Drude model, two
tests were carried out.

In the first test, the plasma frequency was changed from 2.0382 PHz to 2.183 PHz
(which correspond to the maximum and minimum measured values of plasma frequency
for gold available in literature) while the damping frequency was constant f;= 12.5 THz.
The outcome of this test was that the real and imaginary parts of conductivity varied
only by 0.01x10” S/m which could be considered insignificant.
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In the second test, the damping frequency was varied between the values 4.449 THz to
17.94 THz (the maximum and minimum measured values of damping frequency for gold
available in literature) while the plasma frequency was constant f, = 2.13 PHz. The
conductivity changed by even 4:10” S/m for some frequencies. The results of this
analyses are presented in Figure 9 and Figure 10.
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Figure 9. Frequency response of the real part of the conductivity calculated by
the Drude model, £,=2.13 PHz, f; varied according to minimum and maximum
values available in the literature.
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Figure 10. Frequency response of the imaginary part of the conductivity calculated
by the Drude model, f,=2.13 THz, f varied according to minimum and maximum
values available in the literature.
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Hence, it can be concluded that in the Drude model while calculating the conductivity
choosing a proper damping frequency, from values available in literature, has a
significant impact on the result, while the selection of the value of the plasma frequency
does not impact the result significantly.

4.1.3 Very thin metallic films

Interesting findings about the influence of the thin gold film thickness on the
conductivity were shown in [68], picture from that work is presented in Figure 11. It can
be observed that the conductivity of gold, for films significantly thinner than the skin
depth thickness on a given frequency, varies significantly depending on the thickness of
the film and frequency of the measurement, from 0.8-10° S/m for 9 nm films on 1 THz
to 4.5-10° S/m.
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Figure 11. The real part of the conductivity of gold films at
(a) X band, (b) Ka band, (c) THz frequencies. The discrete dots are
experimental data; the solid lines are the fittings of the Drude model [68].

4.2 MODELING THIN METAL AT THZ FREQUENCIES

At lower frequencies, the electromagnetic field can be assumed to rapidly decay in a
metal, and the metallic surface can be approximated by a perfect electric conductor with
a relatively small deviation from reality.

At terahertz frequencies, behavior of metals significantly changes. The depth of
electromagnetic wave penetration and the thickness of used metallization layers
influences the conductivity. Such an effect has to be taken into consideration in the
numerical model.

For the proper modeling of different structures with thin gold layers at THz frequencies,
the relationship between the thickness of the gold layer and the conductivity is discussed
in detail. Test models were created in HFSS and CST Microwave Studio.
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In the case of the time-domain finite-integration technique (CST Microwave Studio):

e Default options (no additional boundary conditions were associated with a thin
gold layer).

In the case of the frequency-domain finite-element technique (HFSS), different methods
have been considered:

e Default options (no additional boundary conditions were associated with a thin
gold layer),

e Meshing inside the gold layer,

e Finite Conductivity boundary was applied,

e Layered Impedance boundary was associated.

In addition to the two main models including the default modeling in CST and HFSS
simulators, three other models were tested.

First, HFSS with solving fields inside the metal layer was used. This method is usually
used for metals with low conductivities (lower than 0.1 MS/m). Exploiting this method
forces the simulator to mesh with the utilization of tetrahedral structures and to compute
the fields, even inside the conductor, for more accurate results. However, this approach
subsequently increases the complexity of simulations due to a larger mesh.

The next method is using a finite conductivity boundary condition for the metal layer,
which is a method proposed for imperfect conductors. While simulating a perfect electric
conductor, all tangential electric field components are ignored. In the finite conductivity
method, these components are estimated using [77]

Eian = Zs(ﬁ X Htan) 4.5)

where E;,, and Hy,, are the tangential components of the electric and magnetic fields
respectively, 71 is the unit normal vector of the layer, and Z; is the surface impedance of
the boundary. Z; can be calculated as [77]:

Zs = (1+))/(80) (4.6)

where 6 is the skin depth and o is the conductivity of the conductor. It is worth to
mention here, that the finite conductivity boundary only approximates the behavior of
the field at the surfaces of the metal without the actual calculation of fields inside it as
in the previous method.

Finally, the last method — the layered impedance — consists of modeling the problem
as a set of multiple layers starting from the first vacuum-material boundary onwards.
HFSS estimates the tangential electric field components in the same way as in the
previous method E;,, = Z (8 X Hegp) (4.5)Eiqn = Zs( X
Hign) (4.5 except that it calculates the impedance of the surface,
based on the material properties and metal thickness as [77]:

. . i
Zt=7'"— tran 4.
S Ztcosh(y;T)+zit 1 sinh(y;T;) (4.7)

where y; is the transverse propagation constant of the i layer which has a thickness of
T;. y; is calculated as [77]:
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¥i = ko Hhel, (4.8)

where €, and b are the relative complex permittivity and permeability for the i, which
are calculated as follows [77]:

0.1

2T fr€o

ukr = ph — j(uktans,) (4.10)

gk, =&t —j( + eﬁtan&e) (4.9)

h

Z' and Z},,, are the intrinsic and the transfer impedances of layer i calculated

as [77]:

2= (ron)/ (eocty) @.11)

Ztran = Ztsinh(y;T;) + ZE*t cosh(y;T;) 4.12)

If this metal is an internal layer, the surface impedance in equation 4.7 will be equal to
the average impedance estimated for both sides of the metal layer which are in contact
with the computational domains.

As a proof of concept for showing the effect of different simulation models, a metallic
waveguide with an internal thin metal wall was studied. Three frequencies were tested
200 GHz, 350 GHz, and 500 GHz. For the simulations, a waveguide that provides a
single-mode TE1o performance at the frequency of interest was employed. At 350 GHz
the used waveguide was WR 2.2 with dimensions of 0.570 mm x 0.285 mm.

The waveguide was terminated by a wave port to act as a matched load. An internal thin
metallic wall, with the same cross-section as the waveguide, was placed in the center of
the waveguide. The thickness of the gold layer varied in a range from 0.01 um to 10 pm.
The model that was used is depicted in Figure 12

The skin depth of gold on tested frequencies is & = 175 nm at 200 GHz, 6 = 132 nm at
350 GHz, and 6 = 111 nm at 500 GHz. The reflection coefficient at the terminal of the
thin metallic wall was observed.

Figure 12. Model of the waveguide with a thin gold sheet inside.

For comparison purposes, the theoretical calculations of the reflection coefficient were
also performed following [78] as:

_ (zg-z&)tan(BT) —jBLy
S11 = 221 Zy+(27+22 ) tan(BT) € (4.13)

Here, P stands for the propagation constant of the gold layer and Z,, is the characteristic
impedance of the waveguide (Zf in this case) which has a length of L,,,.
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In Figure 14, Figure 15 and Figure 15 the reflection coefficient at the input port of the
waveguide is depicted as a function of the gold-layer thickness using the previously
discussed methods at testing frequencies 200 GHz, 350 GHz and 500 GHz.

It is clear here how the default HFSS and CST simulators deviate from the accurate
performance in case of the metal thickness is smaller than the skin depth. This can
provide a remarkable difference between simulations and measurements for THz arrays
if the designers did not consider this point in their calculations. Even, finite conductivity
boundary condition which is used for imperfect conductor does not provide good results
for such cases, unless the conductor starts to be thick enough (metal thickness above the
double of its skin depth). On the other hand, HFSS simulations with layered impedance
boundary conditions and with solving inside agree well with the theoretical values. For
thicknesses much higher than penetration depth, all the simulations start to convergence
with similar values close to the theoretical ones.
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Figure 13. Reflection coefficient at the input port of waveguide as a function of the
thickness of a gold wall in the cross-section at 200 GHz.

After analyzing the results at 200 GHz, 350 GHz and 500 GHz it was concluded that
acceptable outputs are obtained if the gold layer thickness is:

e Lower than 3 § (HFSS layered impedance or solve inside);
e Higher than 3 § (all expect HFSS with solving inside).

Considering these conclusions, conditions at the boundary of the gold and the air can be
efficiently modeled depending on the operation frequency and the thickness of the gold
layer.
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4.3 SUMMARY

Permittivity and conductivity relation is given in this chapter and the Drude model is
presented. Conductivity of gold is discussed in terms of the Drude model, different
measurements in THz and optical region, and layer thickness influence on conductivity.

Later, the focus was turned to the modeling of terahertz structures covered by thin
metallic layers. The methods were discussed in detail. Moreover, the methods were
compared and the optimum approaches were chosen depending on the thickness of the
metal layer and its relation to the skin depth.
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5 CORPORATE FEED THZ ANTENNA DESIGN AND
MODELING

In this chapter, a design of a THz antenna array for communications is presented. The
design methodology is given, including the design of the 2x2 array element and 4x4
antenna array. The simulation results of both the antennas are given and compared with
state-of-the-art structures.

Models of THz antennas with thin metallic walls incorporating different boundary
conditions and different material structure are analyzed and compared. The best
modeling strategies are chosen. Sensitivity analyses are performed prior to fabrication.

In the last sub-chapter a beam steering capability of the designed antenna is discussed.

5.1 Design methodlogy

In this sub-chapter, the design considerations are discussed. Then, the design of an array
element is presented. The design procedure and dimensions considerations for the 2x2
are further discussed. The array element is designed in the way that enables expansion
it into a larger array, which is represented by a 4x4 array design. The simulation results
of both of the antennas are presented and pre-manufacture analyses are performed.
Finally, the designed antennas are compared with state-of-the-art antenna designs.

5.1.1 Design considerations

The objective of the presented design is to achieve an antenna that shows a directive
radiation with a high gain, radiates circularly polarized wave, operates in wide
impedance and polarization bandwidth, and works at THz frequencies. The design
should enable antenna elements to be grouped into a multiple-element antenna array.
Moreover, current manufacturing possibilities and constraints have to be taken into
consideration.

In a simple antenna array design, a single radiating element is fed by a single feeding.
This kind of design forces the array elements to have large distances between them in
order to accommodate all the feeding branches below each point. Furthermore, that
creates unwanted radiation characteristics such as high side lobes. Moreover, the feeding
system can be very complex for large arrays of this type of design.

A solution to these problems consists of grouping multiple radiating elements and
feeding them by a single point [79]. This can be achieved by employing a cavity, which
is fed from the feeding system by a single point. The cavity delivers then the signal into
multiple radiating elements. In this case, it is necessary to precisely design the cavity to
achieve the required field distribution inside it, as well as, select the right position of the
radiating elements in relation to the cavity. This technique is used in different concepts
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of antennas like Fabry-Perot antennas [31] and SIW cavity antennas [79].

At THz frequencies, large air cavities or dielectric cavities are problematic to
manufacture. One of the emerging solutions is etching different structures such as slots
and cavities in silicon and creating multilayer structures. This type of design is feasible
at THz frequencies, provides low-profile and low size while maintaining great antenna
radiation characteristics.

5.1.2 Antenna element design

The antenna array element design consists of four radiating elements and it is fed from
a single point of the feeding system. Antenna element is designed in a way that enables
further expansion to an array consisting of multiple antenna elements. The multilayer
design is fully based on air-filled metalized waveguides, slots and cavities. The design
is prepared to operate at a central frequency of 350 GHz.

The design of the antenna elements is presented in Figure 16. All the antenna design
dimensions are given in Table 2.

Patches layer
Radiating slots layer
Cavity layer

Coupling slot layer

Waveguide layer

Feeding layer
o

Figure 16. The 2x2 antenna element.

The signal is to fed to the antenna from the bottom through a WR2.2 waveguide. For
this reason, the bottom layer — the feeding layer has a slot with the size identical to the
size of a WR2.2 waveguide. The feeding layer and the waveguide layer create an E-bend
transmission.

The waveguide layer includes a part of a waveguide, this layer is extended to a feeding
system when the array is enlarged. In the waveguide, the fundamental mode TEo is
excited by the port. EM field in the waveguide is coupled to upper layers by the coupling
slot.
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Table 2 Antenna element parameters given in millimeters.

Layer Parameter definition Value
Patches Patch length (/p) 0.24
Patch width (wp) 0.11
Thickness of the layer (#) 0.127
Element spacing 0.71
Radiating slots Slots length (/) 0.63
Slots width (w) 0.12
Slots offset in x-axis 0.075
Cavity Cavity length (Ica) 1.36
Cavity width (wca) 1.1
Iris wall length 0.25
Iris wall width 0.11
Coupling slot Slot length (Ic) 0.5
Slot width (wc) 0.08
Waveguide Waveguide width (a) 0.5
E-bend waveguide width (c) 0.57
Waveguide height (b) 0.285

The signal from the waveguide is coupled to the cavity by the coupling slot. The slot is
a shunt slot, positioned longitudinally in the end-left corner of the waveguide to couple
the maximum power to the cavity. All the five bottom layers have the same thickness of
t=0.2 mm.

The coupling slot is located centrally with respect to the cavity. In the cavity, the iris
walls ensure the required field distribution and appropriate impedance matching. The
simulated electric and magnetic field distribution in the air-filled cavity is shown in
Figure 17. The central-plane of the cavity along the y-axis is equivalent to an electric
wall. Therefore, the direction of the field in the right part of the cavity is opposite to the
field in the left part of the cavity. Thanks to this, four slots can be excited not only with
the same amplitude but also in-phase.
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Figure 17. The electric (left) and magnetic (right) field distribution
in the cavity of the antenna element.
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On top of the cavity, in the radiating slots layer, four rectangular slots are located. If the
cavity would be divided into four exact quarters and each radiating slots would be placed
exactly centrally of such piece, the radiated power would be low. Therefore, the position
of each slot is shifted outside of the center of each quarter of the cavity to ensure the
maximum power radiation.

The last layer is a dielectric layer made of Arlon CuClad 217 [80]. The dielectric layer
has a height of # = 0.127 mm. On the top of the dielectric, metallic, rectangular patches
are placed. Each patch is rotated by 45° with respect to the radiating slot below. The
power radiated by radiating slots excites metallic patches, and, because of the 45°
rotation, two orthogonal modes are excited in each patch and the circular polarization is
created. The mechanism of the circular polarization creation is presented by showing the
surface current distribution on the patches in Figure 18.

Y-cut through the antenna element is shown in Figure 19 a) to present the electric field
distribution inside the structure. The top view of the antenna with all the elements visible
is shown in Figure 19 b) for a better understanding of the position of elements.

The size of the antenna element (2x2 array) is 1.75Ao x1.75ko %X1.3A0.
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Figure 18. The surface current distribution on the patches in the top layer in phases:
0°,90°, 180°, and 270°.

b)

/S

Figure 19. Designed terahertz antenna element a) Y-axis cut, electric field
distribution inside the antenna element b) top view.

5.1.3 Design procedure and dimensions considerations

The antenna design is recommended to be started from designing the patches with the
radiating slots. By adjusting the radiating slots, required directive radiation
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characteristics can be obtained. Later, the cavity can be added and, by adjusting the
cavity size and iris walls dimensions, the right field distribution can be obtained.

As the next step, the waveguide with the coupling slots can be adjusted to achieve the
right output impedance which matches the input impedance of the cavity with radiating
elements. As the final step, the E-bend structure is added.

Waveguide

The successful design of an E-bend with very low losses requires a common stepped
geometry to be used. When employing the stepped geometry, the number of layers has
to be increased during the manufacturing. In order to simplify the design, no stepped
geometry was exploited. The designed E-bend transmission has a transmission
coefficient of -0.3 dB.

Coupling slot

The length of the coupling slot is related to the frequency of operation. The width of the
coupling slot limits the bandwidth and ensures the impedance matching. The narrower
the slot is, the narrower the operating impedance bandwidth is.

A starting point for the right coupling slot length choice is the fact that the length of the
slot should be equivalent to half of the wavelength on the central frequency. The width
of the coupling slot limits the bandwidth and ensures the impedance matching. The
narrower the slot is, the narrower the operating impedance bandwidth is.

Cavity

The mode is a hybrid of mode appearing in cavity of the half-length and the cavity with
no iris walls (cases a, d in Figure 20). Iris walls in the cavity influence the electric field
distribution, and four maxima or minima can appear. If the iris walls are too long, the
maximum of the electric field appears above the feeding slot only, and four slots cannot
be excited properly (case b in Figure 20). Therefore, the length of the iris walls has to
be optimized (case c¢ in Figure 20). The length of the iris walls was chosen to be
0.25 mm.

Radiating slots

Radiating slots need to be excited with uniform field with the field lines going in the
same direction. Otherwise the fields radiated by slots next to each other would get
suppressed. The position of each slot is shifted outside of the center of each quarter of
the cavity to ensure the maximum power radiation.

In case of a central position, the maximum or minimum of the electric field is exactly
below the slot, and no power is radiated. If slots were moved to the borders of the cavity,
the distance between radiating elements is too large and negatively influences the
sidelobe level. The optimal position satisfying those two constraints was found to be
0.71 mm distance between the slots in the x-axis and y-axis. This distance is also the
radiating element separation of the array.
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tribution in the cavity. The cavity
a) of half-length, b) of full-length and long iris walls,
c) of full-length and optimal iris walls,
d) of full-length and no iris walls

Patches

The height of the top layer of the antenna influences the circular polarization. By
changing it, the axial ratio bandwidth is moved to higher or lower frequencies. The
required low axial ratio in the operating bandwidth can be obtained by tuning the length
and the width of the patches. The ratio of the length to the width of the patches is an
important parameter here.

5.1.4 The 4 x 4 antenna array design

The 2x2 antenna element was expanded to the 4x4 array. The top layers were multiplied,
and in the waveguide layer, a feeding system was introduced. This ensures an easy array
expansion; only the feeding system needs to be designed. The design of the 4x4 antenna
array is presented in Figure 21.

The feeding system consists of three waveguide-based T power dividers, which together
make an H power divider structure. This structure is widely used and well described
[81], [82]. The sizes of waveguides and the E-bend are the same as in the antenna
element. To ensure equal power division, good isolation and reflection coefficient iris
walls were placed in the middle of the three T dividers. The central iris wall has a size
of 0.25 mm X 0.05 mm, while the left and right iris walls have a size of
0.30 mm x 0.05 mm. The feeding system structure is presented in Figure 22.
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Figure 21. 4x4 antenna array design.

Figure 22. Top view of the feeding system of the 4x4 antenna array
with three T-shaped power dividers.

The signal is fed to the antenna array through an E-bend transition located in the center
bottom part of the H shaped feeding system. The feeding system has the reflection
coefficient below -10 dB The power splits to the four coupling slots equally with values
-6.3 dB and the maximum deviation from this value is 0.04 dB. The transmission from
the feeding port to all four ports and reflection coefficient at the feeding port is presented
in Figure 23.
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Figure 23. Transmission coefficients and reflection coefficient
for the input port of the power divider.

5.1.5 Simulation results

The designed antenna element was simulated in CST Microwave Studio. Where the 2x2
array element achieves a peak of the realized gain for the left-handed circular
polarization of 13.8 dBi, the 4x4 array achieves the value of 18.4 dBi.

Frequency responses of the reflection coefficient and realized gain for the left-handed
circular polarization of the 4x4 and 2x2 antenna arrays are shown in Figure 24. The 2x2
antenna array operates in a frequency band of 25 GHz and the 4x4 antenna array in a
frequency band of 30 GHz. Frequency bands are given for both impedance and
polarization (related to axial ratio) bandwidths.
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Figure 24. Simulated reflection coefficient and the left-handed circular polarization
realized gain response vs frequency of the 2x2 and 4x4 antenna arrays.
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The radiation efficiencies for both the 2x2 and the 4x4 antenna arrays are shown in
Figure 25. In the operating band, the 2x2 antenna array has radiation efficiency above
0.90 and the 4x4 antenna array above 0.85. The presented efficiencies are given for the
precise models that take into consideration all the metal and dielectric losses of materials
(see more in the modeling chapter). However, models do not account for manufacturing
inaccuracies (including over-etching and surface roughness). The efficiencies are
expected to decrease for the fabricated antennas because of fabrication inaccuracies.
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Figure 25. Simulated radiation efficiency of the 2x2 and 4x4 antenna arrays.
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Figure 26. Simulated gain for 6 = 0° and 6 = 90° for the right-handed circular
polarization (RHCP) and the left-handed circular polarization (LHCP).

The radiation patterns of the 2x2 antenna element for 6 = 0° and for 0 = 90° for the right-
handed and left-handed circular polarization, are depicted in Figure 26. The antenna
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shows a highly directive radiation pattern, with front to back ratio of 24 dB. The isolation
between co-polar (LHCP) and cross-polar (RHCP) components at the boresight is higher
than 35 dB.

Radiation patterns for 6 = 0° and for 6 = 90°, for the 4x4 antenna array at the bandwidth
border frequencies (335 GHz and 365 GHz ) and center frequency (350 GHz) for RHCP
and LHCP are shown in Figure 27 and Figure 28.
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Figure 27. Directivity of the 4x4 antenna array for 6 = 0°.
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Figure 28. Directivity of the 4x4 antenna array for 6 = 90°

Pre-manufacture sensitivity analyses

Over- and under-etching are common fabrication problems of silicon technology. A
sensitivity analyses to over- and under-etching of 10 um on all etched elements
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parameters was performed on the 2x2 antenna array. The results are shown in Figure 29.
It can be observed, that under-etching moves the reflection coefficient minimum to
higher frequencies, and vice versa (slots become larger or smaller). In simulations, all
the parameters are under- or over-etched to get the worst case. The reflection coefficient
results differ slightly from the results shown in Figure 24 because here they were
calculated for the antenna without the E-bend.

Misalignment of layers is another common manufacturing problem. Modern
technologies reduce the misalignment to 10 pm. In the analysis, one from two
neighboring layers was moved by 10 pm in x and y directions, and another one was
moved by —10 um in x and y directions. Hence, the total relative misalignment was
20 um. The results are shown in Figure 30.
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Figure 29. Frequency response of the reflection coefficient of the 2x2 array with
under-etching (blue), normal etching (red), and over-etching (yellow).
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Figure 30. Frequency response of the reflection coefficient of the models with ideal
(red) and misaligned (blue) layers.
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Characterization of dielectric materials at THz frequencies is problematic. In datasheets,
substrate parameters are specified at 10 GHz [24] (er = 2.2 and tan & = 0.009 for Arlon
CuClad 217). In [25], dielectric parameters of dielectrics similar to Arlon CuClad (made
from similar materials) were measured. The results prove that this types of materials
hold relatively constant permittivity in the band of 0.4 THz to 1.0 THz, with changes
around 0.02. Therefore the antenna performance with the permittivity varying for £0.02
was analyzed. The reflection coefficient remained unaffected by changing permittivity.
The results of changes of dielectric permittivity influence on axial ratio and gain are
shown in Figure 31. It can be observed that the gain remains unchanged, and the
minimum of the axial ratio is slightly shifted.

14 T T T T T T T
/——'\.\x — gain Er=2.18
12k P gain Er=2.2 | |
’ gain Er=2.22
E — AR Er=2.18
S 0k AR Er=2.2 | |
> AR Er=2.22
=
a4 N \
= -
=
< ///>\
g /'/ )
= g
'S 7
) /
\v//
O 1

310 320 330 340 350 360 370 380 390
Frequency [GHz]

Figure 31. Gain and axial ratio frequency responses of 2x2 array for changing
permittivity.

5.1.6 Comparisons with state-of-art

The presented antenna design is the first design operating at 350 GHz with circular
polarization, with wide impedance and polarization bandwidth and gain above 18 dBi.
The array can be easily enlarged by a simple expansion. In Table 3, comparison to other
high-gain/circularly polarized antennas is given. The size is given as a diagonal in
relation to Ao.

The bow-tie antenna presented in [27] operates with the circular polarization and in a
wide band, however, has a gain of only 6 dBi. Horn antennas require a large height [28].

Fabry-Perot designs [31]-[33] provide circular polarization and comparable gains but
have very narrow bandwidths, larger electrical sizes and operate only at lower
frequencies. There is one design presented at THz [3], but it includes only simulations,
was never fabricated and the manufacture constraints for THz frequencies were not
considered.

Although dielectric rod array [6], lens array [4], corporate feed metallic posts array [42]

38



Corporate feed THz antenna design and modeling

and slots array [43] can achieve high gains and wide bandwidths, these antennas exhibit
significantly larger heights and do not radiate with circular polarization.

Most of the antennas present interesting results, however, none of them achieve
simultaneously high-gain, circular-polarization, wide bandwidth, low profile, and THz
operation (feasibility of fabrication the design at THz frequencies).

Table 3. Comparison of high-gain/circularly polarized/THz frequency antennas
with this work. Operation frequency f., impedance bandwidth BW, and circular
polarization CP.

Max
. fe Height  Size BW .

Ref. Design (GHz) () () (%) (g(r,ﬁ;ril) Cp
[27] Bow-tie 350 0.12 2.3 20 6 Y
[28] Horn 340 8.4 4 12 20 N
[31] Fabry-Perot 10 0.05 5.7 0.3 15 Y
[31] Fabry-Perot 1000 0.006 4.2 1.4 12 Y
[33] Fabry-Perot 15 0.85 9.9 2 19 Y
[35] Conical spiral 8 4.5 5.7 150 10 Y
[37] Dielectric Rod 61 4 4.1 2 15 Y
[36] 4 x 4 Lens 257 14 31.1 160 30 N
[39] 4 x 4 Dielectric Rod 92.5 20.6 4.3 38 23.5 N
[40] Dielectric Rod 155 11 0.76 19 17.5 N
[42] 4 x 4 Met. posts array 1000 3 2.8 26 14 N
[43] 16 x 16 Slot array 350 7 18.1 13 30 N
[44] 16 x 16 Slot array 61.5 2 21.5 4 33 Y
This 2 x 2 Slot array 350 1.3 2.5 8 13.8 Y
work

This 4 x4 Slot array 350 1.3 5 9 18.4 Y
work

5.2 MODELING OF THE THZ ANTENNA

The in-depth analysis of a terahertz antenna array with thin metallic walls is costly in
terms of computational resources needed. A simplified analysis is necessary for quick,
preliminary antenna design, and can be useful during the optimization. To demonstrate
potential simplifications, different models of the 2x2 array were created.

High surface roughness and different thickness of the metallic layers can influence the
antenna performance. Analyses of the significance of these parameters on antenna
characteristics are needed.

5.2.1 Different models and boundary conditions

Three different models of the 2x2 array were defined as:

e The PEC model. Antenna structure is fully constructed of a perfect electric
conductor with hollow waveguides.
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e A full-gold model. The PEC in the PEC model was replaced by gold. Hence, the
antenna was conceived as hollow waveguides and slots in the bulk gold.

e The precise model of the antenna. This model is accurately modeling the
structure in a way it is manufactured, serves here as a reference. Silicon structure
(,=11.64, tan § = 0.001 at 350 GHz [83]) with gold metallization of the hollow
waveguides and slots and in-between the layers. The gold metallization layer is
0.4 um thick.

In Figure 32, three models are presented. Different materials were depicted by different
colors: in beige the dielectric (Arlon CuClad 217), in orange copper, in grey PEC, in
yellow gold and in pink silicon. The gold layer thickness in the precise model is not in
scale for better visibility.

Figure 32. Three analyzed models of the antennas from the left: PEC model, full-
gold model and precise model.

The models were analyzed in CST (time-domain finite-integration technique) and HFSS
(frequency domain finite-element method).

Frequency responses of the magnitude of the reflection coefficient at the input port of
the antenna array of different models are shown in Figure 33. PEC models and bulky-
gold models result in very similar responses. The difference between CST and HFSS is
given by different meshes. Whereas CST approximated the structure by 2.500.000
elements, HFSS used about 100.000 elements to represent the structure.

Reference models developed in CST and HFSS show a reasonable agreement. Whereas
all the HFSS results are close to the reference, CST outputs for simplified (PEC and full-
gold) models slightly deviate in the resonant frequency (352 GHz versus 346 GHz). On
the other hand, the good matching (below —35 dB) and the bandwidths are almost
identical.

Frequency responses of gain and axial ratio of the antenna array in the main lobe
direction of the different models are shown in Figure 34. Since responses of the axial
ratio and gain are in a close agreement for the bulky-gold model and the PEC one, the
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only line denoted PEC is used to represent both the models. The gain response shows
the realized gain for left-handed circular polarization.
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Figure 33. Frequency response of reflection coefficient at the input port of the
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Figure 34. Frequency response of gain and axial ratio of the antenna array:

comparison of different models and solvers.

Frequency responses of reference models exhibit deteriorations compared to smooth
responses of simplified models. These deteriorations are related to the fact, that the
whole outside surface of the antenna is metalized for the fully metallic models, while
the outer surface consists mostly of silicon for the reference model (the layers on the
edges cannot be fully metalized during the manufacturing). The lack of the metallization
on the outer walls causes changes in radiation patterns, which is closely related to gain
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and axial ratio. Even though, there are minor discrepancies in the results, an agreement
between simplified and reference models is reasonable. Additionally, outputs of the
HFSS simplified model are closer to precise models than CST ones.

The numerical parameters of compared models are summarized in Table 4. The CST
reference model requires 10 times more mesh cells than simplified models; hence the
computation time is increased from 2 minutes to more than 2 hours. In the case of HFSS
models, the fastest analysis was achieved for the bulky-gold model (not the PEC one).

Table 4. Numerical parameters of models shows that the CST PEC model shows the
minimum CPU-time and memory demands. Hence, the CST-PEC model can be selected
as a proper surrogate model for optimization. Considering the accuracy of results and
the computation time, the HFSS bulky-gold model produces results agreeing well with
the reference model. Nevertheless, CPU-time results are significantly lower compared
to the reference model. For fine modeling, the HFSS bulky-gold model is recommended.

The PEC CST model is recommended to be used for fast and time-efficient calculations
(a recommended choice for optimization). The antenna modeled this way can be fully
characterized within the whole operating band in 2:41 minutes.

Table 4. Numerical parameters of models

Cells CPU time Memory
Model [x 10%] [hh:mm:ss] [GB]
CST PEC 2 500 00:02:41 1.1
CST bulky gold 2 500 00:02:53 1.2
CST reference 24 500 02:31:00 7.4
HFSS PEC 105 02:15:00 7.0
HFSS bulky gold 111 00:50:00 7.9
HEFSS reference 131 03:45:00 8.3

5.2.2 Surface roughness and layer thickness influence on the antenna
performance

Due to manufacturing inaccuracies, the surface roughness of gold can vary. Analyses of
increasing surface roughness influence on antenna parameters were performed with the
use of the precise model from 5.2.1. The model was analyzed in CST Studio. The surface
roughness influence on the reflection coefficient is shown in Figure 35. It can be seen
that the higher the surface roughness the more the reflection coefficient minima is moved
to lower frequencies. Similarly, the influence of the increasing surface roughness was
observed on the radiation efficiency, it is presented in Figure 36. In the picture it can be
seen that the antenna with a gold surface roughness of 10 nm or 100 nm has radiation
efficiency of around 0.9 in the operational frequency band, however, when the surface
roughness is increased to 500 nm the radiation efficiency is lowered to around 0.7 in the
operation band and for the roughness of 1000 nm the radiation efficiency is only around
0.6. The values of 0.5-0.7 are commonly reported as efficiencies of the antennas in the
THz region[84], [85].
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Figure 36. Radiation efficiency of the 2x2 antenna array in frequency for increasing

gold surface roughness (RMS).

Similar analyses were done for varying gold thickness, the analyzed values were
100 nm, 400 nm, 1 pum, 10 pm. Manufacturing possibilities of gold evaporation and
sputtering were taken into consideration while choosing the analyzed gold thicknesses.
The gold conductivity 45 MS/m was used. No significant influence on radiation
efficiency or reflection coefficient was observed.

Discrepancies in the radiation patterns were found for the highest analyzed gold
thickness value of 10 pm. The directivity patterns for phi = 0° and phi = 90° and gold
thicknesses 100 nm, 400 nm, 1 pm, 10 um are shown in Figure 37 and Figure 38.
Different radiation patterns for models with gold thickness of 10 um are related to the
model design, in which the outer walls of the antenna are not metalized. When the gold
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layer thickness between the layers is low, the whole outer surface of the antenna is
behaving as if it was fully made of silicon. However, when the gold thickness between
the layers increases then it influences the radiation pattern. This is can be associated with
the increased metallic surfaces that are reflective for the radiated wave.
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Figure 37. Directivity in phi = 0° of the 2x2 antenna element for different
thicknesses of the gold layer.
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5.3 ANTENNA ARRAY WITH BEAM STEERING CAPABILITY

One of the ways to overcome the high losses in the THz region is the employment of
beam steering. While the use of beamforming creates a very directive radiation pattern
and enhances the gain, beam steering allows to switch the direction of the radiation of
the antenna. By choosing the proper direction of radiation, the beam can be steered in
the direction of the receiving terminal. In order to incorporate beam steering in an
antenna array, it is necessary to include phase shifters in the feeding system.

5.3.1 Antenna design

Inspired by the impressive results mentioned before, the designed antenna array was
extended to 8x8 elements to incorporate beam steering. The antenna design is presented
in Figure 39. Liquid crystal, carbon nanotubes or MEMS phase shifters could be
implemented in the antenna feeding layer to achieve phase shifting.

Figure 39. The 8§x8 antenna with beam steering design capability.

The feeding system can be expanded in the same manner as for expansion from 2x2 to
4x4 array. The design of the feeding layer is shown in Figure 40. Phase shifters could
be placed into the feeding layer, which requires appropriate adjustments in this layer.

The feeding system has to be redesigned depending on the type of a phase shifter
employed. Since the type of the phase shifter is unknown, the phase-shifting was
introduced automatically in the signal fed through the coupling slots to simulate the
antenna performance.
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Figure 40. Design of the feeding system of the 8x8 antenna array.

5.3.2 Simulation results

The phase shift is introduced in the feeding layer in a way that every column of coupling
slots had a phase shift of +30° in relation to the previous column. In this way, each 2x2
antenna array element is fed by the signal with the same phase. By introducing such a
progressive phase shift on each column of coupling slots, the azimuthal tilt of the beam
was achieved, with the beam tilted by 2°. By increasing the progressive phase shift to
80°, the azimuthal tilt of 8° was obtained.

By changing the phase shift for every verse of coupling slots, scanning in elevation was
achieved with the same maximum tilt of 8° for 80° progressive phase shift in each verse.
The azimuthal scanning presented by radiation patterns in gain of the array with
progressive phase shifts from -80° to 80° is shown in Figure 41. Similarly, the elevation
scanning is shown in Figure 42. In such a manner, the beam can be tilted simultaneously
both in azimuth and elevation.
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Figure 41. 8x8 antenna array directivity, 6 = 0°, scanning in azimuth.
B describes the progressive phase shift.
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Figure 42. 8x8 antenna array directivity for 6 = 90° scanning in elevation.

B describes the progressive phase shift.

The antenna radiates waves with left-handed circular polarization. The axial ratio and
gain plots in frequency are presented in Figure 43 for the 8 = 0° and main beam direction
of 0°. The axial ratio bandwidth for each of the available beams between -8° to 8° in
azimuth and elevation is at least 10 GHz, from 345 GHz to 355 GHz. The impedance
bandwidth of the antenna is from 345 GHz to 355 GHz. The gain of the antenna is above
21 dBi in the whole bandwidth and for all beam directions.

These analyses prove that the antenna design is suitable for advanced beam steering
applications, with scanning in two dimensions, where a directive circularly polarized
beam is radiated with very high gain and in a wide bandwidth.
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Figure 43. Axial ratio and gain plot in frequency for the 6 = 0°, and B = 0°.
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54 SUMMARY

In this chapter, the complete design of high-gain, low profile 2x2 antenna element with
corporate feed is presented. The principle of feeding, radiation and creation of circular
polarization are presented. The instructions for designing and optimization of such
design are given. The design of the expanded 4x4 array is described.

Two designed antenna arrays are in 2x2 and 4x4 configuration. The antennas operate
with circular polarization at 350 GHz, have polarization and impedance bandwidths of
25 GHz and 30 GHz, with peak gains 13.8 dBi and 18.4 dBi, respectively. Antenna
arrays have a low profile of only 1.3 Ao.

The antennas performance is compared to other state-of-art designs. To author’s
knowledge, the presented design is the first antenna operating at THz frequency with
simultaneously achieving such high gain, circular polarization, low-profile, wide
bandwidth, and the possibility to extend to larger antenna arrays without significantly
increasing the manufacturing/assembly complexity.

Moreover, the development of different full-wave models of a terahertz antenna array is
discussed. The performances of the analyzed models in two commercial solvers are
compared, and the best models for different applications are recommended. The
parametric analyses of surface roughness and gold layer thickness are performed prior
to manufacture. It is concluded that increasing surface roughness influences the radiation
efficiency negatively and the gold layer thickness does not influence the antenna
performance significantly. However, very thick gold can change the radiation pattern
slightly.

The 8x8 antenna array with beam steering capabilities is presented. In the feeding layer
of the designed antenna array, phase shifters were implemented. The antenna operates
at 350 GHz with circular polarization. By introducing a progressive phase shift form
-80° to 80° in the feeding layer, the beam can be steered from -8° to 8° in both the
dimensions: elevation and azimuth. The gain of the antenna remains above 21 dBi for
all the beam directions.
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6

FABRICATION TECHNOLOGY AND

MEASUREMENTS

In this chapter, the fabrication technology is discussed. The antennas designed in chapter
5 were manufactured in micromachining technology. All the steps are described in detail
and photos of the samples during fabrication and final manufactured antennas are shown.
The fabricated antennas are characterized by their reflection coefficients. The surface
roughness measurements by Scanning Probe Microscope and Electron Microscope are
presented.

6.1

MANUFACTURING TECHNOLOGY

The short description of the fabrication process is given here. Later, it is followed by a
detailed description of each step.

Prior to manufacture, elements necessary for the alignment of the layers of the
antenna were added. Two big circles and three small circles were included in the
design. Also, the size of each layer was enlarged to 1 cm x1 cm for easier
handling and mounting on the flange.

Structures (slots, cavities and waveguides) were cut by a laser in a p-type,
200 um thick, 2-inch silicon wafer. The average accuracy of the cut of structures
was about 15 um.

Wafers were diced into 1 cm x 1 cm samples.

The 400 nm thick gold layer was evaporated on the samples. The samples were
tilted by 15° and were being rotated during the evaporation to ensure that gold
covers surfaces inside the cavities and slots.

Samples were bonded using silicon eutectic bonding, under 330° C and an
average of 100 N pressure on a FineTech Flip Chip machine. Bonding was
performed layer by layer. Each process lasted 55 minutes.

Copper patches on the top dielectric layer (Arlon CuClad217) were etched using
a standard lithography process with a negative photoresist nLOF.

A dielectric top layer was precisely aligned and glued to the antenna using the
bonding machine without any heating.

The microfabrication steps are depicted in Figure 44.
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Figure 44. Microfabrication steps of the antennas.

6.1.1 Structures etching

Antennas were manufactured in p-type silicon wafers with a thickness of 200 pm and a
size of 2 inches.

First, a reactive ion etching technology was tested in order to etch the antenna structures
in silicon layers. Test silicon samples were cleaned with acetone, propanol and oxygen
plasma in Oxford Instruments Plasma Lab 80. Positive photoresist AZ1518 was put on
the samples and spin-coated for even photoresist distribution. Later the masks were
aligned using the mask aligner machine, the photoresist was exposed to light and
developed using the developer AZ400K mixed with H2O in proportions 1:4.

As a next step, a nickel was sputtered on the samples. After the lift-off process, the
remaining nickel formed a mask for the etching process and was measured to be
450 um. Samples prepared in the described way were put into the chamber of Oxford
Instruments Plasma Lab 80 machine to perform reactive ion etching. CF4 was chosen
with 45 sccm flow together with oxygen with 5 sccm flow. The forward power was
250 W, the process lasted for 60 minutes.

Later, the thickness of the etched area was measured. We calculated that the etch rate of
the process was 0.5um/min. The aspect ratio was around 40% which was considered
unacceptable. Other parameters for the etching were tried, but none of them gave
satisfactory etching results. For the reason of low etch rate and high aspect ratio, the
etching with reactive ion etching process was dismissed.

The cavities, slots and waveguides were cut in the wafers by laser etching. The cutting
was performed with ultrashort laser pulses and the cut was produced through layer-by-
layer ablation of material. On four Si wafers, all of the structure sizes were measured
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and compared with the project values. The average accuracy of the cut structures was
around 15 pm. Almost all the structures were over-etched. Very narrow iris walls in the
feeding layer of the 4x4 antenna array were very sensitive and prone to being destroyed.
A lot of caution had to be applied while handling or cleaning these structures.

6.1.2 Wafer dicing

In the next step, the wafers were diced by a dicing machine with a diamond blade into
1 cm x 1 cm samples. The wafer has to be stuck to an adhesive foil before the deicing
so during the dicing all elements cannot move. The samples after dicing are presented
in Figure 45. In the presented photo, the wafer is still stuck to the adhesive foil. In order
to remove the foil, the UV light was applied, which melt the glue on the foil and enabled
easy foil removal. Later, the samples were cleaned by acetone, propanol and finally by
oxygen plasma in Oxford Instruments Plasma Lab 80.

r

Figure 45. Wafer with the 4x4 antenna array layers after dicing into samples.

6.1.3 Gold evaporation

Before the gold evaporation, it was necessary to mount the samples to a rotating device.
The samples mounted onto the rotation device are shown in Figure 46. Gold was
evaporated on all the samples on both sides by a Leybold evaporator. A rotation device
with an implemented tilt of 15° was used to ensure even deposition inside the vertical
walls. The metal deposition process started with titanium evaporation, which is used for
enhanced adhesion of the gold layer to the silicon surface. The inside of the gold
evaporation chamber is presented in Figure 47.

The rotation device with samples mounted to can be seen in the top of the picture, next
to there a similar plate with quartz in the middle of it for estimation of the gold layer
thickness. Below the two round plates, there are two small concave elements which hold
the gold during the evaporation. These elements are connected to a current source which
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heats them together with the gold. By reading the frequency at which the quartz is
oscillating, it is possible to estimate the gold layer thickness on the quartz. By controlling
the current applied to the gold holders, the speed of the evaporation can be controlled or
stopped completely. The whole process can be performed only under vacuum conditions
which are achieved by a pump with the help of a nitrogen-based cooling system. It takes
around 8 hours for the machine to achieve a vacuum before the evaporation process can
be initiated.

Figure 47. The inside of the gold evaporation chamber.

52



Fabrication technology and measurements

After the gold evaporation, the metallic layer was measured by a Dektak Mechanical
Profilometer. The thickness of the evaporated gold was measured to be 400 nm, which
is 268 nm thicker than the calculated skin depth of gold on 350 GHz.

6.1.4 Bonding

The bonding process was performed by FineTech Flip Chip machine which does not
provide automation of the bonding nor utilizes a vacuum environment for the process,
thus simplifying and reducing the costs of the process. The bonding machine provides a
good alignment thanks to two cameras with a zoom system and software that enables a
clear view of the alignment.

Two samples are aligned first. Later, one of them is placed on top of the other with
selected load for a specified period of time with heat applied from top and bottom.
A study of the optimal bonding conditions was performed. It was found that a
temperature higher than 330° C melted the gold and penetrated inside the vertical
structures. Temperature lower than 320°C resulted in a lack of bonding and caused an
eventual disconnection of the layers. Too low loads resulted in an unsuccessful bonding
processes. Applying higher loads than 160 N for 5 layers caused the silicon to break.
The optimal process for bonding was found to be 330°C heat from both top and bottom
and a load of 80 N for 55 min for bonding two layers.

To bond three layers, the same process was used. For every next layer, the load was
increased by 20 N. Therefore, 120 N was used to bond five layers. The manufactured
2x2 antenna is presented in Figure 48. The 4x4 and 2x2 arrays are shown in Figure 49.

In Figure 50 the Flip Chip bonding machine is presented. On the right side, the arm that
1s used for applying the pressure can be observed. In the photo, the arm is in use and it
is in the lower position. On the top and the left side, two cameras with light sources can
be seen. There is a being bonded in the central part of the heating plate with a vacuum.

Figure 48. Side view of the 2x2 antenna array before mounting the top layer, taken
by the bonding machine camera.
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Figure 50. FlipChip bonding machined, during bonding.

6.1.5 Dielectric layer manufacturing

The top layer is made of material Arlon CuClad217 with dielectric permittivity of 2.2.
Processes performed on each dielectric sample:

54

Samples were diced into 1 cm x 1 cm squares.
Negative photoresist nLOF was applied.

Spinning the dielectric samples with the photoresist in the spin coater with the
speed of 4000 rotations per minute.

Samples were baked at 110°C for 1 min.
The mask was aligned and the sample was exposed to light for 10 s.
Samples were again baked at 110°C for 1 min.

Sample was put in the developer AZ726MIF with constant motion for 1 min, put
for 20 s in H»0 and later put into running H>0 for 3 s.

The achieved photoresist structures were 3um thick.
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e Sample was stuck by duct tape to a plastic holder

e Plastic holder was placed in the etching machine and the copper was etched with
Fe3Cl for 50s.

e The holder with the samples was rinsed with water.

e Using the CNC drilling machine, the holes of 0.4 mm and 1.6 mm in diameter
were drilled in the dielectric.

e For the 4x4 antenna array, the smaller holes were not drilled as there were
problems with the CNC drilling machine alignment.

As the last step of the antenna manufacture and assembly, the dielectric layer was
aligned and stuck on top of the silicon layers with tiny drops of super glue using the
bonding machine for alignment (no heat was applied). Figure 51 depicts the top view of
the two of the manufactured antennas.

Figure 51. Manufactured 4x4 and 2x2 antenna arrays.

6.1.6 Assembly of the antenna

The antenna was glued to the WR2.2 flange using the bonding machine for alignment
without any heat applied and the pressure of 20 N. The flange makes it possible to
connect the VNA in order to measure the antenna. Without the flange, the antenna would
have to be precisely placed on the waveguide which was not possible in our lab and
could possibly destroy the antenna structure. The antenna attached to a flange is
presented in Figure 52.

Figure 52. Manufactured 2x2 antenna array attached to WR2.2 flange.
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6.2 MEASUREMENTS

6.2.1 Reflection Coefficient Measurements

The antenna measurements took place in the Warsaw University of Technology
laboratory. The manufactured antennas were connected to a VNA through a frequency
extender and a stadard WR2.2 waveguide. The measurement set up is shown in
Figure 53.

Figure 53. VNA measurement setup.

Two manufactured 2x2 antenna arrays and two manufactured 4x4 antenna arrays were
connected to the VNA and their reflection coefficient was measured. In Figure 54, the
reflection coefficient of the two 2x2 antenna arrays is plotted together with the reflection
coefficient from the simulation of this antenna. Similarly, in Figure 55, the
reflection coefficient of the two 4x4 antenna arrays is plotted together with the
simulated reflection coefficient of this antenna. Deviations are due to manufacturing
inaccuracies such as over-etching of the slots and cavities and high surface roughness,
caused by laser cutting. Therefore, another simulation was added to the graph, taking
manufacture inaccuracies into account (decreased conductivity, dimensions of slots and
cavity varying within £30 um). The simulation with manufacture inaccuracies is similar
to the measured results.
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Figure 54. Measured frequency response of the reflection coefficient compared
with the simulated one for the 2x2 antenna array.
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Figure 55. Measured frequency response of the reflection coefficient compared
with the simulated one for the 4x4 antenna array

Radiation characteristics, gain and efficiency could not be measured in the laboratory of
Warsaw University of Technology because only one frequency extender that operating
in this frequency range was available. Multiple requests have been made to other
research institutes in Europe but no other laboratory with suitable frequency extender
was found. More laboratories and cleanrooms with proper manufacturing and
measurement equipment are needed in Europe in order for European THz antenna
research to become competitive.
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6.2.2 Surface Roughness Measurements

To investigate the sources of deviations in the reflection coefficient measurement results
the surface roughness was measured by a scanning probe microscope in CEITEC
cleanroom. A picture of the scanned surface is presented in Figure 56. Black rectangles
visible in the picture are due to the performed bonding, and are elevated from the lighter
color surface by around 1 um. The profile of the tested surface without the elevated
black rectangles is presented in Figure 57.
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Figure 56. A photo of the surface tested for the surface roughness; the captured
surface is roughly 200 um % 250 um. Image prepared from measurement by Scanning

o

Probe Microscope.
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Figure 57. Surface roughness profile of 40 um x 40 um spot within the area
presented in Figure 53. Image prepared from measurement by Scanning Probe
Microscope.

In addition to the surface roughness measurements, by Scanning Probe Microscope, the
surface of the manufactured sample and the inside of a vertical wall were viewed under
Focused Ion Beam Scanning Electron Microscope in CEITEC cleanroom.

The surface of the manufactured antenna sample is presented in Figure 58. The presented
area has the rough size of 4 pm x 4 pum. The inside of the large alignment circle is shown
in Figure 59, the presented area has the rough size of 500 um x 500 um. Four layers are
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visible in the picture. It can be observed that some parts are not coated with gold and the
over surface roughness seems high. Close up view of the upper layer from Figure 59 is
shown in Figure 60. The rough size of the presented surface is 150 um % 150 pum.

e

SEM HV: 10.0 kV WD: 12.88 mm
View field: 5.19 um Det: SE
SEM MAG: 107 kx  Date(m/dly): 02/07/20 CEITEC Nano

Figure 58. Surface of the metalized silicon layer of the manufactured antenna
sample. Image from Focused Ion Beam, Scanning Electron Microscope.

SEM HV: 10.0 kV WD: 13.13 mm LYRA3 TESCAN
View field: 608 pm Det: SE 100 pm
SEM MAG: 910 x  Date(m/dly): 02/07/20 CEITEC Nano

Figure 59 View of the inside of the big alignment circle of the antenna prototype.
Image from Focused Ion Beam, Scanning Electron Microscope.
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SEM HV: 10.0 kV WD: 12.99 mm LYRA3 TESCAN
View field: 176 ym Det: SE 50 um
SEM MAG: 3.15 kx  Date(m/dly): 02/07/20 CEITEC Nano

Figure 60. Close up view of the upper layer shown in Figure 47. Image from
Focused Ion Beam, Scanning Electron Microscope.

The average surface roughness (RMS) was calculated, from the measurements by
Scanning Probe Microscope, to be 500 nm which is higher than the gold layer thickness
on the antenna surface. Hence, the laser cutting caused the average value of the surface
roughness to be as high as the thickness of the layer of the antenna. This roughness
decreased the conductivity and introduced losses. Moreover, the inaccuracy of the
cutting changed the sizes of the slots and cavities resulting in changed resonance and
coupling parameters. In the future manufacture of the antenna, the laser cutting will be
avoided. Instead, a deep reactive ion etching should be used.

6.3 SUMMARY

In this chapter, the microfabrication of the antenna is presented. Each step of the
manufacturing including structures etching, wafer dicing, gold evaporation, bonding,
dielectric layer fabrication and assembly are discussed in detail. The presented
technology is cheaper and more available than traditional micromachining. Four antenna
arrays were manufactured by the described technology.

The antenna performance is characterized by the reflection coefficient measurements
conducted by a VNA. Deviations between the simulated results and the measured ones
are obtained due to a lower surface roughness. Surface roughness was measured and
included in the simulations to explain the deviations.
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7 LOW-PROFILE ANTENNA FOR SPACE
APPLICATIONS

In corporate feed, multilayer antenna arrays, radiating slots are fed with cavities and
waveguides placed below them without any movable mechanical elements. Such a solid
multilayer design results in a significant performance while maintaining a low-profile
and reliable operation. Those qualities make the antenna a good fit for CubeSats
communication links. In this chapter, a corporate feed, multilayer 8x8 antenna array
operating with circular polarization at 35 GHz is presented. The antenna has a higher
gain, a wider bandwidth, and much more compact size than state-of-art antennas
demonstrated in [53] and [54].

7.1 DESIGN OF ANTENNA ARRAY AT 35 GHZ

7.1.1 Design of a 2x2 antenna element

The 2x2 antenna element from chapter 5 is scaled down to 35 GHz. The antenna consists
of four metallic layers, with hollow waveguides, slots and cavities. The height of each
metallic layer is 2 mm.

The antenna structure is completed by a dielectric layer with metallic patches. The
dielectric layer of a height 1,27 mm is made from Arlon Cuclad 217 [80]. The E-bend
was not included in the design of the 2x2 antenna for simplification. The antenna design
with parameters is presented in Figure 61.

The design was scaled. However the waveguide dimensions had to be selected to agree
with the waveguide WR standards for the 35 GHz band. The WR-22 was chosen with
the size 5.69 mm x 2.845 mm and the cut-off frequency 26.346 GHz. Some adjustments
of the dimensions were made to achieve good results. The dimensions of the designed
antenna are given in Table 5.
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Figure 61. The cell consisting of 2x2 patches. The distance between layers was
added to show the whole design.

Table 5. Dimensions of the single-cell antenna at 35 GHz in mm.

Layer Parameter definition Parameter
Patches Patches length (Ip) 2.45
Patches width (wp) 1.1
Thickness of the top layer (k) 0.787
Element spacing 7.72
Radiating slots Slots length (/) 6.8
Slots width (w) 1.03
Slots offset in x-axis 0.75
Cavity Cavity length (/ca) 6.25
Cavity width (wca) 6.22
Distance between the iris walls 7
Iris walls thickness (wi) 1.36
Coupling slot Slot length (/c) 5.8
Slot width (wc) 0.78
Waveguide Waveguide width (a) 5.69

7.1.2 Simulation results for 2x2 antenna element

A 2x2 array element of the antenna was analyzed in CST Microwave Studio. The
antenna is designed in a manner that enables expansion to a larger array. The reflection
coefficient response in frequency has the minimum at 35 GHz and the bandwidth of
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0.76 GHz. The plot is presented in Figure 62.

The antenna radiates waves with left-handed circular polarization. The peak gain
achieved by the antenna is 13.5 dBi. The axial ratio bandwidth is 5.7 GHz. The axial
ratio and the realized gain of LHCP plots in frequency are presented in Figure 63. The
directivity patterns of the RHCP and LHCP radiation in Phi = 0° and Phi = 90° are
presented in Figure 64.
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Figure 62. The reflection coefficient in the frequency of the 2x2 array element.
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Figure 63. Axial ratio and realized gain for the LHCP in frequency of the 2x2 array
element.
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Figure 64. Directivity patterns of the LHCP and RHCP radiation
in Phi = 0° and Phi = 90°.

7.2 PROTOTYPE AT 9 GHZ

As a proof of concept, a prototype of the 2x2 array was scaled down to a central
frequency of 9 GHz and manufactured from polylactic acid (PLA) by the 3D printing
technique. The printed structure was metalized by a nickel spray paint. This fabrication
technology provides several benefits for prototyping such as rapid manufacturing, an
efficient cost, and a lightweight.

7.2.1 Antenna and transition design

The design of the antenna is corresponding with the design presented above but was
scaled down to 9 GHz for a fast and cost-effective prototype manufacture. The top
dielectric layer is fully made from PLA in this design.

At 9 GHz, it is easier to feed the antenna with a coaxial cable than a waveguide.
Therefore, a transition from a coaxial connector to a waveguide was designed. The
coaxial to waveguide transition is presented in Figure 65.

The transmission coefficient of the transition is -0.4 dB at 35 GHz.
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Figure 65. Coaxial to waveguide transition, YZ cut.

7.2.2 Prototype manufacturing

The antenna was manufactured in 4 pieces by the 3D printing in PLA. The functional
surfaces of the PLA were metalized by a nickel spray. The patches were manufactured
by a standard lithography process and glued to the top PLA layer. The dielectric
permittivity of the PLA varies depending on the filling factor. Here, the permittivity was
assumed to be 2.7 as measured in [86].

The manufactured antenna is presented in Figure 66.

Figure 66. The 2x2 antenna prototype manufactured by 3D-printing.

7.2.3 Measurements

The simulated and measured reflection coefficients are shown in Figure 67. A small shift
in the resonance frequency (about 1.4 GHz) was observed. The reason for this behavior
seems to be the problem with the manufacture which was further investigated.
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Axial ratio curves were prepared based on the radiation pattern measurements and are
presented in Figure 68. It can be noticed that the axial ratio minima is slightly shifted to
the lower frequencies. The shift probably happened because of changes in the filling
factor of the PLA which caused a change of its dielectric permittivity. This was not
considered as a significant problem, because the top dielectric layer can be easily
redesigned and manufactured again to accommodate these inaccuracies.

The comparison of the measured and simulated radiation patterns is presented in Figure
69 and Figure 70 for different cut planes. Measured and simulated radiation patterns are
in agreement and the measurements prove circular polarization operation of the antenna.
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Figure 67. Measured and simulated reflection coefficient
of the antenna prototype on 9 GHz.

10 v T T

Simulation
Measurement Phi = 90
Measurement Phi = 0

Axial Ratio [dB]

() 1 1 1 |
8 8.2 8.4 8.6 8.8 9

Frequency [GHz]
Figure 68. Measured and simulated axial ratio of the 9 GHz antenna.
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Figure 69. Comparison of the measured and simulated radiation pattern of the
antenna prototype on 9 GHz, in the ¢=0° plane.
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Figure 70. Comparison of the measured and simulated radiation pattern of the
antenna prototype on 9 GHz, in the ¢=90° plane

The minor discrepancies in the results occurred, however the prototype confirmed the
overall impressive performance of this antenna design at 9 GHz.

7.2.4 Dielectric waveguide analyses
In order to find out the exact manufacture problem, that was the reason for the reflection
coefficient shift, tests with a simpler structure were performed.

Simple dielectric waveguide fed with a coaxial probe and ended with a radiating slot
was designed. The waveguide was manufactured by 3D printing and metalized in two
different ways: by sticking copper strips and by spraying copper spray. The
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manufactured structures are presented in Figure 71.

Figure 71. Dielectric waveguides with radiating slots metalized
with copper spray (left) and copper stripes (right).

Frequency responses of the reflection coefficient of the manufactured structures were
measured. A structure with the identical design and a copper metallization was also
analyzed in CST Microwave Studio. Obtained reflection coefficient in frequency is
shown in Figure 72. The reflection coefficient for the fabricated structure with copper
strips is presented in Figure 73 and the one for the fabricated structure with copper spray
in Figure 74.

It can be observed that the measurement results of the waveguide metalized with copper
strips correspond well with the simulated results, although the S11 levels are not so low
in the resonances. However, for the waveguide metalized with the nickel spray, the
measurement results do not correspond with the simulated ones (there are no resonances
at all). Therefore it was concluded that the method of metallization using the nickel spray
is not reliable and is likely the cause for the reflection coefficient mismatch of the
antenna prototype operated at 9 GHz.

S-Parameters [Magntude n dB]

— 51,1

Figure 72. Simulated reflection coefficient of the dielectric waveguide with the
radiating slot.
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Figure 73. Measured reflection coefficient of the dielectric waveguide with
radiating slot, metalized with copper strips.
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Figure 74. Measured reflection coefficient of the dielectric waveguide with

radiating slot, metalized with copper spray.

7.3 THE 8X8 ANTENNA ARRAY AT 35 GHZ

7.3.1 Antenna design

The 2x2 antenna was expanded into an 8§x8 array. The antenna consists of five metallic
layers, with hollow waveguides, slots and cavities and one dielectric layer with metallic
patches. The antenna design is presented in Figure 75. The 8x8 structure is
corresponding to the 2x2 design presented in section 5.2.1. The array was expanded from
4 elements to 64 and the feeding system was added into the waveguide layer. The feeding
layer consists of T and H shaped power dividers that guide and divide the signal equally
to the coupling slots.
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Polarazing patches layer
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Coupling slots layer
Power dividers layer

Feeding port layer

Figure 75. The 8x8 antenna array design.

7.3.2 Simulation results

The central operation frequency of the antenna is 35 GHz with the impedance bandwidth
and the axial ratio bandwidth of 1.1 GHz. The antenna achieves a peak gain of 26.5 dBi.
The gain is over 26 dBi in the whole band. The gain and axial ratio plots are presented
in Figure 76.

The radiation patterns of the antenna are shown in Figure 77. They present a co-polar /
cross-polar level in broadside (60 = 0°) greater than 25 dB with a front-to-back ratio
higher than 35 dB. Parameters of the antenna array were optimized by the full-wave
simulation in CST Microwave Studio.
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Figure 76. The 8x8 antenna array gain and axial ratio plotted in frequency.
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Figure 77. Radiation patterns in gain, 6 = 0° and 6 = 90°,
of the 8x8 antenna array at 35 GHz.

7.3.3 Manufacturing

The antenna was manufactured by CNC machining. However the results were not
acceptable, a lot of inaccuracies were visible, and therefore another method was sought.
The results of the CNC drilling manufacture is presented in Figure 78.
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Figure 78. Results of the CNC machining antenna manufacturing.
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The antenna was prepared for manufacture by wire cutting in the Penta company in
Brno. Technical drawings of the antenna were prepared. Unfortunately because of
unpredicted financial issues, the antenna could not be manufactured.

7.3.4 Comparisons with state of art

The designed antenna is compared with the state-of-art circularly polarized antenna
designed for CubeSats [54]. The designed antenna size is 55 mm % 55 mm, which
corresponds to a total area of 6x6 Ao. This design is a more compact with an area of only
51% of the area of the antenna presented in [54]. The impedance bandwidth is 1.6%
wider than in case of the antenna from [54].

The designed antenna has higher gain, higher co-polar to cross-polar level and much
more compact size than state-of-art antennas demonstrated in [53] and [54]. The
presented comparisons show that the antenna is a great fit for CubeSats applications.

Table 6. Comparison of circularly polarized antennas for CubeSats applications
with this work. Center frequency f. and impedance bandwidth BW.

Max Co-polar/ Cross-

Ref. Design L. Size  BW gain polar in the Sidelobe
* )
(GHz) () () (4Bi)  broadside (dB) level
[53] Helical 30 25%0.7 53 21 24 14
antenna
[s4) Memsuface 5, Tog 15 26 19 15
antenna
This — 8x8 slots 35 6x6 3.1 265 26.5 14
work array

74 SUMMARY

A circularly polarized 8x8 antenna array operating in Ka-band was designed with a peak
gain of 26.5 dBi, 40 A3 size, and bandwidth of 1.1 GHz. The antenna provides a higher
gain and a wider bandwidth with a more compact design compared to state-of-art
antennas. This makes it a great fit for a communication antenna on a CubeSat.

A prototype of the antenna was manufactured with 3D printing at 9 GHz as a proof of
the concept. A good agreement between the simulated and measured radiation patterns
was found and circular polarization was confirmed.
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8 CONCLUSIONS

The original contribution of this thesis lies in the area of high-gain circularly polarized
THz antenna design, proper modeling of thin metallic structures at THz frequencies and
a description of cheaper and more available manufacture technology. Moreover, the
generality of the antenna design is proven by scaling down the antenna to a lower
frequency.

Modeling of metal at THz frequencies was discussed in terms of the Drude model and
different conductivity measurements. Comparison of modeling approaches for metallic
structures was done and the best methods were selected based on the skin depth relation
with metal thickness [87].

Circularly polarized corporate feed antenna array suitable for communications
applications was designed. The antennas operate at 350 GHz with 2x2 and 4x4 element
configuration. The designs include the possibility of extension to a larger array and take
into consideration the fabrication possibilities at THz frequencies. The designed antenna
arrays radiate waves with circular polarization, have polarization and impedance
bandwidths of 25 GHz and 30 GHz, with peak gains 13.8 dBi and 18.4 dBi, respectively.
Antenna arrays have a low profile of only 1.3 Ao. According to the author’s knowledge,
the developed antennas are the first 350 GHz circularly polarized antennas with such
high gain, wide bandwidth, low size and possibility to be easily extended to a larger
array [87]. The designed 2x2 antenna element is analyzed by different methods and
solvers and the best methods are recommended depending on the requirements [88].

The designed antenna array was expanded to an 8x8 antenna array with beam steering
capabilities. The phase shifters were implemented in the feeding layer. The antenna
radiates a highly directive beam with circular polarization. The beam steering is possible
in two dimensions: horizon and elevation with the maximum steering capability from -
8° to 8° with gain remaining above 21 dBi for all the beam directions. The designed
antenna is an excellent fit for communications applications that require beam steering.

To fulfill the third objective, different manufacturing technologies were compared. The
reactive ion etching was tested, however the laser cutting was eventually chosen to etch
the structures. The 2x2 and 4x4 antenna arrays were manufactured in the
microfabrication process. The manufacturing steps including etching, dicing, gold
evaporation, bonding, lithography and assembly were described in detail [89]. The
antenna reflection coefficient was measured and compared with simulations. Small
discrepancies are associated with increased surface roughness of the layers. The surface
roughness was measured by a scanning probe microscope and observed by scanning
electron microscope and the assumptions were confirmed [87]. The radiation patterns of
the antenna could not be measured because of the inability to find a suitably equipped
laboratory in Europe. In order for European researchers to take the leading role in
successful THz antenna design more well equipped clean rooms and measurement
laboratories are necessary.
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To verify the generality of the design, the THz antenna was scaled down to a Ka-band.
The obtained circularly polarized 8x8 antenna array achieved a peak gain of 26.5 dBi,
7%7 Ao size, and bandwidth of 1.1 GHz. The antenna provides a higher gain with a more
compact design compared to state-of-art antennas. This makes it a great fit for a
communication antenna on a CubeSat. A prototype of the antenna was manufactured
with 3D printing on 9 GHz as a proof of the concept. A good agreement between the
simulated and measured radiation patterns was found and circular polarization was
confirmed [90].

Many interesting areas for future research open up based on the work presented in this
dissertation thesis. Current commercial electromagnetic solvers do not deal well with
simulating THz designs. Functionalities that allow to accurately account for possible
manufacture inaccuracies, for example increased surface roughness, could be very
beneficial for THz antenna designers.

In relation to chapter 5, the future research could include the designed antenna array
extension to a larger array to further increase the gain. Furthermore, by removing the
dielectric layer and instead including additional layer of oblique shaped slots. In such
way, the whole antenna design can be implement fully in silicon substrate, while
maintaining the circular polarization. To improve the manufacturing technology, deep
reactive ion etching can be employed for smoother surface of the etched structures and
lower losses related to the inaccuracies.

Another interesting research direction is passive phase shifters operating at THz
frequencies. Not much work has been done in the field of passive phase shifters at this
frequency range. Moreover, not only simulation, but actual implementation of liquid
crystal or carbon nanotube based phase shifters in a THz antenna would be a novelty.

Dealing with chapter 7, further research should include fabrication and measurements
of the designed antenna at 35 GHz to verify its usability for satellite communications
such as CubeSats. Furthermore, beam steering can be implemented in the waveguides
of the feeding system of the antenna, for example by including liquid crystal filled
dielectric rod waveguides.
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