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Abstract

Recently, On-Chip-Antennas, for both millimeter wave and terahertz technologies,
have been one of the most researched topics in the antenna community. The possibility
of integrating the antenna with the remaining circuitry in a single chip and possible
large data rates (provided by the high frequencies used) are two of the main reasons
for interest in this type of technology. However, there are some challenges associated
with combining antennas and integrated circuits such as the materials used which are

beneficial for integrated circuits but bad for On-Chip-Antennas design.

In this work, two types of antennas were studied, the folded slot antenna and the
microstrip patch antenna as potential options for antenna integration. The folded slot
antenna on an indium phosphide substrate showed to be a possible solution achieving
a bandwidth of 314 MHz, with a maximum gain of 8.5 dBi, half-power beamwidths of
25.3° and 46.8° in the two principal planes, and an efficiency of 51%. The microstrip
patch antenna was designed as well on the indium phosphide substrate and achieved
a bandwidth of 1.39 GHz with a maximum gain of 5.45 dBi, half power beamwidth of
123.9° and 92.1° in the two principal planes, and an efficiency of 95.5%.

The simulations started with an indium phosphide substrate, however, the indium
phosphide substrate manufacture calendar is out of the scope of this dissertation cal-
endar, so, the study continued with the silicon substrate. The microstrip patch antenna
on silicon substrate achieved a 2.18 GHz bandwidth, 5.28 dBi maximum gain, a half
power beamwidth of 124.1° and 107.9° in the two principal planes, and an efficiency of
89%.

To achieve a more directive radiation pattern, a 2x2 microstrip array was designed. A
feeding network was studied and designed consisting of a microstrip line and a mi-
crostrip to coplanar waveguide transition. The array, occupying an area of 5x6 mm?
presented a bandwidth of 5.78 GHz, a gain of 8.5 dBi with 42.7° and 42.6° half power

iX



beamwidth on the principal planes, and an efficiency of 85.5% improving the perfor-
mance in terms of gain and directivity compared with a single element. In the end,
four 2x2 microstrip arrays were built and their input match was measured using a

probe station and a VNA where it was observed similar behavior to the simulations.

Keywords: On-Chip-Antenna, Millimeter-wave, Integrated Circuits



Resumo

Recentemente, as antenas em chip, para as tecnologias de ondas milimétricas e te-
rahertz, tém sido um dos tépicos mais pesquisados na comunidade de antenas. A
possibilidade de integracdo da antena com circuitos integrados num tnico chip e as
potenciais taxas de dados elevadas (proporcionadas pelas altas frequéncias utilizadas)
sdo duas das principais razdes de interesse neste tipo de tecnologia. No entanto, exis-
tem alguns desafios associados com a combinag¢do de antenas e circuitos integrados
como os materiais utilizados que sdo benéficos para os circuitos integrados mas que
prejudicam a performance da antenas.

Neste trabalho, dois tipos de antenas sdo estudados como potenciais cadidatos para
integragdo, o complementar do dipolo dobrado e a antena impressa retangular. O
complementar do dipolo dobrado foi dimensionada num substrato de fosfato de in-
dio e mostrou ser uma possivel solugao atingindo uma largura de banda de 314 MHz,
ganho maximo de 8.5 dBi, largura de feixe a meia poténcia de 25.3° e 46.8° nos dois
planos principais e uma eficiéncia de 51%. A antena impressa retangular também di-
mensionada num substrate de fosfato de indio atingiu uma largura de banda de 1.38
GHz, com um ganho méximo de 5.45 dBi, uma largura de feixe a meia poténcia de

123.9° € 92.1° nos dois planos principais e uma eficiéncia de 95.5%.

As simula¢des comecaram com o substrato de fosfato de indio, no entanto, como o
calendario de fabrico deste substrato estd fora do calendério de entrega da dissertacdo
o estudo continuo com o substrato de silicio. A antena impressa no substrato de silicio
atingiu uma largura de banda de 2.18 GHz, ganho médximo de 5.28 dBi. uma largura

de feixe a meia poténcia de 124.1° e 107.9° nos dois planos principais e uma eficiéncia
de 89%.

De forma a melhor a diretividade da antena, um agregado 2x2 foi dimensionado assim

com a sua rede de alimentagdo que consiste em linhas impressas com uma transicdo

X1
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para guia de onda coplanar. No fim, o agregado ocupou uma drea de 5x6 mm?, apre-
sentou uma largura de banda de 5.78 GHz, um ganho de 8.5 dBi com 42.7° e 42.6°
largura de feixe a meia poténcia nos planos principais, e uma eficiéncia de 85.5%, me-
lhorando o desempenho em termos de ganho e diretividade em comparagdo com um
unico elemento. Por fim, quatro agregados 2x2 foram construidos e o seu coeficiente
de refle¢do foi medido recorrendo a utilizagdo de uma probe station e um VNA, onde se

verificou um comportamento semelhante ao simulado.

Palavras-chave: Antenas em chip, Ondas Milimétricas, Cicuitos Integrados
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Introduction

Traditional wireless systems have historically been structured around four distinct
functionality-specific modules: the digital baseband module responsible for signal pro-
cessing, the mixed-signal module, the Radio Frequency (RF) front-end, and the an-
tenna for signal transmission. The horizontal integration of these distinct functional
modules gave rise to Multi-chip module (McM) technology. However, this method oc-
cupies a significant amount of chip space, presenting a notable drawback, particularly
in the face of the ongoing trend of reducing sizes in cellular and other wireless de-
vices [1]. So, to reduce the size, a viable alternative is the vertical integration approach,
known as System-in-Package (SiP) technology. While SiP technology proves to be a
useful alternative, the antenna still remains outside the package due to its size, since it
is the largest component of the system and, for higher frequencies, the integration be-
tween different technologies can lead to losses and increased costs since it is necessary

to use wire bond connections or flip-bonding [1].

The System-on-Chip (SoC) concept has emerged as a response to the demand for com-
pact, economical, and low-power wireless systems. The SoC integration method has
gained significant interest, where all sections of modern wireless systems are inte-
grated onto a single chip. This integration mitigates the need for off-chip interconnec-
tions and packaging processes associated with off-chip antennas. As the application
landscape moves towards higher frequencies, particularly millimeter-waves and tera-
hertz bands, antenna sizes have reduced to only a few millimeters, enabling both the

possibility and practicality of on-chip implementation [1]. These three technologies are

1



1. INTRODUCTION 1.1. Objectives

illustrated in Figure 1.1.

Figure 1.1: Illustration of (a) a McM (b) a SiP (c) a SoC [1].

The integration between an antenna and integrated circuits combined with high fre-
quencies turns the On-Chip Antenna (OCA) an attractive solution since it has the ad-
vantage of being small and supporting large data rates having a great potential for
applications such as IoT devices, communication modules for 5G, highly integrated

transceivers for a wireless personal area and more [1].

1.1 Objectives

The main goal of this dissertation is to build an OCA to operate in the millimeter wave
band, specifically in the 60 GHz frequency. This antenna will be integrated into a Pho-
tonic Integrated Circuits (PIC), a technology that combines both optical and electronic
components on a single chip [2]. So, when designing the OCA, it is crucial to consider
the feeding structure, especially since the RF signal will originate from a PIN with
a Ground Signal Ground (GSG) output making the Coplanar Waveguide (CPW) the

2



1. INTRODUCTION 1.2. Report Layout

most suitable feeding technique for the antenna. Moreover, the antenna should be de-
signed to exhibit a directive radiation pattern, anticipating future integration possibil-
ities within communication systems. To achieve this goal it is necessary to understand
the challenges associated with building an OCA. Therefore, the following specific goals
have been established:

* Study the state of the art of OCA. Have a clear understanding of the trade-offs of
the technologies used when building this system;

* Perform simulations of the chosen antennas including parametric studies, meth-
ods to solve the problems encountered in the state of the art, and compare results
regarding each antenna and technology used;

¢ Build and simulate an array and a feeding network in order to improve the an-

tenna performance;

¢ Build the antenna and compare the simulated and measured results.

1.2 Report Layout

This dissertation contains six chapters crucial to the main conclusions of this disserta-
tion.

In the second chapter, is present a literature review that contains the main obstacles to
be faced when designing on-chip antennas on typical silicon based substrates, some of
the antennas present in the literature, and methods to improve the efficiency and gain
of these antennas. This chapter ends with a brief explanation of Indium Phosphide
(InP) substrates, which have shown promise for PICs, and some antenna designs inte-
grated into this substrate, marking the beginning of this dissertation work by exploring

the possibility of integrating an antenna on an InP substrate.

In Chapter 3, we delve into the first antenna under study, which is the folded slot an-
tenna. A parametric study of the antenna is conducted in this chapter. It also covers
one of the expected problems when building an OCA, which is the high permittivity
of semiconductor substrates, introducing the characteristics of the InP substrate. Con-

clusions about this structure are drawn, paving the way for the next chapter.

Chapter 4, we explore the microstrip antenna for this application, first on an InP sub-

strate, and we make a comparison between this antenna and the folded slot antenna.
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Additionally, we study the microstrip antenna on a silicon substrate. The silicon sub-
strate introduces other problems covered in the state of the art, and in this chapter, we

aim to address these problems, such as thick substrates and high resistivity.

Chapter 5, we design an array. This chapter covers the theory of arrays, simulation
results for the array, and the process of building the feed network for this structure.
Four array antennas were built and the input match was measured. A brief explanation
of the process of measuring antennas in a probe station and a comparison between the

measured and simulated results was made.

Lastly, in Chapter 6, we present the conclusions of this dissertation and outline future

work.



On-Chip-Antenna

Implementing an OCA can be challenging due to the many aspects that can compro-
mise the antenna’s performance. This Chapter focuses on the problems that arise from
building an OCA such as building an antenna on chip-based materials, with high per-
mittivity, low resistance, and thickness that affect the antenna’s efficiency and gain.
Although millimeter wave and Terahertz technology offer promising opportunities for
antenna integration on chip, working with high frequencies results in increased free-
space path loss. Since high frequencies are relevant for the received signal, the antenna
must be dimensioned to have high gain so that the systems can be used for longer
distances [3]. Additionally, there is an increase in propagation losses due to the radio
waves being absorbed by gases in the atmosphere, making these links better suited
for short distances [4], [5]. Also, during the fabrication of the antenna, there can be
imperfections in the manufacturing process that lead to gain and efficiency deteriora-
tion. Therefore, it is important to characterize the antenna for parameters such as input

impedance, gain and radiation for these potential tolerances [1].

This chapter discusses the challenges encountered when designing an OCA and ex-
plores methods used to enhance gain and radiation efficiency. It is followed by a sec-
tion introducing the InP technologies that will be explored in this dissertation as the
substrate used to design the antenna.



2. ON-CHIP-ANTENNA 2.1. OCA on semiconductor substrates

2.1 OCA on semiconductor substrates

OCA has been a great topic of research over the years. Some of the first appearances
of these antennas were reported in 1986 [6] and in 1988 [7]. However, as shown in
these papers these antennas have poor performances not being suited for practical

applications.

The most suited substrates for integrated circuits are semiconductors, like silicon, in-
dium phosphide, silicon-germanium, and others, that usually have low resistivity of
~ 10 Q - cm which is beneficial for integrated circuits but, not appropriate for on-chip
antennas. Low resistivity implies a high loss tangent degrading the antenna gain [1].
Another issue that comes with the substrate is its high dielectric constant [1]. Sili-
con substrates have a permittivity of ~11.7 causing most power to be radiated into
the substrate instead of being radiated into free-space degrading the antenna radiation
efficiency. Furthermore, silicon substrates are usually thick which increases the possi-
bility of surface waves [8], [1]. In the following paragraphs there are some examples
of dimensioned OCAs that do not rely on more elaborate techniques that exhibit low
gain and efficiency due to the silicon substrate used.

In [9] an on-chip yagi antenna is proposed to operate in the 60 GHz band. The an-
tenna was fabricated with a 0.18 ym standard Complementary Oxide Semiconductors
(CMOS) process using CPW feeding technique. The CPW mode excitation was pre-
ferred in this paper to avoid interference of the electromagnetic fields with the other
on chip components. The maximum measured gain was -10 dBi with a simulated ra-

diation efficiency of 10%.

A planar monopole antenna in a standard CMOS process is present in [10]. The pro-
posed antenna is designed with a 50 Q substrate-shielded CPW line as a feeding net-
work. The antenna maximum gain was 0.1 dBi with a radiation efficiency of around
39% at 60 GHz.

In [11], a on-chip inverted-F and quasi-Yagi antenna were built for 60 GHz with back-
end-of-line process of silicon substrates. The results show that inverted-F achieved a
gain of -19 dBi at 61 GHz and the quasi-Yagi antenna a -12.5 dBi at 65 GHz.

In [12], a 60 GHz CMOS RFIC-on chip triangular monopole antenna is present. Fed
through a CPW line, the antenna was fabricated with a 0.18 ym CMOS process achiev-
ing a -9.4 dBi gain and 12% simulated radiation efficiency.

Several on-chip antenna structures fabricated with standard CMOS technology are

6
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present in [13]. The antennas studied in this paper are the dipole antenna, Yagi an-
tenna, rhomic antenna, and loop antenna for the 60 GHz band. The dipole antenna
radiation efficiency was 9% and the maximum gain -6.7 dBi. For the Yagi antenna, the
highest gain was -3.55 dBi and a radiation efficiency of 15.8%. The overall gain of the
rhombic antenna as -0.2 dBi with a radiation efficiency of 85% and the loop antenna’s
overall gain was -1.2 dBi and radiation efficiency of 77%. The rhombic antenna showed
the highest gain reported in [13].

In [14], a 60 GHz on-chip antenna based on silicon technology is design based on a
monopole antenna. Gain of -4.96 dBi was achieved for 60 GHz.

Table 2.1 contains the characteristics of the antennas mentioned above, which as it
is possible to verify have low gains and efficiency, proving the impact of using such

substrates on antennas.

Table 2.1: OCA characteristics.

Ref Antenna Frequency Gain Efficiency
[9] Yagi 60 GHz -10 dBi 10%
[10] Planar 60 GHz 0.1 dBi 39%
monopole
[11] Inverted-F 61 GHz -19 dBi ——
[11] Quase-Yagi 65 GHz -12.5 ——
[12] Triangular 60 GHz -9.4 dBi 12%
monopole
[13] Dipole 60 GHz -6.7 9%
[13] Yagi 60 GHz -3.55 dBi 15.8%
[13] Rhomic 60 GHz -0.2 dBi 85%
[13] Loop 60 GHz -1.2 dBi 77%
[14] Monopole 60 GHz -4.96 dBi ——

2.2 Methods for Improving OCA Performance

Several techniques can be applied to improve the OCA gain and efficiency. In this
section, some of these methods like micromachining, superstrates, metamaterials, and
Substrate Integrated Waveguide (SIW) are approached on antennas integrated on sili-

con based substrates.



2. ON-CHIP-ANTENNA 2.2. Methods for Improving OCA Performance

2.2.1 Substrate manipulation

As mentioned before, one of the biggest problems with OCA’s is the substrate charac-
teristics that lead to poor radiation efficiency and gain. One of the ways to contradict
this behavior is by removing parts of the substrate creating a cavity, as demonstrated
in Figure 2.1, through micromachining. That causes a reduction of the permittivity
value of the substrate and lowers the overall losses due to surface waves. However,
this method can cause mechanical instabilities of the backend process [15], increases
fabrication complexity, poor flexibility [16] and not all foundries support this mecha-

nism.

Antenna

Cavity
Substrate

Figure 2.1: Representation of substrate cavity by Micromachining.

In [17], a monopole antenna and a 2x1 patch antenna array fabricated on a two-layer
Benzocyclobutene (BCB) material membrane are present. Through micromachining,
the silicon material was removed creating a cavity surrounded by metal and filled with
polymer providing better support to the membrane than a conventional air cavity. The
proposed antenna designs achieved a 12 GHz and 11.5 GHz bandwidth and 6.74 dBi
at 131 GHz and 8.66 dBi at 130 GHz gain respectively.

A single patch antenna and a 2x1 patch antenna array fed by CPW are present in [18].
Micromachining technology is used to improve antenna performance. In the antenna
proposed structure, the patch and the feed line are optimized separately with a sub-
strate. The simulated gain and radiation efficiencies are 8.7 dBi and 96%, respectively

for the single patch antenna, and 9.9 dBi and 94% for the 2x1 patch array.
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2.2.2 Dielectric resonator antennas

Another approach to improve the antenna’s performance is by using a Dielectric Res-
onator Antenna (DRA). By using a suitable excitation technique, a dielectric structure
can become a radiator at certain frequencies [19]. DRAs can have various shapes such
as cylindrical shown in Figure 2.2. In [20], [21], [22] the use of a dielectric resonator an-
tenna shows to have an impact on the antenna performance. A single large-sized DRA
is proposed in [23] to increase the antenna gain of each element of a CMOS antenna ar-
ray. The results showed an improvement of 7 dB gain over a traditional on-chip patch
antenna.

DRA
CPW

Substrate

Figure 2.2: Representation of the use of a DRA.

In [24], a dual-linear polarized on-chip mm-wave radiator based on a dielectric res-
onator is designed. The dielectric resonator is a sphere of 1 mm diameter made of
Alumina ceramic material. Through a microstrip resonator, the dielectric resonator is
excited and fed with a 50 Q microstrip feed line both fabricated on a thin on-chip BCB
dielectric. A prototype test antenna was designed to operate at 104 GHz achieving a
7-9 dBi gain and simulated peak efficiency of 80%.

A Terahertz dielectric resonator antenna is present in [25]. The proposed antenna is
made of high-resistivity silicon material and a feeding patch realized in a 0.18 ym
CMOS technology to excite the desired electromagnetic mode. The simulated antenna
achieved a 7.9 dBi gain and radiation efficiency of 74% at 341 GHz.
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2.2.3 Metamaterials

A metamaterial is a material designed to have custom properties that do not exist in the
original material. They are produced by the manipulation of internal material struc-
tures through different techniques. According to the shape, geometry, size, orienta-
tion, and arrangement, it is possible to manipulate electromagnetic waves by blocking,
absorbing, or enhancing waves. Metasurfaces can be considered planar versions of
metamaterials with subwavelength thickness [26]. Metasurfaces have been a signifi-
cant topic of research due to the many applications they can be used. These artificial
sheet materials, which are usually composed of metallic patches or dielectric etchings
in planar or multi-layer configurations, have the advantages of light weight, ease of
fabrication, and ability to control wave propagation both on the surface and in the
surrounding free space [26].

Artificial Magnetic Conductor (AMC) also known by High Impedance Surface (HIS)
is a type of metamaterial characteristic due to its negative magnetic permeability. A
representation of this technique is present in Figure 2.3. The AMC structure in [27],
is used as a ground plane to reduce the antenna profile. However, implementing an

AMC comes with disadvantages such as the extra space that occupies on the chip area
[28],[29] and cost [30].

Antenna

AMC

Substrate

Figure 2.3: Representation of an AMC.

In [31], an octagonal shorted annular ring antenna is built. According to [31] the char-
acteristics of this antenna reduce the excitation of surface waves which is one of the
most important problems of an OCA. This antenna was fabricated using a 130 nm
silicon-germanium BiCMOS process and to improve gain a 1x2 octagonal shorted an-
nular ring antenna array was built reaching a 4.1 dBi gain at 320 GHz and 17 GHz
bandwidth.

A simple prototype of a Metasurface (MTS) based OCA is present in [32]. The antenna
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structure consists of two layers of polyimide-substrated with 0.1 nm thickness that
sandwich a middle metallic ground-plane layer of 50-um thickness. The metasurface
is on the top layer created by a series of linear slots etched on the radiation patches.
This showed to improve the radiation performance of the antenna without affecting
the overall footprint. Using a reference on-chip antenna it was possible to compare
the effect of the metasurface that showed to improve the radiation gain, radiation effi-
ciency, and reflection coefficient obtaining a 2.5 dBi gain, 40% radiation efficiency, and
over 20 GHz bandwidth.

In [33], an on-chip circular ring-shaped monopole antenna based on 0.18 yum CMOS
process with an AMC is designed. The antenna is fed by a 50 Q CPW. By adding
the AMC plane, the gain improved by 0.77 dB at 60 GHz and the radiation efficiency
improved from 29% to 35%.

2.2.4 Substrate integrated waveguides

A SIW structure consists of a synthetic rectangular electromagnetic waveguide formed
in a dielectric substrate. The upper and lower metal plates of the substrate are con-
nected by two rows of vias delimiting the wave propagation area, as demonstrated in
Figure 2.4. The advantages of this method are the ability to implement a compact
and cost-effective waveguide-like structure using standard wPrinted Circuit Board
(PCB) techniques and low loss, high-quality factor, good power handling capability,
and shielding, and can be easily integrated with planar circuitry [34].

Antenna

Vias —— | oc

Substrate Sc.,

Figure 2.4: Representation of SIW.

A 340 GHz SIW cavity-backed on-chip antenna is present in [35]. The antenna is fab-
ricated using standard silicon technology and its structure, a rectangular slot loop is
etched into the upper wall to form a magnetic current loop radiator. A single antenna
and a 2x2 antenna array were designed, achieving a maximum gain of 7.9 dBi with an
efficiency of 48% at 340 GHz.
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In [36], three array designs using SIW are proposed, to work in the Q-band. First, a
8x8 magneto-eletric dipole antenna design to work at 37 GHz. The peak gain of the
antenna was 26.7 dBi and a radiation efficiency of 83.2% was obtained for 40 GHz.
In the 45 GHz frequency, a SIW-fed cross-slot antenna element was designed. The
proposed 4x4 antenna array was fabricated obtaining a measured peak gain of 19.4 dBi
at 50 GHz and a radiation efficiency of 81.7% at the same frequency. Still in this paper,
a 8x8 antenna array fabricated in LTCC process for the 145 GHz frequency achieved a
measured peak gain of 20.5 dBi and radiation efficiency of 59.2%.

2.2.5 Multi-Method Approach

As seen in the literature these techniques work, resulting in an improvement in the
antenna performance and it is common to use more than one of these mechanisms to

try and enhance gain, radiation efficiency, and bandwidth.

In [37] a Yagi-like structure antenna with SIW and cavity is designed using a standard
0.13 um Silicon-Germanium (SiGe) BiCMOS technology. By using a dielectic resonator
vertically stacked on the antenna forming the 3D Yagi-like it was possible to increase
the antenna gain and radiation efficiency achieving 10 dBi and 80% at 340 GHz respec-
tively.

An on-chip antenna based on metamaterial and SIW for the millimeter and terahertz
band is designed in [38]. The proposed structure comprises five alternating layers of
metallization and silicon and an array of circular radiation patches slots with metama-
terial slots are etched. Below the silicon layer is a cavity and underneath this layer is
an open-ended microstrip feedline used to excite the antenna. The antenna provided
an average measured gain of 6.9 dBi and radiation efficiency of 53%.

In [39] the same authors from [32] proposed a similar novel antenna design using meta-
surface and was implemented on two layers of polyimide substrates using AMC struc-
ture. The use of AMC suppresses the surface waves reducing the substrate losses. This
structure exhibited a very large bandwidth of 350-385 GHz, an average gain of 8.15
dBi, and 65.71% radiation efficiency. The same authors also design an antenna array
to operate over 0.450-0.475 GHz comprising two dielectric resonators in [40] placed on
the surface of the slot antenna. According to the authors, the combination of slot and
vias transforms the antenna into a metamaterial structure providing a small footprint.

The antenna achieved a maximum gain of 4.5 dBi and 45.7% radiation efficiency.

Another example of the combination of metasurface and SIW technologies is in [41].

In addition to those technologies, an effective RF cross-shaped feed structure is added
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to excite the antenna from its underside by coupling which, according to the authors,
facilitates the integration with the integrated circuits. The OCA shows to have a gain
and efficiency of 8.5 dBi and 67.5%, respectively, on a frequency range of 200-220 GHz.

In another approach, a CPW-fed suspended-on-chip phased array is designed in [42].
By using a micro-electro-mechanical system Micro-electro-Mechanical System (MEMS),
creating a low &, substrate of air instead of a lossy silicon substrate the radiating ele-
ments were suspended improving the radiation efficiency. The antenna is a 5x5 array
peak realized gain was 19.7 dBi achieving a radiation efficiency > 80% at 60 GHz.

Discussion

Upon reviewing the previous OCA designs, it becomes evident that each of these tech-
niques contributes to enhancing antenna performance. Since the examples provided
encompass various antenna designs, frequencies, and technologies, it would not be
fair to directly compare these methods and determine which one is the best choice.
However, when we examine the results and focus on those with an efficiency greater
than 80%, we find that the microstrip antenna using micromachining, the dielectric
resonator antenna, the magneto-electric dipole array, the 4x4 metallic cross slots array
using SIW, and the Yagi-like array using SIW and a dielectric resonator exhibit supe-
rior performance in terms of efficiency and gain for this application. The characteristics
of these antennas are summarized in Table 2.2. Despite these methods proving to be
an asset for increasing antenna performance, during this dissertation, other ways of
obtaining better performance will be explored to avoid design complexity.

Table 2.2: Overall methods with better efficiency.

Ref Method Frequency Gain Efficiency
[18] Micromachining 60 GHz 8.7 96%
[18] Micromachining 60 GHz 9.9 94%
[24] Dieletric 104 GHz 7-9 80%
resonator

[36] SIW 37 GHz 26.7 83.2%
[36] SIW 45 GHz 19.4 81.7%
[37] SIW and DR 340 GHz 10 80%
[42] MEMS 60 GHz 19.7 80%

13



2. ON-CHIP-ANTENNA 2.3. Indium Phosphide (InP)

2.3 Indium Phosphide (InP)

This thesis proposes to focus on the OCA design and performances. However, as one
of the important topics for OCA is the technology used for the structure, a small re-
view on InP platform for photonic integrated circuits is done in this section with the
introduction of OCA'’s using this platform. Most of the work present so far shows the
construction of OCA on silicon substrates. This may have to due with the small cost
compared with Gallium Arsenide (GaAs) and InP material.

Depending on the system requirements, the materials used for integrated circuits fabri-
cation technology must be carefully chosen to guarantee integration and compatibility
with the different system blocks. The main technologies available are CMOS, silicon

germanium or semicondutors from group III-V such as GaAs or InP [43], [44].

The InP platform is one of the most advanced platforms for high-performance and
has the advantage over silicon by allowing monolithic integration of all the required
active elements improving the system reliability, reduction on packaging cost, system
footprint, fiber coupling loss, and power consumption [45].

In [46], a 4x4 planar array antenna on indium phosphide is designed and fabricated to
operate at 300 GHz. The antenna is fed by a CPW feed line and the antenna element
is composed of a top metal, dielectric substrate, and bottom floating metal layer. One
side directional radiation is possible by optimizing the length of the bottom layer. At
300 GHz the antenna gain is 11.7 dBi.

A novel linear polarized cavity-backed antenna is simulated in [47]. The backed cavity
of the antenna is triangular shaped and it is done by metallic via arrays in the InP
substrate. The antenna is fed by an inset coplanar waveguide and reaches a 3.8 dBi

gain and 89% radiation efficiency.

A grounded and diced bow-tie slot antenna with a stub for terahertz application is
present in [48]. The antenna is fed by CPW and by limiting the area around the con-
ductor is possible to reduce the substrate effects. The ground plane below acts as a
reflector and re-directs the energy to the air-side region of the antenna. The antenna
gain is 11 dBi at 280 GHz and achieved an average of 92% radiation efficiency.

In [49] an on-chip patch antenna design on InP substrate. The antenna is fed by ECPW
transition to a rectangular waveguide and for higher directivity, a horn antenna is used

to form an extended packaging structure. The simulated gain is 11.9 dBi.

An on-chip rectangular waveguide-to-microstrip transition using a dipole antenna with

an integrated balun is present in [50]. The proposed structure allows a compact size,
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simple design, and broad bandwidth characteristics.

In [51], a bow-tie antenna loaded with a bullet silicon lens is proposed. The use of a
lens increases the gain and radiation efficiency of the antenna however, the use silicon
lens can narrow the antenna bandwidth. The antenna shows a gain of 13.5 dBi and an

efficiency of 90%.

In [52], a beam steering leaky-wave antenna is reported. According to the authors,
leaky-wave antennas are attractive because they do not require complex feeding con-
trol circuits and the beam steering is simply accomplished. The average realized gain
was 11 dBi for a single Leaky-Wave Antenna (LWA) and for an array of 3 LWA manxi-

mum realized gain was over 18 dBi.

Table 2.3 presents the characteristics of the antennas mentioned above.

Table 2.3: OCA performance on InP substrates.

Ref Antenna Frequency Gain Efficiency
[46] 4x4 antenna 300 GHz 11.7 dBi ——
array
[47] Linear 60 GHz 3.8 dBi 89%
polarized

cavity-backed
[48] Grounded and  230-325 GHz 11 dBi 92%
diced bow-tie

slot
[49] Patch 140 GHz 12.3 dBi ——
[51] Bow-tie with 340 GHz 13.5 dBi 90%
lens
[52] 4 array LWA 230-330 GHz 18 dBi ——
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Folded Slot Antenna (FSA)

In this section, one of the antennas under study is introduced: the FSA. This antenna
was chosen due to its ease of integration with the CPW line. A parametric study of this
antenna is presented, along with an exploration of the impact of introducing substrates
with different permittivities on the impedance and radiation pattern. The impact of the

introduction of a reflective ground plane is also evaluated.

3.1 Antenna Geometry

The geometry of the Printed Folded Slot Antenna (PFSA) is shown in Figure 3.1. This
is a printed version of a complementary of the folded dipole antenna where the an-
tenna is surrounded with conductive material in specific copper and center fed with
a discrete port. According to [8], a folded dipole has a length L given by Equation 3.1
where A represents the wavelength and the parameters corresponding to the width (s)
« L and the gap (g) <s.

|~

(3.1)
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Wg

Lg S

Figure 3.1: FSA structure.

3.2 FSA in free space

To simplify the model, the antenna substrate will not be included in the initial design.
This antenna will be referred to as FSA in free space. The impact of the substrate will
be evaluated at a later stage.

3.2.1 Initial design

Considering Equation 3.1, the theoretical value for the length is 2.5 mm. Since the
values for the gap and width have to be much smaller than the length, a first approach
considered the ¢ = 0.1 mm, s = 0.3 mm and the Wg and Lg to be 5 mm corresponding
to A. The input impedance is shown in Figure 3.2a and the corresponding input match,
referred to 50Q, is shown in Figure 3.2b. As can be seen, the antenna presents two
resonances at 54.2 GHz and 69.5 GHz with a peak real part at 53 GHz. The best input
match was obtained at 66 GHz and a level of -10.23 dB was observed at the target
frequency of 60 GHz. As the antenna is slightly detuned, with the best input match at
a higher frequency than the target, adjustments have to be made to retune the antenna.
For that purpose, a parametric study of the effect of every geometry parameter will be
performed.
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Figure 3.2: Input impedance and input match of the FSA with L =2.5mm, g=0.1,s =
0.3, Wg =5mm and Lg = 5 mm.

3.2.2 Parametric study

First, a parametric study of L is conducted. The impact of the variation of L in the
input impedance is shown in Figure 3.3 and the input match is shown in Figure 3.4. As
we can see, increasing the value of the parameter L decreases the resonant frequency,
the same behavior is observed in the impedance graphics where there is a shift in the
real and imaginary parts of the impedance that decreases when the length of the slot

increases.
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Figure 3.3: Impact of L on the input impedance of the FSA.
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Figure 3.4: Impact of L on the S, parameter of the FSA.

As mentioned earlier, both the ¢ and s parameters must be much smaller than L, and s
must be greater than g. Starting with the ¢ parameter, the input impedance is shown
in Figure 3.5 and the input match in Figure 3.6. As can be seen when evaluating the
impedance it becomes apparent that as the gap increases, both the real and imaginary
parts of the impedance also increase. As for the S, as the gap increases the S, de-
creases showing a better input match.

200 1 200
g =0.08 mm g =0.08 mm
—g=0.1mm 150 F —g=0.1mm
—g=0.12mm —g=0.12mm

~150 - —
c c
8 8
o c
S 3
8.100 2
£ E
= 5
o Qo
C C

- 50F — -100 -

-150 -

N S S (N A S (N AN e (N A A N Y U N B
40 45 50 55 60 65 70 75 80 40 45 50 55 60 65 70 75 80
Frequency (GHz) Frequency (GHz)
(a) Real Part. (b) Imaginary Part.

Figure 3.5: Impact of ¢ on the input impedance of the FSA.

As for the s value, this parameter exhibits a behavior similar to that of the ¢ parame-
ter, although its impact is less pronounced. Increasing the s value results in minimal

changes in impedance, as demonstrated in Figure 3.7a and Figure 3.7b. As for §,; in
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Figure 3.6: Impact of ¢ on the §; parameter of the FSA.

Figure 3.8, it shows a slight decrease.
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Figure 3.7: Impact of s on the input impedance of the FSA.

Since the purpose of this parametric study is to understand the impact of all the pa-
rameters regarding the FSA, variations in the dimensions of the copper surrounding
the antenna were examined to assess their impact on antenna input impedance and
input match. Starting with the length (Lg), the input impedance and input match can
be observed in Figure 3.9 and Figure 3.10, respectively. By increasing the Lg the real
and imaginary parts of the impedance become slightly more flattened as a result of
increasing the Lg. By observing the frequencies around 60 GHz is visible that the vari-
ation is smaller for the higher value of the Lg (blue line) in the real and imaginary parts
resulting in the increased bandwidth observed in the input match.
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Figure 3.8: Impact of s on the S ; parameter of the FSA.
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Figure 3.9: Impact of Lg on the impedance of the FSA.

As for the width (Wg), this parameter has a minor impact on the input impedance
and input match visible in Figure 3.11 and Figure 3.12. By looking at the impedance,
increasing the Wg results in a decrease in the peak values for the impedance just as the
Lg. However, around 60 GHz, there is not much variation in the impedance’s real and
imaginary parts.
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Figure 3.10: Impact of Lg on the S|, parameter of the FSA.
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Figure 3.11: Impact of Wg on the impedance of the FSA.

3.2.3 FSA design

Building upon the earlier parametric study, the dimensions of the antenna in an air
environment were optimized. The specific dimensions are provided in Table 3.1 where
it can be seen that for L parameter, the best value was slightly above the expected 0.5 A
and ¢ and s are 0.05L and 0.11L, respectively. The input impedance is shown in Figure
3.13b and input match in Figure 3.13a. An impedance of approximately 49.4 Q was
obtained resulting in an excellent input match of —43.3 dB at 60 GHz.
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Table 3.1: Dimensions of the FSA in free space.

Parameters L g s Lg Wg
Values (mm) 2.79 0.28 0.3 5 5
Values(1)  0.5584 0.0564 0.064 A1 2
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Figure 3.13: FSA free space optimization.

3.3 Printed Folded Slot Antenna (PFSA)

After studying the impact of each parameter relative to this structure, a substrate was

introduced, with only the permittivity as the variable under investigation. Later the
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impact of a ground plane will be evaluated.

3.3.1 permittivity Impact

Substrates with permittivities ranging from ¢, = 3 to ¢, = 12, each with a height of
250 ym and without losses were considered. According to the parametric study, the
tirst theoretical design was considered. The input impedance is visible in Figure 3.14
and input match in Figure 3.15. Increasing the permittivity of the substrate leads to
a decrease in the resonant frequency with the appearance of a new mode within the
frequency range used.
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Figure 3.14: Impact of permittivity on the impedance of the PFSA.
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Figure 3.15: Impact of permittivity on the S, parameter of the PFSA.
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Six antennas were dimensioned with &, varying from 1-12 and respecting the Equa-
tion 3.1 for the different wavelengths (1,) respecting the permittivity of each dielec-
tric. Respecting the method of characterization of the FSA where ¢ < sand s « L it
was not possible to get the ;< -10 dB for antennas with high permittivity. So, using
impedance as the primary criterion, we aimed to assess the influence of permittivity
on the impedance. To achieve an imaginary part of the impedance equal to zero at 60
GHz, the antennas were adjusted. The real and imaginary parts of the impedance are
displayed in Figure 3.16, demonstrating that as the permittivity increases, the real part
of the impedance is affected drastically decreasing for the same mode of operation.
The specific dimensions are provided in Table 3.2 along with the values of the real part
of the impedance where A, represents the free space wavelength.
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Figure 3.16: Impedance with different permittivities of the PFSA.

Table 3.2: PFSA dimensions and impedance for different permittivities.

Parameter L(g=0.05xL / s=0.11xL)
& 1 3 5 7 9 12
Value (mm) 279 215 179 154 137 117
Value(4y) 0.558 0.43 0.358 0.308 0.274 0.234
Value(4,) - 0.746 0.803 0.814 0.820 0.812

Imp(Real Part)(Q) 49.37 2359 1253 814 572 3.73

We also observed the normalized 2D radiation pattern for &, = 1 and ¢, = 12 at 60
GHz in the ¢ = 90° and ¢ = 0° planes. Figures 3.17a and 3.17b illustrate the radiation
pattern for the antenna with a low substrate (g, = 1). The antenna exhibits a main lobe
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magnitude at # = 0° and at 6 = 180°, with a maximum gain of 5.52 dBi. However,
as the permittivity increases, the radiation pattern loses its symmetry and begins to

radiate into the substrate.

Phi= 90 \ ) Phi=270 ] ) Phi=180

180 i 180 ‘i
=y x
Theta / Degree Theta / Degree
(a) ¢ = 90°. (b) ¢ = 0°.

Figure 3.17: &, = 1 impact in the radiation pattern.

In Figures 3.18a and 3.18b, the normalized radiation pattern of the antenna on a sub-
strate with ¢, = 12 is observed. The maximum lobe magnitude is at 6 = 180° with a
gain of 4.94 dBi, while for # = 0°, the gain is 1.43 dBi. This behavior becomes more
pronounced as the permittivity increases, causing most of the radiated power to be
confined in the substrate rather than being radiated into free space, highlighting one

of the anticipated issues discussed in Chapter 2.
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Figure 3.18: &, = 12 impact on the normalized radiation pattern.
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3.3.2 PFSA with Ground plane

One potential solution to address this issue is introducing a ground plane into the
structure. The use of a ground plane effectively reflects the radiation, redirecting any
radiation traveling toward the substrate and keeping it in the region above the ground

plane.

Beginning with the structure without dielectric material, a study was conducted on the
impact of a floating ground plane at various distances ranging from 0.14 to 0.51 (0.5
mm to 2.5 mm). The goal was to optimize all structures to achieve at least §;; < -10
dB, as shown in Figure 3.19. It is also visible that, as the ground plane is closer to the

antenna, the bandwidth is bigger.
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Figure 3.19: Distance of the ground plane impact on the S ; of the FSA.

The normalized radiation pattern for the different distances is presented in Figure 3.20,
revealing that a significant portion of the radiation is concentrated in the desired di-
rection of 0°, in contrast to Figure 3.17a. Furthermore, a comparison of the various
distances shows that, as the distance between the antenna and the ground plane de-
creases, the main lobe direction shifts towards the intended direction of § = 0°, and the

angular width (3 dB) decreases.
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Figure 3.20: Distance of the ground plane impact on the normalized radiation pattern.

A similar analysis was conducted for a substrate with a permittivity of 12, but this

time considering distances ranging from 0.1 4, to 0.3 4, (0.14 mm to 0.43 mm). When

examining the S;;, shown in Figure 3.21, it becomes evident that additional modes

begin to operate in the presence of the ground plane. This observation suggests that

the structure is now behaving similarly to a resonant cavity. Since the permittivity of

the dielectric is very big the waves are reflected and bounce back and forth between

the walls of the cavity.
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Figure 3.21: S, parameter for different distances of the ground plane with a substrate
of g, = 12.

Using Equation 3.2, it is possible to calculate the frequencies for different modes of
operation denoted by m, n, and p. This calculation takes into account the dimensions
of the structure, as illustrated in Figure 3.22 [8]. In this scenario, it is not the antenna
dimensions that influence the behavior, but rather the dimensions of the structure,
including its width (Wg), length (Lg), and thickness (k).

o= ) (D () 62

S T
—

/

Figure 3.22: Cavity structure.

After adjusting the parameters to achieve a resonant frequency of 60 GHz including
the height of the substrate used of 250 um, we observed the §,; in Figure 3.23 and
the electric fields shown in Figure 3.24. It was possible to achieve a S, of -21.75 dB,
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as for the electric field it reveals that the antenna is not operating in its fundamental
mode (first mode of operation). Although it is not possible to conclude the antenna’s
operating mode, a standing wave pattern is visible in the electric field along the length
and width of the structure, which has a resonant behavior.
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Figure 3.23: S|, of the PFSA without losses of the InP.
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(b) Length.

Figure 3.24: Electric field distribution.

3.3.3 FPSA design

After adjusting the structural parameters to achieve resonance at 60 GHz, we incorpo-
rated the remaining InP characteristics into the simulation, using the values provided
in Table 3.3. Figure 3.25 illustrates the impact of InP losses on the input match which

reveals that introducing the losses of the substrate lowers the S ;.
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Figure 3.25: § |, of the PFSA with losses of the InP.

Table 3.3: InP characteristics

Parameters Value

Permetivitty 12.4
Height 0.250 mm
Loss tan 0.0012

After incorporating the InP losses, we introduced the CPW to the antenna. The final
antenna dimensions are summarized in Table 3.4 and the design is illustrated in Figure
3.26. The ground plane is bigger to understand the impact of a bigger conductive plate
since the antenna can be put in a structure such as a PCB. To achieve a 50 Q@ CPW line,
it was necessary to dimension the center conductor (Wc) and the gap (gap) between
this line and the side ground planes. Using the macro tool from CST, the values for Wc
and gap required to obtain a 50 Q line were determined as Wc = 0.028 mm and gap =
0.0187 mm. Figure 3.27 displays the §; with the CPW included, where we were able
to achieve S ;; of -26.43 dB.

Table 3.4: PFSA final dimensions.

Parameters L g S Lg Wg
Values(mm) 1 0.1 0.11 4.85 4.81
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Figure 3.26: FSA final design.
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Figure 3.27: §; of the PFSA with CPW.

The radiation pattern was also observed, as depicted in Figure 3.28. This design al-
lowed us to achieve a directive radiation pattern with an angular width of 25.3° and
46.8° in the ¢ = 90° and ¢ = 0° planes, respectively. Details regarding the gain, effi-
ciency, and bandwidth are provided in Table 3.5.
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Figure 3.28: Normalized radiation pattern of the final design of the PFSA.

Table 3.5: PFSA overall performance.

Parameters  Value
S -26.43 dB
Gain 8.5 dBi
Efficiency 51%
Bandwidth 314 MHz

In conclusion, this study has demonstrated the feasibility of operating at 60 GHz with
an InP substrate using this structure. However, it is important to note that while the
investigation began with a folded slot antenna, the behavior of the structure eventually
resembled a resonant cavity. Consequently, it is difficult to attribute the radiation solely
to one of these options, not both. Thus, this chapter concludes with the design that has
achieved a directive radiation pattern but also leaves open the possibility of further
exploring the microstrip antenna as a potential solution.
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Rectangular Microstrip Antenna

In this chapter, we delve into the study of the microstrip patch antenna. In the preced-
ing chapter, we examined the FSA, and as we introduced the ground plane to achieve
a directive radiation pattern, the antenna began to exhibit characteristics resembling
those of a resonant cavity, much like the microstrip patch antenna. Therefore, in this
chapter, we analyze this structure as one of the potential designs for constructing on-
chip antennas for both InP and silicon substrates.

4.1 Microstrip Design

When designing a microstrip patch antenna, several parameters need to be calculated
to ensure the antenna operates at the desired working frequency. The goal is to achieve
the best possible input match, which means that the parameter S, ideally approaches
negative infinity at the frequency of 60 GHz. This implies that the reflection at the
entrance of the patch is nearly zero, allowing the entire signal to be radiated.

We begin by calculating the width (W) of the patch, as expressed by Equation (4.1),
where c represents the speed of light, f. denotes the resonant frequency, and ¢, repre-
sents the dielectric constant of the substrate material [8].

W= ¢ (4.1)

2 x f, % 4/%
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Ideally, in microstrip antennas, the electric field lines between the patch and the ground
plane predominantly travel through the substrate. However, at the boundaries of the
patch, due to its finite size, these electromagnetic waves simultaneously pass through
the air and the substrate, giving rise to what is known as the fringe effect, as depicted
in Figure 4.1.

To address this effect, it becomes necessary to treat both the air and the substrate as a
single medium, homogenizing the permittivities of these layers. This is achieved using
the parameter &7, as defined in Equation (4.2), with the condition W/h > 1, where h
represents the height of the substrate. This approach aims to prioritize radiation over

transmission.

Figure 4.1: Fringe effect [8].

1
L+l e —1 h\ "’ w
grefZE;r +82 X<1+12XW) , paraz>1 4.2)

When treating the air and dielectric as a single medium with ¢, the effective length
of the patch (L,;f) is determined by Equation (4.3) [8].

C

Lesr =
1 2 X fr X \[Eref

(4.3)

Because of the fringe effect, the electric field lines at the edges of the patch exhibit a
curved pattern, making it appear as if the patch has larger dimensions than its actual
physical dimensions. To account for this effect and remove the contribution to the
effective length, we calculate the excess length (AL) using Equation (4.4) [8].

(8rer +0.3) x (¥ +0.264)
(rer — 0.258) x (X +0.8)

AL = 0.412h x (4.4)
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Since this effect appears on both sides of the width of the patch, these two contributions
will have to be removed, and we then conclude that the length of the patch will be given

by the equation (4.5).
L= Leff — 2 x AL (45)

Patch impedance

The radiating element exhibits varying input impedances at different feed locations.
Specifically, the maximum impedances are found at the ends of the patch, while the
minimum impedances occur at a distance of 1/4 from the ends. This consideration

takes into account that L ~ 1/2, where A represents the wavelength on the substrate.

According to Constantine A. Balanis [8], the input impedance at the patch (Z;) can
be estimated using Equation (4.6), where A, denotes the wavelength under vacuum

conditions.

_60)(/10
7/ W

(4.6)

In order to optimize the antenna, the input impedance Z;, of the radiating element
must match the characteristic impedance (Z,) of the transmission line that feeds it. In
this way, the transmission line must be inserted at a given position on the radiating

element, in such a way that the impedances are as close as possible.

4.2 Microstrip antenna on InP substrate

After calculating the antenna dimensions to achieve the first resonant frequency at 60
GHz, we proceeded to build the antenna in CST on an InP substrate. The first value
for the length and width of the patch used was 0.72 mm. The antenna geometry and
S 11 are shown in Figure 4.2 where it is evident that the resonant frequency falls below
the intended 60 GHz.

4.2.1 Parametric study

To gain a better understanding of how the antenna parameters influence its perfor-

mance, a parametric study was conducted, varying the patch length and width, the
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feed point position, and the dimensions of the substrate and the ground plane.
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(a) Microstrip structure.
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Figure 4.2: Microstrip §; and structure with L = 0.72 mm, W = 0.72 mm, FP = -0.2 mm,
Wg =3 mm and Lg = 3 mm.

We initiated the study with a parametric exploration of the L parameter, varying it by

+0.1 mm from its initially calculated value of 0.72 mm. The input impedance is shown

in Figure 4.3 and S, in Figure 4.4. As it can be seen, the L parameter significantly influ-

ences the resonant frequency. Increasing the length of the patch leads to a decrease in

the resonant frequency, and vice versa. It is also visible that decreasing the length of the

patch increases the peak values of both the real and imaginary parts of the impedance.
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Figure 4.3: Impact of L on the input impedance of the Microstrip antenna.
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Figure 4.4: Impact of L on the §,; parameter of the Microstrip antenna.

The same variation was made for the width (W) of the patch. Looking at input impedance
in Figure 4.5 and § |, present in Figure 4.6 there is a slight decrease of the resonant fre-
quency with the increase of the W. It is also visible that, by increasing the value of the
W the peak values of the real and imaginary parts of the impedance decrease.

The feed point is a crucial parameter in the patch antenna structure, as its location
should be as close as possible to the 50 2 impedance point on the patch to define the an-
tenna’s input impedance. To achieve a better match between the patch impedance and

the port impedance, the port location must align with the antenna’s input impedance.
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Figure 4.5: Impact of W on the input impedance of the microstrip antenna.
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Figure 4.6: Impact of W on the S|, parameter of the microstrip antenna.

As explained earlier, the patch exhibits varying impedances depending on the port’s
placement. To achieve an improved input match, we varied the port’s location by
+0.05 mm from its original position. Figure 4.7 illustrates the different outcomes when
lowering the feed point from the center of the patch in the input impedance and Figure
4.8 in the input match. By lowering the feed point position, the variation of the real and
imaginary parts of the impedance increase. At approximately 50.5 GHz, the impedance
closely approaches 50 Q, resulting in the best input match, accentuated for the fp value
of -0.20 mm below the center of the patch (red curve).
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Figure 4.7: Impact of fp on the input impedance of the microstrip antenna.
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Figure 4.8: Impact of fp on the S, parameter of the microstrip antenna.

We also explored the impact of altering the dimensions of the substrate and ground
plane to assess their influence on the antenna input match. Starting with the width of
the substrate and ground plane (Wg), the input impedance and input match are visible
in Figure 4.9 and Figure 4.10, respectively. The variation of this parameter had a slight
impact on the §;; which improved with the decrease of the Wg. By observing the

impedance, both real and imaginary parts of the impedance slightly change especially
around 50 GHz.

200

150

Input impedance (Q)
o
o

o
o
T

200
Wg =2.5mm

—Wg =3.0mm
—Wg=3.5mm

-
o
o

-
o
o

a
o
T

Input impedance (Q)
o

Wg =2.5mm
-150 - —Wg=3.0mm
—Wg=3.5mm
; : : — : 200 : : : : : : ‘ ‘
45 50 55 60 65 70 75 80 40 45 50 55 60 65 70 75 80
Frequency (GHz) Frequency (GHz)
(a) Real Part. (b) Imaginary Part.

Figure 4.9: Impact of Wg on the input impedance of the microstrip antenna.
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Figure 4.10: Impact of Wg on the S, parameter of the microstrip antenna.

By looking at the variation in the length of the substrate and ground plane Lg, we ob-
serve that this parameter has a similar impact to the Wg. By looking at the impedance
in Figure 4.11, both real and imaginary parts of the impedance slightly change in a sim-
ilar way to the Wg, making the S, more accentuated with the decrease of this value
observed in Figure 4.12.
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Figure 4.11: Impact of Lg on the input impedance of the microstrip antenna.
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Figure 4.12: Impact of Lg on the §; parameter of the microstrip antenna.

Notably, both the length and width of these elements demonstrated similar effects on
antenna performance. Increasing the length and width of the substrate and ground
plane led to an increase in the peak values of both the real and imaginary parts of the
impedance. However, it is important to note that these changes had a less significant
impact compared to the adjustments made to the previous parameters.

So, to increase the resonant frequency, the length of the patch was decreased until the
S 11 obtained in Figure 4.13 of ~ —30 dB. The final L and W dimensions are 0.574 mm
and 0.56 mm, respectively and fp of -0.18 mm.
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Figure 4.13: Microstrip optimization with discrete port.

As the antenna is intended for integration within an integrated circuit, it is crucial to
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consider the dimensions of the chip. For this purpose, we adopted the dimensions of
the InP substrate to match the HHI product ID HHI-4-2-8, measuring 2x8 mm? [53].
Additionally, one possibility is to put the chip on top of a PCB, so the dimensions of
the ground plane were expanded to understand the impact of having a larger ground
plane in the antenna performance. The antenna S, is visible in Figure 4.14. These
adjustments in the dimensions of the InP substrate and the ground plane had a small

effect on the antenna’s resonant frequency. The S|, parameter increased from -30 dB to
-25 dB.

0 200 -
- Imaginary part
5t 150 - —Real part

10

)

-
o
o

g X 60
N -157 8 50 .V476317
m & kf_/
= 20+ B o g
= Q X 60
[} E Y -4.46751
25+ ! 5 -50
Y -25. ;(622 %
30+ ~— -100
35+ -150 -
-40 ‘ ‘ ‘ ‘ ‘ 2200 ‘ ‘ ‘ :
40 45 50 55 60 65 70 75 80 40 45 50 55 60 65 70 75 80
Frequency (GHz) Frequency (GHz)
(@) S11 (b) Impedance Real Part.

Figure 4.14: Microstrip optimization with discrete port considering dimensions of
product HHI-4-2-8.

4.2.2 Inset Feed

Since the CPW is the feeding method used, we opted for the inset feed technique, as
illustrated in Figure 4.15. This choice facilitates a direct connection between the 50 Q
CPW line and the 50 Q point on the antenna. To comprehend this technique thoroughly,
we conducted a parametric study.

— | —> |
dy | d
L L

Figure 4.15: Impedance point demonstration in inset feed.
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First, let’s explore all the relevant parameters associated with this type of feeding tech-
nique using CPW. Figure 4.16 illustrates the inset feed and the key parameters in-
volved: sl (length of the inset), sx (the width of the inset), and the variable aux (repre-
senting the spacing between the patch and CPW).

3X

B

1

Figure 4.16: Inset feed representation on the antenna.

The first parameter under investigation is denoted as sl. This parameter was varied
within the range of 0.15 mm to 0.05 mm. Figure 4.17 shows the input impedance and
Figure 4.18 the input match. As can be seen, this parameter exerts an influence on the
resonant frequency, with the frequency decreasing as this variable increases. It is also
visible the appearance of another mode of operation. As for the impedance the peak

value of the real part increases as the s/ decreases.
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Figure 4.17: Impact of sl on the input impedance of the microstrip antenna.
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Figure 4.18: Impact of sl on the §; parameter of the microstrip antenna.

Next, we examined the parameter aux, which was adjusted within the range of 0.15

mm to 0.05 mm. An analysis of the impedance, shown in Figure 4.19, reveals that

increasing the value of aux results in reduced variations in both the real and imaginary

parts across the frequency spectrum and the fading of the other mode of operation near

75

GHz. By looking at the §; visible in Figure 4.20 increasing the aux value results in

a slight decrease in the resonant frequency. It is also visible, that what appears to be

another mode of operation disappears with an increase of this parameter as mentioned

before.
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Figure 4.19: Impact of aux on the input impedance of the microstrip antenna.
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Figure 4.20: Impact of aux on the S, parameter of the microstrip antenna.

The final parameter we investigated was sx, which was varied from 0.018 mm to 0.03
mm. As depicted in Figure 4.21, it is evident that this parameter has an impact on the
input match which increases with the increase of the sx. By looking at the impedance

in Figure 4.21, it is clear that the real and imaginary parts slightly shift to higher fre-
quencies with the increase of the sx value.
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Figure 4.21: Impact of sx on the input impedance of the microstrip antenna.
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Figure 4.22: Impact of sx on the §|; parameter of the microstrip antenna.

4.2.3 Microstrip Patch Final Model on InP

Following a comprehensive understanding of how the inset feed functions, adjust-
ments were made to optimize the input match at 60 GHz. For a comprehensive sum-
mary of the parameter values for this antenna, please refer to Table 4.1. The final
microstrip design is presented in Figure 4.23, where is visible the presence of a big-
ger ground plane to understand the impact of a bigger metallic structure behind the
antenna and the small dimensions of the substrate to respect the dimensions of the
materials available from the manufacturer. The corresponding S, and impedance are
displayed in Figure 4.24a and Figure 4.24b, respectively. It was possible to obtain a S,
of ~ —38.7 dB with a bandwidth of 1.39 GHz and an impedance of 50.6-j0.9 Q.

Figure 4.23: Microstrip final design.
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Figure 4.24: Final microstrip S, and impedance.

Table 4.1: Patch antenna parameters and values.

Parameters Value (mm)
Ground plane Length 5
Ground plane width 10
Patch length (L) 0.597
Patch width (W) 0.8
Substrate Length (Lg) 2
Substrate Width (Wg) 8
CPW line width 0.2
Inset length (sl) 0.1

Inset width (sx)

0.022

Distance between patch and CPW (aux) 0.05

We also examined the 2D and 3D radiation patterns, as illustrated in Figure 4.25 and
Figure 4.26. Comparing the performance of this antenna with the FSA discussed in
previous sections, it is evident that the FSA has a narrower angular width compared
with the angular width of the microstrip which is 123.9° and 92.1° in the ¢ = 90° and
¢ = 90° planes, respectively, making it more directive and has higher gain. However,
the microstrip patch antenna has greater efficiency, achieving a remarkable 95.5% radi-
ation efficiency, and a broader bandwidth of 1.54 GHz.

For a comprehensive summary of the antenna’s performance characteristics, please
refer to Table 4.5.
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Figure 4.25: Normalized radiation pattern for final microstrip model on InP.

Figure 4.26: 3D radiation pattern microstrip on InP.

Table 4.2: Microstrip on InP overall performance.

Parameters  Value
S -38.6 dB
Gain 5.45 dBi

Efficiency 95.5%
Bandwidth 1.39 GHz
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4.3 Microstrip Antenna on Silicon substrate

In this section, a microstrip antenna with a silicon substrate is studied since the man-
ufacture calendar of the InP surpasses the calendar of this dissertation. As mentioned
before, one of the problems of OCA’s is the substrates used due to the combination of
the use of antenna with integrated circuits that are built over lossy and high permit-
tivity substrates such as silicon. So, the impact of the silicon substrate on the antenna
is studied including all the other limitations associated such as the height and low

resistivity of the silicon substrate.

In Section 4, a microstrip antenna on InP substrate with 250 pm is built. The same
antenna was simulated but now on a silicon substrate with the same height and with
the characteristics mentioned in Table 4.3.

Table 4.3: Silicon characteristics.

Parameters Value
Permittivity 11.9
Resistivity 400 kQ.cm
Height 300-600 um

It is visible in Figure 4.27 that, by changing the substrate material, the resonant fre-
quency increases. This has to do with the silicon permittivity being slightly smaller
than the InP which affects the resonant frequency. So, to get the resonant frequency at

60 GHz the length of the patch was slightly increased to ~ 0.6 mm.
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Figure 4.27: §; microstrip antenna with silicon substrate.
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4.3.1 Silicon Thickness impact

Depending on manufacturers, silicon substrates come in various thicknesses ranging
from ~ 300 — 600 pm. In this section, we explore the impact of the thickness on the an-
tenna performance. According to C. Balanis, thick substrates (2 > 0.024,) can increase
surface waves [8], which affect the antenna performance. So, a parametric study on
the substrate thickness, ranging from 100 pm to 600 pm was made to understand the
impact of the thickness on the antenna input match and radiation pattern.

Figure 4.28 shows the impact of different substrate heights on the input match. As
we can see, as the height of the substrate increases, the resonant frequency decreases
and other modes start to appear in the frequency range. Since the value of the height
begins to approach the value of the width and length of the patch, the appearance of
other modes can be due to the resonance frequencies imposed by the height of the
substrate.

50 55 60 65 70
Frequency (GHz)

Figure 4.28: Thickness impact on S ; of the microstrip antenna on silicon.

Using the S |; below -10 dB as fundamental criteria, the microstrip antenna was dimen-
sioned for substrates with heights between 100 pm to 600 pm with an increase of 25
pm. Figure 4.29a displays the input match and Figure 4.29b the total and radiation
efficiency for several heights. It is evident that after 350 um, achieving an input match
solely by varying antenna dimensions becomes challenging. It is also visible that the
total radiation, as expected, is affected by the input match after 350 pm. However, for a
substrate height of 600 pm, the antenna’s S, falls below -10 dB. It’s worth noting that
this phenomenon may be attributed to surface waves and may not be entirely within
the author’s control.
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Figure 4.29: S, and efficiency for several substrate heights of the microstrip antenna
on silicon.

The normalized 2D radiation pattern was also observed for substrate heights between
100 pm to 600 pm but with an increase of 100 pm from Figures 4.30 to 4.35.
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Figure 4.30: Normalized radiation pattern of the microstrip antenna on silicon with a
height of 100 pm.
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Figure 4.31: Normalized radiation pattern of the microstrip antenna on silicon with a
height of 200 pum.
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Figure 4.32: Normalized radiation pattern of the microstrip antenna on silicon with a
height of 300 um.
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Figure 4.33: Normalized radiation pattern of the microstrip antenna on silicon with a
height of 400 pum.
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Figure 4.34: Normalized radiation pattern of the microstrip antenna on silicon with a
height of 500 pum.
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Figure 4.35: Normalized radiation pattern of the microstrip antenna on silicon with a
height of 600 pm.

The radiation pattern for values that pass 300 pm starts to deform losing its directiv-
ity and total efficiency, by not being possible to get the S, <-10 dB for the first mode
of operation. This effect can be caused by surface waves. However, another possible
effect can be explained by the modes imposed by the substrate height. As mentioned
before, a microstrip patch works like a resonant cavity, the operation modes are im-
posed by the antenna’s dimensions including the height between the upper and lower
conductors, i.e. the substrate height. So, the antenna input match at 600 pm can be
an effect imposed by the substrate height which is approximately 1/2. In conclusion,
to ensure a good radiation pattern and proper functioning, it is necessary to limit the

substrate height to 300 pm.

4.3.2 Resistivity impact

As mentioned in Chapter 2, one of the major issues with silicon substrates for OCA is
their low resistivity which affects their loss tangent affecting the antenna performance.
To understand this impact three resistivities were tested 10 Q-cm, 10 kQ-cm, and 400kQ-
cm. These values are according to the materials available for posterior construction and
the last value with the standard silicon substrate present in the CST materials library.
As it is visible in Figure 4.36, the resistivities of 10 kQ - cm and 400 kQ - cm have a similar
impact on the antenna operation but, the 10 Q - cm resistivity has a significant impact.

When examining the radiation pattern, as shown in Figure 4.37, it becomes evident
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that the antenna loses its directivity, and the gain and efficiency are reduced to -3.69

dBi and 5%, respectively.
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Figure 4.36: Resistivity of the silicon impact on S, of the microstrip antenna.
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Figure 4.37: Normalized radiation Pattern of the microstrip antenna on silicon with

low resistivity substrate.

4.3.3 Microstrip Patch final model in Silicon

Considering every conclusion taken from the previous sections, a final model of the
silicon antenna was simulated. Table 4.4 shows the parameter values for the antenna.

The S |; and impedance are present in Figure 4.38. The antenna exhibits an input match
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of approximately -23 dB with a bandwidth of 2.18 GHz at 60 GHz. The height used for
this antenna was 300 pm to ensure the proper functioning of the antenna, and the
resistivity used was 10 kQ - cm, in line with the available materials.
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Figure 4.38: Final microstrip S, and impedance on silicon.

Table 4.4: Patch antenna parameters and values with Silicon substrate.

Parameters Value (mm)
Ground plane Length 5
Ground plane width 10
Patch length (L) 0.58
Patch width (W) 0.73
Substrate Length (Lg) 2
Substrate Width (Wg) 8
CPW line width 0.2
Inset length (sl) 0.05
Inset width (sx) 0.04
Distance between patch and CPW (aux) 0.15

The 2D and 3D radiation patterns were also observed in Figure 4.39 and Figure 4.40, re-
spectively. We can see that the radiation pattern is similar to the one present in Chapter
4 having a slightly larger angular width of 124.1° and 107.9° in the ¢ = 90° and ¢ = 0°
planes, respectively. Table 4.5 resumes the performance of the antenna, which presents
a similar gain, smaller efficiency, and a bigger bandwidth than the antenna with the
InP substrate.

58



4. RECTANGULAR MICROSTRIP ANTENNA 4.3. Microstrip Antenna on Silicon substrate

i 30 30 i
Phi= 90 30, 30 Phiz270 Phi= 0 «\ ” Phi=180

60 60 80~ et TN 50

180 180 ,(‘_l
L—y

Theta / Degree Theta / Degree

(@) ¢ = 90°. (b) ¢ = 0°.

Figure 4.39: Normalized radiation pattern for final microstrip model on silicon sub-
strate.

Figure 4.40: 3D radiation pattern of microstrip on silicon substrate.

Table 4.5: Microstrip on silicon overall performance.

Parameters  Value
S -23.7 dB
Gain 5.28 dBi
Efficiency 89%
Bandwidth 2.18 GHz
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Antenna Array

In this chapter, an antenna array is built on silicon technology. Creating an array can
benefit the antenna performance as it can improve the antenna gain and directivity. A
previous study based on a tool from CST was made. This study allows a prediction of
the antenna radiation pattern, gain, side lobes, etc.. After that, the array was built with
several elements in order to compare the results with the prediction and conclude the
number of elements necessary and their positioning. A study of the feeding method

was made and the final array design is presented.

5.1 Array Design

A single-element antenna can have a relatively wide radiation pattern and low direc-
tivity hence low gain. In many applications, it is necessary to design antennas that can
reach long distances and so have a high gain. By increasing the electrical size of the
antenna, this can be possible. Another approach to increase the electrical length of an
antenna and therefore increase directivity (and gain) is to form an assembly of multi-
ple elements of antennas called an array [8]. The total field of the array is determined
by the vector addition of the fields radiated by the individual elements assuming that
the current in each element is the same as that of the isolated element therefore ne-
glecting coupling. To obtain very directive patterns it is important that each field from
each element interfere constructively in the proper direction and destructively in oth-

ers. So, when building an array of identical elements it is important to consider some
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key aspects in order to shape the overall pattern of the antenna [8]. These are:

* Geometrical configuration;

Displacement between elements;

Amplitude of each element;

Phase of each element;

Relative pattern of each element.

5.1.1 Analitical Model

Besides placing elements along a line (to form a linear array), it is possible to position
additional elements along a rectangular grid forming a planar array. Planar arrays
can provide additional parameters that allow us to manipulate the pattern of the array
providing more symmetrical patterns with lower side lobes. Figure 5.1 represents the
geometry of this array which can be looked at as a combination of M linear arrays with
N elements. Considering the array factor of a N-element linear array with uniform
amplitude and spacing, according to [8], can be given by Equation 5.1.

14

F, - ShGY) (5.1)

sin (1)

NS Ll

Where N is the number of elements and y is given by Equations 5.2 and 5.3 if the array
is in the x- and y-directions with d as spacing between elements and 8 the phase shift
along the x- and y- axis The array factor for the entire planar array is given by the
array factor of two linear arrays resulting in a total electric field (E7) give by Equation
5.4 considering the electric field of a single element at the reference point (Es) times
the array factor at X (Fx) and Y (Fy). Planar arrays have many applications including

tracking radar, search radar, remote sensing, communications and others [8].

W = kd,sinfcos ¢ + B, (5.2)

Y = kd,sinfsin¢ + B, (5.3)
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dy-wie-dy-eledy wiedy o/

Figure 5.1: Planar array [8].

ET = ES X [FxFy] (54:)

5.1.2 Numerical Model

Building an array can be beneficial to the antenna’s performance because it can in-
crease the gain compared with a single patch element and can increase the antenna’s
directivity. However, this depends on other factors such as the number of elements,
their position, and spacing. This section aims to explore these factors by predicting the
array behavior using the 'Farfield Calculation of Antenna Arrays’ tool from CST.

Starting with two elements horizontally, the spacing was changed from 2.5 mm (£) to
1.095 mm (minimum distancing considering 3 x £). Figures 5.2, 5.3 and 5.4 show the
radiation pattern for ¢ = 90° and ¢ = 0° for 1.095 mm, 1.7595 mm and 2.5 mm distance
between elements. As we can observe from these figures, as the distancing increases,
the angular width on the ¢ = 0° plane decreases turning the radiation pattern in this

plane more directive.
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Figure 5.2: Normalized radiation pattern of 2-element horizontal array with 1.095 mm
distancing.
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Figure 5.3: Normalized radiation pattern of 2-element horizontal array with 1.7595 mm
distancing.
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Figure 5.4: Normalized radiation pattern of 2-element horizontal array with 2.5 mm
distancing.

Table 5.1 compares the radiation aspects of the 2-element array. It’s visible that by
increasing the spacing between elements there is an improvement in terms of gain
and, as mentioned before, in terms of directivity in the ¢ = 0° plane as it decreases
from 90.6° to 54.3°. In terms of side lobes, the side lobe level remains practically the
same for the three spacings simulated.

Table 5.1: Radiation pattern aspects for the 2-element horizontal array.

Angular width Gain Side lobe

Spac
pacing (mm) (Degree) (dBi) level (dB)

6=0° $=90° — $=0° ¢=90°

1.095 90.6 1244 57 98 -103

1.7995 701 1244 64 99 -103
25 543 1244 73 99  -103

The same study was made but now considering a 2-element vertical array. The radia-
tion patterns for several distances are present in Figures 5.5, 5.6 and 5.7. In this case, we
can observe that by increasing the distance of the elements on the y-plane, the angular

width on the ¢ = 90° decreases as the ¢ = 0° maintains the same angular width.
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Figure 5.5:
distancing.

Phi= 90

180

Theta / Degree

(a) ¢ = 90°.
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Normalized radiation pattern of 2-element vertical array with 1.095 mm
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180

Theta / Degree
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.,

180 l

Theta / Degree

(b) ¢ = 0°.

Figure 5.6: Normalized radiation pattern of 2-element vertical array with 1.7595 mm

distancing.
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Figure 5.7: Normalized radiation pattern of 2-element vertical array with 2.5 mm dis-
tancing.

Table 5.2 resumes the antenna performance in terms of radiation aspects. The element
on top brings the same effect as the element on the side by increasing the gain as the
distance between elements increases but now in terms of angular width, as mentioned
before, the angular width decreases in the ¢ = 90° concluding that it may be advanta-
geous to explore the possibility of a 4 element array 2x2 with a maximum distance of
2.5 mm.

Table 5.2: Radiation pattern aspects for 2-element vertical array.

_ Angular width  Gain Side lobe
Spacing (mm) )
(Degree) (dBi) level (dB)
¢:00 ¢:900 —_— ¢:00 ¢:900
1.095 107.7 1127 536 -9.8 -9.5
1.7995 107.7  88.7 59 98 -103
2.5 107.7 634 7.1 -9.8 -9

The same simulation was made but now considering 4 elements with a spacing of 2.5
mm. The radiation pattern is present in Figure 5.8. It was possible to achieve a 9.75
dBi gain and an angular width decrease in both the ¢ = 90° and ¢ = 0° planes. Table
5.3 resumes these values including the side lobe level which is a little higher compared

with the results obtained previously.
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Phi= 90 ] , Phi=270 Phi= 0 30, 30 Phi=180

180 I::,, 180 “_!
Theta / Degree Theta / Degree
(a) ¢ = 90°. (b) ¢ = 0°.

Figure 5.8: Normalized radiation pattern of the 4-element array with 2.5 mm distanc-
ing.

Table 5.3: Radiation pattern aspects of the 4-element array.

Angular width  Gain Side lobe
(Degree) (dBi) level (dB)
p=0° ¢$=90° — ¢=0° ¢=90°
4 element array = 54.3 63.4 9.75 -99 -9

5.2 Simulation with discrete port

In this section, the three arrays were simulated using a discrete port in order to com-
pare the results with the CST prediction tool. Starting with the two elements horizon-
tally, the antenna model is present in Figure 5.9 and the radiation pattern in Figure
5.10. Comparing the results with the previous simulation, described in Table 5.4, it
is visible that the simulation with the discrete port showed better results in terms of

angular width, gain, and side lobe level than the prediction.

68



5. ANTENNA ARRAY 5.2. Simulation with discrete port

Figure 5.9: 2-element horizontal array structure with discrete port.

Phi= 0 30, 30 Phi=180

60 ,,./}‘:f i 60

180

1=y X =

<= N

Theta / Degree Theta / Degree

@) ¢ = 90°. (b) ¢ = 0°.

Figure 5.10: Normalized radiation pattern of 2-element horizontal array with discrete
port.

Table 5.4: Prediction vs Simulation for 2-element horizontal array:.

Angular width  Gain Side lobe
(Degree) (dBi) level (dB)
p=0° ¢$=90° — ¢=0° ¢=90°
Prediction  54.3 124.4 7.3 -9.9 -10.3
Simulation 49.7  106.3 83 -125 -126

As for the 2-element vertical array, present in Figure 5.11, the radiation pattern is
present in Figure 5.12, and as it is visible in Table 5.5, the angular width is smaller

than expected but the gain is smaller and the side lobe level is greater. The differences
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between the expected and simulated radiation pattern come from the need to increase
the substrate in order to fit the two elements vertically with a spacing of 2.5 mm.

[

]

Figure 5.11: 2-element vertical array structure with discrete port.

Phi=270 Phi= 0 ) Phi=180

180 I 180 t
=y x

Theta / Degree Theta / Degree

@) ¢ = 90°. (b) ¢ = 0°.

Figure 5.12: Normalized radiation pattern of 2-element vertical array with discrete
port.

Table 5.5: Prediction vs Simulation for 2-element vertical array.

Angular width  Gain Side lobe
(Degree) (dBi) level (dB)
p=0° ¢=90° — ¢$=0° ¢=90°
Prediction 107.7  63.4 7.2 -9.8 -9
Simulation 86.5 43.4 6.1 -9.7 -4.1

Later, the 4-element array was built and the antenna design can be seen in Figure 5.13

For the antenna performance compared to the expected results, the same shows an
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improvement in directivity in both planes (¢ = 0° and ¢ = 90°), shown in Figure 5.14,
and a higher gain. Table 5.6, presents a comparison between the prediction and the

simulation for this array.

L L

N L

Figure 5.13: 4-element array structure with discrete port.

Phi= 90 30, Phi=270 Phi= 0 30 30 Phi=180

120

180 I 180 _j
=y x y
Theta / Degree Theta / Degree
(a) ¢ = 90°. (b) ¢ = 0°.

Figure 5.14: Normalized radiation pattern for 4 elements with discrete port.

Table 5.6: Prediction vs Simulation for 4-element array.

Angular width  Gain Side lobe
(Degree) (dBi) level (dB)
p=0° ¢$=90° — =0 ¢=90°
Prediction 54.3 63.4 9.75 99 -9
Simulation  53.6 45.6 1028 -11.2 -8.3
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5.3 Feeding network

After studying the impact of having various elements present in the array, the imple-
mentation of the feed line was studied. In this case, due to the complexity of feed-
ing every element with a CPW line, a feed line network was implemented and the
impedance was analyzed in several points in order to obtain a 50 Q line in the end.

First, a 100 Q line was built as seen in Figure 5.15, guaranteeing that all elements are in
phase with a line that has the same length reaching the four elements of the array the
impedance at the center point, marked by the red dot, was observed having 36+j61 Q
impedance present in Figure 5.16.

sy
mi=

Figure 5.15: Array feeding network line 1.

500
400
300 -

X 60
r Y 61.3972
X0 |
Y 36.6529
-100 1

-200
-300
-400 |

200
100

Input impedance (Q)
o

500 ‘ ‘ ‘ ‘ ‘ ‘
40 45 50 55 60 65 70 75
Frequency (GHz)

Figure 5.16: Array feeding network line 1 impedance.

In order to cancel the imaginary part of the impedance, a line with a characteristic
impedance of 50 Q was built and the electric length was calculated to have the imagi-

nary part nullified. The line was built until the end of the structure, as visible in Figure
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5.17, to enable the use of the waveguide port and change the reference distance to the
one matching the electric distance marked by the red line. As we can see in Figure 5.18

it was possible to achieve an impedance of 129+j2 Q with a line length of 0.518 mm.

=
o %

Figure 5.17: Array feeding network line 2.

500
400
300 |
200
100 ¢

X 60
Y 2.05991

-100 1

Input impedance (Q)

-200 |
-300 1
-400

-500 ‘ ‘ : : ‘ ‘
40 45 50 55 60 65 70 75 80
Frequency (GHz)

Figure 5.18: Array feeding network line 2 impedance.

At this stage, to get the intended 50 Q (Z;) impedance it’s necessary to use a quarter
wavelength transformer. Using Equation 5.3 it’s possible to calculate the characteristic
impedance necessary (Z2).

Zi = \Z Zi (5.5)

Figure 5.19 shows the structure with the quarter wavelength transformer with a char-
acteristic impedance of 80 Q (Z;,). The distance to achieve the closest value to 50 Q was

0.372 mm and the impedance can be seen in Figure 5.20 reaching 44-j0.2 Q.
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e

Y

Figure 5.19: Array feeding network line 3.

R
S

500
400
300
200
100

Y 44.898
e

X 60
Y -0.270533

-100 1
-200 1

Input impedance (Q)

-300 1

-400 ¢

-500
40

45 50 55 60 65 70 75 80
Frequency (GHz)

Figure 5.20: Array feeding network line 3 impedance.

Finally, the 50Q line was implemented as visible in Figure 5.21 and the S |; and impedance
were observed in Figure 5.22 achieving a 44 — j2 Q impedance and a —23.8 dB input
match.

4

g
Ral s

Figure 5.21: Array feeding network line 4.
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Figure 5.22: Array final feeding network.

5.4 Microstrip to CPW transition

Since the use of the CPW line is necessary for further practical application with the use
of microprobes, in this section we explore the transition between the transmission line
and CPW. Not many articles can be found on this matter but I would like to highlight
[54] and [55] that helped with the design of the following transitions. Figure 5.23 shows
the transitions mentioned in these articles. In both transitions, it is possible to obtain
good results from ~ 0 to 40 GHz.

t‘ CPW Length
Angle MW

<
v

CPW Microstrip >‘

CPW-to-pstrip section

(a) [55]. (b) [54].

Figure 5.23: CPW transition to microstrip line.

Based on the layouts previously shown, two designs were tested for the microstrip-to-

CPW transition. For an easier mention, let’s call them circular transition and triangular
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transition, visible in Figure 5.24. A parametric study was made considering three vari-
able parameters, dT which represents the size of the transition, Wgl the size of the CPW
ground planes and dimCPW the distance from the center to the CPW line.

Port 1 ’\ Port2  Port1 D Port 2

o -

<+ “+—>
dT N ar
) dimCPW " ) dimCPW
(a) Circular transition. (b) Triangular transition.

Figure 5.24: Microstrip line transition to CPW.

5.4.1 Circular transition

First, the circular transition is studied. In order to get a proper transition, the S-
Parameters must all be in agreement, i.e. both S, and S, must be < —10 dB. This
indicates that both lines are adapted to the port and there is no reflection of the signal
in the frequency range. And both §,, and S |, must be in agreement with the reflection
coefficients and near 0 dB.

The first parameter in study is the size of the transition dT. Figure 5.25 shows the S-
Parameters for 0.2 mm, 0.4 mm and 0.6 mm. As it is visible, the increase of the tran-
sition dimension affects the §,; and S,, at certain frequencies, but overall it doesn’t
have a big impact on the structure performance. Figure 5.26 shows the variation of
the side ground planes (Wgl) of the CPW. With the increase of the ground plane, there
is a variation in the resonant frequency in the ~ 30 to 60 GHz frequency band which
decreases.
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Figure 5.26: Impact of Wgl on the circular transition.
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Figure 5.26: Impact of Wgl on the circular transition.

The dimension of the CPW show to be the parameter that has a bigger impact in the
S-Parameters as it is visible in Figure 5.27. With the decrease of the size of the CPW
(dimCPW >) it was possible to increase the bands where the S, and S, were below -10

dB. However, this band (~ 10 to 40 GHz) does not cover the frequency of interest.
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Figure 5.27: Impact of dimCPW on the circular transition.
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Figure 5.27: Impact of dimCPW on the circular transition.

Considering the parametric study above, efforts were made to increase the bandwidth
however, changing only the parameters in the study, it was not possible for this struc-
ture to get a bandwidth that covered the frequency spectrum shown especially around

60 GHz. So the study continued with the triangular transition.

5.4.2 Triangular transition

For the triangular transition, the same parametric study was performed starting with
the size of the transition dT. In this transition, the increase of the dT affects the resonant
frequency which decreases with the rise of the size dT as visible in Figure 5.28.
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Figure 5.28: Impact of dT on the triangular transition.
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Figure 5.28: Impact of dT on the triangular transition.

(d) S12.

As for the ground plane width (Wgl) variation shown in Figure 5.29, the increase of this
value increases the bandwidth of operation, and for the value 0.55 mm, the §; and S,
are below —10 dB from ~ 10 to 30 GHz and ~ 50 to 70 GHz which is of great interest

because it covers the 60 GHz band.
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Figure 5.29: Impact of Wgl on the triangular transition.

(b) Sa1.

The parameter dimCPW, showed to be of great interest aswell because it increased the
bandwidth of operation. Although the S, and S, are not far below -10 dB, as we
can see in Figure 5.30, the bandwidth increased significantly, almost covering up to 20

GHz.
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Figure 5.29: Impact of Wgl on the triangular transition.
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Figure 5.30: Impact of dimCPW on the triangular transition.
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In conclusion, the parameters in question showed to have a bigger impact on the tri-
angular transition with some of the simulations covering the interest band of 60 GHz.

5.4.3 Final transition model

A few adjustments were made on the triangular transition where it was possible to ob-
tain a bandwidth of 56.3 GHz and 70 GHz for the S, and S », respectively. Figure 5.31,

presents the S-Parameters for the triangular transition and Table 5.7 the final values for
the dT, Wgl and dimCPW.

Table 5.7: Final parameter values for triangular transition.

Parameters Value (mm)

dT 0.1
Wel 0.4
dimCPW 0.75

=251

S Parameters (dB)

-30

=35 ]

-40 I I I I I
0 10 20 30 40 50 60 70 80

Frequency (GHz)

Figure 5.31: S-Parameters final transition.

5.5 Final Array

After studying the transition between the transmission line and the CPW line the same
was implemented in the array, obtaining the final antenna array visible in Figure 5.32
with 10x5 mm? ground plane and 6x5 mm? substrate. The array input match, visible
in Figure 5.33, was -24.6 dB at 60 GHz and bandwidth of 1.5 GHz.
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Figure 5.32: Array with Microstrip to CPW transition.
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Figure 5.33: §|; Array with Microstrip to CPW transition.

The normalized radiation pattern was also observed and compared with the array
without feeding network, studied in section 5.2, in Table 5.8. The array with a feed-
ing network has a more narrow angular width and bigger side lobe level Figure 5.34
shows the 2D radiation pattern in both ¢ = 0° and ¢ = 90° planes.

Table 5.8: Comparison between the array fed with the discrete port and transmission
line transition to CPW.

Angular width  Gain Side lobe
(Degree) (dBi) level (dB)

p=0 ¢=90 — ¢=0 ¢=90
A ithout
TAYWION 536 456 1028 -112 -83
feeding network
A .
rray with 428 448 1017 -79 77
feeding network
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Figure 5.34: Normalized radiation pattern of the array with microstrip to CPW transi-
tion.

According to the stack layer provided by the manufacturer, it was necessary to imple-
ment a 2 pm silicon nitride between the silicon substrate and the conductor layers. So
two layers were implemented in the original array design. The silicon nitride charac-
teristics are present in Table 5.9.

Table 5.9: Silicon Nitride characteristics.

Parameters Value

Permittivity 7.8
Loss tan 0.0004
Height 2 um

Also, the pitch of the contacts of the probe (distance between the contacts), that are
going to be used in the posterior phase of this dissertation, is 150 um. So, it was neces-
sary to adjust the CPW line to respect this and still get the wanted 50 Q. After making
some adjustments to the transition it was possible to obtain an input match of —23.8
dB, visible in Figure 5.35.
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Figure 5.35: §; of the array with silicon nitride layers.

As mentioned earlier, the ground plane is bigger than the whole structure to emu-
late the presence of a bigger metallic structure behind the antenna. With the previous
simulations, it was concluded that this had a minor impact on the input match of the
microstrip patch antenna. In this phase, the antenna array design is concluded, so be-
fore submitting the antenna design for fabrication the ground plane was reduced to
the substrate dimensions of 6x5 mm?. The array dimensions are present in Figure 5.36,
to facilitate the reader’s understanding of all dimensions.

5.000 mm

5.000 mm

(a) 1.

Figure 5.36: Array dimensions.

Figure 5.37, shows the input match after reducing the size of the ground plane. It is
visible that this doesn’t impact the resonant frequency at 60 GHz but, lowers the S,
value for other frequencies, particularly for 53 GHz.
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Figure 5.37: §; of the final array.

The normalized 2D radiation pattern is visible in Figure 5.38 and 3D radiation pattern
in Figure 5.39. In the final array design, it was possible to achieve an angular width
of 44.4° and 49° on the principal planes, slightly bigger than with the bigger ground
plane, a maximum gain of 8.5 dBi, and an efficiency of 85.5%. These characteristics are

summarized in Table 5.10.

Phi= 90 ' Phi=270 . Phi=180

60 60

180 l 180 i
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Figure 5.38: Normalized radiation pattern of the final array.
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.
Figure 5.39: 3D radiation pattern of the final array.

Table 5.10: Array overall performance.

Parameters  Value
S11 -24.7 dB

Gain 8.5 dBi

Efficiency 85.5%
Bandwidth 5.78 GHz

Four antennas were built, to evaluate the antenna design but also the possibility of
having any manufacturing errors. The antennas are present in Figure 5.40 with a 1-

cent coin for scale.

Figure 5.40: Antennas under test.
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5.6 Antenna Array Measurement

The OCA was built and subsequently tested at the Instituto de Telecommunications de
Aveiro using a Probe Station and VNA (Vector Network Analyzer). During the antenna
evaluation, it was necessary to understand the problems associated with the setup.
Conventional connector-based methods on an anechoic chamber cannot be used unless
the chip is mounted on a PCB, complicating the antenna’s performance accuracy. So, an
RF-probe base setup is used to measure the antenna S ;. This chapter will explain the
setup, the process of testing the OCA and the conclusions drawn from the observations

made in the laboratory will be explained in this chapter.

5.6.1 Measurement Setup

The OCA was built and later tested in Instituto de Telecomunicacoes de Aveiro. When
testing the OCA it is important to know that there are some challenges associated with
the measuring setup. Conventional testing setups, using SMA connectors are a pos-
sibility, however, working with relatively small antennas can require the antenna’s
placement on a PCB which further complicates the accurate characterization of the
antenna performance [56]. A simpler way to test the antenna is to resort to the use of
RF-probes to measure the antenna input match in a probe station. However, when us-
ing this method there is a possibility of unwanted coupling between the antenna and
the measurement equipment which can cause considerable discrepancies in the mea-
sured results of the antenna [56]. The probe body consists of a large conducting part
that not only radiates itself but also tends to block and reflect the antenna radiation
resulting in a distorted radiation pattern measurement. For this dissertation, only the
reflection coefficient will be tested in a probe station to understand if it is possible to
evaluate the antenna S, and the measurement of the gain and radiation pattern will
be included in future work. In Figure 5.41a is present the probe station used for the
measurements and in Figure 5.41b the RF-probe. For a comprehensive summary of the
equipment used and the model reference, please refer to Table 5.11.

Table 5.11: Materials used for practical measurements.

Materials Model Reference
VNA Anritsu MS4647B
Cable 415-0537-M1.0

Probe Cascade Microtech Inc PQ2D6
Probe Station Cascade Microtech 9000
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(a) Probe Station. (b) RF-Probe.

Figure 5.41: Setup equipment.

Probe alignment and calibration

Before performing measurements with the antenna it is necessary to align and calibrate
the probe. First, the alignment or planarization of the RF probe is made. This proce-
dure is made to ensure that there is no tilt associated with the RF probe and ensure all
contacts are at the same height preventing the probe from being damaged. Figure 5.42
shows the contact substrate needed to make this procedure. It is important to adjust

planarity until equal marks from all probe contacts on the contact substrate.

After securing that all of the contacts are in position, the contact substrate is replaced by
a calibration substrate present in Figure 5.43. This substrate contains short, open, and
50 Q@ loads and the contacts of the RF-Probe must align with these G-5-G lines to ensure
proper calibration of the system and guarantee minimal loss and secure feasibility in

the results measured.
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(a) Substrate. (b) Microscope view.
P

Figure 5.43: Calibration substrate.

5.6.2 Input Match Measurements

After ensuring all the conditions for the tests, the antenna was placed on the probe
dish, as shown in Figure 5.44, to measure the reflection coefficient. This dish has a
vacuum mechanism to ensure that the devices placed on it do not move minimizing
the risk of breaking any equipment or damaging the device under test.
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Figure 5.44: Antenna placement on the probe station.

The S, of the four antennas was measured in a VNA and the results can be observed
in Figure 5.45. The frequency range chosen for the measurements was from 53 GHz
to 67 GHz. As can be seen, the measured antennas are slightly detuned from the tar-
get 60 GHz. Also, the input match is below -10 dB from 53 to approximately 62 GHz
for all four antennas. Given the range used to measure the antennas, it is not possible
to conclude with certainty the bandwidth of the antennas. Since these measurements
require a time-consuming process, these four measurements are used to validate this
measurement technique and the antenna design in terms of input match and other
measurements will be required to measure the bandwidth, gain, efficiency, and radia-
tion pattern.

= = Simulation

——Measurement Antenna 1

——Measurement Antenna 2
Measurement Antenna 3
Measurement Antenna 4

54 56 58 60 62 64 66
Frequency (GHz)

Figure 5.45: §|; comparison between simulation and measured results.
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Conclusions and Future work

This thesis’s main goal was to design an antenna that would serve the purpose of an
OCA at 60 GHz considering all the problems associated when building this kind of
antenna and present a simple design i.e without appealing to more complex methods

like the ones presented in the state of the art.

Chapter 2 presents an overview of OCAs for the millimeter-wave and terahertz bands.
The interest in these bands arises from the demand for high capacity due to technolog-
ical advancements and IoT devices, supporting applications with extreme data rates.
By implementing an OCA, not only can device interconnectivity be achieved, but also
network sustainability through environmentally-friendly solutions. However, design-
ing an OCA presents challenges such as antenna integration in high permittivity sub-
strates, interference with other components, propagation losses at high frequencies,
and more. To enhance antenna performance, several techniques are discussed in the

literature.

In Chapter 3, the folded slot antenna was designed, and an analysis of the impact
of permittivity on this structure was conducted, addressing one of the challenges as-
sociated with OCA design. To direct the antenna’s radiation towards the intended
direction (¢ = 0°), a ground plane is introduced. However, the introduction of the
ground plane transforms the structure into a resonant cavity, imposing limitations on
structural dimensions and the antenna’s mode of operation. Despite these challenges,
the design manages to achieve good adaptation and a directive radiation pattern with

an InP substrate, achieving a bandwidth of 314 MHz, with a maximum gain of 8.5
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dBi, half-power beamwidths of 25.3° and 46.8° in the two principal planes, and an ef-
ticiency of 51%. However, since the antenna operates in a mode other than the first

mode, nearby modes can potentially interfere with antenna performance.

Building upon the conclusions drawn in the previous chapter, Chapter 4 explores the
potential of a microstrip antenna as a solution for OCA applications. The microstrip
antenna is meticulously designed, taking into account the constraints of chip dimen-
sions. This antenna demonstrates favorable results, achieving a directive radiation
pattern and good adaptation outperforming the folded slot antenna in terms of band-
width and efficiency achieving a bandwidth of 1.39 GHz with a maximum gain of 5.45
dBi, half power beamwidth of 123.9° and 92.1° in the two principal planes, and an
efficiency of 95.5%.

Furthermore, the substrate material is transitioned from InP to silicon, due to the avail-
ability of the material. However, this transition introduces new challenges due to
higher thickness and resistivity. These constraints, which are explored in this chapter,
require the microstrip design on silicon to be limited to a maximum substrate thick-
ness of 300 um and have high resistivity. The microstrip antenna on a silicon substrate
achieved a 2.18 GHz bandwidth, 5.28 dBi maximum gain, a half power beamwidth of
124.1° and 107.9° in the two principal planes, and an efficiency of 89%.

In Chapter 5, a 2x2 microstrip patch array was designed aiming to enhance antenna
performance. To construct the array, it was essential to study the design of the feeding
network and the transition between the transmission line and CPW. Ultimately, the
array successfully increased directivity and improved gain achieving a bandwidth of
5.78 GHz, a gain of 8.5 dBi with 42.7° and 42.6° half power beamwidth on the principal
planes, and an efficiency of 85.5% This dissertation concludes with the measurements
of four array prototypes built. The input match of these four antennas was measured
and the results revealed that the antennas are slightly detuned from the target 60 GHz.

Future work

OCA is a topic of some complexity and therefore there is still much to explore in this

subject so for future work, some of the following topics are suggested:

¢ To measure the radiation pattern it is necessary to study a possible alternative to
the limited setup used to measure the antenna input match. One alternative is
to place the antenna on a PCB and connect the feed line using bond wires. This

would also require the design of the bond wire compensation circuit;
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* Explore the ‘One antenna gain measurement’ as a possibility to measure the an-

tenna gain without using the other antennas;

¢ The simulation bandwidth achieved was small so techniques to improve it should

also be investigated;

* Some research must also be done to understand why the best input match is
below the target frequency as well as understand why the input match level is

better than expected;
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