ABSTRACT
BOUFARSAN, MUNIRAH AHMED. Investigation of Proximity Coupled Patch Antenna with a
Fixed Feed for Adaptable mm-Wave Antenna-in-Package Design. (Under the direction of Dr.
Jacob J. Adams).

The mm-wave band (30 GHz - 300 GHz) provides larger bandwidths, has a smaller
wavelength, and higher resolution compared to lower microwave and radio frequencies. Thus, it
enables many applications such as wireless communication technologies, radar sensors, mm-wave
imaging, and fifth-generation wireless telecommunication standard (5G). The large bandwidth
provides better data transfer rates that make the mm-wave crucial for wireless communication
technologies and the fifth-generation wireless telecommunication standard (5G).

However, the path loss is proportional to the carrier frequency square and is considerably
higher at mm-wave frequencies. Nevertheless, the small wavelengths of mmWave frequencies
enable large numbers of antenna elements to fit in the same space as a single microwave or RF
antenna to provide high gains that can compensate for the isotropic path loss. Additionally, the
small wavelength at these frequencies (10 mm to 1 mm) allows integration of integrated circuits
(I1Cs) with antennas within a single package, as the antenna form-factor reduces.

Mm-wave antennas are application-specific because of their fractional bandwidth and
polarization limitations comparing to their coupled ICs. Thus, the antennas need to be designed
and modified based on the application requirements (operating frequency, bandwidth, gain, and
polarization). A general-purpose IC that can be coupled easily to different antennas would be an
ideal configuration to achieve low-cost and high-performance. We propose an antenna in package
(AIP), where the antennas are fabricated as a separate component mounted on the package of fixed

RFIC chip. This approach gives the flexibility to changing only the antenna lid for different



operating frequencies and polarization while using the same fixed feed line fabricated on the RFIC
chip.

However, there are several challenges associated with implementing this proposed AiP.
This dissertation studies the antenna's behavior when it is coupled to a fixed feed line and the
limitations imposed on the antenna by the feed line's fixed dimensions frequency and polarization
specifications. First, this work presents a simplified analysis that can be used to design such an
antenna (in this case, a proximity coupled patch antenna). That provides quick estimates of its
dimensions based on given specifications of frequency and polarization—followed by a study
determining the antenna design's limitations imposed by the thin feed line's fixed dimensions on
frequency, bandwidth, gain polarization specifications. Finally, we explore the ability and
boundaries of integrating antenna array on a fixed package over a wide frequency band and desired
polarization. These studies allow for optimizing the AiP from the first design step and better
understand the implementation of embedded antennas mounted on top of a fixed RFIC chip to

support the various antenna and package solutions.
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CHAPTER 1: Introduction

The millimeter-wave (mm-wave) spectrum, defined to be in the range of 30 GHz to 300
GHz, has attracted numerous applications such as wireless communication technologies, radar
sensors, mm-wave imaging, and fifth-generation wireless telecommunication standard (5G) [1]-
[15]. The mm-wave has a large bandwidth, a small wavelength, and higher resolution than lower
microwave and radio frequencies.

Due to the abundance of available bandwidth in the mm-wave spectrum, this spectrum
supports higher data rates. The large bandwidth gives better data transfer rates, enabling quickly
about the order of several Gbps or more when using the microwave frequencies [16]. High data
rates make high-quality video streaming, real-time gaming, and other bandwidth-intensive
applications a reality. This advantage of mm-wave has significantly played a role in wireless
communication technologies and fifth-generation wireless telecommunication standard (5G).
Also, mm-wave can enable all-weather radar and sensing because of its unique characteristic that
it penetrates through the fog, rain, and cloud.

Moreover, mm-wave has a small wavelength (1- 10 mm), so the components and the
antennas at mm-wave are small. Thus, the integrated circuits (ICs) and the antennas can be
integrated within a single package, reducing the chip's physical size and the antenna form-factor.
Besides, the mm-waves effortlessly pass through common clothing materials and reflect from the
body and any concealed items. This unique characteristic can be used in the imaging system where
the reflected waves can be focused, and then the system will reveal the hidden object's size, shape,
and orientation [17]. The mm-waves have a high resolution because it has a small wavelength (1 -

10 mm). Generally, the diffraction limits resolution to spot sizes of A/2 or more extensive, but at



millimeter wavelength, the resolution spot sizes less than 10 mm are easily achievable. Thus, the
mm-wave helps imaging systems applications such as explosive detective and body scan at the
airport [17].

Although the available bandwidth and mmWave frequencies' resolution is promising,
the path loss at these frequencies is high. The path loss is proportional to the square of the link
distance and carrier frequency. Thus, the mmWave spectrum has considerable path loss.
Nevertheless, small wavelengths of mm-wave frequencies enable large numbers of antenna
elements to be implemented in the same form factor to provide high gains that can compensate for
the isotropic path loss. As a result, arrays are necessary to overcome a large amount of path loss
and achieve the required gain essential for high data rates.

Because of the short wavelength at mmWave frequencies, antenna designs can be
integrated with the ICs. Several approaches are used to combine mm-wave antennas with their IC
components in a single package. Antenna-in-package (AiP) is one of the approaches where the
antenna is fabricated as a separate component mounted on the package with an integrated mm-
wave circuit. Packages with embedded antennas reduce the interconnect loss and prevent the
requirement for developing the mm-wave interconnect and antenna solutions. Also, it gives the
flexibility to fabricate the antenna on a low permittivity substrate [18], [19]. As a result, the AiP
solution provides high radiation efficiency, making AiP a great solution to integrate the antenna
with 1Cs within a single package.

One commonly used planar antenna suitable for AiP design is the electromagnetically
coupled (EMC) microstrip antenna, also called proximity coupled patch antennas (PCPA). This
antenna is popular for mm-wave applications because it does not require complicated fabrication

processes and produces moderate gain at the broadside [21]. High-performing millimeter-wave


https://www.sciencedirect.com/topics/engineering/antenna-element
https://www.sciencedirect.com/topics/engineering/antenna-element

devices require efficient low-profile antennas to ensure reliable and interference-free
communications.

This dissertation aims to provide flexibility in various antenna requirements (operating
frequency, bandwidth, directivity, and polarization) without making any changes in the designed
chip (RFIC). We will use the AiP technique because the antenna is fabricated as a separate
component mounted on the package. For example, Figure 1.1 shows an illustration of an AiP,
where integrated proximity coupled patch antennas (PCPA) is added on the top of a fixed thin feed
line that is fabricated on a standard packaging chip. Antenna 1 can be designed at operating
frequency fo1, and if design requirements change and a lower frequency of operation at fo, are
needed, it can be replaced by Antenna 2. In the same manner, antennas can also be designed for
different polarization (circular or linear). Therefore, low-cost and high-performance mm-wave
devices can be achieved. While using the same fixed feed line is fabricated on an RFIC chip for
different operating frequencies and polarization by changing the antenna lid only. This is important
for low-cost mm-wave applications where requirements of gain, bandwidth, polarization, and
frequency can vary. However, fixing the feed line and only changing the antenna lid is challenging.
In this dissertation, we study the limitations that we have faced during our investigation of

changing the antenna lid and fixing the RFIC chip.
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Figure 1.1  Drawing illustrates the AiP technique and the proposed proximity coupled antenna.

To achieve our main target, we need to meet the following objectives:

Objective 1: Present a simplified analysis for adaptable PC patch antennas that can be used
for the described AiP applications to estimate the dimension of the fixed feed antenna (width W,
length L, and substrate height h) for a desired operating frequency and different polarization. This
analysis provides quick estimates of the antenna dimensions required for resonant frequency and
specific polarization and gives an intuitive understanding of the PCPA's behavior.

Objective 2: Determine the adaptable antenna design's limitations imposed by the thin feed
line's fixed dimensions on frequency, bandwidth, gain, and polarization specifications.

Objective 3: Investigate the methods to overcome the limitations we have by coupling the
adaptable PC patch antennas to the thin fixed feed line.

Objective 4: Clarify the ability and limitations of implementing an antenna array in a fixed

package over the verity of operation frequencies and desired polarization (linear or circular).



This document is organized as the following:

Chapter 2 provides a brief overview of mm-wave applications and some techniques used
to integrate the antennas with integrated circuits (ICs) such as AiP, antenna-on-chip, and antenna
on board. This chapter also introduces some analysis models provided by researchers to study the
EMC patch antenna. At the end of this chapter, a short overview of the mm-wave phased array is
given.

Chapter 3 discusses the design and simulation results of a linearly polarized fixed-
feed patch antenna at different operating frequencies. The dimensions of the antenna lid and
substrate parameters are changed to study its effects on the design. This study allows us to predict
the range of the operating frequencies achieved by coupling to the fixed feed line.

Chapter 4 studies a circularly polarized fixed-fed patch antenna at different designed
frequencies. We investigate the ability of proximity coupled fixed thin fed line to various
circularly polarized antennas operating at different frequencies. Also, we present the limitations of
this antenna lid design fabricated on a fixed RFIC chip.

Chapter 5 investigates the effect of changing the feed line design on creating linear or
circular polarization at various operating frequencies. We study the impact of changing the
feed line design on the behavior of the antenna's dimensions at different operating frequencies and
polarization. We then use this study's results to investigate if we can overcome the coupling patch
antenna’s limitations to a fixed feed line.

Chapter 6 proposes design considerations for circularly or linearly polarized phased
antenna array elements using the fixed-feeding structure. We explore the ability to design

linearly or circularly polarized phased array coupled to fixed feed lines fabricated on a fixed RFIC



chip for different operating frequencies. We also study the beam steering's performance of the
phased array coupled to a fixed feed line.

Chapter 7 summarizes the main contribution of the dissertation and the scope of future
work.

The analyses in this dissertation are validated by using electromagnetic (EM) simulation

(HFSS).



CHAPTER 2: Mm- Wave Proximity Coupled Patch Antenna-in-Package

2.1 Introduction

Mm-Wave has a small wavelength so that the integrated circuits (ICs) and the antennas can
be integrated within a single package, reducing the antenna form-factor. The small wavelength at
these frequencies (10 mm to 1 mm) allows integration of integrated circuits (ICs) with antennas
within a single package or chip, as the antenna form-factor reduces. Several approaches to integrate
mm-wave antennas with their IC components, including antenna-on-chip (AoC), antenna-on-
board AoB, and antenna-in-package (AiP).

Antenna-on-chip (AoC) involves implementing the antenna directly on the same RFIC
chip, so the antenna is integrated on Si material. Thus, this approach is more reliable and has low
cost. However, Si material has low resistivity and high permittivity, which increases loss in the
substrate. As a result, AoC has low radiation efficiency. Some techniques are used to improve the
AoC efficiency [21], such as:

e Substrate Thinning by less than A¢/4 cuts off all surface wave modes except TMo.
This technique will reduce the low resistivity substrate's loss due to surface wave
modes' existence [22].

e The proton implantation approach is used to increase the resistivity of the Si
substrate [23].

e The micromachining technique is used to remove silicon substrate in areas where
AoC produces a high field strength [24].

e The superstrate layer of high permittivity is implemented on top of the antenna

substrate. The superstrate layer acts as a desirable part of the antenna and a



protective layer [25]. This technique, which is called superstrate focusing, improves
the antenna's efficiency and directivity.

Unfortunately, these techniques are different from the mainstream high-volume processing
techniques. Thus, the cost of AoC will increase, which will reduce the reliability of the whole
system.

Reference [26] describes a front-end receiver with an on-chip antenna for V-band
broadband wireless applications. This chip consists of a low-noise amplifier (LNA), dual-gate
mixer, voltage-controlled oscillator (VCO), and folded slot antenna. The folded slot antenna‘s
dimensions are W=10 um and L=900 um. The antenna provides 7 GHz bandwidth for VV-band.
The area of this chip occupies a 1.6 x 2 mm? active area. The measured antenna gain at 50 GHz is
-4.9 dBi, which is low gain. The die microphotograph of the V-band receiver front-end with the

on-chip antenna is shown in Figure 2.1.
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Figure 2.1  Example of AoC: Die micro photographic of the VV-band receiver front-end [26].

In addition to AoC, antenna on-board (AoB) is another option to integrate the antenna
within a single package. In this technique, antennas are directly implemented on the application

printed circuit board (PCB). It saves silicon area and avoids the extra cost related to expensive



packaging processes. This approach has the lowest price and the advantage of separate design ICs
and antennas. PCBs with low loss, such as FR-4, Duroid, etc. [27] — [29], help reduce the material
loss and improve the antenna'’s radiation efficiency. However, the main challenge in this approach
is the routing of electrical signals. This interconnection between the antenna and the integrated
circuits (ICs) causes more loss, especially in high-frequency applications where the wavelength is
short (1- 10 mm). The interconnection between the antenna and the ICs is long at high frequency,
where the wavelength is short. The loss is proportional to the distance between the antenna and
the ICs. Also, this approach consumes ample space. Paper [30] presents an example of the AoB
technique. This paper introduces a 32-element phased array centered at 64 GHz using multiple

SiGe chips on a single printed circuit board. The arrays can be scanned to £50° in the azimuth.
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64-GHz 32-element phased array with four-channel SiGe chips. b. Details of the PCB stackup.

o

Figure 2.2  Example of AoB: the 64-GHz phased array with the SiGe Tx/Rx modules [30].

The gain of the 32-elements phased array is 14.5 dBi. However, the total antenna aperture (A) is
2.7 x 9.2 cm?, a large area compared to AoC. Figure 2.2 shows the phased array with the SiGe
Tx/Rx modules and the PCB stack-up details.

The Antenna in-package AiP is another solution to integrate the antenna within a single

package. In this approach, the antenna is combined with an IC die into a standard surface-mounted



chip-scale package device. Besides AoB, the AiP approach is flexible for fabricating the antenna
on low permittivity and high resistivity substrate. Additionally, the AiP consumes less area and
has less interconnection loss than integrating the antenna in the package. Thus, AiP has high
radiation efficiency, making AiP a promising solution for wireless communication. Many substrate
technologies have the appropriate properties for implementing the package with the embedded
antennas, such as low-temperature cofired ceramic (LTCC), glass, liquid crystal polymer (LCP),
and Teflon [19], [31]-[33].

IBM researchers have demonstrated a complete AiP system that is cost-effective plastic
packaging technology for a fully integrated 60GHz radio, used for communication in the 60GHz
ISM band [3]. They used the surface-mountable land-grid array (LGA) and direct chips attach
package technologies. Both package technologies provide, which are shown in Figure 2.3, a cost-
effective packaging solution for gigabit per second wireless communication in the 60-GHz ISM

band. Each package technology uses a standard low-cost mold material.

Tx chip
Tx antenna

Rx chip Rx antenna

a. Land-grid array (LGA) b. Direct chips attach (DCA)
Figure 2.3  Surface mountable land-grid array (LGA) and Direct chips attach (DCA) package technologies [3].

In this work, we use the AIP approach because its implementation provides flexibility in
fabricating the antenna on low-loss materials. Also, it consumes less area and has low

interconnection loss. As we will show in this work, the AiP approach allows for entirely separate
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packaged antennas coupled to a general-purpose IC chip, a universal chip. For this work, we
selected proximity coupled patch antennas (PCPA) because they do not require complicated
fabrication processes and produce moderate gain at the broadside. These advantages make them
suitable for AiP design and the proposed flexible antenna lid approach.

The AIP with universal chip provides flexibility in various antenna requirements
bandwidth, directivity, polarization) without making any changes in the designed chip (RFIC). We
aim to investigate if a thin fixed feed line fabricated on the fixed RFIC chip can be coupled to
various antennas at different operating frequencies and polarization (linear or circular). The
antenna lid will be changed only without changing the designed chip (RFIC). Moreover, the
antenna will be fabricated in low-loss materials. As a result, low-cost and high-performance mm-
wave devices can be achieved. Furthermore, we want to understand the limitations required by the
thin feed line's fixed dimensions on frequency, bandwidth, gain, and polarization specifications.
In other words, we want to analyze the EMC microstrip antenna coupled to a fixed feed line to
help understand the design space and provide quick estimates of the antenna's dimension.

The modeling and analysis of a proximity coupled patch antenna are difficult due to the
complex EM interactions involved between the feed and the radiation element. Moreover, for the
target design of replaceable antenna lids for AiP, the geometrical dimensions of the feed line are
fixed from the IC design technology, and the only variables are the patch geometry and substrate
parameters. Several models have been used to explain the behavior of the proximity coupled patch
antenna (PCPA). These existing models would help our intuitive understanding of the PCPA. In

the next section, we introduce some of these models.
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2.2 Models to analyze the Electromagnetically coupled patch antenna

As | mentioned before, an electromagnetically coupled (EMC) microstrip antenna is a
commonly used planar antenna suitable for AiP design. This antenna is popular for mm-wave
applications because it does not require complicated fabrication processes and produces moderate
gain at the broadside. This section will give a brief review of the patch antenna and some models
that explain the patch antenna’s performance.

2.2.1 Patch antenna

The rectangular patch antenna is the most widely used configuration. Transmission-line
(TLM) and cavity models are the most comfortable model for analyzing the patch antenna. TLM
represents the rectangular patch antenna by two slots separated by a low impedance transmission
line with length L. Each slot of width W and height h. Furthermore, the cavity model represents

the antenna as an array of two narrow radiating slots, with width W and height h [35].

Radiating Slots
Patch / I

Microstrip Feed |/
/ W

X

VYVVVVVVVYY

L

I VYYVVVVVYVYY

|< | |
V¢ Substrate I AL | 1 | | AL I
a. Patch antenna. b. Top view showing the two radiating slots.

|

c. Side view showing the electric fields.

Figure 2.4  Rectangular patch antenna.
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The patch antenna acts as a cavity resonator with a dominant mode TMjio. The resonant

frequency of TMug is:

C
frio = e @D

Because the patch's dimensions are finite along the length and width, the fields at the patch
edges are fringing fields and straight-line underneath the patch. The fringing fields extend the
dimension of the patch length on each side by a distance of AL. The patch antenna's length is
electrically greater than its physical dimensions L by 2AL because of the fringing effects at the
two edges[35]. See Figure 2.4 for more illustration. Also, some of the waves travel in the substrate
and some in the air. As a result, effective dielectric constant geff IS introduced to account for the

fringing and the wave propagation in the line.

c

Leff = L + ZAL = ZLM + ZAL (22)
=&ty gy M2 wihs 23
Eeff =5t — [1+12-]777, (2.3)

The extension length AL is a function of eeff and the width-to-height ratio (W/h). A very
common approximation relation for the normalized extension of the length is [36]:

AL (eff+0.3)(5+0.264)
—=0.412 T
h (ef£+0.258)(7,+0.8)

(2.4)

2.2.2 Modeling the proximity coupled patch antenna (PCPA)

The PCPA configuration is shown in Figure 2.5. The patch antenna is electromagnetically
coupled to the microstrip feed line. The PCPA consists of two layers, with the microstrip feed on
the lower layer and the patch antenna on the upper layer. The feed line terminates in an open-end

underneath the patch. Thus, the feed line is called an electromagnetically coupled microstrip line.
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Several circuit models have been used to explain the proximity coupled patch antenna
(PCPA). Figure 2.5 shows a two-layer of PCPA configuration. These existing models add little to
our intuitive understanding of the PCPA. While the applied models explain the PCPA behavior,
the models are limited by many assumptions and do not apply to all cases. Several researchers
have provided different models that describe the interaction involved between the feed line and
antenna. However, most researchers simplify their models by many assumptions, which make their

models limited for specific applications only.

b
—
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«—>
Feed Line w
a. 3D plot of the two-layer PCPA. b. Top view of the PCPA.

Figure 2.5  The two-layer PCPA configuration.

Many well-known techniques are available for the analysis and design of microstrip PCPA,
and they fall approximately into the following four groups,
1. Multiport network model technique (MNM) [37]-[39].

2. Transmission Line analysis [40], [41].
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3. Electromagnetic full-wave techniques, using numerical methods [42].
4. Cavity Model [43].
e Transsion Line Model (TLM)

In [40], Zhang, Fukuoka, and Tatsuo introduced a TLM for the PCPA shown in Figure
2.6. They separated the antenna system into three regions. Region 1 is the feed line, an inverted
microstrip line; region 2 is the overlap area between the antenna and the feed line. Region 3
represents the uncoupled part of the patch antenna, which acts as a suspended microstrip line.

In region 2, there exist two independent moded with different values of propagation

constant. One mode is called even mode, and the other one is an odd mode. There are two
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Figure 2.6  Electromagnetically coupled patch antenna system. (a) Side view of the patch antenna system. (b)

Equivalent structure of the patch system, including the extensions at the open ends. (c) Transmission line model
for the patch antenna system [40].
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characteristic impedances at each mode corresponding to the upper ( patch antenna) and lower (
feed line) strips. A four-port network can represent this region. The Z-matrix of this four-port
network includes all the impedances and propagation constants for both modes, even and odd,
using microwave network theory. They also have the discontinuities at the patch's open ends (end
2 and 5) and the stripline's open-end (end 4) in their analysis by represented these ends by
hypothetical extensions AL1, AL2, and AL3. See Figure 2.6b for more illustration. The antenna
radiates electromagnetic energy primarily through the slots 2'-2" and 5'-5" in Figure 2.6¢. Thus, G1
and G3 represent the radiation conductances at 2'-2' and 5'-5', respectively.

However, this model is valid for small height because many empirical expressions, such as
the fringing effects, are used based on low-frequency approximation. The radiation conductance
is another source of uncertainty. If the substrate has a high dielectric constant and a large thickness,
this model's radiation conductance must be redefined. Moreover, the surface wave effect is not
included in the analysis of this model.

In [41], Jaisson proposes a new transmission line model for computing the proximity
coupled patch antenna's input impedance. Figure 2.7 shows PCPA. His model helps approaching
final design parameter values quickly. For his TLM, these are some assumptions:

e To maximize radiation efficiency, W, = L.

e Both the patch and the strip feed line centers are at the center of the x-axis to prevent
x-axis modes' excitation and ensure y-axis linear polarisation.

e ¢ =¢gpandhy =hy=h.

e The quasi-transverse electromagnetic mode (quasi-TEM mode) My, is wanted for

radiation resonates between patch edges in planes y = 0 and y= L.
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Figure 2.7  PCPA configuration.
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Figure 2.8  Cross-section of EMC length [41].

Electromagnetic couple (EMC) section 0 <y < L works like two coupled quasi-TEM
transmission lines, the feed line and the patch line. Figure 2.8 shows the following: the current
flow on the patch Iy, the current flow on the feed stip |2, and the current flow on the ground plane.
11 and 13 are decomposed into odd and even modes. The feed strip's current I, is the return current
and is equal to -11-13.

At pure odd mode, I1= -3, so, I.= 0. The odd mode's E-field is normal to the feed strip, and

its H-field is parallel to the feed strip. See Figure 2.9 for more illustration. The odd mode's E-
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Figure2.9  Odd mode M, [41].

field and H-field are unchanged if the feed strip is removed because of wr and 2h << W, and 12=0.
The odd mode is the quasi-TEM mode M, of the microstrip line.

On the other hand, at pure even mode, 1:= Is. The E-field and the H-field of the even mode
are shown in Figure 2.10. Because wr and 2h << W,, the finite patch acts as an infinite ground-
plane. This TEM mode acts as a balanced sandwiched stripline with strip width ws and substrate

&r With height 2h, M.

19&7\

\—< _31_
2 Z@‘ N
T
T ") T
x--W /2 1y x=+W, /2

Figure 2.10 Even mode Ms[41].

The odd and even modes do not couple. The equivalent antenna circuit is shown in Figure
2.11. However, his model is limited to the case where the feed line and the antenna have the same
height (hpatch = hreed line) and the same permittivities (r). See Figure 2.7 for more illustration. In the
proposed proximity coupled patch antenna design, the antenna has a different height and substrate

material than the feed line. Thus, we can not use this model.
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Figure 2.11 PCPA equivalent circuit [41].

These models and other developed models include many assumptions that make them work
for a particular application. Also, they have extensive and complex computational procedures that
make them challenging to implement [44], [45].

2.3 Array

The mmWave band has a significant path loss. The small wavelengths of mmWave
frequencies enable large numbers of antenna elements to be implemented in the same form factor
to provide high gains that can compensate for the isotropic path loss. Besides, in many mm-wave
applications such as radar, direction finding, air traffic surveillance, microwave remote sensing,
military radar, wireless communications, and weather forecast, beam steering is highly demanded.
Thus, phased arrays are necessary to overcome a large amount of path loss and achieve the required
adequate isotropic radiated power (EIRP) essential for high data rates and steer the beam.

A phased array is one of the beam steering methods, where the beam direction is
electronically scanned to different desired directions. Each single antenna element is fed with a
distinct B phase shift. The phased array required less maintenance than the mechanical steering of

the antenna. Moreover, it is more flexible than mechanical steering.
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The excitation amplitude and phase of each element in the phased array control its output
to provide a custom shaping of the radiation pattern and scan the space pattern. The primary array
antenna model consists of two parts: the element pattern, the pattern of one of the elements by
itself, and the array factor, which is the array pattern with the actual elements replaced by isotropic
sources. Thus, the array's total pattern is the product of the element pattern and the array factor.
Figure 2.12 illustrates an equally spaced linear array of isotropic point sources. The array factor
is given by [46]:

AF = YN-1 elkndcos(®) — yN-1 4 ojn(kdcos(6)+5) 2.5)
Where: I,, = A,,e/™  and N is the number of the antenna element.
Uniform amplitude (Ao) and spacing (d) linear phased array will be investigated in this

dissertation.

o
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Figure 2.12 Equally spaced linear array of isotropic point sources.
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Scanning angle

As | mentioned, beam scanning is highly demanded in many applications, such as wireless
mobile communication. Thus, a wide beam angle range is required for these applications. For
example, in mobile communication, a wide beam scanning angle is needed to track mobile users.
Many researchers try to maximize the beam scan angle range of planar phased array for mm-wave
applications. A 32-element TX/RX phased array at 60 GHz is presented in [47] with the pattern
scans to £30°. In [30], the authors present a 32-element phased-array centered at 64 GHz, scanned
to £50° in the azimuth using a 5-bit phase shifter on the SiGe chip. The total antenna size is 2.7 x
9.2 cm2. The RF layer, which is antenna and transmission lines, is fabricated on a 5-mil (125 um)-
thick TSM-DS3 substrate with &= 3 and tan 6 = 0.0013 and is placed on top of an FR-4 layer used
for power supply and digital control signal distribution.

This dissertation also will present a phased array antenna with a fixed fed line at various
operating frequencies. The phased array performance with a fixed fed line will be analyzed like
side lobe level, scanning angle, reflection coefficient, and mutual effect between the antenna. In
[30] , they could scan the phased array to £50° in the azimuth. We study the impact of separating
spacing between the antenna on the scan angle at different operating frequencies and the maximum
scanning angle for our case where the feed lines structure is fixed. Thus, the separation space

between the antenna will be variable.
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CHAPTER 3: Linearly Polarized Fixed Fed Patch Antenna

3.1 Introduction

We intend to investigate if a thin fixed feed line fabricated on the fixed RFIC chip can be
coupled to various antennas at different operating frequencies and polarization (linear or circular).
The antenna will be changed only without changing the designed chip (RFIC). We will study and
analyze the EMC microstrip antenna coupled to a fixed feed line to understand the design space
and give quick estimates of the antenna’s dimension. This chapter will focus on a linearly polarized
patch antenna coupled to the fixed thin feed line.

The modeling and analysis of a proximity coupled patch antenna are rugged due to the
complex EM interactions between the feed and the radiation element. Moreover, for the target
design of replaceable antenna lids for AiP, the feed line's geometrical dimensions are fixed from
the IC design technology. The only variables are the patch width, length, height, and substrate
parameters. It is essential to determine the limitations imposed by the thin feed line's fixed
dimensions on frequency, bandwidth, gain, and polarization specifications.

The cavity and transmission-line (TL) models are standard models used to analyze the
patch antenna and estimate the patch antenna's dimensions. In the dominant TMio mode, the
resonant frequency fo is inversely proportional to the patch antenna's length. However, this
project's proposed antenna is proximity-coupled to a fixed feed line on a thin substrate. Thus, these
models cannot accurately analyze the proposed patch antenna. In this case, we will provide a study
to explain the behavior of the antenna's dimensions at different operating frequencies. Thus, the

study helps estimate the size of the antennas at various operating frequencies and polarizations.
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Several circuit models have been used to explain the behavior of the proximity coupled
patch antenna (PCPA). These existing models add little to our intuitive understanding of the PCPA.
While the applied models explain the PCPA behavior, the models are limited by many assumptions
and do not apply to all cases. In [41], Jaisson proposes a new transmission line model for
computing the proximity coupled patch antenna's input impedance. His model helps approaching
final design parameter values quickly. However, his model is limited to the symmetric feed line
between the patch antenna and the ground plane (hpatch = hfeed 1ine). See Figure 3.1 for more
illustration. In the proposed proximity coupled patch antenna design, the antenna's height does not
equal the feed line's height. The proposed patch antenna design is based on the design in [1],
where the feed line is on the top layer of the RFIC chip (thickness=9.25 um), and the antenna

substrate is much thicker at a thickness of 125 um.

h patch

h feed line

Figure 3.1  Stack-up view of proximity coupled patch antenna with substrate height equal to the substrate
height of the feed line.

In this chapter, straightforward analysis is provided to understand the PCPA's behavior at
different operating frequencies (fo) and give a quick estimation for linear polarized antenna's
dimensions values. We will focus on developing an analysis that studies how the antenna’s
dimensions change with operating frequencies in different situations like changing the substrate
material or change the feed line dimension. Furthermore, we will investigate the frequency range

where the linear polarized radiation can be achieved by only optimizing the antenna and the
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package dimensions. Also, we will study the factors that limit the frequency range. Moreover, this
analysis also investigates how the antennas are sensitive to their dimensions (Lp, Wp, and hp).
The proposed baseline model [1], shown in Figure 3.2, is a patch antenna for the W-band
(80 GHz to 106 GHZz) that is integrated on a thick quartz package (=3.8) and a feed line printed
on a thin layer of SiO». Designs at several different operating frequencies and linear polarization
states are explored and validated with a full-wave simulation using HFSS. The analysis provides

estimates of the range of frequencies that can be generated using this approach.

RFIC

a. Top view b. Stack up view

Figure 3.2  The proposed proximity coupled patch antenna.

Table 3.1 Feed Line geometry for the proposed design [1].

Feed Line geometry pum
Lc 690
Ls Lpatch 12
We 250
Ltapper 150
ht =t 9.25

3.2 Research Questions
This chapter's main objective is to generate a simple analysis that gives an intuitive
understanding of the adaptable PCPA's behavior and gives a quick estimate for fixed-fed PCPA

dimensions at various operating frequencies. This analysis helps us determine whether we can
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couple a fixed feed line to various LP adaptable antennas at different operating. Additionally, The
analysis helps determine the fundamental limitations of the adaptable antenna mounted on top of
the fixed RFIC chip. In this chapter, we study the linear polarized patch antenna. Figure. 3.2 shows
the proposed patch antenna design. This design is based on the design as published in [1]. Many
questions need to be answered to demonstrate the primary goal of this chapter.

Question 3.1: How do the LP patch's optimal dimensions vary when coupled to the thin
fixed feed line at different fo? This question helps to study the behavior of the antenna's dimensions
at different fo.

Question 3.2: Over what frequency range the linear polarized radiation can be achieved by
only optimizing the antenna and the package dimensions? Also, what are the factors that limit the
frequency range?

Question 3.3: How is the antenna sensitive to its dimensions? We will study which of the
antenna's dimensions (Lp, Wp, hp) affect input impedance matching performance between the
antenna and the fixed feed line?

Question 3.4: Can these results be fit in a geometric model? An intuitive model of the
EMC microstrip antenna and the feed line is generated to provide quick estimates of the antenna's
dimension.

3.3 Coupling fixed feed line to various linearly polarized antennas at different fo

In this analysis section, the feed line is fixed to its original value (Lc=690 um, W¢=250 um)
[1], and the patch geometry and mold height are variable. The procedure is as the following: the
sequential nonlinear programming optimizer (Gradient) is run using HFSS software to find the
optimal width (Wopt ), length (Lopt), and height (hopt) of the antenna, where the return loss is low

(S11 < —30dB), at several operating frequencies f, in W band (80.5 GHz to 106.5 GHz). The loss
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is not included in this analysis (tangent loss and conductivity loss). These optimal dimensions of
the antenna (Wopt, Lopt, and hopt) are then plotted for all operating frequencies f,. Curves are fit to
predict the behavior of the antenna. In the end, varieties of antennas that operate at different
frequencies f, are designed to cover a broad band of frequencies at mm-wave the range. These
analyses give us a better understanding of the relationship between the antenna's dimensions and
operating frequency. Figure 3.3 illustrates the analysis procedure for this objective. This numerical
analysis is also run for different antenna substrate materials to understand the relationship between
the dielectric constant of the material and antenna dimensions. In the original design [1], the
antenna is fabricated on a quartz substrate with &=3.78. Other mold materials can be used as
antenna lid's substrate, such as two-part aliphatic epoxide globtop and amine-cured two-pack
epoxy cement. They have a dielectric constant of 2.9 and 5, respectively [48]. Furthermore, the
antenna's fractional bandwidths (FBW) at different f, are also studied in this analysis. We will find
the antenna's fractional bandwidth for one case where the patch antenna is fabricated on quartz
material (€=3.78). At the end of this analysis, we include the material loss in our simulations to
find the antenna radiation efficiency. We will show the impact of the loss on the antenna

performance by presented the antenna efficiency and realized gain.
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Figure 3.3  Optimization analysis procedure of LP fixed fed patch antenna.
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Figure 3.4  Optimal antenna’s dimensions vs. operating frequency.

The simulation result of the optimal dimensions of the antenna is shown in Figure 3.4. The
optimal antenna’s height vs. operating frequency plot shows that the optimal height reaches a
maximum at some point in the band of interest. I call it a critical frequency (fc) as it is a salient
feature that demarcates a change in behavior in both the optimal height and length plots. At
frequencies above or below this critical frequency, the hopt decreases. The critical frequency will
be explained more in Chapter five of this dissertation. Very thin antenna substrates may be
impractical and limit the ability to match the antenna without feed modifications. Besides, we can
observe from the plot that as the dielectric constant &, increases, the optimal height of the antenna

substrate (hopt) must increase. Increasing the dielectric constant allows the frequency to be tuned

over a wider frequency range within hopt > 50 um. From plot Lopt vs. fo, fo o 1/L , at frequencies
op

lower than the critical frequency. This is expected from the cavity and TL models analysis.

Nevertheless, the optimal length of the patch is almost constant at frequencies higher than the
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critical frequency. Moreover, the antenna's dimensions vs. operating frequency plot indicates a

little discernable pattern to the optimal width as the design frequency changes.
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Figure 3.5  Reflection coefficient vs. frequency at three different operating frequencies (91.5 GHz, 94.5 GHz, and
97.5GHz).

Let's look at the return loss vs. frequency at different operating frequencies in Figure 3.5.
We notice the following: first, at a frequency higher or lower than critical frequency, there are
two resonant frequencies (fi1 and fr2), but one of these frequencies has the lowest reflection
coefficient (Su1< -25 dB). Second, at the critical frequency (fc), only one resonant frequency is
located at the critical frequency. In other words, f; is the frequency where the two resonant
frequencies are overlapped.

The fractional bandwidth (FBW) vs. operating frequency is presented in Figure 3.6. This
plot shows that the FBW reaches the maximum at some points in the interesting band (92.5 <f, <
98.5GHz), close to the critical frequency (fc=94.5 GHz). At frequencies above or below these

frequencies, the FBW decreases. As | mentioned before, FBW o< h/A,. As the antenna’s height to
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wavelength ratio (h/Ag) increases, the FBW increases, and the reverse is true. Figure 3.7 shows

FWB and h/Ag vs. fo. Also, we noticed from the FWB vs. fo that the FBW decreases dramatically

at fo=99.5 GHz and fo= 91.5 GHz. As | mentioned earlier in this chapter, two resonates frequencies

at operating frequencies above or below the f, but, at the f, = f¢, the two resonates frequencies are

overlapped. We conclude that as the two resonant frequencies moving away in the opposite

direction, the FBW becomes narrower. Figure 3.8 plots Reflection coefficient vs. frequency at fo=

98.5 GHz and fo=99.5 GHz.
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Figure 3.7

FBW and h/A4 vs. f, for antenna coupled to flared feed line case.
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Figure 3.8  Reflection coefficient vs. f for antenna coupled to flared feed line case at f,= 98.5 GHz and 99.5 GHz.
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Figure 3.9  Efficiency and Realized gain vs. f, for flared feed line design with loss effect.

The antenna efficiency and realized gain vs. f, plots are presented in Figure 3.9. The
antenna realized gain and efficiency also reach a maximum at the frequency equal to 93.5 GHz,
close to the critical frequency (f:=94.5 GHz). The efficiency and the realized gain decrease at
frequencies below or above 93.5 GHz. The realized gain drop dramatically at frequencies above

93.5 GHz.
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3.4 The sensitivity of the antenna to its dimensions

In addition to the above analysis procedure, a sensitivity analysis will be investigated in
this chapter. Sensitivity analysis is provided to study how the antenna is sensitive to its
dimensions. This analysis will help find the antenna’s dimension (Lp, Wjp, and hp) with a significant
impact on the antenna’s operating frequency (fo) and its impedance matching. These studies will
help to understand the behavior of the antenna's dimensions with the operating frequency (fo).
Moreover, they allow us to estimate the linearly polarized patch antenna's dimensions over various
operating frequencies.

In this analysis, the flared feed line is fixed to its original value (Lc=690 pm, Wc=250
pum)[1], and the patch is fabricated on a quartz substrate with £=3.78. The procedure is as follows:
one of the optimized antennas' dimensions (Wp, Lp, or hp) is changing while the others are fixed.
Then, we run the parametric sweep for the studied antenna’s dimension (either W,, Ly, or hp) using
HFSS software at each operating frequencies fo. At each parametric value of the studied dimension,
we check the reflection coefficient to be less than -20 dB (S;; < —20 dB).

Result and Discussion:

For the following sensitivity analysis, the parametric sweep of W, L, and h is performed,
and the reflection coefficient (S11) is simulated. This data is further collected for different operating
frequencies (80.5 GHz-104.5 GHz). One example of the type of data collected is shown in Figure

3.10 for a frequency of 88.5 GHz. This large data set is used for sensitivity analysis in two ways.
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Figure 3.10 Reflection coefficient vs. antenna’s dimensions (W,L, and h) at f,= 88.5 GHz.

The first method is by using bar charts. The bar charts in Figure 3.11 show the patch
antenna dimensions' parametric sweep (W, L, or h) over the operating frequencies. This bar chart
is created by first determining the range of each dimension, W, L, and h, over which S11 is <-20dB.
For example, at fo= 88.5 GHz, the range of W, L, or h, where the S11 <-20 dB, are between 920
pm - 780 pm, 769 pum — 775 um, and 80 um - 90 um, respectively. The chart in Figure 3.11 shows

that variation in L and h affects S11 much more strongly than W. Therefore, the proximity coupled
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patch antenna performance is most sensitive to its height and length. Due to the relative
insensitivity of W to the antenna’s performance, a fixed-width value can be chosen for the curve
fitting process of the Wopt vs. fo and Wopt sharp analysis data curves (further discussed in the next
Section 3.5). Thus, the number of variable antenna dimensions will reduce, and the curve fitting

analysis will be more straightforward.
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Figure 3.11 Sensitivity analysis: bar charts.

A second method of evaluating the sensitivity is by first determining the dimension value
in um where S11 is a minimum for each sweep — for example, in Figure 3.10, S11 is minimum for
W, L, or h at 825 pum, 698 pum, and 94 um, respectively at fo= 88.5 GHz. Now, we can plot S11 vs.
an x-axis of the W, L, or h dimensions normalized to 825 um, 698 um, and 94 um, respectively.
Using this plot, we can compare the variation in S11 for W, L, or h simultaneously using one figure
and compare their sensitivities to antenna performance. We plot S11 vs. A antenna’s dimension
(W,L and h) at three different operating frequencies(f,), at fo=88.5 GHz < f, fo=f:=94.5 GHz and
at fo=100.5 GHz > f, in Figure 3.12. The x-axis reference 0 is at the dimension that has the
minimum Si1. In each plot, we observe that there is a much larger variation in Sy1 for normalized
dimensions of W than for those of L or h — which again reiterates the observation above that the

antenna performance is much more sensitive to its length and height than its width.
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100.5 GHz).

3.5 Fitting the results in an intuitive model of the EMC microstrip antenna and the feed line

The curves in Figure 3.4 show the optimal antenna's dimensions vs. operating frequency

plots for LP patch antenna coupled to the fixed feed line. Next, We want to generate mathematical

functions that best fit the result data points in curves shown in Figure 3.4. Thus, the mathematical
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functions would help the antenna’s designers to estimate the dimensions required for specific
operating frequencies.

In section 3.3, The numerical analysis was run for different antennas' substrate materials,
which are quartz, two-part aliphatic epoxide globtop, and amine-cured two-pack epoxy cement.
They have a dielectric constant of 3.78, 2.9, and 5, respectively [48]. We observe that the optimal
antenna's dimensions vs. operating frequency plots for the three different cases have similar
behavior. Thus, we will run the curve fitting for one antenna’ substrate material, which is quartz.

The Curve fitting process:

We try to fit the data to a simple mathematical function like a first-order or second-order
degree polynomial function. The curve fitting analysis will be processed in Matlab.

In the following, the curve fitting process will be explained for each optimized antenna
dimension.

1. The optimized length (Lopt)

From plot Lopt vs. fo, fo o 1/L , at frequencies lower than the critical frequency. This is
op

expected from the cavity and TL models analysis, as we mention in the introduction section. The

reciprocal function is used to fit these data points.
Lope(in um) = fi +b (3.1)

Where: f,: the operating frequency in GHz unit, a = 113390, b = —510.
However, the optimal length of the patch is almost constant at frequencies higher than the critical

frequency. This behavior is not as we expected. It is unclear why L is not « 1/f .
[

Lopt = 692 pm (3.2)
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2. The optimized Width (Wopt)

The antenna's Wopt Vs. operating frequency plot indicates a little discernable pattern to the
Wopt s the design frequency changes. Moreover, the sensitivity analysis shown in Figure 3.11 and
Figure 3.12 demonstrate that the proximity coupled patch antenna is not sensitive to its width. As
a result, a fixed-width value is chosen to fit the Wopt vs. fo's data curve.

Wope = 920 um (3.3)

3. The optimized height (hopt)

The optimal antenna's height vs. operating frequency plots shows that the optimal height
reaches a maximum at f-—the hopt decreases at frequencies above or below this critical frequency
(fc). We try to use either first or second-order polynomial function because the polynomial function
is simple and more comfortable to be used

The Coefficient of determination (R-squared) will indicate the proportionate amount of
variation in the response variable, which is the optimized antenna's dimensions, explained by the
independent variables fo in the linear regression model. As the linear regression model defines
more variability, the R-squared will be more significant.

o fo<fc

The hopt Vs. fo data at operating frequencies below f¢ can fit a first-order and second-order
polynomial function. To test which of these functions is more accurate and closer to the data, we
used the R-squared equation.

The first-order fitted equation is:
hope(in um) = aapy fo + bbcpy (3.4)

Where:  fo: the operating frequency in GHz unit, aay; = 6, bby; = —439.7.

The second-order fitted equation is:
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hope(in pm) = ans fo* + bpa fo + cna (3.5)

Where: fo: the operating frequency in GHz unit, a,; = 0.15, by; = —19.5, ¢;; = 671.
The second-order R-squared value is 99.2 % and higher than the R-squared value of the first-order
polynomial function, 98.3 %. The R-squared value difference is marginal, so we try the two
equations to estimate the antenna's height at fo.= 78GHz, a frequency point out of the interested
frequency range (80.5 to 106.5 GHz). Using the fitting equations for hopt, Wopt and Lopt, the
estimated dimension for antenna operating at 78 GHz, is presented in Table 3.2. These estimated
antenna's dimensions at fo= 78 GHz are used to simulation the antenna in HFSS software. The
result in Figure 3.13 shows that the second-order function gives an acceptable estimation for the
hopt Value. The operating frequency (fo) using the second-order equation to estimate the hopt is 77.1
GHz, which is close to the desired operating frequency f,=78 GHz. Besides, the reflection
cofficient= -18.2 dB which is acceptable value. On the other hand, The operating frequency (fo)
using the first-order equation to estimate the hopt is 69.9 GHz, and the reflection coefficient = -7.9

dB. Thus, The second-order equation is chosen to fit the hopt vs. f, data.

Table 3.2 The estimated antenna’s dimensions at f,=78 GHz by using the fitted equations.

Lopt= fi+b (um) | Wopt (um) hopt (Um) hopt (Um)

First-order equation | Second-order equation

941.1 920 25.3 36.4
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Figure 3.13 Si1 vs. f of the estimated antenna’s dimension at f,= 78 GHz using the two fitted
equations of hoy data.

o fo>fc

hopt VS. fo at operating frequencies above f¢ can fit a first-order and second-order polynomial
function. R-squared value of the two polynomial is the same and equal 98.6 %. Both polynomial
functions give the same estimated value for the height of the antenna. See Table 3.3. Thus, the
first-order is chosen to fit the hopt Vs. fo data because it is more uncomplicated and easy to use.

The first-order fitted equation is:
hope(in pm) = apz fo + bpa (3.6)

Where: the operating frequency in GHz unit, a;, = —7.5, by, = 843.6.

The second-order fitted equation is:
hope (N M) = ans fo* + bna fo + Cpa (3.7)
Where: fo: the operating frequency in GHz unit, aj, = 0.03, by, = —12.91, ¢, = 1117.

38



Table 3.3 The estimated antenna’s dimensions at f,=107 GHz by using the fitted equations.

hopt (le) hopt (um)

First-order equation Second-order equation
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Figure 3.14 Optimal antenna’s dimensions vs. operating frequency.

The generated equations of the optimal antenna's dimensions are fitted on the data curves
in Figure 3.14. Three operating frequencies are chosen to test the generated equation: two
operating frequencies (f, = 78 GHz and f,= 107 GHz) are out of the frequency band (80.5 GHz to
106 GHz) and one f, at the frequency band center (fo = 94 GHz). The generated equations are
applied to estimate the patch antenna's dimensions at the intended operating frequencies (78 GHz,
107 GHz, and 94 GHz). Then, we use the three antennas' estimated dimensions to run the
simulation and check if the equations give an acceptable estimation for the antenna's dimensions.
The results, shown in Figure 3.15 and Figure 3.16, illustrate that this analysis provides good start
values for the antenna’s dimensions. The summarization of the curve fitting analysis is presented

in Table 3.4. The percent errors between the predicted and designed frequency are very low.
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Table 3.4 The simulated results of the curve fitting analysis.

Design fo (GHz) 78 94 107
Simulated fo (GHz) 77.1 93.7 107.7
Percentage of errors (%) 1.1 0.3 0.7
S11 at simulated fo (dB) -18.2 -32.7 -24.2
Realized Gain at design fo (dBi) 4 6.1 6.1
0
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Figure 3.15 Reflection coefficient vs. frequency at three different operating frequencies (78 GHz, 94 GHz,

and 107 GHz).
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Figure 3.16 Radiation patterns of the proposed proximity coupled patch antenna.

The purpose of this fitting the data to these equations is to generate a library of expressions
that designers can use to create other antenna lids. However, these curve fitting processes should
be redesigned for other mold materials, which can be used as antenna lid's substrate and for other
feed line designs. In this work, we analyze the proposed antenna-in-package of a universal chip
for two mold materials beside the quartz as the substrate for the antenna, two-part aliphatic
epoxide, and globtop amine-cured two-pack epoxy cement. This analysis helps predict the
antenna's dimensions, but the fitted model equations would change as the antenna substrate
material changes. The long-term goal is to generate a model that fits more mold materials. The
optimization analysis will rerun for different mold materials, and then the results will be fit in
equations. Moreover, the generated model will predict the critical frequency at each mold materials
case and feed line design.

3.6 Research Outcomes

In this chapter, analyses are generated to predict the range of the operating frequencies that

can be achieved by coupling the linear polarized antenna to the fixed feed line. In these analyses,

we optimize the patch geometry and mold height to operate at a variety of frequencies f,.
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Furthermore, we investigate how the antenna is sensitive to its dimensions (L, W, and hp).
Moreover, the optimized antenna’'s dimension vs. operating frequencies data was fitted to a
characteristic geometric model. Also, this intuitive model is used to provide a quick estimate of
the antenna's dimensions.

Based on the primary research questions identified at the beginning of the chapter, the
outcomes are listed below:

Question 3.1: How do the LP patch's optimal dimensions vary when coupled to the thin
fixed feed line at different fo? This question helps to study the behavior of the antenna's dimensions
at different fo.

The optimal antenna's dimensions vs. operating frequency plots show that the optimal
height and length change their behavior at a specific frequency that I call a critical frequency (fc).
At operating frequencies above or below this critical frequency, the optimal height (hopt) decreases.
From plot Lopt Vs. fo, fo is inversely proportional to the patch antenna's length at frequencies lower
than the critical frequency. This is expected from the cavity and TL models analysis. However, the
patch's optimal size is almost constant at frequencies higher than the critical frequency, unexpected
behavior. Moreover, the antenna's dimensions vs. operating frequency plot indicates a little
discernable pattern to the optimal width as the design frequency changes. The critical frequency
will be explained more in chapter five of this dissertation.

The fractional bandwidth (FBW) vs. operating frequency plot shows that the FBW reaches
the maximum at some points in the interesting band (92.5 <fo < 98.5GHz), close to the critical
frequency (fc=94.5 GHz). At frequencies above or below these frequencies, the FBW decreases.
This is because the bandwidth (BW) is directly proportional to the antenna's height to wavelength

ratio (h/A). Besides, two resonates frequencies at operating frequencies above or below the f¢, but,
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at the f, = f;, the two resonates frequencies are overlapped. We conclude that as the two resonant
frequencies moving away in the opposite direction, the FBW becomes narrower.

Question 3.2: Over what frequency range the linear polarized radiation can be achieved by
only optimizing the antenna and the package dimensions? Also, what are the factors that limit the
frequency range?

We found out that fixed feed integrated on fixed RFIC chip could be proximity coupled to
various patch antennas at different operating frequencies. The frequency range that we achieved is
80.5 GHz to 106.5 GHz. However, some limitations narrow the frequency range. As we observed,
the antenna's height is one of the limits—the hopt decreases at frequencies above or below fc. At
the low-frequency range and high frequency, the hopt is very thin—for example, the hop:= 46 pm
and 50.4 pum at fo= 80.5 GHz and fo= 106.5 GHz, respectively. Very thin substrates may be
impractical and limit the ability to match the antenna without feed modifications. This limitation
allows the frequency to be tuned over a more comprehensive frequency range within hgpt > 50 um.
The antenna’s impedance frequency bandwidth is another limit to the operating frequency range
because the frequency bandwidth decreases at the lower and higher f, in the range of interest. The
fractional bandwidth is 1 % and 1.6 % at fo= 82.5 GHz and f,= 106 GHz, respectively.

Question 3.3: How is the antenna sensitive to its dimensions? We will study which of the
antenna's dimensions (Lp, Wp, h) affect input impedance matching performance between the
antenna and the fixed feed line?

The proximity coupled patch antenna is sensitive to its height and length only. The
sensitivity analysis results show that the patch antenna’s length and height significantly affect the

impedance matching at a specific operating frequency. On the other hand, the antenna's width has
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less impact on the patch antenna's impedance matching performance. This behavior is expected
from the patch antenna.

Question 3.4: Can these results be fit in equations? Polynomial equations are used of the
EMC microstrip antenna, and the feed line is generated to provide quick estimates of the antenna's
dimension.

We could fit the optimized antenna's dimension vs. operating frequency results in
characteristic geometric equations. These equations correlated the optimized antenna dimensions
to its fo. The generated equations are applied to estimate antennas’ dimensions at different operating
frequencies (78 GHz, 94 GHz, and 107 GHz). The results show that this analysis gives good start
values for the antenna's dimensions even with frequencies outside the interesting band.

3.7 Summary

In this section, an analysis is generated to predict the range of the operating frequencies
that can be achieved by coupling the linear polarized antenna to the fixed feed line integrated on a
fixed RFIC chip. A low-cost and high-performance antenna can be generated. The generated
analysis is applied to estimate antennas' dimensions at different operating frequencies (78 GHz,
94 GHz, and 107 GHz). The results show that this analysis gives good start values for the antenna'’s
dimensions. This analysis indicates that linear polarized radiation can be achieved by only
optimizing the antenna and the package dimensions over a wide frequency range. However, some
limitations narrow the frequency range.

Until this point, simulation analysis has been used to test the generated analytic model. In
this analysis, we study the relationship between the antenna's dimensions and the operating

frequencies when changing the antenna's substrate and length of the feedline (Lc).
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CHAPTER 4: Circularly Polarized Fixed Fed Patch Antenna

4.1 Introduction

Linear polarized antennas require to transmit and receive antennas to be of the same
polarization, hence require accurate alignment of the antennas. Circular Polarized antennas allow
signal reception irrespective of the receive antenna's orientation concerning the transmit antenna
and can suppress multipath interference. Circularly polarized microstrip patch antennas are widely
used in portable/ handheld devices, such as RFID reader antennas, WLAN, GPS, rectenna for
energy harvesting, and mobile phone antennas [49]-[54].

In this chapter, analyses are provided to understand the CP patch antenna’s behavior in the
fixed feed case at different operating frequencies. We will focus on developing research that
studies how the antenna’s dimensions change with operating frequencies in different situations like
changing the substrate material. This understanding of CP patch antenna behavior helps us give a
quick estimation for circularly polarized antenna's dimensions values and define the limits of
generating CP with a fixed feed line.

Circular polarization can be generated if two orthogonally polarized modes are excited with
a 90° time-phase difference between them and their amplitudes are equal. This can be achieved by
adjusting the patch antenna's physical geometry and using either one or two feed lines. A dual-
orthogonal fed circularly polarized patch antenna needs two independent sources or a power
divider with 90 degrees offset RF output to excite two orthogonal modes with equal amplitude but
in phase quadrature. However, the dual orthogonal feed lines technique prevents us from using the
same passive feed structure for linear and circular polarization designs. Moreover, the power

divider is complicated and power-consuming. In addition to dual-orthogonal feeds, the single feed
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also can obtain circular polarization. The patch antenna is fed at a single point that excites two
orthogonal degenerate modes with equal amplitudes. By applying a proper design to create an
asymmetry in the cavity, the field of one mode can lead by 45°, while the field of the other mode
can lag 45°. Thus, the phase difference between the modes is 90°, which is necessary for circular
polarization. To create a single-fed circularly polarized patch antenna, several methods have been
developed. The three commonly used methods to produce a nearly circular polarized patch antenna
are a slightly off-square diagonal fed patch, a square patch with notches, and a square patch with
the diagonal slot, as shown in Figure 4.1.

The disadvantage of the slightly off-square patch method is that it is difficult to insert the

W=a+A

a

L=a
L

v v

a. Slightly off-square patch b. Square patch with notches c. Patch with slot

Figure 4.1  Single-feed arrangements for circular polarization of rectangular patch antenna.

antenna symmetrically with the feed line's center with proximity coupled feed line type. This
complicates the fabrication process—See Figure 4.2 for more illustration. The patch with slot
method has a significant tradeoff between VSWR and axial ratio value when choosing the feed
line's location [54]. As a result, we selected the patch antenna with a notch, shown in Figure 4.3,

from the three single-feed arrangements to generate circular polarization as the first choice to start.
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Figure 4.2  Slightly off-square proximity coupled patch
antenna.

Figure 4.3  Circularly polarized proximity coupled patch antenna with the notch.

4.2 Research Questions

This chapter aims to create an uncomplicated analysis to provide us with a good
understanding of the CPPA's dimensions behavior at different operating frequencies. Moreover,
this generated analysis gives us a quick estimate of the antenna's dimensions (Wp, Lp,h) at a
specific operating frequency (fo) when coupled to the fixed feed line. This analysis helps us
determine whether we can couple a fixed feed line to various LP adaptable antennas at different
operating. Additionally, The analysis helps determine the fundamental limitations of the adaptable
antenna mounted on top of the fixed RFIC chip. In this chapter, the circularly polarized radiation

is studied. The following questions should be answered to achieve our goal:
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Question 4.1: How do the CP patch's optimal dimensions vary when coupled to the thin
fixed feed line at different fo? This question helps to study the behavior of the antenna's dimensions
at different fo.

Question 4.2: Over what frequency range the Circularly polarized radiation can be
achieved by only optimizing the antenna and the package dimensions? Also, what are the factors
that limit the frequency range? We try to create this circular polarization using the same fixed feed
line proposed in the linear polarization chapter (chapter 3).

Question 4.3: Can these results be fit in a geometric model? An intuitive model of the
EMC microstrip antenna and the feed line is generated to provide quick estimates of the antenna's

dimension.

4.3 Optimizing the dimensions of CP single fix fed patch antenna (Lp, Wp, h) across a wide
frequency range.

An analysis of circularly polarized proximity coupled patch antenna in the package is
investigated to explain the EM behavior between the antenna and transmission line and to provide
quick estimates of antenna's dimensions when coupled to the fixed tapered feed line. In this
analysis, the feed line is set to its original value (L;=690 pum, W¢=250 um)[1], and the patch
geometry and mold height are variable. The feed line substrate is silicon dioxide (SiO2). The axial
ratio (AR) and input impedance match (return loss Si1) should be optimized together for effective
circular polarization. The axial ratio is equal to one (0dB) for perfect circular polarization.

However, the method used to create CP, which is the patch with a notch, obtains nearly circular
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polarization, which means AR close to one (AR <2dB). In the numerical analysis, circular

polarization is generated by using a single feed.

4 g, =3.78 A (Change W=L, (W,,) and A [ The obtimum W=L
Study the two cases:—-[ h forS,;;<-25dBand . 7
g =8 AR<2dB @ f,where W, and h arelplotted
Cost Function=0 " for all f,
= = g
E el ‘D
2 o é
c & =
3 = Hi
) < Al
= < £
25 dB 7 2dB g_
) \ f Frequency (GHz)/ \ fo (GHz) )

Figure 4.4  Analysis procedure for circular polarization generated by one fix feed line.

The analysis procedure used to achieve CP radiation across a wide range of operating
frequencies is similar to the linearly polarized patch antenna's procedure. Nonetheless, the axial
ratio performance will be considered, too, with the input impedance matching performance. The
procedure is as the following: the sequential nonlinear programming optimizer (Gradient) is run
using HFESS software to fund the optimal width (Wopt ), length (Lopt), and height (hopt) of the
antenna, where the reflection coefficient is low (S;; < —25 dB) and the axial ratio is close to one
(AR<2 dB) at the several operating frequencies f; in W band (80.5 GHz to 106.5GHz). The
procedure used in this analysis is shown in Figure 4.4. The cost function is equal to zero when the
two conditions are satisfied. All these optimization simulations in HFSS are conductive at a certain
operating frequency (fo) to reduce the simulation time. In other words, the AR and Si; are
optimized at specific fo, not over bandwidth. Moreover, we do not target specific applications that

required certain bandwidth for AR or S11. Also, the goal of this study is not to optimize the BW.
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The cost function used in the optimization analysis is:

Condition 1 (P1): AR < 2dB

0 if (o) =1 = 0
(G R U (G R e

P1=

Condition 2 (P2): $11 (reflection coefficient) < —25dB

o [0 if [(52)-1]=<0

(G5) -1 (G- >0

Cost function = P1+P2=0

In this numerical analysis illustrated in Fig. 4.4, two cases are investigated. The simulation

is run for two different antenna substrate materials (e=3.78 and &=8) coupled to a fixed tapered
feedline. The first substrate is quartz (&= 3.78), which is the original design. We selected a high

dielectric constant value (&= 8) for the second case to compare it with quartz's dielectric constant

value (€:=3.78) to understand the relationship between the material's dielectric constant and

optimal antenna dimensions.

Result and Discussion:
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Figure 4.5  Cost function vs. operating frequency for the three different cases.
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Figure 4.6  Reflection coefficient and axial ratio vs. frequency at the f, for the two different cases.

The optimization analysis is run, and the results are presented in Figure 4.5 and Figure
4.6. Figure 4.5 shows the cost function vs. fo at the two different antenna substrate materials
(e=3.78 and &=8). We notice that the optimization analysis's cost function is zero only around the
specific operating frequency, which is f,=95.3 GHz for &=3.78 case and 90.6 GHz for &=8 case.
The result in Figure 4.6 shows the reflection coefficient and axial ratio (AR) vs. frequency at the
only operating frequency where the cost function= 0 for the two cases. As we observed, with a
single fixed feed, it is challenging to create circularly polarized patch antennas coupled to a fixed
feed line over a band of frequencies. However, in Chapter 3, we could optimize the LP patch
antenna’'s dimensions at various operating frequencies (fo). The cost functions are zero at these
different operating frequencies (o).

Moreover, we can observe from the cost function vs. fo results in Figure 4.5 that the
operating frequency 95.3 GHz, where the coat function=0 for the original design case (quartz
substrate) is close to the critical frequency (f:=94.5 GHz). The original design case has been
investigated in Chapter 3. On the other hand, the high dielectric material case (e:=8) has not been

studied in Chapter 3, so we want to investigate if operating frequency (fo) 90.6 GHz, where the
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cost function equals zero, is close to the fc of this specific case. Thus, we run the LP optimization
analysis in Chapter 3 for the high dielectric case at a few operating frequencies near 90.6 GHz to
find the fc, where only one resonant frequency. The simulation is run to find the antenna’s optimal
dimensions at few operating frequencies around 90.6 GHz (89 GHz to 92 GHz). The reflection
coefficient vs. frequency at the three operating frequencies (89 GHz, 90 GHz, 91 GHz, and 21
GHz) is shown in Figure 4.7. We observe from these results that the f; is 90 GHz for =8 case,
close to 90.6 GHz. Table. 4.1 shows the single operating frequency where the cost function equals

zero and fc in each case.
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Figure 4.7  Reflection coefficient vs. frequency at 89, 90, 91, and 92 GHz for &=8 case.

Table 4.1 Critical frequencies and the single operating frequency at different cases.

. . Critical Operating
Dielectric
Case number constant & Frequency fc Frequency
i (GHz) (GHz)
1 (Original 3.78 94.5 95.3
design)
2 (change &r) 8 90 90.6

52



Additionally, we show the reflection coefficient and AR vs. frequency result at operating
frequency (fo) 92 GHz where the cost function does not equal zero for case study 2 (¢=8) in Figure
4.8. The minimum cost function at £{,=92 GHz is 0.65.

In conclusion, we could not achieve circularly polarized radiation over a broadband of
operating frequencies by coupled the antennas to a fixed feed line. We can only get the circularly

polarized patch antenna's dimensions at a few operating frequencies around the critical frequency.

0 < 15
\‘\ —Reflection Coefficient
\
o 5, --- AR
\\
\‘\ Case3: L =690 um,

-10 e 10

Reflection Coefficient (S11) dB
o

. )
] s T
:/ ~
4 o
4
20 - I s {5 <
4
1 7
1
25 U
\rr
I
.30 1 1 1 1 0
86 88 90 92 94 96

f (GHz)

Figure 4.8  Reflection coefficient and axial ratio vs. frequency at the fo= 92 GHz for the studied case-2.

Furthermore, We used the other methods, which are slightly off-square patch and square
patch with notches, to produce a nearly circular polarized patch antenna. However, these CP
arrangements' behavior is the same. We still can not create CP radiation by coupled the antenna to
a fixed feed line over various operating frequencies.

4.4 Research outcome
This chapter aims to generate a simple analysis to provide quick estimates of the circularly

polarized antenna's dimensions (Lp, Wp, Weor, h) at a specific operating frequency (fo) and
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understand the CP patch antenna's behavior when coupled to the fixed feed line. The research
questions of this chapter are:

Question 4.1: How do the CP patch's optimal dimensions vary when coupled to the thin
fixed feed line at different f,?

Question 4.2: Over what frequency range the Circularly polarized radiation can be
achieved by only optimizing the antenna and the package dimensions? Also, what are the factors
that limit the frequency range?

Question 4.3: Can these results be fit in geometric equations?

We observe that we can achieve circularly polarized radiation over a very narrow frequency
range by optimizing the antenna. We observed from the results of the two study cases (er=3.78 and
er=8) that we can only have the circularly polarized patch antenna's dimensions at a few operating
frequencies around the critical frequency. Therefore, without enough data points, we could not fit
the results in equations. The only variables in this analysis were the antenna's dimensions. The
feed line's design was not changed.. We need to explore how to achieve our primary objective of
this chapter. We hypothesize that the fixed feed line's design limits the frequency range where the

CP radiation can be created.

4.5 Summary

This chapter tried to generate some analyses to investigate how the CP patch antenna's
dimension varies when it is coupled to a fixed thin feed line at different operating frequencies.
Also, we tried to explore the frequency range where the CP radiation can be achieved and the
factors that limit this frequency range.

However, we could only obtain a circularly polarized patch antenna at few operating

frequencies around the critical frequency with a thin fixed feed. We hypothesize that the design of
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the fixed thin feed line limits the analysis in this chapter. We will investigate more in modifying
the feed line design and how this modification affects the antenna’s dimensions behavior and the

location of the f¢ in the interested frequency band in Chapter 5.
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CHAPTER 5: Feed Line Modifications to Extend the Frequency Range of CP Patch

Antennas

5.1 Introduction

We investigated designing a single fix fed circularly polarized patch antenna for various
operating frequencies in Chapter 4. However, it was challenging to achieve that goal with a fixed
feed line because matched circular polarization can be generated only at a few particular operating
frequencies around the critical frequency. Changing the antenna's dimensions had little effect on
the antenna's performance away from this critical frequency. We hypothesize that the fixed feed
line's design limits the ability to match the circularly polarized antenna,

Additionally, in Chapter 3, we find some limitations that narrow the frequency range where
a fixed feed line is in proximity coupled to a patch antenna. We observe that the antenna's height
is one of the limits. We noticed that the hopt decreases at frequencies above or below fc. At the low-
frequency range and high frequency, the hopt is very thin. Very thin substrates may be impractical
and limit the ability to match the antenna without feed modifications. The antenna's fractional
bandwidth is another limit to the operating frequency range because the frequency bandwidth
decreases at the lower and higher f, in the range of interest. We also hypothesize that the fixed
feed line's design limits the ability to couple the fixed feed line to the linearly polarized antenna at
a wide frequency range. We will investigate modifications to the feed line that improve the

flexibility of the antenna.
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5.2 Review of observed critical frequency

In Chapter 3, when the linearly polarized fixed fed patch antenna was analyzed, the
simulation results repeated in Figure 5.1 show that the antenna’s optimal dimensions ( Lopt and
hopt) change its behavior at a breakpoint, which I call critical frequency (fc). We observed that the
optimal height (hopt) reaches a maximum at the critical frequency (fc). At frequencies above or
below this critical frequency, hopt decreases. The fragile substrate may be impractical and limit the
ability to couple the antenna to a fixed feed line. Moreover, the simulation results also show that
the patch's optimal length (Lopt) is almost constant at frequencies higher than the critical frequency.
This is not the behavior expected from a microstrip patch antenna, and f, o« 1/L,,, It is expected
instead, as seen at the frequencies lower than fc. The unusual behavior suggests a second mode is

also active in this antenna.
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Figure 5.1  Optimal antenna’s dimensions vs. operating frequency.
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Moreover, if we look to the return loss vs. frequency at different operating frequencies
shown in Figure 5.2, we would notice the following: first, at a frequency higher or lower than
critical frequency, there are two resonant frequencies (fr1 and fr2), but one of these frequencies has
the lowest reflection coefficient (S1:< -25 dB). Second, at the critical frequency (fc), only one
resonant frequency is located at the critical frequency. In other words, fc is the frequency where
the two resonant frequencies are overlapped. These two resonant frequencies are two different
modes that are active in this proposed antenna design. Also, at the fo=fc= 94.5 when £=3.78, we
notice that the Lp = L= 690 um, near a half wavelength at 94.5 GHz. We hypothesize that the
taper feed line also radiates, and it may is represented in the second mode. We will investigate that

in the next sections.
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Figure 5.2  Reflection coefficient vs. frequency at three different operating frequencies (91.5 GHz, 94.5 GHz, and
97.5GHz).

The location of the critical frequency in the band of interest is essential to determine the
ability to match the antenna without feed modifications over the specified frequency band. We

hypothesize that if we shift the location of f; to be out of the interested frequency range, there will
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be no changes in the behavior of the antenna dimensions, and there will be only one mode, which

has the expected behavior from the microstrip patch antenna.

Table 5.1 Critical frequency at different dielectric constant.

& 2.9 3.78 5 8
f. (GHz) 08 94.5 93 90

As shown from the analysis in Chapter 3, the dielectric constant (/) of the antenna substrate
shifts the critical frequency location about two to four GHz. Table.5.1 shows the fc at different ;.
We need to find a way to change the location of fc other than changing the dielectric constant ()
because changing the ¢ is insufficient. One possibility is to change the feed line itself. The feed
line's design has not been changed in the previous studies in Chapters 3 and 4, so in this chapter,
we will be exploring how changing the feed line design affects the location of the f..

This analysis includes studying the impact of changing the flared feed line's dimensions
(Lc and We) on the proximity coupled patch antenna. In addition to changing the flared feed line's
dimensions, removing the removing the flared part (taper) also will be explored in this chapter.
5.3 Research Questions

This dissertation's primary focus is to investigate the ability to couple adaptable proximity
coupled antennas at different operating frequencies to the fixed feed line for adjustable mm-wave
antenna-in-package design. To understand the design space and provide quick estimates of the
antenna's dimensions at a specific operating frequency (fo), an intuitive analysis of proximity
coupled patch antenna and the fixed feed line is needed. However, there are challenges we faced
in Chapter 4 that prevent us from accomplishing the primary goal. In the introduction section of

this chapter, we explain the difficulties encountered in the previous chapters (three and four). The
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influence of changing the feed line design on creating linear or circular polarization at various
operating frequencies is needed to be studied.

The following questions are required to be answered to reach the main goal:

Question 5.1: How do the taper feed line's dimensions affect PCPA behavior, with a
particular focus on the location of the critical frequency in the interested frequency range? We
hypothesize that the length L of the taper has a significant effect on the critical frequency location.

Question 5.2: Can the feed line be modified to move or eliminate the fc characteristics
observed in Chapters 3 and 4? If the answer is yes, the following question will need to be answered:

Question 5.2.1: Over what frequency range can the circularly polarized radiation be
achieved by only optimizing the antenna and the package dimensions with the modified feed line?

Question 5.2.2: Over what frequency range the linearly polarized radiation can be achieved

by optimizing the antenna and the package dimensions with the new modified feed line?

5.4 Effect of the feed line on the Critical Frequency

We hypothesized that the flared feed line's dimensions, which were near a half wavelength
at 94.5 GHz, were closely connected with the location of the critical frequency in this design. To
examine our hypothesis, the effect of the feed line's dimensions on the LP proximity coupled patch
antenna is studied. We want to determine the impact of changing the feed line's sizes (L. and W)
on the critical frequency location. Figure 5.3 shows the proposed proximity coupled patch

antenna.
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a. Top view of linearly polarized patch antenna b. Top view of circularly polarized patch antenna

Figure 5.3  The proposed proximity coupled patch antenna.

First, The length of the feed line underneath the antenna (L) is changed by + 14.5 % of
its original value, which is 690 um [1], (590 um and 790 pm). The antenna is then optimized
across the W-band (80.5 to 106.5 GHz) using the same LP antenna optimization procedures as in
Chapter 3. Figure 5.4 illustrates the analysis procedures. In every case, the dimensions of the
antenna (Wopatch, Lpatch, @nd hpatcn) are optimized for S11<-30 dB at different operating frequencies

(fo). Then, the optimum W, Ly, and h are plotted for all f,.

L =590
( dvthath Lﬂ o lil%\ (At fixed Lci value (i=1,2 or 3):\ T ) W.Land h
: = t z
iy the fhree cases ¢ n RIS ) (1T a:e o?olt[cr:ezn;or allin at
L,= 730 um antenna forS  <-30dB @ f, , 0
_ fixed Lci value
o
=
g
c v
5 - C
pi 83 h
o E g
-30d g E A\
O
o
\ ) \ Frequency (GHZJ \ f, (GHZ})

Figure 5.4  Analysis Procedures of optimizing the LP patch antenna’dimension at different feed line length

(Lo).
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Results and Discussion:

The optimal antenna dimensions vs. operating frequencies at different feed line lengths
(L¢) is shown in Fig. 5.5. The optimization results indicate that changing the feed line length (Lc)
shifts the critical frequency location. Table 5.2 gives the observed values of critical frequency for
each feed. We notice that a 14.5% increase in L¢'s value (Lc=790um) moves the critical frequency's
position from 94.5 GHz to 84.5 GHz, which is about an 11% percent decrease in fc. On the other
hand, we observe that a 14.5% decrease in L¢'s value (Lc=590um) moves the critical frequency's
position from 94.5 GHz to 108.5 GHz, about a 15 % percent increase in f.

Moreover, we observe that the Lpatcn at fc is equal to Lc, and the Lpatcn Stays almost constant
at frequencies higher than the fc. This observation indicates that the second mode is related to the
feed line being radiated, and the flared feed line's length is near a half wavelength at the critical

frequency. Thus, the feed line acts as a thin patch antenna.
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Figure 5.5 Optimal antenna’s dimensions vs. operating frequency.

Table 5.2 The value of the critical frequency at different L. values.

Lc (um) Critical Frequency Lpatch @ fe
(GHZ) (fc) (Lm)
590 (-14.5%0) 108.5 (+11%) 591.3
690 (original value) [1] 94.5 690
790 (+14.5%) 84.5 (-11%) 783.6




Next, the width of the feed line (W) underneath the antenna is changed by a + 10% of its
original value, which is 250 um (225 um and 275 um). The antenna is then optimized across the
W-band (80.5 to 106.5 GHz) using the same LP antenna optimization procedures as in Chapter 3

for the fixed new W; value.
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The reflection coefficient vs. frequencies curves at different feed line” widths W¢=225 um
and W¢=275 um are shown in Figure 5.6 and Figure 5.7, respectively. Each figure shows three
optimized antennas at three different operating frequencies, one at the critical frequency, two
around the critical frequency. Figure 5.6 and 5.7 show that the two cases' critical frequencies
(We=225 pm and W:=275 um) are 94.5 GHz, where there is only one resonant frequency in Si11
vs. frequency plot. This result indicates that the critical frequency location is not affected by the
feed line's width (W¢) underneath the antenna. See Table.5.3 for more explanation. We expect this

result because the microstrip patch antenna’s operating frequency depends on the patch's length.

Table 5.3 The value of the critical frequency at different W, values.

Wec (um) Critical Frequency Lpaten @ fe
(GHz) (f) (um)
225 (-10%0) 94.5 699.1
250(original value) [1] 94.5 690
275 (+10%) 94.5 681

These analyses show that the feed line's length underneath the antenna (Lc) significantly
affects the critical frequency position. The feed line's length underneath the antenna (L) is near a
half wavelength at the critical frequency and frequencies > fc. Thus, the second mode is related to
the thin feed line's radiation, and its radiation affects the proximity coupled patch antenna behavior.
This confirms our hypothesis that the half-wave resonant is set up on the taper feed stub, and the
presence of the additional resonant creates the critical frequency effect.

We hypothesize that the second mode, which is affected by the feed line, will move to a

very low frequency as the fed line's length increases. Thus, the critical frequency will not exist in
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the interested frequency range (W-band). To achieve this goal, we increase the feed line's length
underneath the antenna to be equal to the whole feed line. Thus, the flared feed line will be removed
to ensure that the second mode is out of the interested frequency band. In the next section, | will
discuss the effect of eliminating the taper from the feed line.
5.5 Effect of removing the taper section from the feed line

In the previous section (5.4), we observed the effect of the taped feed line's dimensions on
shifting the critical frequency location in the interested frequency band range. We hypothesize that
the second mode will move to a very low frequency as the fed line's length increases. Thus, we
will remove the taper section from the feed line to ensure that the second mode is out of the
interested frequency band by increasing the feed line's length underneath the antenna. Moreover,
we have to keep the feed line's impedance equal to 50 ohms as a given value in the previous
chapters. However, the 50 ohms feed line's width (WFrL) is 16.3 pum with a thickness equal to 9.25
pum (see Figure 5.3). The feed line' width (WkL) is very narrow, so the coupling between the
antenna and the feed line will be weak. As a result, we increase the feed line's width, but we keep
its impedance equal to 50 ohms. Also, the feed line will still be fabricated on a SiO2 substrate
(er=4). Increase the height and the width of the feed line to be 50 ohms. But, we have to consider
the effect of the surface wave as the feed line's substrate height increases. The new feed line design

will be called the straight feed line.

65



Figure 5.8  The straight feed line design.

The new feed line dimension, which is named the straight feed line, is given in Table
5.4.and the design of the straight feed line is presented in Figure 5.8. The new feed line has
dimensions We =59 pm and hr =40 pum. It is fabricated on SiO2 substrate (&=4).

Before using the new suggested design of the feed line for circularly polarized patch
antenna analysis, we will first simulate for linearly polarized patch antenna to check the second
mode's existence in the interested band of frequencies (80 GHz to 110 GHz). As explained earlier
in Chapter 3, we optimize the LP antenna at different operating frequencies (91.5 GHz, 94.5 GHz,

and 97.5GHz).
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Figure 5.9 shows the reflection coefficient vs. frequency of the optimized design at three
different operating frequencies (91.5 GHz, 94.5 GHz, and 97.5GHz) for both new and old feed
line designs. We can observe that the dispersant of the second resonant frequency. Thus, we will

use the new suggested design to feed the patch antenna instead of the old design.
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Figure 5.9  Reflection coefficient vs. frequency at three different operating frequencies (91.5 GHz, 94.5 GHz, and
97.5GHz) a. for the new feed line design b. for old feed line design.

5.5.1 Circularly polarized patch antenna
The new design of the feed line, “a straight feed line,” as I name it, will be used to achieve
circularly polarized radiation over a wide frequency range by optimizing the antenna and fixed the

feed line. Figure 5.10 shows the new proposed design for the feed line. These optimization studies
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will help us to achieve the primary goal of Chapter 4. The goal is to create a simple analysis that
provides quick estimates of the antenna's dimensions at a specific operating frequency (f,) and
understand the antennas' behavior coupled to the fixed feed line. This fixed straight feed line will

be coupled to the circularly polarized patch antenna.

Figure 5.10 The new proposed design of Circularly polarized patch antenna.

Figure 5.11 CP patch antenna.

A patch antenna with a notch (see Figure 5.10) is chosen to generate circular polarization,
as been used in chapter 4. The variable patch dimensions are Weor, height (h), and Lp. The patch

will also be shifted to the positive of the x-axis by S,. Figure 5.11 illustrates the variable values.
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The analysis procedure is used to achieve the target is similar to the processes that have
been used for the Circularly polarized patch antenna in Chapter 4. At the optimal dimensions (Wopt
=L, Weor, hopt, and Sp_opt) Of the antenna, the reflection coefficient is low (S;; < —30 dB), and the
axial ratio is close to one (AR< 2 dB) at the several operating frequencies f; in W-band. The

procedure used in this analysis is shown in Figure 5.12. The cost function is equal to zero when

the two conditions are satisfied.

( . \
{ \ (Change W=L, (W,,,), h and\ The optimum W=L,
S, forS;;<-30dBand AR < W, hand S, are
2 dB @ f, where Cost plotted for all f,
Function=0 "
=
= = S
s c 2
a 2 =
8 E 5
s T i
2 |- < £
-30 dB 2dB g_
\ / \ f0 Frequency (GHz)) \ f, (GHz) )

Figure 5.12 Analysis Procedure for Circular Polarization generated by straight fix feed line.

In this numerical analysis illustrated in Figure 5.12, the simulation is run for a patch
antenna integrated on a thick quartz substrate (¢:=3.8) coupled to a fixed feed line length. The
dimensions of the patch antennas are variable (Wcor, hpatch, and Whatcn). Furthermore, the patch will
be shifted to the positive y-axis of the feed line. See Figure 5.11 for illustration. One difference
with this optimization is that a new variable is introduced: the shift value to the positive direction
(Sp). We did not move the patch in chapter 4 because moving the patch did not affect the

optimization analysis in chapter 4. Thus, we did not include it to reduce the number of variables

and save time.
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Results and Discussion:
As opposed to Chapter 4, we could generate CP antenna designs across an extensive
frequency range that met all cost function criteria, AR< 2 dB and S11< -20 dB. The simulation

results are shown in Figure 5.13. The optimal antenna’s dimensions vs. operating frequency plots

show that fo o 1/L . This is expected from the cavity and TL models analysis, as mentioned in

op
the introduction section in Chapter 3. Moreover, the antenna’s dimensions vs. operating frequency
plot indicate a little discernable pattern to the optimal width corner (Wcor) and height (h) as the
design frequency changes. The patch's optimal height is close to the feed line's height value (hgL=
40 pum). Furthermore, the Sp opt VS. fo plot indicates that the patch location's optimal shift value
reaches the minimum amount at the center of the band of interest; at the frequencies above or

below the center frequency, the Sopt increases.
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Figure 5.13 Optimal antenna's dimensions vs. operating frequency (f,) plots.
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5.5.2 Linearly polarized patch antenna

The previous section results show that circularly polarized radiation can be generated over
a wide range of operating frequencies using the straight feed line. Our primary goal is to provide
flexibility in various antenna requirements (bandwidth, directivity, polarization) without making
any changes in the designed chip (RFIC). The feed line is part of the RFIC chip. Thus, the new
feed line design should be fixed and used to feed the patch antenna electromagnetically regardless
of the polarization type and operating frequency. We need to rerun the linearly polarized
simulation for the straight feed line. The patch geometry and mold height are variable.

The procedure is as the following: finding the optimal width (Wopt ), length (Lopt), and
height (hopt) Of the antenna, where the return loss is low (S;; < —30 dB), at several operating
frequencies f, in W band. The optimizer is run to find L, W, and h where S11< -30dB. These
optimal dimensions of the antenna (Wopt, Lopt, and hopt) are then plotted for all operating frequencies
fo-

Moreover, the 10 dB antenna's fractional bandwidths (FBW) of the antenna are calculated
and plotted vs. operating frequency. In the end, we will include the loss effect in this analysis by
adding the material loss (loss tangent) and conductivity loss to find the efficiency and realized gain
of the antenna. We also will compare the two feed line designs (flared feed and straight feed).

Results and Discussion

The optimized antenna dimensions results are shown in Figure 5.14, and we can observe

that the operating frequency f, is inversely proportional to the optimal length of the patch antenna

fo o 1/L . This is expected from the cavity and TL models analysis, as mentioned in the
op

introduction section of Chapter 3. Moreover, the antenna's dimensions vs. operating frequency plot

indicates a little discernable pattern to the optimal width as the design frequency changes. We can
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also observe from the results that the patch's optimal height is close to the feed line's height value

(hopt ~ hFL: 40 |.1m)
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Figure 5.14 Optimal antenna’s dimensions vs. operating frequency plots for straight feed line design.

The 10 dB FBW is shown in Figure 5.15. For the antennas coupled to the new feed line
design (Straight feed line) case, we notice that the 10 dB fractional bandwidth (FBW) without
including the loss effect increases with increasing the operating frequency fo. Still, the bandwidth
is narrow for all f,. The 10 dB BW increases monotonically with thickness. With almost fixed

patch height, as the operating frequencies (fo) increase, the wavelength decreases. Thus, the

hpatch/A4 is larger at higher fo. FBW o % x h/44. We plot FBW vs. f, and h/Ag vs. fo in one graph,

shown in Figure 5.15c. Both plots have the same behavior, FBW and h/Aq increase as fo increases.
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C. FBW and h/Aq vs. fo straight feed line case. d. FBW and h/Ag vs. fo flared feed line case.

Figure 5.15 FBW vs. f, for both feed line designs.

For antenna coupled to the old feed line design (flared feed line), as | mentioned in Chapter
3, we observe that the FBW reaches the maximum at some points in the interesting band (92.5 <fo
< 98.5GHz), close to the critical frequency (f;=94.5 GHz). See Figure 5.15b. At frequencies
above or below these frequencies, the FBW decreases. As the antenna's height to wavelength ratio
(h/Ag) increases, the FBW increases, and the reverse is true. Also, we noticed from the FWB vs. fo
that the FBW decreases dramatically at fo= 99.5 GHz and fo,= 91.5 GHz. We conclude that as the

two resonant frequencies moving away in the opposite direction, the FBW becomes narrower.
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Figure 5.15d shows the FBW and h/Ag vs. fo for flared feed line design. The 10 dB bandwidth of
the old feed line design is higher than the new one.

After including the loss effect, the antennas' efficiency and realized gain coupled to new
and old feed line designs at different f, are presented in Figure 5.16 and Figure 5.17, respectively.
The antenna realized gain and efficiency for antenna coupled to the new feed line design (straight
feed line) are almost constant for all f, and higher than the old feed line design. On the other hand,
the antenna efficiency and realized gain of the antenna coupled to the old feed line design are
shown in Figure 5.17. The antenna realized gain and efficiency also reach a maximum at the
frequency equal to 93.5 GHz, close to the critical frequency (f.=94.5 GHz). The efficiency and the
realized gain decrease at frequencies below or above 93.5 GHz. The realized gain drop
dramatically at frequencies above 93.5 GHz. Table 5.4 shows the comparison between the two

feed lines design.
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Figure 5.16 Efficiency and Realized gain vs. f, for straight feed line design with loss effect.
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Table 5.4 The comparison between the two-feed line design.

Feed Line Straight feed line Flared feed line

Picture

The height of the feed line | 40 9.25

(hTL) (M)

The substrate material of | SiO2 The SiO2 top layer in the RFIC
the feed line chip

FBW (%) lower Higher

Realized Gain (dBi) Higher Lower

Efficiency (%) Higher Lower

5.6 Research outcome
Based on the primary research questions identified at the beginning of the chapter, the
outcomes are listed below:

e Question 5.1: How do the taper feed line's dimensions affect PCPA behavior,
with a particular focus on the location of the critical frequency in the interested
frequency range?

We investigate the impact of the flared part of the feed's line (L. and W¢ ) on shifting the
location of the f. over the frequency band. The analysis in section 5.4 shows that the feed line's
length underneath the antenna (L) significantly affects the f; position. Thus, the feed line design
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affects the proximity coupled patch antenna behavior. In Fig. 5.5, we observe that as the L
increases, the f shifts to a lower frequency. The flared feed line's length is near a half wavelength
at the critical frequency and frequencies > fc. Thus, the second mode is related to the thin feed
line's radiation, and its radiation affects the proximity coupled patch antenna behavior. This
confirms our hypothesis that the half-wave resonant is set up on the taper feed stub, and the
presence of the additional resonant creates the critical frequency effect.

e Question 5.2: Can the feed line be modified to move or eliminate the fc

characteristics observed in chapters 3 and 4?

We analyzed the impact of removing the taper section from the feed line on eliminating
the fc characteristics observed in previous chapters. The fc is eliminated from the interested
frequency band (80.5GHz to 100.6.5 GHz) after the taper was removed. We hypothesize that the
second mode will move to a very low frequency as the fed line's length increases. The straight feed
line was used instead of the flared feed line. The simulation results in section 5.5 show that only
one resonant frequency exists in the interesting range (W-band). Additionally, it shows that
circularly and linearly polarized radiation can only be generated by optimizing the antenna and the
package dimension with the straight feed line.

We have achieved this chapter's primary aim to examine the ability to couple PCPA at
different operating frequencies and polarization to the fixed feed line for adaptable mm-wave
antenna-in-package design. Using the straight feed line on a thicker substrate, we could generate

linearly and circularly polarized radiation with a fixed feed over a wide frequency range.
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5.7 Summary
The feed line's length underneath the antenna (L) significantly affects the critical
frequency position. Also, we observe from the analysis that the flared feed line's length is near a
half wavelength at the critical frequency and frequencies > fc. Thus, the second mode is related to
the thin feed line's radiation, and its radiation affects the proximity coupled patch antenna behavior.
The fc is eliminated from the interested frequency band (80.5GHz to 100.6.5GHz ) after
the taper was removed. Using the straight feed line on a thicker substrate, we could generate

linearly and circularly polarized radiation with a fixed feed over a wide frequency range.
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CHAPTER 6: Proximity Coupled Patch Antenna Array

6.1 Introduction

We discussed linearly and circularly polarized patch antennas at different operating
frequencies coupled to a fixed feed line for adaptable mm-wave antenna-in-package design in the
previous chapters. This chapter will study arrays of such linearly and circularly polarized patch
antenna with a fixed feed structure and their performance across frequency and scan angle.

A patch antenna as a single element provides low gain. However, in many mm-wave
applications such as wireless communication, radar, and imaging system, high gain is required to
overcome a large amount of path loss and achieve the required adequate isotropic radiated power
(EIRP) essential for high data rates. This requirement can be achieved by enlarging the size of the
single antenna. Nevertheless, another way to increase the gain without increasing the size of a
single antenna is using an array of antennas [5]-[6],[1],[30],[55]. In addition to the high gain
requirement for many applications, beam scanning also is demanded. A phased array is very
attractive for those applications to get high gain in the desired direction ().

Despite common use, the patch antenna has significant mutual coupling effects. This issue
leads to scan blindness in many cases. Mutual coupling between antennas is affected by the spacing
between antennas and the thickness of the substrate. A way to reduce the mutual coupling is by
using a large separating (d) and thinner substrate. However, even with a thin substrate and large
separation, there is a mutual coupling. This issue because of the surface wave existence in the
substrate. The fundamental surface wave mode (TMo) has zero cutoff frequency. Therefore, the
surface wave always propagates in the substrate. The surface wave's presence increases the mutual

coupling between the antenna element in an array leading to scan blindness.
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In addition to the mutual coupling and surface wave issues, there is another concern that
should be avoided in designing the array, multiple maxima in the radiation pattern. In addition to
the maim maximum lobe, another maximum lobe exists in other directions in the radiation pattern.
This issue is referred to as grating lobes. This critical issue causes the array to send or receive
signals from directions different than the main lobe direction without attenuation.

In this chapter, the scan performance of the antenna elements in an array will be explored.
This study will include mutual coupling and grating lobes issues. We will investigate how these
issues impact this project's proposed design, a fixed feed lines structure proximity coupled to the
patch antennas in an array.

6.2 Research Questions

This chapter's primary goal is to understand the design of linearly or circularly polarized
phased arrays coupled to fixed feed lines fabricated on an RFIC chip. Because the feed is fixed,
the separation distance between the feed lines (d) is set. The separation distance between the
antennas (d) is fixed as well, even as the array must operate over several different frequencies
band. Moreover, we want to understand how the fixed array spacing at various operating
frequencies (fo) limits the array scanning. In other words, how is the fixed feed lines structure at
different f, affect the scan angle range?

The following questions will be studied to help us understand the ability to design linearly
or circularly polarized phased array coupled to fixed feed lines fabricated on a fixed RFIC chip for
different operating frequencies and scan angels:

Question 6.1: How does fixed array lattice impact the circuit parameter of the antenna,

such as the mutual coupling and impedance matching, at different f, for broadside case?
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Question 6.2: How does fixed array lattice affect the antenna's radiation parameter, such
as sidelobe level and the grating lobe's existence in the radiation pattern, at different f, for
broadside case?

Question 6.3: How is the scanning angle limited by the fixed feed spacing at different
operating frequencies? This question helps us explore the limitation in the beam scanning due to
the grating lobes' presence and the mutual coupling at fixed array lattice.

We will study these questions for linearly, and circularly polarized patch antenna phased
array. The analysis that will be reviewed in this chapter is the H-plane uniform amplitude and
spacing array. All the antennas, which are equally separated (d), will be fed to an identical
amplitude with a progressive phase shift equal to p between the antennas. For more illustration,

see Figure 6.1.
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a. Top view of the uniform phased array.

b. Equally spaced five element phased array picture shows the snanning angle (8s) direction.

Figure 6.1  Uniform phased five-antenna array.

6.3 Impact of the fixed feed spacing on the performance of the LP phased array

This section aims to study the impact of the separation distance between antennas (d) on
an LP phased array's beam scanning performance at different operating frequencies (81.5 GHz to
100.5 GHz) when the antennas are coupled to fixed feed lines. We will study the H-plane five-

elements uniform amplitude and spacing array. The antennas are equally separated (d) and fed to
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an identical amplitude with a progressive phase shift equal to f between the antennas. The array is
shown in Figure 6.1.
The array factor is given by:
AF = A, TN_1 /(00 (6.1)
Where: ¢ = kd sin 6, + B, N is the number of elements, and d is the spacing distance
between antennas.
The array factor equation can be rewritten:

. N
AF = 4,700 NG
o sin (%)

(6.2)

If the references point is the physical center of the array, the array factor of equation (6.2)

reduces to:

sin (G¢)
sin (%)

AF = 4, (6.3)

AF in equation (6.3) reaches the maximum at ¢ = 0, and the maximum value is N. The
array factor of equation (6.3) is normalized (AF)n so that the maximum value is equal to unity.
The normalized array factor is:

sin (5¢)
N sin (%)

(AF), =

(6.4)

The maximum of the array factor occurs for ¢ = 0. The desired scan angle is,
When we place the maximum of an array factor at the desired scan angle 0s, we have ¢ =
kd sin 6, + B = 0. Thus, phase excitation between the antennas f = —kd sin (6;) so that the
main beam maximum is in the direction 6, relative to the broadside direction. The next maximum

array factor value is at ¢ = +2m. To avoid the second maximum array factor, which is the grating
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lobe, we have to make the visible region < —kd sin(6,). Where k = 2m/A. As a result, the

separation distance should be d < to avoid the grating lobe.

1+|sin 6]

The spacing between the antenna (d) affects both the mutual coupling and the existence of
grating lobes. Both the mutual coupling and grating lobe existence affect the antenna array’s beam
scanning performance. To reduce the mutual coupling between the antennas, the separation

distance (d) should be large. On the other hand, to avoid the grating lobes, the separation between

the antennas should not (d, 4, < ﬁ) for a large array. A short spacing increases the mutual
N

1+|sin
coupling between the antennas, and a large spacing affects the existence of the grating lobes. Thus,
at high frequency, where the wavelength is short, the separation distance (d) is large compared to
the wavelength so that the grating lobes will exist in the visible region. The existence of the grating
lobe affects the array beam scanning. Instead, at low frequency, where the wavelength is large
compared to the separation distance (d), the mutual coupling will affect the array's performance.
Thus, fixing the separation distance (d) between the antennas in an array for various operating
frequencies is challenging.

We need to choose an optimum value for the separation distance to improves the antenna
elements' scan performance in an array. The minimum spacing value would be determined at the
lowest frequency value of the frequency range. Instead, the maximum spacing value can be
evaluated at the highest frequency value of the frequency range. Thus, we hypothesize that the
scope of suitable separation distances value range will be narrow.

The first sub-section will study the broadside phased antenna array, which means the scan
angle (6s) is zero. Then, in the following sub-section, the beam scanning performance will be

presented.
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6.3.1 Broadside linearly polarized patch antenna phased array

The five-element uniform antenna array will be used to study both the mutual coupling
effect and the grating lobe's existence at four operating frequencies—two frequencies at the low-
frequency range and another two operating frequencies the high-frequency range. Figure 6.1 and
Figure 6.2 show the five-elements uniform phased array, a unit cell of one antenna element,
respectively. In this analysis section, the feed line is fixed (WrL= 59 um), and the patch geometry
and mold height are variable. Also, the separation distance between the antennas is variable to
analyze its impact. The antenna was fabricated on a quartz substrate, which has &=3.78.

We use the optimum dimension of linearly polarized patch antenna that has been provided
in Chapter 5 for the straighten feed line design at the four interesting operating frequencies ( 81.5
GHz, 88.5 GHz, 94.5 GHz, and 100.5 GHz). At each operating frequencies, separation distance
(d) is variable. We will check the maximum active reflection coefficient (Si;) and mutual coupling
Sij at each separation distance (d) value for each operating frequency. The active s-parameter of
an antenna within an array is its s-parameter when all the other antennas are excited. So the active

Siiis the reflection confession of antenna "i"" when all other antennas are excited

>

» <«

Figure 6.2  One antenna element cell (unit cell).
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Results and Discussion:
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Figure 6.3  Maximum active reflection coefficient and mutual coupling vs. separation distance (d) at

different f, for broadside LP phased array.

Figure 6.3 presents the reflection coefficient and mutual coupling vs. separation values at
different operating frequencies (fo) for broadside LP phased array. The plots in Figure 6.3 show
that both the reflection coefficient and mutual coupling decrease with d. We expected the decrease
in mutual coupling and reflection coefficient as d decreases. We also observe from Figure 6.3 that
the highest maximum mutual coupling among the four chosen operating frequencies is at fo= 81.5
GHz, wavelength (A)= 4 mm, the lowest operating frequency in the interested frequency band
(81.5-100.5 GHz). As mentioned earlier, a short spacing increases the mutual coupling between
the antenna. Thus, at a low frequency where the wavelength is longer, the mutual coupling will
affect the array's performance. As a result, the minimum spacing value would be determined at the
frequency range's lowest frequency value. If we choose, the maximum acceptable mutual coupling
to be (Sij) > -10 dB. Then, we notice from Figure 6.3 that the minimum d should be > 1.6 mm=

0.4
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Figure 6.4  Realized gain vs. theta at different d for broadside case LP phased array at different d.

From the realized gain vs. theta plot in Figure 6.4, we observe that the grating lobe appears
very strongly in the visible region when d= 3mm at operating frequency fo= 100.5 GHz,
wavelength (A)= 3 mm, the highest operating frequency in the interested frequency range. As
mentioned earlier, a large spacing d affects the grating lobes' existence so that the grating lobes
will appear at higher frequencies, where the wavelengths are short. Therefore, the maximum
spacing value can be evaluated at the highest frequency value of the frequency range. Thus, the

maximum spacing value (d) < 3mm. If we look to the theory, the simplest theory equation from

the AR, which is d 4 < +9|’ says that maximum d is also < 3mm=\ at f,=100.5 GHz and

1+|sin
broadside (0s=0).

A

However, the maximum d is also limited by the desired scan angle (dqx < m).
N

From the d,,,, equation, as the scan angle increase, the d,,,, decrease. To determine the d,,,4x,
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we need to study the scan beam performance and how the d limits the range of scan angle. In the
next sub-section, we will analyze the beam scan performance, so we will be able to determine the
maximum separation distance d,,,, between the antennas in a phased array.

6.3.2 Beam scanning performance analysis of an H-plane LP 5-element phased array

In this section, the beam scanning of the uniformly spaced one-dimensional phased array
is studied. The pattern's main beam is steered to the desired angle by feeding each antenna with
identical amplitude (Ao) and a progressive phase shift equal to f between the antennas. Phase
excitation between the antennas f = —kd sin (6,) so that the main beam maximum is in the
direction 6 relative to the broadside direction.

Before steering the beam, we have to choose the acceptable values for the separation
distance (d) between the antennas. From the broadside analysis results (Figure 6.3), a value of d
can be selected, so the antennas' mutual coupling (Sjj) is reasonable. We choose the acceptable
value of Sjj to be <-10 dB. As a result, the allowable values for d are from 1.8 mm to 3 mm. See
Figure 6.3 for more justification.

We analyze the beam scanning for two different operating frequencies -- one at the low-
frequency range 81.5 GHz, another at the high-frequency range 100.5 GHz. At each operating
frequency, the separation distance (d) is changed over several values (1.8, 2.2, 2.6, and 3 mm) to
study the effect of the d on the been steering at the two different operating frequencies ( 81.5 GHz,
and 100.5 GHz). The beam is steered to a specific angle (6s) from 0 to -50°by changing the phase
shift between antennas 3 at each d (See Figure 6.1).

Among the other characteristics, one critical characteristic of the phased array is sidelobe

level, and we defined it as:

SLL = 20 log [ |maximum value of the largest side lobel] (65)

|maximum value of main lobe)|
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SLL is one of the evaluation criteria that we are going to use to analyze the phased array. The SLL
vs. 0s at different d values is also analyzed for the two operating frequencies (81.5 GHz and 100.5

GHz) in this study. We choose the acceptable value of SLL to be <-10 dB.
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Case 1: fo=81.5 GHz:
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Figure 6.5 Realized gain v. Theta. at different scan angles for f,=81.5 GHz.
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Results and Discussion:

The beam steering's results, the realized gain vs. theta at different scan angles (6s= 0-509
for the two operating frequencies (fo= 81.5 and 100.5 GHz), are presented Figure 6.5, Figure 6.6.
If we break these results down further by plotting the realized gain and SLL vs. scanning angle
(6s) at fo=81.5 GHz and f,=100.5 GHz, we get the new results in Figure 6.7 and Figure 6.8.

The results in Figure 6.5 and Figure 6.6 represent the realized gain vs. theta for different
d and 0s values at the two fo= 81.5 GHz and 100.5 GHz. These results show that as the d and 6s
increase, the grating lobe movies into the visible region. Moreover, at a higher operating frequency
(fo=100.5 GHz) and maximum d=3mm, the grating lobe exists in the visible region at 6s=0. On the
other hand, when the f,=81.5 GHz and maximum d =3mm, the grating lobe exists in the visible

region at 6s=-10. As | mentioned in the introduction of this chapter, to avoid the existence of grating

lobes, the d,,,,, between the antennas should be < Thus, the grating lobe's appearance

1+|sin O]

in the visible region is affected by both the f, and desired scan angle (6s).
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Figure 6.7 Realized gain vs. 0s at different d for f,= 81.5 and 100.5 GHz.
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The Realized gain vs. 05 results in Figure 6.7 shows that the realized gain starts to decrease
at 6= 30°at both operating frequencies (81.5 GHz and 100.5 GHz). This reduction in the realized
gain because of the scan loss. The complete pattern of the phased array is found by multiplying
the array factor by the element pattern. As the main beam is scanning, the element pattern remains
fixed while the array factor examines the phase change. The total array pattern’s peak follows the
element pattern shape as the phased array is scanned. Thus, the array's main beam's peak is reduced
by the level of the element pattern at the desired angle. As a result, the realized gain decreases as

the array is scanned.
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a. SLL vs. scanning angle (theta 0s) for f;=81.5 GHz.  b. SLL vs. scanning angle (theta 0s) for f,= 100.5 GHz.

Figure 6.8  SLL vs. 6s at different d for f,= 81.5 and 100.5 GHz.

The results in Figure 6.8 show that as d and 8s increase, the sidelobe level (SLL) increases.
SLL can increase for two reasons: one, the near sidelobes gain increases as they move closer to
the element pattern main beam. The second reason is the grating lobe moving into the visible
region when the visible region becomes too large. The visible region increases either by increases
d or increases the scan angle 0s.

From the given results in this section, we can find the maximum scanning angle

(6 5,,4,) Where the SLL and realized gain have acceptable values at each d (1.8 mm to 3 mm) and
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operating frequencies (81.5 GHz and 100.5 GHz). We choose the acceptable value for SLL to be
<-10dB. The 6 ;, . vs. d plotis shown in Figure 6.9. The 6 ;.  decreases as d and operating
frequencies (fo) increase. At the lowest separation distance d = 1.6 mm, the 6 ;= 40" and 30°
at f,=81.5 GHz and 100.5 GHz, respectively. On the other hand, at the highest separation distance

d =3mm,thed, = 10"and0° atf,=81.5 GHz and 100.5 GHz, respectively. We noticed that

ax
the beam could not be steered at the highest operating frequency (f,=100.5 GHz) in the interested
frequency range when the separation distance d=3mm because of the grating lobe in the visible

region at broadside (6s=0). We can conclude that the d,,,, should be < 3mm to avoid the grating

lobe and steer the phased array's main beam away from the broadside.
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Figure 6.9  Maximum 65 vs. separation distance d at f,= 81.5 and 100.5 GHz.

6.4 Impact of the fixed feed spacing on the performance of the CP phased array
This section analyzes the impact of the separation distance between antennas (d) on a CP
phased array's beam scanning performance at different operating frequencies (81.5 GHz to 104.5

GHz) when the antennas are coupled to fixed feed lines. We study the H-plane five-elements
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uniform amplitude and spacing array. The antennas are equally separated (d) and fed to an identical
amplitude with a progressive phase shift equal to  between the antennas.

We attempted to use the optimum circularly polarized antenna dimension provided in
chapter 5. When we put them in the 5-element array, we find that the CP antenna was very sensitive
to the presence of the adjacent element in the array. We realize the optimization needs to be
conducted with other elements present and changes with the separation value d. As a result, we
choose the proper separation values (d) based on linear polarization phased array analysis in
section 6.3 to use them in CP phased array study.

6.4.1 Optimization analysis for CPA at specific separation distance d

To study the CP Phased array, we need to first redesign the antenna for a specific fixed
spacing value d. Based on the LP broadside phased array results, the reasonable spacing is d=2.2
mm. Figure 6.8 and Figure 6.9 show d= 2.2 mm is a reasonable choice of spacing value for low
mutual coupling, lower reflection coefficient, and acceptable scan angle range. Also, we want to
study the beam steering performance at a larger separation distance between the antennas d. This
analysis will help to answer the research questions of this chapter. How will the large d affect the
grating lobe’s existence? And how will that impact the scan angle range?

We use an infinite array simulation to accelerate the analysis. We also use unit cell
simulation at the specific spacing value, either d = 2.2 mm or d=2.8 mm, to run the optimization
analysis to find the circular polarized phased array's optimized antenna dimensions. The variable
is the patch dimensions (Weor, hp, and Lp). The patch antennas are shifted to a positive direction of
the y-axis to improve the matching between antennas and feed lines. Figure 6.10 illustrates the
variable values. The antennas' separation distance is fixed to the specific value, which either 2.2

mm or 2.8 mm. Then, we use the optimum antenna dimensions from the infinite optimization
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analysis results to study the circularly polarized 5-elements phased array performance at each

separation distance (2.2 mm and 2.8 mm).

Figure 6.10 Unit cell element of circularly polarized phased array.

6.4.1. A The separation distance between the antennas is 2.2 mm

In Chapter 5, we observed that the optimized antenna's height (hop) is almost equal to the
height of the feed line' substrate (hrr), which is equal to 40 um. Thus, the height of the antenna
will be fixed to 40 um to run the simulation faster. Also, fixing the height of the patch antenna
simplifies the optimization analysis.

The analysis procedure used to achieve the antennas' optimal dimensions is similar to the
circularly polarized patch antenna's optimization analysis procedure in Chapter 5. At the optimal
dimensions (Wopt =L, Weor, and Sp_opt) Of the antenna, the reflection coefficient is low (S;; < —20
dB), and the axial ratio is close to one (AR < 2 dB) at the several operating frequencies f; in W

band. The cost function is equal to zero when the two conditions are satisfied.
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Results and Discussion:

The results of the optimization are shown in Figure 6.11. The optimal antenna’s dimensions

vs. operating frequency plots show that fo « 1/L . This is expected from the cavity and TL
op

models analysis, as mentioned in the introduction section in Chapter 3. Moreover, the antenna's
dimensions vs. operating frequency plot in Figure 6.11 is a little discernable pattern to the optimal
width corner (Weor) and the Sy opt s the design frequency changes. The Sp pt vs. fo plot in Figure
6.11 indicates that the patch optimal shift value is almost constant over the whole interested
frequency band and equal to 74 pm. Also, the Weomer Value is nearly equal to 130 pum. Looking at
the CP's optimization results in Figure 5.13 from Chapter 5, we can see these results are different

from the optimization result in this chapter.
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Figure 6.11 Optimal antenna’s dimensions analysis for the infinite array at d= 2.2 mm.
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We can also observe from the optimal antenna’s dimensions analysis in Figure 6.11 that
the important CP antenna characteristics, the impedance matching (S11) and AR, depending on the
patch's length. The other antenna’s dimensions (Wcor opt aNd Sp_opt ) are almost constant all over
the f, band, so these two dimensions are set to a constant value. Thus, The antenna’s length is the
only variable; therefore, the optimization analysis is simpler and consumes less time for running.
The simulation analysis for infinite CP patch antenna phased array at different f, is rerun with the
following conditions:

o Weor= 74 pm.

e Sp=130 pm.

e  hpatch= 40 um

e Lp=Lp opt, The length of the antenna is equal to the optimized length from the
previous optimization analysis.

e Ateach fo return loss (S11) <-20 dB and AR < 2 dB.

The result is shown in Figure 6.12. This result is identical to the previous work in Figure
6.11c (Lopt Vs. fo), despite those dimensions being fixed and the length is the only parameter that

changing.
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Figure 6.12  Lpawch opt VS. To at d= 2.2 mm.
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6.4.1. B The separation distance between the antennas is 2.8 mm.

Also, we want to study the beam steering performance at a larger separation distance
between the antennas d= 2.8 mm. The variable patch dimensions are Weomer, height (h), and Lpatch.
Also, the patch will be shifted to the positive of the y-axis. The separation distance between the
antennas is fixed and equal to 2.8 mm. The height of the antenna will be fixed to 40 um as the
previous analysis of d=2.2 mm.

Results and Discussion:

The results are shown in Figure 6.13. We observe that fo o 1/L J which is expected from
op

the cavity and TL models analysis, as mentioned in the introduction section in Chapter 3.
Moreover, the antenna's dimensions vs. operating frequency plot indicate a little discernable
pattern to the optimal width corner (Wcor) and the Sp_opt as the design frequency changes. The Sp_opt
vs. fo plot shows that the patch location's optimal shift value is almost constant over the whole

interested frequency band, equal to 65 pum. Also, the Weor opt Value is nearly identical to 172 pm.
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Figure 6.13 Optimal CP antenna’s dimensions vs. operating frequency at d= 2.8 mm and hp= 40 um for infinite

We can observe from the optimal antenna’s dimensions analysis that the CP antenna

following conditions:

Wcor: 65 pm

Sp: 172 pm.

performances, which are the impedance matching (S11) and AR, depending on the patch's length.
The other antenna’s dimensions (Wcorner opt and Shiftpatch opt ) are almost constant all over the fo
band, so these two dimensions are set to a constant value. Thus, The antenna’s length is the only
variable; therefore, the optimization analysis will be simpler and consumes less time for running.

The simulation analysis for infinite CP patch antenna phased array at different fo is rerun with the
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e hp=40pum
e Lp=Lopt, The length of the antenna is equal to the optimized length from the
previous optimization analysis.
e Ateach fo return loss (S11) <-20 dB and AR < 2dB.
The result in Figure 6.14 is identical to the previous work in Figure 6.13a (Lpatch_opt VS. o),

regardless of those dimensions being fixed and the length is the only parameter that changing.
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Figure 6.14 Optimal CP antenna’s length vs. operating frequency at d= 2.8 mm, Weomer= 65 um, shiftpacn= 172
pm, and hpaen= 40 pm for phased array.

6.4.2 Beam scanning performance analysis of an H-plane CP 5-element phased array

The uniformly 5-element circularly polarized H-plane phased array's beam scanning
capacity is studied in this section. The pattern's main beam is steered to the desired angle 6s. All
the antennas are fed to an identical amplitude (Ao) with a progressive phase shift equal to 3 between
the antennas.

We study the CP phased array's beam steering performance for two different spacing values
(2.2 mm and 2.8 mm) at two operating frequencies -- one at the low-frequency range is 81.5 GHz,

another at the high-frequency range of 100.5 GHz. We use the optimal CP antenna dimensions
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from section 6.4.1 at separation distance d= 2.2 mm and 2.8 mm. We make some modifications to
the Weor and Sp values to achieve AR < 2 dB. Table 6.1 shows the optimal dimensions of the
antennas at each separation distance and operating frequency. The beam is steered to a specific
angle (6s) from 0 to -50°by changing the phase shift between antennas p at each d. SLL and AR
values are used to analyze the phased array’s scan performance. We choose the acceptable value

of SLL to be <-10dB and AR to be < 2 dB.

Table 6.1 The optimal CP antenna dimensions at different f, and d.

fo d Lpatch=Wpatch hpatch Sp Weor

(GHz) (mm) (um) (um) (um) (um)
815 2.2 887 40 129 73
100.5 2.2 709 40 130 74
81.5 2.8 886 40 172 75
100.5 2.8 704 40 172 75

Result and discussion:

The beam steering's results, the realized gain vs. theta at different scan angles (6s= 0-509)
for the two operating frequencies (fo=81.5 and 100.5 GHz), are presented Figure 6.15 and Figure
6.16. If we break these results down further by plotting the realized gain and SLL vs. scanning
angle (0s) at different f, (81.5 GHz and 100.5 GHz) and spacing d (2.2 mm and 2.8 mm), we get
the new results in Figure 6.17 and Figure 6.18. Furthermore, we find the maximum scan angle,

where the SLL<-10 dB and AR< 2 dB, at each f, for the two d values.
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The results in Figure 6.15 and Figure 6.16 represent the realized gain vs. theta for different
d ( 2.2 mmand 2.8 mm), and 6s (0°to -50°) values at the two f,, 81.5 GHz and 100.5 GHz. These
results show that as the d, fo, and 65 increase, the grating lobe movies into the visible region. As |

mentioned in section 6.3, to avoid the grating lobe, we have to make the visible region <
—kd sin(8;) = —?sin(@s). The visible region increases as fo, d, and 0s increase.

At the larger separation distance d=2.8 mm and high operating frequency fo= 100.5 GHz,
the grating lobe exists in the visible region at broadside 6s=0 (see Figure 6.16). However, at the
same larger separating distance (d=2.8 mm) and low operating frequency fo= 81.5 GHz, the
grating lobe exists in the visible region at 6s=-102 On the other hand, at the shorter separation
distance d=2.2 mm and high operating frequency f,= 100.5 GHz, the grating lobe exists in the
visible region at broadside 0s=- 20°(see Figure 6.15). At low operating frequency fo= 81.5 GHz,
the grating lobe exists in the visible area at 6s=-30¢ Thus, the grating lobe's existence in the visible
region limits the scan angle range (0s). As we observed from the LP phased array’s steering
performance in section 6.3, the grating lobe occurs in the visible region as the visible region

increases by increasing fo, and d and this limits the scan angle 0s.
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Figure 6.17 and Figure 6.18 present SLL and AR vs. scan angle results at different f, and
d. We observe that the beam steering range is narrow at the large separation distance between the
antennas. At d= 2.8 mm and f,=100.5 GHz, the 6s max= 0 °. On the other hand, at d=2.2 and fo=
100.GHz, the 6s_max= £10 © This reduction in the maximum san angle is caused either by increasing
in SLL (SLL> -10 dB) or increasing in AR (AR > 2 dB). The increase in SLL occurs when the
grating lobe moves to the visible region. We expected this observation because as the d increases,
the visible region increases as well. Thus, the grating lobe occurs in the visible region and increases
the SLL, especially at high frequencies. We can see in Figure 6.16 that the grating lobe exists in

the visible region at 6.=0°at d= 2.8 mm and fo= 100.5 GHz. Thus, the beam steering range is

narrow.
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Figure 6.17 Beam steering results for d= 2.2 mm.
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Figure 6.18 Beam steering results for d= 2.8 mm.

The scan angle range, when the separation distance is 2.2 mm, is between -15°and 5¢ and

between -10°and 109 at operating frequencies fo= 81.5 GHz and fo= 100.5 GHz, respectively.

However, when the separation distance is 2.8 mm, the scan angle range is between -10°and -10°,

and is Ocat operating frequencies f,= 81.5 GHz and f,=100.5 GHz, respectively. Table 6.2 shows

the scan angle range at each d and fo.
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Table 6.2 The comparison between d= 2.2 mm and d= 2.8 mm

d (mm) Scan angle 0s Range

2.2 At f,=81.5 GHz: -15<0s <5°

At f,=100.5 GHz: -10<0s< 10 °

2.8 At fo:815 GHz: es_max: +10 °

At fo:1005 GHz: es_max: Qo

Furthermore, we observed from the AR vs. scan angle plots for both separation distance
values (d= 2.2 and 2.8 mm) results in Figure 6.17 and Figure 6.18 that AR increases as the scan
angle increases. At d= 2.2 mm, the AR > 2dB at -10 > 6s>10°and -20 > 6s> 20°, for fo= 81.5 GHz
and fo= 100.5 GHz, respectively. Thus, the beam scan angle range is narrow. Also, we observed
from these plots that the AR starts to decrease as the scan angle 0s increases further. AR is not
affected by the array factor. Instead, the embedded element antenna polarization determines the
array polarization. However, the embedded element is affected by the separation value d. We plot
the theta range where AR < 2 dB for an embedded antenna at the broadside case. Figure 6.19
shows AR vs. theta for the embedded element at broadside case for d=2.2 mm and d=2.8 mm at
the fo= 81GHz and fo= 100.5 GHz. We conclude that the theta range where the AR< 2 dB for the
embedded antenna element is narrow. Therefore, AR increases as the scan angle increases, and
this also narrows the scan angle range.

Moreover, we noticed in these particular cases (d= 2.2 mm and 2.8 mm) that the AR
beamwidth is wider at smaller d. We do not know if this observation can true in general. The AR

beam width and d have complicated correlations. This opens a new research question for future
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work: how does the d affect the AB beamwidth, or is there a correlation between the AR

beamwidth and d?

10 T 10 T
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Figure 6.19 AR vs. theta at broadside for embedded antenna and AR vs. 6s for 5-element antenna array at d=
2.2 and 2.8 mm.

We conclude from all the scan angle analysis results that the maximum scan angle (6s_max)
at the shorter spacing d= 2.2 mm is *109 and at the larger spacing, d= 2.8 mm, is O°at high
operating frequency (100.5 GHz). Thus, the maximum spacing should be < 2.8 mm to steer the LP
or CP phased array’s beam away from the broadside. Moreover, we noticed that the scan angle
range is narrow at d= 2.2 mm. If we reduce the spacing to 1.8 mm, we may have a more
comprehensive scan angle range.

We observed from LP phased array scan performance that the scan angle range is wider at
d= 1.8 mm and equals +30° But this range would be narrower for CP phased array because the
AR bandwidth (where AR<2dB) is narrow and is included in the performance. For example, we

noticed that the scan angle range is £10°at d= 2.2 for CP phased array. In contrast, the scan angle
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range for LP phased array is £20¢ In conclusion, the CP phased array beam scanning range is
narrower than LP phased array bean scanning range.

Additionally, we conclude that generated CP radiation in an array, or single element is not
easy compared to LP. Creating CP radiation has many complications because to achieve it, we
need to check AR, AR beamwidth, and critical frequency (fc). Besides, we need to check the
impedance matching between the antenna and feed line.

6.5 Research outcome

Based on the primary research questions identified at the beginning of the chapter, the
outcomes are listed below:

Question 6.1: How does fixed array lattice impact the circuit parameter of the
antenna, such as the mutual coupling and impedance matching, at different fo for broadside
case?

We investigated how the fixed feed spacing impacts the mutual coupling at different
operating frequencies and how it affects the beam steering. As we expected, a short spacing
increases the mutual coupling between the antennas, especially at lower operating frequencies.
Thus, The LP 5-element phased array analyses help choose the dmin, determined at lower f,
analysis. We found that dmin > 1.6 mm.

Question 6.2: How does fixed array lattice affect the antenna's radiation parameter,
such as sidelobe level and the grating lobe's existence in the radiation pattern, at different fo
for broadside case?

We explored how the fixed feed spacing affects the grating lobes’ existence at different
operating frequencies and limits the beam steering. The presence of the grait lobe in the visible

region increases the SLL. A large spacing affects the grating lobes' existence, especially at high
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operating frequencies. Therefore, dmax IS be defined at the highest f, in the interested frequency
band. In our study cases for LP and CP phased array, we found that dmax <2.8 mm. The range of
the d is narrower for CP phased array because the AR bandwidth (where AR<2dB) is included in
the performance and is narrow.

Question 6.3: How is the scanning angle limited by the fixed feed spacing at different
operating frequencies?

Choosing the optimum d that will be fixed for a wide range of operating frequencies is
challenging. A short spacing increase the mutual coupling between the antennas, and a large
spacing affects the existence of the grating lobes. Thus, at high frequency, the grating lobes existed,
and at low frequency, the mutual coupling affected the array's performance. As a result, the
minimum spacing value was determined at the frequency range's lowest frequency value. The

maximum spacing value was evaluated at the highest frequency value of the frequency range. To

A

avoid the grating lobes, the separation between the antennas should not (d,,,4, < T emed

) for a

large array.

We noticed the scan angle range is +10°at d= 2.2 for CP phased array. In contrast, the scan
angle range for LP phased array is £20¢ In conclusion, the CP phased array beam scanning range
is narrower than LP phased array bean scanning range. Additionally, we observed that the presence

of the visible region's grating lobes is the main issue that narrows the beam steering range.

A
). We can observe from

As the scan angle increases, the dmax decreases (dpqx < Py
S

the LP and CP H-plane phased array analyses that the beam steering range is narrow with fixed

feed line spacing over a wide frequency range.

111



6.6 Summary

The antenna elements' scan performance in an array was studied at different operating

frequencies and polarization (LP and CP) in this dissertation. Our study is separate from the

standard narrowband antenna array because the feed lines structure is fixed and fabricated on the

universal chip's top. However, the antenna elements are changed based on the operating

frequencies and polarization requirements. Thus, this study investigated the tradeoffs between the

mutual coupling between this type of PCPA and the existence of the grating lobes and how these

two factors impact the ability to scan a family of narrowband antennas with fixed separation (d)

but different operating frequencies and polarization. This study provides the following

contributions for phased patch antenna array coupled to fixed feed lines:

Understand the impact of the separation distance between the narrowband antennas
on the mutual coupling in a phased array for the proposed design. We know how the
grating lobes would behave in the narrowband patch antenna, but we are not quite
sure about the mutual coupling behavior. Therefore, we evaluated the tradeoff
between the presence of grating lobes and mutual coupling in our analysis for the
proposed design. This analysis helps to choose the optimum separating distance that
works for a wide range of operating frequencies and different polarization.

Giving knowledge that will help understand the limitation of choosing a fixed d value
for a wide range of operating frequencies (fo) and different polarization (LP and CP).
The PCPA is a narrowband antenna, and the spacing for the narrowband antenna is
usually chosen to be suitable for that partially narrow bandwidth. Thus, it would be
challenging to fix the spacing between the narrowband antennas at different f, and

polarization (LP and CP).
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Giving knowledge that will allow the feed line structure to be optimized from the very
beginning and precise analysis of why various factors impact antenna's operating
frequencies. Thus, the best feed line design, which includes the separation distance

between the feed lines, and material, is chosen and fixed for the universal RFIC chip.
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CHAPTER 7: Conclusions and Future Work

7.1 Summary and Contributions

Emerging wireless communication technologies, radar sensors, and fifth-generation
wireless telecommunication standard (5G) are being enabled by the mm-wave spectrum, which
has a wide bandwidth leading to a higher data rate. Moreover, mm-wave frequencies have a small
wavelength; thus, the integrated circuits (ICs) and the antennas integrate within a single package,
as the antenna form-factor reduces.

Proximity coupled patch antennas are studied in this dissertation to integrate the antenna
and chip within a single package. The antenna is fabricated in the mold material as a separate
component mounted on the top of a fixed thin feed line fabricated on a standard packaging chip
with a highly integrated mm-wave circuit. Thus, the interconnect loss will be reduced, and the
requirement for developing the mm-wave interconnects will be avoided. Also, AiP gives the
flexibility to fabricate the antenna on a low permittivity and low loss substrate [1],[14]-[16].
Additionally, AiP provides flexibility in various antenna requirements (bandwidth, directivity,
polarization) without making any changes in the designed chip (RFIC). The antenna-lid approach
is essential for mm-wave applications where requirements of gain, bandwidth, polarization, and
frequency can vary significantly and support a variety of antenna and package solutions.

This dissertation's primary research objective is to understand the range of
frequencies and polarization states that can be achieved by only changing the patch

antenna's dimensions and height while maintaining the same feed line and underlying RFIC.
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This dissertation gives significant contributions in the antenna lid approach for AiP
solutions, where a fixed feed-on-chip structure can be coupled to different antenna lids. These
contributions are mentioned below:

Single fixed fed patch antenna lid

One of this dissertation's main contributions is that we discovered several essential
characteristics of the PCPA antenna with a fixed feed. The analyses that we provided explains the
behavior of the antenna's dimensions at different operating frequencies and polarization ( linear or
circular). It helps in understanding the design space and providing quick estimates of the antenna's
dimension. Besides, these studies describe the coupling patch antenna's limitations to the fixed
feed line.

The important observations from the PCPA's behavior are listed below:

e We discovered that the feed line underneath the antenna also contributes to
radiation and caused the observed “critical frequency” behavior. As a result, the
feed line design impacts the behavior of the fixed fed PCPA.

e The critical frequency behavior disappeared when we removed the feed line’s flared
part and replaced the flared feed line with a straight feed line.

e The primary limitation in operating frequency is the antenna’s height, although this
is not true for the straight feed.

e The second limitation is that CP cannot be generated over a wide range of
frequencies. The circular radiation can be generated only operating frequencies
around the fc. However, coupling to a straight feed line case, the CP can be created

over a wide range of operating frequencies.
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e The flared line’s FBW is wider than the straight line’s FBW. This is because of two
reasons:
o the total height of the antenna and the feed line for the flared feed line case
is higher
o The two resonance frequencies behavior exists when the PCPA antenna is
coupled to the flared feed line. Thus, the frequency bandwidth is wide,
especially at operating frequencies equal to fc and frequencies around it.
This PCPA behavior is an advantage that can be used in the case of wide
bandwidth applications.

With the straight feed line design, we can generate circular or linear radiation over a
wide range of operating frequencies by only changing the patch antenna's dimensions and
mold height without making any changes in the design chip (RFIC).

Fixed Fed Antenna Array

Moreover, we studied the uniform phased array with a fixed feed line at different operating
frequencies. This analysis investigated the effect of the element space on the scanning performance
of the phased array. The collected data sets provide design guidelines for selecting the fixed array
lattice spacing according to the required scan angle, mutual coupling, and gain for a wide range of
operating frequencies.

In conclusion, our generated analyses provide design guidelines for the antenna's
dimensions at different polarization and operating frequencies without changing the RFIC chip,
including the feed line. Moreover, our created analyses give the knowledge to allow the feed line
dimensions to be optimized from the very beginning. Thus, the best feed line design and material

are chosen and fixed for the RFIC chip.
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7.2 Future Work
In this work, we studied LP and CP uniform linear phased array coupled to a fixed feed
line, beside the CP and LP analysis for single patch antenna. However, this work was limited in
several ways and suggested some future avenues for study.
7.2.1 Single Antenna
This dissertation gives base guidelines for antenna-lid coupled to a fixed feed line
fabricated on a fixed RFIC chip. From the analyses that have been achieved in this work, some
exciting research objectives can be investigated for future work. In chapters 3, 4, and 5, we
discover an essential characteristic of PCPA coupled to a thin flared fixed feed line, the critical
frequency fc, which is a breakpoint in the PCPA's behavior. At operating frequencies above or
below this fc, the behavior of the PCPA changes. The main variations in the PCPA’s behavior are:
e Thecritical frequency (fc) is a breakpoint at which the antenna's optimal dimensions
( Lopt and hopt) change their behavior
o The antenna’s optimal height reaches a maximum at (f¢), and at frequencies
above or below this critical frequency, the hopt decreases.

o The operating frequency is inversely proportional to the length of the
antenna ( fo o< 1/L0pt ), atf, <f.. This is expected from the cavity and TL
models analysis, as we mention in the introduction section. Although, the
optimal length of the patch is almost constant at frequencies higher than the
fc.

e At a frequency higher or lower than fc, there are two resonant frequencies (fr1 and

fi2), but one of these frequencies has the lowest reflection coefficient (S11< -25 dB).
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But, at the f;, only one resonant frequency is located. In other words, f; is the

frequency where the two resonant frequencies are overlapped.
e The FBW is wide at operating frequency equal to fc and around it. Wide FBW

performance can be used for broadband antenna application

Some of these observed behaviors limit our objective goal in this dissertation, which is the
antenna-lid approach. There are some applications like a broadband antenna that can use wide
FWB when operating at the fc or around it. As a result, determining the f; location in the interested
frequency range is essential. Thus, the newly opened research question is: Can we find a model

to predict the fc at giving antenna-lid mold material?

7.2.2 Array

We studied the linear H-plane uniform phased array, which is a one-D antenna array. The
uniformed linear phased array consists of antennas aline in liner line with equal spacing, commonly
controlled by a single-phase shifter. This dissertation studied the effect of element spacing (d) on
mutual coupling and the grating lobe's existence in the visible region, which affects the SLL value.
However, the CP phased array has another characteristic that we have to consider while studying
CP radiation, AR beamwidth. We found out AR beamwidth narrows the scan angle range for CP
phased array. AR beamwidth is also changing with the d value, but the AR beam width and d have
complicated correlations. We observed that the AR beamwidth is wider at smaller d. Thus, we
have a newly opened research question: how does the d affect the AR beamwidth, or is there a
correlation between the AR beamwidth and d?

The linear phase arrays are simply arranged, but their beam steers only in a single plane.
However, many applications need a 2D phased array such as radar, wireless communication, and

imaging system where the beam steers in two planes. As a result, the newly opened question is:
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How to structure the uniform planar phased array coupled with a fixed feed line? The
challenge will be:
e How to design the feed network structure for fixed fed planar phased array?
e Can various phased arrays operate at different frequencies and radiation

types (linear or circular) coupled to the fixed feed network
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