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Abstract

Microwave tomography is an imaging technique used to construct 3D images of the
object under test using the principle of radar. Antennas in such systems are
designed to obtain specific radiation characteristics to transmit and receive the
signals. Antennas utilized for the purpose of radar generally radiate a fan shaped
beam with high directivity in one plane and a wide beam in the orthogonal plane.

This thesis project focuses on the design, simulation, fabrication and
characterization of antennas which will be integrated with a tomographic radar
system being developed for noninvasive material characterization in the frequency
range 76-81 GHz. The motive behind developing the antennas is that
commercially available antennas do not satisfy the specifications.

The background theory of antennas is introduced and critical antenna parameters
are identified. The design of the prototypes is based on specifications derived from
the application. Two types of antennas — horn antenna and patch antenna array
are designed as they each satisfy different system requirements more competently.
The antennas are modelled according to the calculated approximate dimensions
and simulated using finite element method simulations in ANSYS HFSS. In
addition, optimization of different parameters is carried out to achieve the best
antenna performance while fulfilling the system conditions.

The horn antenna was fabricated through 3D metal printing using two materials
(steel and brass). The steel horn antenna has a half power beamwidth (HPBW) of
9.0° in the H-plane and 64.5° in the E-plane and a gain of 16 dB whereas the brass
horn possesses a HPBW of 8.5° in the H-plane and 60.0° in the E-plane with a gain
of 17.5 dB. Both the horn antennas cover the intended frequency range of 76-81
GHz. The second prototype produced is the patch antenna array with two variants
differing in the size between the single patch elements. A HPBW of 17.0° in the
E-plane and 60.0° in the H-plane with a gain of 14.4 dB was obtained for d=0.5 ),
variant. For d=1.5 A\, spacing, the HPBW was 6.5° in the E-plane and 63.0° in the
H-plane with a gain of 12.9 dB. The bandwidth covered by each is 2.2 GHz and 3.89
GHz, respectively. Analysis of the results and comparison with the specifications
show that the horn antenna and d=1.5 A\, spacing patch antenna array satisfy the
system specifications. The variant with d=0.5 A\, partially satisfies the requirements
and can be used in applications with size restrictions as it 50% less in length.

The tomographic radar system was simulated by considering one case of a
transmitting and a receiving antenna with a glass slab. Increasing the distance of
the glass from the transmitting antenna reduced the reflections. The glass
produced the same effect as placing a lens in front of the antenna. The beam
undergoes refraction at the air-glass boundary and bends towards the normal. The
opposite effect takes place when the beam exits the glass.

The developed antennas can be utilized in different applications such as
tomographic radar systems, medical and security applications which require the
antennas to possess the specified radiation characteristics and operate over the
frequency range 76-81 GHz.

Keywords: Antennas, RF, RADAR, FEM simulations, microwave engineering.
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Introduction

1.1 Antennas in radar systems

Radar systems use electromagnetic waves for detection of range, velocity or position
of objects. They usually consist of transmitting (TX) antennas and receiving (RX)
antennas. The function of an antenna is to convert the electrical energy in the
transmitted signal to electromagnetic energy radiated into the medium, usually free
space. The TX antennas radiate concentrated energy in a desired direction. The
RX antennas intercept parts of the reflected signal which are processed to obtain
information about the presence of an object, its position and relative velocity. The
TX and RX antennas are often of the same type [2].

Radar antennas for automotive applications are characterized by highly directional
beams having narrow beamwidths in one plane to focus energy on the objects and
a wide beam in the other plane to scan a larger area. This narrow beam results in
accurate measurements and better resolution to distinguish different closely spaced
targets. For a given antenna aperture, the beamwidth is inversely proportional to
the frequency. Hence, microwave frequencies are beneficial for radar applications [2].

The use of frequency bands for radar is well regulated. The bands allocated for
automotive radar are 24-24.25 GHz and 76-81 GHz [3]. For 24 GHz, the maximum
bandwidth is limited to 250 MHz by law in most parts of the world [4]. The shift from
the 24 GHz to the 76-81 GHz range is because the latter has smaller wavelength
which reduces the antenna sizes and makes the antennas more compact [5]. The
decrease in size allows the antennas and sensors to be mounted with ease. The
76-81 GHz frequency range also has larger bandwidth and features such as high-
range resolution and better accuracy which are important for automotive radar and
industrial level sensing [6]. Advantages of using this frequency range include ability
to penetrate materials, high directionality, and large bandwidths [7]. Therefore, the
development of different types of antennas in the 76-81 GHz frequency range for
various applications such as radar has been of great interest in recent years [4,7].

1.2 Tomography

Tomography is an imaging technique that reconstructs 3D images of objects from 2D
slices. This approach is utilized to locate the position of the object under test and
identify their size. Different materials inside the observation area are distinguishable
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due to the difference in their electromagnetic properties such as dispersion, dielectric
permittivity and attenuation [8,9].

Microwave tomography (MT), which employs the principle of radar, is a method
of non-destructive evaluation (NDE) widely used to analyze the characteristics of a
target material inside the imaging region [10,11]. MT systems are usually complex
to design and the various challenges include the configuration of the system, the
procedure of obtaining data, evaluating the data and processing it to reconstruct
3D images of the object [12].

The two main steps in applying the technique of MT are data collection and data
processing. Data is collected when the target object is illuminated by multiple
transmit antennas and the resulting scattered microwave fields are measured using
receive antennas. The resulting data is processed to create a profile of the object
in multi-dimensional views. A large number of antennas can collect an extensive
data set but this is usually limited due to size restrictions of the system [13]. The
antennas are one of the main components of an MT system as they transmit and
receive the signals which are processed using sensors to acquire the data for image
reconstruction. Therefore, suitable antenna types should be chosen according to the
intended application and configuration of the system.

MT is applied in various fields such as industrial level material characterization
for the assessment of flaws and blockages in metal or concrete [14, 15], biomedical
imaging [16-18] and security applications.

1.3 Motivation

A novel tomographic radar system is being developed for industrial applications such
as noninvasive material characterization of gas mixtures or granular plastics which
are transported in a metal pipe. The object under test is surrounded by several
radar modules constituting the system as seen in Fig.1.1. The multi-dimensional
distribution of material properties is reconstructed by combining multiple single-
dimensional measurements in post-processing. The measurements are carried out
using the time-of-flight principle which determines the time taken by the transmitted
signal to reach the receiver. The scattered waves can be used to derive information
about the changes in the electromagnetic fields which gives an estimate about the
shape and position of the object. This measured time will vary for different materials
depending on their permittivity which can then be used to characterize them.

The antenna prototypes developed in this thesis are intended to be used in such
a tomographic radar system. The antenna prototypes are designed to have a wide
beam in one plane and a narrow beam in the orthogonal plane similar to antennas
used in other radar systems. This configuration, when applied to the tomographic
radar system currently being developed, helps to focus the energy of the transmitted
signal in the desired region where the object under test is located while reducing
unwanted reflections from the metallic sides of the pipe. The reason for development
of the antenna prototypes is that they are not commercially available for the intended
frequency range with the desired performance characteristics.
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Imaging
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/ -~ {Unknowpt—..___ \
RX - L -Object _ .|
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Figure 1.1: A tomographic system arrangement with two transmit antennas and
three receive antennas is shown. The target is located inside the imaging area and
electromagnetic waves radiated from multiple antennas are incident on the object
at different angles and the scattered waves are measured by the receiving antennas.

>

-
-

1.4 Thesis outline

The first chapter provides a brief introduction to radar systems and MT in relation
to antennas. Additionally, the purpose of developing antenna prototypes for a
tomographic radar system is explained.

The second chapter focuses on the theoretical background that is important to
understand this project. It provides an overview of the essential antenna
parameters considered while designing an antenna. Different antenna types at
microwave frequencies are compared and the models and design parameters unique
to the chosen antenna types are explained in further detail. Antenna arrays are
also discussed briefly.

The third chapter delineates the detailed designing of the horn antenna and patch
array antenna according to the system specifications. It outlines the considerations
taken into account while running simulations. The fabrication process used for both
the antenna types is explained. The measurement setup is described along with the
process of evaluating the raw data.

The fourth chapter analyses the results obtained in simulation and measurements
and provides a comparison between them. Stand-alone antenna results are presented
along with results of the antennas integrated in a mock setup of the tomographic
system.

The fifth chapter draws conclusions from the results and includes a brief summary
of the outcomes of this project. Areas of future work are also discussed.
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Theory

2.1 Fundamental properties of antennas

An overview of important parameters describing the performance of an antenna is
given in this chapter. Few of these parameters may be of higher significance than
others depending on the intended application and the design process should focus
on these key parameters.

2.1.1 Radiation pattern

A radiation pattern is a graphical representation of the distribution of the radiated
energy as a function of space coordinates. It is a 3D pattern as shown in Fig. 2.1
but often a 2D slice along the horizontal or vertical planes is displayed.

Figure 2.1: Exemplary 3D polar plot of radiation pattern representing the spatial
distribution of radiated energy.
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Side lobes

Main lobe

Back lobe

Figure 2.2: Exemplary radiation pattern in 2D showing main lobe and back lobe
along with multiple side lobes [19].

Fig. 2.2 shows an exemplary radiation pattern which consists of a main lobe, multiple
side lobes and a back lobe. The main lobe signifies the direction of maximum
radiation of the antenna. The lobes in a direction other than the main lobe are
called side lobes and are generally undesirable since they radiate energy in unwanted
directions. Side lobe level (SLL) is the ratio of the maximum amplitude of the main
beam ay; to the maximum amplitude of the highest side lobe ag,.

max(ay)

SLL = (2.1)

max(asy,)
The back lobe, whose amplitude varies considerably according to the antenna type,
appears in the direction opposite to the main lobe.

2.1.2 Field regions

The radiation space around an antenna is divided broadly into three regions —
reactive near-field region, radiative near-field region (Fresnel) and far-field region
depicted in Fig. 2.3.

The near-field region is the region closest to the antenna. The electric and magnetic
fields in the near-field region are not orthogonal and difficult to predict. The field
distribution depends on the distance from the antenna. Most analytical models do
not apply in near-field conditions. In the reactive near-field region, not all the energy
is radiated and some of it might be stored in the antenna [20]. The boundary of the
reactive near-field region R; is expressed as:

D3
Ry < 0.62/ - (2.2)
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where D is the largest dimension of the antenna and A is the wavelength in free
space.
The radiative near-field region describes a transition zone between the near-field and
far-field region where radiation behaviour dominates. There is no abrupt change in
the fields at the boundaries defined but rather a smooth transition. The region
occupied by the radiative near-field region R, lies between:

2. D?

D3
0.62\/° <R
N sy

The far-field region extends from the boundary of the near-field to infinity. The
distance of the wave from the antenna no longer determines the field distribution.
Analytical solutions and approximations can be applied to the antenna and its
electric and magnetic fields are orthogonal [20]. The boundary of the far-field
region Rj3 is expressed in the following way:

(2.3)

2. D?

Rs >

A

HEAR FIELD

HON-RLADIATIVE
[ REACTIVE)

RADIATNE
[FRESMEL)

(2.4)

FAR FIELD

Figure 2.3: Behaviour of the fields of the propagating wave shown in different

regions surrounding the antenna, namely reactive near-field, radiative near-field and
far-field [20].

2.1.3 Efficiency

The antenna efficiency, also called radiation efficiency 7, is the ratio of the radiated
power Pradiated t0 the input power Piypy of the antenna [21]:

Pradiated

n > (2.5)

Pinput
It describes the ability of an antenna to convert electrical power into radiated power.
An antenna has high efficiency if most of the input power is radiated away. On the
contrary, the efficiency is low if the input power is absorbed, due to losses in the
antenna such as conduction and dielectric losses, or reflected due to impedance
mismatch.
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2.1.4 Directivity and gain

Directivity D refers to the ability of the antenna to concentrate the signal energy
in a particular direction and determines the shape of the radiated beam. Antenna
gain G additionally takes radiation efficiency 7 into account expressed as [22]:

G =nD (2.6)

Gain determines the amount of power contained in the beam. Calculation of gain
is done by comparing the transmitted or received power of the antenna to the
transmitted or received power of an isotropic antenna under the same conditions.
An isotropic antenna radiates the signal energy equally in all directions. Gain is
usually expressed in dBi.

GdBi =10- loglo G (27)

2.1.5 Beamwidth

Beamwidth is defined as the angular separation between two identical points on
either side of the maximum main beam amplitude. The half power beamwidth
(HPBW) specifically refers to the angle between the two points where the magnitude
of the main beam decreases by 3 dB or 50% of the peak. The horizantal beamwidth
0 and vertical beamwidth [ are related to the gain of the antenna G according to
the equation [1]:

Gr~—0r (2.8)

2.1.6 Input impedance

Input impedance of an antenna is defined as the ratio of voltage to current at the
input terminals. The impedance is expressed as a complex number which includes
the effects of resistance represented by the real part Rx and the effects of reactance
represented by the imaginary part Xa.

Zan = Ra+ jXa (29)

R remains constant as it does not depend on frequency whereas X, varies with
frequency as it is a measure of inductive reactance and capacitive reactance. The
antenna will resonate at the frequency where the imaginary part of the impedance
is zero.

Xx = X1, — Xc (2.10)

Impedance 24
Reactance

x,e‘_ = ".:':.‘L = J"-'.__«

Resistance Ry

Figure 2.4: Relation between impedance Z,, resistance Rj and reactance X,
which includes the effect of inductive Xy, and capacitive X reactance.
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The impedance of a wave Z at any point is defined as the ratio of the transverse
components of electric field £ to the magnetic field Hy given by:

4 =—.
Hy

(2.11)

The wave impedance is a property of the wave, characterized by the medium through
which it travels, expressed as:

Jwp

7 =\ ——,
0+ jwe

(2.12)
where w is the angular frequency of the wave, p is magnetic permeability, o is the
conductivity of the medium and ¢ is electric permittivity.

If the medium is considered to be air or vacuum, then the wave impedance is:

7~ \/f ~ 37T (2.13)

Impedance matching is a method used to match the output impedance of the driving
source to the antenna’s input impedance usually taken as 50 {2 which is an industry
standard. Better impedance matching maximizes power transfer and minimizes
reflection losses. If the impedance of the antenna input is Z, and impedance of
the port output is Zp, then the matched condition under which maximum power
transfer occurs is:

Za= 7] (2.14)

If the above condition is not satisfied, a matching circuit or structure is required
which transforms the impedance for instance R-L-C circuits, transmission lines or
transformers [23].

2.1.7 Bandwidth

The bandwidth of the antenna refers to the range of frequencies over which the
antenna performance is acceptable with respect to a specified standard. The
standard is often chosen as the level of input reflected power below -10dB or
-15dB. As bandwidth is relative to frequency, it is generally calculated as

percentage:
fu— 11

BW =L 100%, (2.15)
feo

where fy is the upper cutoff frequency, fi, is the lower cutoff frequency and f¢ is
the center frequency of the antenna [1].

2.1.8 Polarization

The polarization of an antenna refers to the orientation of the radiated fields with
respect to time when evaluated in the far field. The polarization of the transmitting
and receiving antenna need to be same for effective communication. Polarization of
a wave describes the direction and magnitude of the electric field vector as the wave
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propagates. In elliptical polarization, the electric field vector has a time varying
magnitude and rotates in an elliptical path [24]. Elliptical polarization as well as its
two specialized cases, linear and circular polarization, are depicted in Fig. 2.5.

Uinear Circular (Right Hand) Elliptical (Righ.t Hand)
Polarization

Polarization

Polarization

Figure 2.5: Different types of polarization classified as linear, circular and elliptical
based on the paths traced by the tip of the electric field vector components [24].

In linear polarization, the electric field vector propagates in only a single plane
(horizontal or vertical) with constant magnitude. In circular polarization, the
electric field vector remains constant in length and traces a circular path with
time. It can be further classified as left handed circular polarization (LHCP) or
right handed circular polarization (RHCP) depending on the direction of rotation
of the wave [21].

If the transmitter and receiver antennas both have opposite linear polarization
(horizontal and vertical) or opposite circular polarization (RHCP and LHCP),
total attenuation due to mismatch occurs and no power is received [22]. This is
used as a method to decouple antennas spaced in the vicinity of each other.

2.2 S-parameters

The scattering parameters give information about the electrical behavior of a device-
under-test. For a multi-port network, Sxg denotes the power transferred to port A
from port B. For a two-port network, the scattering parameters are S;; and S also
called reflection coefficients, together with Si5 and S,y which are the transmission
coefficients [25]. These are shown in Fig. 2.6.

The S-parameters can be written in a matrix as:

Sll SIQ
g_ 2.16
[521 522] (2.16)
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Figure 2.6: S-parameters in a 2-port network

An important condition that can be deduced from the matrix for a lossless network
is the relation between the reflection and transmission coefficients given by [25]:

1S1 > 4 S |* =1 (2.17)

|So? + |S12]* = 1 (2.18)

The incident and reflected wave variables defined in terms of current I, voltage V'
and impedance 7, are given by a; and b; along with as and by at port 1 and port
2, respectively [25].

Vi + Zol Vo — Zol

q = AT 200 (2.19) ag = —— 22 (2.20)
2\/ Z() 2\/ ZO
Vi — Zol Vo + Zol

by = 221 (2.21) by — 2T 200 (2.22)

2V Zy 2V 2y

The wave variables are related to the S-parameters by the following equations [25]:

bl == Sllal + 8120,2 (223)

bg = 521a1 + SQQCLQ (224)

The two-port network model can also be applied to antennas as shown in Fig. 2.7.
The transmitting antenna, also called test antenna, is defined as the first port and
the receiving antenna, also called reference antenna, is defined as the second port in
the model. Eq. (2.17) and (2.18) do not hold true anymore since losses such as free
space loss and mismatch loss have to be accounted for [25].
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Figure 2.7: Antenna network adapted to the S-parameter model shows the
coefficients Sq1, Soo, Si2 and So; along with transmitting antenna as port 1 and
receiving antenna as port 2.

The most important S-parameter for antennas is S;; as it ascertains proper
functioning of the antenna in the specified frequency range. Si; also requires only
one antenna to be measured. S;; signifies the amount of power reflected back to
the signal source. A typical cause of this loss is reflected waves due to impedance
mismatch between the source and load. If Si; is 0 dB, it implies that all of the
power is reflected at the antenna. A well designed impedance match gives less
reflections [26].

2.3 Overview of antenna types

Different antenna types are suitable for operation at particular frequencies. The
most common types used at microwave frequencies are compared in Table 2.1.

Type of Cost of Ease of Design . . .
Ar}lltenna Fabrication Integration Complegxity Bandwidth | Gain Efficiency
Patch Array | Medium [27] High Complex Low [28-30] | Medium [1] | Low [1]
Horn Low to high [31] | Medium Simple High [32,33] | High [32,33] | High [32,33]
PCB Slot Low [34] High Simple High [35 Low [35] Low [36]
Parabolic High Low Complex High [37 High [37] High [37]
Table 2.1: Comparison of different antenna types used at microwave frequencies

with respect to metrics such as cost of fabrication, ease of integration, design
complexity, bandwidth, gain and efficiency.

A patch antenna array and printed circuit board (PCB) slot antenna can be easily
integrated onto planar and non-planar surfaces, whereas the horn and parabolic
antenna are difficult to integrate into compact systems due to their large size. The
patch antenna array has the lowest bandwidth as compared to the other types. The
horn and parabolic antenna have higher gain and efficiency in contrast to the PCB
slot and patch array antenna.

As seen from the comparison, patch array antenna and horn antenna would be the
most suitable designs for the intended application discussed in more detail in section
1.3. A single antenna type is not ideal with respect to all parameters. Hence, the
most suitable one can be chosen depending on the system constraints posed.

12
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2.4 Horn antennas

A horn antenna is a waveguide section which is flared at one end to create an opening
in one or both directions. In general, the waveguide cross-section has different
dimensions in both planes. The plane containing the electric field is called the
E-plane and the plane containing the magnetic field is called the H-plane. If the
horn flares along both E-plane and H-plane dimensions, it is called a pyramidal
horn. Flaring in either only the electric or magnetic planes results in an E-plane or
H-plane sectoral horn, respectively, as shown in Fig. 2.8.

—7 = =~

Pyramidal Horn E-plane Sectoral Horn H-plane Sectoral Horn

Figure 2.8: Direction of flaring resulting in different types of horns such as
pyramidal horn, E-plane sectoral horn and H-plane sectoral horn.

The shape of the horn transitions the transmitted wave from the waveguide
medium to free space smoothly. This transition over the length of the flare
minimizes reflections and increases bandwidth. Horns operate over a wide range of
frequencies since they are non-resonant antennas [1].

2.4.1 Wave propagation

Waveguides support the propagation of multiple modes of the electromagnetic
wave. Modes are solutions derived from Maxwell’s equations. Wave propagation in
a waveguide occurs only when a particular cutoff frequency is met. Each mode has
a lower cutoff frequency determined by the largest dimension of the waveguide
section and is equal to A/2. They exhibit different properties and it is essential to
excite the desired mode and suppress the others. The dominant mode propagates
when the lowest cutoff frequency is met.

The different types of waveguide modes are transverse electric (TE) where no
electric field exists in the direction of propagation and transverse magnetic (TM)
where no magnetic field exists in the direction of propagation. These modes are
termed as TE,, and TM,,, where m and n are integers representing the mode
number. Generally, the dominant mode TE;, is preferred as the attenuation losses
are minimum and its field distribution is predictable by wave theory.

The cutoff frequency of a particular mode for given geometric dimensions of the
waveguide a and b is expressed using the following equation:

=) ) =

For the dominant mode represented by m=1 and n=0, (2.25) reduces to:

f C

(2.26)
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2.4.2 H-Plane sectoral horn antenna

The characteristics of a horn antenna are attributed to the length, angle and
direction of flare. A sectoral horn is able to produce a fan-shaped beam which is
the desired beam shape as explained in section 3.1. H-plane sectoral horn has a
larger beamwidth in the non-flared plane than the E-plane sectoral horn due to
larger waveguide dimensions of the horn in that plane.

A sectoral horn antenna’s geometry can be described by flare angle «, flare length
Ry, axial length Iy, horn length R;, width of the waveguide a, height of the
waveguide b and width of the aperture A as shown in Fig. 2.9.

) s/

<
<

RH

Figure 2.9: Geometry of the H-plane sectoral horn described using different design
parameters such as flare angle «, flare length Ry, axial length /iy and horn length R;.

The relation between the parameters is found by geometrical analysis [1]:

A=2-R;- tana, (2.27)
2
lf = Rf+<§>, (2.28)
Ra—(A—a (1) -1 (2.29)
BEETONA) T '

Assuming spherical waves are radiated, the waves travelling a distance of axial length
Iy and horn length Ry do not cover the same path length causing a phase error of §
as seen in Fig. 2.10. This phase error is negligible for a small flare angle a. However,
for a given Ry, larger « results in a higher phase error §. Hence, an optimum «
exists for a particular Ry beyond which the phase error cannot be ignored [38].
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Figure 2.10: Phase error caused by spherical waves travelling different distances
between the apex of the horn antenna to the aperture.

The aperture size is the product of the width A and height b of the opening of the
horn and increases with o and Ry. Larger aperture size results in higher gain [22].
Though horns with high gain may be desired in some applications, large size makes
the horns difficult to integrate. A trade-off between antenna size or gain should be
reached [1].

2.5 Patch antennas

A patch antenna consists of a metallic patch on a dielectric substrate which is
placed above a conducting ground plane. The patch is usually fabricated on top of
the dielectric substrate by etching, a standard PCB manufacturing process.
Different configurations of the patch include rectangular, square, circular or
triangular. Rectangular and circular patch antennas are the most commonly used
geometries. Rectangular shaped patch is selected for the design due to better gain
and Si1; than circular patch [39]. A patch is a resonant antenna which means the
performance of its parameters changes significantly with frequency.

Various parameters are considered for the design of the patch antenna. An important
decision is the selection of the dielectric material of the substrate as several metrics
such as antenna dimensions, gain and beamwidth depend on it. Typical values of
the dielectric constant ¢, lie between 2.2 and 12 [1]. A low dielectric constant along
with a thick substrate facilitates a large bandwidth and high radiation efficiency
as the fields are loosely bound in contrast to a thin substrate with high dielectric
constant, which covers a smaller bandwidth and possesses lower radiation efficiency
due to tightly bound fields. However, thick substrates increase the antenna size,
weight and dielectric loss. A trade-off between radiation efficiency and bandwidth
is achieved with thin substrates having low dielectric constant [40].
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RADIATING EDGES SUBSTRATE

Figure 2.11: Analyzing rectangular patch antenna placed above a ground plane
using transmission line model assuming two radiating slots with width Wp, height
h and distance L between them [41].

2.5.1 Transmission line model

Multiple models exist for analysis of patch antennas which include transmission line
model, cavity model and full wave model. The transmission line model is used
in the following analysis as it is the least complex and gives accurate results for
thin substrates. This model considers the antenna to be made up of two parallel
radiating slots each of width W, and height h with a transmission line of length L
in between. The patch is surrounded by two different dielectric materials, usually
air on top and the dielectric substrate below. From Fig.2.12, it is clear that most
of the electric field lines reside within the substrate between the metallized surfaces
of the patch and ground plane but a few of the electric field lines also travel partly
through air. This is called the fringing effect. The edges of the patch undergo
fringing as the electric field does not end at the edges. The fringing effect reduces
for a large L and smaller h as this configuration increases the number of field lines
concentrated in the substrate. The parameter ’effective dielectric constant’ e, o
accounts for fringing and models a virtual homogeneous material which has similar
electrical characteristics to the two dielectrics surrounding the patch:

Ereff = -+ 1+12—

; . i (2.30)

e+ 1 5r—1l h]w

2.5.2 Patch antenna feeding techniques

Various studies have been conducted concerning the performance of different types
of feeding techniques [42,43]. Most common types are microstrip feed line, coaxial
feed, proximity feed and aperture coupled feed as shown in Fig.2.13. A summary
of the comparison results is shown in Table 2.2.
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Figure 2.12: Due to the fringing effect, electric field lines propagate partly through
air causing the patch antenna to radiate.

Spurious feed e 3 ens Ease of . Ease of
Types of feed radiation Reliability fabrication Bandwidth integration
Microstrip . . . .
line feed High High High 2-11% High
Coaxial feed Low Poor Sgl@ermg and 2-11% Low
drilling needed
Aperture . . Alignment .
coupled feed Medium Medium required 21-48% High
Proximity . Alignment .
coupled feed Low Medium required 13-30% High

Table 2.2: Comparison of different feeding techniques for patch antennas in terms
of ease of fabrication and other metrics such as bandwidth covered, reliability of the
feed and spurious radiation produced [42,43].

Spurious radiation is caused by discontinuities or bends in the feed network, for
instance when the microstrip line transforms into the patch. This radiation is
limited in the other types as the feed lines are connected to the patch using
connectors (coaxial feed) or use non-contact methods like aperture or proximity
coupled feed. The microstrip line feed provides high reliability as it is
manufactured by standard PCB processes like etching whereas the other methods
require additional techniques such as soldering or precise alignment of multiple
layers which can affect the functioning of the antenna making it less reliable. The
aperture and proximity coupled feed provide a high bandwidth range, due to
additional resonances which increases the bandwidth, as compared to microstrip
line or coaxial feed which have a comparatively narrow bandwidth of 2-11%.
Microstrip feed line, aperture and proximity coupled feeds provide a planar surface
after fabrication but the coaxial feed requires a connector which makes the
antenna non-planar. From the data presented, the microstrip line feed is chosen as
the feeding method for the patch due to advantages like high reliability, easy
design and planarity.
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Figure 2.13: Different antenna feeding techniques used to excite the patch such
as microstrip feed line, coaxial feed, proximity feed and aperture coupled feed are
shown [44].

2.5.3 Overview of rectangular patch antenna parameters

For efficient radiation at a resonant frequency f,, the width of the patch W, is given

by
Vo [ 2

where v is free space velocity of light.

Compared with its physical dimensions, the patch appears electrically wider due to
fringing as the electric fields extend over the original dimensions. This extension is
accounted for, by taking an additional section

Wy
5L~ h(sreﬁ +0.3)( W+ 0.264)
(erer — 0.258)(52 4 0.8)

(2.32)

into consideration. Using Eq (2.32), the physical patch length L can be determined
by
I~ 1
er\/ EreffL0€0

The width of the microstrip feed line Wy, used to match the characteristic impedance
Z to the input impedance of the patch, is given by

7.48h
\/5T+1.41)
87

— 25L. (2.33)

W ~ — 1.25¢, (2.34)

exp(Zy
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where Z, denotes characteristic impedance and ¢ denotes copper thickness.

Width of the patch W, and width of the microstrip feed line Wy are used for
impedance matching. Better impedance matching reduces the reflection coefficient
as explained in section 2.2. Feed line length does not have any effect on impedance
once the microstrip line is matched to 50 2. Increase in patch length L decreases the
resonant frequency f,. The thickness of the substrate h also influences the resonant
frequency and bandwidth of the patch. Increase in thickness leads to increase in
bandwidth upto a certain extent [1].

2.6 Antenna arrays

Single patch elements offer limited possibilities to modify beam pattern, gain and
bandwidth. These single elements also provide wide beams in both planes. Arrays
can be formed by combining multiple single elements to achieve the specified
characteristics and obtain directivity in the desired direction. The radiation
pattern can be controlled by various factors in the array design such as size,
excitation, arrangement of the individual elements and the distance between them.

Arrays can be linear (1D) or planar (2D) in nature. Linear arrays provide a fan-
shaped beam with high directionality in one plane and a wide beam in the other plane
based on the array configuration. Planar arrays provide a pencil-shaped beam which
is highly directional in both planes. Linear arrays satisfy the system requirements
mentioned in section 3.1 and will therefore be discussed further.

2.6.1 Linear arrays

Linear uniform arrays are formed by placing N number of identical patch elements
along a single line with uniform spacing d. The elements have uniform magnitude
and progressive phase  between them. The array factor AF as a function of polar
angle 6 is given by

AF(@) — 14+ ej(kdcos@—l—ﬁ) + er(kdcoS@—l—B) I 6(N—l)j(k:dcos9-4—3)7 (235)

where k is the wave number.

Width tapering can be applied to uniform arrays to alter the beamwidth and side
lobe level using array distributions such as binomial and Dolph-Tschebysheff arrays.
Uniform arrays provide high side lobe level and narrow beamwidth. On the other
hand, binomial arrays possess low side lobe levels with increased beamwidth. A
compromise is reached between the side lobes and beamwidth using the Dolph-
Tschebysheft array. Selection of the taper function is a trade-off by the designer
to reduce side lobe level at the cost of increased beamwidth, details of which are
discussed in section 3.4.

Array factor AF with uniform spacing and non-uniform amplitude distribution,
where M elements are placed on either side of the origin and a, is the amplitude
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Figure 2.14: Representation of linear antenna array with N elements at a polar
angle 6 spaced with a distance d.

coefficient, for even and odd number of elements respectively is defined as:

(2n — 1)kd cos(6)

M
(AF )y =2 Z ay, COS

P 5 (2.36)
M+1
(AF )41 = 2 Z:l ay cos [(n — 1)kd cos(6)]. (2.37)

2.6.2 Antenna array feeding techniques

The feeding of the antenna array can be done through corporate-feed or series-feed
as shown in Fig.2.15. The corporate-feed network exhibits a parallel architecture
consisting of multiple stages of microstrip lines and power splitters which feed each
patch in the network. Each patch element in this architecture is in phase and receives
equal power. However, the losses at high frequencies in this network become too
high for proper operation of the array and the dimensions of the corporate-feed
network become difficult to manufacture. The size of the array also doubles with
each successive stage.

In series-feeding, the patches are connected serially and fed from one end. As the
length of the feed lines is different for each patch, a progressive phase shift occurs
between the elements which steers the main beam of the array. Though, this type
of feed is more preferred at high frequencies since it is compact in size resulting in
lesser loss than the corporate feed. The end-fed series-feeding technique is chosen for
the current design as it is easy to design, manufacture and produces comparatively
lesser loss.
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Corporate Feeding
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Figure 2.15: Feeding techniques for microstrip patch antenna array with parallel
and series feed arrangements.

21



3

Methods

The mathematical formulas and design concepts discussed in Chapter 2 are used to
determine the initial approximate dimensions of the antenna prototypes. These
prototypes are then simulated and refined through finite element method (FEM)
simulations in ANSYS HFSS which is further explained in section 3.5. The
simulation workflow consisting of the modelling procedure and antenna specific
settings to obtain accurate results are described. Additionally, the optimization of
the antennas with respect to the most important parameters is briefly discussed.

3.1 System specifications

System specifications are derived from the requirements of the application in the
tomographic system. The most important antenna parameters are beam pattern
and good coupling to illuminate the object under test precisely and with sufficient
signal power.

3.1.1 Frequency and bandwidth

The intended range of frequency in which the antenna operates efficiently with
respect to Sq; is 76-81 GHz. This frequency range is located in the E-band which
extends from 60-90 GHz [45].

3.1.2 Half power beam width

The antenna type chosen should be able to produce a fan-shaped beam to focus the
energy towards the receiver antennas in one plane and minimize reflections from the
surroundings in the other plane. The HPBW specifications can be derived, according
to (3.1) and (3.2), from the known system dimensions as seen in Fig. 3.1 where the
TX and RX antennas are placed apart at a distance of approximately [ ~ 60 cm and
the area to be scanned is a; ~ 10 cm wide with a height of a; ~ 60cm. Therefore,
HPBW is specified as 260 ~10° in one plane and 2¢ ~ 60° in the orthogonal plane
to produce a beam which radiates most of the power from the antenna in a single
plane.
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Figure 3.1: HPBW specifications are derived from known system dimensions with
distance between TX and RX antennas [ ~ 60cm and a scan area of a; ~ 10cm in
width and ay ~ 60cm in height.

10

0 = arctan (;}) = arctan (260) ~~ 5° (3.1)
60

¢ = arctan <Z?> = arctan <260> ~ 30° (3.2)

3.1.3 Reflection coefficient (S11)

S11 is a measure of reflected power at the input whose most widely accepted value
is -10 dB. It is intended to be below -10 dB over the stated frequency range for the
current work which indicates that 10% of the power is reflected back to the source.

3.1.4 Gain

The prototypes are not designed for a specific antenna gain due to a short
transmission distance. The gain is determined by the beam shape and can be any
positive value as long as adequate signal power reaches the receiving antenna.

3.1.5 Impedance

Industry standards for RF equipment usually define ports to have 50¢) wave
impedance. The antenna prototypes should be designed to match this value.
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Horn length Ry | HPBW
SA 37°
10\ 21°
30 12°
100X 14°

Table 3.1: HPBW for different horn lengths R; with flare angle o = 20°.

3.1.6 Polarization

The antenna prototypes are specified to have linear polarization as it is the most
common polarization type used and this enables operation of the prototypes with
other antennas.

3.1.7 Maximum dimensions of prototypes

The horn antenna prototype is fabricated using the process of 3D metal printing
which will be discussed in section 3.2. The 3D printer used has maximum
allowable dimensions of 89 mm x 89 mm x 100 mm which are taken as the
maximum dimensional limits of the designed horn. To integrate planar antennas
onto existing radar sensor PCBs, the patch antenna should occupy a maximum
area of 50 mm x 50mm.

3.2 Design of H-plane sectoral horn antenna

Some parameter values can be derived directly from the system specifications. The
horn antenna is designed to operate at center frequency f. = 78 GHz which lies
approximately midway between 76-81 GHz. As the antenna is non-resonant, the
effect of change in f. within the frequency range is negligible. The center frequency
fe = 78 GHz in terms of wavelength gives A = 3.84 mm. The dimensions of the
standard waveguide WR-12 are ¢ = 3.09 mm in width and b = 1.54 mm in height [46].

As the antenna is designed to be highly directive, this will lead to high gain as
the efficiency of horn antennas is typically high. Therefore, the exact value of gain
is not significant. As a result, the design of the horn mainly focuses on achieving
the specified beamwidth. Fig.3.2 shows HPBW as a function of flare angle « for
different horn lengths R;. An increase in o enhances the aperture size which in turn,
decreases the beamwidth as long as the phase error is constant. However, when the
phase error escalates, the beamwidth widens. A longer horn with a smaller « allows
for constant phase error which is required to obtain a narrow beamwidth [1]. For a
given R;, the phase error is tolerable only until the optimum « is reached. Phase
error limits horn lengths as further increase in R; becomes ineffective in increasing
HPBW as seen in Table 3.1.

The minimum R, required to achieve the specified HPBW (10°) is 30\ = 115.2 mm.
However, this length exceeds the maximum dimensions specified. Staying within
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Figure 3.2: HPBW as a function of flare angle « for different horn lengths R; [1].

the geometrical limits of 89 mm yields Ry ~ 23\. To account for manufacturing
tolerances, R; is chosen as 22\. The corresponding total flare angle according to
Fig. 3.2 is 2a = 22° which implies o = 11°.

After deciding on the initial dimensions, the remaining design parameters are
calculated using Eq. (2.27) to (2.29) which are listed in Table 3.2.

3.3 Design of single patch element

Generally, the patch antenna covers a narrow bandwidth so it is not expected to
cover the entire frequency range of 76-81 GHz. Hence, the focus of the design is
to cover 76-78 GHz as the antenna will be used with a radar chip which operates
with higher output power, higher linearity and less spurious signals in this range.
Therefore, the mid-frequency of 76-78 GHz is chosen as the resonant frequency
f, =77 GHz.

The prototype is manufactured on the substrate Rogers RO3003 with dielectric
constant €, = 3.16, dielectric loss tangent tan 6 = 0.0013 and thickness of substrate
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Parameters | Calculated Values
ly 85.6 mm

A 26.7 mm

Ry 40.6 mm

R 84.5 mm

A 3.84 mm

a 3.09 mm

b 1.54 mm

« 11°

f. 78 GHz

Table 3.2: Values of all parameters required to design the horn antenna prototype
calculated from Eq. (2.27) to (2.29) and derived from the system specifications.

h = 0.127 mm [47]. Rogers RO3003 is suitable for high-frequency applications
owing to its low ¢, and low tan f. Initial design decisions taken regarding the patch
antenna are selection of rectangular shaped patch due to better gain and Sy; [39,48]
and choice of microstrip line as the feeding method as it provides high reliability
and can be easily integrated into existing systems.

The initial values of the single patch element, which are listed in Table 3.3, are
determined using Eq. (2.31) to (2.34).

Parameters | Calculated Values
w, 1.35 mm

Ereff 2.82

L 1.03 mm

Wy 0.255 mm

Table 3.3: Calculated values for various parameters of the single patch antenna
determined using Eq. (2.31) to (2.34).

3.4 Design of patch antenna array

Single patch elements offer constrained design flexibility. Often, it is not possible to
alter the beamwidth, gain and bandwidth to fulfill the system specifications. As a
result, multiple elements can be combined to form an array that achieves the desired
values. The number of elements in the array is decided based upon the beamwidth
requirement and is a tradeoff between array size and AF. As seen in Fig. 3.3, increase
in number of elements N reduces the beamwidth. This effect becomes limited with
increase in N as the power available for radiation at each element decreases. Hence,
the number of single patch elements in the antenna array is chosen to be 10 as no
significant improvement in HPBW is seen with more elements.
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Figure 3.3: Beamwidth as a function of array factor for different number of
elements N in patch antenna array. Directivity increases with increase in N but
this effect is limited due to loss of power available at each element [49].

Width tapering using Dolph-Chebyshev coefficients is applied to the patch elements
to reduce the side lobe levels and obtain a narrow beamwidth. The procedure of
calculating these coefficients is explained in [1]. The normalized coefficients with
respect to aq, which is the amplitude of the center element, are listed in Table 3.4.

Amplitude of Element | Coefficient
a; = Qo 1

a3 = Gy 0.890

a5 = Qg 0.706

a7y = ag 0.485

g = A1p 0.357

Table 3.4: Normalized Dolph-Chebyshev coefficients for a 10 element patch
antenna array. Since the array is symmetric, the coefficients can be mirrored.

From (2.36), the array factor AF for even number of elements using the coefficients
in Table 3.4 can be written as:

AFyy = cos(u) + 0.890 cos(3u) 4 0.706 cos(5u) 4 0.485 cos(7u) 4 0.357 cos(9u) (3.3)

The width of each patch Wpy relative to the center patch Wp; can be calculated
by:

WPN = anN - Wp1 (34)
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Figure 3.4: 10 element patch antenna array showcasing various design parameters
such as patch length L, patch widths Wpy, element spacing d and feed width Wj.

3.5 Simulation workflow

Simulations are utilized to model and analyze real systems to reduce the time and
effort required for calculations as well as measurements. They also provide a deeper
insight into the behaviour of the system. The simulations are carried out in ANSYS
HFSS which is a 3D electromagnetic (EM) simulator designed specifically for high-
frequency applications such as antennas, RF circuits and PCBs [50]. It solves the
field equations using FEM. This method divides the structure to be analyzed into
small tetrahedral shaped elements collectively called the mesh. These elements are
solved individually and then integrated to solve the overall structure. The mesh
is refined and solved in each run of the simulation until it meets the user defined
convergence criteria.

For large structures and fine mesh size, the required resources can be quite
demanding. The system memory needed to execute the simulations is in the range
of a few 100 GB and the computational time can vary from a few hours to a few
days. The simulation workflow consists of modelling the structure, defining
settings for the run, simulating the structure, analyzing the results and optimizing
the model further if required.

3.5.1 Modelling of structures

Some considerations that are observed while modelling the structures in HFSS are
listed below.

o The airbox, as seen in Fig. 3.5, is a region that defines the area around the
model as vaccuum. The space around the structure which is not assigned
a definite material is designated as perfect electric conductor. The size of
the airbox should be limited as this results in fewer mesh elements leading
to reduced simulation time. The radiating surface of the antenna requires
a minimum distance of 0.5\ from the faces of the airbox in order for the
simulator to model free space radiation correctly and prevent reflections at
the boundaries.
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Figure 3.5: The region surrounding the structure is termed as airbox and the entire
space within the airbox is simulated.

o A radiation boundary is applied to all sides of the airbox. This boundary
assumes continuous propagation of the waves beyond the faces of the airbox
and absorbs the energy incident normal to the surface.

o Waveport is assigned to the port as the excitation method. This method
solves field distributions assuming modal vector wave propagation whereas
lumped ports excite simplified field distributions for a user-defined impedance
to calculate the S-parameters in terms of scalar voltage.

o The horn antenna has specified dimensions for the waveguide cross-section for
modal transmission and the waveport is placed inside this area. For the patch
antenna array, the height of the waveport should be between 6h to 10h and
the width should be greater than 5W; to ensure that the fundamental mode
propagates [50].

e Symmetry boundaries provided by HFSS are utilized to model only a part of
the whole structure which reduces the simulation time. Two types of
symmetries that can be applied: perfect E representing a perfect electrical
conductor where the E-field is perpendicular to the surface and perfect H
representing a perfect magnetic conductor where the E-fields are tangential
to the surface. The plane of symmetry can be applied on a surface where the
symmetry is to be replicated after modelling only a part of the structure as
seen in Fig. 3.6.

Figure 3.6: Symmetry planes E and H are applied to the surfaces of the airbox
surrounding only a part of the model. Symmetry plane H is displayed in the figure.
The results after simulation are replicated along the plane of symmetry.
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3.5.2 Simulation settings

Assigning proper settings optimizes the resources and time required for simulations
while guaranteeing accurate results. Incorrect settings will provide erroneous results
even if the modelling of the structure is correct. Careful consideration of the settings
is critical to avoid faulty results. The key settings are discussed below.

o The solution types relevant for antennas are driven modal, driven terminal
or eigenmode. Driven modal is selected as it produces modal S-parameters
in terms of incident and reflected powers whereas driven terminal produces
S-parameters in terms of terminal voltages and currents. Eigenmode is used
to calculate resonances of the model.

o A solution setup is added which defines the frequency at which the structure is
solved along with the maximum and minimum number of passes that the mesh
can be refined until the convergence criteria is met. The maximum passes sets
a limit on the number of times the mesh can be refined and defines when the
simulation is exited in case no convergence is reached. The minimum number
of passes ensures the convergence of consecutive mesh refinements.

o The interpolating frequency sweep is adopted as it provides more accurate
results compared to the fast frequency sweep and less simulation time
compared to the discrete frequency sweep.

« High performance computing (HPC) enables simulation of large and complex
structures on remote servers thereby reducing the computational time. HPC
allows the user to define the number of parallel tasks, processor cores and
memory used to solve the structure.

3.5.3 Simulation of horn antenna prototype

The design of the horn antenna in HFSS is modelled as shown in Fig.3.7. Four of
the parameters are optimized - width of the aperture A, flare length Ry, flare angle
a and waveguide length WG as the other parameters are dependent on these. The
wall thickness is specified to be Imm to ensure a mechanically stable structure.

A waveguide flange which acts as a connector between different waveguides is added
as it is present in the real system. Since the flange is made out of metal and
placed very close to the antenna, it may have an influence on the radiated fields.
Its dimensions are taken from the standard UG-387/U flange designed for WR-12
waveguide [46]. The material of the horn and flange is assigned to be brass.

The optimization of the design parameters is carried out without the flange using
multiple parametric sweeps to obtain the narrowest beamwidth possible while
keeping the other parameters such as R; and Iy within the specified size limits.

30



3. Methods

Figure 3.7: Model of horn antenna with standard WR-12 waveguide flange.

Furthermore, the design parameters are varied in presence of the flange. It is
observed that varying the waveguide length WG causes an oscillation in the gain
with a maxima at every half a wavelength as seen in Fig.3.9. This phenomenon
can be explained by a significant amount of backward radiation as a result of a
wide beam pattern in the E-plane shown in Fig. 3.8. These backward transmitted
waves are reflected off the flange interfering with the forward transmitted waves.
The waves merge constructively and destructively depending on WG thereby
causing the oscillation. The path difference for constructive and destructive
interference is given by :

NA
WGconstructive = 77 (35)
2N + 1)\
WGdestructive = % (36)

dB{E Field)

96, ABAGR
86, 8544
82,1888
7&. 1632
T4 2175
7E. 2719
EG. 3263
B2, 3587
55, 4351
S, 4595
5@, 5439
46, 5983
42, 6526
36, 7070
34, FELY
36, 5158

H-plane Radiation E-plane Radiation

Figure 3.8: Strength of fields radiated towards the back in the H-plane are
compared with the E-plane.
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This implication is confirmed by simulating the structure in different scenarios
(without the flange, decreasing flange radius and increasing flange radius) and
varying the length of the waveguide. When the flange is removed, this results in no
gain oscillation. Decreasing the radius of the flange reduces the amplitude of the
oscillations whereas the opposite effect can be seen when the radius of the flange is
increased which suggests that the flange acts as a metallic reflector plane behind
the antenna.

dB(GainTotal):

WG_length [in]

Figure 3.9: Oscillations observed in the gain at every half wavelength caused by
the constructive and destructive interference of the transmitted and reflected waves.

The oscillations result in a variation of the beamwidth by 8° degrees on average
in the E-plane. Due to this variation, the transmitted signal from the antenna
which is setup to cover a particular range of angles in the tomographic system, may
not cover the object under test completely. In simulations, the parameters can be
designed such that the waves always undergo constructive interference but this is
difficult to control in practice due to production tolerances. Therefore, a small flare
is introduced in the E-plane to limit this variation by reducing the waves transmitted
backwards.

The calculated values obtained from MATLAB and the optimized values from
simulations in HFSS are compared in Table 3.5.

Parameters | Calculated Value | Optimized Value
A 32.87 mm 32.18 mm

Ry 76.58 mm 79.90

o' 11° 12°

b 1.54 mm 2.87 mm

Table 3.5: Comparison of calculated and optimized values for horn antenna.
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Parameters | Aspect influenced | Degree of influence
L fr High
W, Zo Low
d Beam pattern High

Table 3.6: Degree of influence of various parameters on different aspects of the
design results.

3.5.4 Simulation of patch antenna array prototype

The different parts defining the structure such as patches, microstrip feed lines and
substrate are modelled according to the calculated dimensions. The first design with
element spacing d=; 0.5 Ay between the individual patches is displayed in Fig. 3.10.

2

i 5 10 (mm)

Figure 3.10: Model of patch antenna array with element spacing 0.5 A,.

The width of the center patches Wp; and consequently the width of subsequent
patches along with the feed line width are varied to match the impedance as close
as possible to 50 €.

The length of the patch L defines the resonant frequency f, with a larger L leading
to a lower f,.. L is varied in a parametric sweep to shift the resonant frequency close
to 77 GHz as well as cover the lower range of the 76-81 GHz band.

The sensitivity of different parameters, listed in Table 3.6, can be derived from the
influence of their variation on the design results. The calculated and optimized
values are are compared in Table 3.7.

From the simulation results presented in Chapter 4, it can be concluded that the
array with d; = 0.5 A; is not likely to fully meet the required specifications. Further
increase in number of elements N has little effect on the decrease of beamwidth as
explained in section 3.4. In order to further decrease the beamwidth, the element
spacing d is increased. The modelling of the array with dy = 1.5 A\, is shown in
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S11(dB)

L=1.05mm
L=1.07mm | 4
L=1.09mm
L=1.11mm [
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74

79 76 [

8 9

Frequency(GHz)

Figure 3.11: Effect of variation in patch length on resonant frequency. It is seen
that f, is highly sensitive to changes in L. A slight change of L = 20 pum causes a

frequency shift of approximately 1 GHz.

Parameters | Calculated Value (mm) | Optimized Value (mm)
W p1 1.35 2

L 1.03 1.09

W, 0.255 0.3

dy 1.16 1.09

dsy 3.48 3.5

Table 3.7: Comparison of calculated and optimized values for patch antenna array

with d; = 0.5 Ay and dy = 1.5 A,.
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Figure 3.12: Model of patch antenna array with element spacing d=1.5 A,

Fig. 3.12. The dimensions of this antenna array are the identical to Table 3.7 except
the element spacing is now 1.5 A\; = 3.28 mm. The results of both the arrays are
discussed in Chapter 4.

3.6 Fabrication of antenna prototypes

Prototypes of the designed horn and patch antennas are fabricated using 3D
printing technology and a standard PCB manufacturing process, respectively. In
the subsequent sections, each technique is explained in further detail. Additionally,
the influence of production tolerances is evaluated in simulation.

3.6.1 3D printed horn antennas

3D printing is an additive process often utilized for rapid prototyping. The
technology has a number of advantages compared to traditional manufacturing:
factors such as short lead time, availibility of a wide range of materials and
reduction in costs contribute to the increasing popularity of 3D printing [51].
However, the finished product depends on different variables like precision and
accuracy of the 3D printer as well as materials used for production. The outcome
may result in dimensional inaccuracy of the horn antenna leading to a change of
the cut-off frequency and gain. Moreover, a higher surface roughness leads to a
decrease in gain of the antenna and increase in Sy; [52].

Two materials chosen for the horn antennas are gold plated brass and steel. Both
materials are durable and have good surface conductivity required for antenna
transmission. The brass prototypes have a smoother surface finish though at a
higher cost. Fabrication of the brass models is done using lost wax casting. The
model is first 3D printed in wax and liquid plaster is poured around it. The wax is
melted once the plaster sets. Then, molten brass is poured into the plaster which
is removed after the brass hardens. The finished brass antenna is electroplated
with 0.25 pm of gold. The steel prototypes, composed of 60% stainless steel and
40% bronze, are produced by depositing glue on stainless steel powder forming the
product layer by layer. The glue is replaced by bronze through an infusion process
to create a finished structure. The guaranteed tolerances by the manufacturer are
assured to be within £5% for prototypes printed using gold plated brass whereas
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(a) Brass variant (b) Steel variant

Figure 3.13: Manufactured horn antenna prototypes: a) brass and b) steel variant.
Steel variant exhibits higher surface roughness as compared to the brass variant
which is clearly seen in the picture.

Feature (Axis) | Scaling Factor (Steel) | Scaling factor (Brass)
Length (X) 1.002 1.020
Width (Y) 0.083 1.008
Height (Z) 1.008 0.994

Table 3.8: Scaling factors of the manufactured prototypes compared to the original
dimensions in length, width and height are presented.

the steel prototypes are stated to shrink by around 2.5% [53]. These tolerances are
taken into account and the prototypes are scaled before production.

To consider unforeseen defects in the product, the quantity of the brass and steel
variants produced was four and one, respectively. The manufactured antennas are
seen in Fig. 3.13.

The originally designed prototype is re-simulated in HFSS with the measured
dimensions to evaluate the effect of production tolerances. The simulations only
consider scaling of the horn dimensions and do not include the effects of scaling
the flange and waveguide section. The results, depicted in Fig.3.14, show that
changes in the horn antenna dimensions results in variation of S;;. The values of
S11 for the scaled models are still comparable to the original S;; results with the
maximum deviation being around 1 dB.

The manufactured models were measured using an electronic vernier caliper with
an accuracy of 0.01 mm. The measured dimensions are listed in Table 3.9 and the
average scaling factor in each axis for all the produced antennas is presented in Table
3.8.
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Figure 3.14: Effect of scaling the original designed dimensions by the stated
production tolerances for a) brass and b) steel on S;; for 75-82 GHz. Variation
in reflection coefficient Sy; resulting from difference between the designed and
manufactured dimensions.

Measured Steel

Measured Brass

Parameter Designed (mm) Prototype (mm) | Prototype (mm)
A 32.19 31.01 32.17

B 2.87 2.65 2.87

a 3.09 2.86 2.16

Flange Radius | 19.05 18.68 19.26

Table 3.9: Comparison of designed dimensions to dimensions measured for steel

and brass prototypes.

dimension a and flange radius are analyzed.

Width of aperture A, height of aperture B, waveguide
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3.6.2 Fabricated patch antennas on PCB

The designed patch antennas are fabricated on PCBs using standard production
techniques [54]. The RF substrate used is Rogers 303003 (e, = 3.16) which is active
for high frequency applications. A gold surface finish is applied to protect the copper
layers underneath from being oxidized. The finish posseses a higher surface quality
resulting in a smoother surface and lower losses. The tolerances are stated by the
PCB manufacturer to be 10 pm of maximum expansion and 25pm of maximum
shrinkage. To minimize the influence of production tolerances, three variations of
each design are produced. The original designed dimensions as well as two additional
variations were fabricated on each PCB. One variation with an expanded outline and
the other with a shrunk outline of 15pm each. This results in the total length of
the variations to increase and decrease by 30 pm. The manufactured PCBs are seen
in Fig. 3.15 and Fig. 3.16.

TOMODAR Patch Antenna
1 lambda spacing

Figure 3.15: Manufactured PCB with 0.5 A\; spacing having three variants to
accommodate tolerances.

@

Figure 3.16: Close up of the expanded, original and shrunk variants of 1.5 A,
spacing patch antenna array.
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Simulations were performed taking these tolerances into account. The results of
d=0.5\; and d=1.5 A\ are shown in Fig.3.17. It is inferred from the figures that
total change in dimensions of the patch antenna array by 30 pm results in a frequency
shift of approximately 0.5 GHz. This confirms that the performance of the patch
antenna is sensitive to dimensional variations as discussed in section 3.5.4.

45 | | | | 35 | | | | I
75 76 77 78 79 80 74 75 76 77 78 79 80
Frequency(GHz) Frequency (GHz)

(a) 0.5 A\g spacing (b) 1.5 \g spacing

Figure 3.17: Effect of expansion (15 pum) and shrinkage (15 pm) of patch array
dimensions on Sy; for 0.5 Ay and 1.5 A\, spacing.

Deembedding of the PCB is done through the Through-Reflect-Line (TRL)
method, further explained in section 3.8. Calibration structures for deembedding
are manufactured on the board in addition to the antenna variants. The structures
have two different lengths used for the through and line measurements. A
microstrip-to-WR 12 transition was utilized (insertion loss ~ 1 dB) to interface the
waveguide signal with the microstrip line.

The PCBs were observed under a microscope to measure the manufactured
dimensions. All three variations of the patches were found to be shrunk by
approximately 20 pm in length and width. This can lead to an imperfect
impedance match along with a shift in the resonance frequency. A few defects such
as scratches and holes in the patches and feed were also present.

Figure 3.18: Patch antenna array with 0.5 Ay spacing as viewed under the
microscope with 200x zoom.
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1000.00um

Figure 3.19: Dimensions of center patch of 1.5 A\, spacing are shrunk by 20 pm
from the original designed dimensions.

100.00pm

Figure 3.20: Erosion of gold surface finish and a hole of 60 ym diameter through
the patch is observed.
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3.7 Measurement setup

The main components required in the setup to characterize the DUT are a VNA
with frequency extenders, reference antennas, and a rotary stage as displayed in
Fig.3.21. The same setup was used for the horn and patch antennas with different
configurations to derive various parameters such as gain, beam pattern, reflection
coefficient and cross-polarization calculated from Sq; and So; measurements.

Anechoic Chamber

VNA AE— PC

Port 2
Ref. Antenna
1.7m ” w1 Frequency Extender
Port 1 B (67-90GHz)
Frequency Extender B
(67-90GHz) Cascade Positioner

T
Adapter Plate Rotary stage Absorbers —

Controller

Figure 3.21: Measurement setup consisting of DUT, reference antenna, frequency
extender, VNA and rotary stage in an anechoic chamber where measurements of Sy,
and Ss9; are conducted.

The VNA generates stepped frequency ramps in the frequency range 67-90 GHz that
are transmitted via port 1 and received back at port 1 and port 2. This information
is used to determine reflections and analyze the signal at the receiving port. The
S-parameters are then calculated and displayed on the screen. The VNA settings
used are given in Table 3.10.

Settings Value
Start frequency 67 GHz
Stop frequency 90 GHz
IF bandwidth 2 kHz
Number of points | 1601

Table 3.10: Values of initial settings required by the VNA to generate the
measurement data. The changes in the signal are used to calculate the S-parameters.

The unknown gain of the DUT is determined using the gain comparison method
which requires prior information about the gain of either the transmitting or
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Calibration of system upto reference plane using VNA

[ Refi ement using 2 ant of known gain to verify ]

the functionality of the system

Calculate free space path loss from reference measurements
and distance between the antennas

v

Replace antenna at port 1 with DUT ]

v

Measurement of S54 and beam pattern of DUT while rotating from Bl )
-90° to +90° and recording Sq4 at 0° Change DUT/configuration for different measurements
¢ (811,821, cross-polarization, with glass)
Calculate gain of DUT using Friis transmission equation with known ] }
gains and path loss

Figure 3.22: Gain comparison method includes steps such as calibration,
measurements of reference antennas and measurement of DUT to calculate gain,
beam pattern, reflection coefficient and cross-polarization.

receiving antenna. 20 dB standard gain horn antennas for E-band were used as
reference antennas. The method to calculate the DUT gain and beam pattern is
listed in Fig. 3.22 and described in the following section.

The rotary stage can be controlled manually or by software such as MATLAB. The
stage can rotate clockwise or anti-clockwise depending on the software
implementation. A zero position can be set and all further rotations made are
relative to this position. The minimum step size of the stage used is 0.0075°.

The antenna measurements for S;; and Se; were conducted in an anechoic chamber
to minimize reflections from external sources. The anechoic chamber is designed
to inhibit any reflections arising due to multipath or noise from the surroundings.
The interior consists of pyramidal shaped absorbers made up of carbon loaded foam
which reduces unwanted signals by 40 dB in the range 67-90 GHz.

3.7.1 Measurement procedure

The system is calibrated using the two port TRL method till the reference plane of
the antenna to remove the effects of other waveguide components and cables
placed before the antenna. Reference measurements are executed to verify the
correct functionality of the system. Initially, two standard gain WR-12 horn
antennas having a gain of 20 dB are used. The distance between the antennas is
1.70 m, placing the antennas in the far field region according to (2.4). The antenna
at port 1 is the transmitting antenna whereas the antenna at port 2 is the
receiving antenna. The antennas are aligned in the horizontal and vertical planes
using a laser distance meter and spirit level. As the gain of both antennas is
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known, the path loss can be calculated using the Friis transmission equation

P. GG\

P, (4nD)*
where P, is the received power, Py is the transmitted power, the ratio P,/P; equals
the measured So;, Gy is the gain of the transmitting antenna, G, is the gain of the
receiving antenna, D is the far field distance between the antennas. The path loss
is represented as (4w D)?/\2.

(3.7)

The theoretical value of path loss is calculated by considering the measured distance
between the antennas D at frequency, 77 GHz.

47 D\?
mmm%w:mmwi\):m&w (3.8)

Value of path loss calculated from measurements is
PathLossgp = Gy + G — S21(dB) (3.9)
PathLossgp = 20 + 20 — (—38) = 78 dB (3.10)

Discrepancy in path loss obtained from calculations and measurements arises from
the use of measured distance and S9; which may contain inaccuracies.

The antenna at port 1 is replaced with the DUT. The S;; and Sy; are measured
simultaneously. The DUT is rotated from -90° to 490° using the rotary stage to
obtain the beam pattern in the H-plane and the S;; response at 0° is recorded. The
step size varies from 0.75° between -15° to 15° to 1.5° between -90° to -15° and 15°
to +90° to reduce measurement time of each run. The approximate location of the
beam is known from the simulations and finer steps are used to record more data
points in this interval.

The DUT is rotated by 90° around its axis to measure the beam pattern and S;; in
the E-plane seen in Fig. 3.24. The same configurations are used to measure the patch
antenna parameters. Cross-polarization is determined by positioning the DUT and
reference antenna in orthogonal planes using a 90° waveguide twist.
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Figure 3.23: Reference measurement setup using two 20 dB standard gain horn
antennas to verify the correct functioning of the system.
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Figure 3.24: Setup with DUT and reference antenna for E-plane measurements.
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3.8 Deembedding of patch antennas

Deembedding is the process of nullifying the effects of networks other than the
antenna from the measured data. Often in antenna measurements, some test fixtures
may be present in addition to the antenna, for instance, a 50 () transmission line.
The removal of the effects of these fixtures is necessary to evaluate the S-parameters
of only the antenna shown in Fig.3.25. As the test fixtures cannot be physically
removed during calibration, post processing is performed in the form of deembedding
to remove their influence on the results and shift the calibration plane directly in
front of the DUT [55].

Calibration Calibration
Plane Plane
De-embed
— Test Fixture — DUT P DUT

Figure 3.25: Removal of effects of the test fixture to measure the antenna S-
parameters through deembedding to shift the calibration plane.

The deembedding process used is described in the following steps:

e Model the calibration structure as two cascaded symmetrical test fixtures.

o (Calculate internal S-parameters of a single fixture from the calibration
structure measurement.

e Create a model of the antenna system consisting of one of the symmetric
fixture networks and antenna network.

o Calculate the internal S-parameters of the antenna from the measured antenna
parameters and calculated fixture parameters.

The models are represented using signal flow graphs which show the direction of flow
of the individual signals in the network. The cascaded networks can be represented
using a single signal flow graph combining the individual network signals in order.
The models are solved using Mason’s rule to obtain the required S-parameters [56].

Assuming the two test fixtures making up the calibration structure are identical and
symmetric: Sjip = Soop, S19r = S91p. The S-parameters of the complete structure
are Sq1, S92, S12 and Sg; obtained through the VNA. The internal S-parameters of
a single fixture are calculated as [55]

St1 + Sa2
Syp = Spgpr = LT P2 3.11
1F 2F =5 e o (3.11)
So1r = S1ar = 0.5(S12 + Sa1)(1 — S3)). (3.12)
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S
Calibration Symmetry Calibration S21F SZIF
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——  TestFixture | —r—  TestFixiure _—
1 ‘ ; S1or S1zr
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Figure 3.26: The calibration structure is assumed to consist of two symmetrical
test fixtures while only one of these is placed before the antenna network. The
corresponding signal flow graph describes the internal S-parameters of the two
cascaded fixtures as well as the parameters obtained in calibration measurement
S11, S22, S12 and Sy;.

S
So1F So1a
> > -
S11 S1F SooF S11a Saoa S22
A 4 ) -
SqoF S12A
S12
Fixture DUT

Figure 3.27: Signal flow graph showing internal S-parameters of fixture, antenna
and measured S-parameters.

The model used for de-embedding is represented by the signal flow graph shown in
Fig. 3.27. The model can be considered as two cascaded 2-port networks consisting
of one test fixture and the antenna network. The fixture S-parameters and measured
system S-parameters (S11, So1) are used to calculate the S-parameters of the antenna

(SHA, SQlA) using [55]

SllF - Sll
Siia = , 3.13
A SllFSQ2F - 812F521F - 811522F ( )
1—
So1a = S SHFSHA)- (3.14)

SQIF
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3.9 Measurement repeatibility

The repeatability of a measurement is determined by repeating the measurements
under the same test conditions and evaluating the maximum deviation of the
successive results. To determine the accuracy, the S;; measurement of the horn
antenna was conducted four times in the same H-plane orientation and compared.
The antenna was removed and mounted back on the VNA in between
measurements. The measured Si; of each test is plotted in Fig. 3.28. The standard
deviation of the data has a maximum value of 0.038. This indicates that the
measured values are relatively close to the mean of the four data sets and the
measurements have good repeatability.

=01

-0.15

02 . 1 . \
76 77 78 79 80 81
Frequency (GHz)

Figure 3.28: Comparison of four iterations of the same S;; measurement under

the same test conditions is plotted. The standard deviation has a maximum value
of 0.038.

47



4

Results

Simulated results are compared to measured results for each design and analyzed in
the following sections. Simulated results are plotted in blue and measured results
in orange for S1; and gain. E-plane and H-plane are differentiated using dashed and
solid lines.

4.1 Horn antenna

S11 as a function of frequency is seen in Fig.4.1. S;; for both variants (steel and
brass) is always below —10 dB as specified and covers the entire frequency range
of interest which is 76-81 GHz. Discrepancies between simulated and measured
results can be explained due to misalignment of the horn antennas and waveguide
components arising from a gap, offset or rotation present between them.

Fig. 4.2 shows the plot of gain with respect to angles ranging from -90° to +90°. The
3 dB beamwidth of the horn antennas can be calculated from the measured beam
pattern. The beamwidth in the H-plane is 9.0° and 8.5°, in the E-plane is 64.5°
and 60.0° for the steel and brass variants, respectively. The calculated beamwidths
satisfy the requirements for the HPBW. These results show good alignment with
simulations.

0 [ [ [ [ " [——simulated 0 I I I I " [ simulated
—Measured ——Measured

201 r

~ - o\ / o e \‘\\ T
o ol / ~_ S 30t \\/ ~__ ~_
-40 4 -40
75 7‘6 7‘7 7‘8 7‘9 8‘0 3‘1 82 75 7‘6 7‘7 7‘8 7‘9 86 8‘1 82
Frequency (GHz) Frequency (GHz)
(a) Syp results for steel horn antenna (b) Sy results for brass horn antenna

Figure 4.1: S;; of a) steel and b) brass horn antenna prototypes in the frequency
range 75-82 GHz.
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(a) Measured beam pattern for steel horn antenna

" Ssimulated E-plane
20 —— Simulated H-plane

TS — — —~Measured E-plane
| Measured H-plane
10 - = ]

Gain (dB)

-30

-0

50 I I I I I
-80 -60 -40 -20 0 20 40 60 80

Angle (degrees)

(b) Measured beam pattern for brass horn
antenna

Figure 4.2: Measured beam pattern of a) steel and b) brass horn antennas in the
E-plane and H-plane compared to simulated gain plot from -90° to +90°.
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Figure 4.3: Simulated radiation pattern visualized in a) 2D and b) 3D showing
the intensity and direction of the radiated beam.

49



4. Results

The simulated radiation pattern is illustrated in 2D and 3D in Fig.4.3. In the 2D
pattern, H-plane is plotted in red and E-plane in purple. H-plane exhibits a low
sidelobe level that is seen in simulation as well as measurements. The 3D pattern
results in a directional beam in one plane with minimized radiation in the other
plane.

4.2 Patch antenna array

Measured Sp; results are deembedded and compared to simulated Si; in Fig. 4.4.
For the first design with d=0.5 A, spacing, Si; is below ~10 dB for the range of
frequencies between 76.13 and 78.33 GHz resulting in a bandwidth of 2.2 GHz with
resonance frequency at 77.15 GHz, covering most of the needed frequency range of
76-78 GHz mentioned in section 3.3. However, the specified range of 76-81 GHz is
not fully covered. Improvements in S;; are seen in the second design with d=1.5 A,
spacing covering frequencies between 76.49 and 80.38 GHz with bandwidth of 3.89
GHz and resonance frequency at 77.05 GHz. The enhancement in bandwidth in the
second variant is due to a second resonance at 79.8 GHz. The shift in resonance
frequencies between simulated and measured Sy; is caused by the altered dimensions
of the produced prototypes.

20t

S,, (dB)

30t

40+ 1 40t

.50 . . . . . 50 . . . . . .
75 76 77 78 79 80 81 75 76 77 78 79 80 81 82
Frequency (GHz) Frequency (GHz)

(a) Si; results for d=0.5 A\, spacing  (b) Sy results for d=1.5 A\, spacing

Figure 4.4: Comparison of Sy; results of patch antennas with a) d=0.5 A\, and b)
d=1.5 )\g spacing in the frequency range 75-82 GHz.

The measured beam patterns of both designs and the deembedded values are plotted
in Fig.4.5. The results are listed in Table 4.1. The calculated beamwidth of d=0.5
Mg design does not satisfy the specifications in the E-plane. Therefore, d is increased
to reduce the beamwidth but a consequence of the element spacing being greater
than 0.5\ is that grating lobes start to appear in addition to the main lobe. The
grating lobes are located at approximately 55.0° and 65.0° and their presence does
not influence the radiation of the main lobe. The antenna with 0.5\ spacing has
twice the beamwidth in the E-plane compared to antenna with 1.5 A, spacing but
it offers the advantage of no grating lobes and reduction in size.
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— Simulated H-plane
20 - — — —Simulated E-plane
—— Measured H-plane
— — —Measured E-plane
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Gain (dB)

_40 1 1 1 1 1 1 1 1 1
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Angle (degrees)
(a) Main beam with tilt of 3.5° and E-plane and H-plane beamwidth
of 17.0° and 60.0°, respectively.

—— Simulated H-plane
20 b — — —Simulated E-plane
——Measured H-plane
— — —~Measured E-plane

Gain (dB)

-80 -60 -40 -20 0 20 40 60 80
Angle (degrees)

(b) Main beam with tilt of 4.5° and E-plane and H-plane beamwidth
of 6.5° and 63.0°, respectively.

Figure 4.5: Measured beam patterns of a) d=0.5)\; and b) d=1.5)\, patch
antennas in the E-plane and H-plane after deembedding are compared to simulated
gain plots from -90° to +90°.

Simulated radiation patterns are visualized in 2D and 3D in Fig.4.7 and Fig.4.8.
The main beams in simulation tilt by 6.0° for 0.5 A\, spacing antenna and 2.0° for 1.5
Mg spacing antenna. The main beam can be centered at the expense of a widened
beamwidth. In measurements, the main lobe experiences a tilt of 3.5° and 4.5° for
d=0.5 A\g and d=1.5 Ay, respectively. The tilt arises from unequal power distribution
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and progressive phase shift between the elements displayed in Fig.4.6. The results
of all three designs are compared in Table 4.1.

dB(E Field)

116.3016
108.9225
97.5434
881843

78.7852
~ §9.4080
.| 60.0269
506478
41.2687
318896
225105
131314
37523
-5.6268
-15.0059
-24.3850

Figure 4.6: Reduction in electric field strength is seen from one element to the
next. This results in unequal power distribution between the elements leading to a
tilt in the main beam.

a) 2D Pattern b) 3D Pattern

Figure 4.7: Radiation pattern displaying main beam tilt of 6.0° and beam pattern
in a) 2D and b) 3D of patch antenna array with 0.5 A\, spacing.

a) 2D Pattern b) 3D Pattern

Figure 4.8: Radiation pattern displaying main beam tilt of 2.0° and beam pattern
in a) 2D and b) 3D of patch antenna array with 1.5 )\, spacing with grating lobes
located at approximately £+ 55.0°.
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Ho Horn Horn Patch Patch Patch Patch
Parameter (i lr;ced) (Brass) (Steel) (0.5 Xg) (0.5 Xg) (1.5 Xg) (1.5 Xg)
i (Measured) | (Measured) (Simulated) (Measured) (Simulated) (Measured)
E-plane o . . o o o o
beamwidth 63.5 60.0 64.5 12.0 17.0 6.0 7.0
H-plane o o o o o o o
beamwidth 9 8.5 9.0 64.0 60.0 62.0 64.0
Bandwidth 76-81 GHz | 76-81 GHz | 76-81 GHz | 75.43-78.50 GHz | 76.13-78.33 GHz | 74.65-81.13 GHz | 76.49-80.38 GHz
anaw (>5 GHz) | (>5 GHz) | (>5 GHz) (3.07 GHz) (2.2 GHz) (6.48 GHz) (3.89 GHz)
Gain 17 dB 17.5 dB 16 dB 15.2 dB 14.4 dB 13.9 dB 12.8 dB
Cross- -20.5 dB -25 dB -24 dB
polarization
Main beam tilt 0° 0° 0° 6.0° 4.5° 2.0° 3.5°

Table 4.1: Comparison of simulated results and results obtained from analyzing
the measurements. Horn antenna and patch (d=1.5),) completely satisfy the
specifications and patch (d=0.5 \,) partially satisfies the specifications.

4.3 System setup

The tomographic system is modelled as an octagonal quartz glass pipe with antennas
as shown in Fig.4.9. The pipe is built using eight square quartz glass slabs each of
length 10 cm and thickness 2 cm. The structure has a diameter of approximately 25
cm. The dielectric constant of quartz glass is 3.78. Simulation of the entire structure
is not feasible due to its large size, the simulation would need extensive memory
resources and several days to complete. Hence, the setup is simplified and one
scenario with a transmitting and receiving antenna is investigated in simulation and
measurements. Fig.4.10 shows the simplified setup of the tomographic system and
the simulated case exploiting symmetry planes to further reduce the computational
time.

Figure 4.9: Tomographic system consisting of quartz glass pipe, transmitter and
receiver antennas modelled in HFSS.
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Simplified Simulated with symmetry

L | I——— || ——

Figure 4.10: Simplified setup of the tomographic system considering one
transmitting antenna, a single quartz glass slab and one receiving antenna that
is investigated in simulation and measurements. This setup is simulated using
symmetry planes to further reduce simulation time.

4.3.1 Return loss measurements

Measurements were carried out with a circular glass slab (diameter = 15 cm and
thickness = 1.5 cm) placed at different distances from the transmitting antenna and
the results are plotted and compared with simulations in Fig. 4.11.

Placing the glass close to the opening of the horn antenna results in increased
reflections. As the wave travels from air in the horn antenna to glass, there is a
impedance mismatch due to change in refractive index from 1 to 1.95 causing
energy to be reflected back to the horn antenna. The wave does not transition
smoothly as it encounters the glass surface during propagation which has a higher
dielectric permittivity of 3.8 than air. Additionally, a part of the reflections is
caused due to phase error present in the different travelling rays from the
waveguide to the horn opening. The rays get reflected off the glass at different
instants as they have slightly different physical path lengths. These reflected rays
may combine constructively or destructively to give higher or lower reflections seen
in Fig.4.11. Reduced effects are observed with an increase in distance as S;; plot
of glass at 10mm distance resembles S;; plot with no glass.

The demebedded results of the patch antenna with glass placed at different distances
are plotted in Fig. 4.11. Similar to the horn antenna, presence of the glass increases
the reflections. However, compared to the curvature of the horn antenna, the phase
difference between the patch elements can be considered to be negligible and the
physical path lengths are assumed to be similar. Therefore, change in the distance
between the patch antenna and glass has little effect on the reflections.

The simulated and measured reflection coefficient are compared in Fig.4.11 with
glass placed at 0 mm distance from the horn antenna opening. The inconsistency
between the simulated and measured results can be owed to the FEM solver used
by HFSS as it does not incorporate exact optical physics to solve the models. The
surface of the aperture was not perfectly parallel to the glass surface further
contributing to the disparity.
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Figure 4.11: Effect of different distances of glass slab from antenna is seen on
measured reflection coefficient S;; for a) horn antenna and b) patch antenna. c)
Comparison of S;; of simulated and measured horn antenna with glass placed at 0
mm distance.
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4.3.2 Refraction

Snell’s law of refraction describes the relationship between angle of incidence ¢; and
angle of refraction 6, in terms of refractive indices ny,n, of the media through which
the wave travels. The wave bends towards the normal at the interface of the two
media when it enters a medium with higher refractive index (ny > n;). The wave
bends away from the normal when it exits a medium with higher refractive index to
a lower one (ng < nj).

ny sin 0; = ngysin 0, (4.1)
Incidentray Normal
Bi
Medium 1
Medium 2
o,

Refracted ray

Figure 4.12: Snells’s law is illustrated in the ray diagram describing the
relationship between angle of incidence #; and angle of refraction 6, when a ray
travels from one medium to another.

The simulated electric field distribution in E-plane and H-plane of the horn antenna
is depicted in Fig.4.13. The glass has negligible effect on the H-plane of the horn,
which is designed to have a narrow beam, as the angle of the rays incident on the
glass is relatively small and the waves have a nearly planar wavefront. However, the
E-plane beam undergoes significant refraction as 6; is much larger and the waves
possess a circular wavefront. As the beam travels from air to glass, the refraction
index changes from 1 to 1.95 thereby decreasing the propagation speed of the wave
in glass which is seen as shorter distance between the maxima inside the glass in
Fig. 4.13. As a result, the beam bends towards the normal at the boundary. The
opposite effect is seen when the beam exits the glass on the opposite side, bending
away from the normal.

The measured beam patterns of the horn and patch antenna are seen in Fig. 4.14 and
Fig.4.15. In the plane with a narrow beam for both the horn and patch, negligible
effects are seen as #; is small. The radiation pattern in the E-plane of the horn
antenna exhibits a gain variation of £+ 1-1.5 dB due to interference of the waves
leading to a change in the beamwidth by 4+ 2-3°. For zero distance between the
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(a) E-plane beam of horn antenna exhibits refraction as the beam travels from
air to glass and bends towards the normal at the interface boundary. The beam
bends away from the normal while exiting the glass.

(b) Effect of refraction on H-plane of horn antenna is negligible as 6; is small.

Figure 4.13: Simulated radiation pattern in a) E-plane and b) H-plane of horn
antenna at 0 mm distance from glass. Refraction in the E-plane occurs due to larger
0; but is limited in H-plane as 6; is relatively small.
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4. Results

glass and antenna, higher fluctuation can be seen in the radiation pattern which
reduces with greater distance. The lens effect of the glass affects the H-plane of the
patch antenna considerably. The physical path length of the rays from each patch
to the glass surface is different. Therefore, the rays are incident on the glass at
different instants. Upon travelling through the glass, the waves slow down causing
this difference to magnify, resulting in constructive interference causing multiple
peak and destructive interference leading to reduced peak gain at different angles.
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radiation pattern of horn antenna radiation pattern of horn antenna

Figure 4.14: Comparison of measured radiation patterns in a) H-plane and b)
E-plane for different distances (0 mm, 5 mm, 10 mm) of glass to horn antenna as
well as the beam pattern with no glass present. The effect of refraction on the beam
patterns due to the glass is displayed.
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Figure 4.15: Comparison of measured radiation patterns in a) E-plane and b)
H-plane for different distances (5 mm, 10 mm, 15 mm) of glass to patch antenna
and the beam pattern with no glass present. The glass acts as a lens which modifies
the radiation pattern due to different electrical path lengths of the individual rays
in the H-plane but this effect is limited in the E-plane as 6; is small.
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Conclusion

5.1 Discussion

The objective of this thesis was to design, fabricate and characterize antenna
prototypes in the frequency range 76-81 GHz for use in a tomographic radar
system. Appropriate antenna types were selected after conducting a comparative
study of different commonly used antennas at microwave frequencies. Two types,
namely the horn and patch antenna array, were chosen as the focus of this thesis
as they possess contrasting properties.

The first antenna prototype was chosen to be the H-plane sectoral horn antenna.
Initially, the approximate horn antenna dimensions were calculated at center
frequency, f.=78 GHz. To optimize the approximate design, simulations were run
in ANSYS HFSS using parametric sweeps to achieve the narrowest beamwidth.
The horn antenna was produced through the process of additive 3D metal printing
using two materials — steel and brass. Measurements were carried out to calculate
different metrics such as gain, beam pattern and reflection coefficient to
characterize the antennas. Both the manufactured antennas satisfy the system
requirements with respect to the bandwidth and beamwidth in the E-plane and
H-plane. Furthermore, the measured results agree well with the simulations.

The second antenna prototype developed is the patch antenna array with center
frequency, f.=77 GHz. The dimensions of the antenna were calculated using
approximate equations, optimized in ANSYS HFSS and the effect of variations in
the parameters due to production tolerances on the antenna properties were
identified. Two variants of the antenna with different spacing between the elements
were designed and produced using PCB fabrication. The first variant with d=0.5
g only partially satisfied the system requirements as the narrow beamwidth is
greater than the specified beamwidth of 10.0°. However, the size of the antenna
array is half of the second variant with a spacing of d=1.5), and it has the
advantage of no grating lobes that are present in the second variant. The d=0.5
Ag prototype can be utilized in applications where the size of the antenna is
critical. The results of the d=1.5 \; antenna are similar to the simulated results.

A simplified model of the tomographic radar system, for which the antennas were
designed, was simulated in HF'SS. One transmitting and one receiving antenna along
with one glass slab were considered for simplicity in the simulations as well as
measurements. Reflection and refraction based on Snell’s law were observed in the
results. Negligible effects were observed in the narrow plane of both the designed
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prototypes. Change in beamwidth of + 2-3° due to gain variation was seen in the
wide plane of the horn antenna. The patch antenna exhibits a decrease in the
beamwidth due to the constructive and destructive interference reducing the gain.

5.2 Future work

Further improvements in the antennas can be carried out by considering the
suggestions listed below as they were not included in this thesis.

5.2.1 Horn antenna

o Improving impedance mismatch by filling the horn with a dielectric whose
permittivity is closer to the material placed in front of the antenna to allow
smooth transition of the transmitted wave and therefore reduce reflections.

o Studying effects of production related material properties such as surface
roughness in simulations of the antenna.

5.2.2 Patch antenna

o Reducing grating lobes in the second patch antenna array variant by methods
such as non-uniform distance between the patch elements [57, 58].

o Bandwidth enhancement of the patch antenna arrays using metamaterials or
slots [59, 60].

o Incorporating the effects of the glass into the design of the antennas to achieved
desired characteristics.
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