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Abstract

Design and Implementation of High Gain 60 GHz Antennas for Imaging/Detection

Systems

Zouhair Brigech, Ph.D.

Concordia University.

Recently, millimeter wave (MMW) imaging detection systems are drawing
attention for their relative safety and detection of concealed objects. Such systems use safe
non-ionizing radiation and have great potential to be used in several applications such as
security scanning and medical screening. Antenna probes, which enhance system
performance and increase image resolution contrast, are primarily used in MMW imaging
sensors. The unlicensed 60 GHz band is a promising band, due to its wide bandwidth, about
7 GHz (57 - 64 GHz), and lack of cost. However, at 60 GHz the propagation loss is
relatively high, creating design challenges for operating this band in MMW screening. A
high gain, low profile, affordable, and efficient probe is essential for such applications at

60 GHz.

This thesis’s focus is on design and implementation of high gain MMW probes to
optimize the performance of detection/imaging systems. First, single-element broadside
radiation microstrip antennas and novel probes of endfire tapered slot high efficient
antennas are presented. Second, a 57-64 GHz, 1 x 16-element beam steering antenna array
with a low-cost piezoelectric transducer controlled phase shifter is presented. Then, a

mechanical scanner is designed specifically to test proposed antenna probes utilizing low-
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power 60 GHz active monostatic transceivers. The results for utilizing proposed 60 GHz
probes show success in detecting and identifying concealed weapons and explosives in

liquids or plastics.

As part of the first research theme, a 60 GHz circular patch-fed high gain dielectric
lens antenna is presented, where the prototype’s measured impedance bandwidth reaches
3 GHz and a gain of 20 dB. A low cost, 60 GHz printed Yagi antenna array was designed,
optimized, fabricated and tested. New models of the antipodal Fermi tapered slot antenna
(AFTSA) with a novel sine corrugated (SC) shape are designed, and their measured results
are validated with simulated ones. The AFTSA-SC produces a broadband and high
efficiency pattern with the capacity for high directivity for all ISM-band. Another new
contribution is a novel dual-polarized design for AFTSA-CS, using a single feed with a
pair of linearly polarized antennas aligned orthogonally in a cross-shape. Furthermore, a
novel 60 GHz single feed circularly polarized (CP) AFTSA-SC is modeled to radiate in the
right-hand circularly polarized antenna (RHCP). A RHCP axial ratio bandwidth of < 3dB
is maintained from 59 to 63 GHz. In addition, a high gain, low cost 60 GHz Multi Sin-
Corrugations AFTSA loaded with a grooved spherical lens and in the form of three
elements to operate as the beam steering antenna is presented. These probes show a return
loss reduction and sidelobes and backlobe suppression and are optimized for a 20 dB or

higher gain and radiation efficiency of ~90% at 60 GHz.

The second research theme is implementing a 1 x 16-element beam steering
antenna array with a low-cost piezoelectric transducer (PET) controlled phase shifter. A
power divider with a triangular feed which reduces discontinuity from feed lines corners is

introduced. A 1 x 16-element array is fabricated using 60 GHz AFTSA-SC antenna
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elements and showed symmetric E-plane and H-plane radiation patterns. The feed network
design is surrounded by electromagnetic band-gap (EBG) structures to reduce surface
waves and coupling between feed lines. The design of a circularly polarized 1 x 16-element

beam steering phased array with and without EBG structures also investigated.

A target detection investigation was carried out utilizing the proposed 60GHz
antennas and their detection results are compared to those of V-band standard gain horn
(SGH). System setup and signal pre-processing principle are introduced. The multi-
corrugated MCAFTSA-SC probe is evaluated with the imaging/detection system for
weapons and liquids concealed by clothing, plywood, and plastics. Results show that these
items are detectable in clear 2D image resolution. It is believed that the 60 GHz
imaging/detection system results using the developed probes show potential of detecting

threatening objects through screening of materials and public.
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Chapter 1: Introduction

1.1 Introduction

Millimeter-Wave (MMW) is a well-known technology operating in the frequency
band of 30 GHz to 300 GHz. The band belongs to the Extremely High Frequency (EHF)
class [1]. Generally, imaging technology for security applications is one of the major
applications in the millimeter wave band. Visible or infrared (IR) imaging systems are not
able to see concealed objects or through poor visibility weather. However, an advantage of
MMW is that it is able to penetrate through dust and smoke [2]-[3]. As well, the
propagation nature of MMW is considered non-ionizing radiation, so the band is potentially
useful and safe for human body scanning. For these reasons, this band offers a remarkable
opportunity to perform surveillance. Furthermore, the band’s ability to penetrate
dielectrics, such as cloth and plastic materials, has opened up the chance for detecting
concealed weapons or explosive materials under people’s clothing especially at airport and

border checkpoints.

In MMW imaging, there are two major techniques [2], [4], [7]-[24]: passive and
active systems. The first, passive MMW, receives the blackbody millimeter-wave signal;
an energy source radiated by all objects based on their temperature and composition [10] -
[12]. The second technique, active MMW, consists of a transceiver system which sends a
signal toward an object and receives the reflected signal, while measuring reflections of
the illumination sources that come from the target. The active imaging system depends on
the arrangement of the transmitter and the receiver antenna probe, which can be formed as

monostatic, bistatic, or multistatic. An example of the monostatic MMW imaging /



detection system is illustrated in Fig. 1.1 - this model is similar to the technique adopted in

this thesis.

Consequently, MMW wireless technology is considered an attractive field for the
next generation of wireless communication systems, especially the unlicensed V-band
around 60 GHz [2]. However, the attenuation loss at 60 GHz around 13dB/km caused by
absorption in the air [4] may limit the system wireless range even for short-distance
communications. Implementation of the antenna design and fabrication of a high-
performance model present significant challenges in the categories of millimeter imaging,
detection of concealed objects, and wireless communications. Important requirements of
60 GHz antenna designs are: wide impedance bandwidth, directive beam with low

sidelobes, and - to overcome high attenuation- high gain antennas are required.

MMW-Imaging system
A

__________________ Imaging Array Probes

- Transceiver

o 100 s 200 250 a0

" Dielectric Concealed objects

.- display after signal and
Lens  Antenna Probe lijnge procegssing

Human-Object

Figure 1.1 Monostatic MMW imaging / detection system

1.2 Motivation

MMW-imaging technology is highly in demand for the increasing development of
the sensitivity of the receiver system. The probe mainly includes the implementation of

antenna design. Notably, MMW has two major advantages: it is non-ionizing and able to



penetrate clothing. On the contrary, the X-Ray is considered an ionizing frequency that is
hazardous to the human body, even though this technology has been the leading technique
among imaging systems, and is still the most utilized for medical imaging applications.
However, for safe body scanning, it is not an ideal choice. Moreover, the visible or infrared
(IR) image systems are not able to see concealed objects or through poor visibility weather
conditions. Therefore, the advantages of MMW radiation are that it is potentially safe for
human body scanning, since it has a very low penetration of living tissues, and it is able to
penetrate through clothing, fire, dust and smoke.

The frequency band from 57 GHz to 64 GHz, called the Industrial, Scientific and
Medical (ISM) band, is not considered a choice for MMW imaging systems for commercial
applications because of its higher effect of atmospheric absorption. Therefore, most
applications of MMW imaging systems are operating within atmospheric transmission
windows around 35 GHz, 94GHz, 140GHz, and 220GHz, where their attenuation losses
are relatively low. The ISM—band is a free band of charge, and the technology operating in
this band is rapidly developing, ranging from a single component of the full transceiver
system, such as LNA under Monolithic Microwave Integrated Circuit (MMIC) technology,
to the full MMIC transceiver. These advances are very promising for enhancing the
system’s performance and increasing the image system sensitivity.

Several MMW antenna probes have been implemented to be integrated within
imaging systems. The on-chip patch antenna uses complementary metal-oxide—
semiconductor (CMOS) technology for remote sensing and advanced imaging, [5]. In [6],
a slot-loaded patch antenna has a 3-D array frame imaging system. However, these patch

antennas lack a directive beam, which is essential for imaging and detection applications.



A wideband three-dimensional (3-D) imaging system for the detection of concealed
weapons and contraband formed from data over a 2-D aperture was implemented at the
Pacific Northwest National Laboratory, in Richland, WA, [7]; the scanner uses a linear
sequentially switched array. Moreover, an active 2D multistatic array design using a
beamforming scanning technique, developed by Rohde and Schwarz, was employed for
human body scanning, as shown in [8], [41], and [42]. It uses balanced-fed patch-excited
horn antenna integrated to interface directly with differential MMICs of the system [43],
[44]. A dielectric rod antenna array fed by WR-28 metal waveguides was presented by [45]
for the 3D holographic imaging system. A reconfigurable reflectarray antenna that has
25600 reflecting elements with electronically controllable phase shifters was designed for
the MMW imaging system [46]. A linear one-dimensional imaging array that uses quasi-
mono-static reflection mode as a synthetic aperture radar technique was presented by [19].

It also uses a taper slot antenna array as transition to waveguides.

Despite the adequate performance of these antenna sensors, the majority are
classified as heavy weight, large, or lacking a directive beam which considers the general
realization of a MMW imaging system. In this viewpoint, the following characteristics:
low profile, compact size, easy to fabricate, easy to integrate with the system, low cost, and
efficient antenna probe are considered essential design principles for MMW imaging and
detection systems. Furthermore, the antenna element is considered as an eye of the system
- in most imaging systems the implementation relies on the active components and signal
or imaging processing, but is lacking the study and the understanding of the antenna sensor
design in terms of the sensing spot for each element in an array system. Therefore, the

motivation of this thesis is to carefully study and design antennas characterized for imaging



system applications, with regard to: antenna mainbeam to increase sensing of the target

and surpassing the sidelobe levels and backlobe to eliminate the sensing out of the target

spot, and wide bandwidth design. All of these features are essential for reducing the signal

to noise level and enhancing the system’s image resolution with state of the art antenna

probes.

1.3 Thesis Objectives

The objectives of this thesis are divided into three main aspects as follows:

I.

I1.

I11.

The primary objective is improving the performance of an antenna elements at
60GHz desired for MMW imaging/detection applications including (a) in-depth
implementation optimization, fabrication and testing of several antenna probes and

(b) study their geometrical shapes in order to optimize sensing performance.

Investigating a 1 x l6-element beam steering antenna array with a low-cost
piezoelectric transducer (PET) controlled phase shifter which provide significant
enhancements of system performance for imaging detection. This includes an
alternative power divider as a Y-junction which has a wide impedance bandwidth
and low insertion loss compared with conventional T-junction type. Furthermore,
investigating the feed network design surrounded by electromagnetic band-gap
(EBQG) structures in order to reduce the surface wave and mutual coupling between

the antenna array elements.

As a proof of concept, the chosen fabricated designs of antipodal Fermi tapered slot
antenna probes will be used as scanning sensor in an imaging/ detection system at a

band of 57-64 GHz. Several experiments will be conducted in order to test and



evaluating the performance of different selected probes in different scenarios to
detect and identify concealed conventional weapons, such as handguns - whether
plastic or metal, ceramic knives, and explosives in liquid form or plastics with

similar properties.

1.4 Thesis Outline

The thesis presents new multiple antenna probes, fabrication and testing, wideband
phased antenna array using PET, and experiments to evaluate probes in imaging/detection
of hidden weapons and other threatening items. The organization of this thesis is as

follows:

Chapter 2 presents a literature review and an introduction to the millimeter-wave
band and to imaging system technology. First, there is a clarification of the concepts to
operate an imaging system with a discussion of the reasons to choose 60 GHz. Then, the
background of phased antenna array is introduced, as well as methods of beam shaping,
and the piezoelectric transducer-controlled phase shifter on microstrip lines. Then we
present a literature review for millimeter wave antenna probes. Also, a literature review of
active and passive millimeter-wave imaging systems is presented. Finally, we give

background information and methodology for the imaging/detection system performance.

Chapter 3 discusses the theoretical background and associated methodology of the
presented probes. This includes design procedure, equations, and guideline techniques used
in modeling antenna probes. These techniques include antipodal Fermi tapered slot
antennas and dielectric lens antenna configurations. Also, EM numerical modeling

techniques used in the simulation software for designing antennas will be discussed.



Chapter 4 presents the implemented 60 GHz antenna probe results, which are
discussed in detail. First, we will discuss the results of a 60 GHz circular patch-fed high
gain dielectric lens antenna, and the importance of adding a lens to the antenna, and the
experimental results. Then, measured results for a novel antenna structure with low-cost
60 GHz printed Yagi antenna array which has been fabricated will be presented. Several
new models of the antipodal Fermi tapered slot antenna AFTSA with a novel sine
corrugated (SC) shape are designed, and the measured results are validated with simulated
results. Also, a novel dual-polarized design of AFTSA-CS, using a single feed with a pair
of linearly polarized antennas aligned orthogonal to each other as a cross shape, is
presented. Furthermore, a novel 60 GHz single feed circularly polarized (CP) AFTSA-SC
is modeled to radiate in RHCP wave as well in LHCP wave. Finally, a 60 GHz Multi Sin-

Corrugations AFTSA loaded with a grooved spherical lens is presented.

Chapter 5 presents the analytical results of 57-64 GHz, 1 X 16-element beam
steering antenna arrays with PET-controlled phase shifter. First, the principle of Y-junction
unequal power is presented. Second, the 1 x 16-element beam steering phased array
designed with a 60 GHz AFTSA-SC is presented with EBG. Third, the design of a
circularly polarized 1 x 16-element beam steering phased array without and with EBG
structures, is further investigated. Finally, a wide-Scan AFTSC-MSC array fed with
grooved spherical lens antenna as form of three elements to operate as the beam steering

antenna is presented.

Chapter 6 introduces the experimental results of the imaging detection of a target,

comparing a V-band standard gain horn (SGH) with the proposed 60 GHz antenna probes.



The chapter then presents imaging/detection results for concealed weapons and liquids

behind clothing, plywood, and plastics using the MC-AFTSA probe.

Chapter 7 summarizes the research accomplishments as well as thesis
contributions, and presents conclusions, recommendations, and suggestions for further

research.



Chapter 2: Literature Review
2.1 Introduction
In this chapter, the millimeter-wave band, the concepts of the MMW antenna
design, and phased antenna array techniques for the mm-wave imaging system are
presented. Furthermore, descriptions of active and passive MMW system principles will
be discussed. As well, there will be an overview of the main tools and methods to consider
when designing an imaging system, with most necessary formulas that explain the design

procedure.

2.1.1 Millimeter-Wave Band

Millimeter-Wave (MMW) is classified as technology operating in the frequency
band of 30 GHz to 300 GHz, which corresponds to wavelengths of 10-mm to 1-mm. The
band belongs to the Extremely High Frequency (EHF) class [1]. The IEEE classifications
of MMW frequency bands are shown in Table 2.1.

Millimeter-wave has a wide band portion of the electromagnetic spectrum,
therefore this band is able to transfer high density data through wireless communication
systems [47]. Meanwhile, MMW signals cannot propagate over great distances and have
weak penetration through solid material - these characteristics are not considered
disadvantageous, and, notably, MMW is very efficient at increasing the security of
communication transmissions [48], [49].

Nowadays, MMW technology is presented beside the antenna design extensively,
in many fields of research. These research fields include: wireless communication systems,
imaging technology, medical and security scanners, directed energy weapons, high

resolution radar sensors, radar mining applications, and radiometer astronomy.



Table 2.1: Millimeter-Wave Band Classifications [1]

Specific Frequency
Ranges For Radar Nominal Frequency Range Band Designation
Based on ITU (GHz)
Assignments (GHz)
33.4to 36 27 to 40 Ka
59 to 64 40 to 75 Vv
76 to 81
75t0 110 \\Y
92 to 100
126 to 142
144 to 149
231 to 235 110 to 300 Mm
238 to 248

2.1.2 What and Why 60 GHz?

The 60 GHz technology has been well known since 2001, when the Federal
Communications Commission (FCC) set the new unlicensed band range at 57 to 64 GHz.
Note that for many years mm-wave technology has mainly been deployed for military
applications. A free of charge, 7 (GHz) band has opened the chance and challenge for all
fields of research to utilize 60 GHz in ISM-band, which stands for “Industrial, Scientific
and Medical” band. Other countries are assigned their own 60 GHz unlicensed bands and

this is illustrated in Fig. 2.1.

2.1.2.1 Atmospheric Losses

The main source of transmission loss is free-space loss; additionally, there are the
atmospheric loss factors that affect millimeter wave propagation [34]. At 60 GHz, there are
high levels of atmospheric loss that occur when millimeter waves travelling through the

atmosphere are absorbed by molecules of oxygen, water vapor, and other gases. Therefore,
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at a certain frequency the wavelength matches the resonant frequencies of the gas
molecules where it absorbs the radiation energy and increase the path loss in that frequency,

as shown in Fig. 2.2

Australia
1 1 | |

Europe
China

Japan

Korea

Unlicensed Band Range

USA/CANADA i
SN
54 55 56 57 58 59 60 61 62 63 64 65 66 67 68
Frequency (GHZ)

I I 1 1 1
| | | | |
1 1 | | |
1 1 | | |
| | | | |
1 1 | | |
1 1 | | |
| | | | |
1 1 | | |
1 1 | | |
| | | | |
1 1 | | |
1 1 | | |
| | | | |
1 1 | | |
1 1 | | |
| | | | |
1 1 | | |
1 1 | | |
| | | | |
1 1 | | |
1 1 | I |
| | | | |
1 1 | | |
1 1 | | |
| | | I |
1 1 | 1 |
1 1 | 1 |
| | | 1 |
1 1 | | |
L1 ||
| | | |

Figure 2.1 Worldwide unlicensed band allocations for 60 GHz.

There is a 13dB/Km to 15dB/km atmospheric loss at 60 GHz, which includes
oxygen, normal water vapor, other gaseous atmospheric constituents and average rain. In
a long distance communication situation, 60 GHz is an unreliable frequency. On the other
hand, it is considered a secure frequency and is able to reuse the same band in the same
short-range communication area. The effect of the atmospheric loss is considered an
advantage in 60 GHz. In the MMW range there is a low atmospheric loss in relatively

transparent windows centered at 35, 94, 140 and 220 GHz.
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Figure 2.2 Atmospheric Propagation Loss [34].

2.2 Millimeter-Wave Antenna Probes

In general, there are many kinds of MMW antennas: in fact, most types of antennas
could be utilized at MMW, but with high frequencies shrinking the scaling dimension these
antennas could present a challenge for design optimization, efficiency, metallic loss,
fabrication and cost. In forgotten research, in 1895 at Residency College, in Calcutta, India,
Jagadish Chandra Bose was the first pioneer to demonstrate MMW transmission and to
receive a signal at 60 GHz, over 23 meters of distance to ring a bell [52]. Recently, several
antennas of different types have been investigated for MMW applications, such as for
microwave imaging detection systems and for wireless communication systems [7], [53]-
[67]. As in many applications, antennas that are low profile, low cost, high performance,
easy to fabricate, and weigh less, are preferable commercially to traditional designs, such
as conventional horn antennas and metallic waveguides. The waveguide antennas are
known to provide higher performance and lower losses [53], [55], but they are not suitable
for low profile and their approach is to make it compact. There are also other approaches
which have been explored to reduce costs, such as metalized plastics [56]. Recently, certain
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antennas are recognized for having a high performance and low profile, such as, Yagi-Uda
based antennas [57], stacked antennas [58], hybrid antennas [59], tapered Slot Antennas
[60], DRA-based antennas [61], Bow-tie antennas [62], lens antennas [54], [J1], [C10] and
dielectric rod end-fired antennas [63]. Fig. 2.3 shows some photographs of these antennas.
The antennas with an endfire characteristic are preferable for millimeter wave imaging
scanning to the broadside ones, since they have high gain performance and high sensibility
to detect the target. Therefore, for designing a MMW imaging scanning, tapered slot
antennas are considered the optimum choice, as they have endfire radiation characteristics,

including low profile, high efficiency, easy to fabricate, high gain and low cost [60].

(a) The top; Antenna units made
of Teflon, the bottom; Module of
antenna array [13].

(b) The top; circular patch-based Yagi
antenna, the bottom; the 4x4 stacked
Yagi antenna array [58].

(d) TSA antenna in compact receiver
(c) Triple Hybrid microstrip PMMW imaging system [60].
antenna sensor [59].

Figure 2.3 Photograph of varied types of MMW antenna probes.
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In MMW the wavelength that makes the antennas applicable to be on chips to
employ in mobile compact devices is very short. The three most common technologies are:
low temperature co-fired ceramic (LTCC), liquid crystal polymer (LCP), and silicon.
LTCC and LCP are usually used in the printed planar MMW antennas with a command
substrate and transceiver [49]. Other advantages of the printed planar antenna are that it is
compact, and high-gain multilayer parasitic microstrip array antennas (MPMAA) operate
in the 60 GHz band. The antenna consists of three layers with a 2 X 2 parasitic array on
each layer [64]. The wideband dipole antenna, when dealing with MMW familiar printed
antenna, is the Bowtie [65]. For multi-frequency image scanning at 90GHz it is suitable to
utilize the Bowtie antenna with Teflon substrate.

Since MMW antennas are physically very small, they have more ability to build
On-Chip or packaging techniques. With On-Chip antennas, as presented in [66], there are
a number of approaches to minimize dielectric and metal losses, as well as to improve the
common substrate for on-chip antenna integration, such as Silicon. For instance, [67], a
Double-Dipole Antenna with parasitic elements for 122 GHz System in-Package Radar
Sensors utilizes On-chip antenna. Parasitic patches suppress the radiation parallel to the

substrate surface and thus eliminate surface waves and reduce the return loss.

2.3 Phased Antenna Array

The conventional beam scanning technique involves mechanically rotating a single
antenna or an array with fixed phase to the element. The most current technique involves
electronically scanning antennas which are known as phased array antennas. This is done

by a sweep in the direction of the main beam and electronically varying the phase of the
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radiating elements, that is producing a moving antenna element radiation pattern without
moving any antenna elements. Millimeter wave propagation characteristics are required
for steering of the beam to increase the insight of the antenna, while enhancing system
sensitivity. Furthermore, phased array antennas are known for their capability to steer the
beam pattern electronically with high effectiveness, managing to get minimum side-lobe
levels [35], [36]. The phased array antenna consists of a power distribution network,

antenna elements, and phase shifters, as illustrated in Fig. 2.4.

Antenna
Elements

Phase shifter

AN, ¢n
— -
I Power
X
y | Distribution
_______ | Network

Figure 2.4 Linear phased antenna array.

In the Fig. 2.4, a linear array in a one-dimensional structure consists of 1 X N
antenna elements. It is assumed that the output ports of the power distribution network
connected to the phase shifters and then connected to the antenna elements, as illustrated
in the figure. The output signal at each phase shifter is with a phase taper, ¢, and an
amplitude coefficient, 4,. The combination of the transmitted or received signal at the
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antenna elements is in phase to achieve maximum beam response at the scanned direction,
6,. The phase scanning in single dimension, with a linear phase taper, and the phase
difference between adjacent radiators is constant, thus the phase of each shifter element,
¢n, is expressed as [36]

¢, = —nkd, sin b, (2.1)

where d. is the spacing between the elements, £ is the free space wave number (27/Ao), Ao
is wavelength, and # is indicated to n” element of the array. The required amount of the
delay time Az, provides a true time delay of the beam scanning, and is given by [36]

—2nnd, sin 8, (2.2)
Ao

AT, =

The calculation of the far field pattern of an array (E44y) is equivalent to the far

field of a single element (E5) multiplied by the spatial array factor, E,, and is given as
EArray = Es E, (2.3)

The spatial factor depends on the amplitude coefficient of each element and angular

position 8,. In the case of the linear array structured in xz-plane, it is expressed as

N (2.4)
E,(6) = z A, @jnkdx(sin 6 — sin 6))
n

Also, the spatial factor is simplified when the array in uniform excitation is given by

sin [Nn% (sinf — sin )
0

E,(6) = d
N sin [nl—;‘ (sinf — sin )] (2.5)
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For a uniform excitation linear array, the half power beamwidth (HPBW) for large N is

given as [36]

p _0.88584, (2.6)
HPBW ™ Nd, cos 6,

where N is the total number of the antenna elements. The HPBW is inversely proportional
to, NV, dx, 6y, and to the operated frequency; generally, as the frequency increases the HPBW

become narrower.

The grating lobes (GL) in the array factor occur when spacing between the elements
exceeds a critical dimension, which leads to reducing the power in the main lobe, and

accordingly reduces the gain of the antenna array [36]. The grating lobes are defined by

&_ n 2.7)
lo  sinf, — sin 041

Therefore, when the spacing dx = 0.5 Ao, a grating lobe is at -90° for a beam scanned to
+90°. In the case of the main beam at broadside and dx = Ao, the grating lobes appear at
+90°. Accordingly, for wide angle scanning range, half-wavelength or a slightly larger

spacing between the antenna elements is chosen.
2.3.1 Methods of Beam Shaping

The design of an antenna array to obtain a desired beam shape can be achieved with
a conventional method using a power distribution synthesis method. Such a method is
based on the array size and its single elements. The size of an array controls both the beam
shape and the directivity. A large size array is expensive, and a smaller size is preferable.
On the other hand, a large size offers more degree of design parameters and may improve
the array performance. The tolerance in the array design, sidelobe levels and efficiency can

be controlled using different synthesis methods. Several pattern synthesis methods maybe
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employed to obtain a specific beam shape and they depend on the antenna element type
[35], and leads to form a desired radiation characteristic in terms of the main beam shape,

pattern nulls, and sidelobe level. A typical low sidelobe level is defined as < -30dB leading

to increase spectrum congestion as in satellite transmissions, which also reduces radar
clutter, jammer vulnerability, and communications and radar intercept probability. There
are well known methods that have the advantage of suppressing side lobe levels, such as,
Dolph-Chebyshev distribution, Hamming distribution, Taylor one-parameter distribution,
Taylor N-bar distribution, and Villeneuve n distribution. Chebyshev distributions are
similar to Taylor distributions. However, using Chebyshev distribution one can obtain the
narrowest possible mainlobe at a specified sidelobe level. On the other hand, when a Taylor
distribution is used, it is able to make tradeoffs between the sidelobe level and the mainlobe
width. In addition, a Taylor distribution avoids edge discontinuities, which leads to
sidelobes decrease monotonically in the Taylor distribution. Therefore, Taylor
distributions are ordinarily utilized in radar applications, for example, weighting feeding
network of the antenna array design [50] and for synthetic aperture radar images. In order
to achieve a lower sidelobe level and the highest directivity, the Taylor N-bar distribution

is very often chosen [37].
2.3.2 Piezoelectric Transducer-Controlled Phase Shifter on MSL

The electronics beam steering and beamforming techniques are derived from a
phase shifter forming a phased- array antenna system. The number of phase shifter in PAA
structure in most designs is proportional to the number of antenna elements, or even more.
This fact makes the system loss and the power efficiency of PAA difficult and challenging

to enhance. There many types of phase shifters that have been published, such as the
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ferroelectric [38], waveguide semiconductor [39] and monolithic microwave integrated
circuit (MMIC) [40] which typically are lossy and narrow-band of phase shifting. As well
as their design complexity, a large number of phase —shifters can cost about 50% of a
system’s total expenditure. Low-complexity and low-cost important aspects in system
design. On the other hand, there are several new trending technologies with high efficiency
performance in the MMW regime such as the MMIC; however, the cost and prototyping

difficulty is still uncompensated [41], [42].

Figure 2.5 Schematic of the phase shifter is controlled by a PET on microstrip lines.

A low cost PAA system used as a true time delay device was developed by T. Y.
Yun and K. Chang [43] - [49], and achieved with the idea of the Piezoelectric Transducer
(PET) controlled delay microstrip line (MSL) to steer the beam in the PAA system. This
method is considered low cost to employ in millimeter wave PAA applications as seen in
[50]. In this technique, a layer of dielectric material is placed above a microstrip line
separated by a small air gap. The piezoelectric transducer is attached to the dielectric
material, and a DC voltage drives the PET as shown in Fig. 2.5. The PET is a piezoelectric
ceramic actuated by applying a DC-voltage [51], and the movements of perturber can be
controlled electronically or manually. Accordingly, depending upon the polarity of the DC
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bias voltage, the transducer moves up or down varying the air gap between the perturber
and the microstrip line. Any changes in the air gap that vary the value of the effective
dielectric constant, consequently, change the wave propagation constant that causes a phase

shift to generate a true-time delay at microstrip line.

Fig. 2.6 illustrates the multilayer structure of the PET controlled phase shifter for
one microstrip line. The substrate of the grounded microstrip line has a thickness 4; and
dielectric constant €,;. A perturber with the certain length L, the dielectric constant &3 and
thickness 43, is utilized to perturb the electromagnetic wave field of the microstrip line.
The PET controls the variation of the air gap between the perturber and the substrate (/2),
this variation changes the effective dielectric constant (e.4 ). The phase shift difference A¢
caused by perturbation is defined as [44]

A =L, X AB (2.8)
where the length of the microstrip line under perturbation is L, and the difference between

the perturbed and unperturbed propagation constant is A which can be expressed as [44]

2r o~ [ o~ (2.9)
Aﬁ:TO( Seff(f)_ geff(f)

where &, Ff (f) is the effective dielectric constant without perturbation when &= 1, and

&2 # 1 when the effective dielectric constant is perturbed, then it is €,¢-(f), f is the
frequency, and Ay is the wavelength in free space. Accordingly, the delay time Af caused

by the perturbation is defined as

Ad (2.10)

At =
360 - f
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Figure 2.6 The multilayer structure of the PET controlled phase shifter for one
microstrip line.

2.4 Millimetre Wave Imaging Detection

The MMW-imaging system is a highly in-demand technology for homeland security
applications. Accordingly, MMW has two major advantages: it is non-ionizing and able to
penetrate clothing [2], [4], [7], [8], [9] - [24]. On the contrary, high quality X-Ray images
have been widely used in luggage and goods scanning at border and airport checkpoints.
However, the X-Ray’s ionizing frequency is hazardous to the human body. Moreover, for
contrast, the visible or infrared (IR) image systems are not able to see concealed objects or
through poor visibility weather conditions. The advantage with MMW radiation is that it
is safe for human body scanning, and able to penetrate through fog, smoke, heavy dust, or
nonmetal obstacles [9]. Consequently, natural applications of MMW imaging systems
include surveillance, security, ideally suited for detecting concealed weapons or explosives
[10]. Medical and biometrics imaging is also starting to be a field for investigation [11].
As well, low visibility navigation is another application for MMW imaging [12]. Table 2.2
shows the electrical properties of the human body’s tissue parameters at 60 GHz [13]. The

MMW band has high penetration for clothing and some other materials.
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Table 2.2 Human Body’s Tissue Parameters at 60 GHz [13]

Tissue Relative permittivity (&,.) Loss tangent (tan §)
Skin (Dry) 7.98 1.37
Skin (Wet) 10.2 1.16
Muscle 12.9 1.23
Fat 3.13 0.27
- &

Active MMW imaging system [15]

Passive MMW imaging

system [16]

Figure 2.7 Photographs of various types of MMW systems.

MMW imaging scanning of passengers at checkpoints seems to be mandatory at
airports in most developed countries worldwide. Several MMW imaging systems are
deployed globally to enhance airport security, for example, the ProVision 2 active MMW
system in [15] eliminates privacy concerns as an image-free solution, automatically able to
detect concealed objects made of both metallic and non-metallic materials. As a further
example, Brijot’s GEN 2 is a passive MMW imaging system [16] operating as a real-time

scanner that images with an integrated full-motion video camera. The photographs of these

MMW imaging systems are shown in Fig. 2.7.

MMW imaging detection can be an active or passive system. An active MMW

imager mode is considered a transceiver system, since the transmitter source illuminates
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the target and the receiver scans the scattered wave that reflects off the target. A passive
mode considered as a receiver system scans the energy that is naturally emitted by the
target, where the receiver senses the blackbody radiation as a form of temperature

differences.

2.4.1 Active Millimeter-Wave Imaging Systems

In [7], an active MMW imaging system has been developed to detect concealed
weapons and contraband at airports and other secure locations, using a holographic linear
array of sequentially switched transmitter receivers scanned over an aperture to actively
illuminate objects. In [17], the authors describe a 60-GHz active imaging radar, which uses
a Yagi-Uda antenna array. This 60-GHz imaging system incorporates multilayered
feedforward neural-network signal processing under coherent illumination in order to
reconstruct images. A 60 to 66 GHz active three dimensional MMW imaging sparse array
configuration for personnel security screening, is introduced in [18]. A 72 to 80 GHz active
MMW imaging system with a planar multistatic array design using a beamforming
scanning technique, is illustrated in [8]. The array is developed due to its exceptional
reduction in the number of RF modules while maintaining high image quality. A linear
one-dimensional 30 GHz imaging array uses quasi-mono-static reflection mode as a
synthetic aperture radar technique, as presented in [19], which is based on PIN diode-
loaded switchable resonant slot antennas in linear array form.

The active system depends on illumination of the target by transmitting the source

and then receiving the scattered signal. This process could be formed as monostatic,
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bistatic, and multistatic, which stands on the mechanism of the transmitter and the receiver

antenna configurations.

2.4.1.1 Monostatic Imaging System

A system configured to receive and transmit the microwave signals from a single
antenna indicated to be a monastic imaging system is shown in Fig. 2.8. This system
consists of a transceiver, antenna, dielectric lens, analog to digital converter, and data
acquisition to process and display the image. The transceivers transmit a signal passing
through the lens to focus the waves and narrow the beam, then strike the target. The
scattered signal reflected back also passes through the lens and the transceiver antenna
receives the signal at the focal point. This signal is down-converted to intermediate
frequency and passes through an analog to digital converter, then data acquisition

processing takes place to filter the desired data into an image.

Focal Point
Dielectric
Reflected Lens
Signals MMW PC, Image

> \ Antenna Processor displayer
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“‘/ A/D
—> MMW N .
Transceiver converter |

Transceiver / —i

signals \

Figure 2.8 Active monostatic type Millimeter-Wave imaging system.

2.4.1.2 Bistatic Imaging System

A system is configured of two antennas, one that transmits a microwave signal,
while the other antenna receives the signal - this form is a bistatic imaging system, shown

in Fig. 2.9. The transmitter antenna illuminates the target, then the scattered signal passes
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through the lens to magnify and narrow the beam, then at the focal point the antenna
receives the signal. The signal is down-converted to intermediate frequency and then passes
to a data acquisition after it is converted to digital form. This data is filtered and processed

to form an image.
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Figure 2.9 Active bistatic type Millimeter-Wave imaging system.
2.4.2 Millimeter-Wave Imaging Systems

In [12], PMMW array with optical up conversion are implemented to be an
effective aid for guidance at landings and takeoffs under fog and low visibility conditions.
Also in [20], PMMW image is implemented to be considered for tactical aircraft air force,
army, navy, and aerospace research. The applications for remote sensing have a vast
implementation and use of PMMW imaging [21]. A Compact receiver module for passive
millimeter-wave imaging presented in [60], the MMIC receiver module is compacted with
an antipodal linearly tapered slot antenna to achieve high efficiency performance.
Furthermore, as in [22], complementary metal oxide semiconductor (CMOS) technology
based on both simple detector and pre-amplified detector is implemented to employ in

PMMW systems. The substrate integrated waveguide (SIW) technology as a platform
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developed for the PMMW imaging system is reported in [23]. PMMW with Dual-
Polarization, in [24], presents a polarization diversity of MMW radiation used for enhanced
discrimination of targets and surfaces. In [11], a potential use of PMMW techniques in
microscopy, where scanning near-field microscopy enables direct observation of Ka-band

signals thermally emitted from the object, is presented.
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Figure 2.10 Passive Millimeter-Wave imaging system.
The Passive MMW imaging system is a receiver system, as shown in Fig. 2.10, which
is receiving the millimeter-wave illuminations signals that radiate from any object at a
temperature higher than 0 K. The radiation from the object is classified as blackbody
radiation, which is an energy source that is radiated by all objects based on their

temperature and composition [2], [4].

2.4.3 Imaging System performance

This section introduces the imaging scanning principle and it is equation drive a
monostatic synthetic aperture radar (SAR) as transceiver system without and with lens

structure.
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2.4.3.1 Spatial Resolution

Spatial resolution means the point pixel size of the image object, expressed as pixels
per line, dots per inch (dpi), or lines per millimeter (Ip/mm), etc. The resolution of the
antenna detects a picture which depends on the main beam of the antenna, a narrower beam
that guides to the largest antenna. The spatial resolution of an imaging system is also known

as a field of view (FOV), and is controlled by the angle 8, as shown in Fig. 2.11.

Line of
sight

. S B
Azimuth and ain Seam

Elevation Scan

anb

Azimuth FOV

Dish Antenna

Figure 2.11 Imaging system scanning principle.
The pixel that defines the resolution of the image is a the angle, a. Then the scene
spot is given by

2 @2.11)
“=D

where; A is the wavelength of the incident radiation, and D: the diameter of the antenna.
The scan point steps are related to the image processing scan [167], while the antenna is

moving along the azimuth and the elevation plane.
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The half power beamwidth (a345) is a constant value for each N picture point across
the horizontal FOV= 6.

6, (2.12)

A3dp = N
The Eq. (2. 13) can verify the total number of picture points across the horizontal FOV.

_ Dé, (2.13)
N=7

While, in the case of using a dielectric lens in front of the antenna, the refractive
index of the lens medium is taken into account.

D6 2.14
n =220 (2.14)

Where; n : Refractive index of the dielectric lens.

The antenna diameter times the step angle (D68y) is known as the Lagrange

invariant and it is a constant parameter throughout an imaging system process.

2.4.3.2 Lens Scanning

Consider a dielectric lens of diameter D and focal length f,, and an object at a
distance R; from the lens. The side view is detailed in Fig. 2.12. The spot size (A) of the
beam at a distance ( Ry ) is;

A=R;.« (2.15)

Substitute the value of a34p

2 2.1
A=Ry> (2.16)

The angular shift of the beam 8y with the vertical shift of the lens by a distance y,

from the center is expressed as:

2.17
0y = arctan <&> ( )

fo
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The shift in beam reflected on the partial field of view y, along the vertical
dimension of the target at distance R, is

yo =22 r, (2.18)
p

Any shift in (y,) of the lens from the center of the focal antenna, therefore, causes

a shift (y,) of the beam spot from the field of view on the object target.

Antenna

1
1
1
' Dielectric Lens

Focal Plane

Figure 2.12 Principle diagram of lens scanning for imaging system.

2.4.3.3 Real-time Scanning Operation

In the case of the array receiver’s imaging detector, each receiver has an integration
time. The performance of the image receiver is measured by integration times during the
scanning process and speed in displaying the scene. The integration time (7) calculated
during the required time (t) of the full image per total number of picture points in the one
image frame (m) multiplied by the number of receiver image detectors (n,) is given by

t
=y (2.19)
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2.5 Summary

In this chapter, the concepts of the millimeter wave band and the possibility to
utilize 60 GHz in MMW applications were introduced. In addition, the designing principle
of the phased antenna array and the designing procedure in utilizing the piezoelectric
transducer-controlled phase shifter on microstrip line were introduced. Also, a survey
explaining different millimeter-wave antennas utilized as probes for imaging applications
was presented. Finally, there was a literature review of various MMW imaging detection
applications, as well as different imaging detection types. The literature review also

included the methodology and theoretical background required for designing the system.
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Chapter 3: Theoretical Background
and Analysis

3.1 Introduction

This chapter presents the theoretical background and methodology required for
designing the high performance MMW antenna needed for imaging/detection systems.
Section 3.2 describes the analysis of electromagnetic waves in antenna radiated fields, and
introduces an overview and definition of basic antenna parameters. In Section 3.3, we will
try to introduce a methodology behind antenna design prospect needed for a MMW
imaging/detection system. Section 3.4 introduces the spherical dielectric lens antenna and
design equations. In Section, 3.5 we will start to introduce a literature review of the tapered
slot antenna showing its advantages and disadvantages, and we will introduce the antipodal
tapered slot (AFTSA) antenna’s design formula, as well as the sin-corrugation design’s
empirical equations. Section 3.6 introduces antenna array design requirements and the
inquiry to consider for the 60 GHz imaging/detection system. Finally, there is an overview
of numerical techniques used by simulation software tools used in antenna design and

analyzed in this thesis.

3.2 Theoretical background and antenna parameters

The solutions for electromagnetic fields and waves are keys to solve for the
radiation characteristics of antennas as well as for microwave devices and components such
as feed networks, phase shifters, filters, and transitions. Such solutions are based on
Maxwell’s equations, either in time or frequency domain, subject to proper boundary

conditions [68], [98]. Maxwell’s equations can be described in two forms, and differential
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and integral form as in Eq. (3.1), Eq. (3.2), Eq. (3.3), and Eq. (3.4). Details of Maxwell's

equations and appropriate boundary conditions are discussed in details in [68].

Differential form > Integral form
V-D =p, © #5-d§=Qenc 3.1)
V-B=0 - #E’-cﬁ:o (3.2)
VxE =—jowuH “— fﬁ-di:—jwﬂﬁ-ds (3.3)
fﬁ-di:jwﬂz‘)’-dﬂﬂaﬁ-ds
VxH=jwsE+0E+] (3.4)
+f J-ds

Eq. (3.1) is Gauss' Law for electric fields, where D presents the electrical flux
density, p,, is the volume charge density, and Q. is the total enclosed charge. Eq. (3.2) is
Gauss' Law for magnetic fields, where B is the magnetic flux density. Eq. (3.3) is Faraday’s
Law, and Eq. (3.4) is Ampere's Law, where E is the electrical field intensity, H is the
magnetic field intensity, o is the conductivity, and f is the source’s current density.

Maxwell’s equations are applied under the proper boundary conditions to obtain a

necessary solution. These boundary conditions to evaluate each point along the boundary

between the two media are summarized as follows [68]:

Ax (H, —H,) =], (3.5)
(E, — E\) x At = M, (3.6)
i+ (D, — Dy) = py (3.7)
fi-(B,—By) =0 (3.8)
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where H 2 ﬁl is the magnetic field intensity at the medium 1 and medium 2, respectively;
fs is the electrical surface current; Eland Ez are the electrical field intensity at medium 1
and medium 2, respectively; ﬁs is the magnetic surface current; 51 and 52 present the
electrical flux density at medium 1 and medium 2, respectively; ps is the electrical charge
density; §1 and §2 are the magnetic flux density and 7 is the unit vector normal to the
boundary between the two media, from medium 1 to medium 2, as illustrated in Fig. 3.1.

The boundary condition equations are applied at each point between the two media

along the boundary.

S

i
Medium 2 Ewﬂ/o Medium 2

(a) General Case (b) Perfect Electric Conductor (PET) Case

Figure 3.1 The two media boundary conditions.

The parameters that describe the performance of an antenna, whether on the transmitting
or receiving mode, are summarized as follow [68]:
- Radiation Pattern
The radiation pattern describes a graphical representation of the antenna’s radiation
properties, and can be obtained mathematically as a function of space coordinates.

Depending on the antenna design, the radiation pattern can be classified as an
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isotropic radiator (equal radiation in all directions), directional radiator, broadside
radiator, and/or omnidirectional radiator (often described as "doughnut shaped").
Field Regions

Generally, there are three field regions as boundaries surrounding the antenna. First,

reactive-near-field regions are bounded in the distance as R < 0.62\/D3_//1 from
the antenna surface, where D is the largest antenna dimension, and A is the
wavelength. The second region, the near-field region, is that portion of an antenna
field between the reactive-near-field regions and far field region as in
0.62,/D3/1 < R < 2D?/1, and it is also called the Fresnel region. Third, the far-
field region is the antenna field at R = 2D?/A.

Antenna Efficiency

Antenna efficiency is the measure to evaluate antenna performance in radiated

power ( P, ) respecting to the input power ( Pi») as in

P
etotal = P— (3.9)
€total = €c€dCref (3.10)
etotal = eceq(1—|T[?) (3.11)

where e;y:q; represents total antenna efficiency, and e, is the conduction
efficiency, e; dielectric efficiency, e,.r mismatch efficiency, and I' reflection
coefficient.

Directivity and Gain

The Directivity D defines the ratio the maximum radiation intensity (U (6, ¢)) to

the average radiation intensity (Ug,.) given by

34



ue.p) UG
Uave B 1
=11 U8, p)da

D@0, ¢) = (3.12)

The gain of an antenna is directivity by a factor of total antenna efficiency as in

G(6,¢) = erorar D(6, ¢) (3.13)

Sidelobe
The far-field radiation patterns of an antenna consists of mainlobe and sidelobes.
The sidelobe level describe the power dissipated by the antenna beside the
mainlobe. The sidelobe at 180° from the mainlobe is called the backlobe.
Half Power Beamwidth

The half power beamwidth (HPBW) is the angular separation at -3 dB from
the peak of the mainbeam. Where it is 50% (half power) the radiation pattern
decreases in magnitude. The HPBW is usually expressed in degrees.
Antenna Polarization

The polarization of an antenna is described in the orientation of the electric
field or E-plane with respect to Earth’s surface. The antenna polarization can be
linear (horizontal or vertical), elliptical, and circular.
Axial Ratio

The axial ratio AR refers to the ratio of two orthogonal components for an
electric-field. In a CP antenna, the electrical-field components are equal in
magnitude; therefore, the axial ratio is 1 or 0 dB. An AR less than 3 dB often

describes the circular polarization at frequency range or bandwidth of a CP antenna.
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- Impedance Matching and Bandwidth
The impedance matching is the frequency range in which the antenna
obtains a low reflection coefficient at the input antenna port as acceptable as S11 <
-10 dB. The bandwidth describes the frequency range where the radiation
characteristics and matching impedance of an antenna have an adequate

performance and meet the desire requirements.

3.3 Methodology of Antenna Design for MMW Imaging/Detection System
MMW propagation basically requires a high gain antenna and high efficiency. Line

of sight alignment is also mandatory for direct communication between two systems.
Furthermore, the antennas for imaging/detection systems require a very delicate design;
with a passive imaging system, the temperature of blackbody radiation has very low
electromagnetic wave energy, and the image system requires a higher gain antenna to reach
the minimum input sensitivity of the radiometer receiver. Accordingly, two antenna types
frequently used in imaging scanning are the parabolic and lens antenna, which both provide
a high gain antenna performance. However, these antennas are bulky and associated with
inefficient cost and complicated manufacturing - the low profile PCB antenna design is

preferable for commercial systems.

Modern imaging systems use lenses in front of the antenna to increase gain, while
the lens naturally behaves as a concentrate for the main-beam of the feed element. Thus,
the endfire radiation pattern antenna has a narrower bandwidth and this antenna is a suitable
choice for enhancing the coupling between antenna and lens. Furthermore, the radiation
pattern is a critical part in the MMW antenna design, wherein the scanning techniques

depend on signals that are collected by the main-beam of the antenna, however, the signals
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collected from sidelobes and backlobe are considered unwanted singles. In order to
suppress sidelobes and backlobe level as much as possible and optimize the performance
of the imaging/detection system a proper antenna design is required. The challenge to
design an antenna for an imaging/detection system is maintaining the balance to obtain the
optimum antenna requirement such as wide bandwidth impedance, high gain, and high
efficiency, and maintaining the radiation pattern characteristic stable with low sidelobes
level. Therefore, the proposed antipodal Fermi tapered slot antennas in this recent research
are implemented and investigated to satisfy the imaging/detection system requirements.
3.4 Spherical Dielectric Lens Antennas

Many techniques exist for the purpose of increasing the gain of an antenna. For
example, antenna arrays are constructed from several antenna elements to increase the
associated gain [55]. However, there is a loss that occurs due to the mutual coupling
phenomenon, and more loss in the feeding structures [69], [ 70]. Another technique that can
be implemented to increase the gain of the antenna is the dielectric lens, as focus on the
radiation energy [71]. It is very useful for imaging and mining systems that need to enhance
the directivity of the antenna. The design of a spherical dielectric lens is such that, if a point
source is located on the surface, the lens transforms the resulting spherical waves into a
plane wave with the propagating vector, aligned along the diameter and passing through
the feed point. The variation of the relative dielectric constant (&) as a function of the
normalized radius (7/R), with the position of the feed (r7o/R) as the parameter, illustrated in

Fig. 3.2, can be expressed in Eq. (3.14), and (3.15).

6 =2 (%)2 (3.14)
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The refractive index of the lens is given by

n(r) = ng [2 - (%)2]

Lens
Surface

1/2 (3.15)

Plane
Wavefront

Point \
Source

)
A/

Figure 3.2 Spherical dielectric lens concepts.

3.5 Taper Slot Antennas

In this section we will start to introduce an updated literature review for the tapered
slot antenna, and the advantages of using this antenna in an imaging system. A new design
of antipodal Fermi tapered slot antenna is presented. Meanwhile, we will try to introduce
the design formula for the most up to date design in this research for the antipodal tapered
slot (AFTSA) antenna. These design equations are presented to simplify this model design

procedure.

The tapered slot antenna (TSA) is considered a broadband antenna. TSAs are a class
of endfire antenna, with their radiation patterns capable of obtaining high directivity while
maintaining a wide bandwidth; furthermore, they are well known as surface wave antennas.
TSAs are completely planar antennas that can be easily printed on a dielectric substrate.
These types of antennas have been intensely investigated through the MMW band design.

This antenna consists of a very thin substrate and low permittivity, in order to optimize the
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gain and antenna bandwidth. Table 3.1 shows the advantages and disadvantages of tapered
slot antennas. Therefore, this wide bandwidth model is of great interest due to its low cost,
ease of fabrication, usefulness in scaling model design into higher frequency, low

sidelobes, and high gain - all these features are important requirements for MMW imaging

systems.
Table 3.1 The Advantages and Disadvantages of TSAs.
Advantages of TSAs Disadvantages of TSAs

- Thin Structure - High cross-polarization level in the diagonal
plane

- Low Weight - The same types of TSAs have a broad main beam
in both azimuth and elevation planes

- Easy to Fabricate - High backlobes

- Broadband - Non-planar architecture when used as a circular
polarization antenna

- Directional Antenna - Low performance for dual-multifrequency or
dual polarization

- High Gain

- Low Sidelobe Levels

- Suitable for Microwave

Integrated Circuits

Generally, the TSA consists of a tapered slot of different shapes [47], [72], cut out of a
thin film of metal with or without a thin dielectric substrate. The TSA is approximately the
shape of the ridge horn antenna. There are many types of TSA’s, which are mainly

classified depending on the taper slot shape. These models are:

- Fermi Tapered Slot Antenna (FTSA) [73] —[79]
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- Constant Width Slot Antenna (CWSA) [80]

- Linearly Tapered Slot Antenna (LTSA) [81] — [85]

- Broken Linearly Tapered Slot Antenna (BLTSA) [86]

- Antipodal Linearly Tapered Slot Antenna (ALTSA) [87], [88]

- Exponentially Tapered Slot Antenna (ETSA) also called Vivaldi Antenna [89] —
[94]

- Dual Exponentially Tapered Slot Antenna (DETSA) also called Vivaldi Antenna
[95], [96]

- Elliptically Tapered Slot Antenna (ETSA) [97]

3.5.1 Antipodal Fermi Taper Slot Antennas

The Antipodal Fermi Taper Slot Antenna (AFTSA) has a new slot shape which is
curved using the Fermi Dirac equation - presented by Sugawara [77], [78]. Meanwhile,
Sugawara added to this design a rectangular corrugation [74] — [77] to decrease the effect
of the surface wave in the edges of the substrate, to enhance radiation characteristics and
return loss, and to decrease the sidelobes level. In fact, the design shape of the antipodal
model makes the microstrip feed line better at exciting the radiating element of the tapered
slot. On the other hand, the distance between the tapered slots is controlled by the substrate
thickness and the size of the aperture slot. This distance generates a surface wave in the
dielectric and that creates radiation which causes cross-polarization. Even so, the cross-
polarization is within an acceptable level compared to the dominant radiation of co-
polarization. Therefore, the receiver antennas in the passive MMW imaging system
received non-uniform polarization from the target, which is presented as a blackbody
radiation that is propagating in random polarization. Finally, the AFTSA is the ultimate

model and is practically suitable for the modern passive MMW imaging systems.
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3.5.2 Design of the Antipodal Fermi Tapered Slot Antenna with Sin-Corrugation

This research presents a novel corrugation shape design for the Fermi TSA. This
corrugation is designed in a sine wave shape. Notably, this model has provided the
flexibility to control surface current waves that flow in the side edges of the substrate. In
addition, the smooth curve shape of the sine wave reduces the radiation that comes from
the sharp edges. Those facts provide better enhancement compared with the conventional
corrugation type [74] —[77], for instance they enhance matching impedance which makes
the antenna have broader bandwidth, they have high gain, low side lobe levels, and almost

the same E-plane and H-plane has been achieved.
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Figure 3.3 Antipodal Fermi tapered slot antenna configuration with sin-shaped
corrugation.

The antipodal tapered slot radiator is configured with two conducting tapered slots;
they are positioned symmetrically on opposite sides of the substrate with respect to the
normal for the substrate (y-axis), as shown in Fig. 3.3. The antenna is fed by a gradually

circle slot rc, and it is symmetric to the back side of the ground tapered slot, this circle slot
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is important for achieving high impedance matching. The feed line is excited by a
waveguide port and optimized to satisfy the input impedance with width Wy, and the feed
line is grounded with width W,. The gain of the antenna is in direct proportion to the length

of the tapered slot Ls.

Transition Transition Mode Transition Mode
Mode Grounded balanced Feed of the Slot (TMS)
1 1
: :
! E E 1
1 1
1 1
¥ ¥
(a) (b)

Figure 3.4 Distribution of the electric field lines at (a) the input of microstrip feeder
grounded; (b) the balanced Microstrip transition feed line; and (c) the antenna transition
slot mode.

Fig. 3.4 illustrates the behavior distribution of the electric field lines for each
transition region. The first region, presented in Fig. 3.4 (a), shows the input of a microstrip
feeder with large ground (TMGQG), and then Fig. 3.4 (b) shows the balance transition of the
microstrip transition feed line (TML). The last transition region, illustrated in Fig. 3.4 (c),
an imbalance region pushing the wave to propagate, is called the transition slot mode
(TMS); as one can see, the electric field transfers with angle 6. Furthermore, this distance
between the two conductors generates a surface wave in the dielectric substrate that causes
cross-polarized radiation, due to the imbalance between the feed and the ground plane, as
illustrated in Fig. 3.3. The following will concentrate on the design of each parameter in
detail. This antenna model at E -plane is in the xy-plane (6 = 90°), and the H-plane is in
the yz-plane (¢ = 90°). The shape of the taper slot curve is defined mathematically by the

Fermi-Dirac function as in Eq. (3.16).
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fO) = ——s (3.16)

1+ e b0-9
0 =% (3.17)
) = aT (3.18)
Ly>y>—L (3.19)

Where y is a variable of the Fermi-Dirac function and starts from —L¢ to Lg, Lf is

the length from input feed line to the start point of the corrugation, and L is the length

from the start point of the corrugation to the end of the slot. The other constants, a, b, and

¢, affect the antenna’s radiation performance. a is the asymptotic value of the taper’s width,

and it has a range of 54, = a = 34, where 4 is the guided wavelength. The value of ¢ is

related to y-coordinates at the inflection point of the Fermi-Dirac function, which has a

range of21; = ¢ = Ay, and b is related to the gradient at the inflection point ¢, which takes

arange of 1.54; = b = 0.84,.

The design of the FTSA basically depends on trial-and-error optimization

approaches. For years, the design of the TSA has been primarily based on an empirical

approach, which was an initial step for designing the Femi tapered slot model. This

research examined several models to simplify the design formulas, which initiating a start

point for designing this antenna model. As a results, the following equations provide

simple guidelines:

As a first step, we have to identify the operating frequency, and then from the

value of the lowest operating frequency of the desired band, f;, we calculate the

thickness, h, of the substrate using an empirical approach as follows:
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_ Co (3.20)
20 (V& — 1)

where ¢, is the speed of light, and &, is the relative dielectric constant of the substrate.

h

For the second step, starting by calculating the microstrip feed line, W, is required to
satisfy the input characteristic impedance of the system, Z,, which in our case is equal to

50  and can be calculated using the following equations:

For Wr/h < 1:
60 (8h W (3.21)
Z,=—In|—+—
’ \/an<Wf+4h>

& is the effective dielectric constant for the transmission line, and is given by

& +1 g —1 (3.22)
Sf = +
2 2x [T+ 12R/W;
For Wr/h = 1:
1207 3.23
7 (3.23)

JE W /h +1.39 + 0.67In(Wy /h + 1.44)]

The third step, chosen the circular slot of the feeding transition, where the circular
slot in the top layer and the two circle slots in the bottom layer are formed with the same
radius 7, . They are chosen depending on the ground plane W, and Wy as in the following

equations:
= % B % (3.24)
2 2
W, =2a+d (3.25)
251, =2 1. = 1.51, (3.26)

Where Ls can also be found with two values, 7, and d - d; is the ground distance.
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Ly =2r.+d, (3.27)

154, =d, = 44 (3.28)

L=Ls+Lf (3.29)
In the fourth step, the gain of the model is directly proportional to the length of the
tapered slot, Ly, which increases the length that increases the gain of the antenna. This is
typically chosen between 21, to NA,, where N is the number of the traveling wavelength

through the substrate.

Ly = N4, (3.30)

3.5.2.1 Sine-Wave Corrugation Design

The corrugation structure consists of a periodic sine-wave shaped at the edges of
the FTSA substrate. The corrugation is the last step in the design procedure. This
corrugation is a new flexible shape, described in Eq. (3.31), which contains two constants;
A; 1s the amplitude of the corrugation, and k affects the angle variation of the sine-wave.
When it increases, the other shrinks, and when it decreases, is the other expands in a sine-
wave shape. These two variables control the surface wave characteristic behaviour on both

side edges of the substrate.

A, sinkt (3.31)
k >1.52, (3.32)
y) y) (3.33)
I>4>Y
3 -7t 7q

Consequently, in the small antennas undesired surface currents on the outlines
create a near-field radiation and this reduces the gain of the antenna as well as increases

sidelobes level. Thus, the sin-corrugation model influences the influx of the current
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distribution, and that creates a flexibility to control the flow of the electric field in the
propagation direction. Thus, this decreases the reflection coefficient toward the feed line,
meanwhile guiding the propagation wave in the desired direction that increases antenna
gain. Moreover, the radiation pattern is affected by those changes, 4; and k& in Eq. (3.32)
and (3.33) are varied to obtain optimum control to suppress the sidelobes and backlobe
characteristics.

Fig. 3.5 illustrates a design method flowchart for an Antipodal Fermi tapered slot
antenna. This flowchart is a summary of the proposed methodology for designing any
model of AFTSA-SC. In Millimeter-wave frequencies, any small variation in a model
parameter affects the results generated in the simulation. Therefore, each step of the process
is considered time-consuming for obtaining the desired results; in fact, the proposed design
methodology provides a guideline to establish a starting point - the methodology outlines

the model parameter adjustments that can be made to optimize AFTSA-SC performance.

3.6 Antenna Array Design Requirements

When looking ahead to design a probe for an imaging/detection system, it is
required to choose and implement a suitable antenna element and phased antenna array

structure to obtain the optimum system performance.

3.6.1 Bandwidth

A high range resolution performance is required for a millimeter-wave
imaging/ detection system with a wide bandwidth, as mentioned in Eq. (3.34). In order to
obtain a wide bandwidth phase array probe, in the first place, it is important to determine
a wide bandwidth antenna element, as well as a high gain element to increase spatial

resolution, which depends on HPBW. These features can be achieved using a single tap-
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Figure 3.5 The flowchart of FTSA-SC design procedure.
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-er slot antenna (TSA).These features can be achieved using a single taper slot antenna
(TSA). The TSA design can be implemented to reach a desired coverage band with high
gain and endfire radiation pattern characteristics. Furthermore, this antenna can be
designed on the PCB, which provide a lightweight alternative to the traditional horn array,
and with this low profile structure, it can be implemented in a sufficiently compact size
and low cost array architecture. In this thesis, the desired band operates from 57-64 GHz
(ISM-band), where designing the single TSA element should exceed the ISM—band to
compensate the bandwidth reduction caused when employed in an array structure.A
wideband TSA design is performed with low loss when the receiver/transmitter system is
individually attached to each antenna element [60], [99]. However, for the feeding network
array structure, the reflection coefficient increases as a consequence of insertion loss
leading to a reduction in array bandwidth. As a second important consideration, a feeding

network is a critical design implementation to achieve a wide bandwidth.

c

AR, = ——
© 2B/

(3.34)

where AR, is the range resolution important in case of imaging detection for the concealed
objects. In other word, the range resolution is ability to distinguish between the ranges of

the barrier and the target.

3.6.2 Losses

In the antenna array structure reduction of loss is important, as the
receiver/transmitter of the imaging/detection system relies on a high signal to noise ratio
for adequate performance. The antenna is the front-end part in the system, it receives and

transmits the signal electromagnetically and any lack in total radiation efficiency leads to

48



decay in system performance. The total radiation efficiency loss in a PCB antenna array’s
architecture depends on dielectric loss, metallic loss, line discontinuity loss, and mutual
coupling loss. These loss factors are important requirements to consider for designing a
low loss antenna array structure.

3.6.3 Aperture distribution

In many applications of imaging/detection systems the spatial resolution depends
on the HPBW of the mainbeam to detect the target, any signal detected from other lobes
such as sidelobe causes image distortion, where a high sidelobe level could detect the
unwanted signal out of the target spot. An aperture distribution tapering is used in order to
suppress the sidelobe level and grading lobe level. Depending on the suppression level of
the sidelobe and the shape of the mainlobe required in a certain application, an aperture
distribution method will be selected. In imaging systems, the minimum sidelobe level
required is defined as <-13dB and <-30dB in an active and a passive system, respectively.
There are many methods that have the advantage of suppressing side lobe levels and
grading lobes, which could be done digitally or by feeding line power distribution. In this
thesis, the chosen method is Taylor N-bar distribution as an extension to the Villeneuve

distribution, which is able to achieve a lower sidelobe level and the highest directivity [37].
3.6.4 Number of Elements

A beam shaping tapered distribution using a feeding line power distribution
depends on the number of elements in an array. The spatial resolution parameter defining
the performance of an imaging/detection system requires a high gain and a HPBW angle.
Furthermore, a certain amount of amplitude taper is expected to suppress the sidelobes

level and reduce the grating lobes - all require a certain number elements in an array.
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0.88581,
Nedx

Regarding the equation, aypgy = , the preferable spacing between the antenna

elements is dv = 0.5 4o, and Ay is the wavelength at the center frequency of the desired band,
yield is aypgy = 6.346° at N, = 16. In order to obtain desired beam shaping tapered
distribution that satisfies a sufficiently low sidelobe, a narrow beamwidth, and grading lobe

in the case of dx > 0.5 Ay, thus, 16- elements are chosen for the antenna array structure.

3.7 Software Tools

In general, millimeter wave antenna designs are very delicate to implement and
verify antenna performance. To reduce unnecessary time, cost and design errors, it is
important to simulate the MMW antenna design using software program to optimize it
instead of experimenting before producing prototypes. There are several numerical
techniques, which have a practical use in solving electromagnetic problems [100], such as
Method of Moment (MoM), Transmission Line Matrix (TLM), Uniform Theory of
Diffraction (UTD), Finite Difference Time Domain (FDTD), Finite Element Method
(FEM) [103], Finite Integration Technique (FIT) [180], and Fast Multipole Method
(FMM). These method

s are impeded in commercial CAD tools able to analyze a 3D structure to obtain a
full-wave solution. As an example, the numerical translation into a time-stepping algorithm
was introduced by MR. Kane Yee in 1966 [101], which utilized Maxwell's differential
equations to solve the E-field and H-field at any 3D cell of the meshed structure - shown
in the Fig. 3.6. In antenna design, the CAD tools assist in obtaining, for example, the
radiation pattern in far field or near field, radiation efficiency, polarization, reflection
coefficient, and surface field distribution results. Furthermore, simulation results are close

enough to measured results, which makes the design optimization much easier than
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experimentation. Therefore, the antenna can be intensively optimized to meet the desired
requirement, then it will be prototyped, and the simulated results will be validated to the

fabricated ones.
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Figure 3.6 The Yee cell, illustrates the distribution of the E- and H-fields as used in
discretizing the fields in FDTD simulators [101].

In this research, the antenna design simulations are carried out using two different
commercial software packages. The first simulator is the Ansoft High Frequency Structure
Simulator (HFSS) software [102]. HFSS is a 3D full-wave Finite Element Method (FEM)
which is a frequency-domain numerical technique for solving Maxwell's equations. The
common techniques for spatial discretization of partial differential equations is FEM. The
solution of the partial differential equations is transformed and approximated by linear
combinations of the basic functions on all elements. The FEM method is combined with
modern mesh generation techniques to make an accurate solution of model design of partial
differential equations on complex domains. Several meshing techniques are employed to
minimize the errors caused by discretization of a design structure, such as tetrahedron,

hexahedron, prism, and pyramid shapes, which are able to cover a complex structure. The
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Finite Element Method for analyzing a design problem generally includes the following
steps [103]: meshing the structure under test into a finite number of elements, deriving
equations for each element, combining all elements in the solution region, employing the

boundary conditions and solving the equations obtained.

The second simulator is the Computer Simulation Technology Microwave Studio
(CST MWS) [104]. This simulator is a Finite Difference Time Domain (FDTD), which is
based on the Finite Integration Technique (FIT), and thus it is able to use both a time-
domain and frequency-domain numerical technique for solving Maxwell's equations. This
method is able to provide electromagnetic solutions for large and complex structures as
well as applicably utilizes a different type of discretization to reduce discretization error.
[105]. Furthermore, the advantage of this method is its ability in handling some non-
linearity distributions of arbitrary materials. However, in a complex and large structure, the
solution region can be divided into a large number of mesh cells, which could necessitate
a computer with a large memory, for solving algorithms, as well the solution time increases
with large problems. In order to solve a problem using FIT, required step can be inquired
[103], such as, discretizing a solution region to grid of nodes, at each a point node apply
differential equation by a finite difference equivalent in relative approximation to solution
of neighboring points, and then apply boundary conditions to solve these difference
equations.
3.8 Summary

This chapter introduced the theoretical background and methodology needed for
the MMW antenna design. It also introduced spherical design equations and a literature

review for tapered slot antennas, design, a formula for the antipodal tapered slot antenna
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(AFTSA), and the empirical equations for the sin-corrugation design. In addition, we
presented the antenna array design requirements for the MMW imaging/detection system.
Finally, a brief discussion about numerical techniques utilized by commercial simulation

software tools was introduced.
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Chapter 4: Millimeter-Wave antennas
Design and Results
4.1 Introduction

This chapter presents several developed 60 GHz antenna sensors. A high gain 60
GHz circular patch-fed transparent lens in spherical shape antenna is introduced. Then, a
low-cost 60 GHz printed Yagi antenna array with high radiation efficiency suitable for
MMW-MMIC packaging is introduced. Four novel designs of antipodal Fermi tapered slot
antennas are implemented especially for optimum performance to be employ in
imaging/detection system applications. First, a high-gain single element antipodal Fermi
TSA with new sin-corrugation which operates at the unlicensed 60-GHz ISM band is
introduced. Second, a new design of dual-polarized antipodal Fermi tapered slot antenna is
introduced. Third, a novel circular polarized AFTSA sine-shape corrugated with a single
feed topology constructed in RHCP and in LHCP deliver high gain, high efficiency, low
cost, and wide bandwith is intreduced. Finally, a new multi sin-corrugation (MSC) applied
to increase the degree of optimization when the AFTSA antenna loaded with the grooved
lens, and wide-scan three element array AFTSC-MSC fed grooved spherical lens antenna
are introduced.

All proposed antenna sensors are designed to fulfill the requirements to be
employed in imaging/detection systems. These requirements include a wide bandwidth
matching impedance, directive main beam, high radiation efficiency, low sidelobe level,
easy to fabricate, low profile, and stable radiation patterns and high gain over the ISM

band. Furthermore, these proposed designs are fabricated and the experimental results are
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validated with the simulated ones, and a good agreement is found between numerical and

measured results.

4.2 60 GHz Circular Patch-Fed High Gain Transparent Lens Antenna

In the design presented in [J1], [C10], the proposed antenna consists of a full
spherical dielectric lens, which is usually inexpensive and easier to manufacture than hyper
hemispherical and elliptical lenses. The dielectric spherical lens is fed by a single element,
a circular patch antenna, and supported by a cylindrical air cavity. The top side of the air
cavity takes the shape of a convex lens, which is the key factor of the proposed antenna.
This convex shape collimates the beam in order to obtain a more concentrated radiation of
waves from the patch antenna compared to those from an extended hemispherical lens with
or without an air cavity [106]. Thus, the proposed design with a cylindrical air cavity
increases the pencil beam directivity, enhances the antenna radiation characteristic, and

improves antenna efficiency.
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Figure 4.1 Antenna geometry; (a) top view, (b), side view, and (c) side view of the
proposed antenna.

This proposed design is considers as a high gain, low cost and easy to fabricate

millimeter-wave (MMW) antenna is presented in this section. To focus the radiation into a
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very thin main beam, a concept based on employing a cylindrical air cavity with a convex
front-end linking a microstrip patch radiator and a transparent dielectric lens is introduced.
This principle is applied to enhance the coupling between the patch antenna and dielectric
lens at 60 GHz. The design shows very directive and stable radiation patterns in both the E
and H-planes. The proposed antenna exhibits a measured gain of 20 dB over the ISM-band,
as well as high radiation efficiency (greater than 90%) based on calculated directivity over
measured gain method [181]. The performance of the proposed antenna makes it a
promising solution for various MMW applications, including short distance wireless

communications and MMW imaging.

The proposed geometry consists of three components: a lens, the air-cavity, and a
microstrip patch antenna, as illustrated in Fig. 4.1. The spherical dielectric lens antenna is
fed by a circular microstrip patch with radius 7,= 0.78 mm. The patch is etched on a thin
Rogers RT Duroid 5880 (/, = 0.254mm, ¢,. = 2.2, tand = 0.0009) substrate. It is aperture-
coupled by a resonant slot with length L,~=0.835mm and X width W=0.1524mm. This
rectangular radiating slot has an approximate length of Ag/4, where Ag is the guided
wavelength at 60 GHz. The slot was drilled with offset from the center of the patch by d =
0.3 mm; this distance can be tuned to ensure that the optimum energy of TMo10 excitation
mode is passed through the feed line to the circular patch antenna. The microstrip feed line
sits on the back side of the second thin layer composed of Rogers RT Duroid 6010 (/=
0.254-mm, &+~ 10.2, tand =~ 0.0023), which excites the patch via a resonant slotted ground
plane. The microstrip patch, feed line and ground plane are simulated as glossy copper

sheets of thickness t = 0.035 mm with a conductivity of ¢ = 5.80 x 107 S/m.
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Fig. 4.1 (c) shows the dielectric lens model. The spherical lenses have the advantage
of a multi-beam option, which gives them the ability to simultaneously collect signals from
all directions. Another advantage is their ability to be manufactured with inexpensive
dielectric materials and without the need for active elements. The spherical lens is a
homogeneous dielectric sphere [107], which, for dielectric constants in the range 1 < &<
4, focuses paraxial rays to a focal point (the radiated element) outside the sphere. The
distance F of the focal point from the centre of a lens with radius 7;, and dielectric constant

&L, 1S approximately determined by geometrical optics (GO) and is given by

_ T
2(VErL—-1) @.1)

The lens was selected with same characteristics as those of RO5880. The optimum
diameter of the dielectric spherical lens antenna was chosen to be D =2 X 7 = 20 mm =

4 X Ao (Lo 1s the wavelength in free space) at the central frequency, 60 GHz.

The cylindrical hole of the proposed air cavity is drilled on a Rogers RT Duroid
5880 (=1.575mm, &1 = 2.2, tand = 0.0009) substrate with a size Wi X Ly =10.5 X 9.872
mm?. XThe starting design point for the radius (rx) and height (/) of the cylindrical air
cavity depends on the focal point distance (F) and the space between the lens end surface

and the patch antenna, d;. In Fig. 4.1 (c) the aperture angle to the air-cavity edge is @, =

sin~1(r /11). The distance from the center of the lens to the edge of the cavity is described

by d, = /1% — ;2. This leads to determining the lens inset distance into the air-cavity,
dy =1, —d,, and d; = hy — dj, —t, where the copper thickness t is taken into account

in particular at MMW frequencies. Thus, the focal point is determined as F = r;, + d;, by
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substituting F'in (1). dy is expressed by Eq. (4.2), which considers the theoretical GO value

as the initial value to determine the approximate focal point at the patch antenna level:

_ _TVErL
dL = 2We-1) 1, (42)

The proposed antenna was studied numerically using the commercial
electromagnetic simulator CST Microwave Studio® (CST-MWS). The model was
simulated to investigate the effect of different design parameters and their performance at

operating frequencies from 55 GHz to 65 GHz.

A standard milling machine with low-cost PCB processes was used to fabricate the
two layers slot-coupled patch antenna as well the third layer cavity and the lens holder. The
copper thickness of the substrate is 35um with a conductivity ¢ = 5.80 x 10’ S/m. A
Photograph of the fabricated prototype is shown in Fig. 4.2. The antenna layers are
manually attached using a thin film of bonding material and are correctly aligned to ensure

that the feed line, the aperture slot, and the patch are in their positions.

Figure 4.2 Photographs of the lens antenna with the circular microstrip patch, fed with
the holder substrate.
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As shown in Fig. 4.1 additional length from Refl to Ref2 was necessary to create a
large enough ground plane for the SouthWest V- connector (1.85 mm connector). In
addition and as shown on the right side of Fig. 4.2, a circular shaped gap was drilled through
the first layer to insert the screws of the V- connector. The 12.7 mm radius spherical
dielectric lens is made of polymethyl methacrylate PMMA (Acrylic) material, a
lightweight transparent thermoplastic with &2 = 2.57, tané = 0.0032 at 24 GHz, and &, =
2.61, tand =0.002 at 71 GHz [108]. According to the dielectric constant of the lens material

given in [108], the interpolated value of the dielectric constant at 60 GHz is & = 2.6, tand

~0.0026.
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Figure 4.3 Measured and calculated reflection coefficient of the proposed antenna.

The measurements of the reflection coefficient (S11) for the proposed antenna are
done using Anritsu 37397C Vector Network Analyzer and Anritsu 3680V 60 GHz
Universal Test Fixture. The reflection coefficient measurements were performed with the

Through-Reflect-Line (TRL) calibration kit, instead of the standard coaxial line
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calibration. The TRL calibration technique is a more accurate way to determine precise
values for the reflection coefficient, especially for the MMW band, where any inaccurate
connection during the measurements could cause inaccurate results for measured antenna

parameters [109].

Fig. 4.3 compares the measured reflection coefficient and antenna gain with CST
results for two antenna configurations of the radiated element with and without the lens.
The measured impedance bandwidth (< -10 dB) is 3.5 GHz corresponds to 5.84% at 60
GHz. In the measured result of |[S11], there is a shift in resonant frequency compared with
CST results — this may be caused by inaccuracy in the substrate material properties at 60
GHz and/or by the effects of etching and alignment tolerances in the fabrication process.
The material used in the simulation for the microstrip feed line is RO6010, and the patch’s
substrate is RO5880. Dielectric constants of both substrates are slightly different at 60

GHz, from those specified by the manufacture at 10 GHz.

Reflector

Southwest End Launch

V - Connector

Figure 4.4 Setup for radiation pattern measurements shows the antenna mounted in a vertical
position.
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The radiation patterns within the bandwidth range (from 58 GHz to 61GHz) are
measured in an anechoic chamber. As shown in Fig. 4.4, the E-plane is the yz-plane, and
the H-plane is xy-plane. Two prototypes are measured: the first is the radiating element (a
circular patch with cavity), and the second is the proposed antenna (a lens mounted on the
radiating element). In both cases, the radiation pattern is measured with the antennas

directly mounted by a 1.85 mm South-West Microwave connector.

245\ | —— H-Plane Calculated | | ;00
0 —— -
%70 E -Plane Calculated %70

90 | —— E -Plane Measured 90
120 — — H -Plane Measured :

240 0 300 -
270 270

Figure 4.5 The normalized E- and H- plane co-pol patterns of the circular patch with
holder for 58 GHz -61 GHz.

The measured and calculated E and H planes radiation patterns for the patch
antenna with the holder only (no lens) within the ISM frequency band at 58 GHz to 61 GHz
are shown in Fig. 4.5. Both the CST and measured results agree well within the main lobe

and HPBW range. In the results, the back lobe radiation of both the E and H planes was
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higher than expected due to the small ground plane and strong resonance occur at the cavity
. Furthermore, a higher side lobe level (SLL) within an angle range of 150° to 270°, the
side of the setup and the antenna’s connector, was observed for the measured E-plane

pattern.
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Figure 4.6 Normalized E- and H- plane patterns of the proposed antenna at 58 GHz -61
GHZ.

In Fig. 4.6, the measured and the calculated results of the far-field patterns are
presented for both the E and H- planes of the proposed antenna, at 58 GHz to 61 GHz. The
HPBW of the measured results agreed with the CST results for the entire ISM band.
Moreover, the measured results of the H-plane agree quite well with the calculated results.
However, the SLL in the measured results of the E-plane is higher than expected, due to

the effect the antenna’s setup and the reflection from cable and connectors. The high
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reflection is caused by the Southwest connector, which is perpendicular to E-plane
radiation pattern, as seen in Fig 4.4. A large reflection is also shown at the side lobe in Fig.
4.6, especially from the feed line side. Meanwhile, the radiation pattern at the H-plane is
far from the connectors, and thus the measured results of the radiation pattern agree well

with CST results.

4.3 High-Efficiency 60 GHz Printed Yagi Antenna Array

The aim of this study is to design a low-cost antenna with high radiation efficiency
suitable for MMW-MMIC packaging used in wireless communications and imaging
systems. Moreover, the design presented in [J4], [C11], and this study focuses on
investigating the influence of the parasitic printed Yagi array substrate thickness and the
size of the Yagi array patches on the antenna performance. The proposed double layer
compact Yagi array antenna operating at 60 GHz is based on the general concept of the
printed microstrip Yagi antenna array [110]-[115]. The arrangement of the parasitic
elements above the feeding patch antenna elements is widely considered to be an effective
technique for improving the radiation efficiency, as examined in [112], [113], [116]-[120].
The stacked design is commonly used in MMIC structures due to its efficiency in width
size reduction. A multi-stacked parasitic antenna, however, can problematically increase
the structure’s height [112]. The design introduced in [113] with six stacked layers
achieved 4.2% bandwidth at 60 GHz but adds more complexity to the fabrication process.
Instead of such a multi-stacked structure, the proposed antenna shown in Fig. 4.7
introduces only one stacked layer for size and weight reduction while enhancing the
antenna performance, and achieves 7.2% in bandwidth at 60 GHz. Parasitic elements in the

second (top) layer are designed with the same design principle as the printed Yagi antenna
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in the first layer. The coupling between these layers provides an additional increase in the
radiated power of the antenna and its radiation efficiency compared to a single-layer
structure. Moreover, the parasitic structure of the second layer creates multi-frequency
resonance that improves the bandwidth while maintaining the same radiation
characteristics of the first layer Yagi array. Simulated results show that the proposed two-
layer structure has an 8.5 GHz impedance bandwidth - compared to a 5.3 GHz bandwidth
for a single layer structure. In addition, the parasitic layer increases radiation efficiency

and reduces backlobe radiation.
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Figure 4.7 Geometry of the proposed antenna: (a) top view of the parasitic layer, (b)
side view of both layers, and (c) is the top view of the first layer.

The configuration of the proposed antenna is illustrated in Fig. 4.7. The antenna is
composed of two layers. The first layer consists of a 2-element split reflector patch and two

pairs of directors. The position of each element is optimized to achieve better impedance
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matching and to maximize the antenna directivity. The second printed Yagi array, which
is mounted on top of the first layer, contains the reflector, the parasitic driven elements,
and an additional pair of two director elements. This technique improves the radiation
efficiency when the parasitic elements are positioned above the feeding Yagi array of the

first layer.

Fig. 4.7 (b) shows a side view of the antenna, where the substrate thicknesses of
layerl and layer2 are h; = 0.254 mm and h,= 0.508 mm, respectively. Both layers have the
same dielectric constant of Rogers 5880 substrate (&1 = €2 = 2.2, tano = 0.0009 at 10 GHz).
Fig. 4.7 (c) shows the top view of the first layer, where the proposed Yagi array elements
are designed to operate at 60 GHz (Ao = 5 mm). The printed Yagi array, shown in Fig. 4.7
(c), has the optimized parameters: Wx= 1.603%0, Lyi= 2.1374X,, Rri= 0.106810, Rwi=
0.2157k0, L1 =0.273%0, W1=0.32Ao, Wa1=0.27Xo, Lai= L1 =0.28%, and Wy,1=0.224A,. The
gap between the elements is g1=0.028A,. Furthermore, the spaces between director]l and
director2 elements are Sa1 = 0.048)\, and Sp1= Lai, thereby influencing the effective aperture
of the antenna. The separation between director elements improves the directivity of the
antenna. The 50Q feed-line characteristic impedance is matched to the first patch using
three feed-line impedance transitions: 70.4 Q, 100 Q and 144 Q. Quarter-wave
transformers improve the input impedance matching and chamfering edges minimize the

feed-line edge radiation.

The dimensions of the parasitic Yagi array shown in Fig. 4.7 (a) are: Wx=1.603A,,
Ly>=1.781%0, Ruw2 0.3626%, Ri2 0.0902%,, L2 0.2306A,, W2 -0.2704A,, La2=0.2366A,,
Wa2=0.228Ao, Lvo= La2, and Wp2=0.1892),. The gap between the elements is g2=0.0236A,.

The distances between the director] and director2 elements are Sap= 0.0406A, and Sp>= Las.
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In a printed Yagi antenna, the dielectric constant governs the guided wavelength, patch
size, separation distance, and the gaps between patches. The antenna elements are coupled
both through space and by a surface wave in the substrate. As a result, to enhance the
constructive mutual coupling for the Yagi radiating elements, the dielectric constant and
the thickness of the substrate are carefully chosen to improve the antenna’s performance.
Simulated results show that the proposed double-layer structure increases the 10dB
matched impedance bandwidth by more than 3 GHz and improves the radiation efficiency

over the ISM-band, as shown in Fig. 4.8.
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Figure 4.8 Calculated total radiation efficiency of the single and double layer.

Fig. 4.10 shows the measured and calculated reflection coefficient of the single-
and double-layer configurations. The reflection coefficient was measured with the TRL-kit
for a more accurate calibration of the two configuration models. The measured impedance
bandwidth (<-10 dB) covers frequencies from 60.7 to 65 GHz with 7.2% at 60 GHz.
Furthermore, about 5 GHz can be achieved using the two close resonances of the driven

and parasitic elements. Notably, the resonant frequency is shifted up due to possible
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variations in the material properties at 60 GHz and the effects of fabrication tolerance. The
material used in the simulation is RO5880. It has & = 2.2 measured at 10 GHz with a loss
tangent of tand = 0.0009. These parameters are typically frequency-dependent and may be
different at 60 GHz. Moreover, based on the measured results of the reflection coefficient
for several prototypes, we observed that the material permittivity of the RO5880 substrate
is found to be slightly smaller than ¢ = 2.2. In Fig. 12, the |S11| of the single and double
layer cases are calculated using the dielectric constant g, = 2.18 taking into account
potential variation with frequency. A photograph of the prototype antenna is illustrated in
Fig. 4.9. Fig. 4.9 (a) shows the first-layer of the proposed Yagi array antenna and Fig. 4.9

(b) shows its second layer.

Printed Yagi Parasitic Printed Yagi

(b)

Feed-lirie

Printed Yagi with
Parasitic Elements

S ——————

Refernce
: plane

Figure 4.9 Photograph of fabricated prototype: (a) first layer of Yagi array, (b) parasitic
array, (c) combined layers.
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Figure 4.10 Measured and calculated reflection coefficient of the single and double
layer.
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Figure 4.11 Illustration of the anechoic chamber up to 110 GHz, showing the antenna

mounted on a SouthWest End Launch V-connector and the setup for measuring the
radiation pattern.

The Yagi array radiation pattern is measured in an anechoic chamber, as shown in
Fig. 4.11. The co-polarized radiation patterns in the E-plane (yz-plane) and H-plane (xy-
plane) are measured over the ISM-band, at 59- 64 GHz, as illustrated in Fig. 4.11. The 3
dB beamwidth of both the H-plane and E-plane are about 25°-40° and the antenna achieves
a radiation efficiency greater than 94% at 60 GHz. The F/B ratio at 60 GHz in the simulated

results achieves 29 dB for the double layer while it is 23 dB for the single layer. The
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measured absolute gain of the proposed prototype is 10 dB with an E-plane F/B ratio of

more than 18 dB.

—— Measured E-plane

| === Measured H-plane
Calculated E-plane
Calculated H-plane

Figure 4.12 The measured and calculated radiation pattern results of the ISM-band, from
59 to 64 GHz.
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The radiation behaviour of a printed Yagi array is very sensitive to various array
parameters. The peak of the main beam is tilted by 25° — 45° from the broadside direction
towards the direction of the director patches. This kind of behaviour occurs due to the
strong coupling between the driven and parasitic patches. The measured radiation pattern
results in Fig. 4.12 show that the main beam is tilted by 20° to 40° over the ISM-band with
a slight difference from calculated results. This difference is potentially caused by several
factors, such as fabrication tolerances, variation of the substrate dielectric constant within
the V band, and the effect of connectors during radiation pattern measurements. Simulated
results show that the tilted beam angle depends on the substrate thickness, dielectric
constant, gap distance, patch separation and the size of the parasitic patches. These
parameters show a high degree of interrelation on the main beam tilted angle direction.
Thus, for the E-plane radiation pattern, the minor deviation angle increases with the
frequency, as shown in Fig. 4.12.

The backside radiation is associated with the size of the ground plane. A large
ground plane reduces the backlobe and sidelobes caused by the fringing field in the far
edges between the radiating elements and ground plane. The backlobe is partially reduced

by optimizing the reflector elements of the printed Yagi antenna.

4.4 A 60 GHz Antipodal Fermi Tapered Slot Antenna with Sin-Corrugation

In proposed design introduced in [J2], [C8], presents a sinusoidal corrugation for a
high-gain single element antipodal Fermi TSA which operates at the unlicensed 60-GHz
ISM band. This model provides the flexibility to control the surface waves that flow on the
side edges of the substrate. In addition, the smooth curved shape of the sine wave reduces

the radiation from the sharp edges. Such features provide an improved performance
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compared to conventional corrugation-type antennas [74]-[77], resulting in a broader
operating bandwidth and a low sidelobe level. As shown in Fig. 4.13, a broadband match
covering the entire ISM band and a high gain value of 18.75 dB at 60 GHz were

experimentally obtained for this antenna.

Sine-Corrugation
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Figure 4.13 Antipodal Fermi tapered slot antenna configuration with sine-shaped
corrugation.

The antipodal tapered slot radiator is constructed with two conducting tapered slots
positioned symmetrically on opposite sides of the substrate, as shown in Fig. 4.13. The
antenna is fed gradually via a circular slot . , (1, = a + d + Wy) , and it is symmetric to
the back side of the grounded tapered slot. This circular slot is the key to achieving a broad
impedance matching. The feed line is optimized to satisfy the 50 Q input impedance with
width W, and it is grounded with a width of W,. The feed line and the circular slot structures

are essentially a broadband balun. The antenna’s gain is in direct proportion to the length
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of the tapered slot, Ls. This antenna model has its E-plane in the xy-plane (6 = 90°), and

its H-plane in the yz-plane (¢ = 90°).

Table 4.1 Antenna Parameters

Symbol dg Ly | Ls w Wy W, k
Value (mm) | 542 | 18 35 13 | 0.58 12 6
Symbol d a b c re A; rh

Value (mm) | 0915 | 4.8 | 0.35 4 6 0.27 1.98
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Figure 4.14 The effect of varying the period constant of the sine-corrugation (k) on S
and on antenna gain.

The initiate a starting point for designing this antenna model, Eq. (4.4) identifies the desired
operating band [121].

<h=—%2 <
0.005 < h = —2— < 0.03 (4.4)

where ¢, is the speed of light and &, is the dielectric constant of the substrate. Basically,

Eq. (4.4) is an empirical approach to determine the thickness of the substrate (h), which is

72



associated with an operated wavelength. In Eq (4.4), the optimized range of 0.005 to 0.03
was experimentally determined by Yngvesson et al [121]. However, to operate an AFTSA-
SC at 60 GHz we found this optimized formula for h defines the lowest operating
frequency f; of the desired band. The frequency f; represents the first resonance
frequency, which is responsible for 20% of the overall antenna bandwidth. The optimized
parameters are presented in Table 4.1.

The edges of the AFTSA consist of periodic sine wave shaped corrugations. The
corrugation is a new flexible profile described as A;sinkt. The effect of the sine
corrugation was studied for two parameters: the period k and the amplitude A;. Figures
4.14, 4.15, 4.16, and 4.17 depict the impact of the sine wave corrugation on the input
impedance, on the antenna gain, and side lobe level for E- and H-plane by varying the
period and the amplitude, respectively. Basically, when k increases, the sine wave shrinks.
As shown in Fig. 4.14, when k=0 the antenna is considered to be without corrugation and
the antenna has a poor S response and lower gain. An increase in k varies the distance
between each ripple of the sine-corrugation, changing the capacitor coupling between them
and hence enhancing the Si; response and the antenna gain. Moreover, the constant k
influences the characteristic of the radiation pattern of the E- and H-plane, and can be
adjusted to optimize the sidelobe level, as shown in Fig. 4.15. Variation of the constant A;
leads to a change in the coupling area between each period.

In Fig. 4.16, the sine-shaped amplitude constant A, is represented by
A/ (1072), which is varied from 9.4 to 18.9. This A, constant has a strong influence

on the antenna gain, and is used to optimize the maximum gain at A, = 0.132/,. On the

other hand, as shown in Fig. 4.16, A; has a limited effect on the Si; response. The two
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parameters, A; and k, decrease the reflection coefficient towards the feed line, which in
turn guides the propagating wave in the desired direction, thereby increasing the antenna
gain. The radiation pattern is affected by these changes as well. Based on iterative
simulation, we found that 4, and k have empirical guideline ranges of 4,/3 > A, =
Ag/10and k = 1.54,. These ranges which establish the starting point for optimizing the

reflection coefficient and antenna gain, as well as reducing sidelobe level, as showing in

Fig. 4.17.
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Figure 4.15 The impact of varying the period constant k on the sidelobe level.
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Figure 4.16 The effect of varying the amplitude constant of the sine-corrugation (At)
on S11 and antenna gain.
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Figure 4.17 The impact of varying the amplitude of sine-wave and 4, on the sidelobe
level.

The proposed AFTSA-SC antenna is compared to two other AFTSA antennas, as
shown in Fig. 4.18. The dimensions of the AFTSA rectangular corrugation (RC) are length
le = 0.134/,, width we=0.14,, and pitch p = 2w.. The length of the antenna is L=5. 3 cm,

and the substrate width is W=13 mm.

Holes for the
i mrl.._..._

v

T uu_ar-:'_n-_n-'_'-_;l,-,_-, Teur e
Corrugation

Figure 4.18 Photographs of three antenna configurations of the antipodal Fermi tapered
slot: with sine-shaped corrugation, with rectangular corrugation, and without
corrugation.

Fig. 4.19 illustrates the comparison of the return losses |Si1| and the gain of three
antenna configurations, including the measured results of the [Si1| for the three antenna

configurations and the measured gain of the AFTSA-SC. It can be observed that the
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impedance matching responses are improved by the corrugations, as was expected. In
addition, the |Si1| response of the AFTSA-SC antenna is less than -18 dB and more stable
over the band of 55-65 GHz. Meanwhile, the measured results of the Si1 and the gain agree
well with the simulated results of the AFTSA-SC. Therefore, the proposed antenna
successfully achieves considerable improvement for the return loss and gain, compared to

the other two antenna configurations over the entire selected frequency band.
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Figure 4.19 Measured and simulated results comparison of the proposed antipodal
FTSA-SC and two other FTSA antennas.

In Fig. 4.20, the measured and simulated radiation pattern of the AFTSA-SC is
compared to the other two antenna results at 59 to 61 GHz for the E- and H-planes. The
observed radiation patterns at 58 to 61 GHz show a good agreement between the
experimental results and the CST-MWS simulated results. The gain has been improved and
low sidelobe levels are obtained for both the E- and H-planes using the sine corrugation

structure.
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Figure 4.20 Measured and simulated radiation pattern at 58-61 GHz for the E- and H-
planes.

It can be observed that the proposed antenna exhibits endfire radiation
characteristics. The experimental results show that modifying the sine wave corrugation

leads to control of the shape of radiation patterns in the E- and H-planes. The proposed
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antenna thus presents stable radiation characteristics within the ISM band. As a result, the
antenna with sine-shaped corrugation achieves a better return loss of <-20 dB compared
with <-15 dB for the rectangular-shaped corrugation (RC) case and a 2 dB higher gain on
average over the ISM band. The AFTSA-SC obtained 2 to 5 dB less side lobe levels with
about 7 dB reduction in the cross-polarization over the operating band compared with

AFTSA-RC.

4.5 Dual and Circular Polarized AFTS-SC

This section presents two antennas with different polarization. The first is a dual
linearly polarized antenna, and the second is a circularly polarized antenna. The proposed
antennas are mainly designed for millimeter-wave imaging detection system applications.
In wireless communication systems, dual polarized antennas typically have two separate
ports to distinguish between different information and/or increase channel capacity, etc.
However, for imaging detection applications, we are not interested in separation of
information, but rather, information recognition for the target image. The single-feed dual-
polarized antenna is based on a combination of horizontal and vertical polarized antennas
that increase the target’s image intensity contrast. This polarization diversity makes it
possible to obtain additional information about the surface shape and material. As well, the
polarization diversity evenly increases the target image resolution’s pixel intensity based

on the imaging detection systems [122] - [124].

4.5.1 Dual-Polarized AFTSA-SC

A novel model of the antipodal Fermi-Tapered slot antenna is the creation of a dual-
polarized antenna. This dual-polarized is a pair of linearly polarized antennas; it consists

of two layers of AFTSA-SC aligned orthogonal to each other in a cross-shape. The

78



horizontal layer contains a microstrip feed line - this layer consists of the top radiation
element which can easily be converted to a microstrip line, and the radiation element on
the other side of the substrate that can be shaped into the ground plane of a microstrip line.
The designed antenna produced two co-polarizations in the elevation and azimuth planes,

and the cross polarization in the diagonal plane (£ 45°).

Vertical-Layer e T

T A A A P T PP L SISO PNANANAS

Lp=L

Figure 4.21 Geometry configuration of Fabricated Dual-Polarized antipodal Fermi
tapered slot with sin-corrugation

Consequently, as illustrated in Fig. 4.21, the radiating elements of the vertical and
horizontal layers of the dual-polarized antenna are faing each other perpendicularly. The
single element of the proposed antenna exhibits the same design as in Fig. 4.13, therefore,
the optimized parameter is presented in Table 4.1. Meanwhile, Fig. 4.21 shows the
horizontal-layer (H-layer) has a groove, drl= 35 mm, and with a width, h = 12 mil, is to
make enough space to slide the vertical-layer (V-layer) which has a smaller groove, dr2=
12 mm, and the same width (h), in order to insert it inside the horizontal-layer. The length

of the vertical-layer is shorter by df = 6 mm from the horizontal feed line side. Furthermore,
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the feeding line is excited horizontal element while the vertical element is attached at the
beginning of the horizontal-slot. The excitation mechanism of the V-layer is excited by
horizontal-feed line, this feed line is responsible for splitting the current field distribution
in parallel to both the H and V-layer. Therefore, the dual - shape of Fermi TSA-SC is a
dual polarized maintaining the same received power whether the transmitter antenna is

aligned vertically or horizontally.

. iz=.... Horizontal-Layer -

Figure 4.22 Electric field current distribution at 60 GHz: (a) V-layer and H-layer are
both visible, (b) V-layer is hidden and H-layer is visible, and (c) V-layer is visible and
H-layer is hidden.

The current distribution formally gives the physical behaviour of the antenna. In
the CST-MWS simulator, the dual-polarized AFTSA-SC is investigated at 60 GHz. The
antipodal structure contains two radiation elements: the top tapered slot element is fed-
element radiators, while the bottom tapered slot is considered a ground-radiating element.

Fig. 4.22 illustrates the visualization of the electric field current distribution at 60 GHz
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supporting our argument for dual-polarized for the cross-shaped AFTSA-SC geometry
with current distribution. As you can see, the propagation of the waves is in the direction
of the excitation feed-line; in other words, the propagation behaviour is considered surface-
wave leakage antenna. The single-feed is exciting both perpendicular slot-elements as a
feed-merge for both H and E-layer. In addition, Fig. 4.22 (a) shows the E-plane current
distribution which is presented as instantaneously linearly-polarized antenna, meaning the
vertical and horizontal-polarized were both propagated from the V- and H-layers,
respectively. The electric field current distribution concentrates on the slot-mode along the

flared edges of the antenna and on the corrugated edges.

N (<) J
| “"

a) Input feed surface- -Wave

Sin-Corrugation

Surface-wave distribution on the
four radiation elements

Figure 4.23 Surface-wave distribution at: (a) Sin-Corrugation, (b) Input feed and (c) four
radiation elements.
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The continuity of propagating wave behaviours along the tapered slot improves
radiation directivity, and enhances matching impedance performance over a broad
frequency range. Since the wavelength at 60 GHz is about 5 mm and the length of the
AFTSA metal-radiator is about 40 mm, the leakage-wave behaviour can be figured out
along the propagated current distribution; approximately 8-wave-cycles that include both
positive and negative phase cycles are clearly observed among the flared edges.
Furthermore, increasing the length of the antenna increases the number of traveling-waves,
which are directly proportional to the antenna gain.

The current distribution that comes from the feed line splits into two pairs in the
beginning of the antenna slot. One pair is horizontal pear-waves, as illustrated in Fig. 4.22
(b) - which presents the E-plane that propagates on the xy-plane. Meanwhile, the current
distribution behaviours show that there is less effect of vertical layer and groove on the H-
layer. Likewise, as is observed with the H-layer, the E-plane that propagates on the zy-
plane has less effect on the current distribution that comes from the V-layer, as illustrated
in Fig. 4.22 (¢). As a result, the antenna proves that the horizontal and vertical field have a
pair of linear-polarization components: both components have equal magnitude and no
time-phase difference between them; they are also perpendicular to each other.

In order to further understand the AFTSA structure, its surface current distribution
has been studied at 60 GHz, with the help of the simulator CST-MWS. The results are
shown in Fig. 4.23. However, the surface current is distributed in the metal parts and the
dielectric is not represented. Therefore, surface current distribution to find the propagation-
wave mode of the antenna, which is screened as a frequency-independent that shows quasi-

TEM mode is launched at the end of diverging tapered slots guiding each conductor pair
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that forms the radiating sections. The current is distributed on the feed-line, as shown in
Fig. 4.23 (a). The surface current is distributed on the four-element conductors - as
observed, the intensity of the current density is equally distributed on the four flared slot
edges of the model; this is illustrated in Fig. 4.23 (b). Meanwhile, the sine-shaped
corrugation reduces the effect of current disruption on the sharp angled edges. In addition,
the natural sin-corrugation shape creates smooth surface current distribution behaviour, as

shown in Fig. 4.23 (¢).
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Figure 4.24 Measured and CST simulated VSWR, for the AFTSA-SC.

The simulated and measured results investigate the effect of different design
parameters on the performance of the proposed Dual-polarized antipodal FTSA-SC. Fig.
4.24 illustrates the simulated and measured comparison of matching impedance presented
with VSWR. The results exhibit good agreement, since both are below 2-VSWR over a
band of 50-65 GHz.

The measured and simulated radiation patterns of Dual-polarized AFTSA-SC have

been compared for the vertical and horizontal polarizations at 60 and 61 GHz, as presented

in Fig. 4.25. The radiation pattern exhibits equal amplitude for vertical and horizontal
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polarizations in measured and simulated results; in addition, the simulated results for both
vertical and horizontal exhibit good agreement with measured results. Notably, at 60 GHz
and 61 GHz, the HPBW in horizontal -polarization responses are less than those of HPBW
in vertical -polarization responses. Meanwhile, in the experimental results, the radiation
pattern for the H-plane exhibits asymmetrical behaviour to the E - plane. In summary, the

radiation pattern of this structure model proves the antenna is linearly dual-polarized.
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Figure 4.25 Measured and Simulated Radiation pattern results for AFTSA-SC.

4.5.1.1 Dual Polarized antenna detecting vertical and horizontal polarization signals

A point-to-point communication is conducted to demonstrate the capability of dual
polarized antenna. Transmission coefficient measurements are carried out between dual-
polarized AFTSA-SC and linear polarized AFTSA-SC antennas. Fig. 4.26 (a) shows both
antennas in a line of sight alignment with 14 cm separation. Fig. 4.26 (b) shows the
transmission and reflection coefficients’ measurements. The maximum transmission
coefficient between the two antennas appears when the linear polarized antenna is aligned,
either vertically or horizontally polarized, as shown in Fig. 4.25 (¢), and (d), which indicate

co-polarization for both antennas. However, cross-polarization occurs at the minimum
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transmission coefficient, as illustrated in Fig. 4.25 (f). This is occurred when either of the

antennas is rotated by = 45° off the co-polarization alignment.

Transmission and Reflection Coefficient

FTSA-SC(V-Pol.) vs DFTSA-SC

30 35 40 45 50 55 60 65
Frequency (GHz)

Transmission Coefficient

Vertical
arized

—— FTSA-SC(V-Pol) vs DFTSA-SC
— — FTSA-SC(H-Pol) vs DFTSA-SC

(d)
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Frequency (GHz)
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AFTSA-SC(V-Pol.) vs DAFTSA-SC(45° Rotation)
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Figure 4.25 Point-to-point communications between Dual polarized AFTSA-SC and
linear polarized, (a) photograph of both antennas in co-polarization alignment, (b) the
transmission and reflection coefficient results, (c) photograph of prototypes, (d)
measured results of the transmission coefficient, (e) either antenna is rotated by +45° and
(f) the corresponding results of case (e).
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4.5.2 A 60 GHz Circularly Polarized AFTS-SC

PCB - TSAs are forms of traveling wave antennas, in which the tapering structure
topology creates only a linear polarization, or dual polarization achieved with single or
dual feed. The circular polarization can be achieved with a dual TSA, one oriented
horizontally and the other vertically, with a 90 degree phase shift required between the
feeding ports. Single feed circular polarized TSAs were not reported anywhere to the best
of the authors' knowledge. This work presents a novel circularly polarized AFTSA-SC with
single feed topology implemented design that is easy to fabricate. Furthermore, the CP-
AFTSA-SC design can be constructed in RHCP and in LHCP, and the antenna is easy to

be optimized to the desired characteristics.

W v
b Ly porizontal Element

Figure 4.27 Geometry of the antipodal circularly polarized AFTSA-SC antenna.
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Fig. 4.27 shows a 60 GHz circularly polarized antipodal Fermi tapered slot antenna
with sin-corrugation (PC-AFTSA-SC) [C2]. This PC AFTSA-SC is designed in order to
obtain the RHCP with dimensions to achieve high gain and high efficiency. In Fig. 4.27,
the PC AFTSA-SC consists of a pair of AFTSA-SC elements orthogonally aligned to each
other. Both the vertical and horizontal elements are fed by a single microstrip line with a
50 Q input impedance. The single feed excites both elements simultaneously to obtain
equal power distribution. The circular polarization is achieved by creating a 90° phase
delay between the vertical and horizontal element. This delay is obtained from the slotted
cutouts in the center of each element’s substrate, to satisfy the 90° phase delay between the

vertical and horizontal elements.

Table 4.2 The RHCP-AFTSA-SC optimized parameters

Parameter |Ly |Ls Ly W | Wy Su | Sv Fe | a

Value (mm) | 57.5 | 17.7 | 34 13 |13 2 0.8 6 7 148

Parameter | dy dy dvu | h Ly At | k b c

Value (mm) |6.07 | 13.7 | 1.7 0.2 |11.7 |02 |65 035 |4
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Figure 4.28 The architecture of RHCP and LHCP for the AFTSA-SC antenna.
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The CP AFTSA-SC is simulated using a Rogers RT/Duroid 4003 substrate where
& = 3.55, tan 8 = 0.0027@ 10 GHz, and thickness = 0.2 mm. The overall antenna size is
51.5 mm x 13 mm. The optimized RHCP-AFTSA-SC parameter is presented in Table 4.2.
Also, this antenna can be modeled to obtain a LHCP, as shown in Fig. 4.28. The direction
of the circular polarization wave depends on the horizontal and vertical elements’ feed line
taper slot positions. When replacing both feed tapered slots on the right side of the aperture,
the antenna generates a RHCP; if both feed tapered slots are replaced on the left side of the

aperture, the antenna generates a LHCP, as shown in Fig. 4.28.

Fig. 4.29 shows the simulated RHCP axial-ratio (AR) of the CP-FTSA-SC antenna
and the realized gain results of the RHCP and LHCP. In Fig. 4.29 (a), a wide circular
polarization bandwidth of 3.8 GHz for an AR of less than 3dB is maintained across a band
of 59.1-62.9 GHz. Furthermore, Fig. 4.29 (b) shows the results of the RHCP and LHCP
realized gain, illustrating that the CP antenna is RHCP dominant than LHCP with 9 dB in

a different range of gain.
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Figure 4.29 (a) Simulated axial ratio of RHCP and (b) realized gain at RHCP and LHCP
of the CP-FTSA-SC antenna.
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The CP-AFTSA-SC prototypes are fabricated using an LPKF etching laser
machine. The Photographs of the CP-AFTSA-SC RHCP design prototypes are shown in
Fig 4.30, which also shows a top and bottom view of both the horizontal and vertical
elements. The laser machine cuts slots through the substrate, where the vertical element is
cross aligned, and it is slid through the grooved slot of the horizontal elements, then the

feed line of the vertical element is soldered to the horizontal element feed line.

Horizonnl Eleaneny

Figure 4. 30 Photographs of the CP-AFTSA-SC prototypes, horizontal and
vertical elements RHCP design.

Fig. 4.31 shows the setup of the reflection coefficient measurement for the
prototype, the simulated and measured reflection coefficient Si; results of the CP-AFTSA-
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SC, and the linear polarization for AFTSA-SC elements. The reflection coefficient
measurement conducted using an Agilent network analyzer PNA (N5227A) at a band of
55-67 GHz, and the antenna is connected using Anritsu Test Fixture (3680V). The vertical
antenna element is inserted and soldered at the feed line connection to the horizontal
elements, and a piece of foam is attached to the antenna, as indicated in the Fig. 4.31 (a),

to maintain alignment of the vertical and horizontal elements.
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Figure 4.31 Illustrated: (a) the reflection coefficient measurement of the prototype setup,
the simulated and measured reflection coefficient Si; results of (b) the CP-AFTSA-SC
and (c) linear polarization for AFTSA-SC elements.
Fig. 4.31 (b) shows the reflection coefficient of the single elements of the AFTSA-
SC. The antenna bandwidth defined as S;; < - 10 dB covers the entire band of 55 - 67

GHz. There is a good agreement between simulated and measured results. Fig. 4.31 (c)
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shows a comparison between the measured and simulated reflection coefficients S;; for the
CP-AFTSA-SC design. The simulated and measured results show the CP-AFTSA-SC
exhibits an impedance bandwidth for S;; <- 10 dB over the entire band of 55 - 67 GHz. In
addition, some fabrication imperfections, including misalignment between elements and

soldering, might cause a discrepancy between simulated and measured prototypes.
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Figure 4.32 Measured and simulated radiation patterns of the PC AFTSA-SC at 60 and
62 GHz.

Fig. 4.32 shows the radiation patterns of the PC AFTSA-SC at 60 and 62 GHz.
The radiation patterns at the selected frequencies show a good agreement between the
measured and simulated results Furthermore, a low sidelobe level of about -16.3 dB and -

7.9 dB in the H- and E-plane, respectively, at 60GHz. The pattern has a symmetry radiation
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pattern until about -15 dB. The AFTSA-SC exhibits endfire directive patterns with a
HPBW of 18.7° and 15.4° in the H- and E-plane, respectively. Finally, the proposed
antenna shows a stability and good radiation pattern for the whole range of the impedance

bandwidth.

4.6 Multi Sin-Corrugation Antipodal Fermi Tapered Slot Antenna Loaded with a
Spherical Lens

The AFTSA model presented in this section has a newly implemented corrugation design
for antennas operating in the 60 GHz unlicensed band as in [C1]. A new multi sin-
corrugation (MSC) is applied to increase the degree of optimization when the AFTSA
antenna is loaded with a lens. Furthermore, the different patterns in the sin-corrugation
enhance the radiation characteristic of the antenna. Thus, this model is able to enhance

antenna directivity and matching, and reduces the sidelobe and backlobe levels.
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Figure 4.33 Proposed feeding element of AFTSA with multi sin-corrugation patterns.
A new grooved spherical lens (GS-Lens) is implemented and placed in the AFTSA-MSC
antenna. A hemispherical lens (HS-Lens) is also used and compared with the proposed GS-
lens. Moreover, the lenses are molded with polymethyl methacrylate (PMMA), a

lightweight transparent thermoplastic with a relatively low dielectric constant. The length
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of the antenna with a GS-lens is 8 A, (Ao = Smm at 60 GHz), which is relatively the same
length as with HS-lens. The design of the GS-lens helps to deflect the propagating waves in

the end fire pattern much better than the HS-Lens with a 5dB gain enhancement.

(a) : | (b)

Figure 4.34 MC-AFTSA loaded with: (a) grooved spherical lens, (b) hemispherical lens.

Table 4.3 Optimized dimensions of the antenna.

Symbol dg | Ly Ly w Wy We kv A3 dn
Value (mm) | 3 7 16 9 0.46 8 20 0.33 3.66
Symbol d a b c re g rn A4 Lts2
Value (mm) | 1 3 0.4 4.5 4 0.27 198 | 027 | 442
Symbol Av | L L hg Fs Aj A2 k
Value (mm) | 1.5 | 27 39.7 | 0.36 12.7 | 0.67 | 045 9

The configuration of the proposed antipodal Fermi tapered slot antenna is shown in Fig.
4.33. The AFTSA-MSC is designed on a thin 20 mm RO4003 (e, = 3.55, tano = 0.0027)
substrate. A 50Q microstrip feed line with a width of W}, and a grounded width of Wy, is
gradually fed to the circular slot 7. (= a + dp), that is a partially corrugated sine wave shape
defined by A,sin (k.t) - where A4, is the amplitude, &, is the period, and ¢ is the fraction of
the variable x-axis. This slotted circle feeding is used as a balun for impedance matching.

The corrugated edges along the y-axis are formed in four sine wave patterns of A.sin(kt)
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with different amplitudes (4, 42, A3 and A4) and a period (k). f(y) = is the

e
1+e~b(y-0)
Fermi-Dirac function, where a is an asymptotic value of the half tapered aperture, and b is
the gradient at inflection point c.
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Figure 4.35 (a): Top and bottom layer photographs of the proposed AFTSA-MSC
design, and measurement setup when (b): AFTSA-MSC is loaded with a hemispherical
lens and (¢): AFTSA-MSC is loaded with a grooved spherical lens.
The proposed grooved lens and the comparable conventional hemispherical lens are
shown in Fig. 4.34. Both lenses are simulated incorporating PMMA material with a
dielectric constant of .~ 2.6, and a loss factor of fand =~ 0.0026 at 60 GHz. In addition, the
radius (7s) is the same for the GS- and HS-lenses. The AFTSA-MSC antenna is placed at
the center of the HS-lens’ flat end, as shown in Fig. 4.34 (b). Meanwhile, as seen in Fig.
4.34 (a), the AFTSA-MSC antenna is inserted in the groove up to the center of the GS-lens.

Both antenna feeds are modeled to excite the TE mode wave at the rear end port, as shown

in Fig 4.39. The optimized dimensions of the antenna are listed in Table 4.3.
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The AFTSA-MSC design is fabricated by a LPKF ProtoLaser. Photographs of the
proposed AFTSA-MSC design are shown in Fig. 4.35. Views of the top and bottom layers
are shown in Fig. 4.35. (a). The reflection coefficient measurement setups when AFTSA-
MSC is loaded with a hemispherical lens and when AFTSA-MSC is loaded with a grooved

spherical lens are illustrated in Fig. 4.35, (b) and (c), respectively.

———  AFTSA-MSC

0 - == AFTSA-MS5C with HS-Lens

— AFTSA-MSC with GS-Lens
AFTSA-MSC Measured

——— AFTSA-MSC with HS Lens Measured

— = AFTSA-M5C with G5-Lens Measured

Frequency (GHz)
Figure 4.36 Illustrated: a comparison of the measured and calculated reflection

coefficients for: AFTSA-MSC, AFTSA-MSC with HS- lens, and AFTSA-MSC with
GS-lens.

The results for the AFTSA-MSC loaded with a hemispherical (HS) lens, and the AFTSA-
MSC loaded with a grooved spherical (GS) lens are compared. A full wave analysis is
carried out and performed within the time-domain solver of the CST Microwave Studio
2014. The return loss (S77) of measured and simulated results for the three antenna types
are presented in Fig. 4.36. The S;; for all responses is <-10 dB indicating a wide bandwidth
covers the band from 55 - 67 GHz. A reflection coefficient loss deterioration is observed
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when the antenna is loaded with the hemispherical lens. On the other hand, there is a better

matching response when the antenna is loaded with the grooved spherical lens.
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Figure 4.37 The impact of varying the inserting distance through the grooved spherical
lens.

The proposed design of the AFTSA-MSC with a GS-lens achieves a high normalized
gain of 20dB at 60 GHz, which is 5dB higher than the two other antennas. The scattered
field is very high for the antenna loaded with an HS-lens, since the antenna radiation fields
are facing a flat end side of the HS-lens. Meanwhile, inserting the antenna in the groove
absorbs the scattered field in the end fire antenna direction. This makes the proposed

antenna loaded with a grooved spherical lens capable of increasing the antenna gain and
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decreasing the return loss. Extensive parametric studies of corrugation amplitudes 41, 4>,
Az A4, Ay, and periods, &, and k,, are carried out using CST-MWS to investigate the effect
of multi-corrugation on the grooved-lens antenna. The optimized dimensions of the
proposed grooved lens antenna prototype are presented in Table 4.3. These multi-
corrugation variables provide a further scale in optimizing the antenna when insert to a
grooved lens in order to obtain a low sidelobe in the E- and H-plane, better matching

impedance, and high gain performance.

— AFTSA-MSC
——— AFTSA-MSC with HS-Lens
— AFTSA-MSC with GH-Lens

Normalized Gain (dB)
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Figure 4.38 E — and H —plane radiation patterns comparison between the AFTSA-MSC
without a lens, with an HS-lens, and with a GS-lens, at 60 GHz.

97



In further investigation of antenna parameters, di represents the inserting distance.
Where di= 0, the AFTSA-MSC was placed on the edge of the lens, and where di= - 12.7,
the antenna was inserted into the center of the grooved spherical lens. The insertion position
of the antenna is an important parameter. In order to understand the impact of dr on the
sidelobe level in the E- and H-planes, and antenna gain, di is varied from -12.7 to 0, and
the results of this study are illustrated in Fig. 4.37. As a conclusion, the optimum inserting
distance is at d.=- 12.7, which makes the design help deflect propagating waves in the end

fire pattern.

Figure 4.39 The photographs of the measurement setup of MC-AFTSA design, and MC-
AFTSA is loaded with a grooved spherical lens and fixtured with a foam.

The radiation patterns at 60 GHz for the three antennas in the E-and H—plane are
presented in Fig. 4.38. As shown, the groove in the GS—lens narrows the H—plane field.
The HPBW reaches 18.5° and 13° in the H—plane and E—plane, respectively. Moreover,
the sidelobe levels are below -20dB in both the E— and H—plane. It is noted that when the
AFTS-SC is loaded with the HS—lens, it exhibits a similar track to each other. In the E-
plane, the curve is almost symmetrical. The HPBW for the AFTS—SC with an HS—lens is

35° in the H—plane and 27° in the E—plane. Fig. 4.39 shows the photographs of the
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measurement setup of MC-AFTSA design, and the setup of MC-AFTSA when loaded

with a grooved spherical lens and fixtured with a foam. The measured E and H-plane

radiation pattern at 60 GHz comparison between a MC-AFTSA and MC-AFTSA with GS-

Lens shown in Fig. 4.40. The antennas exhibits pattern stability over the impedance

bandwidth. The patterns shows an endfire directive in both E-plane and H-plane, the

simulated results and the measurement results demonstrated a good agreement.
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Figure 4.40 Measured and Simulated of the E — and H —plane radiation patterns
comparison between the AFTSA-MSC without a lens and with a GS-lens, at 60 GHz.
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4.7 Summary

In this chapter, multiple 60 GHz antenna sensors have been presented. A circular
patch slot-fed antenna was loaded with a dielectric lens, and optimized for operation at 60
GHz; the prototype achieves a high measured gain of ~ 20 dB along the ISM band. The
antenna impedance bandwidth is 3.5 GHz within the ISM unlicensed band and it is
considered a low cost sensor with a simple structure and a small size of 12.412 x 10.5 x
27.553 mm?. Then, A 60 GHz double-layer printed Yagi array antenna was proposed, and
the measured impedance bandwidth was more than 5 GHz with a gain of 10 dB measured
at 60 GHz. This Yagi antenna, implemented to obtain wide radiation efficiency, is
potentially useful for MMW-MMIC packaging circuits, short range wireless
communications, and imaging applications. High gain novel designs of antipodal Fermi
tapered slot antennas have been implemented to fulfill optimum performance requirements
for imaging/detection systems. First, a single element antipodal Fermi TSA with a sin-
corrugated shape was implemented, with its corrugation reduces the discontinuity in
tapered edges, leading to reducing the sidelobe lever and enhancing radiation characteristic.
This design presents a broad bandwidth that covers the entire ISM band, along with a stable
directive gain of 18.75 dB at 60 GHz. It is fabricated on a single layer with a low-cost
PCB process. Second, a new design for a dual-polarized antipodal Fermi tapered slot
antenna has been presented. This design employs a single feed for dual-polarized,
horizontal, and vertical polarization, providing diverse polarity, which enhances image
contrast in the imaging/detection system. Third, a novel single feed circular polarized
AFTSA sine-shape corrugated antenna has been introduced. This CP design exhibits an
experimental impedance bandwidth which covers the entire band of 55 - 67 GHz, and a

wide circular polarization bandwidth of 3.8 GHz for an AR less than 3dB. Finally, a new
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multi sin-corrugation AFTSA antenna has been introduced - the implemented design
introduces a high level of optimization when the antenna is loaded with a grooved lens. The
proposed design of the AFTSA-MSC with a GS-lens achieves a high normalized gain of 20
dB at 60 GHz, the sidelobe levels are below -20 dB in both the E— and H—plane, and a wide
measured bandwidth covers the band from 55 - 67 GHz. The weight and size for these
proposed 60 GHz antennas are small compared with traditional horn antennas - which can
be integrated in a compact structure and impeded in low profile array to obtain a desired
gain. Thus, with these characteristics, these antenna prototypes could be employed as a 60

GHz scanning probes for imaging / detection applications.
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Chapter 5: A 60 GHz Switched beam
Antenna Array
5.1 Introduction

In recent technologies, such as imaging detection systems, wireless
communication, and radar systems, wideband MMW systems, able to steer beams to cover
a desired area or to scan a target, are more in demand. Therefore, phased array antennas
are essential for satellite radiometric applications, real time active or passive MMW
imaging detection systems [125]-[129], MIMO applications [130], and radar anti-collision
systems. A low cost phase shifter technique developed by Kim and Chang [43], [44], [46],
[91], [131] introduced the piezoelectric transducer (PET) controlled phase shifter. This
phased array offers a functional alternative to conventional phased arrays requiring more
design complexity and fabrication expense. This technique is capable of generating a true
time-delay phase shifter array over a wide frequency range with the advantage of simplicity
and low cost even though the overall scanning range is at slow speed depending on the
PET perturber.

This chapter introduces a 57-64 GHz, 1 x 16-element beam steering antenna array
with a low-cost piezoelectric transducer (PET) controlled phase shifter. The first, an
alternative power divider with a triangular-shaped feed which reduces the discontinuity
caused by the feed line corners, is presented. The new concept presented splits the power
in unequal division and enhances the distribution of the electric field with a high level of
control at each feed line. The second, a 1 x 16-element beam steering phased array designed
with a 60 GHz AFTSA-SC, and a single antenna designed to achieve a symmetric E-plane

and H-plane radiation pattern, is then presented. The feed network design is surrounded by
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electromagnetic band-gap (EBG) structures to reduce the surface waves and coupling
between the feed lines. The third, a design of a circularly polarized 1 x 16-element beam
steering phased array with and without EBG structures, was further investigated. These
analytical results aid toward the development of new 60 GHz arrays for MMW applications

which provide significant enhancements on system performance.

5.2 60 GHz Power Divider

A wide bandwidth array system requiring a wideband feeding network that
distributes the power equally/unequally is a critical task in the MMW band design. The
frequently used microstrip power dividers are Wilkinson, Rat-race, and T- or Y-junction
power dividers. The Wilkinson is well known for a good isolation due to the resistor
between the output ports, which allows three matched ports at the designed frequency
[132], [133]. However, the quarter-wavelength branches at high frequencies are difficult
to achieve as the wavelength decreases. The lag in performance caused by the resistor due
to its parasitic effect in terms of equivalence in inductance and capacitance increases with
increasing frequencies leading to increasing the losses and mismatch between the ports.
The Rat-race (180° hybrid) with four-port structure has good isolation between output
terminals as well, however, the drawbacks are the discontinuity causes radiation losses,
and the long race line causes ohmic and dielectric losses, which are higher than the losses
of the T- or Y-junction splitter. Furthermore, with the resistor at the fourth-port in the Rat-
race and the one between output ports in the Wilkinson, there are not only losses, but it is
also difficult to mount the resistor on transmission line at higher frequencies leading to
expensive fabrication [ 134]. The planar T- and Y-junction power divider provides a simple

three-port design structure, and it is easy to achieve equal or unequal power division [135],
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[50]. The T- and Y-junction does not require high frequency resistors; although, the

drawback is this power divider provides a low isolation between the output ports [132].

5.2.1 T-Junction and Y-Junction Power Divider Comparison

The discontinuity at the junction and at the bends of the microstrip line creates
higher order modes and fringing fields, and that makes a stored energy accounted as a
lumped susceptance. The T-junction and Y-junction power divider structures are shown in
Fig. 5.1. The T-junction design has a high discontinuity at the junction and at the bends
which leads to a mismatch between the ports and reduces the impedance bandwidth,
however, with right angle chamfering such as V-shape at the junction and at bends there is
a reduction in discontinuity [136]. In order to minimize discontinuity, the Y-junction
design causes lower reflection at the junction and lower effect at the bends than the T-

junction model, which achieves a wide impedance bandwidth and low insertion loss [137].

Port (3) Port (2)
Port (3) Port (2) 500
500 50
dp I3 dy,
< > I3
500 SN0 ||y
=i :
I I
—— e = =y
g b oh=n+vn+n N
| =lp+0L+1 I
sno b= = = -_— L
Port (1) r 500
T-Junction Port (1)
Y-Junction

Figure 5.1 The T-Junction and Y-Junction power divider.

In Fig. 5.1 shows the optimized design at a 60 GHz center frequency for the T-

Junction and Y-Junction power dividers. Both structures are designed on RO4003 (&, =
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3.55, tand =0.0027@ 10GHz) which is 0.2mm in thickness, the distance between the output
ports is d, = 2.144 (wavelength 4 = Smm @ 60 GHz), and the overall length of the
microstrip line path is /; = 6.274. The characteristic impedance of the input and the output
ports are 50 Q. The S-parameter results of the power dividers are shown in Fig. 5.2. The
Y-junction yielded a reflection coefficient S;; of less than -15dB for even beyond the
selected band (55 - 65 GHz), and the return loss S;> (or S;3) is approximately -3.7dB.
Meanwhile, the T-junction yielded a S;; of less than -15dB for only the band of 58 - 64
GHz, and the S;> (or S;3) is about -4.3dB. These results indicate the Y-junction power

divider achieved less return loss and a wider impedance bandwidth than the T-junction.
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~a

— == Ordinary Power Divider .

dB
N
(3}
/

/

\
dB

56 58 60 62 64
Frequency (GHz)

Figure 5.2 The S-parameter results of the T-Junction and Y-Junction power dividers.

In order to understand the behaviour of the T-Junction and Y-Junction power
divider structures, the surface current distribution was calculated using CST-MS, as
presented in Fig.5.3. The figure shows three different phases are monitored at 0°, 45°, and
90°, and the field distribution from the input port is divided into the two output ports. The

time snapshots of the electric field clearly show the stronger reflection of the current field
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caused by the splitting junction of the T-type; on the other hand, the reflected field is
monitored lower at the Y-junction indicating low surface wave and low loss. This
discontinuity of the T-junction type caused by the sharp angle at the junction and at the
bends creates a form of wave propagation creating a surface current distribution that affects
the feeding network performance, especially at MMW band. In addition, the surface wave
between the output ports is lower with the Y-junction than with the T-junction, which is
important for minimizing mutual coupling between elements. Therefore, this thesis
proposes a Y-junction power dividor design with an insignificant loss as a practical choice

to employ inaina I X 16 -element MMW band, for its high performance compared to the

T-junction model.
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Figure 5.3 A time snapshot of the electric field for the T-Junction and Y-Junction power
dividers in three cases, at 0°, 45°, and 90°.
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5.2.2 Unequal Y-Junction Power Divider

The Y-Junction power divider can be made with unequal power splits; a
transmission line model of unequal loss that is less at the Y-junction is illustrated in Fig.
5.4. The triangular tapered line from the input line port to the output line port is applied
in the Y-junction design splitter. The input port line Zy splits the tapered slot into two
lines: Z; and Z>. These Z; and Z lines gradually merge into the output line Zy of port 2

and port 3, respectively.

Zo P2

Zi

Zy P3

Figure 5.4 Transmission line model of unequal lossless Y-junction power divider.
Assuming V) is the voltage at the junction as shown in Fig. 5.4, then to calculate
the input power to the matched divider:

4 5.1

The distributed power at each output port is expressed as

V2 V2 (5.2)
P, = : d P;=
2722 T @)
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The total power of the ideal (lossless) design at the output ports (Pou:) is equal to
the input power (P;,) as represented in

Pout = P, + P; = Py (5.3)

Consequently, to determine an unequal power distribution for each output port is

P, = KPy,

Py =(1-K)P,, O0<K<1 (5:4)

The output ports power yields the Z> and Z; impedance by combining Eq.s 5.1 and

5.2 into 5.4 as follows

K (5.5)

S cyy

Therefore, the total impedance at junction Z; = Z>// Z3 while maintaining

matching conditions is equal to the input impedance Zj .

2
2 I
3 =
~ h'\
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-25 - - : : .
56 58 60 62 64

Frequency (GHz)

Figure 5.5 Microstrip model of the unequal Y-junction power divider, on the left, and
the S-parameters results, on the right.
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Fig. 5.5 shows a microstrip model of the unequal Y-junction power divider and the
S-parameters results designed to operate at 60 GHz. The structure is designed on RO4003
(er = 3.55, tand = 0.0027@ 10GHz) and is 0.2mm in thickness, the distance between the
output ports is 2.14A, and characteristic impedance of the input and the output ports are 50
Q. The dimensions of the Y-junction power divider length are kept, as in Fig. 5.1; however,
the input port line Zy splits into two unequal lines Z; and Z> in the tapered slot. Practically,
the output power of the Y-junction is not lossless, and Pour = Pin - Pioss, Where Piogs i the
sum of dielectric, radiation, and ohmic losses. The value of impedances Z; and Z> control
the power distributed in each output port by the value of + w,, when the chosen value is
+w, the current flow is higher in the Z; line (Port2) and lower at Z> (Port3). Consequently,
as the S-parameters show in Fig. 5.5, when the w, = 0.2 W}, where Wy is the microstrip feed

line width, as estimated the insertion loss of ;s is higher than S;.

-2 ~L~ | === -2 5
3 -""“%—: """""""""""" ~Zsef -3
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——m W= 020, — — Wy =04,
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Frequency (GHz)
Figure 5.6 The effect in varying the power distribution controller w, on the S-
parameters.
In further investigation, the power distribution controller w, is varied from 0 to
0.4 W} This effect is presented in the results of the insertion loss for each port and reflection

coefficient, as shown in the Fig. 5.6. When w,= 0 presents the equal feed in the Y -junction,

in this case the S12=831, also as seen in the figure when the w, increases this makes the
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difference of the power distribute between the output ports increase. While there is a minor
effect on the reflection coefficient S1; with stable impedance bandwidth with a range of +
wq < = Wy Therefore, this type of unequal Y-junction power divider is suitable for

controling the distribution of power with efficient optimization.

5.3 A 60 GHz 16-way Y-junction with Unequal Power Distributor

A phased array employs an equal power feeding network, which leads to increasing
the sidelobe level ratio (SLR) rapidly, and as the value of the phase taper increases, an
unequal power divider is necessary to reduce SLR. The unequal power distribution
employs different methods to synthesize amplitude array weights that yield a desired
sidelobe level. The commonly used methods to suppress the side lobe level are the Dolph-
Chebyshev and Taylor taper. The Dolph-Chebyshev taper distribution design yields for the
smallest possible SLR for a given first null beamwidth; meanwhile, the Taylor tapering
yields a distribution that is an optimum trade-off between beamwidth and side lobe level.
The Taylor 71 distribution method gives the highest directivity for a particular SLR [138] -
this method is broadly utilized [139], [140]. The expression of aperture distribution is
formed as a finite Fourier series by Hansen [139] as

n-1

gp)=1+2 Z F(n,A, n) cosnup (5.6)

n=1

where p is defined as a finite range from —z fo +7, A is a single parameter related to an
SLR, presents the number of the ports or the array elements, and 7 is a constant chosen at

a certain digit to optimize the design. The coefficient is expressed in [139] as
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Figure 5.7 The structure of 16-way unequal Y-junction power divider.

Table 5.1 Optimized dimensions of the 16-way unequal power
divider

Parameter I la Lap Iy lpe L lea

Value(mm) 25 158 | 4.7 |10.6 |4.7 7.1 | 4.7

Parameter I, d d> ds dy Wi | L

Value(mm) 5 6 12 24 48 108 | 82

For applications, such as imaging detection and radars, it is desirable to keep the
target detected through the main lobe, otherwise a minor lobe might detect a signal as a

false target. In order to suppress the SLR and reduce system noise level, The Taylor n
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distribution method is used in the 16-way Y-junction with unequal power distributor to
optimize the design and obtain a lower SLR.

Table 5.2 Calculated Coefficients of a 16-Element Array with N-bar = 6 and SLR=30 dB.

Port . Normalized

No. Coefficients Coefficients
2 0417778 0.326350109
3 0.50464 0.355965128
4 0.689013 0.428035494
5 0.921505 0.540069426
6 1.138886 0.671207631
7 1.324878 0.808411666
8 1.465739 0.930694942
9 1.537562 1

The 16-way unequal power divider, designed with CST-MS to operate at ISM 60
GHz band, is shown in Fig. 5.7. The structure, designed on a 0.2mm RO4003 (& = 3.55,
tano = 0.0027@ 10GHz) with copper cladding is 35um in thickness. The distanced between
output ports is d; = 1.2A (A @ 60 GHz) to decrease the mutual coupling effect, and the
characteristic impedance of the input and the output ports are 50 Q. The optimized
dimensions are listed in Table 5.1. In Fig. 5.7, the narrowest line width at the junction is

47.8um, which is within accessible fabrication margins.

The fabrication limitation regarding the tapered line for unequal splitting is taken
into account, in that sense the Tayler N-bar distribution parameters, particularly the SLR,
are chosen at reasonable value to meet both the array requirements and the fabrication
machines. In order to reach a sidelobe level of -30 dB, a Taylor N-bar distribution obtained
with sidelobe ratio (SLR) =30dB, and N-bar = 6 and is chosen as the amplitude taper at
the first 8-port normalized weight, as seen in Table 5.2 which shows calculations obtained

using Matlab [141]. The normalized output power ratios at 58, 60 and 62 GHz of the
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simulation results with and without EBG structure are compared with the ideal calculated
results, regarding ideal values the unequal impedances at the power divider junctions are
optimized. The desired pattern is symmetrical with respect to the center of the array;
therefore, 16 elements are such that the 8 elements of the first-half mirror the 8 elements

of the second-half.

Table 5.3 Simulated K values for the second to fourth stages.

Stage K values

2nd 0.5651

3rd 0.2528 0.2528

4th 0.2511 | 0.2758 | 0.2416 |  0.2162

\
S
A

Figure 5.8 The 16-way unequal Y-junction power divider 16-Way with EBG.

In the 16-way unequal power splitter in Fig. 5.7, the first stage divided impedances
are equal, then the values from the second to fourth stages correspond to displacement from
the center of the junction (w,), listed in terms of K value in Table 5.3, which presents the
impedances transformed after each branch. The impedances at each branch can be

calculated by the power ratio using Eq. (5.5). Accordingly, the characteristic impedances
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at junction start from right to the left on the second stage are 115€Q, and 88€, the third
stage ones are 15002, 75Q2, 198€Q2, and 67€2, and then the fourth stages ones are 231Q, 64Q,
207Q, 66Q, 181Q2, 69Q, 199Q, and 67Q. The characteristic impedances at the junction

are optimized to reduce the sidelobe levels to margins within fabrication limitation.

Table 5.4 The Optimized dimensions of EBG unit cell.

Parameter g Ls Lg WEe
Value (mm) 0.146 | 0.511 |0.292 |0.292
Dispersion diagram
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Figure 5.9 2D uniplanar EBG unit cell dispersion diagram.

Fig. 5.8 shows the same model of the 16-way unequal feeding network modified
with the electromagnetic band gap structure (EBG), 2D uniplanar model. The EBG
structure is implemented to surround microstrip feeding lines in order to reduce the
potential radiation caused by the discontinuity at the bend lines and suppress the surface
waves [ 142]. Furthermore, The EBG creates an electromagnetic gap at designing band that
increases the isolation between the output ports leading to a reduction in the mutual

coupling [142]. [143], [144].
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Figure 5.10 Reflection coefficient of 16-way unequal Y-junction power divider with and
without 2D uniplanar EBG.

The 2D uniplanar EBG structure is designed on a RO4003 substrate which is
0.2mm thick and optimized to obtain a band gap (bandstop) around 60 GHz, as shown in
the Fig. 5.8; it is distributed in a planar structure around the microstrip feed lines. The
finalized dimensions of the unit cell are listed in Table 5.4. The dispersion diagram of the
uniplanar 2D EBG unit cell is illustrated in Fig. 5.9. It shows a 9 GHz band-gap between

the first and second propagation modes around 60 GHz covering the ISM band.

16-Way Unequal Power Divider 10 16-Way Unequal Power Divider with EBG
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Figure 5.11 S-parameters, insertion loss of 16-way unequal Y-junction power divider
with and without 2D uniplanar EBG.
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Fig. 5.10 shows the reflection coefficient of the Y-junction power divider with and
without an EBG structure. The 16-way Y-junction power divider design has wide
bandwidth covering a band of < -10dB (S11) from 56.2 GHz to beyond 65 GHz. The EGB
unit cells around the power divider have no effect on return loss, in fact it enhances the

operating bandwidth.

The 16-way Y-junction power divider results of the insertion loss for the first 8-
terminals at each output port are presented in Fig. 5.11. The transmission coefficient is
distributed higher at port 9 (S9;) and gradually declines to port 2 (S2;), appearing with and
without EBG structure. In the simulation design, transmission coefficient responses of the
edge ports, from port 2 to 4 are difficult to optimize because of line limitation with respect
to the fabrication margin, as seen in the case without EBG, the responses of S2;, S3;, and
S41 are close to each other. However, the transmission coefficient responses with EBG unit
cells present a controllable gap between the edge ports that can be optimized by the power
division to approach the designing values of Taylor N-bar distribution. Therefore, 16-way
Y -junction power divider results present an efficient unequal division reducing the sidelobe

level for ease of fabrication - it is practical to employ for antenna array.

5.4 The1 x 16 Phased Antenna Array Design Based On the Piezoelectric

Transducer Controlled Delay Line Technique

Phased antenna arrays (PAAs) with high gain, wide bandwidth, low sidelobes, low
cost, and compact design are in demand for many military and commercial applications
[36], [50], [147]-[150]. Numerous applications at millimeter wave band require a high gain
and wide bandwidth, for the use of true time-delay-based PAAs as an alternative to the

phase-shifter for eliminating beam squinting. A wide bandwidth and high gain antenna is
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the complement to operate with PAAs in many system applications. In [50], a good
performer of 18-40 GHz, the 1 x 16 beam shaping and 1x8 beam steering PAA used a
low-cost true time PET as a controller phase shifter, however, the drawback is in high
sidelobe level and mutual coupling between antenna elements caused by discontinuity at
the amplitude taper of the power divider that reduces the total radiation efficiency. In [151],
a planar feeding technique using a phase-and amplitude-corrected SIW horn to feed 1x8
antipodal linear TSA arrays. However, beam bifurcation occurs at the E-plane when a

single-difference-beam antenna is applied.

The tapered slot antenna featured with high gain, wide bandwidth, and with a stable
end fire radiation pattern making it suitable for imaging detection systems and broader
radar applications [152]-[156]. As introduced in [157], a 16-element Vivaldi subarray is
used with a real-time ultra-wideband see-through-wall imaging radar system. In [158], 64
tapered-slot antenna elements with low voltage standing wave ratios, array scanning
capabilities up to 45° are presented to utilize in next-generation radio telescope of the
Square Kilometer Array (SKA). The 8- element TSA phased antenna array system used
nonlinear delay line (NDL) technology [159], and the 144 element dual-polarized endfire
tapered-slot phased arrays exanimated the phase of the mutual coupling coefficients [160].
In this work, PAA uses Fermi tapered slot antenna with sin-corrugation design, as proposed
in [J2], [C5], [C8], [CO9]. Also, this work has designed a new AFTSA-SC able to provide
small spacing between antennas and symmetrical E-plane and H-plane radiation pattern,
with high gain and wide bandwidth to fulfil the requirement to operate in the 60 GHz array

structure.
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In order to enhance the array performance in reducing the side lobe level, a Tayler
N-bar unequal power distribution implementing a Y-junction splitter is introduced in this
PAA design. The phase shifter proposed in 1x16 PAA is controlled by a low cost
piezoelectric transducer (PET), which was developed by Kim and Chang [91], [161]; this
provides a simple mechanism with low cost able to cover a wide frequency, and achieving

a true time-delay phase shifter [50].

In this section two forms of 1 x 16 PAAs with PET controller are presented. The
first is with 16 of AFTSA-SC antenna with EBG surrounding the feeding network and the
second is the circularly polarized AFTSA-SC antenna with EBG, the antenna as single

elements is designed for both arrays as symmetric E- plane and H-plane.

54.1 A 60 GHz 1 x 16 E-Plane Beam Steering Phased Array AFTSA-SC Antenna
Symmetric E- plane and H-plane

In this section, we will present a 60 GHz, 1 x 16 E-plane beam steering phased
array. First, the AFTSA-SC antenna is designed to be in a symmetric E- and H-plane
pattern - the design details, results, and discussion will be presented. Then, we will present
a 60 GHz, 1 x 16 E-plane beam steering phased array AFTSA-SC antenna with symmetric

E- plane and H-plane, the design details, results, and discussion are included.

5.4.1.1 A 60 GHz AFTSA-SC Antenna Symmetric E- plane and H-plane
The 60 GHz AFTSA-SC is designed specifically to employ in PAA structure, with

radiation patterns able to remain symmetric in E- plane and H-plane for a wide bandwidth.
The schematic of the AFTSA-SC is presented in Fig. 5.12. The AFTSA-SC is simulated

on a Rogers RT/Duriod 4003 substrate with & = 3.55, tan 6 = 0.0027@ 10 GHz, thickness
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= 0.2 mm. The overall antenna size is relatively small with 37 mm in length and 6.5mm in

width. Furthermore, the optimized antenna parameter is presented in Table 5.5.
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Figure 5.12 Geometry of AFTSA-SC antenna symmetric E- plane and H-plane.

Table 5.5 The AFTSA-SC, one element optimized parameters.

Parameter Wf | rc Wg | Lf Ls L
Value(mm) 0251225 6.5 | 625 | 30.75 37
Parameter dg At k d a b c
Value(mm) 1.75 | 0.3 | 867 | 05 2 0.5 20

Fig. 5.13 shows the simulated bandwidth of AFTSA-SC antenna defined as S;; < -
10 dB covering the entire band of 55 - 65 GHz. Also, for the selected band, the gain is
stable and about 15dB at 60 GHz. Furthermore, the total radiation efficiency is about 88%
on average for the band of 55 - 65 GHz. The radiation patterns of AFTSA-SC at 59, 60,
61, and 62 GHz are presented in Fig. 5.14. The mainbeam of E- and H-plane are in

symmetry over the whole band. The radiation patterns of the selected frequencies show
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stable endfire over the entire range and low sidelobe level indicated in the E-plane and the

H-plane, with about -13 dB of SLR on average for the selected band.
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Figure 5.13 AFTSA-SC antenna simulated gain, return loss S11, and total radiation
efficiency.
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Figure 514 Simulated radiation patterns of symmetric E- plane and H-plane AFTSA-
SC at 59-62 GHz.
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5.4.1.2 The 1 x 16 E-Plane Beam Steering Phased Arrays AFTSA-SC with EBG

Structure

Fig. 5.15 shows the schematic of the PAA system which contains 16-element of the
AFTSA-SC antenna, phase shifter, and power feeding network. The feed network is a Y-
junction 16-way unequal designed according to Taylor N-bar distribution power divider,
where N= 6 and SLR = -30 dB. This Tayler distribution is used in order to minimize the
sidelobe level with a center to center spacing between antenna elements of 1.2 Ao (Ao =5Smm
@ 60 GHz). The 2D uniplanar EBG structure is a sounded feeding network, and it is
modelled on a RO4003 substrate with 0.2mm in thickness. The EBG structure is optimized
to obtain a band gap to cover the entire ISM band, as shown in Fig. 5.8. Further, the
dimensions of the 2D EBG unit cell are listed in Table 5.4. Moreover, the dimensions of

thel x 16 PAA structure are: length = 174.3mm, height = 6.83mm, and width = 108.2mm.

The phase shifter uses PET to perturb a right triangle shaped substrate with a 0.2mm
thick RO4003. The perturber is mounted on the microstrip feeding network lines, and the
perturber triangle shape creates different propagation delay from line to another.
Practically, at a certain DC bias line voltage, the PET is perturbed at a certain height AL
which causes a phase shift that steers the beam. The perturber triangle substrate is mounted
on 15 microstrip lines, the 16 microstrip line is kept with no perturber on top, as a
reference, i.e., with no delay line effect. The length of the perturber is 10 mm at the center

and 0 mm at the edge.

Fig 5.16 presents the simulated reflection coefficient of the 1 x 16 AFTAS beam
steering phased array results for four different structures. The simulated bandwidth for Si;

< -10 dB covers 56.5- 65 GHz. Fig 5.16 shows the slightest impact on reflection
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coefficients when the PAA is under maximum perturbation (4. = 0mm) and no perturbation

as with EBG. Thus, the PAA is established broadband characteristics and no effect on the

reflection coefficient under PET perturbation.

DC bias line
E-vlane AFTS-SC antenna

x: Dielectri

C

Figure 5.15 1 x 16 E-plane beam-steering phased array with AFTS-SC Antenna and
EBG structure.
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Figure 5.16 The reflection coefficient of 1 x 16 AFTAS beam steering phased array
results with EBG, without EBG, and PET with EBG.
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The simulated E-plane beam steering radiation patterns when varied AL = 0 to
0.25mm at 57, 60 GHz, and 64 GHz is illustrated in Fig.5.17. The maximum beam
steering angle occurs at Ap = Omm, steered by 6, 6.5°, and 6° at 57, 60, and 64 GHz,
respectively. At AL = 0.25mm, corresponding to no delay line and no steering effect, the
highest SLRs -10, -14.5, and -13.5 dB at 57, 60, and 64 GHz, respectively, and HPBW
is stable around 2.9° at E-plane and 31° at H-plane . In all perturbations (4. = 0 to

0.25mm), the SLR is kept lower, which indicates stable performance over the 60 GHz

ISM band.
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Figure 5.17 Simulated E-plane beam steering radiation patterns with 4, = 0 to 0.25mm
perturbations at 57, 60, and 64 GHz.

Fig. 14, shows the fabricated prototype for the proposed 1 x 16 E-plane phased

antenna array with EBG structure mounted on the test fixture in the anechoic chamber. The
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test fixture is made of 0.5 in thick aluminum sheeting designed specifically to amount the
array PCB, End-Launch V-band connector, and PET system. This design made it easy to
mount the thin substrate and align it at the testing scanning arm in the anechoic chamber,
performing radiation pattern measurements. The E-plane is presented in xy-plane, which
aligned horizontally with test fixture and the PET system that affect the radiation patterns
Furthermore, during the integration process of the PET, the flatness and position of

perturber substrate top of the microstrip lines might be changed slightly.

3D Printed

clamps to fix
the array to the
test Fixture

W

Aluminum
Test Fixture

Figure 5.18 The prototype photograph of the 1 x 16 E-plane AFTSA-SC phased array
with EBG at anechoic chamber.

Fig. 5.19 shows the measured and simulated S11 results in case when PET is at
maximum perturbation and without PET, where S11 measurement is conducted by PNA

AS5227N. The measured results shows a wide bandwidth impedance S11 <-10 dB covers
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band of 55 - 65 GHz for both cases with or without PET. Notably, the measured S11
indicates a similar trace to the calculated ones. Nevertheless, the fabrication tolerance may
cause a slight shift, and the tolerance in the substrate’s dielectric constant. However, the
measured results elaborates wideband characteristics and with no effect on the return losses

under these two conditions, which is essential advantage of this technique [50].
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Figure 5.19 The measured and calculated results of reflection coefficient for 1 x 16 E-
plane AFTSA phased array results with EBG in case with and without PET.

Fig. 5.20 shows the steered beam of E-plane patterns when 100 DC-volts are
applied to the PET, causing maximum perturbation at right/left scan. The measured E-plane
radiation patterns at 57 GHz (a), 60 GHz (a), and 62 GHz (c) exhibit a beam scanning range
of approximately 1.1° - 2°. At 57 GHz, the - 3 dB beamwidth is approximately 2°, which
is the requirement for imaging/detection systems. The high side lobe level ratio at high
frequencies is attributed to increase in the mutual coupling between antenna elements, and

beam broadening appears. The system with EBG, the sidelobe level is relatively

suppressed, as shown in Fig. 21.
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The measured and radiation patterns of E-plane with EBG beam steering at
maximum perturbations for 57, 60, 62 GHz are illustrated in Fig. 21 (a), (b), and (c). In the
same figure, the simulated radiation pattern of the array without perturbation is presented
at each frequency. The HPBW (- 3 dB) is approximately 2° at 57 GHz. Furthermore, it
shows a beam scanning ranges of 1.6° - 2.9°, which by employing EBGs increases

relatively the scanning range from 0.5° to 0.9° than ones performed without EBGs as in

Fig. 5.20.
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Figure 5.20 Measured radiation pattern of E-plane without EBG beam steering with
maximum perturbations at 57, 60, and 62 GHz.

The radiation patterns of the EBG structure that surrounded the feeding network
suppressed the surface waves and reduced the mutual coupling between antenna elements,

leading to maintaining the sidelobe level lower and main beam more directive than the
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array without EBG. The measured results elaborate the effectiveness of EBG’s
employment in the feeding network at ISM — band of 57 - 64 GHZ. It makes the proposed

design operate efficiently in ultra-wideband MMW phased antenna array applications.
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Figure 5.21 Measured radiation patterns of E-plane with EBG beam steering with
maximum perturbations at 57, 60, and 62 GHz.

5.4.2 Circular Polarized 1 x 16 Beam Steering Phased Array

This section will present a novel structure circular polarized 1 % 16 beam steering
phased array. First, it will present the design details, results, and discussion of the
circularly polarized single element of the PAA system. Then, it will present the circular

polarized 1 x 16 PAA including design details, results, and discussion.
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5.4.2.1 A 60 GHz Symmetric E- plane and H-plane and PC AFTSA-SC

A 60 GHz circularly polarized antipodal Fermi tapered slot antenna with sin-
corrugation (PC AFTSA-SC) is presented in Fig. 5.22. This PC AFTSA-SC is designed to
employ in array structure, with radiation patterns capable of maintaining a symmetric E-
plane and H-plane for a wide bandwidth. As in Fig, 5.22, the circularly-polarized antenna
element consists of a pair of AFTSA-SC elements. These two elements are aligned
orthogonally to each other. Both the horizontal and vertical elements are fed by a single
microstrip line with a 50  input impedance. This design is a single feed exciting horizontal
and vertical elements, where the circular polarization is achieved by the slotted cutouts in
the center of each substrate to satisfy the 90° phase delay between the horizontal and

vertical elements.

W;\ / —
Ly Horizontal Element

Figure 5.22 Geometry of the antipodal circularly polarized AFTSA-SC antenna.
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Table 5.6 The CP-AFTSA-SC optimized parameters.

Parameter |Lu |Ly |Ls |Wa | Wy | We |Swu |Sv |re b
Value(mm) | 42 9 33 |65 0.8 109 | 1.5 | 015 | 225 0.5
Parameter du dy h Ly At k ai b; cI c
Value(mm) | 3.57 | 155 | 0.2 | 284 | 0.3 8.7 2 0.5 2.25 20.25
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Figure 5.23 CP-AFTSA-SC antenna symmetric E- plane and H-plane results: gain,
return loss S11, and total radiation efficiency.
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Figure 5.24 (a) Measured and simulated axial ratio of RHCP and (b) realized gain at
RHCP and LHCP of CP-FTSA-SC antenna.
The circularly polarized AFTSA-SC is simulated on Rogers RT/Duriod 4003
substrate with &, = 3.55, tan 6 = 0.0027@ 10 GHz, thickness = 0.2 mm. The overall antenna

size is 51.5 mm x 13 mm. Furthermore, the AFTSA-SC is modelled to radiate in the right-
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hand circularly polarized antenna (RHCP) wave. The optimized antenna parameter is

presented in Table 5.6.

E-Plane H-Plane
~
S
2
S
K
3
£
Ze R Hco, RHCP Simulated
Eco, RHCP Simulated ' — — Heco, RHCP Measured
= = Eco, RHCP Measured «I
0 — '
Ny
60 GHz / \60 GHz
\

) \

-10 - AN
E’ n et | / \ ,’\‘ [ \ A
3 I N I A
S I / \\ I
] | 1 A | | I ”w |, L "‘
.§ 220 4 |'\ | 1M I ‘I N v A
3 I ll' v l ' I
§ ' 1 ‘I I Hco, RHCP Simulated I!
z i Il “ V I | = = Hco, RHCP Measured |l | A

-30 || ! Eco, RHCP Simulated 1 i , 1 ’ L] ,

! = = Eco, RHCP Measured II'|| ||"
, Il

40 60

Phi (Degree)

80 100 120 140 160 1800

20

40

60 80 100 120 140 160 180
Theta (Degree)

Figure 5.25 Measured and simulated radiation patterns of the symmetric E- plane and
H-plane PC AFTSA-SC at 59 and 60 GHz.

The bandwidth for the CP-AFTSA-SC antenna is defined as S;; < - 10 dB and

covers the entire band of 55 - 65 GHz, as shown in Fig. 5.23. Furthermore, the gain is stable

for the selected band, and is about 15dB at 60 GHz. The total radiation efficiency is about

86% on average for the band of 55 - 65 GHz. Fig. 5.24 (a), shows the measured and

simulated RHCP axial-ratio (AR) of the FTSA-SC antenna, less than 3dB is maintained

across the band of 59.5-61 GHz, at the simulated result about 1.5 GHz circular polarized

bandwidth with minimum AR is about 2.3dB at 60 GHz. The measured AR result indicates
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a circular polarized around 63.5 GHz and 64.5 GHz. This discrepancy between the
measured and the simulated results may cause by the fabrication tolerances and
imperfection in soldering the vertical into the horizontal element. Fig. 5.24 (b), shows the
results of the RHCP and LHCP realized gain, which indicates the CP antenna is RHCP
dominant to LHCP with a 10dB difference in gain range.

Fig. 5.25 shows the radiation patterns of PC AFTSA-SC at 59, and 60 GHz. The
radiation pattern of the selected frequencies shows stable endfire over the whole range, and
there are a good agreement between the measured and simulated results. The E- and H-

plane have a symmetry radiation pattern until about -15 dB.

5.4.2.2 The 1 X 16 Beam Steering Phased Antenna Arrays with Circular Polarized
AFTS Antenna with EBG Structure

In Fig. 5.26, the schematic of the PAA system contains a 16-element circular
polarized AFTS antenna, phase shifter, and power feeding network. The Y-junction 16-
way unequal feed network used a Taylor N-bar distribution power divider, where N= 6 and
SLR =-30 dB, and it is designed on RO4003, 0.2 mm in thickness. This Tayler distribution
is adapted to suppress the sidelobe level and reduce the grading lobe, where the center to
center spacing is 1.2 Ao (Ao =5mm (@ 60 GHz). The feeding network is sounded with a 2D
uniplanar EBG structure, and it is designed on a RO4003 substrate with 0.2mm in thickness
and optimized to obtain a band gap around 60 GHz to cover the ISM band, as shown in the
Fig. 5.8. The optimized dimensions of the 2D EBG unit cell are listed in Table 5.4. The
overall dimensions of thel X 16 E-plane beam-steering phased array are 174.3mm in

length, height is 6.83mm, and width is 108.2mm.
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Figure 5.26 1 x 16 E-plane beam-steering phased array with circularly polarized AFTS-
SC antenna and EBG structure.
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Figure 5.27 The reflection coefficient of 1 x 16 CP AFTS beam steering phased array
results with EBG, without EBG, with PET and EBG, and PET without EBG.

The reflection coefficient from the 1 x 16 CP AFTS beam steering phased array

results simulated at four different structures is shown in Fig 5.27. The simulated bandwidth
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for S;1; <-10 dB covers 56.2-65 GHz. There is an insignificant impact on S;; for the PAA
under maximum perturbation (AL = O0mm) and no perturbation as with EBG or without EBG
through the entire bandwidth. This establishes broadband characteristics and there is an
insignificant effect on the reflection coefficient under these four conditions, which is a
major advantage of this approach.
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Figure 5.28 The impact of perturbations between values of 0 - 0.25mm on (a) the axial
ratio, and () RHCP and LHCP realized gain.

The PET perturbes the triangle shaped substrates when voltage DC is applied in
practical employment; the perturber change of AL can be simulated with CST-MS to
investigate its impact on overall PAA characteristics. Furthermore, the impact of varying
AL from 0 - 0.25mm perturbations on the axial ratio, and RHCP and LHCP realized gain is
shown in Fig. 5.28. The simulated RHCP axial-ratio of the PAA system, with AL from 0.05
- 0.25mm, at an AR of less than 3dB maintained across two bands of about 58.5-60.5 GHz
and 61.5.5-65 GHz, is indicated in Fig. 5.28 (a). The minimum AR is about 0.2dB at
59.5GHz, when AL = 0.05mm. However, when the perturber substrate is in contact with the
microstrip line, which is at AL = 0 mm, the AR (< 3dB) shifts to a higher frequency band
to cover 62.5-65 GHz. This indicates high EM coupling between the microstrip lines

occurring at direct contact of the perturber, which can be eliminated by AL just above zero
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value if avoiding perturber to be in direct contact as when Ar = 0.05mm. Meanwhile, there
is the insignificant impact of perturbations when 4, is varied from 0.05 - 0.25mm on RHCP
and LHCP realized gain. This is seen in the results of the RHCP and LHCP realized gain,
which indicate that the CP of the PAA system is RHCP dominant to LHCP, and which also

show 10dB in gain range difference for most values of 4;.
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Figure 5.29 Simulated CP beam steering radiation patterns with A = 0 to 0.25mm
perturbations at 57, 60, and 64 GHz.

Fig. 5.29 shows the simulated E-plane beam steering radiation patterns when varied
AL=0t0 0.25mm at 57, 60 GHz, and 64 GHz. At AL = 0.25mm, corresponding to no delay
line and no steering effect, the highest SLRs are -14, -14.5, and -17 dB at 57, 60, and 64
GHz, respectively. Furthermore, the maximum beam steering angle occurs at Ap = Omm,
steered by 6.3°, 6.29°, and 6.1° at 57, 60, and 64 GHz, respectively, where the HPBW 1is

stable about 2.8° at E-plane and 31.5° at H-plane. The SLR is kept lower at all perturbations
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(4. = 0 to 0.25mm), which indicates stable performance over the 60 GHz ISM band. In
addition, the PAA system approaches excellent circular polarization with a wideband about

2 GHz around 60 GHz.
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Figure 5.30 The prototype photograph of the 1 x 16 CP AFTSA PET phased array
mounted on test fixture at anechoic chamber.

The fabricated prototype of the proposed The 1 X 16 phased antenna array with
circular polarized with EBG structure is presented in Fig. 5.30. A triangular shaped
dielectric perturber attached to the PET moves vertically on the microstrip lines with the
DC bias voltage provided by driven circuit provides DC 0-100volts. The prototype was
fabricated using a LPKF ProtoLaser machine. Fig. 5.31 shows the measured and simulated
S11 results in case when PET is at maximum perturber and without PET, where the Si;

measured by PNA A5227N.
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The measured S11 <-10 dB covers the entire bandwidth from 55 - 65 GHz for both
cases without and with maximum PET perturbation. It demonstrates under these two
conditions, the return losses do not change significantly, which is an important advantage
of use PET technique [50]. The measurement results are in good agreement with the
calculated results. The measurement results show similar three resonances trace to the
calculated. However, a slight shift may be caused by fabrication tolerance, and the

tolerance in the substrate’s dielectric constant.
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Figure 5.31 the measured and calculated results of reflection coefficient for 1 x 16 CP
AFTSA phased array results with EBG in case with and without PET.

Fig. 32 shows the measured and simulated RHCP axial-ratio of the PAA system,
with no perturber and with maximum perturbation when PET in the right side and when
PET in the left side. The measured AR at maximum perturbations are alternated similarly
to the calculated results when 4; = 0 (maximum perturbation). Both results agrees for an
AR of less than 3dB after 62 GHz to 65 GHz. Fig. 5.33 shows the measured radiation
patterns of E-plane in case without EBG at 57, 60, and 62 GHz. This radiation

measurement is done with two triangular dielectrics perturber tested individually. In order
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to steer the beam to the left, The PET is performed with the right side triangular perturber,
and replaced to the left side triangular perturber to steer the beam to the right. Fig. 5.33
shows the E-plane beam steering when 100 DC-volt is applied to the PET caused a
maximum perturbation when PET performed with the right side triangular perturber and
when performed with left side triangular perturber to steer the beam to the right. The high
SLR at these frequencies is attributed to increases in the mutual coupling between antenna

elements and beam broadening appears caused an increase in sidelobe levels.
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Figure 5.32 The measured and calculated axial ratio for 1 x 16 CP AFTSA phased array
results without EBG in case without and with PET mounted on right side (RS) and when

mounted on left side
Fig. 34 shows the measured AR results of a circular polarized of 1 x 16 CP AFTSA
phased array with EBG, AR <3 dB are around 59.75 GHz and from 62.75 GHz to 65 GHz.
The measured AR for RS-perturber and LS- perturber results appeared to be relatively

similar and in a good agreement to the calculated one. However, there are some
discrepancy between the measured results caused mainly by three facts. First, the

tolerances of the measurement setup and equipment errors, where the AR depends on the

ratio of the E and H, which is more likely at any small error will reflect clearly on the axial
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ration results. Second, is the fabrication tolerance, and third is imperfection in soldering

that proceed to attach the 16-vertical-element into the horizontal element
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Figure 5.33 Measured E-plane beam steering radiation patterns of CP 1 x 16 AFTSA-
SC array without EBG, maximum perturbations at 57, 60, and 62 GHz.

Fig. 35 shows the measured radiation patterns 1 x 16 CP AFTSA phased array
results in case with EBG. As shown, the sidelobe level is supressed and the mainlobe
directive in the presence of EBG. The feeding network is surrounded by EBG structure that
reduced the surface waves and supressed the mutual coupling between the antenna
elements and maintain the sidelobe level lower compared with the array without EBG as
shown in Fig. 5.35. The measured E-plane radiation patterns at 57, 60, 62 GHz are exhibits

beam scanning range approximately 2.5°-3.1°. At 57-64 GHz, the - 3 dB beamwidth are
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varied approximately from 2°-2.7°, which is the requirement for imaging/ detection

systems.
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Figure 5.34 The measured and calculated axial ratio for 1 X 16 CP AFTSA phased

array results with EBG in case without and with PET mounted on right side (RS) and
when mounted on left side.
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Figure 5.35 Measured E-plane beam steering radiation patterns of CP 1 x 16 AFTSA-
SC array with EBG, maximum perturbations at 57, 60, and 62 GHz.
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5.5 Wide-Scan AFTSC-MSC Array Fed with Grooved Spherical Lens Antenna

A new profile for a three-element switched-beam AFTSC-MSC array loaded with
a grooved homogeneous PMMA spherical lens is presented. Fig. 5.36 shows the three
elements of the AFTSC-MSC array profile, as well as the array profile loaded with a
grooved spherical lens. The angular spacing for three AFTSC-MSC elements is 30° along
the x-y axis, and the three elements are designed on a thin 20 mm RO4003 (& = 3. 55, tano
= 0.0027) substrate. Each single element is designed to cover the ISM-band, and the
optimized dimensions are listed in Table 4.3 (chapter 4). The angular spacing ¢ = 30° can

be utilized to cover a 60° radiation angle.
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Figure 5.36 Three-element AFTSC-MSC array profile on the left, and on the right, the
array loaded with a grooved spherical lens.
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The calculated gain responses of the proposed antenna with and without a GS-lens
are presented individually at each excitation feed for the antenna’s C, R, and L elements,
as shown in Fig. 5.37. The gain of the three-element AFTSC-MSC array profile without a
GS-lens is relatively similar, although, the gain for the C- element is slightly higher than
for the other two side-elements, which is expected, since the substrate extension at the front
end of the C-element increases the gain. For the three-element AFTSC-MSC array loaded

with a GS-lens, the gain increases by 2.5 dB to 5 dB, and the gain is almost stable over the
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entire frequency band. Also, because the C-element is positioned at the center, the gain is

higher by 1-2 dB compared to the side elements.
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Figure 5.37 The gain comparison between the three-element AFTSC-MSC array profile
on the left; and on the right, the array loaded with a grooved spherical lens.
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Figure 5.38 (a): Photograph of the proposed AFTSA-MSC array design and the S11
measurement setup of the antenna with a grooved spherical lens when (b) element- C is
connected, (c) element- L is connected, and (d) element- R is connected.
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The fabricated prototypes of the proposed AFTSA-MSC array, and the Si;
measurement setup for the antenna with a grooved spherical lens at three feeding stages, is
illustrated in Fig. 5.38. The prototypes were fabricated using a LPKF ProtoLaser machine.
The Si; of three AFTSA-MSC array is measured by PNA AS5227N, and the proposed

antennas are connected to Anritsu 3680V test fixture able to measure up to 67 GHz.
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Figure 5.39 Measured and simulated return loss comparison between the three-element
AFTSC-MSC array profile, on the right, and the array loaded with a grooved spherical
lens, on the left.
Fig 5.39 shows the measured and simulated S11 results in a comparison between
the three-element AFTSC-MSC array profile, on the right, and the array loaded with a
grooved spherical lens, on the left. The S11 <-10 dB covers the selected band from 50 - 67
GHz for both arrays with or without a GS-lens. There is no physical contact of the
conductive layers (copper) between the three antennas, and the input ports are separated by
30 degrees angle to achieve a very low coupling. Therefore, at the measurement of each
antenna port, no need for 50 Ohm terminals for other two antennas, similar technique was

used by [41]. The measurement results show an adequate trace to the calculated ones;

however, a slight shift may be caused by fabrication tolerance, and the tolerance in the
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substrate’s dielectric constant. Consequently, the measurement results are in good

agreement with the calculated results.
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Figure 5.40 Radiation patterns simulated at 59, 60, 62, and 64 GHz for the three-element
array.

In order to increase the data rate, a three-element AFTSC-MSC array with a GS-
lens loaded operating as a single-pole three-throw switch can be used to alternate between
the three beams. This proposed three-array can also be used as independent transceivers
connected to each element, which leads to increasing the data rate of communications. Fig.
5.40 shows the simulated radiation patterns of the three-element array, and Fig. 5.41 shows
the measured and simulated radiation patterns of the three-element array loaded with a
grooved spherical lens. The radiation patterns are presented in the co-polarization and

cross-polarization of both the E- and H-plane. The beam peak of the C-element is pointed

143



at 90°, the L-element at 60°, and the R-element at 120° in array of total radiation angle
coverage of 60°. As seen in Fig. 5.40, radiation patterns are in the endfire direction with
relatively similar patterns in the E-plane and H-plane and very low sidelobes. Fig. 5.41
shows the measured and simulated E-plane patterns that when the proposed grooved
spherical lens is loaded to the three-element array at frequencies of 59, 60, and 62 GHz.
The array is beamformed the radiation patterns, where the beamwidth of the E-plane is
wider than the H-plane and there is coverage of a wider angle area and an increase in
antenna gain while keeping the sidelobe level low. Therefore, this proposed antenna profile
delivers a high performance in beam switching with wide angle coverage, a low profile,

and a low mutual coupling design.
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Figure 5.41 Measured and simulated radiation patterns at 59, 60, and 62, for the three-
element array loaded with a grooved spherical lens.
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5.6 Summary

In this chapter, different 1 x 16-element beam steering antenna arrays with low-
cost piezoelectric transducer (PET) controlled phase shifters were presented. First, a Y-
junction power divider with an alternative feed network reducing the discontinuity caused
by the feed line bends was introduced. The new unequal division is used with Taylor N-
bar in order to reduce the SLR and grading lobes. Second, the 1 x 16-element beam steering
phased array designed with a 60 GHz AFTSA-SC achieves a gain around 20dB, with a
feed network surrounded by EBG structures to reduce the coupling between feed lines and
surface waves. Finally, the design of a circularly polarized 1 x 16-element beam steering
phased array with and without EBG structures shows a wideband impedance band which
covers the entire ISM band, and a circular polarization bandwidth of 2 GHz is achieved.
Finally, a wide-scan array AFTSC-MSC fed grooved spherical lens antenna has also been
presented. AFTSC-MSC array introduces a high level of optimization when the antenna is
loaded with a grooved lens. These 60 GHz phased array designs achieve a high
performance in such a wide bandwidth; they have high gain, low feeding network loss, low
cost, and low profile. Thus, with these features, the PAA fulfills the requirement to operate

in MMW imaging/detection systems as a scanning sensor.
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Chapter 6: 60GHz Imaging Detection

Applications of Concealed Objects
6.1 Introduction

This chapter is divided into two main sections. Section 6.2 introduces the
background materials for imaging / detection of a target, and then compares the
performance of two different scanning probes: a V-band standard gain horn (SGH) and an
improved 60 GHz AFTSA -based antenna. While, the second section presents the
experimental imaging /detection results for various types of concealed weapons and liquids
underneath different materials including clothes, plywood, and plastics. The proposed 60

GHz scanning system setup is described showing its flexibility and reliability.

6.2 60GHz ISM-Band Imaging/Detection

An active monostatic 60GHz ISM-band imaging system for detecting a target will
be presented in this section. The image is established by linear planar scanning, through a
set of points arranged to form a rectangular contour plot. This technique uses a short pulse
in the 60GHz ISM-band frequencies, provided by a network analyzer (N5227A PNA) after
the calibration over the desired frequency band [59]. This signal pulse is reflected back
from the object under test (OUT) presented in the time domain and transformed to the

Inverse Fast Fourier Transform (IFFT) [162].

6.2.1 60 GHz ISM-band Monostatic Imaging/Detection System Configuration

Fig. 6.1 shows the proposed 60 GHz ISM-band detection /imaging system. The
system consists of a linear mechanical scanning platform, generating XY movement with
a 300mm x 300mm scanning range of the object field of view, and oriented perpendicular

with respect to the lens-focused beam. The overall platform is 66 x 43 x 13 c¢m® and is
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surrounded by microwave absorbers to prevent any reflections from the 2D scanner
structure. The absorber is framed with a lightweight foam panel and this structure is
mounted on a linear actuator plate. The target is replaced at the center of the platform, and
behind the target is 270 x 205 x 1 mm> of natural animal leather (to simulate human skin)
supported by = 2mm in thickness of reinforced paper. The millimeter wave antenna probe
is located at the optical lens focal plane position, and a microwave absorber is placed
behind the antenna to prevent any back reflections. The convex lens aperture is 114.3mm

in diameter and made of Polymethylpentene (TPX, &-=2.13).
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Figure 6.1 Monostatic MMW imaging/detection system setup.

A V-band coaxial cable line feeding the probe is connected, after prior calibration
at ISM-band, 57GHz to 64GHz, to Agilent network analyzer PNA (N5227A). The
calibration is done using the N4694A Electronic Calibration Module (ECal), 1.85 mm
connector. After calibration, the obtained Si; data in frequency domain are considered as
representation for the target reflections. The Si; data is then transformed into time domain
using the Inverse Fast Fourier Transform (IFFT) embedded code in the PNA. The probe

transmits a pulse and receives a reflected signal from the object. This reflection effect
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appears in a certain peak of the IFFT curve, which is expressed as a change in the amplitude

of the S11 at a certain time domain slot.

Focal Plane

Transmit/ Receive

MMW Prohe
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with Lens are in
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Figure 6.2 The scanning mechanism for monostatic imaging detection. The yellow dash
lines illustrate the path for mechanical scanning of the platform with the object.

The system is controlled by the PC embedded in the PNA (N5227A) that sends and
receives command signals from the microcontroller. Furthermore, the microcontroller is
designed to drive two stepper motors that move the platform with the object in a 2D motion,
as shown in Fig. 6.2°s yellow dash path. The PC controls the step motion at X and Y
locations and likewise for the image resolution steps, which can achieve a minimum of
Imm for each XY step of 300 x 300 pixels. At each specific step, the microcontroller sends
a trigger pulse to the PNA to read and record the measured data of the S1; amplitude peak
values, which are marked at the specified time domain slot. When the measured data is

recorded and inserted into a real time 2D plot, the PNA sends a signal as a ready trigger
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back to the microcontroller with the command to move to the next step, until the scanning

of the 2D frame is completed.

6.2.1.1 Signal Pre-Processing

The reflection coefficient measurement S is based on Monostatic system type as
stepped frequency continuous wave (SFCW) mode has been conducted using network
analyzer PNA (N5227A). After calibrating the PNA, the Si1 is measured at N = 201
frequency points. The PNA measures both the amplitude and phase of the received signal
at each frequency point (f,) with respect to the transmitted signal has been illustrated in

[163], [164]. The transmitting continuous wave signal at the antenna at f;, is
E/(fp) = E,e/?™nt (6.1)

The receiver signal from the object under test of a complex scattering coefficient

s(z) at a distance z from the antenna with respect to transmitted signal is expressed by

E.(fn 1 (%o ot (22 6.2
S(fn)=E§;§= Z_J s(z)e J fn(c) dz ( )
t\Un 0Jo
_ Co (6.3)
%o = 2nf
__Bw (6.4)
M=w-1

where z, is the unambiguous range of the radar, ¢, is the velocity of the signal, Af is
frequency step size of the network analyzer full spectrum, and BW is antenna bandwidth.
Transforming the data from frequency domain to time domain is obtained using Inverse

Fast Fourier Transform (IFFT), as given by
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. 2z
s =Y S ™) dz
2 o5

The received signal contains a scattered reflection from the target and unwanted
scattered signals caused by the coaxial cable, connectors, and the antenna. These
unwanted signals may add some delay to the received signal. In [165], this delay is
subtracted in order to obtain the exact target distance through elimination of the

unwanted signal effect by

N-1 . 2 (6.6)
s@@) = Y S(f) /2 zrer)e gy

where z,. is the distance measured from the target to the antenna. The Hamming window
function may also be applied to eliminate any background clutter reflections and surface

reflections.

6.2.1.2 Experiment Scanning Methodology

The movements of the platform are in an x-y plane trace motion as shown in Fig.
6.2’s yellow dash line. The target is placed on the platform that mechanically scans in 2D
movements, while the lens, antenna, and the cable connected to PNA is stationary, as

demonstrated in Fig. 6.2.

The scanning method with a single antenna element measurement is similar to that
utilized for a synthetic aperture array of Ly x L, in the x-y (lateral dimensions), which is
referred to as the overall step i+px taking to scan in x-direction, and i+p, for y-direction;

PX and pay indicate the final step values. Additionally, the synthetic element aperture is
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AL, x ALy as illustrated in Fig. 6.3. The antenna range resolution 4R: and the cross range

resolution 4L, are defined by

Co (6.7)
AR, =
2 = INAS
AcR, (6.8)
AL, = )

where A. is the wavelength at the center of the bandwidth, R; is the distance from the
antenna to the target, and D is the geometric length of the antenna. The experiment

scanning methodology of the MMW imaging/detection system is presented in the flow

chart in Fig. 6.4.
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Figure 6.3 The platform scanned area of the synthetic aperture.
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Figure 6.4 MMW imaging / detection system algorithm.

6.2.2 System Operation and Primary Results Using a V-Band SGH Antenna

The system performance and proposed antennas capabilities to operate at 60GHz

imaging / detection system, initial experiment test is performed using a standard gain horn
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(SGH) antenna as in system setup as shown in Fig. 6.5. The V-band pyramidal horn antenna
(SGH-15-RP000 A16789) is connected to a coaxial to W15 waveguide transition (NCA-
15-VRFO00 A16789), which is connected to the network analyzer PNA through V-band
coaxial cable (Megaphase, TM67-V1V1-36, DC to 67 GHz, 0.85mm). The SGH antenna
is operated in a monostatic mode for transmitting and receiving EM waves. The calibration
bandwidth of the PNA for the scanning system is selected to operate at an ISM V - band
with a range 57 to 64 GHz. Fig. 6.6 shows the measured reflection coefficient of the SGH

antenna.

Target placed SGH Antenna
on Leather

Network
Analyzer PNA
(A5227A) and
display of real
time scanned

Absorber
Platform + =5

&\ . : \
{ - |. 4 . :. \ \ 1 A .
| A

Figure 6.5 Imaging/ detection system setup using the SGH antenna.

Fig. 6.7 illustrates the result of the reflection coefficient S11 measurement in the
time domain obtained by the SGH antenna at a single position, when the microwave
absorber is in front of the antenna. Three main peaks are monitored: at 0.15 ns, 0.55 ns,
and 1.2 ns. The first peak is due to the coaxial line, the second due to the transition from
coaxial to W15 waveguide, and the third is due to the waveguide to pyramidal horn
transition.
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Figure 6.6 Reflection coefficient S11 of the SGH antenna.
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Figure 6.7 Reflection coefficient S11 vs time domain results of SGH antenna in front of

an absorber.

The effect of the target presence in front of the scanning SGH antenna is monitored

in the reflection coefficient S1; vs time domain results, as shown in Fig. 6.8. The peak at

2.7ns represents the reflection effected by the lens and the peak around 3.55 ns presents

the effect of the targets. The effect of body model to be scanned is replicated using about
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a Imm layer of natural animal leather supported by a 2 mm thick layer of reinforced paper.
Also, a 0.13 mm thick copper sheet is placed in the scanning system, and Fig. 6.8 shows a
clear, high, difference between the reflection due to the leather, and the copper is about

15dB in amplitude value of Si; at 3.55 ns time slot.
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Figure 6.8 SGH Antenna responses in different stages; illustrates the target effect
compared to SGH antenna in front of an absorber.

The initial scanning system used two test object charts (TOC) to experiment with
detection of target shapes and orientations, as shown in Fig. 6.9. The test chart in Fig. 6.9
(a) is 70.5%12.7x0.13mm?> strip-lines supported with a 2 mm thick layer of reinforced
paper. The spacing starts from 1.12mm to 25mm, and the strip lines are oriented
horizontally, vertically, and by 45° angle. In Fig. 6.9 (), a 0.13mm thick copper sheet is
supported by a 2 mm thick layer of reinforced paper; the copper has had several holes cut
out with different diameters starting from 1.68mm to 35mm. These two object charts are

placed on a Imm layer of natural animal leather supported by a 2 mm thick layer of
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reinforced paper, all mounted individually in the center of the mechanical scanner platform

(microwave absorber).

Migrowmve Abnorbefm—
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(a) (b)
Figure 6.9 Photographs of the test object charts used in the imaging/ detection
experiment, (a): copper strip-lines in different spacing orientations (b): copper sheet with
circular holes of different diameters. All Dimensions are in millimeter.

The experimental results of the 60GHz imaging detection system are performed on
two test object charts as shown in Fig. 6.9 and the corresponding results are shown in Fig.
6.10. The image resolution in the x-plane and y-plane are Jx = J, = 3mm, and the field of
view is 300 x 300mm’ in the x-y plane. The 2D -image is obtained with real time contour
reconstruction corresponding to target peak reflection after signal pre-processing. Figs.
6.10 (al) and (a2) show, respectively, the image with and without natural leather in
background of copper strip-lines in different spacing orientation. The illumination of the
strip-lines dominates the illumination that comes from the leather layer, and the spacing
between the slots is very clear for larger distances, however, the smallest gaps are slightly
detected. Figs. 6.10, (b1) and (b2) show the images with and without natural leather in

background of copper sheet with circular cutout holes. The majority of holes are detected,

however, the holes <2.9mm in diameter are not. The illumination of the leather layer comes
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through the holes in different intensity and the results show reliable reconstructed target

image dimensions.

TOCs on Microwave Absorber Platform
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Figure 6.10 Measured 60 GHz image detection results on the x—y plane of the test object
chart using SGH antenna; (a/): image of copper strip-lines, (a2): image of copper strip-
lines in different spacing orientations with natural leather in the background (b7): image
of copper sheet with circular holes, (b2): image of copper sheet with circular holes with
natural leather in the background. Magnitude is in dB.
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6.2.3 MMW Imaging Using Proposed Probes of Antipodal Fermi Tapered Slot
Antennas

In this section, four proposed antennas presented in chapter 4 are utilized as a single
element 60GHz probe for imaging/detection system. The multi sin-corrugations AFTSA
antenna loaded with grooved spherical lens is experimentally tested in the monastic MMW
image system as a probe. Then, a Dual polarized AFTSA-SC antenna probe is tested with
regard to diversity in dual polarization effects on image resolution. Finally, a circularly
polarized AFTSA-SC antenna MMW imaging probe is presented. The Reflection
coefficient Si;1 vs time domain results are presented for each antenna. The probes are tested
to reconstruct a MMW image for the same test object charts and two targets shown in Fig.

6.9.

Target placed

Absorber
Platform

Figure 6.11 Imaging/ detection system setup using proposed AFTSA antenna probe.
Fig. 6.11 presents the photograph of the system setup, which corresponds to the
detailed graph in Fig. 6.1. The proposed probe is placed in the lens focal plane at 140mm

from the lens plane. An optical lens that is 114.3 mm in diameter is used, and the target
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placed at about 125mm from lens aperture to measure a near-field MMW image. The
antenna operates in a monostatic mode for transmitting and receiving EM waves generated
by network analyzer PNA (Agilent, N5227A), which is connected through a V-band
coaxial cable (TM67-V1V1-36, DC to 67 GHz, 0.85mm) from Megaphase. The calibration

bandwidth of the PNA is selected to range from 57 to 64 GHz for all proposed probes.

6.2.3.1 60 GHz Multi Sin-Corrugations AFTSA Antenna MMW Image Probe

The characteristics of the multi sin-corrugations AFTSA antenna are described in
section 4.6. Fig. 6.12 illustrates the measurement result for reflection coefficient Sii
obtained in the time domain by the proposed probe. Four main peaks are detected, at 0.2
ns, at 0.6 ns, at 2.3 ns and at 3.1 ns. The first peak is due to the coaxial line, and a low
reflection in the second peak indicates a good transition from coaxial to microstrip line of
the antenna. The third peak is due to the reflection from the lens-air boundary. The fourth
peak is the dominant one and presents the reflection caused by the target placed on the
mechanical scanner platform. Furthermore, at 3.1 ns time slot, the difference in amplitude
between the reflection caused by the leather and the copper is about 12dB, and that is
enough in MMW image contrast.

MMW image results using the MC AFTSA-SC probe are shown in Fig. 6.13. The
size of each image is 100 x 100 pixels, and the step size resolution is dx = 0y = 3mm. The
reconstructed 2D -image is obtained corresponding to the target peak reflection (S11). The
MMW images presented in Fig 6.13 (a) and (b) correspond to the visual image of the test
object chart shown in Fig. 6.9. The MMW image of strip-lines shows a clear illumination,
and the smallest gaps between the lines are low intensity contract, as shown in Fig 6.13 (a).

The MMW image of circular holes has distinctly lower intensity, as shown in Fig 6.13(b).
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The quality of the MMW images’ performance with the MC AFTSA-SC probe is very
similar to those are scanned using SGH antenna. Therefore, the MC AFTSA-SC probe with

low profile, light weight, high gain, broadband, and low sidelobe achieves a good standard

MMW image.
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Figure 6.12 Reflection coefficient Si1 vs time domain results of the MS-AFTSA-SC

antenna probe in different stages; illustrating the target effect compared to probe in front
of an absorber.
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Figure 6.13 Measured 60 GHz image detection results on the x—y plane of the test object
chart using MC-AFTSA-SC antenna probe; (a): image of copper strip-lines, (b): image
of copper sheet with circular holes cutout. In all targets, natural leather is present in the
background. Magnitude is in dB.
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6.2.3.2 60 GHz Multi Sin-Corrugations AFTSA Antenna Loaded with a Spherical
Lens MMW Probe

The multi sin-corrugations AFTSA antenna that is loaded with a grooved spherical
lens is described in section 4.6. The grooved spherical lens is designed to enhance the E-
plane and H-plane radiation pattern and reduce the sidelobe level. The probe response of
the reflection coefficient S11 vs the time domain is shown in Fig. 6.14. The initial reflection
at 0.2 ns is due to the coaxial line, the second peak at 1.2 ns is due to an interior reflection
on the intersection between the coaxial to the grooved spherical lens antenna. The reflected
waves at 2.32 ns are due to the optical lens of the system. The target peaks presented at 3.2
ns show about a 15dB difference in amplitude between the waves reflected from the leather

and copper sheets.
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Figure 6.14 Reflection coefficient Si1 vs time domain results of the lens MS-AFTSA-
SC antenna probe in different stages; illustrating the target effect compared to probe in
front of an absorber.
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Fig. 6.15 shows the MMW images scanned by the MC AFTSA SC when loaded
with a spherical lens. The MMW image resolution is kept 3mm for each pixel at x-y plane
and the image size is 300 x 300mm? After signal pre-processing, a 2D -image is
reconstructed with a real time contour corresponding to target peak reflection Si1 vs time
domain. All targets are placed on a background of natural leather to simulate the human
body effect [172], [173], [174]. The differences between the MMW images shown in Fig.
6.15 compared with the ones presented with the probe in Fig. 6.13 is that the groove lens
increases the antenna gain leading to an increase in the contrast in the image. However, the

images’ recognition of target shape overall is detectable and very similar in both cases.
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Figure 6.15 Measured 60 GHz image detection results on the x—y plane of the test object
chart using Lens MC-AFTSA-SC antenna probe; (a): image of copper strip-lines, (b):
image of copper sheet with circular holes cutout. In all targets, natural leather is present
in the background. Magnitude is in dB.

6.2.3.3 A 60 GHz Dual polarized AFTSA-SC antenna probe

A single-feed dual- polarized AFTSA-SC antenna is presented to operate as a probe

in active MMW imaging/detection system. The dual polarized probe improves the
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capability of target recognition based on the combination of vertical and horizontal
polarized elements that increase the intensity contrast from the target. The details of this
antenna are given in Section 4.5.1.  Furthermore, this polarization diversity allows
obtaining two sets of reflected EM wave that are meant to provide additional variation
about the surface shape of the target. Fig. 6.16 shows the reflection coefficient
measurement in the time domain obtained by the proposed probe. The target presents peaks

at 3.55 ns, and shows about 10dB difference in amplitude between the waves reflected from

the metal target and leather target.
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Figure 6.16 Reflection coefficient Si1 vs time domain results of the DP-AFTSA-SC
antenna probe in different stages; illustrates the target effect compared to probe in front
of an absorber.

The results of the MMW imaging/detection system using the DP AFTSA-SC probe

are presented in Fig. 6.17. The scanned visual images of the test object chart from Fig. 6.9

are presented in Fig. 6.17’s (a), and (b), respectively. The MMW images show a clear
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contrast between the conducted target and the natural leather compared with the images’

performance with SGH antenna.
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Figure 6.17 Measured 60 GHz image detection results on the x—y plane of the test object
chart using DP-AFTSA-SC antenna probe; (a): image of copper strip-lines, (b): image
of copper sheet with circular holes cutout. In all targets natural leather is present in the
background. Magnitude is in dB.

6.2.3.4 A 60 GHz Circular polarized AFTSA-SC antenna probe

A single feed circular polarized (CP) AFTSA-SC antenna is utilized as a probe in
MMW imaging/detection system, presented in Section 4.5.2. The CP AFTSA-SC is
modeled to radiate in the right-hand circularly polarized antenna (RHCP), with an HPBW
that reaches 15.4° and 18.7° in the H—plane and E—plane, respectively. An axial ratio
bandwidth of < 3dB is maintained from 59 to 63 GHz. Fig. 6.18 shows the measured
reflection coefficient in the time domain. The target presents a peak at 3.6 ns with a 15dB
difference in amplitude between the waves reflected from the metal target and the leather
target. The reflected peaks are relatively low compared with performance responses with

linearly polarized probes. Seeing as the probe generates RHCP wave fields, the reflected
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back waves from the target are dominantly left hand circularly polarized (LHCP) [169],

which leads to reduction in receiving waves.
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Figure 6.18 Reflection coefficient Si; vs time domain results of the CP-AFTSA-SC

antenna probe in different stages; illustrated is the target effect compared to probe in
front of an absorber.
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Figure 6.19 Measured 60 GHz image detection results on the x—y plane of the test object
chart using CP -AFTSA-SC antenna probe; (a): image of copper strip-lines, (b): image
of copper sheet with circular holes cutout. In all targets natural leather is present in the
background. Magnitude is in dB.
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Fig. 6.19 shows the results of MMW images using performance by CP AFTSA-SC
probe detecting two test object charts, strip-lines shaped in the letters “F” and “A”, and the
metal model image of a handgun. The step size is equal in the x-plane and y-plane; 6x = dy
= 3mm, with a 300 x 300mm? field of view. The corresponding target peak reflection Si;
is reconstructed into a 2D -image obtained with the real time contour plot. As expected, in
Fig. 6.19, the contrast of the MMW images is relatively low, where it is proportional to

reflect waves polarity caused by the target surface shape.

In the case of the propagated waves of RHCP antenna pointed toward a flat surface,
the reflected wave changes the polarity to LHCP [169], which is the case in this experiment
in monostatic MMW image using CP-AFTSA-SC. Consequently, increasing the probe
sensitivity is possible by applying two probes in different polarity, for example, a
transmitter as LHCP probe and a receiver as RHCP probe. In this case, the transmitted
waves of the LHCP probe that illuminate the target are reflected back dominated by RHCP
waves that match the receiver polarity of RHCP probe. Despite the back scattering from
the target that is indifferent polarity with the probe, the MMW images are inadequate

contrast using CP AFTSA-SC probe, as shown in Fig. 6.19.

6.3 60 GHz Imaging for Concealed Target Detection

In this section, detections of hidden weapons using a single element MC-AFTSA-
SC probe to reconstruct 60 GHz images are presented. Three scenarios are employed to
conceal a weapon; inside clothing, behind a plywood sheet, and behind plastic sheet
materials. Furthermore, the 60 GHz imaging system is tested to detect liquid materials such
as water, salt water, oil, and alcohol, concealed with the materials in the three scenarios

mentioned above.
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6.3.1 MMW Imaging/Detection System Setup

The photograph of the system setup using MC-AFTSA-SC probe is presented in
Fig. 6.11, which corresponds to the detailed diagram in Fig. 6.1. The probe (MC-AFTSA-
SC described in section 4.6) is operating in a monostatic mode via transceiver EM waves
generated by the network analyzer. The PNA (Agilent, N5227A) is connected to the probe

through a V-band coaxial cable (TM67-V1V1-36, DC to 67 GHz, 0.85mm).
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Figure 6.20 Reflection coefficient Si; vs time domain results of the MS-AFTSA-SC

antenna probe in different stages; illustrates the target effect compared to probe in front

of an absorber

The MC-AFTSA-SC probe is operated in ISM-band frequency range 57 to 64 GHz

used in the calibration bandwidth of the PNA, and with 0dBm (1m W) transmitted power
chosen as the reference value for all scanning scenarios in this experiment. The frequency
point is N = 201, frequency step size is Af = 35 MHz, the wavelength at the center of the
bandwidth is .. = 4.96 mm (at 60.5 GHz), the calculated range resolution is 4R, = 21.3

mm, and the calculated cross range resolution is AL, = 4.88 mm, when the R. =12.5 cm and

lens diameter D = 12.7cm. The probe is placed at the focal plane 14 ¢m from the lens, and
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an absorber is mounted behind the antenna to prevent any undesired background clutter
reflections. Behind the target is 270mm % 205mm of natural animal leather (= 1mm in
thickness) supported by = 2mm in thickness of reinforced paper and placed in the center of

the platform.

The PC controls the step motion at the X and Y locations of the platform and the
image resolution step is dx = d, = 3mm, and field of view is 300 x 300mm? at x-y plane, this
corresponded to 100 x 100 pixels in one image. The reconstructed 2D MMW image is
obtained with a contour plot corresponding to target peak reflection after signal pre-
processing. In Fig. 6.20, the reflection coefficient Si1 vs time domain results of the MS-
AFTSA-SC indicate the target effect in different stages compared to probe in front of an
absorber. Several reflected peaks are detected: the peak at 0.2 is due to the coaxial line, the
peaks at a period of 0.8 ns to 1.5 ns are due to the transition from coaxial to microstrip line
of the antenna and the reflection from the lens, the peaks at a period of 2.5 ns fo 2.9 ns are
due to reflection caused by the metal sheet target and the leather on the mechanical scanner

platform.

6.3.2 A 60GHz Imaging for Concealed Weapon Detection

A 60 GHz imaging experiment is performed to evaluate MC-AFTSA-SC as a probe
to detect various targets with diverse barrier materials. Three different conventional
weapons, a handgun, scissors and a knife, are placed with different materials to test the
reflection contrast of each item. The handgun is wrapped with aluminum tape in order to
increase surface reflectivity and to simulate the real gun. A knife made of ceramic blade
and plastic handle is commonly undetectable by metal detectors at security checkpoints.

The third target is the scissors made of stainless steel with plastic handles. The three
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weapons are placed on Imm thick natural leather with 2mm thick reinforced paper and
mounted in the center of the 2D scanner platform. The leather that is in the background of
these weapons provides similar millimeter-wave reflective properties as the human skin.
In this section, the MMW images of three situations of concealed weapons - inside
clothing, behind a plywood sheet, and behind plastic sheet material - are employed in
different scenarios to test the reflectivity and penetration that correspond to the scanned

images.
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Figure 6.21 (a) The optical image of the metal gun model, metallic scissors, and ceramic
knife with their MMW image in (b). (c¢) The target is concealed inside a four layer suit
jacket and its MMW image in (d).
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Fig. 6.21 shows, in (a), the optical image of the metal gun model, metallic scissors,
and ceramic knife at the test platform, fixed on a layer of natural leather to simulate
weapons on the human body. The corresponding MMW image is shown in Fig. 6.21 (b)
with an aperture of 30 x 30 cm. It shows the contrast of each item - less illumination appears
on the plastic handles. This MMW image is obtained without any clothing barrier or
obscuration in front of the weapons, as shown in Fig. 6.21 (a) and (b) for reference. The
experiment primarily demonstrates MMW imaging/detection of the target hidden behind
clothing, in Fig. 6.21 (¢), the weapons are concealed inside four layers of fabric; two layers
of cotton, and two layers of polyester that represent a suit jacket, a shirt, a tie, and a T-shirt.

The MMW image reveals the weapons beneath the clothing are very well, as shown in Fig.

6.21 (d).

6.3.2.1 MMW Imaging for Concealed Weapon Detection behind Clothing

The initial experiment is to investigate the detection of concealed weapons behind
clothing. This experiment demonstrates the ability of a 60 GHz imaging detection system
to recognize the hidden weapons concealed behind different layers of the most commonly
worn fabric (cotton) [170]. Fig. 6.22 shows the reflection coefficient S11 vs time when the
target is concealed with different layers of cotton towels - two layers, five layers, seven
layers - and a suit jacket which has four layers. These different layers are to simulate several
clothing scenarios to conceal weapons. The reflection of the target is slightly affected when
it is concealed by different layers of fabric, as shown in Fig. 6.22 - there is a small variation
in the reflected peak. This approves the ability of millimeter-waves to penetrate through

clothing.
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Figure 6.22 The effect of layers of cotton fabric on a concealed target.

Fig. 6.23 shows the optical image of three scenarios of concealed weapons
involving cotton fabric, presented on the left side of the figure. The right side of the figure
shows the detected MMW images. Fig. 6.23 (a) shows the weapons concealed behind one
layer of cotton fabric and the corresponding MMW image. Fig. 6.23 (b) shows the weapons
concealed behind five layers of cotton fabric and the corresponding MMW image. Seven
layers of cotton fabric concealing the target and the matching MMW image are shown in
Fig. 6.23 (c). The shape of the handgun, knife, and scissors are clearly detected by the
MMW imaging system. Therefore, the resolution of the image quality effectively reveals

the shapes of the metallic and dielectric items.
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Figure 6.23 (a) The target concealed behind one layer of cotton fabric and its MMW
image. (b) When it is concealed behind five layers of cotton fabric, and its MMW image.
(c) Seven layers of cotton fabric are concealing the target, and its MMW image on the
right side.

6.3.2.2 MMW Imaging for Weapon Detection behind Plywood Sheet

The MMW imaging system employed 60GHz MC-AFTSA-SC as a probe to

experiment the ability to detect weapons behind different barriers. For example, a wooden
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box is a common container for shipping goods or personal items, and its panels are usually
made of plywood. Several scenarios are tested by using plywood sheets as a barrier to hide
weapons. Fig. 6.24 shows the reflection coefficient Si; vs time domain responses when
the target is behind different thicknesses of plywood; 0.5 inch, 1 inch, 1.5 inch, and 2 inch.
It is noted that when the thickness of the plywood is increased, the reflection peak value of

the target decreases.
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Figure 6.24 The effect of different thicknesses of plywood on a concealed target.

Fig. 6.25 shows the optical images and MMW images of the weapons behind sheets
of plywood, in which the sheet areas are orthogonal with respect to the incident field of the
probe. In Fig. 6.25 (a) and (b) show the mounted weapons hidden behind a 0.5” plywood
sheet, and its MMW image, respectively. Fig. 6.25 (¢) and (d) are MMW images of the
weapons hidden behind 1” and 1.5” of the plywood sheet, respectively. Fig. 6.25 (e) and
(f) shows the weapons hidden behind a 2" plywood, with the MMW image. The handgun,
ceramic knife, and metal/plastic scissors are clearly identified in Fig. 6.25 (b) and (c¢), when
the plywood barrier is 0.5 and 1” in thickness, however, the barrier of 1.5” in thickness

shows very low reflection from the target, leading to a poor resolution MMW image, and
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at 2" in plywood thickness the MMW image of the target is undetectable. To increase the
signal penetration, it is advisable to sense the target from many viewing angles while

increasing the transmitted signal power of the PNA.
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Figure 6.25 (a) The target is hidden behind a 0.5” plywood sheet and (b) its MMW
image. Both (¢) and (d) are MMW images of when the target is hidden behind 1” and
1.5" of plywood. In (e) the target is hidden behind a 2" plywood and (f) its MMW image
is shown.
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6.3.2.3 MMW Imaging for Weapon Detection behind Plastic Sheet

In this experiment, the MMW imaging system is tested to detect through plastic
materials, such as a Plexiglas, to examine the quality of image contrast in hidden objects.
This scenario is employed in the case of detecting objects behind windows, doors,
buildings, or even through luggage, which are often made of plastic materials. Fig. 6.26
shows the reflection coefficient Si; vs time domain responses when the target is behind
different thicknesses of plastic sheeting; 4.4 mm polycarbonate (PoC.), 2 x 4.4 mm PoC.,
3 x 4.4 mm PoC. , and a 5.2 mm Acrylic sheet attached to a 3 X 4.4 mm PoC. sheet. The
effect of different plastic thicknesses and materials on a concealed target shows a small

variation on the reflected peak.
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Figure 6.26 The effect of different plastic thicknesses and materials on a concealed
target.

Fig. 6.27 (a) shows the optical image of the weapons behind the 4.4 mm PoC. and
the MMW image on the right side. Fig. 6.27 (b) shows the target hidden behind 2 x 4.4
mm PoC, by the MMW image on the right side. Fig. 6.27 (c¢) shows a 3 X 4.4 mm PoC

hiding the target, and the MMW image. In Fig. 6.28 (@) the weapons are hidden behind
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three layers of 4.4 mm thickness PoC and 5.2 mm acrylic, and the MMW image is on the
right. Fig. 6.28 (b) shows a 1” Teflon sheet hiding the weapons, and the MMW image. As
demonstrated in these figures, the 60GHz images of the handgun, knife, and scissors are

recognizable with clear resolution under coverage of different plastic materials.
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Figure 6.27 (a) The target behind one layer of polycarbonate, and its MMW image on
the right side. (). The target hidden behind two layers of polycarbonate, and its MMW
image. (c) Three layers of polycarbonate hiding the target, and the MMW image.
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Figure 6.28 (a) The target hidden behind three layers of polycarbonate and one layer of
acrylic, and the MMW image on the right side. (b) 1" Teflon sheet hiding the target, and
the MMW image.

6.3.3 A 60GHz Imaging for Concealed Liquid Materials Detection

In this section, the 60 GHz imaging system is tested to detect different liquid
materials: water, salt water, oil, and alcohol, and are concealed with the same materials in
the three scenarios. This experiment is based on the fact that explosives and other
prohibited dangerous chemicals have unique reflection contrast at the MMW frequency
range depending on dielectric differences [171], which are simulated on those four different
liquids. The dielectric properties of materials are known to be frequency dependent. The
liquids are each in their own plastic bottle and are aligned close to one another with natural

leather in the background; all are mounted on 2D scanner platform.
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Figure 6.29 (a) The optical image of the four different liquids; water, salt water, olive
oil, and 50% alcohol, and their MMW image on the right side. (b) The target of four
different liquids is concealed inside a four layer suit and its MMW image.

The corresponding MMW image is shown in the right side of Fig. 6.29 (a) with an
aperture resolution of 100 x 100 pixels - it shows the contrast of each liquid. This MMW
image is obtained without a barrier or obscuration in front of the liquids, for reference. In
order to demonstrate MMW imaging/detection of the liquids hidden behind clothing, in
Fig. 6.29 (b), the bottles are concealed inside four layers of fabric, two layers of cotton,
and two layers of polyester. The results reveal a contrast of MMW image associated with

different liquid reflections for the four bottles beneath the clothing
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6.3.3.1 MMW Imaging for Concealed Liquid Materials Detected behind Clothing

Fig. 6.30 shows MMW images of four scenarios of liquids concealed by several
layers of cotton fabric. The image resolution is dx = 9, = 3mm, and the field of view is 300
x 300mm? at x-y plane. The 2D -image is obtained corresponding to the target peak
reflection after signal pre-processing. The contrast of 60 GHz images depends on the object
surface shape - the bottles are of cylinder-shape - while corresponding to this imaging setup
most of the back reflections are from the orthogonal area of the bottles. From the four
MMW images, it is clear that the most illumination appears from water and salt water, then

it is followed by the contrast of alcohol, and then less contrast from oil.
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Figure 6.30 MMW images of different layers of cotton fabric concealing the target
of four different liquids; one-layer at the top right, then two-layer to its left, then
five-layer in the bottom left, then seven-layer in the bottom right.
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6.3.3.2 MMW Imaging for Liquid Materials Detected Behind Plywood

Fig. 6.31 shows MMW images when plywood sheets of different thicknesses are
placed in front of the four different liquids. The hidden liquids behind 0.5"” and 1" thick
plywood sheets are relatively detectable; however, the 1” and 2" thick plywood sheets are
unrevealing of any target. Thus, to increase the reflected signal from the target, it is
preferable to detect the object from a multi-viewing angle while increasing the transceiver

signal power of the PNA.
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Figure 6.31 MMW images showing different thicknesses of plywood are in front of the
target of the four different liquids.

6.3.3.3 MMW Imaging for Liquid Materials Detected behind Plastic

In further investigation, a MMW imaging system tested images through transparent
plastic materials to examine the quality of MMW image contrast in detecting liquid objects.

Fig. 6.32 (a) shows on the left side the optical image of the liquid bottles behind 4.4 mm
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PoC with the matching MMW image shown on the right side. Fig. 6.32 (b) shows the
liquids hidden behind 2 x 4.4 mm PoC and the corresponding MMW image is shown on
the right side. Fig. 6.32 (c) shows a 3 x 4.4 mm PoC hiding the liquids, with the relevant

MMW image shown on the right side.
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Figure 6.32 (a) The four different liquid targets behind one layer of polycarbonate, and
the MMW image on the right side. (b) When the liquids are hidden behind two layers of
polycarbonate, seen here in the MMW image. (c) Three layers of polycarbonate hide the
target, and here is the MMW image.

In Fig. 6.33 (a), the liquids are hidden behind three layers of 4.4 mm PoC and 5.2

mm of acrylic, and the MMW image is on the right. Fig. 6.33 (b) shows a 1” Teflon sheet
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hiding the liquids, and the MMW image. Overall, the 60GHz images of the four liquid
bottles are relatively recognizable with equitable resolution under coverage of different

plastic materials.
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Figure 6.33 (a) The four different liquid targets behind three layers of polycarbonate
and one layer of acrylic, with the MMW image on the right side. (b). 1” Teflon sheet
hiding the target, and the corresponding MMW image.

6.4 Summary

In this chapter, imaging detection of a target utilizing a V-band standard gain horn
(SGH) and proposed 60GHz antennas as probes are introduced. The MMW imaging system
is designed to evaluate the proposed 60 GHz antenna probes on test object charts. The
proposed MCAFTSA-SC probe is evaluated as an imaging / detection sensor, and scanned
results for concealed weapons and liquids underneath clothing, behind plywood, and

behind plastics are illustrated.
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The MMW image is detected using a 2D linear scanning platform to
generate XY movement with a 30cm x 30cm mechanical range of the object field of view,
and oriented perpendicular with respect to the lens focal plane. The mechanical setup is
designed to test proposed probes, and this scanning method is utilized in a similar way to
synthetic aperture array with a single antenna element measurement that is ideal to
investigate the probe for MMW imaging. The 60 GHz imaging results of the V-band SGH
antenna are compared with four proposed antennas presented in chapter 4 which are
utilized as sensing probes. The imaging results using the proposed probes show a very
similar contrast compared with those scanned using SGH antenna. Therefore, a low profile
microstrip probe with lightweight, high gain, and broadband achieves a good standard
MMW image.

Section 6.3 introduces experiments to detect different types of hidden weapons and
liquids using the single element MC-AFTSA-SC probe to reconstruct 60 GHz images.
Three scenarios are evaluated to detect each target when concealed by clothing, a plywood
sheet, and plastic material. The low-power 60 GHz active monostatic transceiver proves
that this system with the proposed probe is effective in detecting and identifying concealed
conventional weapons, such as handguns, whether plastic or metal, ceramic knives, and

explosives in liquids or plastics.

183



Chapter 7: Conclusions and Future

Work

7.1 Conclusion

In this thesis, we have designed and implemented several 60 GHz antenna probes
for potential use in imaging/detection systems for homeland security applications. The first
part of the thesis discussed how the proposed antenna elements were optimized, fabricated,
and tested. The second part presented design methodology and results for a 57-64 GHz 1
x l6-element beam steering antenna array with a low-cost piezoelectric transducer
controlled phase shifter. Finally, a 57-64 GHz band mechanical scanner system was
designed to test and evaluate antenna probes, utilizing the active monostatic transceivers
principle. Different developed probe prototypes exhibit good performance in terms of
excellent impedance matching over the ISM band (57-64 GHz), stable radiation patterns,
low sidelobe levels, high realized gains, and high total radiation efficiency. The MMW
imaging results for the 60 GHz probes show success for detecting/identifying hidden

conventional weapons, such as handguns, ceramic knives, and explosives.

e 60 GHz Antenna Probes Design and Results

As presented in chapter 4, several 60 GHz antenna probes were fabricated and
experimentally investigated. The calculation and experimental results showed an antenna
impedance bandwidth with a reflection coefficient less than -10 dB over the whole ISM
band for most of the antennas. The antipodal Fermi tapered slot antenna with sine-shape
corrugation was designed, with its corrugation intended to reduce discontinuity in tapered
edges. This novel design led to reducing the sidelobe level and enhancing the radiation

characteristic with a stable directive gain of 18.75 dB at 60 GHz. A new single feed for
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dual-polarized antenna, providing a diverse polarity to enhance image contrast, is
introduced. Then, a novel single feed circular polarized AFTSA sine-shape corrugated
antenna is developed to generate a stable radiation characteristic and a RHCP bandwidth
of 3.8 GHz for AR less than 3dB. Finally, a new multi sine-corrugation AFTSA antenna
integrated with a grooved lens was introduced, optimized and implemented. The multi-
corrugation design was considered an upgrade for enhancing the radiation characteristic in
terms of reducing sidelobes as well as enhancing coupling when the grooved lens was
loaded. The proposed design of AFTSA-MSC with GS-lens achieves a high normalized
gain of 20 dB at 60 GHz, the sidelobe levels are below -20 dB in both E— and H—plane, and
a wide measured bandwidth covered the band from 55 - 67 GHz. These proposed 60 GHz
antennas’ weight and size are small compared to conventional horn antennas, which can
be impeded in a low profile array to obtain a desired gain and to be used as a good scanning

probe for imaging / detection applications.

e Beam Steering Phased Array Antenna Using a Piezoelectric Transducer
Controlled Delay Line

Chapter 5 introduced different 1 x 16-element beam steering antenna arrays with a
low-cost piezoelectric transducer (PET) controlled phase shifter. A Y-junction power
divider was presented as an alternative feed network reducing discontinuity from feed line
bends. The single antenna element was designed to achieve symmetric E- and H-plane
radiation patterns. The array gain was around 20dB, with low radiation loss due to the
feeding network’s low loss design. Furthermore, the feed network design is surrounded by
EBG structures to reduce coupling between feed lines and surface waves. A circularly
polarized 1 % 16-element beam steering phased array with and without EBG structures
shows a wide impedance covering the ISM band with 2 GHz of circular polarization

185



bandwidth. Finally, multi sin-corrugation AFTSA wide-scan array antenna implemented
design loaded with a grooved spherical lens achieved 30° beam scanning angle, with a high
gain of 20 dB. These implemented 60 GHz phased array designs and beam switcher show
high performance in terms of wide bandwidth coverage, high gain, low feeding network
loss, low cost, and low profile. It is believed that these features will fulfill the requirements

for MMW scanning sensors and enhance their performance.

e 60 GHz Imaging Detection of Concealed Objects Applications
In this part, we demonstrated the use of MCAFTSA-SC probe as part of imaging /

detection systems of weapons and liquids hidden by clothing, plywood and plastics
materials. Different images were detected using a mechanical 2D MMW linear scanning
platform. This work in the ISM-band (57GHz to 64GHz) was performed with range
resolution AR. = 125 mm, and field resolution of AL, = dx= J,= 3mm achieving a 100 x
100 pixels MMW image. The mechanical setup was designed to test the proposed probes.
This scanning method, similar to synthetic aperture array, with a single antenna element

measurement was ideal to investigate different probes for MMW imaging.

The 60 GHz imaging results of the V-band SGH antenna compared with those
generated by different antenna probes presented in this thesis as sensing probes. The Multi
sine-corrugations AFTSA antenna, as a probe, was experimentally tested in the monastic
MMW image system. The quality of the MMW images were very similar in contrast with
those scanned using the SGH antenna. In section 6.2, a single element MC-AFTSA-SC
probe was used to experimentally detect hidden weapons and liquid materials to reconstruct
60 GHz images. The 60 GHz images revealed weapons beneath clothing. For other

materials, such as plywood, handgun, ceramic knife and metal/ and/or plastic scissors,
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images were clearly identified when 0.5"” and 1" thick plywood were used. However, for
a 1.5" thick plywood cover the resolution was poor, caused by low reflection from the
target. At 1 mW (0 dBm) transmitter PNA power and when the target was hidden by 2"
plywood, the target was undetectable. Increasing the transmitted signal power of the PNA
to increase penetration through plywood is one solution to improve the detection level. It
was also observed that gun, knife, and scissors were recognizable with clear resolution
despite covering them by different plastics including 1” thick Teflon. The 60 GHz
imaging system was also tested to detect four bottles filled with liquid - water, salted water,
oil, and alcohol - concealed by materials of the previous scenarios. When hidden behind
the 0.5” and 1” plywood, the liquids were relatively detectable. However, the cases with
1.5" and 2" plywood covers were undetectable. When the liquids were covered by plastics,

they were relatively recognizable with equitable resolution.

7.2 Contributions

This thesis’ contributions can be divided into three components. The first includes
the design of antenna probes, while the second is phased antenna array designs, and the

third is experiments and development of the 60 GHz imaging/detection system.

7.2.1 Antenna Probe Designs
e Design and implementation of a 60 GHz circular patch-fed high gain dielectric lens
antenna where measured results validated calculated results [J1], [C10].
e A low cost, 60 GHz printed Yagi antenna array was designed, optimized, fabricated

and tested [J4], [C11].
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Several new models of the antipodal Fermi tapered slot antenna (AFTSA) with a
novel sine corrugated (SC) shape were designed, and measured results were validated
with simulated results [J2], [J3], [J5], [C3], [C4] [C6], [CT], [C8], [CI].

Novel single feed dual-polarized and circularly polarized AFTSA-CS designs were
developed and validated [C2], [C5].

A high gain, low cost, 60 GHz Multi Sine-Corrugations AFTSA with grooved

spherical lens, in a 3-element beam steering form, was designed & implemented [C1].

7.2.2 60 GHz Phased Antenna Array Designs

A 1 x 16-element beam steering phased array was designed and implemented with a
60 GHz AFTSA-SC with PET-controlled phase shifter, and a new antenna achieving
symmetric E- and H-plane radiation patterns was presented. Results of the feed
network surrounded by EBG structures were presented [work to be submitted for
publication [J6].

A circularly polarized 1 x 16-element beam steering phased array design with and
without EBG structures, with a PET-controlled phase shifter was investigated [work

to be submitted for publication.

7.2.3 System Level Design

A 2D linear mechanical scanning platform setup was designed to test the optimized
probes [J7].

Several experimental investigations were conducted to detect concealed items and
liquids, when screening the human body for a hidden explosive, or other threatening

material, using the single element MC-AFTSA-SC probe to reconstruct 60 GHz
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images. Three scenarios were used to detect targets concealed by clothing, plywood,

and plastic.

7.3 Future Work

Recommendations and suggestions for future work can be summarized as follows:

e The design for the wideband circularly polarized 16 x 16 beam steering phased array
with a 60 GHz AFTSA-SC with PET-controlled phase shifter integrated with a feed
network EBG-surrounded design can be developed for wideband 2D scanning.

e For a fast mechanical scanner using one antenna element as a probe, it is suggested
that the probe is attached to the focal point of the scanner reflector, the movements
of the reflector can form a 2D FOV as one pixel scanning technique.

e Development of a large scale mechanical scanner to scan a full human body for a
hidden target for further investigation in 60 GHz.

e Development of a fast switcher between the antenna array elements in order to obtain

an efficient electronic scanning system.
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