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Abstract

30 GHz Printed Ridge Gap Components and Antennas for Imaging Systems

Islam Sayed Hassan Mohammed Afifi, Ph.D.
Concordia University

Working at millimeter waves (MMW) has gained massive attention for wireless com-
munications and imaging systems. For imaging systems, MMW can be used for security
to provide good resolution images and detect concealed weapons as it can penetrate com-
mon clothes and reflect from the human body and metal objects. Moreover, MMW is safe
for human health, contrary to conventional X-ray imaging, which uses an ionized wave.
Thus, it has a harmful effect on human health.

This research is focusing on building an active wide-view angle millimeter-wave imag-
ing system with a small area of mechanical movement to reduce the data collection time.
The imaging system is composed of three main parts: 1) the millimeter-wave components
and antennas, 2) the mechanical part for moving the antennas and performing the scan
of the imaging area, and 3) the imaging reconstruction algorithm.

In order to have an efficient imaging system, the printed ridge gap technology (PRGW)
is used to build the imaging system components and antennas. High efficiency coaxial to
PRGW transition with a fractional bandwidth of 59.22% at 32.25 GHz is designed to feed
the system components. For the transmitting part of the imaging system, a moderate gain
PRGW differential feeding planar aperture antenna and a wideband rat-race coupler are
designed. The antenna, the rat-race, and the coaxial transition are combined to form the
transmitting part, then fabricated and measured. The resulted bandwidth is from 25.62
to 34.34 GHz with a return loss better than 10 dB, a maximum gain of 12.28 dBi, and 3-dB
gain bandwidth from 25.62 to 33.77 GHz.

For the receiving antenna, a PRGW Butler matrix and its components (directional cou-

plers, 45° phase shifters, and crossovers) are designed. A semi-log periodic antenna fed
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by the PRGW is designed as the radiating element. The PRGW components, the coaxial
transition, and the antennas are combined to form the receiving part of the imaging sys-
tem, which is fabricated and measured. The resulting beam directions are at £13° and
£36°, at the center frequency (30 GHz). The return loss and the isolations are better than
10 dB over the frequency range from 26.1 to 33.5 GHz.

For the imaging reconstruction algorithm, a synthetic aperture radar algorithm is
used. Two tests are carried out, one uses CST simulation results, and the other uses
measured data from the Concordia antenna chamber lab. The results show an output
resolution of 0.6 A.

Finally, the whole imaging system is built with the designed differential feeding an-
tenna as the transmitter, the designed Butler matrix as the receiver, and the synthetic
aperture algorithm as the image reconstruction algorithm. The performance network an-
alyzer (PNA) is used to collect the data (s-parameters) required to reconstruct the image,
and the antenna range controller system (NSI 5913) is used to mechanically scan the imag-
ing area. The imaging system is used to scan a mannequin carrying an object shaped like

a pistol and a knife. The results show that the two objects are detected.
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Chapter 1

Introduction

1.1 Introduction

Today, there is a great demand for millimeter-wave (MMW) imaging. MMW is the band
of the spectrum from 30 to 300 GHz. The MMWs can penetrate common clothes and re-
flect from the human body and metal objects, so it is a good candidate for security imag-
ing. MMW has non-ionized radiation, which makes it a safe option for human health, in
contrast to conventional X-ray imaging, which could have negative health impacts [1-7]
(as it uses ionized waves). MMW can penetrate fogs and clouds, which makes it a good
candidate for navigation with low visibility conditions [8]. Moreover, MMW imaging is
suitable for both day and night vision.

Imaging systems can be classified into two categories: passive and active imaging
systems. A passive imaging system depends on the natural radiation from objects, while
an active imaging system requires a radiation source to illuminate the objects.

In this thesis, active imaging is considered due to its advantages over passive imag-
ing. These advantages include: 1) small and low profile antennas can be used and then
synthesized to form the image instead of a large antenna array or a parabolic reflector
antenna as with passive imaging; and 2) 3-D imaging can be constructed by combining
the synthesized aperture radar technique with 2-D mechanical scanning. An active imag-
ing system is composed of three parts: the microwave/millimeter-wave components and
antennas, the mechanical part, and the signal processing part. The focus of our research

is on the design of MMW components for an active imaging system.
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Several technologies have been used to implement imaging systems. In [9], a mi-
crostrip patch antenna is used for imaging with a sparse array to reduce the number of
antenna elements at 31.5 GHz. In [10] and [11], a silicon-based on-chip antenna is used
with mechanical scanning to produce 3D images at 30 GHz and 240 GHz. In [12], horn
antennas are used for imaging a rotating object at 30 GHz.

In this thesis, the printed ridge gap waveguide (PRGW) technology is used as an al-
ternative efficient type of guiding structure suitable for the MMW frequency band. It
functions by surrounding the guiding line with bandgap unit cells so that the wave prop-
agates along the line and evanescent outside the line. The propagating mode is a quasi-
TEM mode that has a low signal distortion, and the wave propagates on an air gap above
a dielectric substrate so it has a very low dielectric loss. Moreover, it can be integrated

with the printed circuit board (PCB) technology and thereby connected to other devices.

1.2 Motivation

Millimeter-wave imaging can be used for security and radar applications. Its non-ionized
radiation behavior makes it a good candidate for human security imaging, replacing con-
ventional X-ray imaging [1-7]. It can penetrate common clothes, and it reflects from metal
objects, which is suitable for concealed weapon detection. Also, it can provide quality res-
olution images. For radar applications, MMW can penetrate fogs and clouds so it can be
used in a navigation system or for synthetic aperture radar (SAR).

The conventional technologies used to build microwave components and antennas
have several drawbacks at the MMW range. The microstrip technology has dielectric
and radiation losses. The rectangular waveguide is difficult to manufacture, as the di-
mensions become very small and thus is expensive. Therefore, new technologies have
been developed to work at high frequencies, such as the substrate integrated waveguide
(SIW) and the ridge gap waveguide (RGW). The SIW has overcome the radiation losses
presented in the microstrip line and is compatible with PCB technology. However, it still

has dielectric losses and signal distortion (propagating mode is TEjp). The RGW is a
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promising technology as it has overcome the dielectric losses and the signal distortion
(its propagating mode is Quasi-TEM), but it is expensive and not compatible with PCB
technology. The work presented in this thesis is implemented using PRGW technology,
which is compatible with PCB technology and hence is low cost. Moreover, it overcomes
the signals distortion problems. This research focuses on designing basic MMW compo-
nents and antennas using this technology. These components and antennas are then used

to build an active imaging system.

1.3 Problem Statement

Imaging systems are required for screening at security checkpoints and for quality mea-
surement in the industry. The MMW band is a good candidate for that task as it is a non-
ionized wave and has a small wavelength that leads to good quality images. Imaging
systems are generally required to provide images rapidly. Also, they are more effective
if they have a wide view angle. An active MMW imaging system can be realized by ap-
plying the mono-static back projection algorithm [13]. However, this approach requires
a long time to collect the data and produce the image. Moreover, the scanning area is
almost the same as the target area, which requires a large mechanical system to scan large
objects.

Another approach to creating an imaging system is to have many antennas in a 2-D
planar surface and apply the multi-static algorithm to produce the image [14, 15]. How-
ever, this approach requires several antennas, which makes the system rather expensive
to implement. Yet another imaging uses a 1-D array of antennas to scan in one direction
and performs mechanical scanning in the other direction [1,16]. This system is a com-
promise between the two above-mentioned systems. However, this approach requires
a large mechanical system to scan an area that is the same as the target area, as well as
the construction of a long 1-D antenna array with electronic switching, both of which are

costly.
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Another imaging system utilizes a reflectometer [17,18]. This approach uses a time-
domain reflected signal to form a good quality MMW image. However, it takes a long
time to conduct the scanning step, as the scanning area is the same as the imaged area.
Furthermore, the technology utilized to build these systems is either microstrip, rectan-
gular waveguide, or silicon-based structures that have high losses in the MMW band.

The system proposed in this thesis has a mechanical scanning area smaller than the
target area, which reduces the cost of the mechanical system and saves time compared
to the mono-static case. Moreover, it is built with PRGW technology, which has low
losses, low signal distortion, and is compatible with PCB technology. In order to build
the proposed system, a beam switching network is required, as well as a moderate gain
antenna. Therefore, a wideband PRGW Butler matrix is designed in this thesis, as it is
the matrix-based beamforming network with the lowest number of components. Also,
a PRGW differential feeding planar aperture antenna is designed as the moderate gain

antenna with a wideband and a stable broadside radiation pattern.

1.4 Objective

The main objective of this research is to implement an MMW imaging system using
PRGW technology. The research is carried out in two phases. In the first phase, MMW
components and antennas (important blocks of the imaging system) are designed and
fabricated. In the second phase, the data collection and image reconstruction algorithm
are performed.

The transmitting part of the imaging system is a wideband differential feeding mod-

erate gain antenna (12- 15dBi). The associated research activities are:

e Designing a wideband coaxial to PRGW transition;
e Designing a moderate gain differential feeding antenna; and

e Designing a wideband rat-race coupler for the differential feeding.
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The receiving part of the system is composed of a beamforming network (Butler ma-
trix) and radiating antennas, as shown in Figure 1.1. The associated research activities

focus on the development of the following components:

e Butler matrix components: a wideband 3-dB hybrid coupler, a wideband 45° phase

shifter, and a wideband crossover; and

¢ A radiating element: a wideband PRGW antenna.

Beamforming Network

Coaxial to
PRGW
transition

90° Coupler

PRGW Antenna

90° Coupler

Cross-
over

<

PRGW Butler matrix
(45°)

/ / 90° Coupler
Cross-

over

@ 90° Coupler
O/

_<

Figure 1.1: The beamforming network consists of the coaxial feeding, the Butler ma-

The imaging system components and antennas are integrated to form the imaging

system, in which:

e The performance network analyzer (PNA) is connected to the transmitting and the

trix, and the radiating elements

receiving parts and is used to generate and collect the MMW signals;

e The NSI 5913 antenna range controller system available in Concordia micro/millimeter-

wave lab is used as the mechanical system; and

e The collected data is processed off-line on a PC using Matlab code, based on the

synthesized aperture algorithm, to produce the MMW image.
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The whole system, as illustrated in Figure 1.2, employs multiple moderate gain (12 -
15 dBi) antennas, operating at different frequencies, to illuminate the object. As the im-
aged object is illuminated from different directions, a wideband switched-beam antenna
is used to collect the reflected signals. A beamforming network that performs space multi-
plexing is required in the receiving antenna to enhance the signal to noise ratio and hence
the produced image quality. Moreover, the use of wideband components allows the use
of different frequencies to perform frequency multiplexing that helps to have adequate
isolation between the antennas. Therefore, all the transmitters can work at the same time

without interference.

Transmitter

Target MMW Image
under test

Transmitter

Scanning area
Receiver

(Beamforming Network )

Transmitter

Performance Network — Mechanical
Analyzer (PNA) controller

Synthetic aperture
radar Algorithm

Figure 1.2: Millimeter-wave imaging system.

The proposed imaging system offers a wide-view angle, minimal mechanical move-
ment, and potentially a low cost. It produces good quality images with a resolution near
the Abbe limit (6I ~ A/2). It is faster than conventional mono-static imaging, as the
scanning area is half the imaged area instead of needing to be the same as the imaging

area.
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1.5 System Design Methodology

The system design methodology is shown in Figure 1.3. The system resolution is set to
A/2 (the Abbe limit), and the synthetic aperture technique is used to collect the data and
reconstruct the image. The design methodology of the MMW components and antennas
in the PRGW technology is summarized as: 1) setting the initial parameters; 2) building
the simulation model; and 3) optimizing the design until the specifications are met.

As noted at the end of section 1.3, the mechanical scanning combined with the syn-
thetic aperture technique is selected as it overcomes the drawbacks of other scenarios.
In the first possible scenario, a fixed receiving antenna is used, and a one-pixel image is
produced, as there is only one Sy; between the transmitting and the receiving antennas.
In the second scenario, a multi-beam fixed antenna is used to produce an N pixel image,
where N is the number of the ports of the beamforming network, feeding the multi-beam
antenna. However, as the number of ports of the beamforming network is increased, the
far field region of the antenna will be too far from the antenna, and the resolution will
degrade. Moreover, there will be more losses in the beamforming network as it will be-
come lengthy and contains many components. Therefore, a synthetic aperture technique
is used to overcome these issues. The main idea of the synthetic aperture technique is
that a group of wide beamwidth antennas placed separately from each other can be used
to collect the reflected signals from the imaged object. After that, the collected data can be
processed to produce an image with the same resolution as if there is a large aperture an-
tenna. It also has an advantage in that the object can be placed close to the scanning area,
thereby increasing the resolution (the far field of low gain wide beamwidth antennas are
short). In this thesis, a four-beam receiving antenna is used and moved in the xy-plane

by a mechanical controller device to collect the data at different points.
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Figure 1.3: Imaging system design methodology

1.6 Contributions

The contributions of this thesis are divided into three parts: 1) the design and specification
of MMW PRGW components for the proposed active imaging system; 2) the integration
of the components with antennas to form the transmitting and the receiving parts of the
imaging system; and 3) the fabrication and implementation of the proposed wide-view
angle active imaging system.

The contributions of the reported work are:

e The design of a wideband coaxial to PRGW transition that is very compact, com-
pared to other transitions in the literature, and avoids the dielectric and radiation
losses presented by other microstrip transitions [J1]. Also, the proposed design pro-
cedure is suitable for metal and printed ridge gap waveguides at different frequen-

cies. It has a fractional bandwidth of 59.22% at 32 GHz.

e The design of a wideband rat-race coupler using PRGW technology [J2] to differ-

entially feed a moderate gain antenna. The design is based on adding a stub in

8
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the middle of the 3/4 A branch line and quarter wave transformers in all the ports.
The addition of the stub introduces a separation between the output amplitudes
and hence two intersection points are obtained that increases the amplitude imbal-
ance bandwidth, while the addition of the quarter wave transformers increases the
matching and isolation bandwidths. The rat-race coupler design has a bandwidth
from 25.8 to 34.2 GHz with return loss and isolation better than 15 dB. The ampli-

tude imbalance between the output ports is £0.5 dB.

e The design of a moderate gain differential feeding antenna (12-15 dBi) and its inte-
gration with the rat-race coupler and the coaxial feeding, transmitter part. Differ-
ential feeding is used to have a stable broadside radiation pattern while capacitive
coupling results in a wide bandwidth. The antenna bandwidth is from 25.62 to 34.34
GHz with S1; < —10 dB and a maximum gain of 12.28 dBi and 3-dB bandwidth
from 25.62 to 33.77 GHz.

e The design of a 1-D 4 x 4 Butler matrix using PRGW technology to achieve low
losses with a wideband performance and then integrating it with a semi-log periodic
antenna and the coaxial feeding to form the receiving part [J3]. The directional cou-
pler is designed based on altering the impedance of the normal branch line coupler
and adding quarter-wave transformers at all ports to have two intersection points
between the output coupling instead of one in the conventional case. The simulated
results of the coupler are: (1) the bandwidth is 7.35 GHz around 30 GHz, (2) the re-
turn loss and isolation are better than 15 dB, (3) the output amplitude imbalance is
—3.375 £ 0.425 dB, (4) the output phase difference is 90.9° £ 1.62°. The phase shifter
is designed based on using a coupled line coupler with two ports connected to each
other. It is the first wideband phase shifter designed in the ridge gap waveguide
technology (BW > 20%). It has a matching bandwidth (S1; < —15 dB) from 27 to
33.6 GHz with an output phase shift of 45° £ 2°. Finally, the crossover is built using
three cascaded couplers, in which the dimensions are optimized to maximize the

operational bandwidth while maintaining good matching and isolation levels. A
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bandwidth from 26.8 to 33.9 GHz is obtained with return loss and isolation better
than 14 dB, and the insertion loss is better than 0.5 dB. It has the optimum design

compared to previous works in terms of size and bandwidth.

e The implementation of a system that requires less mechanical movement compared
to conventional mono-static imaging, and hence allows for more rapid scanning.
Also, the developed MMW imaging system uses less computational resources than
conventional mono-static imaging and thus requires less processing time. The re-

sulted images have a resolution near the Abbe limit.

1.7 Organization of The Thesis

This thesis consists of six chapters. The first chapter contains the introduction, the prob-
lem statement, the motivation, and the objective. Chapter 2 presents literature review
of MMW imaging, beamforming networks, and differential feeding antennas. Chapter 3
elaborates the design of the imaging system, the coaxial to ridge gap transition, and of
the basic MMW components (a 3-dB coupler, a 45° phase shifter, a crossover, and a rat-
race coupler). The design of the differential feeding antenna and its integration with the
rat-race coupler are presented in chapter 4, as well as the design of a semi-log periodic
antenna and its integration with the Butler matrix. The imaging reconstruction algorithm
and the resulted images are presented in chapter 5. Finally, the conclusions and promising

future work are discussed in chapter 6.

10
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Literature Review

The literature review focuses on six parts. First, millimeter imaging techniques are dis-
cussed. Second, the resolution limits of imaging systems are presented. Third, the printed
ridge gap technology is compared with other technologies to illustrate the advantage of
this technology over others. Fourth, reported works of a coaxial to printed ridge gap
waveguide are illustrated, feeding of the imaging system components. Fifth, a brief re-
view of low profile antennas (transmitting part of the designed imaging system) is given.
Finally, a literature review of the Butler matrix (receiving part of the imaging system) is

presented.

2.1 Millimeter-Wave Imaging

Millimeter-wave imaging has many applications such as medical imaging, security imag-
ing, non-destructive testing, and radars. In this thesis, we focus on MMW imaging at
30 GHz. It has a high potential to replace conventional X-ray imaging in airports and
surveillance applications because of its ability to provide a good resolution image and
be safe for human health. Also, as it has a low penetration depth in the human body, it
can be used for medical imaging to detect skin and breast cancers. Moreover, as it can
penetrate fogs and dust, it can be used in navigation systems and high-resolution radars.
In general, there are two types of imaging systems, namely passive imaging and active

imaging.

11
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Passive MMW imaging system is based on the radiometer concept [19] in which the
natural radiation from the objects is collected by the antenna. Passive imaging system
requires a large number of antennas to form the picture in real-time and may also needs
a dielectric lens to capture a large area (like the principle of operation of the visible cam-
era). Also, it can be constructed by a high gain Cassegrain antenna with a mechanical
movement to scan the whole image. The image resolution depends on the size of the
antenna [20,21]. For a large size antenna, the gain is high, and the beamwidth is narrow.
Therefore, fine-resolution can be obtained, whereas a small antenna with low gain and
hence a wide beamwidth will degrade the image resolution. Figure 2.1 shows a schematic
of a passive imaging system where a parabolic antenna is used as the receiver. The an-
tenna is moved in the vertical and horizontal axes by the mechanical controller system to
scan the target area while the radiometer is used to calculate the natural radiated power
from the target. The resolution can be calculated from the 3-dB beamwidth of the antenna
(0rp) as

d = 0pR 2.1)

where d is the resolution of the resulted image and R is the distance between the antenna
and the target. Another way to construct a passive imaging system is by using a phased
array, where the resolution depends on the size of the array [22].

Active imaging is another type of MMW imaging system in which an antenna is used
as a radiating source to illuminate the imaged object, and another antenna is used as a
receiver. After that, signal processing is used to analyze the collected data to form the
image. Active imaging can be used to construct 3D images, as the time axis can be used
to determine the object distance from the imaging system (ranging dimension or z-axis)
beside the 2D axis of the spatial scanning (x and y-axis) [1]. This is an advantage of the
active imaging over passive imaging, which depends on the incoherent thermal radiation
of the object; hence no ranging dimension can be obtained [23]. Also, active imaging can
be used to construct 2D images either by considering one space dimension besides the

time dimension as in the synthetic aperture radar [13], or by using a 2D space dimension

12
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Figure 2.1: A passive imaging system.

and only a single operating frequency [12].
The active imaging can be classified according to the way of illumination and collec-

tion of the data as:

1. Mono-static, in which the transmitter and the receiver are very close to each other

or only one antenna is used with a circulator [1].
2. Bi-static, in which the transmitter and the receiver are separated from each other.

3. Multi-static, in which there are multi-transmitters and receivers [12,14].

Figure 2.2 shows an active mono-static imaging system where the transmitter and the
receiver coincide with each other. The mechanical controller is used to move the antennas
in a raster scan motion on the scanning area. The PNA is used to calculate the reflected
signals that are processed using the synthetic aperture radar algorithm to have the final
image. The equations regarding the resolution of such a system are given in section 2.3.

A comparison between active imaging using a single frequency scanning (2D) and
using a wide frequency band scanning (3D) can be found in [1]. Figure 2.3 (a) shows the

millimeter-wave image of a person using the mono-static method at a single frequency
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Figure 2.2: An active mono-static imaging system.

of 35 GHz. Figure 2.3 (b) shows the millimeter-wave image of the same person using the
mono-static method with a wide frequency band (from 27 to 33 GHz). It is clear that using
a wide frequency band is better, as we have access to the range dimension; hence a high
quality image can be obtained. Moreover, in [24], a 10 GHz bandwidth around 35 GHz is
used to produce a 3D imaging of a human body model. Also, in [25], a wideband spiral
antenna (10- 40 GHz) is used to produce a 3D image.

Another example of active imaging is found in [12], where the multi-static method is
used to construct the image of a tilted object with respect to the plane of the scanning
aperture. The advantage of using multi-static over mono-static and bi-static is that it can
capture the reflection from non-flat surfaces (as it has many transmitters and receivers),
hence better images are resulted. Figure 2.4 (a) shows the schematic structure of the multi-
static system where the system works at 30 GHz, and the object is tilted by 30°. Figure 2.4
(b) and (c) show the object and the resulted image, respectively.

Indeed, the time for the scanning is an important factor in imaging systems; it de-

pends on the scanning mechanism. When one transmitter and one receiver are used with

14
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Figure 2.3: Millimeter-wave imaging using mono-static method. (a) Front and back

of a person using single frequency scanning at 35 GHz. (b) The front and back of a

person using wide frequency band from 27 to 33 GHz, (D.M. Sheen et al [1], ©2001
IEEE.)
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Figure 2.4: Millimeter-wave imaging using multi-static method at a single frequency
(30 GHz) to image a tilted object. (a) The schematic structure of the system. (b) The
scanned object. (c) The constructed image (A. A. Farsaee et al [12], (©2018 IET.)
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2D spatial scanning, it takes a very long time. The time can be reduced by using elec-
tronic switching in one direction and mechanical scanning in the other direction [1]. A
further improvement is achieved by making the whole system electronically switched,
and a real-time image can be obtained (measurement time is less than 50 ms, and the im-
age results within 2 seconds [14]). However, increasing the number of transmitters and
receivers makes the cost of the system very high. Another approach to decrease the time
and the number of antenna elements is introduced in [9,26], where a sparse array is used
to decrease the number of elements while maintaining good quality images.

Another factor in the active imaging systems is the efficient illumination of the imaged
object as it has an important role in the quality of the produced image. In [27], a modified
multi-static imaging system is proposed that gives better resolution compared to the con-
ventional multi-static imaging systems, as shown in Figure 2.5. The system depends on
rotating the antenna beams to efficiently illuminate the object. Also, the authors in [27]
used a modified synthetic aperture radar technique to reconstruct the image and avoid
the redundancy in the information coming from each transmitter.

The imaging reconstruction algorithms depend mainly on the Fourier transform [1,
24,28]. It is used to construct a 2D or a 3D image. Also, it is suitable for high-speed
processing, as we can take advantage of the fast Fourier transform functions implemented

in many software programs.

2.2 Resolution Limits of Imaging Systems

Any imaging system has limitations on the resolution of the produced image. These limi-
tations can be classified into two categories: the instrument limitation and the diffraction
limit. The instrument limitation depends on the quality of the used sensors and the used
lenses. In this case, the image resolution can be improved by changing the technology and
use high quality components. On the contrary, the diffraction limit is not avoidable and
sets the maximum resolution of an imaging system. Therefore, the diffraction limit is dis-

cussed here. There are two concepts for the diffraction limit, namely: 1) the Airy pattern
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Figure 2.5: (a) Conventional multi-static imaging system and the resulted image. (b)
Modified multi-static imaging system and the resulted image. (M. Kazemi et al [27],
(©2019 IEEE.)

and Rayleigh criterion, and 2) Abbe diffraction limit. In this thesis, the Abbe diffraction
limit is presented as it sets the maximum resolution limit.

In 1873, Ernst Karl Abbe argued that there is another diffraction limit than that pro-
posed by Rayleigh criterion [29]. He states that a detail with a particular size is resolved
when the numerical aperture (NA =n sin «) of the lens is large enough to capture the first-
order diffraction pattern produced by the detail, at the working wavelength. Therefore,

the spatial resolution of an object is given by

Al = A

= — 2.2
2nsin (2.2)

17



Chapter 2. Literature Review

where Al is the resolvable detail size, A is the wavelength of used light, 7 is the index
of refraction of the imaging medium, and « is the half-angle subtended by the microscope
lens, as shown in Figure 2.6. From this theory by Abbe, the minimum detail size that can

be resolved for an imaging system capturing an image in the air is

(2.3)

) \¢ Al

Figure 2.6: Geometry of Abbe diffraction limit.

2.3 Synthetic Aperture Technique for Active Imaging Sys-
tems

Aperture synthesis was first developed at radio wavelengths by Martin Ryle and cowork-
ers from the Radio Astronomy group at Cambridge University. Martin Ryle has received
the Nobel Prize for this work [30]. "Aperture synthesis or synthesis imaging is defined
as a type of interferometry that mixes signals from a collection of telescopes to produce
images having the same angular resolution as an instrument has the size of the entire
collection" [31].

For a good understanding of the working mechanism, Figure 2.7 shows a comparison
between a synthetic aperture antenna and a large aperture antenna. In the synthetic aper-
ture antenna, small antennas with wide beamwidth are used at different locations along

a line or a 2D grid to capture the signal from a target. After that, the collected signals are
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processed to produce an image with the same resolution as that can be produced with a
large aperture antenna occupying the whole line or 2D grid. Furthermore, a single an-
tenna can be used to do this task by moving it along a line or in a 2D grid to collect the

data at different positions.

Synthetic aperture Long aperture
Antenna Antenna

=~
=
@
v
==
&

~

(a) (b)

Figure 2.7: (a) Synthetic aperture antenna. (b) Large aperture antenna

For the imaging system in this thesis, an antenna moving in xy-plane is used to collect
the data. Then, the data is processed to produce the final image. The use of the synthetic
aperture allows the placement of the object close to the scanning plane, as the far field
region of small antennas is short, and hence better resolution can be obtained. Also, the

use of small antennas facilities the design of the mechanical scanning system.

2.3.1 Resolution Calculations for Synthetic Aperture Technique

The antenna half-power beamwidth defines the resolution of the imaging system. For

simplicity, the case of a long line is considered in which the half-power beamwidth is
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calculated as in [32].

A
HP, ~ 0.886L—0 (2.4)

X
The spatial resolution of an image can be calculated by multiplying the half-power

beamwidth with the distance to the target (R) as

Ao R
Ly

5y ~ 0.886 (2.5)

When dealing with a synthesized aperture, the used phase in synchronization is dou-
ble the phase of a normal antenna, as the forward and backward phase changes are con-
sidered in constructing the image. Therefore, the obtained resolution is approximated by

Equation 2.6 as in [1]

AR
5x(syn) = E (2.6)
Similarly, for a line in the y-direction, the resolution is approximated by
AoR
%) = 31, (2.7)

Based on the stated diffraction limits (Abbe Limit), it is found that the maximum res-

olution occurs when R = L, = L,, which gives a A¢/2 resolution.

2.4 Ridge Gap Waveguide Compared with Other Technolo-
gies

Ridge gap waveguide is a new technology for implementing devices and antennas at
the millimeter band. It is first introduced by Kildal et.al [33-35]. It consists of a bed of
nails with quarter wavelength height connected to ground, and above it, there is an air
gap followed by a metal cover. When a ridgeline is placed between the bed of nails, a

quasi-TEM wave can propagate along it.
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The operating principle comes from the soft/hard surface concept introduced by Kil-
dal [36,37]. It states that a corrugated metal surface with a quarter wavelength corruga-
tion height prevents the propagation of electromagnetic waves in the direction transverse
to the corrugation. The bed of nails with the ground in the ridge gap case can be con-
sidered as a two transverse corrugation, which prevents the propagation of the waves in
all directions tangential to the surface of the bed of nails. In order to have a propagating
wave among the bed of nails surface, a ridgeline is placed between the nails, and another
metal layer is placed on top of the bed of nails, and they are separated by an air gap. This
allows a quasi-TEM mode to propagate in the gap between the ridgeline and the upper
metal layer. The constraint on the gap height comes from the fact that a bed of nails with
a quarter wavelength height and connected by a ground plane forms an artificial mag-
netic conductor surface. So, to have only a quasi-TEM mode along the ridgeline, the gap
height must be less than A /4 to have a bandgap structure around the ridgeline. Another
constraint comes from the parallel plate mode between the ground of the bed of nails
and the top metal, which is that the total height of the nail and the gap must be less than
A/2. Full analytical analysis of such a structure is in [38], [39] (based on the reflection
coefficient from a grounded bed of nails and applying a PEC boundary at a distance from
the bed of nail surface). Another solution is presented in [40] using mode matching with
cylindrical Bessel functions.

RGW has superior features over other existing technologies. The structure is closed,
so there are no radiation losses. Also, the wave propagates in an air gap and hence no
dielectric losses for the metal RGW, and it is very small for the PRGW (from the fringing
tields inside the mushroom substrate). On the other hand, the conventional microstrip
line has radiation losses as it is an open structure. Also, it has dielectric losses as the wave
mainly propagates in dielectric material. Another developed technology for millimeter
waves is the substrate integrated waveguide (SIW). It is developed as an alternative to
the rectangular waveguide but with dielectric-filled and easy to fabricate in the PCB tech-
nology. It avoided the radiation losses as it is a closed structure but still have dielectric

losses.
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A comparison between the three technologies is presented here, where RT600 sub-
strate with a 0.254 mm thickness is used as the main substrate for the microstrip and
the SIW structure and also the air gap height in the PRGW is 0.254 mm. In this thesis,
the PRGW is used, where it is easy to fabricate with low cost and also compatible with
PCB technology, which facilitates its integration with PCB circuits. Figure 2.8 shows the
structure of the microstrip line with two bends, an SIW waveguide, and a PRGW. The
bends are the source of radiation losses, so they have been considered in the microstrip,
which is an open structure. On the other hand, bends are not considered in the SIW and
the PRGW as they are closed structures. Figure 2.9 shows the simulated s-parameters for
the three technologies where there is good matching. The reason for the deterioration in
the matching in the PRGW compared to the other technology is that the PRGW unit cell
has periodicity about one-fifth of a wavelength. Therefore, the medium around the line
cannot be considered homogeneous, while in the SIW case, the periodicity of the vias is
less than a tenth of the wavelength and hence can be considered homogeneous. For the

microstrip case, there is no periodicity around the line, and it is pure homogeneous.

Microstrip

Substrate integrated
waveguide

Printed ridge gap
waveguide

Figure 2.8: The structure of the microstrip line, the substrate integrated waveguide,
and the printed ridge gap waveguide
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Figure 2.9: The simulated s-parameters of various guiding structure. (a) Microstrip
line. (b) substrate integrated waveguide. (c) Printed ridge gap waveguide.

Figure 2.10 (a), (b), and (c) show the metal losses, the dielectric losses, and the radia-
tion losses, respectively in the three technologies. It is clear that the metal losses decrease
with frequency as the skin depth decrease, and hence the penetration in the metal is small.
It is also noticed that the SIW has the biggest metal and dielectric losses compared to both
the MS line and PRGW line, in this case study. The PRGW has the lowest dielectric losses,
as the main wave propagates in an air gap region. Considering the radiation losses, the
microstrip line has the biggest as it is an open structure, while the SIW and the PRGW are
very low and almost near zero because they are closed structure. Figure 2.10 (d) shows
the total attenuation coefficient, where it is obvious that the PRGW has the lowest atten-

uation coefficient.
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Figure 2.10: Comparison between the losses and attenuation in the microstrip line,
the SIW, and the PRGW. (a) Metal losses. (a) Dielectric losses. (a) Radiation losses.
(a) Attenuation constant.

2.5 Ridge Gap Feeding: Coaxial to Ridge Gap Transition

The proper excitation of the imaging system components is an important issue. Therefore,
a literature review of the excitation of the ridge gap waveguide is presented here. The
common technique to excite the ridge gap structure is by inserting a microstrip line in the
air gap of the RGW structure. It is used to excite both metal and printed RGW [41-46], but
it has a major disadvantage of using an end-launch connector, which has high insertion
loss. Another way to excite the RGW is through the use of a coaxial transition. It has been
introduced in many configurations, such as half wavelength open circuit [35] and quarter
wavelength short circuit [47]. These techniques suffer from a narrow bandwidth and

sensitivity for probe position. Broadband transitions are introduced in [47] and [48] using
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multi-section matching transformer and fitting parts connected to the RGW. Although
this technique has a wide bandwidth performance, it is a bulky structure connected to
the microwave devices. Moreover, it is limited to metal RGW structures due to the use of
different heights in the transition. Few trials have been done to excite the printed RGW
using a coaxial transition, but they have a narrow bandwidth performance [49,50]. The
use of a waveguide to excite the RGW is introduced in [51-53] for metal RGW and in [54]
for the printed type. It exhibits a narrow band for printed type and can achieve wideband

for the metal type, but it makes the device bulky.

2.6 Transmitting Antenna

Planar antennas with high gain and wide bandwidth are desired in many applications.
Moreover, differential feeding antennas are known to have a stable broadside beam and
low cross-polarization level. In this thesis, a differential feeding planar antenna is de-
signed. It consists of two parts: the antenna element and the differential feeding network.
The antenna is implemented in the printed ridge gap technology and has a planar struc-
ture. The differential feeding is achieved by using a modified rat-race coupler. In the
following subsections, a literature review about planar antennas and rat-race coupler is

presented.

2.6.1 Planar Antenna

Planar antennas have been implemented at the millimeter-wave band in the SIW and the
RGW technologies. In SIW, a planar aperture antenna is presented in [55] that is differen-
tially fed and has a measurement impedance bandwidth of 21.5% at 60 GHz and 15.3dB
peak gain. However, the SIW suffers from the signal distortion as the main propagating
mode is TEjp, and also it suffers from dielectric losses. A substrate integrated dual level
gap waveguide H-plane horn antenna is presented in [56], where a fan beam is achieved
with 8% bandwidth at 61 GHz and a peak gain of 9 dBi. In the PRGW technology, a CP
aperture antenna fed by PRGW with a bandwidth of 10% and a peak gain of 13.5 dBi is
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presented in [57]. In [58], a 4 X 4 slot array antenna fed by PRGW is presented. It has an
impedance bandwidth of 17% from 55.68 to 65.17 GHz (S1; < —10 dB) with a peak gain
of 21.13 dBi. Also, in [J5], a 4 x 4 cavity slot antenna fed by TEfOGW mode is presented. It
has an impedance bandwidth of 7.1% at 33.7 GHz (S1; < —10 dB) and a peak gain of 16.5
dBi.

2.6.2 Rat-Race Coupler

In this section, a brief review of the rat-race coupler is presented. This coupler is used
to differentially feed the transmitting antenna. The differential feeding is required as it
results in a stable radiation pattern, no beam tilting as in the case of single ended feeding,
with a low cross-polarization level over a wide frequency range.

Rat-race coupler has an important role in many microwave circuits. It provides equal
power division with in-phase and out of phase characteristics, depending on the feeding
port. It is used in mixers and differential feeding network. It has been implemented in
different technologies such as microstrip line, substrate integrated waveguide (SIW), and
ridge gap waveguide (RGW). Several techniques to improve the bandwidth and reduce
the size are used. A 180° phase inverter with only one quarter wavelength section instead
of the 31 /4 branch can be used to reduce the frequency dependency of the rat-race cou-
pler and decrease the size. This technique was first introduced theoretically by S. March
in 1968 [59]. Then it has been implemented in the coplanar waveguide [60, 61], finite-
ground-plane coplanar waveguide (FGCPW) [62, 63], and inter digit coplanar waveg-
uide [64]. This technique needs a uniplanar waveguide structure that facilitates making
the phase inverter either by using bonding wires or conductive tape without increasing
the size of the structure. Also, replacing the 3A/4 by a A /4 left-handed transmission line
gives the same effect [65-67]. Moreover, lumped elements are used for size reduction
by replacing the transmission lines [68-70] or loading the transmission lines and reduce
their electrical length [71]. Also, slow-wave waveguides have been used to reduce the

size as in [72,73]. Finally, cascading of rat-race couplers is used to have a wideband as
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in [74]. These techniques are valid for low operating frequencies as there is enough area to
build a left-handed transmission line, slow-wave structures, or to use lumped elements.
However, at high frequencies, the devices become very small, and there is no enough
area to build artificial transmission lines or to use lumped elements with the current PCB
technology.

For high frequency devices, new guiding structure technologies such as substrate in-
tegrated waveguide (SIW) and ridge gap waveguide are considered. The SIW has been
used to build a rat-race coupler [75]. However, as the propagating mode is TE;y and the
width of the waveguide is large, the A/4 section cannot be realized, and 5A /4 is used
instead. This increases the frequency dependency of the structure, and the bandwidth is
only 10%. Then it has been optimized in [76] to reach 30%. Several techniques have been
used to reduce the overall size of the SIW rat-race, such as using half mode SIW [77],
folded SIW [78] or ridge SIW with slow-wave [79]. All of these works suffer from di-
electric losses in SIW technology. Considering the ridge gap waveguide, to the authors’
best knowledge, only one article has been found [80] in metal RGW technology and using

conventional rat-race with only 12.1% bandwidth around 16.5 GHz.

2.7 Beamforming Network

Generally, beamforming is used to surveillance a wide angular sector with the resolution
of a narrow beam [81]. It is defined as the shaping of the beam to point to a specific di-
rection, and it is also called spatial filtering. The device that produces the excitation to an
array of antennas is called a beamforming network, as shown in Figure 2.11. There are lots
of beamforming networks for millimeter-wave applications. They are divided into two
categories: the active beamforming networks and the passive beamforming networks.
The active beamforming is like the phased array in which there are many controllers to
control the phase and amplitude of each element. The Passive beamforming is like the

Butler Matrix, Nolen matrix, Blass matrix, Ruze lens, and Rotman lens.
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Figure 2.11: General Beamforming Network

Ruze and Rotman are lens-based beamforming networks. Ruze [82], in 1950, proposed
a set of lenses for beamforming. The main idea is to have a parallel plate waveguide and
putting a source at the focal point of a lens to illuminate an array of antennas (it has its
basis in the optics). The most important property of the Ruze lens is the true time delay
nature of it (the scanning angle does not depend on frequency). It has the constraint that
the output lines are parallel to the lens axis, which leads to having only two focal points.
After that, Rotman in 1963 [83] proposed a new parameter by removing the constraint
of having the output lines parallel to the lens axis (this lens design is called the Gent
model). Rotman lens has the inputs on a circular arc of radius R, and its output lines have
variable lengths. The added parameter allows making the design for three focal points,
which decrease the phase error. It originally has the beam directed at an angle equals to
the focal point angle ( = «). After that, a general formula (¢ # «) has been developed
in [84]

The Blass, Nolen, and Butler are matrix-based beamforming network. The Blass ma-
trix was developed in 1958 [85]. It uses a set of couplers, phase shifters, and matched
loads [85, 86]. It consists of rows and columns. The number of rows determines the num-
ber of output beams, while the number of columns determines the number of antenna
elements. The output beams are orthogonal, which means that the beams are indepen-
dent. The disadvantage of the Blass matrix is the use of the matched load as there is a
loss in the power delivered to the antennas. Also, the design is hard, as the excitation

ports must feed simultaneously to have the desired beam [86] (a single port cannot give
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the desired beam as in Butler Matrix). Moreover, the design is complicated, as it contains
a lot of couplers with different values of coupling and a lot of phase shifters with differ-
ent values. It needs n x m couplers and n x m phase shifters, where m is the number of
inputs and n is the number of antennas. The advantage of the Blass matrix is that it can
produce simultaneous beams, and the number of antennas can be bigger than the num-
ber of inputs and hence can achieve a high gain. In 1965, J. Nolen developed the Nolen
matrix. It is a Blass matrix with the diagonal couplers are replaced by bend connections,
and the down diagonal couplers are removed. In fact, Nolen matrix has the same design
procedure as the Blass matrix with the advantage of being lossless, as all the matched
loads are removed. Also, Nolen and Blass matrices are series feed networks that avoid

the use of crossovers. However, they have the disadvantage of being a narrow band.

2.7.1 Butler Matrix

The Butler matrix was introduced in 1961 by Butler [87]. It has a wideband behavior
compared to Blass and Nolen matrices. It is also known to be the matrix with the fewest
number of components. It has a power of 2 inputs and outputs (2"). The number of
components in a Butler matrix is & log, (N) directional coupler and ¥ (log,(N) — 1) phase
shifter [88]. It provides a constant phase difference between radiating elements (the phase
difference is calculated as A¢ = %180o where n=1,2,.,N.). The array factor of the

output beams is [89]

sin (NA_?Z (sin@ _ (2"2;\]1[1)%))

N sin (K—g (sinG — %))

(2.8)

where 0 is measured from the broadside direction, d is the antenna spacing, and Ag
is the free space wavelength. The structure for a 4 x 4 matrix is shown in Figure 1.1.
Also, a systematic design procedure for N x N matrix is in [90]. The disadvantage of the
Butler matrix is that the beam direction is not fixed with frequency even if there are wide-
band phase shifters, contrary to the Ruze and Rotman lenses, where the beam direction

is independent of the frequency.
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Butler matrix has been implemented in different technologies (microstrip, rectangular
waveguide, SIW, and RGW) and at different frequency bands. It has two main configu-
rations: the 1-D scanning [87,91] as in Figure 1.1, where the beam is steered in only one
direction, and the 2-D scanning [92-94] as in Figure 2.12, where the beam is steered in
two dimensions. The performance of the Butler matrix is determined by several factors,
namely the matching, isolation, amplitude imbalance, and phase error.

In the millimeter-wave band, the Butler matrix has been implemented in several tech-
nologies with different configurations. In [95], a 4 x 4 1-D Butler matrix is implemented
in the SIW technology and has a bandwidth of 6.67% around 60 GHz. Also, it has a phase
error of +24° with a high insertion loss of 2.5 dB. Another Butler matrix in the SIW tech-
nology is in [96], where it is 4 x 4 1-D with a bandwidth of 7.15 % around 28 GHz. A 2-D
Butler matrix in the SIW technology is presented in [97]. It has a bandwidth of 13.33%
around 30 GHz with an amplitude imbalance of £2 dB and a phase error of £18°. An-
other 2-D Butler matrix in the SIW technology is reported in [92]. It has a bandwidth of
27%, around 60 GHz. However, the structure is bulky, as it has two layers, and the radi-
ation efficiency is only 80 %. The main limitation of these structures is the high insertion
loss due to the dielectric losses in the SIW technology.

In the microstrip technology, an 8 x 8 Butler matrix is presented in [98] where the
bandwidth is 4% around 25 GHz, and the phase variation is £7.7°, with an output am-
plitude variation less than 1 dB around -10 dB. Another 4 x 4 microstrip Butler matrix is
in [99], where it has a bandwidth of 4.9 % around 60 GHz. In addition, a 2-D microstrip
Butler matrix is reported in [94], where it has a bandwidth of 17% around 2.4 GHz with
an amplitude imbalance of +1.2 dB and a phase error of +7°.

Other modern technologies like substrate integrated suspended line technology is
used in [100] to build a 4 x 4 Butler matrix with a bandwidth of 7.85% around 25.5 GHz.
In [101], an integrated PTFE-based waveguide 4 x 4 Butler matrix at 180 GHz is imple-
mented using X-ray lithography, sputter deposition of metal, and electroplating. Also,
in [102], an inverted microstrip gap waveguide Butler matrix is presented with a 5.26%

bandwidth at 57 GHz.
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Figure 2.12: 2D scanning 2 x 2 Butler matrix

The standard 1-D Butler matrix cannot originally produce a broadside beam, has high
sidelobe level, and has a low gain. However, in [103], a modified Butler matrix is pre-
sented with a broadside beam using a tapered line coupler to produce output phase dif-
ferences of 0°, £90°, and 180° [103] instead of £45° and +135°, which are produced by
the conventional 1-D Butler matrix. A method to increase the gain is in [104], where a
microstrip 8 x 16 Butler matrix is reported in which an increase in the gain is achieved
by increasing the number of radiation elements. This is done by introducing the use of
a rat-race coupler at the end of the conventional 8 x 8 Butler matrix, but the bandwidth
is narrow (from 9.3 -9.5 GHz), and there is a need for many crossovers. Another method
to increase the gain is in [105], where a horn antenna fed by 60 GHz Butler matrix in the
microstrip technology is used to increase the gain of a conventional 4 x 4 Butler matrix to
13.4 dBi. It has a wide bandwidth of 24.3 %, but the insertion loss is high, and the output
phase error is £20°. In [106], a microstrip 4 x 4 Butler matrix with low sidelobe level
is presented with a bandwidth from 27.525 to 28.325 GHz. The sidelobe level reduction
has been achieved using amplitude tapering of the output ports by adding couplers and

matched loads at the outer output ports. Another way for sidelobe reduction is in [107],
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where the modified 4 x 4 Butler matrix is used with unequal power dividers at the out-
put ports to perform amplitude tapering over 8 output ports. In addition, in [108], a 2-bit
phase shifter is added to the output ports to increase the scanning range. Also, in [91], a
dual-polarized 4 x 4 Butler matrix is presented in the rectangular waveguide technology
with a bandwidth of 6.67 % around 60 GHz.

In this thesis, we focus on the 1-D scanning Butler matrix, which is used in the pro-
posed imaging system. Therefore, the following subsections present literature reviews of

the components of the Butler matrix (3-dB coupler, crossover, and 45° phase shifter).

2.7.2 3-dB Directional Coupler

The directional coupler is an essential component in microwave circuits and beamform-
ing networks. It is used to divide the power between two output ports with a 90° phase
shift between them. Also, it can be used with dual-polarized antennas to have Left-hand
circular polarization (LHCP) or right-hand circular polarization (RHCP)

The conventional branch line directional coupler in [109] has a small bandwidth. A
modification is introduced in [110] by using two quarter wave sections to have wider
bandwidth (about 50%), but the amplitude imbalance increases compared to the conven-
tional one. Besides, the technology used is the microstrip technology, which has dielectric
losses and radiation losses. Moreover, the device needs high and low line impedances,
which introduces fabrication problems (40 () to 120 2). Another wideband coupler with
a minimization technique is reported in [111], where the author uses two quarter wave
sections as his first step and then loads them by capacitors to reduce the length of the lines
and hence minimize the whole device. A bandwidth of 68% at 3.5 GHz is achieved, but
the device is implemented with microstrip technology and needs a space for the use of
capacitors. Therefore, it is not suitable for the millimeter-wave range, as the wavelength
is very small, and there are no rooms for the capacitors introduced in the design. Using
quarter wave transformers at all the ports of a conventional branch line direction coupler

is presented in [112] for coupling of 10 dB and shows a fractional bandwidth of 50.9%.
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It shows that the matching can be sacrificed for an increase in the bandwidth. In [113], a
3 dB coupler is designed using suspended and normal microstrip lines and reaches 49%
bandwidth at 6 GHz, but it has the disadvantage of using the suspended part, as it makes
the device bulky. A slot coupler is presented in [114] with an ultra-wideband perfor-
mance from 3.1 to 10.6 GHz and output amplitudes of 3 £ 0.75 dB. However, it uses two
layers and built-in microstrip technology, which has a lot of losses. In [115,116], a PRGW
coupler using 6 slots between two PRGW lines flipped to face each other is presented,
but the device is bulky, and the bandwidth is narrow (11.5 %). In [117], a directional
coupler at 60 GHz is presented in the microstrip RGW technology, but it has a narrow
bandwidth of 11.5%. A directional coupler built in the metal RGW at 15 GHz is presented
in [118], where a 16.6% bandwidth has been achieved. However, the device is only suit-
able for bulky structures, as a matching spherical cap is used. Printed RGW couplers are

presented in [119] and [93] with a narrow bandwidth (< 12%).

2.7.3 Crossover

Crossover is an essential component in microwave circuits. It is used to allow the cross-
ing of two transmission lines carrying different signals while maintaining high isolation
between them [120]. There are two main approaches to realize a crossover. The first one
is to have two layers of guiding structures in which one signal passes from the first layer
to the second layer and then returns back after a distance while the other signal passes
directly. The second approach is to have the crossover built within one the layer of guid-
ing structure. In this thesis, the planar crossover is used to avoid having a bulky structure
and to reduce the cost of the fabrication.

Crossover has been implemented in different technologies. In [120], a wideband crossover
built in the microstrip technology is presented, and a bandwidth of 44% around 2.8 GHz
is achieved using a combination of a ring resonator and a circular patch. However, the re-
turn loss is near 10 dB, which is not good when integrated with other components. Also,

in [121], a similar structure is reported in the millimeter-wave band around 30 GHz using

33



Chapter 2. Literature Review

slotted SIW structure. However the bandwidth is only 16.7% (with return loss better than
14 dB), and the size is large (1.2A4 x 1.2A;). Another crossover built in the SIW technol-
ogy is reported in [122], where 17.1% bandwidth around 35 GHz (20-dB return loss and
isolation) is achieved, but the insertion loss is 0.9 dB, which is quite high, and the device
is built in two layers (bulky). Moreover, in [123], a planar crossover in the SIW technol-
ogy is presented with a 10.5 % bandwidth, which is quite low. The crossover has been
recently implemented in the PRGW technology. In [124], a PRGW crossover is presented
at 30 GHz where the size of the crossover is 1.5A¢ x 1.5A¢ (this includes the first two rows
of cells around the middle junction), and the bandwidth is 13.33% with 0.5 dB insertion
loss. Another PRGW crossover is in [49], where a bandwidth from 12.3 to 16 GHz (26%),
and return loss and isolation better than 13 dB and 19.5 dB, respectively, are obtained.

However, the device has a very large size of 5.183A¢ x 2.143A,.

2.7.4 45° Phase Shifter

The phase shifter is an important component in most matrix-based beamforming net-
works [86,87,125]. Also, it can be used with Tjunction to provide a wideband phase shift
between the output ports. There are two types of phase shifter: 1) active phase shifter
with a variable phase difference, 2) passive phase shifter with a fixed phase difference.

The active phase shifter can be achieved by using varactors with a directional cou-
pler as in [126,127] (reflective type phase shifter) or using MEMS (changing position of
a dielectric block near the guiding structure) as in [128]. Also, the use of piezoelectric
transducers for phase shift is presented in [129] and [130]. The active phase shifter can
achieve a wide bandwidth with a variable phase shift but needs external controllers to
bias the structure.

The passive phase shifter has been implemented in the MMW band in different tech-
nologies. In the SIW technology, a phase shifter using two post pins has been reported
in [131], with a bandwidth of 0.35% and a phase error of +3° at 28 GHz. Another SIW
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phase shifter is in [132], where air holes are used to introduce the phase shift. The struc-
ture has a stable phase difference and has 20% bandwidth around 36 GHz, but the inser-
tion loss is about 0.7 dB due to some radiation losses from the air holes. In [133], an RGW
90° phase shifter is presented using ferrite material, and a bandwidth of 16.67% around
30 GHz is achieved with a phase variation of 10°. In this thesis, the whole beamforming
system is passive; hence our focus is on the passive phase shifter at the millimeter-wave

band.

2.7.5 Receiving Antenna

The radiating element of the Butler matrix must have a wide bandwidth and a wide beam-
width. In this thesis, an end-fire antenna is considered as the beam direction, and radia-
tion patterns are stable over a wide frequency range. Yagi-Uda, Vivaldi, log-periodic, and
tapered slot antenna are the most common types of end-fire antennas.

In [134], a Yagi-Uda antenna with one director and one reflector is presented. It has a
wide bandwidth from 2.8 to 5.2 GHz and gain between 4 and 5 dBi. In [135], a bandwidth
of approximately 41.4% and a maximum gain of 7.2 dBi have been achieved at 1.45 GHz
using two feed dipole antennas and also one reflector and one director. A Yagi-Uda an-
tenna with bowtie shape dipole and one reflector and one director at the center frequency
1.29 GHz is presented in [136]. It has a bandwidth of 18.6% and a peak gain of 6.4 dBi.
In [137] a microstrip Vivaldi antenna with a wide bandwidth from 3.4 GHz to 10.2 GHz
and gain around 10 dB is presented.

In the millimeter-wave band, several end-fire antennas have been designed in the mi-
crostrip, SIW, and RGW technologies. In [138], a microstrip Yagi-Uda antenna at 24 GHz
is presented with a bandwidth of 16.6% and a gain of 10.4 dBi. Also, a logic periodic an-
tenna is presented in [139] with a peak gain of 12.64 dBi and 68% impedance bandwidth
at 62 GHz. Moreover, a Quasi-Yagi antenna is presented in [J6], which has a bandwidth
from 26 to 40 GHz and an average gain of 7 dBi. In the SIW technology, a printed log-

periodic dipole antenna fed by half mode substrate integrated waveguide is designed
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in [140] with an impedance bandwidth from 3.1 GHz to 10.6 GHz (VSWR less than 2).
Also, in [141], a log periodic antenna fed by SIW is presented with a peak gain of 8.1 dBi
and an impedance bandwidth from 26 to 40 GHz (S1; < —10 dB). In the metal RGW, a Vi-
valdi antenna is presented in [142], where a gain of 7 dBi is achieved with 35% impedance
matching bandwidth (S1; < —10 dB) at 30 GHz. Most of these antennas have the disad-
vantage of using the microstrip or SIW technologies, which are lossy at millimeter-wave
bands. Besides, the Vivaldi antenna presented in the RGW technology is expensive as it

requires two CNC machining layers.
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Chapter 3

30 GHz Imaging System: Printed Ridge

Gap Components

In this chapter, the proposed imaging system is presented in detail with the associated
hardware requirements. The active imaging with synthetic aperture technique is used as
it is appropriate for high quality imaging of close distance objects. This allows the use of
small antennas with low gain to image an area and hence reduce the cost and the com-
plexity of the system. The system hardware requirements are calculated based on Abbe
limit and the synthetic aperture equations in the previous chapter. After that, the build-
ing of the millimeter-wave components of the imaging system is presented. Afterward,
the components used for building the imaging system are designed in the PRGW tech-
nology: 1) the coaxial to ridge gap transition, which is used for feeding the structures, 2)

the directional coupler, 3) the phase shifter, 4) the crossover, and 5) the rat-race coupler.

3.1 System Overview

Before going to the proposed system, it is worth knowing that most imaging systems for
security applications such as personal screening have an imaging area of 2 m x 1 m [14].
In a conventional backscattering imaging system, the imaging area is the same as the
scanning area as seen in Figure 3.1. The transmitting and receiving antennas are coin-

cided with each other and moving in a 2D plane to perform a raster scan of the imaging
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area. Therefore, in the proposed imaging system, we set d = L1 for maximum resolu-
tion. The problem with the conventional method is that for scanning a 2 m x 1 m area,
a long time is required to complete the scan. So, we proposed a method to reduce the
scanning area to half and hence reducing the scanning time. This is done by using offset
scanning, as illustrated in Figure 3.2, in which the transmitting and receiving antennas
are separated from each other (also called bi-static imaging). The transmitting antenna
is fixed away from the receiving antenna to illuminate an offset spot of the imaging area
(black and orange area in Figure 3.2) while the receiving antenna is moving in a scan area
of 1 m x 1 m to collect the reflected and scattered signals. It is shown that using only
two transmitters cannot cover the whole area, so we proposed using four transmitters, as
shown in Figure 3.3 to illuminate the imaging area. It is clear that by appropriate posi-
tioning of the transmitters, an area double the scanning area is covered, which meets our
purpose. Now, four transmitters illuminate the imaging area, and each one is responsible
for illuminating a certain area. Hence, it is better for the receiving antenna to be able to
capture the signal from each transmitter alone without the interferences coming from the
other transmitters. Therefore, a four switchable beam antenna is required in the receiv-
ing antenna to cover the four parts of the imaging area separately and hence reduce the
interference and noise in the received signal. Thus, the signal to noise ratio is increased
and hence the produced image quality. In the proposed work, a 4 x 4 Butler matrix is
selected for this task for its advantages over other beamforming techniques, as will be
discussed in the next chapter. For the other direction (y-direction), an imaging area equal
to the scanning area is required, and hence only two transmitters are used to illuminate
the imaging area, as shown in Figure 3.4. Moreover, each transmitter operates at a dif-
ferent frequency to ensure isolation between the imaging sections. It is worth noting that
the spatial multiplexing produced by the use of the Butler matrix is still in need as there
are background radiation and the blackbody radiation from the imaging objects that are

needed to be suppressed.
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L1 Imaging area

L2 Scanning area

Figure 3.1: Conventional mono-static imaging where the imaging area is the same as
the scanning area.
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Figure 3.2: Offset imaging by separating the transmitter and receiver antennas from
each other.

L1 Imaging area

Scanning area

Figure 3.3: Proposed wide-view angle imaging system.
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Figure 3.4: Proposed imaging system set up in the y-direction using two transmitting
antennas working at different frequencies.

Imaging area

3.2 Hardware Requirements

The millimeter-wave components and antennas are designed in PRGW technology. Two
antennas are to be designed for the proposed imaging system. The first one is that of the
receiving antenna, and the requirements for it are calculated from the proposed system

Figures 3.4 and 3.5 as

Ountx, = 2tan"1(1.5) = 112.6° (3.1)

Oanty, = 2tan" (1) = 90° (3.2)

where 6,1y, and 60,1y, are the receiving antenna beamwidths in the x and y-axes, re-

spectively. For the transmitting antennas used for illumination, the required beamwidth
is

Ouns, = tan"1(0.5v/2) = 35.26° (3.3)

where 0,4, is the beamwidth of the transmitting antenna. The extreme case for all the

transmitting antennas is considered in the calculation.
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Figure 3.5: Required angles of the beamforming network and the receiving antenna
beamwidth in the x-direction.
Table 3.1 shows the required angles for the beamforming network of the receiving
antenna (0; and 6, in Figure 3.5) along with that produced by a 4 x 4 Butler matrix with
0.6A spacing between antenna elements. The beam angles produced by the Butler matrix

are in a good agreement with the required beam angles.

Table 3.1: The required beam directions and the beam direction produced by a Butler
matrix with 0.6\ spacing.

Beam#2,3 | Beam#1,4
Required beam angles +11.25° +36.875°
Realized beam angles by Butler matrix with 0.6A¢ spacing +12° +38°

3.3 Coaxial to Ridge Gap Transition

In this section, the analysis and design of a wideband coaxial to ridge gap transition
are presented. The proposed transition is featured with: compact size, wide bandwidth,
and simple structure. It can be used to excite ridge gap waveguides fabricated with the
printed circuit board (PCB) or computer numerical control (CNC) technologies. A circuit
model similar to that of the coax-to-microstrip junction is proposed and used to have
a systematic design procedure for the transition. First, perfect electric conductor (PEC)
and perfect magnetic conductor (PMC) boundaries are used to making the procedure

applicable for any fabrication technology. Second, the PMC is replaced by a bed of nails
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for the ridge gap realized by CNC technology and a mushroom-shaped structure for the
ridge gap realized by PCB technology.

The aim of this work is to design a wideband coaxial to RGW transition based on
a systematic design procedure. The design procedure is validated for both metal and
PRGW. A wideband performance has been achieved with a compact size. The transition
can be integrated with other microwave components with a low cost while covering the
possible operating bandwidth of RGW (usually an octave frequency range). In the fol-
lowing subsections, the design procedure of the transition is presented, followed by the

implementation of the transition in the metal and PRGW structures.

3.3.1 Systematic Design Procedure
The transition from a coaxial line to RGW structure is designed in three steps as follows

1. A circuit model for the direct connection between the coaxial and the RGW using
ideal boundary conditions (PEC and PMC boundaries) to make the design indepen-

dent of the implementation technology.
2. A matching technique is used to increase the operating bandwidth.

3. The PMC boundary is replaced by bandgap unit cells designed to cover the operat-
ing frequency band.

4. An optimization process is performed to achieve a better matching level

3.3.2 The Circuit Model for The Coaxial to RGW Transition

The design starts by examining the direct connection between a coaxial line and an RGW
line, as shown in Figure 3.6 (a). The width of the ridgeline (W=1.75 mm) and the air
gap height (h=0.289 mm) are chosen to achieve a 50 () characteristics impedance that to
be matched with a standard 50 () coaxial line. The connection is similar to the coaxial
to microstrip line connection, so it can be modeled by a 7r-circuit as shown in Figure 3.6

(b) [109](two capacitors (C/2) and one inductor (L), the inner conductor of the coaxial line
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acts as an inductor, and the outer radius of the coaxial line with the top ground acts as a
capacitor). The 7r-circuit parameters are extracted from simulating the direct connection
between the coaxial and the RGW in high frequency structure simulator (HFSS) with
perfect boundary conditions. The reflection coefficient, obtained from HFSS simulation,
is used to calculate the input impedance Z;, sjyuiation as follows [109]:

1+ 511
Zin simulation = 20 (3.4)
1—-511

The input impedance for the circuit model (Figure 3.6 (b)) can be expressed as

1 . 1
Zin model = (ZOH (]WC/Z) +](UL) ” (]C(JC/Z)

_ Zo(1 — “FC) + jwl (35)
(1 _ (/JZZLC)(l +ngZ0) _i_]'w(;ZO :

where w is the angular frequency and Z;;, ;0401 is the input impedance of the circuit
model. By equating the input impedance of (3.4) with the input impedance of the circuit
model (3.5), the values of the capacitance (C) and inductance (L) of the 7r-circuit model
shown in Figure 3.6 (b) can be obtained. As there are two equations (one for the real
part and the other for the imaginary part) and two variables (L and C), the equations are
consistent, and there is only one solution.

Figure 3.7 shows the obtained capacitance and inductance of the circuit model. It can
be seen that they are stable in the region from 30 to 45 GHz. By choosing the values at
the center frequency (33.5 GHz), the obtained capacitance and inductance are C=0.043 pF,
and L=0.0605 nH, respectively. Figure 3.8 shows the agreement between the reflection
coefficient obtained from the 7r-circuit model and that from the simulator.

In order to improve the impedance matching even further, the input impedance of the
direct connection is investigated. The real and imaginary parts of the input impedance
are shown in Figure 3.9. Since the reactance part is capacitive, an inductive element is

required to have a pure real impedance that can be easily matched with the 50 (2 coaxial
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Figure 3.6: (a) Coaxial to ridge gap transition in HFSS using perfect magnetic con-
ductor boundary condition. (b) The rr-circuit model of the direct connection between
the coaxial and the RGW. (Islam Afifi et al [J1], (©2018 IEEE.)
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Figure 3.7: The capacitance and inductance of the 7-circuit model obtained using
the s-parameters from the HFSS simulation. (Islam Afifi et al [J1], ©2018 IEEE.)
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Figure 3.8: Comparison between the s-parameter obtained from thesr model with
that obtained from HFSS simulation. (Islam Afifi et al [J1], ©2018 IEEE.)
line. In addition, since the value of the real part of the impedance is declining with the
frequency, an inductance and a tapered matching section are added to have a matched
transition with 50 () ridgeline impedance, making the proposed transition compatible

with most of the microwave components.

ReaI(Zin(Ohm))
ImaalZ. (Ohm))

-12

2 25 28 31 34 37 40 43
Frequency (GH2)

Figure 3.9: Real and imaginary part of the input impedance of the direct connection
between coaxial and the ridge. (Islam Afifi et al [J1], (©2018 IEEE.)

The circuit model with the added parallel inductor (L;) is shown in Figure 3.10. Note

that the tapering section is not considered here for the simplicity of the circuit model. The
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new input impedance Z;, ;,, after adding L, (Figure 3.10) becomes:

Zo(1 = “4C) + jwl

2 .wCZ .wCZ
(1 — 9C) (1 + j9520) + j95%

Zin total = ijZH (36)

Here, the value of L is optimized to minimize the reflection coefficient I' which can

be expressed as:

Zin totoal — 50

I =
Zin total T 50

(3.7)

7=50 Ohm

7=50 Ohm

I

Figure 3.10: The circuit model of the direct connection with the added parallel in-
ductor (Lp.) (Islam Afifi et al [J1], ©2018 IEEE.)

The conventional way to add a parallel inductance to a transmission line is through
adding a shorted stub with a certain length. This technique produces an inductance that is
changing with frequency and will limit the bandwidth of the proposed transition. In the
proposed work, vias around the line are used to act as inductors to avoid such limitations.
The value of the inductance depends on the radius and the height of the vias. Since the
height is fixed in this work, the radius of the vias is the parameter that can be used in the
optimization. Another parameter is the position of the vias with respect to the ridgeline,
as the field is decaying away from the ridgeline (see Figure 3.19 for the printed ridge
gap case). These two parameters are used in the optimization process to have a good

matching.

3.3.3 Proposed Transition Structure

A good matching level transition is required to excite the RGW. By using a single con-

nection with perfect boundary conditions, the matching level in the direct connection
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approach -17 dB in the frequency band from 22 to 45 GHz. For a back-to-back configura-
tion, the matching level will degrade further. Moreover, by replacing the PMC with the
bandgap unit cells, the matching level becomes even worse. In this subsection, S;; < —20
dB over the whole frequency band is achieved in the ideal case. Therefore, when realizing
the transition, it reaches an acceptable range of about -15 dB.

Figure 3.11 shows the total proposed transition in which a matching section and vias
are used. Figure 3.12 depicts S1; results from HFSS along with that of the direct connec-
tion with/without parallel inductance, where L, = 1.3 nH is the optimum value for a
good matching level. It is clear that the matching bandwidth (S1; < —20 dB) is wider,
and the matching level is improved, especially at higher frequencies. As the principle
of operation has been elaborated in the ideal case with PEC and PMC boundaries, the
implementation of this transition in metal RGW and PRGW is presented in the following

sections.

feed

Figure 3.11: The geometry of the proposed transition with a tapered matching sec-
tion and vias around the line. (Islam Afifi et al [J1], ©2018 IEEE.)
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Figure 3.12: Comparison between the reflection coefficients of the 7r-circuit model,
the m-circuit model with the added parallel inductor, and the simulated transition
with the tapering and vias. (Islam Afifi et al [J1], ©2018 IEEE.)

3.3.4 Metal Ridge Gap Transition

The design of the proposed transition in the metal RGW is presented for the frequency
band from 24 to 40 GHz. The structure of the unit cell which is used to realize the artificial
magnetic conductor (AMC) and the associated bandgap for a single unit cell are shown
in Figure 3.13 and those of the unit cell with the added ridgeline is shown in Figure
3.14, where B is the propagation constant, and a is the period of the unit cell. The CST
Eigenmode solver is used with periodic boundaries to calculate the modes in Figures 3.13
and 3.14. The bandgap of the unit cell alone is from 20.05 to 45.65 GHz, while it becomes
from 21.6 to 44.6 GHz when the ridgeline is included. The propagating mode (QTEM)
appears because of the added ridgeline between the unit cells and propagates along the
line. The appearance of extra modes, in the dispersion diagram of the unit cells with the
ridgeline, is due to the truncation of the periodic boundary in the direction normal to the
line [35]. While in the single unit cell case, the periodicity is on two directions, normal to
the line and along the line, which assumes infinite structure and only one TM mode can
propagate below the bandgap and higher order TM and TE modes can propagate after
the bandgap.

The geometry of the back-to-back configuration of the proposed transition is illus-

trated in Figure 3.15. The design of the ridge gap waveguide with 50 () characteristic
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Figure 3.13: Dispersion diagram of a single unit cell for the Ka-band. (Islam Afifi et
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Figure 3.14: Dispersion diagram of the unit cell with the ridgeline for the Ka-band.

(Islam Afifi et al [J1], (©2018 IEEE.)

impedance is done by using the stripline model [35] to calculate the initial width of the

ridge-line Wj;,,.. Then adjustment has been done using the computer simulation technol-

ogy (CST) simulator, at the center frequency, to obtain the line width for matching with

a 50 () coaxial line. A tapered section and four pins around the ridge-line are then used

to have an acceptable matching level. Finally, an optimization for the tapered section and

the four vias is done to compensate for the capacitance and inductance introduced by

the unit cells near the transition. The final dimensions are presented in Table 3.2. Figure

3.16 shows the simulated s-parameters for the back-to-back configuration of the proposed

transition. The impedance matching bandwidth (S;; < —10 dB) is from 23.18 to 41 GHz,
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which covers the whole Ka-band (from 27-40 GHz), which makes it suitable for 5G com-
munication and imaging applications. Furthermore, the S;; is above -0.5 dB over the

whole frequency band, and S; is less than -15 dB in most of the band.

Table 3.2: The dimensions of the coaxial transition for metal ridge gap in the fre-
quency range 24-40 GHz. (Islam Afifi et al [J1], ©2018 IEEE.)

Dimension Value in (mm)
Coaxial outer raduis (Ry) 0.644
Matching length (L,) 3.289
Matching width(W) 1.506
Ridge width(Wi;y.) 1.2
Unit cell period (a) 2
Pin diameter (d i) 1.0
Pin height (1) 2.8
Gap height (girgap) 0.289
Total line length (L;;;e) 26.8
. X1 1.547
Vial i 1.347
: X2 2.396
Via2 2 1433

3.3.5 Printed Ridge Gap Transition

In this subsection, the proposed transition is applied in PRGW technology. The mushroom-
shaped unit cell is used for the PRGW. The unit cell with its bandgap is illustrated in
Figure 3.17, where the used substrate material is Roger RT6002 (¢,=2.94 and tan=0.0012).
The bandgap is from 22.307 to 43.095 GHz for the single unit cell, and from 22.15 to 43.014
GHz for the unit cell with the ridgeline as illustrated in Figure 3.18. Another RT6002 sub-
strate with 0.254 mm thickness is used as a middle substrate while the center is removed
to introduce the air gap. The vias around the transition are inserted in this substrate. The
electric field distribution on the PRGW cross-section is shown in Figure 3.19. The result
shows that the use of the bandgap unit cells around the ridgeline has confined the electric
tield within the ridgeline section.

Figure 3.20 shows the configuration of the proposed transition. Figure 3.21 shows

the electric field distribution in the middle of the air gap region and along the transition.
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Figure 3.15: The geometry of the coaxial to metal ridge gap transition in the fre-
quency range from 24 to 40 GHz. (a) The whole structure. (b) The top and side view
(upper layer removed to show the structure). (c) The transition section. (some inner
unit cells are removed to make the geometry compact.) (Islam Afifi et al [J1], ©2018 IEEE.)
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Figure 3.16: Simulated s-parameters of the coaxial to metal ridge transition in the
frequency range from 24 to 40 GHz. (Islam Afifi et al [J1], ©2018 IEEE.)
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Figure 3.17: Dispersion diagram of a single unit cell for the Ka-band in the printed
ridge gap technology. (Islam Afifi et al [J1], ©2018 IEEE.)
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Figure 3.18: Dispersion diagram of the unit cell with the ridgeline for the Ka-band
in the printed ridge gap technology. (Islam Afifi et al [J1], ©2018 IEEE.)
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Figure 3.19: (a) The magnitude of the electric field in the middle of the air gap region.
(b) Electric field distribution on the PRGW at 30 GHz. (Islam Afifi et al [J1], (©2018
IEEE.)
The final dimensions are shown in Table 3.3. The simulated s-parameters are shown in
Figure 3.23 along with the measurement results, where the impedance matching band-
width (S1; < —10 dB) is from 22.7 to 41.8 GHz, and the Sy is greater than -0.5 dB. Once

again, the transition covers the whole Ka-band (27-40 GHz). This transition is fabricated

to validate the concept of the proposed technique.

3.3.6 Measurement and Discussion

The fabricated parts of the proposed transition using conventional PCB technology to-
gether with the integrated prototype are shown in Figure 3.22. For measurement pur-
poses, an aluminum base has been drilled with the same PCB drilling machine, and the
plastic housing has been fabricated using 3D printing. A conducting copper tab has been
used on top of the structure instead of soldering to connect the inner pin of the coax-

ial line to the upper copper plate. The (N52271A) PNA network analyzer, the Electronic
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Figure 3.20: The geometry of the coaxial to printed ridge gap transition in the fre-
quency range from 24 to 40 GHz. (a) The whole structure. (b) The top and side view
(upper layer removed to show the structure). (c) The transition section. (some inner
unit cells are removed to make the geometry compact.) (Islam Afifi et al [J1], ©2018 IEEE.)
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Table 3.3: The dimensions of the coaxial transition for the printed ridge gap technol-
ogy in the frequency range 24-40 GHz. (Islam Afifi et al [J1], (©2018 IEEE.)

Dimension Value in (mm)

Coaxial outer raduis (R1) 0.79
Matching length (L;;) 22
Matching width(W) 1.95

Ridge width(Wj;;.) 1.38
Unit cell period (a) 1.7

unit cell via diameter (d,;,) 0.39
unit cell cap diameter (dc,p) 1.5
Pin height (1) 2.8

Gap height (girgap) 0.289
Middle substrate inset length (L4) 2.6

Middle substrate inset width (W) 2.508
Matching via diameter (d,;;1) 0.35
Total line length (L) 52.2

. X1 1

Vial i 16
. X2 1.1
Via 2 v 19

Coaxial line

Figure 3.21: Simulated electric field distribution of the back to back coaxial to PRGW
transition. (Islam Afifi et al [J1], ©2018 IEEE.)
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calibration kit (Ecal), and 2.4 mm coaxial connectors are used through the measurement.
There is a good agreement in the behavior between the measured and simulated results,
as shown in Figure 3.23. The proposed transition achieves -10 dB matching level over
the whole frequency band (24-40 GHz) with insertion loss less than 0.5 dB. The discrep-
ancy in the amplitudes at the start of the band, between measured and simulated results,
is due to the misalighment between the layers, the tolerance in the fabrication, and the
contact between the connector and the ground of the ridge gap substrate. The measured
performance has a fractional bandwidth of 45.8% (from 24.9-39.7 GHz) with S;; < —8.3
dB and Sy; > —0.5 dB. The increase of the insertion loss at the beginning and the ending
of the operating frequency band may come from dielectric and copper losses. The fields
are exponentially decaying away from the ridgeline (in the bandgap region of the unit cell
surrounding the ridgeline). As the operating frequency reaches the edges of the bandgap
region, the exponential decaying is weak, and hence the fields suffer from the dielectric
and copper losses. The reason for high losses in the measurement rather than in the sim-
ulation may come from the fact that the simulation uses the dielectric loss tangent at 10
GHz, but the measurement takes the real value at the millimeter-wave frequency range
(22-42 GHz), which is different than the value at 10 GHz.

A performance comparison between the proposed design and other related work in
the literature is presented in Table 3.4. The proposed transition performance is better than
most of the reported transitions [35,41-45,50,51,54] in terms of the fractional bandwidth.
Reported results in [47,48] show a better fractional bandwidth performance, but they are
bulky (non-planar structures) and electrically large (length is more than 2.5 Ay) compared
to the proposed transition and only suitable for CNC technology. The proposed work
is planar (which makes it suitable for both CNC and PCB technologies) and compact in
size (0.28 Ag) with reasonable return loss and insertion loss. The matching concept of the
proposed transition is also scalable to different frequency bands. The use of the coaxial
tfeeding avoids dielectric and radiation losses that exist in microstrip to ridge transitions
[43,45]. The proposed transition has superior performance over other small sizes (less

than Ag) coaxial to RGW transitions reported in [35,50]. It focuses on reducing the effect
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(c) (f)

Figure 3.22: The fabricated prototype of the proposed transition in the printed ridge
gap technology. (a) Top layer. (b) Middle layer. (c) Bottom layer. (d) Aluminum
holder. (e) Assembled structure. (f) Plastic holder. (Islam Afifi et al [J1], ©2018
IEEE.)
of the parasitic inductance and capacitance introduced by the direct connection between
the coaxial line and the RGW, and hence a wide bandwidth is achieved. The use of a

rectangular waveguide to excite the ridge gap is presented in [51, 54]; it can achieve a

wideband matching but again makes the design bulky.

3.4 Printed Ridge Gap Directional Coupler

3.4.1 Design Procedure

The design depends on using the normal branch line coupler [109] and adding quarter
wavelength transformers at all the ports. The even and odd analysis of the coupler with
the added quarter wavelength transformers has been used to build a complete circuit
model of the coupler. After that, the genetic algorithm (in Matlab toolbox) is used to
obtain the optimum parameters of the proposed coupler, where the objective is to have
a low amplitude imbalance over a wide frequency band. Figure 3.24 shows the circuit

model of the 3 dB coupler with the quarter wavelength transformers, §; = 6, = 63 = A /4.
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Figure 3.23: Comparison between simulated and measured s-parameters for the pro-
posed transition. (a) S11 and (b) Sy;. (Islam Afifi et al [J1], ©2018 IEEE.)

@ Zo Zy,6: Z3,; Zy,6: Zo @

Figure 3.24: Circuit model of the 3 dB coupler.
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ridge gap technologies (Islam Afifi et al [J1], (©2018 IEEE.)

Table 3.4: Comparison between various types of transition in the metal and printed

Technology|Feeding |Fractional |Return |Insertion |Length
type bandwidth |loss (dB) |loss (dB)
(%)
[51] metal WR62 58% 10 - 5.5 mm
(12-19 GHz) (0.284 M)
[42] metal microstrip 46.05% 10 0.3 15.7 mm
(11.7-18.7 (0.796 Ayp)
GHz)
[44] metal microstrip 20.87% 20 0.5 -
(55.8-68.8
GHz)
[35] metal coaxial [26.67% 8 1 10 mm (0.5
(13-17 GHz) Ao)
[47] metal coaxial |85.71% 15 0.15 46.68 mm
(10-25 GHz) (2.723 Ap)
[48] metal coaxial |96.63% 15 1 58 mm (4.3
(11.5-33 A)
GHz)
[54] Printed WR15 17.89% 10 1.5 Direct con-
(56-67 GHz) nection
[41] Printed microstrip 38.6% 15 0.5 -
(23-34 GHz)
[43] Printed microstrip 55.17% 10 1 -
(21-37 GHz)
[45] Printed microstrip 37.04% 10 0.8 -
(27.5-40
GHz)
[50] Printed coaxial |28.19% 15 0.35 Direct con-
(10.97-14.57 nection
GHz)
This Printed coaxial |59.22% 10 0.5 2.6 mm (0.28
work (22.7-41.8 Ao)
GHz)
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The s-parameter of the coupler can be calculated from the even and odd analysis as

follows [109]

Sy — S11e ﬂzL S110 (3.8)
So1 = 521 + 5210 (3.9)
5 .
Say = S21e ; 5210 (3.10)
Sy = S11e ; S110 (3.11)

Where S11,, 5216, S110, and Syy, are calculated by applying the even and odd symmetry
respectively on the coupler. The even symmetry leaves open stubs of A /8 length at the Z3
branches of the coupler while the odd symmetry leaves short stubs. The ABCD matrices

of different sections of the coupler are [109]

cos(6 iZ1sin(0
ABCD;, = (61)  jZisin(6y) (3.12)

jYisin(6y)  cos(61)

1 0
ABCD,, = (3.13)

iYstan(65/2) 1

cos(6 iZ>sin(6
ABCD3, = (62)  jZzsin(62) (3.14)

jYasin(62)  cos(62)

1 0
ABCD,, = (3.15)

—iY3 COt(Gg /2) 1

The total ABCD matrices for the even and odd cases are

ABCD ,pen total = ABCD1, ABCD2, ABCD3, ABCD2, ABCD1, (3.16)

ABCD 44 tota1 = ABCD1,ABCD, ABCD3, ABCD2, ABCD7, (3.17)
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From the genetic algorithm and the circuit model, it has been found that using values
of line impedances slightly different from theoretical values gives a better amplitude im-
balance. The two coupling outputs intersect at two points instead of only one point in the
conventional branch line coupler. Finally, the proposed coupler has been implemented
in PRGW technology and simulated using CST. Figure 3.25 shows the geometry of the
coupler, and Table 3.5 shows the final optimized parameters of the coupler. Here, the
genetic algorithm in CST is used in the optimization process to have a wide bandwidth
and a low output amplitude imbalance (less than 1 dB) over a 20% bandwidth around
30 GHz. The simulation results are shown in Figure 3.26 and 3.27 using the finite inte-
gral time-domain(FITD) and finite integral frequency-domain (FIFD) CST solvers for the
s-parameters and the output phase imbalance, respectively. The proposed coupler has
an output amplitude imbalance of —3.3750 & 0.425 dB and an output phase imbalance of
90.9° £ 1.62°. The return loss and the isolation are better than 15 dB over the operating
frequency band (26.4 to 33.75 GHz).

Table 3.5: The dimensions of the 3-dB coupler (Islam Afifi et al [J3], ©2020 IEEE.)

Parameter | Wiine | Winaten | Linatcn | Teenter | Wringt | Wring1
Value(mm) | 1.38 | 1.582 | 3.14 | 1.753 | 1.595 | 3.05

3.4.2 Discussion

The proposed coupler is planar and PCB compatible with wideband and low insertion
loss. It has a wideband performance, and the output amplitude and phase imbalance are
good compared to other works in both the metal and PRGW [93, 118, 119] as shown in
Table 3.6. The use of two sections quarter wave transformers as in [110] to have wider
bandwidth is not suitable for PRGW technology where the use of a high impedance line
requires a narrow line width which has a fabrication difficulty (it is difficult to connect the
lines to the ground by vias that have a certain diameter larger than the line width). The
prototyping of the proposed coupler is done as part of the integrated 4 x 4 Butler matrix

in Chapter 4.
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RT 6002

(a)

(b)

Figure 3.25: (a) 3D Geometry of the 3-dB coupler. (b) The structure of the coupler
(Islam Afifi et al [J3], ©2020 IEEE.)
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Figure 3.26: The simulated s-parameters of the 3-dB coupler (Islam Afifi et al [J3],
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Figure 3.27: The simulated phase difference between output ports of the 3-dB cou-
pler (Islam Afifi et al [J3], ©2020 IEEE.)

Table 3.6: Comparison between the proposed coupler and other couplers in the metal
and printed ridge gap technologies

Technology| Fractional |Return loss |Phase imbal-|Length
bandwidth | (dB) ance
(%)
[118] Metal 16.6% 14 - 0.66A9 x 0.7A¢
[119] Printed 6% 10 85° £5° 0.4179 x 0.5A¢
[93] Printed 12% 20 90° +2° 0.63A0 x 0.7A9
This Printed 24.5% 15 90.9° £1.62° |Ag X Ag
work
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3.5 Printed Ridge Gap Crossover

3.5.1 Design Procedure

The conventional technique for designing a planar crossover is to cascade two 3-dB di-
rectional couplers. However, the bandwidth of the resulting crossover is limited by the
bandwidth of the 3-dB coupler. In this work, the proposed crossover design employs
three cascaded quarter wavelength sections to have more design variables and the ca-
pability to achieve a wideband performance. The proposed crossover circuit is shown
in Figure 3.28 where there is symmetry along the horizontal and vertical axes to have
an identical response for each port. The genetic algorithm optimization is applied to a
Matlab function that calculates the s-parameters of the crossover (using even and odd

analysis), where the objective function that needs to be minimum is
Output = |511|2 + |521|2 + |S41|2 (3.18)

which is the summation of the squares of the reflection and isolation coefficients.

@ ZO Zy, 91 Zg ) 92 Zl y 91 ZO @

Figure 3.28: The circuit model of the proposed crossover

In order to prove that three cascaded couplers can work as a crossover, the following
derivation is provided that gives conditions on the coupling coefficient of the three cas-
caded couplers. For the symmetry of the structure, the first and third couplers have the

same coupling coefficient, as shown in Figure 3.29. In this derivation, the used couplers
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are matched and isolated. Therefore, when an input signal is applied to one port of the

first coupler, we can calculate the outputs a3 and b3 at the output of the end coupler as

follows
as
b;
Figure 3.29: Three cascaded couplers model
4y = /1 — C2e /™/2 (3.19)
by = Cre /7™ (3.20)
ay = ayy/1— C3e /2 4 by Coe 7™ (3.21)
by = a1Coe /™ + b1\ /1 — Coe /2 (3.22)
az = azy/1 — C%e_j"/z + bzcle_j" (3.23)
by = ayCie /™ + by /1 — Ce /7/2 (3.24)
For as

az = (a;4/1— C%e‘f‘”/2 + blCze_j”)\/l — C%e_]'”/2

+ (a1 Coe /™ + by /1 — C3e™//2)Cre /™ (3.25)

a3 = (y/1— Cle /2, /1 — Ce/™/2 4 C1e /™ Cre /™) /1 — CeT7/2
+ (/1= CeI™/2Coe™I™ + Cre /™y /1 — C3e/™/2)Cre /™ (3.26)
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a3 = (—(1 —CH/1-C3 + C1C2\/1 -2+ \/1 — C2C1C + C3y /1 — cg) e /7/2

(3.27)
a3 = ((2C% —1)y/1 =G5 +2C1Cp/1 - C%) e im/2 (3.28)
for crossover condition az = 0
(1-2CF)*(1-C3) = 4CIG(1 - CF) (3.29)
1—2C?)2
C = \/ e (3.30)
(1-2C7)2+4C(1-C5)

From the last equation and the circuit model, Figure 3.30 is produced where the rela-
tion between the coupling coefficients (C; and C;) to have a crossover device is presented
along with the associated 15 dB return loss and isolation bandwidth. It is clear that the
bandwidth decreases with increasing the coupling coefficient (C;) and reaches its mini-
mum value when C; = 0.707, which is corresponding to have only two 3-dB couplers.
Also, coupling values of C; between 0.5 and 0.645 give an almost constant bandwidth of
about 22.9 %.

Figures 3.31 shows the s-parameters of the crossover, which are calculated using the
three cascaded coupler model. Figure 3.32 shows the s-parameter of the optimized circuit
where the genetic algorithm is used to have a wide bandwidth (> 30%). Table 3.7 shows
the optimized parameters along with that obtained from the three-coupler model. It is ob-
served that a small change in the circuit parameters has greatly improved the bandwidth

from 23% in the three-coupler model to 33.3% in the optimized circuit.

Table 3.7: The optimum parameters of the crossover

Line impedance Z1 Zs Z3 Zy
Value calculated (Q)) | 41.4246 | 46.3956 | 73.9726 | 46.3956
Value optimized (Q2) 45 47 74 57
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Figure 3.30: Coupling values that satisfy the crossover condition and the associated
bandwidth.
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Figure 3.31: S-parameters of the crossover using the three couplers circuit model
with C; = 0.56 and C, = 0.3728
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S-parameters (dB)

Frequency (GH2)

Figure 3.32: S-parameters of the crossover using optimization.

Now, as the operation concept of the crossover has been illustrated, the next step is
to implement the crossover in the PRGW technology. The CST is used for the simulation
and bandwidth from 26.8 to 33.9 GHz (23.4 %) is achieved with return loss and isolation
better than 14 dB. Moreover, the insertion loss is better than 0.5 dB over the operating
bandwidth. Figure 3.33 shows the geometry of the PRGW crossover, and the dimensions
are in Table 3.8. Finally, the simulated s-parameters for the PRGW crossover is presented

in Figure 3.34.

Table 3.8: The dimensions of the PRGW crossover (Islam Afifi et al [J3], (©2020 IEEE.)

Parameter | Wy, | W1 | Wo | W3 | Wy | L4 Ly Ls
Value(mm) | 1.38 | 1.56 | 1.49 | 0.52 | 1.23 | 3.65 | 3.65 | 3.65

3.5.2 Discussion

Theoretical comparison between the conventional crossover (which consist of two cas-
caded 3-dB couplers) and the proposed one shows that the proposed one has a wider
bandwidth and a lower phase error, as shown in Figures 3.35 and 3.36. Moreover, the
proposed crossover is a planar structure with a compact size and a wide bandwidth com-

pared to the device in [124], which is implemented in the same technology and the same
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RT 6002

(b)

Figure 3.33: (a) 3D Geometry of the proposed PRGW crossover. (b) The ridge layer
of the proposed PRGW crossover (Islam Afifi et al [J3], ©2020 IEEE.)
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Figure 3.34: The simulated s-parameters of the printed ridge gap crossover (Islam
Afifi et al [J3], ©2020 IEEE.)
center frequency. Also, it is compact in size compared to [49] (less than half of it), while
the achieved bandwidth is comparable to it (the proposed work has 23.4% bandwidth
while the work in [49] has 26% bandwidth). The implementation of the device on the
PRGW technology gives the device the advantage of low losses and the support of Q-
TEM mode. The prototyping of the proposed crossover is done as part of the integrated

4 x 4 Butler matrix in Chapter 4.

0 Two coupler

N
o1

S-parameters (dB)
)
o

Frequency (GH2)

Figure 3.35: The s-parameters of two cascaded 3-dB coupler (9.33% bandwidth with
return loss and isolation better than 15 dB.
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Figure 3.36: The phase difference between the transmission port and the reference
line for the two-3dB coupler case and the optimized crossover case.

Table 3.9: Comparison between the proposed crossover and other crossovers in the
printed ridge gap technology

Technology| Fractional |Return loss |Frequency |Length
bandwidth |(dB) (GHz)
(%)
[49] Printed 26% 10 13.54 5.18A X
2.14A
[124] Printed 13.33% 20 30.5 1.5 x 1.5A¢
This Printed 23.4% 15 30 1.1A9 x 0.5A¢
work

3.6 Printed Ridge Gap 45° Phase Shifter

3.6.1 Design Procedure

The design of a phase shifter is based on having a coupled line coupler with ports 2 and
3 connected to each other [143]. This gives a device with only two ports and a phase shift
between the input and the output ports. The analysis regarding a 90° phase shifter is
given in [143] for a Schiffman phase shifter. In this work, a 45° phase shifter is needed

for the standard 4 x 4 Butler matrix, so the analysis of coupled line coupler is used to
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determine the value of the coupling length that produces a wideband 45° phase shift.
The structure is given in Figure 3.37. The simulated s-parameters and phase shift are in
Figure 3.38. Table 3.10 presents the final optimized dimensions of the phase shifter, where
the optimization is set for having a wide bandwidth (> 20%) and a low phase imbalance
around 45° (< 3°).

Table 3.10: The dimensions of the phase shifter (Islam Afifi et al [J3], (©2020 IEEE.)

Parameter | Wiie | Wiineo | W1 | Wo | W3 | Wy | Ly L, S
Value(mm) | 1.38 135 | 149128 088 |14 |599  10.64 | 0.15

Air gap

RT 6002
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(b)

Figure 3.37: (a) 3D Geometry of the proposed phase shifter and the reference line.
(b) The ridge layer of the proposed phase shifter and the reference line (Islam Afifi
et al [J3], ©2020 IEEE.)
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Figure 3.38: (a) The simulated s-parameters of the phase shifter. (b) The simulated
phase shift between the coupled line and the reference line. (Islam Afifi et al [J3],
(©2020 IEEE.)
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In the proposed work, a wideband phase shifter with low variation is essential for a
wideband and high performance Butler matrix. The designed phase shifter has a wide-
band from 27 to 33.6 GHz with an output phase shift of 45° &£ 2°, return loss better than
15 dB, and S,; > —0.4 dB.

3.6.2 Discussion

The proposed phase shifter is based on the Schiffman phase idea. It is implemented in
the PRGW technology, which is a new and promising technology for MMW band appli-
cations. It has a wideband of 21.7% around 30 GHz and a phase shift of 45°, which makes
it suitable for the standard 4 x 4 Butler matrix. The prototyping of the proposed phase

shifter is done as part of the integrated 4 x 4 Butler matrix in Chapter 4.

3.7 Rat-Race Coupler Design

3.7.1 Design Procedure

The proposed design employing an open stub at the middle of the 31 /4 branch line and
quarter wavelength lines at all the ports of the rat-race. The objective of the added stub is
to separate the output ports amplitudes around the -3 dB level by certain values depend-
ing on the required amplitude imbalance. This results in having two intersection points
for the output ports instead of one, for the conventional coupler, and hence the amplitude
imbalance bandwidth increases. The objective of the added quarter wavelength lines is
to improve the matching and isolation bandwidths.

First, the general equations of the proposed coupler (shown in Figure 3.39) are used

to make a circuit model as in [J2]. The s-parameters of the rat-race is calculated from the
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Figure 3.39: (a) Geometry of the proposed Rat race coupler. (b) Equivalent even and
odd circuits of the proposed rat race. (Islam Afifi et al [J2], ©2020 IEEE.)
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even and odd analysis as follows [109].

S11 = m (3.31)
S = m (3.32)
S31 = m (3.33)
Sq1 = @ (3.34)

Where S11,,5216, S110, and Syj, are calculated by applying the even and odd symmetry
respectively on the rat race. The even symmetry leaves open stubs while the odd sym-
metry leaves short stubs. The ABCD matrices of different sections of the rat-race for even

symmetry are [109]

ABCD;, — cos(BL1)  jZgsin(BLq) (3.35)

jYysin(BLy)  cos(BLq)

1 0

ABCD,, = (3.36)
214275146 COt(:BLstub) tan(3,BL1 /2)) 1

Z1(=2jZspup cot(BLspyp) +jZ1 tan(3BL1 /2))

ABCD;, cos(BL1)  jZisin(BLq) (337)

jYisin(BL1)  cos(BLq)

1 0
ABCDy, = (3.38)

jYitan(BL1/2) 1

The total ABCD matrix for the even mode is given by

ABCD 01 toa1 = ABCD1, ABCDy, ABCD3, ABCDy, ABCDy, (3.39)
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For the odd mode analysis, the second and forth ABCD matrix are

1 0
ABCD,, = (3.40)

-1 COt(3ﬁL1 /2) 1

1 0
ABCDy, = (3.41)

—jYrcot(BL1/2) 1

The total ABCD matrices for the odd case is

ABCD,44tota1 = ABCD1, ABCDy, ABCD3, ABCD,, ABCDy, (3.42)

In order to illustrate the effect of the added stub on the amplitude imbalance, we take

Zstup = %Zo,and Z5 = Zy. Therefore the ABCD, can be written as

1 0
ABCD,, = (3.43)

jYi tan <;B (32A + Lstub)) 1

For small value of Ly;,;, and at the center frequency,

tan (,B <% + Lstub)> = tan (%Tﬂ + AG) (3.44)

where A0 = BLg,p, and using the trigonometric identity that

tana + tanb
— A4
tan(a + b) 1 —tanatanb (3-45)

then

371 AO —1
tan (T + AG) N AT (3.46)
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After that we substitute in the ABCD matrix and get the s-parameters as follows

FA0(1 4 j2V/2)

Sy = 3.47
BT A0+ jv2(80 +2) (347)
2+ 3A0+j-A0

Sy = 2 va (3.48)
—2A0 + jv/2(A0 + 2)

31 = : (3.49)
—2A0 + jv/2(A0 + 2)

—2—-1A0
Sy = 2 3.50
T A0+ jv2(0 + 2) (3:50)

By taking the absolute values, the following equations are obtained.

2.25

Suf> = A626A92+8A9+8 (351
Sl ~1/2 = A96A29;—8§§§3—8 (3:52)
[Sa1l* = A0 32735AB+8 (3:53)

These equations illustrate that the amplitude of Sy; is greater than \/LE and increases
with proportion to the added stub length. Also, the amplitude of S4; becomes less than
% and decreases with proportion to the stub length. From the known behavior of the Sy;
and S41 (makes ~ shape and - shape around the center frequency respectively), they will
intersect again at two different points around the center frequency and hence increase
the amplitude imbalance bandwidth. Moreover, it is observed that the change of the
matching and isolation is very small and proportional to A62.

In order to prove the concept that adding a stub and quarter wave transformers im-
proves the bandwidth for the general case, a parametric study on the effect of the stub is
carried out using the ABCD matrix circuit model with Z; = Z,/ V2 and Z; = Zy. Figure
3.40 (a) shows the effect of the stub length on the amplitude imbalance of the output ports,

while its effect on the matching and isolation levels is depicted in Figure 3.40 (b). Unlike
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the conventional rat race, which has one intersection point between the output ports, the
addition of the stub provides a wide amplitude imbalance bandwidth. This is achieved
by having the outputs intersect at two points instead of one. On the other hand, as the
stub length increases, the separation between the intersection points increases, resulting
in a deterioration of the output amplitude imbalance, the matching, and the isolation.
Therefore, optimization is needed to have a wide bandwidth with an acceptable ampli-
tude imbalance, matching, and isolation. Figure 3.41 shows the geometry of the designed
rat-race coupler where W, = 1.7 mm, L; = 2.5 mm, R; = 1.85 mm, R, = 3.35 mm,
Wstup = 0.8 mm, and L, = 2.4 mm. These values are optimized using the genetic algo-
rithm in the CST to have a wide bandwidth (> 25%) and a low amplitude imbalance (< 1
dB).

The designed coupler and the fabricated prototype are shown in Figure 3.42, where
the ridgeline layer, the upper copper layer, and the spacer are manufactured using the
conventional printed circuit board technology (PCB). The metal base has been drilled
also with the PCB machining and used to hold the 2.4 coaxial connectors. After that, the
whole structure is assembled with plastic screws. The measured results, along with the
simulated ones, are shown in Figure 3.43. The behavior of the measured results matches
very well with simulation results as there are two intersection points in the output ports,
which improve the output amplitude imbalance bandwidth. The proposed coupler has
27.96% bandwidth around 30 GHz, the operating bandwidth is determined by having the
return loss and the isolation better than 15 dB, and a coupling imbalance less than 1 dB

(peak-to-peak).

3.7.2 Discussion

In Table 3.11, a brief comparison between the proposed coupler and other couplers is
presented where the focused is on the SIW and RGW structures as they are the promising

technologies for the millimeter-wave band.
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Figure 3.40: S-parameters of the proposed rat race with different values of Lg;,;, while

the other parameters are fixed (Z; = Zo/ V2,71 = Zo, and Zg,; = 30Q). (a) Sp1 and
S41. (b) S11 and S3q. (Islam Afifi et al [J2], (©2020 IEEE.)
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Spacer
(RT6002)

Ridge gap layer
(RT6002)

Aluminum base

Connectors —____

Figure 3.41: Geometry of the printed ridge gap rat-race coupler with a quarter wave
transformer and a stub in the 3A /4 branch. (Islam Afifi et al [J2], ©2020 IEEE.)

i §

Ridgeline Iayer Upper coer Iyer

Aluminum |

Spacer layer .
P Y coaxial connectors.

Assembled 3D view

Figure 3.42: Fabricated parts of the printed ridge gap rat-race coupler. (Islam Afifi et
al [J2], ©2020 IEEE.)
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Figure 3.43: Compare simulated and measured results (Islam Afifi et al [J2], ©2020
IEEE.)

Table 3.11: Comparison between the proposed rat-race and other works (Islam Afifi
et al [J2], ©2020 IEEE.)

o)
821 and 841 (dB)

Technology| Center Bandwidth |return |Isolation | Amplitude
frequency loss (dB) |(dB) imbalance
(GHz) (dB)
[76]  |SIW 13 30% 18 20 —3.35+1.35
[77] |HMSIW  [10.15 24.6 % 12 15 —-3.8+0.5
[78] TFESIW 25.7 12.7% 20 20 —43 £ —
[79] RSIW 8 12.5 % 12 20 —-3.79£0.5
[80] |RGW 16.5 12.1% 10 20 -
This |PRGW 30 27.9% 15 16.5 —3.39+05
work
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Chapter 4

30 GHz Imaging System: Transmitting

and Receiving Antennas Integration

In this chapter, the hardware components of the imaging system are designed, fabricated,
and measured. For the transmitting part, a planar differential feeding antenna is de-
signed. Then the rat-race coupler is added to form the transmitting part. For the receiv-
ing part, the 3-dB coupler, the crossover, and the 45° phase shifter are combined to form
the Butler matrix. Then, a semi-log periodic antenna is designed and added to the Butler

matrix to form the receiving part.

4.1 Transmitter: Differential Feeding Antenna

In this section, a wideband differential feeding PRGW planar aperture antenna is de-
signed as the transmitting part of the proposed imaging system. The differential feeding
is used to have a stable broadside radiation pattern. Also, capacitive feeding is used to
have a wide bandwidth. The use of a planar aperture allows having a high gain with a
low profile structure.

The design is based on a planar aperture with a patch in the middle and backed by the
mushroom shaped structure of the ridge gap unit cells (Artificial magnetic conductor).
The structure is shown in Figure 4.1, where two cross-shaped patches are placed in the
middle of the planar aperture, both sides of the top layer, to maintain the E-field density

along the aperture, as shown in Figure 4.2. A tapered line and stub matching sections are
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used for matching. The optimized dimensions of the proposed antenna and its feeding
are in Table 4.1 where the dimensions of the patch at the back of the top layer are larger
than that at the front by 0.15 mm. The simulated s-parameters and the realized gain are
shown in Figure 4.3. The antenna has a bandwidth of 28.5 % with S;; < —10 dB and
a peak gain of 12.39 dBi. Moreover, the 3 dBi gain bandwidth is from 26.1 to 34.1 GHz
(26.58%). The drop in the gain at high frequencies is referred to the appearance of the
third mode in the aperture of the antenna, as shown in Figure 4.4, which reduces the
broadside gain and results in an increase in the sidelobe level.

Table 4.1: The dimensions of the planar differential feeding antenna.

Parameter Lt Wr Ly Ly Lyx
Value (mm) |[23.8 25.5 1245 (1094 |11.09
Parameter pr Wp X Wpy L Wi
Value (mm) |4.36 1.7 2.97 5.47 1.68
Parameter p d L, Lu» L3

Value (mm) [0.84 0.3 4.83 1.49 0.94
Parameter Wml sz Wm3 Wline dcap
Value (mm) |0.95 1.33 0.76 1.38 1.5

4.2 Transmitter: Differential Feeding Antenna with Rat-
Race Coupler

The designed differential feeding antenna, the rat-race coupler, and the coaxial-to-PRGW
transition are combined together to form the transmitting antenna of the imaging system,
the isolation port of the rat-race coupler has been terminated with an open stub. The
geometry of the transmitting antenna is shown in Figure 4.5. The structure has been
fabricated, as shown in Figure 4.6. The multilayer PCB technology has been used to
fabricate the ridge layer, the spacer layer( air gap), and the antenna aperture layer. The
PCB drilling machine has been used to drill the metal base and cover those hold the
connector and then they have been cut by hand tools. The measure and simulated s-
parameters and gain are shown in Figure 4.8 where the matching bandwidth is from

25.62 to 34.34 GHz with return loss higher than 10 dB. The peak gain is 12.28 dBi, while
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Figure 4.1: Geometry of the ridge gap planar aperture antenna. (a) The 3d geometry.
(b) The top layer. (c) The bottom layer
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Figure 4.3: The simulated S;; and the realized gain for the differential feeding an-
tenna.
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Figure 4.4: The E-field distribution in the aperture area at 33 GHz.

the 3-dB gain bandwidth is from 25.62 to 33.77 GHz. The far field measurement set up
is shown in Figure 4.7. The measured and simulated radiation patterns at 28, 30, and 32

GHz are shown in Figure 4.9.

4.3 Receiver: Wideband PRGW Butler Matrix

4.3.1 Design Procedure

The Butler matrix designed in the PRGW technology is presented in this section. The basic
components designed in the previous chapter are used to build the Butler matrix. The
arrangement of the components follows the architecture shown in Figure 1.1. The critical
point is the consistency of the geometric length and the phase matching of the crossover
and the phase shifter to have a good performance. The geometry of the proposed Butler
matrix is shown in Figure 4.10. There are two sets of equations: one set is for the geometric

consistency and the other for the phase consistency. The geometric equations are:
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Coaxi
transit

Figure 4.5: The geometry of the differential feeding antenna with the rat-race coupler
and coaxial feeding.

(a) (b)

(c) (d)

Figure 4.6: The fabricated prototype of the differential feeding ridge gap planar aper-

ture antenna. (a) The top view of the multilayer PCB. (b) The bottom view of the

multilayer PCB. (c) The top view of the antenna with the top metal holder. (d) The
bottom view of the antenna with the bottom holder and coaxial connector.
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(a) (b)

Figure 4.7: Radiation pattern measurement set up of the differential feeding antenna.
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Figure 4.8: The simulated and measured S1; and the realized gain for the differential
feeding antenna with the rat-race coupler and coaxial feeding.

L
Lepcos(rt/4) + Lyn = Lec cos(mr/4) + % 4.1)

(4.2)

(Lo1 + Lop) cos(7t/4) + Log = Lec cos(7t/4) + Lex + Loz cos(7t/4)

Lyzcos(mt/4) =d/2 (4.3)
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Figure 4.9: Measured and simulated radiation pattern. (a) E-plane radiation pattern

at 28 GHz. (b) H-plane radiation pattern at 28 GHz. (c) E-plane radiation pattern at

30 GHz. (d) H-plane radiation pattern at 30 GHz. (e) E-plane radiation pattern at 32
GHz. (f) H-plane radiation pattern at 32 GHz.

90



Chapter 4. 30 GHz Imaging System: Transmitting and Receiving Antennas Integration

Lo
Lol

Figure 4.10: The geometry of the Butler matrix (Islam Afifi et al [J3], ©2020 IEEE.)

3d

(Lee + Loy — Lyp) cos(rt/4) = - (4.4)

The constraints that have to be taken into consideration are:
1)d > (Wy)
2) L1 > (Lc/2) to build the coupler
3) Lep > (Lc/2) to build the coupler

4) (Lec — L) cos(mr/4) > 1 (Lyt — Lex) to build the crossover

Equation 4.1 ensures that the output lines of the first coupler (near to the input of
the Butler matrix) will reach the second coupler (near to the output of the Butler matrix)
with the same x position. Equation 4.2 ensures that the output of the second coupler
(near to the output of the Butler matrix) will reach the antenna feeding point at the same
x position. Equations 4.3 and 4.4 are used to ensure equal y-spacing (d) between the

feeding points of the antennas.
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The second set of equations for the phase consistency are:

th - ch

2Lcp + 2Lpn — 2Wiines — 5 + Lpnaseeq = 2 <LCC a W

) + Ly phaseeq + 1.25 (45)

th - ch

Lot + Loo + Log = Lee + Loz — W + Ly phase eq

(4.6)

where L s ¢4 is the length equivalent to the phase shift of the 45° phase shifter and
Ly phase eq 1s the length equivalent to the phase shift of the crossover.

Equation 4.5 ensures that there is a phase shift of 45° between the output lines of the
first coupler when reaching the second coupler. Equation 4.6 ensures that the output lines
from the second coupler reach the antenna feeding points at the same phase.

Here we have six equations and seven unknowns (Lcp, Lpn, Lee, Lo, Lo1, Lo2- and Ly3),
so we choose one unknown (Lp)and solve for the others. These values are shown in Table
4.2

Table 4.2: The dimensions of the Butler matrix configuration (Islam Afifi et al [J3],
(©2020 IEEE.)

Parameter ch Lpn Lee Lex Lyt L.
Value(mm) | 6.1 | 12.73 | 19.78 | 6.5 | 10.95 | 9.88
Parameter | L,y | Ly Los | Log | Wy d
Value(mm) | 9.8 | 16.85 | 4.24 | 4.64 | 3.65 6

The output phases of the Butler matrix with respect to the input port are in Table 4.3.

Table 4.3: The output phases corresponding to each input port.

Output port phase
5 6 7 8
1| —45° | —90° | —135° | —180°
Input ports 2| —135° 0° —225° | —90°
3| -90° | —225° 0° —135°
4| —180° | —135° | —90° | —45°
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Figure 4.11 shows the simulated s-parameters of the Butler matrix for the excitation

from port 1 and 2, while Figure 4.12 shows the simulated output phase difference between

the output ports for each excitation of the input port.
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Figure 4.11: (a) Simulated s-parameters of the Butler matrix, for feeding from Port 1.
(b) Simulated s-parameters of the Butler matrix, for feeding from Port 2. (Islam Afifi

4.3.2 Discussion

et al [J3], ©2020 IEEE.)

The proposed Butler matrix has many advantages over other reported Butler matrix. It

is built in the PRGW technology, which has very low losses and is compatible with PCB
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Figure 4.12: Simulated phase difference between the output ports for each excitation
of the input ports of the Butler matrix (Islam Afifi et al [J3], (©2020 IEEE.)

technology for easy integration with other system components. Also, it has a wide band-

width of 20% around 30 GHz. The amplitude imbalance is about +1.6 dB over the whole

frequency band. The phase error is about £10° when feeding from ports 1 and 4 over

the whole frequency band. The phases error when feeding from ports 2 and 3 is within

£10° for the frequency range from 28 to 33 GHz, while there is a higher phase error from

27 to 28 GHz. Its performance overcomes most of the reported works in the 1D scanning

standard Butler matrix, as shown in Table 4.4.

Table 4.4: Comparison between 1-D planar Butler matrices working in the
millimeter-wave band (Islam Afifi et al [J3], ©2020 IEEE.)

Technology/| size center Bandwidth |amplitude |phase error

frequency imbalance |(degree)
(GHz) (dB)

[98] Microstrip |8 x 8 25 4% +0.5 +7.7

[99] Microstrip |4 x 4 60 4.9% +1 -

[95] SIW 4 x4 60 6.67% +1.7 +24

[96] SIW 4 x4 28 7.15% - +15

This PRGW 4 x4 30 21.25% +1.6 +10

work
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4.4 Receiver: Semi-Log Periodic Antenna Fed by PRGW

A modified version of the semi-log periodic dipole antenna designed in [C1] is imple-
mented using Roger RT6002 (¢, = 2.94, and tané = 0.0012 ) with a thickness of 0.254
mm and a copper cladding of 0.017 mm. The geometry of the antenna with the PRGW
inputs is shown in Figure 4.13 and the dimensions are listed in Table 4.5. The antenna is
designed within an array of four elements to be fed by the 4 x 4 Butler matrix. However,
there was an asymmetry in the radiation pattern for the edge elements. Therefore, two
dummy antenna elements are used to have a symmetry radiation pattern for all the array
elements. The simulated s-parameters of the antenna array is shown in Figure 4.14 (a) for
excitation from port 1, where a bandwidth from 25.85 to 34.86 GHz is achieved with iso-
lation better than 20 dB and S1; < —15 dB. The radiation patterns at different frequencies
are shown in Figure 4.14 (b), where the 3-dB beamwidth is ranging from 117° at 27 GHz

to 92° at 33 GHz, which is the frequency band of interest.

(©)

Figure 4.13: The geometry of the radiating elements of the Butler matrix. (a) The an-

tenna array feed by the PRGW lines. (b) The top view of the single antenna element.

(c) The bottom view of the single antenna element. (Islam Afifi et al [J3], ©2020
IEEE.)
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Table 4.5: The dimensions of the semi-log periodic antenna (Islam Afifi et al [J3],
(©2020 IEEE.)

Parameter | Wy | Wpy W, | Ws | Wy
Value(mm) | 0.64 | 0412 | 1.6 |56 | 0.3
Parameter | L; Ly Lo | Lr | In
Value(mm) | 84 | 2.7 | 1.89 |58 |25
Parameter | L[, L3 Ly

Value(mm) | 1.75 | 2.45 | 1.715

300

90 270

120 240

-60 == I
25 26 27 28 29 30 31 32 33 34 35 150 210
Frequency (GH2)

(a) (b)
Figure 4.14: (a) Simulated s-parameters of the antenna array when feeding from port

1 (Islam Afifi et al [J3], ©2020 IEEE.) (b) The radiation pattern of the antenna array
when feeding from port 2 at different frequencies (28, 30, 32 GHz).

4.5 Receiver: Beamforming Results

In this section, the antenna and the Butler matrix are combined together to form the beam-
forming network, as shown in Figure 4.15 (a), where our previously designed coaxial feed
[J1] is used for feeding. The main structure is fabricated using the multi-layer PCB tech-
nology. Two Aluminum pieces are fabricated to hold the coaxial connectors, and they are
attached to the PCB circuit by screws. The fabricated structure is shown in Figure 4.15.

The simulated and measured s-parameters are shown in Figure 4.16. The return losses
and isolations are better than 13 dB at the center frequency (30 GHz) and are better than
10 dB for the frequency range from 26.1 to 33.5 GHz. There is a good matching between
the measured and simulated results.

The radiation measurement set up is shown in Figure 4.17. The simulated and mea-

sured radiation patterns at different frequencies are shown in Figure 4.18, where there is
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Figure 4.15: (a) The whole Butler beamforming network consists of the coaxial feed,
the Butler matrix, and the antenna array. (b) The fabricated Butler matrix (Islam Afifi
et al [J3], ©2020 IEEE.)
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Figure 4.16: (a) The simulated and measured reflection coefficient of the proposed
Butler matrix. (b) The simulated and measured isolations of the proposed Butler

matrix. (Islam Afifi et al [J3], (©2020 IEEE.)
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a good agreement between the simulated and measured patterns. The beams’ directions
at the center frequency (30 GHz) are £13° for excitation from ports 4 and 1, while it is
+36° for excitation from ports 2 and 3. The radiation efficiency is better than 78% over
the whole frequency band. The gain is ranging from 10.2 to 11.35 dBi for excitation from
port 1, and ranging from 8.4 to 10.2 dBi for excitation from port 2, as shown in Figure 4.19.
An average gain difference of 1.23 dB between the simulated inner beams and the outer
beams is found, which is related to the scan loss and the increase of the sidelobe level for

the outer beams.

Figure 4.17: Radiation pattern set up in the chamber.
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Figure 4.18: Simulated and measured radiation patterns at different frequencies. (a)
28 GHz. (b) 30 GHz (Islam Afifi et al [J3], (©2020 IEEE.) (c) 32 GHz.
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Figure 4.19: Measured and simulated realized gain for excitation from ports 1 and 2
(Islam Afifi et al [J3], ©2020 IEEE.)
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Chapter 5

30 GHz Imaging System: Image

Reconstruction - Algorithm and Results

In this chapter, the millimeter-wave imaging concept and results are presented. First,
the equations for imaging reconstruction are presented. Then, the imaging algorithm
has been validated using CST software and measurement. After that, the set up for the
proposed imaging system is illustrated. Finally, the proposed imaging system results are

shown.

5.1 Imaging Reconstruction Algorithm

There are many imaging reconstruction techniques that can be used with active imaging
systems. In [17], the used imaging reconstruction technique depends on using a high gain
antenna to measure the reflected signal at a certain position. However, this technique re-
quires a large mechanical scanning area, the same as the imaged area. Another system
that uses the transmission signal to reconstruct the image is in [18]. It has the same draw-
back of needing a large mechanical scanning area. The imaging reconstruction algorithm
based on a synthetic aperture radar technique developed by Martin Ryle, who take the
Noble prize for this in 1974, is used in this work. This technique has the advantage that
the scanning area and the imaging area do not have to be the same size, hence allows the
proposed system that has a low mechanical scanning area. The concept stats that using

a number of small antennas distributed on an area can give the same angular resolution
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of a large antenna occupying the whole area by synchronizing the signals of the small
antennas. Figure 5.1 shows the synthetic aperture radar configuration used in this thesis.
A planar target is placed with a distance of R from the transmitting and receiving antenna
plane. The algorithm presented in this thesis is originated from [1,12,144,145]. The re-
ceived signal So(XRrx, YRx, XTx, YTz ), at the receiver point Rx(xgry, Yrx) when a transmitter

at point (Tx(xTy, yTy)) illuminates the object, can be calculated as follows

SO(xRx/ YRxs xTx/yTx) = Z Z f(xt/yt)x

X € LXT Yyt € LyT

efjko(\/(xtfox)2+(ytfny)2+R2+\/(xt*xTx)ZHyf*yTx)z*Rz) (5.1)

where x; and y; are the coordinates of the target point, f(x;,y;) is the reflection of the
target at point (x¢, y¢), ko is the wavenumber, R is the distance between the target plane
and the transmitter and receiver plane, L, is the length of the target in the x-direction,
Lyt is the length of the target in the y-direction, xgy and yg, are the coordinates of the
receiving antenna, and xt, and y, are the coordinates of the transmitting antenna. Using

the following equation from reference [12], the target reflection f(x¢, y;) is calculated

f(xt,]/t) = Z Z SO(xRx/]/er xTx/]/Tx)X

XRx € Ly YRx € Ly

ejkO(\/(xt_xRx)2+(]/t_ny)2+R2+ \/(xt_xTx)2+(]/t_]/Tx)2+R2)) (52)

where L, and Ly are the lengths of the receiver scanning area in x and y-directions,

respectively.
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Figure 5.1: Synthetic aperture radar configuration.
5.2 Preliminarily Results: Reconstruction Algorithm

Millimeter-wave imaging is implemented either by using mono-static or bi-static tech-
niques. In this thesis, the bi-static is used. For the proof of concept and validating the
imaging algorithm, the mono-static case is used first as the validation of the used coding.
From the simulation (CST), two open ended rectangular waveguides are used, one as the
transmitter and the other as the receiver. Figure 5.2 shows the geometry of the PEC im-
aged objects, where the distance between the object plane and the TX and RX plane is 147
mm. The imaging area is 280 mm x 280 mm, while the TX and RX are moving with a step
of Ag/4 at 30 GHz. The collected data are shown in Figure 5.3 (a). After collecting the
data, the synthetic aperture technique is used to produce the millimeter-wave image, as
shown in Figure 5.3 (b).

After the mono-static concept has been validated by the simulation, the implemen-
tation of it in the lab is presented, as shown in Figures 5.4 and 5.5. Two log periodic
antennas (as that of the Butler matrix antenna) are used as the transmitter and the re-
ceiver and moved by a step of 1.5 mm in a 300 mm x 300 mm area. The distance between
the imaged object and the transmitter/receiver plane is 155 mm. It is shown that a small
circle of diameter 6 mm can be observed.

For the bi-static case, a simulation has been carried out in CST. The transmitter is fixed
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Figure 5.2: Geometry of the imaged objects in the simulation.
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Figure 5.3: (a) Raw data. (b) synthetic image data.
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Figure 5.5: Imaging experimental setup.

at a certain position while the receiver is moving in xy-plane. In the simulation set up,
both the transmitter and the receiver antennas are tilted by a certain angle to image the
desired part of the object. The setup and the results are shown in Figure 5.7. It is clear
that the bi-static can be used to image offset areas, which is used in our proposed imaging
system. The resolution is not high in this case as it is just introduced as a test (the scanning

area of the receiver is small, and hence low resolution is obtained).
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Figure 5.6: Measurement of mono-static imaging. (a) Raw data. (b) synthetic image
data.

5.3 Imaging Results

In this section, the imaging system set up for the proposed system is illustrated as a first
step. Then, the results of the imaging system are presented. After that, a solution to
improve the image quality by using a technique similar to the super resolution technique
is presented. Finally, a comparison between the mono-static and the bi-static imaging is

presented.
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Figure 5.7: Simulation of bi-static imaging. (a) Geometry and set up. (b) Raw data.
(c) Resulted image.
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5.3.1 Imaging System Set up

In this part, the imaging system set up is presented. Figure 5.8 shows the positions of
the transmitter antennas and the scanning area that the receiver is moving in to collect
the reflected signals. Also, Figure 5.8 shows the division of the imaging scene into eight
parts. The aim of the proposed work is to be able to image an area of 1m x 2m that is
suitable for a full body scan. However, due to the available chamber size limitation, the

proposed system is implemented to image an area of 0.6m x 1.2m.

210 cm
120 cm
Scanning
area
180 cm

Figure 5.8: Proposed system set up. (a) Dimension of and positions of the system.
(b) The division of the imaging area.

The data collecting procedure is:

1. Fixing the transmitting antennas at fixed positions.
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2. Connecting the antennas to the PNA, one port for one of the transmitting antennas

and the other to the corresponding port of Butler matrix in the receiving antenna.

3. Using the mechanical system (NSI 5913), the performance network analyzer (PNA),
and the NSI2000 software available in the micro/millimeter-wave lab to set up the

scanning and obtain the data.
4. Repeat for the number of transmitting antennas.

5. Produce the final millimeter-wave image by combining it from the different images

(produced before in the sense that each transmitter illuminates a part from the im-

age).

Figure 5.9 illustrates the system set up in the millimeter-wave chamber. The transmit-
ter antenna is the differential feeding aperture antenna designed in the previous chapter.
It is mounted on a long stick and can be moved along it to fix it at certain positions as
shown in Figure 5.8. Also, it is attached to the stick by a stepped gear that allows rotation
by a step of 12°, which allows fixing the antenna angle at +12° and £36° that are close
to the theoretical values £11.25° and 1-36.88°, respectively. The receiving antenna is the
Butler matrix designed in Chapter 4, where each port is used to image two parts of the
imaged object. The receiving antenna is moved in the xy-plane with a step of 2 mm that
is less than Ay /4 at the center frequency (30 GHz). Figure 5.10 shows the imaged object
which is a fiberglass mannequin with a knife and a plastic pistol (covered by Aluminum
foil) attached to it. Figure 5.11 shows the inner structure of the mannequin legs as the
inner supporter will affect the resulted MMW images.

The data collection is done in two steps. First, the object is placed in front of the
imaging system at a certain distance. Then, the data is collected using the PNA and
the NSI2000 software. After that, the object is removed, and another data collection has
been done. The first measurement has both the scattering from the object in addition
to the background scattering and the coupling between the transmitter and the receiver

antennas. The second measurement contains the background scattering and the coupling

110



Chapter 5. 30 GHz Imaging System: Image Reconstruction - Algorithm and Results

€
i %
by r’ 3
i W
9
e 3 1
wy &
“
Figure 5.9: Imaging system set up in the chamber.
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Figure 5.10: Imaging object, a mannequin with a knife and a plastic pistol covered
by Aluminum foil.
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Figure 5.11: The inner structure of the mannequin legs (shows the presence of sup-
porter).

between the transmitter and the receiver antennas only. In order to have the data for
the scattering from the object only, a subtraction between the two measurements is done.
Figures 5.12, and 5.13 show the measured data ((a) and (b)) and the subtraction data (c)

when part 2 is illuminated at 30.5 GHz, for the amplitude and the phase, respectively.

0.3 0.3

0.2 0.2
0.1 0.1

0 0

yum)
y um)
yum)

-0.1 -0.1

-0.2 -0.2

-0.3 -0.3

03 02 -01 0 01 02 03 03 -02 -01 0 01 02 03
X (m) X (m)
(b) ()

Figure 5.12: Absolute value of data at 30.5 GHz when part 2 is measured. (a) Mea-
sured data. (b) Calibration data. (c) Calibrated data.

5.3.2 Imaging Using Frequency Multiplexing and Beamforming

In this part, the imaging of the scene is divided into eight parts; each is imaged by a

different frequency. As the resolution depends on the operating frequency, the outer parts
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yum)
yum)

Figure 5.13: Phase of data at 30.5 GHz when part 2 is measured. (a) Measured data.
(b) Calibration data. (c) Calibrated data.
of the scene (less important parts) are imaged by low frequencies, while the inner parts
(most important parts) are imaged with high frequencies. The frequencies used for the
outer parts 1, 4, 5, and 8 are 28.5, 29.5, 29, and 30 GHz, respectively. The frequencies
used for the inner parts 2, 3, 6, and 7 are 30.5, 31, 31.5, and 32 GHz, respectively. The
reconstructed images at different frequencies for different parts are shown in Figure 5.14,
while Figure 5.15 shows the full image of the scene by combining parts from each image

in Figure 5.14.

5.3.3 Imaging by Summation over Frequencies

The reconstruction of the image using summation over multiply frequencies is used to
have a better resolution than a single frequency image. That is similar to the case of the
super resolution reconstruction (SRR) technique [146] in which multiply low resolution
images with a small shift are used to obtain a high resolution image. The reconstructed
images for different parts of the image scene after summation over frequencies from 27.5
to 32.5 GHz with 0.5 GHz spacing are presented in Figure 5.16. Figure 5.17 shows the full

image of the scene by combining parts from each image in Figure 5.16.
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Figure 5.14: Resulted image from each part at a single frequency. (a) Part 1 at 28.5
GHz. (b) Part 2 at 30.5 GHz. (c) Part 3 at 31 GHz. (d) Part 4 at 29.5 GHz. (e) Part 5 at
29 GHz. (f) Part 6 at 31.5 GHz. (g) Part 7 at 32 GHz. (h) Part 8 at 30 GHz.

5.3.4 Mono-Static Imaging

The mono-static imaging setup of the mannequin is shown in Figure 5.18. Two semi-log
periodic antennas, as those used in the Butler matrix, are used as the transmitting and
receiving antennas. The imaged area is 0.6m x 1.2m, which is the same as the scanning
area. The collected data is shown in Figure 5.19 for the amplitude and the phase. The
reconstructed image at 33 GHz is shown in Figure 5.20 where the knife and the covered

plastic pistol are shown.
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Figure 5.15: (a) Original image. (b) Resulted image by combining all the parts (in the
sense that one part is taken from each image.)

5.4 Discussion of The Imaging System

The proposed imaging system has many advantages compared to the conventional mono-
static imaging systems. The mechanical scanning area of the receiving antenna is half
that of the mono-static, 0.6m x 0.6m compared to 1.2m x 0.6m in mono-static. This saves
a lot of time as the mechanical scanning is the most time consuming part of the imaging
system. Regarding the computational resources, the proposed system requires 8 x 150 x
150 x 300 x 300 operations (300 x 300 for the scanning area, 150 x 150 for the imaged
area, and 8 for the number of parts of the imaging area) while the mono-static requires
600 x 300 x 600 x 300 operations (600 x 300 for each scanning and imaging areas). This
means that the proposed system has a number of operations equal to half of the mono-

static case.
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Figure 5.16: Resulted image from each part by summation over frequencies from
27.5 to 32.5 GHz by 0.5 GHz step. (a) Part 1. (b) Part 2. (c) Part 3. (d) Part 4. (e) Part
5. (f) Part 6. (g) Part 7. (h) Part 8.
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Figure 5.17: (a) Original image. (b) Resulted image by combining all the parts after
summing over all frequencies from 27.5 to 32.5 GHz with 0.5 GHz step (in the sense
that one part is taken from each image.)

Semi-log periodic antennas
(Tx and Rx)

Figure 5.18: Mono-static imaging set up in the Chamber.
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Figure 5.19: Collected raw data of mono-static imaging at 33 GHz. (a) Amplitude.
(b) Phase.
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Figure 5.20: (a) Original image. (b) Resulted image using mono-static imaging at 33
GHz.
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Chapter 6

Conclusion and future work

6.1 Conclusion

A millimeter-wave imaging system is designed and implemented for a wide-viewing an-
gle. It consists of three parts: 1) the MMW components and antennas, 2) the mechanical
scanning system, and 3) the imagining reconstruction algorithm.

The millimeter-wave components and antennas of the imaging system are designed
to operate at 30 GHz with a wideband performance. The printed ridge gap waveguide
technology is used to reduce the radiation and dielectric losses in the designed structures.
A wideband coaxial to ridge gap transition is designed, fabricated, and measured to feed
these structures. The design procedure and the equivalent circuit model are presented
here for the ideal case with PMC and PEC boundary conditions, realized using bandgap
unit cells for both the metal and printed RGW. The wideband coaxial to ridge gap transi-
tion, even with its very small size, covers an octave band with very small size and incurs
very low losses compared to other approaches that are either bulky in size or that intro-
duce some losses, as in the microstrip transitions. The designed transition has a 59.22%
bandwidth with S1; < —10dB and S,; > —0.5 dB.

For the transmitting part of the imaging system, a moderate gain differential feeding
planar antenna is designed in PRGW. Its feeding network is designed using a rat-race cou-
pler to provide the differential feeding. The rat-race coupler is designed by incorporating
a stub in the middle of the 31 /4 line and quarter wave transformers at all the ports. A

wideband of 27.96 % around 30 GHz is achieved with an amplitude imbalance of £0.5 dB
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and return loss and isolation greater than 15 dB. The differential feeding antenna uses ca-
pacitive coupling to achieve wide bandwidth. The designed antenna bandwidth is from
25.6 to 34.13 GHz with S;; < —10 dB and a maximum gain of 12.39 dBi. It has a stable ra-
diation pattern over a wide frequency band. Moreover, the 3 dBi gain bandwidth is from
26.1 to 34.1 GHz (26.58 %). The antenna, the rat-race coupler, and the coaxial transition
are combined to build the transmitting part. A prototype is fabricated and measured. The
resulted bandwidth is from 25.62 to 34.34 GHz with S1; < —10 dB with a maximum gain
of 12.28 dBi and a 3 dB bandwidth from 25.62 to 33.77 GHz.

For the receiving part of the imaging system, a beamforming network is designed.
The main components of the beamforming network include a 3-dB coupler, a crossover,
and a 45° phase shifter. A wideband directional coupler with 7.35 GHz bandwidth is
designed using PRGW technology (S1; and S41 < —15 dB and an output phase difference
of 90.9 & 1.62 degrees). This design has the widest bandwidth and the smallest phase
difference among all the reported couplers in both metal RGW and PRGW. A wideband
PRGW crossover from 26.8 to 33.9 GHz with return loss and isolation more than 14 dB
and insertion loss less than 0.5 dB is designed. This design has the smallest size among
the reported crossovers and it maintains wide bandwidth. A wideband phase shifter is
designed with the same technology and has a bandwidth from 27 to 33.6 GHz (511 < —15
dB and the output phase difference is 45 + 2 degrees) depending on the coupled line
coupler concept. All the components are combined to build a 4 x 4 Butler matrix. The
simulated results show a bandwidth of 21.25% with return loss and isolation better than
10 dB and an output amplitude difference of +-1.6 dB. A semi-log periodic antenna array is
then designed as a radiating element. It has a matching bandwidth of 29.68 % (511 < —15
dB) and its isolation level is more than 20 dB. All of these elements are combined to form
the receiving part of the imaging system (the Butler matrix, the coaxial transition, and the
antenna) then fabricated and measured. The resulting beam directions are at +13° and
+36°, at the center frequency (30 GHz). The return loss and the isolations are more than

10 dB over the frequency range from 26.1 to 33.5 GHz.
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The proposed imaging system is implemented and the system set up has been illus-
trated. An image reconstruction algorithm is used to produce the final image where a

resolution of 6 mm (0.6A) has been obtained.

6.2 Future Work

Several possible future avenues could be explored to improve the active imaging system

developed here.

1. For faster processing, a Wilkinson power divider and narrow band filters could be
used to feed the transmitting antennas simultaneously each with a different fre-
quency. A Wilkinson power divider could also be used in the receiving antenna to
combine the signals from all the ports at the same time. These will allow all the mea-
surements to be taken simultaneously. However, a Wilkinson power divider is not
compatible with PRGW technology (the main technology in the proposed work), as
it requires a lumped resistance element. Another solution for faster processing is to

use multiple PN As with standard power dividers to collect the data simultaneously.

2. A 2D Butler matrix could be implemented to further increase the spatial multiplex-

ing and hence increase the quality of the produced image.

3. An imaging construction algorithm could be developed to produce 3D images by

using multiple frequencies at each transmitter

4. More tests could be conducted to identify the sensitivity of the system for plastic

and liquid objects.

5. Various types of textiles and leather could be used to cover the mannequin to make

more realistic measurements.
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