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Abstract

ABSTRACT

This PhD Thesis entitled, “Phased Array antenna with Dielectric Phase Shifters” presents a
candidate for a planar, elegant and simple alternative to replace the parabolic antenna on the
roof of your house and that of your neighbours. A parabolic antenna is bulky, has an average
weight of 25 kg, and it is usually attached with an arm fixture of an average depth of 30 cm.
Unlike the parabolic antenna which represents a large unsightly looking necessity on your
roof, or balcony of your house, the planar antenna presented here is elegant and discrete. It is
cheaply made with simple lightweight dielectric sheets and is mounted directly as a planar
surface on the wall of your house oriented towards the satellite Astra 1M and requires no
extra mount fixture. The planar antenna is less subjected to environmental conditions such as

wind or hail and must not be constantly readjusted to optimize TV reception.

The proposed antenna is made of 32 by 32 elements of a length and a spacing of half
wavelength A/2 with dielectric phase shifters to orient the main lobe with a 3° beamwidth by
45° in azimuth and from 23° to 43° in elevation. The dielectric phase shifters use a high
dielectric constant of & 10.2 on top of an antenna array with a substrate of & 2.2. The
difference between the high and the low dielectric value on a coplanar waveguide (CPW)
feedline requires a maximum length of 18.7 ¢cm for the 32™ antenna element in order to move
the main lobe by a maximum of 45°. The CPW feedline is ideal to minimize mutual coupling
among antenna elements. The antenna gain is 32 dBi and the beamwidth is 3°. It occupies a

total size of 72.25 cm x 40.96 cm x 6.22 cm.

The antenna presented here is targeted for the reception of satellite television in Europe
broadcasting from 10.7 to 12.7 GHz. As it consists of frequency independent antenna
elements, it can be resized for any desired frequency range in any part of the world. In short,
it is a cheap, light, adaptable and discrete design and especially convenient in regions where

unsightly parabolic antennas are prohibited.
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1. Introduction

1. INTRODUCTION

1.1 This PhD Thesis

This PhD thesis investigates a phased array antenna with dielectric phase shifters.

It reveals an array of 32 x 32 antenna elements with phase shifters made of a substrate of high
dielectric constant placed on top of the feedlines of the antenna elements. That way, the phase
velocity of the feedlines is changed and the main lobe of the array moves to cover the angular

direction for satellite TV broadcasts

The dielectric phase shifters uses a high dielectric constant of & 10.2 on top of an antenna
array built with a substrate of €, 2.2. The difference between the high and the low dielectric
value on a CPW feedline requires a maximum length of 18.7 cm for the 32™ antenna element
in order to move the main lobe by 45°. The antenna is communicating with the SES ASTRA 1

M satellite on the geo orbit so it must have a gain of approximately 30 dBi.

In order to design a phased array antenna with dielectric phase shifters, the antenna element
making up the antenna array must first be designed. Then this antenna element is replicated N
times in the x and y direction in order to occupy the surface area to satisfy the 3° beamwidth
of the main lobe. Here N = 32. The step by step movement required to progress toward the
design of the phased array antenna with dielectric phase shifters is shown in the next section:

The Thesis Flowchart.
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1. Introduction

1.2 The Thesis Flowchart

The thesis flowchart, shown in Figure 1, covers the requirements of the thesis, that is, the flow

of constraints that must be followed for the reception of optimal results.

The phased array antenna with dielectric phase shifters means that an array of antenna
elements must be constructed with identical properties. Since the phased array antenna is
designed to replace the parabolic antenna on top of the roof of your house and that of your
neighbours, it has the same properties as the parabolic antenna. This means that it must cover
the bandwidth from 10.7 GHz to 12.7 GHz and must have a gain of approximately 30 dBi.
The main lobe must have a beamwidth of 3° and the main lobe must move up to 45° with the

help of the dielectric phase shifters.
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1. Introduction
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Figure 1 The Thesis Flowchart
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1. Introduction

1.3 Thesis Summary: Chapter by Chapter

The present manuscript is divided in several sections where each chapter progresses step by

step to gradually reveal the phased array antenna with the dielectric phase shifters.

Chapter 1 introduces the thesis requirements and the dissertation statement. It also
summarises the PhD thesis in a concise flowchart with the design objectives and constraints.
It also contains the chapter descriptions (presently described) in a summarized format.
Chapter 2 defines the thesis specifications, and other technical terms used in this work. It also
describes the metal and substrates used throughout the thesis as well as the spacing
requirements between the antenna element to avoid grating lobes and to minimize mutual
coupling in the array configuration. Chapter 3, also known as the history chapter, dives into
the ancestry of antennas and the interesting work of numerous scientists who have dedicated
their career on this topic. The fourth chapter jumps right into the methodology and results of
the PhD work. The design of the simplest antenna element, the microstrip antenna, which
possesses fine qualities, is implemented. The designs are achieved with the 3D software
revealed in Chapter 5. Further along, the microstrip antenna is detailed in Chapter 6 and its
bandwidth enhancements using research work, well documented in the literature by our
fellow scientists, are presented in Chapter 7. Subsequently, a novel H-shaped antenna, which
is an enhancement of the patch antenna element, is revealed. Unfortunately it has a major
caveat of being way too large to fit in an antenna array. The size of the antenna element is
crucial in an array environment and thus a butterfly antenna is examined as an alternative
antenna element in Chapter 8. The puzzle resolves itself with the use of the slotted version of
the butterfly antenna. The slotted version of the butterfly antenna originates from the butterfly
antenna, also known as a frequency independent antenna as shown in Chapter 9. A quick
history is given in Chapter 10 on the antenna array and phase shifters. The array feed is
considered in Chapter 11. The slotted butterfly antenna element to be used in an array version
is refined in Chapter 12 where both its width and length are revealed following the phase
shifters’ length that is required to move the array’s main lobe up to 45° as requested by the
thesis specifications. The mystery is untangled and the optimized feed network is attached to
the array of antenna elements as achieved in Chapter 13. The PhD target is reached. Future
suggestions are recommended in Chapter 14 and the project is concluded in Chapter 15.

Chapter 16 lists the references from the thesis chapters while the final Chapter 17 proudly
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reveals the long list of publications that were successfully published along with the two

patents obtained from not such a distant past.

1.4 Dissertation Statement

This thesis covers an interesting and original way of orienting the main lobe of an array

antenna by using simple dielectric phase shifters on top of the feedline of the antenna array.

It is a simple idea that is quite complex to achieve where the change in dielectric constants
from high to low is used to vary the phase velocity of the beam signal in order to shift the

direction of the main lobe of a phased array antenna.

The delicate and complicated task of designing a phase array antenna with dielectric phase
shifters arises due to the lossy problems linked with the mutual coupling between the antenna
elements, or linked with grating lobes in the far-field when the ideal antenna spacing is not
utilized, or with the difficulty of building an array with a large feed network. On top of all,
since the studied system is simulated, the effects of feedline interference and mutual coupling
of the elements are exacerbated in a large array requiring long computer processing times to

accurately replicate the reality of antenna design.

Nevertheless, a simple design has been successfully implemented, to lead to an elegant
phased antenna array comprising a main lobe with a 3° beamwidth that replicates the
performance of the parabolic antenna. The dielectric phase shifters to move the main lobe of
an antenna array reach the same performance as a parabolic antenna with a 3° beamwidth and
a gain of approximately 30 dBi. The gain requirement is set to 30 dBi because the satellite,

Astra 1M with which the antenna array is supposed to communicate is on the geo level.

Now to phase shift the array, the phase shifter must be designed so that it moves each element
and allows it to cover the desired angular elevation and azimuth angles. Why is this an
advantage? The phased array allows the array to operate as a large antenna with many designs
and size advantages. For example, with planar sheets of dielectric structures, despite a finally
simplistic architecture and a small size, the performance of a large parabolic antenna can be
replicated. The iterative and progressive design elaboration coming naturally together with its

related constraints, are presented in the following chapters.
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2. DEFINITIONS &
INFORMATION

2.1 Definitions of the Thesis Specifications

The thesis flowchart from the introductory chapter summarised the thesis specifications that
must be followed in order to reach our project goal. These are defined in this chapter. The
choice of metal and substrates used throughout the thesis for the antenna elements, the
antenna array and the dielectric phase shifters are given. The efficiency of the antenna
element is also discussed. Finally, the spacing constraints of the antenna elements in an array

configuration to minimize mutual coupling and to avoid grating lobes are summarized.

This chapter thus provides the background of the terms that must be taken into consideration

as the antenna elements, array and dielectric phase shifters are conceived and designed.

2.2 Definitions of 3B’s: Bandwidth, Beamwidth and Beam Gain

The bandwidth of an antenna is defined as the range of frequencies over which the antenna
can properly radiate or receive energy. The antenna bandwidth is commonly defined as the
frequency range where the return loss S;; is less than -10 dB, that is, 90% of the antenna

power is used for radiation.
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The Bandwidth is also defined in Equation 1.

Bandwidth = fupper — frower

* 100% Eq.1

fcenter

where fyper is the upper operational frequency i.e. 14.2 GHz in the studied case and fiower is the
lower operation frequency, here, 10.1 GHz and f.ener is the center frequency where feeper =

(fupper - fiower)/2. Here feeneris 12.1 GHz.

The Beamwidth is measured in degrees between the half power points (3 dB) of the major
lobe of the antenna. The Beamwidth can be expressed in terms of elevation (vertical plane or

the ¢ = 90° plane) and azimuth (horizontal plane or the ¢ = 0° plane).

The Beam Gain of an antenna is defined as its directivity multiplied by its electrical efficiency
where the directivity is the ratio of the radiation intensity in a given direction to the radiation
intensity that would be obtained if the power accepted by the antenna was radiated

isotropically or equally in all direction

2.3 Definition of the Azimuth and Elevation planes

The azimuth and elevation planes are defined in Figure 2 where the left plot shows the 3D
radiation patterns from the patch antenna from Figure 11 while the right plot shows the 3D
radiation patterns from Figure 12. The azimuth plane is defined as the ¢ = 0° plane or the
horizontal or the xy plane while the elevation plane is also known as the ¢ = 90° plane or the

vertical or the yz plane.
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Figure 2 The 3D radiation patterns of Figure 11 and 12 respectively

2.4 Polarization of the Antenna element

An antenna element can radiate in different polarizations. Thus it can be elliptically, circularly
or linearly polarized. In our case, we need linear polarized since the satellite with which the
antenna elements interact is also linearly polarized. Linear polarization means that the antenna
can radiate in two perpendicularly polarized signals completely independent of each other.
Thus the electric fields that are radiated from both signals are always 90° to each other and as

well to the direction of propagation.

2.5 Cross-Polarization

One important topic to take into consideration after polarization section is the cross-
polarization. Cross Polarization is defined in [1]. Any concern to an eventual cross
polarization does not matter since the design of the antenna element is planar and the
polarization is linear. The radiation pattern of a planar antenna element is in two directions,
both oriented perpendicular to the surface of the antenna element. The same antenna element
can be used for vertical and horizontal polarization. Or it can be used for one polarization only
and the other polarization can be either absorbed or reflected with the help of a wideband

reflector.
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2.6 The Metal and Substrates used in the Thesis

Throughout the project metal is design as a perfect electric conductor (PEC). The PEC
simulates faster with the 3D electromagnetic software as compared when a 1 oz. Copper is
used as it requires less mesh cells. A comparison between the performance of a PEC or
Copper is made in Chapter 11 to show that there is no performance difference when either the
PEC or Copper is used as metal. For the substrate, usually a dielectric with a low permittivity
close to 1 would enable the element to radiate the most [2]. Rogers of &, 2.2 (Rogers RT5880)
is used as the dielectric substrate because a low dielectric substrate close to air or close to 1
will allow a higher radiation pattern as compared to much higher permittivity value [2,3].
RT/Duroid 5880 is a glass microfiber reinforced PTFE composite where the glass reinforcing
microfibers are randomly oriented to maximize the benefits of fiber reinforcement. The
dielectric constant of the RT/Duroid 5880 laminate is uniform from panel to panel and is
constant over a wide frequency range. Its low dissipation factor extends the usefulness to the
Ku-band and above. Moreover, Roger’s laminates are easily cut, sheared and machines to
shape. They are resistant to all solvents and reagents, hot or cold, normally used in etching
printed circuits or in plating edges and holes. These characteristics are useful as the substrate
needs to allow the antenna element to perform under environmental conditions where
temperature or humidity can vary [4]. The Rogers substrate is commonly obtained, reliable,
popular and intensively used in the literature along with the substrate Rogers RT6010 of &,
10.2 [5] which is used to design the phase shifters. RT6010 has an ¢, that is high enough to be
used as a phase shifter and is commonly available and must not specially be made. Moreover,
the two substrates used in this project are maintained to be Rogers to maintain uniform

humidity, temperature influences when the phased array is placed outdoors.

2.7 The Efficiency of the Antenna

The efficiency of the antenna must be addressed. An antenna radiates and receives microwave
signals. It is a reciprocal device such that the same antenna element can receive or transmit
the signal. The role of the antenna is to act as the interface between a free space wave and a
guided wave. While a transmission line must have zero to scarce radiation, an antenna
element is designed to radiate the maximum possible. The radiation of an antenna is created

by discontinuities causing the propagation of electric and magnetic fields. Any wireless
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system cannot exist without an antenna that enables the signal to be transmitted to free space
and vice versa.

An antenna element or antenna array will have a certain bandwidth. An antenna’s efficiency
can be expressed in terms of its bandwidth and it can also be related to the VSWR: - the

Voltage Standing Wave Ratio.

Further to the definition given above in this chapter, the bandwidth is also defined as the
frequency range over which the antenna has a VSWR less than 2 which translates to an S;; of

less than -10 dB or an efficiency of 89% or permitting a power reflection of 11%.

Just like in transmission line theory, the antenna element can be visualized as a one port

device with Sy, the return loss or by I" the reflection coefficient.

The VSWR and the return loss S;; are related to I as

VSWR—l-l_IFI Eqg.2
“1-q ¢

S11(dB) = —20log|l'| Eq.3

As T is the reflection coefficient, the best VSWR is obtained when I'= 0 or VSWR = 1 or
when S, is infinitely low. However if 89% efficiency is acceptable, then a VSWR of less

than -2 or a return loss less than -10 dB is considered as an acceptable standard.

2.8 Spacing out the Antenna Elements in the Array: Mutual Coupling

Mutual coupling is the electromagnetic interactions between the antenna elements in an array
where the current developed in each antenna element of an array depends in their own
excitation and also on the contributions from adjacent antenna elements. Mutual coupling
between antenna elements affects the antenna parameters like impedance, reflection
coefficients and hence the antenna array performance in terms of radiation characteristics and

bandwidth are affected [6]. The mutual coupling must be minimized in order to allow the
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optimum performance of the antenna array. Mutual coupling is inversely proportional to the

spacing between the different antenna elements in an array [7].

Thus, the larger the spacing between the antenna elements, then the lower is the mutual
impedance and hence the lower is the mutual coupling as shown in Figure 3 [7]. In Figure 3,
the mutual impedance is plotted against the spacing where Spacing is expressed in terms of A

where one spacing = one A.

Mutual Impedance Variation With Spacing

80 T

Resistance
Reactance

60

i
=
T

Mutual Impedance (£12)
3
=]

Spacing

Figure 3 The mutual impedance of two side-by-side A/2 diploes where Spacing is expressed
in terms of A

2.9 Spacing out the Antenna Elements in the Array: Grating Lobes

Grating lobes are the unwanted beams of radiations of an antenna array. They occur in
uniformly spaced arrays when the antenna element separation is too large [8]. Figure 4 from
[9] shows the plot of grating lobes when the spacing d, as described in Figure 5, is changed.
Thus we can see that a spacing of A/2 represents a better antenna spacing as compared to A in

order to avoid grating lobes.
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This is described in further details in Figure 5. d is the mid to mid spacing between the

antenna elements and typically set to /2 to prevent antenna interference and grating lobes.

Here, if d = A/2, then the length of the width of the antenna elements must be a maximum of

A2. When the frequency range is 10.7 GHz, zo 12.7 GHz, and the mid frequency is 11.7 GHz,

then A= 2.56 cm or A/2 = 1.28cm.
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Figure 4 The formation of grating lobes formation with A
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Figure 5 The built-up from one antenna element to the array with phase shifters.

This section is concluded by stressing on the important of A/2 spacing to avoid grating lobes.

2.10 Chapter Conclusion

Now that the important specifications of the thesis have been defined and some information
has been provided to serve as a project foundation, one can move on to the background of
antennas, and that of antenna elements, and to study the antenna elements that will answer the

thesis.
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3. BACKGROUND

3.1 The Big Butterfly Antenna Theory

Professor Ian Stewart published in 2013 “In pursuit of the unknown, 17 Equations that
changed the world” [10] and he rightfully showed how all the everyday advances, that we
take for granted, started with an equation statement. Maxwell’s Equations certainly figure in
these 17 equations. In fact, at the end of the last millennium, in 2000, Maxwell was elected as
the third greatest physicist of the millennium right after Newton and Einstein [11]. In 1873,
after James Clerk Maxwell published his four famous linear partial differential equations that
summarize the classical properties of the electromagnetic fields [12], Sir Oliver Lodge began
his work on the generation and detection of electromagnetic waves. Lodge published his work
in 1888 while recognizing Heinrich Rudolf Hertz’s research work [13]. On June 1, 1894, Sir
Oliver Lodge was the first to mention Hertzian waves to further acknowledge Hertz’s proof of
the existence of electromagnetic waves during a memorial lecture on Hertz who unfortunately
died at the age of 36 [14]. Lodge patented his work in 1898 on syntonic tuning which means
the same frequency can be used to receive and send [15]. Amos Dolbear a physics Professor
at Tufts University, in Medford, Massachusetts (my alma mater) wrote a US patent in 1886
where he was able to send wireless signals over a distance of 0.5 miles, relying not on
electromagnetic radiation but on phones grounded by metal rods into the ground [16]. Both
patents were purchased by Guglielmo Marconi who first sent wireless signals over a distance
of 1.5 miles in 1895 [17]. The broadcasting range of Marconi’s transmitter was extended to

more than 15 km by Ferdinand Braun. In 1899, Braun would apply for the patent, Wireless
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electro transmission of signals over surfaces, when he successfully produced a sparkles
antenna circuit [18]. Deeper details on the origins of wireless communications can be
explored in the 2010 book from Sungook Hong, “From Marconi’s black box to the Audion”
[19].

Marconi and Braun went on to win the Nobel Prize in 1909 in recognition of their
contributions to the development of wireless telegraphy. Sir Lodge continued his research to
invent the biconical antenna in 1894, same patent as syntonic tuning [15]. At that time he was
focusing more on a narrow-band frequency domain radio but this same patent also became the

first ultra-wideband antenna. Figure 6 depicts the first biconical antenna initiated by Lodge.

| B

Figure 6 The first biconical antenna in 1898 by Lodge

The infinite biconical antenna [20] is an infinite transmission line where the input impedance
of the antenna is given by Equation 4 where a is the angle between the inner arms also known

as the flare angle of the biconical antenna as shown in Figure 7.

Zin = 1201In cot (%)] Eq. 4
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Figure 7 The infinite biconical antenna, the 3D version of the planar butterfly antenna

The bandwidth is typically about 120 to 150% and it is linearly polarized with a maximum
gain of 4 dB per antenna element. The butterfly or the bow-tie antenna is a planar version of
the finite biconical antenna and can be printed on a substrate. H. Brown and M.Woodward
examined the effect of the flare angle a for a butterfly antenna [21], while Jean-Marc Laheurte
showed [22] that the butterfly antenna comes from the dipole antenna which is basically a
wire antenna. The antenna is made up of 2 aligned metal arms fed at the center point.
Laheurte explains how the ends of the arms are open circuits which resonant at their
extremities. The butterfly antenna can also be produced using slots in a metal plate or on a
substrate [23], which results in an unsymmetrical. In this way, its feed can be ensured by the
use of a coaxial cable without the use of a balun. However, the input impedance of such an

antenna typically remains around 80Q.

3.2 Chapter Conclusion

We have seen in this short chapter how the butterfly antenna dates back from the first patent
of Lodge and it is further explored in the next chapter. Historically, the butterfly antenna is
the Father of the simplest antenna described in more details in the next chapter: the microstrip

or patch antenna.
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4. MICROSTRIP ANTENNA

4.1 The Microstrip or Patch Antenna

The microstrip antenna is a very popular antenna element. As from November 2015, it is
found in the research papers of 13% of all antenna papers from IEEE website. (The word
“antenna’ returns 193 500 results, while the word microstrip antenna returns 25 000 results

from www.ieee.org) [24].

It arises from George Deschamps, who wanted to obtain a high resolution X-band antenna
with a beamwidth < 1°. His design was half of a planar round-ended butterfly antenna fed
with microstripline as shown in Figure 8 [25]. One particularity of this array is the use of
circular bends in the feedline, which Deschamps claimed, to reduce radiation loss and
mismatch. This feedline pattern was not further explored as, while it must certainly be
possible with four elements, it becomes much more challenging with larger number of
antenna elements or, in the studied case here, 32 antenna elements. It is also not a convenient
way to maintain a uniform feedline to enable a smooth and steady change in direction of the
main lobe with the dielectric phase shifters presented in this thesis. Furthermore, such circular
bends will occupy quite a lot of real estate as the radii of the bend depends on the strip width,
as explained in Deschamps’ patent, which becomes larger the more the number of elements in

the array increases.
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Figure 8 The microstripline antenna from Deschamps’ patent

Howard and Munson further simplified Deschamps’ microstrip antenna to present the
simplest and most popular form of the microstrip antenna [26]. With Howard and Munson’s
simplification, a microstrip or patch antenna is now simply a metal layer of any shape on top
of a substrate and terminated with a ground plane at the back. It is considered as the simplest
antenna element as it is just a radiator on top of a dielectric backed by a ground plane. The
microstrip or patch antenna can be cheaply manufactured just the way printed circuit boards
are made. In fact, the feedline and matching networks can be fabricated simultaneously with
the antenna element. It thus features a robust antenna element antenna element with a light
weight, a small volume and a thin profile configuration. Linear polarizations are possible with

a simple feed.
In fact, its main recognized weak point is its bandwidth. The patch antenna is a resonant

structure with a high Q-factor and this translates into a narrow bandwidth.

The bandwidth, BW, which can be expected from a patch antenna, is given by Equation 5.

o 377E—DW
x :
€2LA, 4

Equation 5, defined by Jackson and Alexopoulos [27], gives the approximate bandwidth of
the patch antenna where 4 is the center frequency, ¢, is the dielectric constant of the substrate

and L and W are respectively the length and width of the patch antenna.
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Table 1 summarises the advantages and disadvantages of the microstrip or patch antenna.

Advantages

Disadvantages

Light weight

Narrow bandwidth

Low volume

Large loss in the feed structure of arrays

Thin profile configurations

Low fabrication cost

Readily amenable to mass production

Feedlines and matching networks can be
fabricated simultaneously with the antenna

structure

Table 1 The pros and cons of the patch antenna element

One of the most common types of microstrip antenna is the rectangular patch. Figure 9 shows
a typical rectangular patch antenna with width W and length L over a grounded dielectric

substrate with dielectric constant €. Ideally, the ground plane on the underside of the substrate

is of infinite extent. Normally, the thickness

of the dielectric substrate, 4, is designed to be

<0.02A, where 4 is the wavelength in the dielectric.

patch =1
V o 0
>
h - g,=22 | Substrate Rogers

———————— —— (5760 PlaTe

Figure 9 The patch antenna on Rogers with g, 2.2

Equation 6 shows the equation for the length of the patch,

Eq.6
fever
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and Equation 7 is for the width of the patch,

Eq.7

where ¢ is the speed of light and f, is the resonance frequency while ¢, is the dielectric

constant of the patch’s substrate.

When the patch is excited by a feed, a charge distribution is established on the underside of
the patch metallization and the ground plane. The repulsive force between the positive
charges on the patch pushes some charges towards the edge, resulting in a large charge
density, the source of fringing field and radiation. Radiation from the microstrip patch
antenna occurs from the fringing fields between the patch and the ground layer as shown in

Figure 10.

Fringing Field

Electrical Field

\ Substrate Rogers
Ground Plane

Figure 10 The fringing fields of the patch antenna on Rogers of €, 2.2

These fringing fields mean that the electrical length of the patch antenna element is larger
than its actual length L and a 4L must be added to account for this extra length extension. The
definition of 4L is given in Equation 8. Here are also shown the equations for the effective
dielectric constant, &qpcive and for the characteristic impedance Z,. In the Equations 8-10 the
variable W is the width of the patch while /4 is the height of the substrate while ¢, is its

dielectric constant.

W
Eeffective T 0.3 ) Y + 0.264

\%

AL = 0.412h<
Eeffective — 0.258 F +0.8

Eq.8

Anusha Moonshiram - January 2016 Page 34



4. Microstrip Antenna

e+l g-—1 12h .
Eeffective — 2 + > 1+ W) ' Eq.9

120th
Zy = ——— Eq.10

W\/ Eeffective

For a given center fundamental frequency of the individual patch antenna element, the

substrate height # may not exceed 5% of the wavelength in the medium.

With the addition of AL on each side of the patch antenna, the total length of the patch
becomes L + AL. This length can also be expressed in a concise equation with respect to the
resonance wavelength 4, as shown in Equation 11. From the latter, the resonance frequency,

/- 1s obtained as shown in Equation 12.

Ao

2\/ Eeffective

(L + 2AL) = Eq.11

12

C
f. = Eq.
2\/ Eeffective (L + ZAL)

4.2 Chapter Conclusion

While all these equations are interesting to know in order to obtain a rule of thumb or a first
approximation of the resonant frequency, and the approximate bandwidth that can be obtained
with the patch, a 3D electromagnetic simulation software is essential to replicate accurately

the performance of the antenna design, as described in the next chapter.
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5. CST MICROWAVE STUDIO

5.1 CST 3D Simulation Software

CST, Computer Simulation Technology, is a 3D simulation tool for electromagnetic design
and analysis. It is user friendly and allows the optimization of devices in practically limited
applications as claimed by the software guarantees. For this work, CST is ideal to design and
optimize the antenna element and array over the desired frequency range from 10.7 to 12.7
GHz. 1t also allows the simulation of the feed network along the antenna structure. The
software has two main solvers that can be used for antenna design and simulation: the time

domain solver also known as the transient solver or the frequency domain solver.

5.2 Which Solver to use?

CST

CST microwave is a software focused on 3D electromagnetic simulation [28].

Time Domain or Frequency domain?
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It has two main solvers, the frequency domain solver and the time domain solver. The choice
of the solver depends on the application. Table 2 summarises the choice criteria to select the

correct solver.

Characteristics Solver choice

The time domain solver is preferred for a

large continuous bandwidth while the

Bandwidth o
frequency domain is more for a narrowband
application or for a single frequency.
The frequency domain solver is more
Resonances suitable when the project has strong

resonances.

The time domain solver is more suitable
' . when the total design size > 20 to 30 A

Project Size ) o
while the frequency domain is preferred

when the project is <A.

Table 2 The characteristics for the solver choice.

In all the cases presented here, the time domain solver is the ideal choice. The transient or
time domain solver utilizes the fast and memory efficient finite integration technique. It
calculates the S-parameters by applying Fourier transform to time signals. It allows the
calculation of the far-field gain as well as beam directions for a broadband range of
frequencies. In order to allow faster computation time, the GPU is supported and hardware

acceleration is possible. The time domain solver uses hexahedral meshing.

The frequency domain solver, on the other hand, uses a tetrahedral or hexahedral meshing. It
also allows the calculation of S-parameters as well as the calculation of the far-field gain and

the beam directions. However, neither the GPU nor the hardware acceleration can be used.
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5.3 Antenna Magus

The software Antenna Magus complements CST. It has a huge database of extensive antenna
designs which can be integrated in the design workflow and can be used to extract simple

designs of antenna elements [29].

In fact several antenna elements can easily be explored depending on size, resonance
frequency, required bandwidth or gain and the most useful designs can be used and exported
to CST. Then, the antenna element can further be refined and optimized with CST and the

results can be examined and analysed.

5.4 Chapter Conclusion

The conclusion of this chapter is that antenna design will start with a rule of thumb from
approximations and equations, and such software as Antenna Magus can be used to guess the
best choice of antenna element that fulfils the specifications that can answer our thesis
requirements. These designs can further be refined and examined and optimized in CST
before building it into an array. This is explored in more details in the upcoming chapter

where CST is used to simulate the investigated antenna elements.
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6. USING CST TO SIMULATE
THE PATCH ANTENNA

6.1 The Patch Antenna Design

CST Microwave Studio, complemented by Antenna Magus, is used to design and simulate the
patch antenna. The time domain solver is used as decided in the last chapter. The patch
antenna can be built with a corporate feedline as shown in Figure 11. The length of the patch
may be changed to shift the resonance of the center fundamental frequency of the individual

patch antenna element.

«— W—|

&

|—— T~ —|

(c) Side view

Wm Li1
1 L:8.06mm  Lf 6.22mm
(a) Corporate fed patch w _LJ W :10.7 mm W1: 1.05 mm
Lm:5.06 mm H: 0.508 mm
(b) Top view

Wm:0410 mm g:2.2
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S-Parameter [Magnitude in dB]

10 11.7 13
Frequency / GHz

(d) Directivity = 7.73 (e) Directivity = 7.73 () g11 (dB) vs freq. (GHz)
dBi in ¢ = 0° plane at dBiin ¢ =90° plane at ;1) BW = 0.246 GHz
11.7 GHz 11.7 GHz

Figure 11 A corporate fed patch antenna element

(metal layer = yellow, substrate layer = grey)

The metal is simulated as a perfect electric conductor (PEC). A comparison between PEC and
normal Copper is shown in Chapter x to show that there is no difference when the metal used
in the simulation is set to PEC or normal copper. Here, for a square patch antenna, the input
impedance is around 300Q. By increasing the width of the patch antenna, the impedance can
be reduced. Here in Figure 8, the bandwidth (BW) is very narrow at only 0.246 GHz while the
far-field radiation patterns are appreciable with a directivity of 7.73 dBi in both the ¢ = 0°
plane and in the @ = 90° plane. If a uniform feedline is required, an inside feedline is utilized
to lower the impedance from 300Q to 50Q. The uniformity of the feedline is important to
enable a simple phase shifter calculation later on during the design of the phased array
antenna with dielectric phase shifters. The far-field patterns of the patch antenna element with
insert feed are similar to those of the patch with a corporate feed at 7.53 dBi when ¢ = 0°.
This is also known as the horizontal or azimuth or xy plane, and it is 8.55 dBi when ¢ = 90°.
This is also known as the vertical or elevation or yz plane. The bandwidth (BW) is a narrow

0.247 GHz as shown in Figure 12.
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- W]
f )
&
gy, Y
Si
. (c) Side view
i L:8.32mm Lf: 14.1 mm
WV o) e
Y W :10.5 mm Wif:1.63 mm
(a) Insert fed patch
Sg:0.133 mm H: 0.508mm
(b) Top view

Si:3.13 mm £:2.2

S-Parameter [Magnitude in dB]

10 11.7 13
Frequency / GHz

(d) Directivity = 7.52 (e) Directivity = 8.55 (f) SI1 (dB) vs freq. (GHz)
dBi in ¢ = 0° plane at dBi in ¢ = 90° plane at With BW=0.247 GHz
11.7 GHz 11.7 GHz

Figure 12 The inside fed patch antenna element

(metal layer = yellow, substrate layer = grey)

The patch antenna is ideal but it has such a narrow bandwidth that it cannot be used for the

phased array as it does not cover the desired bandwidth of 2 GHz.

6.2 Chapter Conclusion

To conclude this chapter, it can be mentioned that the main disadvantage of the patch antenna

is that it unfortunately has a very narrow bandwidth and does not satisfy the 2 GHz bandwidth
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requirement of the specifications. Bandwidth enhancement methods must be investigated to

fill this gap as revealed in the next chapter.
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7. BANDWIDTH ENHANCEMENT

7.1 Bandwidth Improvement of the Patch Antenna

An antenna element is any part of an antenna that is actively used for the reception or
transmission of signals. The most common and popular antenna element is the patch antenna
element. It has become a very popular antenna element due to its low profile, simplicity,
lightweight, ease of fabrication using the same technology as printed circuits and its ease of
integration with feed networks [30]. However, the main disadvantage of the patch antenna is
its narrow bandwidth usually limited to about 5% of the center frequency [31]. Much effort is
being made to develop techniques to enhance its bandwidth and its gain by working in layers
[32], modifying its shape [33, 34], adding parasitic elements [35], changing its feedline from
single ended corporate feed to single ended insert feed [36] or from single ended
microstripline to coplanar or coplanar waveguide [37], increasing the thickness of the

dielectric substrate [38], or by adding slots [39].

Stacking the patches is the first simplest change that can be made to enhance the bandwidth
and enable an impedance matching. The next antenna element shown in Figure 13 is the
stacked patch antenna. In fact, the easiest way to enable an impedance match without
changing the shape of an antenna is to use its stacked version. The stacked version allows for
a larger radiating surface area and works as an integrated antenna element assuming the

correct optimized spacing is used on the top stacked layer. The stacked version of the patch
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antenna also reduces the impedance variation of the patch across frequency and thus allows an
impedance matching across a broad frequency band. The stacked patch antenna can thus be
used to act as a wideband antenna or if one desires, as a dual frequency antenna. As shown in
Figure 13, the stacked patch shows an amelioration with a 1.245 GHz bandwidth and a
directivity of 12.8 dBi in both the ¢ = 0° plane and in the ¢ = 90° plane.

Sx/2 | Sx/2 A
Ht &
¥
Syl2 — |‘?b
S e Y &
| _
2 1 (c) Side view
LS
e Wt —>]
feed Lb:7.84mm  Sx/2:3.45 mm
Wb:7.23 mm  Sy/2:3.58 mm
(a) Stacked patch (b) Top view Lt:8.66mm  Ht=Hb:0.508mm

Wt:8.66mm g=g¢g,:2.2

S-Parameter [Magnitude in dB]

10 11.7 13
Frequency / GHz

(d) Directivity = 12.8 (e) Directivity = 12.8 dBi  (f) S11 (dB) vs freq. (GHz)
dBi in @ = 0° plane at i ® = 90° plane at 11.7 with BW = 1.453 GHz
11.7 GHz GHz

Figure 13 The stacked patch antenna element
(metal layer = yellow, substrate layer = grey)

The stacked patch antenna provides a large bandwidth and a large radiation pattern in the far-
field but it is not easy to achieve miniaturization and it occupies a large real estate. This is not

suitable in the further development of an array version as the inter element spacing will be too
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large [40] and thus, the grating lobes of the side lobes will overwhelm the antenna main lobe

in the far-field as an array is built up with a stacked patch antenna.

In fact here the bandwidth of 2 GHz has not been achieved. Concerning the beamwidth,
ideally, with the one element it must have a large opening angle or beamwidth, and then it can

be built in the array.

The patch must be modified using other techniques, different from the stacking option, in

order to increase its bandwidth.

7.2 H-shaped Patch Antenna

In order to enhance the patch antenna, an H-shaped patch antenna is designed with a large
bandwidth and a large beamwidth. In fact, this section reveals a patch antenna with a large
bandwidth of 34% and a high gain of 8 dBi in the frequency range from 10.1 GHz to 14.2
GHz. The H-shaped patch antenna is a four layer design comprising of a superstrate dielectric
layer of & 10.2 on top of a metal layer with six small simply designed parasitic H-shaped
elements, which are optimized using CST Microwave Studio. The six H-shaped parasitic
elements are centrally located on the metal layer. On the same layer, the antenna is fed
through a coupled feedline in order to reduce the mutual coupling. The antenna is thus a
perfect candidate to preserve its wideband feature in an antenna array. Right underneath the
metal layer is the substrate dielectric layer of & 2.2 with two strategically placed slots
underneath the metal layer in order to decrease the back radiation of the H-shaped parasitic
elements. The whole design is terminated with a final metal layer to act as a conductor backed
antenna to push most radiations out. The final antenna occupies a volume of 25 mm x 25 mm
x 2.56 mm. The design has a high gain of 8 dBi in both the ¢ = 0° plane and the ¢ = 90° plane
with a large beamwidth of 77° in the ¢ = 0° plane and 83° in the ¢ = 90° plane in the far-field,

as published in the journal and the conference paper in [41, 42].

The H-shaped antenna was first introduced by V. Palanisamy and R. Garg in 1985 as an
alternative to the rectangular patch antenna to permit improvements over a simple patch
antenna element [43]. The H-shaped patch only showed a 1% bandwidth but a large
beamwidth of 112° in the ¢ = 0° plane and 88° in the ¢ = 90° plane. Further work was done
by Thakur where an H-shaped fractal patch was introduced and fractal geometry and slots

were applied in order to obtain an H-shaped antenna with a maximum bandwidth of 9% and a
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gain of 6.05 dBi at 2.7 GHz [44]. Kushwaha, Srivastava and Saint showed a high gain
wideband H-shaped slot-loaded microstrip patch antenna fed with coaxial cable and the
authors showed a 19% bandwidth at 2.42 GHz with no mention of the antenna gain [45].
Islam, Shakib and Misran showed a broadband inverted E-H shaped microstrip patch antenna
with L-probe feed technique for wireless system with a 30% bandwidth, a maximum gain of
9.37 dBi and beamwidth of 64° in the ¢ = 0° plane and 51° in the ¢ = 90° plane at 2.07 GHz
[46]. Kumara showed a concaved H-shaped patch antenna with improved bandwidth of 70%
between 2 to 6 GHz but with no mention of the gain or beamwidth of the concave antenna
[47]. Tarange showed a 46% bandwidth at 2GHz using a capacitive scheme consisting of a
radiation patch and a feed strip where the design of the antenna incorporates the capacitive
feed strip which is fed by a coaxial probe. A slot is used in the radiating patch along the
radiating edge to improve the bandwidth using a thick substrate of height 1.56 mm and an air

gap of 5.4 mm on Rogers 3003 of & 3. However the gain is not mentioned [48].

This section presents a patch antenna where a high bandwidth and a high gain with a bonus of
a large beamwidth obtained in both the ¢ = 0° plane and the ¢ = 90° plane with a simple
design tweak of resizing the H-shaped antenna element and lots of structural optimization
using CST Microwave Studio 2015. The design is a four-layer one with a superstrate Rogers
RT6010 of & 10.2 as the top layer added on top of a metal layer. The shape of the patch
element is modified by adding six H-shaped parasitic elements fed by coplanar lines in the
center of this metal layer. The coplanar lines end in an open-ended coupled stub tuning the
design in order to enhance bandwidth. The thickness of the dielectric substrate of Rogers
RT5880 of & 2.2 underneath the metal layer is increased and slots are strategically added on
this substrate layer in order to be situated under the H-shaped parasitic elements. The whole

element designed has the dimensions of 25.6 mm x 25.6 mm x 2.56 mm.

Rogers’s substrate and superstrate used in the H-shaped patch element in this paper are a glass
microfiber reinforced PTFE composite where the glass reinforcing microfibers are randomly
oriented to maximize the benefits of fiber reinforcement. The dielectric constant is uniform
from panel to panel and is constant over a wide frequency range. Its low dissipation factor
extends the usefulness to the Ku-band and above. Moreover, Roger’s laminates are easily cut,
sheared and shaped. They are resistant to all solvents and reagents, hot or cold, normally used
in etched printed circuits or in plating edges and holes. These characteristics are useful as the
substrate and superstrate allow the antenna element to perform under environmental

conditions where temperature or humidity can vary. Here the superstrate layer is built on
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Rogers RT6010 with ¢ 10.2, the same substrate is used for the phase shifters used in the

antenna array [9].

To the common knowledge, the H-shaped antennas documented in the literature are limited to
frequencies below 10 GHz. This is because it requires very careful design optimizations to
obtain a large bandwidth and an appreciable gain at frequencies greater than 10 GHz with an

H-shaped element.

This simple H-shaped four-layer antenna element works in the 10.1 to 14.2 GHz and it is ideal
for satellite broadcast television frequencies. The design is terminated with coupled line in
order to reduce the mutual coupling and is thus an optimum candidate to be integrated in a
large antenna array. The antenna element is optimized to obtain a high bandwidth of 34% and
a high gain of 8 dBi in both the ¢ = 0° plane and the ¢ = 90° plane with a large beamwidth of
77° in the @ = 0° plane and 83° in the ¢ = 90° plane in the far-field. The importance of the
superstrate top layer with substrate of dielectric ¢ 10.2 is enforced by showing the
comparison between the design with and without the top layer and the resulting gain in both
the @ = 0° plane and the ¢ = 90° plane. The addition of a dielectric slab of &, 10.2 on top of
the metal layer allows for a constant gain amelioration of about 2 dBi along the whole
frequency range from 10.1 GHz to 14.2 GHz. This is because the backlobe radiations of the
microstrip antenna are decreased with the introduction of the top dielectric superstrate while
causing an increase in the front lobe radiations and thus permitting higher gain as explained
through closed form expression by Zhong, Liu and Qasim [49] shown in Figure 14. The
equations governing the design methodology using the superstrate and increased substrate
height or different substrate materials are shown in Equations 13 to 18. However a high
dielectric constant substrate also introduces surface waves. These surface waves created by a
high dielectric superstrate can be eliminated as described by Alexopoulos and Jackson [50]
with the proper choice of dielectric constant and superstrate thickness resulting in the

enhancement of the antenna gain in both the ¢ = 0° plane and the ¢ = 90° plane.
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7.3 Design Methodology of the H-shaped Patch Antenna

Dielectric Phase Shifter

Substrate Rogers
13 12

h € Increased substrate height

Ground Plane

Figure 14 The design of a coupled line with a phase shifter with different substrates

The Equations 13 to 18 to bring an approximation to the design of a transmission line with a

superstrate material and built on top of two different substrates.

Here eecive 15 the effective dielectric constant of all the substrates involved where ¢,; and ¢,
the dielectric constant of the dielectric substrate as shown in Figure 12 above. The variables
a;, a; and a; are calculated in Equations 14-16. hy, h,, and h;, hj,, h;; are the heights shown
in Figure 14 as well. W, and V, are also variables calculated in Equations 17-18 while W is the

width of the patch antenna.

effective ri€r2 (Srlazsrzal) r3 €3 (1 —a, —a, — 33) + as .
hl TT h12 We T[hl T[hl
= 1+———In|2—si + B Eq.14
T {{ 27w, B2y, sin(g )t cosz ) q
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h;, W,
a,-1—a; — — ln(h
12

-1 Eq.
W, ) g-15

1 h12—Uel 2W, (T[Ve)+ ) (nve> Ea. 16
a3= al az 2We n 2h13_h12 + Ue cos 2h12 S 2h12 q.

2h,, w
W.o W+ In(17.08 (Zh

+ 0.92)) Eq.17
T 12

2hy,

Voo

tan~! 2—T[(h —hy;) | Eq.18
W, — 4h,, 13 12 q.

The width of the antenna can increase the fringing fields as well as the radiation. The fringing
field can also be increased by using a low &, closest to 1 and by increasing the substrate
thickness [51]. Rogers substrate with ¢, 2.2, tan 6=0.0009 (@10 GHz is a stable, low loss and
low cost material with an excellent chemical resistance at high temperature. When the
substrate height / of the patch antenna is increased, the design becomes mechanically stronger
and the radiating power increases, and the bandwidth increases while the conduction loss
decreases. However, the weight of the patch antenna increases as well as the dielectric and
surface wave losses. Also, the substrate height h cannot be increased indefinitely as the patch
antenna stops radiating when 2 > 0.11 A where 4 is the wavelength. Moreover, as the height
increases, surface waves are introduced and these are not desirable as they extract power from
the total power available for direct radiations. The surface waves degrade the antenna
radiation pattern when it travels through bends and surface discontinuities such as dielectric to

dielectric or dielectric to ground transition.

Microstrip patch antenna can be fed by different ways such as microstrip feed, probe feed,
aperture coupled and proximity coupled feedline. Using a coupled feedline ensures a decrease
in mutual couplings in the antenna element and this is an important consideration when the
element is used in an array, as mutual couplings are the main culprit for breaking down a

large array of patch antenna elements.
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The use of the slots in the substrate layer of & 2.2 allows for a smaller slot size for efficient

electromagnetic energy coupling and thus a reduction in the back radiation of the slot. The

larger bandwidth is because the coupling slot is placed at the patch center and has a better

electromagnetic energy coupling resulting in a good impedance matching over a wider

frequency range.

The design of the H-shaped metal layer is shown in Figure 15 where all layers have square

dimensions of A by A or 25.6 mm x 25.6 mm when the center frequency is 11.7 GHz.

Fig. 15,) shows the centered

asymmetrical rectangular patches on
each side of the coupled feedline to
create two resonance frequencies
closely spaced in order to appear as

one resonance frequency.

S1,1 [Magnitude in dB]

11
Frequency / GHz

12

Fig. 15,,) shows S;; (dB) versus frequency/ GHz
for the closed spaced asymmetrically rectangular

patches shown in Fig. 15,))

Fig. 1541) shows the two slots in the
substrate right underneath the centered

asymmetrical rectangular patches

S1,1 [Magnitude in dB]

0; :
e=pun 1
—run 2
—run 3
12

Frequency / GHz

Fig. 15y,) plots S;; (dB) versus frequency/ GHz
for the two slots in the substrate right underneath
the two asymmetrical rectangular patches from
I155;). Run 1 to Run N

optimization runs as the variables are optimized.

Fig. shows the
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==foampad=0.07
— foampad=0.05

foampad=0.03

10 11 12
Frequency / GHz

Fig. 15.;) shows S;; (dB) versus frequency/ GHz

) o for optimisation of the substrate height using an
Fig. 15.;) shows the optimization step )
added substrate of foampad with &; 1, underneath
of the substrate height to 1.23 mm o
the substrate Rogers ;2.2 shown in Fig. 15.)

a) Foampad of & 1 added under

51,1 [Magnitude in dB]

. . 0
Rogers of g 2.2 with results shown in _ hbrick=0.03
. -10 = hbrick=0.04
Fig. 152) - e hbrick=0.05
OR -20] hbrick=0.06
b) Substrate height is increased with -3“1'“ » 12
same substrate Rogers g 2.2 with Frequency / GHz

results shown in Fig. 15.3)
Fig. 15.3) shows S;; (dB) versus frequency/ GHz
for optimisation of the substrate height using a
thicker substrate height of the substrate Rogers &,
2.2 shown in Fig. 15;)

Figure 15 The optimization steps and S;; (dB) of the H-shaped patch element

First two centered asymmetrical rectangular patches on each side of the coupled feedline are
designed to create two closely spaced resonance frequencies as shown in Fig. 15,;). The
patches are centered in the middle of the square antenna element of dimensions A by A or 25.6
mm x 25.6 mm when the center frequency is 11.7 GHz to cause the maximum of radiations
and the coupled feedline extends on each side to create symmetry. On one side, it is used as a
coupled feedline and on the other side it is an open circuit spaced A/2 away from the center of
the antenna element. This symmetry with an open circuit on one side cancels out the refection

of the unmatched patch load on the transmission line by adding an equal and opposite
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reflection from the open circuit stub [52]. Then two slots are added on the substrate layer right
underneath the two asymmetrical rectangular patches as shown in Fig. 15;;). The equation
shown in Equation 19 to calculate the size of the slot under the patch is given by [53] where

Ao, W and h are the resonant wavelength, width and height of the patch respectively.

)\slot

Ao

= 1.05— 0.04¢, + 1.411 * 1072(g, — 1.421)

w /W
+ In(3- = 2.012(1 = 0.146¢)) +0.111(1 - 0366¢,) |-
0

h h
+0.139(1 + 0.52¢,In(14.7 —¢,)) (A—) In (A—) Eq.19
0 0

Next, the substrate height is increased in order to lower the Q-factor and increase the
bandwidth of the antenna element. An optimization of the ideal substrate height is performed
and the substrate height is set to 1.23 mm as shown in Fig. 15.;). This optimization is
performed using a) a combination of 2 substrates of Rogers €;2.2 and Foampad of ¢, 1 or b) by
simply increasing the height of the substrate Rogers €, 2.2. Through optimizations from CST
Microwave Studio 2015, the metal layer is modified into six parasitic patches as shown in
Figure 16. Further optimization of the six parasitic patches converts them into six parasitic H-
shaped elements centrally located and fed through coupled lines. This is shown in Figure 17
and Figure 18. This loading effect produced by the parasitic patches also helps to enhance the
bandwidth. Thus, by carefully optimizing the distance between the resonance frequencies of

each patch, a large bandwidth increase can be obtained.

A zoomed-in of the design from Figure 18 is shown in Figure 19 where the detail of the two
slots on the substrate layer right under the middle H-shaped elements is shown in Figure 20.
In Figure 20, the slots are in the substrate layer and do not extend to the metal layer. All the
design dimensions are shown in Table 3. The square antenna elements are always A by A or

25.6 mm by 25.6 mm.

The final design is shown in Figure 21 with the four layers each separately shown in Figure
22. The feedline is thus a coupled line ended in a coupled open circuit stub, which acts as a

tuning stub and contributes to an enhanced bandwidth.
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T 4 T AT

i

Figure 16 The parasitic elements added on top and below the centrally located asymmetrical

rectangular patches
1Ty
E+ *J

Figure 17 The inter-optimized H-shaped parasitic elements

E‘rh !tn_

Figure 18 The strongly optimized H-shaped parasitic elements
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Figure 19 Zoomed-in of Figure 18 to show the inter gap dimensions

. p
5
4
E

Figure 20 The slots in the substrate layer under the metal layer

(the slots do not extend to the metal layer)
with the left slot of square dimensions 0.8 mm x 0.8 mm
and the right slot of square dimensions 0.5 mm x 0.5 mm.

Label Dimensions/mm
a 1.91
b 2.89
d 1.84
e 1.21
m 1.21

Anusha Moonshiram - January 2016 Page 54



7. Bandwidth Enhancement

0.15

0.36

Q| o

0.02

—

0.06

0.24

0.07

0.04

Table 3 The dimensions from Figure 16-19

Figure 21 The antenna element design of 25.6 mm x 25.6 mm x 2.56 mm
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layer 1 with Rogers RT | metal layer 2 with a layer 3 with Rogers RT | ground layer 4
6010 €, 10.2 of 25.6 mm x | height of 0.43mm 5880 of €, 2.2 of 25.6 mm | of 25.6 mm x 25.6 mm
25.6 mm x 0.43 mm X 25.6 mm x 1.23 mm X 0.87 mm

Figure 22 The four layer design of the H-shaped patch element

7.4 S-parameters results of the H-shaped Patch Antenna

The port set-up of the studied antenna element is shown in Figure 23 where the coupled

feedline ends in S" and S".

Figure 23 The port set up at the end of the centrally located coplanar S'S™ feedline

Figure 15 shows the return loss S;; (dB) plotted vs. frequency in GHz. Each S-parameter plot
shows the results of the design flow. Thus, Fig. 15,,) shows the results from Fig. 15,;) where
an asymmetrical rectangular patch is designed to increase the resonance bandwidth by closely
spacing two resonance frequencies together. Fig. 154;) shows the optimization runs for the
two slots in the substrate layer right underneath the two asymmetrical rectangular patches

while Fig. 15.,) and Fig 15.3) shows the optimization of the substrate height. In this step,
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firstly a) Foampad with ¢ 1 was added under Rogers & 2.2. We know that a dielectric
constant closest to & 1 gives the best results for maximum radiation across a largest
bandwidth as described in Chapter 2. An increased substrate height of Rogers ¢, 2.2 gave a
better answer instead of using a combinations of Rogers and Foampad, because a
discontinuity in the two dielectric substrates was less prone to give a large bandwidth as
compared to when the substrate height of Rogers ¢, 2.2 was simply increased to a much higher
value. This was an interesting observation to conclude that simpler is better, in the case of
substrate height. The final results leading to the final antenna design is 34% as shown in
Figure 24. The radiation patterns are also shown in Figure 24. The 3D radiation patterns show
a high gain of 8 dBi and the wide beamwidth of the antenna element can be seen in the ¢= 0°

plane and in the ¢= 90° plane.

Although this antenna element is intended to cover the thesis specifications of a bandwidth of
2 GHz covering the frequencies from 10.7 GHz to 12.7 GHz with a center frequency of 11.7
GHz, the center frequency here is in fact 12.1 GHz. The center frequency is shifted as
explained in [23] because the fringing fields are produced by asymmetrical H-shaped parasitic
elements designed on each side of the centrally fed patch antenna element in order to produce
maximum resonances in order to enhance the antenna bandwidth. g, is also modified with the
superstrate layer with g 10.2 and this also modifies the fringing fields and thus the center

frequency.
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S1,1 [Magnitude in dB]
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Bandwidth of 34% from 10.1 to 14.2 GHz
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180
Gain of 8 dBi Gain of 8 dBi and beamwidth Gain of 8 dBi Gain of 8 dBi and beamwidth
of 77° at11.7 GHz in the ¢ =0° plane of83° at11.7 GHz inthe ¢ =90° plane

Figure 24 The S;; (dB) vs. frequency/ GHz and gain for the optimized antenna element
showing a bandwidth of 34%.

7.5 Superstrate Effect of the H-shaped Patch Antenna

Next, the effect of the superstrate layer 1 on dielectric substrate Rogers 6010 of & 10.2 is
examined. Figure 25 shows the gain in dBi versus frequency in GHz of the antenna element
when the superstrate layer 1 is included (with superstrate) or removed (no superstrate). The
plot shows the gain obtained in the ¢ = 0° plane and the ¢ = 90° plane, with and without the
superstrate layer, that is, when the top layer 1 is present or absent. As seen in the plot from
Figure 25, the effect of the superstrate is significant with a much higher gain over the
frequency range from 9 to 15 GHz for both the ¢ = 0° plane and the ¢ = 90° plane. The
superstrate acts as a cover layer over the H-shaped patch. The loading of a high permittivity
superstrate layer on a patch antenna increases both its gain and its bandwidth as explained by

Huang [54].
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Figure 25 The gain in dBi of the antenna element with and without superstrate

7.6 Chapter Conclusion

This chapter is concluded on a positive note that a simple patch antenna has been optimized
using CST Microwave studio 2015 in order to design a high gain and high bandwidth patch
antenna element covering the frequency band from 10.1 GHz to 14.2 GHz. The four-layer
design, with the dimensions of 25.6 mm by 25.6 mm by 2.56 mm, comprises of a superstrate
layer of & 10.2 on top of a metal layer centrally fed with coplanar lines. The metal layer
comprises of six parasitic H-shaped elements on top of strategically placed slots in the
substrate layer of ¢, 2.2 underneath. The final layer is the ground layer. The design has a 34%
bandwidth between 10.1 GHz to 14.2 GHz and high gain of 8 dBi in both ¢ = 0° and ¢ = 90°
and with a beamwidth of 77° in the ¢ = 0° plane and 83° in the ¢ = 90° plane in the far-field.

The H-shaped patch antenna seems ideal as it satisfies the 3 B’s: beamwidth, bandwidth and
beam gain. However, the main disadvantage of the H-shaped patch antenna is its size. It is
indeed a perfect antenna element and will work well in a large array that is spaced properly to
avoid mutual coupling. The H-spaced patch antenna, unlike a simple patch antenna element,
is terminated with coupled lines where there is a better chance of reducing mutual coupling in
a tighter array configuration where the antenna element’s spacing is small. However in order
to avoid grating lobes when it is integrated in an array, it must not have a size more than A/2

in order to avoid grating lobes in the far-field. The size of the H-spaced antenna is already
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more than A/2 or 12.8 mm such that it is impossible to avoid grating lobes even if the H-

spaced antenna elements are arranged side by side next to each other.

This means that the H-spaced antenna element is an excellent improvement of a patch antenna
where a lot of bandwidth enhancement methods have been applied. Even its feedline of S'S"is
excellent and is indeed better than a simple microstripline single-ended transmission line in
order to experience minimal mutual coupling in an array configuration. Unfortunately,
having a size larger than A/2 or 12.8 mm means the inevitable presence of grating lobes in an
array and thus, one cannot keep exploring the H-shaped patch antenna and must re-examine
the choice of the antenna element to make sure everything is respected: all the 3 B’s, that is,
the beamwidth, bandwidth and beam gain, along with the size constraint of a width not more
than /2 to prevent grating lobes as well as a feedline that will allow a minimized mutual
coupling in an array. Other antenna elements must be investigated as detailed in the next

chapter.
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8. THE BUTTERFLY ANTENNA

8.1 Back to the Roots

Although the patch antenna is simpler, it simply cannot satisfy the thesis requirements
described in the conclusion of the previous chapter, and in a quest to examine alternative
antenna elements, it is necessary to go back to the Father of the patch antenna element, that is,
the butterfly or the bow-tie antenna. The detailed reason why this step is taken is further
clearer as one proceeds in this section and in the upcoming chapters. The quick answer is the
requirement of frequency independent antennas and more specifically the slotted butterfly
antenna element with CPW feedline, the gem of antenna elements, which allows us to satisfy
the width requirement of A/2 in order to avoid grating lobes and minimize mutual coupling as

well as to fulfil the 3 B’s of beamwidth, bandwidth and beam gain defined in Chapter 2.

8.2 Old 1s Gold

The rectangular patch antenna is modified to the butterfly shape which has a larger
bandwidth. This can immediately be seen in Figure 26, where the bandwidth is greater than 2
GHz covering the desired frequency range of 10.7 GHz to 12.7 GHz for satellite TV

broadcasts. However the impedance of the butterfly antenna is very high at 188Q. We can
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resort to the butterfly slot version where the impedance here is 50Q. 50Q2 is desired to match

to the characteristic impedance used by CST or an actual network analyzer.

Anusha Moonshiram - January 2016 Page 62



8. The Butterfly Antenna

1 Lp

4

Wg
Wagi

a) Butterfly Antenna

Element from CST dimensions

- (e) Directivity

(d) Directivity 4.8

dBi in ¢ = 0° plane at

11.7 GHz 11.7 GHz

\ ~ -
N X W =
LU S N i i a4

LN

(g) E-field (voltage) plot at the differential

L T

i o o

- = XYY NN % o
= = ¥ ¥ ¢ ¥} N N % ow o o
L T T Y

+
)
\
x
~
Y
A
-
P
’
7
t

- o~

A N Y

port

(b) Top view with

4.8
dBi in ¢ = 90° plane at

_ =Wy
>{Wgil=

Er

I

(c) Side view

Lp:32.6 mm Lg:20.9 mm
Wp:28.8mm  Wgo: 1.55mm
La:104mm  Wgi:1.34 mm
Wa:5.80 mm H:0.508 mm
of: 30° er: 2.2

0 S-Parameter [Magnitude in dB]
-10
-20
10 11.7 13
Frequency/ GHz

(f) S11 (dB) vs freq. (GHz) with BW
>2 GHz

(h) H-field (current) plot at the differential

port

Figure 26 The butterfly antenna element

(metal layer = yellow, substrate layer = grey)
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8.3 The Gem of Antenna Elements: The Slotted Butterfly Antenna

The slotted butterfly antenna is hereby introduced. It is presented with an optimized
bandwidth, a 50Q impedance and a large beamwidth. The slotted butterfly antenna also
known as the slotted bow-tie antenna is the slotted version of the butterfly antenna. As shown
in Figure 27, the bandwidth is greater than 2 GHz and the directivity is 4.8 dBi in the ¢ = 0°
plane and 4.7 dBi in the ¢ = 90° plane. Its electric and magnetic fields at its CPW feedline are
also shown. Since this is a butterfly slotted version, the CPW port is fed as S"S™ S ~ where S’
represents the mask or return path, while S™ represents the signal path. This genius idea of
using the slotted butterfly is enhanced by the fact that it uses the shape of the butterfly
antenna and thus preserves the large bandwidth offered by a butterfly shape. Moreover, this
antenna is ended with CPW feedline which means it is ended by S'S'S" signals as shown in
Figure 27 where the metal layer is in yellow colour and the substrate layer is shown in grey
colour. This means that the S” signal is already shielded from the next feedline form the next
antenna element in an array configuration by one S° on each side and this is an ideal
configuration to avoid mutual coupling in an array. Also, the slotted version means more

metal layer is exposed, encouraging more metal layer available for radiation.

The first effort to enhance the bandwidth of an antenna through a butterfly shape was
performed by Brown and Woodward in 1952 where the input impedance and radiation were
analyzed [21]. The coplanar waveguide slotted antenna printed on multilayer dielectric
substrates was numerically analyzed by Laheurte using a full-wave integral equation
technique and the method of moments [55]. The patch antenna is usually terminated by a
simple microstripline. The other popular termination used here is the CPW. The CPW was
first proposed as an MIC transmission line by C.P. Wen [56]. The CPW has the advantages of
low dispersion, no need for via holes, which introduce undesirable parasitic inductances, ease
of attaching both shunt and series circuit elements, and simple realizations of short-circuited
ends such as the slotted butterfly antennas [57]. The planar slotted butterfly antenna [58] is

thus preferred due to their superior characteristics on gain, bandwidth and especially size.

The slotted butterfly antenna is ended by a 50Q2 CPW. The slot version of the butterfly
antenna offers a larger metal surface area as compared to the non-slow version and more
metal surface translates to more radiating surface and more radiation in the far-field. The
coplanar waveguide is excited in the odd mode of the coupled slot line. This is also called the

CPW mode. In this mode, the equivalent magnetic currents on the CPW slots radiate almost
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out of phase, contributing negligibly to the cross-polar component of the radiating patterns
and to mutual coupling as explained by Singh who reviewed mutual coupling in phased arrays
[6]. This feature of the CPW feed is useful in the design of an antenna array, since the mutual

coupling between adjacent lines is minimized.
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Figure 27 The slotted butterfly antenna element

(metal layer = yellow, substrate layer = grey)
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As an effort to use bandwidth enhancement methods learnt in the previous chapters, the
stacking of metals was tried. And the same principle of stacking is applied to the slotted
butterfly antenna as shown in Figure 28 where a superstrate layer is added on top of the
slotted butterfly antenna. Stacking means an extra substrate layer is added and more metals
are added on each side of the butterfly antenna. Adding metals means the sharp ends of the
butterfly antenna are covered and it also helps towards more impedance matching which
introduces more substrates in the stacked version. Thus, the impedance is maintained at 50Q
while the bandwidth is greater than 2 GHz. When four rectangular metals are added at the
corners of the slotted butterfly antenna, extra radiating surfaces are created without disturbing
the impedance match and the broad bandwidth. The directivity is then increased to 7.2 dBi in
the ¢ = 0° plane and it is 4.2 dBi in the ¢ = 90° plane.
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Figure 28 The stacked slotted bow—tie antenna element with a superstrate and four metal
rectangles placed on top of the corners of the slotted butterfly

(metal layer = yellow, substrate layer = grey)

With optimizations using CST Microwave Studio 2013, the slotted butterfly antenna is
designed in a stacked version with four small extra radiating surfaces at its four corners in
order to provide a large bandwidth in both polarization planes while being terminated with
50Q2 CPW at the center frequency of 11.7 GHz. These results have been published in the

journal and conference shown in [59], [60].

8.4 Chapter Conclusion

One can summarize that the slotted bow—tie or the slotted butterfly is an excellent antenna
element which may satisfy the thesis specifications in an array configuration. An extra step to
improve its bandwidth by trying some stacked bandwidth enhancement methods has been

tried.

In Chapter 2, it is explained how mutual coupling increases when the antenna elements are
spaced closed together, while it is also explained how an antenna spacing of A/2 is ideal to
avoid grating lobes. With the use of the slotted butterfly antenna with CPW feedline, an

antenna spacing of A/2 can fortunately be used.
However, the particular antenna examined is larger than A/2.

Fortunately, the slotted butterfly antenna comes from the butterfly antenna element and the
latter is part of the family from the frequency independent antennas i.e. it can be resized to fit

the size of A/2 maximum spacing, as desired to avoid grating lobes.
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9. FREQUENCY INDEPENDENT
ANTENNAS

9.1 The Butterfly Antenna is a Frequency Independent Antenna.

The butterfly or bow-tie antenna, as seen in the previous chapters, is a planar version of the
finite biconical antenna which can be printed onto a substrate. The antenna is lightweight, has
a small profile and a low manufacture cost. It was popular in the 1930s and 1940s and became
the basis for the earliest television receiver antenna [61]. The introduction of the microstrip
patch antenna in 1973 pushed it aside in the antenna ranking, but, it became popular again in
2002 when the US Federal Communications Commission (FCC) authorized the unlicensed
use of the frequency band from 3.1 GHz to 10.6 GHz in USA. In Europe, the regulation
restricts the band from 6-9 GHz [62]. Several papers have been written to cover this
frequency band particularly that written by Yazdandoost and Kohno who proposed and
patented a butterfly antenna exhibiting a low VSWR of 2.5-2.8 from 3.1 to 10.6 GHz [63].
The butterfly antenna for wideband frequencies is a symmetrical structure where the currents
are principally concentrated at its edges. The antenna dipole-like radiation is omnidirectional
in the plane perpendicular to the antenna. Studies have been carried out in order to evaluate
the influence of the flare angle on the radiation patterns and antenna bandwidth. Brown and
Woodward examined the flare angles of the biconical antenna in conical and triangular forms
with straight and round ends and concluded that straight-end with a flare angle of 60° was the

best choice to maintain a low VSWR over a wide frequency range [21]. DuHamel working on
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frequency independent antennas showed that when the aperture angle of the butterfly antenna
is 90°, the geometry is self-complementary and therefore well matched to stability [64]. In
fact, the term frequency independent is reserved for antennas that have no theoretical
limitation on the bandwidth of operation. Frequency independent antennas had their
beginning in research conducted in the late 1950s at the University of Illinois. The exact
definition of a frequency independent antenna is stated as an antenna with a bandwidth of
about 10:1 or more [65]. The biggest constraint towards a frequency independent antenna is
that most structures have geometry specified by angles rather than length and thus reflection
is caused by the inevitable point of truncation. The principle of scaling indicates that
frequency and length are invariably interconnected and Rumsey in 1950s set out to eliminate
length as much as possible in the description of antenna geometry [66]. When a butterfly
antenna is specified solely by the angle between the two triangles of the butterfly metal
pieces, and the antenna feed is made invisible to the structure, with a feed starting at the
center of the butterfly structure, the antenna becomes indefinitely low in both direction such
as wavelength is no longer a variable in the antenna design and the antenna would
theoretically have an infinite bandwidth. When it works for one frequency point, it must work
for all frequencies as the antenna is exactly the same at all wavelengths. Haupt explained that
an antenna whose geometry is described completely by angles, such as an infinite biconical
antenna or its planar butterfly version, would make an ideal broadband radiator since its
operation is theoretically completely independent of frequency [67]. Wiesbeck, Adamiuk and
Sturm described that most wideband antennas have a balanced topology, that is, they require a
balanced feeding structure to properly excite the fundamental radiating mode. Thus, they need
differential feeding currents which are equal in magnitude and 180° differential phase to
radiate the fundamental mode. The two wires transmission lines or the broadside coupled
stripline are examples of balanced symmetrical structures [68]. Rumsey has also noted that
wideband antennas follow the Mushiake principle that was published by Mushiake from
Tohoku University in 1949 and they have an impedance of 189Q [69]. The Mushiake
principle states that the impedance of any planar antenna whose shape is the same as the

shape of its complement is independent of frequency and equal to 60n€2 [70].

In theory, the frequency independent antenna must have a near-field and a far-field pattern
that is independent of frequency. It must also be able to avoid low frequency limit and have a
very small feed region to remove the high frequency limit [71], [72]. This is further reinforced

in the patent from DuHamel [73] that explains that a planar antenna that originates from the
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biconical antenna such as the butterfly antenna is theoretically an independent antenna. He
explains how the end effects of the butterfly antenna, responsible for limiting the radiation
pattern, are constant. In our butterfly antenna simulations, the feedline was simulated as a loss
free feedline which adds no loss tangent. Here, the feed is maintained at 189Q right in the
middle of the butterfly structure and the 189€Q is maintained till its end at the port. As it is

lossless, it is invisible to the butterfly antenna structure.

Thus, our butterfly antenna combines all these ideas from the cited authors. It is a simple
design of a metal layer on top of a substrate layer fed with coplanar striplines on the metal
layer. The butterfly antenna is designed to be symmetrical with a flare angle of 90° and it is

fed at its midpoint by a coplanar stripline which is maintained at 189 or 60nQ2.

The butterfly is compared under four case scenarios with the flare angle changed from 90° to
60° and the butterfly end changed from straight to round end. The E-fields, H-fields,
impedance plot, S-parameters, VSWR, and radiation patterns are given in order to appreciate

the broadband feature of the four butterfly antennas.

9.2 The Design of the Butterfly Antenna

The design of the proposed butterfly antenna is very simple and as a first start it follows the
equations for rectangular patches [74]. Equations 20 to 24 from [75], [76] calculate the
resonant frequency, fr, of the butterfly antenna, where the values are given in Figure 29 and
Figure 30.

f. =
4 seffective]-‘

c (1.152

Eq.2
Rt) 920

_ L(W, + 2AL)(d + 2AL)
(W, + 2AL) (2L, + Wy + 2AL)

R, Eq.21

0.412(€effective + 03)(% + 0262)
AL =H

W Eq.22
(Eeffective - 0-258) (WX + 0813)
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Table 4 shows the four butterfly cases being investigated.

Antenna Name | Flare angle | Butterfly Shape
Straight - 60 60° Straight End
Straight - 90 90° Straight End
Round - 60 60° Round End
Round - 90 90° Round End

Table 4 The antenna naming convention

Figure 29 and Figure 30 give the detailed design geometry of the Straight-60 and the Round—

60 antennas. The Straight-90 follows the same geometry as the Straight-90 except with the

change of the flare angle from 60° to 90°. The same applies to the Round-90 antenna which

follows the same design as the Round-60 except for the change of the flare angle from 60° to

90°. As seen, the spacing between the coplanar stripline is very small at 0.121 mm. The four

butterfly antennas are fed symmetrically in the center of the design and the coupled feedline is

designed to maintain the desired 189 impedance.
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Figure 29 The butterfly with a flare angle of 60° and straight ends (antenna straight-60).
Straight-90 is exactly the same, except the flare angle is changed from 60° to 90°

(metal layer = yellow, substrate layer = grey)

i Y _ >=wg
H >{Wgil= er
A
Wp
(c) Side view
(a) Round-60 (b) Top view Lp:55.5mm Lg:22.0 mm
Wp : 43.8mm Wg:0.06lmm
La: 14.3 mm Wgi: 0.121mm
Wa:22.0 mm Wt 23.5mm
L: 17.9mm H:0.250 mm
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Figure 30 The butterfly with a flare angle of 60° and round ends (antenna round-60).
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Round-90 is exactly the same, except the flare angle from 60° to 90°

(metal layer = yellow, substrate layer = grey)

9.3 The Results of the Frequency Independent Antennas

The four antennas were simulated from 5 to 60 GHz using CST Microwave Studio 2013. The
S-parameters and VSWR are shown in Figure 31 and Figure 32. The S-parameters and
VSWR show that the antennas are broadband from 5 to 60 GHz. The Straight-90 and the
Round-90 antenna showed the best results starting from 5 to 60 GHz, while the other antennas
operate more as from 10 GHz onwards. The full symmetrical feature of the antennas with the
flare angle of 90° enables the radiating waves to extend down to the start frequency of 5 GHz.
The results from Figure 31 show that the periodicity of 7.7 GHz could probably extend the
bandwidth to higher frequencies but further analysis would obviously be required. Note that
here the VSWR is low and this does not translate automatically into radiation. A low VSWR
means that power is being delivered to the antenna and not reflected [77]. In the studied case
as the dielectric substrate is simulated as a lossless case and the metal is simulated as a PEC,
then it is accurate to conclude that most of the energy is radiated making our butterfly antenna

a good radiator.

1D Results\S-Parameters [Magnitude in dB]

~ /7
XX

A A

==S1,1 Straight-60
==S51,1 Straight-90
*«=S1,1 Round-60

5 10 15 20 25 30 35 40 45 50 55 60
Frequency / GHz

Figure 31 The S;; (dB) of the four butterfly antennas from 5 to 60 GHz
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Figure 32 The VSWR of the four butterfly antennas from 5 to 60 GHz

The resonant frequency for the butterfly antenna is calculated using Equations 20-23. These
equations were derived for microstrip patch type butterfly antennas and are used as an initial
design for coplanar butterfly antennas. The butterfly antenna is by default a broadband
antenna element and when it is designed and optimized as a frequency independent antenna
over a wide range of frequencies, the butterfly antenna will have periodic resonance
frequencies. Thus, when the design is finely tuned and optimized, the resonant frequency will
shift as explained by Durgun, Balanis, Birtcher and Allee [78]. The antenna has a resonant
frequency of 7.7 GHz and in fact, between 10 to 60 GHz where the VSWR is less than 2, the
butterfly antennas are seen to resonant periodically at multiples of 7.7 GHz exhibiting the

broadband feature of frequency independent antennas.

The impedance plot of the butterfly antenna is shown in Figure 33.

195 Impedance in Ohm [Magnitude]

193-

191-
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Figure 33 The impedance of 189Q of the antenna from 5 to 60 GHz
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The impedance is shown to be constant at 189Q. This impedance is shown by all four
butterfly antennas across all the frequency range from 5 to 60 GHz. Such a property of
impedance of 189Q reinforces the ultra-broadband property of our butterfly antennas. The E-
fields and the H-fields at the port of the ultra-broadband butterfly antenna are shown in Figure
34. The signal at the port is S'S” for a coplanar port where S™ is the signal and S” is the mask
or return path.

Figure 34 The E-fields (left) and the H-fields (right) at the port of the antenna

The radiation patterns were examined in the far-field and the directivity in the azimuth plane
(p = 0° plane) and elevation plane (¢ = 90° plane) are shown in Figure 35 and Figure 36

respectively.
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The straight-end antennas performed better than the round-end antennas. The straight-end
antennas have a highest directivity of 6 dBi while the round—end antennas have a maximum
directivity of 4.5 dBi in the far-field. The 3D far-field patterns of the four butterfly antennas at
11.7 GHz are shown in Figure 37.

dBi
3.48

Straight-90

Figure 37 The 3D radiation patterns of the four butterfly antennas at 11.7 GHz

Again, the straight-end antennas performed better than the round-end antennas. Here, in both
cases, an antenna with a flare angle of 60° antenna gave a slightly higher gain than an antenna

with a flare angle of 90°.

Thus, although S-parameters and VSWR results show that the Straight-90 antenna performs
the best among the four butterfly antennas, the directivity of the Straight-60 antenna was

marginally better than that of the Straight-90 antenna.
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9.4 Chapter Conclusion

We can conclude this chapter by saying that we have successfully designed and analyzed an
ultra-wideband butterfly antenna covering the frequency range from 5 to 60 GHz. From 5 to
60 GHz, the VSWR < 2 for the straight-end butterfly antenna with a flare angle of 90°. The
antenna has a maximum directivity of 6 dBi in the far-field. The antenna is simply built with
just a metal layer on top of a substrate. It is compared with three other butterfly antennas
where the flare angle was changed from 90° to 60°, and the butterfly end was changed from
straight-end to round-end. All four butterfly antennas are fed with coupled stripline with an
impedance of 60 or 189Q2. They all exhibit a VSWR <2.5 from 5 to 60 GHz. These results

are novel and have been successfully published in a journal and a conference paper [79]-[80].

An examination of the frequency independent antennas shows that to satisfy our width
spacing requirement of not more than A/2, the butterfly or the bow-tie antenna must be
modified to fit under a smaller dimension as described in the next chapter, where the butterfly

antenna is resized to fit the width of less than A/2.

First, this butterfly antenna must be converted into its slotted version which has the preferred
feedline of CPW, ensuring again that the A/2 spacing is respected. This fixes the width of the
slotted butterfly antenna. Then, its length must be resized. The length of the slotted butterfly
antenna is determined by the length of the longest phase shifter required to move the main

lobe by 45°.

In the next chapters, a quick history of the antenna array is given along with an examination
of the feed of the antenna array. This is important in order to understand the path to follow

when the slotted butterfly is resized to fit in an array configuration.
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10. THE ANTENNA ARRAY

10.1 The Antenna Array

The antenna array is the array factor multiplied by the element pattern.
The element pattern of an antenna element is a vector while the array factor is a scalar.

The element pattern has a polarization. The array then assumes the same polarization as the
element pattern. Usually, and in the case studied here, the array polarization is the same as the

element polarization because all the antenna elements are oriented in the same direction.

However, it should be mentioned that this is not a fixed rule, as one can position the elements
such as the array antenna is made to have a different polarization from the antenna element.
Huang has investigated that case on a 2 x 2 array of a rectangular patch antenna. Each patch is
rotated 90° as shown in Figure 38 [81]. The rectangular patch antennas are linearly polarized
while the array here demonstrates circular polarization because of the way they are fed and

positioned.
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a i
n i

Figure 38 An array with circular polarization from linearly polarized rectangular patches
[81].

Of course when the peak of all the antenna elements point in all the same direction and it is
not submitted to any rotation, the array factor in the direction of the element is enhanced as
well as the main lobe and one can obtain a higher gain with a smaller beamwidth or opening

angle.

One antenna element will usually have a wide beamwidth and the direction of its main lobe
cannot be changed without the help of a phase shifter. Thus, in the absence of a phase shifter,
the antenna array is built with antenna elements all pointing in the same direction and the
main lobes are enhanced while the sidelobes are degraded. Then, the opening angle or
beamwidth is slowly reduced as the array is built up and the main lobe is enhanced.

Solutions have been developed by authors to modify the element weight or spacing to play
with the side lobes and change them [82]. In the specifications, the elements must all be
identical and thus the weight or size or the antenna spacing must be kept identical in order to

enable a smooth uniform phase shifting when the phase shifters are added on the feedlines.

An antenna array is attractive as it is a system that is reliable or trustworthy as if one antenna
element fails, the remaining antenna elements keep the antenna array still in operation. Its
main disadvantage is that the upfront cost to set it up is higher, to account for the engineering

research behind, but, as it is trustworthy, an array can have a long lifetime.
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10.2 The History of the Antenna Array

The German Karl Ferdinand Braun invented the phased array antenna in 1905 as described in
his Nobel Prize lectures in pages 239-240 [83]. He was also the first one to build the first
Cathode-Ray Tube (CRT) in 1897 and the cathode ray tube oscilloscope, still referred to the

Braun-Tube in Germanic countries [84].

Figure 39 The first switchable phased array with a three element system [83]

Braun further went on to pioneer the early warning radar during World War 2 by building the
phased array Fu 41/41 Mammut [85]. The Mammut phased array was a fixed array where the
main lobe was moved electronically by 100° and it was able to detect targets coming at an

altitude up to 8000 m and a range of 300 km.
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Figure 40 The early warning Mammut Radar [85]

Figure 41 shows the World’s largest phased array antenna in Alaska/Canada:- 3 panels of

30x30m with 12288 antenna elements.

Figure 41 The World largest phased array antenna in Alaska/Canada [86]

The bandwidth of a phased array antenna is influenced by many variables. When the antenna
element spacing is too high, grating lobes can decrease the bandwidth at the highest frequency
of interest.

In order to have a broadband array, the antenna element must first cover the frequency of
interest. To achieve a planar antenna, the butterfly or the bow-tie antenna is ideal. It is in fact

the two dimensional or planar version of the biconical antenna.
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10.3 The Antenna World: A Matter of Size

The size of the antenna element matters. Big antenna will
collect lots of electromagnetic waves just like a big coffee mug
will collect lots of rain. This is why in the case of a parabolic

antenna, the larger the parabolic antenna, the more gain it has.

When the same result as a large coffee mug is needed, a lot of
smaller coffee mugs can be used instead of one large coffee

mug. When the outputs of the smaller coffee mugs are

combined the antenna works as an array. On a small scale, one

can think of it as: three separate one-shot expresso coffee is

equivalent to a triple large expresso coffee shot.

In the antenna world, the largest single aperture is the Arecibo Observatory. Built from the
1960s to 2011, the telescope spaces the frequency from 300 MHz to 10 GHz with the
possibility of processing up to 800 MHz of bandwidth [87].

The Arecibo radio telescope shown in Figure 42 is located in Puerto Rico. It is the largest
single aperture antenna in the World with a dish of 305m diameter and 50.9m depth
covering 80 937 m? (20 acres). Since heat is an issue, the receivers are immersed in a bath of

liquid helium to maintain a very low temperature.

Figure 42 The world largest single aperture antenna [87]
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10.4 The Origins of Phase Shifters in an Array

Friis and Feldman originated the concept of moving the main lobe with the help of a phase
shift in the signal [88]. They started by presenting the idea behind a two element array with
phase shifters. At that time, the army wanted to be able to rapidly scan a region without
moving the antenna and this is why the parabolic antenna was not efficient and was replaced
by the phased array antenna. Let’s have a quick look at the parabolic antenna and its features

before proceeding with the phase shifters on phased array antenna.

10.5 The Parabolic Antenna
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Figure 43 The radiation from a parabolic antenna [89]

Figure 43 shows the radiation from a parabolic antenna that is used as a reflector antenna.
Here the parabola has its primary radiator at its focal point R. The waves are spherical by
nature and they are converted into planar waves when the signals are reflected on the points A

to F on the parabolic surface [89].

Equation 25 gives the effective area of the parabolic antenna while Equation 26 expresses the
gain that can be obtained by the parabolic antenna. In Equation 25, D is the diameter of the
parabolic antenna. The gain equation here assumes that the parabolic antenna is 100%

efficient which is not the case in reality.

2

D
Areaeffective = T <E) Eq.25
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] 4m
Gain = Z Areagffective EQ-26
0

As the phase array antenna with dielectric phase shifter is supposed to replace the parabolic
antenna, it has to achieve the same performance as the parabolic antenna as required for

satellite broadcast , i.e. a gain of approximately 30 dB and a beamwidth of 3°.

In the case of an antenna array, the beamwidth and the beam gain depend essentially on the
number of elements, N. When the elements are spaced by A/2 in order to avoid grating lobes,
the antenna elements, N, the beamwidth, 6, and the Gain, G, are linked by a simple relation as

shown in Equation 27 and 28 where 1 is the antenna efficiency [90].

, 10000
N2~ ———— Eq.27
ebeamwidth

G ~ nmuN? Eq.28

Thus, in the studied case, as the beamwidth is 3°, the number of elements is 32 when the
spacing is A/2. The maximum gain that can be possible when N=32 elements is 7 * 32° or
3217 or 35 dB assuming a 100% efficiency. This means that it is possible to obtain the gain
of approximately 30 dBi as desired, in order to obtain the same performance as the parabolic

antenna.

10.6 Chapter Conclusion

In this chapter, the antenna array has been described, followed by a short history lesson. The
parabolic antenna has also been presented and it is seen that the size and performance of the
array must match that of the parabolic antenna. In the next chapter it is investigated how the
antenna elements are connected together through the feed network. Unfortunately the feed
network is a necessary evil that is required to connect the antenna elements together and as it

is an added feature, it only adds loss and decreases the bandwidth and gain and must thus be
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very carefully designed in order to ensure that the 3 B’s, that is the bandwidth, beamwidth and

beam gain, are still satisfied in the final design that includes the feed network.
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11. ARRAY FEED

11.1 The Antenna Feed

There are different ways in which an array can be fed. The serial feed is the easiest feed that
comes to mind. As the patch antenna is the simplest antenna that can be designed, it can be
used as the easiest reference for each feedline configuration. The patch antenna is shown in
the literature in an array configuration with a serial feed [91]. This is depicted in Figure 44
where four patch antenna elements are serially fed and joined together by a feed network to
make an 8x4 array. The configuration is repeated with the slotted stacked butterfly antenna as
shown in Figure 45 (The slotted stacked antenna element is shown in Figure 28). The S-
parameters plot of the 8x12 array made with slotted stacked butterfly antenna is shown in
Figure 46. After optimizations, the bandwidth is satisfied from 10.7 GHz to 12.7 GHz. This
is a very compact design with 96 antenna elements, each of size 3.57cm by 2.4cm. However,
there is not much space for the phase shifters, and as it is designed for a center frequency of
11.7 GHz, the phase shifter will only operate linearly for that one center frequency and not for
the other frequency range in the bandwidth from 10.7 GHz to 12.7 GHz. This means that the
serial fed array is perfect for only one frequency and not for the whole bandwidth and thus
cannot be used to have a linear smooth uniform main lobe change in direction with the
dielectric phase shifters for a broad frequency range. Thus, it will not be further investigated

in this work.
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Serial feed

Figure 44 The serial fed with the patch antenna [91]

S" S Coplanar
Serial feed

Figure 45 The serial feed with the slotted stacked butterfly antenna

Page 90
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Figure 46 The S;; (dB) versus frequency/GHz for serial feed

A second feedline configuration can be the patch antenna fed in the middle as shown in
Figure 47, where the metal layer is in yellow and the substate layer is in grey. As seen in
Figure 48, the bandwidth is not satisfied both because patch antennas elements are used and

how difficult it is to optimize the center fed array.

Fed in the middle

Figure 47 The patch array fed in the middle
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Figure 48 The S;; (dB) versus frequency /GHz for mid fed patch array

The same design is repeated with the butterfly antenna element from Figure 26 from Chapter
8 and it is fed in the middle similarly to the patch antenna, as seen in Figure 49 where the
metal layer is in yellow and the substate layer is in grey. The regular butterfly antenna is used
here because it is easier to merge in the middle as a first trial for a mid-array feed. The S-
parameters plot in Figure 50 shows that the bandwidth specification is not fulfilled. In fact,
there is no space for the phase shifters to operate on the N™ element with this configuration
fed in the middle. It is extremely difficult to minimize loss when the antenna elements and
feed network are located on the same layer. In this design we have 8 x 8 antenna elements and
it 1s very hard to strongly optimize 64 antenna elements along with its feedline because the
CST software has the number of mesh cells limited to 50 million [92]. 50 million mesh cells
seem like a lot but to put in perspective, about 2 million mesh cells are required per antenna
element for a strong optimization so in fact only about 16 antenna elements maximum can be
simulated when 2 million cells are used per antenna element. 32 elements can be simulated
with a medium optimization setting or a medium mesh cell settling of 1 million mesh cells per
antenna element, or, 64 elements with a fair optimization setting or with a fair optimisation
setting of 500, 000 mesh cells per antenna element. Some mesh cells must of course be kept
for the meshing of the feed network. Moreover, these optimizations already consume a lot of
computational time even when used with a GPU card and the hardware acceleration option, as
described in the CST software description in chapter 4. Per experience, to optimize a 2
million meshed antenna element using the GPU card, one need between 1 to 2 hours of CST

simulation, so for 50 million mesh cells one would need about 50 hours per simulation. Each
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optimisation step requires one full simulation run and each design requires several full
optimizations of each design variable. Therefore, as you proceed through the PhD manuscript,

please take a brief moment to appreciate the total simulation time required in this work.

Fed in the middle

Figure 49 The butterfly antenna fed in the middle
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Figure 50 The S;; (dB) versus frequency /GHz for the mid fed butterfly array
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FrontRu&%

Side view

Figure 51 The butterfly antenna with the zoomed-in views

When linking the butterfly antenna elements from Figure 26 to the feed network, a via is required to
transit from the S” on the top layer, where the metal layer is in yellow and the substate layer is
in grey, to the ground layer underneath the substrate layer as shown in Figure 51. Here only
one via is needed because only one S” must transit from the top layer through the substrate to
the bottom ground layer in the feed network side. For the slotted butterfly element described
in Figure 25, as there are two S signals on the top layers, two vias would be needed to transit
to the ground layer when linking the antenna element to the feed network. This is described in

more details in the array section in Chapter 13.

One observation that must be made here is that the metal is designed to be a perfect electric
conductor (PEC) throughout the project because it takes less time, requires less meshing and
makes the project much faster, but here we have resimulated the same antenna element from
Figure 51 with the consideration that the metal as normal or copper to reflect the reality at
best and this is all to show that there is barely any difference between the use of the PEC
metal and Copper case, such that for this work, it is acceptable to simulate the metals as PEC
to save time and progress faster throughout the thesis. These results are shown in Figure 52

and Figure 53.
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Figure 52 The S;; (dB) versus frequency/GHz with PEC metal
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Figure 53 The S;; (dB) versus frequency/GHz with Copper metal

11.2 Chapter Conclusion

Several conclusions can be reached at this level.

1. Only a slotted butterfly antenna with a CPW feedline and a maximum width of A/2 can
be used as an antenna element.

2. The feedline must also be carefully designed. A serial feed isn’t allowing the thesis to
be satisfied and neither is the mid fed. The bandwidth is not reached. It is also seen
that the length of the feedline is limited. It is impossible to make a center feed and

design with a center feed and obtain the gain and allow for place for the phase shifter.
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A different feed network must be used to permit the large phase shifter feedline length while
allowing the beamwidth of 3° in an array that covers the wide bandwidth requested by the
thesis. The exact length of the phase shifter needed to move the N™ antenna element in the

array is examined in the upcoming chapter.
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12. THE DIELECTRIC PHASE
SHIFTERS

12.1 The Dielectric Phase Shifters

The dielectric phase shifters in this project are designed to work by changing the phase

velocity and thus the angle or direction of the main lobe of the antenna array.

In order to design the phase shifters, a calculation must be made on the change in dielectric
constants with and without the phase shifters. Also, on an array version, the phase shifters
must be evaluated up the N™ element of the array. In our design, the phase shifters are built on
& 10.2 and are placed on top of a substrate of &, 2.2. The change in the phase velocity with the
addition of the phase shifter can be used to calculate the change in the main lobe direction for
antenna element 2. Since one is working with a change of phase velocity, antenna element 1
would not need a phase shifter. Thus, the phase shifters are added from antenna element 2 up
to the N™ antenna element. Then the phase shifter’s length must be evaluated for the N®
where the phase shifter for the N™ antenna element = phase length multiplied by (N -l)th S0,
for example, in the studied case as calculated by Equation 32, the length of the phase shifter
needed to change the direction of the main lobe by 45° is 6.03 cm and thus for the 32th
element, the length of the phase shifter needed = 31 * 6.03cm = 18.69 cm. This length of
phase shifters on the N™ or 32" element is placed on top of the feedline of the antenna

element in the array so all this length must be accounted for when the antenna element is
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built. It is necessary for the feedline design to be included with the antenna element, as a feed

network would add loss and this will reduce the bandwidth.

In summary, it is not possible to simply design an antenna element and replicate it N time as
needed and to just add the feed network with the designed length and expect to have the
desired results of bandwidth, beamwidth and beam gain. This step has been tried in a rinse
and repeat cycle but it has not been possible to maintain a large bandwidth when the feed
network is designed separately from the butterfly antenna. This is because in a large array, the
feed network has a large presence as it is required to link the entire antenna elements up to the
N™ one together and its loss effect is certainly not negligible. Thus, the only way to maintain
the large bandwidth was to design the antenna element with the long feedline and move the
phase directly on top of the feedline of the antenna element. Consequently, one has to directly

consider the length of feedline needed with the antenna element itself.

With the restriction of a maximum width of A/2 or 1.28 cm when A is 2.56 cm for the mid
frequency of 11.7 GHz, and a length of 18.69 cm minimum, one can understand that an
antenna element of 1.28 cm by 18.69 cm minimum is needed, as described further on in this

chapter.

First, one needs to take advantage of the frequency independent properties of the butterfly

antenna described in Chapter 9 to design a scaled version of the slotted butterfly antenna.

One question that might arrive here is: how small can one go? How small can the frequency-

independent antenna be scaled down to?

Grzegorz Adamiuk, Xuyang Li and Werner Wiesbeck explained in [93] that an antenna is far

below resonance when it has a dimension less than A/10. Thus, we cannot go lower than A/10.

The dielectric phase shifters are responsible to direct the main lobe in the desired direction as

shown in Figure 54.
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Side view

Top view
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0°-2>45° in azimuth direction

Figure 54 The main lobe movement in the azimuth and the elevation planes

12.2 Design of the Dielectric Phase Shifters

The dielectric phase shifters must be designed so that they can move the main lobe by an
angle up to 45°. The phase shifter movement (in degrees) needed to shift the array by 45° is
127.27° as shown in Equation 29 [94] . This means to move the array by 45°, the phase shifter

must allow a change of phase angle of 127.27°.

360°
A

A
Angle needed = £ sin 45° = 127.27° Eq.29

Next the lengths of phase shifters required for both a single ended and a dual feedline case are

calculated. This will depend on the group delay of the transmission line. When the phase

Anusha Moonshiram - January 2016 Page 99



12. The Dielectric Phase Shifters

delay is linear, the group delay is the same as the time delay which is just a different way of
describing the phase delay of the transmission line. The phase delay is described in degrees or

in radians, while the time delay is described in units of time.

12.3 The Group Delay

The dielectric phase shifters have been designed on the simplest transmission line: the single-
ended transmission line which is just a strip of metal on top of a dielectric. Here the dielectric
is Rogers RT5880 of &, 2.2, the same that is used all the time for the patch or butterfly or any
antenna element in this thesis. The leftmost design in Figure 55 depicts the singe-ended
transmission line without phase shifter while the rightmost design from the same Figure
reveals the same design with the phase shifter on top. The phase shifters are, as always, built
with Rogers RT6010 with & 10.2. A zoomed-in with the dimensions of the singe-ended
transmission line design is shown in the middle. Here, the width of the transmission line is set
to M2 or to 1.28 cm. The length is set to 27.79 cm as explained further along this thesis. For
the moment, the length value is irrelevant as the group delay is always calculated per unit

length.

12.80mm

wmiIgg " LLE
umIgg " LLE
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Transmission line
Single-ended Zoomed-in of the single-ended
with dielectric phase
transmission line transmission Line
shifters on top

Figure 55 The single-ended phase shifter

The group delay extracted for the single-ended transmission with and without the phase delay
is shown in Figure 56. The graph is plotted to cover the frequency range from 10.7 to 12.7
GHz and at the center frequency of 11.7 GHz, the group delay for a total length of 27.79 cm is
1.2347 ns and it is 2.1086 ns in the presence of the phase shifter with & 10.2 . This makes
sense as when the phase shifter is present, since it has a higher dielectric constant, the signal
moves slower and the group delay is larger because the effective permittivity is increased by
the phase shifter. This can help to explain how a substrate with a high dielectric constant has a
high group delay. The dielectric constant is the ratio of the permittivity of a substrate to the
permittivity of free space. It defines how a substrate concentrates the electric flux and the
higher is the electric flux, the higher is the dielectric constant and the higher is the group

delay value.
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Figure 56 The group delay for the single-ended transmission line

The change of group delay (or the time delay in the studied case since the group delay is

linear) with respect to the feedline length is given in Equation 30.
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At Group Delayyithphase shifter — Group Delayyithout phase shifter

length

length of feedline

Eq.30

The same procedure is repeated for the dual feedline in the slotted version. The slotted

butterfly antenna feedline without the antenna element is designed and the group delay is

evaluated just as for the simplest case of the singe ended transmission line. This is shown in

Figure 57 where again the dielectric of the substrate is Rogers RT5880 of ¢, 2.2. The leftmost

design in Figure 57 depicts the dual transmission without phase shifter while the rightmost

design from the same figure reveals the same design with the phase shifter on top. The phase

shifters are as always built with Rogers RT6010 with & 10.2. A zoomed-in with the

dimensions of the dual transmission line design is shown in the middle. As seen, the width of

the transmission line is set to A/2 or to 1.28 cm. The length is set to 27.79 cm, as explained

further along this work. For the moment, the length value is irrelevant as the group delay is

always calculated per unit length.
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CPW transmission

line

Zoomed-in of the CPW transmission

line

Transmission line
with dielectric phase

shifters on top

Figure 57 The CPW phase shifter
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The group delay extracted for the CPW transmission line, with and without the phase shifter,
is shown in Figure 58. At the center frequency of 11.7 GHz, the group delay for a total length
of 27.79 cm is 1.07 ns and it is 2.46 ns in the presence of the phase shifter with ¢, 10.2.
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Figure 58 The group delay of the CPW transmission line

Already when the single-ended case is compared with the CPW case, one can see that the
difference in the group delay is larger for the CPW line which means that a shorter phase
shifter would be required for the CPW line as compared to the single-ended case such that
less real estate would be required for the same phase shifter design when the CPW is used.
This is very interesting, as while the length different is not as high for 1 phase shifter, when
this is multiplied for the N™ antenna element, the required phase shifter length quickly
accelerates to a much higher value So it makes sense to use a CPW in order to save real estate
which means less feedline length is required for the design of the phase antenna array with
dielectric phase shifters, so less materials are required, resulting in a smaller and cheaper

design.

The group delay from Figure 58 for the CPW transmission line is calculated from Equation 30

and is given in Equation 31 as 5 ps per mm.

ps

Time delay = 5 Eq.31
ime delay —— q
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When the total phase shifter length is calculated for the N™ element, it can be seen from

Equation 32 that 18.69 cm would be required for the 32™ antenna element in the array.

* 360% % 11.7 * 10° = 21.1° per mm

Angle for element 2 = length

If21.1° is needed for 1 mm,
then for 127.27°,6.03 mm is needed,

then for the 32nd element, 186.9 mm is needed Eq.32

12.3 Dielectric Phase Shifters Measurement Boards

SE microstrip S’S” coplanar lines GSG microstrip line Phase shifters

Figure 59 The built and measured boards with dimensions 2.5 cm by 2.5cm and phase
shifters (rightmost)

The dielectric phase shifters have been built and measured using the Rohde Schwarz 40 GHz
Vector Network Analyzer in the university laboratory with the help of Thomas Kopf, as
shown in his Master Thesis [95]. Both triangular and rectangular phase shifters were built.
Initially, triangular phase shifters would have been used in this project but the triangular
phase shifters require very large number of mesh cells to mesh the ends of the sharp ends of
the phase shifters and require a long computational time when using CST. Although the sharp
ends of the triangular phase shifters were rounded off to counteract the high mesh
requirements, the CST meshings were still very high. It became difficult and too lengthy to

simulate large arrays, and thus the phase shifters were converted to rectangular structures.
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12.4 The Scaled Slotted Butterfly Antenna Element.

The slotted butterfly antenna was scaled to reflect the specified size i.e. the length of 1.28 cm
and a length of 27.79 cm. This is an optimized length using CST. The minimum length of the
phase shifter needed to move the main lobe by 45° is 18.69 cm and the extra feedline length is
useful to add antireflection coatings. From the signal integrity side, when a high dielectric
substrate of & 10.2 is placed on top of a dielectric substrate with a low dielectric constant of &,
2.2 , there is a large change in dielectric values form 2.2 to 10.2 and this invites a large
mismatch for the propagation signal. Thus antireflection coatings will help to minimize this
large discrepancy caused by the large change in dielectric constants. This is described in more

details in Section 12.5.

First let’s show in Figure 60 the scaled slotted butterfly antenna with the dimension of 1.28
cm by 27.79 cm along with the S; results in Figure 61 and the 3D far-field radiation patterns
with a gain of 6.22 dB shown at 11.7 GHz in Figure 62. The detailed far-field results are
shown in Figure 63 and Figure 64 for the gain in the ¢ = 0° plane and the o= 90° plane
respectively. Figure 63 is a bit spottier because the slotted butterfly shape is very small and

the resolution is very small for such a scaled slotted butterfly antenna of 1.28 cm.

277 . 9mm

.1lmm

i

12.8mm

Figure 60 The resized and optimized slotted butterfly antenna element
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S-Parameters [Magnitude in dB]

10.6 11 11.5 12 12.5 12.8
Frequency / GHz

Figure 61 shows the S;; (dB) for the optimized slotted butterfly antenna element

Figure 62 The 3D far-field patterns of the optimized slotted butterfly antenna element
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Figure 63 The directivity in the ¢ = 0° plane (azimuth) at 11.7 GHz
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Figure 64 The directivity in the ¢ = 90° plane (elevation) at 11.7 GHz
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12.5 The Antireflection Coating of the Phase Shifters

Phase shifter (orange) placed on the slotted ' ' ' ' _
_ Phase shifter with antireflection coating
butterfly antenna from Figure 60

Figure 65 The design of the antireflection coating on the CPW with phase shifter.
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' Zoomed in with the antireflection
Zoomed-in _
coating

Figure 66 The zoom-in transmission line from Figure 65

Figure 65 shows the design of the antireflection coating with Figure 66 showing a zoomed-in.
The antireflection coating is simply made with several substrates with the &, values each time
averaged out between the high ¢, and the low ¢&; in order to obtain an intermediate ¢, that will

gradually minimized the Sy;.

For example the substrate of the transmission line has an &, of 2.2 while that of the phase
shifter is made with & 10.2. Obviously this is a very sharp change in dielectric constant and
this will results in a very large loss as shown in Figure 67 where the S;; is very lossy and it is

more than -10 dB. With the help of many substrates, where each substrate is an average of the
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intermediate dielectric values, the difference between each ¢, is gradually minimized such as
& 6.2,6.4.2, 6 3.2 up to & 2.21 are added and the simulation results with the addition of the

antireflection coating can clearly be seen in Figure 67 where the S, is less -10 dB.

S-Parameters [Magnitude in dB]
0 | i ; i ; |

-10

=207

-30

-40

=50

-60 [|™S1,1 With Antireflection Coating 77777777777777777 777777

=70 ; ; ; ; ; ; ; f f f
10,6 108 11 112 114 11.6 11.8 12 122 124 12.6 128

Frequency / GHz

Figure 67 The S;; (dB) versus frequency/GHz, with and without the antireflection coating,
for the transmission line that includes the phase shifter

The antenna element has successfully been designed with the desired width and length. The

effect of the change in €, on S; has been addressed by using antireflection coatings.

Now the array can be designed with the antenna elements and the S;; along with the change in
direction of the main lobe can be examined with and without the presence of phase shifters in

the next chapter.
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13. PHASED ARRAY ANTENNA
WITH DIELECTRIC PHASE
SHIFTERS

13.1 The Phased Array Antenna with Dielectric Phase Shifters

The phased array antenna can now be designed with the antenna element from Figure 60
described in the previous chapter. First, for a beamwidth of 3°, 32 x 32 antenna elements are
needed. Since the antenna has a width of 1.28 cm which corresponds to A/2 and the maximum
spacing between antenna elements is A/2, the antenna elements are all positioned next to each
other as shown in Figure 68. The dimension of the array of 32 x 1 elements is seen to be 40.96

cm by 28.25 cm.

When the feed network is added as shown in Figure 69, the length of the array of 32 x 1
elements is unchanged and it is still 40.96 cm and the width increases to 32.57 cm. A zoomed-
in of the feed network connection from the end of the antenna element is shown in Figure 70.
The CPW transition is shown along with the via transitioning to the bottom ground layer. This
follows the via described in Figure 51 but here one is working with CPW where the signals
are S'S'S” so two S™ from the top layer transition to the bottom layer via two vias, instead of

just one but using the same idea from the unslotted version of the butterfly antenna element
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from Figure 51. Figure 69 also shows the phase shifters element on top of the 31 of the 32

elements.

. 409 . 60mm

w282

Figure 68 The 32 antenna elements added next to each other

409.60mm

il
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Figure 69 The 32 x 1 array with the feed network
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0.25mm, 0.49mm

Figure 70 A zoomed-in of the feed network connection with the 2 vias transitions.

The 4 layers of the design from Figure 69 are shown in Figure 71 where layer 1 is the phase
shifter layer. Layer 2 shows the 32 elements. The metal layer is yellow which the substrate
layer is grey in colour. The butterfly structure is taken into advantage. In the slotted version of
the butterfly antenna element, maximum metal layers are exposed, resulting in maximum
radiation. Layer 3 represents the substrate layer 2.2 on Rogers RT5880 with g, 2.2. Layer 4
represents the ground layer. The two vias transit from the top two S through the substrate to

end on the ground layer.

The 4 Layers

Layer 1 Layer 2
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=

Layer 3 the substrate layer Layer 4 the ground layer

Figure 71 The 4 layers of the 32 x 1 array with the feed network

The final S-parameters of the 32 x 1 elements with and without phase shifters are shown in

Figure 72 and Figure 73 respectively.

They are highly optimized and meshed results, which required long computational time even
with the use of the GPU. This is because a large array requires many mesh cells. The mesh
cells information were more detailed in Chapter 11 but each array run time here required up to
50 million cells in the transient domain solver and required a computational time of at least 50
hours. Of course these arrays are optimized as much a possible so a long time is used in order

to obtain the S-parameter results from Figure 72 and 73.

S-Parameters [Magnitude in dB]

-40 \V/ \ /

106 108 11 11.2 114 116 118 12 122 124 126 128
Frequency / GHz

Figure 72 The S;; (dB) of 32 x 1 array without phase shifters
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S-Parameters [Magnitude in dB]

10.6 108 11 11.2 114 11.6 11.8 12 12.2 124 12.6 12.8
Frequency / GHz

Figure 73 The S;; (dB) of 32 x 1 array with phase shifters

When Figure 72 and Figure 73 are compared, they have the same profile. This is normal as
the phase shifters have more effects on the phase change to change the direction of the main
lobe in the far-field but one can see form both plots that the bandwidth has been satisfied in
both cases. The loss from the phase shifters are not seen here because one is not positioning
the port right at the end of the phase shifter where a discontinuity is immediately seen.
Instead, the port is placed at the end of the feed network so the loss effects of the phase
shifters are not as noticeable even if they are present and antireflection coatings must be used.
The ground is very carefully designed to only be underneath the end of the feed network, as
shown in layer 4 from Figure 71, which considerably helped to keep the uniformity in the
antenna elements and not to add loss.

In order to obtain a 32 x 32 array, the 32 x 1 array are stacked 32 times, A/2 away from each
other in the y direction as shown in Figure 74. To appreciate its profile along the z-direction, a
zoomed-in of the 32 x 32 array is also shown in Figure 74. The distance between each stacked
1 x 32 elements is 2 mm resulting in a total size of 6.37 cm in the z-direction. This is quite a
small distance between each 32 x 1 array. The ideal distance would be between A/2 to 0.55A
as described in the literature [96]. In the literature, the FPS-85 is made with 72 x 72 elements
and the arrays are spaced 0.55A away. Two separate antennas arrays are made to phase shift in
the horizontal and vertical plane separately. These must be investigated in future work as

described in Chapter 14.
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Front view of the 32 x 32 elements Slight side view of the 32 x 32 elements

£

5,51-;7.-; ‘

S— 1

a zoomed in of the 32 x 32 elements with a Zoomed-in to show the 32 x 32 array in the z-

thickness of 63.70 mm direction with thickness of 63.70 mm

Figure 74 The 32 x 1 array stacked 32 times on top of each other to form a 32 x 32 array
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Now that the designs have been examined and the S-parameter plots of the arrays have been
analyzed, one can move on to the far-field to examine how the main lobe changes direction

with the addition of the phase shifters.

First, the far-field results of the 32 x 1 elements are examined. Here in the ¢= 90° plane with
no phase shifter present, the main lobe is at 0°, as shown by the peak at 0°, in the plot from

Figure 75. The beamwidth is seen to be 3° while the directivity of the 32 x 1 array is 16.9 dBi.

Farfield (Array) Directivity Abs (Phi=90)

dBi

/
V| I vy

-200 -150 -100 -50 0 50 100 150 200
Theta / Degree

Figure 75 The far-field at 11.7 GHz in the ¢= 90° plane without phase shifters

The phase shifters are added and the results are shown for the frequency of 11.7 GHz when

a) the main lobe direction is oriented to 45°
b) the main lobe direction is oriented to 22.5°
¢) the main lobe direction is oriented to 11.25°

d) the main lobe direction is oriented to 5.625°

The results from Figure 76 shows that for a) the main lobe does go to 45°, while for b) the
main lobe moves to 21°, while for c¢) the main lobe moves to 10° and for the last d) case the
main lobe moves to 5°. This is certainly a very good result when the main lobe with a

beamwidth of 3° moves within +3° to the desired value.
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Farfield (Array) Directivity Abs (Phi=90)

farfield (i=11.7) [1] : 16.647869

1B
2

-60

200 -150 -100 -50 ] [45] 100 150
Theta / Degree

The main lobe moves to 45°

Farfield (Array) Directivity Abs (Phi=90)

farfield ((=11.7) [1] : 16.462937)

dBi
.'.n
=

-200 -150 -100 -50 o010 50 100 150
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The main lobe moves to 10°

Farfield (Array) Directivity Abs (Phi=90)

farfield (I=11.7) [1] : 16.598251

-150 100 -50 o [21]  so 100 150 200
Theta / Degree

The main lobe moves to 21°

Farfield (Array) Directivity Abs (Phi=90)

Farfield (=11.7) [1] : 16.668615]

-150 -100 -50 r1 S0 100 150 200
Theta / Degree

The main lobe moves to 5°

Figure 76 The far-field at 11.7 GHz of 32 x 1 array with phase shifters

The detailed results for the whole frequency range from 10.7 GHz to 12.7 GHz are plotted in

Figure 77 to show how the main lobe changes direction as it is oriented to 45°, 22.5°, 11.25°

and 5.625°. The plot shows a good result with the main lobe staying within 3° to the desired

value so that a true main lobe direction change can be obtained. However for the 45° , the end

cases shows a deviation certainly more than 3° and up to 10% showing that the end

frequencies might not work properly for European countries situated with elevation angles

close to 45° for such frequencies as 10.7 GHz to 11 GHz and from 12.5 GHz to 12.7 GHz.
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Figure 77 The 32 x 1 array plot in the = 90° plane with phase shifters

The analysis is repeated when the 32 x 32 antenna is made into an array as shown from Figure
78. Here, one first shows the plot in Figure 78 of the 32 x 32 antenna array with A/2 spacing
but without phase shifters. The leftmost plot shows the far-field plot in the = 0° plane while
the rightmost plot shows the far-field in the = 90° plane. For the leftmost plot, at a frequency
of 11.7 GHz, the beamwidth is 3.1° and the magnitude of the directivity is 33 dBi while for
the rightmost plot the beamwidth is 3.2° with the magnitude of the directivity to be 33 dBi.

Farfield (Array) Directivity Abs (Phi=90)

Farfield (Array) Directivity Abs (Phi=0)

dBi
=
dBi

) =200 -150 -100 =50 ] 50 100 150 200 =200 -150 -100 -50 0 50 100 150 200
Theta / Degree Theta / Degree

Figure 78 The 32 x 32 antenna array at 11.7 GHz without phase shifters

The phase shifters are added and the results are shown for the frequency of 11.7 GHz when
a) the main lobe direction is oriented to 45°

b) the main lobe direction is oriented to 22.5°
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c) the main lobe direction is oriented to 11.25°

d) the main lobe direction is oriented to 5.625°

The results from Figure 79 shows that for a) the main lobe does go to 45°, while for b) the
main lobe moves to 21° while for ¢) the main lobe moves to 10° and for the last d) case the
main lobe moves to 5°. This is certainly a very good result when the main lobe with a
beamwidth of 3° moves within +3° to the desired value. One must note that the results are

similar to that of the 32 x 1 array from Figure 76.

Farfleld (Array) Directiity Abs (Phi=) Farfield (Array) Directivity Abs (Phi=0)

farfield (=11.7) [SimExtheta=0,phi=0] : 31.91250.
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Figure 79 The far-field at 11.7 GHz of 32 x 32 array with phase shifters

The detailed results for the whole frequency range from 10.7 GHz to 12.7 GHz for the 32 x 32
array are plotted in Figure 80 to show how the main lobe changes direction as it is oriented to
45°, 22.5°, 11.25° and 5.625°. The plot from Figure 80 shows a good result with the main

lobe staying within 3° to the desired value so that a true main lobe direction change can be
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obtained. However, for the 45°, the end cases show a deviation certainly more than 3° and the
errors are certainly more than 10% especially for 10.7 GHz at 45°. The errors here for that
specific frequency of 10.7 GHz is more in the range of 13% showing that the end frequencies
might not work properly for European countries situated with elevation angles close to 45°,
especially for such frequencies from 10.7 GHz to 11 GHz and from 12.5 GHz to 12.7 GHz.
For the other main lobe directions, the whole range of frequency will work fine with a

deviation of not more than 3° for 22.5° or 11.25° or 5.625°.
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Figure 80 The 32 x 32 array plot in the ¢= 0° plane with phase shifters

Table 5 shows the list of countries in Europe for which the phased array antenna with
dielectric phase shifters is intended to be used. The table is plotted in descending order of the
elevation angles and we can see that most countries apart from Malta and Cyprus are less than
45° [97]. The antenna will, of course, work for Malta and Cyprus. However with the errors
seen at the extremities of the 45° plot From Figure 80, the end frequencies might not work
properly as a deviation up to 10% can be seen from 10.6 GHz to 10.9 GHz and from 12.5
GHz to 12.7 GHz.
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European Countries Elevation Angle®
Malta 48°
Cyprus 46.5°
Greece 44.6°
Albania 42.4°
Macedonia 41.9°
Turkey 41.9°
Italy 41.1°
Vatican City (Holy See) 41.1°
Kosovo 40.8°
Montenegro 40.7°
Bulgaria 40.3°
Serbia 39.2°
San Marino 38.9°
Bosnia and Herzegovina 38.7°
Monaco 38.2°
Croatia 37.9°
Andorra 37.7°
Spain 37.6°
Romania 36.9°
Armenia 36.5°
Portugal 36.3°
Hungary 35.7°
Georgia 35.3°
Austria 35.2°
Azerbaijan 35.2°
Switzerland 35.1°
Liechtenstein 34.9°
Moldova 34.8°
France 34.3°
Slovakia 34.1°
Ukraine 33.2°
Czech Republic 32.8°
Luxembourg 31.5°
Germany 30.8°
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Poland 30.6°
Belgium 30.5°
Netherlands 29.0°
Belarus 28.1°
Lithuania 26.9°
Denmark 25.8°
Latvia 25.1°
Ireland 24°

United Kingdom 23.7°
Estonia 23.2°
Sweden 21.8°
Norway 20.8°
Finland 19.7°
Kazakhstan 18.5°
Iceland 10.9°

Table 5 The European countries along with their Elevation Angle [97]

13.2 Chapter Conclusion

This chapter can be concluded by saying that the phased array antenna has been successfully
designed to work from one antenna element built up into an array configuration. It is able to
show that the main lobe has a beamwidth of 3°. When the dielectric phase shifters are placed
on top of the antenna element feedline, the main lobe is seen to successfully move up to 45°
in the azimuth or the horizontal plane. As done by [96], it can be rotated by 90° to cover the
phase shift in the elevation or the vertical plane. The bandwidth, beamwidth and beam gain
have been satisfied. So we can conclude that the desired results of the thesis have successfully

been accomplished.
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14. FUTURE WORK

For future work, the phased array antenna with dielectric phase shifters can be manufactured
and tested in order to verify its theoretical and simulation results. This has not been achieved
in this thesis. The individual phase shifters have already been built along with the single

ended, coplanar and CPW transmission lines and have showed excellent results.

The phase shifters work perfectly in a 1x 32 elements array and these have been stacked 32
times to achieve a 32 x 32 antenna array. The research work can be deepened by designing

phase shifters between each 32 x 1 array.

Furthermore, the antireflection coatings can be investigated in order to minimize the effective
permittivity that exists when a substrate of low &; is used along with a phase shifter of high &,

value.

In this thesis, Rogers have been used as dielectric substrates. Other dielectric constants with
higher €, can be investigated to see if the use of larger €, causes an even higher change of
phase velocity requiring less real estate to change the direction of the main lobe by up to 45°.

This can surely result in an array with antenna elements having more compact feedlines.
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15. CONCLUSION

A phased array antenna with dielectric phase shifters has been designed and demonstrated in
this PhD thesis. A slotted version of the butterfly antenna element was chosen to build the
array. It has numerous benefits and perfectly fits the description of the required antenna

element to work in an antenna array with dielectric phase shifters.

The array with slotted butterfly antenna elements has the first advantage of allowing the most
metal with maximum exposed radiation while benefiting from the second advantage of having
a large bandwidth due to its slotted butterfly antenna shape. It has the third advantage of
using CPW feedline, ideal to minimize mutual coupling among antenna elements in an array
configuration. Furthermore, the CPW feedline, with and without phase shifters, has a larger
group delay difference as compared to the single-ended transmission line case such that less
real estate is needed for the design of the phased array antenna using dielectric phase shifters,
resulting in a smaller and cheaper design. The fifth advantage of such a slotted antenna
element with CPW feedline, is that, as it comes from a frequency independent butterfly
antenna element, it has been easily resized to satisfy the maximum antenna element spacing
of /2 in order to avoid grating lobes in the far-field. It has thus the further plus of being able
to work for any frequency range in case the phased array antenna with dielectric phase shifters

would be used with a different bandwidth or frequency range.

The phased array has been built with the phase shifters, made with Rogers RT6010 of €, 10.2,
placed on top of the CPW feedline of an antenna element, built on Rogers RT5880 of ¢, 2.2,

in order to take advantage of the large change of dielectric constant causing a large shift in the
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phase velocty of the signal as it transitions from &; 2.2 to g 10.2. This phase change enables
the main lobe to move up to 45°. An array of 32 x 32 elements was built in order to satisfy the
3° beamwidth and a gain of 30 dBi requirements across the whole bandwidth from 10.7 GHz
to 12.7 GHz.

It is a very exciting time ahead for ‘A Phased Array Antenna with dielectric Phase Shifters’ as
this work has proved to be very positive and has opened the doors to further analysis towards
a potential candidate for the replacement of the parabolic antenna. One can surely predict that,
in not such a distance future, the parabolic antenna would be an antiquity, and we or our kids

would be watching satellite TV using a phased array antenna with dielectric phase shifters.
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