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ABSTRACT

DESIGN OF PATTERN RECONFIGURABLE ANTENNA
EMPLOYING RF-MEMS SWITCHES

Gok, Caglar
Master of Science, Electrical and Electronic Engineering
Supervisor : Assoc. Prof. Dr. Lale Alatan

August 2022, 123 pages

In this thesis, the design, simulations, fabrication and measurements of
reconfigurable antennas for use in 5G Massive MIMO systems are presented. 26
GHz is chosen as the operating frequency and RF-MEMS switches are used as
control elements for pattern reconfiguration. As a first step, a patch antenna is
designed based on the excitation of different operation modes of different resonators.
A circular patch in the center and a ring resonator structure around it are used to
create different radiation patterns by utilizing different modes of each resonator. The
antenna is designed to have two feeds; the feed points are located at two opposite
sides of the antenna. Two different radiation patterns, namely broadside and conical
beams, are obtained depending on whether the antenna ports are fed in phase or out
of phase. To increase the number of different radiation modes and to obtain radiation
patterns that are not symmetric, two slots are opened in the ground plane of the
antenna. Through the RF-MEMS switches placed inside these slots, one of the slots
are short circuited and asymmetric radiation patterns are obtained for both in-phase
and out of phase feeding. Due to the prolongation of the manufacturing process in

METU MEMS Center, in order to validate the reconfiguration concept proposed in



this thesis, the design is repeated by using a commercially available dielectric
substrate and by choosing a lower frequency band (the sub-6 GHz band) so that the
antenna can be manufactured by using LPKF PCB Prototyping machine. To provide
in-phase and out of phase excitation of antenna ports, a rat-race coupler is also
designed. The antenna is manufactured together with the rat-race coupler and

measured.

Keywords: Reconfigurable Antennas, RF-MEMS Switches, Pattern Reconfigurable
Antennas, Phased Array Antennas
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0z

RF-MEMS ANAHTARLARI KULLANILARAK ISIMA ORUNTUSU
YAPILANDIRILABILEN ANTEN TASARIMI

Gok, Caglar
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi
Tez Yoneticisi: Dog. Dr. Lale Alatan

Agustos 2022, 123 sayfa

Bu tezde, 5G Massive MIMO sistemlerinde kullanilmak {izere yeniden
yapilandirilabilir antenlerin tasarimi, simiilasyonlari, tretimi ve Ol¢iimleri
sunulmaktadir. Calisma frekansi olarak 26 GHz segilmistir ve 1s1ma Oriintlisiinlin
yeniden yapilandirmas: i¢in kontrol elemanlari olarak RF-MEMS anahtarlari
kullanilmustir. {lk adim olarak, farkli rezonatorlerin farkli calisma modlarini
uyarmasina dayali olarak bir yama anteni tasarlanmistir. Her rezonatoriin farkl
modlarinit kullanarak farkli 1s1ma oOriintiileri olusturmak i¢in merkezde dairesel bir
yama ve etrafindaki halka rezonatdr yapisi kullanilir. Anten iki beslemeye sahip
olacak sekilde tasarlanmistir; besleme noktalar1 antenin karsilikli iki tarafinda
bulunur. Anten portlarinin fazda veya faz dis1 beslenmesine bagl olarak, enine 1s1ma
ve konik 1s1ma olmak iizere iki farkli 1s1ma modeli elde edilir. Farkli 1s1ma
modlarimin sayisini artirmak ve simetrik olmayan 1s1ma desenleri elde etmek i¢in
antenin yer diizleminde iki yarik acilir. Bu yariklarin i¢ine yerlestirilen RF-MEMS
anahtarlar1 sayesinde yuvalardan biri kisa devre edilerek hem faz i¢i hem de faz dis1
besleme icin asimetrik 1s1ma desenleri elde edilir. ODTU MEMS Merkezi'ndeki
liretim siirecinin uzamasi nedeniyle, bu tezde Onerilen yeniden yapilandirma

konseptini dogrulamak igin, ticari olarak mevcut bir dielektrik alt tabaka kullanilarak
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ve daha diisiik bir frekans bandi (6-GHz altindaki bant) secilerek tasarim
tekrarlanmistir. Bdylece anten LPKF PCB Prototipleme makinesi kullanilarak
iretililmistir. Anten baglant1 noktalarinin faz i¢i ve faz dig1 uyarimini saglamak igin,
bir hibrit halka baglayict da tasarlanmistir. Anten, hibrit halka baglayici ile birlikte

iiretilmis ve Olgiilmiistiir.

Anahtar Kelimeler: Yapilandirilabilen Antenler, RF-MEMS Anahtarlar, Isima

Oriintiisii Yapilandirilabilen Antenler, Faz Dizili Antenler
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CHAPTER 1

INTRODUCTION

In wireless communication systems, radar systems, GPS, and imaging systems,
antennas are critical elements. Antennas have certain parameters such as operating
frequency, radiation pattern, and polarization. These parameters differ according to
the usage area of the antenna. In the light of developing new technologies, especially
in new generation communication systems, these parameters need to be changed
dynamically on the same antenna. Based on this need, reconfigurable antenna

technologies have started to be developed.

The reconfigurable antenna is the antenna that can dynamically change some
characteristic features of the antenna according to changing conditions [1]. Such
antennas are often preferred over wireless communication systems because they can
change their polarization, radiation patterns, or operating frequencies. Through an
internal mechanism placed inside the antenna, the current distributions on the
antenna can be reshaped, and specific features of the antenna can be reconstructed in
this way. The reconstruction process on the antenna can be electrical, mechanical, or
material-based [2]. Electrical reconfiguration is one of the most preferred
restructuring methods in new generation communication systems. In this
reconfiguration method, electronic switching mechanisms such as radio frequency
microelectromechanical system (RF-MEMS) switches, PIN diodes, or varactors are
used to redistribute the surface currents on the antenna and change the radiation

characteristics of the antenna [2].

Increasing speed, lower latency, and higher capacity requirements in communication

systems create new design demands in antenna technologies. To meet this demand



through spatial diversity in massive MIMO array systems, antennas whose radiation

patterns can be reconfigured are utilized.

1.1 Motivation and Problem Definition

Array antennas are structures formed by at least two antenna elements. Array
antennas are used to achieve high gain and narrow beam performance that cannot be
achieved with a single antenna element. Antenna elements must be arranged with a
certain geometry and stimulated with an appropriate feeding method. Phased array
antennas can rotate the radiation pattern electronically without the need to rotate the
antenna mechanically. They are also known as electronically scanned arrays. Thanks
to the phase shifters placed behind each antenna element and the progressive phase
shift applied to these phase shifters, the radiation pattern of the array can be rotated
in the desired direction.

Array antenna patterns can be found by multiplying the array factor and the element
pattern. The array factor is a function of the positions of the antennas in the array
and the excitation coefficients used, and it is not preferable to change it. Even if the
array factor is maximized in any desired direction, the overall pattern will still
depend on the pattern of the elements. For this reason, rotating the radiation patterns
of the antenna elements used in the array in the same direction with the maximum
radiation direction of the array would improve the array performance. Hence the aim
of this thesis is to design pattern reconfigurable antenna that will be used in an array
and the pattern will be reconfigured according to the beam steering direction of the
array. As the application area, small cell massive MIMO array for 5G, operating at
26 GHz is chosen.

There are some limitations in the design to be made. First, the size of the antenna
element to be designed should be less than A/2, since it will be used in an array.
Secondly, since the physical size of the antenna will be small due to the high

operating frequency, RF-MEMS switches are chosen to be the control elements to



reconfigure the pattern of the antenna. The designed antenna will be manufactured
at METU MEMS center. Hence the design should be compatible with the production
abilities available at METU MEMS Center. For example, the micromachining
technology at METU MEMS Center does not allow the production of shortening
vias. Therefore the design should avoid the use of shorting vias or probe fed
structures. In the next section, pattern reconfigurable antenna structures proposed in
literature will be summarized and some of them will be evaluated in terms of their

compliance with the requirements mentioned above.

1.2 Literature Review

Antenna design, whose radiation pattern can be reconfigured, has been one of the
most researched subjects in recent years. Many studies have been carried out in this
area, especially due to the development of 5G technology and the increasing need

for new antenna technologies.

When the literature is examined, it is seen that some studies are handled using the
parasitic element method [3]-[6]. In [3], the structure consists of three strips placed
parallel to each other, as shown in Figure 1.1 and only the center strip is excited.
There are gaps and switching mechanisms on the right and left strips, which are
excited parasitically. With the help of the switches placed between these gaps, the
lengths of the strips on the right or left can be changed to form a Yagi-Uda antenna.
When the left strip is switched, the longer left strip works like a reflector and removes
the radiated electromagnetic fields from itself. The shorter right strip works like a
director and directs the emitted electromagnetic fields towards itself. Although this
study successfully steers the antenna pattern, the large physical dimensions seem to

be a major drawback to be used as an array element.
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Figure 1.1: Physical structure of the reconfigurable microstrip parasitic array [3]

In [7], a pattern reconfigurable microstrip patch antenna is proposed for wearable
antenna applications. The proposed rectangular microstrip antenna structure is
presented in Figure 1.2. The switches between the feed line and the antenna patch
can control the radiation pattern. The antenna has broadside radiation when switch 1
and switch 2 are in the open position. When one of the switches is turned off, main
beam rotates 30° from broadside, in the opposite direction of the closed switch. The
circular slots at the end of the U-slot are used for impedance matching. Resonance
at the same frequency was obtained for all switch positions. At the beginning of this
thesis, this antenna structure is tried to be adapted for the design of the antenna
considered in this work. Although a similar pattern reconfiguration is achieved, the
resonance frequency of the antenna shifted according to switch positions. Although
antenna dimensions are aimed to be optimized to obtain pattern reconfiguration at
the same frequency, it could not be achieved. Therefore, other pattern reconfigurable

antenna structures are explored.
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Figure 1.2: Geometry of the proposed antenna [7]

Another method proposed in the literature for pattern reconfiguration is based on the
characteristic mode theory [8]-[10]. In these studies, different characteristic modes
are stimulated using either capacitive coupling elements as in [8] and [9] or inductive
coupling elements as suggested in [10]. The structures of capacitive and inductive
coupling elements are presented in Figures 1.3(a) and (b), respectively. When these
structures are examined, it has been evaluated that it is not possible to use such
excitation structures for antennas that will operate at 26 GHz and be produced with

micromachining technology.

= Capacitive

(2)

parasitic
plate
capacitive

exciter

(a) (b)
Figure 1.3: Coupling structures a) capacitive [8], b) inductive [10]



In [11]-[12], the pattern reconfiguration property is presented by integrating two
shorted quarter-wave patch antennas. In [12], the patches are excited with the slot-
coupled feeding technique, as shown in Figure 1.4. The shorting plane connected
from the middle of the patch to the ground plane combines two shorted quarter-wave
patch antennas. The antenna is fed by a rat-race coupler that provides in-phase or out
of phase excitation of two patches. Since two antennas have opposite polarizations,
out of phase excitation results in conical beam and in-phase excitation provides
broadside radiation. However, such a structure is not possible to be used in our design
since the micromachining facilities at METU MEMS Center does not allow the

fabrication of shorting vias or planes.

Coupled slot
-7 etched on ground
X=
Y
.“
Y
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Patch Shorting Plane z
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h xe— ¥

A b 4 t

Ground Plane  Substrate  Coupled slot Rat-race Network

Figure 1.4: Shorted Patch Antenna [12]

In [13], the antenna structure which is both pattern and frequency reconfigurable, is
presented. The proposed antenna can dynamically change its operating frequency
and radiation pattern. Longitudinal slits are opened on the antenna, and PIN diodes
are placed in these slots for switching purposes, as shown in Figure 1.5. The

electrical length of the antenna can change through PIN diode switches. In this way,



the antenna can radiate at different frequencies. The proposed antenna can radiate at
4.5 GHz, 4.8 GHz, 5.2 GHz, and 5.8 GHz frequencies according to the ON and OFF
status of the switches. In addition, it can rotate the main beam direction to -30 degrees
and 30 degrees in xz plane, through the switching mechanism.

)
-

e

Figure 1.5: Frequency and pattern reconfigurable antenna [13]

Circular patch antennas are generally operated at the dominant TM11 mode that
provides broadside radiation. In recent years it is shown that conical beams can be
obtained by exciting TMoz1 and/or TMo2 modes of circular patch antennas by utilizing
shorting vias [14, 15]. Such circular patch antennas are refered as monopolar patch
antenna. Various pattern reconfigurable circular patch antennas are proposed in
literature [16-18] that switch between conical beam and broadside radiation modes
at the same frequency by utilizing stacked patches or complicated feeding structures.
However, since monopolar patch structure involves shorting vias, fabrication of such

a frequency reconfigurable antenna is also not possible at METU MEMS Center.

In [19], a multi-mode microstrip antenna structure consisting of a concentric circular

patch and two circular rings is proposed. The sizes of each resonator are adjusted so



that TM,,, TM,,, and T M5, modes are excited at the same frequency for the circular
patch, the inner ring, and the outer ring, respectively. To excite these modes, one,
two, and three probe feeds are used for TM,,, TM,,, and T M3, modes, respectively.
In addition to these three different radiation modes, numerous radiation patterns are
obtained by different combinations of these modes with various phase differences
and amplitude ratios. Although the proposed structure provides high diversity in
radiation patterns, the size of the antenna is large, and the feed network is

complicated for array applications.

Figure 1.6: Geometry of a multimode concentric circular microstrip patch antenna
[19]

In [20], only the circular patch and one concentric ring are studied to reduce the
antenna size. It is shown that the feed of the circular patch can be eliminated, and it
can be excited by the probe feeds of the ring antenna through electromagnetic
coupling in the gap between the ring and the circular patch. It is shown in [20] that
when two feeds of the ring are in phase, TM,; mode is excited in the ring, whereas
TM,, is excited when they are out of phase. Consequently, the antenna could switch

between conical and broadside radiation modes. Moreover, by changing the phase



difference between the feeds, the main radiation direction of the antenna can be
steered between -40 degrees and +40 degrees from the broadside. However, when
this antenna is used in a large array application, it is not practical to steer the main
radiation direction of the element by using an additional phase shifter for each

element.

1.3 Objectives and Structure of the Thesis

After this literature survey, the antenna structure proposed in [20] is evaluated to be
the best candidate to start the design of the antenna aimed in this thesis. The antenna
presented in [20] provides only two different radiation modes: conical beam and
broadside radiation. However, in this thesis other radiation modes like £20°-30° from
broadside and modified conical beam that radiates more efficiently in one half plane
and has suppressed radiation in the other half plane are targeted. To achieve such
asymmetric radiation modes, it is clear that the symmetry of the antenna needs to be
disturbed. To introduce asymmetry to the antenna geometry, first slots are opened
on the patch, but these slots did not affect the radiation pattern of the antenna
considerably. In addition, the slots opened on the patch also shifted the resonant
frequency of the antenna. Thereupon, slots are opened in the ground plane of the
antenna, and it is observed that the radiation pattern changes with the introduction of
the slots. As a result of simulation studies where RF-MEMS switches are modelled
by conducting strips, it is observed that slots can be short circuited by using a couple
of RF-MEMS switches in the slot. Hence, the design of the antenna proceeded in
that direction. All electromagnetic simulations in this study are performed by using

Finite Element Method based commercially available software ANSYS HFSS.

A pattern reconfigurable antenna operating at 26 GHz and suitable to be
manufactured at METU MEMS Center is designed. However, due to the
prolongation of the manufacturing process, in order to validate the reconfiguration
concept proposed in this thesis, the design is repeated by using a commercially

available dielectric substrate and by choosing a lower frequency band (the sub-6 GHz



band) so that the antenna can be manufactured by using LPKF PCB Prototyping
machine. To provide in-phase and out of phase excitation of antenna ports, a rat-race
coupler is also designed. The antenna is manufactured together with the rat-race

coupler and measured.
The content of the thesis can be listed as follows:

In Chapter 2, design considerations of circular microstrip patch antennas are
presented. In addition, the most commonly used microstrip antenna feeding methods

are described.

In Chapter 3, the design of the ringed circular patch antenna operating in the mm-
wave band and compatible with manufacturing facilities at METU MEMS Center is
introduced. Then design stages for improving the pattern reconfiguration ability of

the antenna by introducing slots into its ground plane are given.

It was mentioned that due to the prolongation of the manufacturing process of the
mm waveband antenna, the antenna design was repeated for the sub-6 GHz
frequency band. In Chapter 4, the design of this antenna together with the design of

rat-race coupler and its integration with the antenna are introduced.

In Chapter 5, the fabrication process and measurement results of the antenna
designed in the sub-6 GHz frequency band are presented. The obtained simulation

results and the measurement results are compared and interpreted.

In Chapter 6, the conclusion and future works are presented. Also, the contribution

of this research work is summarized.
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CHAPTER 2

MICROSTRIP PATCH ANTENNAS

Microstrip antennas are usually made by placing a ground plane on one side of a
dielectric substrate and a conductive patch on the other side. The patch shape can be
square, rectangular, triangular, or circular [21]. Since the antenna designed in this
thesis consists of circular and ring shaped patches, their analyses will be considered

in this chapter.

2.1  Cavity Model Analysis of Circular Microstrip Patch Antennas

A circular microstrip patch antenna geometry is given in Figure 2.1.

Figure 2.1: Geometry of circular microstrip patch antenna
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Cavity model analysis is a commonly used method to examine fields excited by a
microstrip antenna. In this method, the patch antenna can be considered as a
cylindrical cavity with two Perfect Electric Conductor (PEC) walls on the top and
bottom and Perfect Magnetic Conductor (PMC) walls on the edges of the patch.
Some assumptions are made in the cavity model. Firstly, only the z component of
the electric field exists in the cavity region and is independent of the z coordinate for
all frequencies. This assumption is based on the fact that the thickness of the patch
antenna is very small relative to the wavelength. The PMC wall assumption at the
edges of the patch is based on the fact that the tangential component of the magnetic
field is vanishingly small at the edges [22]. Electric and magnetic fields within the
cavity are found by solving the wave equation, which is stated for the electric field

as;
(V> +k¥)DE, =0 (2-1)

where wave number k can be expressed in terms of free space wavelength A, and

dielectric constant €, as;

2
k=""JE, (2-2)
2

When the wave equation (2.1) is solved subject to the boundary conditions given

above, the electric and magnetic fields can be written as follows [22].

Ep=E¢=HZ=O (2_3)
E; = EoJn(kp')cos (n@") (2-4)
E, 1
Hy = j iz Jn(kpDsin (nd) (2:5)
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E
Hy = jw—;;)]n'(kp')sin (n@") (2:6)

where ‘= d/dp and @' is the azimuth angle in xy plane measured from x-axis and
J.(kp) is the Bessel functions of the first kind of order n. The boundary condition of
the PMC type limits the values that the wavenumber (k) can take. This constraint

can be expressed as:

E k
Hoplyrog = jw%lof;l(ka) sin(n®) = 0 (2-7)

To satisfy the boundary conditions, J;, (ka) expression must be zero. m*"* zero of the
derivative of the n" order Bessel function corresponds to TMnm operation mode of
the antenna and determines the wave number, knm, Of the corresponding mode. The

roots and the corresponding TM modes are given in Table 2.1.

Table 2.1: Roots of J,, (ka) [22]

Mode (n,m) 1,1 2,1 0,2 3,1 41 1,2
Knma 1.8411 | 3.0542 | 3.8317 | 4.2011 | 5.3170 | 5.3301

Fringing fields, a natural consequence of the radiation of patch antennas, make the
antenna electrically larger. The effective radius of the circular patch antenna can be
found by [22]:

1/2

B 2h na (2-8)
a =a [1 + g (ﬁ) + 1.7726]]
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where; ‘a,’ is the effective radius of the circular patch antenna
‘h’ is the thickness of the dielectric
‘€, 1s the relative permittivity of the dielectric

After knm is found by using the effective radius, the resonance frequency can be

calculated as:

(fnm) = fum ( 2-9 )

ZHJE

Field and current vectors for different TM,,,,, modes (m=1) are given in Figure 2.2
[22].

n=3

—— Current in Top Plate

--=.— Magnetic Field
. % Electric Field

Figure 2.2: Fields and current patterns for different TM,,; modes [22].
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As can be seen in Table 2.1, TM;,; mode is the lowest order mode of the circular
patch antenna, and from the current distribution it can be concluded that this mode
provides broadside radiation. The second mode is the TM,, mode. This mode creates
the monopole-like conical beam pattern. Generally, only a single feed is enough to
excite dominat TM,; mode. However, the current distributions given in Figure 2.2
imply that two or larger number of feeds are required to excite higher order modes
like TM,,. Therefore, before moving to the design of pattern reconfigurable antenna,

different feeding techniques used for microstrip patch antennas will be summarized.

2.2  Feeding Techniques of Microstrip Patch Antennas

The feeding method is a critical parameter that affects the antenna input impedance
and antenna characteristics. Selecting the feed type suitable for the designed antenna
structure will allow the antenna to radiate more efficiently. There are basically five

types of feeding techniques in patch antennas [22].

2.2.1 Microstrip Line Feeding

It is the feed type where the patch antenna and the feed line are on the same plane
and are directly connected to each other [21]. It is frequently used because it is easy
to manufacture, and the impedance matching can be easily achived by adjusting the
feed location through an inset fed configuration as seen in Figure 2.3. On the other
hand, since the feed line and the antenna are on the same substrate, unwanted

radiation is possible with the increase in the dielectric thickness [22].

15



Substrate

Ground plane

Figure 2.3: Microstrip line feeding [16]
2.2.2 Coaxial Probe Feeding

The coaxial feeding type is one of the most preferred feeding types because it is easy
to manufacture, impedance matching can be done simply by changing the feed
location, and it creates less unwanted radiation compared to the microstrip feeding
type [21]. Outer conductor of the coaxial cable is connected to the ground plane,

while the inner one is connected to the patch as shown in Figure 2.4.

-

Dielectric Circular microstrip

substrate patch
e, |

Coaxial connector Ground plane

Figure 2.4: Coaxial probe feeding [21]
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2.2.3 Proximity Coupling Feeding

Another method of feeding microstrip patch antennas is the proximity coupling
method. In this method, two dielectric layers are used as shown in Figure 2.5. The
lower dielectric has the feed line on it, while the upper dielectric has the patch on it.
Thanks to the capacitive coupling formed between the feeding line and the patch, the
patch is excited, and radiation occurs [22]. Although it provides more bandwidth
than microstrip feed and coaxial feed, the antenna size increases due to its two-layer

structure.

Patch

/

AN
,/# Microstrip
s/ line

/ £
‘ /1/ rl

)

Figure 2.5: Proximity coupling feeding [21]

224 Aperture Coupled Feeding

One of the most important disadvantages of microstrip antennas is their narrow
bandwidth. One of the methods used to eliminate this disadvantage is using the
aperture coupled feeding technique. This feeding technique is the one that provides
the most bandwidth compared to other techniques [22]. As shown in Figure 2.6, the
two dielectric substrates are separated by a common ground plane which has a slot

on it. There is a microstrip line under the lower dielectric layer, and this microstrip

17



line couples energy to the patch in the upper layer through the slot. One of its major

drawbacks is the increase in antenna size, as it uses a two-layer structure.

//}\ Slot

LN
7/ Microstrip

/7 line

7
‘ 7 En

| I £n |/

Figure 2.6: Aperture coupling feeding [21]

2.25 Coplanar Waveguide Feeding

Apart from the four feeding types described above, another feeding type used is the
coplanar waveguide (CPW) feeding method. They are mostly preferred in systems
where microwave circuits and patch antennas are used together [22]. In this feeding
method, the CPW is etched into the ground plane of the patch antenna, and its
coupling to the antenna is provided by slots that terminate the CPW feedline.
Depending on the shape of the slot, the patch can be stimulated by inductively couple
or capacitively coupled slots as shown in Figure 2.7. Its main advantage is that it is

suitable for micromachining.
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Figure 2.7: (a) Inductively coupled and (b) capacitively coupled slot structures [23]
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CHAPTER 3

DESIGN AND ANALYSIS OF RINGED CIRCULAR PATCH ANTENNA AT MM-
WAVE BAND

This section presents the antenna design that can reconfigure the radiation pattern at
26 GHz. As mentioned in Chapter 1, in the literature many issues have been studied
before on this subject. In the study proposed in [19] and shown in Figure 3.1, the
innermost circular patch operates at TM;; mode (broadside radiation) with a single
probe, TM,, (conical beam) mode is stimulated by two probes in the middle ring,
and finally, by three probes in the outer ring T M5, mode is stimulated. The diameter
of the center patch and the inner and outer radius of the middle ring and outer ring
are chosen so that all modes are excited at the same frequency. From the results
presented in [20], it was observed that the outermost ring did not contribute much to
improve of the radiation pattern diversity. In order not to increase the antenna size
too much, simulations of the structure consisting of only the inner circular patch and

the ring in the middle are performed.

Figure 3.1: Geometry of a multimode concentric circular microstrip patch antenna
[19]
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Since this study aims to excite the antenna in two different operating modes using
two different resonators, the antenna structure presented in [19] is the cornerstone of
the design here. A critical point has been noticed in [20]. Without connecting a probe
to the inner circular patch antenna, only the outer ring is fed with two probes, and
the main beam direction changes when the phase difference between the probes is
changed between 0 and 180 degrees. After seeing that the radiation pattern of the
antenna can be shaped with a simple phase change, it is started to work on designing
this antenna structure to operate at 26 GHz and to be produced by micromachining

processes.

3.1 Antenna Structure at 26 GHz

Since the antenna will be produced by METU MEMS Center, the dielectric
substrates used in the antenna were chosen to be compatible for fabrication by
micromachining. As mentioned in the previous section, microstrip antennas can be
excited by CPW feed lines via capacitively or inductively coupled slots. Simulations
were made with both types of slots, and inductively coupled slot was preferred since
it provided easier impedance matching. An antenna operating at 26 GHz has been
obtained by examining the length of the inductive slot and the length of the antenna
parametrically. However, when the radiation pattern is examined, it is observed that
the radiation made by the antenna to the lower hemisphere is high. It is thought that
this radiation is caused by the slot. For this reason, instead of CPW, a grounded
coplanar waveguide (GCPW) with a metal plate at the bottom has been used in the
design. Glass with a thickness of 0.5 mm, a dielectric constant (¢r) of 4.6, and a loss
tangent (tan 0) of 0.0002 is chosen as the substrate of the GCPW. The dielectric
substrate of the antenna was chosen as 0.5 mm thick High Resistivity Silicon (HRS)
(er=11.7, tan 6=0.01). Since the dielectric constant of HRS is very high, the
bandwidth of antennas designed on this material is very narrow. To increase the
bandwidth, it is necessary to decrease the effective dielectric constant. For this
purpose, the HRS substrate is micromachined to obtain an air gap of 0.2 mm
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thickness. Then, the antenna is etched at the interface of HRS and the air cavity, as
shown in Figure 3.2. The top views of the antenna and GCPW layers are shown in

Figures 3.3(a) and 3.3(b), respectively.

z

Air Cavity Antenna

Glass

Figure 3.2: Side view of proposed antenna

(a) (b)
Figure 3.3: Top views of (a) antenna layer and (b) GCPW layer
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Throughout the thesis, to avoid confusion, the situation where the two excitation
ports are fed in phase will be called "common mode™, and the situation where they
are fed with a 180° phase difference will be called "differential mode". The input
return loss (S11), and isolation between two ports (S12) are presented in Figure 3.4.

The parameters of the optimized antenna are listed in Table 3.1.
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Figure 3.4: Input return loss, and isolation between two ports of ringed circular
patch antenna

Table 3.1: Optimized parameters of ringed circular patch antenna

Parameters Values
Radius of the circular patch 1.615 mm
Inner radius of the ring 1.665 mm
Outer radius of the ring 2.568 mm
50Q2 GCPW signal line width 0.15 mm
Gap between 50Q2 GCPW signal line and ground 0.02 mm
Inductive slot length 2.997 mm
Inductive slot width 0.15mm
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The largest dimension of the designed antenna is 2x2.568=5.136 mm. At 26 GHz,
the wavelength is 11.53 mm. The antenna size is 0.445 wavelength. The current
distributions for in-phase and out-of-phase feeding are shown in Figure 3.5 and
Figure 3.6, respectively.
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Figure 3.5: Current distribution for in-phase feeding
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Figure 3.6: Current distribution for out-of-phase feeding
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The radiation patterns at $=0° plane obtained for cases where two ports are fed with
0° (in-phase) and 180° (out-of-phase) phase difference are presented in Figure 3.7
and Figure 3.8, respectively.

-150 150
-180

Figure 3.7: Normalized radiation pattern obtained when 0° phase differences are
applied between two ports

-150 150
-180

Figure 3.8: Normalized radiation pattern obtained when 180° phase differences are
applied between two ports
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As seen from Figure 3.7 and Figure 3.8, in-phase and out-of-phase excitation of the
two feeds provided conical beam and broadside radiation, respectively. These results
are also consistent with the current distributions in Figure 3.5 and Figure 3.6.
Maximum gains of the antenna are given in Table 3.2 and Table 3.3.

Table 3.2: Maximum gain of the antenna for in-phase feeding

Angle at which
Feeding Type Radiation Type maximum gain is seen Maximum Gain
(degrees) (dB)
In-Phase Conical +40 -1.63

Table 3.3: Maximum gain of the antenna for out-of-phase feeding

Angle of rotation from Maximum Gain
Feeding Type Radiation Type broadside (degrees) (dB)
Out-of-Phase Broadside 0 7.05

As seen in Table 3.2 and Table 3.3, gains of the antenna are -1.63 and 7.05 dB for
conical beam and broadside radiation, respectively. The gain has been observed as
low and negative in the conical beam mode. In order to investigate the cause of this
low gain, active s-parameters of ringed circular patch antenna for in-phase and out
of phase feeding are studied and presented in Figure 3.9 and Figure 3.10,
respectively. It can be observed that the active input return loss is below -10dB at 26
GHz for out of phase feeding, whereas it is about -6 dB at 26GHz for in-phase
feeding. Hence it can be concluded that low isolation (|Si2|=-8.15 dB) causes
coupling between two ports and this coupling affects the active return loss adversely
for in-phase excitation. There are studies in the literature to decrease the coupling
between two ports and increase the gain [24], but since it is out of the scope of this
thesis, it will not be detailed. Only it should be noted that for a two-port antenna, the
optimization of the antenna should be performed by considering both the input return
loss and the isolation between the ports of the antenna. Since the active s-parameters

27



include effects of both of them, the antenna studied in the next chapter is designed

by performing optimizations according to the active s-parameters for both types of

excitations.
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Figure 3.9: Active return loss graph for in-phase feeding

0.00
-2.007
-4.00°
-6.00°
-8.001

dB(ActiveS(1:1))

-10.00°

-12.00 ‘ ‘ |
20.00 22.00 24.00 26.00 28.00 30.00 32.00

Freq [GHZ]

Figure 3.10: Active return loss graph for out-of-phase feeding
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3.2 Increasing Pattern Diversity of the Antenna

The designed antenna provides the conical beam when two ports are excited in phase,
whereas it provides broadside radiation for out-of-phase feeding. With the aim of
obtaining asymmetric radiation patterns, slots are opened on the patch antenna, as
shown in Figure 3.11, and the effects of these slots on the radiation pattern are

observed.

Y Y
X X

(a) Rectangle shape slot perpendicular  (b) Rectangle shape slot parallel to the

to the feedlines feedlines
. | . |
X X
(c) Slots at four sides of the patch (d) Slots at 45° on the patch
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X X

e) Arc shape slot on the patch f) Half circle slot on the patch

Figure 3.11: Antenna structures which different slots are opened on the patch

Simulations are made by changing the width, length, and positions of all slots opened
on the antenna shown in Figure 3.11; however, no significant change in the radiation
patterns are observed in any geometry. In addition, the resonant frequency shifts due
to the slots opened on the patch. Since the radiation characteristics of the antenna
can not be changed with the slots opened on the patch, the idea of opening a slot in
a different part of the structure came to mind. First, a slot is opened in the ground
plane as shown in Figure 3.12 to observe its effects on the radiation characteristics
of the antenna. The aim is to obtain an asymmetric radiation pattern for in-phase
excitation and steer the main radiation direction for out-of-phase feeding. The slot
size and position are optimized to meet this objective, and the slot size is found to be

0.6 mm x 2 mm placed at 0.4 mm from the center of the circular patch.
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Figure 3.12: Antenna structure which a slot is opened on the ground plane

The designed antenna is modeled in ANSYS HFSS, and simulation results are

obtained. The Si1 and Si2 are presented in Figure 3.13.

s $11 of the Initial Design Antenna
e §21 of the Initial Design Antenna
@ m == 511 of the antenna which a slot is opened on the ground plane
= mm = 571 of the antenna which a slot is opened on the ground plane

0.00

-5.007

-10.001

-15.007

S Parameters (dB)

-20.00

20— ————— 7
20.00 22.00 24.00 26.00 28.00 30.00 32.00

Freq [GHz]

Figure 3.13: Input retrun loss, and isolation between two ports of ringed circular
patch antenna
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As shown in Figure 3.13, the resonance frequency shifts slightly upward when a slot
is opened in the ground plane of the antenna. However, since it is still within 10 dB
bandwidth, it can radiate effectively. The isolation between the antenna ports, on the
other hand, showed a significant improvement in the case of slot is opened in the
ground plane. These results show that the ring circular patch antenna can operate
effectively at 26 GHz, even though a slot is placed on the ground plane of the
antenna. Radiation pattern results normalized in the $=0° plane for in-phase and out-
of-phase excitations are presented in Figure 3.14 and Figure 3.15, respectively.

-130 150
-180

Figure 3.14: Normalized radiation pattern obtained when 0° phase differences are
applied between two ports
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Figure 3.15: Normalized radiation pattern obtained when 180° phase differences
are applied between two ports

Maximum gains of antenna are given in Table 3.4 and Table 3.5.

Table 3.4: Maximum gain of antenna for in-phase feeding

Angle at which
Feeding Type Radiation Type maximum gain is Maximum Gain
seen (degrees) (dB)
In-Phase Asymmetric Conical 30 0.69

Table 3.5: Maximum gain of antenna for out-of-phase feeding

Feeding Type Radiation Type Angle of rotation from | Maximum Gain
broadside (degrees) (dB)
Out-of-Phase Off-Broadside 20 5.30

As can be seen from Figure 3.14 and Table 3.4, the one-sided slot in the ground plane

of the antenna suppressed the left side of the initially conical radiation pattern and
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enhanced the right side when ports are fed in-phase. As can be seen from Figure 3.15
and Table 3.5, the one-sided slot in the ground plane of the antenna has rotated the
direction of the main beam 20 degrees from the broadside when the ports are fed out-

of-phase.

After it has been seen that the radiation pattern can be reconfigured by a one-sided
slot opened in the ground plane, it will be examined whether the slot can be short-
circuited by using switches in the slot. The presence and absence of slots will be
controlled by OFF and ON states of RF-MEMS switches, respectively. During the
simulations, 0.15 mm wide and 0.6 mm long conducting strips are used to imitate
the ON state of switches. The number of switches is also optimized, and four

switches are found to be adequate. The antenna structure is shown in Figure 3.16.

Figure 3.16: Antenna structure which a slot is opened on the ground plane and
switches placed on it

The designed antenna is modeled in ANSYS HFSS, and simulation results are

obtained. The Si11 and Sy2 are presented in Figure 3.17.
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Figure 3.17: Input retrun loss, and isolation between two ports of ringed circular
patch antenna

As seen in Figure 3.17, the results of the S parameter of the antenna with RF-MEMS
switches placed in the slots in the ground plane, and the antenna without slots in the
ground plane are similar. The normalized radiation pattern results at $=0° plane for

in-phase and out-of-phase excitations are presented in Figure 3.18 and Figure 3.19,
respectively.
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s Without slots in the ground plane
=m mw With switches placed in the slot in the ground plane

-150 180 150

Figure 3.18: Normalized radiation patterns obtained when 0° phase differences are
applied between two ports

sssssme  Without slots in the ground plane
= = m = With switches placed in the slot in the ground plane

-150 180 150

Figure 3.19: Normalized radiation patterns obtained when 180° phase differences
are applied between two ports
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Maximum gains of antenna are given in Table 3.6 and Table 3.7.

Table 3.6: Maximum gain of antenna for in-phase feeding

Angle at which
Feeding Type Radiation Type maximum gain is Maximum Gain
seen (degrees) (dB)
In-Phase Asymmetric Conical +40 -1.53

Table 3.7: Maximum gain of antenna for out-of-phase feeding

Feeding Type Radiation Angle at which maximum gain Gain (dB)
Type is seen (degrees)
Out-of-Phase Broadside 0 7.18

As can be seen in Figure 3.18 and Table 3.6, the slot opened to the ground plane can
be short-circuited by the metal strips placed inside slot. Thus, the slot opened in the
ground plane is as if it had never been opened. Consequently, the initial conical
radiation pattern is achieved for in-phase feeding. As can be seen in Figure 3.19 and

Table 3.7, the initial broadside radiation pattern is achieved for out-of-phase feeding.

Then, two equal-sized slots are opened on the ground plane parallel to the inductive
slots to observe their effects on the radiation characteristics of the antenna. The

antenna structure is given in Figure 3.20.
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Figure 3.20: Antenna structure which two equal-sized slots are opened on the
ground plane

The pattern reconfiguration property of the designed antenna is examined for three
states. As shown in Figure 3.21, only the right slot exists in State 1, only the left slot
exits in State 2, and in State 3, all switches are ON to short circuit both slots.

Y
Y

(a) State 1: Switches on the left slot  (b) State 2: Switches on the left slot are
are ON, on the right slot are OFF OFF, on the right slot are ON
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Y

(c) State 3: Switches on the left slot are ON, on the right slot are ON

Figure 3.21: Three states of the pattern reconfiguration property of the designed
antenna

The designed antenna is modeled in ANSYS HFSS, and simulation results are

obtained. S11 graphs for three states are presented in Figure 3.22.

I State 1

-2000 T T T T T
20.00 22.00 24.00 26.00 28.00 30.00 32.00

Freq [GHz]

Figure 3.22: Input return loss graphs for three states

The radiation pattern results at ¢=0° plane for all states for in-phase and out-of-phase
excitations are presented in Figure 3.23 and Figure 3.24, respectively.
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Figure 3.23: Simulated normalized radiation patterns for three states for in-phase
feeding

-180

Figure 3.24: Simulated normalized radiation patterns for three states for out-of-
phase feeding

40



Maximum gains for in-phase feeding and out-of-phase feeding are given in Table

3.8 and Table 3.9, respectively.

Table 3.8: Maximum gains for in-phase feeding

Angle at which
Radiation Type maximum gain is seen Gain (dB)
(degrees)
State 1 | Asymmetric Conical -30 0.43
State 2 Asymmetric Conical 30 0.37
State 3 Conical +40 -1.63

Table 3.9: Maximum gains for out-of-phase feeding

Angle of rotation from Gain (dB)
Radiation Type broadside (degrees)
State 1 Off-Broadside 18 511
State 2 Off-Broadside -18 5.14
State 3 Broadside 0 7.14

As can be seen from Figure 3.23 and Table 3.8, state 1 of the antenna enhanced the
left side of the initially conical radiation pattern and, suppressed the right side for in-
phase feeding. State 2 of the antenna suppressed the left side of the initially conical
radiation pattern and enhanced the right side for in-phase feeding. The last state, state
3, provided the initial conical beam. Due to suppression of the beam on one side,

gain value increases compared to conical radiation pattern.

As can be seen from Figure 3.24 and Table 3.9, state 1 of the antenna rotated the
direction of the main beam 18 degrees from the broadside as a result of out-of-phase
feeding. State 2 of the antenna rotated the direction of the main beam -18 degrees

from the broadside. The last state, state 3, provided initial broadside radiation.
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In another graduate research, there were studies to reduce the coupling between the
ports of the antenna. During that research, it is realized when a slot is opened in the
ring as shown in Figure 3.25, the radiation modes of the antenna changes for certain
slot widths. Radiation mode change means that conical beam is obtained for out of
phase feeding and broadside beam is obtained for in-phase feeding. Consequently,
by feeding both ports in-phase, the radiation mode can be controlled by introducing
a slot into the ring. As a result, the need for 180° phase shift for reconfiguration can
be avoided. Inspired by that research, slots were opened to investigate if the same
concept could be applied to our antenna. Two equal-sized slots are opened on the
ring in the same direction as the slots opened in the ground plane to observe their
effects on the radiation characteristics of the antenna. The size and the position of
the slots are optimized, and the slot size is found to be 0.4 mm x 0.907 mm. The

current distributions for only in-phase feeding are shown in Figure 3.26.

Figure 3.25: Antenna structure which two equal-sized slots are opened on the ring
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Figure 3.26: Current distribution for only in-phase feeding (a) without slots on the
ring (b) with slots on the ring

As can be seen from Figure 3.26, the slots opened on the outer ring have changed
the current distribution on the central patch. Similarly, to short circuit the slots and
control the existence and absence of the slot, switches are placed inside the slot.
During the simulations, 0.15 mm wide and 0.4 mm long conducting strips are used
to imitate the ON state of switches. The number of switches is also optimized, and
three switches are found to be adequate.

At this stage, three sets of switches were determined, and these sets are as follows.
1) Switches on the circular ring

2) Switches in the left slot on the ground plane

3) Switches in the right slot on the ground plane

There should be eight states depending on whether these switch sets are ON or OFF;
however, the switches in the slot on the ground plane will not be simultaneously
OFF. Therefore, there are six states in total. These can be expressed as binary. In the
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binary representation here, “0” represents the switch OFF state and “1” represents
the switch ON state. The writing order of the binary representation that creates the

states is in the same order as the three sets of switches defined above.

State 1: 111 State 4: 011
State 2: 110 State 5: 010
State 3: 101 State 6 : 001

As shown in Figure 3.27, all switches are ON to short circuit entire slots in State 1.
In State 2 and State 3, all switches are ON to short circuit the slots on the ring, while
only the right slot exists on the ground plane for State 2 and only the left slot exits in
the ground plane in State 3. In State 4, State 5 and State 6 slots on the ring exists
with no slots on the ground plane for State 4. Only the right slot exits in the ground

plane in State 5, and only the left slot exits in the ground plane in State 6.

¥ Y

(a) State 1 (b) State 2
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(c) State 3 (d) State 4
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(e) State 5 (F) State 6

Figure 3.27: Six states of the pattern reconfiguration property of the designed
antenna

The designed antenna is modeled in ANSYS HFSS, and simulation results are
obtained. Since the slots on the ring result in a radiation mode change in the antenna,
the first three cases shown in Figure 3.27 are examined as a particular group and the
last three cases as a different group. S11 graphs for states 1, 2, 3 and, states 4, 5, 6 are
presented in Figure 3.28 and Figure 3.29, respectively.

45



00 T L B L T - L |
20.00 22.00 24.00 26.00 28.00 30.00 32.00
Freq [GHz]

Figure 3.28: Input return loss graphs for in-phase feeding for state 1, state 2 and
state 3
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Figure 3.29: Input return loss graphs for in-phase feeding for state 4, state 5 and
state 6

The radiation pattern results at $=0° plane for only in-phase excitation for the states

1, 2, 3 and states 4, 5, 6 are presented in Figure 3.30 and Figure 3.31, respectively.
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Figure 3.30: Simulated normalized radiation patterns for for state 1, state 2 and
state 3

-150 150
-180

Figure 3.31: Simulated normalized radiation patterns for state 4, state 5 and state 6

Maximum gains of antenna are given in Table 3.10 and Table 3.11.
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Table 3.10: Maximum gains of antenna

Angle at which
States Radiation Type maximum gain is seen | Maximum
(degrees) Gain (dB)
State 1 Conical +40 -1.88
State 2 Asymmetric Conical -32 0.41
State 3 Asymmetric Conical 32 0.39
Table 3.11: Maximum gains of antenna
States Radiation Type Angle of rotation from | Maximum
broadside (degrees) Gain (dB)
State 4 Broadside 0 7.18
State 5 Off-Broadside -36 4.97
State 6 Off-Broadside 36 4.92

As can be seen from Figure 3.30 and Table 3.10, state 1 of the antenna provided the
initial conical beam. State 2 of the antenna suppressed the right side of the initially
conical radiation pattern and enhanced the left side for in-phase feeding. The last
state, state 3, enhanced the right side of the initially conical radiation pattern, and

suppressed the left side for. Due to suppression of the beam on one side, gain value

increases compared to conical radiation pattern.

As can be seen from Figure 3.31 and Table 3.11, state 4 of the antenna provided
initial broadside radiation. The state 5 of the antenna rotated the direction of the main
beam -36 degrees from the broadside as a result of out-of-phase feeding. The last

state, state 6, of the antenna rotated the direction of the main beam 36 degrees from

the broadside.
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The radiation patterns in Figure 3.30 are similar to the radiation patterns in Figure
3.23. When the radiation patterns in Figure 3.31 are examined, it is observed that the
beam is wider compared to the radiation patterns obtained in Figure 3.24, where
radiation mode change was done by out of phase excitation of the ports. Therefore,
the radiation mode changing approach by opening slot in the ring should be preferred

if only the application could tolerate this wider beam.
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CHAPTER 4

DESIGN AND ANALYSIS OF RINGED CIRCULAR PATCH ANTENNA AT SUB-
6 GHz

It was agreed with METU MEMS Center for the production of the ringed circular
patch antenna designed at 26 GHz. However, this antenna could not be produced due
to some production problems. Based on this development, antenna design studies

have been carried out in the sub-6 GHz band, which is another 5G frequency band.

3.3 GHz is chosen as the antenna operating frequency. Since the antenna size
increases at low frequency, it is planned to control the slots in the ground plane of
the antenna with PIN diode switches for pattern reconfiguration. The antenna is
constructed by placing a circular ring around a circular microstrip patch antenna and
excited by the aperture coupling technique using two feeds. A microstrip
transmission line is chosen as the feeding structure. ROGERS4003 with a thickness
of 0.508 mm, a dielectric constant (gr) of 3.55, and a loss tangent (tan 8) of 0.0027 is
chosen as the substrate of the feed line, and ROGERS4003 with a thickness of 1.524
mm, is chosen as the substrate of the antenna. The ground plane on which slots will
be opened to control the radiation pattern is placed between these two substrates. The
side view of the antenna is shown in Figure 4.1. The top views of the antenna layer
and ground layer together with microstrip feed lines are shown in Figures 4.2(a) and

4.2(b), respectively.
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ROGERS 4003 Antenna

1.524 mm

“

Ground

0.508 mm

Feedline ROGERS 4003

Figure 4.1: Side view of proposed antenna

(a) (b)

Figure 4.2: Top views of (a) antenna layer and (b) ground layer with microstip feed
lines

When the antenna analysis is performed, the front-to-back ratio of the antenna
becomes 7.5 dB. For the suppression of the back lobe, it is considered to place a PEC
plate behind the antenna substrate, on which the feed lines are located. The new

structure is shown in Figure 4.3. The plate distance is set to A0/10 at 3.3 GHz.
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Consequently, the plate distance is about 9.09 mm. The PEC plate size is also chosen
to be 240 x 210.

Plate Distance

) PEC Plate

Figure 4.3: Antenna Structure with PEC Plate

During the design of the antenna at 26 GHz, input return loss values of one of the
ports of the antenna are considered during the optimization process of antenna
parameters. However, it is realized that the isolation between the ports should also
be considered since the antenna will always be excited through both of its ports and
high coupling between the ports reduces the gain especially for in-phase feeding. In
the light of this observation, the optimization process of the antenna parameters for
the antenna that will operate at 3.3 GHz, is performed by considering active s-
parameters for both in-phase and out of phase feeding. Because Si» parameter
directly appears in the active s-parameter expressions and as the port isolation is
improved, the active s-parameter values for in-phase and out of phase feeding
approach to each other. The parameters of the optimized antenna are listed in Table
4.1. Active input return loss of ringed circular patch antenna for in-phase and out of

phase feeding are presented in Figure 4.4 and Figure 4.5, respectively.
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Table 4.1: Optimized parameters of ringed circular patch antenna

Parameters Values
Radius of the circular patch 13.55 mm
Inner radius of the ring 14.05 mm
Outer radius of the ring 19.50 mm
50Q signal line width 1.17 mm
Aperture Length (Ls) 15.5 mm
Aperture Width (Ws) 2 mm
Stub length (L¢) 4 mm

The largest dimension of the designed antenna is 2x19.5=39 mm. At 3.3 GHz, the
wavelength is 90.9 mm. The antenna size is 0.43 wavelength.

0.00

1.00 1.50 2.00 2.50 3.00 3.50 4.00
Freq [GHZ]

Figure 4.4: Active input return loss of ringed circular patch antenna for in-phase
feeding
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Figure 4.5: Active input reflection loss of ringed circular patch antenna for out-of-
phase feeding

As can be seen from Figure 4.4 and Figure 4.5, the minimum value of active return
losses for the in-phase and out-of-phase excitations occur approximately at the same
frequencies. In the antenna designed at 26 GHz, on the other hand, since the
optimization was made according to a single port, the minimum values of active
return losses appeared at different frequencies for in-phase and out-of-phase

excitations. The S11 and, S12 parameters of the antenna are presented in Figure 4.6.
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Figure 4.6: S11 and S12 parameters of ringed circular patch antenna
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As expected from active s-parameter results, the isolation between the two ports is
good (around -16 dB at 3.3 GHz), and it is much more better than the isolation (-
8.15dB) of the antenna designed at 26 GHz. The current distributions for in-phase
and out-of-phase feeding are shown in Figure 4.7 and Figure 4.8, respectively.
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Figure 4.7: Current distribution for in-phase feeding
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Figure 4.8: Current distribution for out-of-phase feeding
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The normalized radiation pattern results at $=90 plane for cases where two ports are

fed with 0° (in-phase) and 180° (out-of-phase) are presented in Figure 4.9.

(a) (b)

Figure 4.9: Radiation patterns obtained when different phases are applied between
two ports (a) 0° phase differences (b) 180° phase differences

As seen from Figure 4.9, in-phase and out-of-phase excitation of the two feeds
provided conical beam and broadside radiation, respectively. These results are also

consistent with the current distributions in Figure 4.7 and Figure 4.8.
Maximum gains of antenna are given in Table 4.2 and Table 4.3.

Table 4.2: Maximum gain of antenna for in-phase feeding

Angle at which
Feeding Type Radiation Type maximum gain is Maximum Gain
seen (degrees) (dB)
In-Phase Asymmetric Conical +32 9.40
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Table 4.3: Maximum gain of antenna for out-of-phase feeding

Angle at which
Feeding Type Radiation Type maximum gain is seen Maximum Gain
(degrees) (dB)
Out-of-Phase Broadside 0 7.52

As seen from Table 4.2, in this antenna, the gain value of the in-phase feeding is not

decrease since the optimization is made according to the active s parameters.

4.1 Improving Pattern Diversity of the Antenna

As shown in Figure 4.10, a slot is opened in the ground plane in front of the
rectangular aperture on the left side of the antenna, to observe its effects on the
radiation characteristics of the antenna. The slot size and position are optimized to
achieve maximum variation in the radiation pattern, and the slot size is found to be
5 mm x 11 mm placed at 6 mm from the center of the circular patch. Meanwhile the
length of the rectangular aperture also needed to be adjusted to obtain a resonance at
the same frequency as the antenna without a slot opening. The best aperture length
that provides resonance at the same frequency (3.24 GHz) for both in-phase and out
of phase excitation is found to be 9.5 mm. Active return loss graphs for in-phase and

out-of-phase feeding are presented in Figure 4.11 and Figure 4.12, respectively.
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Figure 4.10: Antenna structure which a slot is opened on the ground plane
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Figure 4.11: Active return loss graph for in-phase feeding
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Figure 4.12: Active return loss graph for out-of-phase feeding

The normalized radiation pattern results at $=90° plane for in-phase and out-of-phase

excitations are presented in Figure 4.13.

(a) (b)

Figure 4.13: Simulated normalized radiation patterns obtained when different
phases are applied between two ports (a) 0° phase differences (b) 180° phase
differences

Maximum gains of antenna are given in Table 4.4 and Table 4.5.
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Table 4.4: Maximum gain of antenna for in-phase feeding

Feeding Type

Radiation Type

Angle at which
maximum gain is

seen (degrees)

Maximum Gain
(dB)

In-Phase

Asymmetric Conical

-28

10.92

Table 4.5: Maximum gain of antenna for out-of-phase feeding

Feeding Type

Radiation Type

Angle at which
maximum gain is

seen (degrees)

Maximum Gain
(dB)

Out-of-Phase

Broadside

-28

7.97

As can be seen from Figure 4.13 and Table 4.4, the one-sided slot in the ground plane
of the antenna enhanced the left side of the initially conical radiation pattern and
suppressed the right side for in phase feeding. In addition, As can be seen from Figure
4.13 and Table 4.5, the one-sided slot in the ground plane of the antenna has rotated

the direction of the main beam -28 degrees from broadside for out-of-phase feeding.

After it is seen that the radiation pattern reconfiguration capability of the antenna can
be improved by opening slots in the ground plane of the antenna, two equal-sized
slots are opened on the ground plane parallel to the aperture to observe their effects
on the radiation characteristics of the antenna. The antenna structure is given in
Figure 4.14. The size and the position of the slots are optimized to meet this
objective, and the slot size is found to be 5 mm x 11 mm placed at 6 mm from the

center of the circular patch.
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Figure 4.14: Antenna structure which two equal-sized slots are opened on the
ground plane

Recall that the length of the aperture to obtain resonance at the same frequency was
15.5 mm when there is not any additional slot in the ground plane and it was 9.5 mm
when the slot was open. However, these two length values should be same for the
proper operation of the reconfigurable antenna. Thereupon, aperture lengths are
optimized, and it is found that the aperture length providing the same resonance in
all cases is 14 mm. Moreover, the slot length has also been optimized, and it has been

found that 9 mm slot length is resulting in the best return loss and gain values.

The pattern reconfiguration property of the designed antenna is examined for three
states. The presence and absence of slots will be controlled by OFF and ON states of
PIN diode switches, respectively. During the simulations, 1.17 mm wide and 5 mm
long conducting strips are used to imitate the ON state of switches. The number of
switches is also optimized, and three switches are found to be adequate. As shown
in Figure 4.15, only the right slot exists in State 1, only the left slot exits in State 2,
and in State 3, all switches are ON to short circuit both slots. Note that eventhough

62



the circular patch exists in the simulation model, it is made transparent in the
following figures to increase the visibility of the coupling aperture and slots in the

ground plane.

(a) State 1: Switches on the left slot (b) State 2: Switches on the left slot
are ON, on the right slot are OFF are OFF, on the right slot are ON

(c) State 3: Switches on the left slot are ON, on the right slot are ON

Figure 4.15: Three states of the pattern reconfiguration property of the designed
antenna

Active return loss graphs for in-phase and out-of-phase feeding for three states are
presented in Figure 4.16 and Figure 4.17, respectively.
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Figure 4.16: Active return loss graphs for in-phase feeding for three states
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Figure 4.17: Active return loss graphs for out-of-phase feeding for three states

The radiation pattern results at $=90° plane and at 3.3 GHz for all states for in-phase
and out-of-phase excitations are presented in Figure 4.18 and Figure 4.19,

respectively.
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Figure 4.18: Simulated normalized radiation patterns for three states for in-phase
feeding

Figure 4.19: Simulated normalized radiation patterns for three states for out-of-
phase feeding
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When the antenna is fed in-phase, radiation asymmetry is obtained in state 1, and,
the radiation pattern maximum is observed at 34°. In state 2, radiation asymmetry is
obtained, and, the radiation pattern is observed at -34°. If the switches on the left and
right sides are closed simultaneously, then in state 3, the initial radiation pattern
symmetry is obtained again. Note that the level of asymmetry in the radiation pattern
is not as high as the one obtained for GCPW fed antenna operating at 26 GHz. It is
observed that the level of the asymmetry can be improved by changing the slot length
and position. However, for that case the amount of beam tilt from broadside
decreases when the antenna is fed out of phase. Therefore, among these two
alternative designs, the amount of beam tilt is favored and it is decided to continue

with the current design.

When the antenna is fed out-of-phase, in state 1, the radiation pattern is rotated from
broadside to -24°, and the maximum gain of the antenna is 8.06 dB. In state 2, the
radiation pattern is rotated from broadside to +24°, and the maximum gain of the
antenna is 8.08 dB. If the switches on the left and the right sides are off
simultaneously, in state 3, the radiation pattern is obtained in broadside, and the

maximum gain of the antenna is 6.81 dB.

Summaries of radiaiton for in-phase feeding and out-of-phase feeding are given in

Table 4.6 and Table 4.7, respectively.

Table 4.6: Summary of radiaiton for in-phase feeding

Radiation Type Angle at which Maximum
maximum gain is Gain (dB)

seen (degrees)

State 1 Asymmetric Conical 34 9.72
State 2 Asymmetric Conical -34 9.73
State 3 Conical +34 8.86
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Table 4.7: Summary of radiaiton for out-of-phase feeding

Radiation Type Angle of rotation from Maximum

broadside (degrees) Gain (dB)
State 1 Off-Broadside -24 8.06
State 2 Off-Broadside 24 8.08
State 3 Broadside 0 6.81

After creating asymmetry in the radiation pattern, two equal-sized slots are opened
on the ring in the same direction as the slots are opened in the ground plane as shown
in Figure 4.20 to investigate whether it is possible to reconfigure the antenna without
the need of 180° phase shifter as discussed in the previous chapter.

Figure 4.20: Antenna structure which two equal-sized slots are opened on the ring

For the optimization of slot size on the ring, parametric studies are made. The slot

width has been increased from 1 mm to 8 mm in 1 mm increments. However, as it
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can be observed from active return loss results obtained for different slots (Figure
4.21) and radiation pattern results given in Figure 4.22, the antenna radiates conical

beam for all slot sizes and no change in the radiation mode is observed for any slot

size.
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Figure 4.21: Active scattering parameters (S11) with respect to frequency for
different slot widths
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Figure 4.22: Simulated radiation patterns at $=90° plane for different slot widths
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After it is observed that the slots opened on the ring in the same direction as the slots
opened on the ground plane did not change the radiation pattern, slots are opened on
the ring and on the patch in different positions and geometries to investigate whether
a radiation mode change can be observed with a different topology. The studied
antenna structures are given in Figure 4.23.

(a) Vertical slots on the ring (b) Slots at 45° on the ring

(c) Y-axis slots on the ring (d) Slot in the middle circle
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X X
(e) Arc-shaped slots on the ring (f) Short circuiting between the patch
and the ring at +45° and £135°

(g) Short circuiting between the patch (h) Adding stub to +45 degrees and
and the ring at £90° +135 degrees on the ring

Figure 4.23: Antenna structures which different slots are opened on the ring and on
the patch

Simulations have been made with all the antenna geometries shown in Figure 4.23,
however, no mode change of the antenna has been observed in any geometry. But a
mode change was observed in the antenna designed at 26 GHz by simply inserting a
slot in the ring. The reason why such a behaviour is not observed for this antenna is

explored. The first difference noticed between two antennas is the level of isolation
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between two ports of the antenna. Since the previous antenna was designed by
considering only the return loss value of one of the ports, the isolation between the
ports were poor (about -8 dB at 26 GHz), whereas the isolation between the ports of
this antenna is good (around -18 dB) since it is optimized by considering the active
return loss values for both types of excitations (in-phase and out of phase). It is
thought that this might be the reason why there is a mode change in the antenna
operating at 26 GHz when the slots are opened on the ring, and there is no mode
change in the antenna operating at 3.3 GHz. In order to test this claim, it is planned
to increase the coupling between the two feeds. To achieve this, a parametric study
is carried out with the aperture length. Isolation graphs for different aperture lengths
are given in Figure 4.24. Active return loss graphs for in-phase and out-of-phase
feeding for different aperture lengths are presented in Figure 4.25 and Figure 4.26,

respectively.
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Figure 4.24: Isolation (S21) with respect to frequency for different aperture lengths
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Figure 4.25: Active scattering parameters (S11) with respect to frequency for
different aperture lengths for in-phase feeding
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Figure 4.26: Active scattering parameters (S11) with respect to frequency for
different aperture lengths for out-of-phase feeding

As seen in Figure 4.24, the coupling between the two feeds increases as the aperture
length increases. However, as can be seen in Figure 4.25 and Figure 4.26, as the
aperture length increases, the frequency shift between the resonance frequencies of
in-phase and out-of-phase excitations becomes larger as expected. The length of the

aperture is increased to 18 mm to incease the coupling between ports and a slot is
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opened in the ring to investigate whether a radiation mode change can be observed
for this antenna with poor isolation between ports. For different values of the width
of the slot, simulations are performed with in-phase excitation but the radiation
pattern remained as conical beam and no mode change is observed. As a result the
pattern reconfiguration technique applied for the antenna designed at 26 GHz is not
found to be applicable to this antenna. Hence the antenna needs to be excitated both
in-phase and out of phase for pattern reconfiguration. To meet this need a rat-race
coupler is designed. The design steps will be presented in the next section.

4.2  Design Considerations of Rat-Race Coupler

The illustration of a rat-race coupler is shown in Figure 4.27. Rat-race coupler is a
4-port device, 2 of them are the input ports and 2 of them are the output ports. It is

also known as 180° hybrid coupler.

P4

f

<
TN

9 N\

(X)P3

A4

P2 T 3M4

(A) Pl

Figure 4.27: Sum and difference ports of a rat-race coupler [25]

In case the 15t port is fed as the source, the power is divided equally between the
2% and 4" ports with 180° phase difference between them. This situation is only
valid when port 3 is terminated with the matched load. In the case where the 37¢ port

is fed as the source, the power is divided equally between the 2% and 4™ ports, and
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there is no phase difference between them so that in-phase feeding occurs. This

situation is only valid when port 1 is terminated with the matched load.

The rat race structure presented in [12] is evaluated to be feasible considering the
antenna geometry and the layer where the feedline is located. In the study proposed
in [12] and shown in Figure 4.28, a rectangular rat-race structure is designed. The
structure fed from port 1 created a 180 degree phase difference between ports 3 and
4. On the other hand, the structure fed from Port 2 did not create a phase difference

between ports 3 and 4.

Wi To Port 1

Hg— | Ve (Even mode)
l 30,/4 A

Shorting
Via o

To Port 2
(Odd mode)

Figure 4.28: Geometry of a rat-race feeding network [12]

When starting the rat-race design, first of all, the widths of the microstrip lines with
a characteristic impedance of 50 Q (w2) and with a characteristic impedance of about
70 Q (wq) should be found.
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For 0.508 mm thick ROGERS4003 they are found as w2 =1.17 mm and w; = 0.62
mm. Then the guided wavelength, A4, need to be found. Bu simulating microstrip
line with 70 Q characteristic impedance, the guided wavelength is found as 54.52
mm. Using these line width values and guided wavelength value, the rat-race

structure shown in Figure 4.29 is simulated.

Portl

Port 3 Port 4

Port 2

Figure 4.29: Rat-rate structure

Return loss graphs for every port, phase graphs for S13 and Si14 and phase graphs for
Sz and Sy are presented in Figure 4.30, Figure 4.31, and Figure 4.32, respectively.
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Figure 4.30: Return loss graph
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As can be seen in Figure 4.30, the return loss for each port is about -30 dB for 3.3
GHz. As can be seen from Figure 4.31, although there should be 180° phase
difference between Si3 and S14 parameters, 175° phase difference is observed. Also,
as can be seen from Figure 4.32, although there should be 0° phase difference
between the S23 and S»4 parameters, 4° phase difference is observed. Thereupon, the
Ag value will be tuned, and the phase differences of 180° and 0° will be tried to be
achieved. The A, value is set to 56 mm, and the phase graphs of the parameters Si3

and Su4 are drawn. Phase graphs of parameters Si1z and S14 are shown in Figure 4.33.
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Figure 4.33: Phase Graph for Si3 and Si4 for A; = 56 mm
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As can be seen in Figure 4.33, the phase difference between the parameters Si3 and
S14 is observed as almost 180° at 3.3 GHz. Phase graphs of parameters Sz and Sz

are shown in Figure 4.34.
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Figure 4.34: Phase Graph for Sz3 and Sz4 for 1,=56 mm
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As can be seen in Figure 4.34, the phase difference between the parameters Szz and
So4 is observed as almost 0° at 3.3 GHz. The power splitting from Port 1 (common
port) and Port 2 (differential port) to the branches is shown in Figure 4.35 and Figure
4.36, respectively.
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Figure 4.35: Power splitting graph to the branches from the differential port
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Figure 4.36: Power splitting graph to the branches from the common port
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As can be seen from Figure 4.35 and Figure 4.36, the amount of power going to the
branches from differential port and common port are approximately equal to each
other (-3 dB). With these simulation results, it has been shown that the rat-race
structure works properly.

4.3  Integration of Antenna and Rat-Race Coupler

After the rat-race coupler was shown to work properly, it started to be combined
with the designed antenna. The pattern reconfiguration property of the designed

antenna is examined for three states. As shown in Figure 4.37, only the right slot
exists in State 1, only the left slot exits in State 2, and in State 3, all switches are
ON to short circuit both slots.

Differential
Port
X X
L] !
=T NAiam =i
= ' =1 =l
|
Common port ‘
(a) State 1: Switches on the left slot (b) State 2: Switches on the left slot
are ON, on the right slot are OFF are OFF, on the right slot are ON
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(c) State 3: Switches on the left slot are ON, on the right slot are ON

Figure 4.37: Three states of the pattern reconfiguration property of the designed
antenna

Return loss graphs for three states when the antenna is excited from common port

and differential port are presented in Figure 4.38 and Figure 4.39, respectively.
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Figure 4.38: Return loss graphs for three states when differential port is excited
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Figure 4.39: Return loss graphs for three states when common port is excited

As can be seen from Figure 4.38 and 4.39, there is resonance at the 3.3 GHz

frequency for all three cases.

The current distributions for common mode and differential mode are shown in
Figure 4.40, Figure 4.41, Figure 4.42 and Figure 4.43.
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Figure 4.40: Current distribution for differential mode (ON-ON State)
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Figure 4.41: Current distribution for common mode (ON-ON State)
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Figure 4.42: Current distribution for differential mode (OFF-ON State)
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Figure 4.43: Current distribution for common mode (OFF-ON State)

The radiation pattern results at ¢=90° plane and at 3.3 GHz for all states for
differential and common port excitations are presented in Figure 4.44 and Figure
4.45, respectively.
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-180

(a) Antenna patterns when its (b) Antenna patterns when it is fed out-
integrated rat-race coupler of-phase

Figure 4.44: Radition pattern results (a) when its integrated rat-race coupler (b)
when it is fed out-of-phase

-180
(c) Antenna patterns when its (d) Antenna patterns when it is fed in-
integrated rat-race coupler phase

Figure 4.45: Radition pattern results (a) when its integrated rat-race coupler (b)
when it is fed in-phase

85



As seen in Figure 4.44, when the antenna is fed from differential port and common
port is terminated with 50 Q, it behaves like an out-of-phase feed and realizes
broadside radiation. In state 1, the radiation pattern is rotated from broadside to -24
degrees, and the maximum gain of the antenna is 7.45 dB. In state 2, the radiation
pattern is rotated from broadside to 18 degrees, and the maximum gain of the antenna
is 7.30 dB. If both switches are ON simultaneously, in state 3, the radiation pattern
is obtained in broadside, and the maximum gain of the antenna is 7.16 dB. In
addition, the radiation patterns of the antenna with integrated rat-race coupler and

the antenna fed out-of-phase are similar.

As seen in Figure 4.45, when the antenna is fed from common port, and the
differential port is terminated with 50 Ohm, it behaves like an in-phase feed and
realizes the conical beam. State 1 enhanced the right side of the initially conical
radiation pattern and, suppressed the left side. State 2, enhanced the left side of the
initially conical radiation patter, and suppressed the right side. If the switches on the
left side and the right side are closed simultaneously, then in state 3, the initial
radiation pattern symmetry is obtained again. Additionaly, the radiation patterns of

the antenna with integrated rat-race coupler and the antenna fed in-phase are similar.

Summaries of radiation, when the antenna is fed from common port and from

differential port, are given in Table 4.8 and Table 4.9, respectively.

Table 4.8: Summary of radiation when the antenna is fed from common port

Radiation Type Angle at which Maximum Gain
maximum gain is (dB)

seen (degrees)

State 1 | Asymmetric Conical 36 943
State 2 | Asymmetric Conical -36 9.65
State 3 Conical +36 8.81
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Table 4.9: Summary of radiaiton when the antenna is fed from differential port

Angle of rotation from Maximum

Radiation Type broadside (degrees) Gain (dB)
State 1 Off-Broadside -24 7.45
State 2 Off-Broadside 18 7.30
State 3 Broadside 0 7.16
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CHAPTER 5

FABRICATION AND MEASUREMENT RESULTS OF RINGED CIRCULAR
PATCH ANTENNA

5.1 Fabrication of the Antenna

The designed antenna is produced and measured using the facilities of ASELSAN
Inc. The designed antenna and rat-race coupler are fabricated by the LPKF Protolaser
S milling machine shown in Figure 5.1. ROGERS 4003 is used as the antenna and
rat-race coupler material, and FR4 is used as back radiation blocking ground. The
produced components and the final antenna formed by combining these components
are given in Figure 5.2 and Figure 5.3, respectively. SMA connectors are used to

feed the structure and soldered to the layer with the rat-race coupler.

LPKF ProtolLaser

.ﬁ«"{"l 's"

Figure 5.1: Fabrication of the designed antenna
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(a) Rat-race coupler (b) Ringed circular patch antenna

(c) Ground plane #1 (ON-ON state) ~ (d) Ground Plane #2 (OFF-ON state)

(e) Back radiation blocking ground (f) Plastic screws and 50 Q matched
load

Figure 5.2: Fabricated components of the designed antenna
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Figure 5.3: Final form of the fabricated antenna

5.2  S-parameter and Radiation Pattern Measurements

Keysight Agilent E8364B Vector Network Analyzer (VNA) is used to measure the
return loss of the antenna. The measurement setup is given in Figure 5.4. Separate
measurements are taken for different slot configurations given in Figure 5.2(c) (ON-
ON state) and Figure 5.2(d) (OFF-ON state). Measurement and simulation results
are compared in Figure 5.5 and Figure 5.6 for ON-ON state and OFF-ON state,
respectively.
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Figure 5.5: Measurement and simulation results of the S11 parameter of the antenna
for switches on the top slot are ON, on the bottom slot are ON
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Figure 5.6: Measurement and simulation results of the Si1 parameter of the antenna
for switches on the top slot are OFF, on the bottom slot are ON

As seen in Figure 5.5, the simulation results obtained from the two ports of the
antenna and the s parameter measurement results are in good agreement. As a result
of the simulation for differential port, the antenna makes its deepest resonance at
3.32 GHz, and the return loss value is -18.79 dB. As a result of the measurement, the
antenna makes its deepest resonance at 3.31 GHz, and the return loss value is -30.25
dB. As a result of the simulation for common port, the antenna makes its deepest
resonance at 3.29 GHz, and the return loss value is -9.92 dB. As a result of the
measurement, the antenna makes its deepest resonance at 3.32 GHz, and the return
loss value is -7.67 dB. The measurement results come at a higher frequency than the
simulation results because no matter how hard the plastic screws connecting the two-
layer structure are tightened, an air gap remains between the two layers. Due to this

air gap, the resonance frequency shifts up a little.
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As seen in Figure 5.6, the simulation results obtained from the two ports of the
antenna and the s parameter measurement results are in good agreement as well when
one of the slots is made active. As a result of the simulation for differential port, the
antenna makes its deepest resonance at 3.28 GHz, and the return loss value is -26.66
dB. As a result of the measurement, the antenna makes its deepest resonance at 3.28
GHz, and the return loss value is -23.72 dB. As a result of the simulation for common
port, the antenna makes its deepest resonance at 3.3 GHz, and the return loss value
is -19.02 dB. As a result of the measurement, the antenna makes its deepest

resonance at 3.33 GHz, and the return loss value is -14.44 dB.

After measuring the s parameter of the antenna, the radiation pattern measurement
phase is started. The far-field radiation pattern of the antenna are measured in the
SATIMO Spherical Near-Field Measurement System, shown in Figure 5.7. In this
system, automatic transformations are made to obtain the far-field radiation pattern
after the radiation pattern is measured in the near field. The SH2000 antenna is used
as the standard gain source antenna in the radiation pattern measurement. The source
antenna is placed in the system, as shown in Figure 5.8, and the calibration process

is performed.

94



Figure 5.8: SH2000 source antenna
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After the gain calibration of the source antenna, the antenna whose radiation pattern

and gain will be measured is placed in SATIMO, as shown in Figure 5.9.

Figure 5.9: Placement of the antenna in SATIMO

Separate measurements have been taken for different slot configurations shown in
Figure 5.2(c) and Figure 5.2(d). Measurement results and simulation results for ON-
ON state are compared in Figure 5.10 and Figure 5.11, for differential and common
ports, and for OFF-ON state in Figure 5.12 and Figure 5.13 for differential and

common ports, respectively.
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Figure 5.10: Normalized radiation pattern results of the antenna at $=90° plane for
ON-ON state when the differential port is excited
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Figure 5.11: Normalized radiation pattern results of the antenna at $=90° plane for
ON-ON state when the common port is excited
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Figure 5.12: Normalized radiation pattern results of the antenna at $=90° plane for
OFF-ON state when the differential port is excited
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Figure 5.13: Normalized radiation pattern results of the antenna at $=90° plane for
OFF-ON state when the common port is excited
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As can be seen in Figures 5.10, 5.11, 5.12, and 5.13, the radiation pattern of the
antenna did not match the simulation results when the rat-race coupler and the
antenna were integrated and measured together. Although the differential port feed
results are similar to the simulation results, there is a serious mismatch in the
common port feed results. In order to understand where the problem originates, the
rat-race coupler and microstrip dual-fed antenna will be produced and measured
separately in the next step.

5.3  Separate Production and Measurements of Rat-Race Coupler and Two

Feed Antenna

The rat-race coupler produced for the measurement and the measurement setup
prepared is given in Figure 5.14 and Figure 5.15, respectively. VNA measurement
results are given in Figure 5.16, Figure 5.17, Figure 5.18, Figure 5.19, and Figure
5.20, respectively.

Figure 5.14: Rat-Race Coupler
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Figure 5.16: Measured return losses of all ports
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Figure 5.18: Measured magnitudes of Sz3 and Sz4
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Figure 5.20: Measured phases of Sz3 and Sz4
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As can be seen in Figure 5.16, the return loss for each port is below -22 dB for 3.3
GHz. The frequency at which the return loss of Port 2 is lowest, has shifted to a

higher frequency than other ports.

In the case where the rat-race coupler is fed from port 1 (differential port) or port 2
(common port), it is expected that the power would be equally divided into the
antenna outgoing ports 3 and 4. As can be seen in Figure 5.17, when the rat-race
coupler is fed from differential port, the incoming power is measured as -3.68 dB in
374 port and -3.63 dB in 4" port at 3.3 GHz resonance frequency. According to this
result, as expected, the power is divided into branches equally, with some loss. As
can be seen in Figure 5.18, when the rat-race coupler is fed from common port, the
incoming power is measured as -3.69 dB in 3" port and -3.82 dB in 4" port at 3.3
GHz resonance frequency. According to this result, as expected, the power is divided

into branches equally, with some loss.

When the rat-race coupler is fed from differential port, a 180° difference between the
phases of port 3 and port 4 going to the antenna is expected. As can be seen in Figure
5.19, when the antenna is fed from differential port at 3.3 GHz resonant frequency,
the phase of port 3 is -72.31°, and the phase of port 4 is 107.16°. According to this
result, as expected, there is an almost 180° phase difference between the branches

going to the antenna.

When the rat-race coupler is fed from common port, a 0° difference between the
phases of port 3 and port 4 going to the antenna is expected. As can be seen in Figure
5.20, when the antenna is fed from common port at 3.3 GHz resonant frequency, the
phase of port 3 is 128.28°, and the phase of port 4 is 127.44°. According to this result,
as expected, there is an almost 0° phase difference between the branches going to the

antenna.

A comparison of the simulation and measurement results of the power divided into
branches from the excitation ports is given in Figure 5.21 and Figure 5.22,
respectively.
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Figure 5.21: Comparison of the simulation and measurement results of the power
divided into branches from Port 1
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Figure 5.22: Comparison of the simulation and measurement results of the power
divided into branches from Port 2
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As can be seen from Figure 5.21 and Figure 5.22, the frequency dependent
characteristics of the simulation and measurement results are same. The power is
evenly divided into branches from the excitation ports. The reason for the loss of
about 0.5 dB observed between the simulation and measurement results might be

due to SMA connectors and soldering, which are not modeled in simulations.

After it is seen that the rat-race coupler is working properly, the two-port antenna is
fabricated and connected to the rat-race coupler by cable. The two-port antenna
ground and the cable connection of this antenna to the rat-race coupler are shown in

Figure 5.23 and Figure 5.24, respectively.

Figure 5.23: Antenna feeding with two microstrip lines
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Figure 5.24: The cable connection of the antenna to the rat-race coupler

The return loss measurement results of the situation in which the rat-race coupler
and the antenna are integrated with each other, and the rat-race coupler and the
antenna are connected by a cable are compared in Figure 5.25 and Figure 5.26 for
the ON-ON state and OFF-ON state, respectively.
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Figure 5.25: Measurement results of the Si1 parameter of the antenna for switches
on the left slot are ON, on the right slot are ON
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Figure 5.26: Measurement results of the Si1; parameter of the antenna for switches
on the left slot are OFF, on the right slot are ON
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As seen in Figure 5.25, the return loss graphs of the situation in which the rat-race
coupler and antenna are integrated and the situation in which the rat-race coupler is
connected to the antenna with a cable are similar. The common port return loss has
shown improvement in the case connected by a cable. In Figure 5.26, the return loss
measurement graphs of the situation in which the rat-race coupler and the antenna
are integrated and the situation in which the rat-race coupler is connected to the
antenna by a cable are in parallel. Similar to the measurement results of the switches
in the ON-ON state, the common port return loss in the OFF-ON state also showed

improvement in the case connected by a cable.

The structure shown in Figure 5.24 is measured in the SATIMO Spherical Near-

Field Measurement System. The measurement setup is shown in Figure 5.27.

Figure 5.27: The measurement setup

108



Separate measurements have been taken for different slot configurations shown in
Figure 5.2(c) and Figure 5.2(d). Measurement results and simulation results for ON-
ON state are compared in Figure 5.28 and Figure 5.29, for differential and common
ports, and for OFF-ON state in Figure 5.30 and Figure 5.31 for differential and

common ports, respectively.
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Figure 5.28: Normalized radiation pattern results of the antenna at $=90° plane for
ON-ON state when the differential port is excited
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Figure 5.29: Normalized radiation pattern results of the antenna at $=90° plane for
ON-ON state when the common port is excited
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Figure 5.30: Normalized radiation pattern results of the antenna at $=90° plane for
OFF-ON state when the differential port is excited
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Figure 5.31: Normalized radiation pattern results of the antenna at $=90° plane for
OFF-ON state when the common port is excited

As can be seen in Figures 5.28, 5.29, 5.30, and 5.31, when the rat-race coupler and
the antenna are connected to each other with a cable and the radiation pattern of the
antenna is measured, the simulation results and the measurement results are
consistent. The simulation and measurement results are presented in Table 5.1 and
Table 5.2.

Table 5.1: Comparison of simulation and measurement results when the antenna is
fed from common port

Excited State Radiation Angle at which | Simulated Measured
Port Type maximum gain | Gain (dB) Gain (dB)
is seen
(degrees)
Common | ON-ON Conical 36 8.81 7.26
Common | OFF-ON | Asymmetric 30 9.58 7.64
Conical
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Table 5.2: Comparison of simulation and measurement results when the antenna is

fed from differential port

Excited Port

State Radiation | Angle at which | Simulated Measured
Type maximum gain | Gain (dB) Gain (dB)

is seen

(degrees)
Differential | ON-ON Broadside 0 7.15 5.37
Differential | OFF-ON Off- 22 7.30 5.58

Broadside

In order to understand the difference between the measurement results and the

simulation results, the insertion loss of the cable connecting the rat race and the

antenna is measured. The measurement result is shown in Figure 5.32.
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Figure 5.32: Insertion loss of the cable
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As seen in Figure 5.32, the cable loss at 3.3 GHz is about 0.77 dB. When the average
insertion loss of rat race coupler for common and differential ports are considered
(~0.75dB), the total loss becomes 1.52 dB. The difference between measurement

results and simulation results is due to this loss.

In order to better observe the pattern reconfiguration performance of the antenna,
measurement results of ON-ON state and OFF-ON state are compared in Figure 5.33

when differential port is excited.
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Figure 5.33: Normalized radiation pattern results of the antenna at $=90° plane for
the switches are ON-ON and OFF-ON states, when the differential port is excited

As seen from Figure 5.33, when the antenna is fed from the differential port, the
radiation pattern is obtained in the broadside when both slots are short circuited. On
the other hand, the antenna pattern is rotated from the broadside when one of the

slots exist.
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Measurement results of ON-ON state and OFF-ON state are compared in Figure

5.34, when common port is excited.
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Figure 5.34: Normalized radiation pattern results of the antenna at $=90° plane for
the switches are ON-ON and OFF-ON states, when the common port is excited

As seen from Figure 5.34, when the antenna is fed from the common port, the conical
radiation pattern is obtained when both slot are short circuited. When one of the slots
exists, the right side of the initially conical radiation pattern has been suppressed,
and the left side has been enhanced as expected. These measurement results show

that the radiation pattern of the antenna can be controlled by using slots in the ground
plane of the antenna.
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CHAPTER 6

CONCLUSION

This thesis focuses on radiation pattern reconfigurable antennas that can be used in
5G Massive MIMO systems. The primary motivation is to prevent the gain reduction
caused by the element pattern and array pattern not being in the same direction,
which is frequently seen in array antennas. At this point, slots are opened in the
ground plane of the antenna to control the element pattern. Through the RF-MEMS
switches placed in the opened slots, the element radiation pattern has changed from
conical to asymmetrical conical radiation as a result of in-phase feeding. As a result
of out-of-phase feeding, the antenna radiation pattern has rotated to a different angle
from the broadside radiation. In addition, a rat-race coupler is designed, and the
antenna is fed from a single port. The rat-race coupler gives the phase difference

automatically, and another port is terminated with 50 Q.

The antenna designed at 26 GHz within the scope of the thesis is in the structure of
a two-layer microstrip antenna. A grounded coplanar waveguide (GCPW) fed from
an inductive slot is chosen to excite the antenna. Glass is chosen as the substrate of
the GCPW, and the dielectric substrate of the antenna is chosen High Resistivity
Silicon (HRS). Through the slots opened on the ground plane and on the circular ring
and the RF-MEMS switches placed in these slots, the radiation pattern of the antenna
has been reconfigured. The antenna radiation pattern has been reconfigured for six
different states when the antenna is fed in-phase and out-of-phase. When the antenna
is fed in-phase, the directivity of the antenna increases in a certain direction while it
decreases in a symmetrical direction. In other words, an asymmetric radiation pattern
is obtained by controlling the RF-MEMS switches. The angle at which the maximum
gain of the antenna is observed is £30°. Through the slots opened on the outer circular

ring, the radiation pattern is directed in a different direction from the broadside
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radiation pattern without the need for out-of-phase feeding of the antenna. The

rotation angle at which the maximum gain of the antenna is observed is +£38°.

An agreement has been reached with the METU MEMS Center for producing the
ring circular patch antenna designed at 26 GHz. However, this antenna could not be
produced due to some production problems and the prolongation of the production
process. To verify the concept, the antenna is designed and manufactured on a
material with a lower dielectric constant. ROGERS4003 is chosen as the lower
substrate and the upper substrate. Also, 3.3 GHz is chosen as the antenna operating
frequency. Since the antenna size increases at low frequency, it is planned to control
the slots in the ground plane of the antenna with PIN diode switches for pattern
reconfiguration. The antenna is excited by the slot coupling technique using two
feeds, and a microstrip transmission line is chosen as the feeding structure. In
addition, a rat-race coupler has been designed so the antenna can be fed from a single
port, and the 180° phase difference can be automatically given. The unexcited port
is terminated with a 50 Q matched load. The antenna radiation pattern has been
reconfigured for three different states when the antenna is fed in-phase and out-of-
phase. When the antenna is fed in-phase, the directivity of the antenna increases in a
certain direction while it decreases in a symmetrical direction. In other words, an
asymmetric radiation pattern is obtained by controlling the PIN diode switches.
When the antenna is fed out-of-phase, the radiation pattern diverts to a different angle

from the broadside radiation pattern..

The design, which operates at 3.3 GHz, is fabricated and measured. Scattering
parameters, radiation pattern, and gain measurements are taken from the fabricated
prototypes. The measurement results of the antenna illustrate a notable agreement

with the simulation values.

As aresult, the prevention of gain reduction caused by the fact that the array radiation
pattern and the element radiation pattern are not in the same direction in the array
antennas, which is the primary purpose of the thesis, is achieved by controlling the
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element radiation pattern. The element radiation pattern is controlled through the RF-

MEMS switches and PIN diode switches placed on the antenna ground plane.

In future work first the design of the antenna operating at 26 GHz will be refined
according to the active s-parameter values. Secondly, the reasons behind the
observation that the asymmetry created in the radiation pattern of the GCPW fed
antenna is better than the asymmetry created in the radiation pattern of the aperture
coupled fed antenna, can be investigated. In addition, the reasons why the mode
change can not be achieved by opening a slot on the ring in the antenna operating at

3.3 GHz can be investigated.
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