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ABSTRACT

DESIGN AND FABRICATION OF MINIATURIZED MICROSTRIP
ANTENNAS AT 900 MHZ FOR INDUSTRIAL REMOTE CONTROLLERS

Yilmaz, Vadi Su
M.S., Department of Electrical and Electronics Engineering
Supervisor : Prof. Dr. Ali KARA
Co-Supervisor : Prof. Dr. Elif AYDIN

APRIL 2019, 52 pages

This thesis explores the efficiency of miniaturization techniques for sub-GHz band
remote control applications through simulations and measurements. First, the theory
of microstrip antenna is studied and introduced at the beginning of the thesis. For
the design process, a finite element method based simulation tool is used, multiple
patches are designed accordingly. The miniaturization techniques are applied on the
designed antennas. The antennas that satisfy the desired criteria are produced. The
necessary measurements are subsequently made on the fabricated antennas, validity
of the techniques is discussed. The effects of the box in which the antenna to be
placed were examined as most of such antennas are enclosed by plastic boxes. Fi-
nally, a polyamide box with appropriate size was fabricated, and the designed antenna
was placed inside the box and the measurements were conducted. The measurement
results show that the designed antenna provides resonance at the targeted license-free

band with appropriate size for industrial remote controllers.

Keywords: Miniaturization, Microstrip Antenna, Operating at sub-GHz, Remote Con-

trol, Slot Antenna
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ENDUSTRIYEL UZAKTAN KONTROL SISTEMLERI iCIN 900 MHz’de
CALISAN MINYATUR ANTEN TASARIMI VE URETIMI

Yilmaz, Vadi Su
Yiiksek Lisans, Elektrik & Elektronik Miihendisligi Boliimii
Tez Yoneticisi : Prof. Dr. Ali KARA
Ortak Tez Yoneticisi : Prof. Dr. Elif AYDIN

Nisan 2019, 52 sayfa

Bu tez, GHz alt1 bantlarda ¢alisan antenler i¢cin minyatiirizasyon tekniklerine 1s1k tu-
tarken, uzaktan kontrol sistemleri i¢in anten tasarimlari yaparak, minyatiirizasyon
tekniklerinin analizlerini gerceklestirmeyi hedeflemistir. Bu evrede bircok tasarim
gerceklestirilmis ve incelemeler yapilmistir. Kullanilan FEM tabanli tasarim aracla-
rinin sonuglarini, anten teorisini kavramadan anlamak miimkiin olmadigindan, mik-
roserit anten teorisi lizerinde durulmustur. Anten yamasinin tasarimi yapilmis, bircok
model belirlenmis, belirlenen modeller iizerinden, kullanilan tekniklerin gecerlilikleri
saptanmistir. Istenilen degerlere ulasan antenlerin iiretimi ve dlgiimleri gercekles-
tirilmigtir. Uzaktan kontrol uygulamalarinda kullanilan kutu malzemesi lizerine de
caligmalar yapilmistir. Kutu malzemesi, anten performansini etkilemeyecek sekilde,
iyilestirilmeler yapilarak tanimlanmis ve liretimi gerceklestirilmistir. Anten kutu ice-

risine yerlestirilerek, 6l¢iim ve tasarim sonuglart karsilagtirilmigtir.

Anahtar Kelimeler: Minyatiir Anten, Mikroserit Anten, GHz-alt1 Bant Operasyonu,
Uzaktan kontrol, Yarik Anten
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CHAPTER 1

INTRODUCTION

Antennas are essential to many applications and they are one of the most important
components of wireless communication and there are many variations depending on
the application area. Microstrip antennas are one of the most widely used antenna
types in the microwave frequency range [1]. Therefore, they are frequently used in
many, especially mobile and wireless communication systems. The microstrip an-
tennas are superior in terms of features such as being lightweight, inexpensive, low-
profile and easy to integrate [2]. In addition, they are very versatile in terms of reso-
nance frequency, polarization, radiation pattern and impedance. However, microstrip
antennas are inferior in some respects, for example they have low gain, poor perfor-
mance, undesired radiation due to feeding and narrow bandwidth which cause them to
be restricted to certain application areas. High gain is important for wireless commu-
nication systems (such as cellular communication and WiMAX system) that require
long range [3]. In those cases, the problem can be solved by using multilayer structure
antenna. While a gain improvement is a very difficult criterion for a microstrip an-
tenna with a conventional structure, it is possible to increase the gain with multilayer

structure, without increasing the size [4], [5].

Design of antennas for industrial remote controllers is still of great interest. One of
the challenges is to keep the dimensions of the antenna as small as possible. However,
antennas with sizes less than the operational wavelength brings about significant con-
straints [6], for example, lower efficiency and bandwidth as discussed in [6], [7] and
[8]. This trade of, involving size, efficiency and bandwidth was revealed by Wheeler
[7] and Chu [8] theoretically, and it has been validated by experiments. Then, design

of electrically small antennas or antenna miniaturization is still a challenging issue



for many different applications. In the literature, most of the miniaturization studies
have been conducted for frequencies of upper GHz bands or multi band operations
[9-14]. Various techniques have already been proposed such as use of high-dielectric
substrate, multilayer structures [15], [16], introducing slots and notches [17], fractal
shaped patches [9], [18], various shape strips and loop structures [10], [19-22], and
employing metamaterial loading techniques [12], [23]. Using high-dielectric sub-
strate material, so called superstrate, increases the quality factor but it also causes an
increase in electric field concentration [24]. In the selection of high-dielectric mate-
rial, the targeted band of operation should be considered firstly. On the other hand, for
the sub-GHz bands, FR4 is mostly preferred [10], [20] due to its cost and availability.
Increasing the thickness and length of the feeding line may reduce the antenna area;
therefore, multilayer structure may exceed the limits for the thickness of the substrate
and the dimension restrictions for the feeding line [25].However, all these methods ef-
fectively increase the electrical length of the current only in small areas, which means
that the applicability is still limited [17], [18]. Furthermore, despite the availability of
these miniaturization techniques, most of the papers report that planar structures are
mostly preferred [10], [19], [20], [22] for license free sub-GHz bands. Because these
structures are designed for uses the radiated patch area in very small sizes effectively.
In some applications, relatively bigger ground is used in order to miniaturize antenna
size while increasing the electrical dimension of the antenna at sub-GHz bands. Even
though antenna patch size seems to be small, it is impossible to achieve miniatur-
ization greatly without metallic ground plane. In this type of antennas, patch may
have slots or strips [26-28]. In the light of the literature review, the design and fabri-
cation of novel, miniaturized, low profile, easy-to-manufacture antenna for sub-GHz

applications is still a challenge.

The developmensts regarding the RF transmitters employed in re-configurable com-
munication systems which support multpile communication standarts and services
promote the research efforts towards multi-band microstrip patch antenna designs.
There are multi band operations in many areas. In the In literature, antennas with
multi-layered antenna structures and strip paths are the most common methods for
multi band operation. [29], [30]. This studied antenna is also satisfy this requirement

with resonate both 1.3GHz and 887MHz bands. It is appropriate for use in short dis-



tance remote control applications. Thus, it is performed two communication area in
one system such as data transferring and location determining at the same time, as

control system need.

Microstrip antennas have lacks in terms of some features which are being aesthetics,
suited with around, durable to difficult conditions, etc. Therefore, they are usually
not used alone, they are placed in a box or structure. To make it durable, it can be
embedded or placed into box. Plastic box which is mostly used in remote control
applications to place circuits, therefore antenna sizes are restricted due to box dimen-
sions. On the other hand microstrip antennas are preferred due to reaching small sizes
and to fit antenna into box. Thus, with using microstrip antenna both box dimension
restriction and microstrip antenna poor durability are eliminated. Furthermore, while
the interaction of the antenna with around is minimized, it is protected from external
factors and impacts. In the direction of this information, it is required to consider
the effect of the radome housing on the scattering and radiation patterns of anten-
nas [31], the produced antenna was placed into a radome made of plastic. Although
polystyrene is widely used in the production of radomes [32], other materials can also
be investigated in terms of their relative permittivity and other features. In the current
study, polyamide was chosen as the material for the box of the antenna to minimize
its possible effects on the results. The return loss and radiation pattern of the antenna
are examined and same measurements are also made after antenna was placed into the

box and these results are compared.

When the literature is examined, it is clearly demonstrated that there is a need for
researches at miniaturization at sub-GHz bands and antenna studies in remote control
systems. There is no study including simple, miniature microstrip antenna at sub-GHz
bands for remote control system and housing box effect is available on the literature.
Small antenna studies usually have been conducted for frequencies of upper GHz
bands or multi band operations [4-9]. In some applications [16] and [21], miniatur-
ized antennas have been performed at sub-GHz bands but their gains are lower than
0 dB. In [21], [22] and [23], relatively bigger ground is used in order to obtain small
antenna size. Even though antenna performances such as patch size, return loss, gain
are similar to the proposed antenna, it is impossible to achieve miniaturization without

metallic ground plane and to use in remote control systems. it is compared the de-



signed antenna with another study [33] on antenna size, antenna design requirements
and fabrication challenge. In this study, the miniaturize antenna has been realized as
an array antenna with loops to achieve antenna design specific at sub-GHz bands and
the antenna size was reported 90 x 90 mm. Therefore, it is more complicated to fab-
ricate due to its complex shape, and its size is big when we compare to our proposed

one.

All the techniques and literature researching is considered and theory is realized be-
fore simulation and measurement examination. Although patches are determined with
optimization and simulations of strips’ weight, length, they are implemented with
FEM (finite element method) and FIT (finite integration technique) based design tools
and these design tools work according to the theory [31]. Therefore, also theory of mi-
crostrip antenna should be known. After patch shapes is determined, miniaturization
techniques are considered and antenna is redesigned according to the best performing
conditions in terms of substrate thickness, material and feeding line length, weight.

So many design, researching and implementation is made on this.

Secondly, the effects of the housing box on the antenna parameters are studied ex-
perimentally and it is produced after finding appropriate material. For this purpose,
material properties of commercial industrial housing boxes are studied extensively,
and electromagnetic (EM) model is developed in order to investigate its effects on the
antenna parameters. The rest of the thesis is organized as follows: the next section
describes theory of microstrip antennas basically. Even there are so many methods
are described at the literature. In theoretical background, transmission-line model is
mentioned for rectangular and circular patches due to they have been mostly used. It
is important to comprehend the theory in terms of interpreting the results of designs
which is made by using FEM based design tools. Section 3 presents design methodol-
ogy. Patches are designed with defined models, results are compared, miniaturization
techniques are examined and measurements are demonstrated. Furthermore, this sec-
tion contains the experimental results of the antenna parameters with and without

plastic box housing. Finally conclusions are provided.



CHAPTER 2

Microstrip Antenna Theory

In the direction of design and production processes of antennas, microstrip antenna
structure is selected due to its convenience for miniaturization applications. Without
understanding the microstrip antenna theory, it is not possible to mention about the
antennas which are designed and produced. Although the design of antennas cannot
be precisely determined by any theoretical calculation due to antenna patch shapes, the

consistency of theory and production results can be compared by making approaches.

2.1 Basic Operational Principles of Microstrip Antenna

Microstrip antennas have drawn attention since 1970s due to its lightweight, inexpen-
sive, low-profile and easy to integrate. A microstip antenna mainly consists three part
which area conducting patch at the top, dielectric layer at the middle and ground patch

at the bottom as it is seen in figure 2.1.

Microstrip antennas, stand out by having a very thin metallic strip (patch) which
is defined by r << Ay and the length L of the patch element is usually defined as
Ao/3 < L < Ay/2. Patch is followed by thin dielectric substrate below with & << A,
usually, 0.0031; < h < 0.054, above a ground plane. There are various substrates
can be selected for design of microstrip antennas in the direction of their usage area,
and substarate’s dielectric contants are usually changed between 2.2 < €, <12. The
selection of €, is made according to frequency that will be operate. However, it can be
mentioned for generalization, to obtain good antenna performance, thick substrates

are desired, also dielectric constant is selected in the lower case because it provides

5
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Figure 2.1: Basic Geometry of Microstrip Antenna [34]

better efficiency, larger bandwidth and also provides loosly bound fields for radiation
into space but this condition is valid for the larger size of the antenna. Thin substrates
with higher dielectric constants are desirable for circuits which require tightly bound
fields to minimize undesired radiation and coupling such as microwave circuitry and
that condition is valid for antennas which have smaller element sizes. Even tightly
bound field restrict undesired radiation, on the other hand, it occurs to much losses so
performance efficiency and bandwidth become smaller. For miniaturization process

of the antenna, this information about dielectric part should be considered also [34].

2.2 Microstrip Antenna Patches

Radiating element of antenna is called as patch which is placed above the dielectric
layer and consist of conducting material. General shape of patch at the top defined
with its length and weight in rectangular form according to its operating frequency.
However, lower frequencies shape of the antenna become larger and other shapes are
required to design desired size in the direction of application area. Radiating patch
may be square, rectangular, thin strip (dipole), circular, elliptical, triangular, or any

other configuration as it is seen in figure 2.2.
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Figure 2.2: Various of Microstrip Antenna Radiating Patch elements [34]

Square, rectangular, dipole (strip), and circular are the most selected patches due to
theirs easily fabrication, and their attractive radiation characteristics. Also miniatur-
ization processes, conducting patch shape has an importance as well as dielectric sub-
strate. When shape of the patch which is determined operating frequency should be
considered first. As it is mentioned in the introduction part, miniaturized microstrip
antennas which are operating in sub GHz bands’ shapes determination base on ex-
tend the electrical length of the conducting patch. For that reason, winding shapes are

mostly used for miniaturized antennas [34].

2.3 Microstrip Antenna Application Field and Reasons

The reason of preference of microstrip antennas by industry can be easily explained
with lightweight, inexpensive, low-profile and easy to integrate features. However,
there are advantages and disadvantages of microstip antenna according to its usage

field.

Microstrip antennas has advantages in terms of being light weight, low profile, inex-
pensive. It has small sizes, ease of production, ease of parametric studies and forming
array. It can be designed to work in multiple bands. It is conformable to integrated
circuits and can be mounted devices easily. Adjustable in terms of polarization, fre-

quency, impedance and pattern with true optimization.

7



It has a disadvantage in terms of having low gain, low efficiency and performance.
It has narrow bandwidth, high Q and low polarization purity. There can be seen,

undesired radiation due to feeding.

2.4 Feeding Techniques of Microstrip Antenna

For feeding of microstip antennas, many configurations can be mentioned, however,
there are four main methods which are the microstrip line, coaxial probe, aperture

coupling, and proximity coupling techniques as described below;

2.4.1 Microstrip Line Feeding

In accordance with microstrip line feeding technique, a strip line is used as feeding
line which is united with radiated patch. It has simple model and is easy to fabri-
cate and match by controlling inset position. However, when the substrate thickness

increases, it is easy to encounter with undesired radiation.

Substrate

Ground plane

Figure 2.3: Basic Geometry of Microstrip Line Feeding [34]

2.4.2 Coaxial Probe Feeding

In coaxial feeding method the inner conductor of coax is connected with radiated
patch and outer conductor is adherent to ground plane as seen in figure 2.4. It is

widely used for feeding antenna due to its easily fabrication and the well matching,



it can restrict undesired radiation arise from feeding easily. However, it has narrow

bandwidth and, it is hard to model for thick substrates.

vk

N
Dielectric / Circular microstrip

substrate patch
Er

Coaxial connector Ground plane

Figure 2.4: Basic Geometry of Prope Feeding [34]

2.4.3 Aperture Coupling

In aperture coupling technique, it is easy to model and undesired radiation level may
acceptable. In this technique, two different substrates and a ground plane in the middle
of them are used. On the second substrate’s bottom side, there is a microstrip feed line
and ground plane between two substrates has slot as seen in figure 2.5. According to
working principle, there is energy coupling between feed line and patch which pass
through ground slot. Undesired radiation is isolated when energy passes through the
slot of ground . Matching condition can be obtained by optimizing width and length
of slot and feeding line. Furthermore, higher €, substrate is used at bottom and lower

€, substrate is used at top in general.
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L .
/. Microstrip
s line

Figure 2.5: Basic Geometry of Aperture Coupling [34]

2.4.4 Proximity Coupling

In proximity coupling, two dielectric substrates are used like the aperture coupling
but in this method, feeding stub is placed between two substrates and there is a patch
at the top. It has the largest bandwidth when it is compared with other methods. Also,

while it is easy to model, it is hard to produce .

s
77 Microstrip
sy line

Figure 2.6: Basic Geometry of Proximity Coupling [34]

2.5 Methods of Analysis

There are three basic methods defined for analysis of microstrip antennas. These are

mentioned as transmission line, cavity and full wave. Although transmission line is

10



the easiest one due to its physical insight, its accuracy is low. Even cavity method is
more accurate when it is compared with transmission line, it has low accuracy. Even
physical insight of cavity is good, modeling of coupling is complex. The full-wave
models accuracy is high. Even, it has complex model and less physical insight, it
is very sophisticated, and it can also treat single elements, finite and infinite arrays,
stacked elements, arbitrary shaped elements, and coupling. In the theoretical back-

ground transmission-line model is mentioned for rectangular and circular patches.

2.5.1 Rectangular Patch

The most used model in microstrip antennas because it is easy to analyze using both
transmission line and cavity model that are accurate for thin substrates. Furthermore,
it has advantages in terms of modeling and fabricating. Even the designed antenna has
so many strip and it is not completely rectangular, there can be made an assumption

from rectangular patch calculations due to small rectangles.

2.5.1.1 Transmission Line Model for Rectangular Patch

Transmission line model is the easiest way to model an antenna and it gives good
physical insights as well. Basically, the transmission-line model idicates two slots
and a low-impedance Z, transmission line which is length called as L, width is called

as W and substrate thickness is h.

2.5.1.2 Fringing Effects and Effective Dielectric Constant

Fringing effect can be explain with the fields at the edges of patch which has finite
physical dimensions as lenght and width pass on fringing. This effect is occured for
along both length and width, between two conducting surface. Fringing function is
depend on dimensions of the patch and the height of the substrate. fringing function
for E-plane (xy-plane) can be defined by the ratio between the length of the patch L
and the height h of the substrate (LL/h) and also the dielectric constant €, of the sub-

strate. When the ratio L/h >> 1, fringing decrease but, it should be also considered
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that this ratio can effect the resonant frequency. Basic electric field propagation on
microstrip antenna is shown in figure 2.7, which demostrates that electric fields exist

between two medium of substrate and air.

e LN

Figure 2.7: Electric Field Propagation on Microstrip Structure [34]

As seen clearly, most of the electric field lines exist on the substrate and some lines
exist on air. When two conditions exist which are W/h >> 1 and €, >> 1, the electric
field lines concentrate mostly on the substrate. This condition presents that microstrip
line seems electrically bigger than line physical dimensions provide. Due to some of
waves travel through air and most of travel through dielectric, €./, is defined to find

exact fringing and wave propagation.

Ereff
I

X
Fe—w— I
-

Figure 2.8: Effective Dielectric Constant Structure [34]

Effective dielectric structure is shown in figure 2.8. A conductor is embedded into
dielectric center with its original dimensions above the ground plane. € is defined
as the dielectric constant of the uniform dielectric material . The effective dielectric
constant has values in the range of 1 << €,4¢ << €,. For most applications, dielectric
constant of the substrate is selected as much greater than unity. So the value of €.
become closer to the actual value of dielectric constant. However, it should be con-

sidered that dielectric constant value can change operating frequency. The effective
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dielectric constant defined as below with relation between width of patch, height and

dielectric constant of the substrate.

e+1 -1 h__
Crf= 5+ [HIZW] 12 (2.1)

Effective dielectric constant is defined as it is in the equation 2.1, when w/h > 1.

2.5.1.3 Resonant Frequency, Effective Length , and Effective Width

As it is mentioned before, due to the fringing effect, microstrip antenna looks wider
electrically than its physical dimensions. For basic E-plane, it is demonstrated in

figure 2.9. As it is seen, dimensions of patch are extended by AL from both sides.

e AL L < AL
[ I B §
| |
| |
T | |
|
h }“ & ’I W
X ‘Fl"h-_ ,.—rT’* |
| |
| |
| |
[P ———lx
{a) Side View (b) Front View

Figure 2.9: Physical and Effective Lengths of Microstrip Antenna [34]

AL is the function of effective dielectric constant and the ratio between weight and

height. As defined in equation 2.2;

e+ 0.3)(% +0.264
AL _ o 4pp e+ 03)G, - )
I (€07 — 0.258)(X +0.8)

(2.2)

Due to the patch length is extended at the both side by AL, new effective length of

patch is defined as mentioned in equation 2.3;
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Less = L+2AL (2.3)

After determinin effective length, resonant frequency of microstrip antenna is defined

as below;

fe c
T 24L+ e 24)
The relation of frequecy and width can be demonstrated as shown below;
c 2
W = 2.5
2% f y €+ 1 (22)

2.5.14 Directivity and Gain

Antenna directivity can be explained by 4z times the ratio of radiation intensity and

radiated power over all directions, as demonstrated below;

A+ Umax
D=—— 2.6
Prad ( )
Where U is;
2
Upas = 2L (W0 2.7)
2nom - Ao
And where P,,, 1s defined according to one slot ;
Vol " sin(*cos
Praa = Vol f [ & )]zsin39d0 (2.8)
2101 Jo cos 6
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Gain defines the antenna performance which is related with directivity. Antenna gain
is defined with ratio between radiation intensity and total input power. In gain mea-
surement, ratio intensity is selected as the certain direction. Isotropic omnidirectional

antenna gain is defined as below;

U@, ¢)

Gain = 4n 2.9)

2.5.1.5 Quality Factor, Bandwidth and Efficiency

Quality factor, bandwidth and efficiency are determined the quality of antenna. They
have relationship between them. If optimization process are made, one of these fea-

tures should be selected instead of optimizing all.

Quality factor is defined as the losses which are radiation, conduction (ohmic), dielec-

tric and surface wave losses. Quality factor can be defined as below;

1 1 1 1 1

— = +—+—+ (2.10)
Qt Qrad Qc Qd st
Where Q,;
Qc:h\m’*f*'uo' (211)
Where Qy;
0. = — (2.12)
7 tans '
Where Qrad;
2we,
. = 2.13
0 Gl (2.13)

tano is the loss of tangent of substrate material, o is the conductivity of conductors
which are patch and ground. G,/!is the total conductance per unit of radiating aperture

length.
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Bandwidth defines the working frequency range of the antenna. When resonant fre-
quecy is selected as center, the ratio between lowest and highest frequecy define the
bandwidth.

BWbroadband = f_H (214)
F

2.5.1.6 Voltage Standing Wave Ratio And Return Loss

Voltage standing wave ratio is the ratio between minimum voltage to maximum volt-
age. VSWR is depend on reflection coeflicient which is the ratio between incident
wave voltage amplitude (V;) and reflected wave voltage amplitude (V,). Reflection

coeflicient is defined as below;

_ Zinput = ZO

Zinput + ZO (215)

Zy 1s defined as characteristic impedance. The relation between reflection coefficient

and VSWR is defined as follow;

VSWR -1

IN=——mMmM— 2.16
I VSWR + 1 ( )
or it can be written as;
I+ 1
VSWR = 2.17
o (2.17)

2.5.1.7 Radiation Pattern

Pattern of antenna can be defined with demonstration of radiated antenna function

at space coordinates. For defining the pattern, function of directional coordinates,
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far field must be considered . Radiation pattern can be defined with flux density, field
strength, directivity, radiation intensity, phase and polarization. Radiated energy along
the path or surface defined as a function and this energy distribution is demonstrated
at the two or three dimensional space. Demonstration of radiation pattern is shown in

figure 2.10.

Elevation plane
Major
lobe —

Minor lobes "-"—"::;

Azimuth plane

Figure 2.10: Coordinate System for Antenna Analysis [34]

2.5.1.8 Polarization

Polarization of antenna is defined by ” the polarization of wave transmitted (radiated)
by antenna”. If the direction is not considered, polarization is taken as the direction
of gain maximum. Direction of polarization varies with radiated energy from antenna
center. For that reason, radiation pattern can varies with the direction of polarization

of the antenna.

’that property of an electromagnetic wave describing the time-varying direction and
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relative magnitude of the electric-field vector; specifically, the figure traced as a func-
tion of time by the extremity of the vector at a fixed location in space, and the sense
in which it is traced, as observed along the direction of propagation.”’[34] Thus, po-

larization is defined with the curve traced by instantaneous electric field arrow.

Figure 2.11: Rotation of Wave [34]

2.5.1.9 Circular Patch

Other most popular configuration is the circular patch or disk, as demonstrated in

figure 2.12. Circular patch can be used as single patch or array configurations.

Circular patch antenna theory can be determined with modes of antenna as it is in the
cavity model. However, instead of using theoretical models for design novel antenna
patch, optimization and illustrations is performed with 3D solvers according to the
literature. So getting knowledge about theory of patch models are enough to under-

stand infrastructure of 3D design tools. Design parameters of circular patch radius are
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Figure 2.12: Circular Microstrip Patch [34]

concluded after so many theoretical calculations as below;

F
a= p (2.18)
[1+ 2 [in(Z) + 1.7726]]'/2
Where F ;
8.791x10°

Radius of circular patch is defined as ”a” and it is given in equation 2.18. To find the

radius, it is required to know the desired frequency, dielectric constant and thickness.
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CHAPTER 3

DESIGN AND SIMULATION OF MINIATURE ANTENNA

3.1 Design Procedure

Antennas are still development which is used for remote control applications. For
that type of applications the most important feature is to consider the sizes of antenna.
However, it is hard to keep antennas at small sizes at Sub-GHz bands due to, when fre-
quency become smaller, size of antenna become larger theoretically. For that reason at
low frequencies, it is not possible to design microstrip miniaturized antenna with con-
ventional methods. In the literature miniaturization techniques are mentioned which
are using of high dielectric substrate, designing multilayer antenna, using of strip and
slot patches, moreover using fractal shapes. The main idea behind using of fractal
shape and using of microstip antenna is that increasing the conducting way current
flow, keep small sizes and increase the area radiated in small dimensions. It can be

contribute to design small size antenna at sub-GHz band.

3.1.1 Antenna Patch Design

Antenna Patch Design started with designing the patch of the antenna. Firstly it is
started with simulation of miniature antenna in the literature [20] as it is shown in

figure 3.1.

At the beginning the aim is to design a new miniature antenna patch from simulation
of the antenna in the literature and then adding new strips to increase the electrical

length. In figure 3.1, Model 1 has dimensions as 78 x 45 x 0.6 mm. FR4 is used as
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substrate (e,= 4.4). The initial shape is included a conventional L-shaped strip antenna

with 60 x 60 mm (0.184 x 0.182) square patch.

Figure 3.1: Front and back side of Model 1 (simulated)

Return loss of Model 1 is obtained as -24 dB at 941MHz. Even return loss of the
antenna gives good performance, the operating interval of bandwidth is too wide.

And also operating frequency can be reduced.

The gain of antenna is obtained as -5dB. The performance of the antenna does not
reach to desirable values. Due to the miniature sizes, it is not possible to increase gain

without optimizing strips’ weight and length.
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Figure 3.2: Return Loss of Model 1 (simulated)
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Figure 3.3: Gain of Model 1 at x-z plane (simulated)
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Model 2 has dimensions as 95 x 42 x 1.6 mm. New S-shape and L-shape stubs are

used together to increase electrical length via increasing current path length as shown

in Figure 3.4. FR4 is used as substrate.

Figure 3.4: Front and back side of Model 2 (simulated)

Feeding line length did not include to increase electrical length of antenna. Therefore,
antenna strips length become inadequate to reduce frequency. As it is seen in figure

3.5, frequency is shifted to the GHz bands.

Gain increases near to 0 dB, due to feeding point match condition the dimensions of

antenna increases while the polarization does not change.
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Figure 3.5: Return Loss of Model 2 (simulated)
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Figure 3.6: Gain of Model 2 at x-z plane (simulated)
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In model 3 with dimensions 114 x 42 x 0.5 mm, it is necessary that increasing number

of strips and increasing electrical length of patch more.

Therefore, new paths and U shape stub are attached to the left side as given in the [10],
[19], [22] and small piece of strip at the right side is removed, as shown in Figure 3.7.
In order to find the best matching point, length and width of strips and length of the

feed line are optimized. And substrate is selected as FR4.

Figure 3.7: Front and back side of Model 3 (simulated)
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Model 3 operates at 808 MHz and return loss is obtained as -15 dB. It is a proof that
as the length of strip increases, the frequency shift to MHz bands. As mentioned in
theory, the addition of a new strip and a 9mm increase in the length of the overall

antenna had a direct effect on the antenna frequency.

Return Loss HFSSDesign3 4
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Figure 3.8: Return Loss of Model 3 (simulated)

Gain of Model 3 is obtained as -1 dB and polarization at x-z plane does not change.
Gain of antenna can be developed with optimization of dimension with strips and

feeding line width, length.

HFSSDesign3 4

Gain

Figure 3.9: Gain of Model 3 at x-z plane (simulated)
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Although antenna theory has been proven with Model 3, electrically extending cannot
be considered as a single criterion for miniaturization. The match point of the feeding
line, the substrate, the proximity and shape of the strips are of great importance as it

is examined at Model 4.

3.1.2 Renewed Model 4 Design and Production

At Model 4, new strip is added to the left side of the patch which is inspired from [22].
After adding the loop structure, length and weight of strips are optimized. Initially,

the antenna structure is designed as follows;

Figure 3.10: Front and back side of Model 4 (simulated)

Antenna at figure 3.10, dimensions with 114.6 x 42 x 0.5 mm and substrate is selected
as RT Duroid 5880 (¢,= 2.2). The frequency is expected to be decreased by increasing
the length of the radiating patch, but as the substrate is changed and the added new

strips interact with each other due to their sharp corners, the result is not consistent
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in terms of the frequency. These sharp and close strips also led to quite inconsistent
results during optimization process. As the number of strips increased and closer to
eachother, it was difficult to obtain consistent results in terms of frequency and return
loss in miniaturization improvements. Even the dimensions of the antenna are larger

than desired, it can be acceptable. The antenna return loss obtained as in figure 3.11,

Return Loss HFSSDesign3 4
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Setupt - Sweep
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Figure 3.11: Return Loss of Model 4 (simulated)
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Figure 3.12: Gain of Model 4 at x-z plane (simulated)

Due to the reasons are mentioned above, although the sizes of antenna are not reduced

according to model 3, the gain is obtained as 1.7 dB, because both dimensions and
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length of strips are increased. The polarization structure in the x-z plane gets narrower,

but the general structure has not changed.

The model 4 can be produced after optimizing dimensions, return loss and operating
frequency. It was started with substrate RT Duroid 5880 and than replaced by FR4, as
it is readily available and supports operating at sub-GHz bands. Also optimizations

are made on strips and optimal values are determined as it is shown below;

Figure 3.13: Optimal value of optimized strip dimensions

After optimizing the strip, the antenna sizes were reduced to 89.6 x 42 x 1.6 mm with

changing of substrates to FR4. And return loss of renewed antenna is obtained as

below;
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Figure 3.14: Return loss of renewed Model 4 (simulated)
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Return loss is obtained as -15 dB at 917 MHz, frequency does not change so much
as it is expected and dimension of antenna is reduced at the mean time with the op-
timization of strips. Gain of antenna is obtained as 1.4 dB with the optimization of

feeding line.

HFSSDesign3 4

nTotal

— GainTotal
Setup1 : LastAdaptive
Freq=09GHz Phi="360dsg’

Figure 3.15: Gain of renewed Model 4 at x-z plane (simulated)

A renewed antenna supply miniaturized antenna requirements. The production was
performed to compare the results of the antenna design and the results of measure-

ments in the laboratory. Produced antenna is shown in 3.16;

Antenna return loss measurement is made at the laboratory and -9 dB is obtained at
962 MHz. Result of measurement and simulated values are not close to each other as

shown below;

The measured antenna return loss in the vicinity of -10 dB and the antenna strips are
occurred by rectangular strips that electrically influence each other. For that reason
fluctuations are occurred at the antenna frequency and return loss values. it is obvious
that the antenna shape should be developed to eliminate fluctuations and to increase

performance.
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Figure 3.17: Return loss of renewed Model 4 (measured)
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3.1.3 Proposed Antenna Design and Production

After considering the miniaturization techniques and designed patches in the litera-
ture, the proposed antenna is developed. For this purpose, the proposed design in-
cludes a s-strip and f-strip patch with a polygonal geometry. Since we have the ac-
curacy of finite element method (FEM) and finite integration technique (FIT) in this
small size antenna comparison results, we decided to use FEM based 3D solver for all

design, simulation and optimization processes of the antenna [31].

Miniaturization process was undertaken to obtain the smallest easy to manufacture
antenna while achieving relatively high gain compared with equivalent designs. For
this purpose, length of feeding line, substrate material and thickness were considered
initially to achieve this. Most of the reference antennas [10], [19-22] have many cor-
ners with nested loops to increase the electrical length. After examining the antennas
described in the literature, the final shape of the patch was determined through the

optimization of strip dimensions and adding of circular patch.

3.1.3.1 Effect of Circular Patch

As previously mentioned, adding only strips could create contrasts in increasing elec-
trical extension. The fact that the corners are close and sharp make the optimization

more difficult and cause fluctuations in frequency.

This problem was overcome with the addition of circular patch. The rectangular strips
need to be optimized in both length and weigth, whereas the circular patch requires
only radius optimization as theory mentioned. Since it has no corners, it is thought
to reduce the interactions between strips and eliminate the contradictions. The results
obtained also provide this idea. The effect of the added circular patch radius on the

return loss is examined as 3.18,

Since the total length of the strips is designed to operate under the GHz band, the
change in radius can be interpreted in these bands as consistent. When the radius is
less than 5 mm and greater than 10 mm, it does not operate at these bands. However,

when the radius is between 6 mm and 9 mm, the frequency has shifted upwards as the
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Figure 3.18: Effect of circular strip radius on return loss (simulated)

radius increases for sub-GHz bands. In the GHZ bands, return loss does not consistent
due to this design do not support operating at GHz bands properly. Since the band
closest to 900MHZ is provided in radii of 7 mm and 6 mm, the selection of these radii
will be appropriate. Besides, 7 mm’s retun loss is superior to 6 mm, though they are

all close scale. Therefore, 7 mm radius is selected.

3.1.3.2 Effect of Feeding Line Length

After obtaining the general shape of patch, feeding line effect and substrate material
is additionally examined since increasing the thickness and length of the feeding line,
substrate material and thickness may reduce the antenna area. First the length of
feeding line was optimized for miniaturization. Figure 3.19 demonstrates the effect of

the changes in the feeding line length on return loss.

As shown by Figure 3.19, it was not possible to define a straight forward relationship
between length and frequency change; e.g., when the frequency increases, the length
also increases. The values did not follow a consistent pattern with the frequency
resonance value does not only depending on the length of line but also changes in the
direction of interaction of patch strips. Therefore, rather than considering that the best
result can be obtained by increasing the length of feeding line, optimization processes

should be undertaken to determine the value of length that would minimize the effect

33



RETURN LOSS

0
-5
o ~L=11mm
=-10 - —L=1mm 5
U‘_’J —+—L=21mm
—[=21.6mm
==L=31mm
15 ——L=41mm | ]
=*=[=51mm
: -==|=60mm
_20 L L ) | | |
0.86 0.88 0.9 0.92 0.94 0.96

Frequency(GHz)

Figure 3.19: Optimization of feeding line length

of interaction between the strips. In this study, after the optimization process, the
best result was obtained from the feeding line length of 21.6 mm, confirming the idea
that an increase in the length of feeding line would not necessarily have a positive
effect. This can also be interpreted as the length increases in the feeding line may not
be included in the electrical length increment, since match conditions must also be
considered. Although the main aim is to increase the electrical area, the interaction
between the corners and loops (strips) should be considered to a greater extent in the

type of antennas described here.

3.1.3.3 Effect of Substrate Thickness and Material

The substrate material and thickness is another design parameter in antenna optimiza-
tion. The cost and availability of the substrate is a critical issue, and is mostly ignored
by the designers. For the mass production of the antenna and easy-to-manufacture,
the cost plays a critical role. On the other hand, in miniaturization techniques, gen-
erally substrates with high permittivity are preferred. Although FR4 (e,= 4.4) is used
in the fabrication due to its availability, other materials such as RT duroid 5880 (¢,=
2.2), Arlon AD600 (€,= 6.15), and Rogers RO3010 (¢,= 10.2) can also be considered.

However, unit costs of these material are not comparable with FR4.
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Figure 3.20: RT duroid 5880 thickness optimization process

Figure 3.20 presents the variation of the return loss for three optimal values of sub-
strate thickness (h). It should be noted that RT Duroid 5880 with relative permit-
tivity of 2.2 seems to be inappropriate for this type of antenna. No consistent pat-
tern was observed with the variation of the thickness of the substrate. The thick-

ness of RT Duroid 5880 may not be the main design parameter for such designs.
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Figure 3.21: Arlon AD600 thickness optimization process

Figure 3.21 demonstrates that Arlon with relative permittivity of 6.15 produced con-
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sistent results in terms of the changes in the thickness values, and thus presented as a

better option since at 2.5 mm thickness, the return loss reached -30 dB at 862 MHz.
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Figure 3.22: Rogers RO3010 thickness optimization process

In Figure 3.22, the optimization values of RO3010 with relative permittivity of 10.2
are shown. At lower thickness of the substrate, the frequency values shifted toward
higher values, but they exceeded the sub-GHz band. For general miniaturization pro-
cesses, high-permittivity substrates are usually recommended, but when the sub-GHz
band is considered, it may be necessary to overlook this recommendation and focus

on the material that is suitable for the sub-GHz band.

FR4 with relative permittivity of 4.4 is mostly used for sub-GHz bands, and it is
very easily available and cheap. As shown in Figure 3.23, when the thickness of the
substrate increased, the working frequency also increased. The return loss value gen-
erally seemed to remain in the same scale. However, in the industry, the thickness of
the available FR4 is 1.6 mm; therefore, when examining the simulation, FR4 with this
thickness was considered. As mentioned before, the parameters used in simulations
should be adjusted depending on the availability of material. According to the results
of analyses, the optimal substrate was selected as FR4 with relative permittivity of
4.4. Table 1 presents the optimal values for all miniaturization parameters, namely

the feeding line length, location and dimension of strips.
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Figure 3.23: FR4 thickness optimization process

3.1.3.4 Fabrication and Measurements of Proposed Antenna

As the added circular patch is compatible with other patches, the miniaturization has
been improved by increasing the electrical length. Optimizations were performed on
strips, feeding line length, substrate material and thickness. Final dimension of the
designed antenna was 0.254 x 0.1244 x 0.00471 (84.6 x 42 x 1.6 mm) with the free
space wavelength at the resonant frequency, as Figure 3.24 shows the front and back

of the designed antenna.

After completing the optimization process, the antenna was fabricated as shown in
Figure 3.25 to verify the accuracy of simulations by comparing the results of simula-

tions and measurements.

It should be noted that the return loss of the antenna was -19 dB at 920 MHz in
the simulations while it is -18 dB at 887MHz in the measurements of the fabricated
antenna (Figure 3.26). The radiation pattern and gain measurements were also under-
taken in an anechoic chamber to compare with the simulations. As expected, some
minor differences were observed between the simulation results and the measurement
results as in many published works of the literature. Simulations represent the best

possible parametric optimization.
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Figure 3.24: Top and bottom view of the proposed antenna (simulated)

Table 3.1: Optimal values of Proposed Antenna.

Parameter Length(mm) Parameter Length(mm) Parameter Length(mm) Parameter Length(mm)

L1 30 W4 1.2 L8 6 L14 5.1
Wi 0.7 L5 4 w8 1 L15 4.8
L2 12.2 W5 23 L9 14.1 L16 34.8
w2 0.7 L6 10 L10 34 L17 2.4
L3 2.6 W6 1.8 L11 55 w 42
W3 12 L7 5.6 L12 30.1 L18 68.8
L4 36 w7 1.2 L13 7.9 Wg 1.2
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Figure 3.25: Top and bottom view of the produced antenna

Discrepancies between the simulations and the measurement results are described as

follows;

1. It is reported that the measurements in the anechoic chamber have an error
margin of within 1 dB (the measurement was sub-contracted to a well-known

state center in RF measurements-BTK).

2. Fabrication tolerances of the PCB equipment and experience of the technician
of the department was another very critical issue, especially, for such small
antenna fabrication works (PCB equipment in the laboratory has about 0.2mm

tolerances)

3. Soldering quality of feeding line and its EM modelare other important factors
(very small conductive pieces, that could be modeled well, might affect the

performance greatly)
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4. Lastly, the authors have tried many such designs and their experience is that ma-
terial thickness and properties of the substrate may not be homogeneous (how-
ever, this is rather minor issue in this size of antennas, in this specific design)
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o — —
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- —
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Frequency(GHz)

Figure 3.26: Return loss of the simulated and fabricated antenna

Figure 3.27: 3D polarization pattern of proposed simulated antenna

The measurement of the antenna was made for the (x-y plane) plane over -180 to 180
degree with the angle determined as the orthogonal projection of z-axis on the x-y

plane. x-y plane defines the changing at ¢ angle. The polarization measurement of an-
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tenna made at y —z plane for all # and ¢ = 70 degree which is determined according to

the polarization of antenna as figure 3.27 shows

E—p|ane HFSSDesign3 Al

Curve Info |
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Freq="09GHz Phi=340dsg’ uzunluk=21 5359mm’"

-120 120

-180

Figure 3.28: E-plane pattern of proposed simulated antenna

H—p(l)ane HFSSDesign3  Ab

—— PeakDirectivity
Setup! : LastAdapfi

plive
Freq=0.9GHz Phi=70deg’ uzuniuk=21.6859mm'|

-180

Figure 3.29: H-plane pattern of proposed simulated antenna

Polarization of simulated antenna at x-z plane and y-z plane is demonstrated. In that
antenna E-plane ( x-z plane) start from phi= 340 degree instead of phi=0 and H-
plane(y-z plane) start from phi=70 degree instead of phi=90. E-plane and H-plane of

antenna at phi=340 and theta all is obtained as above;
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Figure 3.30 shows the measured gain at H-plane to be 1 dB within the measurement
angle phi=70. Thus, as shown in Figure 3.30 the simulation result appears to be very
close to the measurements. The discrepancies can still be attributed to the issues listed

above.

== Simulation

= Measurement

Figure 3.30: The radiation pattern of the simulated and fabricated antenna

3.1.4 Multi-band Operation

In remote control systems, multiband operations are an important factor due to re-
quirements. Using of much antenna for different operating frequencies will result in
cost. Proposed antenna can operate at multiband, using of it can reduces the cost and
increases the usage area. The designed antenna provide this requirement of remote
control systems with dual band operation capability. Return loss of simulated and
fabricated antenna at GHz band is obtained as -18 dB at 1.34 GHz and -11 dB at 1.37
GHz.
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Figure 3.31: The return loss at multiband of the simulated and fabricated antenna

3.1.5 Multi-Layer Antenna Design

As mentioned in the introduction part, one of the miniature antenna design methods is
to use of multi-layered antenna structure. The validity of this method is experienced
by designing the multi-layered antenna. In the simulation of antenna design, [35] is

taken inspiration as it is seen below;

Figure 3.32: Front and Side view of multi-layered Antenna (simulated)

This antenna has dimensions as 100 x 100 x 6.6 mm with two layer, air layer at the top
with 80 x 80 x 5 mm and FR4 layer at the bottom with 100 x 100 x 1.6 mm. Radiated
patch was designed with slots and ground plane placed at the bottom. Feeding point

placement and thickness of layer were optimized. As the result of simulations return
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loss was obtained as -43 dB at 876 MHz as shown below;

Return Loss

0 T T T T T T T

dB(S(1,1))

-45 ‘
0.8 0.82 0.84 0.86 0.88 0.9 0.92 0.94 0.96
Freq[GHz]

Figure 3.33: Retun Loss of multi-layered Antenna (simulated)

0.98

Gain of antenna was obtained as 1.8 dB. Gain has been obtained quite close with the

previous proposed antenna. Also dimensions are slightly acceptable for miniaturiza-

tion. Although it still needs to be minimized, it is obviously obtained that reduction

can be performed with the multi-layered antenna structure.
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Figure 3.34: Gain of multi-layered Antenna (simulated)

44

150.00

200

.00



3.1.6 Effect of Plastic Box

In practice, command boxes are controlled with joysticks which are placed on the box
in remote control systems. The box effect should be examined for this type of antenna.
For the command box, plastic materials are mostly used in which the dielectric con-
stant should be low. Materials such as polystyrene, polyethylene, and polyamide can

be used as the box material due to their low dielectric constant.

The important consideration is the easy availability and low cost of the material to be
selected. Therefore, in this study, polyamide material with the relative permittivity

value of 4.3 was selected.

Figure 3.35: Sample command box used in the industry

The box was produced in a way that it could be used in the control sector. A sample

command box used in remote control applications is presented in Figure 3.35.

In accordance with the current industrial use, the box dimensions were determined as
200 x 250 x 100 mm (0.594 x 0.744 x 0.3 A). The antenna was placed into the fabri-

cated box as shown in Figure 3.36.

The return loss and gain were measured again after the antenna was placed into the

box, and the results of return loss were compared Figure 3.37
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Figure 3.36: Top and side view of the box into which the antenna was placed
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Figure 3.37: Return loss of antenna and the antenna in the box
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As expected, placing the antenna in the fabricated box reduced the return loss to -13.2

dB, but this did not have an effect on the frequency value (Figure 3.37).

90
120 60

150 30

=== Measurement with box
180 p | = Measurement without box 0

330

240 300

Figure 3.38: The radiation pattern of antenna and the antenna in the box

As it is seen in Figure 3.38, the radiation pattern of the initial measurement of the
antenna and the measurement obtained when the antenna was placed into the box.
Antenna performance with the housing box is found to be slightly perturbed. Al-
though the wall of the box caused reflections and changes on the radiation pattern as
expected, the result was not generally affected. Thus, it can be interpreted that the
polyamide box did not shift the frequency values and the changes observed were not

significant.
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CHAPTER 4

CONCLUSION

Aim of this thesis is understanding of miniaturization techniques and examining the
appropriation of these techniques for sub-GHz bands in the direction of remote control
applications. Antenna theory was conceived and FEM based simulation tool was used
for design process. Several iterations, designs and several analyses were made. With
respect to these simulations, literature research was also considered and examined.
Firstly, antenna patch which was composed with simulated models was designed. Op-
timizations and parametric studies were performed for designed patch. Results were
interpreted related to theoretical background. After patch design completed, renewed
Model 4 was produced and return loss was measured. Return loss of the first antenna
produced with dimensions 86.9 x 42 x 1.6 mm was measured as -11 dB at 919 MHz.
The consistency of design and measurement results was considered. Renewed Model
4 was developed and new antenna was designed after first antenna production. The
new antenna had been designed with adhere to the principle of electrical length ex-
tension and smaller antenna had been obtained. The validity of this technique has
been conceived. Miniaturization techniques stated at the literature was applied on
this model and the techniques were used to reduce antenna dimensions as well as to
experience their validity. Therefore, length of feeding line, thickness and material
of substrate were examined. Results were interpreted and reasons are defined. Opti-
mal values of strips’ weight, length, material and thickness of substrate, dimensions
were defined. This model was approved for production and measurements were per-
formed. Return loss center frequency was obtained at 887 MHz and the dimensions
were 0.254 x 0.1241 x 0.00471 (84.6 x 42 x 1.6 mm). The results of the simulations

and measurements of the fabricated antennas were presented.
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Another miniaturization method, multi-layer antenna structure was designed to ex-
amine the technique. This antenna has 100 x 100 x 6.6 mm with two layer, air layer
at the top with 80 x 80 x 5 mm and FR4 layer at the bottom with 100 x 100 x 1.6
mm. Although the antenna performance satisfies the requirements, it is required that
reduce the size of the antenna. It is also considered that designing of multi-layered

antenna structure can reduce the antenna sizes.

Furthermore, the effect of a typical industrial box on the miniaturization process was
investigated, and the material was approved as polyamide, after other materials were
also experimented, additionally this material was stated as easy accessible and afford-
able. Dimensions of produced box were selected as in the industry. After box was
produced, the antenna was placed into the produced box and measurements were un-
dertaken. The results of all analyses confirmed that the produced miniaturized antenna

inside a plastic housing box was suitable for using in remote control applications.

Finally, literature was considered for miniaturization techniques and remote control
applications. Theory of microstrip antenna was conceived to interpret FEM based
design tools. Antennas were designed after optimization processes and appropriate
antennas were produced and measured. Miniaturization techniques were applied and

several design were performed.
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