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ABSTRACT

THEORETICAL INVESTIGATION AND DESIGN OF WIDEBAND
DIELECTRIC RESONATOR ANTENNAS

Yiiksel, Yilmaz Cagr1
M.S., Department of Electrical and Electronics Engineering
Supervisor: Assoc. Prof. Dr. Lale Alatan

May 2015, 111 page

The aim of this thesis is to utilize Dielectric Resonator Antennas (DRA) as array
elements due to their advantages over other conventional antenna elements such as
dipoles and microstrip patches. Depending on both the excitation mechanisms and
the antenna shape, a Dielectric Resonator Antenna (DRA) provides its designer
multiple independent degrees of freedom. In this thesis three antenna shapes, namely
hemispherical, cylindrical and rectangular DRAs, are investigated. The cylindrical
and the rectangular shaped DRAs are used in designs. A design software that
calculates the initial dimensions of the DRAs is developed and these dimensions are
optimized through the full-wave analysis performed by using a Finite Element
Method (FEM) based electromagnetic field solver.

The concept of a compact DRA with wideband operation in 2.9-3.3 GHz frequency
band is presented. The return losses, impedance characteristics, internal field
distributions and radiation patterns of DRA elements are discussed. The effect of
dimensional parameters of both antenna element and feed network are investigated.
The rectangular and stack-cylindrical shaped DRAs are manufactured and excited via
microstrip slots. For rectangular DRA a -10dB impedance bandwidth of 20.3% and a
gain of 5.28dB are obtained. An enhancement is achieved both in the -10dB



impedance bandwidth (44.7%) and the gain of the antenna (9.35dB) with stacked-
cylindrical DRA configuration.

A Taylor amplitude tapered linear array is designed to achieve 10 degree half power
beam width (HPBW) with 30dB side lobe level (SLL). An 8-arm modified
Wilkinson unequal power divider is designed to implement a linear array with high
ratios between excitation amplitudes. Array characteristics are measured in the near
field antenna measurement chamber. The prototype and the test results for the
antenna element and the array structure are discussed. For rectangular DRA array,
10.1dB gain, -26dB SLL and 9.6° HPBW are obtained. For stacked-cylindrical DRA
configuration, 14.3dB gain, -26.9dB SLL and 9.5° HPBW are achieved.

Keywords: dielectric resonator antenna, stacked cylindrical, slot coupled feed.
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0z

GENIS BANTLI DIELEKTRIK REZONATOR ANTENLERIN ANALIZ VE
TASARIMI

Yiiksel, Yilmaz Cagr1
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi: Dog. Dr. Lale Alatan

Mayis 2015, 111 sayfa

Bu tezde dielektrik rezonatdr antenlerinin dizi yapisi igerisinde kullanimi
amaglanmistir. Anten sekli ve besleme mekanizmalarina gore Dielektrik Rezonator
Antenler (DRA) tasarimcisina ¢esitli secim serbestligi saglamaktadirlar. Bu tezde ii¢
temel anten sekli; yan kiiresel, silindirik ve dikdortgen bicimli DRA’lar incelenmis
olup silindirik ve dikdortgen bicimli DRA tasarimlar1 yapilmistir. Bununla birlikte
tasarim baglangicinda anten boyutlarin1 hesaplamak icin kullanilmak {izere bir
yazilim gelistirilmis, gelistirilen yazilimla tasarlanan antenlerin Sonlu Elemanlar
Metodu (FEM) tabanli elektromanyetik yap1 ¢oziiciisii kullanilarak tam dalga
analizleri yapilmis ve boyutlar1 optimize edilmistir.

2.9-3.3GHz frekans bandinda c¢alisan kompakt bir DRA konsepti gosterilmistir.
Tasarlanan antenlerin geris doniis kaybi, empedans karakteristikleri, dahili alan
dagilimlar1 ve 1s1ma oriintiileri incelenmistir. Anten ve besleme mekanizmasinin
boyutlarinin yap1 tizerindeki etkileri parametrik olarak arastirilmistir. Dikdortgensel
ve katmanli-silindirik DRA iiretilmis ve mikroserit yariklar ile beslenmistir.
Dikdortgensel DRA yapisinda %20.3 -10dB geri doniis kaybi bant genisligi ve
5.28dB kazan¢ gozlenmistir. Katmanli-silindirik DRA yapist ile %44.7°1ik -10dB
geri dontis kaybi bant genisligi ve 9.35dB kazang elde edilmistir.

vii



10 derece ana hiizme genisligi ve 30dB yan hiizme seviyesi elde etmek iizere Taylor
genlik dagilimli dogrusal anten dizisi tasarimi yapilmistir. Sekiz dikdortgensel (ve
katmanli-silindirik) elemandan olusan dogrusal dizide kullanilmak iizere sekiz kollu
giic boliicii tasarlanmistir. Dogrusal dizide elemanlar arasi genlik dagilimim
saglayabilmek amaciyla c¢esitli giic boliim topolojileri incelenmis, degistirilmis
esitsiz Wilkinson boliicii yapisi kullanilmistir.

Dizi antenler yakin alan test odasinda oOlgiilmiistiir. Anten elemanlar1 ve dizi
yapilarinin 1s1ma  Ol¢iimleri, HFSS simiilasyonlar1 ile karsilastirmali olarak
incelenmistir. Dikdortgensel DRA ile olusturulan dizi yapisinda 10.1 dB kazang, -
26dB yan hiizme seviyesi and 9.6 derece yarim gili¢ hiizme genisligi, Katmanli-
silindirik DRA ile olusturulan dizi yapisinda 14.3dB kazang, -26.9dB yan hiizme

seviyesi ve 9.5 derece yarim gii¢ hiizme genisligi elde edilmistir.

Anahtar Kelimeler: dielektrik rezonator anten, katmanli silindirik, mikroserit yarik

besleme.
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CHAPTER 1

INTRODUCTION

The aim of this thesis is to design a linear antenna array that will operate within 2.9-
3.3GHz frequency band with a 3dB half power beamwidth of 10° and sidelobe levels
below -30dB. These highly suppressed sidelobe levels require amplitude tapering for
the excitation of array elements. Therefore a feeding network based on microstrip
technology is preferred due to the ease in design and manufacturing. In microstrip
technology printed dipole or microstrip antennas are widely used as antenna
elements. However, in recent years dielectric resonator antennas (DRAS) became an
attractive alternative due to the techniques proposed to broaden the operational
bandwidth of these relatively narrow band structures. Hence, DRAs are chosen to be
the array elements in this thesis.

In this chapter a brief history of dielectric resonator antennas (DRAS) is mentioned
highlighting the main developments in this evolving technology. A list of general
characteristics of DRAS is put together to point out where they stand when compared
to traditional antenna elements, such as dipoles and microstrip patches. Their

strengths and weaknesses are also discussed concisely.



1.1 Brief History of Dielectric Resonator Antennas

In 1939, R.D Richtinger showed that nonmetallic dielectric objects which he called
dielectric resonators [1] could function similar to metallic cavities, and the modal
analysis of them were first presented in the early 1960s by Okaya and Barash [2].
The analysis opened the way for the use of these low-loss dielectric materials as
dielectric resonators in filters and oscillators instead of or alternative to the
waveguide cavity resonators and as a more conformable topology for printed circuit

integration.

If the shielding is removed the dielectric resonators can be made to radiate very
efficiently when excited at certain frequencies [3]. Furthermore, broadband
responses can be obtained by lowering their dielectric constants. In 1980s began the
first studies of dielectric resonator antennas started with the examination of the
characteristics of typical shapes such as hemispherical, cylindrical and rectangular.
After several studies had been carried out on their excitations and radiation patterns,
DRAs became more intriguing alternative to traditional low-gain radiators. Also the
first planar array of DRAs are demonstrated by Birand and Gelpsthorpe [4] in the
same decade (Fig. 1). The array was designed to operate between 32 and 35GHz. The
measured data had a good agreement with the theoretical data although the design
was made using simple array theory. The design consisted of 12 DRAs and was
operated in leaky-wave configuration, producing a beam whose peak scanned with

frequency from 6° to 20° -off broadside.
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Fig. 1 Dielectric waveguide fed linear DRA array

In 1990s more attention was placed both on the feeding mechanisms to excite the
DRAs and on establishing the relation between the input impedance, bandwidth,
dielectric constant, shape and Q-factor. In 1994 Mongia and Bhartia published their
work to characterize the performance of basic DRA elements [5] in which they
proposed the mode nomenclature and provided a set of equations for predicting the

resonant frequency and quality factor (Q-factor) for DRAs with basic shapes.

Since mid-1990s as more researchers studied in this field and more mobile devices
have become widespread; more emphasis have been put on compact, portable, hybrid
DRA solutions to meet the requirements for emerging broadband or ultra wideband

systems.



1.2 Major Characteristics

The main characteristics of simple-shaped DRAs are listed below. These findings are

also applicable for most DRAs that are more complicated in shape.

e The size of the DRA is proportional to A,/+/€, ,with Ao and €,. being the free-
space wavelength and relative dielectric constant, respectively. Therefore a
reduction in size can be easily achieved by choosing a material with high

dielectric constant.

e A wide range of dielectric constants can be selected from 4 to 100, allowing
the designer to have control over the physical size of the DRA and its
bandwidth. As both microstrip patch antenna and DRA behave like resonant
cavities, both antenna types therefore can be made small by increasing the

permittivity.

e Radiation Q-factor and the resonant frequency is a function of the aspect ratio
(ratio of two dimensions of the dielectric shape) of the DRA for a fixed
dielectric constant. Since the same aspect ratio can be achieved for infinite
number of size combinations, this property allows a flexibility in controlling
the input impedance and bandwidth of the antenna. The losses for a DRA are
the dielectric losses due to conductivity of the dielectric material which is
usually negligible and conductor loss in the feeding structure and the ground

plane.

e When a dielectric material is selected with low loss characteristics, a DRA
would have the capacity of providing efficient radiation in the millimeter
wave (MMW) frequency region due to the absence of surface waves and the
inherent conductor losses. This has been proved experimentally through
comparison of a DRA with a conventional microstrip antenna at 35GHz [6].
The DRA exhibits a high radiation efficiency (>90%) with negligible

dissipation loss, whilst the performance of conventional metallic antennas



rapidly degrades with a radiation efficiency of around 80%.

e DRAs can be designed to operate over a wide frequency band from as low as
1GHz to as high as 40GHz. Also DRAs can be excited by many feeding
schemes including probes, slot coupled microstrip lines, dielectric image
guides, and substrate integrated waveguides (SIW). Depending on the DRA
shape and feeding scheme several modes can be excited within the DRA -
some of which are similar to short electric and magnetic dipoles- for different

coverage requirements.

Costwise, in some designs, materials must be machined precisely from large blocks.
Moreover drilling may be necessary for several excitations as probes, or the DRAS
have to be bonded to ground plane. These requirements make the manufacturing
process generally more complex and more costly. However for mass production, the
cost differences associated with these processes may not be significant. There are
also some application areas such as military communications or intelligence systems
where performance is more important than cost and DRAs may provide solutions

that cannot be offered by any other radiating elements.



1.3 Organization of the Thesis

After the introduction, the dielectric antenna and several feed configurations will be
discussed in next chapter in order to give an insight on the terms used in subsequent
sections. The basic shaped antennas are illustrated with theoretical analysis. The
design procedures are described in details for fundamental shapes. In Chapter 3, the
basic properties of several feed configurations such as coaxial probe, direct
microstrip feed and the aperture slot are characterized with simulations. In Chapter 4,
a design tool for rectangular and cylindrical DRAs is introduced. Chapter 4 also
focuses on the design of the thesis work. Rectangular, cylindrical and stacked-
cylindrical DRA elements are designed and investigated using simulations. In
Chapter 5, a beam former network for the array application is discussed. The array
tapering method is explained. The divider topologies are also discussed. In Chapter
6, the fabrication of the array elements and the beam former network are mentioned.
The experimental results are compared with the simulations. Chapter 7 presents some

conclusions and recommendations for the future work.



CHAPTER 2

DIELECTRIC RESONATOR ANTENNA CONFIGURATIONS

This chapter mainly focuses on exemplifying various DRA configurations in terms of
both shape and feeding structures. Before investigating complicated DRA shapes,
most commonly used three basic DRA shapes, namely, hemispherical, cylindrical
and rectangular will be introduced.

2.1 The Hemispherical DRA

The most basic geometry of a hemispherical DRA is shown in Fig. 2. €, and radius a
are the only design parameters of the antenna. The antennas discussed and designed
in this thesis are considered to be mounted on an infinite ground plane which is

assumed to be perfect conductor.

According to image theory a dielectric hemisphere mounted on a ground plane can

be considered as a dielectric sphere in free space.

The resonant modes of dielectric spheres in free space were investigated in details by
Gastine, Courtois and Dormann in 1967 [7]. Authors proposes two mode
configurations, transverse electric (TE,,,) to R and transverse magnetic (T M,,,,,) to R
for spherical DRA. The two subscripts describes the mode for the field variation in
azimuth () and elevation (0) directions. TE,,, modes have zero value for radial
component of the electric field and other components of electric and magnetic field

are given as:



km cos
Eg = — J fr]n+1/2 (kr)B™*(cos8) Sinm@

rsin@

dp" (cosH) sin
cos

= __IM]n+1/2 (kr)

H, = - "("“)J— " jnessa (kr) B (cosB)

o - 1 d[\/ﬁjnHM (kr)] dP™(cos0) sin
=7 dr do cos
m d[m]'nﬂ/z (kr)] m cos
He = rsind dr B (cos6) —sin mo

where B (cos@)is the associated Legendre function of the first kind of orders n,m in

cosf and j+1/2)(kp)is the first kind Bessel function of the order n+1/2 and k =

w +/ (ep)/c is the wavenumber. The fields outside the dielectric can be obtained by
replacing Bessel functions with the Hankel functions of the second kind and by using

the wavenumber in free space.

TM,,,, mode formulas are the same when E and H fields are interchanged and the

equations are multiplied by the wave impedance / (u/€).

The authors of [7] also give the characteristic equations for spherical resonators:

Mode TE,,,,,
B2 (kr)
jn—1/2 (kr) n-1/2 \/E
i k kr
nsaya (k) Vehy 1/ (\/E)
Mode TM,,,,



The fundamental mode of a hemispherical DRA is TE11 mode and it produces a
pattern similar to that of a short horizontal magnetic dipole whereas the TM1o mode
results in a pattern similar to that of a short horizontal electric monopole.

feed poirt
ground plane

Fig. 2 TE111 mode excitation with probe [8]

In order to compute the resonance frequency corresponding to TE1; mode :

J1/2 (Verkoa) _ hi/z (ko) 1)
Jas2(Verkoa) \/S_rhg/z(koa)

The roots of the transcendental equation given in (1) is complex. Once the root (kqa)
is found, the resonance frequency f;;and the Q-factor of the resonator can be

computed as [8]:

Re(koa) ¢ 4.7713Re(kqa)
2 a(cm) )

f(GHz) =



_ Re(koa)
-~ 2Im(koa) @)

Q-factor can also be defined as:

20W,  20W,
P Ploss + Prad

Q:

If the dielectric material is selected such that the loss is negligible or so low that the
material can be assumed to be lossless, the only power lost in the resonator will be
radiating loss which means the Q-factor will be equal to the radiated Q-factor.

(Q = Qraa)-

Hence it is worth mentioning that the Q-factor depends only on the mode and the
dielectric constant (€,) of the sphere. The radiation Q-factor is plotted using the

equations in [8] for TE11 and TMoz modes in Fig. 3 and Fig. 4, respectively.
The radiation Q-factor can also be related to the fractional impedance bandwidth of
the antenna [9]:

_Af s—1

SR AR )

As with TE11 mode, the resonant frequency and radiation Q-factor can be determined

by solving the transcendental equation given below:

L ap(Eke®) _VE Ve (ko)
Verkoa  jaa(Verkoa)  koa h%/z(koa)

()

Equations (2), (3) and (4) are also valid for TM1o mode.
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Fig. 3 Q-factor of the TE11 mode versus the dielectric constant

Re(k,a), Q-factor vs. er for T,
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er

Fig. 4 Q-factor of the TM10 mode versus the dielectric constant
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2.1.1 The Hemispherical DRA Design Procedure
The design procedure is straightforward:

- Specify the desired resonant frequency f, the fractional impedance bandwidth
(BW), and the maximum Voltage Standing Wave Ratio (VSWR, s) in the
band.

o Using (4), calculate Q-factor.

- Determine the dielectric constant €,- and corresponding Re(kya) using Fig. 3

for TE11 mode. For TM1o mode, €, can be determined using Fig. 4.

- Determine the radius of hemispherical DRA using (3).

2.2 The Cylindrical DRA

As mentioned in the hemispherical DRA section, the hemispherical shaped DRAs
leave the designer with only one degree of freedom in choosing the design
parameters, namely the radius of the sphere. In addition to the dielectric constant of
the material, this radius determines both the resonant frequency, the radiation Q-
factor, antenna size and impedance bandwidth. On the other hand, the cylindrical
DRA can be characterized by its height h, radius a, and the dielectric constant of the
material .. These parameters determine kya, the Q-factor so the impedance
bandwidth and resonant frequency. Therefore the cylindrical shape offers one more

degree of freedom than the hemispherical shape: the aspect ratio a/h.

The modes of cylindrical DRA can be divided into three families: electric dipole
mode (also called TM to z mode) with azimuthal H field (Hy) and magnetic dipole
mode with azimuthal E field (Ey), also hybrid HEM mode which is theoretically
investigated in ref. [10] and computed in ref. [11] by using Method of Moments
procedure. The HEM mode can be called HE if the E, component is dominant or EH

if the H, component is dominant.

12



The most commonly used modes for radiating applications are TEos, TMo1s and
HE115 modes because of their high radiation efficiency. The mode subscripts refer to
field variations in the azimuth (@), radial (r) and axial (z) directions, respectively.

The field distributions for all these modes can be seen in Fig. 5.

]

TEo1 TMu1s HE1s
Fig. 5 E-field (solid lines) and H-field (dashed lines) distributions for three
fundamental modes in a CDRA [12]

The TEo1s mode radiates like a short magnetic monopole. The expressions for E and
H are as [12]:

H, = Jo(Br) cos (%)

h
Hy = J,(Br)sin (”T‘SZ)
Eg = J1(Br) cos (HT(SZ)

13



where S can be obtained from the first zero of J,(Ba).

These preceding results are valid under the conditions below:

- H, = 0isassumed at all surfaces parallel to z-axis. (PMC)

The tangential components of E and H fields are continuous across the

surfaces perpendicular to the z-axis.

The electrical properties of the material is isotropic.

The fields outside the resonator decay exponentially to zero at infinity.

The value of 6 is defined as the fraction of a half-cycle of the field variation in the z-
direction, ranges between zero and one and approaches one for high values of

dielectric constant. According to Yee [13], §/h satisfies the condition below:

= e - Do (3) ©
where
5= 7)
and
= () e ®

Given all parameters of the DRA (a, h, €,.), the resonance frequency can be computed

by solving (6) through the use of fixed point iteration method.

Alternatively, the resonance frequency can also be computed by iteratively solving

the following equation [12]:

14



_1-K?
CK2-1

tan? (— K, — 1>

where K =k/B, K, = k./B and k, ke are wave numbers in free space and in the

dielectric medium, respectively.

The design of a cylindrical DRA requires determination of a, h, €, values to achieve
a desired operating frequency and bandwidth. However determination of these
parameters is not possible by using the formulas presented in this chapter. To help
the design of cylindrical DRA, some empirical formulas that relate the resonance
frequency and Q-factor of the DRA to ¢, and a/h ratio are proposed in [8]. These
formulas are listed below for three different modes:

TEy1s Mode:
_ o1l (1 +0.21232 - 0.00898 (a)z)
fenza = p—— . h : h 9)
s h hy? N hy*
0 = 0.078192¢1?7 (1 4+ 17.31— — 21.57 (—) +10.86 (—) —1.98 (—) (10)
a a a a
TMy,s Mode:
2
\/3.832 +(3p) (1)

fonga = 0.047746

€ +2

= 0.888413 ,0.0397475€, [ 1 _ _no4 (38—6r)
Q = 0.00872¢; e (1 (03 o.zh) o 12)

4.322261
X (9.498186 2 4205833 (3) e_3'50099(%))

h h
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HE;,5 Mode:

030195 a g2 13
fonza = 2 (0.27 +0.36 (ﬁ) ~0.02 (ﬁ) )
a 1 /a\?
0= 0.0100765-3%<1 + 100~ 2%(znwo(®) )) "

2.2.1 The Cylindrical DRA Design Procedure

The design procedure is more complex than it was in the hemispherical section due
to the more degree of freedom the designer has. One more degree of freedom
introduces more solutions into the problem with more trade-offs between bandwidth,
VSWR, resonant frequency and the DRA dimensions. On the other hand the number
of solutions can be significantly decreased by limiting one or more of these design

parameters.

The design procedure is explained below:

- Specify the desired resonant frequency f, the fractional impedance bandwidth
(BW), and the maximum VSWR (s) in the band.

o Using (4), calculate Q-factor.

- Specify the mode to obtain the desired radiation pattern. Using the related
mode formulas (10), (12) or (14) specify the possible values of dielectric

constant ¢ that satisfies the required Q-factor.

In order to choose the possible €, value, the variation of Q-factor with respect to a/h
ratio needs to be plotted for various ¢, values. Such a plot can be found in Fig. 7 for
HE;,5 mode. It can be observed from the figure that if one needs a Q-factor of 20,

the dielectric constant should be chosen to be smaller than 50 for a feasible design.

16



Since there is no unique solution for a given Q-factor the designer has two different

paths for the design procedure. These paths are itemized as:

- Determine the dielectric constant and obtain several a/h values from the
mode formulas (9), (11), (13). For each different a/h values, there is a unique

a and a unique h, or

- Determine or limit the dimension values and the ratio according to the

dimensional restrictions, set the dielectric constant of DRA material.

17
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Fig. 6 fya of the HE 15 mode of the cylindrical DRA
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Fig. 7 Q-factor of the HE 15 mode of the cylindrical DRA
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2.3 The Rectangular DRA

Literature survey shows that the investigations reported on rectangular-shaped
DRA’s are less than that of the investigations reported on the previous shapes like
hemispherical and cylindrical DRAs. However, rectangular DRA’s offer practical
advantages over cylindrical and hemispherical DRAs. For example, by choosing the
rectangular DRA dimensions properly, it is easier to avoid the excitation of higher
order modes. Consequently the performance of the antenna improves since higher

order modes result in larger cross-polarization levels.

The rectangular DRA is characterized by a height h, a width w, a depth d, and a
dielectric constant . as shown in Fig. 8. The rectangular shape offers one more
degree of freedom for the design of DRA since two aspect ratios of a rectangular
DRA (height/length and width/length) can be chosen independently. Thus, it
provides a greater flexibility in terms of bandwidth control.

Fig. 8 Rectangular Dielectric Resonator Antenna (RDRA)

According to Van Bladel [14] modes of a DR can be confined or nonconfined type.
The following condition is satisfied at all the surfaces of DR for both confined and

nonconfined modes.

20



E-Ai=0 (15)

E denotes the electric field intensity and n is the normal to the surface of the

resonator. This is the first condition of PMC boundaries.

On the other hand, the boundary condition related to the tangential component of the

magnetic field intensity;

nxH=0 (16)

is not satisfied at all the surfaces of DR by all modes. Confined modes are the modes
which satisfy both conditions while nonconfined modes can only satisfy (15). The
lowest order nonconfined and confined modes radiate like magnetic and electric
dipoles, respectively. Van Bladel also showed that confined modes can only be
supported by dielectric bodies of revolution such as spherical and cylindrical. A
rectangular DR as not being a body of revolution can support nonconfined modes

only.

The field solution for rectangular DRA is given in Appendix A in details. The fields
are solved using a modified dielectric waveguide model (DWG) which is called
truncated dielectric waveguide model. In order to obtain a relation for the resonance
frequency, the model imposes magnetic wall conditions on the planes parallel to the
direction of wave propagation while assuming that the waves are exponentially
decaying beyond the planes perpendicular to the direction of wave propagation.

The resonance frequency for TE11 to x (TE7;) mode (Fig. 9) can be solved using the

transcendental equation below:

kxtan(kx%) =\/(gr—1)|k0|2_k926 a7)

where k, is the wave number in x direction.
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Fig. 9 RDRA TE1: mode E field distribution [8]

The solution of (17) requires a graphical or numerical approach. Alternatively, the
numerical solutions which are derived by several curve fittings can also be used to

determine the resonant frequency [8]. In [8] a normalized frequency F is defined as:

F= 2ntw fov/&r (18)
B c
If f, is taken in GHz and w in cm then the expression reduces to:
_ WemEr (19)

F =
1SfO(GHz)

By choosing curve fitting approach, the normalized frequency can be approximated

in terms of aspect ratios of the DRA:

2

w w
F = Ao + aq (E) + a, (E) (20)
where
—257- 08 (%) +042(%) —oos (%)
ay =257 -08 () +042(3) —005(; (21)
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—0.282

a, =2.71 (E) (22)
a, =0.16 (23)

Note that the resonant frequency f,, depends on b, d/b and w/b, whereas it depends

on radius a, a/h for cylindrical DRA and on radius only a for hemispherical DRAs.

As for hemispherical and cylindrical DRAS, the Q-factor determines the constraints
for ratios d/b and w/b. To obtain the expression for Q-factor, the stored energy and

the radiated power need to be calculated.

The radiation Q-factor is defined as:

2wo W,
Q = =22¢ where w, = 271tf,
Prad

For TE11* mode the stored energy is defined in [15] as:

2 .
VVe _ eoerM;lszAll (1 + smk(:v,;w)) (ka, + k%)

where A4, is the mode amplitude and the radiated power is:
Praa = 10k3|Pm|2

where p,,, the magnetic dipole moment expressed in closed form as:

_ jw8€0(gr B 1)All . (ka>A
Pm = kxkykz Sin ) a,

A general expression linking the unloaded Q-factor to the antenna geometrical

features is [16]:
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VolumeDRA)S

Q«Zwosf( p>s=>1 (24)

Surfacep,q

In design procedure, generally the normalized Q factor is used and is defined as:

Q=735 (25)

The relation between normalized Q-factor, d/b and w/b cannot be obtained
analytically, instead graphical method is more convenient. The variation of
normalized Q-factor with respect to d/b aspect ratio for w = b is presented in Fig.
10 for different permittivity values taken from ref. [17]. Similar graphs for different

w /b aspect ratios are also given in Fig. 11 and Fig. 12.

{]26 :| T 7 |M | BN B e | ' T 7.1 l rr1rvj oot |:
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onf /] ~d :
02 E 3
o 0.18 E— —E
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d/b

Fig. 10 Normalized Q-factor of a RDRA for w=b.
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Fig. 11 Normalized Q-factor of a RDRA for w=2b.
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Fig. 12 Normalized Q-factor of a RDRA for w=4b
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As it will be summarized in the next section, rectangular DRAs can be designed by
using these graphs.

The Rectangular DRA Design Procedure

The design procedure of rectangular DRA is more involved than the case for
cylindrical DRA. This is due to two more degrees of freedom the designer has. On
the other hand, the number of possible solutions is larger than that of a cylindrical
DRA thus the designer can handle trade-offs between geometry, impedance
bandwidth and resonant frequency more easily.

The design procedure is explained below:
Step 1:

- Specify the desired resonant frequency f, the fractional impedance bandwidth
(BW), and the maximum VSWR (s) in the band.

o Using (4), calculate Q-factor.

Step 2:

- Choose a dielectric constant and calculate the normalized Q-factor, by using
(25). Using Fig. 10 - Fig. 12 check whether the dielectric constant is suitable
or, in other words, check if there is any possible aspect ratios d /b and w/b to
meet the required bandwidth for the chosen dielectric constant. To maintain
maximum flexibility, choose a dielectric constant that provides more

solutions.
Step 3:

- Using Fig. 10 - Fig. 12, determine d, w, b values.

26



Since there are more degrees of freedom, the last two steps of the design procedure
can be interchanged. For example, the designer can begin the design procedure

assigning one dimension and calculates dielectric constant and other dimensions.

2.4 Other DRA Shapes

The major limitation of DRAS is the relatively narrow bandwidth. Therefore DRAS
with various shapes are proposed in literature [18]-[21] to enhance their bandwidths.

In [18], sectored cylindrical DRA as shown in Fig. 13 is proposed to reduce the

volume. Thus, by lowering the Q-factor, an increase in bandwidth can be achieved.

2
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plan view sidm viaw

Fig. 13 General geometry of circular sector DRA. According to [18] sector faces can
be mettalic plates or left open.

A sectored antenna occupying 75% less volume than a conventional cylindrical

antenna operating 1.68-2.30 GHz frequency band is reported.

The notched DRAS presents a central air gap to offer a larger impedance bandwidth
Fig. 14. According to [19], aperture-fed notched rectangular DRAs have

demonstrated an increase in impedance bandwidth by 28%.
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Fig. 14 Geometry of the notched rectangular DRA [19]

In [20] an ultrawideband omnidirectional antenna is presented. Ultrawideband is
achieved by adjusting the individual resonant frequencies of both the monopole and
the ring DRA. The feed scheme is also simple since only a coaxial probe is needed.

A coaxial probe excites the monopole antenna together with the ring DRA as shown

in Fig. 15.

Fig. 15 Geometry of the monopole and the ring DRA [20]

In [21] an increase in bandwidth of microstrip patch is obtained. As reported in ref.
[21], a microstrip patch antenna with an impedance bandwidth of 5.68 — 5.86 GHz is
loaded by a DRA with an impedance bandwidth of 5.10 — 5.42 GHz to obtain an
overall impedance bandwidth of 21% from 5.30 — 6.55 GHz.
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CHAPTER 3

FEED SCHEMES

For an antenna to radiate in practical applications of any use, the radiating energy
must be coupled into the element through input ports. The coupling scheme includes
the type of port and the location of the port with respect the DRA and determines the
amount of coupling y together with the operating mode generated. The mode or
modes generated induce the radiation pattern. For this reason, it is important to
determine the mode required before following the design procedures. Each mode
generates different field distribution over the DRA. The location is to be determined

depending on the current distribution on the DRA for the predetermined mode.

Lorentz Reciprocity Theorem is utilized in defining the amount of coupling [22].

The theorem states that in an enclosed system of two electric and magnetic sources,
the field along the source other than its primary source is equal to the other field

along its source. Related mathematical expression is as follows:
$h (Erxt, — BpxHy) - dS = By -Jy — By Jo = Hy - My — Hy - M)V
S vV

Which reduces to:

||| @12 =1y Moav = [[[ Bz-g1 - 1 - My
|4 |4
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E, along ], is equal to E, along J;. Since in our system there is only one source

(electric or magnetic) the amount of coupling can be defined as follows

For an electric source:

X= fﬂ-(Ez “JpdVv (26)

For a magnetic source:

X = ﬂ (H, - M)dV 27)
\

Above equations (26) and (27) state that the source, electric or magnetic, must be
placed so that the dot products yield the maximum amount. In the other words, in
order to achieve strong coupling, the source must be located in an area where:

- Field strength is strong,
- Field is in the same direction with the source.

According to coupling theory, the coupling mechanism also has a loading effect on
the Q-factor of the DRA. The loading effect is generally defined as Q. and

expressed as:

Qext = %

The relation between loaded Q factor (Q;,), Q and Q. can expressed as:

-1
U = (é ¥ Q;) - Tk
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Loaded Q-factor can be adjusted to a desired value however maximum amount of

coupling is achieved when x approaches to unity which is called critical coupling.

In next sections, several feed methods will be discussed.

3.1 Coaxial Probe Feed

One of the most preferred feed mechanisms is using a probe. Depending on the probe
location, various modes can be excited. In this thesis, probe excitation is only used in
simulation platform to see the effects. For a selected probe, there are two parameters

that can be adjusted in order to achieve the desired amount of coupling

- Probe height
- Probe location

After manufacturing, adjusting probe height is relatively easier than adjusting the
probe location. If the probe is located somewhere within the DRA, to vary the
location the DRA must be drilled. Optimizing the height is more applicable since it is

easy to trim the probe.
Several simulations were done in the beginning of the work to study probe coupling.

In this thesis stacked DRA configurations are also studied in order to investigate their
bandwidth performance. Since the field distributions for a single cylindrical DRA
were already presented in Chapter 2, the simulation studies are performed for a 3
layer stacked DRA within a probe at center as shown in Fig. 16. This structure is
simulated by using FEM based EM simulation software ANSYS HFSS. The E field

distribution is presented in Fig. 17.
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Fig. 16 3-Stacked Cylindrical DRA with centered probe feed

---- Hfield
—— E Field

Fig. 17 Field distribution of TMo15 mode of CDRA

Since the probe is a current source, it must be placed at the center to achieve the

strongest coupling.
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On the other hand, the side coupling as shown in Fig. 18 excites TE mode. TE;s

mode electric field distribution is given in Fig. 19a.

-

.......

a b

Fig. 19 TE;,5 mode field distribution (a) and corresponding radiation pattern (b)
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The radiation pattern for TE;;5 mode is shown in Fig. 19b. As expected from the
field distribution with odd symmetry, the radiation pattern exhibits a null at

broadside direction.

3.2 Slot Coupled Microstrip Line Feed

A slot on the ground plane is used to achieve the coupling between microstrip line
and the DRA. Different slot shapes can be used to excite the DRA, the small
rectangular is the most widely used. Having the feed network below the ground plane
isolates the radiating element from any unwanted coupling or spurious radiation from
the feed.

y
3
4 :-: 5
L TN
;-:

Fig. 20 Slot coupled microstrip line feed geometry

There are more than two parameters to optimize the coupling, slot dimensions

(L, ws) and slot location under the DRA.
Following relations can be used for initial slot dimensions [8]:

042,

l
* V‘SDRA’

ws = 0.2
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And the stub extension:

s=28
4

Generally it is necessary to tune slot dimensions and stub extension. The
approximation of above formulas will be discussed in DRA design section.

A slot under the microstrip line behaves as magnetic source. Thus, the slot must be
located at the area where the magnetic field is strong. The electric field distribution
and the corresponding equivalent magnetic source for slot apertures is given in Fig.
21.

o —

Fig. 21 E-field distribution over slot and equivalent magnetic source

TE* mode for RDRA has H-field distribution is given in Fig. 22. As in the figure, the
slot is placed under RDRA so that the magnetic source and the H field lines are

aligned. The feed location is adjusted to obtain maximum coupling.
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—— DRA

Fig. 22 TE* mode H-field distribution of RDRA and corresponding radiation pattern

For the case of HE;,;5 mode of CDRA, the electric field distribution is given in Fig.
23. Magnetic fields lines are perpendicular to E-field lines. As in RDRA feed
adjustment, the slot is placed so that the magnetic source and H field lines are

aligned in the same direction.
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Fig. 23 HE;;5 mode of SCDRA
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Slot aperture is used for both Stacked Cylindrical DRA and Rectangular DRA
designs. In this thesis, slot coupled microstrip line feed is preferred due to its

flexibility in design, convenience for array applications and ease of manufacturing.

3.3 Microstrip Line Direct Feed

A DRA is placed on a microstrip line [23]. Since the DRA is placed over the
substrate, the image theory cannot be applied directly. In the structure the substrate
also plays a significant role in determining the resonant frequency. This is due to the
loading effect of substrate on DRA. Thus, in the design procedures, all the

calculations must be carried on the base of the effective dielectric constant e,sf

instead of epg4 N order to obtain well-approximated results.

There is only one parameter that can be adjusted for direct feed (with fixed

characteristic impedance) in order to achieve desired coupling.

s: the length of the line underneath the DRA.

Fig. 24 CDRA design parameters [23]

The dielectric constant of DRA, €pg4 iS more dominant factor for the degree of

coupling. For high values of epry4, it is easy to achieve strong coupling; however, the
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maximum amount of coupling reduces dramatically if the dielectric constant of the
DRA is lowered. This problem may be hard to overcome if a low dielectric constant
IS necessary to obtain a wideband characteristic. A convenient way to overcome the
problem is to use a multi segment DRA (MSDRA) [24] structure as in Fig. 25. An
insert material is used under the DRA. The insert acts as an impedance transformer
between DRA and the microstrip line. Fields inside the insert are more concentrated
which improves the coupling performance. The same mechanism is utilized by
stacked circular DRA which will be discussed in design section. The fields are more
concentrated inside the part that close to the slot. Thus, greater bandwidths can be

obtained.

The author of [24] also proposes a modified dielectric waveguide model to analyze
MSDRAs. According to the report, the effective permittivity and effective height

must be substituted into the formulas in Chapter 2.
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Fig. 25 Multi segment DRA on a Microstrip Line [24]
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and the effective height:

One practical disadvantage is, some microstrip substrates are not eligible for DRAS
to be mounted on. Adhesives may not be suitable for Teflon (PTFE) based materials.
Alignment problems may arise if the DRA cannot be mounted properly.

There are more coupling mechanisms for DRA using, Co-Planar Feeds, Dielectric

Image Guides (DIG) etc. These mechanisms will not be discussed in this thesis.
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CHAPTER 4

DESIGN OF DIELECTRIC RESONATOR ANTENNAS

In Chapter 2, the field modes that can be excited in rectangular and circular DRAs
were studied. Moreover, the procedures for the design of such antennas were
presented. It was pointed out that for rectangular and cylindrical DRASs there was not
a unique design for a given operation frequency and bandwidth. For example for a
cylindrical DRA, the same frequency and bandwidth requirement can be achieved by
different height and radius couples. There may be some additional design constraints
on antenna size due to mechanical requirements. Hence, the antenna designer may
need to perform the design procedure several times in order to end up with a design
that satisfies all these requirements. Consequently the need for a design software

arises to avoid repetitive hand calculations in this iterative design procedure.

C Sharp (C#) programming language is used on Microsoft Visual Studio platform to
develop such a design software. Two different software tools are developed for
cylindrical and rectangular DRAs. For cylindrical DRA, a graphical interface is
introduced as shown in Fig. 26. Once the dielectric constant value is entered the
software plots the Q-factor vs. a/h ratio graph for three fundamental operating
modes (TE,;, TM,,, HE;;) by using the equations presented in Chapter 2. By means
of graphical plots, users will have a better way in understanding the Q-factor
behavior with respect to dimensional parameters. When the required center
frequency, bandwidth and voltage standing wave ratio (VSWR) value are set the
corresponding Q value is calculated and this Q value is also plotted on the Q-factor

vs. a/h plot.
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When the designer marks any point on the plot with the cursor radius (a) and height

(h) values corresponding to that point are given as the output.

Rectangular DRA | Circular DRA | Feed Network

Circular DRA

Mode € DRA fo (MHz) Q Factor for TM01& mode
T™MO1& v 38 5100 —— @ System.Windows.Forms. TextBox, Text: 8,8
€ DRA 5-100 3 Rea. @

Calculate / Sketch

BW - Q Factor

fo (MHz) 3100

Q Required
Factor
AF (MHz) 400 Q
Calculate 5,480

5 fuswr) 2

Q Factor

a'h 0 Factor a(cm) B fem) fo (MHz)
3,516 4,933 3,014 0,857 3100

Fig. 26 DRA design tool, Circular DRA Design Section

For the same dielectric constant (9.8) and the same required Q-factor (5.48), the Q-
factor vs. a/h ratio variations are plotted for three fundamental modes in Fig. 27-
Fig. 28 for comparison. Since any Q-factor value lower than the required Q-factor
(i.e. larger bandwidth) provides a feasible solution for the design it can be observed
that HE11 mode offers more design flexibility. Moreover, TEo1 and TMo1 modes
exhibit a null in broadside direction whereas HE11 mode has maximum radiation in
broadside direction. Therefore HE11 mode is evaluated to be the most suitable mode

for the designs considered in this thesis.
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Q Factor for HE11& mode
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Fig. 28 Q-factor for TEO1 and TMO01 modes of CDRA

If a dielectric constant is not specified then Q-factor vs. a/h ratio plots for different

values of the dielectric constant (between 5 and 100) can be observed as seen in Fig.

29. This feature helps the designer to choose a different dielectric material.
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Q Factor for HE11& mode
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Fig. 29 Q factor vs. a/h for different values of epzy4

The software for the rectangular DRA is developed based on the formulas presented
in Chapter 2 for the TE* mode of the resonator. Since the Q-factor depends on two
different aspect ratios for the rectangular DRA a graphical interface was not possible

for this case.

The aspect ratios are selected using the graphs in rectangular DRA design section of
the Chapter 2. After determining proper aspect ratios (w/b and d/b) for a required
Q-factor, the designer inputs the ratio values into the software. The software then
calculates the normalized frequency, F and corresponding dimension values using the

expressions given in Chapter 2.
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Fig. 30 DRA design tool, rectangular DRA design section

The initial values for slot dimensions are also calculated using the design software.
The design equations introduced in Chapter 2 were empirical formulas and they were
obtained using curve-fitting method. Due to this approximate approach in the design
procedure the designed antennas need to be analyzed by using a full wave analysis
method for an accurate characterization. Also the dimensions of the antenna should
be optimized according to the results obtained from the electromagnetic field (EM)
simulator. In this thesis FEM based full-wave solver HFSS by ANSYS is used for
EM simulations. In the following sections these design examples will be presented.

For each design the initial antenna dimensions are determined by the developed

software then these dimensions are fine-tuned using HFSS.
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4.1 Design of Rectangular DRA (RDRA)

In this thesis, following specifications are considered in designing DRA elements:

Frequency band: 2.9 GHz — 3.3 GHz (f;, = 3100 MHz, Af = 400 MHz)
- Returnloss < 10dB (VSWR = 2)

- The dimensions of DRA elements must be suitable to be used as a linear

array element.

- For ease of the beam-forming network design, the DRA is to be fed by means

of an aperture coupled microstrip line.
Due to the availability of the material the dielectric constant is chosen to be 9.8.

By using the design software the initial dimensions of the rectangular DRA are

chosen as:

w =4.783 cm
b
h= 5 =1.195cm

d=1.076 cm

The simulations of this rectangular DRA (RDRA\) is performed in HFSS by using the
model presented in Fig. 31.
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Fig. 31 RDRA HFSS model, antenna side

An optimization of the dimensions were required to meet the design specifications.

The optimized antenna dimensions are as follows:
w = 4.25 cm
h=b/2 =1.27 cm

d=1.15cm

According to simulations, the return loss below 10dB is in 2.8-3.3GHz frequency
range as shown in Fig. 32. The 10dB return loss bandwidth is obtained as 16.4%. It
can also be seen that the operation band of the DRA designed by using the
dimensions obtained using design tool is very close to the projected frequency band.
After a fine tuning in HFSS, the RDRA became capable of operating in the required

frequency band.
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Fig. 32 The return loss curves for tuned DRA and DRA with design tool dimensions

Simulated input impedance of the optimized RDRA vary around 50Q. A good
matching is observed in the 2.8-3.4GHz band.

Fregaarey L]

Fig. 33 Impedance vs. frequency for optimized rectangular DRA
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The gain of RDRA is 5.71dB at broadside with 3-dB beamwidth of 78° and 125° at

H-plane and E-plane, respectively.

The co-polar and the cross-polar far field patterns are presented in Fig. 35 and Fig.
36 for E and H planes, respectively. The cross-polarized field level is 52dB below
the co-polarized field in broadside direction in each plane. Within 3dB beamwidth,
cross-polarization level is more than 25dB below the co-polarized level. The
polarization purity observed in simulation results may be due to single mode
excitation. Front-to-back ratio is 14.63dB. The back radiation may be due to both the
finite ground plane and the radiation of the slot. If needed this back radiation could

be eliminated by placing a second ground plane under the feeding structure.

E Field[¥_per_n

P oo
1. 48BRE+083
1, 38
1. 26
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8, BE0@E+002
/ 7.BEEEE+0E2
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5, 0000e+002
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3, DEERE+002
2. BERRE+EE2
1, BBRAE+0E2 {:|

=

c
0 30 60 (mm)

Fig. 34 RDRA simulated TE mode E-field distribution

The field distribution of TE1; mode of the RDRA is consistent with the field
distribution shown in Fig. 9 of Chapter 2.
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RDRA Radiation Pattern (Phi = 0)
0
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Fig. 35 Co-polar and cross-polar components at E-plane (@ = 0°)

RDRA Radiation Pattern (Phi = 90)

Name | Theta Ang Mag
m1 180.0000| 180.0000|-14.6156
m2 0.0000 | 0.0000 |-52.8073
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Fig. 36 Co-polar and cross-polar components at H-plane (@ = 90°)
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4.2 Design of Cylindrical DRA (CDRA)
The same specifications also apply for the Circular DRA.

As discussed in the first section of this chapter HE11 mode is chosen and the initial

antenna parameters are calculated by the design software as:

a=2727mm, h=7.8mm

After optimizing these parameters through HFSS simulations (by using the model in

Fig. 37) for a better matching, the resulting dimensions are:

a=28mm, h=7.62cm

The design tool provides good approximations for the dimensions of CDRA.

H

L.

r
0 50 100 (mm)

Fig. 37 Microstrip line under the substrate and the slot on the ground plane

The return loss characteristics are shown in Fig. 38. The resonant frequency is found
to be 3.1 GHz. A 10dB return loss bandwidth of 2.84 - 3.35GHz is obtained. 16.4%

of impedance bandwidth is achieved with fundamental cylindrical shape without

51



practicing any bandwidth enhancement method.

Return Loss vs. Freguency

51

Freguency (GHz)

Fig. 38 Return loss of CDRA

The electric field distribution at 3.1GHz is shown in Fig. 39:

E Field[v_per_m

[ 50 100 (mm)

Fig. 39 E-field distribution over CDRA for HE11 mode
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The gain of the antenna is 4.81dB at broadside with 3dB beamwidth of 74° and 145°
at H-plane and E-plane, respectively. The increase of 20° in beamwidth at E-plane
with respect to RDRA, affected adversely CDRA by lowering the gain by 0.9dB.
However the antenna gain of the antenna can be further optimized for a better
matching by adjusting the microstrip line segment extension beneath the substrate.

The co-polar and the cross-polar far field patterns are presented in Fig. 41, Fig. 40
for E and H planes, respectively. The cross-polarized field level is 60dB below the
co-polarized field in broadside direction in each plane. Within 3dB beamwidth,
cross-polarization level is more than 25dB below the co-polarized level. Front-to-
back ratio is 13.88dB.

CDRA Radiation Pattern (Phi = 0)

‘Name ‘ Theta ‘ Ang ‘ Mag ‘
| m1_[180.0000]180.0000 -13.9749 ]
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—— dBnormalize(rETheta)
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-130

Fig. 40 Co-pol and Cross-pol components of E-field at E-plane
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CDRA Radiation Pattern (Phi = 90)
0

[ Am | W |
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Fig. 41 Co-pol and Cross-pol components of E-field at H-plane

4.3 Design of Stacked Cylindrical DRA (SCDRA)

As stated in previous section, the cylindrical DRA is designed without utilizing any
bandwidth or coupling improvement technique. An enhanced amount of coupling can
be obtained by stacking DRAs. Through a stacked DRA configuration (Fig. 42) an
enhanced coupling rate is achieved by concentrating fields near the coupling port as
seen in Fig. 43, where the field distributions in SCDRA and CDRA are compared.
This approach involves stacking DRAs on top of each other to realize such effect. In
our case a slot is used as the coupling port. The bottom part is excited by a slot, while
the upper part is electromagnetically coupled. Hence, the bottom part of SCDRA

comprises the fields more concentrated when compared to the upper part.
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Fig. 42 Side and top view of SCDRA
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Fig. 43 E-Field distributions on SCDRA and CDRA

One thing to consider when designing SCDRA is that a compact design may not be
possible. As it will be seen in this section, the upper part is slightly wider in diameter
than the basic shaped CDRA.

Unlike the CDRA, the SCDRA does not have a straightforward design procedure.
This is due to the quantity of design parameters. The radius and the height of both

cylinder sections have effect on the resonant frequency.

For the design of SCDRA in this thesis, the heights are fixed to a constant value of
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6.35mm since the material selected was Rogers TMM10i which has a dielectric

constant of 9.8 and thickness 6.35mm.

For thicker materials the design becomes more compact. However, this requires a 3D
shaping of the material. Since the height is fixed to the thickness of the substrate,

only a drilling machine is sufficient for production.

The theoretical design is made by using the design software. The corresponding Q-
factor for a CDRA with total height of 12.7 mm is 7.2. This exceeds the required Q-
factor (5.48) which is calculated in previous section. However, Q-factor can be
lowered by varying dimension values. The radius of bottom CDRA is decreased
while the radius of the upper part is increased. The input impedance variation with

respect to these dimension variations is observed through HFSS simulations.
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Fig. 44 Input impedance variation with respect to the radius of top DRA

For a fixed radius (13mm) on the bottom part, the impedance loci for different values

of the radius for the upper section are shown in Fig. 44. The optimum value (for
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largest bandwidth) for upper radius is 30mm.

Next, while the top radius is fixed at 30mm, the radius of the bottom section is varied
between 10 and 13 mm. An 11.75mm of radius for bottom part exhibits the largest

bandwidth as shown in Fig. 45.
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Fig. 45 Input impedance variation with respect to the radius of bottom DRA

The return loss of the antenna is plotted in Fig. 46. It can be deduced that extra

resonances are introduced by using the stacked configuration.
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Fig. 46 10-dB impedance bandwidth of SCDRA

The stacked cylindrical design resulted in an increase in the 10dB return loss
bandwidth from 16.4% (2.84 - 3.35GHz) to 44.7% (2.62 - 4.13GHz, Fig. 46). One of
the reasons of this bandwidth enhancement is multiple resonances provided by the
stacked configuration. The second reason can be discussed by recalling the following
expression for the Q-factor:

Volumepg,

S
rozwoef( ) p>s=>1

Surfacepq

Neglecting any volume change between two designs (assuming no significant change
over volume), the surface area is increased remarkably in stacked DRA. An increase
in the surface area directly decreases the Q-factor, thus, the overall bandwidth was

increased since the impedance bandwidth is inversely proportional to Q-factor.

The gain of the antenna is 9.35dB whereas the gain of the single CDRA was 4.81dB.
The 3dB beamwidths of the antenna are 62° and 50° at H-plane and E-plane,

respectively. It can be observed that the increase in the gain is due to the three fold
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decrease in the E-plane 3dB bemawidth. The stacked designs result in more fringing
fields at the sides of DRA. Moreover the radiating aperture of a SCDRA is larger
compared to the CDRA. Thus, higher gains with narrower beamwidths can be

achieved with stacked configuration.

The co-polar and cross polar components of E-field in both @ =0 and @ = 90°
planes are plotted in Fig. 47 and Fig. 48, respectively. The cross-polarized field level
iIs 58dB below the co-polarized field in broadside direction at each plane. Even
within 3dB beamwidth, cross-polarization level is 26dB below the co-polarized level.
Front-to-back ratio is 19dB.
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Fig. 47 Co-pol and Cross-pols components of E-field at E-plane
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SCDRA Radiation Pattern (Phi=90)

Name | Theta Ang Mag
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Fig. 48 Co-pol and Cross-pol components of E-field at H-plane

The diameter of the element is 0.621, which is suitable for array applications.
However the radiating elements would be located closer to each other when
compared to that of a CDRA array, hence, the mutual coupling must be investigated
during designs.
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CHAPTER 5

ARRAY DESIGN

In this section, the design of array feed network will be presented. The dielectric
resonator antennas that are designed in the previous chapter will be used as array

elements.

The requirements for the array as follows:
- Beamwidth = 10° at broadside
- Sidelobe level < —30dB

It is well-known that amplitude tapering needs to be performed to array excitation
coefficients in order to reduce sidelobe levels. Binomial, Dolph-Chebychev, Taylor
and cosine-squared are widely used amplitude tapering distributions. Taylor
distribution will be used in the design of the array considered in this thesis. After
determining the type of distribution the number of elements (N) and the spacing
between elements (d) need to be specified. The 3dB beamwidth (fypgyw) Of a
uniformly illuminated aperture with length L can be computed by using the

following approximate relation:

_ 506 .4
Oupew = PN indegrees

This relation is used to determine number of elements by assigning L = Nd. For 10°
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beamwidth L = Nd = 54,. When the number of array elements is equal to powers of
two, design of feed network becomes easier through the use of two way power
dividers. The spacing between array elements should be greater than the size of an
element which is 0.624, for SCDRA. Moreover it should be smaller than the
wavelength to avoid grating lobes. Considering these constraints on N and d, N is

chosen to be 8.

It is well-known that beamwidth increases by applying amplitude tapering. In [25]
the beamwidth broadening factor (BBF) for a cosine squared on pedestal distribution
is reported to be 1.295 for 30dB SLL. By making use of this BBF d can be

computed from the following relation:

5 _ 50.6x1.295 _ 65.527
HPBW. ™ L/ly ~ 8d/2

For 10° beamwidth the inter-element spacing of 8 element array is computed to be
d =0.8194, = 7.92cm. d is chosen to be 8cm. The excitation of array element is

computed by using the following one parameter Taylor distribution [26]

w(m) = Iy(ay/1 —m?2/M?), (28)

m = 0,%1, ..., £M for odd number of array elements N = 2M + 1
m = +1,+2, ..., £M for even number of array elements N = 2M
And I, (x) is the modified Bessel function of first kind and zeroth order.

An empirical formula for a have been developed by Kaiser and Schafer in terms of
the SLL in dB (R),
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0, R<13.26
a =10.76609(R — 13.26)%* + 0.09834(R — 13.26), 1326 <R <60 (29)
0.1238(R+63), 60<R < 120

Computed coefficients are:
wl)=w(-1) =1
w(2) =w(-2) =0.8172
w(3) =w(-3) = 0.5278
w(4) = w(—4) = 0.2863
Since the excitation coefficients are symmetric with respect to the center of the array

a 4-way power divider is sufficient for the design of the feed network. According to

the required excitation coefficients when the transmission coefficients (S;;) between
the input port (port 1) and each output port (port 2-5) are calculated as follows by

considering port 5 as reference.
54_1 - 551 = _175 dB
531 - 551 = _555 dB

521 - 551 == _10,86 dB

Fig. 49 Conventional power divider network
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First a power divider with a corporate divided configuration as shown in Fig. 49 is
designed. The numbers on the figure denote the difference in the transmission
coefficients of two adjacent ports. These numbers will be referred as “power division
ratio” for the corresponding two way power dividers in the rest of this thesis. The
widths of the transmission lines are designed (details will be presented in next
section) to provide the impedance transformations required for unequal power
division between the output ports. It can be observed from the Fig. 49 that this
configuration requires very large power division ratios that result in impractical

designs due to manufacturing tolerances in the widths of the transmission lines.

Hence, a different power divider configuration is proposed as shown in Fig. 50 to get
rid of one of the large power ratios. With new divider topology, power division ratio
of the first divider is lowered to 0.12dB from 6.65dB.

Fig. 50 Power divider configuration

In the following section, the design procedure for the power divider shown in Fig. 50
will be presented.
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5.1 Design of Power Divider

The first unequal-split Wilkinson article is published by Parad and Moynihan in Jan.
1965, entitled Split Tee Power Divider [27]. In the article, Parad and Moynihan

develop a set of equations for two-way unequal dividers shown in Fig. 51.

QUTPUT TRANSFORMERS

ISOLATION RESISTOR /?l
P % it
A 7‘\\ @ Zc / @ 7,
Z o G < ———
R /

(3) 9! (5)

75 D

{ 8 — ‘ —

Fig. 51 Unequal Wilkinson divider by Parad and Moynihan [27]

Zs,Zg,Zc, Zpy are characteristic impedances of two stage quarter wave impedance
transformer sections. Z,, Zg are the impedances seen from the input of corresponding

arms.

Due to the parallel connection the power ratio is inversely proportional to the ratio of

the impedances seen from the ports.

Py Zj (30)

P, Zp
Also the impedances of two arms must satisfy the equation below at the center

frequency for matching purposes,

_ ZiZp (31)
0T 7, + 7,
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Using above equations (30) (31),

Zy=Zy(1+ P3/Py) (32)
Zp =Zy(1+ P3/P,) /(P3/P,) (33)

Considering the cascaded quarter wave transformers Z, andZ, can be written as:

_ ZoZ}

/ ZoZ3 34
ZA — Zé __ 4£04B ( )

Zy =
] B Z?)

Using (32) and (34),

(35)

__Z2a — Ps Ps
Ze =25 20 =7 /PZ/(1 +3

P

Also in order to have zero voltage across the isolation resistor, the following

impedance ratio must also be satisfied:

Zy _Ps 30
Zg P,

Now all the impedances can be written in terms of Z,, also the isolation resistance
can be derived using the odd mode analysis however, for our case the isolation
resistance will not be used.

_ _Za —__Za — Za (37)

= = 7= ‘A
P3P, ' 7€ T [1xpPs/P, D = /Py /P, /1+P3/P,

B

For a high dividing ratio, the divider design may end up with an unrealizable (very
high) characteristic impedance. In such situations, the arm with the highest
impedance can be fixed to a more realizable impedance value and so the other

impedances can be calculated accordingly. The design of three different power
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dividers (shown in Fig. 52) will be presented in the following subsections.

Fig. 52 Power divider 1, Il and I11

5.1.1 Power Divider |

The voltage coefficients of the last two elements determines the power division ratio
of this divider as:
w(3) = w(-3) = 0.5278 = —5.55dB

w(4) = w(—4) = 0.2863 = —10.86dB
w(3)dB —w(4)dB = 5.31dB

The divider must provide 5.31dB of a difference between its two arms.

For a non-Wilkinson divider,

Pa — 28 — 0.2942 (5.31dB)
Pp  Zy
Also
ZuZg
ZA //ZB =ZA+ZB =501

Using those two equations the arm impedances are calculated as:

Z, = 219.9310
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Zg = 64.71210)

For a 0.813mm RG4003C PCB substrate, 219.93Q corresponds to a very narrow line
segment of width of 44.93um which is not producible, furthermore it is generally
troublesome to maintain a good return loss characteristics for a line pair with high
dimensional difference.

Unequal Wilkinson divider with two transformer sections is utilized to maintain
5.31dB of divider ratio with an applicable line width.

The thinnest arm is chosen to be 1mm. Therefore corresponding characteristic
impedance for Imm line segment is 68.8587 Q (Za).

Using (37) Zs, Zc, Zp are calculated as;

g o~ P _ 68.8587 202610
B~ p,/P, 339856
4 Z, _ 68.8587 _ 228320
¢ Ji+tP/p, 20972 '
Zy
Zp =17.810

~ JPs/Py 1+ P3P

The width and quarter wave length of the transmission lines are obtained by using
transmission line calculator toolbox (LineCalc) of a microwave circuit simulator
(Agilent ADS).

Wz, = 6.26 mm, lz, =13.72mm
Wz, = 3.34 mm, lz, = 1411 mm
wz, = 7.33 mm, ly, =13.629 mm

The divider network is simulated on both ADS and HFSS. The simulation results of
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these two platforms are different than each other. Since HFSS is a full-wave solver,
the results are more reliable. On the other hand it is more convenient to investigate
the effect of line segment dimensions on divider performance using ADS. Thus, the

divider is tuned on ADS and analyzed on HFSS. Resulting dimensions are:

wz, = 4.45 mm, lz, = 14.61mm

wz, = 4.9 mm, lz, =12.7mm

Divider | with scaled dimensions can be seen in Fig. 53.

Fig. 53 Scaled layout of power divider |

ADS and HFSS results for input return loss and power division ratio are shown in
Fig. 54 and Fig. 55.
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Fig. 55 Power division ratio of power divider |
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5.1.2 Power Divider 11

The same procedure is followed in designing Power Divider Il which as a power
division ratio of 2.67dB. The dimensions are:

wz, = 0.43 mm, lz, =13.4mm
wz, = 1.6 mm, lz, = 14.6 mm
wz. = 1.4 mm, lz, =147 mm
Wz, = 2.27 mm, lz, =11.85mm

The scaled layout of power divider Il can be seen in Fig. 56.

Fig. 56 Scaled layout of power divider 11

ADS and HFSS results for input return loss and power division ratio are shown in
Fig. 57 and Fig. 58:
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5.1.3 Power Divider 111

A divider, which only differs 0.12dB from a two way equal divider, is required.

The dimensions are:

wz, = 1mm, lz, =12.25mm
wz, = 0.9 mm, lz, = 16 mm
wz. = 1.7 mm, lz, =23.5mm
wz, = 1.76 mm, lz, =21 mm

The scaled layout of power divider Il can be seen in Fig. 59.

Fig. 59 Scaled layout of power divider 111

ADS and HFSS results for input return loss and power division ratio are shown in
Fig. 60 and Fig. 61.
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5.2 8-Element RDRA Array

The array elements and the beam forming network were discussed in previous
sections. The 8-element RDRA array together with the feed network is simulated on
HFSS. The element spacing is 8mm, making the total array size 57.35cm. Together
with the ground plane, total array-antenna size reaches 66cm. Since the dimension of
RDRA along the array axis is small (1.15cm), the edge-to-edge distance between the
successive elements is 6.85cm (0.7074,). This distance would be more important in
terms of mutual coupling if the antennas were endfire radiating. The HFSS model is
demonstrated in Fig. 62 and Fig. 63. The simulation results will be discussed

together with the results of manufactured divider in Chapter 7.

i

0 150 300 (mm)

Fig. 62 8-Element RDRA, radiating side

nnnnnnn

Fig. 63 8-Element RDRA, beam former network
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The simulation results for input return loss and radiation pattern in two principle

planes are given in Fig. 64, Fig. 65 and Fig. 66, respectively.

The co-pol to cross-pol ratio is more than 40dB. Front to back ratio is 10dB. The
gain of the antenna is 10.88dB with a 3dB beamwidth of 9.6° at H-plane and 133° at
E-plane. The SLL levels are below —26dB which is 4dB above the -30dB
requirement. This is due to the mutual coupling between array elements. The power
divider was designed by assuming that the antenna impedances were 50Q. Although
this assumption is reasonable for an isolated antenna, it may not be valid when the
active input impedance of each element considered in the array environment. As the
active input impedance departs from 50€2 the power division ratios also depart from

the expected values.

It can be seen that apart from the SLL, the design requirements are satisfied

according to simulation results.

s, ,(dB)

i 1 !
27 28 29 3 31 32 33 34 35
Freq (GHz)

24 : : i

Fig. 64 Input return loss
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RDRA Array Radiation Pattern (Phi = 0)
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Fig. 65 Co-pol and Cross-pol components of E-field at E-plane

RDRA Array Radiation Pattern (Phi = 90)
0

Name
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m1

180.0000 | 180.0000 |-10.3391
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Fig. 66 Co-pol and Cross-pol components of E-field at H-plane

77



5.3 8-Element SCDRA Array

The array is composed of SCDRA elements instead of RDRA elements as it was in
previous section. The array length is 62mm. Together with the ground plane, the
length of the structure is 70mm. Unlike the RDRA array, the edge to edge distance
between the successive elements is 2mm (~0.24,). The HFSS model is

demonstrated in Fig. 67 and Fig. 68.

T O T T T T T T

T

L
0 150 300 (mm)

Fig. 67 8-Element SCDRA array, side view

T

L
0 150 300 (mm)

Fig. 68 8-Element SCDRA array, top view

The same beam former is utilized as in RDRA array. The co-pol component is more
than 37dB above the cross-pol component in 3dB beamwidth. The gain of the

antenna is 14.58dB with a 3dB beamwidth of 9.4° at H-plane and 91.6° at E-plane.
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The gain difference (3.64dB) between the RDRA and the SCDRA element is
conserved to be same as the gain difference between the array configurations
(3.7dB). The SLL levels are below —26.9dB which is 3.1dB above the -30dB
requirement. Front to back ratio is 14.5dB, higher than the RDRA array case. The

endmost element is 4.2 cm away from the ground edge.

The simulation results for input return loss and radiation pattern in two principle

planes are given in Fig. 69, Fig. 70 and Fig. 71, respectively.

S, ,(dB)

P

i ] ] i 1 1
%.7 28 29 3 31 32 33 3.4 35
Freg (GHz)

Fig. 69 Impedance bandwidth of SCDRA array
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SCDRA Array Radiation Pattern (Phi = 0)
0

[Mame [ Tneta | Ang | Mag |
|__m1_|-180.0000-180.0000]-15.3978 |

Curve Info
—— dBnormalize(rEPhi)
Setup : LastAdaptve
Freq=3.1GHz' Phi=0Odeg’
—— dBnormalize(rETheta)
Setup! : Lasthdaptive
Freq=3.1GHz' Phi=0deg’

-180

Fig. 70 Co-pol and Cross-pol components of E-field at E-plane

SCDRA Array Radiation Pattern (Phi = 90)

Name | Theta Ang Wag
m1 02000 | 0.2000 | -0.0055
m2 50000 | 5.0000 |-36.0955
m3 -5.0000 | -5.0000 |-36.0815
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—— dBnormalize_(rEPh)
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Fig. 71 Co-pol and Cross-pol components of E-field at H- plane
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The gain, directivity, E-Plane and H-plane 3dB beamwidths and the front to back
ratios (F/B) of both single elements and arrays are summarized in Table 1. While the
directivity and gain values are close to each other for a single element, about 1 dB
difference between them can be observed for the array configuration. Hence the loss
of the feed network can be considered to be about 1 dB. Moreover the E-plane 3 dB
beamwidths get wider for the array configuration. From the asymmetry in the E-
plane radiation patterns, this widening might be attributed to the spurious radiation

from the feed network.

Table 1 Gain, Directivity, E-Plane and H-Plane 3dB Beamwidths and the Front to
Back Ratios (F/B) of both Single Elements and Arrays

_ o E-Plane H-Plane F/B _
Gain | Directivity ) Gain
HPBW HPBW Ratio
(dB) (dB) (dB)
(degrees) (degrees) (dB)
RDRA 5.71 5.92 125 78 14.42 5.71
CDRA 4.81 5.24 145 69 13.43 481
SCDRA | 9.35 9.38 50 62 18.95 9.35
Array
10.88 11.75 133 9.6 10.33 10.88
RDRA
Array
14.58 15.45 91.6 9.5 14.55 14.58
SCDRA
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CHAPTER 6

FABRICATED PROTOTYPES AND MEASURED RESULTS

Prototypes for rectangular DRA and stacked cylindrical DRA are manufactured. The
materials often used in DRA applications are ceramic based materials. In this thesis
work, the DRAs are fabricated using Rogers TMM10i material which combines
many of the desirable features of ceramic substrates. The antenna is constructed
using a prototype PCB milling machine as seen in Fig. 72.

Fig. 72 DRA fabrication

The copper layer is peeled off from the DRAS easily.
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The structure is constructed on the ground side of a RG 4003C substrate with a
relative permittivity of 3.55. The ground plane and the substrate dimensions are

slightly larger compared to the simulations.

The impedance characteristics of prototypes are tested using an Agilent N5242A
PNA-X network analyzer. The results are shown in Fig. 73. The input impedance
characteristics of experimental antenna are in good agreement with the HFSS
simulations. The operational bandwidth is slightly shifted towards lower band by
125MHz, however the matching pattern is pretty consistent with the simulations. The
shift is most probably due to the adhesive material used to fasten the DRAs on to the

ground plane.

—HFSS
""" Experimental . ;
' ' [} gt

O T T TN NN N NN T S N

24 26 28 3 32 34 36 38 4 42 44
Freg (GHz)

Fig. 73 CDRA element return loss curve
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The radiation pattern of a SCDRA element is measured using SATIMO SG32

spherical near field test station. The platform can measure radiation patterns in a
band from 2GHz up to 18GHz.

Fig. 74 SATIMO SG32 antenna measurement station

In the test setup, the emitting antenna element is placed on a mast which is at the

center of the station as seen in Fig. 74 and

Fig. 75a. Calibrated probes (yellow and dark blue ones) are placed radially at fixed
positions. The mast turns around its axis as the probes scan the elevation pattern. The
measured and simulated pattern at H-plane is presented in Fig. 76. It can be observed
that although the simulation and the measurement results are in good agreement for
broadside direction, some discrepancies are observed for the lower half plane. These
may be attributed to the large ground plane used in measurements. Since different
designs are aimed to be measured on the same board as shown in Fig. 75, a quite

large PCB is manufactured.
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Fig. 76 CDRA element radiation pattern at H-plane

The RDRA element is also measured using the same test platforms. The return loss
and the radiation patterns are shown in Fig. 77 and Fig. 78, respectively. For
rectangular DRA, the operational bandwidth shifted 100MHz towards lower
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frequencies. A similar discrepancy in the lower half plane radiation pattern is also

observed for RDRA.
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Fig. 77 RDRA element return loss curve

10 ¥ v T r T T T

s Experimental
HFSS

-
LL)
T

RealizedGain{dB)
=)

20 = __: i
‘w A A l A A A * L
-150 -100 -50 0 50 100 150
Theta

Fig. 78 RDRA element radiation pattern at H-plane
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Half of the power divider is fabricated with connectors attached to each port as
shown in Fig. 79 for the characterization of the power divider. The s-parameters of
the divider are measured using Agilent N5242A PNA-X. The results are well-

matched to the simulations and shown in Fig. 80.

Fig. 79 Half a beam former

The input return loss results are shown in Fig. 80. The power division ratio
measurement results are presented and compared to HFSS results in Fig. 81 through
Fig. 83.
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The difference between the simulation and the experiments is 0.06dB on the average.
The extra insertion loss is caused by the port SMA connectors. Each measurement

contains 2 connectors, with each of 0.03-t0-0.05dB insertion loss.

The beam former printed board is fabricated in three pieces due to the excessive size
for the prototype PCB drilling machine. The three pieces then combined with copper
slabs soldered at the joints. Slabs are laser-cut to be as the same width as 50ohm line

(1.78mm) in order not to introduce any further mismatch.

For the array antenna measurements, a support structure is manufactured as shown in
Fig. 84. Delrin material is preferred to reduce any reflections caused by the support.
The beam former PCB and the SMA connector is screw mounted to the support
block.

Fig. 84 Array support structure
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Return loss characteristics for SCDRA array are shown in Fig. 85. -10dB impedance
bandwidth of the SCDRA array is around 44%. In the desired operation band of 2.9-
3.3GHz, the array provides an impedance matching better than -15dB.

5,,(48)

4 26 28 3 32 3.4 386 38 4 42 4.4
Frpq[f}Hi':l

b
rh

Fig. 85 Experimental return loss curve for 8-Element SCDRA array

The radiation pattern is measured in a different near field test station. The array
measurements on SATIMO was not consistent since the dimension of the arrays
exceeds the largest antenna size suitable for SATIMO measurement system. In
antenna pattern, serious ripples are observed in 3dB bandwidth when measured using
SATIMO. For antenna structures with high radiating apertures, the SATIMO

introduces disturbance at the side lobes, resulting in much higher side lobe levels.

The radiation patterns measured in appropriate near field measurement platform are

shown in Fig. 86.
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Fig. 86 Near field antenna measurement room

The antenna array is 40 cm away from measurement probe. Alignment procedure is
completed by means of an antenna rotator. The measured and simulated radiation

pattern of the array is plotted in Fig. 87.

The 3dB beamwidth is observed as 9.55 degrees which is 0.05 degree more than
simulation results. Array have a gain of 14.3dB. The antenna gain is 0.2dB less than
the simulation results. Since HPBW results for measurement and simulations are
consistent, the difference in gain can be attributed to the losses in the feeding
network. The design requirement of 30dB SLL could not be achieved both in
experimental and simulation results. 26.9dB of first SLL is achieved in simulations

and experiments.
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Fig. 87 Radiation pattern of 8-Element SCDRA array

The RDRA array is constructed on the same structure. The impedance bandwidth is
measured and shown in Fig. 88. For RDRA array, -10dB impedance bandwidth is

around 18%.
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Fig. 88 Experimental return loss curve for 8-Element RDRA array

The radiation pattern at H-plane is shown in Fig. 89. The gain of the RDRA array is
10.1dB which is 0.8dB less than the simulation results. Although the SLLs are below

—26dB for both simulation and measurement results, it can be observed that some

nulls are filled in practice.
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Fig. 89 Radiation pattern of 8-Element RDRA array
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CHAPTER 7

CONCLUSION

The focus of this thesis work is to design an antenna array using DRAs as antenna
elements. In order to utilize DRAs, the DRAs of basic shapes were investigated
theoretically. Based on theoretical findings a software tool with a graphical user
interface was developed to be used in designing rectangular and cylindrical DRAsS.
Apart from the basic shapes, a stacked cylindrical DRA is designed in order to obtain
an enhancement in operational bandwidth and increase in antenna gain. An
investigation also was done on various feeding mechanisms that can be used to excite
DRAs. The slot coupled microstrip excitation was chosen and incorporated in all the
DRA configurations in this thesis due to its flexibility in design and ease of

manufacturing.

As the aim of this thesis is to provide an antenna array with a design goal of 3dB
beamwidth of 10° and —30dB SLL, various tapering methods were investigated.
The number of array elements and the corresponding element spacing are specified
for Taylor amplitude distribution. In order to maintain the required amplitude ratios
between the array elements, several power divider topologies are investigated. A

modified unequal Wilkinson-divider topology without isolation resistance is utilized.

An effort also was made to use HFSS for making 3-D electromagnetic analysis of the
DRAs designed using software tool. Rectangular, cylindrical and stacked-cylindrical
DRAs are electromagnetically solved using HFSS. Stacked-cylindrical DRA
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(SCDRA) showed an increase in operational bandwidth from 16.4% to 44.7%
compared to CDRA. Also an increase of 4.54dB (from 4.81dB to 9.35dB) in antenna
gain is observed. Array structures are simulated on HFSS. With the 8 element
SCDRA array, 3dB beamwidth of 9.5° and -26.9dB SLL are achieved.

Prototypes for rectangular DRA, stacked cylindrical DRA and feed network are
manufactured. The return loss characteristics of manufactured DRAs and feed
network are measured. Good agreement between the measured return loss
characteristics and the simulations results were observed. Also, radiation patterns of
RDRA and SCDRA are measured both in single and in array configurations.

Radiation patterns were observed to be consistent with the simulation results.

As future work, various bandwidth improvement methods proposed in literature, like
specially tailoring the shape of the dielectric resonator, could be further investigated.
Especially hybrid antenna structures such as monopole loaded by cylindrical
dielectric resonator, are attractive examples for the enhancement of operational
bandwidth. Bandwidth of DRAs could be increased by exciting two or more modes
with similar radiation patterns. Therefore, multi-mode DRAs could also be

investigated.
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APPENDIX A

MATHEMATICS OF THE RECTANGULAR DRA

The truncated dielectric waveguide model enforces magnetic walls upon the
waveguide faces parallel to the x-direction. A magnetic wall imposes the boundary

conditions below:

E-Ai=0 (A1)

ixH=0 (A2)

However according to ref. [15] the lowest-order TM mode of the dielectric
waveguide model does not satisfy the magnetic wall boundary condition. In the same
paper, fundamental TM mode has yet to be observed for a rectangular DRA.

Therefore, in this thesis we will only consider the fundamental TE mode.

Addition to the magnetic wall conditions, as our DR places on a ground plane, we
have “internal” field conditions at z = 0. Therefore, the fundamental mode geometry

should obey an electric wall condition at z = 0:

i-H=0 (A3)

i x E= (A4)
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A “truncated” dielectric waveguide model differs from the original DWG model.
The truncated model does not impose magnetic wall boundary conditions upon
dielectric faces perpendicular to the x-axis. Because, instead, we will later impose the
condition in which the fields outside the dielectric resonator are below cut-off and
non-propagating, but exponentially decaying.

According to [27], the vector potential for TE* mode of dielectric waveguide in

rectangular coordinate system is:

F=a,F.(x,y,2)

where F, must satisfy the scalar wave equation of

V2E,(x,v,z) + B?F,(x,v,z) =0

Then the fields can be written as:

1 (o2
Ex=0 Hx:_]w_ue? B | Fx
_ _L0k H, = — 1 0°F,
YT €0z Y ]a),ue 0xdy
10F, 1 (9%F,
E,=-—2= Hy,=—j—
€0y 2= oue <axaz>

Table-A 1 E and H field components for TE* modes [27]

General form for vector potential is given by [27]:
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E.(x,y,2z) = (C1 cos(kyy) + D, sin(kyy))(C2 cos(k,z)

+ D, sin(k,z))eJ*x*

Applying (A.1) on the surfaces y = d/2 and y = —d /2 yields:

Eya, - (ay)|y=% =0=

—Jkxx (_ i M
e (=k,C, sin(k,z) + Dk, cos(k,z)) | C, cos

2
. (k,d
+ D; sin <T>> =0

Eyay - (_ay)|y=_% =0 =

—Jkxx (_ i — M
e (—k,C, sin(k,z) + D, k, cos(k,z)) | —C; cos

2
. (kyd
+ D; sin (T)) =0

From (A.6) and (A.7)

D]_:O
k.,d 2n—1
cos(%)zO ﬁkyz% n=1,273,..

(A5)

(A.6)

(A.7)

Similarly, applying (A.1) on the surfaces z = h and z = —h yields (Note that the

resonator size in z is 2h due to image theory as there is a PEC at z = 0)
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E,a,- (az)|z=h =0
= —eTX(C ik, sin(kyy) (C, cos(k,h) + D, sin(k,h))

=0

Ezaz ’ (_az)|z=—h =0

= —eJxC k), sin(k,y) (—C; cos(k,h) + D, sin(k,h))

=0
Using (A.8) and (A.9)
= DZ = 0
cos(k,h) =0 =k, = % m=20,1,2, ..

E.(x,y,2) = (C; cos(kyy))(C, cos(k,z))e /" =

A cos(kyy) C, cos(k,z) e~ /kx*

Substituting F,(x, y, z) in Table-A 1, the fields can be rewritten as:

10E, k,A ;
E,=———2= Emn cos(kyy) sin(k,z)e T*x*

C10F,  kyApy

sin(kyy) cos(k,z)e Jkx*
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1 02 1 .
H,=—j— (— + ﬁz) E, = _jw_ueAm" cos(kyy) cos(k,z)(—kZ + p*)e kx>

mn
WUE

= —j == (k2 + k2) cos(kyy) cos(k,z)e /¥

o 1 aZFx _ Amn , . —Jkxx
Hy, = _]a)_ue oxdy) = —j o (—]kx)(—ky sm(kyy)) cos(k,z)e

k,.k,A .
= = sin(k,y) cos(k,z)e k¥

.1 (0°F Amn . ik
Hz =—J WHE 0x07 =-J WE (_]kx) Cos(kyY) (_kz Sln(kzz))e *
ke k,A _ y
= % cos(kyy) sin(k,z) e~/kx*

When dielectric WG is truncated, the forward and reverse travelling waves are

formed:

Hyesonane = H* + H™

Eresonant =Et+E"

E*+E- =Ey e/ + E  e/k* = 2 cos(kyx) Ey,

A+ + A= = (Hy,e /%> — H,ei%%) 4 (e /kx* 4 edka¥)

= —j2sin(k,x)H,, + 2cos(k,x)H,

Reconstructing the field equations according to truncated DWG:
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E, = szm" ~1 cos(kyx) cos(kyy) sin(k,z) (A.11)

E,=— kyA%cos(kxx) sin(kyy) cos(k,z) (A.12)

H, = iﬂ;’; (K2 + kZ)cos(k,x) cos(k,y) cos(k,z) (A.13)
kxkyAmn

Hy, = —j =2sin(k,x) sin(k,y) cos(k,z) (A.14)
kkaAmn

H, = —j —=""sin(k,x) cos(kyy) sin(k,z) (A.15)

To obtain the required equations for the dielectric waveguide, we have assumed an
infinitely long air-filled WG bounded by magnetic walls. And inside the WG, the
internal field frequencies are above the cutoff frequency and for outside the WG, the
field frequencies must be below cutoff frequency to decay exponentially to zero at
infinity. Thus, we can define a cut-off wavenumber k., occurs when k, is zero.

Consider TEg1, mode:

=i +iz=(2) +(2)

When k, is less than k., the wavenumber becomes imaginary, jk,, and if we put this
imaginary wavenumber into the field equations (A11-15):

2

E,=0
kZAmTl . .
E, = - cos(jk,x) cos(kyy) sin(k,z)
kyAmn . .
E,=— - cos(jk,x) sm(kyy) cos(k,z)
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A
H,=—j a)ZZ (k2 + k2)cos(jkyx) cos(kyy) cos(k,z)

k.k,A
H, = %sin(jkxx) sin(kyy) cos(k,z)

kkaAmn . . .
H, = w—uesm(]kxx) cos(kyy) sin(k,z)

Note that the imaginary part of last two equation is absent due to imaginary
wavenumber jk,,. Expanding cosine function with imaginary variable into

exponential form:

E, =0
_ k;Amn Koo —KyX ‘
By = K 4 oo os(ly ) sinCl, )
kyAmn K
E,=— e (e*x0¥ 4+ e~Rxo%) sin(k,,y) cos(k,z)

A
H, = —j /= (kf, + k;)(ekxox + e~ KxoX) cos(kyy) cos(k,z)

wpe
kykyAmn = _ K :

H, = a)—,ue(e kxoX — ekxoX) sin(k,y) cos(k,z)
ki k,A

Hy = S (e ) cos(lyy) sinChy )

Now we can divide the fields according to its directions, for +x directed fields where

x > w/2 the expressions are:

E, =0
A A.16
Ey = %e_kxox COS(kyy) Sil’l(kZZ) ( )
A A.l7
E, = — yomn —kyox sin(kyJ’) cos(k,z) ( )

€
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(A.18)

H, = —j a;;z (k3 + kZ)e "% cos(k, y) cos(k,z)
kA A.19
=)ot o
kA A.20
H, = % e~*x0 cos(k,y) sin(k,2) -

The fields must obey the continuity conditions, E,, E,, H,, H,,, H, must be continuous
at the boundaries where x = w/2:

Inside equations (x = d/2) (A.11-15) Outside equations (x = d/2) (A.16-20)

k,A w ) k,A kW .
E, = %cos (kx 7) cos(kyy) sin(k,z) = %e %07 cos(kyy) sin(k,2)
k,A w kyA w
E,=—--2 emn cos (kx 7) sin(kyy) cos(k,z) =- % e 7 sin(k, y) cos(k,2)
H, ;
]Amn —Kyox
A w _ 2 2 X073
= A (12 Yo ) cos(kyy) cos(ie2) e (K2 + k2)e cos(kyy) cos(k,z)
Jjwue 2
KA w kxokyAmn _o W
Hy = —j ny#Emn sin(k, E) sin(kyy) cos(k,z) = % e Kx07 sin(kyy) cos(k,2)
kA w KxokzAmn k% i
H,= _j%sin(kx E) cos(kyy) sin(k,z) == W;E’"" e Fxoz cos(kyy) sin(k,2)

If either of the H, or H, equality is divided by one of first three equality, we can

obtain:

] w
—jk, tan (kx E) = kg (A21)

Now to find one more independent equation between k,, and k, we can use the

equation outside the DR:
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|k0|2 = k%o + k32/0 + kZZO (A.22)
and inside the DR:

|k|? = ki + k3 + kZ

= k2 + k2 = [k|? — k2 (A.23)

where k, = k,o and k, = k,, at normal incidence. Substitute (A.23) in (A.22)
yields:

—kZo = |kI? — |kol|? — k2

—kZo = (& = Dlkol? — k%

= jkxo = v/ (&r = Dlko|? — k2 (A.24)

Substitute (A.24) in (A.21):

w
k, tan (kx E) = /(& — Dlkol? — k2 (A.25)

Using (A.25) k, and, therefore, the resonant frequency can be solved. This equation

is usually solved asymptotically.
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