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Abstract Dielectric Resonator Antennas (DRASs) have received increased interest in recent years
for their potential applications in microwave and millimetre wave communication systems. DRAs are
normally used with the support of a ground plane. The radiation and impedance properties therefore
depend not only on their physical dimensions and dielectric properties, but also on the size of the
ground plane. In this paper a probe-fed Rectangular Dielectric Resonator Antenna (RDRA) with
dielectric constant =38 located on top of a ground plane operating at 7E;;; mode is investigated
numerically and experimentally. The antenna is numerically simulated using the High Frequency
Structure Simulator (HFSS) based on the Finite Element Method (FEM). The effect of the finite size
of a circular ground plane on the radiation performance of the antenna including resonance frequency,
radiation patterns, impedance bandwidth, quality factor and directivity of the RDRA is studied. The
experimental results are also presented for various ground plane sizes and compared with those
obtained by simulation. It is shown that the size of ground plane and considering an air gap in antenna
structure could significantly affect the radiation and impedance properties of a DRA. They should be
considered in the design of the antenna for practical applications.

Key Words Dielectric Resonator, Conventional Dielectric Wave Guide Model, Finite Element
Method
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1. INTRODUCTION

Advanced dielectric materials made of low loss
and high dielectric constant, are useful as dielectric
resonators (DRs) for microwave applications. They
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are small in size, low in weight, low cost and are
alternative to metallic resonant cavities where they
have the advantage of size reduction without
reduction in performance. Dielectric resonator
materials have €, values in the range 10-100. The
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discontinuity of the relative permittivity at the
resonator surfaces allows a standing electromagnetic
wave to be supported inside the resonator. A small
radiating field from the resonator is usefully
employed as a means of coupling, for instance, to a
probe or a microstrip line on a circuit board. High
relative permittivity such as ceramics with high Q
and temperature stable coefficient which can be
manufactured at low cost offer new design
opportunities for microwave engineers [1].

With appropriate feed arrangement, dielectric
resonators can also be used as antennas [2]. The
low loss of the dielectric materials lead to high
radiation efficiency antennas, which is of great
interest for portable and mobile communication
units. It has been reported that cylindrical [2],
rectangular [3], hemispherical [4], half-split
cylindrical [5] and cylindrical ring [6] shaped
dielectric resonator, could operate as antennas and
provide efficient radiation. Different arrangements
can be used to excite the resonator including
coaxial probe [1], microstrip transmission line [7],
slot-coupled transmission line [8] and co-planner
waveguide [9].

The probe-fed dielectric resonator antenna is
simple and most commonly suggested, while the
resonator is placed on a metallic ground plane and
fed by a coaxial probe extending above the plane
along the edge of the resonator. The effects of the
finite size of the ground plane for a probe-fed
circular dielectric resonator antenna (CDRA) have
been numerically analysed by Kishk et al [10]
based on deriving the integro-differential equations
for the equivalent surface electric and magnetic
currents on the various dielectric and metallic
surfaces of the antenna. Also Wu et al. [11]
experimentally investigated the effects of the finite
ground plane on the radiation performance of a
cylindrical DRA and the results have shown that
the size of the ground plane has the largest effect
when its diameter is less than one half of the
wavelength. The effects of the air gap between the
resonator and the feed structure have been
investigated numerically and experimentally by
Junker et al. [12, 13] for cylindrical case and only
the resonance frequency and input impedance have
been considered.

In this paper the effects of the size of the
ground plane and the air gap in antenna structure
of a probe-fed rectangular DRA on the resonance
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Ground Plane

Figure 1. The rectangular DRA structure under investigation.

frequency, radiation patterns, directivity, quality
factor and the impedance bandwidth are studied at
the dominant TE;;; mode [14]. The High
Frequency Structure Simulator (HFSS) software
package based on the FEM is used to numerically
investigate the antenna. Simulation results are
presented and compared with those obtained by
experiments, confirming the significance of the effects.

2. ANTENNA STRUCTURE

Figure 1 shows the structure of the antenna under
investigation. The resonator with dimensions 19,
19 and 9.5 mm along x-, y- and z-direction
respectively and the relative dielectric constant of
€ =38, is located on a circular plane as the ground
and the supporter as well. The gap between the
resonator and the ground is g and a coaxial probe
excites the antenna, while it is positioned along x-
axis outside and at the edge of the resonator. The
length of the probe is equal to the height of the
resonator and p is spacing between resonator and
feed probe.

3. CONVENTIONAL DIELECTRIC
WAVEGUIDE MODEL (CDWM)

For theoretical formulation, the effect of the feed

probe is neglected and as an approximation, the
ground plane is considered to be infinitely large.
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Image theory is then applied to replace the ground
with an image resonator extending to z =-h. The
equivalent isolated resonator is fed by a dipole of
twice the length of the probe. Based on the CDWM
theory, the isolated resonator is assumed to be the
truncation of an infinite rectangular dielectric
waveguide. Hence, the modes of the operation are
similar to those of a long dielectric waveguide. The
field components of the fundamental mode inside
the resonator are obtained by solving Maxwell's
equations with perfect magnetic wall (PMW)
boundary conditions at x= *a/2 and z= t+h and
continuous tangential fields at y= tb/2 [14]. They
are given as:

E, =—(A/eq)k, cos(kx)cos(k,y)sin(k,z)
E, =0
E, =(A/gq)ky sin(k,x) cos(k, y)cos(k,z)
H, = (A/jorgeg) (kyky)sin(k, x)sin(k, y) cos(k,z2)
= (A/jouoeq) (k5 +k;) cos(k,x) cos(k, y)
xcos(k,z)

HZ = (A/J(Duogd) (kykz ) COS(kxX) Sin(kyY) Sin(kzz)

where €;=¢-€,. The characteristic equations for the
TE*;,; mode are:

k, =(n/a),
k, tan(k b/2) =k} +k; —kj (1)
k, =(m/2h)

and the resonance frequency is the solution of the
separation equation given by:

e ki=k2+ k§ +k? 2)

where k, = w/c is the free space wave number.
The radiation fields of the RDRA are due to the
equivalent magnetic currents M(x’,y’,z’) on the

surfaces of the resonator given by M=EXn,
where n as a unit vector is normal to the surface
pointing out and E is the electric field on the
surface of the resonator. The electric vector
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potential produced by the magnetic currents is
given by [13]:

‘” e MRy’ (3)

where R is the distance between the source point
and the observation point.

In the far field region, the distance R from any
point on the surface of the resonator to the
observation point P can be assumed to be parallel
to the radial vector distance r from the origin
(center of the resonator) to the point P. In this case,
the electric vector potential can be simplified to:

— jkor

€y €

F = L 4)

4mtr
where

= J'J’SMe—Jkof'“’st' = J' S(anx +Myi, +M,d,)ds’
(5)

In the far field region only 6 and ¢ field
components are important, as the radial field
component is significantly small in comparison
with other components [14]. The field components
in the far field region are given by:

e amjkr ke
Fo=—iN0C 1 = =sdfC T p
4nr 4nr (6)
E
Hy=+20 Hy=——2
Mo Mo

It can be shown that

2
L, = [ZAnh J cos ¢ cos(ky %sin 0 cos ¢) cos(kyh cos 0)

Sda
&+& + 2Akokm -cos(dm/2)-sin O

sin(20) sin(k gsin 0sin ¢) - cos(kyh cos 0)

-cos(k, %sinecos 0)- 5D
23
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TABLE 1. The Radiation Performance of the Probe-Fed RDRA Using the CDWM.

Resonance frequency Q-factor Impedance Bandwidth (%) Directivity
fy (GHz)
2.022 33.1 3.02 2.9
and total lost power is approximated to the radiation
L 2AT? osi A power. It can be shown that the stored energy is
o= e ab cos Osin ¢ cos( ozsm cos 0) given by:
. D, [ 2Amkgk, . 2, A2 sin(kb)
cos(kohcose)D2 +(—sdh Jcos(ST:/Z)stGcos (0] W = - abh(1 + y (kz +k 2) )
d y

sin(k, %sin 0sin ¢) - cos(kyh cos 6)

cos(kO%sinecosq))D 5
2 Vs

with

sin(k, %sin Osind+06m/2) sin(k, %sin Osin¢—Om/2)
D, =

ko sin®sind+Om/b ko sin®sino—om/b

D, = (m/2h)? - (k, cos8)?, D; = (n/a)* — (k sin Ocos 9)*
The directivity of the RDRA can be calculated

using the equation given by [14]:

D

~ (E5(6,0) +Eg(6,9)) ma )
max 2T

417 [ J(EG(6,0)+E§(6,0))sin 6d6d¢
00

An important factor that specifies the performance
of a resonator is the quality factor Q,, which is a
measure of the dissipated energy, as compared to
the energy stored in the fields within the resonator.
A general definition of the Q-Factor, for all
resonance system is:

Qo = - ®)

where W is the stored energy in the electromagnetic
fields and P is the total dissipated power. For a
dielectric resonator antenna W is the stored energy
inside the DR and P is the total power lost in the
antenna. Neglecting the power lost in the
conductor and dielectric parts of the antenna, the
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The radiated power can be calculated using
Poynting's theorem, giving

11
4mg

P. =

T

j(|E9| +\E¢\ )r2sin@dode  (10)

S is a surface that surrounds the structure of the
antenna. 1, is the free space impedance, equal to

1207tQ. Substituting E and E, from Equations 6 in
(10) the radiated power can be found and Q-Factor
can then be calculated.

The impedance bandwidth of the antenna is
defined as the range of the frequency over which
the value of the input voltage standing wave ratio
(VSWR) increases from unity to a tolerable limit.
Therefore, the impedance bandwidth BW can then
be found as:

BW =——. =L 100 (11)
Qo

Vs

while S is chosen to be equal to 2.5.

Table 1 shows the radiation performance of the
antenna obtained by the CDWM and in Figure 2
the co-polarization radiation patterns of the probe-
fed RDRA are presented.

4. THE HIGH FREQUENCY STRUCTURE
SIMULATOR (HFSS)

The HFSS is a software package based on the
FEM for calculating the S-parameter of a passive,
high frequency structures at the defined ports,
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Eq at ¢=0°

Figure 2. Co-polarization radiation patterns, Eq and E,, of the
probe-fed RDRA residing on an infinite ground plane based
on the CDWM.

which are supported by a transmission line having
the same cross section. The HFSS calculates the
full 3-D electromagnetic fields inside and outside
(far fields) of the structure by solving the wave
equation [16]:

VX[LVXE(X,y,Z)]—kgerﬁ(x,y,z)zo a2)
u

T

In the FEM, the structure is divided into many
small regions, called elements, which are
tetrahedral [17]. Fields in each eclement are
described by a local function and the value of a
vector field quantity such as E- or H-field inside
the each element is interpolated from the vertices
of the element.

Antenna structures also can be analyzed on the
HFSS by defining a surface, which totally
surrounds the antenna as an absorber boundary.
This surface represents as an open space and is
allowed to radiate the waves instead of being
contained within. The radiation surface does not
have to be spherical, the only restrictions regarding
to the shape is that they have to be convex with
regard to the radiation source and to ensure the

IJE Transactions A: Basics
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180
E, at ¢=90°

Figure 3. Simulated co-polarization radiation patterns, Eg and
Ey, of the probe-fed RDRA residing on an infinite ground
plane using HFSS.

accurate results, it should be applied at least a
quarter of wavelength away from the source of the
signal. The HFSS maps the E-field computed on
the absorber surface and then calculates the far-
field and radiation fields using:

E(X, y,Z) = I[(jwuoﬁtan )G + (Etan XVG) +
s (13)
(Enormal XVG)hS

where Etan,Hn are the tangential components of
the electric and magnetic fields respectively and
Enormal is the normal component of the electric

field on the radiation surface S, and G is the free
space Green's Function. In addition to S-parameter
calculation at the defined ports, for radiation
structures the HFSS allows the computation of far-
field components, radiation patterns and parameters
of the antenna.

The unloaded quality factor Q, can be calculated
from the return loss S;; versus frequency curve
using the one-port measurement technique
presented by Wu et al. [18] and then the impedance
bandwidth of the antenna is calculated using
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Figure 4. Simulation structure and definition of the port in the
HESS in case of finite ground plane.

Equation 11.

4.1 Simulation in Case of Infinite Ground
Plane To simulate the antenna in case of the
infinite ground plane, neglecting the effect of the
probe feed, the image theory is applied to replace
the ground plane with another portion of the DR,
extending to z=-h. Also a dipole antenna replaces
the coaxial probe, while the length of the each part
was the height of the resonator. The structure was
defined in the HFSS including a port for excitation
and a sphere, which surrounds the structure,
represents the radiation surface. Figure 3 shows the
co-polarization radiation patterns of the antenna in
case of infinite ground plane and other parameters
are summarized in Table 2.

4.2 Simulation in Case of Finite Ground
Plane A dielectric resonator antenna could be
mounted on a finite ground plane in practice and
the radiation performance will be affected by its
size. In order to study such effects, a simple
structure as in Figure 4 is used in numerical
investigation. The diameter of the ground is
changed from 0.2, to 0.8A,, where A, is the free
space wavelength at the frequency of the operation
in case of the infinite ground plane Ay =14.612cm.
All the results for different sizes are
summarized in Table 2 including the results in case
of infinite ground plane. The simulated co-
polarization radiation patterns of the antenna are
also shown in Figure 5, while the air gap is g = 0.
It can be observed that patterns differ from those of
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TABLE 2. Simulation Results of the Probe-Fed RDRA for
Different Ground Plane and Zero Air Gap.

d(;a(l:lner:le)r ( Gfl(-]lz) Qo ?,X Directivity|
oo 2.053 37.185 2.689 3.198
30 2.024 61.641 1.622 2.480
40 2.050 45.479 2.182 3.039
60 2.060 22.774 4.357 3.329
80 2.073 28.464 3.486 4.049
90 2.074 32.621 3.040 4.269
100 2.078 37.512 2.645 4.629
120 2.067 44.251 2.242 4.771

the infinite ground plane at angles close to the
ground. Also there is a backward radiation in 6=r°
direction, which would lower the gain of the
antenna. The wvariations of the resonance
frequency, directivity and backward lobe for E-
and H-plane co-polarization patterns are shown in
Figure 6.

It can be seen that the resonance frequency is
not considerably affected (maximum 1.5%) by the
size of the ground plane, whereas the directivity,
quality factor and impedance bandwidth vary
significantly when the ground plane is less than
0.6A,.

4.3 The Air Gap Effect To investigate the
effect of the gap in the antenna structure, a few
simulations were carried out for different situation.
First an air gap, g, between the resonator and
ground plane is considered. This could be due to
the roughness of the resonator surface or failure to
ensure complete contact between the resonator and
conducting parts of the structure. In this case the
electric field component normal to the metallic
parts of the structure is much stronger in the air
gap than it is just inside the resonator, especially,
when it is composed of a material of high dielectric
constant and this, significantly affects the radiation
performance of the DRA antenna. The effect of the
air gap g can be explained by considering the
resonator and the gap as a single dielectric object
of the height (h+g) made partly of air and partly of
high dielectric constant € = 38. The result is an
object with an effective dielectric constant lower
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Figure 5. Simulated co-polarization radiation patterns of probe-fed RDRA for different diameter of the ground.
(d =40, d =60, d =80, d =100, d =120)

than 38, which results in higher resonance
frequency and lower Q-factor.

The air gap g between the ground plane and the
DR is increased from zero to maximum value of 2
mm, while the length of the probe keeps equal to
the (h+g). Figure 7 shows the simulated results of
the variations of the resonance frequency versus
the gap g Results indicate that the air gap causes
that the resonance frequency to shift upward.
Moreover, it is shown that higher directivity, lower
quality factor and as a result broader impedance
bandwidth is obtained [19].

The effect of the air gap between the resonator
and feed probe is also considered for various
probes spacing p for the same resonator positioned
at the centre of the circular ground plane with a
100mm diameter. The probe length is set to the
height of the resonator 1 = h and also g is kept
equal to 0. The probe spacing is varied from 0 mm
to 1 mm measured from the edge of the probe to
the edge of the resonator.

Results show that introducing a very tiny
separation between the resonator and probe, the
coupling between resonator and probe is increased
and the optimal coupling occurs at p=0.035mm.

IJE Transactions A: Basics

On the other hand, increasing p from optimal value
would decrease the coupling [20]. The variations
of resonance frequency versus p are shown in
Figure 8. It can be seen that f, does not change for
small values of p. However, further increase in p
from 0.035mm results in increasing the resonance
frequency by a maximum 0f 1% at p=1mm.

5. MEASUREMENT

In order to evaluate the accuracy of the theoretical
modeling and numerical results a few experimental
set-ups of the RDRA structures have been studied
experimentally. Figure 9 shows the cross section of
the antenna for measurement. The resonator is
placed on a metallic ground plane with 6mm
thickness. An SMA connector is used whereas the
internal conductor is extended above the ground
plane as the probe to excite the resonator. The
dimensions of the resonator are 19, 19, and 9.5 mm
and [J, = 38. Experiments have been performed
using a few ground plane sizes. The HP-8510

automatic network analyzer is used at the output
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Figure 6. Simulation results of the resonance frequency, directivity, O-Factor, impedance bandwidth and backward lobe versus
ground plane diameter and zero gap.

power of +10dBm to measure the return loss to
obtain the resonance frequency and the radiation
patterns in an anechoic chamber. Using calibrated
dipoles, the antenna gain was measured and
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unloaded quality factor Q, was calculated from

the return loss versus frequency plot. Figure 10
shows the measured radiation patterns for different
ground plane size and other parameters are
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Figure 7. The simulated variations of the resonance frequency
of the probe-fed RDRA versus the air gap g.

summarized in Table 3.

It can be observed that, there is a backward
radiation in 6=n° direction, which decreases for
larger ground plane. Also the patterns differ from
those of infinite ground plane at angles close to the
ground plane. The backward radiation would lower
the gain of the antenna as is clear in the directivity
versus ground plane diameter.

The variations of the resonance frequency,
directivity, Q-Factor, Bandwidth and backward
lobe including curves of the simulation considering
the effect of the gap using the numerical results are
shown in Figure 11. It can be seen that there is
1.4% change in the resonance frequency, when
diameter changes from 40mm to 140mm. The
measured resonance frequency agreed well with
simulation results, when air gap of 0.03mm
between the resonator and the ground plane is
considered in simulation.

Also directivity graphs show that increasing the
diameter of the ground plane lead to increasing
directivity, which is due to decreasing the
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Figure 8. The simulated variations of the resonance frequency
of the probe-fed RDRA versus the probe spacing p.

z
d=1.3mm
e=19 X
| .
L 1 | e
) i —
6 mm 9.5 mm | 7 mm
<>
ort
P 4.1 mm

Figure 9. The cross section of the RDRA for measurement.

backward radiation. Moreover, not such a good
agreement is obtained for the numerical results of
the directivity which is believed to be due to the
lack of convergence in run time of the simulation
by the HFSS.
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TABLE 3. Experimental Results of the Probe-Fed RDRA for Different Ground Plane.

Diameter d fy Qo BW Directivity
(mm) (GHz) (%)

40 2.142 32.55 3.04 2.403

60 2.160 25.05 3.96 3.217

80 2.162 27.20 3.64 3.127

100 2.175 30.96 3.20 3.344

120 2.173 33.84 2.93 3.655

140 2.170 35.71 2.77 3.855

&1

l&]
Eq at $=90°

Eg at ¢:00

33
~

)

l'-i TFR TR T e I

SR
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Figure 10. The Measured co-polarization radiation patterns for different diameter of ground plane.
(d=40, d=60, d=80, d=100, d=120)

6. RESULTS AND DISCUSSION

The radiation characteristics of a probe-fed
rectangular DRA with relative dielectric constant
€=38 residing on infinite ground plane, was
predicted by analytical model based on the CDWM
and the resonance frequency, quality factor and
radiation patterns were obtained. A numerical
method was also used to consider finite size of the
ground and fabrication imperfections such as air
gap in the antenna structure.

Results show that predicted radiation patterns
using the CDWM and numerical method agree
well in case of infinite ground plane. However, in
case of finite plane radiation patterns depend on
the size of the ground and could vary from those of
the infinite plane, particularly when the diameter is

278 - Vol. 17, No. 3, September 2004

less that a half of the wavelength. The finite size of
the ground would result in backward radiation and
as a result, lower the directivity of the antenna. It
can be observed that as the diameter of the ground
plane is increased no significant changes can be
seen for the patterns in the broadside direction but,
the backward radiation, as shown in Figure 11, is
considerably reduced. This leads to an increase in
directivity. It is anticipated that by further increase
in diameter, from nearly 120cm, no significant
change will be observed in backward radiation, but
broader E-plane pattern is obtained and hence
directivity tends to the value in case of infinite
ground plane.

The resonance frequency could change by 1.5%
when the ground plane diameter is changed from
40mm to 120mm. It can also be observed that

IJE Transactions A: Basics
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Figure 11. The variations of the resonance frequency, directivity, Q-Factor, impedance bandwidth and backward lobe of the probe-
fed RDRA versus ground plane diameter. (data points=measured value, graphs=fitted curve to simulated data including the gap effect)

when air gap between resonator and ground plane, frequency. However, considering g= 0.030mm, the
g, is assumed to be zero, the results of the HFSS accuracy improves to ~0.15%. The simulated

and experiments differ by ~5% for resonance results also agree well with those obtained by
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experiments for quality factor and impedance
bandwidth, considering the air gap. The predicted
directivity of the RDRA using HFSS does not have
a good agreement with the CDWM and
experimental results and error can be as high as
35%. This is believed to be due to lack of
convergence in the numerical solution at the
allowed run time of simulation.

7. CONCLUSION

In this paper an analytical method was presented
for predicting the radiation performance of a
probe-fed RDRA in case of infinite ground plane.
To consider the effect of the finite size of ground
plane and fabrication imperfections in antenna
structure, a numerical method using the HFSS was
employed and radiation characteristics of the
antenna were studied. The predicted results also
were experimentally verified for several ground
planes.

Results show that the CDWM can be used as a
first estimation of the antenna parameters in case
of infinite ground. However, better results compare
to experiments, can be obtained using the HFSS.
The finite size of the ground plane and also air gap
has a significant effect on the performance of the
antenna, which needs to be taken into account.
Moreover, the length of a probe also alters the
radiation performance of the RDRA, which needs
further investigation.
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