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The Slot-Coupled Hemispherical Dielectric Resonator
Antenna With a Parasitic Patch: Applications to

the Circularly Polarized Antenna and
Wide-Band Antenna

Kwok Wa Leung, Senior Member, IEEE, and Hoi Kuen Ng

Abstract—The aperture-coupled hemispherical dielectric res-
onator antenna (DRA) with a parasitic patch is studied rigorously.
Using the Green’s function approach, integral equations for the
unknown patch and slot currents are formulated and solved
using the method of moments. The theory is utilized to design a
circularly polarized (CP) DRA and a wide-band linearly polarized
(LP) DRA. In the former, the CP frequency and axial ratio (AR)
can easily be controlled by the patch location and patch size,
respectively, with the impedance matched by varying the slot
length and microstrip stub length. It is important that the AR
will not be affected when the input impedance is tuned, and the
CP design is therefore greatly facilitated. For the wide-band LP
antenna, a maximum bandwidth of 22% can be obtained, which
is much wider than the previous bandwidth of 7.5% with no
parasitic patches. Finally, the frequency-tuning characteristics
of the proposed antenna are discussed. Since the parasitic patch
can be applied to any DRAs, the method will find applications in
practical DRA designs.

Index Terms—Author, please supply your own keywords or send
a blank e-mail to keywords@ieee.org to receive a list of suggested
keywords.

I. INTRODUCTION

FOR many years, significant research effort has been de-
voted to the study of the circularly polarized (CP) antenna.

This is because, when compared with the linearly polarized (LP)
system, the CP system allows a more flexible orientation be-
tween the transmitting and receiving antennas. In addition, CP
fields are less sensitive to the propagation effect than LP fields.
As a result, the CP system is widely used in satellite commu-
nications. In the last decade, excitation of CP fields has been
a popular topic in the research of dielectric resonator antennas
(DRAs) [1]–[6]. A simple and straightforward CP DRA design
is to use a quadrature feed [1]–[3], but this substantially in-
creases the size and complexity of the feed network. Petosa et al.
[4] shifted the complexity from the feed network to the DRA,
but the speical-shaped DRA may not be available in the com-
mercial market. To avoid these problems, a parasitic patch has
recently been used to obtain the conformal-strip fed CP DRA
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[5], [6]. The use of a parasitic patch on the DRA was first con-
sidered by Li et al. [7] and later by Chen et al. [8]. In their
work, the parasitic patch was placed on top of a DRA, its pur-
pose being mainly to tune the operating frequency instead of
exciting CP fields. Lately, the use of a parasitic patch for the
excitation of CP fields has been extended to aperture-coupled
sources [9]–[11]. In this paper, we will rigorously study the
aperture-coupled DRA with a parasitic patch. It is found that
the new configuration is superior to the previous CP DRAs [5],
[6] in that a good match can easily be obtained at the CP oper-
ating point, which is very important for practical applications.
By varying the parameters of the configuration, the CP oper-
ating point can be tuned to a certain extent, which is a great
advantage over previous aperture-coupled CP DRAs [12]–[15].
In this paper, we will explain the principle behind the CP op-
eration. The effects of the patch and slot parameters on the CP
characteristics are examined. Measurements were carried out to
verify the theory, and reasonable agreement between theory and
experiment is obtained.

Depending on the patch location, the configuration can also
be used as a linearly polarized (LP) wide-band antenna. The re-
search of the wide-band DRA was first done in 1989 by Kishk
et al. [16], who stacked two different DRAs on top of one an-
other to obtain a dual-resonance operation. Since then other
wide-band DRAs using stacking methods have been reported
[17]–[19]. Alternatively, Simon and Lee [20] and Z. Fan et al.
[21] placed two parasitic DR elements beside the DRA to in-
crease the impedance bandwidth. All these wide-band config-
urations, however, require extra DR elements. Some methods
that need only a single DRA were reported. For example, an
airgap [22] or a conductor [23] can be introduced inside a DRA
to widen the impedance bandwidth. Alternatively, a dielectric
coating [24], [25] can be put outside the DRA to obtain a wide-
band antenna. Lately, Kishk et al. achieved a wide impedance
bandwidth by using a conical DRA [26]. The above methods
have a drawback that the special DRAs are not readily available
in the commercial market. Recently, a parasitic patch has been
employed to increase the impedance bandwidth, with the DRA
fed by a probe or a conformal strip [6], [27]. This new approach
is more convenient than the previous ones because it merely re-
quires a simple DRA. In this paper, the LP wide-band charac-
teristics of the proposed configuration are also investigated the-
oretically and experimentally. It is found that the bandwidth of
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Fig. 1. Configuration of the aperture-coupled hemispherical DRA with a parasitic patch. (a) Perspective view. (b) Side view. (c) Top view.

the DRA can be more than 22%, which is about 3 times of that
without the parasitic patch [11]. The effects of the patch and slot
parameters on the wide-band characteristics are studied. Again,
measurements were done to verify the theory, with good results.
It should be mentioned that the parasitic patch, like [7], [8], can
also be used as frequency-tuning element. Although in this case
the bandwidth is reduced to about 13%, it is still about twice the
bandwidth without the parasitic patch. The frequency-tuning ca-
pability will be addressed in this paper as well.

In this paper, the Green’s function approach is used to for-
mulate the problem, and the unknown patch and slot currents
are solved using the method of moments (MoM). The problem
can be divided into two parts, namely the DRA part above the
ground plane and the microstrip feedline part below the ground
plane, as was done previously in [11]. In the DRA part, the
mode-matching method is used to obtain exact DRA Green’s
functions, whereas the spectral-domain analysis will be used for
the feedline part.

II. FORMULATION

The configuration of the DRA is shown in Fig. 1, where the
slot of length and width couples the energy from the mi-
crostrip line to the hemispherical DRA of radius and dielectric
constant . In general, the slot has offset from the -axis.
The slot offset from the axis is not included in this work, as
it was previously found [11] that its effect is not as significant as

for . The parasitic patch of length and width is located
at angular displacement from the -axis. The grounded di-
electric slab has dielectric constant and height , on which a
microstrip feedline of width and stub length is fabricated.
In the following formulation, the fields are assumed to vary har-
monically as , and and refer to the field and source coor-
dinates, respectively. Let be the equivalent magnetic current
in the slot, and , be the electric current components of the
parasitic patch. To begin with, we enforce the boundary condi-
tion that the electric field components , should vanish on
the parasitic patch. Mathematically, we have

(1)

where the superscripts and subscripts describe the field compo-
nents and the current sources that produce the field components,
respectively. Using the MoM, the magnetic and electric currents
are expanded as follows:

(2)

(3)

where the basis function was defined in [11] and
, are piecewise sinusoidal (PWS) basis functions.
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Applying the Galerkin’s procedure, the following matrix equa-
tion is obtained:

(4)
where, for or

(5)

and

(6)
in which and , and ( or ) and

are the Green’s functions of due to point currents of
and , respectively. Since the current vectors ,

(or since , are indexes only) are uncoupled in (4), each
of them can be expressed in terms of as follows:

(7)

where

(8)

(9)

In (8), (9), the matrix elements are equal to given
in [5], which can efficiently be evaluated using recurrence for-
mulas, and is the identity matrix.

From (7), we have two sets of equations for three sets of un-
knowns, namely , , and . The third set of equation
comes from matching the boundary condition that the magnetic
field is continuous across the slot, and the equation is given
below

(10)

where, for or

(11)
and , , and are the DRA admittance with no par-
asitic patches, the substrate admittance, and the discontinuity
voltage of the slot, respectively. Finally, insertion of (7) into (10)
gives the coefficient matrix of the magnetic current as fol-
lows:

(12)

where

(13)

Fig. 2. Measured and calculated input impedances as a function of frequency:
a = 12:5 mm, " = 9:5, L = 13:2 mm, W = 1 mm, x = 0 mm,
l = 7:62 mm, W = 2:1 mm, � = 55 , L = 11:4 mm, W = 4:7 mm,
" = 2:33, d = 1:57 mm, N = N = 5, N = 3. The inset shows the
corresponding measured and calculated jS j.

Fig. 3. Measured and calculated axial ratios as a function of frequency. The
parameters are the same as in Fig. 2.

It should be noted that the result (12) has exactly the same form
as the previous one [11]. When the parasitic patch is vanishingly
small, we have , leading to
from (7). In this case and (12) is reduced to the
previous result [11], which is to be expected. After is found,
the input impedance and radiation fields can be calculated easily.

III. CP OPERATION MODE

The CP operation mode of the configuration is discussed first.
For simplicity, the slot is placed centrally ( ) throughout
this part. The parasitic patch generates two orthogonal field
components. One of the field components is combined with the
slot field. When the patch has a proper patch size and location,
the remaining field component and the combined field can
be of the same magnitude but of 90 phase difference, thus
generating CP fields.

The effect of patch length on the axial ratio (AR) was
studied. Three different sets of slot length and stub length

that give a good impedance match at 3.50 GHz were used. It
was observed that the three sets of results were completely over-
lapped, showing that the AR is not affected by and . This is
very important, since it suggests that after the AR is designed,
we can tune the impedance by varying and without af-
fecting the AR. The result greatly facilitates the CP antenna de-
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Fig. 4. Measured and calculated radiation patterns of the CP DRA at 3.50 GHz. The parameters are the same as in Fig. 2. (a) xz-plane. (b) yz-plane.

sign. It was found that strongly affects the level of the AR.
The corresponding minimum-AR frequency point, , was
also studied, which decreases with increasing . It should be
pointed out that the minimum AR point is different from the
optimum AR point where dB. It is interesting that
the latter only depends on the patch location , which will be
discussed later in more detail.

Fig. 2 displays the measured and calculated input impedances
of the DRA, with reasonable agreement between theory and ex-
periment. In the measurement, a rectangular parasitic patch of

mm, mm was cut from a conducting
adhesive tape. The parasitic patch was stuck on the DRA sur-
face directly. An HP8510C network analyzer was used to mea-
sure the antenna, with the reference plane set at the center of
the coupling slot. A relatively large discrepancy is found at rel-
atively high frequencies. Apart from experimental tolerances,
an error was introduced by the fact that the theory assumes a
varying patch width along the meridian plane but a constant
patch width was used in the measurement. This error should
be more significant around the patch resonance. It was found
that the first and second peaks of the input impedance curve are
caused by DR modes loaded by the patch and slot, respectively.
The inset shows the corresponding measured and calculated re-
turn losses. Both of them are maximum at , which
is around the DR -mode resonance. The measured and
calculated impedance bandwidths ( dB) are 16 and
14%, respectively, which are much wider than 7.5% for the DRA
without the parasitic patch [11].

Fig. 3 shows the measured and calculated AR’s of the DRA.
Again, reasonable agreement between theory and experiment is
obtained. The ripple of the measured result is primarily caused
by the finite ground plane. From the figure, the calculated 3-dB
AR bandwidth is given by 3.4%, which is higher than 2.4% for
the previous conformal-strip fed version [5]. It is important to
note that the optimum AR is found at , which
is also the optimum return loss of the antenna. This is a very
desirable result for practical CP designs.

The measured and calculated radiation fields at
are plotted in Fig. 4, where the calculation agrees

reasonably with the measurement. With reference to the figure,
a typical broadside -mode pattern is observed. The
DRA is a right-hand CP (RHCP) antenna, and that a left-hand
CP (LHCP) antenna should be obtained if the parasitic patch

Fig. 5. Patch length l , patch location � and AR bandwidth as a function of
AR frequency for W = 2:1, 4.0 and 6.0 mm. Other parameters are the same
as in Fig. 2. (a) Patch length l and location � . (b) Axial ratio bandwidth.

is placed at 305 . As can be observed from the figure, the
calculated difference between the RHCP sand LHCP fields in
the broadside direction ( ) is about 40 dB, which is very
sufficient for many applications. The measured result, however,
has a smaller difference of about 20 dB due to experimental
tolerances. Since the patch location ( ) is close to the
diagonal plane ( ), the - and - plane results are
very similar to each other for both the RHCP and LHCP fields.
The field patterns for were plotted, and it was found
that the - and - plane results are significantly different
from each other, which is to be expected.
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Fig. 6. Slot length L and microstrip stub length L with optimum return loss
as a function of AR frequency. The patch length is extracted from Fig. 5(a) with
W = 2:1 mm. Other parameters are the same as in Fig. 2.

Fig. 7. Impedance and AR passbands as a function of design frequency of the
CP DRA. The patch length l is extracted from Fig. 5(a) with W = 2:1 mm,
whereas the slot length L and microstrip stub length L are extracted from
Fig. 6. Other parameters are the same as in Fig. 2.

Fig. 5 shows the required and to obtain the optimum
AR as a function of AR design frequency, , for ,
4.0, and 6.0 mm. For each curve, the AR is kept below 0.1 dB.
With reference to the figure, a higher is needed for a smaller

so that a certain patch area is maintained. It is interesting to
note that the patch location is virtually the same for all the
different and, accordingly, . This is very important, since it
implies that the AR frequency is predominantly determined by

instead of the patch size. (Of course, the patch size has to be
adjusted to give the optimum dB. The key point here
is that when is fixed, the optimum AR frequency virtually
remains unchanged for different combinations of and .)
Fig. 5(b) shows the 3-dB AR bandwidth as a function of .
For all the , the AR bandwidth initially increases with
until , after which the bandwidth decreases with
increasing . From the figure, it is observed that the wider the

is, the higher the AR bandwidth.
Next, the impedance matching of the CP DRA is discussed.

Fig. 6 shows the tuned slot length and stub length that
give the optimum return loss. For ease of reference, the corre-
sponding minimum is also shown in the figure. In gener-
ating the curves, the results of Fig. 5 were used to determine
and for each frequency and, thus, the condition of

Fig. 8. Crosspolarized field relative to copolarized field as a function of
parasitic-patch location for x = 0, 4.0 and 8.0 mm in the broadside direction
(� = 0 ): a = 12:5 mm, " = 9:5, L = 13 mm, W = 1 mm,
l = 12:0 mm, W = 4:0 mm, � = 0 , L = 9:0 mm, W = 4:7 mm,
" = 2:33, d = 1:57 mm, N = N = 5, N = 3.

Fig. 9. Measured and calculated input impedances as a function of frequency
with x = 0 mm. Other parameters are the same as in Fig. 8. The inset shows
the corresponding measured and calculated jS j.

dB is ensured. It can be observed that the optimum return
loss is higher than 50 dB for the frequency range

, but the optimum return loss is reduced significantly
when . Neverthelss, the optimum return loss
for is still higher than 16 dB, which is ac-
ceptable for practical applications. The procedure to achieve an
impedance match is very simple. First, adjust the slot length
so that the input resistance is equal to the system impedance
(50- in this paper) at the desired frequency, then tune the stub
length to cancel out the reactance. It should be reminded
that changing and does not affect the AR at all, as dis-
cussed previously. (Changing the patch size to tune the AR,
however, will affect the input impedance as well. Therefore, the
AR should be designed first before the impedance is tuned.) This
characteristic is very favorable, since we need to take care of
only one parameter at one time.

A CP antenna may not be useful if its impedance passband
and AR passband do not overlap. The two passbands as a func-
tion of design frequency are examined in Fig. 7. With reference
to the figure, the AR passband is kept inside the impedance pass-
band across the whole frequency range, showing that the an-
tenna bandwidth is limited by the AR bandwidth.
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Fig. 10. Measured and calculated radiation patterns of the DRA at 3.70 GHz. Other parameters are the same as in Fig. 8.

IV. LP OPERATION MODE

To examine the purity of the LP far fields of the proposed
configuration, the far-field ratio of in the - plane
( -plane) is plotted in Fig. 8 for slot offsets 0, 4, and 8
mm. At , the copolarized field is much stronger
than the crosspolarized field due to the symmetry of the
patch. Therefore, is used throughout this part unless
otherwise stated. With reference to the figure, also
gives a high LP purity. The result is expected, since it was
found that the parasitic patch has no effects at this particular
location. It can be observed that the ratio is symmetric
for , and the symmetry is destroyed when , which
is to be expected.

Fig. 9 shows the measured and calculated input impedances
for the LP wide-band operation, with mm,

mm, mm, and mm. Reasonable
agreement between theory and experiment is obtained. Again, as
found in the CP case, a relatively large discrepancy is observed
at higher frequencies. Two resonant modes are excited, and,
thus, the impedance bandwidth is widened. It was found that
the first and second resonant modes are the DR resonance and
patch resonance, loaded by the slot and DR, respectively. This is
different from the CP case in which both the resonant modes are
DR modes. The inset shows the measured and calculated
of the antenna. The measured and calculated frequencies of the
minimum are 3.71 and 3.70 GHz, respectively, which are
very close to the natural frequency of the DR mode. The
measured and calculated bandwidths ( dB) are 16.2
and 17.5%, respectively. The bandwidths are more than twice
the bandwidth without the parasitic patch [11].

The measured and calculated field patterns at
are displayed in Fig. 10, where an expected broadside radiation
mode is obtained. With reference to the figure, reasonable agree-
ment between theory and experiment is obtained. It should be
mentioned that the calculated crosspolarized field is vanishingly
small for the -plane ( - plane) pattern, and that the finite mea-
sured result is mainly caused by the finite ground plane diffrac-
tion. For the -plane pattern, the calculated result has a null
crosspolarized field in the broadside direction of , but,
again, a finite measured field is found due to the ground plane
diffraction.

Fig. 11 shows the as a function of frequency for dif-
ferent , with mm fixed. It is observed that a wider

Fig. 11. jS j as a function of frequency for W = 1:0, 3.0, and 5.0 mm with
x = 0 mm. Other parameters are the same as in Fig. 8.

Fig. 12. jS j as a function of frequency for l = 8:0, 10.0 and 12.0 mm with
x = 0 mm. Other parameters are the same as in Fig. 8.

gives a wider bandwidth. However, this trend will not con-
tinue unlimitedly. This is because, with reference to the curve
of mm, the will cross the line of dB
around if is increased further, and, thus, the
bandwidth will conversely be reduced.

Fig. 12 shows the as a function of frequency for different
, with mm fixed. The result of mm is discussed

first. Three resonant modes are found. The first ( ),
second ( ), and the last ( ) are associated
with the patch-loaded DR resonance, slot-loaded DR resonance,
and DR-loaded patch resonance, respectively. Since the first and
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Fig. 13. jS j as a function of frequency for x = 0:0, 0.3 and 0.6 mm. Other
parameters are the same as in Fig. 8.

Fig. 14. jS j as a function of frequency for the demonstration of frequency
tuning. In each case, an excellent impedance match is obtained by choosing a
proper l and L . Other parameters are the same in Fig. 8. (i) f = 3:51 GHz,
l = 10:27 mm, L = 5:28 mm. (ii) f = 3:70 GHz, l = 9:73 mm,
L = 7:77 mm. (iii) f = 3:90 GHz, l = 8:78 mm, L = 5:38 mm.

last resonant modes are directly associated with the patch, their
resonant frequencies are much more sensitive to than for the
second resonant mode. It is noted that for ,
quite a large portion of the is above the line of

dB, causing the bandwidth to be relatively narrow. The
situation is improved for mm, and that the widest
bandwidth is obtained for mm. However, like the
result of Fig. 11, the trend will not continue unlimitedly. The
reason is that the last resonant mode around 4.3 GHz will move
toward the second resonant mode as increases, which will
consequently reduce the impedance bandwidth.

Thus far, the slot has been placed centrally, i.e., offset .
It is found that with a small offset , the bandwidth can be in-
creased significantly, as shown in Fig. 13. With reference to the
figure, the bandwidth is increased from 17.5% for to
21% for mm. The bandwidth is further increased to
22.1% when mm. Again, the process cannot be con-
tinued unlimitedly, since the will cross the line of

dB around when is sufficiently large.
In the previous wide-band results, we have dB.

The proposed DRA configuration can, of course, give an
even better return loss, at the cost of having a reduced band-
width. We will show some results with excellent impedance

Fig. 15. Patch length l , microstrip stub length L , and corresponding
impedance bandwidth as a function of tuning frequency with patch width
W = 2:0 mm. Other parameters are the same as in Fig. 8. (a) Patch length l
and microstrip stub length L . (b) Corresponding impedance bandwidth.

matches. Fig. 14 shows three curves, each has an excellent
impedance match. It is noted that by using different and ,
the frequency of the match point can be tuned. In each case,
the bandwidth is about 13%. Although the bandwidth is not
as wide as before, it is still about twice the bandwidth of the
previous aperture-coupled DRA [11]. The frequency-tuning
capability of the configuration is discussd. Fig. 15(a) shows the
required and as a function of the tuning frequency , with
the corresponding bandwidth given in Fig. 15(b). It is observed
that the bandwidth is quite narrow for , but it
sharply increases to 12.2% when . After that the
bandwidth varies only slightly around 13%.

V. CONCLUSION

The aperture-coupled hemispherical DRA with a parasitic
patch has been studied rigorously, with the DRA excited in its
fundamental broadside mode. The theory has been used
to design a CP antenna and a wide-band antenna. In both cases,
measurements were carried out to verify the calculations, and
reasonable agreement between them has been obtained.

For the CP antenna, it has been found that the design is very
easy. First of all, determine from Fig. 5(a) the location of the
parasitic patch so that the CP antenna can be operated at the
design frequency. Next, use the same figure to determine the
patch length that gives a good AR, with the patch width as
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wide as possible to maximize the AR bandwidth. The last step
is to match the impedance by choosing the proper and
from Fig. 6, without the need to worry about the AR that has
already been obtained. An axial ratio bandwidth of 3.4% has
been found.

For the wide-band antenna, it has been found that the crosspo-
larized fields are very weak when the parasitic patch is located at

. When the slot is placed at the center of the DRA, a max-
imum bandwidth of 19.7% can be obtained, which is 2.6 times
of that without the parasitic patch. The bandwidth can further
be increased to 22.1% when a small slot offset of mm
is introduced.

The parasitic patch can also be used as a frequency-tuning
element. It has been demonstrated that by changing the patch
length and microstrip stub length, the operating frequency
can be tuned between 3.45 and 3.90 GHz. The bandwidth is
4.7% at , and it is about 13% for .

Finally, it should be reminded that the idea can be applied to
other DRAs, and therefore, the results should be very useful to
antenna engineers.
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