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Conformal Strip Excitation of Dielectric Resonator
Antenna

Kwok Wa Leung, Member, IEEE

Abstract—In this paper, a new excitation scheme that employs a
conducting conformal strip is proposed for dielectric resonator an-
tenna (DRA) excitation. The new excitation scheme is successfully
demonstrated by using a hemispherical DRA whose exact Green
function is found using the mode-matching method. The moment
method is used to solve the unknown strip current from which the
input impedance is obtained. Novel recurrence formulas were ob-
tained so that the impedance integrals are evaluated analytically.
This solves the singularity problem of the Green function and sub-
stantially reduces the computation time. An experiment was car-
ried out to verify the theory. The co- and cross-polarized field pat-
terns are also shown in this paper. In addition, an experimental
technique which deals with the problem of an air gap between the
DRA and the ground plane is presented.

Index Terms—Dielectric resonator antennas.

I. INTRODUCTION

B ECAUSE of having no metallic loss, the dielectric res-
onator antenna (DRA) [1] is potentially attractive for mil-

limeter-wave applications. Other advantages of the DRA are
small size, light weight, low cost, and ease of excitation. For
these reasons, the DRA has been studied extensively [2]–[24]
since the work reported by Longet al.. [1].

A number of excitation methods have been investigated,
such as the coaxial-probe feed [1]–[7], aperture-coupling
feed [8]–[13], direct microstripline feed [14], [15], coplanar
waveguide feed [16], soldered-through probe [17], and, more
recently, perpendicular feed [18], [19]. Among the various
excitation methods, the coaxial-probe feed was first used to
demonstrate the radiation capability of the DRA [1]. In this
method, a hole was drilled inside the DRA for the probe
penetration. However, two practical problems arise when
using this method. First, drilling a hole in a super-hard DR
is rather difficult. Second, it is almost impossible to have a
hole that perfectly fits the size of the probe and, usually, an
air gap exists between the probe and the DRA. This causes
the measured results to deviate from the theoretical design
[4], [20]. Although other excitation methods [8]–[16] can be
used to avoid these problems, the probe-feed method is still
preferred in some applications. For example, it is simpler and
more direct to use a coaxial probe to excite the DRA residing
on the rooftop of a vehicle. Moreover, the probe-feed method
admits easy excitation of circularly polarized fields by simply
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adding a 90 displaced probe in phase quadrature [21], [22].
To avoid the drilling-hole problem the probes in [21], [22]
were placed outside the DRA. This approach is feasible only
when the DRA has a vertical side wall such as cylindrical and
rectangular DRAs. For DRAs with a curved side wall (e.g.,
hemisphere and half-split cylinder [12]), however, the coupling
between the probe and DRA is rather inefficient. To overcome
this problem, a new excitation scheme which employs a con-
formal conducting strip is proposed. In this method, the strip
is mounted on the surface of a DRA, as shown in Fig. 1. The
new method possesses the same advantage of the coaxial-probe
feed. On the other hand, it allows the whole electric current
to flow on the DRA surface and, thus, is more efficient in
energy coupling than the probe-feed counterpart [21], [22].
Furthermore, the new method can be easily implemented
by just cutting a strip from an adhesive conducting tape. As
compared with the traditional probe-feed method [1]–[7], the
new method desirably avoids the problems of drilling a hole for
the probe accommodation. Moreover, it allows very convenient
post manufacturing trimmings because the conformal strip can
be cut shorter without leaving an air gap or extended longer
without the need for deepening the hole. It should be mentioned
that by using a soldered-through probe [17] the new excitation
scheme can also be integrated with millimeter-wave integrated
circuits (MMICs).

For ease of analysis, the hemispherical DRA, excited at the
fundamental broadside TE mode is chosen to demonstrate
the new excitation method. Nevertheless, the feed method can
be applied to other DRAs. In this paper, the mode-matching
method [4] is used to obtain the exact Green function of the
hemispherical DRA. First the electric and magnetic potential
Green functions inside and outside the DRA are found by
matching the boundary conditions at the DRA-air interface.
From the potential Green functions, the fields inside and outside
the DRA are obtained readily [25]. Then an integral equation
for the strip current is formulated, which is solved using the
moment method. In evaluating the impedance elements, it
is difficult to perform the numerical integration due to the
singularity problem of the DRA Green function. To solve this
problem, the integration is performed analytically by virtue of
novel recurrence formulas. Since the final result is a regular
modal series, it can be easily computed in a straightforward
manner. The modal solution consists of two summations.
Theoretically, one of them has an infinite number of terms, but
it was found that the summation can be truncated to about 65
terms for the fundamental TE mode. In addition to the fact
that the result involves no numerical integration, the solution is
computationally very efficient.
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Fig. 1. The configuration of the conformal strip-fed DRA.

In DRA measurements, it is inevitable to have an air gap be-
tween the DRA and the ground plane, causing a discrepancy
between theory and experiment. To solve this problem, Junker
et al. [20] used a section of PVC pipe, which contained a pow-
dered dielectric material for their DRA measurements. In this
paper, a new technique that suits a solid DRA is presented to
tackle the problem, and significant improvement was found in
the impedance measurement.

In this paper, the effects of the strip length and dielectric con-
stant on the input impedance are studied. Moreover, the co- and
cross-polarized field patterns are presented. It is found that the
new configuration has a much weaker cross-polarized field than
the previous probe-feed version, as desired.

II. FORMULATION

A perspective view of the configuration is shown in Fig. 1,
where a hemispherical DRA of radiusand dielectric constant

is fed by a conformal strip of length and width . To
begin with, image theory is used so that an equivalent problem
of a strip of total length mounting on a spherical DRA is
obtained. The input impedance of the original problem is then
one-half that of the new one [4]. For convenience, the coordi-
nate system shown in Fig. 1 is chosen for the analysis. Fig. 2
shows the - and - planes of the equivalent configuration.
The conformal strip subtends the azimuthual and elevation an-
gles from to (Fig. 2(a)) and to (Fig. 2(b)),
respectively. In the following formulation, the time dependence

is used which is suppressed. The field and source points
are denoted by and , respectively. Using
the mode-matching method, the Green function
of due to a -directed point current is found as follows:

(1)

where

(2)

(3)

(4)

and is the wave impedance in vacuum. In (1)–(3),
is the associated Legendre function of the first kind of order

and degree , and and are th order
Schelkunoff-type ([25], p. 268) spherical Bessel and Hankel
functions. All other symbols have the usual meanings. A prime
denotes a derivative with respect to the whole argument. It
should be mentioned that the double-summations of the Green
function can be reduced to single-summations by using the
addition theorem for Legendre polynomials. This technique has
been used elsewhere [4], [9], [26] to simplify the expressions
and to reduce the computation time. In this paper, however,
the double-summations are retained in the Green function to
allow analytical treatments for impedance calculations, as will
be seen shortly.

Define and as the scattered and impressed fields due to
the current density and the excitation source, respectively.
Then by enforcing the boundary condition that the total tangen-
tial electric field vanishes on the (conducting) strip surface, we
have

(5)

or

(6)

where is the surface of the conformal strip. The delta gap
source model is used so that the impressed fieldcan simply
be written as , where is the voltage amplitude at
the feed point. Let be the strip current, then (6)
becomes

(7)

The moment method is employed to expand the unknown strip
current as , where are piecewise
sinusoidal (PWS) basis functions given by

for and , oth-
erwise, with and

being the PWS mode half-length, the center
point of the th expansion mode, and the effective wavenumber



LEUNG: CONFORMAL STRIP EXCITATION OF DIELECTRIC RESONATOR ANTENNA 963

Fig. 2. The angles subtended by the strip of the equivalent configuration. (a)
x–y plane. (b)x—z plane.

at the DRA-air interface, respectively. are unknown coeffi-
cients to be determined. Following the procedure of [26], the
following matrix equation is obtained:

(8)

where

(9)

Once are obtained, the input impedance is easily found from
. Finally, dividing by two gives the

input impedance of the original problem. In the next section,
analytical treatments for are carried out so that the solution
can be calculated very easily and efficiently.

III. EVALUATION OF

The impedance matrix elements of (9) cannot be inte-
grated numerically. This is because is a singular
Green function as and, thus, an excessive number of
modal terms is required to calculate accurately.
However, the amplitudes of higher order Hankel functions are
so high that they are difficult to handle numerically. Moreover,
considerable computation time is required if a large number of
terms are included in the solution. To solve these problems, the
quadruple integration is performed analytically using novel re-
currence formulas. Since the final result does not involve any

singularity, it can be implemented in a straightforward manner.
First note that (9) can be written as

(10)

where

(11)

(12)

(13)

in which . The integral is considered
first. To calculate efficiently, two novel recurrence
formulas were derived. The first one is recursive inand is
given by

(14)

where . The initial values for are given by
and . From the initial values

all can be found easily. After are obtained,
can be calculated using another formula, which is re-

cursive in

(15)

and the initial values are and
.

Next, the integral is considered. For a slender strip
we have and . By using this approximation,
the following simple expression for is obtained:

(16)

It should be mentioned that (16) is exact when is even, at
which . In this paper, however, an exact formula is
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used to calculate for all and . The formula makes
use of and is given by

(17)

The last integral can be integrated analytically. The
result consists of 64 terms and is expressed in the following
compact form:

(18)

where and . Note that the compact
form (18) is very convenient for numerical programming. To
this end, the impedance elements can be calculated without
the need for any numerical integration. Moreover, sinceis
a simple constant, the values of for all and are
needed to be determined only once in one batch, with the results
stored in an array. Similarly, the spherical Bessel and Hankel
functions are needed to be calculated only once. Therefore, the
computation time is extremely short. The convergence of the
solution will be discussed in Section V.

IV. RADIATION FIELDS

After the strip current is solved, the radiation fields and
are obtained easily. The results are summarized here

(19)

(20)

where

(21)

(22)

in which

(23)

(24)

In deriving the radiation fields, we have used the
asymptotic expressions and

for . Note that the magnetic far
fields and can be easily found using .

V. MEASURED AND CALCULATED RESULTS

First the convergence of the modal solution (10) is discussed.
Since the summation of index has only a finite number of
terms , we will focus on the summation of index

only. As is well known, the convergence rate of the solution
depends on the arguments of the Bessel and Hankel functions.
Since we are only concerned with the fundamental TEmode,
it is informative to know the value of , where is the
first complex root of ( is given in (2)). The result
as a function of is shown in Fig. 3 for . It is
observed that the value of increases very slowly with

and . Therefore, the required number of terms
should vary only slightly for different hemispherical DRAs op-
erating at the mode. Also shown in Fig. 3 is the required number
of modal terms for the solution to converge, with parameters

mm, mm, and mm. The
results were calculated at in the moment method and at
frequencies , where is the speed
of light in vacuum. The convergence was checked by using the
rule new old new . With reference
to the figure, the solution converges in 64–68 terms over the
range of . It is interesting to note that the required number of
terms does not change monotonically with , as the solu-
tion involves as well. However, if the dielectric constant
is fixed, the required number of terms should increase monton-
ically with and, thus, . Fig. 4 shows the convergence check
using different numbers of modal terms. It is observed that the
result converges in about 60 terms, as the result using 60 terms
coincides with that using 80 terms. The result is very consistent
with that of Fig. 3.

The calculation of the solution was found to be extremely fast.
To see this, the computation time of the present theory is com-
pared with that of the previous probe-feed solution [4]. As sim-
ilar to the present theory, the delta gap source model and three
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Fig. 3. The left axis shows the real part of the first root of the equation
� = 0. The right axis shows the number of terms required for the solution
to converge. The parameters area = 12:5 mm," = 9:5; l = 12:0 mm, and
W = 1:2 mm.

PWS expansion modes were used in the previous probe-feed so-
lution. The programs were run on a SunSPARC 20 Model 612
workstation. It was found that the average computation time for
each frequency point were 0.15 and 2.07 sec for the present and
previous solutions, respectively. The longer computation time
in the previous solution is attributed to the numerical integra-
tion of the homogeneous solution (a formula had been used for
the particular solution part [4]).

To verify the theory, an experiment was carried out using a
hemispherical DRA of mm and . A con-
ducting strip of length mm and mm was cut
from an adhesive conducting tape. The measurement was per-
formed using an HP8510C network analyzer, with the reference
plane set at the coaxial aperture using the port extension. Orig-
inally, the DRA was simply put on an aluminum ground plane
of size 30 30 cm. However, due to the surface roughness of
the aluminum plate, an air gap existed between the DRA and the
ground plane [20], causing the measured resonant frequency to
have an error of more than 4%. To tackle this problem, the DRA
was first put on the adhesive side of a conducting tape. Since the
conducting tape is adhered to the base of the DRA conformally,
the air gap was removed (to avoid the strip from shorting to the
ground plane, there was no adhesive tape around the feed point
and a very small air gap still existed). The size of the conducting
tape was larger than the base of the DRA and additional adhe-
sive tapes were used to mount the edges of the DRA-attached
tape on the ground plane. Fig. 5 shows the measured and calcu-
lated input impedances of the DRA. Good agreement between
theory and experiment is obtained. The discrepancy is caused
by the small air gap round the feed point and by experimental
tolerances. With reference to the figure, the measured and cal-
culated resonant frequencies (zero reactance) are 3.60 and 3.56
GHz, respectively. The error is 1.1%, which is much smaller
than the case without using the conducting adhesive tapes. This
experimental technique was also used in [19] and, again, good
result was obtained.

Fig. 6 shows the calculated input impedance for different strip
lengths. As can be observed from the figure, the strip length can

Fig. 4. The convergence check of the solution:a = 12:5 mm," = 9:5; l =

12:0 mm, andW = 1:2 mm.

Fig. 5. Measured and calculated input impedances of the conformal strip-fed
hemispherical DRA:a = 12:5 mm, " = 9:5; l = 12:0 mm, andW = 1:2

mm.

be adjusted to achieve impedance matching in practical designs.
The results are similar to those in the probe-feed case [4].

Fig. 7 shows the calculated input impedance for different di-
electric constants. Again, the results are similar to those in the
probe-feed case; the higher the dielectric constant, the lower
the resonant frequency and the narrower the bandwidth, as ex-
pected. It is observed that the reactance is shifted upward in
the case. This is because when the dielectric constant
is small, the modal fields of the DRA become relatively weak
and are strongly influenced by the strip-monopole mode. In this
case, the DRA will give a stronger cross-polarized field [23] and
the design engineer should pay attention to this.

Fig. 8 shows the calculated-plane ( - plane in Fig. 1) and
-plane ( - plane in Fig. 1) radiation field patterns at reso-

nance ( GHz). The fields are of the broadside mode, as
expected. It is observed that the maximum-plane crosspolar-
ized field is 24 dB lower than the maximum copolarized fields,
whereas it was only 6 dB in the probe-feed version [24]. The
difference is mainly caused by the fact that the conformal strip
current does not have any components whereas compo-
nents existed in the probe-feed case. Thecomponents only
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Fig. 6. Calculated input impedance of the DRA for different strip lengths:a = 12:5 mm," = 9:5, andW = 1:2 mm.

Fig. 7. Calculated input impedance of the DRA for different dielectric
constants:a = 12:5 mm, l = 12:0 mm, andW = 1:2 mm.

excite TM modes, which entirely contribute to the crosspolar-
ized field. For the -plane crosspolarized field, it is theoretically
zero and is omitted in the figure.

VI. CONCLUSION

The use of a conducting conformal strip for DRA excitation
has been proposed. This excitation scheme shares the same ad-
vantage of a coaxial probe, but the effort in drilling a hole for
the probe penetration and the errors that an oversized hole in-
troduces will be avoided.

The new excitation scheme has been successfully demon-
strated by using a hemispherical DRA, which is excited at the
fundamental broadside TE mode. In the analysis, the mode-
matching method has been used to obtain the exact Green func-
tion of the hemispherical DRA and the moment method has been
employed to solve the unknown strip current. To avoid the sin-
gularity problem of the Green function, the impedance integral
has been evaluated analytically by virtue of novel recurrence
formulas. This makes the implementation of the solution very
simple. Since the infinite-summation can be truncated to about
65 terms and there is no need for any numerical integration, the

Fig. 8. Calculated co- and cross-polarized field patterns:a = 12:5 mm, l =
12:0 mm," = 9:5, andW = 1:2 mm.

solution is computationally very efficient. The input impedance
has been calculated, and good agreement between theory and
experiment has been obtained. In the experiment, adhesive con-
ducting tapes were used to remove the air gap between the DRA
and the ground plane. The technique has led to a substantial im-
provement in the impedance measurement. The effects of the
strip length and dielectric constant on the input impedance have
been studied. It has been observed that the effects are similar
to those in the probe-feed case. Finally, The radiation patterns
of the broadside TE mode have been presented. It has been
found that because of having no-directed current components,
the cross-polarized field is much weaker than in the probe-feed
case, as desired.
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