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Abstract— A novel class of leaky-mode cylindrical dielectric
resonators including mounting holder and radial-step has been
recently proposed as a feed structure for omnidirectional an-
tennas that are suitable for wireless communication systems. In
this work, a spectral-domain modeling is developed and used
for analysis of these composite cylindrical dielectric resonators
considering single and double radiating slots. The dielectric
resonators are bounded between two parallel conducting plates
so that leaky-wave propagation takes place under some electrical
and geometrical conditions. Results and discussion are focused
on the properties of low-order leaky TM-modes. Influences of
various structural parameters on resonant frequency and quality
factor of leaky dielectric resonators are presented in detail. A
set of experiments are made to verify the proposed theoretical
approach.

1. INTRODUCTION

IRELESS COMMUNICATION techniques at mi-

crowave and millimeter-wave frequencies have re-
ceived much attention from the high-frequency research
community. Various wireless local area networks (WLAN’s),
which can make data links and share resources without
resorting to physical connections, are being proposed for
a number of applications such as intra-office communications
and indoor wireless telephone services. The main advantage of
the WL AN’s is that the cost of rewiring an office is effectively
eliminated for each time it is reorganized or repartitioned. In
these communication systems, low-cost, low-profile, and high-
performance omnidirectional antennas are strongly desired
(11.

It is well known that a dielectric rod resonator positioned
between two parallel conducting plates has two possible reso-
nant states, namely, trapped and leaky states. In the leaky state,
a portion of electromagnetic energy leaks continuously away
from the resonator in the radial direction. As pointed out in [2],
TM,.mo modes in this resonator are always in the leaky state in
particular when n = 0 for which modal fields remain uniform
in the azimuthal or ¢ direction. Based on such a feature, a
novel omnidirectional antenna, which consists of a cylindrical
dielectric rod with relative dielectric constant &, and two metal

Manuscript received March 7, 1995; revised July 10, 1995. This work
was supported by the Natural Sciences and Engineering Research Council
(NSERC) of Canada.

The authors are with POLY-GRAMES Research Center, Departement de
Génie Flectrique et de Génie Informatique, Ecole Polytechnique, C. P. 6079,
Montréal, Canada H3C 3A7.

IEEE Log Number 9415457.

disks with mounting holders, has been proposed to satisfy
the requirement of wireless communications [3]. Compared
with the conventional dielectric rod resonator inserted between
parallel metallic plates, this new geometry has two distinct
advantages. One is that a firm coaxial mounting between
dielectric resonator with the supporting structure and coaxial
feed can be easily achieved so that the desired resonant modes
with an ideal omnidirectional radiation pattern are excited. The
other is that operating frequency and radiation impedance are
controlled by adjusting the size of the mounting holder, that is,
the width of radiating slot. The latter is of great importance for
practical design. Obviously, the proposed antenna presents a
narrow bandwidth that is the common denominator of resonant
antennas. Therefore, electrical parameters of such a leaky-
mode dielectric resonator, namely the resonant frequency
and quality factor, are essential for its performance analysis
and successful design. This antenna may be approximately
modeled by a radiating cylindrical resonator that is bounded
between two parallel metallic disks [4]. Nevertheless, only
a few simple symmetrical structures with single radiating
slot were discussed in [4]. As is well known, the radiation
characteristics of antennas are mainly governed by the radia-
tion aperture dimensions and field distribution. In a practical
application, a complex geometry involving double radiating
slots may be used to enhance the antenna gain or alter its
electric properties [3]. In order to suppress the even-mode of
the double radiating slot configuration, the coupling ring is
usually considered.

Dielectric resonator is one of the fundamental building
blocks in microwave and millimeter-wave circuits. Its potential
low-cost and widespread applications have been stimulating
the search for an efficient analysis method that is able to
accurately model electromagnetic property of resonance and
radiation. A number of numerical techniques have been pro-
posed, the finite element [5], the finite integration technique
[6], the mode matching methods [7]-[10], and the method of
lines [111, [12], to name a few examples. In these approaches,
radial and axial mode matching procedures are widely used.
However, field edge singularities existing in the proposed
structure make it difficult or deficient for these techniques to
solve relevant field problems numerically with high efficiency
and good convergence.

In the analysis of planar guided-wave structures, it has been
widely recognized that spectral domain approach (SDA) is the
most efficient technique and also very simple in analytical
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formulation. In the spectral-domain analysis, the field edge
singularity can be well satisfied by an appropriate choice of
basis function. Its early applications and theoretical framework
were reviewed in [13]. Recently, much effort has been made
to extend the SDA to model a class of complicated quasiplanar
structures. In [14] and [15], for example, an enhanced SDA
was developed and successfully used in the analysis of a class
of complex quasiplanar guided-wave structures.

In this paper, the enhanced SDA is further extended to
calculate resonant frequency and quality factor of the pro-
posed composite cylindrical dielectric resonator considering
single and double radiating slots. The method essentially
is a combination of the spectral-domain analysis technique
used for solving partial differential equations with the power
conservation theorem. Compared to other approaches, this
method is more efficient in terms of analytical formulation and
numerical accuracy. Numerical results are presented for low-
order leaky TM-mode property of the proposed resonator. In-
fluences of various structural parameters on resonant frequency
and quality factor are discussed in details. Experimental results
are in good agreement with theoretical predictions thereby
validating the proposed analysis technique.

II. THEORETICAL ANALYSIS

Three-dimensional and cross-sectional views of the pro-
posed resonator are shown in Fig. 1. In the cylindrical co-
ordinate system (r,¢,z), a resonance may take place in
this structure under the form of three kinds of modes with
respect to z-axis: TM-mode, TE-mode, and hybrid-mode. In
the following, only leaky TM-modes with invariant fields in
¢-direction are considered. In the leaky state, a free-running
oscillation in the resonator can be described by a complex
resonant frequency. The fields should have such a time-
dependence as e in which @ = w + ja is complex angular
frequency; w and « are resonant frequency and damping factor,
respectively.

In Fig. 1, the whole structure is divided into three homoge-
nous subregions labeled by I, II, and [I1. The region I is defined
in 0 < p £ ry, the region Il in r1 < p < 7y, and the region
Il in ro < p < 400. In accordance with Fourier’s transform,
electromagnetic fields in each subregion can be expressed as
follows

n

- +oco =
E E(p) (=BT %)
— = =, - e =% 1
where
{?(P) - l/ (@) e i@ t=852) | 1, (2)
H(p) i @i Ja; H %
and

L= 2n-k)=, k=
a

)

1 E2z—odd Function
2 - Ez—even Function

1 stands for the subregions (I, II, and II) and n for the spectral
term; a; is the height of subregion such as h and w that are
described in Fig. 1(b), or h1, w and hg in Fig. 1(c).
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Fig. 1. - Complete views of the proposed radiating cylindrical dielectric
resonator. (a) Three-dimensional geometry, (b) single radiating slot, (c) double
radiating slots.

From the Maxwell’s cuzl equations, the field components
of a TM-mode with no ¢-direction variation in the spectral
domain can be described by the following equation

dEzi o §z T
dp ' wey &
1 d(pHy) . -
S T a Jweily; 3)
r- ﬂzi 5
E, = Hy,;
[ we; ¢

where (32, = w?ue; — 2, and the spectral term superscript

(n) is suppressed. In terms of the solution of (3), the fol-
lowing equations relating the tangential electric field to its
magnetic counterpart at boundary apertures of each subregion
are obtained, as in (4) shown at the bottom of the next page
where
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and the superscripts (—) and (+) denote the inner and outer
boundary apertures of the subregion in question, respectively.
Jo,1 are Bessel functions of the first kind; H([)ly]l and H([)%]l are
Hankel functions of the first and second kinds, respectively.
Note that the arguments of Bessel and Hankel functions are
complex for leaky-modes.

In the space domain, the transverse electric and magnetic
fields with reference to the radial-direction should satisfy
boundary conditions at the interface of two joined subregions.
On the basis of the complementary property between Et and J
at the interface, the power conservation in the radial direction
should hold, that is

{fhl (Ejl 'HL* ) -dz = fw (Ez_Z ng*) -dz ‘
o (BL-HY)-de= [, (En-Hg') - dz

It is noted that for the double radiating slots, the integration
in (5) over the subregion II is a sum of integrals with respect

to upper and lower slots. Now invoking Parseval’s theorem,
(5) in the spectral domain can be written as

&)

00 +o0
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By substituting (4) into (6), a set of linear homogeneous
equations are derived. the unknown complex frequency w
can be obtained simply through application of Galerkin’s
technique. Quality factor Q) is calculated from the definition
given in [16]
w
Qs = 20

On the other hand, an appropriate choice of basis function
is the cornerstone for numerical efficiency. In the present
analysis, the following basis functions are used to describe
the tangential electric fields at the boundary apertures in each
subregion,

M
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where

for single slot
for double slot

k
m — —
¢={n?
2
in which m is positive integer, and they are expanded in the
spectral domain such as in (9) shown at the bottom of the page.

TII. NUMERICAL RESULTS AND EXPERIMENTAL VERIFICATION

On the basis of the above-described theoretical framework,
an algorithm for calculation of the resonant frequency and -
factor is implemented for the proposed cylindrical dielectric
resonators with single and double radiating slots. To verify our
modeling technique, the resonator described in [2] presenting
a special case of our structure is calculated. Numerical results
obtained from this technique are the same as in [2]. In addition,
our experimental results, which will be shown later, further
confirm the validity of the proposed technique.

In the analysis of dielectric resonators, the mode clas-
sification is important for circuit design and applications.
The resonant modes in a cylindrical dielectric resonator with
single and double radiating slots are considerably complicated
and more difficult to specify in terms of the variation in
coordinate directions (r,¢,z). In the following, the modes
will be designated as TM,,, where the first subscript (0)
indicates the invariant nature of modal field in ¢-direction
while the second subscript (m) presents the order of resonant
frequency of interest, and the superscript (r) illustrates the
type of structure and relevant modal field profile. For a single
radiating slot, r = s, and for a double radiating slot, 7 = ¢ or o
indicating the symmetrical plane z = 0 is an electric wall or
magnetic wall, respectively.

Fig. 2 shows characteristics of resonant frequency and qual-
ity factor for the first two TM-modes versus the dielectric-rod
height. It is observed that the resonant frequency increases
while the quality factor decreases with an increasing dielectric
rod height when the size of metal disks remains unchanged.
The quality factor of TM§; is more sensitive to the change
of height, particularly, in the case of a smaller height. As

folz) = cos (Cﬂ(wi/? + 1)) ) shown in [2], a leaky state can be converted into a trapped
¢ [1 B (_i_)z] 1/2 state provided that the order of z-dependent variation of fields
w/2 be increased.
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Fig. 2. Resonant frequency and quality factor versus the height of dielectric
rod in the single radiating slot resonator with 71 = 7.2 mm, ro = 7.7 mm,
d =3 mm, w= h— 6 mm, and &, = 2.56.
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Fig. 3. Effects of radiating slot width on resonant frequency and quality
factor for the first two radiating resonant modes in the single radiating slot
resonator with r1 = 8§ mm, ro = 85 mm, 2 = 10 mm, 2d = h — w, and
e = 2.04.

To validate the numerical modeling, a set of measurements
for resonant frequency of TM{,-mode were made with three
heights of dielectric rod. The experimental setup is similar to
that used in [2]. The frequency response of a transmission-
type resonator was measured using a network analyzer. Fig. 2
shows the theoretical simulation and experimental results
which are in good agreement. The slight deviation may be
attributed to the effect of finite radius of the metal disks
used in the measurement. Furthermore, there is a difference
between the measurement setup using a forced-running oscil-
lation and the damped free-running oscillation model that is
used in the numerical analysis. For a resonant-type radiating
problem, the assumption of a free-running oscillation is not
consistent with the reality. As discussed in [17], such a model
results in a spatially growing wave along the radial direction.
Nevertheless, a large number of research works have shown
that this theoretical model is a good approximation of practical
situation.

Fig. 3 illustrates the significant influence of the radiating
slot width on resonant frequency and quality factor in a single
radiating slot resonator. The resonant frequency increases with
the radiating slot width. This is because the loaded capacitance
due to the radiating slot decreases with an enlarging radiating
slot width. On the other hand, the effect of radiating slot width
on quality factor of the first two leaky-modes is completely
different. The quality factor of TM,; is almost unchanged
while that of TMj, decreases with an increasing radiating slot
width. Such a change in quality factor implies that a range
of radiation impedances of interest may be obtained by an
appropriate choice of radiating slot width. This is important
for the antenna design.
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Fig. 4. Effects of dielectric constant of the dielectric rod on resonant
frequency and quality factor for the first two radiating resonant modes in
the single radiating slot resonator with r1 = 8 mm, ro = 8.5 mm. A = 10
mm, d = 4.5 mm, and w = 1 mm.

Fig. 5. Effects of radiating slot height (d) on resonant frequency and quality
factor for the first two radiating resonant modes in the single radiating slot
resonator with r; = 8 mm, r9 = 85 mm, A = 10 mm, w = 1 mm, and
er = 2.04.

Effects of dielectric constant of the resonator on resonant
property of low-order radiating modes in a single radiating slot
resonator are described in Fig. 4. It is seen that the resonant
frequency decreases with increasing dielectric constant while
the quality factor tends to be larger. This effect is more
pronounced on a lower dielectric constant. It can be explained
by the fact that the electromagnetic energy becomes more
and more concentrated around the dielectric region as the
dielectric constant of resonator increases. To demonstrate
the influence of radiating slot position on resonant property
in a single radiating slot resonator, Fig. 5 plots curves of
resonant frequency and quality factor against the position (d)
of radiating slot. It is observed that the quality factor of TM§,
increases as the position (d) decreases. This indicates that
radiation becomes stronger for a symmetric radiating slot than
for its asymmetric counterpart.

In the antenna application, a double radiating slot configu-
ration could be used in order to efficiently adjust its radiation
properties. In the following, resonance characteristics of low-
order modes are discussed for double radiating slot resonators.
Fig. 6 shows the resonant frequency and quality factor of the
low-order even-modes for electric wall at z = 0 and odd-
modes for magnetic wall at z = 0 as a function of the radiating
slot width. The results clearly suggest that the influence of
radiating slot on the even- and odd-modes be different. In
case of the even-mode, the double radiating slots act in a
similar way as its single counterpart on resonant property
of low-order modes. In case of the odd-mode, however, the
effect of radiating slot width on quality factor is significant.
The resonant frequency of TM§; remains always unchanged.
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Fig. 6. Resonant characteristics as a function of radiating slot width in the
double radiating slot resonator with 71 = 8 mm, 72 = 8.5 mm, h; = hg =
20 mm, s = 6 mm, and &, = 2.04, (a) even-mode and (b) odd-mode.

This may be explained by field distribution of the mode.
Influences of the spacing between two radiating slots on
resonant characteristics of low-order even- and odd-modes are
presented in Fig. 7. It is seen that the resonant frequency and
quality factor of TM§, reach maximum and minimum values
as s = 8 mm, respectively. This behavior is similar to that
observed in Fig. 5 for a single radiating slot resonator. In
addition, the effect of the spacing (s) on resonant property
of the odd-mode is quite complicated. The quality factor of
TMg, is smaller than that of TM§; as the spacing is chosen
between 10 mm and 14 mm. The resonant frequency of TMg,
is sensitive to the spacing. Fig. 8 demonstrates influence of
the height (hy) on resonant frequency and quality factor of
the low-order even-modes. The resonant frequency of TM§;
tends to decrease with the height (h2) while that of TM§,
reaches a maximum value when s = 24 mm. Finally, it is
noted that the proposed method can be also used to determine
the field distribution at the radiating slots. This is important
in the radiation pattern analysis.

IV. CONCLUSION

This paper presents a comprehensive analysis of a class
of composite cylindrical resonators with single and double
radiating slots, which are proposed as feeds of omnidirectional
antennas suitable for wireless communication systems. The
enhanced SDA is extended to the calculation of complex
resonant frequency of the proposed radiating resonators. In-
teresting electrical performance and characteristics in terms
of resonant frequency and quality factor considering the low-
order radiating modes are presented and discussed for radiating
resonators with single and double slots. Effects of different
structural parameters on resonant frequency and quality factor
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Fig. 7. Electrical characteristics in terms of resonant frequency and quality
factor against the spacing (s) between two radiating slots in the double
radiating slot resonator with 7y = 8 mm, rg = 8.5 mm, hy = hs = 20
mm, w = 2 mm, and ¢, = 2.04, (a) even-mode and (b) odd-mode.
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Fig. 8. Resonant frequency and quality factor of the even-mode with the
variation of the height in the double radiating slot resonator with 71 = 8 mm,
ro = 85 mm, h; = 20 mm, w = 2 mm, s = 8 mm, and &, = 2.04.

are given in detail for the design purpose. Theoretical results
compare well with our experimental results, thereby validating
the proposed modeling. The analysis technique developed in
this work can also be used to model a large class of resonators
with enclosure cavity.
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