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Abstract—In this paper, resonant frequency, radiation loss,
conductor loss, and dielectric loss of a silver-coated�=4 dielectric
waveguide resonator are investigated. Leakage of the electromag-
netic field from the open-end face of the resonator is the only
source of radiation, which also affects the resonant frequency.
New theoretical expressions are devised to calculate resonant
frequency, conductor quality (Q) factor, dielectric Q factor, and
radiation Q factor. Effective conductivity of the resonator-coated
silver is estimated from experimental unloadedQ factor. The
theoretical analysis is validated by the experimental result and
the data obtained using the finite-difference time-domain (FDTD)
technique. Finally, we have designed and fabricated a dual-mode
bandpass filter using this resonator.

Index Terms—Dielectric waveguide resonator, high permittiv-
ity, radiation Q factor, resonant frequency, unloadedQ factor.

I. INTRODUCTION

CELLULAR mobile-communication systems are expand-
ing rapidly throughout the world, and a number of

terminals and small base stations for these systems have been
rapidly increasing. One of the most important components
widely used are dielectric resonator filters. These resonators
demand high dielectric constant to enable compact design,
low dielectric loss to offer high quality () factor, and good
stability on the temperature. Silver is considered as the coating
metal since it hold the highest conductivity among metals.

Since factors are important parameters which indicate
the property of a resonator, a thorough investigation is made
on resonant frequency and factors of a dielectric
waveguide resonator that has an open-end face (OEF). This
resonator is of square cross section, which allows dual degen-
erate modes. We can make the optimum use of the OEF of a

resonator for coupling of the dual modes, coupling to the
external circuit, and tuning the frequency of each mode [1].

In principle, the OEF of the resonator radiates energy and,
thus, unloaded substantially degrades. Thus, the estimation
of radiation loss and study on the condition to reduce it are
the most important factors for versatile use of a dielectric
waveguide resonator. Due to leakage of the electromagnetic
field from the OEF, the perfect magnetic wall (PMW) is shifted
from the OEF into the interior of the resonator, and effective
wavelength of the resonator decreases. As a result, resonant
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Fig. 1. Electromagnetic-field distribution forTE101 mode of a�=2 res-
onator.

frequency increases. We will derive new equations to explain
the experimental resonant frequencies of - and -
like modes. We will also derive new equations to calculate
the conductor factor, dielectric factor, and radiation
factor by using waveguide approximation and comparing it
with finite-difference time-domain (FDTD) analysis data.

We will separately analyze the electric- and magnetic-field
distribution of a resonator by FDTD simulation. We will
also compare all the theoretical and experimental results with
the FDTD simulation data. In the final section, we will design
and fabricate a dual-mode bandpass filter using a single
resonator having a dimension of 5 mm5 mm 10 mm.

II. DUAL MODE IN A DIELECTRIC

WAVEGUIDE RESONATOR

A directly silver-coated dielectric waveguide resonator
of square cross section has two lowest degenerate orthogonal
modes and , which are perpendicular to each
other. They couple through a perturbation which destroys the
symmetry and splits resonant frequencies. Now, if we cut a

resonator along its symmetry plane (see Fig. 1), about
which the electric field of the dominant mode is symmetric,
we can get two quarter-wavelength resonators.

Due to high relative permittivity of 93, the field confinement
is strong enough, and the field distribution of a dielectric
waveguide resonator should not significantly differ from that
of a resonator. Hence, we named these fundamental modes
the and modes after the and
modes of a resonator. The electric-field distribution of
a resonator is shown in Fig. 2. The degenerate modes
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(a) (b)

Fig. 2. Electric-field distribution of two degenerate modes at the OEF of the
resonator.

Fig. 3. Comparison of theoretical, measured, and analytical resonant fre-
quencies of�=2 resonators (resonator dimension: 5 mm� 5 mm� 20 mm,
�r = 93).

are utilized for fabricating a miniaturized bandpass filter
with space-effective configuration. The cross section of the
resonator will be taken as 5 mm 5 mm.

III. RESONANT FREQUENCY

For resonators, the experimental resonant frequencies
show an excellent agreement with theoretical and FDTD
analytical values, as shown in Fig. 3. From Fig. 3, we can also
justify the validity of our FDTD program. For resonators,
the experimental and theoretical resonant frequencies differ
to a significant amount. It is because the resonant frequency
of a dielectric waveguide resonator was calculated by
considering its open-end face (OEF) as a PMW. In reality, it
is not true, since a portion of the electromagnetic field leaks
from the OEF, and effective wavelength in the resonator
becomes shorter than the physical length, as shown in Fig. 4,
and naturally, the experimental resonant frequency becomes
higher than that of the theoretical ones. Focusing attention on
this point, a new concept is proposed to calculate the resonant
frequency of a dielectric waveguide resonator by using
waveguide approximation as follows.

Let us suppose that there exists an infinitely long air-filled
waveguide in contact with the OEF of a dielectric wave-
guide resonator, as shown in Fig. 5. If is the characteristics
impedance of the air-filled waveguide and is the input
impedance looking into the dielectric-filled waveguide, the
condition for resonance of the dielectric waveguide resonator

(a) (b)

Fig. 4. Electromagnetic-field distribution at the OEF of a�=4 resonator. (a)
PMW approximation. (b) Waveguide approximation.

Fig. 5. Infinitely long air-filled waveguide in contact with the OEF of the
dielectric-filled waveguide.

becomes

(1)

where and is the length of a
dielectric waveguide resonator.

From (1), we can deduce the following relations to calcu-
late the resonant frequencies of and modes,
respectively,

(2)

and

(3)

where is a side length of the square cross section of the
resonator. Now, the resonant frequency of the mode for
various lengths of the resonator, calculated by (2), is shown
in Fig. 6. From Fig. 6, we see that the results obtained by
theoretical analysis, the FDTD method, and a laboratory test
are in good agreement with each other.
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Fig. 6. Resonant frequency versus length of�=4 resonator (resonator di-
mension: 5 mm� 5 mm� 10 mm, "r = 93).

TABLE I

Here, we also observe that the theoretical resonant frequen-
cies calculated by first-order approximation exists at a little
bit higher than the experimental values. It is because we have
considered an infinitely long air-filled waveguide in contact
with the OEF of the resonator. In reality, it is not a waveguide,
but free space. Thus, the evanescent field should be spreading
more to reduce the frequency shift from the first-order result.

The resonant frequencies of higher order and
modes, including dominant modes of a 5 mm5

mm 10 mm dielectric waveguide resonator calculated
by the first-order approximation, are shown in Tables I and II.
From these tables, we have identified all the experimentally
obtained resonant modes (see Fig. 7) of a resonator of the
same dimension, and verified them with the FDTD analytical
values. They have shown a very good agreement.

IV. FIELD ANALYSIS BY FDTD METHOD

A. Simulation Technique of Resonant Frequency and
Factors of a Resonator by the FDTD Method

By fast Fourier transformation (FFT) of the time-step re-
sponse of the resonator, we can obtain the resonant frequency

TABLE II

Fig. 7. Higher order modes including the dominant mode of a 5 mm�
5 mm � 10 mm �=4 resonator.

spectrum. For the high -resonator, we can accurately com-
pute the factors by the FDTD perturbation method [2].
Using the theoretical equations and discretizing its integration,
the factors can be expressed as follows:

(4)

(5)

where and are the conductor and dielectric factor of
the resonator, is the imaginary part of the dielectric medium,

is the average stored energy, and are, respectively,
the average dissipated power by conductor wall and dielectric
of the resonator, and denotes the volume of the resonator
plus volume of the metal box, which is placed in contact
with the OEF of a dielectric waveguide resonator.
denotes the volume of the dielectric resonator only,is the
angular resonant frequency, is the magnetic field tangential
to the conductor wall, and is the depth of penetration of the
conductor wall.
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(a)

(b)

Fig. 8. (a)Ey component of the electric field ofTE0

101
mode iny–z plane

of the resonator. (b) Transverse magnetic field of the resonator inx–z plane
of the resonator.

In the FDTD analysis, the resonator is excited by the
following Gaussian modulated radio-frequency (RF) pulse and
the center frequency is set to the resonant frequency [3]

(6)

where ps, ns, and is the step number.
In our analysis, we have added a 20 mm20 mm

30 mm metal box on the top space of the resonator, which
will suppress the radiation loss.

The radiation factor can be simulated by using the
following equation, which have been devised from the basic
equation of the factor [4]:

(7)

where is the ratio of attenuated stored energy for period
To compute the radiation factor, the super-absorbing

second-order Mur absorbing boundary conditions (ABC’s) are
utilized instead of the metal box, used for calculation of
and . This condition simulates the open space extending to
infinity, and can suppress the spurious reflections of outward-
propagating numerical-wave modes at the OEF truncations by
99.9% [5]. The time-step function will be attenuated at the
observation point, which is taken very close to the OEF. From
the time-step function, we can determineby calculating the
ratio of average electric or magnetic energy for a certain period
of .

B. Analysis of Electromagnetic Field of a
Resonator by the FDTD Method

The component of the electric field inside and at the
OEF of the resonator, simulated by the FDTD technique, is
shown in the – plane of Fig. 8(a). Similarly, the tangential
component of the magnetic field is shown in the –
plane of Fig. 8(b). For more clarification, the amplitude of the

Fig. 9. Ey field component inside a 5 mm� 5 mm� 10 mm�=4 resonator.

component is also shown in a three-dimensional (3-D) form
in Fig. 9. From these figures, it is clear that a small portion
of the electromagnetic field leaks from the OEF and the shift
of the PMW is (maximum plane) quite large considering
a little leakage of the field.

V. THEORY ON CONDUCTOR, DIELECTRIC, AND

UNLOADED FACTORS OF RESONATOR

A. and Values of Resonator

The conductor factor and the dielectric factor
for the mode of a rectangular dielectric waveguide
resonator can be obtained from the following equations:

(8)

(9)

where is the free-space wavelength of a half-
wavelength resonator (skin depth of the silver coating)

, , is the conductivity of
the bulk silver, is the multiplication factor, and is the
loss factor of the dielectric material and is independent of
frequency [6]. Its measured value is given by Ube Industries,
Ube, Japan, to be 6000 GHz, is the resonant frequency, and
, are the length and width of the resonator, respectively.

The simulated and theoretical and values are depicted
in Fig. 10, which shows an excellent agreement. During
the calculation and simulation of , was taken
into account.

B. Determination of Effective Conductivity
of the Silver Coating

The unloaded factor of a rectangular dielectric
waveguide resonator can be calculated by using the following
equation:

(10)
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Fig. 10. Theoretical and analyticalQc andQd values for half-wavelength
resonator.

Fig. 11. A comparative study of theoretical, analytical, and measuredQ0

values for a�=2 resonator.

The measured, calculated, and analytical versus length
of a resonator is shown in Fig. 11. From the comparison
of theoretical and measured values, we have tried to find
out the effective conductivity of the resonator-coating silver.
Due to surface roughness of the resonator and frit in the silver
paste, the electric-current flow is hampered. As a result,
values decrease. From Fig. 11, we see that both values are in
coincidence for [7]. This value was used for the
theoretical calculation of of a resonators.

C. and Values of Resonator

With the help of the waveguide concept, we have defined
the field components of mode inside a resonator
as follows:

(11)

(12)

(13)

where is a constant and .
By applying the boundary conditions at the OEF, we can

deduce the electromagnetic-field components of the air-filled

waveguide, shown in Fig. 5, which are given below:

(14)

(15)

(16)

where .
We have elucidated the conductorfactor as follows:

(17)

where is the free-space wavelength of a resonator,
denotes the total energy stored within the dielectric-filled

waveguide, and is the total energy stored within the air-
filled waveguide.

We have also devised the following equation for the dielec-
tric factor:

(18)

where is the volume of the air-filled waveguide,
, in which contributes to the stored energy,

contributes to the power dissipation, and [8].
The and values calculated by using (17) and (18)

and those calculated by PMW approximation are compared
with FDTD simulated data, and are depicted in Fig. 12, which
shows that the and values calculated by waveguide
approximation exhibits a close proximity with the FDTD data,
especially when the length of the resonator becomes larger.
It seems physically reasonable since the leakage of the fields
decreases according to the length of the resonator.

VI. RADIATION FACTOR

We have measured the radiationfactor based on the
expectation that and are almost the same for both
and resonators. Since all the surfaces of a resonator
are directly silver coated, there is no radiation loss. Thus, if we
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Fig. 12. Qc andQd versus length of the resonator for�=4 resonator.

Fig. 13. Explanation of electromagnetic surface current.

subtract the values of from that of a resonator,
we can measure the values. The assumption above is not
valid examining the difference of the FDTD result for
and resonators, shown in Figs. 10 and 12, respectively.
Fortunately, however, the sum is almost the
same for each resonator and, hence, the extraction offrom
the measured data for each becomes possible.

According to Konishi [9], we can replace the electric field
of the OEF of a resonator by a magnetic surface current

. The derived and by are given as

(19)

(20)

where is the radiated power, is the radiation factor,
is the free-space wavelength, andis the free-space intrinsic
impedance.

However, values calculated from (20) are too large to
explain the measured values (for mm, ),
since (20) was derived by considering the OEF of a
resonator as a PMW. In reality, a PMW is possible only when

. However, until today, that of commercially available
dielectric ceramics is less than 100. As a result, magnetic-field
leaks from the OEF and PMW are shifted into the interior of
the resonator, as shown in Fig. 4.

Thus, the tangential component of the magnetic field exists
at the OEF, in addition to the tangential electric field. This
magnetic field causes an effective electric-current source
at the OEF and assists in increasing the radiation loss, as shown
in Fig. 13.

By analyzing these electromagnetic fields on the OEF, we
have derived the following equation to calculate the radiation

Fig. 14. Comparison of experimental and analytical radiationQ factors of
a �=4 resonator.

factor:

(21)

where denotes the total energy stored within the dielectric-
filled waveguide and is the total energy stored within the
air-filled waveguide.

However, the values obtained from (21) were too small
(for mm, ) to explain the measured
values. Thus, we have simulated the radiationfactor by
the FDTD technique, which shows a good agreement with the
measured values, as shown in Fig. 14.

VII. U NLOADED FACTOR OF A RESONATOR

Unloaded factor of a resonator may be written
as follows:

(22)

The experimental values and the FDTD results shown
in Figs. 12 and 14 summed by use of (22) are shown in
Fig. 15. From Fig. 15, we see that the experimentalvalues
of resonators are in good agreement with the numerical
ones. It is also observed that, for the resonator length larger
than around 10 mm, the values have little increment. In
addition, the resonant frequency does not effectively decrease
above 10 mm, as shown in Fig. 6. Thus, around 10 mm would
be the most effective length, considering tradeoff of and
volume for the resonator of 5 mm 5 mm cross section
[1]. Therefore, it would be recommended to change the cross-
sectional dimension so as to have a resonator of different
resonant frequency.

Recalling (2), the resonant wavelength becomes propor-
tional to if one also increases proportional to , and it
seems a rule of thumb to keep the ratio of the length to the
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Fig. 15. Comparison of experimental and analytical unloadedQ factors of
a �=4 resonator.

(a)

(b)

Fig. 16. (a) Configuration of a dual-mode bandpass filter. (b) Printed circuit
board for strip-line excitation.

width equal to two. However, the various values calculated
by (17)–(21) give the following dependence onunder the
condition :

(23)

Hence, the tradeoff point mentioned above will shift slightly
according to the resonant frequency, though the rule of thumb
holds for a wide microwave frequency band.

VIII. D ESIGN AND FABRICATION OF DUAL-MODE BPF

A dual-mode BPF is designed with the help of the insertion-
loss method. The normalized reactances of a maximally flat
two-stage prototype low-pass filter is given as [10]

(24)

If we choose the center frequency GHz and
bandwidth MHz, the coupling constant is

(25)

(a)

(b)

Fig. 17. Measured frequency response of the dual-mode bandpass filter. (a)
Transmission and return loss. (b) Spurious response.

As for the external factor ,

(26)

The filter configuration is shown in Fig. 16(a). It is mounted
through the 5 mm 5 mm hole of the printed circuit board
[see Fig. 16(b)]. Here, the input/output loads are achieved via
microstrip lines. The coupling between the degenerate modes
is controlled by the size of the triangular metal pattern at the
OEF, and external factor is controlled by the dimension of
the exciting electrode [1].

The insertion loss in the passband can be calculated as [11]

dB (27)

where (experimental data) was used. Experi-
mentally obtained transmission loss (0.15 dB of the external
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microstrip line) should be added to the above calculated
insertion loss to compare it with the experimental result of
0.48 dB.

The measured responses are shown in Fig. 17. The
3.332-GHz resonant frequency, 0.48-dB insertion loss, and
118-MHz bandwidth of the fabricated filter are almost the
same as the design values.

IX. CONCLUSION

This paper presented a thorough investigation of resonant
frequency, conductor factor, dielectric factor, and ra-
diation factor of a resonator. In light of the above
investigation, we can conclude that a dielectric waveguide
resonator can be used as a counterpart of a resonator,
expecting similar characteristics. The OEF of the resonator
can be used for resonator excitation, frequency tuning, and
dual-mode coupling to fabricate a filter. The advantage of a

resonator includes more compact size and versatile use
of its OEF.

Finally, we have designed and fabricated a dual-mode
bandpass filter. The fabricated filter has shown an excellent
coincidence with the designed values, i.e., center frequency,
bandwidth, and insertion loss.
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