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Equivalent-Circuit Representation and Explanation
of Attenuation Poles of a Dual-Mode
Dielectric-Resonator Bandpass Filter

Ikuo Awai, Arun C. Kundu, and Takeharu Yamashita

Abstract—A �=4 rectangular-waveguide resonator of square cross
section filled with high-permittivity ceramics has two degenerate lowest
modes. A dual-mode bandpass filter based on this structure is studied,
focusing on the attenuation poles at both sides of the passband. It is
described how to achieve capacitive and inductive coupling between
dominant modes of a resonator of square cross section. An equivalent-
circuit model is proposed, including mode coupling, excitation from
the external circuit, and direct coupling between input/output (I/O)
electrodes. Equivalent-circuit parameters are measured and their validity
is verified using simulated result. Appearance and annihilation of the
attenuation poles are successfully explained by the proposed model, and
attenuation pole frequencies are controlled by shifting the I/O electrode
transversely.

Index Terms—Attenuation pole, dielectric resonator, dual mode, equiv-
alent circuit.

I. INTRODUCTION

Dual-mode resonators are one of the most effective means for
miniaturizing a bandpass filter (BPF). Hence, many studies have
contributed to elucidate the mechanism of coupling between dual
modes and principles of fabricating a BPF [1], [2]. Attenuation poles
outside of the passband, on the other hand, help to improve the skirt
characteristics, resulting in further miniaturization of a BPF through
reduction of the number of resonators. Though an equivalent-circuit
model of an electromagnetic structure is valid only in a narrow band,
it is easier to understand and gives a clear insight into the physics of
the object. Thus, we will try to show the origin of attenuation poles
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Fig. 1. Structure of the dual-mode�=4 resonator.

Fig. 2. Two basis modes for estimation of coupling.

that appear in a dual-mode two-stage BPF and try to control them
based on an equivalent circuit.

The attenuation poles of a dual-mode cavity filter was explained by
Zaki et al. [3] in an intelligible manner. However, our current work is
an improved one from the following point of view: the configuration
is simpler for excitation, tuning, and coupling of dual-modes, and also
for the second coupling path that is essential to attenuation poles. Both
types of excitation (capacitive and inductive) are possible here. Our
lumped-element equivalent circuits are intuitively understandable,
and the equivalent-circuit parameters are readily determined.

II. COUPLING BETWEEN DUAL DEGENERATE MODES

The physical structure of a directly silver-coated�=4 dielectric
waveguide resonator of square cross section, having a dimension of
5 mm� 5 mm� 10 mm, is shown in Fig. 1, where the dual modes
are named asTE0

101 andTE0

011 [4]. We will now define new basis
modes by vectorial addition and subtraction ofTE0

101 and TE0

011

modes, naming them even and odd modes, respectively, as shown
in Fig. 2.

If we add a triangular metal pattern at the corner of the OEF [2], it
will make an additional current path to the resonant modes, resulting
in a frequency shift in the basis modes. When the pattern is located at
the cornerP and/orP 0 of Fig. 2, it decreases inductance of the odd
mode and, thus, increases the resonant frequency with little effect to
the even-mode frequency. The coupling constant is simply

k =
fo � fe

fo + fe
(1)

wherefe and fo are the even- and odd-mode resonant frequency,
respectively.

The coupling constant versus dimension of triangular metal pattern
is shown in Fig. 3. From this figure, we observe that the coupling
constant increases proportionally to the area of metal pattern. The
validity and accuracy of this coupling method is confirmed by
comparing the finite-difference time-domain (FDTD) analysis data
with measured results.

An equivalent lumped-element circuit model for magnetic coupling
i.e., inductive coupling between two parallelLC resonators, is illus-
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Fig. 3. Coupling constant versus dimension of triangular metal pattern at
the OEF of the�=4 resonator.

(a) (b)

Fig. 4. Two basic lumped-element coupled resonators. (a) Inductive cou-
pling. (b) Capacitive coupling.

trated in Fig. 4(a). We can obtain the following even- and odd-mode
resonant frequency, respectively [5],

f
e =

1

2� (L+M)C
(2)

fo =
1

2� (L�M)C
: (3)

Thus, the magnetic coupling constantkm = (M=L), which is
the ratio of the coupled magnetic energy to the stored energy of
the uncoupled single resonator [6]. From (2) and (3), we find that
the odd-mode resonant frequency is higher than that of even-mode
resonant frequency. Therefore, we can consider that the triangular
metal pattern at cornerP and/orP 0 produces inductive coupling.

Similarly, for electric (electric) coupling in Fig. 4(b), the even- and
odd-mode resonant frequency becomes

fe =
1

2� L(C � Cc)
(4)

fo =
1

2� L(C + Cc)
: (5)

Thus, the electric coupling constantke = (Cc=C). Here, (4) and
(5) shows that the even-mode frequency is higher than that of odd-
mode frequency. As a result, it can be concluded that the metal pattern
at the cornerQ andQ0 introduces capacitive internal coupling.

III. EXCITATION OF THE DUAL MODES AND DIRECT

COUPLING BETWEEN I/O ELECTRODES

Capacitive excitation at the open-end face (OEF) and inductive
excitation at the short-end face (SEF) would be most effective,
as shown in Fig. 5(a) and (b) [7]. Excitation efficiency increases
according to the length of the excitation electrode for each case.

Due to proximity of input/output (I/O) electrodes, a direct coupling
happens between them (capacitive for Fig. 5(a) and inductive for
Fig. 5(b) [8]) since the nature of coupling depends upon the nature
of excitation. These additional signal paths induce attenuation poles,
as will be discussed later.

(a) (b)

Fig. 5. Configurations of the dual-mode filter. (a) Capacitive excitation at
the OEF. (b) Inductive excitation at the SEF.

IV. EQUIVALENT-CIRCUIT REPRESENTATION OFDUAL-MODE BPF

A. Capacitive Excitation at the OEF

The dual-mode BPF’s in Fig. 5 are made of two�=4 resonators. It
is well known that a�=4 resonator is approximated as a parallelLC
circuit around the resonant frequency. The triangular metal pattern at
cornerP and/orP 0 will provide inductive internal coupling.

The metal electrodes connected to the microstrip lines in Fig. 5(a)
for capacitive excitation of the resonator will provide additional
capacitorCm, which will arise due to direct capacitive coupling
between the I/O electrodes. Thus, we can easily obtain the equivalent
circuit, as shown in Fig. 6(a). Here,Ce is due to the excitation
electrode,G is the loss factor, andM is the mutual inductance.
Now, if we simply place the metal pattern at cornerQ andQ0 in
exchange ofP and/orP 0, it will offer capacitive internal coupling
Cc instead ofM .

B. Inductive Excitation at the SEF

Configuration for inductive excitation at the SEF is shown in
Fig. 5(b). Here, there will also be an additional inductanceLm that
comes from the direct inductive coupling between I/O electrodes.
Hence, the metal pattern at cornerP and/or P 0 will give us the
equivalent circuit of Fig. 6(b), whereLe is due to the excitation
electrode. Similarly, the metal pattern at cornerQ andQ0 will pro-
vide a lumped-element equivalent circuit having capacitive internal
coupling.

V. MEASUREMENT OF THELUMPED-ELEMENT EQUIVALENT-CIRCUIT

PARAMETERS AND SIMULATION

When the resonator is excited at the OEF from a single port and
no perturbation is provided, its equivalent circuit will be reduced to
the half of Fig. 6(a), excludingCm, as shown in Fig. 7(a). From
the resonant frequencyf0 and the susceptance slope parameter, the
values ofC andL can be easily determined [9]. Loss factorG can
be obtained from the unloaded quality factor of the resonator.

The input impedance of the mentioned circuit has a locus, as shown
in Fig. 7(b). The capacitanceCe is calculated from the frequency
f1 and f2 where the locus intersects the real axis of the Smith
chart (cf. Appendix). The mutual inductanceM for magnetic internal
coupling [as shown in Fig. 6(b)] is easily obtained from the difference
of odd- and even-mode resonant frequencies. The direct-coupling
capacitanceCm is to be measured by a parallel resonance with an
externally connected inductance of known values between I/O ports.

VI. A TTENUATION POLES

The condition for having attenuation poles at both sides of the
passband is given by Konishi [10] for a two-stage BPF, shown in
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(a)

(b)

Fig. 6. Equivalent circuits of dual-mode filter. (a) Capacitive excitation at
the OEF. (b) Inductive excitation at the SEF.

(a)

(b)

Fig. 7. Experimental setup for determination ofC, L andCe and measure-
ment principle. (a) Equivalent circuit. (b) Locus of input impedance.

Fig. 8, as

b � bm< 0 (6)

wherebm is the coupling susceptance between resonators, andb is
the direct-coupling susceptance [9]. The above equation claims that
the coupling between dual modes and that between I/O electrodes
should be of different signs in order to have attenuation poles. Our
lumped-element models are justified through simulated results by

Fig. 8. Equivalent circuit for dual-mode BPF with second signal path.

(a)

(b)

Fig. 9. Passband response of the dual-mode filter. (a) Measured response of
the dual-mode filter for capacitive excitation at the OEF and metal pattern
placed at cornerP . (b) Simulated response (Cm = 0:13 pF, Ce = 2:1 pF,
C = 134:5 pF,L = 0:017 nH, M = 0:00011 nH, Q0 = 580).

comparing with the experimental results for appearance and anni-
hilation of attenuation poles at both sides of the passband, as shown
in Figs. 9–12. The equivalent-circuit parameters are determined using
the procedures described in Section V.

VII. CONTROL OF ATTENUATION POLES

Let us consider the case of capacitive excitation at the OEF, as
shown in Fig. 5(a). We could control the direct coupling between the
two electrodes by shifting the position of exciting electrode trans-
versely, which stands for change ofCm in Fig. 6(b). Fig. 13 shows
the experimental result for three different positions of the exciting
electrodes. As the electrodes get closer to each other,Cm increases
and attenuation poles are shifted toward the center frequency [8].
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(a)

(b)

Fig. 10. Passband response of the dual-mode filter. (a) Measured response
of the dual-mode filter for capacitive excitation at the OEF and metal pattern
placed at cornerQ andQ0. (b) Simulated response (Cm = 0:13 pF,Ce = 4

pF, C = 135 pF, L = 0:017 nH, Cc = 0:8 pF,Q0 = 580).

Here, we observe that the shift of attenuation-pole frequency is not
symmetric with respect to the passband frequency because when the
exciting electrodes are shifted from the central position, the effect of
Cm upon the upper and lower poles becomes asymmetric. Similarly,
for inductive excitation at the SEF, the attenuation-pole frequencies
can be controlled by changingLm.

VIII. C ONCLUSION

We have discovered lumped-element equivalent circuits for a dual-
mode dielectric-resonator BPF, including mode coupling, excitation,
and I/O electrode coupling schemes. We have also measured all the
parameters of the devised equivalent circuit independently. Based on
these circuits, we have elucidated the mechanism of attenuation poles
at both sides of the passband in this type of BPF, and have shown
an example to control the frequencies of those poles.

APPENDIX

Calculation of equivalent-circuit parameters in Fig. 9(a).
The susceptance of the resonator is given by

Br = (!C � 1=!L)

= !C 1�
1

!2LC

= 4��fC

! �= !0: (A1)

(a)

(b)

Fig. 11. Passband response of the dual-mode filter. (a) Measured response
of the dual-mode filter for inductive excitation at the SEF and metal pattern
placed at cornerP . (b) Simulated response (Lm = 9:25 nH, Le = 1:3 nH,
C = 136 pF,L = 0:0173 nH, M = 0:00008 nH, Q0 = 580).

Therefore,

(dBr=df) = 4�C: (A2)

If we draw a graph ofBr versusf around the resonant frequency
from the experimental data, it will be a straight line. From the slope
of this line and using (A2), one can measure the capacitance of the
resonator.
L andG can be calculated as follows:

L =
1

!2

0
C

(A3)

G =
!0C

Q0

: (A4)

Again, from Fig. 9(a),

Zin =
1

Yin
=
GBe � j[G2 +Br(Br +Be)]

Be(G2 +B2
r
)

(A5)

whereBe = !Ce.
If we consider that the imaginary part of the numerator of (A5)

is equal to zero along the real axis of the Smith chart in Fig. 9(b),
we have

G2 +B2

r
+BrBe = 0: (A6)
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(a)

(b)

Fig. 12. Passband response of the dual-mode filter. (a) Measured response
of the dual-mode filter for inductive excitation at the SEF and metal pattern
placed at cornerQ andQ0 of the OEF. (b) Simulated response (Lm = 7 nH,
Le = 1:7 nH, C = 135 pF,L = 0:017 nH, Cc = 0:8 pF,Q0 = 580).

Fig. 13. Control of attenuation poles.

Now, if we substitute the values ofBr andBe into (A6) and put
! = !0 + �!, we get the following relation:

2C(2C + Ce)�!
2 + 2CCe!0�!+G

2 = 0: (A7)

Let us suppose that�!1&�!2 are the two roots of the above
quadratic equation. Hence, the locus of the frequencies crossing the
real axis of the smith chart [as shown in Fig. 9(b)] can be defined
by the following relations:

!1 =!0 +�!1

!2 =!0 +�!2

!1 � !2 =�!1 ��!2

=
!0

2

Ce

C

2

�

2

Q0

2

(A8)

Ce

C
=

2(!1 � !2)

!0

2

+
2

Q0

2

: (A9)

Hence, the parameterCe can be calculated by using the above
relation.
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