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Abstract—This paper presents a new type of varactor-tuned
dual-mode bandpass filter. Since the two operating modes (i.e.,
the odd and even modes) in a dual-mode microstrip open-loop
resonator do not couple to each other, the tuning of the passband
frequency becomes simple with a single dc-bias circuit while
keeping nearly constant absolute bandwidth. Design equations
and procedures are derived, and two two-pole tunable bandpass
filters of this type are demonstrated experimentally.

Index Terms—Dual-mode resonator filter, microstrip filters, tun-
able filter.

I. INTRODUCTION

E LECTRONICALLY tunable microwave filters are attracting
more attention for research and development because of their

increasing importance in improving the capability of current and
future wireless systems [1]–[11]. To develop compact tunable filters,
dual-mode microstrip resonator tunable filters are attractive because
each dual-mode resonator can be used as a doubly tuned resonant
circuit, and, therefore, the number of resonators required for a given
degree of filter is reduced by half, resulting in a compact filter config-
uration [12]–[18].

Tang et al. [12] introduced a new type of electronically tunable dual-
mode microstrip open-loop resonator bandpass filter, but only showed
a tuning range of 12%, and not necessarily for the constant absolute
bandwidth tuning. Being different from the conventional dual-mode
filter, this new type of dual-mode resonator filter exhibits a distinct
characteristic for which the dual modes do not couple [18]. This leads to
a simple tuning scheme since tuning the passband frequency is accom-
plished by merely changing the two modal frequencies proportionally
using a single dc bias. In this paper, a systematical method has been
derived to design this kind of electronically tunable filter for a constant
absolute bandwidth tuning, and moreover, for achieving a wide tuning
range (41%). The proposed filter structure is shown in Fig. 1. It can be
seen that a wideband transformer is applied as the input/output (I/O)
coupling structure for the filter [5]. The wideband transformer may be
considered as a type of interdigital coupled lines, which is known to
have a dominant inductive coupling with wideband behavior. There-
fore, the I/O coupling can be adjusted to achieve constant bandwidth
tuning requirement over a wide tuning range. While for the transformer
used in the previous designs [12], [13], capacitive coupling is dominant
and it is difficult to control I/O coupling properly over a wide tuning
range due to the lack of inductive coupling associated with the struc-
ture. In a conventional tunable dual-mode filter, I/O coupling is used
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Fig. 1. Layout of the proposed two-pole tunable filter.

Fig. 2. Coupling scheme of the filter.

to compensate both the variation of a slope parameter � (or �) and the
coupling between resonators due to the frequency change. However,
for the proposed dual-mode tunable filter, I/O coupling is only used to
compensate the variation of � (or �) since its even and odd modes do
not couple to each other.

II. THEORY AND DESIGN EQUATIONS

A. Filter Operation

For our investigation, Fig. 1 shows a layout of the proposed two-pole
varactor-tuned dual-mode microstrip bandpass filter. Variable capaci-
tances �� are supposed to be loaded varactors. These three same var-
actors are to be used with a single dc-bias circuit, which makes both
the implementation and tuning simple.

The proposed dual-mode filter has a coupling scheme, as shown in
Fig. 2, where S and L denote the input and output ports, respectively;
node 1 denotes the odd mode and node 2 denotes the even mode. Since
these two operating modes do not couple to each other, a simple tuning
scheme can be obtained. How to achieve this ideally is discussed below.

B. Ideal Requirement for Tunable Dual-Mode Filter

To tune the center frequency of this type of dual-mode filter while
keeping constant filter response shape and bandwidth, two factors ide-
ally need to be considered. Firstly, the resonant frequencies of odd-
mode ���� � and even-mode ���� � need to be shifted proportionally. Sec-
ondly, the shape and bandwidth of odd- and even-mode frequency re-
sponses must keep constant over the entire tuning range, this would
require the external quality factors for the odd mode ������ and even
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mode ������ vary directly with the tuning frequency [19]. These pa-
rameters may be represented by

���� � ��� � � � (1)

���� �
���

���
� ��

(2)

���� �
���

���
� ��

(3)

where � denotes the separation between the even- and odd-mode reso-
nant frequencies; ���� ������� �� are the 3-dB bandwidths of the odd-
and even-modes, respectively, [21]. Note that ideally ���� ��, ���� ��,
and � are to be constant over the entire tuning range for constant ab-
solute bandwidth tuning.

C. Odd- and Even-Mode Tuning Rates

To shift the odd- and even-mode resonant frequencies proportion-
ally by loading the same capacitance, the tuning rates of odd and even
modes need to be characterized. The tuning rate indicates how much
a modal frequency is shifted by varying capacitance �� . Assume that
when �� varies from ��� to ���, the odd-mode frequency shifts from
���� to ���� and the even-mode frequency shifts from ���� to ����. Thus,
the tuning rate can be defined as

Tuning rate �
�
���
��

� �
���
��

���� � ����
�GHz�pF� (4)

where the superscript ��� denotes the odd or even modes.
By placing a short or open circuit at the symmetric plane of the circuit

in Fig. 1, we obtain the circuit model for the odd or even modes without
the I/O coupling, as shown in Fig. 3(a) and (c). To demonstrate how to
control the modal tuning rate, the circuit models of Fis. 3(a) and (c)
may be modified as that of Fig. 3(b) and (d), respectively. A reference
port is added for deriving an input admittance, i.e., for the odd mode,
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 ��� �
	�
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(5)

and for the even mode,
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with

	� � 	�
�����	 � �	
��� � 	� ��� ��
	� � 
�����	 � �	
���� ��� ��

where �� is the loading capacitance; �	
�� represents the
bended short open-circuited stub, which may be estimated from
�	
�� � �	� ��� �����. 	�, 	�, 	�, ��, ��, and �� are the admittances
and electrical lengths for the transmission line sections shown in
Fig. 3. The resonant frequencies of the odd and even mode can be
found from (7)

�

	���� � � �

	���� � �
 (7)

From (5), it can be seen that the resonant frequency of the odd mode
depends on the parameters �� , 	�, and ��. Assume that the loading
capacitance�� varies from��� (0.6 pF) to��� (5 pF). For �� � ��� at
a nominal frequency of 1 GHz, the modal tuning rate can be calculated
by (4) with different values 	�, and the results are plotted in Fig. 4(a).
Similarly, for 	� � �
�	 S, the modal tuning rate can also be calculated
against different values of ��, and the results are present in Fig. 4(b).
These two sets of results show that the smaller the admittance 	� or the
shorter the electrical length ��, the larger the modal tuning rate. With

Fig. 3. Circuit models. (a) and (b) Odd mode. (c) and (d) Even mode.

loading the same capacitance range, the tuning rate of the even mode
depending on the parameters 	� and �� is investigated. From (5) and
(6), it is envisaged that the resonant frequency of the even mode can be
shifted by varying 	� and �� while the resonant frequency of the odd
mode is not changed for the given 	� and ��. This means that the tuning
rate of the even mode may be controlled so as to match the tuning rate
of the odd mode by varying 	� and ��.

For given separations between the odd- and even-mode resonant fre-
quencies over a loading capacitance range, the values of 	� and �� may
be determined from (8) and (9) as follows:

����� � ����� � � (8)

����� � ����� � � (9)

where � and � are the separations between the odd- and even-mode
resonant frequencies for the loading capacitances ��� and ���, re-
spectively. Ideally, they are also proportional to the bandwidth. For
the constant absolute bandwidth tuning, the resonant frequencies of
the odd and even modes need to be shifted proportionally; hence, �
should be equal to �. To demonstrate how to achieve this, assume that
� � ��� MHz; 	� � �
�	 S, �� � ��� at 1 GHz, which is the
nominal high frequency of a given tuning range, ��� � �
� pF, and
��� � �
� pF. Also, for the demonstration, �	
�� is chosen for three
values: �	
�� � �� �	
�� � �
� pF and �	
�� � �
� pF to represent
different cases of the short open-circuited stub. By applying (5) and (6)
and (8) and (9), 	� and �� can be determined for � � � as follows:
	� � �
��� S and �� � ��
��� when �	
�� � �; 	� � �
��� S
and �� � �	
��� when �	
�� � �
� pF, and 	� � �
��� S and
�� � 	�
��� when �	
�� � �
� pF. After 	� and �� are determined,
the tuning rate of the even mode can then be calculated by (4), for all
the three cases, as 9.2%, which is equal to that of the odd mode (see
Fig. 4). The resonant frequencies of the even and odd modes against
the loading capacitance �� , varying from 0.6 to 5.0 pF, are plotted in
Fig. 5 for a comparison. Note that, for the even mode, the curves for
the three different values of�	
�� coincide together, which implies that
the effect of the short open-circuited stub can easily be compensated by
	� and �� with negligible influence to the even-mode tuning rate. This,
however, allows a more flexible design for the loading element inside
the open loop. From the analysis above, it is clear that the tuning rate of
the even mode is controllable to be equal to the tuning rate of the odd
mode. As such, the resonant frequencies of the two operating modes
can be controlled to shift proportionally.

The separation between the modal frequencies, which is ideally pro-
portional to the bandwidth, varies with the tuning range present in
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Fig. 4. Tuning rate of odd-mode varies with: (a) � and (b) � (where � �

��� pF; � � ��� pF).

Fig. 5. Resonant frequency of the even mode compared with that of the odd
mode.

Fig. 6, obtained by using (5) and (6) and (8) and (9). It shows that
the wider the tuning range, the larger the variation of the frequency
separation. This somewhat limits the tuning range for a large constant
absolute bandwidth.

Fig. 6. Modal frequency separation varies against the tuning range. (Note that
for the tuning range of 29.5%, � � ������ S and � � ����� ; for the tuning
range of 45.1%,� � ����	�S and � � �	�	 ; for the tuning range of 55.5%,
� � ���
�� S and � � �	��� .)

Fig. 7. Circuit model of: (a) odd mode and (b) even mode with I/O coupling.

D. External Coupling of the Filter

With the I/O coupling, the circuit models for the odd and even modes
are present in Fig. 7. The input reflection coefficient of the odd mode
������ and even mode ������ may be found by

������� � ������� ������ (10)

������� � ������ � ������ (11)

where ������ and ������ are the two-port scattering parameters of the
filter [21], which can be extracted using a full-wave electromagnetic
(EM) simulation tool [22]. The external quality factor of the odd mode
������ and even mode ������ of the proposed filter may be derived
from the group delay of the input reflection coefficient of odd and even
mode [21] as follows:
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Fig. 8. Typical group-delay response of input reflection coefficient of odd
mode.

where �������� and �������� are the group delays of the odd and even
modes,�������� and�������� denote the phase responses of the input
reflection coefficient of odd and even mode. A typical group-delay re-
sponse of the input reflection coefficient of the odd mode is shown in
Fig. 8.

To maintain the shape and bandwidth of the odd- and even-mode
frequency responses over the entire tuning range, ���� and ���� of
the proposed tunable filter must satisfy (2) and (3) and this may be
achieved by properly choosing the transformer parameters ���,��, �,
and �� shown in Fig. 7. In general, for given ��, which depends on the
contour of the open loop, a stronger coupling can be obtained with a
smaller �. In addition, the coupling turns to be more inductive and can
be enhanced with a narrower ��� and larger ��.

E. Design Procedure

Step 1: Determine the Requirements of the Ideal Tunable Dual-Mode
Filter: The requirements of the ideal tunable filter may be derived from
its fixed frequency response centring at the high-frequency edge of a
given tuning range. The separation �	� of the odd- and even-mode res-
onant frequencies and the required���� and���� for the ideal tunable
filter can then be determined from (1)–(3).

Step 2: Design of Transformer Network: To maintain the shape and
bandwidth of odd- and even-mode frequency responses over the tuning
range, ���� and ���� of the proposed tunable filter given in (12) and
(13) must satisfy (2) and (3) by properly choosing the transformer pa-
rameters ���, ��, �, and ��.

Step 3: Design of the Even-Mode Tuning Rate: The tuning rate of the
even mode may be designed to match the tuning rate of the odd mode
by using (8) and (9) with 
 � 	 for the constant absolute bandwidth
tuning. As there are six degrees of freedom to determine the tuning rate
of the even mode, i.e., ��, ��, ��, ��, ��, and ��, four parameters may
be chosen first, and then the last two can be determined by (8) and (9).
Since the purpose of using ��, ��, ��, and �� is to shorten the length
of the even mode within the square loop of the odd mode (see Fig. 1),
these parameters may be chosen first.

To go through the design procedure, two examples are given in
Section III.

III. DESIGN EXAMPLES

A. Tunable Filter With Finite-Frequency Transmission Zero Located
at High Side of the Passband (Filter A)

The proposed filter has been designed using microstrip lines with the
following specifications:

Tunable range: 0.6–1.07 GHz
Fractional bandwidth (FBW) 2.9% at 1.07 GHz
Number of poles: 2�

To derive the required design parameters for the tunable filter, a filter
centring at 1.07 GHz has been designed firstly with a finite-frequency
transmission zero located at 1.12 GHz, a fractional bandwidth of

Fig. 9. (a) External quality factor � and � . (b) Desired and extracted
� � � for the proposed tunable filter (filter A).

2.9%, and passband return loss of 20 dB. The desired parameters
may be derived from a target coupling matrix corresponding to the
prescribed response [23], which are ��� � ����� GHz, ��� � ����	
GHz,���� � 
��
, and���� � ����
. With these design parameters,
the desired values for the ideal tunable filter are derived according to
(1)–(3) and plotted in Fig. 9 using the full line. The proposed tunable
filter can be designed in light of full-wave EM simulation. By com-
paring the extracted ����, ����, ��� , and ��� from the EM simulation
(see Section II-D) with the desired ones from the target coupling
matrix, the dimensions of the dual-mode filter can be determined. For
our example, a substrate with a relative dielectric constant of 10.2 and
a thickness of 1.27 mm is used. The odd-mode resonator is formed
using a 50-� line, which has a tuning rate as that shown in Fig. 4.
Although it is possible to use another characteristic impedance line,
the resultant tuning rate will be different. The loading capacitance
�� is chosen to be 0.6 pF. The electrical length of the odd-mode
resonator can then be determined initially for ��� � ����� GHz. To
achieve desired values for ���� and ����, obtained from (2) and
(3), respectively, as shown (full line) in Fig. 9(a), the transformer
parameters, i.e., ���, ��, �, and �� are chosen so that the extracted
external quality factors from (12) and (13) could best satisfy those
desired over the tuning range. The resultant extracted ���� and ����

are also plotted (dotted line) in Fig. 9(a). The parameters for the
even mode, i.e., ��, ��, ��, ��, ��, and �� are derived based on (8)
and (9) with 
 � 	 so that the resonant frequencies of the odd and
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TABLE I
PARAMETERS OF THE PROPOSED TUNABLE DUAL-MODE

FILTER (FILTER A) (IN MILLIMETERS) (SEE FIG. 1)

Fig. 10. Measured and EM simulated�-parameters of the proposed filter (filter
A). (a) � and (b) � . The bias voltage is between 2.2–22 V. The 3-dB abso-
lute bandwidth is 85 � 5 MHz from 0.6 to 1.03 GHz.

even modes can be shifted proportionally. Initially, ��, ��, ��, and
�� were chosen as 4, 8, 1, and 1 mm, respectively. After that, �� and
�� are determined from (8) and (9). Note that ��, ��, ��, �� may be
readjusted so that the loading elements of the even mode are within
the square loop of the odd mode. The plot of the separation of the
odd-and even-mode resonant frequencies is displayed in Fig. 9(b). It
is shown that the resonant frequencies of the odd and even modes are
shifted nearly proportionally after the tuning rate of the even mode is
modified. Note that the extracted result of Fig. 9(b) was obtained by
EM simulation and with the I/O structure, whereas the result shown

Fig. 11. Photograph of the fabricated proposed filter (filter A).

Fig. 12. Layout of filter B: (a) with symmetrical structure and (b) with asym-
metrical structure (dimensions refer to Fig. 1).

in Fig. 5 was obtained from the theory without considering the I/O
coupling. Nevertheless, they all showed that both modes can be tuned
proportionally over a certain tuning range.

The parameters for the final layout of the proposed tunable filter,
as referring to Fig. 1, are given in Table I. Full-wave EM simulated
responses of the filter are present in Fig. 10. It can be seen that the tun-
able filter exhibits a nearly constant 3-dB absolute bandwidth (80 � 5
MHz), and its center frequency is tuned from 0.6 to 1.03 GHz with
the capacitance �� of loading varactors changes from 5.0 to 0.6 pF.
To demonstrate this type of tunable filter experimentally, the designed
filter is fabricated as shown in Fig. 11. The matching capacitance�� is
realized by an AVX chip capacitor [24], while the variable capacitance
�� is implemented by a M/A COM MA46H202 varactor [25]. In this
case, three varactors are used, which are applied with a single dc-bias
circuit. The measured results for a dc bias ranging from 2.2 to 22.0 V
are also plotted in Fig. 10, which are obtained using Agilent 8510B net-
work analyzer. From Fig. 10, we can observe that the measured tunable
characteristics are in good agreement with the simulated ones. The ex-
perimental varactor-tuned bandpass filter shows a high selectivity on
the high side of the passband with less than 1.8-dB insertion loss and
more than 10-dB return loss over a tuning range of 41% from 0.6 to
1.03 GHz. The measured 3-dB bandwidth is 85� 5 MHz.

A further discussion is made here on the design. From Fig. 9(a), it can
be seen that the���� does not meet the ideal values after the even-mode
tuning rate being modified. This is because the parameters of the even
mode have the effects on both ���� and the tuning rate. Therefore,
there is a tradeoff in the design, and as a result, the designed bandwidth
would be slightly different from the desired specification. However, the
bandwidth can be readjusted by slightly varying the even-mode reso-
nant frequency. Comparing Fig. 9(a) and (b), it can be seen that when
the extracted ���� is smaller (the coupling to the even mode being
stronger), the separation between the odd- and even-mode frequencies
is smaller, which thus minimizes the variation of the 3-dB bandwidth
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TABLE II
PARAMETERS OF THE PROPOSED TUNABLE DUAL-MODE

FILTER (FILTER B) (IN MILLIMETERS) (SEE FIG. 1)

Fig. 13. EM simulated performance of filter B with symmetrical structure and
asymmetrical structure.

Fig. 14. Desired and extracted �� � � � for the proposed tunable filter
(filter B).

at these frequencies within the tuning range. In addition, it is recom-
mended to design the filter with a slightly larger bandwidth than the
required specification.

B. Tunable Filter with Finite-Frequency Transmission Zero Located
at Low Side of the Passband (Filter B)

Filter B can be designed following the same design procedure as
filter A. The layout of filter B is present in Fig. 12. It should be no-
ticed that the location of loaded varactor for the even mode is different
from that of filter A. This is because the resonant frequency of the even
mode of filter B is required to be lower than that of the odd mode in
order to produce a finite-frequency transmission zero located at low
side of the passband. By employing the similar design procedure, filter
B with a symmetrical varactor loading structure can be designed. The

Fig. 15. Photograph of the fabricated proposed filter (filter B).

Fig. 16. Measured and EM simulated�-parameters of the proposed filter (filter
B). (a) � and (b) � . The bias voltage is between 2.2–22 V. The 3-dB abso-
lute-bandwidth is 91 � 6 MHz from 0.57 to 0.98 GHz.

filter parameters are listed in Table II. In order to reduce the number
of varactors, filter B with an asymmetrical varactor loading structure
can then be developed from the designed symmetrical one. A symmet-
rically loaded element for the even mode can have an equivalent asym-
metrically loaded element as long as the loading point is symmetrical
with respect to the I/O ports (see Fig. 12). Both designs result in the
same filtering responses as shown in Fig. 13. In this case, the only dif-
ference between the two designs, i.e., symmetrical and asymmetrical,
is the loading capacitance for the even mode, as indicated in Table II.
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While the extracted external quality factors for both modes are sim-
ilar to that of Fig. 9(a), the extracted even–odd-mode separation with
respect to the loading capacitance �� shows a different characteristic,
as illustrated in Fig. 14. The 3-dB bandwidth of filter B has a larger
variation than filter A, the reason is that when the coupling to even
mode is stronger, the frequency separation is larger as well, resulting
in a larger 3-dB bandwidth.

The experimental filter for filter B, fabricated using the same sub-
strate as that for filter A, is shown in Fig. 15. It is EM-simulated and
measured responses are displayed in Fig. 16. From Fig. 16, it can be
seen that the measured tunable characteristics are similar to the sim-
ulated ones. The experimental varactor-tuned bandpass filter shows a
high selectivity on the low side of the passband with less than 2.2-dB in-
sertion loss and more than 10-dB return loss over a tuning range of 41%
from 0.57 to 0.98 GHz. The applied bias voltage is between 2.2–22.0 V.
The measured 3-dB bandwidth is 91� 6 MHz over the tuning range.

IV. CONCLUSION

A new type of varactor-tuned dual-mode microstrip open-loop res-
onator bandpass filter has been investigated for the constant absolute
bandwidth tuning. This type of filter can be tuned in a simple manner
by controlling the resonant frequencies of the odd and even modes since
these two operating modes do not couple to each other. Design equa-
tions and design procedures have been present. By applying the design
procedures, two two-pole tunable bandpass filters with opposite asym-
metrical frequency responses have been demonstrated with both sim-
ulated and experimental results. Good agreement between simulation
and measurement is obtained.
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