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Abstract—This paper presents a novel approach to the design of
tunable dual-band bandpass filter with broadband harmonic sup-
pression characteristics. The proposed filter structure offers the
possibility of two tunable passbands, as well as a fixed first pass-
band and controllable second passband. The tunable passband
frequency usually causes a shift of the harmonics, which need to
be suppressed to improve out-of the passband characteristics. In
order to suppress the harmonics over a broad bandwidth, defected
ground structures are used at input and output feeding lines
without degrading the passbands characteristics. Both theory and
experiment are provided to validate the proposed filter. From the
experimental results, it is found that the proposed filter exhibits a
first passband center frequency tunable range of 34.14% from 0.85
to 1.2 GHz with the almost constant 3-dB fractional bandwidth
(FBW) of 13% and second passband center frequency tunable
range of 41.81% from 1.40 to 2.14 GHz with the 3-dB FBW of
11%. The measured results of the proposed filters show a rejection
level of 20 dB up to more than ten times of second passband
frequency can be obtained, thereby ensuring broad harmonics
rejection characteristics without degradation of passbands. The
measurement data have good agreement with the simulation.

Index Terms—Defected ground structure (DGS), dual band, har-
monics suppression, tunable bandpass filter (BPF), varactor diode.

I. INTRODUCTION

LECTRICALLY tunable multiband microwave bandpass
filters (BPFs) are essential components for the multiband
wireless communication and radar systems due to their potential
to significantly reduce system size and complexity. In order to
meet these requirements, various approaches have been applied
to design tunable BPFs using different kinds of tuning devices.
Today, microelectromechanical system (MEMS) devices are
widely used to design tunable filters due to their high ¢J and
high linearity [1]-[4]. However, the high cost and maturity of
RF-MEMS technology limits their application in design of tun-
able devices. The tunable and reconfigurable BPFs can also be
implemented using ferroelectric devices [5], [6], piezoelectric
transducer [7], and p-i-n diodes [8].
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Semiconductor varactors are also widely used in designing
tunable BPFs due to high tuning speed and reliability. Hunter
and Rhodes [9] and Kim and Yun [10] demonstrated a var-
actor tuned combline filter. Brown and Rebeiz [11] reported a
four-pole varactor tuned interdigital filter. Park and Rebeiz [12]
demonstrated two-pole tunable filters with the predefined band-
width characteristics. Tang and Hong [13] designed the tunable
BPF using dual-mode resonators. In order to improve the selec-
tivity of BPFs, the filter with transmission zeros was presented
in [14] and [15]. In [16], ferroelectric capacitors were used to
design tunable BPFs for K a- and U-band applications. In [17],
a substrate integrated cavity filter with wide tuning range is pre-
sented. However, none of the above work addressed the design
of two tunable passbands.

There have been some attempts to design the tunable dual-
passband filters [18]-[21]. However, these works focused on
the design of fixed first passband and controllable second pass-
band. None of the above referenced works focused on design of
two tunable passbands. Djoumessi et al. [22] demonstrated the
varactor-tuned quarter-wavelength dual-band BPF, which had a
huge circuit size, large number of varactor diodes, and biasing
circuits.

With tunable passband frequency characteristic in the tun-
able filters, the harmonic bands, which degrade the out-of pass-
band characteristics, are also tuned. Thus, the suppression of
harmonics is one of the critical issues for the tunable filters.
This issue has rarely been addressed in the design of tunable
dual-band filters. However, some attempts have been made to
solve this problem in the single-band tunable filters [23]-[25].

There have been few dual-band filters having fixed passbands
incorporated with extension of the upper stopband rejection
characteristics [26]-[28]. In [26], the distances among the
higher order resonances of the hairpin resonators are limited so
that the stopband performances need improving. The end-cou-
pled stepped impedance resonators are used in [27] to achieve
excellent stopband rejection. In [28], multiple transmission
zeros are incorporated in order to obtain broadband harmonic
suppression.

In this paper, tunable dual-band BPFs with broad harmonic
suppressed characteristics are presented. From theoretical even-
and odd-mode analysis, it is found that the first passband de-
pends on an odd-mode capacitance, while the second passband
depends on the even- and odd-mode capacitances. Therefore,
the proposed filter structure offers the controllable two pass-
bands, as well as a fixed first passband and controllable second
passband.

To suppress the harmonics, a defected ground structure
(DGS) is used at input/output feeding lines. The band-rejec-
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Fig. 1. (a) Basic structure of the proposed resonator. (b) Odd-mode excitation
equivalent circuit. (¢) Even-mode excitation equivalent circuit.

tion characteristics of the DGS are utilized to suppress the
harmonics.

This paper is organized as follows. Firstly, the characteris-
tics of proposed tunable resonators are discussed in Section II.
Secondly, the design and implementation of the filters along
with the simulation and measurement results are described in
Section III, followed by a conclusion in Section IV.

II. CHARACTERISTICS OF PROPOSED RESONATOR

Fig. 1(a) shows the basic structure of the proposed resonator.
It consists of a transmission line and three varactor diodes. For
the theoretical analysis, it is assumed to be a lossless transmis-
sion line of characteristic admittance ¥ and physical length L.
Two varactor diodes are attached at the ends of the transmis-
sion line and one varactor diode is placed at a center point of
the transmission line. For simplicity, the parasitic elements of
varactor diodes are ignored. Since the structure is symmetrical,
the even- and odd-mode analysis method is applicable to obtain
the resonant frequencies [25].

A. Odd-Mode Excitation Analysis

When the odd-mode excitation is applied to the ends of the
proposed resonator shown in Fig. 1(a), there is a voltage null
along the symmetry plane. Under the odd-mode excitation, it
can be represented by the half circuit, as given in Fig. 1(b). The
odd-mode input admittance is given as follows:

3L
Yin_odd :J woddaul — Y cot (%)]

where (1 is the capacitance of the varactor diode connected at
the end of the line and (3 is the propagation constant of the trans-
mission line. From the resonance condition of Im(Yi, _oqq) =

(1
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0, the odd-mode resonant frequency can be determined as fol-
lows:

odd L Y
fodd X tan (ﬂ—f 1d )

= 2
Up 27['0,/,1 ( )

where v, is the phase velocity. The fundamental odd-mode res-
onant frequency can be used as the first passband frequency.
From (2), it is concluded that the odd-mode resonant frequency
fully depends on the capacitance (1 of the varactor diode con-
nected at the ends of the transmission line. Therefore, the change
of the bias voltage on both end varactor diodes will result in the
change of passband frequencies, enabling the tunability of the
first passband frequency. Moreover, the odd-mode resonant fre-
quencies are not affected by the varactor diode connected at the
center of the transmission line.

B. Even-Mode Excitation Analysis

For the even-mode excitation, there is no current flowing
through the center of the transmission line. Under the even-
mode condition, the proposed resonator can be represented by
the equivalent half circuit shown in Fig. 1(c). The even-mode
input admittance is given as follows:

o Ca2 +Ytan(BL)> 3)

where (5 is the capacitance of the varactor diode connected at
the center of the transmission line. For the resonance condition,
the even-mode resonant frequency can be determined as

f Y2 ta ﬂ—fcvonL
even — 5 o o~ o~ n
| 27['2 fovcn Cv 1 Cu? vp

Y (Cu+ %)

2

4
'R—GUIGUQ ( )

The fundamental even-mode resonant frequency can be uti-
lized as the second passband frequency. From (4), it is observed
that the even-mode resonant frequency depends on C,; and
C,2. Thus, the change of the bias voltages applied to all of the
varactor diodes will also result in the change of passband fre-
quencies, enabling the tunability of the second passband fre-
quency. Moreover, when C, is fixed, the even-mode resonant
frequency can tune with the help of C,2 alone. This character-
istic of the proposed resonator can be used to design a dual-band
BPF with controllable second passband (even-mode resonant
frequency) and fixed first passband (odd-mode resonant fre-
quency).

To verify the above theoretical analysis, a full-wave electro-
magnetic (EM) simulation was carried out by using Ansoft’s
HFSS v11. Two microstrip lines with a characteristic impedance
of 50 Q) are utilized to feed the proposed resonator using loose
coupling to investigate its resonant behavior. The length of res-
onator is fixed at 40 mm.

Fig. 2(a) shows the simulated S3;-magnitude of weak cou-
pling resonator circuit according to different capacitances of
varactor diodes. As capacitances are varied, the odd- and even-
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Fig. 2. Resonant frequencies according to capacitances. (a) Tunable odd and
even mode. (b) Fixed odd-mode and tunable even-mode frequencies with fixed
Cvl = 3.2 pF

mode resonant frequencies are tuned simultaneously. This char-
acteristic of the proposed resonator can be utilized to design a
dual-band BPF with two controllable passbands.

Fig. 2(b) shows the simulated S21 -magnitude of the resonator
circuit in the case where the capacitances of the varactor diodes
connected at the end of the transmission line are fixed. Under
this condition, it is obvious that the odd-mode resonant fre-
quency is fixed and the even-mode resonant frequency can be
tuned by varying the capacitance of the varactor diode con-
nected at the center of the line. By varying the value of C9
from 3.5 to 0.3 pF, the even-mode resonant frequency can be
varied from 1.5 to 2.3 GHz. This characteristic of proposed res-
onator can be utilized to design a dual-band BPF with a fixed
first passband and controllable second passband.

C. External Quality Factor (Q.)

In order to find the external quality factor, the configuration
of the tapped resonator is shown in Fig. 3. To facilitate the anal-
ysis, the effects of line discontinuity are ignored. The input ad-
mittance (Y7,) of the resonator seen from the center of the line
is given as follows:
wCy1 + Y tan (£>

Up

YL = ] (-‘-)CLQ + Y (5)

Y — wC, tan (“’L)

Uy
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Fig.4. Layout for examining the coupling between resonators: physical dimen-
sions: Ly = 17.2, Lo = 3428, L; =14, W, = 1.8, W, = 1.8, W; = 2.4,
Cac1 = 20 pF, and Cyc2 = 3.90 pF. (Physical unit: millimeters).

The overall input admittance (Y3, ) of resonator seen from the
input port is given as follows:

Uy

wCy1 + Y tan (“Ll) Yy, + jY tan <WL)

) :
Q)

The external quality factor (().) is then determined as follows
[24]:

Yin = j +Y

Vp Uy

Y — wCy tan (“’Ll) Y + jY} tan <u,L2

0. = ﬂ@lm [Via)

- 2Y0 dw (7)

w=wg

It can be seen that the lengths of the transmission line L; and
Lo will affect Q... By properly choosing these parameters, the
desired (). can be obtained within the frequency tuning range.

D. Coupling Coefficient (K;)

Fig. 4 shows the arrangement of resonators for EM simulation
to analyze the coupling coefficient between resonators according
to two parameters, 91 and L3, which are gap between the
resonators and coupling length of two resonators, respectively.
The other parameters used in the simulation are shown in
Fig. 4. To decrease the effect of input/output line on the
coupling coefficient between resonators, a weak input/output
feed is used in this filter. In this simulation, the ideal capacitors
were used. The coupling characteristic between resonators are
simulated and drawn with respect to g; in Fig. 5. As seen
from Fig. 5, the separation of resonant frequencies can be
controlled with gy.
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Fig. 6. Calculated coupling coefficient with respect to g1 and L; in case of
Cy1 = 1pFand C,2 = 0.9 pF.

For sake of estimating and designing the two passbands, the
coupling amounts of two bands can be calculated by the fol-
lowing common formulas [29]:

-2 2
fodZ — fodl

-2 -2
fev2 B fevl

Kl ~ K2 ~ (Sa)
iz + fon 2ot 20

Ky A

©: 7 A )

where K7 and Ko, foai, fevi(i = 1,2) are coupling-coeffi-
cient, odd- and even-mode resonant frequencies at first and
second passbands, respectively. With combined adjustments
of fod1, fod2, fevi, and feyo, the first and second passbands
are established and determined. Therefore, bandwidth of the
two passbands can be controlled by changing their coupling
coefficients. For a design graph chart, the coupling behaviors
between resonators are simulated and estimated coupling
amounts are drawn in Fig. 6 as a function of g; and Lj.

III. FILTER IMPLEMENTATION AND VERIFICATION

To verify the analytical analysis of the proposed resonators,
two types of tunable dual-band BPFs were designed, simulated,
and measured. The used substrate is an RT/Duriod 5880 made
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Fig. 7. Configuration of filter I with physical dimensions and varactor diode
equivalent circuit model: L, = 17.2, Ly = 27.6, L; = 5.3, L, = 10,
W'l = 1.87"‘/2 = 24,“;'3 = 1.8,[}1 = 0-43Cdcl =20 pF,Cdcz = 3.90 pF,
Cp, =031pF, R, =1.2Q, L, =0.7 nH. (Physical unit: millimeters).
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Fig. 8. Measured capacitance and series resistance (R ) of the varactor diode
SMV 1233-079LF.

by the Rogers Corporation with a dielectric constant (&,.) of 2.2
and thickness (£) of 31 mil.

A. Filter I: Tunable Dual-Band BPF Without Harmonic
Suppression

Fig. 7 depicts the configuration of the second-order microstrip
tunable dual-band filter I. In the proposed filter, four varactors
are attached at the ends of the two microstrip lines and two var-
actor diodes are attached at the center of the two microstrip lines.

The resonators are folded in order to reduce the size, forming
open loops. The varactor diodes are SMV1233-079LF from
Skyworks Solutions Inc. The input/output lines are tapped at the
resonators. Two capacitors (Cye1) are attached in the feeding
lines, functioning as a dc block. Another two dc block capaci-
tors (Cycz2) are attached at the center of line.

The simulation was accomplished by using Agilent Technolo-
gies’ 2011 Advanced Design System (ADS). In this simulation,
the SPICE model of the varactor diode provided by the man-
ufacturer was used, as shown in Fig. 7. After the simulation,
the physical parameters and component values of the filter
are determined as shown in Fig. 7. The measured capacitance
and series resistance (I?;) of the varactor diode is shown
in Fig. 8.

Fig. 9 shows the simulation and measurement results of filter I
for several typical bias voltages. The measurement results agree
well with the simulation results. The measurement results show
that the first passband frequency can be tuned from 0.85 to
1.2 GHz with almost constant 3-dB FBW of 13% and the second
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Fig. 9. Simulation and measurement results of filter I with tunable both
passbands. (a) Return loss. (b) Insertion loss. Reverse bias voltage variation:
Vewr =15~ 15Vand Vo =04 ~ ISV,

passband frequency can be tuned from 1.40 to 2.14 GHz with a
3-dB FBW of 11%.

The return loss is better than 12 dB in the overall tuning
range of both passbands, as shown in Fig. 9(a). The insertion
loss varies from 0.85 to 2.42 dB at the first passband frequency,
whereas it varied 1.20 to 3.30 dB at the second passband fre-
quencies, as shown in Fig. 9(b). As the passbands are tuned to-
ward lower frequencies, the insertion loss becomes higher be-
cause the microstrip line becomes electrically shorter as a result,
decreasing the overall resonator () value.

For each bias voltage, the proposed filter provides three trans-
mission zeros near the passbands in order to improve the selec-
tivity of the filter. The two transmission zeros generated by two
arms (from the tapping position to two ends of open loop, as
shown in Fig. 7) corresponds to an electrical length of 90° at the
frequencies of transmission zeros. The remaining transmission
zero located on the higher side of the second passband is gener-
ated as result of the input impedance viewed from the tapping
position toward center loaded varactor diode, and approaches
zeros at the frequency of a transmission zero. These transmis-
sion zeros move along the passbands.

Fig. 10 shows the simulation and measurement results of filter
I with the fixed first passband and controllable second passband
frequency. As seen from this figure, the first passband frequency
is constant at 1.070 GHz with 3-dB FBWs of 13% by keeping the

2119

First Passband Second Passband
—

Magnitude, S,, (dB)
&
o

------ Simulated
-40 —— Measured
-50 |
0
06 09 12 15 18 21 24 27 3.0
Frequency (GHz)
(@)
10
- First Passband Second Passband
m 0
=
= 10
)
g 2
a -
= -30
=)
S -40-
S04 e Simulated
—— Measured
-60 ———————T————
06 09 12 15 18 21 24 27 3.0
Frequency (GHz)
(b)

Fig. 10. Simulation and measurement results of filter I with fixed first passband
and tunable second passband. (a) Return-loss and (b) insertion-loss characteris-
tics. Reverse-bias voltage variation: Vipy = 5.45 Vand Ve po = 3.08 ~ 15V,

Fig. 11. Photograph of fabricated filter 1.

bias voltage of varactor diodes connected at the line ends fixed.
The second passband is controlled with the bias voltage of the
varactor diode loaded at the center of the line. From the measure-
mentresult, it is found that the second passband frequency can be
tuned from 1.70 to 1.98 GHz with almost constant 3-dB FBWs of
11%. The return loss is better than 15 dB for entire tuning range
ofthe second passband, as shown in Fig. 10(a). The insertion loss
varies from 1.15t02.76 dB, as shown in Fig. 10(b). Fig. 11 shows
a photograph of the fabricated filter 1.
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gL = 064, g2 = 04, Cqe; = 20 pF, Cae2 = 3.90 pF. (Physical unit:
millimeters).

B. Filter II: Tunable Dual-Band BPF With
Harmonic Suppression

From the simulation and measurement results described in
Section III-A, it is found that there are several harmonics of the
two passbands and these harmonics are also tuned by varying
the passband frequencies. These unwanted harmonics gener-
ated by the filter must be suppressed. A simple method of sup-
pressing the harmonic is to introduce a transmission zero at the
harmonic frequency [30]. However, this method will be inef-
ficient because it can only suppress the harmonics around a
specific frequency. In the case of the tunable dual-band BPF,
the range of variation of the harmonic frequency variation is
too broad, which are not sufficient to cancel harmonics by the
simple transmission zero circuit.

The DGS of the microstrip line is implemented by making
artificial defects on the ground plane and provides band-rejec-
tion characteristics at a certain resonance frequency band cor-
responding to the size of defect and its shape on the ground
plane. The DGS also provides an additional effective induc-
tance of the transmission line, which enables the slow-wave
factor of line to be increased. These band-rejection properties
and slow-wave effect of the DGS have been applied in the de-
sign of various microwave circuits such as filters, dividers, and
amplifiers [31]-[33]. In microwave circuits, the band-rejection
property of the DGS can also be utilized in the suppression of
harmonics [34]-[37].

Fig. 12 shows the proposed configuration of the harmonic
suppressed tunable dual-band filter II. In this structure, DGS
is used at the input/output feeding lines for inducting coupling
and acts as a broad band-rejection resonator to suppress the har-
monics of filter I. The methods for finding the equivalent cir-
cuits of DGS are detailed in [33]. The EM simulation was per-
formed using Ansoft’s HFSS v11 while considering ideal capac-
itors. After simulation, the physical parameters and component
values of the filter are determined as shown in Fig. 12.

Fig. 13 shows the simulation and measurement results of
filter II. The passband frequencies are controlled with the
help of the bias voltages of the varactor diodes. From the
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Fig. 13. Simulation and measurement results of filter I with tunable both
passbands. (a) Return-loss and (b) insertion-loss characteristics. Reverse-bias
voltage variation: Vep,1 = 1.8 ~ I5Vand Ve =1 ~ 15V,

measurement results, the first passband frequency can be tuned
from 0.85 to 1.2 GHz with 3-dB FBW of 13% and the second
passband frequency can be tuned from 1.45 to 2.08 GHz with
a 3-dB FBW of 11%. The return loss is better than 13 dB
over the entire tuning range of the passbands, as shown in
Fig. 13(a). The insertion loss varies from 1.32 to 3.4 dB at the
first passband and 1.8 to 3.80 dB at the second passband, as
shown in Fig. 13(b).

The differences in insertion loss between the simulation and
measurement results are due to use of ideal capacitances in EM
simulation. These measurement results for filter II are almost
similar with filter I results provided in the previous section, ex-
cept for the suppression of the harmonic characteristics.

Fig. 14 shows the simulation and measurement results of
filter II with a fixed first passband and controllable second
passband frequency. The first passband frequency is held
constant at 1.070 GHz by fixing the bias voltage of varactor
diodes connected to the ends of the line. The second passband
frequency is tuned from 1.75 to 1.97 GHz. The return-loss
variation is better than 15 dB throughout the tuning range of
the passbands. Similarly, the variation of the insertion loss is
1.87 to 3.2 dB over the entire tuning range.

In order to verify the harmonic suppression characteristics
of filter II, the broadband harmonic suppression characteris-
tics are shown in Fig. 15. The stopband characteristics for fab-
ricated filter II are better than —20 dB up to 18 GHz for the



CHAUDHARY et al.: HARMONIC SUPPRESSED DUAL-BAND BANDPASS FILTERS WITH TUNABLE PASSBANDS

10
First Passband Second Passband
—~ 04
1]
S
& -10 4
g
2 -20
s
=]
©
= 304 0 Simulated
—— Measured
-40 T T T T T T T
06 09 12 15 18 21 24 27 3.0
Frequency (GHz)
(@)
10

First Passband Second Passband
_ fe—

Magnitude, S, (dB)
&
o

-50 ¥
----- Simulated ¢
-60 - —— Measured
-70 T T T T T T T
06 09 1.2 15 18 21 24 27 3.0
Frequency (GHz)
(b

Fig. 14. Simulation and measurement result of filter I with fixed first passband
and tunable second passband. (a) Return-loss and (b) insertion-loss characteris-
tics. Reverse-bias voltage variation: Vi1 = 3.60 Vand Ve yo = 4.2 ~ 15V,

“—\——

Magnitude, Sy4, Sy¢ (dB)

6 8 10 12 14 16 18
Frequency (GHz)

Fig. 15. Measured broadband harmonic suppression characteristics of filter I
in overall tuning range passbands.

entire tuning range of the passbands. This means that the pro-
posed structure can suppress more than tenth-order harmonics
of the second passands due to band-rejection characteristics of
DGS. This confirmed that the proposed method can achieve
broadband harmonic suppression without degrading its pass-
band’s performances. Fig. 16 shows photographs of the fabri-
cated filter II.

Fig. 17 presents the measured power handling capability of
the proposed filter. From the measurement, it was found that the
proposed filter can handle from 7- to 12-dBm power without any
distortion in passbands. The input third-order intermodulation
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Fig. 17. Measured S2; with different input powers at bias voltages: V..., =
3.7Vand V,.,» = 3.5 V.

intercept point (IIP3) is measured around 1 and 2.14 GHz with
1-MHz spacing. The measured IIP3 is around 24 dBm and 29
dBm at 1 and 2.14 GHz, respectively.

Performance comparisons of the proposed tunable filter with
other tunable filters reported in the literature are summarized in
Table 1. The proposed filter can provide the tunable dual-band
passbands characteristics with broader frequency tunability
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TABLE I
PERFORMANCE COMPARISON AMONG TUNABLE FILERS

Frequency Tunablity [GHz] Harmonic
Suppression

Ist Passband |2 Passband Order
[10] 1.875-2.125 X X
[12] 0.85-1.40 X X
[13] 0.6-1.03 X X
[15] 1.5-2.2 X X
[16]  [33.6-36/48.1-52.1 X X
[17] 0.98-3.48" X X
[18] Fixed @1.15 2.12-2.51 X
[19] Fixed @2.43 5.28-5.74 X

[22] 2.20-2.7 3.45-420 | -20dB up to 1.75%

[25] 0.94-1.44 X -15 dB up to 4f;

[26] Fixed @ 2.40  |Fixed @ 5.20 | -22 dB up to 10,

[27] Fixed @ 2.45  |Fixed @ 3.60 | -20 dB up to 3f;

[28] Fixed @ 2.40 Fixed @ 6.0 |-30dB up to 8.3f;

-20dB
more than to 10/;

This work |  0.85-1.20 1.40-2.14

*Substrate Integrated evanescent-mode high Q-cavity filter

than previously proposed filters. The simultaneous dual-band
frequency tuning and the only second band frequency tuning
are also obtainable in addition to broadband harmonic rejection
characteristics.

IV. CONCLUSION

In this paper, designs for harmonic suppressed tunable
dual-band BPFs have been demonstrated. Both the theoretical
analysis and experiments are described to validate the proposed
structure. The DGSs are utilized to reject harmonics. The
experimental results are in good agreement with the theoretical
predictions. The experimental results showed that the first
passband can be tuned within 34.1% frequency tunability
range from 0.85 to 1.2 GHz and the second passband within
41.8% frequency tunability from 1.40 to 2.14 GHz with the
constant fractional bandwidth and passband shape. The pro-
posed method can suppress more than tenth-order harmonics of
second passbands, thereby ensuring broadband rejection char-
acteristics without any degradation of passband characteristics.
For all the tuning states, transmission zeros are realized near the
passband frequencies, which provides the high selectivity of
the filter. The proposed filter design method can be applicable
to selectable multimode or multiband applications.
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