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ABSTRACT In this study, defected ground structures (DGSs) are applied in the coupling schemes of a
planar tunable filter to achieve constant absolute bandwidth (CAB). The filter consists of parallel-coupled
quarter-wavelength resonators loaded with varactor diodes, and the DGSs are implemented to enhance the
coupling at a certain part. This method enables controlling the ratio between electric coupling and magnetic
coupling and makes the total coupling coefficient inversely proportional to frequency, as required to achieve
CAB. With the DGSs, the tunable resonators can be equalized to stepped-impedance tunable resonators,
which bring wider-frequency tuning range. Moreover, due to the help of the DGS in adjusting the coupling
coefficient curve versus frequency, the resonators maintain their universal widths and are coupled at full
length. Thus, the tunable filter is as compact as a traditional combline filter. Meanwhile, each external
coupling scheme contains a series capacitor and a short-ended stub that is parallel coupled to the first or
last resonator, resulting in external Q factor being proportional to frequency. A second-order tunable filter is
designed and measured, and a wide tuning range from 0.63 GHz to 1.09 GHz together with a constant
bandwidth of 65±4 MHz are achieved. Besides, a transmission zero generated by coupling zero of the
DGS-loaded coupling structure can be observed at the high stopband. The total dimension of the filter is
0.05 λg ∗ 0.15λg, which is more compact than solutions with partial-length coupling schemes. Owing to
the simple structures of the resonators and coupling schemes, the filter solution has the potential to design
high-order tunable filters with CAB, and a compact fourth-order tunable filter with ABC is given with
simulation results.

INDEX TERMS Tunable filter, defected ground structure, constant absolute bandwidth.

I. INTRODUCTION
Modern wireless communication systems increasingly need
reconfigurable RF front ends in which electrically tunable
filters are key components. In many applications, constant
absolute bandwidths (CABs) are desirable for tunable
filters if the telecommunication mode and specifications
need to be unchanged when the frequency varies. In the
literature, tunable filters with CABs are commonly real-
ized using half-wavelength tunable resonators [1]–[3] and
quarter-wavelength tunable resonators [4]–[8]; the latter are
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more compact in dimension and have wider tuning range
of frequency. To achieve CAB, the internal coupling coef-
ficients between resonators should be inversely proportional
to frequency, and this condition is achieved in several ways.
Partial-length coupling schemes are developed in [1]–[4], [7],
providing a suitable ratio between electric and magnetic cou-
pling and needed curves of coupling coefficient versus center
frequency. However, the filters are not compact as tunable
filters with full-length parallel coupling schemes [5], [6], [8]
because the uncoupled parts should be departed with a dis-
tance. To meet the requirements of CAB, stepped impedance
resonators [5] and series LC-loaded resonators [8] are
adopted to adjust the electric and magnetic couplings, and
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inductive coupling is enhanced by introducing a meander
connecting line between resonators [6]. Of course, CAB can
be achieved by providing tunability on coupling coefficients
with varactor diodes [9], but many more varactor diodes are
required with greatly increased complexity in circuit and
tuning.

Wide tuning range of center frequency is also an impor-
tant consideration for practical applications, and this has
not been sufficiently studied in the past [10]–[12]. In [10],
the wide tuning range is achieved with stepped-impedance
quarter-wavelength resonators, but the circuit is not compact
due to the adoption of a partial-length coupling scheme.
A shorter transmission line and a series inductor are used
to obtain a large tuning range of filter frequency, however,
the bandwidth cannot be kept constant [11]. In [12],
ultra-wide frequency tuning range is achieved by using
filter-bank technology in which three tunable filters are
stacked in a multilayered structure. However, the solution
is complex and lossy, and the absolute bandwidth is not
constant.

Many of the published tunable filters [1], [2], [4], [7],
[9], [10] with CABs have a filter order of two, which is
too low to realize high out-of-band rejection. To obtain a
high-order tunable filter with CAB,we need both the two-side
coupling coefficients of an inner resonator to be inversely
proportional to frequency. However, this requirement cannot
be easily satisfied because the resonator can hardly provide
enough design freedoms to two-side coupling schemes simul-
taneously, especially when the resonators are not axisymmet-
ric in structure.

Defected ground structures (DGSs) have been used in the
design of filters [13]–[15]. DGSs applied in coupling schemes
can ensure tight input/output couplings between either a port
and the multi-mode resonator, thus realizing ultra-wideband
bandpass filters [13]. DGSs can also act as resonating ele-
ments on the ground to realize bandstop filters [14] and
dual-band bandpass filters [15].

In this study, a compact tunable combline filter with CAB
and wide tuning range is proposed by loading DGSs under
the resonators and under the parallel coupling schemes. With
the DGSs loaded, the electric coupling and magnetic cou-
pling can be easily adjusted, resulting in the total coupling
coefficient becoming inversely proportional to frequency,
which satisfies the need to realize CAB. Moreover, the DGSs
cause the resonators to become stepped-impedance tunable
resonators, and the frequency tuning range is efficiently
expanded. As the DGSs on the ground layer provide more
design freedom in adjusting the coupling coefficient slopes,
simple universal-width tunable resonators are parallel cou-
pled, and the filter order can be continuously increased.
Unlike many bulky tunable filters using partial-length cou-
plings, the proposed tunable filter has compact dimensions
because the resonators are coupled in full length with no
redundant area.

FIGURE 1. Structure of proposed tunable filter.

FIGURE 2. Equivalent circuit and field distributions of DGS-loaded
tunable resonator.

II. STRUCTURE AND THEORY OF FILTER
Fig. 1 shows the circuit of a proposed second-order tunable
combline filter with constant absolute bandwidth. Here, the
two quarter-wavelength resonators are loaded with varac-
tor diodes at the open ends for electrical tuning of reso-
nance frequencies, whereas each diode is biased with a shunt
capacitor CB and a series inductor LB. A defected DGS is
loaded below the filter to provide constant bandwidth. As the
DGS introduced can greatly reduce the distributive capaci-
tance of the transmission line and achieve high characteristic
impedance conveniently, each resonator can be regarded as
a stepped-impedance resonator with an equivalent circuit
shown in Fig. 2. A wider frequency tuning range can be
achieved [11] compared with that of the varactor-loaded
universal-impedance resonator. Approximately, the electric
and magnetic field have sinusoidal and cosine distributions
along the resonator, respectively, as shown in Fig. 2. The
resonator has the strongest electric field at the end loadedwith
the varactor and the strongest magnetic field at the grounded
end [16].

As shown in Fig. 3(a), the two resonators are parallel
coupled, and the rectangular DGS of certain width, length,
and position is implemented to tune the electric and magnetic
couplings to achieve coupling coefficient, which is inversely
proportional to the resonating frequency, thereby satisfying
the requirement of constant absolute bandwidth [4].When the
DGS is arranged close to the grounded end with the strongest
magnetic field, the magnetic coupling is increased. On the
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FIGURE 3. Structure and equivalent circuit of coupled resonators with
DGS: (a) structure and (b) equivalent circuit.

FIGURE 4. Comparison of microstrip coupled line to DGS-loaded coupled
line: (a) microstrip coupled line and (b) DGS-loaded microstrip coupled
line.

contrary, if the DGS is close to the end loaded varactor, the
electric coupling is increased. By changing the position of
the DGS, the ratio between electric and magnetic couplings
can be adjusted; thus, the slope of the frequency-dependent
coupling coefficient is tuned.

Fig. 3(b) shows the equivalent circuit of Fig. 3(a), contain-
ing three sections of parallel coupled lines, and the section
loaded with DGS has increased even- and odd-mode char-
acteristic impedances because of the decreased distributive
capacitance between the strips and the ground, as shown in
Fig. 4.

A microstrip coupled line has characteristic impedances
expressed as


Ze1 =

1

vpe1
(
Cf + Cp + Cf ′

)
Zo1 =

1

vpo1
(
Cf + Cp + Cf ′ + Cgd + Cga

) , (1)

where Cf 1, Cp, Cf 1′ , Cgd , and Cga are distributed capaci-
tances, and vpe1, vpo1, vpe2 and vpo2 are phase velocities of
even/odd modes.

FIGURE 5. Three k curves with different slopes (calculated with formulas).

FIGURE 6. Two-port simulation model for evaluating even- and
odd-mode characteristic impedances for coupled line section with DGS.

The characteristic impedance changes when the DGS is
implemented as follows:

Ze2 =
1

vpe2Cf1
Zo2 =

1

vpo2
(
Cf1 + Cgd + Cga

) . (2)

Considering that vpe1, vpo1, vpe2, and vpo2 are close in value,
we have

Z2e
Z2o

>
Z1e
Z1o

. (3)

This condition means that the DGS enhances the field cou-
pling where the DGS is implemented, regardless of whether
it is electric or magnetic.

From Fig. 3(b), we can deduce the even- and odd-mode
input admittance of the two-port network as follows [4]:

Yine = jωCv + Yre, (4)

Yino = jωCv + Yro. (5)

Here, Cv is the series equivalent capacitance value of the
varactor diode D1 and

Yre = Y1e1

−jY1e2(Y1e1−Y1e2 tan θe1 tan θe2)
Y1e2 tan θe1+Y1e1 tan θe2

+ jY1e1 tan θe3

Y1e1 +
Y1e2(Y1e1−Y1e2 tan θe1 tan θe2)
Y1e2 tan θe1+Y1e1 tan θe2

tan θe3
, (6)
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Yro = Y1o1

−jY1o2(Y1o1−Y1o2 tan θo1 tan θo2)
Y1o2 tan θo1+Y1o1 tan θo2

+ jY1o1 tan θo3

Y1o1 +
Y1o2(Y1o1−Y1o2 tan θo1 tan θo2)

Y1o2 tan θo1+Y1o1 tan θo2
tan θo3

(7)

The Y matrix of the two-port network in Fig. 2(b) can then
be given as

Y =
(
(Yine + Yino)/2 (Yine − Yino)/2
(Yine − Yino)/2 (Yine + Yino)/2

)
, (8)

Im[Y11(ω0)] = 0, (9)

k =
Im[Y12(ω0)]

b
, (10)

b =
ω0

2
∂Im[Y11(ω0)]

∂ω
|ω=ω0 . (11)

The introduced DGS structure provides three design free-
doms, which are L2, L3, and W3. Here, L2 and W3 are the
length and width of DGS, and larger W3 results in larger
odd- and even-mode characteristic impedances, which can
bring larger coupling for the part. When L3 is increasing,
the DGS section becomes closer to the loaded varactors,
introducing larger electric coupling. By contrast, if L3 is
decreasing, then the magnetic coupling increases. Using the
formulas, we can compute the coupling coefficient curves.
Fig. 5 presents three different curves, which are constant,
increasing, and decreasing monotonously, respectively. This
situation occurs when the DGS is close to the center part,
grounded end, and varactor diodes. Evidently, the curve slope
can be tuned by the position and dimensions of the DGS.
All the dimensions, characteristic impedances, and electrical
lengths of the three cases are listed in Table 1. The even-
and odd-mode characteristic impedances of the DGS-loaded
section are obtained by conducting two-port simulations [17]
with varied port impedance Zv if the symmetric plane is set
to be PMC for even mode and PEC for odd mode, as pre-
sented in Fig. 4. Good matching happens when the port
impedance is equal to the characteristic impedance, and then
the electrical length can be read out from the phase response
of S21.

For practical design, we can simulate and calculate the cou-
pling coefficient by using the eigenmode solver of HFSS [17],
and the following classic formula can be used:

|k| =
f 2h − f

2
l

f 2h + f
2
l

, (12)

where fh and fl are even and odd resonating frequencies
when two resonators are coupled. In HFSS simulation, each
varactor is simply modeled as a series combination of a
tunable capacitor and a resistor by applying lumped RLC
boundaries [17].

Figs. 7 (a, b, c) provide simulated curves of k when the
main parameters of the DGS are changing. Here, L2 and W3
are length and width of the DGS, and L3 is the distance from
grounded end to the DGS. By increasing L2 andW3, one can
efficiently increase the coupling coefficient over the tuning
range of frequency, and adjust the coupling coefficient slope
to a certain extent.

FIGURE 7. Variation of k curves when DGS dimensions change: a) k vs.
L2(L1 = 35, L3 = 27.5, W3 = 6); b) k vs. W3(L1 = 35, L2 = 3, L3 = 27.5.);
c) k vs. L3(L1 = 35, L2 = 3, W3 = 6). All figures are in mm.

We can observe that the k curve slope is mainly domi-
nated by L3. When L3 is smaller and DGS is closer to the
grounded end, the magnetic coupling is larger, and the k
curve slope is more positive. On the contrary, a negative slope
happens when the DGS is closer to the end loaded with the
varactor.

By tuning the three parameters and the distance S1, the
practical k curve can approach an ideal k curve, which is
inversely proportional to frequency, as required for realizing
the tunable filter with CAB.
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FIGURE 8. Input/output coupling circuit for tunable filter with CAB.

FIGURE 9. Circuit and simulated results of a fourth-order tunable filter
with CAB: a) circuit and b) simulated S parameters.

Fig. 8 shows the input/output coupling circuit for achieving
CAB [4], where a parallel coupling scheme is adopted, and
the coupling line is connected to the port through a capacitor
and grounded at the end. For accurate simulation of the
external coupling, the effect of DGS is also counted, as the
DGS also extends to the area of the input/output coupling
circuit. The circuit provides two design freedoms, S2 and C ,
which can be used to adjust both the value and the curve slope
of external quality factorQe, which represents the strength of
external coupling.

Similarly, we can compute Qe after conducting a one-port
simulation of Fig. 8, and the formula is given as follows:

Qe = f0/|f+90◦ − f−90◦ |, (13)

where f0 is the resonant frequency, and f+90◦ and f−90◦ are
the two frequencies with +90◦ and −90◦ phase responses of
S11. To achieve CAB, the Qe should be proportional to the
frequency across the frequency tuning range.

Fig. 9 presents the curves of Qe when the values of S2
and C are changing. As can be observed, the Qe value can
be effectively adjusted by tuning S2, while the curve slope is
mainly affected by capacitance C .

A design procedure for the tunable filter with CAB can be
given as follows:

1) With the specified frequency tuning range, constant
bandwidth and out-band rejection, one can decide the
filter order and select a suitable prototype lowpass filter
with suitable insertion loss ripple.

2) The ideal k curves for inner couplings and the ideal Qe
curve for input/output couplings are computed using
synthesis formulas for classic microwave filters [18].

3) Initial parameters of microstrip quarter-wave length
resonator are given, and a coupled resonator circuit
model is constructed by implementing DGS, as shown
in Fig. 3. By optimizing the parameters of DGS, we can
achieve needed k curves, which are inversely propor-
tional to frequency.

4) External coupling circuits are constructed, as shown in
Fig. 8, and the required Qe curve is achieved, which
is proportional to frequency, by optimizing parameters
such as C and S2.

5) A full circuit of the tunable filter similar to that in Fig. 1
is constructed. Full-wave simulation and optimization
is performed for optimal results.

III. FILTER IMPLEMENTATION AND RESULTS
Based on the proposed circuit in Fig. 1 and the design
method, a tunable bandpass filter was designed with a con-
stant bandwidth of 65 MHz and a frequency tuning range
from 0.68 GHz to 1.05 GHz. The ideal k12 andQe of the filter
are calculated by the constant absolute bandwidth formulas
(14) and (15), and the corresponding curves are shown in
Figs. 3 and 5, respectively.

k12 =
ABW
f0
√
g1g2

, (14)

Qe1 =
f0g0g1
ABW

Qe2 =
f0g2g3
ABW

. (15)

Here, the element values of the lowpass prototype filter are:
g0 = 1, g1 = 0.8431, g2 = 0.622 g3 = 1.3554. The design of
the filter is based on a Rogers substrate with a P/N of 4003 C.
The relative dielectric constant is 3.38 and the thickness is
0.508 mm.

The final dimensions (in mm) of the filter are given as
L0 = 3.4, W0 = 1.1, L1 = 35, W1 = 1, L2 = 3, W2 =
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FIGURE 10. Compared S parameters and photographs of the tunable
filter: a) S11 and b) S21.

0.5,W3 = 6, S1 = 1.2, S2 = 0.33, and L3 = 27.5. The capac-
itance C for input/output couplings is 8 pF. Varactor diodes
with a P/N of SMV1408-040LF (Skyworks) are chosen with
capacitance value ranging from 0.95 pF to 4.08 pF when
the biasing voltage is tuned from 0 V to 30 V. Addition-
ally, the biasing elements have values of CB = 100 pF
and LB = 100 nH.

Fig. 10 compares the simulated and measured S parameter
responses of this filter. The overall size of the filter is 0.15λg×
0.05λg, where λg is the guided wavelength at 0.68 GHz. The
simulated and measured results are in good agreement.

The simulation is conducted with HFSS, and the mea-
surement is conducted by using an Agilent N5230C network
analyzer. The photographs are also given.

When the reverse bias voltage changes from 0.2–25 V,
we can obtain a bandpass filtering response with the center
frequency shifting from 0.68 to 1.05 GHz, and the frequency
tuning range is 54%.Over the entire frequency range, the 1 dB
bandwidth is within 65 ± 4 MHz. The lowest insertion loss
within the passband is 1.7–1.8 dB and the return loss remains
better than 15 dB, which are acceptable for many practical
applications.

The S21 response is asymmetric with higher rejection at
the upper stopband, and a maximum rejection of 40 dB
can be observed at the frequency approximately 200 MHz

FIGURE 11. Compared S parameters and photographs of tunable filter:
a) S11 and b) S21.

TABLE 1. Comparison with previous works.

away from the passband due to mixed electric and magnetic
coupling, provided by the DGS-loaded parallel coupling
structure.

A fourth-order filter is also designed as shown in
Fig. 11 (a). The filter is symmetric in structure and three sepa-
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rate DGSs are used to achieve coupling coefficients inversely
proportional to frequency. The filter applies the same sub-
strate, varactors, and biasing circuits used in the second-
order tunable filter. After circuit optimization, the simulated
S parameters are presented in Fig. 11(b). The center fre-
quency can be tuned from 0.7 GHz to 1.03 GHz when the
capacitance is tuned from 4 pF to 1 pF. Within the fre-
quency tuning range, the return loss is better than 10 dB
and the 1 dB bandwidth is kept as 65 ± 3 MHz. As the
filter order is higher, the out-of-band rejection is much higher.
All the dimensions and parameters are listed as follows:
L0 = 3.4 mm; W0 = 1.1 mm; L1 = 35 mm; W1 =

1 mm; L2 = 8 mm; W2 = 0.5 mm; L3 = 25 mm; W3 =

2.05 mm; S = 0.3 mm; S1 = 1.3 mm; S2 = 1.7 mm;
L4 = 6 mm; W4 = 2.45 mm; L5 = 35.3 mm; C = 10 pF;
LB = 100 nH; CB = 100 pF.

Table 1 presents a performance comparison of this work
and several previously published tunable filters. The results
show that the proposed filter exhibits advanced features such
as compact dimensions and wider frequency-tuning range.

Commonly tunable filters with CABs are larger in dimen-
sion than traditional fixed filters because redundant circuit
areas always exist between resonators when partial-length
coupling schemes are used. However, the proposed tunable
filters can have compact dimensions similar to those of tra-
ditional combline filters. This is partly due to the adop-
tion of quarter-wavelength resonators, and partly by the
full-length coupling schemes between resonators, in which all
the resonators are arranged closely without redundant circuit
areas.

The wider frequency tuning range is obtained because
the resonators are in fact stepped impedance resonators.
Although the resonators are universal in width, they have
higher characteristic impedances where the DGSs are
loaded. As DGSs are responsible for obtaining the CAB,
the resonators and coupling schemes can be simplified,
which is why high-order tunable filter can be designed
conveniently.

IV. CONCLUSION
This paper presented a novel tunable bandpass filter with
a constant absolute bandwidth by adopting full-length par-
allel coupling scheme loaded with DGS. The partial-length
DGS can easily adjust the ratio between electric and
magnetic couplings. The total coupling coefficient can be
inversely proportional to the frequency, which helps achieve
CAB. Furthermore, the partially loaded DGSs cause the
universal-width λ/4 resonators to be stepped-impedance res-
onators in nature. Thus, a broader frequency tuning range
is achieved after varactor capacitors are applied. As the
resonators have universal width and the full-length parallel
coupling scheme is implemented, high-order filters with con-
stant absolute bandwidths can be obtained with dimensions
as traditional combline filters.
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