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Abstract—In this paper, a novel tunable coupling mechanism
with bandwidth-tunable capability is presented. Metallic via has
been utilized to construct the coupling structure, namely via-
coupling. Studies show that the via-coupling mechanism provides
more flexibility and owns better tolerance to fabrication errors
than the traditional gap-coupling. By employing varactor in
parallel with the metallic via, the coupling coefficient between
each resonator pairs can be effectively tuned. It is worth noting
that only one varactor is required for each resonator pair.
The lumped-circuit model of the tunable coupling mechanism
is investigated and extracted by classical theory derivation and
simple programming. For verification, a fourth-order quasi-
elliptic bandpass filter (BPF) and a bandwidth-tunable one are
designed, fabricated, and measured. For the bandwidth-tunable
BPF, the factional bandwidth varies from 2.52% to 5.04%,
meaning a double tuning range. The in-band insertion loss varies
from 2.8 to 4.8 dB, and the return loss is better than 17 dB. If
needed, BPFs with Nth-order (N > 4) could be designed based
on the proposed tunable coupling mechanism and only (N + 1)
varactors are required.

Index Terms—Bandpass filter (BPF), bandwidth tunable,
gap-coupling, quasi-elliptic response, varactor, via-coupling.

I. INTRODUCTION

ECENTLY, microwave systems with multiband and mul-

tifunction become more and more attractive due to
the increasing demand of modern wireless communications.
Such systems mainly require circuits and components owning
capabilities of dealing with different frequency bands and/or
bandwidths. Accordingly, tunable microwave filter, which is
an essential component for reconfigurable front ends, emerges
as a very hot topic in microwave area. Various kinds of
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Fig. 1. (a) Diagram of the via-coupling. (b) Diagram of the gap-coupling.
(c) Lumped-circuit model for the via structure. (d) Lumped-circuit model for
the gap structure.

tunable filters have been developed by using semiconductor
varactors, microelectromechanical system technology [1]-[3],
yttrium—iron—garnet technology [4], piezoelectric transduc-
ers [5], and so on. Among them, varactor-tuned bandpass
filters (BPFs) are widely researched and explored due to their
small size, rapid tuning speed, and low cost [6]-[24].

In the past decades, research on tunable BPFs
mainly focuses on controlling center frequency of the
passband [6]-[16]. Recently, a few works develop BPFs with
bandwidth tunability [17]-[24]. Among them, two famous
methods have been applied to realize bandwidth control. One
method is to control couplings between resonators [17]—-[20].
In [17], for example, a varactor pair is symmetrically added
between each resonator pair so as to control the coupling
level. However, the employment of numerous varactors will
enlarge total insertion loss and fabrication cost, especially
for the higher order bandwidth-tunable BPFs. The other
method is to control different frequency modes of multimode
resonator by disposing varactor diodes at the specific
positions of the resonator [21], [22]. For instance, a tunable
wideband BPF based on a stub-loaded triple-mode resonator
is presented in [22], and bandwidth tunability is realized
by tuning different frequency modes. However, this method
cannot be easily utilized in higher order bandwidth-tunable
BPFs. Therefore, further research on higher order BPFs with
bandwidth tunability by using as few as varactors needs to
be conducted.

In this paper, a novel tunable coupling mechanism, which
is realized by one ordinary metallic via and one varactor
to tune the coupling level between each resonator pair, is
investigated. First, the coupling mechanism using metallic via,
namely via-coupling [see Fig. 1(a)], is carefully studied and
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compared to the traditional gap-coupling [see Fig. 1(b)] in
end-coupled structure. The comparison shows that the via-
coupling features better fabrication tolerance and more design
flexibility, which is significant in industrial applications. Then,
the working principle of the proposed tunable via-coupling is
presented. Based on this tuning structure, a fourth-order quasi-
elliptic BPF with bandwidth control is designed, fabricated,
and measured as an example for verification. Because only one
varactor is needed between each resonator pair, the proposed
bandwidth-tunable BPF requires fewer varactors as compared
to previous relevant works. Moreover, the proposed BPF
possesses the via-couplings as main couplings and the gap-
coupling as cross-coupling, resulting in high selectivity for
the passband.

II. TUNABLE VIA-COUPLING MECHANISM

In modern microwave devices and systems, metallic vias
are generally employed as shorting pins to connect metals
at different layers. As the development of the PCB process,
metallic vias can be easily and accurately manufactured by
chemical electroplating technique or silver conductive paste
baking technique. Both the diameter and position of a metallic
via can be precisely defined in the fabrication process. In this
section, the characteristics of the via-coupling are studied by
means of both the coupling coefficient and the lumped-circuit
model.

A. Comparison Between Via-Coupling and Gap-Coupling

The via-coupling can be realized by sharing one metallic
via between two short-ended resonators as shown in Fig. 1(a).
Similarly, as shown in Fig. 1(b), the diagram of the traditional
gap-coupling is achieved by the gaps between two open-ended
resonators. For the sake of comparing and analyzing, the via-
coupling and gap-coupling are investigated under the identical
conditions. In this section, the coupling coefficient is used for
analysis.

According to the coupled resonator theory, the coupling
coefficient between two coupled resonators with the same res-
onant frequencies can be extracted by the following equation:

| s
I T I
where fp1 and fj, denote the two split resonant frequencies
of the coupling structure.

By using (1), the coupling coefficients of the via-coupling
versus normalized line widths w/h and normalized via diam-
eters d/h are shown as the curves in Fig. 2(a), where h
is the height of the substrate. Similarly, Fig. 2(b) shows
the absolute values of the gap-couplings versus normal-
ized widths w/h and normalized gaps g/h. By comparing
Fig. 2(a) and (b), it can be seen that the via-coupling decreases
moderately and smoothly as d/h increases (not too sensitive
to the physical parameters), while the gap-coupling decreases
rapidly in the strong coupling region (especially when g/h
is below 0.3). It means that in the strong coupling region,
the fabrication tolerance of the via-coupling is much better
than that of the gap-coupling. It is also fortunate to find that
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Fig. 2. Coupling coefficients |M| versus normalized widths w/h or
normalized diameters d/h. (a) Via-coupling. (b) Gap-coupling.

the gap-coupling also changes smoothly in the weak coupling
region (g/h is over 0.5). It means that the gap-coupling
also owns good fabrication tolerance in such region. In BPF
designs, the cross-couplings, which are generally weaker than
the main couplings, can be applied to improve the sideband
selectivity. Therefore, it is considered that a BPF with the
via-couplings as the main couplings and the gap-couplings as
the cross-couplings would own high selectivity and excellent
fabrication tolerance simultaneously. Based on this concept, a
quasi-elliptic response BPF will be designed in Section III-A.

B. Determination of Lumped-Circuit Model of Via-Coupling

In addition to the coupling coefficient, the lumped-circuit
model will also be helpful in understanding the character-
istics of the coupling mechanism. Ignoring radiation and
material losses, the lumped-circuit models of the via struc-
ture and gap structure are shown in Fig. 1(c) and (d),
respectively. The series inductors, Li; and Lpp, are to
model the current changes, which caused by the metallic via
(usually L1; = L); the parallel L1, models the inductance
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Fig. 3. (a) Diagram of the simplest via-coupling where imaginary line p-p’

is the central division line. (b) Circuit model of the via-coupling in which the
metallic via is replaced by its lump-element circuit model.

of the metallic via itself. Similarly, the parallel capacitors,
C11 and Cy;, represent the end capacitances to the ground;
series Ciy is the gap capacitance between the two resonators.

To contribute to the study of coupling tunability, a method to
extract the lumped parameters (L11/Ly> and Lip) of the via-
coupling structure is presented. As shown in Fig. 3(a), the
metallic via is set at the middle (reference plane p-p’) of the
transmission line to form a two-port network, where f and
[ are the propagation constant and the physical length of the
transmission line, respectively. Then, this network is simulated
in Ansoft HFSS to obtain its S-parameters, denoted as [Sy].
The equivalent circuit model of Fig. 3(a) is given in Fig. 3(b),
where the metallic via is replaced by its lumped-circuit model.
Accordingly, the ABCD matrix [A] of the model in Fig. 3(b)
can be obtained as follows:

[A] = [A11[A2][A3][A2][A1] 2
where
[ cospl JjZosin pl
[A1] = | jYosin Bl cos fl :| (3a)
(Aol =|y 7 “’f“} (3b)
r 1 0
[A3] = 1 (3¢)
| joLi2

As mentioned above, [A;], [A], and [A3] are the ABCD
matrix of the transmission line, L11/L2> and L1, respectively.
Zy and Y( are the characteristic impedance and admittance
of the transmission line. By transforming [A] into the scat-
tering parameters matrix [Sg] and making [Sg] = [Sn], the
values of Lij/Ly; and Li» can be calculated by means of
simple programing. Accordingly, the relationship between the
equivalent inductances and the physical parameters is extracted
and shown in Fig. 4, where the substrate used is the Rogers
RO4003C with a relative permittivity of 3.38 and a thickness of
0.813 mm. The extraction of the equivalent inductances will
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Fig. 4. Calculated values of L11/Lyy and Lq;.
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Fig. 5. (a) Diagram of the tunable via-coupling structure where RFC means
the RF choke realized by a resistor with a large value of 50 KQ. (b) Lumped-
circuit model for the tunable via-coupling structure.

be very helpful and instructive for constructing the tunable
via-coupling structure in Section II-C.

C. Novel Tunable Via-Coupling Mechanism

According to the investigation of the lumped-circuit model
for the via-coupling, it is found that the via-coupling possesses
a potential capability of tunability. As shown in Fig. 5(a),
an electronic tuning circuit is attached to the resonator, in
which C,; is the capacitor for dc block, Cp; is the varactor
for tuning, and RFC represents a resistor with a large value of
50 KQ for RF choke. This tuning circuit is set at the geometric
center and in parallel with the metallic via. Accordingly, the
equivalent model of tunable via-coupling can be presented as
shown in Fig. 5(b), where the tunable capacitance C,; can be
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of C,. (under the situation of Ljj or Lyp = 0.05 nH and L = 0.1 nH).

Fig. 7. Layout of the proposed end-coupled BPF with quasi-elliptic response.

obtained as
_ CuiCy;
Cai + Chi’
Due to the utilization of C,;, the coupling coefficient of
the via-coupling can be effectively tuned. Fig. 6 shows the
changing of C, against coupling coefficient when Li; or
0.05 nH, and Li; = 0.1 nH for w = 1.2 mm
and d = 0.8 mm. As can be seen, the coupling coefficient
increases with the value of C,, resulting that the bandwidth
will be broadened. This novel bandwidth-tunable mechanism
only needs one varactor between each two resonators, which
means the parasitic effect of varactor can be reduced. It is
especially important for the higher order BPF designs.

Cyi i=1,2,3.... )

Ly =

III. FILTER DESIGNS

To verify the applicability of the via-coupling, a fourth-order
quasi-elliptic response BPF is designed. Based on it, a four-
order BPF with bandwidth agility is also designed to show the
advantage of the novel tuning structure.

A. Fourth-Order Quasi-Elliptic Response BPF

In most wireless communication systems, BPFs with high
selectivity are more desirable. A most popular method to
realize high-selectivity BPFs without enlarging the circuit
size is to generating transmission zeros (TZs) close to the

Frequency (GHz)

Fig. 8.  Synthesized and simulated results for the designed quasi-elliptic
response BPF.

passbands by introducing cross-couplings between nonadja-
cent resonators. For a fourth-order BPF with cross-coupling
between the first and fourth resonators, two TZs can be easily
generated to obtain a quasi-elliptic frequency response. The
condition is that the cross-coupling should have an opposite
sign to the main couplings so that signals from the two paths
will eliminate each other at certain frequencies. It is the
signal elimination that generates TZs. Based on this concept,
a fourth-order end-coupled BPF with quasi-elliptic response is
proposed by combining the via- and gap-couplings. Its layout
is shown in Fig. 7. The first and fourth resonators are A/4
resonators, while the second and third resonators are A/2.
All the resonators are bended to form a split ring so that the
open ends of the two 4/4 uniform impedance resonators (UIRs)
can couple to each other through the gap-coupling. The gap-
coupling contributes to the cross-coupling, which has an
opposite sign to the main via-couplings. The physical lengths
of the A/4 and A/2 resonators are approximately equal to R;0;
and R;0,, respectively. The main via-couplings depend on the
diameters di and d5, while the cross-coupling is controlled by
the coupling gap g.. The feeding point is dependent on R;0.
If a quasi-elliptic BPF with a center frequency of 3.25 GHz,
a 0.2-dB-ripple fractional bandwidth (FBW) of 7.4%, and two
TZs at 3.1/3.4 GHz are required, the coupling matrix and the
external quality factor Qf can be generated as follows [25]:

0 0052 0  —0015
0052 0 0052 0
MI=1 "0 0052 0 0052
—0015 0 0052 0
0p = 175. )

Accordingly, the physical parameters can be obtained:
ws50Q = 2.2 mim, wfr = 04 mim, lf =20 mm, 9f = 49.20,
w = 3 mmR; = 150 mm, 8, = 58.7°, 6, = 119.0°,
diy = 0.6 mm, d» = 0.6 mm, and g, = 1.2 mm. Fig. 8 shows
the simulated responses of the designed quasi-elliptic BPF
together with the synthesized results for comparison. Good
agreements have been observed except the slight shifts in the
TZs. The shifts are because of a small quantity of power
leaking from the first/second resonators to the third/fourth
resonators, resulting a nonzero M3 and M4 in the coupling
matrix. There is one important thing to mention that the
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Fig. 9. Simulated Sp; of quasi-elliptic response BPFs with different
(a) center frequencies and (b) fractional bandwidths.

cross-coupling gap (g.) is in the weak coupling region of
Fig. 2(b). Therefore, all the coupling parameters (g., di,
and dp) are insensitive to fabrication errors. This means the
proposed structure still owns excellent fabrication tolerance
although the gap-coupling is used.

This proposed design has high flexibility of tuning not only
for its center frequency, but also for its bandwidth. By just
changing the radius of the ring, R;, the center frequency of
the passband can be tuned without affecting the FBW, which is
shown in Fig. 9(a). Fig. 9(b) shows the transmission responses
(821) of BPFs with the same center frequencies and different
FBWs. The FBW varies in a wide dynamic range, from 1.56%
to 26.3%. To obtain Fig. 9(b), we change w and keep di
and d, unchanged first so that the FBW varies. However, the
center frequency will be also affected by w. Then, according
to Fig. 9(a), the center frequency could be fine tuning to
remain the same by changing R;. In a conclusion, the proposed
structure shows much flexibility in quasi-elliptic response BPF
design, giving a theoretical basis for electrically tuning.

B. Fourth-Order Bandwidth-Tunable BPF

Fig. 10 shows the layout of the proposed bandwidth-tunable
BPF. In this section, the physical parameters are determined
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Fig. 11. Simulated results of the bandwidth-tunable BPF. (a) Sy;. (b) Sp1.

to form a good passband performance after optimization:
w5 = 1.8 mm, w/f = 0.4 mm, l’f = 2.0 mm, 9} = 52.8°,
w =12 mmR = 17.3 mm, 0§; = 57.8°, 6, = 117.6°,
d; = 0.8 mm, d}, = 0.8 mm, and g, = 2.6 mm. The substrate
used is the Rogers RO4003C with a relative permittivity of
3.38 and a thickness of 0.813 mm. To realize bandwidth tuning
and maintain good passband performance, five varactors are
added to tune the couplings and Q. Among them, three
varactors are attached in parallel with the metallic via to realize
the tunable coupling coefficient and the other two are set at
the feeding line to make Qg keeping appropriate when the
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TABLE 1 0
DETAILED SIMULATION VALUES OF VARACTORS
Cases 1 2 3 4 5 6 -107
Cpi (pF) 0.57 0.93 1.6 2.6 3.7 4.8
Chr (pF) 0.63 1.7 2.6 3.6 4.2 5.2 -
Cis (pF) 0.5 0.7 1.7 5.5 7.3 8.5 ®” 204
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Fig. 12. Measured and simulated results for the fabricated quasi-elliptic 2204
response BPF.
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Fig. 13. Photograph of the fabricated fourth-order bandwidth-tunable BPF.

coupling coefficient is tuned. The varactor diodes JDV2S71E
from Toshiba with a tunable capacitance of 0.57-9 pF are used
and the dc blocks C,1, C42, and Cg3 are chosen as 2.5, 2.5, and
0.5 pF, respectively. Fig. 11 shows the simulated responses of
the designed bandwidth-tunable BPF, where the corresponding
values of C,; for six different cases are listed in Table I.
It can be observed that the center frequency of the passband
will be shifted during the bandwidth tuning. The reason is
that the coupling tuning between two coupled resonators
is actually realized by tuning one of the split resonant
frequency with the other being almost unchanged. It should
be mentioned that (N + 1) varactors are required for an
Nth-order bandwidth-tunable BPF.

IV. MEASUREMENT

For the purpose of verification, the above-mentioned BPFs
are fabricated and measured by Agilent E8363C network
analyzer.

A. Fourth-Order Quasi-Elliptic Response BPF

The BPF designed in Section III-A is fabricated and
measured. Its measured and simulated results are shown
in Fig. 12. Good agreements are observed, implying tolerance
to fabrication errors to a certain extent. The measured in-
band insertion loss, including the loss from SMA connectors,

(b)

S-parameters (dB)

70 L L L
2.0 2.5 3.0 35 4.0 4.5

Frequency (GHz)
(©)

Fig. 14. Measured results of the bandwidth-tunable BPF. (a) Narrowband
view of Si1. (b) Narrowband view of S»1. (c) Broadband view of case 1.

is around 1.2 dB and the in-band return loss is greater than
12 dB. Two TZs are realized close to the passband edge
at 3 and 3.42 GHz, which guarantee high selectivity. The
second-order harmonic is suppressed to some extend because
two A/4 UIRs are employed.

B. Fourth-Order Bandwidth-Tunable BPF

The bandwidth-tunable BPF mentioned previously has also
been fabricated measured to verify the characteristics of the
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TABLE 11
DETAILED VALUES OF BIAS VOLTAGES
Cases 1 2 3 4 5 6
Vi (V) 30 12 7.5 4.5 3 2
V> (V) 20 7 4.5 3.15 2.5 1.75
V5 (V) 30 17 7 1.6 0.7 0
TABLE III

COMPARISON TO PREVIOUS BANDWIDTH-TUNABLE BPFs

Fllt:rra(;:gfr/ tfﬁz; Insertion Return Size(/y X
number range (%) loss(dB) | loss (dB) L)
[17] 4/10 2.2-8 5.2-6.2 N/A 0.2x0.28
[18] 2/9 2.2-11.2 3.1-15.6 N/A 0.18x0.25
[21] 4/6 2234 0.8 11 N/A
[22] 3/6 14-64.4 1-2 15 N/A
5.76-8.55 1.99-4.42 9
(23] 2/6 8.28-12.42 1.64-4.2 9 0.16x0.23
[24] 2/6 4-12 1-3 9 0.11x0.11
This 4/5 252504 | 3-476 17 0.16x0.14
work

proposed tunable coupling mechanism. Fig. 13 shows its
photograph. The simulated and measured results are shown in
Fig. 14. The detailed values of bias voltages V; (i = 1, 2, 3) for
six different cases have been given in Table II. The in-band
insertion loss, including the loss from SMA connectors and
the varactor-diodes, varies from 2.8 to 4.8 dB. The measured
return loss is better than 17 dB. The FBW changes from 2.52%
to 5.04%, which means a double tuning range. It can be seen
from Fig. 14(c) that the proposed bandwidth-tunable BPF does
also feature good stopband rejection performance.

Table III summarizes the comparison of the proposed design
to the previous bandwidth-tunable BPFs. As can be seen,
the proposed filter features competitive performance, such as
number of varactors, insertion loss, and return loss, making it
a good candidate for higher order bandwidth-tunable BPFs.

V. CONCLUSION

In this paper, a novel tunable coupling mechanism is
investigated and the corresponding bandwidth-tunable BPF is
presented. The proposed via-coupling features better fabrica-
tion tolerance as compared to the traditional gap-coupling,
which is useful and attractive in many practical and industrial
applications. The insertion loss of the designed bandwidth-
tunable BPF is comparatively small because only one varactor-
diode is required for each coupling. Moreover, higher order
designs can be conveniently realized, showcasing a promising
choice for modern and future communication systems.
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