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ABSTRACT This paper presents a new loading scheme for adding the varactor and PIN diodes into a quarter-
wavelength (A/4) resonator. Based on this, a novel reconfigurable filter with simultaneously tunable and
switchable passband is introduced. Constant absolute bandwidth (ABW) and two transmission zeroes (TZs)
can be obtained to enhance the passband performance in the ON-state. As the passband is turned to the
orr-state, high isolation can be realized at the frequency of interest. Meanwhile, the varactors, which are used
to control the external quality factor (Q,) in the on-state, can be tuned to improve the in-band isolation in the
orr-state. For demonstration, a reconfigurable filter with tunable and switchable passband is fabricated and
measured. The measured results show a high selectivity tunable passband with the tuning range of 32.4%
and 3-dB ABW of 51 &+ 2 MHz in the on-state. The isolation >40dB can be achieved in the OFF-state. Good
agreement of the simulated and measured results is presented to verify the theoretical predictions.

INDEX TERMS Reconfigurable filter, PIN diode, varactor diode, quarter-wavelength (A /4) resonator.

I. INTRODUCTION

Modern wireless communication systems frequently demand
the components with reconfigurability to realize more
functions within the limited circuit space or cost. Vari-
ous kinds of reconfigurable components, such as power
divider [1]-[4], coupler [5], [6], duplexer [7], antenna [8], [9],
and filter [10]-[12] have been studied to satisfy the appli-
cation requirements of RF front-ends. In among, bandpass
filter (BPF), as one of the most important devices that can
transmit interested signal and eliminate unwanted interfer-
ence, play a key role in the communication system. Hence,
the BPF possessing various reconfigurabilities have been
deeply studied in recent years [10]-[39].

The reconfigurable BPF generally indicates that the vari-
able units, such as microelectromechanical system (MEMS)
[13], [14], ferroelectric [15], [16], microfluidic [17] and
semiconductor diodes (varactor and PIN) [18]-[21], are
inserted into the transmission line resonator so as to obtain
the reconfigurability. Meanwhile, the resonator can be
constructed by the different topologies and technologies
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such as substrate integrated waveguide (SIW) [22], [23],
dielectric resonator [24], lumped elements [25] and
microstrip [26]-[30]. In among, loading semiconductor
diodes (varactor or PIN) into the microstrip filters is
one of the easiest and cheapest ways to realize the
reconfigurability.

The researches on the reconfigurable BPF in the academic
and industrial fields mainly concentrated on two aspects: tun-
ability and switchability. The tunability generally indicates
the passband tunability which can be realized by using the
tunable units to tune the center-frequency or the bandwidth
of passband. To the other aspect, the switchability can be also
divided into two categories. The first is that using the switch-
able units to switch on or off the passband [26], [31], [32].
The second mainly employs the switchable units to real-
ize the transformation between different filtering responses
(bandpass or bandstop) in a single circuit [33], [34]. As the
evolving of the RF systems towards the higher integration
level, the devices with more functions are highly desirable.
Accordingly, the studies of multifunctional reconfigurable
filters are carried out. For example, the tunability for both
frequency and bandwidth of the passband can be integrated in
a BPF by loading more varactors to the resonator [35], [36].
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FIGURE 1. Layout of the element-loaded 1/4 UIR (a) loading the

PIN or varactor at the open end of the 1/4 UIR, (b) using an extra SPDT
switch to load the PIN and varactor at the open end of the 1/4 UIR
simultaneously, (c) varactor-PIN-loaded 1 /4 UIR using new loading
scheme.

However, few studies about the switchability of the tunable
passband are reported so far.

In this paper, a reconfigurable filter with simultaneously
tunable and switchable passband is proposed by using recon-
figurable quarter-wavelength (A/4) uniformed-impedance
resonator (UIR). The frequency-tuning passband is realized
by the varactors loaded on the specific position of the UIR,
and can be turned to the ON- or OFF-state in each opera-
tion frequency controlled by the PIN diode at the UIR end.
In order to make the filter more attractive, two extra varactors
and source-to-load (S-L) coupling structure are added into
the feeding structure for realizing constant absolute band-
width (ABW) and two transmission zeroes (TZs) associating
with the tunable passband during the frequency-agile process
of the passband. When the filter works in the OFF-state,
the in-band isolation can be optimized and improved by the
varactors in the feeding structure.

Il. RECONFIGURABLE 1 /4 RESONATOR USING NEW
LOADING SCHEME

In order to integrate the tunability and switchability of the
passband into a single filter, a new resonator, which possesses
these two reconfigurabilities simultaneously, should be inves-
tigated. In the previous designs of the tunable/switchable
BPFs, the A/2 and A /4 resonators are widely used [31]-[36],
especially for the A/4 resonator which is a minimum-size
element. Fig. 1(a) shows a traditional element-loaded A /4
UIR, and the PIN or varactor is generally loaded at its open
end. This is because the open end of the UIR is with the
maximum RF distribution voltage so that the controlling
effect of the PIN/varactor is optimum. If the UIR wants to
own the tunability and switchability of the fundamental mode
(for constructing the passband in the filter design) at the same
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time, extra single-pole double-throw (SPDT) switch should
be added, preceding the varactor and the PIN as shown in
Fig. 1(b). The design complexity will increase undoubtedly.

In order to overcome this drawback, a varactor-PIN-loaded
A/4 UIR is introduced, as shown in Fig. 1(c). The PIN is
loaded at the open end while the varactor is loaded at a
specific position on the UIR, which will be discussed in
detail later. When the PIN is turned off, a tunable A/4 UIR
can be obtained. The frequencies of its resonant modes can
still be tuned. When the PIN is turned on, the A /4 UIR will
be turned into a A/2 UIR with two short ends. Thus, the
original fundamental resonance will be suppressed. To the
authors’ best knowledge, both tunability and switchability are
integrated in a single resonator, which is the simplest way due
to the adoption of new loading scheme.

To study the frequency-tuning mechanism of the loaded
A/4 UIR in Fig. 1(c), the PIN at the UIR end is turned off,
and then it can be equivalent to a small resistance and is
negligible so that the analysis model is shown in Fig. 2(a).
Zy and 6y represent the characteristic impedance and total
electric length of the UIR, respectively. C,; represents the
variable capacitance of the varactor for frequency tuning of
the resonant modes, and p = 6,/6) is defined to express the
varactor-loaded position.

In this study, the substrate of Rogers 4003C with a dielec-
tric constant of 3.38, a thickness of 0.813 mm and a loss
tangent of 0.0027 is used. The variation range of Cy is set
from 0.5pF to 3pF. The parameters of the UIR are chosen as
Zy = 64 Q (corresponding to 1.2 mm width of the microstrip
line) and Ly = 40 mm. The input admittance Y;, of the UIR
can be expressed as [37]:

—j 1—wC,Zytan (6 —pbo) —tan (pby) tan (0p —p6bo)
Zp tan (6o —pbp) +tan (pbp) (1 —wC\,Zy tan (6g—pbp))
e - 2nf
0 = BLx = &e—nﬁLx’
c

Yin =

x=0orp, i= 1,3,5,...
(D

where ¢, is the effective dielectric constant and S is the
propagation constant. The f; (i = 1, 3,5, ...) represents the
frequency of the resonant modes.

The tuning range of f; is defined as
_ fihigh _filow

(fihigh + filow)/2
where fijow and finigh represent the lowest and highest f; when
C,1 changes from 0.5pF to 3pF, respectively. When Im[Y,]
is equal to O (the resonant condition), the frequency-tuning
range of the resonant modes against the variation range of
C,1 under different p can be extracted and plotted.

Fig. 2(b) gives the variations of the UIR fundamental fre-
quency (f1) and third harmonic (f3) against C,; under dif-
ferent position p, where f3 is the lowest-frequency spurious.
Table 1 lists the specific values of R; under different p. It can
be found that both R; and R3 achieve the maximum value
when p = 0 (the varactor is loaded at the open end of the
UIR). As p changes from 0 to 1/3, both of them are decreased.
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FIGURE 2. Properties of the varactor-loaded 1/4 UIR, (a) layout of the
varactor-loaded 1/4 UIR, (b) the variation of f; and f5 versus C,; under

different p.

TABLE 1. The tuning range comparison when C,; varies from 0.5 to 3 pF.

P R Rs
0 41.1% 18.2%
1/5 36.6% 7.6%
1/4 35.3% 4.8%
1/3 33% 0

It is worth to note that when p increases, the R3 decreases
prominently comparing with Ry, which will lead to a wider
upper stopband between f] and f3 during the frequency-agile
process of the resultant BPF. Thus, p = 1/5 is chosen as a
tradeoff in terms of frequency-tuning range of f; and upper-
stopband width in the following design of the reconfigurable
filter.

1Il. DESIGN CONSIDERATION OF PASSBAND TUNABILTY
Fig. 3 shows the structure of the proposed reconfigurable
BPF, which consists of two coupled varactor-PIN-loaded
A/4 UlRs, two extra varactors (C)p) added between the
input/output feed lines for achieving constant ABW and a pair
of shunt stubs between the two feed lines for generating two
TZs. The implementation circuit of C,; and C,; is shown in
the black dashed line of Fig. 3. The Cy; (i = 1 or 2) is realized
by a lumped capacitor Cp; (for DC block) and a varactor C,; in
series, and then Cy; = C,;Cpi/(Cyi + Cp;). The V,; represents
the DC bias voltage of the varactor. Since the PIN is a current-
controlling diode while the varactor is a voltage-controlling
diode, the RF choke (RFC2) for the PIN is an inductor with
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FIGURE 3. The structure of the proposed reconfigurable filter (the
varactor bias circuit is in the black dashed line).

56 nH while the RF choke (RFC1) for the varactor is chosen
as a cheap resistor with 51 K.

When the bias voltage V), of the PIN is set as OV, the PIN is
turned off and the end of UIR is open. Under this condition,
the passband is in the ON-state and designed to be tunable.

A. CONSTANT ABW OF THE FILTER

In order to realize a tunable BPF with constant ABW, the pro-
posed two UIRs should be coupled and the coupling region
should be studied for the sake of obtaining the desired
variation trade of coupling coefficient (Kj3) in the whole
frequency-agile range. C,, is employed between feed line and
the resonator so that the external quality factor (Q,) can be
tuned. When K5 and Q, are all close to their desired values,
constant ABW can be obtained [38].

In this design, a filter is designed with a center frequency
of 0.8 GHz and the constant ABW = 51 MHz at initial state
(Cy1 = 0.5 pF). Based on the lowpass prototype, the desired
values of Kj» and Q. can be calculated according to (3)
and (4), as given in Fig. 4 and Fig. 5(b).

ABW
Kip=—"— 3)
fo/8182
where g; (i = 0, 1 or 2) is the lumped-element value of
Chebyshev lowpass prototype response.

_ Jogog1
~ ABW

The variation of K1, is mainly determined by the coupling
region (length of L, and width of g) between the two UIRs.
In order to extract Kjz, the following equation should be
introduced:

Qe “

2 2
pl p2
2= 573 ©)
_|_
pl 1p2
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FIGURE 4. Extracted K;, versus (a) different g while L; = 10.8 mm, L, =
13 mm and Lz = 15 mm are fixed, (b) different L,, L, and L; while
g = 0.7 mm is fixed.

where f;» and f,1 represent the lower and higher split resonant
frequencies, respectively. By parameters’ study, the extracted
K17 under different coupling regions is plotted in Fig. 4.
As expected, Kj7 is mainly affected by the coupling region
between the two coupled UIRs. It is obvious thatg mainly
affects the value of Ky, while L, L, and L3 can effectively
change the value and variation trade of K, against the pass-
band frequency. After optimization, L; = 10.8 mm, L, =
13 mm, Lz = 15 mm and g = 0.7 mm are chosen to construct
the coupling region which can make Kj, close to the desired
one in the whole frequency-tuning range.

To achieve the desired Q,, C,, is added between the feed-
line and the UIR to tune the O, when C,; changes. In order
to clearly show the relationship between Q, and C,;, the Q.
versus different Cy,, and C,; are extracted by Equation 6,
as shown in Fig. 5 (a).

Jo

e =
Jo+90°

(6)

where fy and foi9go represent the center frequency and the
4+90° bandwidth with respect to the absolute phase at fp,
respectively.
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FIGURE 5. The extracted and desired Qe.(a) extracted Qe under different
C,1 and C,, (b) desired and simulated Qe under different frequency.

As can be seen, Q, can be fully controlled by tuning C,»
when C, changes. By adjusting C,;, the extracted Q, can be
close to the desired one in the whole frequency-tuning range,
as shown in Fig. 5(b).

As a result, when the values of K> and Q. are both close
to the desired ones, the proposed filter can realize constant
ABW during the whole frequency-tuning process.

B. TWO TRANSMISSION ZEROES OF THE FILTER

As is well known that introducing the S-L coupling between
the feeding line is an effective way to realize two TZs
for improving the selectivity. In this design, two coupled
shunt stubs are employed to realize the S-L coupling (Msy ),
as shown in Fig. 3. The two TZs can be synthesized by the
coupling matrix [39].

By substituting the desired Q, and Kj> under different
passband frequency into coupling matrix, the desired ele-
ments (Mg, M2, and M>1) can be obtained. Subsequently,
the desired S-L coupling My, under different frequency can
be calculated, as in Fig. 6. Similarly, when the extracted
Mgy is close to the desired one, the desired two TZs can
be obtained. The coupling level of S-L coupling is mainly
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FIGURE 6. Desired and extracted Mg; under different s and L;.
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FIGURE 7. The simulated results of reconfigurable filter in ON- and OFF-
state. (The inserted numbers represent the capcitance ‘C,; (pF), C,, (PF)-)

determined by its coupling region (i.e., L7 and s in Fig. 3).
By studying these two parameters, the variation of Mgy, can
be extracted, as shown in Fig. 6. As can be seen, Mgy, can be
tuned by adjusting L7 and s to approach the desired one across
the frequency-tuning range. As a result, two desired TZs will
be generated and move along the tunable passband.

According to the above discussion, the tunable passband
with constant ABW and two TZs can be obtained as shown
in Fig. 7.

IV. DESIGN OF THE SWITCHABLITY
When the bias voltage V), of the PIN is set as 0.8V, the PIN is
turned on and the end of UIR is shorted to ground. Hence,
in the frequency tuning process of the ON-state passband,
once the PIN is turned on, the passband will be switch off
(OFF-state). Fig. 7 shows the two-state S-parameters during
the frequency tuning process. As can be seen, the tunable
passband at any frequency controlled by C,; and C,y can
be well turned off. The simulated in-band isolation in the
frequency range of interest is better than 37dB.

It is clear that there are two transmission paths for the
RF signals in the OFF-state of the passband. The first is the
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FIGURE 8. The simulated S-parameters under different C,, while
C,1 = 0.5 pF is fixed in the OFF-state.

S-L coupling and the second is resonator coupling between
the UIRs with two short ends. Thus, the C,, in the second
path, which is used to tune the Q. of the ON-state passband
as in Section III, is also useful to improve the isolation.
To clearly show the improvement, the OFF-state passband
operating at highest frequency (0.8GHz) in Fig. 7 (the black
solid line with square symbol) is chosen to be optimized
by C,» as shown in Fig. 8. As can be seen, the in-band
isolation is improved about 10 dB at 0.8GHz (from 37.4dB
to 47.3dB) when C,, is tuned from 0.74 pF to 2.2 pF. Thus,
good in-band isolation can be obtained in frequency range
of interest by tuning C,;. Therefore, the tunable C,; plays a
dual-function role in the two states, i.e. Q, controlling for the
ON-state tunable passband, and isolation improvement for
the OFF-state of the passband.

V. RESUITS AND DISCUSSION

According to the discussion above, the dimensions of the
demonstrated reconfigurable filter can be optimized as: W =
1.2 mm, W, = 04 mm, W3 = Imm, Wy = 1.8mm,
Li =108 mm, L, = 13 mm, L3 = 15 mm, Ly = 7.4 mm,
Ls = 7.7mm, Lg = 3.6 mm, L7; = 12.5 mm, s = 1.5 mm,
Cp = 33 pF. The varactor JDV2S71E from Toshiba, which
possesses the capacitance range of 0.6-7pF, is employed to
realized C,;. The lumped capacitors are chosen as Cp; = 5 pF
and Cpp = 10 pF. The PIN diodes used in this design are
implemented with Skyworks SMP 1345-079LF. The simula-
tion is conducted by using the full-wave simulator HFSS. The
measurement is carried out by the Agilent N5230A network
analyzer.

Fig. 9 shows the photograph of the fabricated reconfig-
urable filter. Fig. 10 indicates the simulated and measured
results when V), = 0 V (ON-State of the passband), showing
good agreement. The used DC bias voltage V,; in the mea-
surement are V,; =30-0Vand V., =11.1-5.5 V. As aresult,
the measured passband frequency can be tuned from 0.785 to
0.566 GHz, i.e. frequency-tuning range = 32.4%. Since the
specific position of C, is carefully chosen, as discussed in
Section II, the upper stopband is always wide and no spurious
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FIGURE 10. Simulated and measured results of the proposed
reconfigurable filter when PIN is turned off (Vp = 0 V). (The inserted
numbers represent the bias voltage 'V (V), V5 (V)Y)

appears below 2GHz because the tuning range of f3 is small
as in Fig. 2 and Table 1. The slight difference between the
calculated and measured tuning range mainly comes from the
model inaccuracy and parasitic elements of the varactor and
PIN. In the entire frequency-tuning range, the 3-dB ABW of
the tunable passband is within 51 & 2 MHz. The fluctuation
of 3-dB ABW results from the slight difference between
the desired and actual values of Ki» and Q,, as shown in
Figs. 4 and 5. The passband insertion loss (IL) is
within 2.52 - 4.08dB. Meanwhile, two TZs in the lower
and higher stopbands are accomplished and move along the
tunable passband.

Fig. 11 indicates the measured results when V, = 0.8 V
(the passband is in the OFF-state). As can be seen, when
the used DC bias voltage V,; are V,; = 30-0 V and V, =
8.5-2.9 V, the measured isolation in the whole frequency-
tuning range is better than 40dB. Table 2 summarizes the
detailed performance of the proposed reconfigurable BPF,
which shows stable and high selectivity in the ON-State and
high isolation in the OFF-State.

Table 3 summarizes the comparison of the proposed
design with the previous reconfigurable filters. As can be
seen, the proposed reconfigurable filter has more functions
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FIGURE 11. The optimized measurement results when the filter works in
the OFF-state (Vp = 0.8 V) (The inserted numbers represent the DC bias
voltage 'V (V), Vo (V).

TABLE 2. The measured results of the proposed filter.

Vfﬁ:s o | vy, V=287V, | V.=6.84V, | V.=30V,
(ON-s ti | VeSSV V=71V V=89V | V=111V
£ (GHz) 0.566 0.639 0.71 0.785
3"2&{}3\’" 49 51.5 52 53

IL (dB) 4.08 32 2.7 2.52
T(V(V}OHTZ?S 0.322/0.864 | 0.531/0.911 | 0.455/0.951 | 0.538/1.011

Vfﬁ:s o | Fa=ov, V=287V, | V.=6.84V, | V.=30V,
(OFF_stga o Va2V | Va2V | Va5V | Var85V
Isolation 43dB 43.5dB 43.8dB 43.3dB
(in-band)

TABLE 3. Comparison with previous microstrip reconfigurable filters.

Passband Passband Isolation | Self-adaptive
state IL (dB) in OFF-state TZs
1.6-4.1 - Yes
T 1
(30] | Tunable 1.63.9 - Yes
. 55.2dB/
[31] | Switchable 3.05/3.1 37548 No
34 47dB No
[32] | Switchable 3.9 65 dB No
3.6 47 dB No
3.02-4.8/
[35] | Tunable 27846 - No
[36] | Tunable 1.8-4.6 - No
This | Tunable +
work | switchable 2.52-4.08 >43 dB Yes

and good performance, such as simultaneously tunable and
switchable passband and high selectivity resulting from two
self-adaptive TZs. It is well known that the passband IL of
the reconfigurable filter mainly is dependent on the parasitic
resistance of the diode. Though the proposed design employs
four varactors and two PIN diodes, the IL of the proposed
design in the range of 2.52-4.08dB is comparable to the
previous reconfigurable designs.

59713



IEEE Access

Y.-). Zhang et al.: Design of Novel Reconfigurable Filter With Simultaneously Tunable and Switchable Passband

VI. CONCLUSION

In this paper, a novel reconfigurable filter with simultane-
ously tunable and switchable passband has been presented.
The tunability and switchability can be both realized in one
resonator by using the new loading scheme. The design pro-
cedures of the reconfigurable filter in the ON- and OFF-states

are

given in detailed. In the ON-state, frequency-tunable

passband with constant ABW and two accompanying TZs
are realized. The varactor in the feeding network, which is
employed to control Q, can also be used to optimize the
isolation in the OFF-state. The filter has been fabricated
and measured. Good agreement of simulated and measured
results show that the proposed reconfigurable filter fea-
tures multifunctional reconfigurability, constant ABW, high
selectivity and high isolation, which would make the pro-
posed reconfigurable solution attractive in the application of
modern and future communication systems.
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