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ABSTRACT Cognitive radios require tunable band-switchable bandpass filters to respond to the dynamically
changing operating frequencies in cognitive systems. This study presents a novel switchable dual-/single-
band tunable bandpass filter using a single switchable J-inverter. The proposed filter configuration can be
easily converted from a two-pole dual-passband mode to a four-pole single-passband mode using the single
J-inverter with switches. This is achieved through a novel dual-band bandpass filter configuration using
hybrid resonators that consist of two parallel resonators and one J-inverter. In addition, two bandwidths and
two center frequencies of the dual-passband mode are designed, and a high stopband attenuation level is
achieved due to a transmission zero between the two passbands. The proposed filter is built on a Duroid
substrate with a dielectric constant of 3.48 and a thickness of 30 mil. The tuning of the center frequency
and the passband number change are carried out using silicon varactors and PIN diodes. In the four-pole
single-passband mode, a center frequency tuning of 0.75-1.08 GHz is achieved with 1-dB bandwidths of
105-158 MHz. The two-pole dual-band bandpass filter mode has a center frequency tuning of 0.69-0.9 GHz
(low-band) and 0.85-1.07 GHz (high-band). It has potential for application in wideband cognitive radios.

INDEX TERMS Tunable filter, switchable-band, dual-band, single-band, bandpass filter.

I. INTRODUCTION
Cognitive radios have the potential to improve spectrum effi-
ciency using dynamic frequency-agile front-end receivers [1].
As the number of operating frequencies in cognitive systems
changes dynamically, tunable band-switchable bandpass
filters are required to respond to the desired frequen-
cies, as shown in Fig. 1. Tunable band-switchable fil-
ters are microwave components with passband number
change [2], [3] and center frequency tunability [4], [5],
simultaneously. When a cognitive radio is operated at a single
frequency or two frequencies, the single-band or dual-band
bandpass filter is selected, respectively, and the center fre-
quencies are tuned.

Recently, several tunable band-switchable bandpass fil-
ters have been demonstrated. The band-switchable filters
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FIGURE 1. Concept of a tunable bandpass filter with switchable
dual-/single-passband modes.

with center frequency tunability have been developed using
varactor-loaded resonators [6]. As one passband is removed
based on the impedance mismatching technique, the res-
onant poles still remain on the out-band, and thus a low
stopband attenuation level is shown. Additionally, a center-
frequency-tuned band-switchable filter was realized based
on a membrane-shorting method [7], where the number
of passbands is mechanically tuned. Also, the tunable
band-switchable filter was designed based on the transmis-
sion pole relocation method. However, the dual-passband
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FIGURE 2. Proposed bandpass filter circuit with switchable four-pole
single- / two-pole dual-passband modes using a single switchable
J-inverter.

mode stopband attenuation characteristic is poor [8]. PIN
diodes have typically been used to obtain a switchable-band
bandpass filter with a high attenuation characteristic [2], [3],
but the number of the PIN diodes should be reduced.

In this article, a novel tunable bandpass filter with switch-
able four-pole single-band/two-pole dual-band responses is
proposed based on a single switchable J-inverter (Js12) with
PIN diode switches, as shown in Fig. 2. The proposed method
is considered to have five main benefits in comparison with
the conventional design method.

First, the proposed filter configuration is easily con-
verted from a two-pole dual-passband mode to a four-pole
single-passband mode using just the single J-inverter. This
is accomplished based on a filter configuration using hybrid
resonators with both series and parallel resonances. These
filters have two passbands owing to the insertion of a trans-
mission zero in the wide passband [9]. Fig. 3(a) and (b) show
the conventional hybrid resonator-based dual-band bandpass
filter structures [9], [10]. The hybrid resonator in Fig. 3(a)
was designed using both the series and parallel resonators [9].
In order to transform the dual-passband characteristic to a
single-passband, the transmission zero between the two pass-
bands should be eliminated. However, it is difficult to elimi-
nate it due to the existence of the series resonator. In the filter
design in Fig. 3(b), the hybrid resonator was realized with
two series resonators and one J-inverter, which had difficulty
obtaining the switchable-band response due to the series res-
onator [10]. Moreover, two bandwidths cannot be controlled
independently. In the proposed dual-band bandpass filter con-
figuration in Fig. 3(c), the hybrid resonator is accomplished
using two parallel resonators and one J-inverter. As shown
in Fig. 2, a four-pole single-passband mode is obtained by
applying just one switchable J-inverter between two parallel
resonators (Cx1/Lx1 and Cxa/Lyx>). When the switch included
in Jsy» of the filter shown in Fig. 2 is in the off-state,
the two-pole dual-passband response is achieved as shown
in Fig. 3(c). Conversely, when the switch is in the on-state,
the dual-band bandpass filter is transformed into a four-pole
single bandpass filter with cross coupling. Ji» becomes the
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FIGURE 3. Conventional two-pole hybrid resonator-based dual-band
bandpass filter prototypes presented in (a) [9], and (b) [10], and (c) the
proposed two-pole dual-band bandpass filter prototype.

cross coupling, and J,, Js12, and Jy, operate as J-inverters
between the resonators.

Second, two bandwidths and two center frequencies for
the dual-passband mode are designed based on the dual-band
filter configuration in Fig. 3(c). Two center frequencies
of the conventional switchable-band filters presented in
[6]-[8] are located at a distance from each other to obtain a
high attenuation level between the two passbands. However,
as the proposed filter has a transmission zero between the
passbands, the center frequencies are easily determined with
the high stopband attenuation level. In addition, we present
the design method to control two bandwidths based on the
filter structure in Fig. 3(c).

Third, the two-pole dual-passband mode is transformed
into a four-pole single-passband mode thereby increasing the
number of poles for the single-passband. In the conventional
design suggested in [6], [7], the two-pole dual-passband mode
is changed to a two-pole single-passband mode, as two poles
among the four poles for the dual-passband mode are elimi-
nated to obtain a single-passband response. Alternately, in the
proposed design, the four-pole wide single-passband mode is
achieved using entire poles for the dual-passband mode.

Moreover, the proposed filter achieves a high stop-
band attenuation level between the two passbands in the
dual-passband mode compared with the existing design meth-
ods in [6]-[8] due to the transmission zero between them.
The attenuation level for the single-passband mode is also
enhanced compared to the filters in [6]—[8], as one of the two
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passbands is removed based on the proposed filter configura-
tion in Fig. 2.

Finally, as the PIN diode switch is included in the
J-inverter instead of the filter resonators, the quality factor
(Q) and electrical length of the resonator in the proposed filter
configuration are hardly affected by the switch’s parasitic
elements.

Il. FILTER DESIGN

A. PROPOSED FILTER PROTOTYPE

The filter configuration in Fig. 3(c) is achieved by imple-
menting J-inverters in the circuit in Fig. 4 [10]. The series
resonator is operated as a capacitor on lower frequencies and
an inductor on higher frequencies than its series resonance,
and the parallel resonator functions in opposition to the series
resonator. Therefore, when the resonant frequencies for the
series and parallel resonators are equal, two resonances are
obtained at lower and higher frequencies than the resonant
frequency of the series and parallel resonators (see Fig. 4) [9].
Therefore, the proposed filter in Fig. 3(c) has two passbands.
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FIGURE 4. Two-pole dual-band bandpass filter prototype using series
and parallel resonators.

As shown in Fig. 2, when a J-inverter (Js12) is added in the
filter circuit in Fig. 3(c) and the switch is in on-state, the filter
can be operated as a four-pole single-band bandpass filter
performance with cross coupling. The four poles in the pass-
band are realized using the four resonators (L,1/Cy1, Cx1/Lx1,
Ly>/Cxn, and Cp/Lyp). Jo1 and Jp3 are the input/output
impedance/admittance inverters, and J,, Js12, and Jp, are oper-
ated as J-inverters between the resonators. In addition, Ji;
functions as the cross coupling. On the other hand, when the
J12 is in off-state, the filter structure with the dual-passband
mode in Fig. 3(c) is obtained.

Therefore, based on the filter prototype in Fig. 2, the
tunable bandpass filter with the switchable four-pole single- /
two-pole dual-passband modes is accomplished using a single
switchable J-inverter.

B. EXTRACTION OF DUAL-BAND BANDPASS FILTER
PARAMETERS

The dual-band bandpass filter parameters are extracted
according to the procedure in [10]. However, the filter sug-
gested in [10] was designed using series-resonators, and it is
difficult to control the bandwidths and obtain a switchable-
band response. This article suggests the design procedure
using the parallel resonators for the switchable-band perfor-
mance, the good attenuation characteristic, and the bandwidth
control.
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A lowpass filter prototype is transformed into a dual-band
bandpass filter using (1) and (2).
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When Q = 0, two center frequencies (w = w; and w;) are
obtained, as shown in Fig. 4 [10]. w; and w, are the lower
and higher center frequencies, respectively. When 2 = 0, »*
is extracted from (1) as

o = +/Bx. 3)

If (3) is substituted into (2), y and B are calculated as

w) — W1

= — 4

Y o1a 4)
wilw

B = P Q)]

To control the bandwidths, the following procedure is
added to the method introduced in [10]. When Q@ = 1,
the cutoff frequencies (w = wi] and wyy) are obtained (see
Fig. 4). When Q2 = 1, w° is calculated from (1) as

| ap+ @) +4xp

= ) 6
w > ©)
o —ap— [ @B + 4P
omega = . 7)
2
When (6) and (7) are inserted into (2), « is calculated as
w3 + w11 1 1
o = w12 ( - > - (®)
w) — w1 wiwr wW11

The filter parameters in Fig. 4 can be obtained with (4), (5),
and (8):

Ly = S Cn = : 9
ayp’ BxLii’
g1y 1

L=, Cpip= , (10)
af BxLi2
ay 1

Lyy=——, Cy= , (11)
Xg2 BxLa

L “ ! (12)

2 = , Cn= .

82V X BxLa

The parallel-resonator-based filter elements including the
J-inverters in Fig. 3(c) are calculated from the filter circuit
in Fig. 4 as follows:

When (13) and (14), as shown at the bottom of the next
page are equal, the J-inverters have

YoC YoC.
JOl _ 0Cal ’ J23 _ 0 a2’
\ oL \ 83C21
CuC Ca1C.
le _ alla2 ’ Ja _ al Uxl ’ (16)
LG Li1C2
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Switchable
J-inverter

FIGURE 5. Switchable-band bandpass filter circuit using capacitor-type

J-inverters.
Jb _ CXZCaZ.
Co1Ln

When capacitor-type J-inverters are implemented in the
filter in Fig. 2, the filter configuration in Fig. 5 is accom-
plished [12]. The filter in Fig. 5 is designed based on
(15)—(17) with 0.01 dB Chebyshev ripple at fi = 0.8 GHz
and fo = 1.0 GHz, fi; = 0.798 GHz and f>> = 1.02 GHz in
Fig. 3(c). The filter parameters for the dual-passband mode
are C()] = C23 =1.92 pF, Cgl = C§3 =1.49 pF, C12 =
0.84 pF, C; = Cp, = 1.79 pF, Cp12 = 0.84 pF, switch
(SW) = off-state, C;; = Cx] = Ca2 = Cx2 = 8 pF, and
Ly = Ly1 = Ly = Lyp = 3.96 nH. The Csj value is O pF,
since SW is in the off-state.

The filter elements for the four-pole single-passband mode
are extracted with 0.01 dB Chebyshev ripple at a center
frequency of 0.9 GHz with a fractional bandwidth of 0.15 as
Co1 = Cr3 =3.33 pF, C§1 = C§3 = 1.77 pF, C12 = 0.1 pF,
Cy = Cp = 1.28 pF, Cs12 = Cp12 = 0.94 pF, SW = on-state,
Cay =Cx1 =Cpp=Cxo=79pF and Ly = Ly = L =
Ly =3.96 nH [12].

The filter with the switchable two-pole dual- / four-pole
single-passband responses is accomplished using the single
switch-connected J-inverter in series, as shown in Fig. 6.
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FIGURE 6. Simulated result of the filter circuit in Fig. 5.
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FIGURE 7. Transmission-line resonator transformations of (a) the
lumped-coupled resonator pairs and (b) the lumped parallel resonator.

In the dual-passband mode, the high isolation between the
two passbands is obtained as 80 dB at 0.9 GHz.

C. TUNABLE FILTER DESIGN
The lumped resonators in Fig. 5 are transformed into the dis-
tributed resonators in Fig. 7(a) and (b) to realize a microstrip

Yini

1/g0 (13)
80 j(a)L11 _ ﬂXwLn) + - 1ﬁxC12 + - - 1 1 1 ’
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FIGURE 9. Proposed filter configuration.

tunable filter. The capacitor-coupled lumped resonator pairs
can be changed to a combline coupled line with a coupling
capacitor (Cyi2) (see Fig. 7(a)). The parallel lumped res-
onator is replaced with a capacitor-loaded short-circuited
transmission line (see Fig. 7(b)).

(18) and (19) are extracted from the input impedances and
slope parameters of the circuits in Fig. 7(a), respectively [12].

1
a)Cv1 — Yelcot91 = a)Cral — s (18)
Ly
D0 o 1 Y A0 2 ! (19)
—_— —CSC = ,
) Vi el ) 1 C!)()Lal
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FIGURE 10. Photograph of the fabricated filter.

where A = 01/wp and Cry1 = Cy - C12 - C, - Cjj, - Therefore,
Ye1 and Cy are calculated from (18) and (19) as follows:

3
Y. % ~ (20)
el — —— o >
2 cotf
Acsc?0; + w—ol
Cy) = — AYejcsc?0). (21)
a)%Lal

Cv12 is also derived as reported in [12].

Yor — Y,
ol 7 Tel othy. (22)
2w

Cvi2=Cpp +

Y, and Cvy; in Fig. 7(b) are calculated similarly to in (20)
and (21).

3
— Cix1
7 X
_ wyLx
V= —— (23)
Bcsc 6, + oo

Cvy = — Besc6,, (24)

a)ngl
where B = 6>/wg and Cy; = Cx - C,.

The coupling coefficients of the circuits in Fig. 7(a)
are calculated based on (19) and (22) as shown in
Fig. 8(a) and (b) [12]. kr12 and kyjp are the low- and
high-band coupling coefficients respectively, for the
dual-passband mode; kg1 is for the single-passband mode.
Ciz, Ca, CS] , La1, and Cy1 in Fig. 7(a) are used as the values
extracted in II.B. When Cy2 = 1.05 pFs and Z¢; = 37.12 Q
in Fig. 8(a), the k112 and k7 values for the transmission-line
circuit are equal to the values for the lumped circuits. In addi-
tion, when Cyiy = 0.33 pF and Z.; = 37.12 2 in Fig. 8(b),
ks12 of the transmission-line circuit is the same as that of
one of the lumped circuits. Therefore, the lumped circuits in
Fig. 5 are replaced with the proposed distributed structures.

As shown in Fig. 9, the proposed tunable filter config-
uration is accomplished by implementing the distributed
resonators in Fig. 7 in the circuit in Fig. 5. The coupled
resonator pairs consisting of Cp,1 (= Ca1 - C12- Cy - Cgl )La1,
Ciao/Lap, and Cjp are transformed into a varactor-loaded
coupled line (Ye1, Yo1, 61, and Dy + Cp;) with a coupling
varactor (D13) based on (20)-(22). The parallel lumped

16971



IEEE Access

Y.-H. Cho et al.: 0.7-1.0-GHz Switchable Dual-/Single-Band Tunable Bandpass Filter Using a Switchable J-Inverter

TABLE 1. Performance Comparison With Other Filters.

Attenuation level @ a

Switchable-band Tuning Minimum frequency Insertion Nur_nber of poles frequency removing
design method range separation ratio loss (single- /dual- one of the two
(GHz) (dB) passband mode)
passbands (dB)
Impedance mismatching 0.76-
[6] method 1.78/ : 22-4.78 22 13
(electrical control) 1.6-2.63 0.7:2.5)
Membrane shorting method 2-3/
[7] (Mechanical control) 8-9 0.9-1.5 22 3
Control of frequencies for poles ~ 1.0-1.29/
[8] (electrical control) 1.4-1.58 (1.25/1.55) 2.1-53 42 %
. Single switchable
This . 0.69-0.9/
J-inverter . 2.9-49 4/2 42
Work (electrical control) 0.85-1.07 (0.9:1)
0 T T T T follows: Zey = 1/Yey = 37.12 Q, Zg1 = 1/Yy1 = 35 Q,
Cvi = 2.8 pF, Cvi2 = 1.05 pF, 6; = 50° at 1.28 GHz
71} " A S W A ST R (= 127/ Cra1La1), Zy = 1/Y2 =293 Q, Cyr = 4.48 pF,
o and 6, = 50° at 1.015 GHz (= 1/27/Cix1Lx1). The fil-
s 40 ter is fabricated on a 30 mil Duroid substrate (e, = 3.48,
o | o Rogers RT/Duroid 4350). The filter dimensions are obtained
— Measured dual-band mode based on the transmission-line parameters as follows: G| =
-60 ) ]
Measured single-band mode 1.48 mm, L; = 8.0 mm, L, = 9.7 mm, W; = 1.9 mm, and
- === Simulated dual-band mode
---- Simulated single-band mode Wy = 1.4 mm.
-80 ' L ' An SMV 1234 varactor (C = 9.63-1.32 pF, Rs = 0.8 Q) is
0 used as Dy, D3, and Dy to obtain the required capacitance.
0l | An SMV1232 (C = 4.15-0.75 pF, Rs = 1.5 Q) is selected
o as Dip and Dsip. The PIN diode (Ds) for the switchable
E‘_-zo L 4 J-inverter is an SMP1345-040 (Ct = 0.18 pFat 5 V, Rs =
o N Vv S 1.5 @ at 10 mA). DC biasing is implemented using a 10 k2
=30 N v Verm3.6V, VetV ] resistor (Rp) to reduce the RF-signal leakage through the bias
40 po T V= Va3 3V network. ATC600L chip capacitors (Rs = 0.12 2, Cp; =

04 0.6 0.8 1.0 1.2 1.4
Frequency (GHz)

FIGURE 11. Simulated and measured results of the filter in Fig. 10.

resonator (Crx; = Cx1 - C, and Ly;) is realized with the
varactor-loaded short-circuited resonator (Y, Dy + Cpp,
and 6,) based on (23) and (24). The switchable J-inverter
consists of two PIN diodes (Dgs), one varactor (Dsi2), and
two DC-blocking capacitors (Csi2). Two PIN diodes are
used to obtain sufficient isolation between the two varactor-
loaded short-circuited resonators, and Cpj2 in the switchable
J-inverter is absorbed into the short-circuited resonator (Y3
and 65). Cpo1 and Dy are used as the input/output J-inverter
(Co1 and C23). C, and Cy, are also implemented as a varactor
(Da) and a DC-blocking capacitor (Cpa).

The tunable bandpass filter with the switchable four-pole
single- / two-pole dual-passband modes is designed with
0.01 dB Chebyshev ripple at fi = 0.8 GHz and f, =
1.0 GHz, and with fi; = 0.798 GHz and >, = 1.02 GHz,
as mentioned in section II.B (single passband mode: center
frequency of 0.9 GHz with a fractional bandwidth of 0.15).
The design parameters are calculated based on (20)—(24) as

16972

10 pF, Cpz = 15 pF, Cpa = 15 pF, Cpo1 = 5.6 pF, Cs12 =
3 pF, and Q = 100 at 1 GHz) are used. Toko FH18NJ inductor
(Rs = 0.5 2, L = 18 nH, SRF = 2.35 GHz) is used for Lp.
Full-wave results are obtained by simulating the filter with
the simplified model of the varactors in the Agilent Advanced
Design System (ADS).

Ill. MEASURED RESULTS

Fig. 10 shows a photograph of the fabricated fil-
ter. Fig. 11 presents the simulated and measured fil-
ter S-parameters. The two-pole dual-band and four-pole
single-band responses are shown in the proposed filter. The
measured results agree well with the simulated results. When
the switch (Ds) is in the off-state, the center frequencies
of the dual-passband mode are 0.8 GHz and 1.0 GHz. The
insertion losses at 0.8 GHz and 1.0 GHz are 3.0 dB and
3.1 dB, respectively, and are mostly due to the varactor Q.
The rejection level between the two passbands is 37 dB at
0.9 GHz. In contrast, when the switch (Dg) is in the on-
state, the single-passband response is shown at the center
frequency of 0.9 GHz, and the insertion loss is 3.4 dB.
In the single-passband mode, a transmission zero is created at
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FIGURE 12. Dual-passband mode measured and simulated results for
(a) the low-passband tuning and (b) the high-passband tuning. (Solid
line: measurements, and dotted line: simulations).

0.75 GHz due to the parallel resonance by the varactor (D17)
and the magnetic coupling of the coupled line (Y, and Y).
The attenuation level is 68 dB at 0.75 GHz.

The measured center frequency tuning of the dual-
passband mode is shown in Fig. 12(a) and (b). The two
center frequencies can be independently controlled. The low
passband center frequency is tuned from 0.69 to 0.9 GHz
with a 1 dB bandwidth of 75-88 MHz and an insertion loss
of 2.9-3.1 dB (see Fig. 12(a)). The high-passband center
frequency covers 0.85-1.07 GHz with a 1 dB bandwidth
of 80-92 MHz (see Fig. 12(b)). The high-passband inser-
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FIGURE 13. Single-passband mode measured and simulated results
(Solid line: measurements, and dotted line: simulations).
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FIGURE 14. Quality factors calculated for the proposed filter in Fig. 10.

tion loss is 3.0-3.9 dB. The transmission zeros are located
between the two passbands due to the series resonance of
the varactor (Da) and the short-circuited resonator (Y> and
0>). Therefore, the attenuation levels higher than 20 dB are
yielded between the two passbands.

Fig. 13 shows the center frequency tuning for the
single-passband mode. The center frequency is tuned from
0.75 to 1.08 GHz. The 1 dB bandwidth is 105-158 MHz, and
an insertion loss of 3.5-4.9 dB is obtained due to the series
resistance in the PIN diode as well as the varactor Q. The
transmission zero is located on the band lower than the center
frequency, and the attenuation level higher than 60 dB can be
obtained.

The resonator Q is calculated based on the measured inser-
tion losses in Figs. 12 and 13 and is shown in Fig. 14 [12].
In the dual-passband mode, the resonator Q is 74—89, whereas
in the single-passband mode, it is 75-85. The filter insertion
loss is limited by the varactor Q.

Table 1 shows the comparison between the proposed filter
and the conventional tunable band-switchable filters [6]-[8].
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In the proposed filter, the tuned switchable-band response is
easily obtained using the single switchable J-inverter. When
two center frequencies for the dual-passband mode are in
proximity (minimum frequency separation ratio = 1.11),
the high attenuation level is maintained. Moreover, when
one of the two passbands is removed in order to achieve the
single-passband mode, the high stopband attenuation level is
shown to be 42 dB.

IV. CONCLUSION
In this article, a switchable dual-/single-band tunable band-
pass filter is demonstrated. The single-to-dual passband
is effectively transformed based on a single switchable
J-inverter consisting of two PIN diodes and a varactor.
Two-pole dual passbands are accomplished based on the filter
prototype using series and parallel lumped resonators, and
the four-pole single passband is obtained by adjusting the
J-inverter values. The center frequency tuning and passband
transformation are controlled by the varactors and PIN diode.
In the future, RF MEMS switched capacitors can be used
to result in the significant improvement in insertion loss.
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