IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received 24 October 2022, accepted 8 November 2022, date of publication 10 November 2022, date of current version 18 November 2022.

Digital Object Identifier 10.1109/ACCESS.2022.3221461

== RESEARCH ARTICLE

4-Pole Tunable Absorptive Bandstop Filters Using
Folded Coupled-Lines With an Inductor

YOUNG-HO CHO"'!, (Member, IEEE), CHEOLSOO PARK 2, (Member, IEEE),
AND SANG-WON YUNS3, (Life Member, IEEE)

! Department of Electrical and Communication Engineering, Daelim University College, Anyang, Gyeonggi-do 13916, South Korea
2Computer Engineering Department, Kwangwoon University, Seoul 01897, South Korea
3Department of Electronics, Sogang University, Seoul 04107, South Korea

Corresponding author: Cheolsoo Park (parkcheolsoo @kw.ac.kr)

This work was supported by the National Research Foundation of Korea (NRF), Korea Government (MSIT), under Grant
NRF-2017R1A5A1015596.

ABSTRACT The ever-growing field of wireless communication requires efficient radio frequency
transceivers with tunable absorptive bandstop filters that can prevent the interference of out-of-band and
reflected signals. This paper presents 4-pole tunable absorptive bandstop filters using folded coupled-lines
with an inductor. A 4-pole filter transfer function is achieved to obtain an absorptive bandstop filter coupling
diagram with 45° electrical-length transmission-line source/load coupling. The folded-loaded coupled-lines
with an inductor are proposed to obtain the control for the required coupling coefficients based on the filter
transfer functions. The required quality factor extracted through the transfer function is accomplished using
a distributed resonator loaded with asymmetrical varactors without auxiliary circuits, such as an impedance-
matching network. Two types of filters were designed and built on a substrate with &, = 3.42 and 2 = 30 mil.
The center frequency tuning was performed using silicon varactors. The first filter shows a return loss of
16.2-38 dB and a rejection level of 41-48 dB in the tuning range 0.83-1.09 GHz. The second filter results
in a measured return loss of 14-34 dB and a rejection level of 40.1-51 dB at 1.16—1.47 GHz. 4-pole tunable
absorptive bandstop filters with high attenuation and reflectionless responses were achieved which have

applications in cognitive radios and carrier aggregation systems.

INDEX TERMS Absorptive response, bandstop filter, folded coupled-line, tunable filter.

I. INTRODUCTION

Adaptive wireless communication systems have been devel-
oped to enable reliable communication under extreme radio
frequency (RF) spectrum conditions. Tunable absorptive
bandstop filters are essential components for these systems
to suppress the out-of-band interference signals and protect
the adaptive RF transceivers against the reflected waves at
the notch frequency [1].

Various absorptive bandstop filters have been reported in
previous literatures [2], [3], [4], [5], [6], [7], [8], [9], [10],
[11], [12], [13], [14], [15], [16], [17], [18]. Although the fil-
ters introduced in [2] and [3] have reflectionless performance
at one or two ports, designs for lumped-element filters at
low frequencies were introduced. In [4] and [5], absorptive
filters with high attenuation characteristics were obtained
using low-quality factor (Q) resonators. However, it was
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difficult to implement distributed filters based on these design
theories.

Various design approaches for distributed absorptive filters
have been presented in [6], [7], [8], [9], [10], [11], [12],
[13], [14] and [15]. The filters in [6] and [7] were designed
based on the coupling matrices and routing diagrams at the
input port. Design methods using a complementary match-
ing circuit with a single resonator for static and frequency-
tunable distributed-element input-reflectionless filters have
been reported in [8] and [9]. However, the filters presented
in [6], [7], [8] and [9] require auxiliary impedance matching
circuits to achieve absorptive responses. The good reflection-
less bandstop filters in [10] and [11] were achieved based
on coupling diagrams. However, when a tunable filter was
implemented using these methods, a low-attenuation charac-
teristic was derived. The filter order of the absorptive band-
stop filter proposed in [12] increases with an increase in
the number of elements in the filtering and matching cir-
cuits. The filter structures reported in [13] and [14] were
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accomplished by transforming the lumped-element filter
topology introduced in [2] into the distributed-element filter
structures. Additionally, a design method for a distributed
element reflectionless bandstop filter was presented using a
broadband impedance matching circuit in [15]. However, it is
difficult to realize tunable filters based on the filter topologies
in [13], [14] and [15].

In this paper, the 4-pole tunable absorptive distributed
bandstop filters are designed using folded coupled-lines with
an inductor. The proposed design has the following bene-
fits in comparison with the conventional design methods.
First, a coupling diagram with a single 45° electrical-length
transmission-line source/load coupling could achieve the
fourth-order distributed absorptive bandstop filters. In the
conventional four-pole absorptive filter coupling diagrams,
two quarter-wavelength transmission line coupling structures
were used, so that a filter size becomes larger, and the inser-
tion loss increases [1]. However, the proposed filter coupling
diagram relatively reduces the filter size, and its insertion loss
characteristic is enhanced. The proposed coupling diagram is
established based on a four-pole filter transfer function. The
45° electrical-length source/load transmission line coupling
structure is realized using a capacitor-loaded transmission
line. Second, a distributed tunable absorptive bandstop filter
with both the high attenuation characteristic and low return
loss response is obtained using the proposed folded coupled-
line. When the center frequency of the tunable absorptive
bandstop filters is tuned, the attenuation or return loss char-
acteristic at the center frequency is degraded due to the
non-controlled resonator Q and coupling coefficient across
frequencies. However, the desired coupling coefficients and
resonator Qs are satisfied with adjusting asymmetrical capac-
itors loading the resonators and folding the open-circuited
part of the coupled-line. Third, auxiliary impedance-
matching circuits are not used to obtain the absorption of the
reflected signal. The proposed filter design is achieved by
adjusting the coupling coefficients and resonator Qs in a same
way as the conventional distributed filter designs. As a result,
the distributed absorptive bandstop filters are easily realized.
Additionally, the required resonator Qs for the absorptive
responses are achieved using finite Q varactors without any
additional resistors.

The proposed method was demonstrated by designing two
different filters. Filter A is designed with a tuning range of
0.83-1.09 GHz, and Filter B has a center frequency tunability
of 1.16-1.47 GHz

Il. FILTER DESIGN

A. 4-POLE ABSORPTIVE BANDSTOP FILTER TRANSFER
FUNCTION

The transfer functions of a fourth-order bandstop filter are
formulated in (1) and (2), as shown in [16]:

S — p (nap® + n3p? + dop + dy) n
T N dpd + dop? +dip + do
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FIGURE 1. Pole locations for the 4-pole absorptive bandstop filter
transfer function.

TABLE 1. Coefficients of transfer functions.

Polynomial coefficients
d;=2.8896, d>=3.4020, d; = 1.9238, do= 0.4320
n3=2.1196, n,=1.7682, n1= 0.5605
m,=0.0641, m1=0.0868, mo=0

and
_ p (map +my) +mo
P4 + d3p3 + d2p2 +dip + do

When the four poles are located at —0.767 £ j0.524 and
—0.677 £ j0.013, as shown in Fig. 1, the polynomial coef-
ficients for the S1; and S»; transfer functions in (1) and (2)
are extracted as shown in Table 1 [16]. Note that mg of Sy,
becomes zero, and the reflected signal is eliminated at v = 0
(center frequency), resulting in a perfect absorptive bandstop
response. The transfer functions in (1) and (2) can be synthe-
sized using the conventional ladder network method shown in
Fig. 2 (a), and the corresponding filter parameters are listed in
Table 2 [16]. The entire resonator has a resistor to absorb the
reflected signal at the notch frequency. The four resonators
are coupled using J-inverters (J12, J23, and J34), and Jy4 is
implemented for the cross coupling between the first (C; and
G1) and fourth (C4 and G4) resonators. Since Jti2 for the
source-load coupling is utilized to achieve the bandstop filter
characteristic, a single coupling structure between the input
and output ports is required.

The frequency responses of the bandstop filter are dis-
played in Fig. 2 (b), where the bandstop characteristic (S21)
and reflectionless response (S11) can be observed. The pro-
posed 4-pole tunable absorptive bandstop filters are designed
based on the structure shown in Fig. 2 (a).

S 2

B. FOLDED COUPLED-LINES WITH AN INDUCTOR

Folded coupled-lines with an inductor are implemented using
a microstrip-line resonator, as shown in Fig. 3 (a). The open-
ended transmission line with admittances Yi;s and Yis is
folded to control the coupling coefficient of the coupled-line.
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FIGURE 2. (a) Bandstop filter network resulting from (1) and (2) and
(b) its frequency responses.

Two series capacitor-resistor circuits with asymmetrical val-
ues are loaded to the resonator. The resonator Q is calculated
using Q = woCt/Gt as in [17], where Ct and Grare as
formulated in (3) and (4).

Y121GT11 (1+(tan97)2)

Gr = Griz+ .
! n (Y11 —wCrpq tan QT)2+G%11 (tan 97)2
(3
oCri2
Cr=——
g 2Aw
" Y121 tan 0y —wCr11Y11 (tanOT)z

Y1
2Aw ((Y]] —wCr1 tan OT)Z—FG%“ (tan 97)2)
. wCTUYU—G%” tan@T—a)ZC%” tan Or
2A0 (Y11 —oCr1 tan07)2+G3. | (tan6r)?)
)

The parameters in (3) and (4) are set as follows: Y11 = Y15 =
Yi2 = Yips = Y14 = 0028, 0515 = 8°, 051 = 22°,
O1os = 9°, 612 = 20° at 0.9 GHz. The resonator Q is con-
trolled using the capacitors (C1; and Cp2) and resisters (R
and R12). When fj = 0.9 GHz and the fractional bandwidth =
0.01 are set based on the parameters in Fig. 2 (b), the required
resonator Q is 89.5. Fig. 3 (b) illustrates the calculated
Q-factor based on (3) and (4). The Q-factor of 89.5 is satisfied
when Rj; = 1.6 Q2 and R = 0.8 Q.

+7Y
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FIGURE 3. (a) Microstrip-line resonator loaded with asymmetrical series
capacitor-resistor circuits and (b) its calculated quality factor.

The two resonators in Fig. 3 (a) are coupled with an induc-
tor to implement the circuit shown in Fig. 4 (a), as shown in
Fig. 4 (b). The open-ended transmission line with electrical
lengths 6115 and 6125 is folded to obtain the required coupling
coefficient. Jr12 in Fig. 2 (a) is typically achieved using a
quarter-wavelength transmission line J-inverter to obtain the
bandstop response, so that JT12 has a magnetic coupling char-
acteristic. Since J13, J23, and Ji4 in Fig. 2 (a) have the same
sign as Jt12, the J-inverters of Ji2, J23, and Ji4 should be
designed as a magnetic coupling. In Fig. 4 (b), the open-ended
transmission line with electrical lengths 6115 and 61,g has the
lowest current density on the distributed resonator. There-
fore, when an open-ended transmission line with electrical
lengths 6115 and 0155 is folded, the parts of the transmission
line with the strongest current density could be coupled to
easily achieve the magnetic coupling. However, it is difficult
to obtain the strong magnetic coupling, since the coupling
length of the folded coupled-line decreases. Therefore, the
inductor L, is implemented to compensate the weak mag-
netic coupling of the coupled-line.

The coupling coefficient of the coupled line in Fig. 4 (b) is
extracted as suggested in [18].

Yriz
_ —Y121 Yan csc? Or
(Yg12+jY11 cotOr —Yy11) (Ya12—jY11 cotOr +Yq11)
(5)
and
Yri

= jwCq1 — jY11 cotOr
. Y2 csc? 0r (Y11 cotOr +Ya11)
(Ya12+jY11 cotOr —Ya11) (Ya12—jY11 cotOr +Yq11)”
(6)

where Y12, Y411, Yin3, and Ot are defined in (7)—(10).
J
Yoo = ) (Yo12 — Ye12) cot 012

B i YEZ12 csc? 012
2

Yuz12 csc? 012 )
(¥in1 +Ye120t812)  j¥in1 +Yo12 cOLO1

1
~joLp

@)
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FIGURE 4. (a) Circuit with J;, and two resonators in Fig. 2 (a), (b) the
resonator pairs with folded coupled-line A, and (c) its calculated coupling
coefficient.

J
Yii1 = 5 (Yo12 + Ye12) cot 012

+l Yez12 csc? 0y Y0212 csc2 ;o
2\ (Yin1+Ye12c0t012)  jYin1+Yo12 cotbi
! (®)
jwLis’
JoCrz + jY125tandzs
Yin3 = Y125 9

Y125 — wCiztandos

and
01 = 011 + 0115 + 2014 = 011 + O11s +2023.  (10)

Fig. 4 (c) illustrates the calculated coupling coefficient
(k12) with parameters as follows: Zj; (= 1/Y11) = Zi1s
(= 1/Yus) = 50 @, Ziz (= 1/Y12) = 50 @, Ze1s (=
1/Ye14) = 52 R, Zo14 (= 1/Yo14) = 48R, Zep3 (= 1/Ye23) =
54.5 Q, Zop3 (= 1/Y023) = 49 Q, Ze12 (= 1/Ye12) = 53 @,
Zo12(=1/Yo12) =48 2, C11 = C21 = 38pF, C1p = Cpp =
5.6 pF, 011+611s = 30°,614 = 20°,612 = 20°,and 6,3 = 20°
at 0.9 GHz. It can be observed that kj, increases with 6.
Moreover, a higher L, resulted in an increased k2. As 0125
decreases, the electric and magnetic couplings cancel each

120194

other, decreasing the coupling value. Therefore, the magnetic
coupling was obtained by folding the open-ended part.

The circuit with J14 in Fig. 5 (a) is designed as a resonator
pair with a folded coupled-line B, as shown in Fig. 5 (b).
The open-ended transmission line with an electrical length of
012 + 6125 was also folded to obtain the magnetic coupling.
The coupling coefficient of the coupled-line in Fig. 5 (b) is
extracted as in [18] (11), as shown at the bottom of the next
page. and (12), as shown at the bottom of the next page, where
Yc12, Yceu1, Yins and 6712 are calculated in (13)—(16).

J
Yoo = ) (Yo14 — Ye14) cot 4

2 2
Y5, csc” 014

_d
2 2Y, 14 cotOyy — ﬂ’m);%;‘;?% #14
Y0212 csc? 014
- ) (13)
2Y,14 cotO14 — m%
Y = =% (Yors + Yaa) cotbis
n i Yez14 csc? 014
2 2Y,14 cotOy4 — ﬂ;%% + w%m
+J_‘ Yoz12 csc? 014 (14)
2 2Y,14 cotO14 — m%
Yis = lejwclz +jY12tanfr12 (15)

Y12 — wCratanfria

and
0112 = 011 + 0115 + 2014 = 011 + O11s +26023.  (16)

Fig. 5 (c) shows the calculated coupling coefficient (ki4)
using (11) and (12) with the same parameters as in Fig. 4 (c).
The required magnetic coupling coefficient is also accom-
plished based on the structure in Fig. 5 (b). It can be observed
that k14 increases with 6125, and a higher L4 resulted in an
increased k4.

In the bandstop filters, J112 in Fig. 2 (a) is typically realized
as a quarter-wavelength transmission line. When a capacitor-
type J-inverter (Co1) is employed as Jo1, an additional capac-
itor for Jt12 is required to absorb the Cp; of Jo;. In addition,
the electrical length between the input and output ports is
reduced to 45°. Therefore, a capacitor-loaded transmission
line was employed, as shown in Fig. 6. The design equa-
tions are extracted based on the ABCD parameters of the two
transmission-line inverters as follows:

oCri2 = 1/Z712, (17
Zria = V2 Z1a, (18)
cosbrir = 1/3/2. (19)

As aresult, the electrical length of 611, becomes 45° based
on (19).
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FIGURE 5. (a) Circuit with J;4 and the two resonators in Fig. 2 (a), (b) the
resonator pairs with folded coupled-line B, and (c) its calculated coupling
coefficient.

C. TUNABLE FILTER DESIGN
As shown in Fig. 7, the proposed tunable absorptive bandstop
filter is designed using the folded coupled lines A and B
shown in Fig. 4 and 5, respectively. JT12 was obtained using
the transmission line loaded with two capacitors, as shown in
Fig. 6. A capacitor-type J-inverter (Cpg; and Dy ) is used for
input/output coupling.

The two filters were designed based on the proposed filter
structure shown in Fig. 7, and a detailed design procedure for

FIGURE 6. Quarter-wavelength transmission line and a capacitor-loaded
transmission line.

Rp Dy,

Vo

Ry T:Coz1
V"NR%D:.

FIGURE 7. Proposed filter configuration.

Folded coupled-line B L

Filter A is shown in the next. Although the design procedure
for another filter is omitted for brevity, it is essentially iden-
tical to that used to design Filter A.

Firstly, the coupling coefficients and the resonator Os are
calculated. Filter A is designed at fo = 0.9 GHz with

Yri1 = joCiy —jY11 cotOryg

Y121 esc? 0711 (—jY11 cotbri1 + Yeur)

~ (Yenz +jY11 cotbriy — Yeir) (Yerz — jYi1 cotby + Yerr)

(11)

2 2
=Y{,Yciz2cs¢” 01y

Yrio = —

(12)

(Yc12 +jY1icotOrir — Y1) Yeiz —jYiicotfr11 + Yeir)
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TABLE 2. Parameters of a Filter in fig. 2 (A).

Filter parameters
.101= 1.404, ./12 = 0109, Jz3 = 1, .114 = 099,
G1=G4=0.98,C1=Cs=2.56F,
G, =G3=1.3025,C,=C3=1.924

a fractional bandwidth of 0.03. The coupling coefficients
(k12, k23, and k14) are 0.013, 0.016, and 0.012, respectively,
based on the parameters listed in Table 2. Moreover, the Q
for the resonator with varactors D1 and D13 is required to be
87.5, whereas that for the resonator including varactors Dy
and D»), is 49.2 based on Table 2.

Secondly, the capacitor-loaded resonator is designed con-
sidering the required resonator Q (=87.5) as shown in Fig. 3.
Initially, the admittances are determined as Y;; = Y15 =
Y14 = Yizs in Fig. 3 to achieve the required resonant fre-
quency, easily. When the coupling coefficients are adjusted,
the variation of Y4 and Yj, is minimized due to the con-
trol of the gaps and the inductors between resonators. When
Yiin. = Yius = Yo = Yips = Yy = 0.02 S and
01154611 +012s+6012+614 = 100° at 0.9 GHz, C; = 3.6 pF,
and C1p = 7.7pF, R11 = 1.6 Q and R1» = 0.8 Q2 are extracted
based on (3) and (4) as shown in Fig. 3(b).

Next, the parameters of the folded coupled-lines in
Fig. 4(b) and 5(b) are extracted to satisfy the required cou-
pling coefficients. The coupling coefficients (k12, k>3, and
k14) for the coupled-lines are calculated based on (5)-(6) and
(11)-(12). The initial values for the coupled-lines are used
as Y1 = Yis = Yo = Yips = Y = 0.02 S and
O11s + 011 + 0125 + 012 + 614 = 100° for the resonators. The
final values for the coupled-lines are determined by changing
the folded electrical lengths (011sandf12s) and inductors (L7,
L4, and L34) as shown in Fig. 4(c) and 5(c). The design
parameters are shown in Table 3 to obtain the required cou-
pling coefficients. High-Q air-coil inductors (080xSQ, L2 =
Ly; = 18 nH, Lj4 = 24 nH, and Q = 140 at 900 MHz)
are used. The even- and odd-mode impedances are similar to
Z11(= 1/Y11 = 50 €2) due to the control of the gap and induc-
tors between the resonators. Therefore, the resonator Q and
resonant frequency are not significantly changed. The simu-
lation for the coupled-lines in Fig. 4(b) and 5(b) is conducted
using Agilent Advanced Design System (ADS) to confirm
the coupling coefficients and resonant frequency [19]. The
capacitor-loaded transmission line is designed as shown in
Fig. 6. Z112 = 70.7 Q and 6112 = 45° are extracted using
(17)-(19).

The varactors are selected to yield the desired tuning range
and resonator Q. As shown in Fig. 8, when Y11 = 0.02 S
and filter tuning range = 35 % are selected, the capac-
itance ratio (Cratio) 18 2.35 [20]. An SMV 1413 varactor
(C = 9.24-1.77 pF, Capacitance ratio = 5.2, 0 = 94.6 @
1GHz, bias voltages=0-30 V, Rs = 0.35 Q) is selected as D1
and Dy to obtain the required capacitances. Two SMV 1413
diodes were connected in parallel for D1, and D3 to decrease

120196

TABLE 3. Parameters of a Filter A in fig. 9.

Filter parameters

Zn(=1/Yn) = Zus(= 1/Yus) = 50 Q, Ziz(= 1/Y12) = 50 Q,
Ze1a(= 1/Ye14) =52 Q, Zo14(= 1/Yo14) = 48 Q,
Ze23(= 1/Ye23) = 54.5 Q, Zo2s (= 1/Y023) =49 Q,
Ze12 (= 1/Ye12) =53 Q, Zo12 (= 1/Yo12) =48 Q, Z112=70.7 Q,
Cu=Cu=38pF, Cia=Cn=5.6 pF, 011+ 611s=30°,
614=20°, 012=20°, Or12=45", 63=20°" at 0.9 GHz.

60 T T
- ——¥,=0.014 S
32
ol Y,=0.020 S .
g ——Y,=0.033S
(=] . F gt
&
~ 40
{=)]
E
530

20 Il I 1

2.2 2.4 2.6 2.8 3.0

C

Ratio

FIGURE 8. Filter tuning range vs. capacitance ratio (Cratio)-

the varactor resistance and increase the varactor capacitance.
The varactor Q and Crago of SMV 1413 are higher than the
calculated requirements (Q = 87.5 and Crao = 2.35).
However, the required Q and CRrggo are finally obtained due
to the microstrip line Q and DC-blocking capacitors for var-
actors. Filter A is fabricated on a 30 mil Duroid substrate
(er = 3.48, Rogers RT/Duroid 4350). ATC600L chip capac-
itors (Rs = 0.12 2, Cpy; = 12 pE, Cpi2 = Cp21 = 13.6 pF
(= two 6.8 pF capacitors), Cpyy = 25 pF, Cpg1 = 4.7 pF,
Cpri2 = 4.7 pF, and Q = 100 at 1 GHz) are used as DC
blocking capacitors. When the resonator is simulated with a
simplified model of the varactors in the Agilent Advanced
Design System (ADS), the resonator Os of 87.5 and 49.2 were
obtained with selecting the capacitance of DC blocking
capacitors.

Finally, the tunable absorptive bandstop filter is realized
as shown in Fig. 7. The folded coupled-line A and B are
arranged to realize ki, k23, and kj4. The capacitor-loaded
transmission line for k12 is utilized. An SMV1232 varactor
(C = 4.15-0.75 pF, Capacitance ratio = 4.15, 0 = 60.9 @
1GHz, bias voltages=0-15V, Rs = 1.5 Q) is used for Dy and
D17 to obtain Jo; [20]. DC biasing is implemented using a
10 k€2 resistor (Rp) to reduce the RF signal leakage through
the bias network. Full-wave results are obtained by simulat-
ing the filter with a simplified model of the varactors in the
Agilent Advanced Design System (ADS). The filter dimen-
sions are obtained based on the distributed filter parameters
in Table 3 as follows: gj2 = 1.82 mm, g;4 = 2.15 mm,
g3 = 1.93 mm, L;; = 9.445 mm, W;; = 1.66 mm,
Liis = 6 mm, Wyis = 1.66 mm, L4 = 4.945 mm, W4 =
1.66 mm, L1 = 9.89 mm, Wi» = 1.63 mm, Lr3 = 9.9 mm,
Wo3z = 1.57 mm, Wrip = 0.9 mm, and Lt = 22.7 mm.
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TABLE 4. Parameters of a filter B in fig. 11.

Filter parameters

Zn(=1/Yn)=Zus (= 1/Yus) =50 Q, Zi2 (= 1/Y12) = 50 Q,
Ze1a (= 1/Ye14) =53 Q, Zo1a (= 1/Yo14) =47.5 Q,

Ze23 (= 1/Ye23) =56.5 Q, Zo23 (= 1/Yo23) = 53.5 Q,
Zeta(= 1/Ye12) = 53.5 Q, Zota(= 1/Yo12)=46.5 Q, Z112=70.7C,
C11= C21=3.8 pF, Ci2= C22=5.6 pF, 011+ 611s=30°,
014=20°, 612=20°, Gri2=45", and 63=20° at 1.3 GHz.

Filter B is designed, similarly as Filter A, at fj = 1.3 GHz
with fractional bandwidth of 0.02. The coupling coefficients
k12, k23, and ky4 are 0.009, 0.010, and 0.008, respectively,
based on the parameters listed in Table 2. Moreover, the O
for the resonator with varactors D1; and D5 is 110.5, whereas
that for the resonator including varactors Dy and D35, is 73.8.
The filter parameters are shown in Table 4. Cp11, Cp12, Cp21,
Cp22, Cpot, and Cpry2 are 8.2 pF, 12 pF, 4.3 pF, 8.2 pF, 3 pF,
and 3 pF, respectively. The varactors are equal to those of Fil-
ter A. The filter dimensions are obtained as gj» = 1.36 mm,
g14 = 1.68 mm, g3 = 2.94 mm, L1} = 5.84 mm, W =
1.66 mm, L1 = 4 mm, Wy1s = 1.66 mm, L4 = 3.295 mm,
Wis = 1.64 mm, Lip = 659 mm, Wi, = 1.65 mm,
Ly = 6.63 mm, Wrz3 = 1.42 mm, Wrio = 0.9 mm, and
Lt = 15 mm.

Ill. MEASURED RESULTS

A. FILTER A

Fig. 9 shows a photograph of the fabricated Filter A and
the simulated and measured results. The 4-pole absorptive
bandstop filter response is accomplished. The rejection level
is measured as 47 dB at 0.89 GHz. The measured return loss
is 38 dB at 0.89 GHz, and S;; < —11 dB is obtained in the
frequency range 0.7-1.1 GHz. Also, the measured insertion
losses are 0.75 dB at 0.79 GHz and 0.77 dB at 0.99 GHz,
respectively. The measurements agreed well with the simu-
lation results. The measured wideband return loss is slightly
different from the simulated result owing to the error in the
varactor modeling.

The notch frequency of Filter A is tuned as shown
in Fig. 10. When the notch frequency is adjusted, the
absorptive response and high attenuation characteristics are
shown simultaneously. The center frequency tuning range is
0.83-1.09 GHz with rejection levels of 41-48 dB and —10 dB
rejection bandwidths of 21-25 MHz. The return loss at the
notch frequencies is 16.2-38 dB, and the insertion loss is
measured in the range 0.55-0.81 dB at a 100 MHz offset
frequency from the center frequency.

B. FILTER B

Another 4-pole tunable absorptive bandstop filter (Filter B)
is displayed in Fig. 11 (a), and the measured and simulated
absorptive notch responses are shown in Fig. 11 (b). The mea-
sured rejection level is 40.1 dB at 1.23 GHz. The insertion loss
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FIGURE 9. (a) Fabricated Filter A and (b) the measured and simulated
responses. (Solid line: measurements; dotted line: simulations.)
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FIGURE 10. Measured frequency responses of the fabricated Filter A.

is0.81dB at 1.13 GHz and 0.85 dB at 1.33 GHz, respectively.
The notch frequency return loss is 34 dB.
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FIGURE 11. (a) Fabricated Filter B and (b) the measured and simulated
responses. (Solid line: measurements; dotted line: simulations.)

The center frequency is controlled, as shown in Fig. 12.
The notch frequency covers 1.16—-1.47 GHz with rejection
levels of 40.1-51 dB, and -10 dB rejection bandwidths
of 23-26 MHz. The return loss is 14-34 dB at the
center frequency, and the insertion loss at a 100 MHz
offset frequency from the notch frequency is measured
as 0.8-0.89 dB.

C. COMPARISON WITH OTHER FILTERS

Table 5 summarizes the comparison of this study with the
existing tunable distributed absorptive bandstop filters in the
previous literatures. In [1], a 4-pole tunable absorptive band-
stop filter was introduced, whose return loss <5 dB at the
notch frequency is shown even though the filter has the rejec-
tion level >40 dB. The design methods in [6] and [7] have
the complicated filter structure including an auxiliary circuit.
Although the tunable absorptive filter in [11] was obtained
without the additional impedance-matching network, a low
rejection level of 20-28 dB was yielded due to the 2-pole
filter structure. Even though the filter suggested in [15] have
both the good attenuation and return loss characteristics, it is
difficult to realize the tunable filters. The proposed design
produces the rejection level >40.1 dB and the return loss
> 14 dB based on the 4-pole filter configuration without any
auxiliary impedance matching network.
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FIGURE 12. Measured frequency responses of the fabricated Filter B.

TABLE 5. Performance comparison with other filters.

Auxiliary Filter Tuning Return Rejection
circuit oles range loss (dB) level
P (GHz2) (d8)
[1] No 4 1.8-2.3 5> 40<
[6] Yes - 0.18-0.31 22-50 30.7-33.4
[7] Yes 3 1.93 11.3 36.8
[11] No 2 2325 15< 20-28
[15] Yes 2 2.0 <15 <40
This No 4 0.83-1.09/ 16.2-38/ 41-48/
study 1.16-1.47 14-34 40.1-51

IV. CONCLUSION

In this paper, 4-pole tunable absorptive dual-notch filters
are proposed. A filter transfer function for 4-pole absorp-
tive bandstop filters was established and folded coupled-lines
with a lumped inductor and a finite Q varactor was used to
obtain the coupling coefficient based on the filter transfer
function. Two filters were designed and tested. In the future,
RF MEMS switched capacitors will be used to expect a sig-
nificant improvement in insertion loss, power handling, and
linearity [21].
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