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ABSTRACT This paper reports on the design and experimental validation of a new class of
frequency-tunable filters with switchable bandpass-to-bandstop transfer function characteristics. Single- and
dual-band filter topologies are developed by coupling dual-mode loop resonators (DMLRs) to the feedline
between the RF input and output ports of the filter. The bandpass-to-bandstop reconfigurability is realized by
adding/removing an in-parallel cascaded thru line using single pole double throw (SPDT) switches. Center
frequency tunability is achieved by incorporating three varactor diodes in the DMLRs. For experimental
validations purposes, two filters with single- and dual-band responses were implemented and tested and
appear to be in a good agreement with the EM simulated performance. For the single-band bandpass-to-
bandstop filter, the RF-measured tuning range for the bandpass mode of operation is 1.65-1.96 GHz, and
for the bandstop mode or operation it is 1.68-1.93 GHz. The dual-band bandpass-to-bandstop filter exhibits
the RF-measured tuning ranges of 1.38-1.53 GHz for the first passband and 1.82-2.08 GHz for the second
passband in the bandpass mode operation. The minimum insertion loss varies between 3.3 and 6.8 dB for
the first passband, whereas it is between 2.2 and 4.7 dB in the second passband. The RF-measured tuning

ranges in its bandstop mode of operation were measured between 1.35-1.47 GHz and 1.75-2.01 GHz.

INDEX TERMS Bandpass filter, bandstop filter, single pole double throw (SPDT), tunable filter.

I. INTRODUCTION

Unprecedented developments in modern wireless communi-
cation systems such as in 5G, Internet-of-Space (IoS) and
vehicle-to-vehicle (V2V) communications are increasingly
calling for microwave RF components with increased func-
tionality to support their multi-standard and multi-functional
requirements. In this direction, tunable and reconfigurable
microwave filters are highly desirable to replace the large
number of RF-switched filter banks that currently limit the
size and the power consumption of their RF transceivers and
add complexity.

RF filters with reconfigurable number of passbands/
stopbands, center frequency or bandwidth tunability have
been demonstrated using alternative resonator technologies
such as planar microstrip/CPW-type resonators [1], [2],
[31, [4], [51, 6], [7], [8], [9], [10], [11], acoustic-wave
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resonators [12], [13], [14], [15], [16], [17], [18] and 3D cav-
ities [19], [20], [21], [22], [23], [24]. Particularly, RF filters
with bandpass-to-bandstop reconfigurable transfer functions
are increasingly being sought to facilitate operation in inter-
ference dominated communication environments. As such,
alternative bandpass-to-bandstop reconfigurable filters have
been reported to date using different tuning technolo-
gies including micro-electromechanical system (MEMS)
switches [25], [26], [27], [28], PIN diodes [29], [30], [31],
[32], [33], [341, [35], [36], [37], [38], [39], [40], [41] and
single pole double throw (SPDT) RF switches [42], [43],
[44]. In [25] and [26], tunable single-band filters having
two and four poles are demonstrated where MEMS switches
facilitate the bandpass-to-bandstop reconfigurability and var-
actor diodes are used for center frequency tuning. Second-
and third-order single-band bandpass-to-bandstop filters with
frequency and bandwidth tunability are discussed in [27].
RF MEMS have also been used to materialize dual-band
bandpass-to-bandstop filters with tunable bandwidth and
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reconfigurable transmission zeros, as for example the ones
in [28]. However, they are frequency static.

PIN-diode based bandpass-to-bandstop filters are typ-
ically constructed by incorporating PIN diodes between
the RF input and output ports. In [29], a single-band
bandpass-to-bandstop filter has been demonstrated using
parallel coupled resonators. However, neither its center fre-
quency nor its bandwidth can be tuned. In yet another
approach, frequency tunability is combined with bandpass-
to-bandstop reconfigurability [30], [31], [32]. Multi-band
bandpass-to-bandstop filters with tunable characteristics
have also been reported, where tunability is obtained
using trimmer capacitors [33]. In [34] another dual-band
bandpass-to-bandstop filter has been demonstrated. Dual-
band bandpass-to-bandstop filters with independently tun-
able center frequencies have been developed by incorporating
PIN diodes in [35] and [36]. However, these filters suffer
from the poor out-band performance in the bandstop mode of
operation.

SPDT switches have been used to design bandpass-to-
bandstop filters. In [42], a wideband filter with bandpass-
to-bandstop reconfigurability is reported where quarter
wavelength transmission lines are connected to a ring res-
onator by means of PIN diodes. Although high performance
has been achieved at both of its bandpass and bandstop modes
of operation, the filter is frequency static. In [43], SPDT
switches were used together acoustic wave lumped element
resonators to design single- and dual-band bandpass-to-
bandstop filters. However, center frequency tunability can’t
be achieved. A bandpass-to-bandstop filter having center
frequency tunability has been studied in [44], but it is limited
to a single band.

Taking into consideration the aforementioned limitations,
this manuscript reports on a new design approach to mate-
rialize single- and dual-band frequency-tunable filters with
added bandpass-to-bandstop transfer function reconfigurabil-
ity. The proposed filtering approach is based on dual-mode
loop resonators (DMLRs). To achieve the bandpass-to-
bandstop reconfigurability, an in-parallel connected transmis-
sion line is disconnected/ connected to the DMLR through
a SPDT switch. Center frequency tuning is achieved by
incorporating varactor diodes at the DMLR. The concept
is applied to the realization of single-band and dual-band
transfer functions. For experimental validation purposes, the
prototypes we built and tested at L band. The proposed
SPDT based dual-band bandpass-to-bandstop filters stand out
due to having independently tuned center frequencies and
good in-/out-band performance at both modes of operation.
As compared to the dual-band tunable bandpass-to-bandstop
filters introduced in [35] and [36], the proposed dual-band
prototype exhibits better out-band return loss performance
especially in the bandstop mode of operation. This work also
includes the implementations for both of the single- and dual-
band bandpass-to-bandstop filter prototypes. The proposed
filters are like bandpass-to-bandstop RF filter banks due to
the use of SPDT switches.
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FIGURE 1. Circuit schematic of the single-band bandpass-to-bandstop
filter with center frequency tunability. (a) Entire circuit. (b) Circuit
equivalent under even mode excitation. (c) Circuit equivalent under odd
mode excitation.

Il. MATHEMATICAL ANALYSIS
The circuit schematic details of the single-band bandpass-
to-bandstop filter concept are provided in Fig. 1(a). The
DMLR is coupled to the RF input and output ports through
feeding lines and an RF-switched transmission line is added
in parallel to reconfigure its transfer function from bandpass
to bandstop by activating/deactivating the RF switches Swj
and Swy. Specifically, the bandstop mode of operation can be
obtained when Swy is ON and Swy is OFF, while the bandpass
mode of operation can be obtained when Sw; is OFF and
SW3 is ON. Since the filter geometry has vertical symmetry,
even and odd mode analysis can be performed using the even
and odd mode circuit equivalents in Figs. 1(b) and 1(c). As it
can be observed, the even mode resonant frequency can be
controlled by C,; and C,, while the odd mode can be tuned
by only changing C,;. The input admittances of the even and
the odd mode circuit equivalents, Yeye, and Y44, can be found
from the input impedance seen from the /b and 2a ports of
the coupled line sections using (1):

Ba ) T )

Vaa  Vip
where I1p, V1 and I, V3, are the currents and the voltages at
the ports of /b and 2a. It should be noted that the even and odd
input admittances of Y., and Y,44 can be calculated from the
voltage-current relationships for three coupled sections of a,
b, and c. Furthermore, the impedance matrices of the three

Yeven = Yoda =
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four-port coupled sections can be summarized as [45]:
W\ =Zh =2 =2 = _7] (Zoe + Zoo) cot (6r)  (2a)
Zh =273 =2 =7}y = _7] (Zoe — Zpo) cot (6y)  (2b)
Zh=23=2Zy, =2Z), = %J (Zoe — Zpo) csc (Bn)  (2¢)
Zl, =2}, =2 =23, = _?J (Zoe + Zopo) csc (Bn)  (2d)

where, Zg. and Zg, are the even and odd mode characteristic
impedances of the coupled lines, and n represents the coupled
sections a, b, and ¢ in Figs. 1(a), (b) and (c).

Using the even mode half circuit model in Fig. 1(b), the
voltages and the currents at the ports of the coupled sections
can be specified as: Vi, = Vo, Vo = Vip, V3 = Voo,
Via = Vies Tia = —h, laa = —he, he = —I3g — 7%, Iy =
I = Iy = 0, and V3, = —I3pZ,., where Zg,,, and Z,, are
the input impedances of the RF switched part and uncoupled
section of the DMLR under even mode excitation. Zj,, can
be expressed for the related switching path using (3):

—ZoBs cot (OBs) + Zosw tan (Os)

V4 = j/ 3a
e SWL = Tl s col(Bps) an By

(=25) + Zosw tan (Gs,)

«Cpp
Zosw + (555 tan (Os)

where Z,. sw1 is the input impedance of the switching path
of Sw for the bandstop mode of operation and Z,. sw?> is the
switching path of Swy for the bandpass mode of operation.
Furthermore, the input impedance of the uncoupled sections
of the DMLR, Z,,, can be found from (4):

Ze +jZOr tan (erl)

ste,SWZ = jZOsw (3b)

Zye =71 4a
" Z e + jZrer tan (61) (42)
Z
Zoel = 2 (4b)
1 + joCy1Zren
1 —0.50C,Zy, tan (6
Zyer = wCpLor an (6,2) (4¢)

00,50 C, Zos +j tan (6,2)

Using, (2)-(4) as a reference, the input admittances seen from
the /b and 2a ports in (1) can be expressed as:

by _ NiLy — N3Ly (52)

Voa  Nalpl3 — NaL3Ls + NiN4Ly — N2N3Ly

I]_b _ NiN4 — NoN3 (5b)

Vie  NalpLz — NaL3Lgy + NiN4Ly — Na2N3Ly

Its related parameters can be found from (6):

N =Z{, — L +M3Zil3 + Mz}, (6a)

Ny = Z{, + M4Z{ + MrZ{, (6b)

N3 = Zf2 — L3+ M32f4 + M]ng (6¢)

Ny = Z% + MyZ% + Mo Z8, (6d)

M = KiZjy — K3Z{13’ M, = Klzlas — K3Zj, (6¢)
K>)K3 — K1Ky K>)K3 — K1Ky

M; = K4Zla3 - K221“4’ _ K4Z1a4 - KZZlaa (66)
K>K3 — KKy K>K3 — KKy
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where:
2
7b 7b. 7b
Li=-2Z + —,E 11) L L=2zh - B (7
2+ Zre 2+ Zre
zb.7b zb)?
Ly= 20+ Zb13 4, g }() 5) (7b)
11+ Zre 2y + Zre
Z¢ Z A4
K, zzlfll_k%’ K2:Zf2+% (7¢)
le + Zswe le + Zswe
. YASYAS
Ky =Zh+Zh = S (7d)
11 swe
2
ZC
Ko =7\ + 7}, - Z—c( _E)Z (7e)
11 swe

For the odd mode excitation circuit in Fig. 1c, the voltages
and currents at the ports of the coupled sections can be
specified as: Vi, = Vap, Vou = Vi, Via = Vac, Vaa = Vie,

ha = —hp, lag = —le, he = =134 — % lyp = e =0,
Vic = 0, and V3, = —I3,Z,,. Here, the input impedance of

the switching path of Sw2, Zsy0,sw2. Will be same with (3a),
while the input impedance for the switching path of Swi,
Zswo.sw1 can be expressed using (8):
Zowoswt = Zow Zops tan (Os) + Zosw tan (Os) ®)
Zosw — Zops tan (fs) tan (05,)
For the uncoupled sections, the input impedance Z,, can be
expressed using (9):

Z iZ o tan (6,
Zy = Zor rol +‘] or tan (6,1) (92)
Zor + jZro1 tan (6,1)

JZor tan (6,2)
1 — wCy1Zor tan (6,2)
As in the even mode excitation, the odd mode input
impedance, Y,44, can be similarly obtained by using (5)
and (6) in (1). However, the expressions in (7a-7d) must be
replaced with the following equations:

Zyo1 = (9b)

b2 b b
zb.z
Li=-Z) + ,EL) L=z} — 2% (10a)
Zi1+Zn Zi ro
zb.7b 7b)?
Ly=-Z{+ 2 Ly=27) — Z(,L) (10b)
2y + 2o Zi 2o
K :Zlal — Py, Kp =Zla2—P3 (10c¢)
z¢,Z¢
Ky =7 + 272§, — 124 B _pp, (10d)
11
a c (Zlc4)2
Ky=7Z\+2], - e — P1P3 (10e)
11
Z6.7¢ — 75 7¢
Pl — 13 lt 12711 (IOf)
Znsto
2 2
[5) = (#)*] Zowo
2= . ; (10g)
Z{ 1\ Zwo + (27)) — (Z3)
(253284 — ZZ1) Zowo (10h)
- . 2 \2°
Z{\Zswo + (27))" — (Z13)
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FIGURE 2. Bandpass-to-bandstop reconfigurability for the circuit
schematic in Fig. 1. (a) 64 = 33.8°, 6, = 36°, 0. = 40°,0,; = 0°,6,, =
5%, 65y = 459, 0gg = 99, Zy = 1299 Zyy= 61.5 €, Zg, = 642,
Zg,= 97.49, Zggg= 40, C, 1 ,,,,=0.79x 1073 (Bandpass
mode), Cyy . .= 0.98x1073, (Bandstopmode), Cp .o, = 0.705x1073,
andCgp por = 10x1073, (b)0q = 40°, 9, = 18°, 9c = 36°, 6,7 = 9°, G5y =
540, g = 13.79, Cy1por = 0-65 x 103 (Bandpass mode),

Colnor= 1.27x10~3(Bandstop mode), Cpnor= 0.8 x 1073,

Having defined the admittance relationships of the even
and the odd mode circuit equivalent in (1), the overall
S-parameters for each of the bandpass and the bandstop mode
can be calculated using (11):

Yo(Yeven — Y,
Sy = O( even aa'd) (1 la)
(YO + Yeven)(YO + Yodd)
YevenYodd — Y2
Si event odd 0 (11b)

B (YO + Yeven)(YO + Yodd)

where Y is the input admittance. The overall S-parameters
are plotted in Fig. 2(a) for the circuit parameters listed in
the caption of Fig. 2(a). As it can be seen, the bandstop
mode of operation exhibits a transfer function asymmetry.
This is attributed to the transmission line sections being
shared between the two modes of operation and optimized
for a symmetric bandpass mode of operation. A symmetric
bandstop mode of operation can also be obtained at the
expense of a poor performance at the upper stopband as
shown in Fig. 2(b). It should be noted that when generating
the synthesized S-parameters in Fig. 2, the normalized capac-
itances need to be appropriately selected so that they can be
implemented with realistic surface mounted devices (SMDs).
In this implementation, the initial parameters are determined
by optimization and using as a basis a targeted highest fre-
quency of operation within the desired tuning range which is
set equal to 2 GHz. For example, the normalized capacitors
for the bandpass mode in Fig. 2(a) are C,_por = 0.79x1073,
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FIGURE 3. (a) Effects of the coupling coefficient on the frequency
response of the bandpass mode. (b) Effects of the coupling coefficient on
the frequency response of the bandstop mode. (c) Bandpass mode as the
ratio 6,1/ 6p is altered.

Cp nor = 0.705x1073, and Cpp nor = 10x107> and their
corresponding real values are C,; = 0.395 pF,C, =
0.35 pF, and Cpp = 5 pF at 2 GHz. For the bandstop mode
of operation, C,; is adjusted to 0.49 pF.

To determine the effect of the coupling strength
k) = (Zoe — Zoo) /(Zoe + Zoo) between the DMLR and
the feeding lines, S-parameters are investigated in Figs. 3(a)
and 3(b) for the bandpass and the bandstop mode of operation
with respect to the changes in k. It should be noted that the
bandwidth can be enhanced with the increase of k. Further-
more, better out-band suppression can be achieved at both
sides of the passband of the bandpass mode for lower k values.
In the bandstop mode, the selectivity can be improved in the
lower side of the stopband for lower k values, while the upper
passband is almost unchanged. Fig. 3(c) illustrates the effects
of the 6,1/6, which affect the locations of the transmission
zeros, which can be exploited to adjust the selectivity.

IIl. SINGLE-BAND BANDPASS-TO-BANDSTOP FILTER
Following the aforementioned design principles, a single-
band bandpass-to-bandstop tunable filter can be designed
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TABLE 1. Working principle of the filter.

SPDT1 SPDT2
Vi V' "REm | RE2 | RFAL | REs2 | Mode
High | Low ON OFF OFF ON Bandstop
Low | High OFF ON ON OFF Bandpass

using RF switches and varactor diodes as shown in the
layout in Fig. 4(a). Initial dimensions are obtained using
the analytical equations (1)-(10). The final dimensions are
determined by parametric full-wave electromagnetic (EM)
simulations in the software package SONNET. CEL’s bidi-
rectional pHEMT GaAs SPDT switches (CG2179M2) are
used and DC blocking capacitors of 56 pF and DC bypass
capacitors of 1000 pF are incorporated in the biasing network.
Skyworks SMV2020-079LF varactor diode models are incor-
porated to represent the capacitors of C,; and C,. A close
view of the switching region and equivalent circuit model
of the varactor diodes are illustrated in Figs. 4(b) and 4(c),
respectively. Operating principles of the filter are outlined in
Table 1.

A parameter sweep process is performed for several of the
physical dimensions of the filter including Iy, Ips, ls, and
w, in order to obtain the best possible in-band performance
while ensuring good out-band performance for both modes
of operation. For the same, the position of the varactor diodes
C,1 need also to be investigated as shown in Fig. 5. Although
the varactor diodes of C,; are placed after the transmission
line with the electrical length of 6,1 in the aforementioned
mathematical approach, it is also possible to shift them before
this transmission line in the EM simulations. In this case,
one more coupled section would occur and complexity of the
mathematical approach would increase. As it can be seen in
Fig. 5, the locations of these varactor diodes do not affect the
type of transfer function. However, the horizontal distance
to the corner, I, and the vertical distance to the corner, [,
mostly affect the locations of the transmission zeros and the
values of the varactor diodes.

For demonstration purposes, a single-band bandpass-to-
bandstop filter was implemented and its photograph is shown
in Fig. 6(a). A Rogers 4003C dielectric substrate with a
dielectric constant of 3.55 and a thickness of 0.813 mm was
used. The capacitor, Cpp, was selected as 6.2 pF for the best
bandpass performance in terms of in-band return loss and out-
band suppression. A DC block capacitor of Cpc_, = 8.2 pF
was used to isolate the varactor diodes and the bias resistors
are Rpi,s = 100kS2. Final dimensions are I, = 10.1, [, =
88,1, =10.1,1. = 63,11 = 3.1, [, = 14.0, Igs = 3.6,
Wew = 1.2, w, = 05, w, = 1.2, and wgg = 2.2 mm.
Besides, all gaps between the DMLR and the feeding network
are 0.2 mm.

The implemented filter was measured using a Power Net-
work Analyzer (PNA) N5222A from Keysight. Fig. 6(b)
illustrates the EM-simulated and RF-measured tuning capa-
bilities in the bandpass mode of operation, where V| and V>
were set equal to OV and 3V, respectively. As it shown, the
center frequency can be tuned between 1.65 and 1.96 GHz by
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FIGURE 4. Single-band bandpass-to bandstop filter. (a) Layout. (b) Detail
of the switching region and (c) the equivalent circuit model of the
varactor diode (Ls = 0.7 nH, Rs = 2.5%, Cvar: Variable capacitance).

Frequency, GHz

FIGURE 5. Effects of the locations of the varactor diodes on the
frequency response.

altering the biasing on the varactor diodes. For these states the
minimum insertion loss was measured between 7.1 dB and
2.8 dB and the 3-dB fractional bandwidth between 5.8 and
7.3 %. The minimum insertion loss is observed as 5.2 dB
in the EM-simulations including the losses of conductors,
varactor diodes and SPDT switches. It can be improved up
to about 0.9 dB when the varactor diodes are lossless (Rg
= 0 ). The measured insertion loss includes the losses
of SMA connectors, varactor diodes, and SPDT switches.
Fabrication errors and soldering process can also be effective
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FIGURE 6. (a) Photograph of the manufactured prototype of the
single-band bandpass-to-bandstop filter. (b) EM-simulated and
RF-measured performance of the bandpass mode. (c) EM-simulated and
RF-measured performance of the bandstop mode.
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on the insertion loss. On the other hand, the filter can be
reconfigured to the bandstop mode of operation by applying
3V and OV to V; and V;. In this case the center frequency
can be tuned between 1.68 and 1.93 GHz, where the rejection
levels are better than 10 dB.

IV. DUAL-BAND BANDPASS-TO-BANDSTOP FILTER
DESIGN

To design the dual-band bandpass-to-bandstop filter, one
more DMLR needs to be coupled to the feeding lines.

90702

However, this approach increases the complexity of mathe-
matical analysis. Thus, the simplest way to design this filter
is to first design two separate filters operating at different
frequencies. After the initial dimensions are determined, both
DMLRs need to be placed at the upper and bottom sides of
the feeding lines as shown in Fig. 7. It should be noted that
the switching network and bandpass-to-bandstop reconfig-
uration principle of the proposed filter is almost the same
with the single-band filter in Fig. 4(b) and Table 1. However,
Cgp is removed from the switching network to decrease the
complexity and RF#2 of SPDT#1 and RF#1 of SPDT#2
are open-circuited. In this case, the input impedance in (3b)
must be reconsidered as Zge sw2 = —jZygy Ot (Oy) to
determine the initial dimensions. The filter can work in the
bandstop mode when the outputs RF#1 of SPDT#1 and RF#2
of SPDT#2 are ON, while it is in the bandpass mode when
the other RF output ports are ON.

The design steps for the dual-band bandpass-to-bandstop
filter can be summarized as:

1. Determine the initial dimensions of both DMLRs sep-
arately for both of the required passbands using the
mathematical model in Section II.

2. Construct the dual-band bandpass-to-bandstop filter
based on the layout shown in Fig. 7.

3. Find the final dimensions for Ilp1, Ip2, -1, 2, I3, and
l;4 from the EM-simulated parameter sweeps so as to
obtain the passbands at the highest center frequency
of their tuning ranges. In this design, the highest
center frequencies of the dual-band tunable bandpass-
to-bandstop filter are aimed at 1.5 and 2 GHz.

4. Decide the desired in-band performance for the band-
pass and bandstop modes of operation. The minimum
insertion and return losses are aimed as better than
3 and 20 dB in the bandpass mode of operation. The
in-band rejection level in the bandstop mode of opera-
tion is targeted as better than 20 dB.

5. Determine the final dimensions of I, w., lgs, and
wps for the out-band performance in the bandpass
and the bandstop modes of operation by means of
EM-simulated parameter sweeps.

6. Decide the desired out-band performance for the band-
pass and bandstop modes of operation. The out-band
suppression in the bandpass mode of operation is
desired to be better than 10 dB up to 1.5 fy, where
Jo is the center frequency of the upper passband. The
out-band return loss level in the bandstop mode of
operation is also desired to be better than 10 dB up to
1.5 fo.

7. Finish the design process after obtain the above
response for both modes of operation.

The parameter sweep procedure for the dual-band bandpass-
to-bandstop filter covering the steps between 3 and 6 is
summarized in the flowchart shown in Fig. 8.

Having completed the parametric studies, a dual-band
bandpass-to-bandstop filter was manufactured and tested.
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FIGURE 7. Layout of the dual-band bandpass-to-bandstop filter.

Parameter sweep for

lbf’ Ib2’ lri’ Ir2’ ll&' lr4

lYES NO

Check in-band performance
for the BP and BS modes

l YES

NO Parameter sweep for
lsyy Wes Ips Wis
l YES NO

Check out-band performance
for the BP and BS modes

l YES

Check the entire response
for both modes of operation

l YES

Finish the sweep process
and fabricate

FIGURE 8. Design process flowchart for the dual-band
bandpass-to-bandstop filter.

FIGURE 9. Photograph of the manufactured prototype of the dual-band
bandpass-to-bandstop filter.

The photograph of the manufactured prototype is shown in
Fig. 9. Likewise here, CEL’s bidirectional pHEMT GaAs
SPDT switches (CG2179M2) and Skyworks SMV2020-
O79LF varactor diodes were used in the prototype.
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FIGURE 10. RF-measured and EM-simulated S-parameters of the
dual-band bandpass-to-bandstop filter when reconfigured in its
dual-band bandpass mode of operation. (a) Tuning of the low frequency
band. (b) Tuning of the high frequency band.

Furthermore, DC block capacitors were employed to isolate
the varactor diodes of C, from Cy; and Cy, are Cpc; =
Cpc2 = 8.2pF. The final dimensions of the filter are
lsw= 10.75,1,= 7.6, 1p1= 9.8, Ipp= 4.75, .= 7.05, ;1= 5.0,
lp=14.85, 1;3=3.0, lu= 15.85, Igs=4.05, wew= 1.4,
wr= 0.5, w.=2.35, wgs= 1.2 and all gaps between the
DMLR and the feeding network 0.15 mm.

The EM-simulated and RF-measured results in the band-
pass mode of operation are compared in Figs. 10(a) and 10(b)
and appear to be in a fair agreement. The first passband can
be tuned by altering Cy; and Cp, while the second passband
can be tuned by changing C, and Cp,. In the EM-simulated
bandpass mode of operation, Cy; and Cp; are adjusted from
0.35 pF to 0.93 pF, and 0.56 pF to 1.37 pF leading to a center
frequency tuning between 1.37 and 1.53 GHz. Likewise, the
second passband can be tuned between 1.82 and 2.1 GHz by
adjusting Cy; between 0.38 and 0.8 pF, while Cy; is con-
trolled between 0.63 and 1.53 pF. Fig. 10(a) depicts the tuning
process of the first passband from 1.38 GHz to 1.53 GHz,
where the RF-measured insertion loss varies between 3.3 and

90703



IEEE Access

A. K. Gorur, D. Psychogiou: Single-/Dual-Band Bandpass-to-Bandstop Filters

TABLE 2. Comparison with some previous bandpass-to-bandstop filters.

Passbands BPIL BS Rejection(dB) BP Tuning Range BS Tuning Range Switching Technology | Size (Ax1y)
[26] <43 >30 0.78-1.1 0.77-1.1 RF MEMS -
[28] 2 <2.4/4.7 >15 No Tuning No Tuning RF MEMS -
[32] 1 <59 >40 0.81-1.03 0.76-1.23 PIN Diodes 0.258x0.219
[35] 2 <5.0/5.6 >16.4/20 1.7-2.2/2.2-2.7 1.7-2.3/2.3-2.9 PIN Diodes 0.33x0.34
[36] 2 <2.6/3.1 >11/11 1.03-1.4/1.35-1.74 1-1.5/1.4-1.75 PIN Diodes -
No Tuning No Tuning .
[42] 1 0.86 >40 (Wideband) (Wideband) SPDT RF Switches -
[44] 1 <54 >35 1.9-2.45 2.6-2.9 SPDT RF Switches -
1 <7.1 >10 1.65-1.96 1.68-1.93 0.33x0.28
Thi k PDT RF Switch
is Wor 2 <6.8/4.7 >10/10 138-1.53/ 1.82.2.08 | 135147/ 175201 | ° switches 1™ 75x0.26
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FIGURE 11. RF-measured and EM-simulated S-parameters of the
dual-band bandpass-to-bandstop filter when reconfigured in its

dual-band bandstop mode of operation. (a) Tuning of the low frequency
band. (b) Tuning of the high frequency band.

6.8 dB. Within the tuning range, the 3-dB fractional band-
width changes between 2.9 and 3.9 %. It is clear that the
first passband can be independently tuned, while the second
passband is almost fixed. However, depending on the sec-
ond harmonic of the first band, the upper stopband of the
second passband cannot be kept constant. The tuning process
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for the second passband is illustrated in Fig. 10(b) alongside
a comparison between the RF-measured and EM- simulated
parameters. The center frequency of the second passband can
be tuned between 1.82 and 2.08 GHz. Within this tuning
range, the 3-dB fractional bandwidth is kept between 6 and
6.5 %, and the insertion loss varies between 2.2 and 4.7 dB.
It should be noted that both passbands can be independently
tuned. In the EM-simulations, the minimum insertion losses
are better than 5 and 4.5 dB, while they can be improved
up to 2.5 and 1.6 dB when the varactor diodes are lossless
(Ry =0 €2). When taking into account the use of six varactor
diodes and two SPDT switches, the measured insertion losses
of the passbands can be considered as natural.

The tuning capabilities of the bandstop mode of operation
(V1 = 3V and V, = 0V) are shown in Figs. 11(a) and 11(b)
for the first and second stopband, respectively. In the EM-
simulated bandstop mode of operation, Cy; and Cp,; are
adjusted from 0.39 pF to 0.95 pF, and 1.015 pF to 1.8 pF lead-
ing to a center frequency tuning between 1.36 and 1.46 GHz.
Likewise, the second stopband can be tuned between 1.75 and
1.97 GHz by adjusting C,, between 0.38 and 0.85 pF, while
Cp2 is controlled between 1.1 and 2 pF. Center frequency of
the first stopband can be tuned from 1.35 GHz to 1.47 GHz,
where the 3-dB fractional bandwidth varies between 4.4 and
5.4 % as shown in Fig. 11(a). Within this tuning range, the
measured minimum in-band return loss changes from 5.2 dB
to 2.5 dB. The out-band return loss levels were measured
as better than 10 dB within the given frequency spectrum.
The EM-simulated and RF-measured results for the tunability
of the second stopband are illustrated in Fig. 11(b). The
tuning range of the second stopband was measured as 1.75-
2.01 GHz, where the corresponding 3-dB bandwidth changes
between 5.7 and 10.9 %. Here, the return loss was measured
between 4.5 and 2.1 dB, while the rejection levels at the
center frequencies are always better than 10 dB. In all RF-
measurements, the out-band return loss performance was
measured less than 10 dB.

Table 2 represents the comparison of the proposed
bandpass-to-bandstop DMLR-based concept with state-of-
the-art tunable and reconfigurable RF filters. As compared
to the single-band bandpass-to-bandstop filters introduced
in [26], [32], [42], and [44], the proposed work stands out in
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terms of dual-band performance characteristics. Among dual-
band bandpass-to-bandstop filters, it is advantageous when
compared to the concept in [28] due to [28] being static.
Although there are few dual-band electronically tunable
bandpass-to-bandstop filters constructed by PIN diodes [35]
and [36], to the best of authors’ knowledge, the dual-
band bandpass-to-bandstop filter in this work is the first
among SPDT based tunable bandpass-to-bandstop filters.
The switching mechanism consists of two SPDT switches
and their bias circuits arranged within a small space in a
similar manner with RF filter banks. Therefore, the proposed
topology can be improved more as a bandpass-to-bandstop
RF filter bank to obtain wider tuning ranges or different trans-
fer functions. Furthermore, the overall size of the proposed
dual-band tunable bandpass-to-bandstop filter is better than
that of the filter in [35]. Although the filters in [35] and [36]
exhibit good in-band performance, they suffer from their poor
out-band return loss performance in their bandstop mode of
operation.

V. CONCLUSION

A new class of single- and dual-band frequency-tunable
bandpass-to-bandstop filters has been introduced in this
paper. The bandpass-to-bandstop switching operation has
been realized by incorporating two reciprocally located com-
mercial SPDT switches. Thus, the design methodology of
the proposed tunable bandpass-to-bandstop filters is in a
similar manner with RF filter banks. Therefore, the proposed
approach can potentially be improved by incorporating SP3T
or SPAT switches in order to widen the tuning ranges or to
achieve different transfer functions. The single-band filter can
be constructed by coupling a DMLR to the feeding lines that
are connected to the RF input and output ports, while the
dual-band filter is designed by coupling two DMLRs having
different electrical lengths. Center frequency tunability for
both of the single- and dual-band filter topologies has been
achieved by three varactor diodes located at the DMLRs. For
experimental validation purposes, two filters with single- and
dual-band responses were implemented and tested and are in
a good agreement with the EM-simulated performance. The
RF-measured tuning ranges of the bandpass and bandstop
modes of operation for the single-band filter were measured
as 1.65-1.96 GHz and 1.68-1.93 GHz. For the bandpass mode
of the dual-band filter prototype, the RF-measured tuning
ranges of its bands were measured as 1.38-1.53 GHz and
1.82-2.08 GHz. For the bandstop mode they were measured
as 1.35-1.47 GHz and 1.75-2.01 GHz.
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