IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Received January 5, 2020, accepted February 1, 2020, date of publication February 20, 2020, date of current version March 2, 2020.

Digital Object Identifier 10.1109/ACCESS.2020.2975379

Design of Notched-Wideband Bandpass Filters
With Reconfigurable Bandwidth Based on
Terminated Cross-Shaped Resonators

XIAO-KUN BI“!, XIAO ZHANG 1, (Member, IEEE), SAI-WAI WONG 2, (Senior Member, IEEE),
SHAO-HUA GUO“3, AND TAO YUAN"“''4, (Member, IEEE)

! Guangdong Provincial Mobile Terminal Microwave and Millimeter-Wave Antenna Engineering Research Center, College of Information Engineering, Shenzhen
University, Shenzhen 518060, China

2College of Electronics and Information Engineering, Shenzhen University, Shenzhen 518320, China

3nstitute of Underground Engineering, School of Water Conservancy and Environment, Zhengzhou University, Zhengzhou 450001, China

4ATR National Key Laboratory of Defense Technology, College of Electronics and Information Engineering, Shenzhen University, Shenzhen 518060, China

Corresponding author: Xiao Zhang (xiao.zhang @szu.edu.cn)
This work was supported in part by the National Natural Science Foundation of China under Grant 61801298, in part by the Natural

Science Foundation of Shenzhen University under Grant 2019118, and in part by the Fundamental Research Program of Shenzhen Science
and Technology Innovation Committee, China, under Project JCYJ20180305124721920.

ABSTRACT In this paper, a series of novel reconfigurable-bandwidth notched-wideband bandpass filters
(NWB BPFs) with controllable notch bands are proposed. The proposed filters start from a passive filtering
structure, which is formed by a terminated cross-shaped resonator (TCSR) with a pair of parallel-coupled
lines and two open-ended stubs. Theoretical analysis finds that the filter bandwidth can be independently
controlled by the TCSR, while the center frequencies and bandwidth of notch bands are mainly controlled
by the rest parts. According to this, a BPF with controllable notch bands can be designed. To achieve the
reconfigurable-bandwidth NWB BPFs with controllable notch band, whose bandwidth and center frequency
can be maintained unchanged under different work states, two PIN diodes and a varactor are employed.
By controlling the work states of PIN diodes, three bandwidth states can be achieved with fixed center
frequency. By controlling the applied voltage on the varactor, other NWB BPF with independently tunable
lower passband edge can be realized. For verification, three prototypes are designed and measured. The
measured results agree well with the theoretical analysis and simulated ones, verifying a simple and effective
design approach of reconfigurable-bandwidth NWB BPFs.

INDEX TERMS Notched-wideband bandpass filter (NWB BPF), terminated cross-shaped resonator, PIN

diode and varactor, reconfigurable bandwidth, controllable notch bands.

I. INTRODUCTION

Because of the desired properties, i.e., low cost and pro-
file, compact size, and easy integration with other devices,
the microstrip filters have been extensively used in the wire-
less communications systems, such as, 4G, WiFi, and sens-
ing radars. To satisfy different requirements, the microstrip
filters with individual characteristics have been designed,
including low-pass filters [1], wideband bandpass fil-
ters (BPFs) [2]-[4], balanced BPFs [5]-[7], multi-band
BPFs [8]-[11], and high-pass filters [12].
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In the high data-rate and multi-standard remote-sensing
and telecommunication systems, notched-wideband (NWB)
BPFs with good filtering responses are urgently needed to
eliminate the unexpected in-band interference. Recently, such
filters have been designed by different techniques, which can
be classified into four main categories: 1) the introduction
of additional notch resonators [13] — [15]; 2) asymmetrical
coupled fed lines [16], [17]; 3) embedded open stubs [18],
[19]; 4) intrinsic zeros of multi-mode resonators (MMRs)
[20], [21]. Although all the above filters can own excellent fil-
tering responses and desired notch band simultaneously, they
still cannot satisfy the demands of modern multi-standard
transceivers, which need NWB BPFs owning different

VOLUME 8, 2020


https://orcid.org/0000-0003-4263-4338
https://orcid.org/0000-0002-9101-3565
https://orcid.org/0000-0001-5363-1576
https://orcid.org/0000-0001-9075-0929
https://orcid.org/0000-0002-9525-3814
https://orcid.org/0000-0002-0517-1568

X.-K. Bi et al.: Design of NWB BPFs With Reconfigurable Bandwidth Based on TCSRs

IEEE Access

reconfigurabilities to reduce the design complexity and
system size.

The reconfigurable NWB BPFs have been studied
over ten years [22] — [29]. Previous works are mainly
focused on the reconfigurable notch band(s) and fixed
bandwidth [22] — [27]. For the NWB BPFs with reconfig-
urable bandwidth, little effort has been devoted, except for
some ones in [28], [29], which suffer from many draw-
backs including non-electrically reconfigurable, uncontrol-
lable notch bandwidth, and varied center frequencies and
bandwidth of notch bands under different work states. Due
to the lack of study on the reconfigurable-bandwidth NWB
BPFs, the development of telecommunication will be largely
restricted. To tackle this, it is very significant to explore
different topologies for the design of NWB BPFs with a
new reconfigurable-bandwidth property in designing multi-
standard advanced transceivers for the practical applications
of high-performance circuits and systems.

In this paper, a class of new reconfigurable-bandwidth
NWB BPFs with controllable notch band are presented.
The proposed design starts from a passive fundamental
topology, which is composed of a terminated cross-shaped
resonator (TCSR) with some added parts, including two
open-ended stubs and a pair of parallel-coupled lines (PCLs).
After theoretical analysis, it is found that the filter bandwidth
is determined by the characteristic impedances of TCSR, and
the notch bandwidth is mainly controlled by the ones of the
added parts. Furthermore, the center frequencies of notch
bands are totally controlled by the electrical length of open-
ended stubs. As such, a NWB BPF with controllable notch
bands can be designed. In addition, some reconfigurable-
bandwidth NWB BPFs with controllable notch band, whose
bandwidth and center frequency are fixed under different
work states, can be realized by inserting two PIN diodes
and a varactor into TCSR. By controlling the work states
of PIN diodes, the lower and upper passband edges can be
shifted in same absolute ranges. By controlling the applied
voltage on the varactor, the lower passband edge can be
independently reconfigurable in continuous manners. Thus,
two kinds of reconfigurable NWB BPFs with fixed center
frequency and bandwidth of the controllable notch band can
be designed, including one with fixed center frequency, and
the other one with fixed upper passband edge. To validate
this, three prototypes are fabricated and measured. To the best
knowledge of authors, such reconfigurable-bandwidth BPFs
with controllable notch band, whose center frequency and
bandwidth are fixed under different work states, have never
been reported before.

This paper is organized as follows. Besides the introduction
in Section I, the discussion of the fundamental topology
with an emphasis on the transmission poles and zeros is
presented with the design of a basic NWB BPF. In Section III,
the design of reconfigurable-bandwidth NWB BPFs in dis-
crete and continue manners are presented with the simulated
and measured results. Finally, a conclusion is summarized in
Section I'V.
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FIGURE 1. Topology of the fundamental NWB BPF (Filter 1).

Il. BASIC THEORY AND NWB BPF

In Fig. 1, the fundamental topology for the design of a NWB
BPF with controllable notch bands is plotted. The fundamen-
tal topology is constructed by a TCSR with a pair of PCLs
and two open-ended stubs. For the TCSR, its electrical length
is & = m/2 at the center frequency fy, while characteristic
impedances are Z», Z /3, and Z/3/ , respectively. Thus, the input
impedance of the TCSR can be written as

_ Zptan?0 — Z3
ZIOR = jiy e —— 8
(Z> + Z3) tan 6@
where
1%y 244
o ®
225+ 7

From Eq. (1), we can know that the used TCSR owns one

TCSR TCSR rTCSR : /
pole fp 1 and two zeros fz TR =S For arbitrary 75, 73,

74, the relationship of f1CR < f2l = fo < fICSR holds.
To incorporate the TCSR for a BPF with controllable notch
bands, extra poles and zeros should be introduced. Hence, a
pair of PCLs with two open-ended stubs are added. For the
PCLs, its electrical length is 6 = 7/2 at the center frequency
fo and characteristic impedances are Z,,, Z,,, respectively.
For the open-ended stubs, its electrical length is 8; and 6;,
and characteristic impedance is Zj.

A. TRANSMISSION POLES AND ZEROS

When 6; = 6, = 6, the fundamental topology is sym-
metrical. Under this condition, its transmission poles (TPs)
can be determined by even-odd-mode analysis method. The
odd- and even-mode equivalent circuits are shown in Fig. 2
(a) and (b), respectively. For the odd-mode input admittance
Yino in Fig. 2(a), it can be expressed as

v 1 ané + 2jA tan 0 3)
ino = J— tan
ino =J7, A2 _ B _ B2tan0
where
A= Zoe + Zoay B = Zae - Zou- (4)

When Y, is zero, the odd-mode resonant frequencies can
be determined. As such, a pair of odd-mode TPs can be
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FIGURE 2. (a) 0dd- and (b) even-mode equivalent circuits of Filter I.

obtained as

2fo A?2 — B2 4+ 247,
Jop1 = o arctan — (5a)
2 A2 — B2 4 2A7
op2 =200 — ? arctan % (5b)

For the even-mode input admittance Yj,, in Fig. 2(b), it can
be expressed as

1
Y,’ne :]Z—l tan 0 + Yiﬁe (6)
with
R 2Atan 6 + 4Z1 R tan? 0

Y., = .
"¢ 2AZTCRtang — j (A2 — B2 — B2 tan?0)
When Y, is infinite, the even-mode resonant frequencies
can be derived. After some algebraic operations, three even-
mode TPs can be obtained and expressed as

2
Jep1 = fo— ﬁ arctan \/E (8a)
b1 o
fep2 = fO (8b)
2
Jep3 =fo+ ﬁ arctan\/E (8¢)
b4 o
where
o =2AZ} + (Zy + Z3) B> + 42,73 (9a)

B=2A+2)27 + (A2 B+ 2AZl) (Zo+73). (9b)

For the transmission zeros (TZs), they can be used to
achieve notch bands, wide stopbands, and sharp selectivity.
Its TZs are determined by rigorous odd-even-mode analysis
method and S-parameter theory together. The transmission
coefficient can be expressed [30] as

_ Y02 = YineYino
(Yo + Yino) (Yo + Yine)

where Y is the normalized admittance. Under the condition
that 1 = 0, five TZs can be derived and written as

fia =0, fa=fo.fis=2n

(10)

S$o1

(11a)
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FIGURE 3. The calculated frequency responses of the ideal circuit in Fig. 1
(Zy = 1700 2, Z, = 65 2, Z3 = 65 R, Zoe = 162 , and Zpe = 58 L).

Z
f;» = arctan = (11b)
\ 22
123
fa = 2w — arctan [ —. (11c)
V2)

According to the above theoretical analysis, it is obvious
that the fundamental topology owns five TPs and five TZs
when the electrical length is uniform. All the TPs/TZs are
symmetrical to the center frequency fj, and the relationship
of foi <fa < Jfep1 <Jopt < f3 =Jep2 = fo < Jop2
< fep2 < fu < f:5 always holds for arbitrary Zy, Z»,
Z3, Zoe, Zoo. Considering that the effect of fp> on filter
performance is eliminated by f,3 when the electrical length is
uniform, the fundamental topology is suitable to design BPFs
with a notch band at the center frequency, whose calculated
frequency responses are shown in Fig. 3. For the TZs of f;;
and f;5, they are used to ensure the wide stopband; for the
TZs of f,» and f,4, they are used to sharp the skirt selectivity;
for the TZ of f3, it is used to implement the notch band.
For the TPs of fop1, fop1, fop2, and fep3, they can be used to
ensure the broad and flatness passband. Besides, the filter
bandwidth is determined by the TPs of fep1, fep3 and TZs
of f;2, f:a together, while the notch bandwidth is controlled
by the TPs of f,,1 and f». To better understand the design
mechanism of the fundamental topo-logy, the relationships
among the parameters of Z1, Zp, Z3, Zye, Zoo and TPs/TZs of
fz2,fz3’fz4,fopl sfopZ’fepl 7fep2afep3 are investigated.

The TPs and TZs under investigation respect to different
Z1, 2>, Z3, Zye are shown in Fig. 4. Apparently, the locations
of fop1 and f,p» are mainly controlled by Z; and Z,,, while the
locations of fep1, fep3. 2, fz4 are independently determined by
Z» and Z3. With the increase of Z; and decrease of Z,,, the TPs
of fop1 and f,p2 will move closer to each other. With the
increase of Z, and decrease of Z3, the TPs of ;1 and f,p3 will
move apart, and the same phenomenon is happened to the TZs
of f;» and f;4 too. Reflected to the filter responses, the filter
bandwidth can be independently determined by Z, and Z3,
and the notch bandwidth is independently controlled by Z;
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FIGURE 4. The TPs and TZs under investigation respect to different (a) Z;;
(b) Z,; (c) Z3; and (d) Zoe. The reference parameters are: Z; = 1700 ,
Zy =65 R,Z3 =65 R, Zpe = 162 2, Zpe = 58 Q.

and Z,.. Hence, the filter with wide bandwidth should choose
the parameters of Z, with large value and Z3 with small value,
while the one with narrow notch bandwidth should choose the

VOLUME 8, 2020

0- T - - T .
—Case |
....... Case ll
-204 4
)
=
= -40- 4
wN
= 1
-604
-80 L) L L) L
0 1 2 3 4 5 6

Frequency (GHz)

FIGURE 5. The calculated frequency responses of the ideal circuit in

Fig. 1 with same filter bandwidth and different notch bandwidth. Case I:
Z, =1700 , Z, = 65 , Z3 = 65 2, Zoe = 162 2, and Zye = 58 L. Case II:
Z, =300 2, Z, = 65 R, Z3 = 65 , Zoe = 170 2, and Zpe = 55.7 .

parameters of Z; with large value and Z,, with small value.
After slightly adjusting the values of Z;, Z, Z3, Z,. and Z,,
together, the filter with desired responses can be realized.

To vividly demonstrate that the notch bandwidth can
be independently controlled, two BPFs with narrow and
wide notch bandwidths are illustrated in Fig. 5. Obviously,
the notch bandwidth will be changed from narrow to wide by
only controlling the parameters of Z, Z,,, and Z,., while the
filter bandwidth is maintained unaltered. As such, the notch
bandwidth can be independently controlled by Z;, Z,,, and
Zye together.

B. CONTROLLABLE CENTER FREQUENCIES
OF NOTCH BANDS
From Part A, we can know that the notch bandwidth can
be independently controlled by the parameters of Z;, Z,,,
and Z,,. To further prevent the wireless communication sys-
tems from in-band interfering conveniently and effectively,
the center frequencies of notch bands also should be control-
lable. In this part, the center frequencies of notch bands will
be discussed by varying the electrical length of two open-
ended stubs.

To vividly demonstrate this, we assume that A6 = 6] —
6 = 6 — 6, at first. Then, the improved topology of Filter I
for theoretical analysis is plotted in Fig. 6. When the value
of Z; is very large, the TPs and TZs under study respect to
different A@ are shown in Fig. 7. Seen from Fig. 7, the TZ
of f;3 is divided into two ones of f;3 1 and f;3 y when A6
is not equal to zero. With the increase of A6, the distance
between f;3 1 and f;3 y will become larger, while the TPs
of fop1 and f,p2 move apart. For the rest TPs and TZs, they
are fixed. Furthermore, the locations of f;3 1, and f;3_ can be
determined as

6
faL = 9_f0 (12a)
1

0
fouv = e—fo. (12b)
2

Considering the filter responses, the proposed topology
will own two notch bands when the electrical length 6; and
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FIGURE 6. Improved topology of Filter I for the theoretical analysis.
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FIGURE 7. TPs and TZs under investigation respect to different A¢. The
reference parameters are: Z; = 1700 2, Z, = 65 @, Z3 = 65 2, Zoe = 162
Q,Zoe = 58 Q.

6, is not equal. With the increase of 6;, the notch band of
Sz will move downwards independently, while the notch
band of f;3 y and filter bandwidth are unaltered, as plot-
ted in Fig. 8(a). With the decrease of 6, the notch band
of f;3_y will move upwards independently, while the notch
band of f;3 ¢ and filter bandwidth are kept fixed, as shown
in Fig. 8(b). Thus, the center frequencies of the notch bands
can be independently controlled with the help of the electrical
length 6; and 6;. It is noteworthy that: when the electrical
length of 61 and 6, is too large or small, the notch bands will
not be existed in the passband.

C. DESIGN PROCEDURE
On the basis of the above theoretical analysis, a simple and
effective design procedure for Filter I can be summarized as:

1) Input the specifications of Filter I, such as, center
frequency, filter bandwidth, selectivity, notch bands
(including center frequencies and bandwidth).

2) For the filter with wide bandwidth, the parameters of
Zp with large value and Z3 with small value should
be chosen; for the filter with narrow notch bandwidth,
the parameters of Z; with large value and Z,, with small
value should be selected.

3) The center frequencies of notch bands are decided by
the values of #; and 6,.
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FIGURE 8. The calculated frequency responses of the revised topology
in Fig. 6 respect to varied (a) 6; (6, = 90°); (b) 6, (¢; = 90°). The
reference parameters are: Z; = 1700 2, Z, = 65 2, Z3 = 65 2, Zge = 162
Q, Zoe = 58 Q.

4) Slightly adjust the parameters of Z1, Z, Z3, Zoe, Zoo»
01 and 6, to obtain the desired performances.

Based on this design procedure, the final parameters of
a NWB BPF with 3-dB fractional bandwidth (3-dB FBW)
of 82.7% and a narrow notch band at center frequency can
be determined as: Z; = 1700 2, Z, = 65 Q, Z3 = 65 ,
Zoe =162 2, Zy, =58 Q,and ) = 6, = 6 = 90°.
The corresponding calculated frequency responses are plotted
in Fig. 3. As the employed substrate in this paper is Rogers
RO4003C with thickness of 0.813 mm and dielectric constant
of 3.38, the layout and final dimensions can be determined
with the aid of commercial software. The layout is plotted
in Fig. 9. One design skill is used in the layout: to enhance
the coupling strength of PCLs and reduce the effect of open-
ended stubs on filter responses, some parts of the open-
ended stubs are parallel with PCLs. The final dimensions are
summarized as (Unit: mm): [p = 16.2, wp = 0.3, s = 0.1,
Iy =1, =162,1f , =If , =0,w; =03,5 =03,
L=157,wy =141, =16.6,w; =0.1,1§ |, =4.6,1 , =
12.1, w§ = 0.1. The overall circuit size is 43.0 mm x33.0 mm
(0.62 Agx 0.48 Ag, where A is the guided wavelength in the
employed substrate at center frequency).

As predicted, the notch bandwidth can be independently
controlled by the parameters of wi, wr, s1, and sp, which
are corresponding to the characteristic impedances of Zi,
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FIGURE 9. The layout of Filter I.
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FIGURE 10. The filter responses respect to varied S; and Sg. The rest
parameters are: [r = 16.2 mm, wg = 0.3 mm, w; = 0.3 mm, I{- H= IfH =

16.2mm, I{- v = I1L =0mm, ,; =157 mm, wy = 1.4 mm, [ = 16.6 mm,
wy=0.1mm, [} '=46mm,/]  '=12.1 mm, w] = 0.1 mm.

Zoo, and Z,,. When the parameters of w; and wr are fixed,
the notch bandwidth can be varied from narrow to wide by
only controlling the parameters of s; and sr, while the filter
bandwidth is fixed, as shown in Fig. 10. Hence, the notch
bandwidth can be independently controlled.

For the number and center frequencies of the notch bands,
they are determined by the physical length of llL v llH v llL H
and llR y together, which are corresponding to the electrical
length of 61 and 6,. As predicted, only one notch band
is existed in the passband when llLV = llR v and llL gy =
llR ;- In addition, the center frequeﬁcy of notch band will
become smaller with the increase of /-, (If ) and I,
(IR ), as shown in Fig. 11. Under the condition that /-, #
llR;, while llL H = lf -there are two notch bands existed
in the passband. Through increasing lle while maintaining
llLV, the lower notch band will move downwards while the
other one is unaltered, as shown in Fig. 12(a). Meanwhile,
there are also two notch bands existed in the passband when
I, =18, while IF, # IR, As IF, decreases while IX
keep unaltered, the upper notch bands will move upwards
and the rest one is fixed, which is shown in Fig. 12 (b).
According to the above analysis, it is apparent that the
center frequencies of notch bands can be independently
controlled.
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3
” 4
IS,H =12.1 mm, wji = 0.1 mm.

D. SIMULATED AND MEASURED RESULTS

For the designed NWB BPF with a notch band at 3.0 GHz,
its measured results are compared with the simulated ones
in Fig. 13 (a). Apparently, the measured frequency responses
agree well with the simulated ones. The measured pass-
band range is from 1.74 to 4.19 GHz with center frequency

37421



IEEE Access

X.-K. Bi et al.: Design of NWB BPFs With Reconfigurable Bandwidth Based on TCSRs

-104

-204

-30-

1S, |, dB
IS,,l, dB

-40-

-50-
—Simulated ------- Measured ;
00 15 30 45 60 75
Frequency (GHz)

(a)

(b)

FIGURE 13. (a) The simulated and measured results of Filter I; (b) The
photograph of Filter 1.

of 2.97 GHz when the impedance matching is better than
10.0 dB, and the minimum insertion loss is 0.55 dB in
the passband. Therefore, the corresponding FBW is 82.6%.
Four TPs are observed at 1.86, 2.46, 3.38, and 3.98 GHz
respectively, ensuring the wide passband and excellent flat-
ness. Two TZs for wide stopbands are located at O and
6.38 GHz. Over 20-dB attenuation in the lower and upper
stopbands is realized from DC to 1.51 GHz and 4.45 to
7.50 GHz, indicating a high isolation level. The attenuation
slop in the lower and upper transition bands is 217 and
64 dB/GHz, with two TZs for sharp selectivity located at
1.44 and 4.64 GHz. A notch band with isolation loss more
than 25 dB is found at 3.01 GHz. The in-band variation of
the measured group delay is smaller than 0.27 ns, showing
a good passband linearity. In Fig. 13 (b), the photograph is
illustrated.

1IlIl. RECONFIGURABLE-BANDWIDTH NWB BPFs

To effectively protect the telecommunication systems from
in-band interfering, the bandwidth and center frequencies of
the controllable notch bands should be kept fixed when the
reconfigurable-bandwidth WB BPFs work in different states.
From Section II, it is apparent that the filter bandwidth can be
independently controlled by the parameters of TCSR, while
the center frequencies and bandwidths of the notch bands are
independently controlled by the parameters of the rest parts.
Thus, the desired reconfigurable-bandwidth NWB BPFs with
controllable notch bands, whose center frequencies and band-
widths can be maintained fixed under different work states,
can be designed by inserting some tuning elements into
the TCSR. To simplify the analysis, only the condition that
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01 = 6, = 0 is considered in this paper. One thing should be
noted: when 61 # 6,, the proposed reconfigurable BPFs will
own two controllable notch bands, whose center frequencies
and bandwidth also can be maintained unaltered under differ-
ent work states.

A. FILTER I

From Fig. 4(c), it is obvious that Z3 controls the filter band-
width, and no effect on the center frequency and notch band.
Considering that all the TPs and TZs are symmetrical to
fo, a reconfigurable-bandwidth BPF with fixed notch band
and center frequency in each work state can be designed
by altering the value of Z3. To realize this goal, two PIN
diodes are inserted, as shown in Fig. 14. By controlling the
work states of PIN diodes, the value of Z3 will be changed.
For arbitrary Z/; and Z7, the value of Z3 can be concluded
in Table 1, and the relationship is held as

Zzy
Z+ 7}

247)
272, + 7

Zy > (13)

As such, the filter bandwidth will be increased when the
work states of PIN diodes are altered from Case A to C.

To validate this, a reconfigurable NWB BPF with three
bandwidth states is designed on a substrate called Rogers
RO4003C with dielectric constant of 3.38 and thickness
of 0.813 mm. The circuit parameters should be determined

on the basis of the following design procedure at first:
1) Find out the specifications of Filter II with the widest

bandwidth, including center frequency, filter band-
width, selectivity, and notch bandwidth.

2) According to the design procedure of Filter I, determine
the parameters of Zy, Z3, Z5, Zoe, Zoo-

TABLE 1. The Value of Z; with different status of PIN diodes.

Case A Case B Case C
D Off On (Off) On
D2 Off Off (On) On
. AV 27,7,
75 Z3 : 343 _ : 343 :
Z,+Z, 2Z.+ 7,

Input

FIGURE 14. The topology of the reconfigurable-bandwidth NWB BPFs
with fixed center frequency (Filter I1).
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FIGURE 15. The layout of Filter II.

3) Based on the specifications of Filter II with the rest two
filter bandwidths, determine the parameter of Z/3.

4) Slightly adjust the parameters of Z, Z», Z};, Z%, Z, and
Z,, to obtain the desired performances.

Based on the design procedure mentioned above, the cir-
cuit parameters can be generalized as: Z; = 1700 €,
Zy =65Q,7, =143.1 Q, 7] =220 Q, Z,, = 162 Q,
Zoo =58 2,and ) =6y = 6 =90°. As such, the value of Z3
is 220, 87.6, and 54 2 for Case A to C, respectively. The filter
layout is shown in Fig. 15. Two PIN diodes called MADP-
000907-14020 are used as the tuning elements, whose dimen-
sions are 0.2 mmx0.2 mmx0.5 mm. They can be modelled
by a lumped-element capacitor of 0.025 pF for isolation and
5.2 Q for connection. In addition, two DC sources are used
to control the work states of the inserted PIN diodes, three
lumped resistors with large value are used as the protective
element and radio frequency (RF) choke. For the final dimen-
sions, they are summarized as (unit: mm): [r = 16.2, wp =
03,sFr =0.1,1; =163, w; =03,s1 =03, =153,
wy =14,15=168,w, =04,15_V =3.1,15_H = 13.85,
wg’ =0.1. The overall circuit size is 43.0 mm x 33.0 mm (0.62
Agx 0.48 Ag, where Ag is the guided wavelength in the used
substrate at center frequency).

For the simulated and measured results of Case A (mini-
mum bandwidth), Case B (medium bandwidth), and Case C
(maximum bandwidth), they are illustrated in Fig. 16 and
summarized in Table 2. Apparently, the measured results
agree well with the simulated ones. With the help of the

TABLE 2. Simulated and measured results.

CF  |Notch band o
(GHz) (GHz) ABW (GHz)FBW (%)

Case A [Simulated] 2.91 3.0 2.29-3.53| 42.6%
(Minimum

BW) |Measured| 2.93 3.01 2.32-3.54 | 41.6%

Case B [Simulated 2.91 3.0 1.89-3.93| 70.1%

(Medium

BW) |Measured| 2.93 3.02 1.91-3.94| 69.4%

Case C |Simulated 2.95 3.0 1.74—-4.15| 81.8%
(Maximum

BW) |Measured| 2.94 3.00 1.71-4.17 | 83.4%
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FIGURE 16. Simulated and measured S-parameters of Filter Il under
(a) Case A (minimum bandwidth); (b) Case B (medium bandwidth);
(c) Case C (maximum bandwidth).

suitable DC bias and tuning elements, the absolute band-
width (ABW) can be reconfigurable from 1.22 to 2.46 GHz,
while the center frequency and notch band are maintained
about 2.94 and 3.01 GHz, respectively. Hence, the FBW
is varied from 41.6% to 83.4% with 41.8% tuning range.
In the passband, the measured average insertion loss is
about 1.9 dB, and the measured return loss is better than
10.0 dB. The in-band variation of measured group delay
is smaller than 0.87 ns. Besides, 20-dB insertion loss is
observed in notch band. In Fig. 17, the photograph of Filter II
is shown.
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FIGURE 17. The photograph of Filter II.

7.0

Input Output

Z,Z,,0

o0e? o0

z,Z,6

0e? o002

FIGURE 18. Topology of the reconfigurable-bandwidth NWB BPFs with
fixed upper passband edge (Filter IlI).

Iﬁr

FIGURE 19. The layout of Filter III.

B. FILTER 1l

The equivalent circuit of Filter III is plotted in Fig. 18. The
independently tunable lower passband edge is achieved by
inserting a varactor into lower stub of TCSR. By varying the
supplied voltage of DC source, the capacitance Cy will be
altered. For a NWB BPF based on the proposed topology,
Cy has much greater effect on the lower passband edge than
the upper one while no effect on the notch band. Hence,
the desired reconfigurable-bandwidth NWB BPFs with fixed
upper passband edge and notch band in each work state can
be achieved by using the proposed topology.

To verify this, a NWB BPF based on the proposed topo-
logy is implemented on a substrate called Rogers RO4003C.
At first, the circuit parameters should be determined based on
the following design procedure:

1) Input the specifications of Filter III with the widest

bandwidth, including center frequency, selectivity, fil-
ter bandwidth, and notch bandwidth.
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FIGURE 20. Filter responses respect to different Cy,.
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FIGURE 21. The simulated and measured S-parameters of Filter 11l when
the supplied voltage of DC source is (a) 0 V, and (b) 20 V.

2) Based on the design procedure of Filter I, determine the
parameters of Z1, Za, 75, 75, Zoe, Zoo-

3) According to the requirements of Filter III with narrow-
est bandwidth, determine the value of Cy .

4) Slightly adjust the parameters of Z1, Zo, Z}, 7, Zy.,
Zoo, and Cy to obtain the desired performances.

According to the design procedure mentioned above,
the final circuit of Filter III can be summarized as:
Z1 =1700 2,2, =65 RQ,7Z3 =84 Q, Zye =162 Q, Zyy =
58 2,60 =90°, Cy = 18.22 pF (wide bandwidth), and Cy =
2.38 pF (narrow bandwidth). With the help of commercial
software, the lay-out can be determined, as plotted in Fig. 19.
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TABLE 3. Comparison with previous works.

CFs TPs/ RB! Numl?er Numl?er of | Number 5 | Group |FBW tuning rang| Circuit size

(GHz) TZs of tuning| tuning |ofnotch| CNB2? | FBNB delay (ns) %) (g * ig)

elements | states bands

[15] 3.03 3/3 No 0 0 2 No No <1.0 107 0.89 x 0.46
[21] 4.55 6/3 No 0 0 1 No No <0.75 94.1 0.86 x 0.49
Filter C in [22]| 6.80 4/4 No 0 0 1 No No <0.7 82.4 0.47 x 0.22
[24] 3.36 4/3 No 1 Multiple 2 No No N/A 75.6 0.49 x 0.49
Filter ITin [29]| 2.01 7/6 Yes 4 3 2 No No <3.8 |74.8-92.1(17.3) | 0.76 x 0.76
Filter Il in [29]| 2.02 7/6 Yes 1 Multiple 2 No No <42 | 853-94218.9) | 0.76 x 0.76
Filter 297 4/5 Yes 0 0 1 Yes No <0.47 82.6 0.62 x 0.48
Filter I 2.94 4/5 Yes 2 3 1 Yes Yes <3.9 |41.6-83.4 (41.8) | 0.62 x 0.48
Filter IIT 2.95 4/5 Yes 1 Multiple 1 Yes Yes <4.3 | 54.9-70.9 (15.6) | 0.62 x 0.48

RB': reconfigurable-bandwidth; CNB?: both bandwidth and locations of notch bands can be controlled; FBNB?: the notch bandwidth will be

kept unchanged under different bandwidth states.

FIGURE 22. The photograph of Filter Il

In this design, a varactor called SMV1235 is used as the
tuning elements, whose typical capacitance is varied from
2.38 to 18.22 pF, while series resistance and inductance are
0.60 €2 and 0.45 nH respectively. Besides, the varactor dimen-
sion is 0.5 mmx 0.6 mm x 1.0 mm. Two lumped resistors with
large value are used as the protective elements and RF choke.
For the final dimensions, they can be generalized as follows
(unit: mm): I = 162, wp = 0.3, sp = 0.1, [; = 16.3,
wi =03,51 =03, =166, wy = 14,15, =169, w; =
0.1, 15, =3.1, 15 ,, = 13.9, w} = 0.1. The overall circuit
size is 43.0 mmx 33.0 mm (0.62 Agx 0.48 Ao, where the
Ag is the guided wavelength in the used substrate at center
frequency).

In Fig. 20, the relationships among Cy, TZs for notch
band and sharp selectivity, and upper/lower passband edges
are plotted. It is apparent that the lower passband edge will
move upwards with the decrease of Cy, while the upper
one and notch band with TZ for sharp selectivity near the
upper passband edge are kept unaltered. Besides, the TZ
for sharp selectivity near lower passband edge also moves
upwards with the decrease of Cy. This phenomenon can
ensure the good selectivity for each work states near the
lower pass-band edge. Therefore, the desired reconfigurable-
bandwidth NWB BPFs can be designed by using this design

topology.
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In Fig. 21, the measured S-parameters are compared with
the simulated ones. When the supplied voltage is 0 V, the
proposed filter owns a maximum bandwidth of 2.08 GHz
from 1.86 to 3.94 GHz. When supplied voltage is 20 V, the
proposed filter owns a minimum bandwidth of 1.62 GHz
from 2.33 to 3.95 GHz. If the center frequency is assumed
as 2.95 GHz, the FBW can be varied from 54.9% to 70.5%.
Therefore, the FBW tuning range is 15.6%. Besides, the mea-
sured insertion loss is better than 1.6 dB, and the return loss
is better than 10 dB. The in-band variation of measured group
delay is smaller than 0.91 ns. Furthermore, a notch band with
20-dB insertion loss is found at about 3.02 GHz. Besides,
the TZ for sharp selectivity near the lower pass-band edge is
elevated from 1.44 to 1.91 GHz when the DC voltage changes
from 0 to 20 V. In Fig. 22, the photograph of Filter III is
shown.

To highlight the advantages of the proposed NWB BPFs,
the comparisons with some previous works are listed
in Table 3. As the third reported works about reconfigurable-
bandwidth NWB BPFs, the center frequency and bandwidth
of the notch band not only can be independently controlled,
but also kept unaltered under different work states. Besides,
they also own wider tuning ranges. Hence, they not only
can be used to reduce the design complexity and system
size, but also prevent the high data-rata telecommunication
transceivers from in-band interference more effectively and
conveniently. Furthermore, NWB BPFs with independently
reconfigurable notch bands and bandwidth can be designed
by inserting some varactors into the open-ended stubs of the
topologies for the design of Filter II and III.

IV. CONCLUSION

A series of novel topologies for the design of reconfigurable-
bandwidth NWB BPFs with controllable notch bands, whose
center frequencies and bandwidths are fixed under different
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work states, are proposed in this paper. Theoretical analysis
finds that the center frequencies and bandwidth of the notch
bands not only can be independently controlled, but also kept
unaltered under different bandwidth states. Three prototypes
are designed and fabricated. All the filters have successfully
demonstrated wide bandwidth and tuning ranges, excellent
passband flatness, high isolation level, and sharp selectivity.
It is anticipated that this simple methodology can be broadly
used in multi-standard microwave communication systems
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