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Tunable Multiband Balanced Bandstop Filter with High CMRR

Dubari Borah and Thottam S. Kalkur"

Abstract—A novel and effective architecture of tunable multiband balanced bandstop filter (MBBSF)
is introduced for the first time in this paper. Each symmetrical bisection of the proposed branch line
structure consists of K series cascaded tunable N-band sections to realize a reconfigurable K-th order
N-band response in differential mode (DM) operation. The main advantage lies on the fact that all
these N bands can be tuned simultaneously or each band independently. Moreover, it maintains a high
common mode rejection ratio (CMRR) for all the tuning states by incorporating open stubs in the
symmetrical plane of the balanced structure. To validate the proposed topology, a balanced dualband
tunable BSF is designed where the two DM stopbands tune in the range of 1.16 GHz-1.29 GHz and
1.6 GHz—1.76 GHz, respectively. The lower and upper bands maintain a constant absolute bandwidth
(ABW) of 115 MHz and 135 MHz, respectively, and stopband rejection is better than 20dB for each
band. The fabricated prototype occupies an area of 0.31/\3, and the experimental results show a good
agreement with the simulation results.

1. INTRODUCTION

The demand for multiband services in modern communication systems is rapidly increasing as they
can deal with several communication signals simultaneously. This growing challenge of spectrum
management is usually addressed by using cognitive radios [1]. The receiver module in such a radio
is often affected by jamming from high power signals. Therefore, a multiband bandstop filter plays
a significant role by rejecting any interfering signal in such a system. For example, a dualband
bandstop filter is employed in various wireless systems to suppress two unwanted narrowband signals
occurring concurrently within a wide bandwidth [2]. Also, it is used to attenuate the undesired double-
sideband spectrum of high-power amplifiers and mixers. Furthermore, as the modern wireless system
is continuously striving for compact size, it is necessary to employ tunability to multiband bandstop
filter. Such a filter eliminates the use of multiple filter banks and provides dynamic isolation to several
interfering signals simultaneously in a crowded spectrum environment. In the past years, a variety of
tunable elements such as p-n junction varactors, MEMS, and ferroelectric capacitors have been proposed
for implementing tunable filters, phase shifters, and voltage-controlled oscillators [3-5].

Recently, balanced filter topology has gained much popularity for the emerging applications in
telecommunication because of its higher noise immunity than the single-ended counterpart. So far, many
articles have been found to concentrate on balanced bandpass filter with different characteristics such as
ultra-wideband, narrowband, tunable, dualband, high-selectivity and high common mode suppression.
However, insertion of a tunable bandpass filter into a communication system cause inevitable insertion
loss due to the parasitic resistance associated with the varactors [6]. It gets worse as the resonant
frequency moves towards lower value. If a strong interference affecting the desired weak signal is known,
bandstop filter is more useful to eliminate the unwanted signal because it can protect the required
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signal from significant insertion loss compared to a bandpass filter. Nevertheless, there is only a limited
literature available in the field of balanced bandstop filter. In [1] and [6], CM noise of a single-band
tunable balanced BSF is suppressed by using magnetic field property of Substrate Integrated Waveguide
(SIW) resonators and balanced properties of double-sided parallel-strip line (DSPSL), respectively. The
design procedure of each of these two designs is very complex. A differential BSF for a directional filter
is reported in [7], which consists of one quarter wavelength coupled line section having coupled and
isolated ports terminated in short and open, respectively. In [8], a narrowband balanced BSF design
consisting of four coupled-line sections with open-circuited stubs, two half-wavelength transmission lines
and two ground resistors is reported. None of these designs give flexibility to extrapolate the single-band
response to multiband response. In [9], a single-ended multiband tunable BSF structure is proposed.
However, to the best of the authors’ knowledge, no differential structure has been published yet which
incorporates an arbitrary number of reconfigurable stopbands.

This paper investigates a K-th order N-band reconfigurable balanced BSF structure which offers
flexibility to tune all the stopbands simultaneously or to tune each stopband independently. Also, each
stopband maintains constant absolute bandwidth (ABW) for the whole tuning range. The common-
mode noise is highly eliminated by employing the properties of stepped impedance resonator (SIR).

The paper is organized as follows. Section 2 analyses the theory behind the proposed topology.
Section 3 describes the design methodology with an example of balanced dualband BSF, whereas the
fabricated prototype and its characterization results are presented in Section 4 to validate its practical
viability. Finally, the important points are summarized as the conclusion in Section 5.

2. GENERAL STRUCTURE

The proposed four-port reconfigurable MBBSF is shown in Fig. 1(a), which is ideally symmetric to
the horizontal central plane (dotted line). Each symmetric bisection of this branch line structure
consists of K identical N-band sections, which are cascaded in series through immittance inverters. In
any operational mode, each N-band section consists of N stubs with different lengths (L1, Lo, ..., Lx),
separately coupled to the same non-resonating node (NRN) with immittance inverters. All the
immittance inverters are designed at center frequency of the entire spectral range of the filter response.
Both symmetric bisections are connected through variable capacitors (C) in the symmetry plane for
tunability. In this plane, each NRN-NRN’ pair also shares an open stub (OS) to suppress the CM noise.

2.1. Differential Mode (DM) Operation

When the circuit in Fig. 1(a) is excited by a differential signal, the horizontal central plane acts as a
perfect electric wall, i.e., electrically short. Therefore, the open stubs in this plane have no effect on
the DM resonant frequencies and their corresponding couplings from the NRNs become short-circuited.
The two-port bisection for this operation is presented in Fig. 1(b) which shows that for a given voltage,
the capacitor loaded N stubs represent N quarter wavelength resonators (referred to here as bandpass
resonators) to produce a N-band BSF response. Therefore, series cascade of K N-band cells in the
circuit produces a K-th order N-band bandstop response in DM operation. Also, it should be noted
that the capacitor values become twice of those in Fig. 1(a). The design gives much flexibility to change
the bandwidth of each stopband. For any band, a wide bandwidth can be realized by increasing the
characteristic impedance of the associated resonator or decreasing the characteristic impedance of the
inverter connecting that resonator to the NRN.

The basic building block of this DM equivalent circuit is shown in Fig. 2. Here, the short-circuited
coupling (Kos) has no effect on the stopband resonant frequencies. Therefore, the multiband frequency
transformation compatible with this N-band DM cell is given by [9]:

N
1
Q = — _ 1
MBBSF (f) ;i<i_£> (1)
A \fi  f

where () is the normalized lowpass frequency; f is the frequency variable, f; and A; are the center
frequency and bandwidth scaling factor of the ith stopband, respectively. Here, N resonators Ly, Lo,
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Figure 1. (a) Proposed reconfigurable MBBSF, (b) differential mode (DM) equivalent circuit and (c)
common mode (CM) equivalent circuit. Here, the black lines denote the immittance inverters between
different nodes and the black half circles are N quarter wavelength lines at N frequencies (L1, Lo, ..., Lx).
White full circles represent source (S), load (L) or any other NRNs (or NRN’s) whereas black full circles
represent open stubs (OSy, OSs, ..., OSk).
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Figure 2. N-band cell in DM equivalent circuit.

..., L) are coupled to the NRN with couplings K,; (i = 1,2, ..., N). If the frequency offsets are denoted
by reactances X;, and the reactance of the short-circuited coupling (Kps) is Xos, the mathematical
expression for input impedance {Zrn;} (i = 1,2, ..., N) looking into the NRN at resonance {f;} is given
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by,
N N
S Zivilf) = D1/ ((GXi/KG) + (1/5X0s)) =0 2)
1=1 i=1

By cascading K number of these building blocks in series, a K-th order N-band BSF response can
be realized.

In addition to directly generating multiple DM stopbands, this topology has two other advantages
when it comes to the tunable response. In a conventional constant absolute bandwidth (ABW) filter
where a mix of electric and magnetic couplings are used among the resonators, it is difficult to maintain
the tuned center frequency dependence of the couplings uniform throughout the filter [10]. It deteriorates
the filter transfer function with tuning. In the proposed topology, all the bandpass resonators are coupled
only once to the identical NRNs, allowing all couplings to have identical tuned frequency dependence.
The resonator-to-NRN couplings can be designed to have the desired bandwidth versus tuned frequency
profile and the filter will be naturally matched within the tuning range provided the stopbands are
situated close to each other. The relationship between the external quality factor, e, and the ABW is
given by Eq. (3) where Mj; is the normalized coupling between node 1 and the ith resonator. It shows
that Q¢ should increase as the frequency shifts upward to achieve a constant ABW [11].

Qez = 1/ (FBW ) M121) = fz/ (ABW ’ M121) (3)

The other benefit comes from the fact that the resonators connected to each NRN are parallel to
each other. It provides the ability to tune all the stopbands simultaneously or to tune each stopband
independently. The input impedance (or reactance) of any isolated tunable bandpass resonator used
in the design is zero at resonance. Therefore, the resonant frequency of a varactor loaded bandpass
resonator at a given voltage is given by,

where C;, Z;, and 0;(f;) are the capacitance, characteristic impedance, and electrical length of the
transmission line segment of the ith tunable resonator at f;.

2.2. Common Mode (CM) Operation

During CM operation, the symmetry plane acts as a perfect magnetic wall, i.e., electrical open circuit.
The two-port bisection for this operation is demonstrated in Fig. 1(c) which shows that the capacitors
in this plane have no effect on the CM response. However, the open stubs at the central plane
provide flexibility to reshape the CM response by extending and reconstructing their couplings from
the corresponding NRNs. Each open stub and its coupling from the NRN form a stepped impedance
resonator (SIR) under CM operation. At resonance, each SIR produces two transmission zeros (TZs),
and the locations of these T%Zs are determined by the impedance ratio and length ratio of the SIR’s
constituent line sections. If the two line sections with electrical lengths 6, and 6> have the characteristic
impedances of Z; and Zs, then total length 67 of the SIR is given by Eq. (5) [12,13],

Zy/7
Or = 61 + 05 = 01 + arctan 2/ 1
tan 64
Zy/7Z
or O = 0y + 0y = arctan 2/% + 0, (5)
tan 0o

Therefore, if the coupling of any open stub from an NRN is known, the length and characteristic
impedance of the open stub can be adjusted in such a way that maximum noise rejection can be achieved
for the entire tuning range of each DM stopband. It is not necessary for each NRN-NRN’ pair to share
an open stub. However, the number of these open stubs should be selected in such a way that for each
differential stopband, the CM insertion loss (Scc21) shows an almost 0dB flat bandpass response to
maximize the CMRR value. CMRR is given by the following equation,

CMRR = [Sdd21 (dB)| — [Scc21 (dB)] (6)

The extraction of all elements in Fig. 1(a) will be discussed in the following section, starting with
an example of dualband balanced bandstop filter.
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3. DESIGN EXAMPLE

To illustrate the proposed topology, first let us consider a second order dualband balanced BSF with
DM stopband specifications — f; = 1.16 GHz, ABW; = 115 MHz, f; = 1.6 GHz, ABW, = 135 MHz.
In the design process, the first step is to extract the DM equivalent circuit by applying Eq. (1) to a
standard two-pole lowpass prototype. This DM two-port circuit is shown in Fig. 3(a) where § and Z
are length variable and characteristic impedance variable, respectively. Resonator L; and Resonator
Lo are quarter wavelength long at fi; and fo, respectively whereas all the inverters are about quarter
wavelength long at (f1 + f2)/2. The element values in Fig. 3(a) are calculated using Equations (7)—(9)
where go—g3 are element values of the lowpass prototype, Ay and As are fractional bandwidths (FBW)
of the lower band and upper band respectively [11,14-16]. In Fig. 3(b), two short-circuited quarter
wavelength lines are connected to the NRNs 1 and 2. Their impedances are selected in such a way that
Eq. (2) is satisfied, and they don not affect the DM response of the filter.
Zy
Kig = —— 7
. v 90 " g3 @)

VTA1g1

i1 = ———— 8

L1 5Jo; (8)
VA

Ty = TA2G2793 (9)
2J02

These equations can be generalized to realize the elements of the K-th order N-band DM equivalent
circuit in Fig. 1(b) as follows.

Z
Kj1;=—"—0 (10)
v/ 90 " 9K +1
NZINTY
T = ;Tig] if j is odd

ARG
Or, 7. TG 9K +1

= g if j is even (11)

where i =1,2,..., N and j=1,2,..., K.
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Figure 3. (a) Second order dualband network realized from two-pole lowpass prototype. (b) Two short-
circuited quarter wavelength stubs are connected to the NRNs 1 and 2 to complete the DM equivalent
circuit, without affecting the dualband response.
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Figure 4. (a) Varactor added 2nd order tunable dualband DM equivalent circuit where 1 & 2 are NRNs
and 3, 4, 5 & 6 are resonating nodes. (b) Variation of resonant frequency with variable capacitance.

Using Egs. (7)-(9), the line characteristic impedances of the second order dualband DM equivalent
circuit are selected as Zj1 = Zp9 = 229, Jo1 = Jp2 = 0.0125 mho and K15 = 5082. Also, K, is selected
as 902 so that it satisfies Eq. (2). The tunable response is achieved by loading each resonator with
varactor. Fig. 4(a) shows resonators L; and Ls are loaded with varactors C’i and Cé to control the
lower band and the upper band respectively. Based on Eq. (4), the center frequency shifting of each
stopband vs. capacitance value is depicted in Fig. 4(b). As the capacitance increases, the stopband
resonant frequency goes down.

Figure 5 presents four different simulation results by applying the multiband transformation in
Eq. (1) with different sets of design variables. In Fig. 5(a), an example DM dualband response is
depicted with design parameters A; = 0.1, Ag = 0.08, f; = 1.16 GHz and f, = 1.6 GHz. Fig. 5(b)
shows the tuning of both stopbands with Ay = 0.1, Ay = 0.08 but for #1, f; = 1.16 GHz, fo = 1.6 GHz
and for #2, fi = 1.29GHz, fo = 1.76 GHz. Fig. 5(c) shows the upper band tuning with design
specifications Ay = 0.1, Ay = 0.08, f; = 1.29 GHz but fo = 1.6 GHz for #1 whereas fo = 1.76 GHz
for #2. Fig. 5(d) demonstrates the lower band tuning with design variables A; = 0.1, Ay = 0.08,
fo =1.64 GHz but f; = 1.16 GHz for #1 and f; = 1.29 GHz for #2. Table 1 shows the elements of the

6 x 6 matrix associated with different DM filter responses in Fig. 5.
From this normalized coupling matrix, the actual or denormalized coupling coefficient is calculated

Table 1. Coupling matrix elements for different filter responses.

Fig. 5(a) | Fig. 5(b) Fig. 5(c) Fig. 5(d)
H1 ] #2 | #1 ] #2 | #1 | #2
Mo 1.1 1.1 1.1 1.1 1.1 1.1 1.1
Mz = Mos 0.97 097 | 0.97 | 097 | 0.97 | 0.97 | 0.97
My = Moag 0.97 0971 097 | 097 | 097 | 0.97 | 0.97
Mas — Mss 3 3 | 36 | 3 | 44 | 36 | 23
Myy = Mee -3 -3 | -36| =3 | 44| 36 | -29
Mis = Mg = Moz = Moy 0 0 0 0 0 0 0
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Figure 5. (a) Example dualband response showing DM insertion loss (Sdd21) and DM return loss
(Sdd11). (b) Sdd21 plot from tuning of both stopbands. (c) Sdd21 plot for independent tuning of upper
band. (d) Sdd21 plot for independent tuning of lower band. For all tunable responses, two different
states are represented as #1 and #2.

using Eq. (12) where M;; is any element of coupling matrix shown in Table 1 [11,17].
mi; = FBW x Mij (12)

Similarly, normalized external quality factor is calculated as ge, = FBW X Q¢ where Q.. is calculated
using Eq. (3). The Q., for this tunable dualband differential design is discussed in detail in the next
section.

In CM operation, resonators Ly and Lo of the DM equivalent circuit are no longer short-circuit,
rather they are electrically open. Therefore, they cannot produce the two stopbands. Moreover, the
stubs with characteristic impedance K, are connected to two open stubs, rather being short-circuit.
Each of these stubs is selected to be 40° long at center frequency of the entire spectral range with a
characteristic impedance of 24 ). Fig. 6 demonstrates how these open stubs control the CM response.
Without the open stubs, the Scc21 varies from 0 to 25dB within the DM tuning ranges whereas with
these open stubs, the Scc21 plot shows a flat 0 dB bandpass response, representing a high CMRR.

After extracting both DM and CM equivalent circuits, the complete second order dualband tunable
differential filter is shown in Fig. 7. It should be noted that C; and Cy values for this circuit are half of
Ci and Cé in Fig. 4, respectively. Similarly, impedances of the open stubs become half of the those in
Fig. 6.

4. DESIGN VALIDATION

For demonstration, a microstrip-line prototype of the above mentioned dualband balanced tunable BSF
is built on Rogers RO4003 with substrate thickness of 1.52mm, dielectric constant of 3.38 and loss
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Figure 7. Complete circuit of second order dualband tunable differential filter where 1, 1/, 2, 2" are
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tangent of 0.0027 (Fig. 8). Further miniaturization can be achieved by implementing all the immittance
inverters using lumped elements, multilayer technique, open-loop ring resonators or defected ground
structure (DGS) slots as discussed in [18-21]. All the immittance inverters used as the couplings in
the design are quarter wavelength long at 1.45 GHz, which is the center frequency of overall spectral
range of the designed balanced dualband tunable BSF. T'wo small 50 ) transmission line sections (about
4mm) are connected to the source and load to take care of the external quality factors. The quarter
wavelength lines (011, Z11) and (012, Z12) which correspond to two DM stopbands are implemented as
their equivalent low pass m networks [18]. The 7 network for (611, Z11) consists of a series inductance
of 6.2nH (Coilcraft 0402CS series) and two shunt capacitances of 3.3 pF (Johanson 0402 series) each.
Similarly, the 7 network for (612, Z2)consists of a series inductance of 3.9 nH (Coilcraft 0402CS series)
and two shunt capacitances of 2.4 pF (Johanson 0402series) each. Dimensions of the other line sections
are shown in the figure. For the varactors, Skyworks SMV1233 model is used. The dc bias voltage to
the varactors was applied through the input ports (port 1 and port 1) of the filter using two built in
bias tees inside the network analyzer. In case of independent control of any stopband, Johanson 0402
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Figure 8. (a) Layout with zoomed version of central portion showing varactor and LC m-circuits.
m-circuit is used to replace each of (0r1,Zr1) and (012, Z12) in Fig. 7. A = immittance inverter
length, connected to each m-circuit = 28 mm; B = left openstub length = 20mm; C' = right open
stub length = 15mm; D = immittance inverter length, connected to each open stub = 32mm,;
FE = Separation between two open stubs = 26 mm; F = immittance inverter width, connected to each
open stub = 0.5 mm; G = immittance inverter width, connected to each m-circuit = 1 mm; H = each
open stub width = 10 mm, I = immittance inverter width between two dualband sections = 4 mm and

(b) photograph of the fabricated model.
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Figure 9. Simulated and measured results from simultaneous tuning of both stopbands. (a) DM
insertion loss (Sdd21) and CM insertion loss (Scc21). (b) DM return loss (Sdd11).

series is used for the static capactiors in the symmetry plane. Simulation is done in NI/AWR Microwave
Office and characterization is performed with the help of Keysight N5224 4-port PNA.

Figure 9 illustrates the center frequency agility of both stopbands. The lower band tunes in the
range of 1.16 GHz—1.29 GHz whereas tuning range of the upper band is 1.6 GHz-1.76 GHz. The rejection
level of the lower band varies from 33 dB to 25.7dB and that for the upper one changes from 30dB to
21 dB. It should be also noted from Fig. 9(b) that maximum possible spectral separation between the
two stopbands is constrained by the deterioration of the in-band return loss [10]. For this circuit with
the given bandwidth states, an upper to lower frequency ratio of 1.36 to 1.38 (i.e., 440 MHz-470 MHz)
can be achieved for a maximum return loss level of about 4 dB. Table 2 demonstrates that the ABWs
for both stopbands show a small shift of 7 MHz within their respective tuning ranges. This is because
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Table 2. Variation of absolute bandwidths (ABW) as both stopbands tune.

Borah and Kalkur

Tuning Lower stopband center ABW Upper stopband center ABW
state # frequency (GHz) (MHz) frequency (GHz) (MHz)
1 1.16 115 1.60 135
2 1.20 114 1.65 135
3 1.23 112 1.68 133
4 1.26 110 1.72 130
) 1.29 108 1.76 129
5 5 3 3
o 220 Measured Qex 13 2/ pos 20 —— Measured Qex L5 2
g 206 =rsssess Calculated Qex 125 5 g )k L T N— Calenlared Qex 14.5 g
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Figure 10. Unloaded and external quality factors associated with (a) resonator L1 and (b) resonator
L2.
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Figure 11. Simulated and measured results from independent tuning of upper band where C'1 = 2.5 pF.
(a) DM insertion loss (Sdd21) and CM insertion loss (Scc21). (b) DM return loss (Sdd11).

the reconfiguration process slightly alters the existing couplings in the design. Fig. 10 demonstrates how
the unloaded quality factor ), and external quality factor ()., for both resonators vary with frequency.
Under higher bias voltage, the varactors exhibit lower series resistance which results in @, enhancement
with frequency. Also, from Eq. (3), the Q.. of each resonator shows an expected increasing trend with
frequency to keep the ABW almost constant.

Figure 11 shows the center frequency tuning of the upper stopband. It tunes from 1.64 GHz to
1.76 GHz whereas the lower one stays fixed at 1.29 GHz. The 3-dB bandwidth for the upper band falls
in the range of 128 MHz-136 MHz, with a power rejection of greater than 20 dB within the tuning range.

Similarly, Fig. 12 demonstrates the center frequency agility of the lower band.

It tunes from
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Figure 12. Simulated and measured results from independent tuning of lower stopband where
C2 =5pF. (a) DM insertion loss (Sdd21) and CM insertion loss (Scc21). (b) DM return loss (Sdd11).

Table 3. Comparison of different balanced bandstop filter designs.

Parameters [1] 6] (7] 8] This work
#Stopbands 1 1 1 1 2(*)
DM center frequencies (GHz) 1.57 0.83 2.45 2 1.22/1.68
Tunability (GHz) 1.57-3.18 | 0.58-1.07 | — ~ [ (1.16-1.29) /(1.6-1.76)
Minimum Sdd21 (dB) 47 10.5 15 | 18.89 26/21
Maximum Sdd11 (dB) 0.5 8 - 2.5 4(*)
Scc21 (dB) in
3dB DM bandwidths 0 13 0] 5045 0
Minimum |[CMRR| (dB) a7 2.5 15 | 31.56 26,21
Effective size (A7) 0.14 0.09 - | 034 0.31

Ag denotes guided wavelength at DM center frequency. (*) denotes it can be extrapolated to any
number of stopbands and Sdd11 will be reduced for a smaller spectral separation between the two
bands.

1.17 GHz to 1.28 GHz while the upper band remains centered at 1.6 GHz. The 3-dB bandwidth of lower
band varies in the range of 109 MHz-115 MHz and stopband rejection level is better than 26 dB. Within
this tuning range, in band return loss is 2.7 dB or less.

In the case of independent tuning of each stopband, Q-factors of the tunable resonator follow the
same plot shown in Fig. 10. Finally, Table 3 shows the comparison between the fabricated model
using the proposed topology and already published related work. The main advantage of this design
over the listed designs lies on the fact that it can incorporate multiple stopbands, and all of them
can be reconfigured maintaining constant ABW. Additionally, the bands can be tuned all together or
individually, with respect to center frequency. Moreover, the minimum stopband rejection level (Sdd21)
and the minimum CMRR value are higher than most of the designs mentioned in the table.

5. CONCLUSION

A reconfigurable multiband balanced BSF with high CMRR is presented for the first time in this paper.
Each symmetrical bisection of the proposed branch line structure is designed by cascading multiband
cells in series through immittance inverters. For center frequency tunability of each DM stopband,
variable capacitors are connected to the resonator cells in the symmetry plane whereas CM noise is
highly eliminated by employing open stubs in the symmetry plane. As the resonators corresponding
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to different bands are in parallel to each other in each multiband cell, it gives flexibility to tune either
each frequency band independently or all bands simultaneously. To illustrate the proposed topology, a
microstrip line prototype of second order balanced dualband tunable BSF is designed and fabricated with
tuning ranges of 1.16 GHz—1.29 GHz for lower band and 1.6 GHz-1.76 GHz for upper band, respectively.
It maintains a CMRR value of better than 20dB for each band by applying two open stubs along the
central plane. The fabricated prototype occupies an area of 0.31/\3, and the experimental results show
a good agreement with the simulation results.
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