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Abstract

A compact tri and quad band band-pass filters (BPFs) utilizing stub loaded resonators is presented for wireless applica-
tions. The proposed resonator has been designed and analyzed using even-odd mode analysis due to its symmetrical
geometry. Open-ended stubs are loaded at an appropriate position in the dual-mode resonator to achieve tri and quad
passbands. To reduce the circuit size and create transmission zeros at our desired frequencies, a symmetrical meandered
shape resonator is loaded with open-ended identical stubs which are bent towards each other. The proposed BPFs are
tune to operate at GSM (900 MHz), LTE (2300 MHz), WiMAX (3.5 GHz), and WLAN (5.4 GHz) bands. Significant improve-
ments are observed in terms of circuit size, 3-dB fractional bandwidth, insertion loss, and transmission zeros. To check the
validity of the proposed tri and quad BPFs, these are simulated, fabricated and measured. The simulated and measured
results are compared and strong agreement is observed. The proposed filters can be prospective candidates for wireless
communication applications.

Keywords Stub loaded resonators (SLR) - Band-pass filters (BPFs) - Triple BPF - Quad BPF - Even and odd mode analysis -

WLAN (wireless local area network) - WiMAX (worldwide interoperability for microwave acces) - LTE (long term
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1 Introduction

After the commercialization of 3G and 4G, the demand
for multiband wireless transceivers is becoming more
and more desirable. Multiband transceivers are extremely
essential for smartphone applications because of their
low cost and small size. Filters are having a vital part in
the RF front end to obtain the preferred and high-quality
signals. In order to provide smooth communication by a
multiband transceiver, it is necessary to have BPFs which
have small circuit size and high selectivity to avoid any
interference with nearby frequency bands. In this regard,
a lot of research has been performed and different tech-
niques and methodologies have been adopted to realize
multi-band BPFs. Extensive research work has been done

on dual BPF using techniques such as coupling matrix,
loaded stub and frequency transformation. But most of
these BPF design techniques were applicable to specific
pass-band responses [1-3]. A multiband BPF was designed
and then integrated with Ultra-Wideband (UWB) antenna
to achieve band-notch functionality [4]. It shows that
multiband bandpass filters have many direct and indirect
advantages and can be used in different applications for
various purposes.

Similarly, in [5, 6] dual band-pass filters are developed
using DGS (Defected Ground structures) and Stepped
Impedance Resonators (SIRs) coupling techniques. But
the reported works have a narrow bandwidth, large
circuit size and high insertion loss for both passbands.
Recently, a dual notched band filter response is reported
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for UWB application with the help of four open stubs
which are attached with the microstrip patchesin [7]. In
[8], a tri-band band-pass filter has been designed using
open stubs and DGS. The presented filter has poor selec-
tivity and large circuit size due to lack of transmission
zeros. A ring resonator having three degenerate modes
is employed to achieve a tri-band response in [9]. How-
ever, this technique has limited independent control of
passbands. This limitation has been removed by imple-
menting SLR in the bandpass filter [10].

A tri-band BPF is also developed in [11], by employ-
ing SIR with loaded stubs. However, it has narrow band-
width and contains only two transmission zeros which
decrease the sharp selectivity of the filter. Recently, a tri-
band response is achieved by means of a combination
of SLR termed as SLDMRs [12]. Two SLDMRs combined
with intra-resonator coupling between inner and outer
rings are utilized to obtain a triple passband response.
However, the size of the filter is large and five transmis-
sion zeros are achieved. Multi-mode stub loaded quar-
ter wave resonators were utilized to realize tri-band
filters for wireless applications [13]. The author in [14]
offers a very compact wide band bandpass filter using
quasi-elliptic resonator in combination with DGS. The
presented filter is advantageous in terms of insertion
loss, 3-dB fractional bandwidth, and with two trans-
mission zeros. The proposed filter was implemented
in frequency scanning beam array antenna to increase
its bandwidth. Also, in [15] a triple band BPF to oper-
ate at GSM-900, GSM-1800, and GPS (1.575 GHz) was
presented. However, it has a serious issue of losses in
one of the passband due to the matching of loaded and
unloaded quality factor. Also, a microstrip low-pass filter
is designed in [16] with a very wide stopband. This filter
is advantageous and can be transformed to correspond-
ing passbands by utilizing SRR and ring resonator with
circular geometry.

Limited research has been reported on quad-band
BPFs. In [17], a technique of multiband BPF was devel-
oped by first designing a UWB bandpass filter and then
transforming into different bandpass filters. Single, dual,
triple, and quad-band BPF is designed using the devel-
oped technique and also placement of transmission
zeros is analyzed. All the passbands can be controlled
parametrically and a selective passband response can
be achieved. This technique is very simple, however, it
needs a large circuit area for designing higher order fil-
ters. Also, in [18] four passbands are achieved using the
technique of splitting a single wideband into multiple
passbands. This technique is complex and independent
tuning of each passband is challenging. The use of SIR
in multiband BPF is also utilized and different geom-
etries are developed in [19-21]. They utilized higher
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order modes to create additional pass-bands. Also, such
an approach generates an additional loss and greatly
increases the overall size of the circuit.

In this manuscript, first a tri-band BPF response is
achieved using dual-mode meandered shape symmetrical
resonator loaded with open-ended stubs. They are further
bent towards each other to reduce overall circuit area and
to enhance the selectivity of the pass-bands with the help
of introducing transmission zeros in the stop-bands. As the
design is symmetric, so even and odd mode analysis is being
implemented and the corresponding resonance frequencies
are achieved. The pass-bands of the BPFs can be easily tuned
and shifted. The quad-band BPF response is made possible
by incorporating two more identical open-ended stubs in
the existing tri-band BPF design. The proposed BPFs are
tuned to GSM-900, LTE-2300, WiMAX (3.50 GHz) and WLAN
(5.40 GHz) wireless applications. Considerable improve-
ments are observed in the case of overall circuit size, 3-dB
fractional bandwidth, insertion loss, and high skirt selec-
tivity. The proposed designs are simulated, fabricated and
measured and the corresponding frequency response in
each case is provided.

2 Resonator analysis

A basic SLR comprising of one shorted stub and six open
stubs is provided in Fig. 1. It is further decomposed into even
and odd mode circuits as shown in Fig. 1b, ¢, respectively.
This even and odd mode can further be decomposed into
eight resonant circuits as shown from Fig. 1d-k, respectively.
Now, the resonant odd and even mode frequencies are cal-
culated using the following equations:
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Fig. 1 Proposed SLR decomposition into corresponding even and odd mode equivalent developed circuits, a Configuration of the proposed
SLR, b Even-mode eqvt. Circuit, ¢ Odd-mode eqvt. Circuit, d—k Decomposition of (b) and (c)
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where, 1, 2, 3,4 in the subscript represents the correspond-
ing bands, L, and L,-L; signifies the lengths of the corre-
sponding line with respective characteristic admittances
of Y, and Y;-Y,. Moreover, c represents speed of light, n=1,
2,3....,and g4 shows the effective permittivity of the sub-
strate. It must be noted that proposed technique can be
extended easily to N-passbands as well.

3 Approach for designing tri-band BPF

Based on the above analysis performed in Egs (1)-(8), a com-
pact tri-band BPF is developed as shown in Fig. 2. Four open
stubs are loaded in a symmetrical manner and one short
ended stub is loaded at the middle of the proposed dual
mode resonator. The short ended stub at the middle of the
circuit is shorted with the ground plane utilizing via hole. The
symmetrical meandered resonator is loaded with open stubs

Fig.2 Proposed tri-band BPF configuration

which are extended towards each other in order to reduce
the filter size and make transmission zeros in the stop-band
region to get sharp selectivity. The transmission zeros are
created in the frequency band when the input impedance
of the identical open stubs equal to zero [17] which will act
as the virtual ground at the input points. The input signal is
shorted and cannot transmit to the output port. The position
of the transmission zeros in frequency band created by the
resonator and the loaded identical open stubs is given by
the following equation:

cotf, =0 (9)

Equation (9) can also be transformed into the following
form:
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nzf,
2t = 20

(10)
S
where n=1, 3, 5, f, is the frequency of the transmission
zero, 0, signifies the electrical length of the identical open
stubs and resonator and f; is the design frequency. So the
length of the resonator and loaded open stubs are control-
ling the center frequencies of all the pass-bands and also
the position of the transmission zeros in the stop-bands.
In order to validate this, L, is varied from 13.1 to
16.1 mm and L; from 3.6 to 6.6 mm at the same time.The
simulated results are plotted in Fig. 3a, which shows that
decreasing the lengths L, and L; will shift the center fre-
quency and position of transmission zeros, T,;, and T, to
high frequency. These parameters can tune the first band
to the desired frequency band. Also, changing the posi-
tion of transmission zeros T,; and T,, due to the change
in length of resonator also affect the lower frequency of
the second passband as well. Thus the lower frequency
of the second pass-band can also be adjusted by proper
positioning of transmission zeros T,; and T,,. In Fig. 3b,
length Lg of the loaded open stubs is changed from 6.575
to 8.075 mm. The simulated results for different values
of Lg show that center frequency of band 2 shifts from a
lower frequency to high frequency and also change the
position of transmission zeros T,; and T,, from lower to
a higher frequency when the length of L4 is decreased
from 8.075 to 6.575 mm. The changing position of trans-
mission zeros T,; and T, also shift the lower frequency
of third pass-band. The third passband lower frequency
can be tuned with the help of transmission zeros T,; and
T,4. In the same way, length L of the loaded open stubs
is varied from 2.75 to 4 mm as shown in Fig. 3c. Decreas-
ing Lg from 4 to 2.75 mm tune the center frequency from
lower to higher frequency and also shift the position of
the transmission zeros T,s and T, to high frequency in
the stop-band region. Therefore, it is evident from the
simulations, that all the three passbands of the tri-band
BPF can be properly tuned to preferred frequency bands
by the length of the resonator and loaded open stubs.
Also, the spacing between the identical stubs denoted
by G;, G,, and G, allow capacitive coupling between the
stubs. The capacitance between the stubs increases as
the spacing between the stubs decreases according to
[17]. So tri-band BPF is simulated for different values of
G, and G, as shown in Fig. 4a, b). It is evident from Fig. 4a
that when the value of G, increases, the transmission
zeros T,; and T,, come closer in the S,, plot of the fre-
guency response. Same is the case for G, where trans-
mission zeros T,; and T,, come close to each other when
the value of G, increases. Hence, when the capacitance
between the identical stubs decreases the transmission
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Fig.3 S, versus frequency response of the tri-BPF in case of vary-
ing:al,andL;blsclg

zeros in the stop-band come closer to each other. So the
intra stubs spacing is a crucial parameter which can also
tune the respective bands of the BPF.

Similarly, L, is the dimension of the short ended stub
which is located in the middle of the resonator. Under
the odd mode analysis, the length of the L, stub is
ignored while in even mode analysis L, is counted to pre-
dict the resonant frequencies of even modes. So L, only
controls the even modes of all the bands in the given
design. Therefore, this parameter can be used to tune the
frequency of even mode which allows us to control the
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Fig.5 Simulated resonant modes for various values of L,

bandwidths of all the passing bands using the length of
the L.. It is revealed in Fig. 5 that increasing the length
of the L will tune down even mode frequencies which
increases the overall bandwidth of all the passing bands.

4 Optimized design and fabrication
of the proposed tri-BPF

In the previous section, the relation between the physi-
cal parameters of BPF and modal frequencies and band-
widths of passing bands are explained in detail. Based on
the above parametric analysis, an optimized tri-band BPF
design is presented and then fabricated for validation. All
simulations are performed in Ansoft HFSS. The optimized
geometrical parameters of the developed tri-band BPF
are tabulated in Table 1. The circuit area of tri-band BPF
is 16.1 mm x23.5 mm (0.084, X 0.124,) excluding 50 Q
transmission line where 4, signifies the guided wave-
length of the middle frequency of the lowest passband.
The layout shown in Fig. 2 is fabricated on Rogers RO4350
substrate having relative dielectric constant e, = 3.66 and
loss tangent equal to 0.004. The thickness of the aforemen-
tioned substrate is 0.762 mm. The fabricated tri-band BPF
is displayed in Fig. 6, as well.

The measured and simulated frequency response
including S;; and S,, of the proposed tri-band BPF is also
shown in Fig. 7. The proposed tri-band BPF is aimed for use-
ful wireless applications such as GSM-900, LTE-2300, and
WiMAX (3.5 GHz). The middle frequencies of the developed
tri-band BPF are 0.9550 GHz, 2.2948 GHz, and 3.5246 GHz.
The corresponding 3-dB fractional bandwidth of the stated
center frequencies are 45.25%, 20.32% and 6.09% for the
1st, 2nd, and 3rd passbands, respectively. The measured
insertion loss in the three pass-bands is 0.32, 0.63 and 1.38
including losses from the SMA connectors. Six transmis-
sion zeros are created in the simulated frequency response
at frequencies 1.43 GHz, 1.68 GHz, 3.008 GHz, 3.33 GHz,
4.0 GHz and 5.33 GHz with more than 28 dB attenuations
in order to get sharp skirt selectivity for the passbands. The
presented tri-band BPF is compared with other recently
reported designs and it is shown in Table 2.

Table 1 Dimensions of the

. Parameter Value Parameter Value Parameter Value Parameter Value
proposed Tri-band BPF (All
values are given in mm) L, 5 L 225 W, 2 A 1.75
L 3.25 W, 1 W, 0.5 W, 2.175
W, 1 W, 4 L, 14.1 L, 4
L, 4 Ls 7.025 Le 7.07 L, 5.85
G;, G, G; 0.5 Via 0.5 w, 0.5 W, 2.075
Ly 46 Lg 4
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Fig. 7 Simulated and measured S-parameters of tri-band BPF

5 Quad-band BPF design and fabrication

Next we developed and fabricated a very compact
quad band BPF as shown in Fig. 8. A quad-band BPF
is developed using the same approach as used for tri

Fig. 8 Proposed quad-band BPF configuration

band BPF. Quad-band BPF response is achieved by
incorporating two more identical open-ended stubs in
the existing tri-band BPF described above. The mean-
dered shape resonator is fed with 50-Q transmission
lines. The length and width parameters of the quad-
band BPF are optimized using parametric analysis. The
optimized parameters of the quad-band BPF design are
listed in Table 3. The overall circuit area of the quad-
band BPF is 17.1 mm x 23.5 mm (0.0912/19 ><0.125xlg).
The proposed quad-band BPF is fabricated on the same
Rogers RO4350 PCB having same thickness and dielec-
tric constant i.e. 0.762 mm and 3.66 respectively. The
fabricated prototype of quad-band BPF is also shown
in Fig. 9.

The frequency response of the measured and simu-
lated results of quad-band BPF are given in Fig. 10. It
is obvious that the measured and simulated frequency
response agrees very well. The developed quad-band
BPF is tuned for useful wireless applications which
are GSM-900, LTE-2300, WiMAX (3.50 GHz) and WLAN
(5.40 GHz). The operating frequencies of the quad-
band BPF are 0.946 GHz, 2.2079 GHz, 3.59 GHz, and
5.4663 GHz. The percentage 3-dB fractional bandwidth
all passbands are 42.64%, 21.31%, 7.074% and 7.414%,

Table 2 Performance comparison of proposed Tri-band BPF with other Tri-band BPF reported

Refs. Center freq. (GHz) 3 dB Fractional band-  Circuit size in mm (4, x 4,) Tx zeros S,; (dB)
width %

[2] 2.45/3.5/5.25 12.3/6.2/3.3 22.5%x20.5(0.24%x0.22) 0 0.9/1.7/2.1
[3] 1.37/2.43/3.53 4.4/59/2.7 39.9x204(0.26x0.13) 4 1.7/1.8/2.5
[12] 1.575/2.4/3.45 15.04/7.5/5.56 25.8x21(0.18x0.14) 5 0.7/1.14/0.3
[13] 0.92/2.08/3.59 40.21/10.1/16.15 24x20(0.13x0.10) 6 0.41/1.39/1.97
[20] 1.25/3.51/6.82 24.4/18.3/13.8 27.4%26.05(0.156%x0.149) 5 0.45/0.42/1.26
[21] 2.65/4.85/7.59 5.3/8.66/3.95 26x1.2(0.60x0.02) 5 1.2/14
Tri-band BPF in 0.955/2.2948/3.524 45.25/20.32/6.09 16.1x23.5(0.08x0.12) 6 0.32/0.63/1.38

this work
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Table 3 Dimension of the

Parameter Value Parameter Value Parameter Value Parameter Value
Quad-band BPF (All values are
given in mm) L, 7 L 2 W, 2 w, 1.75
Le 3.25 W, 1 W, 0.5 W, 2.175
W 0.8 w, 0.95 L, 15.1 L, 4
Ly 4 Ls 7.5 Lg 6575 L, 5.85
W 0.5 W, 1 Wo 2.75 Ly 4
G;, G, G;, G, 0.5 Via 0.5 w, 1 Ws 1.575
L 46 Lg 42 Lo 2.75

S-Parameters(dB)

——S,, Simulated

= =3S,, Measured
—— S, Simulated|]
 + 84, Measured

-70 M M M M I
0

1 2 3 4 5 6

Frequency (GHz)

Fig. 10 Simulated versus measured response of quad-band BPF

7

8

respectively. The measured insertion loss of all the four
passbands at their center frequencies including SMA
connectors are 0.31 dB, 0.56 dB, 1.59 dB, and 1.63 dB
respectively. Seven transmission zeros are generated
with more than 28 dB attenuation at 1.39 GHz, 1.60 GHz,
2.98 GHz, 3.36 GHz, 4.11 GHz, 5.05 GHz, and 5.88 GHz in
order to get high selectivity pass-band filter response.
Quad-band BPF is compared with other published works
in the literature in Table 4. It is clear from the comparison
table that the proposed quad-band BPF is advantageous
in terms of insertion loss, circuit size, 3-dB fractional
bandwidth, and maximum passbands along with maxi-
mum transmission zeros.

6 External quality factor and coupling
coefficient

The analysis of the coupling coefficient and external qual-
ity factor of the filter was carried out and showed that the
parameter ‘G1’ was able to control electric coupling. The
magnetic coupling is actually a function of the distance
between the two resonators. This magnetic coupling is
very difficult to exactly calculate in such a complicated
structure, so it is optimized using EM simulation. However,
we have calculated the electric coupling coefficient “K.”
versus “G," using Eq. (11):

i

ke =
o+

(1)

Table 4 Performance comparison of the proposed quad BPF with recently published ones in the literature

Refs. Center freq. (GHz) 3-dB Fractional bandwidth % Circuit size in mm (4, X 4,) Tx zeros S, (dB)
[18] 2.40/3.5/5.20/6.8 6.4/9.4/3.8/4.9 22x20(0.24 % 0.22) 2 0.5/1.3/1.3/1.0
[19] 1.5/2.50/3.50/5.2 5.7/14.1/6.9/3.8 26x26(0.18x0.18) 5 1.3/0.24/1.29/2.1
[20] 1.19/3.33/5.87/8.39 20/13.6/7.6/15.4 25.8x21(0.169x0.12) 7 0.6/0.52/1.58/1.3
[22] 1.46/2.6/4.2/5.25 8.6/4.5/5.2/4.2 17.2x15(0.14x0.12) 4 1.5/1.9/1.7/2

( 7

Quad-band BPF  0.94/2.20/3.59/5.46 42.64/21.31/7.07/7.41

in this work

17.1x23.5(0.0912x0.12) 0.31/0.57/1.59/1.63

SN Applied Sciences

A SPRINGERNATURE journal



Research Article

SN Applied Sciences (2019) 1:1019 | https://doi.org/10.1007/s42452-019-1067-2

0.1
0.10 —e— Band 1—4— Band 2

009 —a— Band 3 —y—Band 4
0.08
0.07
0.06 |
0.05
0.04
0.03
0.02
0.01 |

000 1 1 1 1
0.1 02 03 04 05 06 07 08 09

G, (mm)

Electric Coupling Coefficient, K,

Fig. 11 Electric coupling coefficient ‘K,  versus parameter ‘G, of the
proposed quad band bandpass filter. (G, =G,=G;=G,)

90
80

—s— Band 1 —»—Band 2
—e— Band 3 ——Band 4

External Quality Factor, Q,
N w oy [6)] ()] ~
© & © © & o

=
o
T

04 06 08 10 12 14 16 18 20
W, (mm)

o

o
N

Fig. 12 External quality factor ‘Q.’ versus parameter ‘W,’ of the pro-
posed quad band bandpass filter

where f,and f,, represent the lower and higher frequencies
of the two resonant frequency bands. Also, the external
quality factor,“Q,” can be calculated from full wave simu-
lated transmitted coefficients given by [17] as:

Wo

Q. Aoy (12)

The electric coupling coefficient of the proposed filter
is dependent on parameter‘G1’and is plotted in Fig. 11. It
is seen that as the distance ‘G,’increases, the correspond-
ing electric coupling also decreases as expected. It must
be noted that G, =G,=G;=G,, which is the correspond-
ing distances between the first, second, third, and fourth
resonators. For convenience it has been represented as G,
only in Fig. 11. However, it is observed that the distance
‘G,"have a different influence on different passbands. The
external quality factor of the proposed bandpass filter
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is also calculated from Eq. (12) and it is plotted with the
parameter‘w¢'in Fig. 12.

7 Conclusion

A compact tri and quad band BPFs using SLR are presented
for wireless applications. The proposed resonator is ana-
lyzed by means of even-odd mode analysis due to its
symmetrical geometry. Open-ended stubs are loaded at
an appropriate position in the dual-mode resonator and
we have successfully achieved tri and quad passbands.
To reduce the filter size and create transmission zeros at
the desired frequencies in the stop-bands, a symmetrical
meandered shape resonator is loaded with open-ended
identical stubs which are bent towards each other. The
proposed BPFs are tune to operate at GSM-900, LTE-2300,
WiMAX (3.50 GHz), and WLAN (5.40 GHz) bands. Signifi-
cant improvements are observed in terms of circuit size,
3-dB fractional bandwidth, insertion loss and transmission
zeros. To check the validity of the proposed tri and quad
BPFs, these designs are simulated in HFSS, fabricated and
then measured using network analyzer. The measured and
simulated responses in both cases agree very well. The
proposed BPFs can find applications in multiband wire-
less communication systems.
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