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ABSTRACT

A compact and highly selective triple-band bandpass filter (BPF) is designed and presented in this paper.
Proposed filter offers low insertion loss, and passband characteristics is achieved by using two coupled MMR
multi-mode resonators (MMR1 and MMR2) and an inverted T and circular shape MMRs. The filter operates at
frequency 2.43 GHz (Vehicular Communication), 5.91 GHz (ITS band), and 8.86 GHz (satellite communication band).
The simulation and measurement results show a minimum insertion loss of 1.6 dB, 0.73 dB, and 2.8 dB for triple-
band BPF. The return loss is found to be greater than 13.06 dB, 28.6 dB, and 21.55 dB. It is noted that measurement
results are in accordance with the result of electromagnetic simulation. Desired triple-band multi-mode resonators
(MMRs) filter characteristics are achieved with six transmission zeroes (TZs). The filter comprises of MMRs which
provide small size and control over the spurious frequency. By using a parallel-coupled microstrip line, the first and
third passbands are realised. Whereas by using an end-coupled microstrip line, the second passband is recognised.
At the input and output ports, the resonator coupling technique is used. By using the anti-parallel microstrip line
arrangement, the transmission zero is acquired. The dimensions of the designed filter are 25x16 mm 2.

Keywords: Bandpass filter; Even and odd mode microstrip coupled line; Multi-mode resonators; Six transmission

zeroes filter; Triple-band filter

1. INTRODUCTION

In the era of the internet of things (IoT), various machine
to machine (M-2-M) communication applications require a
multiband operation to communicate in different bands like
ITS, Vehicular Communication, and satellite communication
band. Intelligent transportation system (ITS) goal is to attain
traffic efficiency by reducing traffic problems. The main
objective is to reduce the time spent by the commuters also
protecting their safety and comfort. ITS applications are
globally accepted and are being used in many developed
countries. A microwave filter is an essential building block of
the communication system. It is used in mobile communication,
sensors, radar, satellite communication and vehicular
communication systems. A good microwave filter should
have sharp frequency-selectivity, insertion loss, and return
loss. It should have good impedance matching with joined
components. As shown in Fig. 1, information and
communication systems are integrated into the transport
infrastructure and vehicles in order to reduce transportation
time, fuel consumptions keeping human safety. ITS supports
vehicle accident avoidance, automatic toll collection, vehicle
navigation, etc. It comprises vehicle to vehicle, vehicle to
infrastructure and vehicle to satellite communications.
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The filter can be characterised by reflection and transmission
coefficients, which can be expressed in polynomial terms that
contain all information about poles and zeros of the filter. There
are many ways for the physical realization of filter, but network
design theory is almost the same to all. A bandpass filter (BPF)
using a microstrip structure has a simple design, lightweight,
and low cost. A microstrip BPF can be easily integrated with
the front end of the transmitter. An MMR is used as a non-
uniform transmission line resonator, and its application to BPF
with the stripline construction is reported in'2. [n? Bandpass
and the hairpin resonator is used for RF receiver front end for
intelligent transportation systems (ITS). A triple-band BPF with
better selectivity based on modified grounded MMR has been
given in*. In° a microwave front-end design of adaptable BPF
and filtenna, for GPS and ITS application have been reported.
An analytical approach for designing the resonator is presented
in®. In’ the filters are realized using parallel connected micro
strip line and end coupled micro strip line. /n® a compact
dual-band BPF using embedded spiral resonator is reported.
A compact tri-band BPF based on A/4 resonator having
advantages in terms of the independent design is reported in’.
A double mode resonator with four square patches and a micro
strip circle resonator has been presented in!®!!, MMR based
advanced triple-band BPF is reported in'*!3. A compact triple-
band high-temperature superconducting filter is presented in'*.
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The flow chart of the CAD-based filter and another

Figure 1. Application of ITS.

The suggested filter used a multimode stub-loaded resonator
suitable for ISM band, WLAN, WiMAX application. A set of
dual- and triple-band BPF employing equal-length coupled-
serial-shunted lines have been presented in'*'¢. /n'’ a shunt
open stub-loaded open-loop resonator has been introduced

to construct a double band BPF. Multi-mode resonators
based triple-band BPF with off-band characteristics has
been described in ', Different filter architectures for triple-
band BPF design have been suggested for ITS and general
communication'®-%,

This paper demonstrates a new method to design a
coupled MMR-based concurrent operation triple-band BPF
with six TZs. This filter is realized using T- inverted and
circular-shaped MMR. Due to the identical construction
of MMR, the even and odd mode techniques are used for
study of the filter. The offered three resonant frequencies.

component design using waveguide has been shown in
Fig. 2. The general synthesis procedure has been discussed.
The basic general approach is used in the design of the
BPF. A microstrip parallel-coupled MMR based concurrent
triple-band BPF has been fabricated. The BPF has six
TZs. The initial structure of the inverted T-shaped MMR
is shown in Fig. 3. By using a mix of interdigital input/
output coupled lines, it can realize a variety of possible
applications. The proposed resonator is symmetrical in
structure. The design was performed in Rogers RT/Duroid
material with substrate thickness (H) = 1.524 mm, €r=
3.38, and tand = 0.0025. The proposed filter is designed to
bandpass triple bands at 2.43 GHz (2.4GHz - 2.6 GHz) for
vehicular communication band, 5.91 GHz (5.73-6.0GHz) for
DSRC/TS applications, and at 8.86 GHz (8.4 GHz - 10.1

Transmission line based integrated circuits
consisting of only distributed elements

1 Use this full wave simulation data to
obtain closed from expression for
Create physical structure of circuit using equivalent ission line par

geometrical modeler of CST Microwave

€ their lumped element equivalent circuit
Studio or HFSS or explain characteristics of designed

1 subsystem

Define property of metal and dielectrics by

their permittivity and loss tangent

:

Apply Boundary conditions, symmetry
conditions and specific distributed ports and

Solution using FIT or FEM based solver
will provide propagation constant,
characteristic impedance and S parameter
along with E and H fields

Simulation of the filter is carried out employing Ansoft

modes

HFSS V.16 and manufactured on Rogers-4350 substrate.
The dielectric constant of the substrate is €r= 3.38 and
1.524 mm in thickness. Due to which the filter is very
small. Measured results validates the simulated results of
the proposed BPF for DSRC/ITS application.

2. TRIPLE BAND MICROSTRIP BPF
DESIGNAND ANALYSIS

2.1 Geometry and Design of Structure
The concept of an MMR was originated and extended

to the implementation of triple-band BPF. It is designed by

providing the primary few resonant frequencies into the
specified wide passband and putting in place the coupling peak
of the parallel-coupled lines at the centre frequency. Finally, we
demonstrate the triple band pass filter style that offered with the
sensible in-band transmission, improved out-of-band rejection,
and excited band-notch theoretically and by experimentation.

Therefore, the analysis is oriented to achieve the following:

(i) Resonators Lightweight.

(i) Poor coupling between resonators while maintaining
relatively low spacing.

(iii) In the design phase, unnecessary parasitic couplings may
be overlooked, because beyond the nearest neighbouring
resonators, the resonator gets much less parasitic
coupling.

(iv) To keep the BW and passband shape almost constant.

(v) Microwave filter have been developed from some
nonlinear materials, such as superconductors, to produce
intermodulation (IMD) deformation.
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Figure 3. Configuration of the triple band BPF.
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GHz) for satellite communication. The top portion of MMR is
the inverted T shaped; the middle portion of the filter is inter
digitized coupled and the lower portion of MMR is a circular
ring. The top and the middle portion of MMR is responsible
for matching the input port to the output port, and the lower
portion of MMR results is a triple band.

In order to realize the excellent performance at the given
triple-band center frequencies and filter bandwidths, the
parameters i.e. input/output port width (W14), coupled line
length (W11), input/output coupled-line width (L7), interstage
coupled-line length (L6), input/output coupled-line spacing
(W12), circle radius (L12), and width (W15) have been
correctly optimized. 2 microstrip lines with a characteristic
impedance of fifty Q are used to supply the planned coupling
filter. Table 1 indicates the dimension (in mm) of the proposed
triple-band microstrip BPF.

Table 1. Triple band pass filter

Parameters Values Parameters Values Parameters Values

(mm) (mm) (mm)
L1 3.18 L7 0.4 L13 0.75
L2 2.26 L8 1.1 L 25
L3 2.64 L9 3.6 w 16
L4 0.5 L10 0.5 W5 4
L5 0.37 L11 0.7 W6 8
L6 2.37 L12 35 w7 3.75
W15 4 W1 2 W8 6.2
W9 2.2 Wi2 1 W10 0.49
W14 1 Wi13 6.5 Wil 6.5
w2 1.32 W3 1.36 W4 1.32

2.2 MMR Characteristics and TZs

The physical structure of MMR is symmetrical. So even
and odd mode analysis can be used for resonance analysis.

Yoo = Yoas =0 (M
where Y is the admittance of even mode structure and Y ,
is the admittance of odd mode structure. Figure 4 depicts the
simulated resonating modes of the resonators. To obtain three
passbands in the designed BPF, two types of MMRs are used.
To resonate at 2.43 and 8.86 GHz the upper portion of MMR
is designed and for resonance at 5.9 GHz, circular-shaped
MMR is designed. Remaining parts of the resonator is used for
impedance matching.

Figure 5. (a) portrays the corresponding transmission line
mannequin of the MMR in even and odd mode. It is evident in
Fig. 5 (b) that even-mode resonant frequencies are fixed, but the
odd mode resonant frequency is barely moved with the variant
in the gap between the resonator and the interdigital connector
(L11). For each of the even and odd modes, the simulated
resonant peaks correlate with the analytic choices. Figure 5 (a)
depicts the estimated transmission line circuit models for odd
and even mode excitation. Here ©, O, O, refer to electrical
lengths, and Y, , Y, Y, refer to the characteristic admittance
of the width.

The input admittances Y, of the even mode resonators
can be explained as follows:

0,8

T1° ST1> ©T1

S, Y, 0

T2 T ST2 “ST2

Figure 4. The geometry of circular MMRs.
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Figure 5. (a) Even and odd mode equivalent transmission line
models (b)|S21| weakly coupled even and odd mode
triple band BPFF.
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Y _ Yievenl + jY tan (e /2) (2)
MY 4 Y tan (8, /2)
where
Y o= + 'ht 0
ievenl — Tieven2 J 2 an( STI)
{ (3)
=Ly T2 ) —J Y, tan (esn)
]YST2|:YST2 tan (esn )+ Yors tan (em )j|
_ 2 2 2 (%)
ieven2 —
h—htan (857, )-tan (6,
2 2
and
Yors [ ra tan (B, )+ Y, tan (0, )] .

ieven2 |:YST2 — Yo, tan (eST2 ) tan (95T3 ):'

The odd mode resonators Y, can be explained as

follows:
. Younr + 7Y, tan(6,,/2) ‘
iodd="M Y ( )
R tan(9 /2)
where
Y, 20e cot(B5, )+7,
odd1 = —J ) sT2 iodd 2
1.
Yoinr = Youar _EJYsrz cot(0;,) (7
Ysr tan(0,,) —1
Yy = jﬂ2—
iodd 2 Y
tan(0,,) + 32“
y [YSTI tan(0,,) — 2] 8)

1Y,
iodd2 = JAs11 2[2 tan(Og,, ) + srl]

where M is the physical length of the resonator, Y, is the
admittance of resonator, ©,, is the electrical length of the
resonator, ST1 is given as the phys1cal length of stub 1, O, is
the electrical length of stub 1, Y is the admittance of stub 1,
ST2 is the physical length of stub 2, O, is the electrical length
of stub 2, Y, is the admittance of stub 2. For even mode at
resonance,

Joren = m 9)

where m = 1, 2 and c is the speed of light. For odd mode at
resonance,

fudd

11

C
(ST +ST) e (1o

For the extraction of coupling coefficients, Fig. 6
represents the EM simulated frequency response. The filter is
studied due to the symmetrical nature of the even and odd mode
analysis of the resonator. A coupling coefficient at the resonant
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Figure 6. EM simulated frequency response for the extraction
of coupling coefficients.

frequency of two identical equivalent standard microstrip
resonators was considered. Where the effective dielectric
constants for even and odd modes in coupled microstrip lines
are resonant frequency. Using a weakly coupled resonator,
even and odd modes are analyzed. The even-odd mode of the
loose coupling is used with variation in L, to find even and odd
mode of the filter. Structure of the resonator is symmetrical
about TT’. In the odd mode, the load is grounded at mid-point
and in even mode load is open circuited at mid-point. Even
mode resonant frequencies are fixed when increasing the value
of L, whereas odd mode resonant frequencies are varied in
accordance with values of L, .

_So
Qe _Af

A=f T (12)

where f,_Centre frequency Af is bandwidth £, and f are the
frequencies when the phase is 1900 with respect to f, .

The coupling coefficient and external quality factor Qe of
this filter are dependent on parameter W as shown in Fig. 7.
Also, the parameter W . determines the bandw1dth of all the
pass bands assist variation causes the change in the external
quality factor of the proposed filter as predicted from Fig. 7.

In addition, Tzs is a frequency at which there is zero
propagation of the transfer function of a linear two-port
network. Tzs at zero frequency and infinite frequency may be
found in HPF and LPF respectively. Transfer functions with
both zero and infinite frequency can be found in BPF. Six
TZ’s three bands are obtained in the planned BPF. Depending
on the size of the perturbation factor, the position of the two
transmission zeros is determined using a simple transmission-
line model.

an)

3. SIMULATION AND MEASUREMENT
RESULTS
A triple-band BPF is designed and configured using HFSS
to validate the idea of the proposed filter and the S-parameters
are calculated using a vector network analyzer (VNA).
Figure 8 shows the fabricated structure.
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Figure 7. Extracted quality factor (Qe) of the triple-band
BPF.

Figure 9(a) displays the simulated and calculated [S11| of
the planned filter. It is found that the first band has a return
loss of 13.06 dB, the second -28.6 dB and the third has loss
of -21.55 dB. Triple bands below -10 dB level are reached
by the proposed filter. Figure 9(b) displays the simulated and
measured triple band bandpass filter |[S21|. The minimum
measured insertion losses, including losses from 2 SMA
connectors, were found to be 1.6, 0.73 and 2.8 dB within the
3 passbands. Figure 8(c) shows the simulated and estimated
S-parameters of the proposed filter. It is accomplished in three

(a)
Figure 8. Fabricated triple band BPF (a) top view, (b) a bottom
view.

bands with resonant frequencies of 2.43 GHz (2.4-2.6GHz),
5.91 GHz (5.73-6.0GHz), and 8.86 GHz (8.4 GHz - 10.1
GHz). These bands, respectively, are beneficial for vehicular
communication, ITS and satellite communication.

Six transmission zeroes gives better selectivity to
this filter between the triple bands and rejects undesired
frequencies. The first transmission zero is obtained at 1.71
GHz, second at 3.7 GHz, third at 5.2 GHz, fourth at 6.46 GHz,
fifth at 7.4 GHz and sixth at 12.4 GHz. Figure 10 depicts the
electric current distribution of the triple band BPF at different
resonant frequencies. Figure 10 (a) depicts that upper portion
of the resonator is applicable for 2.4 GHz band. Figure 10(b)
shows that all parts of the resonator are responsible for 5.9
GHz, and Fig. 10(c) shows that some of the upper and lower
parts of the resonator are responsible for the 8.8 GHz higher
frequency band. Finally, Table 2 provides a comparison of the
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Figure 9. (a) Simulated and measured Triple band BPF return losses (b) Show Triple band BPF transmission characteristics (S21)
(¢) Simulated and measured BPF triple band S-parameters.
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Table 2. Performance comparison with other BPF

Centre frequency

Insertion loss

Return loss

No. of transmission

Reference (GHz) (IL)(dB) (RL) (dB) Zeroes (Tzs) Size (mm) Fractional bandwidth
| 3.48/4.18/5.25 1.53/2.11/2.65 15.1/22.8/ 19 5 184 %9 7%, 5% and 6%

[*] 2.4/3.8/5.7 0.82/2.0/2.5 20/22/18.2 3 19 x 8.6 7.5 %, 3% and 4 %

] 1.8/3.5/5.8 0.88/1.33/1.77 21.3/15.84/15.72 3 27 x 11.7 7.0%, 5.0% and 3.5%
[™] 2.35/4.78/7.21 1.0/0.6/2.37 24/14/10 5 1436 x7.03  7.1%, 7.1% and 5.5%
"] 2.45/3.5/5.2 0.16/0.55/0.22 16.7/10.2/ 17.5 5 8.3 x 8.6 9.7%., 5.1% and 1.9%
] 2.4/3.2/4.3 1.68/1.65/1.5 6/7/8 3 44 x50 7%, 7.5 %,and 5%
This Work ~ 2.43/5.91/8.86 1.6/0.73/2.8 13.06/28.6/21.55 6 25 x 16 8.23%,4.56% and 9.18%

proposed work with the research on triple band BPF previously
reported. It clearly shows the better performance of the work
done in current reported paper, which makes it more fit for ITS
applications.

4. CONCLUSIONS

We proposed a novel BPF structure having three band
of operation in this paper. The filter uses an inverted T and
circular shaped MMR. Moreover the filter passband is
obtained at the frequency of 2.43 GHz, 5.91 GHz, 8.86 GHz.
The insertion loss is reported to be less than 1.6 dB, 0.73
dB and 2.8 dB at respective bands. The desired triple band
multi-mode resonator (MMRs) filter has been obtained with
six transmission zeros (TZ). These are compact MMR filters,
which control small size and characteristic frequency. Three
bands are obtained in the filter, the first band is found suitable
for vehicle communications, the second for ITS applications
and the third band for defense applications. The above results
show that the filter is well suited for Defence/ITS applications.
In the future, this MMR filter will be used to build an integrated
communication system for automobiles, using our own custom
subsystem for transceiver modules.
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