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Abstract

Existing communication systems require efficient, compact and
portable microstrip filters so that it contributes in enhancing the
performance of communication system. Existing communication at S-
band system requires spurious free signal transmission as well as
reduced insertion and return loss, improved bandwidth and sharp roll
off rate. The stated parameters could be improved through the design
of a compact resonator filter. Hence, in this paper the design,
development and characterization of a dual mode close loop resonator
filter on microstrip structure at S-band is discussed. The proposed
resonator filter design exhibits performance improvement in terms of
insertion loss (<1 dB), return loss (Better than 12 dB), Bandwidth
(>5%), sharp role off as compared to existing filter. Dual mode
operation of close loop resonator filter is explained through the time
varying field distribution. The size optimization of the designed
resonator filter is accomplished without altering electrical parameter.
The designed resonator filter has also been fabricated on two different
substrates and comparative analysis has been carried out. Finally the
realized filters have been characterised for its suitability in space
applications.
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1. INTRODUCTION

The microstrip technology based filters at S-band are designed
using distributed microstrip and stripline based components [1]-
[4] and deployed in various space application. For the design of a
compact close loop resonator filter at S-band the parameters such
as Dielectric constant, Frequency, Bandwidth, Insertion loss and
Dimension plays a significant role. Due to need of continuous
improvement in S-band communication system especially in
terms of insertion loss, return loss, bandwidth and roll off rate, we
propose the design of compact dual close loop resonator filter. To
accomplish that following work has been proposed and carried
out.

» Dual mode operation is explained through mathematical
expression as well as the field pattern in the resonator.

» Band pass filter at S-band frequency that involves

simulation,  miniaturisation,  optimization,  physical
implementation and characterisation is discussed.
» The fabricated filter is characterised at various

environmental conditions.

» Comparative analysis of simulation results has been carried
out.

» Comparative analysis of fabricated filter on different
substrates is discussed at specified temperature range.

Designing filter using resonator is trending now a days due to
the reason of steep roll off at cut off and almost flat response at
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pass band, which results into approximately ideal band pass filter.
These resonators can be implemented in various methods e.g.
waveguide, Substrate Integrated Waveguide (SIW), Stripline and
microstrip etc. Further microstrip based resonators itself can be
designed in various shapes such as circular, square, ring,
triangular, patch etc. They behave as waveguide cavity resonator
by considering top and bottom surface as electrical wall and sides
as magnetic walls [4]-[7]. A square patch cavity resonator is
basically a close loop resonator with dimension of A4/2. If the
resonator is converted into other types of shapes such as circular
or square then the dimension is Ag/m and A¢/4 respectively [3] [4].
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X

Fig.1. Microstrip based cavity resonator

The resonant frequency of the cavity resonator [8-9] as shown
in Fig.1 is given as Eq.(1).
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where, a is effective width of cavity, . is effective permittivity
and u is permeability.

The basic working principle of loop resonator is to establish
standing wave across the circumference. Hence phase shift across
the loop is integer multiple of 2w as given by equation (2).

M

ﬂ| =2xnN (2)
where, N is integer number and g is phase constant.
The frequency of operation is determined by Eq.(3).
v, Nv
p p
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where, f is resonant frequency, v, is phase velocity, A is
wavelength and | is circumference of the loop. In dual mode
operation two degenerate modes are employed together to
improve filter characteristic. When dual mode operation is used
then number of resonators required is half which results into
simple and small circuit [4]. There is an additional advantage of
using dual mode operation that it enables the resonator to work as
doubly tuned network which increases bandwidth [6]. As per the
Eq.(1) there are infinite numbers of resonant frequencies available
for displayed cavity mode. But there is requirement of two such
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modes where electric field pattern is different but resonant
frequency is same that is called degenerate modes. Frequency of
degenerate mode is given as:

1

flo0 = fop =——
100 = Towo Za\/a

The Eq.(4) shows that field pattern of these degenerate modes
is orthogonal to each other. In order to operate the resonator in
dual mode condition there is need to couple both the modes hence
a perturbation element is placed at line of symmetry of
input/output feed lines [10]. A perturbation element is a small
patch, notch or cut on the path of field distribution which disturbs
the field distribution in microstrip resonator. The placement and
size of perturbation is very important to fix the location of
transmission zeros (TZ) in filter response [5]. Various work
related to these has been demonstrated in the literature. Design of
narrow band compact resonator filter using dual mode operation
with two coupled degenerate modes has also been reported in [4].
Dual mode filter is generally used for increasing the bandwidth.
In order to couple two modes, a perturbation element is used and
the size and shape of perturbation element is deciding factor for
filter response such as Chebyshev, elliptic etc. [5]-[7]. Filter
response consists of two Transmission Zeros (TZ) in both sides of
pass band and the placement of TZ is calculated through even
mode and odd mode analysis [3]-[4] and the location of TZ can
be fine-tuned by altering the size and shape of perturbation
element. The principle of close loop resonator is detailed in [11]
where S-band filter is designed on Alumina substrate. The
fabrication processes for physical implementation on Alumina is
detailed in [12]. Before designing any microstrip circuit, the
selection of substrate is very important [13] [14]. Testing
requirement for the realised using special type of test jig is
detailed in [15] and to qualify the prototype for space based
application characterisation in various temperature condition
needs to be done as detailed in [16]-[18]. Triple-mode band pass
filter using a closed loop resonator with periodic stepped-
impedance ring resonator (PSIRR) band pass has been reported
and results shoes that area miniaturization area and desirable
upper stop band is achieved [19] [20]. A stub loaded closed loop
microstrip line filter for Wi-Fi applications and a dual-mode
defected ground structure resonator is also reported in the
literature [21] [22]. At the same time a novel band pass filter with
dual-mode open-loop and a compact dual-mode open loop
microstrip resonators and filters with improved performance has
been reported [23] [24]. Miniaturization plays significant role in
the design of resonator. Hexagonal open-loop resonators with E-
shaped stubs loading provides miniaturization with improved
performance [25]. Recently a novel S-band band pass filter (BPF)
with extremely broad stop band and a compact folded band pass
filter in empty substrate integrated coaxial line at S band is also
reported in the literature [25] [26]. All the existing literature
shows that there is need to improvise Bandwidth, Insertion loss,
Return loss and Dimension of the S-band filters especially for
space applications.

The remaining part of the paper is organized as follows.
Section 2 describes the design and simulation of the compact dual
mode close loop resonator filter. In section 3 we provide hardware
implementation. And in section 4 characterization of the designed
filter has been carried out. In section 5, we present the
environmental testing of the developed compact close loop filter

(4)
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resonator followed by comparative analysis in section 6. Finally
we give concluding remarks and suggest some future work in
section 7.

2. DESIGN AND SIMULATION

The filter is designed with specification of centre frequency
2200 MHz, fractional bandwidth 5% and pass band ripple <0.5
dB using ADS commercial simulation software. All the
dimensions are measured in mm and simulation results are
verified in momentum simulation. The circumference of the
square loop is integer multiple of guided wavelength, and is given
as Eq.(5).

, = ©)

geff

In this case, microstrip line width is 1.14 mm and substrate
height is 1.25 mm, W/H ratio is 0.912 hence the condition W/H
<1 is satisfied and formula for effective dielectric constant is
given as:

. _gr+1+gr—1 1
T2 2 | ir2(Hw)

Hence, effective dielectric constant is 6.82 for & = 10.2,
guided wavelength is 52.12 mm and characteristic impedance is
50.4 Q.

Initially the filter is designed with diamond shape of close loop
resonator with circumference of A4 which is further miniaturised
by meandering of lines. In this work a novel feeding technique is
used where feed lines are connected at two adjacent corners of a
square loop which provides minimum distance between two ports
is Ag/4 and in another path the distance between input/output ports
is 31¢/4 hence same fosters the orthogonal feed to achieve
symmetric filter response [6] as mentioned in Fig.2. Further the
loop is rotated by 45 degree for providing input/output ports in
same line as shown in Fig.3.This is a novel feeding technique as
most of the literatures use feed lines at centre of the edges [4]-[6],

(8]-[12].

Fig.2. Diamond shaped filter

+0.04{1-(HW)}" | (6)

To achieve the dual mode operation a specific size of
perturbation element is used at 135 degree rotation of feed line
[11]-[12] which is at diagonal symmetry of the loop.
Subsequently optimization is carried out in the topology displayed
in Fig.2 and once the desired specification is achieved the filter is
modified to improve the common drawback of close loop
resonator filter i.e. orthogonal feed lines which is undesirable in
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some of the applications. Providing inputs through inline feed by
rotating the resonator loop by 45° is displayed in Fig.3.

(a) Field pattern in mode-1  (b) Field pattern in mode-11

Fig.5. Field pattern of dual mode filter in mode-I (2.20 GHz) and

mode-11 (2.25GHz)
Fig.3. Diamond filter to square filter conversion with inline feed

In Fig.5, it is clearly seen that red colour zone (Peak level of

When perturbation element is not used in the resonator then the field) in mode-I and mode-1I has shift of 45° which provides
filter works on single mode. The single mode filter layout with coupling of two mode in such a way that the field gets distributed
field pattern is given in Fig.4, where a complete cycle of field across the loop. Field distribution for dual mode filter over the
distribution in single mode operation is detailed. time is detailed in Fig.6.
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0°ph b) 90° ph
(a) 0"phase ®) phase (a) 0° phase (b) 45°phase
r ' {
(c) 180° phase (d) 270°phase
Fig.4. Field distribution (A/m) over one cycle of oscillation in (¢) 90°phase (d) 135°phase

single mode operation

In Fig.4, highest field strength is represented in red colour and
smallest field strength is represented in blue colour. In Fig.4, it is
evident that field strength is oscillating with time in one of the
diagonal of square loop.

To understand dual mode operation, two degenerate modes are
identified and same is coupled with each other. In order to couple
both modes a defect or notch is placed on the resonator loop,
called as perturbation element. Perturbation element establishes
two split resonant at frequencies at 2200 MHz and 2250 MHz and
the field distribution of both modes has 45° offset and same is
explained in the field pattern of Fig.5. The coupling coefficient
between both resonant modes is calculated by Eq.(7) below:

2 2
_ f02 — f01

T g2 2
foz + f01

Y]

where fo1, fo are known as resonant frequencies of mode-I and . .
mode-11 and K is coupling coefficient. (2) 270°phase (h) 315°phase

Fig.6. Field pattern of dual mode filter on different phase angle

In Fig.6, red colour represents highest field strength and blue
colour represents minimum field strength. It is seen that as the
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phase increases from 0° to 360°, the red colour zone i.e. highest
field strength rotates clockwise, which leads to a uniform field or
current distribution across the resonator while passing through a
complete cycle of wave propagation. The reason behind the field
pattern rotation is the 45° phase shift between mode-1 and mode-
1. The phenomenon of coupling of modes through perturbation
element can be visualized.

The equivalent circuit of dual mode resonator filter is shown
in Fig.7.

Output

Z7,0 Zr, 0 1

1
<

Fig.7. Equivalent circuit of dual mode resonator filter

G

In Fig.7, Zr is characteristic impedance of the loop resonator,
6 is quarter wavelength in phase form, Cq is gap capacitor at
input/output coupling, C, capacitance of the patch element.

In order to carry out the even-odd mode analysis of the circuit
shown in Fig.7, there is requirement of an imaginary electrical
wall at line of symmetry that is passing through the patch and mid
of the feed lines for even mode analysis. Similarly for odd mode
analysis a magnetic wall to be imagined at the line of symmetry
as detailed in Fig.8.

0 zr,6 __I_ 0
—-» G Zogs —» Cg
Co/2
Zeven i

Fig.8. Even mode and odd mode equivalent circuits

In Fig.8, Zewen and Zoga is even and odd mode input

impedances, respectively. The same is given as Eq.(8) and Eq.(9).

Zeven = -JZ7COtO + Zcg + Zep (8)

Zodd = ch (9)

Though the dimension of the filter is reduced to less than half

(33x25 mm?) compared with conventional coupled line filter

(70x25 mm?) [3], still there was a scope for size reduction, hence

meandering of microstrip line of the resonator loop is carried out

that resulted into further reduction in size up to 24x18 mm2 as
shown in Fig.9.

Fig.9. Compact resonator filter at 2.2 GHz

The Fig.9 shows that the perturbation patch is moved inside
the loop unlike Fig.3 and shape of the patch is also changed into
triangular shape in order to achieve more capacitance that shifts
Transmission Zero (TZ) away from the centre frequency [6]. The
simulation result is shown in Fig.8.
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Fig.10. Simulated filter response of Compact resonator filter

In filter response of Fig.10, centre frequency 2208 MHz with
fractional bandwidth of 4%, insertion loss of 0.5 dB, return loss
of 31 dB and the transmission zeros are observed at 2021 MHz
and 2442 MHz which shows excellent selectivity similar to Quasi-
elliptic type response.
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Fig.11. Wide band response of designed filter

The Fig.11 shows the wide band performance of dual mode
band pass filter, where it is observed that fundamental pass band
response is very close to the ideal filter response and meets all the
desired specifications such as insertion loss -0.5 dB and return
loss -27.5 dB in pass band. In Fig.11, a second harmonic pass
band is also present at 4.42 GHz where insertion loss and return
loss is at such level that any signal may pass easily. The reason
for second spurious response is due to presence of non-
synchronous velocities of even and odd mode operation in
dielectric medium [13]. Hence it is advised that applications to be
chosen in such a way that no spurious component strikes at that
frequency.

3. HARDWARE IMPLEMENTATION

The design is fabricated on two different type of substrates
namely RT/Duriod with & = 10.2, tand= 0.002, substrate height=
50 mil, copper thickness = 35um and Alumina with & = 9.8, tand
= 0.001, substrate height = 50 mil, copper thickness= 35um)as
detailed in [14]. The chosen parameters are as per the suitability
of space environment. Fabrication of prototype on two different
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substrates needs two different processes namely photo-
lithography process for RT/Duriod (soft substrate)and MIC
fabrication using thin film process for Alumina (hard substrate)
[12]. Following flow diagram shows that process step of the
photo-lithography process and MIC fabrication process:

RT/Duriod Alumina substrate
Substrate (99.6%)
v v
Layout generation Layout generation
¥ v
Wafer preparation Photo mask
v generation on
metalized alumina
Photo-lithography on substrate
soft substrate
v
\ Pattern etching
v

lon implantation

¥ Agitation with
Cleaning acetone and DI water
v v
Inspection Inspection
v v
Assembly and Assembly and
Testing Testing
(a) (b)

Fig.12. Process flow of PCB fabrication on (a) Soft substrate
(RT/Duriod) (b) Hard substrate (Alumina)

In Lithography process the fabricated PCB has Tin plated
copper tracks whereas MIC fabrication has gold plated copper
tracks, hence conductivity is better in MIC based filter. The
fabricated filter on RT/Duriod is shown in Fig.13, whereas the
fabricated filter on Alumina is shown in Fig.14.

Fig.13. Fabricated filter on RT/Duriod

Fig.14. Fabricated filter on Alumina
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4. CHARACTERIZATION

The realised filter prototypes on Alumina substrate and
RT/Duriod substrate are mounted on suitable test jigs as detailed
in [15] for better signal integrity and characterised using Keysight
Vector Network Analyzer to measure its performance. The Filter
characterisation using Vector Network Analyzer has been shown
in Fig.15.

Fig.15. Filter characterisation using Vector Network Analyzer

The Fig.16 and Fig.17 exhibit insertion loss and return loss
performance in terms of Sy and Si1 parameters for two different
substrate materials.

Response of RT-Duriod basd filter
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Fig.16: Insertion loss and return loss in RT/Duriod based filter

In Fig.16, simulated results and actual results of RT/Duriod
based filter is displayed where actual insertion loss is 0.96 dB,
return loss is 12.8 dB and 3-dB bandwidth is 265 MHz with two
transmission zeros present at both sides of pass band. The
performance of the filter is degraded after fabrication compared
to the simulated results. The reason behind this outcome is due to
the substrate property, if loss tangent increases, the notch of the
curve or depth of transmission zero decreases as detailed in [16]
leads to spread the pass band, at the same time soft substrates are
in-homogenous sometimes which deteriorates the performance.
Apart from that the fabrication process also generates tolerances.

When Alumina based filter is characterised and compared
with simulated results as shown in Fig.17, it is observed that both
sides of pass band two transmission zeros are present and very
good match is there between simulated and actual results. The
actual insertion loss is 0.8 dB, return loss is 13.9 dB and 3-dB
bandwidth is 160 MHz.
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Response of Alumina based filter
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Fig.17. Insertion loss and return loss in Alumina based filter

Deviation is observed in simulated and fabricated results in
terms of roll off which is caused due to the fabrication process
involved and due to inherent material property of substrate.
TR/Duriod 6010 is a soft substrate and there is in-homogeneity
observed in dielectric constant across x and y direction of the
substrate. Further the RF connectors are soldered with limited
mounting space which led to increased return loss.

5. ENVIRONMENTAL TESTING

In order to ensure the flightworthiness of the designed filter
for space applications, same has to undergo with certain
environmental tests to get exposure of extreme temperature in
space. There are three categories of satellites based on the orbit
namely Geostationary Satellite Orbit (GEO), MEO Medium Earth
Orbit (MEO) and Lower Earth Orbit (LEO). Based on the height
from the earth or orbit, the maximum and minimum temperature
experienced by the internal systems of a satellite is estimated. The
temperature range for testing the subsystems of the satellite is
determined by increasing the temperature range by 5%, 10% or
15% for acceptance level test, proto-flight or qualification level
test [18].

In this case the prototype is developed for Indian remote
sensing satellite which is a LEO satellite and the temperature
range specified for ground testing is -10°C to +50°C. Hence both
prototypes are characterized for temperature range -10°C to
+50°C and results are plotted as shown in Fig.18.

The Fig.18 shows that there is a shift in pass band from left to
right as the environmental temperature is increased. The centre
frequency observed at -10°C, +25°C and +50°C is 2137 MHz,
2170 MHz and 2182 MHz respectively, whereas minimal change
in insertion loss and return loss.

In Fig.19, it is observed that there is no change in insertion
loss, return loss and centre frequency across the temperature range
from -10°C to +50°C. Hence it is concluded that, if large
temperature variation is experienced by the system then, filter on
Alumina can provide consistent performance rather than
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RT/Duriod based filter for the tested temperature range from -
10°C to +50°C.

Filter performance over temperature
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Fig.18. Insertion loss and return loss in RT/Duriod based filter

Filter performance over temperature
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Fig.19. Insertion loss and return loss in Alumina based filter
6. COMPARATIVE ANALYSIS
Both prototypes are compared as discussed in Table.1.

Table.1. Performance Comparison

Alumina Substrate|RT/Duriod Substrate
Parameter - -

Simulated | Actual | Simulated | Actual
Centre freq. (MHz)| 2210 2220 2180 2170
Insertion loss (dB) 0.5 0.8 0.78 0.96
Return loss (dB) -20 -13.9 -26 -12.8
Q-factor 24 13.8 24.4 8.2
Bandwidth (MHz) 100 160 90 265
Roll off (dB/Oct) -721 -334 -721 -275
Group delay (ns) - 4.3 - 2.5




ISSN: 2229-6948(ONLINE)

ICTACT JOURNAL ON COMMUNICATION TECHNOLOGY, JUNE 2023, VOLUME: 14, ISSUE: 02

Table.2. Performance comparison among the available literatures

Reference |Dielectric constant|Freq (GHz)| BW |Insertion loss (dB)|Return loss (dB)|Dimensions (mm X mm)|Area (mm?)
[19] 3.0 2.4 4% 2.7 20 35x30 1050
[20] 10.2 1.85 8% 1.7 20 24x30 720
[21] 44 2.48 18% 2 15 30x30 900
[22] 35 2.57 15% 1.12 20 30x15 450
[23] 3.66 2.4 16.7% 0.5 20 32x14 448
[24] 2.2 1.35 5% 15 40x30 1200
[25] 9.8 2.14 2.8% 15 18x18 328
[26] 3.55 3 66% 0.8 15 45x12 540
[26] 1 3 2% 3.14 20 52x53 2756

This work 10.2 2.2 7% 0.9 12 28x21 588

The Table.1 shows the comparative analysis of simulated and
actual results for both type of substrates hamely Alumina and
RT/Duriod. The comparison indicates that in Alumina substrate
insertion loss, return loss and roll off is better (i.e. 0.8 dB, -13.9
dB and -334 dB/Oct respectively) than RT/Duriod substrate
which is 0.96 dB, -12.8 dB and -275 dB/Oct respectively but
bandwidth and group delay in RT/Duriod is better such as265
MHz and 2.5 ns respectively whereas in Alumina substrate 160
MHz and 4.3 ns respectively. Overall there is very good
agreement between simulated and actual results. The actual
Fractional Bandwidth (FBW) achieved in alumina-based filter is
7.2% and actual FBW in RT/Duriod based filter is 12.2% which
is great advantage extracted by dual mode operation but the actual
bandwidth is more than simulated results due to inhomogeneous
substrate property particularly in soft substrates. Hence the
research work is accomplished with desired outcomes.

Further a comparative analysis is carried out in Table.2 for the
recent filter designed at S-band frequency in literatures. The main
parameters considered are operating frequency, bandwidth,
insertion loss, return loss, dielectric constant and dimension.

7. CONCLUSION

We conclude that close loop dual mode resonator has two
degenerate modes. The modes are coupled with each other to
achieve the advantages of dual mode operation such as increased
bandwidth and sharp roll off. The dual mode operation is
explained using electromagnetic field patterns and filter is
optimized to get best performance. Initially a diamond shape
resonator is used for designing, where signals are fed from corners
of the square loop, then the design is modified to get inline feed
points, which is further miniaturised to get minimum surface area
of 24X18 mm2 and same is successfully demonstrated. The
design is fabricated on two different substrates namely RT/Duriod
and Alumina, which results as fractional bandwidth of 7.2% on
Alumina and fractional bandwidth of 12.2% on RT/Duriod with
insertion loss less than 1 dB and return loss of 13 dB. The
designed filters have been characterised in different
environmental conditions and performance is compared. The
design filter is qualified for space-based applications.
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8. FUTURE WORK

In this work bandwidth is increased using dual mode operation
but in future bandwidth may be increased further using triple
mode or quadruple mode operation. Suppression of higher order
harmonics may be addressed in future. Further overall
performance improvement may be attempted through Defected
Ground Structure (DGS), Defected Microstrip Structure (DMS)
etc.
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