|| Rev. Roum. Sci. Techn.— Electrotechn. et Energ.
[\ Vol. 62, 4, pp. 399-404, Bucarest, 2017

MICROWAVE BANDPASS FILTERS WITH OPEN-LOOP
TRIANGULAR MICROSTRIP RESONATORS
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This paper presents the design of novel microwave bandpass filters, composed of coupled single-mode triangular resonators, in
microstrip technology. Based on the study through electromagnetic-field simulation on the couplings between pair s of such open-
loop triangular resonators and between a single resonator and its 50 Q feeding line, microwave bandpass filters with various
specifications can be developed, for telecommunications and radar applications. Here, two bandpass filters with different types
of couplings between resonators are designed, fabricated and tested. The electrical performances of the experimental models
meet the specification, which validates and proves the flexibility of the design of bandpass filters composed of coupled triangular

microstrip resonators.

1. INTRODUCTION

Planar bandpass filters represent important elements of
many telecommunication systems (including, here, mobile
communications, specific equipment, and radar systems),
operating in the RF/microwave spectrum [1]. The requirements
of such filters depend on the application in question and
they can refer to some electrical performance of these filtering
structures, such as insertion loss, selectivity, bandwidth,
group-delay response in the passband, and, also, to some
other aspects like size and cost.

In order to obtain different filtering characteristics and
small dimensions, the current published contributions in the
field demonstrate different microstrip geometries for the
bandpass filters’ resonators [2—-6] and various coupling
scheme in planar technology (microstrip, multilayer) between
these resonators [7—14]. The design — in almost all its stages —
of such planar filters involves the use of electromagnetic-
field simulation and optimization, which is a difficult task.

In this context, the paper proposes a new type of open-
loop microstrip resonator, with a triangular shape, in the
design of microwave bandpass filters. The use of such resonator
leads to the possibility of obtaining bandpass filters with
different coupling topologies — and hence, different electrical
characteristics — either in microstrip or in multilayer
technologies.

Based on this type of resonator, several configurations of
microstrip bandpass filters are designed, analyzed, fabricated
and tested.

The electrical performance of the proposed filters are
compared to the measured characteristics of the corresponding
experimental models. It is noticed a good agreement, which
validates the design and demonstrates its flexibility.

2. TRIANGULAR MICROSTRIP RESONATOR
AND COUPLING TOPOLOGIES

The proposed triangular microstrip resonator was designed
for applications in the 3.5 GHz frequency band, using a
Rogers RO3003™ substrate with a dielectric constant g, of 3,
substrate height h of 0.508 mm, dielectric loss tangent tand
of 0.001, and two electrodeposited copper foils with a
thickness t of 0.017 mm.

Figure 1 provides the dimensions of the resonator,

obtained through electromagnetic-field simulation [15], so
that its first resonance be at 3.5 GHz, and the frequency
response of the resonator, at resonance.
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Fig. 1 — The proposed triangular microstrip resonator:
a) layout (unit: mm); b) |S,| [dB] frequency response at 3.5 GHz.

The small difference between 3.5 GHz and the actual
resonant frequency, 3.497 GHz, (as depicted in Fig. 1b) is a
result of the resolution (0.1 mm) used in the layout editor [15].

Based on the current density distribution inside the
resonator, different types of couplings between a resonator
and its 50 Q feeding line (I/O coupling) and between a pair
of triangular resonators were investigated through electro-
magnetic-field simulation.

a) b)

Fig. 2 — Coupling resonator — feeding line:
a) configuration; b) the external quality factor,
Qx> VS. feeding line.

Different values of the external quality factor Qe —
which characterizes this type of coupling — can be obtained
by changing the coupling position (parameter d in Fig. 1a)
of the 50 Q feeding line in relation to the resonator.

Considering the proposed configuration in Fig. la —
which correspond to a doubly loaded resonator — the external
quality factor Q. of the lossless resonator can be derived
from its frequency response |S;| [dB], with [1]:
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where fy is the resonant frequency and Bsgg represents the
bandwidth for which the resonant amplitude response |S|
[dB] is up 3 dB from that at resonance.

From Fig. 2b it can be noticed the dependence of Qe
with the parameter d.

Using the proposed microstrip resonator, different couplings
between a pair of such resonators can be obtained. These
couplings are presented in the Figs. 3-5.
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Fig. 3 — Electric coupling structure: a) microstrip configuration;
b) coupling coefficient kg vs. distance D_EL between resonators.

a) b)

Fig. 4 — Magnetic coupling structure; a) microstrip configuration;
b) coupling coefficient kyg vs. distance D_MG
between resonators.
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Fig. 5 — Type-I mixed coupling structure: a) microstrip
configuration; b) coupling coefficient kyx Vs. distance
D_MX between resonators.

For each particular distance between resonators, the coupling
coefficient k was computed based on the response of the
coupled resonators, using [1]:
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where fy and fy, are the two resonant peaks that correspond
to the characteristic frequencies extracted from the resonant
response |S;| [dB] of coupled resonator structure [1].

The responses from Figs. 3b—5b show that coupling
coefficient k decreases with the distance between resonators.

The above results, obtained through electromagnetic-field
simulation, are used in the stage of the design where the
microstrip layout of the bandpass filters are generated, as
detailed hereafter.

3. DESIGN OF FILTERS

The results from previous section allow designing of
various microstrip bandpass filters with coupled triangular
resonators.

Two novel microstrip bandpass filters are proposed in this
paper. Both filtering structures have the same topology, shown
in Fig. 6, but different coupling configurations between two
consecutive resonators.
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Fig. 6 — Topology of six-coupled resonators, corresponding to
a sixth-order bandpass filter.

Both bandpass filters are design to meet the same
specification:
e Filter’s order: N=6.
e Center frequency: fy =3.5GHz.

e Passband bandwidth: B =200 MHz (fractional

bandwidth FBW = 0.057).
e Chebyshev characteristic, with a passband ripple.
e Source and load reference impedance: Zy =50 Q ;
The filters are designed using the dielectric substrate and
metallization detailed in Section 2.
Based on the specification, the normalized values for
Chebyshev lowpass prototype filters having gy =1 and

responses with 0.5 dB ripple are [1]:

Table 1
Normalized values for Chebyshev lowpass prototype filters,
R=0.5dB
% 9 25 9 94 9s 9 9
1 | 1.7254 | 1.2479 | 2.6064 | 1.3137 | 2.4758 | 0.8696 | 1.9841

Using the values in Table 1 one gets [1] the necessary
external quality factors

Qe =%:30.195, 3)
g g - not
Qext2 = ﬁ =30.194 = Qextl = Qext ) 4)
and the necessary coupling coefficients:
ki_p = FBW =0.038943 , (3)
V9192
FBW
Ky 3= =0.031685,
V92093 ©
FBW
ky_4 = =0.030881,
V9394 @
FBW
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Fig. 7 — Lossless lumped-elements circuit model
for the proposed sixth-order bandpass filters.

Table 2

Values of the reactive components from Fig. 7

1 2nfyZ,C L L L L L
L—— N=/_0 0 Lp=—— | Ly=—— | Ly=—— | Lg=—— | Lg=
c 4n’fgC Qext 2k 2 * kay B ks * ks
1 pF 2.067 nH 0.1908 53.0978 nH | 65.2608 nH | 66.9592 nH | 65.2601 nH | 53.0957 nH

The values of the reactive elements from Fig. 7 are shown
in Table 2. Two ideal transformers with practically identical
turns ratios N; =N, =N provides source — first resonant
circuit and last resonant circuit — load couplings.

There are six lossless 3.5 GHz synchronously-tuned parallel
LC resonant circuits, corresponding to the filters’ order.
The Lj lossless inductors provide the necessary coupling
between two consecutive lossless LC resonant circuits.

The frequency response of the circuit model from Fig. 7,
obtained with the aid of a linear circuit simulator [16], is
shown in Fig. 8.
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Fig. 8 — Frequency response of the bandpass filter from Fig. 7.

It is noticed that reflection and transmission characteristics
of the circuit model from Fig. 7 meet the specification,
which validates the circuit model design.

Based on the coupling topology from Fig. 6, two different
types of microstrip bandpass filters with coupled triangular
resonators are proposed.
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Fig. 9 — Type 1 microwave sixth-order bandpass filter with
triangular microstrip resonators (unit: mm); substrate not shown.

In Fig. 9 the couplings between resonators 1 and 2, 3 and
4, and between resonators 5 and 6 are of electric type while
the couplings between resonators 2 and 3 and between

resonators 4 and 5 are of magnetic type. The necessary
couplings between resonators, given by (3) — (9), determine
the position of 50 Q feeding lines and, also, the gaps
between resonators, based on the study in Section 2.

The frequency response of the proposed type 1 filter is
shown in the Fig. 10.
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Fig. 10 — Frequency response of the type 1
bandpass filter from Fig. 9.

The electromagnetic-field simulation of the planar
structure from Fig. 9 demonstrates a center frequency of
3.492 GHz, an in-band insertion loss of 3.48 dB, a 3 dB
bandwidth of 153 MHz, and an in-band return loss of
approximately 18.66 dB. These electrical characteristics
does not take into account the radiation loss.

It is also noticeable the sharp transitions from passband
to stopband provided by the proposed configuration.

Another configuration of microwave bandpass filter with
six triangular resonators is given in Fig. 11.

Wiviviv

Fig. 11 — Type 2 microwave sixth-order bandpass filter with
triangular microstrip resonators (unit: mm); substrate not shown.

Here all six resonators are mixed-coupled, as detailed in
the Fig. 5. Compared to the structure from Fig. 9, the type 2
bandpass filter involves a single type of coupling between
resonators.
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The simulated response of the proposed type 2 bandpass
filter from Fig. 11 is shown in the Fig. 12.

The proposed configuration from Fig. 11 has a center
frequency of 3.496 GHz, an in-band insertion loss of
342 dB, a 3 dB bandwidth of 190 MHz, and an in-band
return loss of approximately 11.26 dB.
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Fig. 12 — Frequency response
of the type 2 bandpass filter from Fig. 10.

It is noticed that both filtering structures meet the speci-
fication, with small deviation from imposed parameters.

4. EXPERIMANTAL RESULTS

The designed microstrip bandpass filters were fabricated
and characterized using an Agilent ES071C vector network
analyzer.

The two experimental models are presented in the Fig. 13
and in the Fig. 14 (SMA — F connectors, ground plane not
shown).

Fig. 13 — Experimental model of the type 1
bandpass filter from Fig. 9.

Fig. 14 — Experimental model of the type 2
bandpass filter from Fig. 10.

The measured electrical characteristics of the experimental
model from Fig. 13 are shown in the Fig. 15.
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Fig. 15 — The measured frequency response
of the experimental model from Fig. 13.

The type 1 bandpass filter from Fig. 13 has a measured
center frequency of 3.52 GHz, an in-band insertion loss of
4.28 GHz, a 3 dB bandwidth of 160 MHz, and an in-band
return loss of approximately —11.24 dB. Compared to
simulated results, the measured ones are influenced by the
radiation loss, tolerances of the fabrication process,
electrical characteristics of the real SMA connectors, etc.

The measured electrical characteristics of the type 2
bandpass filter from Fig. 14 are presented in the Fig. 16.
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Fig. 16 — The measured frequency response
of the experimental model from Fig. 14.

The measured type 2 electrical parameters demonstrate a
center frequency of 3.52 GHz, an in-band insertion loss of
3.64 dB, a 3 dB bandwidth of 185 MHz, and an in-band
return loss of approximately —14.35 dB.

The electrical parameters of the experimental models
from Fig. 13 and Fig. 14 were also measured in a larger
frequency range, within (0.5 — 8.5) GHz. The measured
frequency responses are depicted in Fig. 17 and Fig. 18,
respectively.

First spurious response of the filter from Fig. 13 occurs at
7.22 GHz, in its upper stopband, as can be seen in the
Fig. 17. At this frequency, the attenuation has its lowest
value, of —22.06 dB.
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Fig. 17 — The measured frequency response of the experimental
model from Fig. 13, within (0.5 — 8.5) GHz frequency range.

From Fig. 18 it can be noticed a similar frequency behavior
with the response shown in the Fig. 17. First spurious
response of the filter from Fig. 14 appears at 7.33 GHz, with a
very poorly attenuation in the upper stopband, of only —8.08 dB.
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Fig. 18 — The measured frequency response of the experimental
model from Fig. 14, within (0.5 — 8.5) GHz frequency range.

In order to evaluate the phase nonlinearity of the
proposed filters’ S, transfer characteristics, the group delay
time of each bandpass filter was measured. The results are
graphically depicted in the Fig. 19 and in the Fig. 20.
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Fig. 19 — Measured group delay time
of the bandpass filter from Fig. 13.

As displayed in the Fig. 19, the experimental model of
the bandpass filter from Fig. 13 shows an approximately
constant group delay time in the filter’s passband, of 7.89 ns.
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Fig. 20 — Measured group delay time
of the bandpass filter from Fig. 14.

The measured group delay time of the bandpass filter
from Fig. 14 has an approximately constant value in the
filter’s passband, of 7.32 ns, as can be seen in the Fig. 20.

5. CONCLUSIONS

Two different topologies of microwave bandpass filters
with novel triangular open-loop microstrip resonators have
been demonstrated. Despite their high order, both filters are
characterized by small physical dimensions (7 cm X 2.5 cm
filter from Fig. 13, 7cm x 2 cm filter from Fig. 14) and
very good electrical performance: low in-band insertion
loss, sharp passband to stopband transitions, and high stopband
attenuation up to around twice of their center frequency
where first unwanted response occurs. Using a stepped
impedance resonator (SIR) geometry [17—19] for the proposed
triangular resonator, the frequency behavior of the filters in
their upper stopband can be improved, so that, in this case,
first spurious response will occur at a frequency higher than
twice of the center frequency of the filters. The group delay
time of both experimental models is approximately constant
in the filters’ passband, of around 7 ns.

Further investigation will be focused on designing planar
bandpass filters with triangular resonators in a three-metallization
layer technology, using apertures etched in the common
ground plane as coupling mechanism between resonators
located on different metallization layers.
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