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Abstract. Two new microstrip triple-mode resonators
loaded with T-shaped open stubs using axially and centrally symmetric spiral structures, respectively, are presented. Spiraled for circuit size reduction, these two halfwavelength resonators can both generate three resonant
modes over a wide frequency band by loading two T-stubs
with different lengths. Due to the structural symmetry, they
can be analyzed by odd- and even-mode method. To validate the design concept, two compact bandpass filters
(BPFs) using these two novel resonators with center frequencies of 1.76 GHz and 2.44 GHz for the GSM1800 and
WLAN/Zigbee applications, respectively, have been designed, fabricated and tested. The center frequencies and
bandwidths can be tunable through the analysis of resonant
frequency responses, fractional bandwidths and external
quality factor versus the resonator parameters. The final
measured results have achieved good consistence with the
simulations of these two BPFs.

Keywords
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1. Introduction
Bandpass filters (BPFs) are basic building blocks in
the RF front-end and microwave wireless communication
systems. Over the past decade, the BPFs with compact size
[1], [2], sharp frequency selectivity [3], [4], low insertion
loss and wide bandwidth have been studied and exploited
extensively, and various design approaches have been proposed [5–12]. An effective way for compact filter design is
that modifying the traditional resonator to generate additional resonant modes, resulting in one resonator with more
fundamental resonant frequencies. Dual-mode resonators
and filters are the main research topics in recent years,
which have been analyzed deeply and comprehensively in
numerous reports with a variety of structures, including
rectangle loop resonators [5], meander loops [6], triangular
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loop structures [7], and stub-loaded resonators [8]. Planar
microstrip triple-mode or multi-mode filters have encountered many difficulties in the integrated process as they
tend to be large in volume and are not easy for integration.
A harmonic-suppressed BPF based on a triple-mode
stub-loaded resonator is proposed in [9], which has the
advantage that the even-mode frequencies can be flexibly
controlled whereas the odd-mode frequencies are fixed.
However, it involves complex structure in the design process. In [10], a triple-mode BPF using a modified circular
patch resonator is introduced, but the bad rejection in the
stopband occurs. Reference [11] presents a wideband BPF
with controllable bandwidth and suppression of the harmonic band, in which four same open loop resonators are
adopted. However, the frequency selectivity still needs to
be improved. In [12], a novel defected open-loop resonator
as the slotline configuration is applied to design a compact
triple-mode defected ground waveguide resonator-based
BPF, which is compact and easy for integration with planar
technology. Moreover, a novel triple-mode hexagonal BPF
with capacitive loading stubs is introduced in [13], which is
developed from a conventional hexagonal loop dual-mode
resonator. In [14], a triple mode filter using a spiral resonator loaded with two short-stubs and an open-stub is
presented.
In this paper, two different types of modified triplemode spiral resonators have been proposed. The theoretical
odd- and even-mode analysis is given to verify the
performance of the resonators. Two BPFs using axially and
centrally symmetric structures with center frequencies of
1.76 GHz and 2.44 GHz for the GSM1800 and
WLAN/Zigbee applications, respectively, have been simulated, fabricated and tested. Good agreements are shown
between simulated and experimental results.

2. Resonators Analysis
The schematic layouts of two proposed dual-T-stubloaded spiral resonators are shown in Fig. 1, which share
the same equivalent structure. Because of the spiral struc-
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tures, when the electrical lengths are fixed, the sizes of
these two proposed resonators can be reduced greatly.

L2, Z2
L1, Z1

Figure 2(a) illustrates the equivalent configuration of
the proposed spiral resonators, which is composed of
a uniform microstrip half-wavelength resonator and a pair
of T-shaped stubs with different lengths. θi refers to the
electrical length of Li, and Zi denotes the characteristic
impedance of the corresponding strips (i = 1, 2, 3, 4 and 5).

L4 , Z4

L5, Z5

As the equivalent configuration is symmetrical in
structure, apparently, we could utilize the odd- and evenmode method to further analyze this configuration. For the
even-mode excitation, an approximately equivalent circuit
is depicted in Fig. 2(b). We simplify the analysis by setting
Z1 = Z3 = 2Z2 = 2Z4 = Z5, therefore, the input impedances of
the two even-mode equivalent circuits Zin_even_1 and
Zin_even_2 can be deduced as follows:

(a)

Z in_even _1 

Z1
,
jtan(1   2  3 / 2)

(1)

Z in_even _ 2 

Z1
.
j tan(1   4  5 / 2)

(2)

Because of the resonance conditions that Im(Zin_even_1) = 
and Im(Zin_even_2) = , we can derive the following results:
(b)
Fig. 1. Layouts of two proposed spiral resonators: (a) Axially
symmetric spiral resonator. (b) Centrally symmetric
spiral resonator.
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For the odd-mode excitation, its equivalent circuit is
depicted in Fig. 2(c). The input impedance of the odd-mode
circuit Zin_odd can be obtained as follows:

θ5, Z5
(a)

Z in_odd  jZ1 tan 1

θ3/2, Z3
θ2, 2Z2
θ5/2, Z5

nc
,
2( L1  L2  L3 / 2)  eff

where n = 1, 2, 3..., c is the velocity of light in free space,
and εeff denotes the effective dielectric constant of the
substrate.

θ2, Z2

θ1, Z1

f even _1 

θ4, 2Z4

(b)

θ 1 , Z1

(c)
Fig. 2. Equivalent configuration and equivalent circuits of the
proposed spiral resonators: (a) Equivalent configuration. (b) Even-mode equivalent circuit. (c) Odd-mode
equivalent circuit.

(5)

The resonance condition is Im(Zin_odd) = . Therefore,
when the odd mode is excited, the resonant frequency can
be deduced as:

f odd 

(2n  1)c .
4 L1  eff

(6)

When L2 + L3/2 < L1 < L4 + L5/2, it can be derived that
feven_2 < fodd < feven_1. Following this analysis, a triple-mode
resonator is presented. The above analysis shows that the
resonant frequencies of two proposed triple-mode resonators could be changed by tuning the lengths of L1, L2, L3, L4,
and L5.
Figure 3 presents the variations of these three
resonant frequencies with respect to L3 and L5 for the
proposed resonators. In Fig. 3(a), by changing the length of
L3 from 16.8 to 19.2 mm, fodd and feven_2 are rarely changed,
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but feven_1 will reduce considerably. Figure 3(b) plots the
trend of these three resonant modes likewise. When L5
increases from 13.4 to 15.8 mm, fodd and feven_1 will almost
keep unchanged, but feven_2 will decline significantly. These
simulated results agree well with the deduced equations
(3), (4) and (6). Therefore, to design a desired passband of
the filter using the proposed structure, we must tailor these
three resonant modes initially, which are mainly dominated
by the electrical lengths of the resonator and two T-stubs.
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Fig. 3. Simulated frequency responses of the two proposed
triple-mode resonators.
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The fractional bandwidth is a key and important technical index in the filter design. If the BPF operates at center
frequency fc between lower cut-off frequency f1 and upper
cut-off frequency f2, where fc = (f1 + f2)/2, the fractional
bandwidth is equal to (f2 – f1)/fc. When we apply the abovementioned resonator structure in filter design, the fractional
bandwidth Δc/fc with different varied parameters of the
filter has been demonstrated in Fig. 4, where Δc is the 3-dB
bandwidth, i.e., Δc = f2 – f1. As the length of L1 increases
from 56.5 to 59.0 mm, the fractional bandwidths will rise
up from 12 % to 25 % as seen in Fig. 4(a). In addition,
apparently that the fractional bandwidth will decrease from
23.3 % to 16 % when L2 increases from 1.2 to 3.2 mm as
shown in Fig. 4(b). For L4 in Fig. 4(c), when it changes
from 9.0 to 12.0 mm, the fractional bandwidth will also
extend to 31 % from original 21 %. Therefore, the fractional bandwidth can be tuned flexibly by slightly adjusting
the lengths of L1, L2, or L4.
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Fig. 4. Variation of fractional bandwidth Δc/fc with different
values of (a) L1, (b) L2, (c) L4.
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Based on the proposed axially symmetric dual-T-stubloaded spiral resonator, a compact wideband triple-mode
bandpass filter is designed on the substrate with a relative
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Fig. 5. Layout of the proposed axial symmetric BPF.

dielectric constant of 9.2 and a thickness of 1 mm. The
layout of this filter and its dimension parameters are illustrated in Fig. 5. We also analyze the influence of the spiral
gap parameter G on the resonance characteristics of the
resonator. As depicted in Fig. 6, the upper even mode feven_1
will almost keep fixed as the value of the gap G changes
but the other dimensions remain unchanged. As the parameter G decreases from 1.5 to 0.1 mm, the odd-mode frequency fodd will decline fast from 1.72 to 1.42 GHz, while
the lower even-mode frequency feven_2 will decrease from
1.6 to 1.42 GHz slowly. Eventually, these two modes overlap each other at 1.42 GHz. Thus, the gap of the spiral
resonator can be used to slightly tune the distances among
these three resonant frequencies, which can control the
bandwidth and center frequency of the proposed filter.
In addition, the bandwidth of this filter can be affected with the coupling gap g, and Figure 7 illustrates the
extracted external quality factor Qe with varied g. When g
increases from 0.1 to 1.2 mm, higher Qe of the filter will be
obtained, which causes the decrease of the bandwidth.
Therefore, for filter design, we can obtain the center frequency by tuning the gap G first, and then adjust the bandwidth by changing the coupling gap g. After optimization,
the parameters of this BPF are finally chosen as follows:
L1 = 57.5, L2 = 2.85, L3 = 16.8, L4 = 10.45, L5 = 14.2,
L6 = 19.7, L7 = 3.5, W1 = 0.7, W2 = 1, W3 = 1, W4 = 1.1,
W5 = 1.2, W6 = 0.2, W7 = 1, G = 1.3, g = 0.1, where the units
are all in millimeter.
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Fig. 7. Extracted external quality factor Qe with varied g.

Figure 8 shows the measured and simulated results of
the fabricated axially symmetric BPF. The size of this filter
is about 13.9 mm  23.6 mm corresponding to a size of
0.2 λg  0.33 λg, where λg is the guided wavelength on the
substrate at the center frequency. Seen from the simulated
results, we will find that this filter has the center frequency
of 1.79 GHz and 3-dB fractional bandwidth of about
22.5 % (1.59–1.98 GHz). Its insertion losses and return
losses are less than 0.31 dB and over 19.3 dB in the passband, respectively. While the center frequency of the measured results is at 1.76 GHz and the 3-dB bandwidth is
around from 1.59 to 1.92 GHz. The measured insertion
losses and return losses are less than 1.5 dB and better than
19 dB in the passband, respectively. Four TZs are introduced due to this unique schematic structure, which are
located at 1.03, 1.48, 2.04 and 2.61 GHz, respectively.
Slight deviation between measurements and simulations
could be attributed to the fabrication and measurement
error. Figure 9 presents a photograph of the fabricated BPF
using axially symmetric spiral resonator. Table 1 tabulates
the performance comparisons among the proposed axially
symmetric filter (i.e. Filter A) and several other reported
triple-mode BPFs.
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Fig. 8. Measured and simulated results of the proposed filter.
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Ref.
[10]
[11]
[12]
[13]
Filter A
1

27

Center
Insertion Loss
Substrate Height
Return Loss (dB) 3-dB FBW (%)
Frequency (GHz)
(dB)
(mm)/εr
0.625/10.2
2.4
0.5
16
29
1.14/3.2
4.17
0.6
9
26
0.8/4.5
3.5
1.9
11.5
16
1/9.2
2.4
2.4
17
4.8
1/9.2
1.76
1.5
19
18.8

Circuit Size
(λg  λg)
0.34  0.34
0.24  0.61
0.25  0.39
0.29  0.39
0.2  0.33

Triple-mode Production
Mechanism
DMS1
(2OLRs+2Stubs)2
DGW3
SPoRR4
DSLSR5

DMS: degenerate modes split; 2(2OLRs+2Stubs): two open loop resonators and two stubs; 3DGW: defected ground waveguide structure;
4
SPoRR: small perturbation on the ring resonator; 5DSLSR: dual-stub-loaded spiral resonator.
Tab. 1. Performance comparisons of some reported triple-mode BPFs.
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Fig. 9. Photograph of the proposed axially symmetric BPF.
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In this sub-section, another compact triple-mode BPF
is designed based on a centrally symmetric spiral resonator.
Similarly to the above-mentioned axially symmetric spiral
resonator structure, two T-shaped open stubs with different
lengths are also loaded on this centrally symmetric spiral
resonator for three resonances generation as depicted in
Fig. 10. For this filter design, we use Rogers RO4350B
substrate with a relative dielectric constant of 3.48 and
a thickness of 0.508 mm. Accordingly, the design parameters in Fig. 10 are finally chosen as follows (unit: mm):
L1 = 59.3, L2 = 4.25, L3 = 20, L4 = 10, L5 = 14.2, L6 = 19.2,
L7 = 3.5, W1 = 0.7, W2 = 1, W3 = 1, W4 = 1.1, W5 = 1.1,
W6 = 0.2, W7 = 1.1, G = 1.3, g = 0.1.
Figure 11 compares the measured results of the proposed centrally symmetric BPF with its simulations, which
are in good agreement with each other. The measured cenw3
w6
G
L3

Resonator

w1
L2

Feed line

w2

L7

w7
g

L1

Fig. 11. Measured and simulated results of the proposed filter.

Fig. 12. Photograph of the proposed centrally symmetric BPF.

ter frequency of this BPF is at 2.44 GHz and the 3-dB
bandwidth is around from 2.32 to 2.56 GHz. The insertion
losses and return losses of the measurements are less than
1.5 dB and over 12.2 dB in the passband, respectively.
Figure 12 presents a photograph of the fabricated BPF
using axially symmetric spiral resonator. The size of this
filter is about 29.25 mm  27.2 mm corresponding to the
size of 0.39 λg  0.36 λg, where λg is the guided wavelength
on the substrate at the center frequency.

L4
w4
L6

L5

w5
Fig. 10. Layout of the proposed centrally symmetric BPF.

4. Conclusion
In this paper, two compact triple-mode BPFs based on
axially and centrally symmetric spiral resonators loaded
with two T-shaped open stubs have been demonstrated.
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The center frequencies and bandwidths of the filters are
tunable through adjustment of the resonator parameters.
For the fabricated axially symmetric BPF working at
1.76 GHz, the measured insertion losses are less than
1.5 dB and the return losses are better than 19 dB in the
passband. While for the fabricated centrally symmetric
BPF working at 2.44 GHz, the measured insertion losses
and return losses are lower than 1.5 dB and over 12.2 dB in
the passband, respectively. The measured results of both
fabricated filters agree with their simulations. Performance
comparisons of some reported triple-mode BPFs show that
the proposed axially symmetric BPF has achieved
miniaturization with good frequency selectivity.
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