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Abstract: In this article, a compact triple-band microstrip bandpass filter (BPF) with tunable centre frequencies and
bandwidths as well as multiple transmission zeros (TZs) is presented. The proposed filter is designed based on a novel
multi-mode resonator (MMR), and the even-/odd-mode analysis method is employed to investigate its resonant
characteristics. By changing the lengths of two loaded coupled open stubs and coupling space between them, two
resonant modes can be tuned and the bandwidth can be controlled. Also, two additional TZs are generated due to the
dual-finger feed structure. Moreover, these two TZs can be controlled by the lengths of two fingers, and high passhand
selectivity and band-to-band isolation level are achieved with ten TZs. The three centre frequencies of the proposed
triple-band BPF are located at 1.9, 3.55, and 7.33 GHz, respectively. In addition, the overall circuit size of the
fabricated filter is much smaller in comparison with previous works. For demonstration, a prototype filter is fabricated
and measured, and good agreements are obtained between the measured results and electromagnetic (EM) simulated

ones.
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1. Introduction

In modern wireless communication systems, multi-
service technology has been widely and aggressively
developed. Thus, as an important circuit block, multi-
band planar bandpass filters (BPFs) have gained a lot
of attention over past few years. Extensive efforts have
been made to design multi-band BPFs, and various
literatures about multi-band filters have been reported
[1-19]. Quarter-wavelength resonators [1-3] have been
employed to construct dual-band or tri-band BPFs. In
[4], and [5], tri-section stepped-impedance resonators
(SIRs) are utilized to design triple-band filters.
However, the insertion losses need to be improved and
the circuit sizes are comparatively large. Shorted-ended
SIRs [6], [7] have been used to realize dual- and triple-
band BPFs, whereas asymmetric SIRs are introduced to
design triple-band BPFs with compact size in
literatures [8], and [9]. Stub-loaded resonators (SLRs)
[10-12] and square ring loaded resonators (SRLRS)
[13], [14] are also proved to be capable of designing
triple-band filters. Recently, the design method to
achieve high performance multi-band BPFs utilizing
multi-mode resonators (MMRs) has been attracting
much more attention [15-19]. However, there is still
much research work to do to design filters with
compact circuit size and high skirt selectivity and
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band-to-band isolation level with multiple transmission
zeros (TZs).

This paper presents a compact triple-band BPF using a
novel MMR. The proposed MMR is symmetric in structure,
and the even-/odd-mode analysis method is employed to
investigate its resonant characteristics. By properly tuning
the design parameters, the resonant frequencies can be
freely chosen. In addition, by changing the lengths of two
loaded coupled open stubs and coupling space between
them, two resonant modes can be tuned and the bandwidths
can be controlled. Also, two additional TZs are generated
due to the dual-finger feed structure and can be controlled
by the lengths of two fingers. Thus, high passband
selectivity and band-to-band isolation level are obtained
with nine TZs. In order to validate the design method, a
triple-band filter centred at 1.9/3.55/7.33 GHz with 3-dB
fractional bandwidths (FBWSs) of 14.2/7.9/11.6% is
simulated and fabricated. The simulation works of the
prototype filter are performed by using a commercial
electromagnetic (EM) simulator IE3D, and the measured
results show good agreement with the simulated ones.

2. Analysis of the Proposed MMR

Fig. 1(a) shows the specific geometrical schematic of
the proposed MMR. It is mainly constructed by a
meandered square-loop loaded with a pair of coupled open
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stubs. Since the proposed MMR is symmetrical in
structure, the even-/odd-mode analysis method can be
adopted to analyze its resonant characteristics. Its even-
and odd-mode equivalent circuits are illustrated in Figs.
1(b) and (c), respectively. The microstrip lines with
electrical lengths of 6,, 6, and 6; have the same
admittance of Y. Thus, the input admittances of the
even- and odd-mode equivalent circuits can be found
as follows
tand +tan g, +tan 6,

1-tan ¢ (tan 6, + tan 6,)

in—even —

D

y _ tang, +tan 6, —cot 6,
in-odd tan 6, (tan 6, —cot 4,) -1
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The even-mode resonance occurs under the
condition of Yi,.even = 0, and the odd-mode resonance
occurs when Yin.oqq = 0, that is

tang, +tan6, +tang, =0 for even mode
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From Figs. 1(b), and (c), one can clearly observe
that there are four different resonant sections of the
proposed MMR, i.e., the sections with lengths of L, +
L, and L, + L. in even- and odd-mode equivalent
circuits. Therefore, the even- and odd-mode resonant
frequencies, fevent, feven2, fodar, aNd foqg2, generated by the
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Fig. 1. (a) Specific geometrical schematic of the proposed MMR. (b) Even- and (c) odd-mode equivalent circuits.

four resonant sections can be approximately estimated by
equations (5) - (8) [8] as

fevenl ~ L n=123, ... (5)
2L+ L) o

fevenz ~ L n=1,2,3,...... (6)
2(La + Lc)‘\'geﬁ

foddlzL n=1,3,5,...... )
4( La + Lb) /geﬁ

foddZ = fevenZ (8)

where fqenr and fogqr are the even- and odd-mode resonant
frequencies generated by the resonant section with length of
L, + Ly, and feeny and foqqp are the even- and odd-mode
resonant frequencies created by the L, + L. section,
respectively. The number n denotes the nth spurious
resonant frequency and

e+l & -1 h) % wY
PRI [1+12—j +o.04(1——j ©)
2 2 w h

is the effective dielectric constant, where ¢, and h denote the
relative dielectric constant and thickness of the substrate,
respectively. Thus, desired resonant frequencies can be
obtained by properly selecting the design parameters
according to equations (5) - (8).

Figs. 2(a) and 2(b) depicts the resonant characteristics
of the proposed MMR under weak coupling with varied L,
and S;. Fig. 2(a) reveals that fogq; and foqq decrease with the
increase of L, whereas foeni, fevenz, and feens remain
constant. This conclusion can also be observed from
equations (5) - (8). Moreover, it can be observed from these
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two plots that, the second passband formed by f,qq; and
feenz Can be easily tuned by controlling the coupling
strength between the two loaded coupled open stubs
which is determined by the value of Ly, and S;.
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Fig. 2. Simulated |S,4| of the proposed MMR under weak
coupling with varied (a) Ly, and (b) S;.

3. Analysis of Transmission Zeros
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Fig. 3. Transversal signal interference model of the proposed
BPF.

Port 1 Port 2

As shown in Fig. 5, ten TZs are created in the
frequency responses which improve the passband
selectivity significantly. Among these TZs, TZ; and
TZy are inherent TZs of the proposed MMR as can
be seen from Fig. 2. TZ, and TZ; are generated due
to the loaded coupled lines. By changing the coupling
length and gap between the two open stubs, i.e., the
coupling strength between them, these two TZs can be
tuned. As demonstrated in Figs. 2(a) and 2(b), TZ, and
TZg decrease with the increase of L, and the decrease
of Sy, i.e., these two TZs decrease with the increase of
coupling strength between the two loaded coupled open

stubs. In addition, TZ,, TZ3, TZ;, and TZg are introduced by
the dual-finger feed scheme. These four TZs decrease with
the increase of lengths of the two fingers.

Among these ten TZs, TZs is generated by the
transversal signal interference effect [20]. As can be
observed from Fig. 4, there are two different transmission
paths for signals to transmit from port 1 to port 2, i.e., the
upper path 1 and the lower path 2. Its transversal signal
interference model is shown in Fig. 3. The characteristic
admittance of the two transmission paths are the same as Y,
and electrical lengths of 6, and 6, respectively. The
transmission zeros occur under the following condition:
,91_92:(2n+1).7; atfr; n=0,1,2,....... (10

where frz denotes the transmission zero frequency. That
means the difference between the electrical lengths of two
transmission paths equals odd multiple of z. Thus, the
phases of the two signals transmit from port 1 to port 2
through path 1 and path 2 are inverted at port 2, which
results in out-of-phase cancellation and TZs are generated.
In this work, TZs is the case of n = 0.

4. Design Procedure

After the resonant characteristics of the proposed MMR
is clear, the triple-band BPF can be designed accordingly.
The specific configuration of the proposed triple-band BPF
is shown in Fig. 4. This filter is mainly constructed by the
proposed MMR discussed in the last section. By
meandering the L, section in Fig. 1(a) and using a dual-
finger feed structure with source-load coupling, the triple-
band filter is obtained.

Fig. 5 demonstrates the simulated insertion losses of the
proposed triple-band filter with the variation of L. One can
clearly observe that the value of Lg affects coupling strength
of the third passband without influencing the first and
second passhbands. The parameter Ly is selected as 8.1 mm
after EM simulation and optimization (IE3D in this work)
to obtained the desired coupling strength of the third
passhand. Also, the spurious frequencies at about 5.65 and
5.81 GHz are suppressed due to the decrease of the TZ
introduced by the finger Lg + L.

Thus, the design procedure is listed as the following
steps. Firstly, the length L, + L. is determined by the centre
frequency of the first passband (f;), and its value can be
calculated from equation (6). Secondly, the initial length of
L, can be obtained with reference to equation (7). Then,
tune the value of L, and S; to achieve the desired bandwidth
of the second passband. At last, the lengths of two fingers
of the dual-finger feed structure, i.e., Lg + Lg and Ly + Ly,
are tuned to obtain desired coupling strength to form the
three passbands, and to generate two TZs at desired
frequencies. These two TZs introduced by the two fingers
are located at the frequencies where the physical lengths of
the corresponding finger is equal to quarter-wavelength.

5. Results

In order to demonstrate the validity of the above-
mentioned design method, the proposed triple-band BPF
is designed and fabricated on a Rogers Duroid 4003
substrate with a thickness of 0.508 mm, a dielectric
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constant &, of 3.55, and a loss tangent of 0.0027. The
layout of designed filter is shown in Fig. 3. The
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simulation works are carried out by the full-wave EM
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Fig. 4. Specific configuration of the proposed triple-band BPF. (W= 0.2 mm, L; =12.2 mm, L, =15.8 mm, Ly =2.1mm, L, =1.2
mm, Ls=2.1mm, Lg=6.2mm, L; =3.4mm, Lg=11.89 mm, Ly =8.1mm, Liyp =11.7mm, L;; =1.5mm, S; =S, =S5 =0.1 mm, S3
=0.2 mm, S;=0.5 mm).
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Fig. 5. Simulated |S,4| of the proposed triple-band BPF with
varied Lg.

Fig. 6. Photograph of the fabricated triple-band filter.

simulator IE3D, and the measurements are performed

with an Agilent’s N5244A network analyzer.

Based on the design method described above, the
structural parameters are obtained as follows: W = 0.2 mm,
L;=12.2mm, L, =15.8 mm, L;=2.1mm, Ly =

T T T
04
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S 201
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Fig. 7. Simulated and measured results of the designed triple-band
filter.

1.2mm, Ly =21 mm, Lg = 6.2 mm, L; = 3.4 mm, Lg =
11.89 mm, Lg=8.1mm, Ljp=11.7mm, L;; =1.5mm, S; =
S, =S5 =0.1 mm, S3 = 0.2 mm, S; = 0.5 mm. The overall
circuit size occupies only 12.2 mm x 15.8 mm, ie.,
approximately 0.123 A4 x 0.159 Aq, where A is the guided
wavelength at the center frequency of the first passband
(1.9 GHz). Obviously, the proposed triple-band BPF is very
compact in size.

The photograph of the fabricated prototype triple-band
filter is shown in Fig. 6, and Fig. 7 plots the simulated and
measured results of fabricated prototype filter. From Fig. 7,
it can be observed that the measured and simulated results
are in good agreement with each other. The measured
center frequencies (CFs) of the fabricated triple-band filter
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are 1.9/3.55/7.33 GHz, with the measured 3-dB FBWs
of 14.2/7.9/11.6%, the minimum insertion losses (IL:

better

than 18/20/17 dB, respectively. It is worth

mentioning that, ten TZs are generated at about 2.1, 2.63,

Sz1|) of 0.86/1.1/1.23 dB and the return losses (RL: |Sy1|)

2.85,3.2,4.4,5.51,

Table 1. Comparison of the proposed filter with other reported triple-band filters.

Refs. CFs (GHz) IL (dB) RL (dB) FBW (%) TZ Cireutt Size
(Ag % Ag)
2] 1.8/3.5/5.8 0.88/1.33/1.77 21.3/15.8/15.7 7/5/3.5 7 0.108 x 0.521
[4] 1/2.4/3.6 2/1.9/1.7 14/16/20 N/A 0 0.191 x 0.191
[71 1.57/3.9/7 2/2.1/1.8 22/16/18 4.1/213 6 0.113 x 0.145
[9] 2.49/3.6/5.62 1.83/2.95/2.41 12/10/22 9.5/5.3/7.5 3 0.185 x 0.487
[11] 2.45/3.5/5.2 1.2/1.5/1.6 16.3/17.9/12.9 9.6/13.1/7.9 4 0.18 x 0.27
[13] 2.4/3.5/5.2 1.57/1.6/1.77 15/15/20 8.6/7.8/4.9 0 N/A
This work 1.9/3.55/7.33 0.86/1.1/1.23 18/20/17 14.2/7.9/11.6 10 0.123 x 0.159

(TZ denotes the number of transmission zeros.)

5.93, 6.2, 7.8 and 9 GHz, which improve the band-to-
band isolation level and passband selectivity
significantly. The comparison of the proposed filter
with other reported triple-band filters is tabulated in
Table 1. It can be observed that, the proposed triple-
band BPF exhibits excellent performances of compact
size, multiple transmission zeros, high skirt selectivity,
low insertion loss, and high band-to-band isolation
level.

6. Conclusion

In this paper, a compact triple-band microstrip BPF
using a novel MMR with multiple TZs is presented.
The proposed MMR is analyzed by even-/odd-mode
analysis method to investigate its resonant
characteristics. Then, a prototype triple-band BPF is
designed, fabricated, and measured. Good agreement
was obtained between the simulated and measured
results. By properly tuning the design parameters, the
resonant frequencies can be freely chosen. In addition,
by changing the lengths of two loaded coupled open
stubs and coupling space between them, two resonant
modes can be tuned and the bandwidth of second
passhand can be controlled. Moreover, ten TZs are
generated due to dual-finger feed structure, source-load
coupling, transversal signal interference effect, and
loaded coupled open stubs, which improves the band-
to-band isolation level and passhand selectivity greatly.
The proposed compact triple-band filter is actually
suitable for multi-band and multi-service applications
in modern wireless communication systems.
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