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Abstract—In this letter, a novel compact tri-band bandpass filter
(BPF) with high selectivity is presented. The proposed tri-band
performance measure is realized by using eight sets of resonators, i.e.,
two- and three-section stepped impedance resonators (SIRs). The
three-section SIR is designed for determining the three passbands and
providing the electric coupling, while the two-section SIR is used for
determining each passband respectively and providing the magnetic
coupling. Then, coupling structures with two transmission zeros near
each passband edge are presented, therefore, the band selectivity of
the filter is much improved. The three passband frequencies could
be independently designed and tuned. This novel tri-band BPF is
fabricated and the measured results are in good agreement with the
full-wave simulation results.

1. INTRODUCTION

RF /microwave filters play a very important and essential role in
modern wireless and mobile communication systems. Planar filters
using printed circuit technology are becoming particularly popular
owing to their low-cost, compact size and light weight [1]. Therefore,
many techniques applied to planar filter design such as parallel- and
cross-coupling have been widely used in microwave communication
systems owing to its advantage of ease in manufacture, simplicity in
synthesis.

In recent years, multiservice wireless systems have been gaining
much more attention. Multi-band filters become quite popular.
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Therefore, they had been widely studied in several papers [2-13].
In [2], a tri-band filter was designed using three sets of resonators
with a common feed circuit, but it has a large size due to a large
number of resonators. In [3], based on a dual-plane microstrip/DGS
slot structure, a tri-band filter with improved band allocation was
proposed. In [4], the design of a tri-band filter uses parallel
coupled structure between two stub-loaded resonators to obtain extra
transmission zeros near three passbands edges. A tri-band filter
was designed using only one set of resonators presented in [5].
Resonators with controllable second and third harmonics and stub-
loaded resonators have been used to generate three passbands. And
some other design procedures about multi-band filter have been
discussed in paper [7-13].

In this letter, a fourth-order tri-band chebyshev BPF is designed
using two- and three-section stepped impedance resonators on a single-
layer substrate. The frequency characteristics of SIRs are presented
in Section 2. By properly determining the impedance ratios and
physical lengths of SIRs, three passbands can be obtained. Besides
that, the BPF consists of three cascaded quadruplets (CQs) with two
transmission zeros near each passband edge. Another three extra
transmission zeros can be obtained by using the skew-symmetrical (0°)
feeding structure. Rigorous design procedure is introduced in Section 3.
The measured results exhibit a tri-band feature of three passbands at
2.5, 3.8 and 5.9 GHz, which are in good agreement with the full-wave
results.

2. DETERMINE THE RESONANCE BEHAVIORS OF
TWO- AND THREE-SECTION SIRS

The two-section SIR has been introduced in many papers[11,14, 18].
As shown in Fig. 1, when 6; = 602 = 0, ratios of the higher-order
resonant frequencies to the fundamental frequency (fs1/fo and fs2/ fo)
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Figure 1. Half-wave SIR: (a) K <1, (b) K > 1.
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Figure 2. Half-wave three section SIR.

for half-wavelength SIR are characterized by

fa _Oa _  m (1a)
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where K is the impedance ratio, K = Zy/Z;.

Note that, from formula 1, the three variables (fo, fs1 and fs2) are
not independent completely. In other words, when both fy and fs; are
fixed, fso is also determined. So, the two-section SIR cannot satisfy to
determine the three passbands independently.

In order to obtain any of frequency responses, the three-section
SIR should be introduced. As shown in Fig. 2, the input admittance
can be shown

1 2(1+k1+k2—|—k1k2)[k1k2—(1+k1+/~€2)tan2 H]tanﬁ
it
23 kyko (14 k1 +k2) (1—tan2 0)22 [(14ky +k2)2+k2k2] tan2 0

where k; and ko are the impedance ratios, k1 = Z3/Zs and ke = Z2/ 7.
The fundamental frequency of three-section SIR is shown as follows:

/ k1ko
0= t _ 3
arctat k1 +ko+1 ()

For three-section SIR, ratios of the higher-order resonant frequencies
to the fundamental frequency (fs1/fo and fs2/fo) can be derived as

f 0 arctan 4/ 71”“;]“1’“2
Jsl _ YUsl 2 (43)
fO 0o k1ko
arctan 4/ R
T

fo _ b _ (4b)
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By appropriately choosing combinations of k; and ko, we can control
the position of the fundamental frequency and higher harmonics
arbitrarily to obtain the desired frequency responses.
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Figure 3. Design graph for three-section stepped-impedance
resonators.

Figure 3 shows the normalized ratios of higher resonant frequencies
to the fundamental resonant frequency for the three-section SIR with
both k1 and ke changing from 0.1 to 8. When both ki and ks are
simultaneously equal to one (point A in Fig. 3), the three-section SIR
degenerates to the traditional half-wave resonator whose harmonic is
the multiples of its fundamental frequency. And also, we can obtain
the designed frequencies ratios from Fig. 3. For example, if a resonator
is required with fs1/fo = 1 and fs2/fo = 2, one can locate point B
with k1 = 1 and ko = 2 to satisfy the given specifications. It should
be noticed that some ratios of the higher-order resonant frequencies to
the fundamental frequency cannot be reached because they are in the
useless region.

3. BASIC THEORY OF TRI-BAND FILTER

Figure 4(a) describes a coupled structure for tri-band filters. Both R1
and R4 resonators can work at three resonance frequencies f;, fo and
f3 simultaneously, while the other six resonators with superscripts,
R2' and R3!, R2! and R3'', R2'! and R3''!, can only resonate
at one of the three resonance frequencies. Then, three passbands
can be designed independently. In other words, each of the coupling
coefficients between adjacent resonators can be extracted separately
at the three specific passbands. In order to improve the selectivity of
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Figure 4. Coupling structures of: (a) Direct-coupled tri-band filter
with fourth-order response. (b) Cross-coupled filters with fourth-order
response.

the filterthe coupling structures of dual- and triple-band filters with
a general chebyshev frequency response have also been proposed. As
shown in Fig. 4(b), the solid lines represent direct coupling, while the
dotted ones represent crossing coupling. Thus a pair of transmission
zeros can be introduced in low and high part of each passband, and a
much sharper filter skirt and higher selectivity can be achieved.

4. DESIGN OF A TRI-BAND BANDPASS FILTER

In this design example, a general chebyshev filter with a triple-
passband response is realized with compact folded two- and three-
section SIR as the building block. Its coupling structure is based on
the structure shown in Fig. 4(b). The first step is to determine the
impedances of SIRs. In order to guarantee to resonate simultaneously
at the center frequencies of the three passbands, 2.5 GHz, 3.8 GHz
and 5.9 GHz, the realizable impedances of three-section SIR should be
Z1 =50 and Zy = 70, Z3 = 140 and 6 = 0.217. With two-section SIRs,
their fundamental frequencies should locate at the designed positions
and the harmonics must be placed outside the three passbands to avoid
an impact on the design of the passbands. Table 1 summarizes the
impedances.

The second step is to determine the external quality factor. The
Fig. 5(a) shows the configuration of a tapped three-section SIR.

By neglecting transmission line losses, the loaded quality factor
Q. is given as:

wo dB

Qe = RO?% w=wo (5)

where Ry is the characteristic impedance, wg the angular operating
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Table 1. Impedances of two-section SIRs.

I h
fundamental frequency (GHz) mpedances (ohm)
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Figure 5. (a) The circuit model for calculating Q.. (b) External
qualities at 2.5, 3.8 and 5.9 GHz.

frequency, and B the total susceptance of the resonator seen from the
feedline at the tapping point.
For this specific circuit, B can be written as:
}/r + ]}/0 tan 90

Yip = Yot 22 6
= 0y Y, tan 6, ©)

with
V-V 2Y1Y,+j (Y12 —|—Ya2) (tan 6, +tan 6, ) —2Y1Y, tan 6, tan 6,
T (}/1 +7Ya tanem)(lfl+jya tanen)
where

(Y1 +Ys)tand
Y, + Y; tan? 6

Figure 5(b) illustrates the external quality factor calculated by
formula (5) to (8). With L varies from 3.5 to 8.5mm, the external

Y, =Y, and O, + 0, = 20 (8)
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quality factor of the first increases gradually, while the second almost
keeps constant and the third reduces gradually. Thus, with different
distance L, the combination of bandwidth is different. Here we choose
the three external qualiy factors at the intersections of the solid lines
and the dash line in Fig. 5(b). Because the filter order and the ripple
level are specified and identical at the three passbands, the ratio of
the three band widths is approximately 1 : 1.1 : 1.8. For this specific
circuit, the 3 dB fractional bandwidths (FBW) of these three passbands
are set as 3.5%, 3.8%, and 4.5% responding to the 2.5, 3.8, and 5.9 GHz,
respectively.

0 0.9137 0 0 0 0
0.9137 0.0027 0.7999 0 —0.0135 0
S 0 0.7999 0.0056 0.6487 0 0
"Mmormalized = 0 0 0.6487 —0.0350 0.7995 0
0 —0.0135 0 0.7995 0.0027  0.9137
0 0 0 0 09137 0 |
where M;; = F];;meij’ Qext,s W and  Qext
7(FBW/lfo)m§21‘ In general, Qeut,s is equal to Qeyt -
The third step is determine the coupling coefficient by [19]
foo =
Mi,j == 2 4 f2 (9)
p2 pl

where f,1 and fp2 denote the two coupled resonant frequencies of the
resonators.

Figure 6 describes the tendency of coupling coefficient varying
with coupling distance. The appropriate coupling coefficient can be
chosen in it. Note that the coupling coefficient M4 is electric coupling,
M, Msys and Msy represent the magnetic coupling. The phase
responses of the magnetic and mixed coupling structures are out of
phase with the electric coupling structure, showing opposite signs of
them.

The design procedure of passbands at 3.8 GHz and 5.9 GHz is the
same as that of a passband at 2.5 GHz. It would not be discussed again.
Their coupling matrices are shown below and coupling coefficients are
described in Fig. 7.

For 3.8 GHz
[0 0.9109 0 0 0 0 7
0.9109 —0.0129 0.7918 0 —0.0578 0
10 0.7918 —0.0371 0.6597 0 0
Muormalized=| () 0 0.6597 0.17840 0.7814 0
0 —0.0578 0 0.7814 —0.0129 0.9109
0 0 0 0 0.9109 0
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Figure 6. Coupling coefficient at 2.5 GHz

D (mm)
06 07 08 09 10 11 12 13 14 15
T T T T T T T T 1

00501 i
0.07 \ ——59GHz
0.045 — 59GHz
_ 0.06
= 4 =3 ~_
3 0.040 g -~ / |-
= & B ~Z
Z 00351 e 0.05 -
9] 3 S
2 0,030 eh 0.04 4
% 00251 = 003
=}
3 03
00201 ©
00154 0.02
0.010 . . . . . . . 0.01 . ! ! ! ! ! ! ! :
10 12 14 16 18 20 22 24 14 16 18 20 22 24 26 28 30 32
D (mm) D (mm)
(a) (b)

Figure 7. (a) and (b): the coupling coefficient at 3.8 and 5.9 GHz.

For 5.9 GHz
[0 0.9132 0 0 0 0 ]
0.9132 —0.0095 0.7985 0 —0.0216 0
|l o 0.7985 —0.0208 0.6428 0 0
Mnormalized™= | ) 0 0.6428 0.1227 0.7936 0
0 —0.0216 0 0.7936  —0.095 0.9132
0 0 0 0 0.9132 0

The last step is to put all the SIRs combination. The developed
filter topology is shown in Fig. 8(a). And Fig. 8(b) is the photograph
of the filter. The size of this resulting circuit is about 60 x 60 mm,
approximately 0.23\, x 0.24)\,, where )\, is the guided wavelength
on the substrate at the center frequency of the first passband. The
simulated and measured results of the filter are shown in Fig. 8(c). Two
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Figure 8. (a) Schematic layout, (b) photograph of fabricated
microstrip filter, and (¢) measured and simulated frequency response of
the fabricated filter. L1 = 6.7, Lo = 8.6, L3 =7.2, L4 =6.6, L; = 7.9,
Lg = 6.2, Ly = 4.2, Lg = 4.3, W1 = 2.8, Wy = 0.8, W3 = 0.3,
Wi =12 Ws = 1.6, Wg = 3.8, Wr = 0.8, Wg = 1.2, G, = 1.2,
G2=19,Gs=12, G4, =1.7, G5 = 1.7 (all in mm).
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Figure 9. The Insertion loss with different impedance ratios.
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Table 2. Performance comparison between the proposed tri-band filter
and other techniques.

1st/2nd/3rd
Passband |S21] (dB) |S11| (dB) FBW (%)
(GHz)
Ref. [15] 1/2.4/3.6 2.2/1.8/1.7 20,/40/35 5/2.1/1.4
Ref. [16] 1/2.4/3.6 2/1.9/1.7 15/35,/20 5/2.1/1.4
Ref. [17] | 2.4/4.8/7.2 1.7/0.9/0.7 15/23/18 5.3/6/8.7
Ref. [18] | 2.5/3.5/5.2 2/2.4/1.7 18/16/13 2.5/1.7/5
P d
Fopose 2.5/3.8/5.9 2.1/1.9/2.3 18/30/22 | 3.5/3.8/4.5
Filter
hysical
Pole Independent p ysu.:a
dimensions
Number Control
(mm)
Ref. [15] 2 No 60 x 60
Ref. [16] 2 No 40 x 40
Ref. [17] 6 No 22 x 15
Ref. [18] 5 Yes 22 x 30
P
roposed 9 Yes 60 x 60
Filter

transmission zeros near each passband edges are also observed, which
is due to the cross coupling resonators. It is seen that the measured
and simulated results are in good agreement. The measured fractional
bandwidths are 3.5%, 3.8% and 4.5%. The measured passband return
losses at all bands are below 13dB, while the passband insertion
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losses are approximately 2.1, 1.9, and 2.3dB at 2.5, 3.8, and 5.9 GHz,
respectively.

From the above design procedure, it is obvious that both the
centers and the coupling coefficients of the three passbands can be
devised independently, and the passbands barely interfere each other.
As shown in Fig. 9, when k1 = 1, ko = 1.3, only the first passband
moves while the other two almost does not move (Case 1). When
k1 = 3, ky = 3, only the second passband moves while the first and
third do not move (Case 2). And When k; = 4, ks = 5, only the third
passband moves while the first and second do not move (Case 3).

Table 2 summarizes the comparison of the proposed filter with
those previously reported. The triple-band general chebyshev BPF has
the advantage of high selectivity, compact size and independent control
of passband locations. As a result, it is quite useful for multiservice
applications in future mobile communication systems.

5. CONCLUSION

In this letter, a planar tri-band BPF with compact size, high
selectivity is presented, which has good tri-passband performance
at 2.5, 3.8, 5.9GHz, with the FBW 3.5%, 3.8%, and 4.5%. The
passband frequencies can be conveniently tuned to desired values by
controlling the ratios of SIRs, so this filter can control band locations
independently. And nine transmission zeros are realized. Six of them
are provided by crossing couplings, and the rest of them provided
by skew-symmetrical (0°) feeding structure. The proposed tri-band
microstrip BPF has been fabricated on a 1-mm-thick substrate with
the permittivity 2.65, and the measurements are in great agreement
with the simulation.
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