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Abstract – A highly compact sext-band bandpass filter
(BPF) is investigated in this paper, which adopts quad-
section stepped impedance resonators (SIRs) along with
a series of multiple open stubs. This quad-section SIRs
are constructed by tri-section SIR loaded L-shaped res-
onator. To achieve compact size, the filter utilizes tri-
section SIR and is embedded in the double L-shaped res-
onators. A series of multiple open stubs are introduced
to improve fractional bandwidth and the return loss. A
sext-band BPF centering at 1.12, 2.12, 2.78, 5.59, 6.59
and 8.97 GHz has been designed and fabricated. This
highly compact sext-band with wide bandwidth and sim-
ple structure is constructed on Rogers 4350 with a di-
electric constant of 3.66 and a height of 0.508 mm. The
overall size of the fabricated filter is 0.15λg × 0.16λg.
Good agreements are observed between the simulated
and measured results.

Index Terms – bandpass filter, open stubs, quad-section
stepped impedance resonator(SIR), sext-band.

I. INTRODUCTION
Modern communication systems operate in multi-

ple frequency bands to accommodate different applica-
tions, such as global positioning system (GPS), wireless
local area network (WLAN), global system for mobile
communication (GSM), long term evolution (LTE) chan-
nels, C-band satellite communication services (CSCS)
and X-band satellite communication services (XSCS)
[1]. Multiband bandpass filter (BPF), an indispensable
component, is increasingly attracting the attention of de-
sign engineers and has been extensively studied in recent
years. For designing multiband BPFs, multiple sets of
resonators are employed [2, 3]. In [4], a multi-band BPF
was designed, which combined a low-pass filter (LPF)
with two open stub-loaded shorted stubs. Another tri-
band BPF employed two pairs of the open-loop uniform
impedance resonators (OLUIRs) with simple structure
[5], the circuit size is 0.54λg×0.77λg, it occupied a con-
siderable large circuit size. Furthermore, more and more

designers pay attention to designing multi-band BPF
with more passbands. In [6], a high-selectivity quint-
band BPF was constructed based on five tri-mode stub-
load stepped-impedance resonators (SIR). Resonators
of non-ideal sizes, numbering six or more, have been
used for designing sext-band BPF [7] and a sept-band
[8] BPFs. To reduce the number of resonators, multi-
mode resonators (MMRs) [9]–[11] are frequently em-
ployed. The commonly used structures for multi-mode
resonators are stub-loaded resonators [12, 13], stepped-
impedance resonators [9, 12, 14] and ring resonator
[15]. In [14], a quint-wideband BPF was presented, it
adopted spiral and open-loop coupled structures with
mixed electric and magnetic coupling (MEMC) to re-
duce design complexity, but the circuit size was rela-
tively large. Sext-band BPFs utilizing cascading stages
of SIRs and SIR-loaded tapered lines were reported in
[16] and [17]. Although the number of resonators was
reduced, the size was relatively large, and the return
loss was poor. To realize multiple passbands, multiple
modes and transmission zeros (TZs) are used. A single
MMR with sept-band characteristics was presented in
[18]. In [19], a wideband octa-band BPF was poposed,
it utlilized a lowpass filter (LPF) loaded shotted stubs.
However these sept-/octa-band BPF adopts one or more
via holes. These above reported filters are either com-
plex in structure (multiple via holes or multilayer), large
in size or narrow in bandwidth. Therefore, the design
of multi-band BPF with simple structure, compact size,
and wide fractional bandwidth is a great challenge. In
this paper, a highly compact sext-band BPF with com-
pact size, wide bandwidth, and simple structure is pre-
sented. This filter adopts quad-section SIRs and multiple
open stubs. Owing to the reduction of coupling section, a
sext-band BPF design procedure is simple. The designed
filter is analyzed by the full-wave electromagnetic (EM)
simulation software HFSS. It is fabricated and measured
using E5071C to verify the simulated results. The rest of
this paper is organized as follow. In section II, the design
of sext band filter is detailed and highlighted, which is
composed three parts, including analysis of quad-section
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SIRs, optimization of the quad-section SIRs and filter
configuration. The simulated and measured results are
prsented in section III The conclusion of this paper is
drawn in section IV. The proposed filter has a simple
structure, a miniature size and a wide bandwidth simulta-
neously. The passbands generated by the proposed BPF
are suitable for GPS, WLAN, and XCSC communica-
tions and so on.
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Fig. 1. Schematic of quad-section SIRs and equiva-
lent circuit of quad-section SIRs. (a) quad-section SIRs.
(b) Equivalent transmission line model of quad-section
SIRs.

II. DESIGN OF SEXT-BAND FILTER
A. Analysis of quad-section SIRs

Figure 1 (a) shows the geometry of the quad-section
SIRs, which utilize two tri-section SIRs along with L-
shaped resonator, so it is defined quad-section SIRs.
Among which, resonator I and resonator II are coupled
through the coupling gap. The width of the coupling gap
is denoted by d. According to Fig. 1 (a), since the struc-
ture has a high degree of symmetry and can be seen as
four identical parts, we only analyzed the transmission
line model for one quarter of the structure (along the di-
rection of the green arrow in Fig. 1 (a), i.e., the trian-
gular AOB). The equivalent transmission line model is
given in Fig. 1 (b). The characteristic admittances are Y1,
Y2, Y3, and Y4, respectively, where Y4 is the folded part
consisting of (L1, W1) and (L5, W5). The correspond-
ing electrical lengths are θ1, θ2, θ3, and θ4, respectively.
The admittance ratios for the four different admittance

 

Y1,�1Y2,�2Y3,�3
Y4,�4

Y1,�1Y2,�2Y3,�3
Y4,�4

Odd-mode equivalent circuit

Even-mode equivalent circuit

YL2,even

Yin,odd

Yin,even

YL2,odd YL1,odd

YL1,even

Fig. 2. Basic odd- and even-mode equivalent circuit of
quad-section SIRs.

are related through K1, K2 and K3, where K1 = Y1/Y2,
K2 = Y2/Y3, K3 = Y3/Y4. Since the quad-section SIRs
are symmetrical in structure, the odd- even-mode method
is applied for its analysis and the relevant equivalent cir-
cuit is shown in Fig. 2 [20]. The input admittance of the
odd-mode and even-mode excitation can be derived as
follows.
Odd-mode:

Yin,odd = jY4
YL2,odd + jY4tanθ4

Y3 + jYL2,oddtanθ4
, (1)

where

YL2,odd = jY3
YL1,odd + jY3tanθ3

Y3 + jYL1,oddtanθ3
, (2)

YL1,odd = jY2
Y2tanθ2tanθ1 −Y1

Y2tanθ1 +Y1tanθ2
, (3)

Even-mode:

Yin,even = jY4
YL2,even + jY4tanθ4

Y3 + jYL2,eventanθ4
, (4)

where
YL2,even = jY3

YL1,even + jY3tanθ3

Y3 + jYL1,eventanθ3
, (5)

YL1,even =− jY2
Y1tanθ1 +Y2tanθ2

Y1tanθ1tanθ2 −Y2
, (6)

for simplicity, assuming θ = θ1 = θ2 = θ3 = θ4. By impos-
ing the resonance conditions, the resonance conditions
Yin,odd = 0 and Yin,even = 0, the resonance frequencies of
the odd-mode and the even-mode are determined by the
respective equation:

K2
2tan4

θ − (K1K2 +K2
1K2 +K1K2

2 +K1K3

+K2
1K3 +K2K3)tan2

θ +K1K2K3 = 0,
(7)

K1K2K3 +K1K2 +K1K3 +K2K3

−(K1K2
2 +K2

2K2 +K2
1K3 +K2

2)tan2
θ = 0,

(8)

from Equation (7) and (8), the center frequency for each
passband is simply chosen by adjusting the impedance
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ratio K1, K2, and K3. The variation of the frequency ra-
tios as a function of the admittance ratios K1, K2, and K3
is shown in Fig. 3. It is pre-selected that the width of the
line section (W1) having the characteristic admittance Y4
to be 1 mm (which corresponds to 52.3 Ω). In Fig. 3 (a),
when K2 and K3 are fixed, f1/f6, f2/f6 and f4/f6 remain
almost unchanged. The f3/f6 slightly reduces and f5/f6
greatly increases. When K1 and K3 have been fixed, f1/f6,
f2/f6 are almost unchanged, the f3/f6 decreases, the f4/f6
and f5/f6 dramatically decreases (see Fig. 3 (b)). f1/f6,
f2/f6 and f3/f6 are almost unchanged while f4/f6 and f5/f6
gradually increase in Fig. 3 (c). Therefore, by appropri-
ately adjusting the quad-section SIRs, a basic multiple
bands could be obtained at desired frequencies. Finally,
the admittance ratios are calculated as K1 = 1.4, K2 =
0.7 and K3= 1.2. Choosing characteristic impedance Z1
= 63.7 Ω, Z2 = 52.3 Ω, Z3 = 75.0 Ω and Z4 = 52.3 Ω.

(a) (b)

(c)

Fig. 3. Frequency characteristics of the proposed quad-
section SIRs with varied admittance ratios.

B. Optimization of the quad-section SIRs
Based on the analysis above, the quad-section SIRs

can generate the desired frequency bands. The dimen-
sions of the quad-section SIRs (see Fig. 1 a)) are chosen
as (all in mm): L1 = 3.5, L2 = 5.7, L3 = 13.1, L4 = 22, L5
= 4.1, W1 = 0.7, W2 = 1, W3 = 0.5, W4 = 1, W5 = 0.7.
As shown in Fig. 4, when multiple open stubs are not
loaded, the center frequencies of the quad-section SIRs
are at 1.08, 2.12, 2.99, 3.87, 5.77, 6.53, and 7.9 GHz.
It should be noted that the forth band is a false band
with narrow bandwidth (see Fig. 4 black line). Since the
length of the open stub can affect the resonant frequency,
when the stub length is longer, the resonant frequency is
lower [21]. To merge the false band with other frequency,
multiple open stubs are introduced. A series of multiple
open stubs are symmetrically loaded on L-shaped. From
Fig. 4, with multiple open stubs, the center frequencies

S
1
1
 (

d
B

)

13.75

31.01

15.49

11.76

Fig. 4. The simulated S11 of the quad-section SIRs and
loaded multiple stubs.

are at 0.98, 1.92, 2.79, 5.13, 6.42, and 7.74 GHz. Fur-
thermore, loading open stubs can increase the bandwidth
and improve the return loss. Their 3-dB fractional band-
width are 19.4, 26.4, 26, 3.6, 18, 8.4, and 11.9% without
open stubs, but the fractional bandwidth are 17.3, 27.1,
28.3, 21.6, 15.3, and 13% with open stubs, respectively.
In addition, the first passband characteristic is better than
the quad-section SIRs. The return loss of fifth and sixth
bands are also clearly superior to the former.The return
loss up to 31.01 dB after loading multiple open stubs in
fifth passband compares to 13.75 dB before loading. The
return loss in sixth passband are 15.49 dB and 11.76 dB,
respectively.

Figure 5 shows the S-parameter varies from cou-
pling gap. The first three center frequencies are constant,
the sixth band slightly change and the forth and fifth
bands obviously change. It can be obtained from Fig. 5
(a) that with the coupling gap from 0.075 to 0.125 mm,
the forth and fifth bands from 5.03 to 5.49 GHz, from
6.08 to 6.4 GHz, respectively. When d from 0.075 to
0.125 mm, the return loss of the fifith passband can reach
-30 dB. Furthermore, the minimal variation in insertion
loss between fifth and sixth passband is shown in Fig. 5
(b). Finally, the proposed sext-band BPF is constructed
by the quad-section SIRs and multiple open stubs, which
is easy to build. Consequently, a sext-band with simple
structure and wide fractional bandwidth is obtained. Ad-
ditionally, the designed BPF has only two resonators and
one coupling gap.

C. Filter Configuration
To verify the practicability of the proposed quad-

section SIRs, a sext-band BPF, adopting quad-section
SIRs along with a series of multiple open stubs is de-
signed. The geometric configuration is shown in Fig. 6.
In quad-section SIRs, double L-shaped resonators are
symmetrically distributed on the outside and coupled
into as quare structure, while the tri-section SIRs are
embedded inside and loaded in the double L-shaped
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Fig. 5. The simulated S-parameters (S11 and S21) of cou-
pling gap.

d

Fig. 6. Layout of designed sext-band BPF.

resonator. The quad-section SIRs can generate the de-
sired passbands. In addition, a series of multiple open
stubs are loaded on the L-shape resonators. These multi-
ple open stubs are introduced to improve the bandwidth
and return loss. In a multi-band BPF, the coupling is a
significant factor that can increase the insertion loss and
the return loss. Compared with other multi-band BPFs,
the proposed BPF has only two resonators (Resnoator I
and Resonator II) and no via hole that can greatly reduces
its complexity and fabricated cost [14].

Fig. 7. Photograph of the proposed sext-band BPF.

III. SIMULATED AND MEASURED
RESULTS

The proposed sext-band BPF is fabricated on a 0.508
mm thick Rogers RO4350 substrate with a dielectric con-
stant of 3.66 and a loss tangent of 0.004. Figure 7 shows
the photograph of fabricatred filter. The dimensions of
the design optimized utilizing the Ansoft HFSS 15.0 are
(millimeters): L01 = 2, L1 = 3.5, L2 = 5.7, L3 = 13.1, L4
= 22, L5 = 4.1, L6 = 1.6, L7 = 6.5, L8 = 6.5, L9 = 7,
L10 = 7, L11 = 2, W00 = 1.5, W01 = 2.6, W1 = 0.7, W2
= 1, W3 = 0.5, W4 = 1, W5 = 0.7, W6 = 2.2, W11 = 1,
d = 0.1. Simulated and measured results of the designed
filter are shown in Fig. 8. The measured centre frequen-
cies are located at 1.12, 2.12, 2.78, 5.59, 6.59, and 7.97
GHz. Their 3-dB fractional bandwidths are 12.5, 26.4,
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Fig. 8. Simulated and measured results.

27.0, 15.4, 10.5, and 9.8 %, respectively. The filter re-
turn losses are 11.5, 35.8, 19.5, 30.4, 36.1, and 13.5 dB.
The filter size is 24.4 mm×25.2 mm, which amounts to
0.15λg × 0.16λg, where λg is the guided wavelength on
the substrate at the center of the first passband. The mi-
nor difference between the simulated and the measured
results is due to production deficiency, connector losses
and imperfection of the substrate.

The performance of the proposed sext-band is com-
pared with other works, and a summary is given in Table
1. From Table 1, as in the literature [7, 16, 17], the fil-
ter proposed in this paper also generates 6 passbands,
but has a wider fractional bandwidth. For example, all
bandwidths in this paper are more than 10% higher than
the corresponding bandwidths in the literature [7]. The
fractional bandwidth also reaches 26.4%, which is much
higher than the bandwidth of the second band in the other
two literature. Moreover, the size of the proposed filters
were reduced by 16.7% and 29.4%, respectively, com-
pared to the literature [16, 17]. Compared to the litera-
ture [18], the presented work has a wider bandwidth even
though their circuit sizes are approximately the same.
Table 2 summarizes the comparison between the pro-
posed filter and the recently proposed couterparts de-
signed structure. The filter design proposed in this paper
is simple, has low manufacturing cost, but is still able
to produce more passbands while using fewer resonators
and no via holes.

IV. CONCLUSION
This letter proposed a sext-band BPF aimed at large

fractional bandwidth, highly compact size, and simple
structure. The designed BPF adopts quad-section SIRs
along with multiple open stubs, The quad-section SIRs
utilize two tri-section stepped impedance resonators
loaded double L-shaped resonators to achieve enough
multi-band, and a series of multiple open stubs loaded
double L-shaped resonators are added to improve the

Table 1: Comparisons with the other multi-band BPFs

Ref εr
CFs(GHz)/
FBW(%)

Size
(λg ×λg)

[7] 3.55

0.9/1.5
1.2/1.3
1.4/1.4
1.7/1.3
2/1.5

2.4/1.4

0.26×0.15

[16] 3.66

1.56/17.9
3.17/13.2
4.68/29

6.02/7.14
8.21/8.04
9.06/7.28

0.18×0.16

[17] 3.5

1.7/19.4
3.48/9.2
5.08/30
6.5/6.7

8.66/10.2
10.18/13

0.2×0.17

[18] 2.2

1/13
1.6/10.2
2.3/15.9
2.8/6.8
3.5/9.4
4.2/3
5/4.6

0.21×0.1

This work 3.66

1.12/12.5
2.12/26.4
2.78/27

5.59/15.4
6.59/10.5
7.97/9.8

0.15×0.16

Table 2: Comparisons with the other multi-band BPFs
Ref NR NB Structure Via Hole
[7] 6 6 SIRs 6 via hole
[8] 8 7 SL-SIR 4 via hole
[10] 2 5 MMR+open stubs none
[18] 1 7 a single MMR 5 via hole
[19] NA 8 short stubs+LPF 1 via hole

This work 2 6
quad-section SIRs+

open stubs none

NA = not available; NR = number of resonators
NB = number of passbands

fractional bandwidth and return loss. The fabricated sext-
band BPF’s center frequencies are at 1.12, 2.12, 2.78,
5.59, 6.59, and 7.97 GHz. This makes it suitable for GPS,
WLAN, CSCS and XSCS applications. Owing to these
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merits, it becomes a good choice for achieving sext-band
bandpass characteristics.
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