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Highly Miniaturized Multiband Bandpass Filter
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Abstract—This paper describes a stacked spiral resonator (SSR)
structure for designing very compact multiband bandpass filters.
The resonant frequencies of the proposed SSR structure can be
determined by designing the spiral geometry and controlling the
mutual coupling in a stacked structure. The multiple passband
bandwidths can then be determined by the spacing of different
layer patterns between two coupled SSRs. An adequately designed
geometry of the input/output resonator with a tapped-line feed
can achieve matching conditions for all passbands simultaneously.
Moreover, multiple transmission zeros created on both sides of
each passband provide high stopband roll-off rates.

Index Terms—Multiband bandpass filter, multilayer bandpass
filter, stacked spiral resonator (SSR), transmission zeros.

I. INTRODUCTION

F OR multistandard wireless communication systems,
multiband bandpass filters with a miniaturized size and

high selectivity are essential components. Many efforts have
been placed on developing multiband filters [1]–[18]. Imple-
menting a dual-band bandpass filter design by combining two
specific single-band filters [1]–[3] leads to a larger occupied
area. An advanced concept for designing a multiband band-
pass filter utilizes multimode resonators, such as stub loaded
resonators (SLRs) [4]–[6], stepped-impedance resonators
(SIRs) [7]–[11], and dual-mode resonators using a perturbation
method [12]–[14]. A SLR configuration with a few open or
short stubs can easily determine the resonant frequencies by
properly adjusting the stub lengths for either a dual-band design
[4], [5] or a triple-band design [6]. The two- and tri-section
SIRs can easily achieve a dual-band response [7]–[9] and a
triple-band response [10], [11], respectively, by designing the
geometric parameters. Several dual-mode resonators of various
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shape can result in dual- and triple-band bandpass filters with
a pair of slits [12] or a number of open-circuited stubs [13],
[14]. Although adopting multimode resonators for multiband
filter designs can reduce the component size, simultaneously
satisfying the design specifications of all passbands, such as
the different external quality factors and coupling coefficients
for each passband, is rather difficult. Other works have devel-
oped novel structures, including two sets of resonators using
a combined half-wavelength SLR [15] and defected ground
structure (DGS) resonator [16] or SIR [17] for implementing a
multiband response. Moreover, the resonators can be assembled
as a cascaded quadruplet filter with a cross coupling path to
provide two transmission zeros in order to split a dual-band
response into a triple-band response [18]. Although the assem-
bled two sets of resonators can increase the degrees of freedom
in extracting coupling coefficients for all passbands, the two
sets of resonators require more area for implementation.
The authors’ previous work [19] presented a stacked LC res-

onator with a single-mode resonant response for implementing
single-band bandpass filters. Based on use of a stacked config-
uration, this work develops multiband bandpass filters by ex-
ploiting a stacked spiral resonator (SSR) with multimode reso-
nant responses. The proposed SSR is embedded in a four-metal
layer substrate, capable of significantly minimizing component
size and providing degrees of freedom in determining coupling
coefficients for each passband. Additionally, using a tapped-line
feed to the input/output SSR provides a range of external quality
factors for all passbands. Moreover, multiple transmission zeros
are observed on both sides of individual passbands to improve
the selectivity or the stopband rejection for the designed multi-
band bandpass filters.

II. SSRs

A. Dual-Resonance Resonator

Two-section transmission-line SIRs with half- or quarter-
wavelength are frequently used for designing dual-band band-
pass filters [7]–[9]. Fig. 1 depicts a two-section - and

-type resonator structure, respectively, and the frequency
ratios of the first two resonant modes are found as [20]

(1)

(2)

where denotes the impedance ratio . The above results,
as shown in Fig. 2, indicate that the second resonant frequency
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Fig. 1. Two-section SIR configurations. (a) open (b) short.

Fig. 2. Impedance ratio versus frequency ratio for the two-sec-
tion open and short SIR.

Fig. 3. Dual-resonance SSR embedded in a four-metal layer substrate. (a) 3-D
structure. (b) Metallic patterns on metal 1 and metal 3.

can be obtained by designing the impedance ratio with a
predetermined . A -type resonator saves more space, but
requires a larger impedance ratio than a -type one does for
a specific frequency ratio. However, a high-impedance ratio de-
sign typically requires a high-impedance microstrip line that is
normally restricted in the printed circuit board (PCB) process
and is also considerably lossy due to high conductor loss. To
overcome this problem, this work develops a dual-resonance
SSR that is embedded in a four-metal layer RT/Duroid 6010
substrate with a dielectric constant of 10.2 and a loss tangent of
0.0025, as shown in Fig. 3(a). In manufacturing, there are two
bonding films used to assemble three different substrates. Each
bonding film between two substrates is a 0.08-mm-thick prepreg
material with a dielectric constant of 4.4 and a loss tangent of

Fig. 4. Equivalent circuit of the proposed dual-resonance SSR.

0.02, which is included in the layer structure for electromag-
netic (EM) simulation. It is observed that the simulated filter
response shifts to slightly lower frequencies with the bonding
films than without them. The microstrip sections of and

in Fig. 1(b) can be represented by the spiral inductor of
on metal 1 and the spiral inductor on metal 3, respec-

tively, as shown in Fig. 3(a). The two spiral inductors shown
in Fig. 3(b) are stacked vertically and connected to each other
with two plated through holes (PTHs). Fig. 4 displays the equiv-
alent circuit of the proposed dual-resonance SSR without con-
sidering the resistive loss. In Fig. 4, denotes the inter-coil
capacitance and represents the coil-to-ground capacitance
of the spiral inductor , for and . and ac-
count for the overlap capacitance and mutual inductance be-
tween and , respectively. By assuming that
and , the first two resonant angular fre-
quencies of the dual-resonance resonator can be derived as

(3)

(4)

where

(5)

(6)

The frequency ratio of can be expressed as

(7)

The above equation clearly indicates that the parasitic capac-
itance and mutual inductance significantly impact the
ability to determine the frequency ratio. Notably, the spiral in-
ductors and in Fig. 3 are wound clockwise and counter-
clockwise, respectively, resulting in a negative mutual induc-
tance ( ) to decrease the frequency ratio according to
(7). Therefore, in addition to more significantly reducing the
component size than the conventional SIR structure, an SSR
configuration provides parasitic capacitance and negative mu-
tual inductance to reduce the frequency ratio, thus avoiding the
use of a high-impedance microstrip line.
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Fig. 5. Tri-section short SIR configuration.

Fig. 6. Triple-resonance SSR embedded in a four-metal layer substrate. (a) 3-D
structure. (b) Metallic patterns on metal 1, metal 2, and metal 3.

B. Triple-Resonance Resonator

A two-section SIR configuration can be extended to a tri-sec-
tion one for triple-band bandpass filter designs [10], [11]. A pre-
vious work [21] demonstrated that the total electrical length of a

-type tri-section SIR with an equal section length is shorter
than a two-section one for a given operating frequency. How-
ever, the purpose of size reduction is not as obvious as in the use
of a -type configuration. Fig. 5 shows a tri-section short
SIR with three microstrip sections that cause two impedance
ratios and . Additionally, the two
impedance ratios can be used to determine the frequency ratios
between the three resonant mode frequencies given as follows
[10], [22]:

(8)

(9)

Similarly, tri-section SIR structures with a lower frequency
ratio require a high-impedance microstrip line that is difficult
to achieve on a PCB. Similar to the concept of a dual-res-
onance SSR structure, a tri-section SIR can be represented
by a three-layered SSR, as shown in Fig. 6, to avoid using
a high-impedance microstrip line. The microstrip sections of

, , and in Fig. 5 are represented by the
spiral inductors , , and on metal 1, metal 2, and metal
3, respectively. The three spiral inductors are connected as a
triple-resonance SSR by using two PTHs. Fig. 7 illustrates the
equivalent circuit of the proposed triple-resonance SSR without
considering the resistive loss. In Fig. 7, and are the
parasitic inter-coil capacitance and coil-to-ground capacitance,
respectively. Moreover, and represent the overlap
capacitance and the mutual inductance, respectively, between
the adjacent spiral inductors and . By assuming that ,

Fig. 7. Equivalent circuit of the proposed triple-resonance SSR.

, , , and , the
first three resonant frequencies of the proposed triple-resonance
SSR can be obtained as

(10)

(11)

(12)

where

(13)

(14)

The first resonant frequency depends on , , ,
and . After is known from specifying the values of
these three elements, the second resonant frequency can be
subsequently determined by . The spiral inductance then
determines the third resonant frequency with knowledge
of and . Finally, the frequency ratios of and

for the proposed triple-resonance SSR can be repre-
sented as

(15)

(16)

Notably, the parasitic capacitance and the mutual induc-
tance and of the stacked resonator substantially influ-
ence the two frequency ratios. Similar to the above mentioned
treatment, the spiral inductors and were wound clock-
wise, while the spiral inductor was wound counterclockwise.
In doing so, the negative mutual inductances ( and

) were obtained to reduce the two frequency ratios
without adjusting the geometry of spiral inductors.

III. DUAL-BAND BANDPASS FILTER DESIGN

To demonstrate the feasibility of the proposed design concept,
this work designs a second-order 0.2-dB equal-ripple Cheby-
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Fig. 8. External quality factors versus the tapped feed position for the dual-
resonance SSR. (a) Band 1. (b) Band 2.

shev dual-band bandpass filter with the passband center fre-
quencies at GHz and GHz. This design is
achieved by using the dual-resonance SSR shown in Fig. 3 for
wireless local area network (WLAN) applications. The adopted
filter prototype element values are , , and

. The fractional bandwidths of the first and second
passbands are set as and , respectively.
The external quality factor and coupling coefficient can
be found in terms of the filter prototype elements as

(17)

(18)

The above design parameters are evaluated as and
for the first passband and and

for the second passband. To obtain the physical dimension of
the proposed dual-band bandpass filter, the external quality fac-
tors and coupling coefficients are related to the tapped position
and the coupling spacing on different metal layers , for
and , respectively [23], with the assistance of EM sim-

ulation by Ansys-Ansoft HFSS. Fig. 8(a) and (b) illustrates the
external quality factors and , respectively, with respect
to the tapped position of for different values of the specified
width on metal 1. According to these figures, varying
obviously changes , yet only a slight change in for the
same tapped feed position. Therefore, and can be in-
dividually determined by controlling and , respectively.
Notably, slightly tuning the width makes the resonant

frequencies almost unchanged. If a tuning of significantly

Fig. 9. Coupling coefficients versus the coupling spacing on different metal
layers for the coupled dual-resonance SSRs. (a) Metal 1 (b) Metal 3.

changes the designed resonant frequencies, compensation
can be made by simply varying the length or inductance of
spiral patterns on different metal layers. It is also noted that

for the results shown in Fig. 8. To conversely
achieve , increasing the spiral turn spacing on metal
3 provides the most effectiveness for a given spiral inductance
.
Fig. 9(a) and (b) displays the coupling coefficients with re-

spect to the spacing on metal 1 and the spacing
on metal 3, respectively. According to Fig. 9(a), an increase in

decreases the coupling coefficient of the second passband
without altering the coupling coefficient of the first passband
. The reason behind it is as follows. In this design, electric

coupling dominates the coupling of the SSRs. It has been further
found from HFSS simulation that the electric coupling between
two metal-1 spiral patterns is weak at the frequencies of band 1,
but gets much stronger at the frequencies of band 2, which pro-
vides evidence for the dependence of and on the spacing
of , as shown in Fig. 9(a). Consequently, and can
also be individually determined by controlling and ,
respectively. A detailed design procedure is summarized in the
following steps.
Step 1) Choose the tapped feed position that is located at

mm with mm, as shown in
Fig. 8, to fulfill the design requirements of

and ;
Step 2) Fig. 9(b) shows the relation of and versus the

spacing on metal 3 when is equal to 0.1
mm. Also select mm to obtain the cou-
pling coefficient for the first passband.

Step 3) Fig. 9(a) shows the relation of and versus the
spacing when equals 0.17 mm since the
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Fig. 10. Proposed dual-band bandpass filter design using two coupled dual-
resonance SSRs. (a) 3-D geometrical configuration. (b) Top view layout and
photograph.

Fig. 11. Comparison of the magnitude of and between EM simulation
and measurement for the proposed dual-band bandpass filter design.

change of only slightly impacts . Also, se-
lect mm to obtain and pre-
serve .

Fig. 10 shows the 3-D geometrical configuration, top view
layout, and photograph of the designed second-order dual-band
bandpass filter. The occupied area, excluding the tapped line, is
2.5 mm 1.8 mm, revealing an ultra-compact component size
compared with conventional microstrip dual-band filters.
Fig. 11 compares the magnitudes of and between

HFSS simulation and measurement, indicating a good agree-
ment over a frequency range up to 8 GHz. The measured return
losses in the two passbands exceed 19 dB. The insertion losses
are less than 1.2 and 1.7 dB in the first and second passband, re-
spectively. The four transmission zeros located at 1.2, 3.2, 4.4,
and 6.2 GHz enhance the rolloff rates on both sides of the two
passbands. These transmission zeros come from coexistence of
electric and magnetic coupling [24] and depend on the spacing

and . For this case, and are given as 0.1
and 0.18 mm, respectively. The four transmission-zero frequen-
cies denoted as , for and , are discussed in detail
as follows.
A change in the spacing or the spacing causes a

frequency shift in the transmission-zero frequency .
As , the transmission-zero frequency moves
toward a higher frequency. In contrast, as , the

Fig. 12. Transmission-zero frequencies versus the coupling spacing on dif-
ferent metal layers for the proposed dual-band bandpass filter design. (a) Metal
1. (b) Metal 3.

transmission-zero frequency shifts to a lower frequency.
Fig. 12(a) and (b) illustrates the frequency shift with
respect to the spacing and the spacing , respectively.
According to Fig. 12(a), increasing on metal 1 pushes
, , and toward higher frequencies and retains

at 1.2 GHz. Fig. 12(b) also reveals that an increase in
causes and to shift close to the first passband,
to move far away the second passband, and to remain at
6.2 GHz. Notably, the spacings and influence both
the transmission-zero frequencies and the design conditions
of the coupling coefficient for the two passbands. Therefore,
passband performance and transmission zeros should be taken
into account simultaneously in the design procedure.

IV. TRIPLE-BAND BANDPASS FILTER DESIGN

The SSR structure can also be used to construct a triple-reso-
nance resonator in order to realize a triple-band bandpass filter.
As an example, a second-order 0.2-dB equal-ripple Chebyshev
triple-band bandpass filter is designed with the passband center
frequencies at GHz, GHz, and GHz
forWCDMA/WiMAX/WLAN applications using the triple-res-
onance SSR in Fig. 6. The fractional bandwidths for the triple-
band response are designed as , , and

, respectively. The estimated external quality factors
and coupling coefficients are also obtained as and

for the first passband, and for
the second passband, and and for the
third passband. The external quality factors and coupling coef-
ficients of each passband can be evaluated as a function of the
tapped position and the coupling spacing on different metal
layers , for and with the help of HFSS simula-
tion. Fig. 13(a)–(c) displays the design curves of , , and
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Fig. 13. External quality factors versus the tapped feed position for the triple-
resonance SSR. (a) Band 1. (b) Band 2. (c) Band3.

, respectively, with respect to for different combination
of the specified widths and on metal 1. According to
Fig. 13(a) and (c), an increase in increases the value of ,
yet hardly changes the value of . Conversely, an increase in

enlarges the value of , yet barely affects the value of
. Moreover, the change of or negligibly influences
, as shown in Fig. 13(b). Therefore, can bemade smaller

or larger than and by increasing or decreasing both
and .
To further explain Fig. 13 with an EM point of view, Fig. 14

shows the simulated current distribution on the triple-reso-
nance SSR at the three main resonant frequencies. As shown
in Fig. 14(a) and (c), the current distribution concentrates
on the different portion of the metal-1 spiral pattern with
different width of and at the first and third resonant
frequency, respectively. It is therefore reasonable to observe
that increasing enlarges rather than , whereas
increasing has the converse effect. Moreover, it can be seen
from Fig. 14(b) that the currents mainly concentrate on metal 2
and 3 and weaken on metal 1 at the second resonant frequency.

Fig. 14. Simulated current distribution on the triple-resonance SSR. (a) At the
first resonant frequency. (b) At the second resonant frequency. (c) At the third
resonant frequency.

This can explain why the change of the width and on
the metal-1 spiral pattern hardly influences .
As a matter of fact, all of the external quality factors for a

triple-band response can be individually determined by the fol-
lowing procedure: First, determine the tapped feed position
at the input/output resonator based on the calculated value of

; Second, determine the width from the design value of
; Finally, determine the width from the estimated value

of . The next step determines the spacing in each layer to
obtain the calculated coupling coefficients for each passband.
Fig. 15(a)–(c) shows the design curves of the coupling coeffi-
cients with respect to the spacing of onmetal 1, the spacing

on metal 2, and the spacing on metal 3, respectively.
As mentioned earlier in the dual-band BPF design, the coupling
coefficients , , and corresponding to the first, second,
and third passband, respectively, can also be individually deter-
mined by adequately controlling the spacings , , and

. Moreover, an extra metallic stub on the right edge of the
SSR on metal 1, as shown in Fig. 13, can be used to enhance
these coupling coefficients. The design procedure for the pro-
posed triple-band bandpass filter is summarized as follows.
1) Under the condition of mm and

mm in Fig. 13, choose the tapped feed position at
mm to correspond to the external quality fac-

tors , , and for
achieving the design requirement.

2) Fig. 15(c) shows the coupling coefficients versus the
spacing on metal 3, while mm and

mm. Also, choose mm to ob-
tain the coupling coefficient for the first pass-
band.

3) Fig. 15(a) shows the coupling coefficients versus the
spacing on metal 1, while mm and

mm since reveals a weak dependence
on . Also, choose mm to provide

for the third passband and preserve .
4) Fig. 15(b) shows the coupling coefficients versus the
spacing on metal 2 since and vary slightly
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Fig. 15. Coupling coefficients versus the coupling spacing on different
metal layers for the coupled triple-resonance SSRs. (a) Metal 1. (b) Metal 2.
(c) Metal 3.

Fig. 16. Proposed triple-band bandpass filter design using two coupled triple-
resonance SSRs. (a) 3-D geometrical configuration. (b) Top view layout and
photograph.

over a range of from 0.3 to 1 mm. Also, choose
mm to obtain and retain

and simultaneously.

Fig. 17. Comparison of the magnitude of and between EM simulation
and measurement for the proposed triple-band bandpass filter design.

Fig. 18. Transmission-zero frequencies versus the coupling spacing on dif-
ferent metal layers for the proposed triple-band bandpass filter design. (a) Metal
1. (b) Metal 2. (c) Metal 3.

Fig. 16 illustrates the 3-D geometrical configuration, top view
layout, and photograph of the designed second-order triple-band
bandpass filter. The occupied area, excluding the tapped line, is
2.9 mm 2.4 mm.
Fig. 17 compares the magnitudes of and between

HFSS simulation and measurement for the proposed triple-band
bandpass filter design, indicating a good agreement over a fre-
quency range up to 8 GHz. The measured insertion losses are
lower than 1.4, 1.7, and 2 dB in the first, second, and third pass-
band, respectively, while the measured return losses are all ex-
ceed 15 dB. According to Fig. 17, each passband has a pair of
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transmission zeros on both sides. They are due to coexistence of
magnetic and electric coupling and located at 0.9 and 2.4 GHz
with respect to the first passband, at 3 and 4.2 GHz with respect
to the second passband, and at 5.2 and 7.2 GHz with respect to
the third passband.
Similarly, varying the spacing , , and causes

a frequency shift in the transmission-zero frequency .
The transmission-zero frequency also shifts to the higher
and lower frequency for and , respectively.
Fig. 18 illustrates the frequency shift versus the spacing

, , and . According to Fig. 18(a), increasing
moves the transmission-zero frequencies and close to
the third passband without altering the other transmission-zero
frequencies. Fig. 18(b) reveals that an increase in shifts
the two transmission-zero frequencies and to lower fre-
quencies, while the other ones only exhibit a slight change. Ac-
cording to Fig. 18(c), an increase in shifts the transmis-
sion-zero frequencies and that are on both sides of the
first passband to higher frequencies. Meanwhile, the transmis-
sion-zero frequencies and near the second passband are
nearly unchanged, and the transmission-zero frequencies
and near the third passband are shifted toward lower fre-
quencies. Notably, although adjusting , , or can
flexibly move the transmission-zero frequencies, special care is
necessary to deal with the effects on coupling coefficients.

V. CONCLUSION

This paper has described very compact dual- and triple-band
bandpass filters based on SSRs. The resonant frequencies of the
proposed SSRs depend on both the geometry of spiral patterns
in different metal layers and the spacing between the adjacent
spiral patterns in the same layer. The tapped-feed structure ap-
plied to the proposed SSR with a spiral pattern of nonuniform
width on metal 1 can flexibly provide an appropriate external
quality factor to achieve the impedancematching condition. Ad-
ditionally, controlling the spacing between two spiral patterns
in different metal layers offer superior degrees of freedom to
individually determine the bandwidth of each passband for a
multiband bandpass filter design. Moreover, multiple transmis-
sion zeros are created on both sides of each passband to signifi-
cantly improve the roll-off rate and attenuation in the stopband.
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