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ABSTRACT In this paper, a miniaturized dual-band bandpass filter (BPF) with good selectivity based on
ring-loaded resonator (RLR) and 0◦ feed structure is proposed. First, the RLR is investigated theoretically and
numerically, and aminiaturized Filter I is designed based on the RLR and filter synthesis approach. Secondly,
based on the coupling structure of the previous BPF and theory of 0◦ feed structure, the sub Filter II is formed.
By appropriately adjusting the location of the I/O ports, the dual-band filter can be achieved simply. The
proposed dual-band BPF provides compact size and satisfactory out-of-band rejection between each band
with multiple transmission zeros (TZs) introduced by source/load coupling and a special coupling scheme.

INDEX TERMS Bandpass filter, compact, dual-band, 0◦ feed structure, ring-loaded resonator.

I. INTRODUCTION
As one of the key components of modern multiservice wire-
less communication systems, the behavior of the bandpass
filters (BPFs) influences greatly the performance of thewhole
system [1]–[3]. Therefore, dual-band bandpass filters (BPFs)
with excellent frequency responses, such as compact size,
good isolation, sharp roll-off skirt, and undistorted passband
[4]–[8], are desired.

Tomeet the requirement, much researchwork has been per-
formed and various design approaches have been proposed.
Among them, two categories of methods are very popular.
The first category is to utilize a resonator’s fundamental
and second harmonic frequencies to form dual-band BPF
[9]–[13]. A typical case is to employ stepped impedance
resonators (SIRs). In [9], [10], trisection hairpin resonator,
and modified SIR are proposed and used to realized dual-
band BPF design. In [11], a compact dual-band interdigi-
tal BPF has been reported based on the hybrid resonators
with series and shunt resonances. The first two resonant
frequencies of these resonators are controlled to build up a
dual-band bandpass response. In [12], [13], dual-band BPFs
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based on dual-mode SIRs have been proposed. By control-
ling impedance and length ratios of SIRs, desired operating
frequencies are obtained. However, it is not convenient to
meet specific bandwidth requirement. The second category
is to utilize multi-mode resonator (MMR). For example,
some dual-mode resonators like open/short stub-loaded SIRs
[14], open/short-circuited stub-loaded λ/4 resonators [15]
and dual-mode SLRs and SIRs [14], [16] are employed to
design dual-band BPFs, respectively. Besides, for reducing
filter size and improving the passband selectivity, quad-mode
resonators, such as single quad-mode SLRs [17]–[19], are
used to realize dual-band filter designs. Here, the first two
resonance modes are utilized to form the lower passband,
while the third and fourth resonance modes form the higher
passband. However, the appropriate coupling between the
resonant modes of these resonators should be carefully tuned
to get a dual-band BPF. In [20], two high temperature super-
conducting dual-band BPFs based on quint-mode stub-loaded
resonator have been proposed. The quint-mode resonator is
constructed by loading four open stubs in shunt.

Since the ring resonator owns the advantages of compact
size and high-quality (Q) factor, it is widely used to excite
resonant modes in the other kinds of MMR-based BPFs
[21]–[26]. The BPF with an adjustable bandwidth in the
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FIGURE 1. The proposed dual-band BPF, (a) the structure of proposed
dual-band BPF, (b) the coupling diagram.

second-passband is realized by using a stepped impedance
ring resonator [21]. However, only one transmission pole
(TP) could be generated in the second passband. To improve
the performance of the dual-band BPF with ring res-
onators, four resonant modes are excited in the BPFs
of [22]–[25]. Degenerate modes as well as multiple transmis-
sion zeros (TZs) created by loading parallel-coupled lines
[22], [23], shorted stubs [24] and open-circuited stubs [25]
on the ring resonator are proposed to achieve dual-band
performances. In addition, high temperature superconduc-
tor was used to fabricate MMR-based BPFs with low loss
and compact size [26]. However, the passband of the ring
resonator-based BPFs of [21]–[26] is either narrow or un-
adjustable since the degrees of freedom of the filter parame-
ters are limited. Up till now, dual-band BPF with controllable
bandwidths was only presented in [27], [28]. Nevertheless,
the bandwidths of the two passbands are not wide enough for
many wireless communication systems.

In this paper, a miniaturized dual-band BPF structure
designed using a conventional uniplanar printed circuit
board (PCB) process, as shown in Fig. 1, is proposed, which
not only has the controllable bandwidth and frequency space,
but also achieves a wide stopband. First, a miniaturized BPF
(Filter I) is designed based on the ring-loaded resonator and
filter synthesis approach. Based on the coupling structure
of the Filter I and theory of 0◦ feed structure, the second
passband is formed. By appropriately adjusting the location
of the I/O ports, the dual-band filter can be achieved sim-
ply. The 0◦ feed structure is employed not only to gener-
ate one of the passbands, but also to feed other resonators
to form the other passband. The proposed dual-band BPF
provides compact size and satisfactory out-of-band rejection
between each band with multiple transmission zeros (TZs)
introduced by source/load coupling and a special coupling
scheme. Using the proposed design method, the required
external quality factors and coupling coefficients can be
obtained at two passbands. It is easy to meet performance
requirements of two passbands, i.e., center frequencies and
bandwidth.

The design procedure is organized as follows. In Section II,
the design principles of the dual-band are introduced.
The approaches for the first and second sub passbands
are described in Section II-A and B, respectively, and
Section II-C gives the design and analysis of the combi-
nation of the dual-band BPF. In Section III, a fabricated

FIGURE 2. Ring-loaded resonator, (a) one-port ring resonator, (b) two
ports ring resonator, (c) The structure proposed RLR.

dual-band BPF with central frequencies of 2.4/5.2 GHz and
fractional bandwidths of 21/11.5% is presented. Some con-
clusions are drawn in Section IV. All the analyses and sim-
ulations are carried out by using full-wave EM simulator
Ansys HFSS and Advanced Design System (ADS), and the
filters design and fabrication are implemented on the sub-
strate Taconic RF-35 (εr = 3.5, µr = 1.0, tan δ = 0.0018
and h = 0.508 mm).

II. DESIGN OF FILTER I
A. THEORY OF RING-LOADED RESONATOR
According to the [29], a simple transmission-line model
unaffected by boundary conditions can be used to calculate
the resonant frequencies of ring resonators. Fig. 2(a) shows
the structure of the one-port square ring resonators. The
total length l can be divided into l1 and l2 transmission
line sections. z1 and z2 are the coordinates corresponding to
sections l1 and l2, respectively. Thus, it can be investigated
by viewing it as a microstrip line that ends on itself, and its
equivalent circuit is shown in Fig. 2(b). With both ends of
the two split sections connected, port 1 is used to designate
the feeding port and port 2 is arbitrarily chosen and kept
open-circuited outside, since there is nothing connected there.
The ring is fed by the voltage source V at somewhere with
z1,2 < 0. The positions of the zero point of z1,2 and the
voltage V are arbitrarily chosen on the ring. According to
the transmission line theory [29]–[31], the input impedance
of a one-port ring resonator can be derived. The ABCD
transfer matrices for the individual sections can be given as
follows[

A B
C D

]
i
=

[
cos θi jZi sin θi

jYi csc hθi cos θi

]
, i = 1, 2. (1)

where θi and Zi = 1/Yi (i = 1, 2.) are the electrical length
and impedance of the transmission lines sections, respec-
tively. The Y admittance matrices for the upper and lower
section can be further obtained from the ABCD matrices by
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performing the matrix transformation [31][
Y11 Y12
Y21 Y22

]
ring
=

[
Y11 Y12
Y21 Y22

]
upper
+

[
Y11 Y12
Y21 Y22

]
lower

= j
[
−Y1 cot θ1 Y1 csc θ1
Y1 csc θ1 −Y1 cot θ1

]
+ j

[
−Y2 cot θ2 Y2 csc θ2
Y2 csc θ2 −Y2 cot θ2

]
(2)

Thus, when Z1 = Z2 = Z0, the input impedance of the
one-port ring resonator can be obtained as

Zr=
V1
I1

∣∣∣∣
I2=0
=

Y22
Y11Y22−Y12Y21

=−j
Z0
2

sin (θ1+θ2)
1− cos (θ1+θ2)

.

(3)

Based on the one-port ring resonator, a novel resonator
is proposed, which is shown in Fig. 2(c). It consists of a
transmission line section with impedance Z3 and electrical
length θ3, and the loaded one-port ring structure, which is
called as ring-loaded resonator (RLR). The right-end of Z3
section is short-circuited, and thus ZL = 0. For analysis
simplicity, Z1 = Z2 = Z3 = Z0 is assumed in this
work, and the impedance Zin, as indicated in Fig. 2(c), is
deduced as

Zin= jZ0
2 tan θ3 (1− cos (θ1 + θ2))− sin (θ1 + θ2)
2 (1− cos (θ1 + θ2))+ sin (θ1 + θ2) tan θ3

. (4)

Under the transversal resonant conditions, the proposed
RLR satisfies Zin + ZL = 0, and the fundamental and first
spurious frequencies can be derived from

2 tan θ3 (1− cos (θ1 + θ2))− sin (θ1 + θ2) = 0 (5)

and the reactance slope x of RLR can be deduced as

xin =
f
2
dXin
df

∣∣∣∣
f=f0

. (6)

However, the line dispersion and the parasitic effects of
discontinuities also impact the exact locations of the fre-
quencies of these transmission poles. As described in Ref.
[25], when the transmission line length θ3 on the ring res-
onator length increases, all the transmission pole frequencies
become smaller. To further explore the resonant characteris-
tics of the proposed RLR shown in Fig. 2(c), as an exam-
ple, θ2 and θ3 are set as 30◦ and 30◦, respectively. All the
electrical lengths are in respect to the fundamental frequency
of 2.4 GHz and the characteristic impedance Z0 of trans-
mission lines is set to 100 Ohm. Fig. 4 (a) and (b) plot
the frequency ratio f1/f0 (f0 is the fundamental resonant fre-
quency, and f1 is the first spurious resonant frequency) versus
the impedance ratio Rz (Rz = Z1/Z2) and electrical length
ratio α(α = θ1/(θ1 + θ2)), respectively. It is observed from
Fig. 4(a) that as the electrical length ratio α becomes larger,
the frequency ratio f1/f0 increases first and then descends. It
is worth noting that the frequency ratio f1/f0 reaches the peak
values when the electrical length ratio α is 0.75 (θ1 = 90◦).
Furthermore, under the condition of α < 0.75, the larger the

FIGURE 3. Impacts of (a) electrical length ratio α and (b) impedance ratio
Rz on the frequency ratio of fundamental and first spurious resonant
frequencies (f1/f0), respectively.

impedance ratio Rz, the higher slope of frequency ratio f1/f0.
That is, as α increases, the frequency ratio f1/f0 changes faster
and higher frequency ratio f1/f0 can be obtained.
Similarly, the impacts of impedance ratio Rz and electri-

cal length ratio α are also numerical investigated, as shown
in Fig. 4(b). When the impedance ratio Rz increases, the fre-
quency ratio f1/f0 decreases dramatically. Moreover, for the
impedance ratio Rz less than 0.5, the larger electrical length
ratio α is, the higher frequency ratio f1/f0 is. On the contrary,
when the impedance ratio Rz is large than 0.5, the frequency
ratio f1/f0 is higher as the electrical length ratio α decreases.

Therefore, the fundamental and spurious resonant frequen-
cies can be controlled.

B. DESIGN OF FILTER I
Based on the RLR and filter synthesis method [33], a BPF
is designed by using the K inverter shown in the inset of
Fig. 4(b). The equivalent coupling topology of the proposed
dual-band BPF based on RLR in the alternative J -K -J form
is shown in Fig. 4(a), in which the J inverters are formed
by the asymmetric parallel coupled lines (APCL) section.
Fig. 5(a) and (b) display the structure and coupling diagram
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FIGURE 4. Schematic of proposed Filter I and K inverter, (a) schematic of
the Filter I, (b) de-embedded value K and associated electrical length as
the function of frequency.

FIGURE 5. Filter I, (a) geometry of proposed Filter I, (b) coupling diagram,
(c) structure of resonant element.

of the Filter I, consisting of resonant element, a pair of APCL
sections and I/O ports. The APCL sections play the role of
coupling, which is non-resonating nodes. Fig. 5(c) shows
the corresponding geometry of the resonant element which
is composed of a couple of RLRs inductively coupled by K
inverter.

We firstly calculate the dimensions ofK inverter according
to the K inverter design curves shown in Fig. 4(b) and the
specifications of desired BPF, and then derive the preliminary

dimensions of uncoupled RLRs according to the central fre-
quency f1 and the reactance slope of x. Finally, by combining
the RLRs and K inverter along with the proper coupling
structure and I/O ports, the BPF can be achieved.

A 2nd-order Chebyshev BPF centered at f0 = 2.4 GHz
with 20-dB in-band return losses, and the fractional band-
widths of 11 = 10.6% is designed. Based on the specified
central frequencies f0, the K = 12.1 can be derived, and
proper parameters of RLR can thus be selected from the
Fig. 4(b). It can be observed that when the parameters of
the K inverter are selected as D = 0.58 mm, Ls1 = 2.2
mm, Ls22.2 mm, Ws1 = 0.6 mm, and Ws2 = 1.3 mm,
the K = 12.5 at the frequencies of 2.4 GHz. Moreover,
the associated electrical length is 11.74◦, which is equal to
physical length of 2.22 mm.

With the central frequency of f0 and the reactance slope x,
the dimensions of RLR can be rigorously derived to meet the
specified K couplings at the passband based on the synthesis
approach [33]. Therefore, the preliminary dimensions of an
uncoupled RLR in Fig. 2(c) can be determined as: W1 = 0.8
mm, L1 = 4.15 mm, W2 = 0.3 mm, L2 = 6.55 mm.
For the APCL segments with physical width (W3, L3) and

(W4, L4), they can be modelled as an admittance inverter. The
external quality factors of input and output sections named as
the Js1 and J2L in Fig. 4(a) can be extracted, and the extraction
formula of quality factor [34] is listed as follows:

QEx =
f0

1f
±90◦

(7)

1k =
g0g1
QEx
=
g2g3
QEx

(8)

where f0 and f±90◦ represent the resonant frequency and the
fractional bandwidth between the ±90◦ points of S11 phase
response for the feeding structure related to each band. g0,
g1, g2 and g3 represent the prescribed second order low-pass
filter prototype parameters. With prescribed filter responses
and equation (7), the impacts of the APCL parameter s on the
external quality factor QEx for passband is plotted in Fig. 6.
The corresponding parameters of the APCL can be deter-
mined as shown in the inset of Fig. 6 with the specifications.

Based on the above analysis, the BPF is obtained.
The structure and the coupling schematic are shown in
Fig. 5(a) and (b), respectively. Since all the realistic effects
including impedance steps and all parasitics are taken into
consideration in full-wave simulation, the final filter has been
fine-tuned, and transmission coefficient are shown in Fig. 7.
The passband is centered at 2.4 GHz. It should be noted
that there is no transmission zero besides the passband. For
improving the passband selectivity and rejection of stopband,
source-to-load coupling is introduced by lengthening the
length of APCL with the in-band performances unchanged.
The final simulated results are also shown in Fig. 7. From
the comparison of the BPF with and without source-to-load
coupling in Fig. 7, it can be found that the BPFwith source-to-
load coupling has a higher roll-off and suppression response.
Moreover, to further clarify the operating mechanism,
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FIGURE 6. Extracted external quality factor of filter I.

FIGURE 7. Simulated transmission coefficients of filter I with and without
source to load coupling. (The insets are simulated electric field
distribution in 2.4 GHz.)

the electric field distribution of the filter under the two oper-
ating conditions are also shown in the inset of Fig. 7.

III. DESIGN OF FILTER II
Herein, as shown in Fig. 8, a novel Filter II with electric
coupling structure is proposed based on electric coupling
and the theory of 0◦ feed structure. The lower and upper
paths have the same electric lengths at the fundamental
resonant frequency of the split-ring, which has a 0◦ dif-
ference between the electric delays of the lower and upper
paths. Moreover, as shown in the inset of Fig. 8, the cou-
pling gaps between the two resonators can be modeled as
π -networks, where the values of C1 and C2 could be found
from [35]. The C1 will be neglected because the value of
ωC1 is usually small (C1 < 0.01 pF) for a lower microwave
frequency range.

According to the Ref. [36], the transmission matrix of the
whole Filter II structure can be derived, and the transmission
coefficient of Filter II can be found. Furthermore, by using the
proposed structure, a pair of transmission zeros at around the
cutoff frequencies are introduced to improve the selectivity
of the Filter II.

FIGURE 8. Filter II based on electric coupling.

FIGURE 9. Simulated transmission coefficients of filter II with non-0◦

feed structure and 0◦ feed structure, respectively. (The insets are
simulated electric field distribution in 5.2 GHz.)

Fig. 9 is the comparison of the Filter II with the non-0◦

feed structure and 0◦ feed structure at the center frequency
5.2 GHz. When 0◦ feed structure is applied, θ3 = 89.5◦ and
θ4 = 124.2◦ at the center frequency 5.2 GHz. Two zeros are
obtained at 4.38 and 6.20 GHz, when θ3 and θ4 approach π /2,
respectively, the stopband rejection is greatly increased.

Based upon the previous discussions, the Filter II centered
at 5.2 GHz with in-band return loss of 20 dB, and the frac-
tional bandwidths of 12 = 13.8% is proposed. The model
for Filter II with a 0◦ feed structure is proposed and shown
in Fig. 8. One resonator is resonant at the frequency when
θ3 approaches π /2 and the other is resonant at the frequency
when θ4 is approximately π /2. These two zeros are close to
the passband and on either side of the passband, therefore,
significantly increase the stopband rejection.

IV. DUAL-BAND BPF DESIGN
Based on the analyses of Filter I and II, a dual-band BPF, as
shown in Fig. 1(a), is proposed. Fig. 1(b) shows the coupling
diagram. By combining the aforesaid Filter-I (2.4 GHz)
and Filter-II (5.2 GHz) into one single structure, the dual-
band BPF with easier band allocation is realized with a
fine adjustment. It can be seen that the proposed dual-band
BPF contains a pair of inductively cascaded RLRs and a 0◦

feed structure, and Fig. 10 shows the simulated transmission
coefficients of the sub filter I, sub filter II and the combined
dual-band BPF. It is clear that two passbands of the proposed
dual-band BPF overlap the passbands of Filter I and Filter II,
respectively, and the in-band performances keep almost the
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FIGURE 10. EM simulated results of transmission coefficients for the
proposed dual-band BPF and sub filters.

TABLE 1. Comparison of some previous dual-band filters.

same with the independent ones. Moreover, the selectivity
of both the first and second passbands are improved, and
the rejection levels of lower and upper stopband are also
enhanced. Besides, the isolation between the two passbands
is enlarged simultaneously.

As a demonstration, a dual-band BPF, as shown
in Fig. 1(a), is designed, fabricated and measured. The sim-
ulated two passbands are centered at 2.4 and 5.2 GHz,
respectively. The final optimized dimensions of the dual-band
BPF demonstrated in Fig. 1(a) are as follows:W1 = 0.8 mm,
W2 = 0.3 mm, W3 = 0.15 mm, W4 = 0.15 mm, W5 =

0.15 mm, Ws1 = 0.6 mm, Ws2 = 1.3 mm, L1 = 6.55 mm,
L2 = 7.11 mm, L3 = 8.14 mm, L4 = 9.78 mm, L5 = 0.8
mm, Ls1 = 0.85 mm, Ls2 = 0.79 mm, g = 0.1 mm,
g1 = 0.15 mm, s = 0.12 mm, D = 0.58 mm, d = 3.18 mm.
Fig. 11(a) shows the photograph of the fabricated

dual-band BPF. The simulation and measurement are
accomplished by using Ansys HFSS and Agilent N5244A
vector network analyzer, respectively. The comparison
between the simulated and measured results are shown in
Fig. 11 (b). The measured two passbands are centered at

FIGURE 11. Photograph and measurement of fabricated dual-band BPF,
(a) photograph, (b) comparison of measured and simulated results.

2.4 and 5.2 GHz with the fractional bandwidths of 10.6
and 13.5%. The measured in-band return losses are better
than 17.4 and 15.8 dB and the insertion losses are less
than 0.36 and 1 dB, respectively. Six transmission zeros
are distributed at 1.65, 3.3, 4.45, 6.15, 9.96 and 11.95 GHz
which improve the selectivity and isolation between each
passband. It is worth mentioning that there is a broad upper
stopband ranging from 5.81 to 12.41 GHz with −15 dB
rejection. The measured results are in good agreement with
the simulated ones. Slight deviation is observed, which could
be attributed to fabrication tolerance in the implementa-
tion. Stepped impedance and folding had been employed to
achieve compactness and the overall filter size amounted to
7.74 mm× 8.54 mm, which occupies only 0.10 λg× 0.11 λg,
where λg is the guided wavelength at the center frequency
of the first passband. A performance comparison between
the reported dual-band BPFs and the proposed one is shown
in Table 1. It shows that the proposed dual-band BPF has the
advantages of low insertion loss (IL), wide passband, high
selectivity, compact size and simple circuit topology.

V. CONCLUSION
A compact dual-band BPF, which is the combination of Filter
I and II, based on the RLR and 0◦ feed structure, is presented
in this paper. For Filter I, the theoretical and numerical studies
on RLR are implemented firstly, and then the RLR based
BPF is designed. Based on the 0◦ feed structure, a novel feed
structure is proposed to from the Filter II with high selectivity.
By combining the aforementioned Filter I and II, a compact
dual-band BPF with good selectivity is obtained with the
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circuit size no increased. Finally, a demonstrated dual-band
BPF is designed, fabricated and measured. The measured
results agree well with the simulated ones. The comparison
between the some reported dual-band BPF, the proposed one
has the advantages of low insertion loss, wide passband, high
selectivity, compact size and simple circuit topology.
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