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ABSTRACT A simple and effective method to design a dual-band bandpass filter with high isolation
and wide stopband is presented and validated using symmetric open-circuited stub-loaded resonators.
By adjusting the electric length and the ratio of characteristic admittance of the resonators, the first two
resonant frequencies are identical, but the higher order resonant frequencies dispersed in the upper stopband
to extent the bandwidth of stopband. Two transmission zeros are introduced to obtain high isolation and
selectivity between the two passbands by placing them in the appropriate position. Proper feeding position is
selected to further improve the attenuation of stopband. The measured results highly agree with the simulated
one. Measured results demonstrate the isolation level of 40 dB, attenuation of larger than 28 dB, and a wide

stopband.

INDEX TERMS Dual-band bandpass filter, high isolation, microstrip, stub-loaded resonators, wide

stopband.

I. INTRODUCTION

In modern wireless communication systems, microwave fil-
ters with dual-band and wide stopband characteristics are
desirable to reduce circuit size and cost [1], [2]. Usu-
ally, the dual-band bandpass filters can be designed using
multi-mode resonators, such as stepped impedance res-
onators [3], [4] and stub loaded resonators [5]-[7].

To meet the requirement of wide stopband performance,
much research regarding the dual-band filters has been car-
ried out. Some are benefit from the different structure of
stepped impedance resonator (SIR) and uniform impedance
resonator (UIR) like [8]-[10]. Several dual-band filters were
designed in [8], in which reveals two controllable passbands
and excellent stopband rejection. In [9], the wide stopband is
obtained by embedding a lowpass filter at input/output port.
However, the rejection level in the upper stopband is not good
enough. In [10], a wide stopband dual-band bandpass filter
had been developed by selecting the desired impedance and
length ratios.

In addition, a popular method is to introduce multiple
transmission zeros to achieve the requirement of wide stop-
band and high rejection level [11]-[14], which is an effective
way to meet some particular requirement. Modified coupled

line was involved in the dual-band bandpass filter, adding
two more transmission zeros to increase the isolation and
control the bandwidth of passbands in [11]. Lin et al. [12]
presented a compact symmetrical dual-band bandpass filter
using stub-to-stub coupling, which produce two transmis-
sion zeros to obtain wide upper stopband. In [13], based on
stub-loaded spiral stepped-impedance resonator, dual-band
bandpass filter is presented with multiple transmission zeros
to provide high selectivity between passband and extend
stopband. In [14], a dual-band bandpass filter was designed
with wide stopband by combining E-shaped resonator and
T-shaped feedlines to create multi-transmission zeros.

Another main approach is a bit more complicated than the
former. In short, the first two resonant frequencies are set as
passband frequencies while the higher resonant frequencies
are designed to stagger in the upper stopband. Jiang et al. [15]
turned to design a dual-band filter with identical ratio of
filfo but different f>/f;, value using the SIRs to realize a
wide stopband. A dual-band filter with wide stopband and
enhanced rejection level was also proposed using different
SIRs, as described in [16].

Combined with the two design methods, a dual-band
bandpass filter using symmetric open-circuited stub-loaded
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FIGURE 1. (a) Structure of the stub-loaded resonator. (b) 0dd-mode
equivalent circuit. (c) Even-mode equivalent circuit.

resonators is used to obtain the characteristics of not only high
isolation but also wide stopband, and thoroughly analyzed
and verified experimentally in this paper.

Il. DUAL-BAND FILTER DESIGN

A. RESONANT PROPERTY OF STUB LOADED RESONATOR
The proposed filter comprises of multiple symmetric stub-
loaded resonators, and each resonator consists of a half-
wavelength transmission line and an open-circuited stub as
shown in Fig. 1, where Y1, 01, Y2, 67 denote the characteristic
admittance and electric lengths of the line and open-circuited
stub, respectively. The open-circuited stub (Y>, 65) is shunted
at the midpoint of the transmission line. Since the open-
circuited stub-loaded resonators is symmetrical in structure,
odd- and even-mode method can be applied to analyze it.
The input admittance of the stub-loaded resonators can be
expressed as [5]

Yin,oda = —jY1coto; (D
2Y | tan6; + Y, tan 6, @
! 2Y| — Y, tan 6 tan 6,

Yin,even =]

From the resonant condition of resonators (Y, oqq¢ = O,
Yineven = 0), the stub-loaded resonator is determined by
following equations.

cotdy = 0 (odd-mode) 3)
2Ytand; + Yotand, = 0 (even-mode) “4)

Fig. 2 shows the frequency ratios under different 6, and
admittance ratio Ry(Y1/Y>). By adjusting the electric length
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FIGURE 2. Calculated frequency ratios under different open stub lengths
and impedance ratios.

and the characteristic admittance, the first two resonant fre-
quencies of Ry and R, are overlapped, and at the same time,
the higher order resonant frequencies are staggered in the
stopband. This method makes the dual frequencies certain
without introducing other structure to suppress unwanted
spurious harmonic. From Fig. 2, the realized frequency ration
is between 1.06-1.95. To obtain a wider range of foyen1/foad1,
stub-loaded stepped impedance resonators can be used [17].

Suppose that the first two resonant frequencies of the stub-
loaded resonator are f1 and f>. According to (3), the odd-mode
resonant frequency is only affected by 6, and thus, the design
procedure should first decide f;. After that, the second reso-
nant frequency f> can be simply controlled by adjusting the
length of the open-circuit stub and admittance ratio (¥1/Y2)
without affecting f] according to (4).

According to (3) and (4), the stub-loaded resonators offer
independent control of the first two passband fi and f>, thus,
the wide stopband dual-band bandpass filter can be realized
by staggering the spurious frequencies in the upper stopband.

B. DESIGN OF DUAL-BAND BANDPASS FILTER

WITH WIDE STOPBAND

Based on the stub-loaded resonator, a dual-band filter is
designed, which is shown in Fig. 3. It consists of two identical
stub-loaded resonators (R, R3), placed at left side and the
right side, and a different stub-loaded resonator (R>) in the
middle. The coupled feed line used in this design has more
degrees of freedom and flexibility in the design process.

The filter in this paper is designed on a conventional
substrate of 0.8 mm thickness and with a dielectric constant
of 2.55 and a loss tangent of 0.0029. The full wave simulation
is carried out by Zeland IE3D.

In this paper, the first two resonant frequencies are set to
be 3.5 GHz (f1), 5.25 GHz (f2), with third-order Chebyshev
response, 0.04321 dB ripple level, 6.5% and 4.3% fractional
bandwidth respectively. The element values can be obtained
as g1 = g3 = 0.8516, g» = 1.1032. So the external quality
factors and coupling coefficients can be obtained from the
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FIGURE 4. Resonant frequencies of different resonators.
W, =W,; =Ws =1mm, W, =0.32 mm.

values of the lowpass prototype. According to the frequency
ratio, Ry = 1 and 6, = 42.1° can be selected for Ry while
Ry = 1.9 and 6, = 50° are selected for R,. For Ry and R3,
the characteristic admittances of the half-wavelength trans-
mission line and open-circuited stub are the same (W) = Wy)
while the characteristic admittances of the half-wavelength
transmission line and open-circuited stub are different for
Ry (W3 # Ws).

The distributions of the resonance frequencies of Ry and
Ry are plotted in Fig. 4. The first two resonant frequencies
of the two resonators are the same (3.5, 5.25 GHz), which are
the central frequencies of two passbands. As can be observed,
the spurious frequencies of the two different resonators stag-
ger well, which is useful for improving the bandwidth of
stopband.

Firstly, we extracted raw data of Q. using IE3D and the
model is shown in the Fig. 5(a). According to the [18, Ch. 7],
the external quality factor can be obtained as

wQ

Qe = AL 007

&)
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FIGURE 5. Qe and Coupling coefficients extraction. (a) Qe. (b) Coupling

coefficient under different Lg(S, = 0.58 mm). (c) Coupling coefficient
under different S, (Lg = 5 mm).

Fig. 5 (a) depicts the external quality factor (Q,) of the
two passbands, denoted as Q.1 and Q2. When S| and W) are
fixed (S; = 0.2, W, = 0.32), the desired Q. can be obtained
by tuning the coupled-line length (L1p). According to the
specifications, the required values for the coupling parameter
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FIGURE 6. Simulated result with wide stopband. The parameters are as
follows (in millimeters): L; =8.5,L, =7.71,L3 =0, Ly = 5.70, L5 = 14.05,
Lg=2.30,L; =6.82,Lg =4.99, Ly = 8.67, L;g = 3.68, L;; = 10.27,

Wy =Wy =Ws=1,W, =032, W5 =0.2,S; =0.2, S, = 0.58, S5 = 0.71.

are Q.1 = 13.1, Q.» = 19.8. Thus, Lig = 10.27 mm is
chosen for the required coupling.

Likewise, the coupling coefficient can be extracted by the
formula proposed in [18] from the simulated transmission
responses.

L1
K=+2 "7 (6)

2 2

I 151

Extracted coupling coefficients are also plotted
in Fig. 5(b) and (c). K| and K, denote the coupling coeffi-
cients at f] and f>, respectively. K1 = 0.066 and K, = 0.044
can be calculated from the specification. Proper coupling
length (Lg) and space (S2) can be selected according to Fig. 5.

The bandwidth of the filter is determined by the external
quality factor and the coupling coefficient between the res-
onators [17]. According to the analysis above, the overall
design procedure are as follows.

Step 1: Determine the length of half-wavelength transmis-
sion line, open-circuit stub as well as admittance ratio (Y1/Y>)
according to required resonant frequencies of two passbands.

Step 2: Select appropriate coupling gap and length (S2, Lg)
to meet the required coupling coefficients of each passband.

Step 3: Select proper combination of Ljg, W», and S; to
meet the required Q, of each passband.

Fig. 6 shows the simulated S»; of the proposed dual-band
filter. A rejection level larger than 20 dB is obtained within
the stopband up to 20 GHz. According to Fig. 5, the real-
izable external quality factors and coupling coefficient are
in a wide range. Here, another dual-band filter with wider
bandwidths (11.4% and 8.9%) is designed and simulated
for demonstration. The comparison of the S-parameters are
shown in Fig. 7. The bandwidth of the new filter is expanded
while the impedance matching is kept below —20 dB in
passband.

Meanwhile, two transmission zeros between the passbands
are introduced according to Figs. 6 and 7, which highly
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FIGURE 7. The bandwidth comparison. (a) S;. (b) S;;. The parameters of
the wider bandwidth filter are as follows (in millimeters): L; = 8.1,

Ly =7.18, Ly =2.28, Ly = 5.75, L5 = 10.4, Lg = 1.20, L7 = 7, Lg = 5.49,
Ly =8.60,L1g =10.67, W; = W, = Ws =1, W, =0.22, W5 = 0.2,

$; =0.1,5, = 0.2, Sy = 0.26.

improve the isolation. The first transmission zero (f;) is
produced by the open-circuited stubs [19]. When L, is shorter
than A¢/4 at the first resonant frequency, f;1 can be placed
at the upper stopband. As shown in Fig. 8, when L, varies
from 6.0 mm to 7.0 mm, f;; tends to move to the lower
frequency. The second zero (f;») is due to the cross coupling
between R and R3 [20] for the second passband. Path I
(R1-R>-R3) is the primary coupling path and path II (R;-R3)
is the cross coupling route. For the second passband, the cou-
pling between resonators is capacitive. According to [20], the
phase shift can be found as

®;y; ~ +90°  (resonators below resonance) @)
®); ~ —90° (resonators above resonance) (8)
@) ~ +90°  (capacitive coupling) ©)]
®;y; ~ —90°  (inductive coupling) (10)

The total phase shifts are given in Table 1. Below reso-
nance, the two paths are out of phase, but above resonance,
the two paths are in phase. It is exactly the destructive
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TABLE 1. Total phase shifts for two paths of the first passband.

Below Resonance Above Resonance
Path 1-2-3 +90°+ 90"+ 90' +90°= 90"+ 90'
Path 1-3 +90° +90
Result Out of phase In phase
f1i3.5GHz) — — 3f;(10.5 GHz)
1 j j 7
\ I [\ /
o 0.8 \ / \ / \ // B
& \ /
2 \
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FIGURE 9. Normalized voltage of the half-wavelength resonator at
different frequencies.

interference that causes a transmission zero on the lower skirt.
From the analysis above, it is thus clear that f;» is produced
and occurs below the passband.

C. STOPBAND PERFORMANCE ENHANCEMENT

According to Fig. 6, the stopband attenuation is only larger
than 20 dB, which is not enough for some applications.
To enhance the stopband performance, proper feeding point
can be selected to further suppress the harmonics [21].
Fig. 9 shows a half-wavelength resonator with normalized
voltage at the first and third resonant frequencies (fi, 3f1),
where A, is the guided wavelength at fi. There is voltage
zero (Ag /12) at 3f1, so the harmonic at 3f; can be prop-
erly suppressed by tuning Lz. Fig. 10 shows the simulated
transmission response of the dual-band filter under different

25606

O T T T T T T T T
— L3=0mm

-104 - = -[3=2.6mm

Magnitude(dB)

2 4 6 8 10 12 14 16 18 20

Frequency(GHz)

FIGURE 10. Stopband performance of the dual-band filter under different
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FIGURE 11. Simulated and measured results.

feeding positions, which verify the above concept. A bonus
rejection improvement is observed at 4f; because of similar
mechanism.

IIl. SIMULATED AND MEASURED RESULTS

Based on the analysis on the above, a dual-band filter with
wide stopband is designed and fabricated to verify the appli-
cation. The center frequencies of the dual-band filter are
3.50 GHz and 5.25 GHz. The fractional bandwidths are 6.5%
and 4.3% (0.04321 dB ripple level). The optimized parame-
ters in Fig. 3 are (unit: mm): Ly = 8.5, L, = 7.71, L3 = 2.6,
Ly = 570, Ls = 104, Lg = 2.30, L7 = 6.82, Lg = 5,
Lo = 8.67,Lig = 10.27, W1 = Wy = W5 = 1, W = 0.32,
W3 =0.2,51 =0.2,5, =0.58, 53 =0.71.

Fig. 11 shows the simulated and measured results while the
measurement was carried out on HP 5320A vector network
analyzer. The 3 dB fractional bandwidth of two passbands are
3.34 GHz to 3.63 GHz, 5.15 GHz to 5.40 GHz, respectively.
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FIGURE 12. Fabricated dual-band filter.

TABLE 2. Performance comparison of the dual-band filter with the state
of the art.

Filter |Passbands |Upper Stopband |Size Insertion loss
(GHz) (mm?) Return loss
9 2.2/5.8 9.7f1(>20 dB) 30x 15 0.96/2.6
14.2/13.8

10 |1.39/1.82 |5.6 /1 (>20dB) (60 x 60 2.48/3.6
>20

12 |1.512.4 3.9/1(>20dB) |27x20 1.1/0.9
>20

13 |0.35/0.90 |6.5f1(>19dB) |31x21 1.6/1.4
14/17

This (3.5/5.25 |5.7/1(>28dB) [27x19 1.87/2.33

work >20

The insert loss of the first passband is 1.87 dB but 2.33 dB
for the second passband and the return loss are both greater
than 20 dB. The dual-band filter provides a high attenuation
of 28 dB up to 5.7 times the first passband frequency. Fur-
thermore, two transmission zeros can be observed between
two passbands. Thus, high isolation (>40 dB) is obtained.
Fig. 12 shows the photograph of the fabricated filter. The total
size is 27.0 mm x 19 mm, which is approximately 0.459\g x
0.323Ag, where Ag is the guided wavelength on the substrate
at fi. Compared with previous works, the merits of the dual-
band filter are its rejection level, wide stopband, and compact
size, as shown in table 2.

IV. CONCLUSION

This paper proposes a straightforward method to design
a dual-band filter with high isolation and wide stopband.
By properly adjusting the electric length and the admittance
ratio of the half-wavelength transmission line and the open-
circuited stub, the higher order spurious frequencies stag-
ger in the upper stopband, resulting in the wide stopband.
Furthermore, through exploring the effect of feeding posi-
tion and cross coupling, the stopband performance is fur-
ther improved. The measured results show that the isolation
between passbands is greater than 40 dB and the attenuation
of multiple harmonics can achieve to approximately 28 dB.
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