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Abstract—This paper presents two novel dual-mode dual-band
bandpass filters (BPFs) by using stubs loaded coupled line. The
analytical equations of their transmission poles and transmission zeros
are given by the classical even-/odd-mode method. Design rules for two
dual-band BPFs are also given, which show the easily tuned passband
frequency locations and in-band performance. As examples, two dual-
mode dual-band BPFs, dual-band filter A with central frequencies
(CFs) at 3.5/6.8 GHz and —3dB fractional bandwidth (FBW) of
14%/10%, while dual-band filter B with CFs at 2.4/6.8 GHz and —3 dB
FBW of 43%/16% are designed, fabricated and measured. Good
agreement can be observed between the simulations and measurements.
These two filters exhibit simple design procedures, simple physical
topology, low insertion losses, good return losses, high isolation and
compact sizes.

1. INTRODUCTION

As a key component in modern dual-service communication system,
dual-band bandpass filter (BPF) with compact size, low in-band
insertion loss and high isolation is in great demand, so as to handle
dual-service in a single radio-frequency (RF) module.

To meet the above requirements, various dual-band BPFs have
been reported. The most popular dual-band BPF design method is
to use the fundamental resonance frequency of net-type resonator [1]
or stepped-impedance resonator (SIR) [2] forming the first passband
while to use their spurious frequencies building up the second passband.
Combing two different sizes of resonators together is another effective
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way to design dual-band BPF [3]. The resonators with longer electrical
length are used to design the lower passband, while the resonators
with shorter electrical length are used to design the upper passband.
To achieve compact size, both meander technology and the fractal
geometry are utilized in filter design [3]. The merit of above two
methods is its easily tuned central frequencies (CFs) of two passbands.
The multi-mode resonator is also often used to develop the compact
dual-band BPF [4]. Since the resonance modes of multi-mode resonator
sometimes cannot be controlled separately, this type of dual-band filter
may not be able to get the desired CFs of two passbands. There have
been some another methods to exploit dual-band BPFs [5,6]. In [5],
a hybrid transmission line and coupled line unit cell with dual-band
performance is reported. In [6], two dual-mode dual-band BPF's are
proposed by using a frequencyselecting coupling structure with coupled
lines at its input/output ports. So far, some advanced fabrication
techniques have been used in dual-band filter development [7-10].
The techniques of integrated passive device (IPD) [7], multilayer low-
temperature co-fired ceramic (LTCC) [8,9], and multilayer organic
substrate [10] are employed. Compared with the standard printed-
circuit-board (PCB) technique, the fabrication cost of these four filters
are relatively high. In addition, their electrical performances and
circuit sizes are also not good enough, i.e., large insertion loss [8, 10]
and large circuit size [9, 10].

All the above dual-band BPFs reported in [1-10] have a narrow
bandwidth in both two passbands or one of its passbands, which cannot
meet the modern dual high data-rate communication requirement.
Recently, several dual-wideband BPFs have been reported [11-19].
In [11], the dual-wideband BPFs using frequency mapping and SIRs
are proposed, with the drawback of complex design procedures and
large circuit sizes. In [12-14], dual-band BPFs are designed by
using SIRs. However, these three dual-wideband BPFs suffer from
many disadvantages, i.e., poor passband selectivity [12,13], large
circuit size [13] and complex physical topology [14]. Opposite hook-
shaped resonator [15] and comb-loaded resonator [16] are proposed to
develop dual-wideband BPFs. These two dual-wideband BPFs achieve
compact sizes and high passband selectivity in both passbands, but also
suffer from poor band-to-band isolation [15] or large insertion loss [16].
The dual-wideband BPF's by using coupled-line in [17] and transversal-
interaction concept in [18] exhibit good in-band performance and wide
stopband, but also suffer from large circuit sizes. In [19], two dual-
mode dual-band BPFs are reported by using novel quadruple-mode
resonator. These two filters have the merits of sharp skirts, high
isolation, low in-band insertion loss and compact size, but the etched
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ground plane is used, which increases the installation complexity.
Thus, it is still significant for RF designers to exploit compact dual-
wideband BPF with high performance.

This paper presents two novel dual-mode dual-band BPF
structures, i.e., dual-band filter A and dual-band filter B. Dual-band
filter A have two narrow passbands, and dual-band filter B exhibits two
wide passbands. Design rules for two dual-band BPFs are also given,
which show their simple design procedure. As examples, two dual-
mode dual-band BPFs, dual-band filter A with CFs at 3.5/6.8 GHz
and —3dB fractional bandwidth (FBW) of 14%/10%, while dual-
band filter B with CFs at 2.4/6.8 GHz and —3dB FBW of 43%/16%
are designed, fabricated and measured. Two filters are designed on
the substrate ARlon DiClad 880 (h = 0.508mm, &, = 2.2 and
tand = 0.0009). The designed two filters exhibit simple physical
topology, low insertion losses, good return losses, high isolation and
compact sizes. Detailed design procedures as well as simulated and
measured results are discussed in the following sections.

2. CHARACTERISTICS OF PROPOSED DUAL-BAND
BPF STRUCTURES

Figures 1(a) and (b) give the transmission line model of proposed
dual-band filter A and B, respectively. Dual-band filter A consists
of two quarter-wavelength impedance Z,; sections (6,1 = 7/2 at the
designing frequency f,0), one quarter-wavelength coupled line section
(0ac = m/2 at fuo) and two shorted half-wavelength impedance Z,o
sections (6,2 = 7 at fu0) loaded on the two ends of coupled line section.
Dual-band filter B consists of two quarter-wavelength impedance Zj;
sections (fp;1 = m/2 at the designing frequency fi9), one quarter-
wavelength coupled line (6. = 7/2 at fp9) and two open quarter-
wavelength impedance Zyy sections (6p2 = 7/2 at fa0) loaded on the
two ends of coupled line section. Since the difference between two

Zi2, O

a2>
Zaca kaca eac Zbca kbca ebc
Za1, 041 Zp1, Oy

Figure 1. (a) Proposed dual-mode dual-band filter A. (b) Proposed
dual-mode dual-band filter B.
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Figure 2. (a) General model of dual-mode dual-band filters A and B.
(b) Even-mode equivalent circuit. (¢) Odd-mode equivalent circuit.

dual-band BPF structures is the stubs loaded on the coupled line
section, a general model as shown in Figure 2(a) is given to represent
two structures shown in Figure 1, where § = 7/2 at f, or fio,
Zar, = JZ 9 tan(20), Zy, = —jZys cot 6, the subscripts a and b denote
the dual-band filters A and B, respectively. Due to the symmetrical
configuration, Figures 2(b) and (c) give the even-/odd-mode equivalent

circuits, where Zi,pyee = Z(ap)el(l + Fpye)/(1 — l{:(a’b)c)]l/2 and
Zapyco = Z(%b)c[(l — k(a’b)c)/(l + k(a,b)c.)]1/2' The subscripts e and
o denote even- and odd- modes, respectively. Subsequently, the one
port even-/odd-mode input impedances can be derived as follows:
Z(a,b)c(e,o) (Z(a,b)L +jZ(a,b)c(e,o) tan 0)
+5Z(ap)1 ta0 0(Z (4 p)c(e,0) T Z(a,p) L tan )
(@0)1(Z(ap)e(e,0) T Z(a,p)r tan 0)

+3Z(ap)e(es0) tANO(Z a5y L+ T Z (0 p)e(e,0) tan )

Z(apyin(e,0) = Z(a,b)1 7 (1)

For the symmetrical and reciprocal network, its frequency response can
be calculated by the following Equation [20].

Z(apyineZ(apyino — 24
Z(apyine T Z0)(Z(a,b)ino + Z0)
Z0(Z(apyine — Z(ab)ino)
Z(apyine + 20)(Z(apyino + Zo)

The even-/odd-mode resonances occur when Z(ap)yine = o0 and
Z(ap)ino = 00, respectively. The transmission zeros (TZs) of the filter
fulfill the condition |S51(4)| = 0. According to these two conditions,

the transmission poles (TPs) and TZs of proposed dual-band filter A
and B can be derived and discussed in the following texts.

S11(ap) = S22(ab) = ( (2a)

So1(ab) = S12(ab) = ( (2b)
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2.1. TPs and TZs of Dual-band Filter A

From Equation (1), the even-/odd-mode TPs of dual-band filter A are
determined by the following Equation:

A(e,o) tan4 <7Tfap(e,o)) —+ B(e,o) tan2 <7Tfap(e,o)> + C(e,o) =0 (3)

2fa0 2fa0
where fq,c0) denotes the even-/odd-mode TPs, the coefficients
Aeo) = ch(e,o)’ Bieo) = ~(Za1Zac(e) + 2Za1Za2 + 2Z02Zac(e.0) +

wa(w)), and C. o) = Za1Zac(e,0)- 1t is clearly seen that A, > 0,
B(e,o) <0 and C(e o) > 0 are always built. For the practical designing
parameters, B(e 0) —44(0,0)Cle,0) > 0. Thus, the dual-band filter A has
four even-mode TPs and four odd-mode TPs within [0, 2f,0], which
can be given as follows:

B? | — ) C
_2fa0 eo +\/ (e,0) (e,0)“ (e,0)
fap(e,o)l - T arctan 2A(e7o) (4&)
—Beoy++ /B2 | —4A, »C
2fa0 (6’0) \/ (e,o) (6,0) (870)
Jap(e,0)2= m—arctan (4b)
p(e;0) T 2A(e,o)
B? ) C
B 2fa0 e 0) \/ (e,0) (e,0)“ (e,0)
fap(e,0)3= - arctan o) (4c)
B(e 0) B2 - (e,0) C(e,o)
Jap(e,0)4= 2fa0 m—arctan \/ (4d)
4 Ateo)

When 6 = 0, 7/2 or 7, Zyine = Zaino can be fulfilled. Thus, the
proposed dual-band filter A has three fixed TZs at 0, f,0 and 2 f,o with
the frequency range [0, 2f,0]. From Equation (1), the TZs of proposed
dual-band filter A can be also given by

A, tan* <7Tfaz> + B, tan® (Wfaz> +C,=0 5

¢ 2faO : 2faO ¢ ( )

where f,, denotes the TZs, the coefficients A, = 2Z,9(Zsce + Zaco) +
ZaceZaCOa B, = *[4232 + 2Za2(Zace =+ Zaco) + 2ZaceZaco]a and Cz =

ZaceLaco. 1t 18 clearly seen that A, > 0, B, < 0 and C, > 0 can be
always built. For the practical designing parameters, B2 —4A,C, > 0.



142 Xu and Wu

As a result, the TZs of dual-band filter A from Equation (5) can be
given as

2fa —B., — /B2 —4A.C.
fazl = f 0 \/ (6a)

= Tarctan 9A.
21 —B, — /B2 —-4A,C,
faz2 = {TO T — arctan \/ 2AZZ ¢ (6Db)

77 z

21, —B, +./B2 - 4A,C,
fazz = foarctan\/ + 2AZ (6¢)

m z

/32
Jaza = 2fa0 T arctan\/ B: + v B; —44.C; (6d)
2A

Therefore, Equations (4) and (6) allow one to determine all
tunable TPs and TZs of dual-band filter A. These TPs and TZs repeat
periodically at every frequency range (2nf,y, 2(n + 1) fu0), where n is
an integer. Within the frequency range [0, 2f,0], these TPs and TZs
are symmetrical along fu,o. It can be found that these TPs and TZs
have the relationship of 0 < fupe1 < fapor < faz1 < fazz < fapes <
fapoS < faO < fap04 < fape4 < faz4 < fazQ < fap02 < fape? < 2faO-
In the practical filter design, it is found interestingly that four TPs
fapets fapols fape2 and fupo2 would not build up the filter passband or
the spurious passband. The fixed TZ at f,o divides four TPs fqpe3,
fapo3s fapea and fopos into two groups, with one even-mode TP and
one odd-mode TP in each group. These two dual-mode groups can
be utilized to form two passbands. Theoretically, two passbands of

dual-band filter A has a symmetrical frequency response along f,0.
Under Z,; = 35 and kq. = 0.35, Figure 3 gives the variation
of fac2/fac1 and 3dB absolute bandwidth (BW,) of dual-band filter
A versus 14 = Zge/Za1 and rq12 = Zg2/Z41, where foc1 2 denote the
CF's of the first passband and the second passband, respectively. As
Tqc increases, faca/fac1 increases while BW, becomes small. As rqi9
increases, fuc2/fac1 decreases while BW, becomes large slowly. For
a dual-band centered at 3.5/6.8 GHz (fac2/fac1 = 1.94), rqc = 4.5
and rg12 = 3.8 can be pre-selected. Under r,. = 4.5 and 7412 = 3.8,
Figure 4 plots the variation of |Sg; | and |S11| versus k4. and Z,;. It can
be seen in Figure 4(a) that k4. and Z,; have minor effect on the CFs
of two passbands and f4.1,234. The BW, of two passbands becomes
large as k. increases, while Z,; almost has no effect on BW, as shown
in Figure 4(b). Therefore, in the dual-band filter A design process,
Tac and rg12 are tuned to achieve the desired foeo/ fac1 firstly, kg is
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Figure 3. Variation of fco/fac1 and BW,/ fao versus rq and r412.
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Figure 4. Variation of |Sa1| and |Sii| versus (a) koo (Za1 = 35Q
fixed), and (b) Zs1 (kae = 0.35 fixed).

then tuned to acquire the desired BW,, Z,1 can be finally optimized
to achieve a good return loss.

2.2. TPs and TZs of Dual-band Filter B

The even-/odd-mode TPs of dual-band filter B can be derived from
Equation (1) as follows:

T fop(e,
Zie(e,0) o’ ( T O)) = Zn(Zix + Zicte.o) + Zi2Zieiec)  (7)
Therefore, the dual-band filter B has two even-mode TPs and two odd-
mode TPs within the frequency range [0, 2fy], of which the frequency
locations are given as follows:

2o Zy1(Zb2+ Zpe(e,0)) T Zb2 Zbe(e,0)
Jop(e,0)1 = ——— arctan 72
m be(e,o0)

(8a)

2

2 Zi(Zya+ Zyete.o) +Zb2 Zpe(e.o |
fbp<e,o)2=@ [W—arctan\/ b1(Zb2+ Zie(e,0)) + 202 Zbe(e.0) (8b)
" be(e,o0)
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Since Zpine = Zpino can be fulfilled when 6 = 0, /2 or m, the
dual-band filter B also has three fixed TZs at 0, fpo and 2 fyg with the
frequency range [0, 2fp]. From Equation (1), the TZs of proposed
dual-band filter B are given by

™
[ZbZ(Zbce + Zbco) + ZbceZbco] tan4 (ﬁ) = Zl?2 (9)

As a result, the dual-band filter B has two tunable TZs within the
frequency range [0, 2], of which the frequency locations are given as

2 VA
Joz1 = Hw arctan\/ 62 (10a)
71'

ZbZ(Zbce + Zbco) + ZbceZbco

Joz2 = @ T — arctan 252
™ ZbZ(Zbce + Zbco) + ZbceZbco

(10b)

Therefore, Equations (8) and (10) allow one to determine all
tunable TPs and TZs of dual-band filter B. These TPs and TZs repeat
periodically at every frequency range (2nfyy, 2(n + 1) fpg). Within the
frequency range [0, 2 fyo], these TPs and TZs are symmetrical along fi.
It can be found that that these TPs and TZs have the relationship of
0< fazl < fapel < fapol < be < fapo? < fapeZ < fazQ < 2be- The
fixed TZ at fpo divides four TPs fy(c.0)(1,2) into two grounds, with one
even-mode TP and one odd-mode TP in each group. These two dual-
mode groups can be utilized to form two passbands. Theoretically,
two passbands of dual-band filter B also has a symmetrical frequency
response along fpo.

Under Z;; = 35Q and ki, = 0.45, Figure 5 gives the variation
of fue2/focr and 3dB absolute bandwidth (BW,) of dual-band filter
B versus ry. = Zpe/Zp1 and rp12 = Zpo/Zp1, where fieq 2 denote the
CF's of the first passband and the second passband, respectively. As
Tpe increases, fpe2/foe1 increases while BW), becomes small. As 7110
increases, both fyea/ fpe1 and BW,, decrease. For a dual-band centered
at 2.4/6.8 GHz (fyc2/ foc1 =~ 2.83), 1p. = 4.0 and ry0 = 3.2 are pre-
selected. Under 7y = 4.0 and 119 = 3.2, Figure 6 plots the variation
of |Sa1| and |S11]| versus kp. and Zp;. It can be seen in Figure 6(a) that
ky. and Zp; have minor effect on the CFs of two passbands and f3.1 2.
The BW, of two passbands becomes large as kj. increases, while Zp;
almost has no effect on BW}, as shown in Figure 6(b). Therefore, in the
dual-band filter B design process, 7. and 1512 are tuned to achieve the
desired fyea/ foe1 firstly, kpe is then tuned to acquire the desired BW,
Zp1 can be finally optimized to achieve a good return loss.
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Figure 5. Variation of |S91| and |S11| versus (a) ke (Zo1 = 358
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Figure 6. Variation of |S2;| and |S11]| versus (a) kye (Zp1 = 3562 fixed),
and (b) Zp1 (kpe = 0.45 fixed).

3. DUAL-BAND FILERS DESIGN AS WELL AS
SIMULATED AND MEASURED RESULTS

3.1. Dual-band Filter A

According to the above discussion, the designing parameters for dual-
band filter A at f,0 = 5.15GHz are optimized as Zi;, = 341,
Zeo = 1489, koo = 0.34 and Zy, = 126€2, which corresponds to
fractional bandwidth (FBWs) of 16%/8.2% and CF's at 3.5/6.8 for the
WiIiMAX and RFID applications. The layout of fabricated dual-band
filter B is given in Figure 7(a). ADS LineCalc tool are used to calculate
the initial physical dimensions. The whole structure is optimized by
full-wave EM-simulator HF'SS, and the optimized physical dimensions
are also labeled in Figure 7(a). The filter fabrication is done by using
standard PCB etching process (0.08 mm minimum gap or width). The
photograph of fabricated dual-band filter B is shown in Figure 7(b).
Its overall circuit size is 15.96 mm x 14.5 mm (not including the feeding
lines), which corresponds to 0.26gAgq x 0.24g)g,, Where gy, represents
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Figure 7. (a) Layout and (b) photograph of fabricated dual-band
filter A.

the guided wavelength of 502 microstrip line at the measured CF of
its first passband on the used substrate.

Figure 8 plots the simulated and measured results of fabricated
dual-band filter A. Good agreement can be observed, and some
slight discrepancies are due to the fabrication error as well as SMA
connectors. In addition, the analysis discussed in the above section
is appropriate for microstrip line due to the unequal even-/odd-mode
phase velocities, which will also cause the difference between the ideal
analysis and the HFSS simulation. The measured CFs and FBWs
of two passbands are 3.6/6.7 GHz and 14.4%/10.4%, respectively.
The measured insertion losses (ILs) at 3.5/6.8 GHz are 0.75/0.85 dB,
and the return losses are better than 20/26dB around these two
frequencies, respectively. The fabricated dual-band filter A has a 20 dB
band-to-band isolation from 4.77 GHz to 5.55GHz, 15dB rejection
lower stopband from DC to 3.27GHz and 10dB rejection upper
stopband from 7.1 GHz to 10.34 GHz.

g8 |

2 -20

=

g 30

&)

= -40 —— Simulated { -

—0- Measured
0 1 2 3 4 5 6 7 8 9 10
Frequency (GHz)

Figure 8. Simulated and measured results of the fabricated dual-band
filter A.
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3.2. Dual-band Filter B

According to the above discussion, the designing parameters for dual-
band filter B at fo, = 4.6 GHz are optimized as Zy, = 368, Zy =
146 Q, ko = 0.43 and Zo, = 1182, which corresponds to FBWs of
45.5%/16% and CFs at 2.4/6.8 for the WLAN and RFID applications.
Figure 9(a) gives the layout of fabricated dual-band filter B. ADS
LineCalc tool is used to calculate its initial physical dimensions. Then,
the whole structure is optimized in full-wave EM-simulator HFSS and
the optimized physical dimensions are also labeled in Figure 9(a).
Figure 9(b) shows the photograph of fabricated dual-band filter B. Its
overall circuit size is 10.92mm x 15.38 mm (not including the feeding
lines), which corresponds to 0.12g\g, x 0.17g\y,, where Ay, represents
the guided wavelength of 50 2 microstrip line at the measured CF of
its first passband on the used substrate.

The simulated and measured results of fabricated filter B are
plotted in Figure 10. Good agreement can be observed, and some

&13 i0.28
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Figure 9. (a) Layout and (b) photograph of fabricated dual-band

filter B.
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Figure 10. Simulated and measured results of the fabricated dual-
band filter B.
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Table 1. Performance comparison with some reported dual-band
BPFs.

CFs (GHz)/ IL at CFs Isolation  Circuit area

FBW (dB) (dB) (%)
[1] 1.0/4.6%, 2.0/4.8% 265,244  >40 023 x 0.17
[2] 2.4/6.3%, 5.2/13.4% 3.0,3.0 > 30 0.48 x 0.6
(6] Filter A 2.4/5.8%, 5.8/2.1% 159,259  >30 0.32 x 0.31
Filter B 2.4/6%, 5.8/1.6% 1.6,2.8 >25 031 x 0.32
[11] Filter 2 1.28/47.6%, 2.35/48.4% 05,2 >40 3.33 X 1.08
[13] 2.3/54%, 5.25/20% 0.8,0.8 >25 03 x 0.3
[15] 2.37/19.5%, 5.8/15.1%  0.55, 1.31  >13 0.07 x 0.15
[16] 2nd filter 2.45/32%, 5.45/13% 1.1,2.5 > 30 0.46 x 0.06
[18] 1.63/28.8%,2.42/22.7%  0.86, 0.97 >15 0.69 x 0.31
[19] Filter A 1.96/57.1%, 5.58/20.8% 0.1,0.8 > 30 0.4 x 0.05
Filter B 1.65/35.1%, 5.25/7.2% 041, 1.1 >20 0.33 x 0.03
Dual-band filter A  3.6/14.4%, 6.7/10.4%  0.75, 0.85 >20 0.26 x 0.24

This work
Dual-band filter B 2.48/43.2%, 6.63/16.5% 0.33, 0.74  >20 0.12 x 0.17

slight discrepancies are due to the fabrication error as well as SMA
connectors. Two passbands centered at 2.48/6.63 with FBWs of
43.2%/16.5% are measured, respectively. The measured ILs at
2.4/6.8 GHz are 0.33/0.74dB, and the return losses are better than
18/30dB around these two frequencies, respectively. The fabricated
dual-band filter B has a 20dB band-to-band isolation from 4.13 GHz
to 5.0 GHz, 18 dB rejection lower stopband from DC to 1.67 GHz and
10 dB rejection upper stopband from 7.3 GHz to 10.6 GHz.

Table 1 gives a performance comparison between this works and
some reported dual-band BPF's, which shows that two proposed dual-
band BPFs have the merits of high in-band performance and compact
size. Moreover, the proposed dual-band BPFs have the simple design
procedures and physical topologies.

4. CONCLUSION

This paper presents two novel dual-mode dual-band BPFs, i.e.,
dual-band filter A centered at 3.5/6.8 GHz for the application of
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WiMax/RFID and dual-band filter B centered at 2.4/6.8 GHz for the
application of WLAN/RFID. Dual-band filter B also has the dual-
wideband property. It has been found theoretically and experimentally
that the fabricated dual-band filters have the merits of low insertion
losses, good return losses, high isolation and compact sizes. The
fabricated filters also exhibit simple design procedures and physical
topologies. Due to these merits, they are attractively used in modern
communication system.
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