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Abstract — A high selectivity bandpass filter with
multiple transmission poles (TPs) and transmission zeros
(TZs) has been presented. By employing three pairs of
parallel-coupled lines and two shorted stubs, sharp roll-
off skirts and high stopband rejections can be achieved
with five TPs and ten TZs. Theoretical analysis is
explained and simulated results are illustrated on this
high-performance filter. Finally, a bandpass filter example
with center frequency of 2.15 GHz and 3-dB fractional
bandwidth of 19% is designed, fabricated, and measured.
It is shown that the measured transition band roll-off
rates are better than 425 dB/GHz. Good agreement
between the simulations and measurements validates the
design method.

Index Terms — Bandpass filter, parallel-coupled lines,
roll-off rates, shorted-circuit stubs, transmission poles,
transmission zeros.

L. INTRODUCTION

Microstrip bandpass filters (BPFs) have drawn
much attention to researchers due to their simple
structure, small size, and easy fabrication. In recent
years, BPFs using parallel-coupled lines are widely
studied because the high accuracy and consistency of the
filter circuit can be easily guaranteed [1-3]. Various
structures using parallel-coupled lines loaded with stubs
are designed for constructing high-performance filters,
including open/shorted stubs [4-6], stepped-impedance
stubs [7-9], and open/shorted coupled lines [10, 11].
Although wideband characteristics has been achieved in
many filter designs, high frequency selectivity and
excellent stopband suppression are facing the challenge
due to lack of transmission zeros (TZs). In order to
realize more pairs of TZs in the stopband, dual-mode
ring resonators loaded with open stubs and open/shorted
coupled lines have been proposed in [12]. However, this
design method leads to large size of the filter circuit,
which cannot meet the requirements of miniaturization.

In this paper, a high-selectivity BPF using three
pairs of coupled lines loaded with two shorted stubs is
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proposed. Compared with our previous work [13], this
BPF can generate two more TZs in the stopband by
employing two quarter-wavelength shorted stubs to the
34/4 parallel coupled lines. Therefore, sharper roll-off
skirts and high out-of-band rejection can be achieved
with five TPs and ten TZs. For demonstration, a filter
example with 3-dB fractional bandwidth (Af) of 19%
and operating center frequency at 2.15 GHz is fabricated,
whose simulated and measured results are in good
agreement.

II. BPF STRUCTURE AND DESIGN

Figure 1 shows the ideal circuit of the proposed BPF
with three pairs of parallel-coupled lines and two shorted
stubs, which can achieve high performance of ten TZs
and five TPs. A pair of 14/4 parallel-coupled lines (even/
odd-mode characteristic impedance Zoez, Zooz2, €lectrical
length 8, #=90° at the center frequency of fo) in the
middle are cascaded with two pairs of 314/4 parallel-
coupled lines (even/odd-mode characteristic impedance
Zoe1, Zoot, electrical length 36) at two sides. Two shorted
stubs (characteristic impedance Z, electrical length 6)
are loaded on the end of two pairs of 3144 parallel-
coupled lines, respectively. The characteristic impedances
of the two feed lines at the input/output ports are both Z,.
For further demonstration, theoretical analysis and design
of the high selectivity BPF will be illustrated below.

The comparisons of the simulated transmission and
reflection coefficients between the proposed BPF (i.e.,
BPF loaded with shorted stubs) and the BPF in [13] (i.e.,
BPF without shorted stubs) are shown in Figs. 2 (a) and
(b), respectively. There are five TPs located at the two
sides of the operating frequency fo=1 GHz for generating
a passband. Besides, ten TZs within the stopband are
achieved. The impedance matrix deduction can be used
for analyzing this BPF circuit. From Fig. 1, we can obtain
that V2 = Vs, |2 = -ls, V3 = Vg, I3 =-lg, Vg = Vg, lg = -lg,
V7=V, Iz = -lp, and ls = 111= -jV4/(than9). [Z]al and
[Z]° denote the impedance matrice of the 314/4 and
Agl4 parallel-coupled lines, respectively. The overall
impedance matrix Z’ of the filter can be calculated as:
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The reflection coefficient S;3 and transmission
coefficient Sy1 can be expressed as:
_(24-2))(2Z,+2,)-Z,Z,,
N : T !
(Zn + Zo)(zzz + Zo) - Z12221

and
Sp="= 222120 e (2)
(211 + Zo)(zzz + Zo) - 212221
Based on the impedance matrix deduction, TPs can

be calculated by setting S11=0. Through calculation, five
TPs can be obtained and illustrated as below:
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Compared with our previous work, i.e., BPF without
shorted stubs, this proposed BPF can generated ten TZs,
the four TZs ftz1, ftz4, ftz7 and ftz10 keep unchanged whose
positions can be expressed as”

2 4
fm:O’ fu4:§fov flz7:§f01 f1z10:2f0' 8

Another six TZs within the stopband at the frequency
range from 0 to 2fo can be obtained through calculation
by setting transmission coefficient S21=0. Moreover, the
positions of the two TZs ftz5 and ftz6 are located more
close to the passband than the BPF without shorted stubs,
as seen in Fig. 2 (a). Thus, the roll-off skirts of the
passband will become sharper to further improve
frequency selectivity.
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Fig. 1. Ideal circuit of the BPF with ten TZs.
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Fig. 2. Simulated results on ideal circuit of (a) S21 and (b)
S11 with #=90°, Z¢=50 Q, Z;=160 Q, Zp:1=158 Q, Z00:1:=60 Q,
Z0e2=109 Q, Zp02=66 Q.

Figure 3 illustrates the simulated |S21| against Z1 and
k2 [k2 = (Zoe2 - Z0o2)/ (Zoe2 + Z0o2)]. Seen from Figs. 3
(a) and (b), the four TZs ftz1, ftz4, ftz7z and ftz10 remain
unchanged as the parameters Z1 and k2 shift, whereas the
other six TZs ftz2, ftz3, ftz5, ftz6 and ftz8, and ftz9 will be
adjusted. The 3-dB fractional bandwidth Af almost keep
unchanged as Z1i varies, In contrast, when k2 varies
slightly, Af will be changed very obviously.

Except for the TPs, TZs and Af, the concerned
characteristics of BPF mainly include maximal out-of-
band [S21| (Ts), maximal in-band |S11| (Tp) [4] and
transition band roll-off rate (§rRoR) [5]. Figures 4 (), (b),
(¢) show the corresponding variations of Af, Ts and Tp
against the parameters Z1, k1 and k2, respectively, where
K1=(Zoe1 - Zoo1)/(Zoe1 + Zoo1), ko=(Zoe2 - Z0o2)/(Zoe2 +
Zoo2). As seen in Fig. 4 (a), Ts and Tp will both decrease
when Z1 increases, which indicates that both of the in-
band and out-of-band characteristics will be improved.
When the parameter k1 increases as seen in Fig. 4 (b), Ts
will grow up slightly but Tp will decrease and then rise
up, while the bandwidth Af will fall down from 18.6% to
17.4% directly. In contrast, as k2 increases, Ts will almost
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remain unchanged but Tp will reduce and then go up,
while Af will rise up simultaneously as seen in Fig. 4 (c).
Note that the Af will be rise from 16% to 20% when k2
increases under the return loss condition of over 10 dB
within the passband. Consequently, it indicates that the
3-dB fractional bandwidth of the filter is mainly
determined by the pair of Ag/4 coupled lines. In addition,
due to the minimum dimension limitation of the
fabrication, the width of the microstrip line and the gap
of coupled lines must be no smaller than 0.1 mm on the
substrate.
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Fig. 3. Simulated |S21| (a) versus Z1, where Zoe1=158 Q,
Z001=60 Q, Z0e2=109 Q, Z001=66 Q; and (b) versus k2,
where Z1=160 Q, Z0e1=158 Q, Z001=60 Q, Z0e2=109 Q.

From the above analysis, it is observed that the
parameter k2 affects the Af and Tp. On the other hand,
it is also related to the coupling coefficient between
the two one-wavelength ring resonators, thereby having
impact on the in-band characteristics. The coupling
coefficient can be expressed as [14]:

k= :tES - :tél . (9)
+

tp5 tpl

where fip1 and fis denote the first and last transmission
poles, respectively. Taking the layout in Fig. 5 (a) for
instance, as shown in Fig. 5 (b), the coupling coefficient
will increase slightly to the peak and then decrease when
s; increases. Moreover, Fig. 5 (c) illustrates the external
quality factor Q. variation with the change of s2, where
Qe will increase gradually and become flat as s2 increases.
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Fig. 4. Calculated Af, Ts and Tp, (a) versus Z1, (b) versus
k1, and (c) versus k2.

471



472

via . 0.5
23.3 51|_3Ig 0.1 X
K=
78.3
0154,
25.6
1.0
054))
Y 'Q
Port 1 ; 1 |Port2
2.7
(@)
0.22
< 0.20
£ _—
q:{; o \O
£ 0.18 \
8 o
S 0.164
g ™~
(]
0.14

10.2 4

10.0 1 /
9.8- A/

<3
(o4

9.6 /
9.4 /

9.2+ a

9.0 T T T T T T
0.0 0.4 0.8 12 16 2.0 24

S2

(©
Fig. 5. (@) Layout of the proposed BPF (unit: mm,
substrate: relative permittivity of 2.65, thickness of 1 mm),
(b) coupling coefficient k changes with the value of s1,

where s,=1.62 mm, and (c) external quality factor Qe
changes with the value of s2, where $1=0.42 mm.

III. EXPERIMENTAL RESULTS

According to the analysis and discussion above, a
bandpass filter with center frequency at 2.15 GHz is
designed. The final parameters for the filter circuit in
Flg 1are: Zo=50 Q, Z0e1=158 Q, Z001=60 Q, Z0:2=109 Q,
Z002=66 Q. 7,=160 Q and 6=90°. Furthermore, the 3-dB
bandwidth is chosen as 19%, and the printed bandpass
filter prototype is fabricated on the substrate with relative
permittivity of 2.65 and thickness of 1 mm as illustrated
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in Fig. 5 (a), where 51=0.42 mm and s,=1.62 mm. Figure
6 shows the photograph of the fabricated filter.

Fig. 6. Photograph of the fabricated BPF.

The simulated and measured results of Fig. 6 are
shown in Fig. 7, which are in good agreement. The
measured insertion losses are less than 1.8 dB while
the return losses are greater than 11.5 dB within the
passband (1.98-2.33 GHz). The simulated lower and
upper transition band roll-off rates ErROR are both better
than 486 dB/GHz, while the measured counterparts are
both over 425 dB/GHz. In addition, over 31 dB lower
stopband can be achieved, while the upper stopband
rejection is more than 23 dB from 2.41 to 4.24 GHz.
Besides, due to the existing second harmonic around
4.49 GHz, the stopband rejection is over 13 dB from 2.41
to 6 GHz.

Table 1 tabulates the performance comparisons of
the proposed BPF with some previous works, and it can
be seen that the presented study has sharper roll-off
skirts to realize high frequency selectivity with ten TZs.
Compared with some previous BPFs, not only more TZs
can be realized for improving stopband rejection, but
also high transition band roll-off rates can be obtained in
this BPF.
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Fig. 7. Simulated and measured S-parameters of the BPF.
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Table 1: Performance comparisons with some previous
BPFs

e 125 ot [ o] hon
41| 5 | 6 |6L7%| 1750213 | >15(2.7f) | 0.68x0.53
1 | 7 | 4 | 78% | 288/175 | >35.1 (26f) | 0.56x0.23
[71A| 5 | 6 | 70% | 8U121 | >21(26f) | 053x0.41
[71B| 5 | 6 | 37% | 94/120 | >23(2.8f) | 0.61x055
[121 | 5 | 8 |206%| 175/380 | >20(2.9f) | 1.06x0.61
[13] | 5 | 8 | 19% | 3400425 | >18(3f) | 0.39x0.28
[15] | 2 | 7 | 83% | 13002156 | >12(26f) | 0.4x0.26
;Drlsk 5 | 10 | 19% | 425/567 >>2133(%§:§) 0.49%0.28

*Transition band roll-off rates Eror=|0-20d5-0-d8|/|f-2008-F-3d8|, Where 020348
denotes the 20/3dB attenuation point, and fjo.3ss is the 20/3dB
passhand frequency of |[Sy|. L and U denote lower and upper transition
band roll-off rates, respectively. **1q: guided wavelength of the 50 Q
microstrip line at the center frequency.

IV. CONCLUSION

A high selectivity bandpass filter using three pairs
of coupled lines loaded with shorted stubs has been
presented in this paper. By employing three pairs of
parallel-coupled lines and two shorted stubs, sharper
roll-off skirts and good stopband rejections can be
achieved with five TPs and ten TZs. Finally, the
simulations and measurements of the demonstrative
filter are in good agreement. The measured transition
band roll-off rates can be up to 425 dB/GHz, which is
much higher than those of the previous reported works.
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