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A high-performance planar bandstop filter with extended upper passbands and
improved pass-band return loss is proposed in this article. In this proposed band-
stop filter, a novel three-section stepped-impedance structure is suggested to improve
the pass-band reflections without affecting the desired band-stop and extended upper
passband performances. The analysis and design considerations of this filter are
provided while the proposed design approach is verified by full-wave simulation,
microstrip implementation and accurate measurement of a typical fabricated filter
operating at 1 GHz(f,). Compared to the conventional one, the proposed band-
stop filter has main and obvious advantages of simple single-layer structure, per-
fect band-stop filtering performance (Suppression of better than 20 dB), excellent
low/high pass-band return loss (Reflection of lower than -17 dB) in the extended
upper passbands(Larger than 5.96 f,), and flat group-delay transmission (Variations
of smaller than 0.22 ns). © 2016 Author(s). All article content, except where oth-
erwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). [http://dx.doi.org/10.1063/1.4962668]

I. INTRODUCTION

In advanced multi-function radio-frequency/microwave transceivers, bandstop filters with dif-
ferent performances have been widely applied to reject the unwanted frequencies without affecting
the desired frequencies.'-> Recently, various performances of bandstop filters have been investigated,
such as dual/mutli-band operations,>* size reduction,’ and upper-passband extension.® As an ideal
bandstop fitler, it is always expected that the bandstop performance occurs only at the desired fre-
quencies while the low insertion-loss passband locates at other pass frequency bands. However, due
to periodic characteristics of transmission-line stubs, the odd-number harmonics have bandstop per-
formance in conventional bandstop filters.! Since the first upper-passband extension technology has
been proposed in Ref. 6, many improvements of bandstop filters with wide upper passbands have
been researched in Refs. 7-10. However, the pass-band features in Refs. 7—10 are not perfect when a
single-section configuration is considered. Usually, the reflection coefficients in pass bands are larger
than -15 dB, even -10 dB in some special cases. Recently, novel technologies including the minimum
through-line length,!! hybrid microstrip/CPW-DGS with via-hole connection,'?> and dual-coupled
resonators'? are proposed to design narrow-band or wide-band bandstop filters. However, the upper
pass-band bandwidths in Refs. 11-13 are very narrow, indicating the limited upper pass band.

In order to improve the pass-band performance of bandstop filters with maintaining wide upper
passband bandwidth in a single structure, a novel three-section stepped-impedance structure is
proposed in a new high-performance planar bandstop filter. The parameter analysis and design con-
siderations of this proposed filter are provided while the proposed design approach is verified by
full-wave simulation, microstrip implementation and accurate measurement of a typical fabricated
filter operating at 1 GHz (f,). Compared to the conventional one, the main and obvious advantages
of this proposed bandstop filter include a simple single-layer structure, perfect band-stop filtering
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performance (suppression of better than 20 dB), excellent low/high pass-band return loss (reflection
of lower than -17 dB) in the extended upper passbands (larger than 5.96 f,), and flat group-delay
transmission (variations of smaller than 0.22 ns).

Il. CIRCUIT CONFIGURATION AND DESIGN THEORY OF THE PROPOSED
BANDSTOP FILTER

In order to illustrate the novel design concept and optimization process of the proposed bandstop
filter, a general Pi-type circuit network model with completely defined circuit parameters is shown
in Figure 1(a). According to the typical bandstop filter without performance enhancement,! a uni-
form transmission line and two 90-degree open stubs are used to construct the simplest bandstop
filter, as shown in Figure 1(b). To achieve enhanced upper passbands, an improved bandstop filter
with stepped-impedance stubs is developed in Refs. 6,7 while the corresponding circuit configura-
tion is presented in Figure 1(c). In general, a high-performance planar bandstop filter should have
extended upper passbands and improved pass-band return loss, simultaneously. In this proposed band-
stop filter, as shown in Figure 1(d), a novel three-section stepped-impedance structure is proposed
to improve the pass-band reflections without affecting the desired band-stop and extended upper
passband performances.

The scattering parameters of two-port general network model in Figure 1(a) can be calculated by

AR(fIRo + Bi(f) = CL(IRG ~ DE(f)Ro

Sh(f)=— 4 ‘ . , (1)
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FIG. 1. The general network model and circuit parameters (a) of general Pi-type filters, (b) the conventional bandstop
filter with narrow upper passband (Type I),! (c) the improved bandstop filter with wide upper passband (Type I1),%7 (d) the
proposed bandstop filter with extended upper passbands and improved pass-band reflections.
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and Ry is defined as the port impedance of the filters.! In theory, three types of bandstop filters are
based on the general network model in Figure 1(a). For the simplest bandstop filter (Type I, i = 1) in
Figure 1(b), the circuit parameters are given by

. tan[03(f)]
Kb (i =, (4)
S
AL(Na=1y  BR(fa=n| [ [05())]  jZ7 sin[67 (f)] )
Ch(Pi=y  Di(P=n] | g2 cosles(h]

For the improved bandstop filter (Type II, i = 2,%7) shown in Figure 1(c), the circuit parameters can
be expressed as

Z%, tan[62,(f)] + Z&, tan[63, ()]

Ki(f)i= , (6)
(o= = zglzgz 7k 7} tan[6%, (f)]tan[62, ()]

Az By(Diey | _ [T 2 sinl0z ()] o

Ci(Na=2  Di(fi=2) ’ZM cos[65(f)]

When three-section stepped-impedance structure is proposed in this paper, as shown in Figure 1(d),
a new type (Type III, i = 3) high-performance bandstop filter is constructed. Its circuit parameters
have been provided by

Zp tan[ 9p2(f) +Zp tan[ 9p1(f)

Ki(f)i=3 =J , ®)
T Z§'IZ’S’2 Zg, Z¢, tan[bg, (f)] tan[6g, (/)]
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C%(f)(i:3) iT(f)(i 3)
cos[6, ()] jZR, sinl6%, (1] [coslbhy ()] jZh, sin[6h, ()] [coslf, (N JZE, sin[6F, (/)]
 sin[67, ()] jsin[60, (/)] jsin[6, (/)] )
’—Zr cos[07, (/)] ’—Zgj cos[6,(f)] ’—Zr cos[6h, (f)]

In the above equations (1)-(9), the frequency f can be considered as a controllable variable for different
operating bands. In the design process, this frequency f can be chosen as the center frequency of
the bandstop filters, namely, fy. For ease of theoretical explanations and examples verifications, we
choose fop = 1 GHz for all examples of bandstop filters.
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FIG. 2. The practical impedance Z’s)2 and frequency ratio & versus electrical length Hg .
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FIG. 3. The calculated scattering parameters of three types of bandstop filters: (a) Type-I bandstop filter, (b) Type-II bandstop
filter, and (c) Type-III bandstop filter (Proposed).

It can be found that the bandstop frequency occurs when the condition K%( fo) = oo is satisfied.
Using (8) and the condition K%( fo) =0, we can obtain a simple equation as

70 =72, tanl6, (fo)] tan[6,(fo)]. (10)
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In addition, when the first upper external bandstop frequency f occurs and 05(f) = 65, (f) = 65, (f)
is considered, the equation (10) is also satisfied and the following relationship should be
assured:

tan’[05(fo)] = tan®[05 (f1)]. (11)
Here, based on (10) and (11), we can obtain the final mathematical expression for f:

1807

U

Jo- (12)

In practical microstrip implementation, the common highest available value of characteristic
impedance is 120 Q. Therefore, we choose Zgl =120Q. When different electrical lengths GIS’ at
fo are used, the corresponding practical impedance Zgz and frequency ratio h = f/fy are pre-
sented in Figure 2. When 9‘;( Jfo)=22°, the value of Zgz is approximately equal to 19.6Q and
the frequency ratio h is approximately equal to 7.18. This information is located in the points
P1 and P2 in the Figure 2. In this special case, the frequency ratio % is the largest and the
electrical length HIS) is the shortest when the lowest available value of characteristic impedance
is limited by 19.6Q, indicating the widest available upper passband of the proposed bandstop
filters.

Next, three typical calculated examples are designed for three different types of bandstop filters.
In the first bandstop filter (Type 1), the circuit parameters are Z% =500, 6%( fo)=90°, Zg =76, and

05(fo) =90°. The scattering parameters Sy =Si:1é(f) and S =S§:1;(f) are shown in Figure 3(a).

In the Type I bandstop filer, the bandstop performance occurs at both 3 GHz and 6 GHz, and the
upper passband B in Figure 3(a) is not very wide. In the second bandstop filter (Type II), the circuit
parameters are Z2 = 50 Q, 62(fo) =90°, Z5, =100 Q, 65, (fo) =23°,Z%, =20 Q, and 2, (fy) =23°. The
scattering parameters Sy; = S’fH%( f) and S3; = S;%( f) are shown in Figure 3(b). It can be observed
that the upper passband outside of C and D in Figure 3(b) is not perfect and the insertion loss is high.
In the final proposed bandstop filter (Type III), the circuit parameters are Z% =68 Q, 01'}1( fo)=23°,
ZF, =120Q, 6, (fo) =46, Zg, =100 Q, 0% (fo) =23°, Z, =20 Q, and 65, (fo) = 23°. The scattering
parameters S1; = Si73.(f) and Sy; = S573.(f) are shown in Figure 3(c). It is very obvious in Figure 3(c)
that the reflection coefficients are lower than -20 dB in both the low passband E and high passband F.

FIG. 4. The layout of the fabricated bandstop filter with physical dimensions and the photograph of the practical circuit.
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FIG. 5. The simulated and measured results of the fabricated bandstop filter. (a) scattering parameters, and (b) group delay.

It is very interesting that the highest pass-band frequency of the area F is almost equal to 5.98 GHz
(h=5.98).

Finally, for clearly presenting the design steps and conveniently following this proposed
research approach for readers or engineers, a simple design procedure in details is summarized as
follows:

1) According to the special requirements in practical research projects, set the operating frequency
fo and the desired frequency ratio 4 under the limitations shown in Figure 2.

2) Based on the circuit structure shown in Figure 1(d) and the analyzed equations (1-3,
8-10), choose proper circuit parameters to obtain the desired pass-band return loss and
bandstop performances. One typical case of the common optimum circuit parameters and
ideally calculated scattering parameters are given in Figure 3(c). If the designers want
to neglect the optimization process, please directly choose the given Type-III example in
Figure 3(c).

3) Transform the ideal transmission lines to practical lines, such as microstrip and CPW, by using
a chosen substrate with the known relative permittivity, thickness, and loss tangent.

4) Carefully tune the final circuit layout and full-wave simulation results to satisfy the final
requirements.
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TABLE I. Performance Comparison of Bandstop Filters.

Bandstop

Operating Bandwidth Low Pass Band Upper Pass Band Matching
Refs. Frequency (1S711<-20 dB) (I1S111<-17 dB) (I1S111<-17 dB) Technologies
7 ~ 2 GHz ~12.5% ®° 3.5~9 GHz (h = 4.5) UL?
8 ~ 1 GHz ~30% ®° ®° Three-Line CLsP
9 0.46 GHz ~25% ®° ®° Two-Line CLs®
11 ~ 3.0 GHz ~15% 0.5~2.96 GHz 3.04~3.6 GHz (h = 1.2) Non-Resonating Node
12 5.44 GHz 35.5% 0.2~4.0 GHz ®° uL?
13 0.5 GHz ~ 7% 0~0.47 GHz 0.65~0.95 GHz (h ~ 1.9) Short-Through Line
This work 1.01 GHz 36.45% 0~0.45 GHz 1.72~6.02 GHz (h=5.96) Three-Section SIS

4Uniform Line (UL).

bThree-Line Coupled Lines (CLs).

¢Two-Line Coupled Lines (CLs).

dThree-Section Stepped-Impedance Structure (SIS).
¢®: Unavailable.

lll. FULL-WAVE SIMULATION AND EXPERIMENTAL MEASUREMENT
OF THE FABRICATED BANDSTOP FILTER

As an experimental verification for this proposed bandstop filter, a microstrip example oper-
ating at 1 GHz is designed, simulated, and measured by using a Rogers 4350B substrate of the
relative permittivity of €, = 3.48, the thickness of h=0.762 mm and the loss tangent of 0.0037. The
planar circuit layout with defined physical dimensions and the fabricated bandstop filter are demon-
strated in Figure 4. The accurate values of physical dimensions are wy = 1.66 mm, w; = 0.89 mm,
wy =0.206 mm, w3 =0.31 mm, wy =6.1 mm, [o=15mm, /; =11.57 mm, [, =24 mm, /3 =11.87 mm,
and /4 = 10.73 mm.

Figure 5(a) shows the simulated and measured scattering parameters. The measured 20-dB
insertion-loss (IS31/<-20 dB) bandstop bandwidth is from 0.83 GHz to 1.20 GHz (the fractional
bandwidthis 36.45%). When the 17-dB return-loss (1S111<-17 dB) limitation is considered for defining
the measured pass-band bandwidth, the available low pass band is from DC to 0.45 GHz (M1) and the
upper one is from 1.72 GHz to 6.02 GHz (M2). The measured center frequency of the bandstop band
is 1.01 GHz and the highest -17-dB reflection-coefficient upper pass-band frequency is 6.02 GHz,
indicating f; = hfy = 5.96 f. In general, there is a good agreement between simulated and measured
results in Figure 5(a). Figure 5(b) shows the simulated and measured group delays of upper pass band
(2~6 GHz). It can be observed that the measured group delay in the band of 2.0 to 5.5 GHz is almost
0.59 £0.11 ns.

In order to highlight the advantages of this proposed bandstop filter, the performance comparison
between the proposed filters and other published filters is listed in Table I.

IV. CONCLUSIONS

A novel planar bandstop filter with a simple structure and optimum parameters is proposed in this
paper. The two main advantages of this bandstop filter are very wide upper passband (the maximum
upper frequency ratio is near 6) and practically acceptable return-loss (larger than 17 dB) in both low
and upper pass bands. The total design theory and performance predication have been verified by
microstrip implementations. It can be expected that this proposed high-performance bandstop filter
will be used or integrated in radio-frequency/microwave/millimeter-wave transceivers or other types
of systems.
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