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Abstract. A new method for designing a compact mi-
crostrip lowpass filter (LPF) with wide stopband
width (SBW) and sharp roll off (ROF) is presented. In the
proposed designing procedure, high impedance microstrip
lines are bent to achieve an LPF with compact size. Then,
to compensate for the effect of bending microstrip lines, the
lengths of the lines are mathematically modified. Moreo-
ver, adding a suppressing cell composed of a radial stub
resonator and a butterfly stub resonator increases the
SBW. Also, an elliptic filter structure is used to obtain
sharp ROF. In this work, an LPF with 1.12 GHz cutoff
Srequency, 0.147 Ay x 0.133 A, filter size; where Ay is the
guided wavelength at cutoff frequency, the SBW equal to
13.4 GHz, and the ROF more than 201 dB/ GHz, is de-
signed, simulated and fabricated to demonstrate efficiency
of the proposed method. Also, the other conventional char-
acteristics for the fabricated LPF such as 0.3 dB insertion
loss, 14.4 dB return loss, and suppression factor equal to
2.2, are in the appropriate range of their amounts.
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1. Introduction

In recent decades, the communication systems, espe-
cially the microwave applications, benefited from the mi-
crostrip filters. The lowpass filters (LPFs) are widely used
in most of the communication systems to reject unwanted
high frequency signals from system answers [1], [2].
Newly, researchers tried to improve microstrip LPF char-
acteristics such as increasing relative stopband bandwidth
(RSB), sharpening roll off (ROF), compacting LPF nor-
malized circuit size (NCS), obtaining low insertion loss
(IL) and high return loss (RL) in the passband region, and
enhancing suppression factor (SF) in the stopband zone;
whereas the ROF, the NCS and the RSB were more con-
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sidered [3—-21]. It should be noted that the RSB, NCS, ROF
and SF parameters are commonly used for the LPF and are
defined in article [3]. To obtain the high ROF in an LPF
that is proposed in [4], stepped impedance modified T-type
with stepped impedance stub is used, but it does not have
high RSB and the IL is not in the appropriate range. In [5]
an LPF using T-shaped resonators is presented to achieve
asharp transition skirt; however its RSB is very small.
In [6], the proposed LPF is comprised of three coupled
stepped impedance resonators to create the high ROF,
while one of disadvantages of this work is the low SF. In
some of the reviewed articles, the NCS is more considered.
In [7], a folded three-element LPF is proposed to achieve
compact size, but its ROF is very low. In other two works
[8], [9] the feeding lines are folded to reduce filter size,
nevertheless in [9] the RSB is not high and in [8] the ROF
is middle and the RSB is also low. Considering the im-
portance of the RSB in the LPF many of the recent papers
try to improve the RSB [10-18]. In [10-12] by using
stepped impedance resonators the LPFs are designed, and
although those have good RSB, their ROFs are very low.
In another article [13], the LPF structure is composed of
a defected rectangular-shaped resonator and a rectangular
shape resonator as a suppressing cell, and amount of its
RSB is high, also its NCS is low, nevertheless its ROF is
not appropriate. An LPF with wide stopband and low NCS
using triangular-shaped resonator is presented in [14], but
its ROF is low. Other structures which are used for LPF
designing include defected ground structure (DGS) to
improve the RSB [15-18]. It is true that using the DGS
improves the stopband width, but it complicates filter de-
signing. Also the LPFs that are presented in [15-18] have
not high ROF. In another effort an LPF with ultra-wide
stopband is proposed [19], while its ROF is moderate and
its IL is not acceptable and it also has a complex design. In
article [20], using a meandered semi-hairpin resonator
which is combined with a suppressing unit, an LPF with
wide stopband and small NCS is presented and the disad-
vantages of it are small ROF and complexity in filter de-
sign. In [3], an LPF with good ROF and RSB consisting of
two resonators with different triangular patches and four
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high-low impedance resonators as suppressing cells has
been designed. Finally, in [21], another LPF with good
ROF and RSB consisting of three cascaded resonators with
different semi-circle patches and four suppressors em-
ploying radial stubs has been proposed. But in the last two
filters, the NCS is relatively large and those have complex
design, too.

In this paper, the use of an elliptic filter structure
causes a high ROF. To achieve miniature filter size, the
high impedance microstrip lines are bent and their lengths
are modified by mathematical analysis. Then as a result of
adding suppressing cell, which it consists of a combination
of a radial stub resonator and a butterfly stub resonator, the
RSB increases. At last, to show efficiency of the designed
LPF, it was fabricated and measured.

2. LPF Design Process

2.1 Conventional Elliptic LPF Design

Due to the desired characteristics of an elliptic filter
such as high ROF, high SF, and low IL, a six-pole elliptic
LPF with 0.1 dB passband ripples and 1.1 GHz cutoff
frequency is introduced. Figure la shows the LPF
prototype circuit with lumped elements. In Fig. 1b layout
of the six-pole microstrip LPF is depicted. All inductors
and capacitors are realized using high-impedance and low-
impedance lines respectively. Characteristic impedance for
high-impedance lines Z; =131Q, and characteristic
impedance for low-impedance lines Zyc=20Q are
selected. In addition, to calculate high-impedance line
lengths /;; for i =1,2,...,5 and low-impedance line lengths
l; for j=2,4,6, substituting the corresponding parameters
from Tab. 1 in (1) is used [2]:

A .
I, = —=sin”! ( 27[fCL"),
2r Zy (1)

l _ ﬂ’gC s -1
o ==_sin" 2nfZ,C))
2

Lo

Fig. 1. The conventional elliptic LPF: (a) The prototype

circuit with lumped elements. (b) Layout.
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Sym. | Value | Sym. | Value | Sym. | Value [ Sym. | Value

L, 4.7378 L, 3.3256 L; 7.9020 Ly 6.7163

Ls 7.5280 C, 2.9041 C, | 22371 Co | 2.9557

Iy 7.2 s 5 I3 12.2 | 10.3

Iis 11.6 I 10.5 Iy 8 lce 10.7

Wy 1.86 WL 0.2 We 6.5 Zy 50

Aol 178.4 Aec 158.4 o1 1.298 o2 1.619

Tab. 1. The values of inductors [nH], capacitors [pF], /O
characteristic impedance [Q], poles frequency [GHz],
wavelengths [mm], widths [mm] and lengths [mm]
related to Fig. 1.

where f. = 1.1 GHz is the desired cutoff frequency and Ay
and A,c are guided wavelengths for high-impedance and
low-impedance lines at f; respectively.

For the LPF with lumped elements two finite-fre-
quency attenuation poles occur at f,, and fy, that are pre-
sented by (2). The values of f,; and f,, are also given in
Tab. 1 along with other related values in Fig. 1.

1

Jon = 27L,C,° @)

P
® orLC,

The compensating for the effect of connecting induc-
tor L, to capacitor C, which is a discontinuity with differ-
ent widths, the simultaneous compensation for the un-
wanted susceptance at the junction of the inductive lines
for L, L,, and Ls, is achieved by correcting /, and /¢,
while /1, and /;; are kept unchanged. For this purpose,
equation (3) is solved by substituting the cutoff frequency
Je and the attenuation pole frequency f;, instead of /'[2]:

! _ 3
orarerens il SO TN

where according to Fig. 1b, By, (f) specifies the suscep-
tance of L, and C, branch which was implemented by mi-
crostrip lines and will be obtained by (4):

Bb2(f) = ! 1 ) (4)
X -
D=5
Xo(f) = Zyy sin j”é}%) + Zye tan( ;’(C})x 5)

_ b2l b A, (6
Bea(f) =5 sin(GmEy 4o —an( o) ©

Note that the second term on the right in (5) shows
the effect of low impedance line in the step connection
related to L, and C, branch. Similarly, the second term on
the right in (6) shows the effect of high impedance line in
the step connection related to L, and C, branch. In (3)
Bt (f) is unwanted susceptance resulting T-junction be-
tween three high impedance lines /., /i, and /; ; and it can
be written as (7):
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Fig. 2. The simulated S,, parameters for the LPF with lumped
elements and for the LPF with microstrip layout before
and after correcting by (3).
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Also for L, and C4 branch an equation similar to (3)
should be written by replacing the parameters correspond-
ing to it then solved at f; and f,;. After correcting, the
lengths of the corrected lines are obtained as /;, =4 mm,
lcz =10.7 mm, lL4 =9.2 mm and lc4 =7.7mm. In Flg 2 S2l
parameter responses for the LPF with lumped elements and
microstrip layout before and after correcting by (3) are
illustrated. As shown in Fig. 2 locations of f;,; and f;, in the
LPF with microstrip layout after correcting by (3) and the
LPF with lumped elements are almost matched.

2.2 Compacting LPF Size

The dimensions of the filter can be reduced by using
the technique of bending high impedance microstrip lines.
Of course, it should be noted that bending the microstrip
lines causes unwanted effects on the values of inductors
and capacitors implemented with microstrip lines. To cor-
rect the deviation in the inductor and the capacitor values,
which means deviation in electrical length of microstrip
lines, the physical length of the lines must be modified. For
example, Figure 3 shows how /, and /; ; are bent to reduce
the filter size.

) ZLSS L_

lL32

(a) (b) ~ (c)

Fig.3. Bending microstrip lines to reduce filter
size: (a) Before bending, (b) after bending, (c) detailed.

To modify the deviation caused by bending of /;, and
I3, susceptance Bpey (f) that is presented in (8) is added to
the right side of (3). Then (3) can be rewritten in form
of (9):

Zy 7 ﬁ)mm( LE?))
L G GG
SRl
27fL, - (12@@2)1 = By () + Br(f)+ Bogon (1) ©)

The values of [;3;=3.2mm, /;3,=8.1 mm and /;33=
0.9 mm are considered but the values of /,; = 1.3 mm,
L =12mm and /5,3 = 1.5 mm are first estimated. After
solving by substituting the cutoff frequency f; and the at-
tenuation pole frequency f,, instead of f'in (9) new values
for [,=3.5mm and /e, =11.7 mm are obtained. After
determining new values for /i, and /¢, new values /5=
1.1mm, /;,,=1mm and /;,3=14mm can be selected
accordingly. Correction the lengths of /i 4 and /4 are simi-
lar to the method described in this section and could be
done by replacing the parameters proportional to the L,C,
branch. After the correction process of the L4C, branch,
values of /{4 = 8.5 mm and /o4 = 8.3 mm are obtained.

Figure 4 illustrates EM simulated S,; parameters for
modified bended layout by (9) for L,C, branch which is
shown in Fig. 3b (and L4C, branch but not shown), beside
S,, parameters for the lumped elements circuit correspond-
ing to connection of L, L,, L; and C, (or Lj, Ly, Ls and Cy4
for L,C, branch). Also, Figure 4 shows EM simulated S;;
parameters for unmodified bended layout of L,C, and L,C;4

Magnitude (dB)

Lumped el

ts-1.2C2 ‘(

270 | s Corrected microstrip-L2C2

----------- Not corrected microstrip-L2C2
ts-1L4C4
g | remmmmes Corrected microstrip-L4C4

-80

Lumped el

—————— Not corrected microstrip-1L4C4

0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency (GHz)

Fig. 4. The S, parameters of the L,C, or LsC, branches: solid
line (or bold solid line) for L,C, (or L4C,) branch with
lumped elements, dot line (or bold dot line) for L,C,
(or L4Cy4) branch with microstrip lines which bended
then corrected with (9), and finally dash line (or bold
dash line) for L,C, (or L4Cs) branch with microstrip
lines which bended but not corrected with (9).
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branches for comparing. As shown in Fig. 4 the location of
Jp1 and f, deviate by bending microstrip high impedance
lines from values predicted with (2) however, the correc-
tion of the microstrip line lengths by (9) can match the
values of f,; and f,, to values which obtained by (2). The
S,; parameters for the corrected bended microstrip layouts
and the lumped element circuits are well matched. This
match causes the modified LPF cutoff frequency closes to
cutoff frequency of the LPF with lumped elements.

2.3 Adding Suppression Resonators

It can be seen by looking at Fig. 2 that the microstrip
conventional elliptic LPF has a narrow SBW. In order to
increase the SBW, a suppression cell consisting of two
resonators has been used. Generating transmission zeros
(TZs) at frequencies higher than the cutoff frequency can
increase the SBW but this action should not interfere with
the filter frequency response at frequencies below the cut-
off frequency. As shown in Fig. 5, a combination of a ra-
dial stub resonator (RSR) and a butterfly stub resonator
(BSR) in the middle of /i 5 forms a suppression cell. Now
Irs is no longer valid and is replaced by /15 |, /15, and [ 5 3.
The lengths of /5, Iis» and ;5.5 are selected by using
ADS software tuning application. The values /5 ;=
6.5 mm, /i 5, =64 mm and /5 3 = 6.1 mm is obtained. The
RSR structure is shown in Fig. 6. The values of parameters
corresponding to Fig. 6a are Rrs = 7.4 mm, rrs = 0.58 mm,
Ors = 120°. The equivalent lossless circuit with lumped
elements is illustrated in Fig. 6b [22]. Assuming Rps < /4/8
and rrs = Rrs/10, the values of Crg and Lgg are extracted
from (10) and (11) [23]:

_ OnsRustr (10)
2407k
I =1207Th(2-8_10rRs/RRS) (11)
RS ceRS

where e is effective dielectric constant of microstrip line
with width equal to weq= (Rgs+ 7rs) sin(frs/2), also
h=0.813 mm is dielectric thickness and c¢ is speed of light.
As a result, the transmission zero for the RSR (TZ1) can be
written as follows:

! (12)

2704 LgsCrs

A T-junction is used to connect the RSR to the high
impedance microstrip line. Adding the T-junction causes
the TZ1 position deviates from the value obtained by (12).
To correct adding T-junction effect the LC equivalent
circuit of T-junction is appended to the LC equivalent
circuit of the RSR. The appending of the LC equivalent
circuit of the RSR and the LC equivalent circuit of the T-
junction are shown in Fig. 6d.

fTZl =

The values for T-junction are w;r=0.2mm and
wor=1mm. The values of Cr[pF], Lir and Lpr are
extracted from (13), (14) and (15) with (16) [24], [25]:

/‘ 1L5-3

Fig. 5. The RSR and the BSR located at middle of /5.

| - %

LI{S

[
© (d)

Fig. 6. The RSR structure and its LC model: (a) The RSR
schematic. (b) The LC equivalent circuit of the RSR.
(c) The RSR with T-junction schematic. (d) The LC
equivalent circuit of the T-junction is appended to the
LC equivalent circuit of the RSR.

o 100

- 10.64Z,-261.0, (13)
wy  tanh(0.0072Z,)
WZT(— 0.016W”+0.064]+
Ly _—wy h (14)
h h 0.016A | ™"
Wit
(O'HW‘T —0.47)W2T+0.195W'T—
Ly |0 g bl as)
o w,29
0.357 + 0.0283 sin(h” - 0.757rj
L = A (WnT )\/ geff(wnT) [nH] (16)
: c

where Z(w,r) and &g (w,r) are characteristic impedance
and effective dielectric constant of w,r (Wit or wr)
respectively.

The values of capacitors and inductors which related
to Fig. 6 are brought in Tab. 2. Now the transmission zero
for the RSR can be rewritten as follows:

1 . (17)

S =
27 (LRS + Ly jERS
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Fig.7. The solid line shows the S,; parameters of the
microstrip RSR which is simulated EM; also the dot
line and dash line show the S, parameters of LC
equivalent circuit of the RSR with and without
T-junction LC equivalent circuit respectively.

x®

2

% \
Cross
Junction

Fig. 8. The BSR structure and its LC model: (a) The BSR
schematic which is created by combining two RSR
with one cross junction. (b) The cross junction
schematic. (c) The LC equivalent circuit of the BSR.

And frz; is obtained from (17) with value 4.3 GHz. As
shown in Fig. 7 the TZ1 in both the S,, parameter curves of
the RSR resonator with T-junction and its LC equivalent
circuit is matched. In Fig. 8 the BSR structure is depicted.
As shown in Fig. 8a the BSR structure is created by com-
bining two RSR with one cross junction. Also the LC
equivalent circuit of the BSR is depicted in Fig. 8c. The
values of the BSR are Rgg=4 mm, rgs = 0.47 mm, Ogs=
65°. The values of cross junction are wicy=0.2 mm and
wycy = 0.51 mm. The value of the parameters of Cgs and
Lgs are extracted from (10) and (11) by substituting the
RSR parameters with the related BSR parameters. In addi-
tion, the calculation of parameters Ccj, Licy, Lacy and Lsc is
performed using (Al), (A2), (A3) and (A4) [24], [25]
which are given in Appendix A. Also, the values of C¢j,
Lycy, Loy and Ljc; are brought in Tab. 2. In next, ignoring
the parameter Ccj, the transmission zero of the BSR (TZ2)
can be written as:

Sym. | Value | Sym. | Value | Sym. | Value | Sym. | Value
Lgs | 0.9833 | Cgs 1.858 Litr | —0.0934 | L,y |-0.2724
Cr | —0.0012 | Lgs 1.454 Cps | 0.2685 | Licy | 0.0894
Loy | 0.0490 | Lsey | —0.3135| Cq | —0.0681 € 3.38

Tab. 2. The values of inductors [nH] and capacitors [pF]
related to Fig. 6 and Fig. 8.
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Fig.9. The solid line shows the S, parameters of the
microstrip BSR which is simulated EM; also the dot
line and dash line show the S, parameters of LC
equivalent circuit of the RSR with and without cross
junction LC equivalent circuit respectively.
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Fig. 10. The S,; parameters of the RSR, the BSR and the
combination of them which are EM simulated, and the
S,1 parameters of LC equivalent circuit of the RSR and
the BSR.

1
Jizn = ’ (18)
2”\/(LBS + Loy +2Ly, )CBS

The frz, is obtained from (18) with value 10.38 GHz.
This value is near to the frz, which is obtained from EM
simulation of the BSR (12 GHz). As shown in Fig. 9 the
TZ2 in both the S,; parameter curves of the BSR resonator
and its LC equivalent circuit is almost matched.

Also, Figure 10 shows the S,; parameters of the RSR
and the BSR resonators separately, combined and those LC
equivalent circuits. As shown in Fig. 10 both resonators
and combination of them have low IL in the passband.
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These resonators add two transmission zeros at frz; =
4.3 GHz and f1z, = 12 GHz, but due to their appropriate
frequency responses at low frequencies do not appear sig-
nificant change in the S,; parameter in the passband region.
Also attenuation of better than 20 dB of the suppression
cell in the frequency range of 3.5 GHz to 14.4 GHz causes
the stop bandwidth to be increased appropriately.

3. Comparing Results of Simulation
and Measurement

Figure 11 shows the final design of the proposed LPF.
Most of the values of the parameters related to Fig. 11
were determined in the previous sections however, the
newly introduced parameters are /s ;=3 mm, 5=
3.5 mm, 1L5—31 =0.9 mm, lL5,32: 1.5 mm, 1L5—33 =1 mm, 1L5—34
= 0.8mm, /[s35=1.1mm, 4 =67mm and /4=
1.8 mm. The proposed LPF is simulated with the Agilent
ADS software. Then the LPF is fabricated on RO4003C
substrate with 0.813 mm thickness, dielectric constant (&;)
equal to 3.38 and loss tangent (3) equal to 0.0021. The
fabricated LPF is measured with the Agilent E8362B net-
work analyzer. The actual photograph of the fabricated
LPF is shown in Fig. 12. The results of S,; and S;; param-
eters simulation and measurement are illustrated in Fig. 13.
Based on measurement results, the cutoff frequency is set
at 1.12 GHz. The 20 dB attenuation SBW is obtained
13.4 GHz (from 1.2 to 14.6 GHz) which it causes the RSB
to be equal to 1.7 and the ratio of the SBW to cutoff fre-
quency (SBW / £.) to be equal to 12. However the IL is less
than 0.3 dB (0-816 MHz) and the RL is at least 14.4 dB, in
addition the SF is 2.2.

For six-pole elliptic LPF with lumped elements which
is shown in Fig. la the ROF from 3dB to 40dB is
a maximum of about 269 dB/GHz. For the proposed LPF
a good ROF more than 201 dB/GHz is obtained which
means 75% of the LPF with lumped elements. In order to
achieve a higher ROF, the degree of filter must be larger,
which makes the IL unsuitable in addition to filter com-
plexity. Table 3 compares the important parameters of filter
with the results of the recent reviewed research. Note that
some of compared articles in Tab. 3 have high ROF [4-6]
however, compared to the present work in [4] the IL is not
appropriate and in [4], [5] the RSB is very small. Also, in
[6] the SF is small and other important parameters are not
very appropriate. Using the microstrip line bending method
the value of the NCS was reduced from 0.255 4, x 0.125 4,
(for not bended LPF) to 0.147 4, x 0.133 4,, that means
39% reduction. As can be deduced from Tab. 3, the method
that presented in this paper works well for increasing the
SBW and decreasing the NCS, while high ROF is obtained
and the other LPF important parameters are in the proper
range. It is necessary to mention that ROF ({), SF, RSB
and NCS parameters for the LPF are very common and
widely used parameters. The ROF is defined as:

2

_1 lL4

4] ' ~ L
— I1s12 lisa '

l L5-33

lLS-35

Port 1 Port 2

Fig. 11. The layout of final proposed LPF along its remaining
details.

=

S11, Measurement
................ S11, Simulation

$21, Measurement
-------- S21, Simulation

Magnitude (dB)

0 5 10 15
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Fig. 13. Comparing the simulated and measured S-parameters

for the proposed LPF.
é’ _ % inax ~ Pmin (19)
fo— 1

where in this paper o, =40 dB, o, =3 dB and £ is the
first frequency whose attenuation is 40 dB. The SF, the
RSB and the NCS are given by (20), (21) and (22)
respectively:
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Appendix A: Computational Equations
of Ccy, Licy, Lacy and Lic

In this appendix, the computational equations for the
LC equivalent circuit of cross junction (Al), (A2), (A3)
and (A4) are presented. All necessary parameters and the
results of calculation have been given in Sec.2.3.
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