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Abstract

In this paper a new microstrip lowpass filter (LPF) is designed and fabricated with sharp roll-off and ultra-wide stop-band.
To obtain these features, triangular and T-shaped resonators are utilized. The main resonator is created by two triangular
and rectangular shaped structures. LC equivalent circuit and transfer function of the main resonator is extracted to compute
transmission zeros of the main resonator. The proposed LPF has a 3 dB cut-off frequency of 1.663 GHz. The occupied size
of the designed filter is 209.33 mm?® (17.3 mm x 12.1 mm). The ultra-wide stopband is achieved from 1.81 to 29.4 GHz
with better than 20 dB attenuation. The achieved figure-of-merit of the proposed LPF is 33,813, which shows good

specifications of the filter.
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1 Introduction

Planar microwave low pass filters (LPFs) with flat and low
loss passband, sharp transition band and ultra wide stop-
band have attracted considerable attention in recent years.
Moreover, in the modern wireless applications, apart from
good frequency response, the dimension of a filter is also
an important issue [1]. Filters are frequently required in
many RF and microwave wireless applications [2, 3], such
as diplexers, power dividers [4—6], power dividers [7] and
power amplifiers [8].

So far, LPFs with wide stopband, which utilize mean-
dered lines and radial patches have been presented [9, 10],
but the frequency responses of the transition band were not
sufficiently sharp in these works. To obtain sharp transition
band, an LPF using the symmetrical T-shaped and
U-shaped resonators has been reported in [11], which
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shows a sharp response but this filter is rather large. LPFs
using stepped impedances and hairpin resonators were
proposed in [12, 13]. However, they have inappropriate
size and insertion loss. Another filter with wide stopband
and sharp roll-off using circular-shaped patches and open
stubs was presented in [14], but the designed structure was
asymmetric.

An LPF using high impedance lines and T-structured
resonators is presented in [15]. The overall size of this filter
is very compact and the insertion loss is acceptable, how-
ever, the suppression band of this LPF is not ultra wide.

In this paper, a new compact LPF with ultra wide
stopband is designed. The designed LPF shows good
specifications, compared to the recent works.

2 Main resonator

The layout and frequency response of the presented trian-
gular resonator are illustrated in Fig. . As seen in
Fig. 1(b), the resonator can generate a transmission zero at
3.2 GHz, with high attenuation value.

To obtain the LC equivalent circuit (LCEC) of the
presented triangular resonator, the LCECs of some typical
transmission lines should be discussed at first. The LCEC
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Fig. 1 a Layout structure, b frequency response of the triangular
resonator

for a typical transmission line and an open-ended stub are
illustrated in Fig. 2(a, b) [1].

The equivalent elements of the presented LCEC can be
recognized by using Fig. 2 equalizing procedures. The
LCEC of the triangular resonator is shown in Fig. 3.

7s Ls
-— -
k—Is — — csI ICS
(a) = =
ToT
-l
L Sl
(b)

Fig. 2 The LCEC for a atypical transmission line, b an open-ended
stub
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Fig. 3 The LCEC of the proposed triangular resonator

In the presented LCEC, C4 and L1 are corresponding to
the capacitance and inductance of the transmission line.
Besides, C1, C2 and L2, L3 are capacitances and induc-
tances of high impedance lossless line. It can be seen that
Ls and Cs are elements in m-equivalent circuit. The cal-
culated values for elements in the m-equivalent circuit
using Egs. (1) and (2) are summarized in Table 1.

1 2
LS:—szxsin(lls) (1)
) g
1 1 i
Co=—x—xtan(—1I 2
=g un(F1) ®)

where o is the angular frequency, z; is characteristic
impedance, /; denotes length, and 4, is the guided wave-
length. The equivalent capacitance of the open-circuited
stub line [Fig. 2(b)] is given as [1]:
Al- Ere 516365

Co=—7"2— ANl="F='h 3

p c- Zs 64 ( )
where ¢, is the effective dielectric constant and ¢ is the
light velocity in the free space. Also, &, &, &3, &4 and &
are given below:

081 4 0.26(W/h)*%* 4+ 0.235

= 0.434907 4
3 081 — 0.189(W /h)"%* 1 0.87 ®
(W/h)0.371
= 1 _—
Q=1 236+ 1 )
0.5274 tan™! [0.084(W/h)”’4‘3/ ‘}
G=1+ £0.9236 (6)
e
£y =1+0.037tan"! [0.067(W/h)1'456}
{6 — 5exp[0.036(1 — &)]} (7)
& =1—10.218exp(—7.5W/h) (8)

The dimensions of the triangular resonator in Fig. 1(a) are
calculated as follows: W1 =0.1, L1 =8.5, W2 =41,
L2=4, W3 =03 and L3 =7.1 (all in millimeter). The
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Table 1 Calculated values for

LCEC of the proposed Parameters L1 L2

L3 Cl1 C2 C3 C4

triangular resonator

Values 6 nH

1.89 nH

0.464 nH 0.18 Pf 0.057 PF 430 fF 0.21 PF

capacitance and inductance values of the equivalent circuit,
which was shown in Fig. 3, can be approximated by the
Egs. (1-8) as listed in Table 1.

The electromagnetic (EM) simulation and LCEC results
of the triangular resonator are compared in Fig. 4. As seen,
the LCEC results of the triangular resonator and the EM
simulation are in good agreement as shown in Fig. 3.

To improve the sharpness and pass band of the trian-
gular shaped resonators, two rectangular shaped resonators
are inserted in the structure to form the main resonators as
shown in Fig. 5(a). The applied dimensions of the rectan-
gular shaped resonators are as follows: Wa4 =24 and
La4 = 2.4 (all in millimeter).

The frequency response of the main resonator is depic-
ted in Fig. 5(b). As seen, better pass band and sharper
transition band are obtained, compared to the triangular
resonator response. The LCEC of the proposed main res-
onator is extracted similar to triangular resonator as shown
in Fig. 6.

The calculated parameters of the main resonator LCEC
are summarized in Table 2. The parameters C5 and L1 are
corresponding to the capacitance and inductance of the
transmission line; C1, C2, C3 and L2, L3 are capacitances
and inductances of high impedance line, respectively.

The EM simulation and LCEC results of the main res-
onator are compared in Fig. 7. As seen, the LCEC results
and the EM simulation of the main resonator are in the
good agreement.

The transfer function of the main resonator LCEC
results is presented in Eq. (9). The transition band sharp-
ness and main frequency of the LPF can be controlled by
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Fig. 4 A comparison between EM simulation and LCEC results of
the triangular resonator
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Fig. 5 a Structure, b frequency response of the main resonator

the first transmission zero. Equation of the first transmis-
sion zero is presented in Eq. (10). It should be noted that
the values of r in Eq. (9) is considered 50 ohms, refers to
the resistance of matching

Vo (a®br)

Vi (a®r? + 2abr* — 2a’bLys + 2a*Lyrs + 4abLyrs
+2aLyrs + 2bLyr*s — a*L3s* + a*L3s* + 2abL3s*
+4aL;Lyrs® + 4bL,Lyrs* + L%rzs2 + 2aL1L%s3
2L 1253 + 2L3Lgrs + L212s%)

©)

where a and b parameters are defined as follows
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Table 2 Calculated parameters
of the main resonator LCEC Parameters L1 L2 L3 L4 Cl C2 C3 C4 C5
Values 6nH 189nH 046nH 083nH 0.18PF 0.05PF 1.01PF 170fF 0.21 PF
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Fig. 6 The LCEC of the main resonator
Fig. 7 EM simulation and LCEC results of the main resonator
where ) )
For example, if L1 increases to 3.17 nH, 3.5 nH and
A= (c1+c2+2(e3 4 ca) + (ca(es + ca)ls 4 nH, the transmission zero will increase to 2.1 GHz,
B = (24 2c3)esls + c1(cala + (c3 + ¢4)(2La + La) + (cals)) 2.45 GHz, and 2.68 GHz, respectively. So, L1 can be used
C = (cica(es + ea)LoLs + ca(er(ea + 2¢3)La + (c1 + c2)e3L3)La) to control transmission zero. Also, the transmission zero
D= C]CQC3C4L2L3L4

location can be changed by C3, C4 and, L4. The mentioned
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Fig. 8 The effects of the Wa4 different values on the position of
transmission zero for the main resonator
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Fig. 9 a Layout structure, b frequency response of T-shaped
resonator
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Fig. 10 a Layout structure, b frequency response of the initial filter

lumped elements are calculated by Wa4. The effects of the
Wa4 different values on the position of transmission zero
for the main resonator are shown in Fig. 8. In this figure,
the impact of changing the Wa4 values of 0.1, 0.5, 1, 2 and
2.4 mm, on frequency responses of the main resonator is
shown. With these changes, the frequency of transmission
zero is moved to 3.25, 2.9, 2.7, 2.3, 2.1 GHz and the value
of C4 is changed to 14, 41, 97, 152, 170 {F, respectively.

3 Low pass filter design
T-shaped suppressor resonators are added to the main

resonator to make an ultra-wide stop-band as depicted in
Fig. 9(a). The frequency response of the T-shaped
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Fig. 11 a Layout structure, b frequency response of the second
T-shaped resonator

resonators is illustrated in Fig. 9(b). As can be seen in this
figure, some harmonics can be eliminated by the T-shaped
resonators. The dimensions of the T-shaped resonator in
Fig. 9(a) are as follows: W5 =39, L5 =7.5, W6 =0.3,
L6 =08, A=2.6 (All in millimeter). The frequency
response of the T-shaped resonator is depicted in Fig. 9(b).

After adding the T-shaped resonators to the main res-
onator, the initial filter structure will be obtained which is
shown in Fig. 10(a). Therefore microstrip prototype filter
which is shown in Fig. 10(a) is achieved. Frequency
response of this structure is depicted in Fig. 10(b). The
dimensions of the prototype in Fig. 10(a) are as follows:
X =03 mm and Y = 0.6 mm.

There are two unwanted harmonics in the initial filter
response at 2.3 GHz and 9.2 GHz. To eliminate these
harmonics, another T-shaped (second T-shaped) resonator
is added, which is depicted in Fig. 11(a). The frequency
response of the second T-shaped resonator is illustrated in
Fig. 11(b).
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Fig. 12 a Layout structure, b frequency response of the final
proposed filter

To conclude this section, the final design of microstrip
filter and its frequency response are illustrated in Fig. 12(a,
b).

The stopband of the proposed LPF is achieved from 1.81
to 29.4 GHz with more than 20 dB attenuation. Further-
more, the cut of frequency of the proposed LPF is
1.663 GHz. The frequency response and LCEC of the
proposed LPF is depicted in Fig. 13. As seen, the LCEC
results and EM simulation are in the good agreements.

The calculated values of the extracted LCEC for the
proposed filter are listed in Table 3.
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Table 3 Calculated values of
the extracted LCEC for the Parameters L1 L2 L3 L4 L5 L6 L7
proposed filter Values 317nH  189nH  046nH  083nH  03nH  044nH 151 nH
Parameters Cl C2 C3 C4 C5 Cc6 Cc7
Values 0.42 PF 0.29 PF 1.01 PF 17 fF 1.82 PF 1fF 0.11 PF
4 Simulation and measurement results A transition band from 1.663 GHz up to 1.88 GHz

corresponding with 3-40 dB attenuations is achieved for
The fabricated LPF results are illustrated in Fig. 14. As  the proposed LPF. The proposed LPF is fabricated on a
seen, the measured data follow the simulation results. Also, ~ RO-4003 substrate with a thickness of 32 mil and a
the picture of the fabricated proposed filter is shown in  dielectric constant of 3.38. The results are measured using
Fig. 15. an HP8757A vector network analyzer.
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The performance of the proposed LPF is listed in
Table 4, which is compared with other published paper.
According to the Table 4, high figure-of-merit of 33,813 is
obtained for the proposed LPF.

In the Table 4, the parameter roll-off rate denotes the
transition band sharpness. Also, the parameters SF, RSB
and NCS are suppression factor, relative stopband band-
width, and normalized circuit size, respectively. The FOM
can be calculated as defined in Eq. (11)

(Roll-off rate) x SF x RSB
AF x NCS

Magnitude, dB

FOM =

(11)

where the architecture factor (AF) is considered as 1 or 2,
when the design is 2D or 3D, respectively.

Frequency, GHz

Fig. 14 The fabricated LPF results 5 Conclusions

In this article, a compact microstrip LPF with a sharp
response and ultra wide stopband is designed and fabri-
cated. The simulation and measurement result shows a
good agreement. Besides, figure-of-merit of 33,813 is
obtained which is very high compared to the other reported
works. The designed LPF can be applied to the modern
communication systems because of the obtained good

features.

Fig. 15 Photograph of the fabricated proposed filter

Table 4 Performance Refs. Roll-off rate (dB/GHz) RSB SF NCS (Jg % ) AF  FOM

comparisons between published s

LPFS and this work [16] 56.7 163 2 0.115 x 0.116 2 7100
[17] 974 1.87 2 0.1 x 0.19 1 19,172
[18] 52.8 1.52 2 0.081 x 0.113 1 18,475
[19] 100 1.49 2 0.255 x 0.131 2 9030
[20] 100 1.71 1.6 0.21 x 0.09 1 13,680
[21] 48.5 1.61 2 0.141 x 0.151 1 7436
[22] 94 1.26 2.3 0.243 x 0.169 1 6645
[23] 29.3 1.53 2.4 0.15 x 0.05 2 7172
This work 171 1.75 2 0.159 x 0.111 1 33,813
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