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Abstract A new microstrip lowpass filter with compact size, ultra-wide stopband and sharp
cutoff frequency is proposed. To achieve an ultra-wide stopband and sharp cutoff frequency,
two Z-shaped resonators are added to the filter. To reduce the circuit size of the filter, cur-
sive transmission line is also introduced. Moreover, exact equation for the most important
transmission zeroes are obtained based on LC equivalent circuit and transfer function. A
demonstration filter with 3dB cut-off frequency at 1.89 has been designed, fabricated and
measured. The results show a relative stopband bandwidth of 166.3 % (referred to suppression
degree of 25dB), and a high figure of merit of 32,613.

Keywords Micriostrip lowpass filter - Ultra wide stopband - Transfer function -
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1 Introduction

High-performance and compact size lowpass filters (LPF) with wide stopband and sharp
cutoff frequency are highly demanded in many communication systems especially in wireless
and mobile communications in order to suppress high frequency harmonics [1]. In [2], a
lowpass filter using shunt open-stubs at feed points of a center fed coupled-line hairpin
resonator was presented. The filter has a wide stopband, but the cutoff frequency was not
enough sharp. In [3], a lowpass filter was presented circular-shaped patches and open stubs
to achieve sharp roll-off and ultra-wide stopband, but the structure of the filter was not
symmetrical. In [4], a new transformed radial stubs (TRSs) with an extended stopband was
introduced. In [5], a new microstrip lowpass filter with compact size and an ultra-wide
stopband using both triangular patch resonators and radial patch resonators were presented.

Gh. Karimi (X)) - H. Siahkamari
Electrical Department, Faculty of Engineering, Razi University, Kermanshah, Iran
e-mail: ghkarimi@razi.ac.ir

F. Khamin Hamedani - A. Lalbakhsh
Department of Engineering, Islamic Azad University, Kermanshah Branch, Kermanshah, Iran

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s11277-015-2328-z&domain=pdf

2006 Gh. Karimi et al.

Sharp roll-off and wide stopband lowpass filter based on radial split ring was presented in [6].
Authors in [7] proposed a lowpass filter with a very sharp transition band and wide stopband.
In [8], coupled-line structure and shunt open stub with compact size and a wide stopband
were reported. In this paper, a novel lowpass filter with ultra-wide stopband and small size is
presented. To achieve wide stopband, Z-shaped and T-shaped resonators are employed. The
filter has an ultra-wide stopband from 2.06 GHz up to 20 GHz with large attenuation of more
than 25dB.

2 Analytical Method

Figure 1a shows the layout of the resonator composing of two modified T-shaped resonators.

The purpose of using T-shaped resonator is its sharp cut-off frequency response. The equiva-

lent LC circuit of the main resonator is shown in Fig. 1b so that .2, L3 and C1 are inductances

and capacitance of high-impedance lossless line. L1 denotes the inductance of the transmis-

sion line and C2 is the sum of equivalent capacitances of open-end and high-impedance loss-

less line. The values of these parameters can be extracted using the methods discussed in [1].
The calculated values for LC equivalent circuit are summarized in Table 1.

Fig. 1 aLayout of the proposed
resonator, b L-C equivalent
circuit

(a)

Table 1 Calculated values for LC equivalent circuit

Parameters Cy Cy L Lo L3

Calculated 0.4 2.1 4.48 0.36 1.95

Units: C, pF; L, nH
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Fig. 2 a Frequency response of
the modified T-shaped resonators.
b EM and circuit simulation
results of the proposed resonator
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The EM and equivalent circuit simulation results of modified T-shaped resonators are in
good agreement as shown in Fig. 2a. Figure 2b shows the frequency response of the modified
T-shaped resonators, which has two transmission zeroes at 2.4 and 13.1 GHz with 25.4 and
30.2 dB attenuation level respectively. Since the cut-off frequency and sharpness in transition
band are controlled with the first transmission zero, the first transmission zero affects more
important than another one.

In this work, we utilized LC model and transfer function for the calculation of the first
transmission zero. Transfer function is extracted from LC circuit in Eq. (1). rin Eq. (1) refers
to resistance of matching. The transmission zero can be calculated in Eq. (2) using the transfer

function in Eq. (1).
» = it (1)
v; (r+Lis)Ra+r+L1S)

where

14 C1Lys? + CaLys* + CyL3s> + C1C2GoLys*
a =
2C1s + Cas + C12L233 + C1CyLys3 +2CCaL3s3 + C%C2L2L3S5
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Fig. 3 Frequency response of
the modified T-shaped resonators
with changing L3 and A

Fig. 4 aLayout of the proposed
Z-shaped resonator, b L-C
equivalent circuit
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As can be seen in Eq. (2), the location of transmission zero can be adjusted by changing
the capacitances and inductances values. For instance, if L3 changes to 1.5, 1.95, 2.7 nH, the
dimension of A (as shown in Fig. 1) will change to 3, 3.8 and 5 mm respectively, having {z

at2.71, 2.41and 2.11 GHz respectively, as shown in Fig. 3.

Figure 4a shows layout of Z-shaped resonators. The resonators can generate transmission
zero for increasing width of stopband and sharpness in transition band. LC equivalent circuit
of resonators is shown in Fig. 4b so that inductances and capacitances are exploited of high
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Table 2 Calculated values for )

LC equivalent circuit Parameters L Ls Lo Ly Ls
Calculated 0.65 8 0.2 1 1
Parameters C3 Cy Cs Ce Cy
Calculated 0.2 1.04 0.29 0.53 0.01

Units: C, pF; L, nH

Fig. 5 a Frequency response of
the proposed Z-resonator. b EM
and circuit simulation results of
main resonator.
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and low-impedance lossless line, open—end, gap and bend structures. The calculated values
for LC equivalent circuit are summarized in Table 2.

Figure 5a shows frequency response of the Z-shaped resonators. As shown in Fig. 5b, the
EM and equivalent circuit simulation results of the main resonator are in good agreement.
Z-shaped resonator can create four transmission zeroes at about 3.5, 5, 12.8 and 18.5 GHz.
As can be seen, transmission zeroes at 3.5 and 5 GHz are important than other transmission
zeroes so we calculate them in Eq. (3).
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c 21/3b 21/362
23 =—75 — +
% 3d  —2¢y) +9bcd —27ad? + X 3d(—2c2 4 9bed — 27ad? + VX
(—2¢% 4+ 9bed — 27ad* + VX
+ 32173d
1
X = 4(—c* +3bd)* + (—2¢* + 9bcd — 27ad*)?)? 3)
where

a=0C3+Cs4+C5+Cn

b= C4(Cs+Cn)L7+ (C4 + C5)CnLg + C3(C4Le + (C5 + Cn)(Le + L7) + CnLg
¢ =C3C4+ (C5+Cn)LgL7 4+ Cn(C3(Cq4+ Cs5)Le + (C3 + C4)CsL7)Lg

d = C3C4Cs5CnlL7Lg

for first transmission

Cn=3/2C6 — C7
for second transmission

Cn=2/3Ce — Cq

mlllustrated in Fig. 6a, Main resonator is generated by composing T-shaped and Z-shaped
resonators. Figure 6b, ¢ show layout, LC equivalent circuit and frequency response of main
resonator. In LC equivalent circuit, the effect of coupling between T-shaped resonator and Z-
shaped resonators is ignored because frequency response of layout and LC equivalent circuit
are similar and we can use the calculated fz1, fz2 and fz3 for this resonator.

3 Lowpass Filter Design

In order to extend the stopband, transmission peaks should be suppressed by adjusting some
transmission nulls created by appropriate suppressing cells. One of the commonest sup-
pression cells for extending the stopband width is the T-shaped resonators. Figure 7 shows
the frequency response of T-shaped resonator, which has two transmission zeros at 10 and
13.7 GHz with 88 and 78 dB attenuation level respectively.

T-shaped and Z-Shaped resonators increase stopband width, but the circuit size becomes
larger. To decrease the circuit size of the filter, transmission line is bent. This method produces
a small capacitance, reducing the return loss and attenuation level of the stopband from 20
to 25dB as shown in Fig. 8.

The dimensions of the designed filter in Fig. 9 are as follows: L1=1.17, W1=6.95,
L2=119, W2=148, L3=3.4, W3=44, L4=4.3, W4=3, L5=3.7, W5=3, L6=6.55,
W6=2.8,L7=6.8, W/=W8=L8=1L9=0.1, WO=WB1=0.3, WB2=0.8 (all in millimeter).

4 Simulation and Experimental Results
The proposed lowpass filter has been fabricated on a substrate with a relative dielectric

constant &; = 3.38, thickness h=20 mil, and loss tangent § = 0.0021. Figure 10a shows
a photograph of the proposed filter. Simulations are done by an EM-simulator ADS based

@ Springer



Design of Modified Z-Shaped and T-Shaped Microstrip Filter 2011

Fig. 6 a Layout of the proposed
resonator, b L-C equivalent
circuit, ¢ EM and circuit
simulation results of main
resonator
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on the method of moment. The S-parameters are measured by an Agilent network analyzer
N5230A. Simulated and measured responses of the filter are shown in Fig. 10b. It can be
seen from the results that the filter has 3dB cutoff frequency equal to 1.89 GHz, insertion
loss less than 1.8 dB in the passband from DC to 0.5 GHz, return loss better than —10.3 dB
and suppression level better than —25 dB from 2.01 up to 20 GHz. The size of the lowpass
filter is only 19.9 x 8.5 mm and the transition band from 1.89 to 2.05GHz with —3 and
—20dB.
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Fig. 7 aLayout of T-shaped resonators. b Frequency response of T-shaped resonators

Fig. 8 Frequency response with 0
and without bend i
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For comparison, Table 1 provides a breakdown of some lowpass filter performance where
the roll-off & rate is defined as:

Omax — ®¥min
= ——

fs_fc

where omax the 40 dB attenuation is point and apmi, is the 3dB attenuation point, f; is the
40dB stopband frequency and f, is the 3 dB cut-off frequency. The relative stopband bandwih
(RSB) is calculated by:

(dB/GHz) )
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Fig. 9 Layout of the proposed
filter

Fig. 10 a Photograph of the
proposed filter. b Simulated and
measured performance of
lowpass filter
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stopband bandwidth
RSB = (&)

"~ stopband center frequency

The suppression factor (SF) is based on the stop-band bandwidth. For example, the stop-
band bandwidth is referred to 25dB suppression, thus the corresponding SF is defined as
2.5. A higher suppression corresponds to a greater SF. The normalized circuit size (NCS) is
calculated by:
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Table 3 Performance comparison among published filters and presented one

References Roll-off RSB SF NCS AF FOM
Krishna Velidi and Sanyal [2] 95 1.4 2 0.214 x 0.104 1 11,951
Karimi et al. [3] 202 1.65 2 0.29 x 0.124 1 19,951
Ma and Yeo [4] 94.9 1.6 2.3 0.104 x 0.123 1 27,292
Wang et al. [5] 36 1.32 1.5 0.079 x 0.079 1 11,543
Hayati et al. [6] 62 1.72 3 0.310 x 0.240 1 4,430
This work 137 1.69 2.5 0.204 x .0.087 1 32,613

_ physical size (length x width)

NCS
2
g

6)

where Ag is the guided wavelength at 3 dB cutoff frequency. The architecture factor (AF) can
be recognized as the circuit complexity factor, which is equal to 1 when the design is 2D and
it is equal to 2 when the design is 3D. Finally, the figure-of-merit (FOM), the overall index
of a proposed filter, is given by:
EX RSB x SF
FOM = ——F—— @)
NCS x AF
As seen from this table, the proposed filter offers good performance, compact size, ultra-
wide stopband and outstanding electrical performance among the quoted filters, being more
suitable for using in modern UWB systems (Table 3).

5 Conclusion

A lowpass filter with 1.89 GHz cut-off frequency using the modified T-shaped resonator has
been designed, fabricated and measured. The proposed lowpass filter has exhibited many
desirable features, such as ultra-wide stopband, sharp characteristic and compact size. This
paper has presented a novel analytical method based on calculated and examined transmission
zero and transformation function of the main resonator. With all these good features, the
proposed filter is applicable for modern communication systems.
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