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Metamaterial Inspired CPW Fed Compact Low-Pass Filter
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Abstract—A metamaterial inspired co-planar waveguide (CPW) fed compact low-pass filter is
presented in this paper. The 3dB cutoff frequency of the filter is 1.4 GHz. The roll-off rate achieved for
this filter is 47.4 dB/GHz. Sharp roll-off is obtained by introducing an additional resonance using an
inductor in series with the shunt capacitor. The usage of chip inductor also results in a compact filter
structure. The overall filter dimensions are 39 mm x 32mm x 1.6 mm. The filter uses defected ground
structure (DGS) for attaining stop band attenuation. The measured insertion loss of the filter in the
pass band is less than 0.8 dB and average stop band attenuation is better than 23 dB. The equivalent
circuit of the proposed filter is similar to that of a dual-CRLH (D-CRLH) transmission line.

1. INTRODUCTION

Low-pass filter is an inevitable component of any communication system. The need for compact low-
pass filters is never ending as the size of communication devices is getting smaller and smaller. With the
increasing demand for small hand held devices, miniaturization of microwave components has become
an interesting topic among RF Engineers. Commonly used microstrip filters available in literature are
stepped impedance filters [1], filters with defected ground structure (DGS) [2, 3] etc. In [4] a microstrip
low-pass filter using Hilbert shaped complementary single split ring has been proposed. In [5-7] CRLH
transmission lines using various forms of CSRR have been reported. This paper presents a compact
low-pass filter designed using metamaterial. The equivalent circuit of the filter is similar to that of a
dual composite right left handed (D-CRLH) transmission line. The proposed low-pass filter incorporates
chip inductor for improving the roll-off rate and DGS for improving the stop band attenuation.

2. THEORY

A simple low-pass filter consists of a combination of inductance L and capacitance C and the filter
output is tapped across the capacitor as shown in Figure 1(a). The Ss; response of the filter is shown
in Figure 1(d). The drawback of such a simple low-pass filter is the poor roll-off rate. The roll-off
of such a low-pass filter can be improved by introducing an additional resonance using an inductor
in series with the shunt capacitor as shown in Figure 1(b). The improvement in the roll-off is clear
from the Sy; response of the filter shown in Figure 1(e). The handicap of this circuit is the poor stop
band attenuation. The stop band attenuation can be improved by introducing a parallel combination
of inductor and capacitor in the series arm as shown in Figure 1(c). The improved low-pass response
with better roll-off and improved stop band attenuation is shown in Figure 1(f).

The filter circuit in Figure 1(c) is similar to the equivalent circuit of a D-CRLH transmission
line. The equivalent circuit of a CRLH transmission line and its dual counterpart [8,9] is shown in
Figures 2(a), (b).
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Figure 1. (a) Circuit model of a conventional LC' low-pass filter; (b) circuit model of conventional
LC low-pass filter with inductor for introducing notch; (c) circuit model of conventional low-pass filter
with notch and transmission zeros in stop band; (d) transmission characteristics of circuit model-(a);
(e) transmission characteristics of circuit model-(b); (f) transmission characteristics of circuit model-(c).

Figure 2. Equivalent circuit. (a) CRLH transmission line; (b) dual of CRLH transmission line.

3. GEOMETRY OF THE LOW-PASS FILTER

The proposed low-pass filter geometry is shown in Figure 3(a). The structure is designed on a substrate
with ¢, = 4.4, tand = 0.02 and thickness 1.6mm. The dimensions of the various elements are
L=39mm, W = 32mm, w, = 5.5 mm, [, = 14 mm, /; = 5.5 mm, w; = 3mm, g; = 0.5 mm, go = 15 mm,
g3 = 0.3mm, wy = 3mm, w; = 3mm, wp = 26mm, wz = 3mm. It consists of a conductor backed
co-planar waveguide fed transmission line with resonant elements connected in shunt. The L and C
components of the low-pass filter are obtained from the equivalent inductance and capacitance of the
conductor backed co-planar transmission line. The notch characteristics is obtained by introducing an
additional series resonance caused by a combination of chip inductor and distributed patch capacitor
in shunt with the transmission line. The chip inductor used is a 4.7nH coil wound fixed value chip
inductor by Coilcraft Inc. The simulated transmission characteristics is shown in Figure 3(b). It is clear
from the graph that the structure exhibits a low-pass nature, and also a sharp notch is present in the
characteristics, which is contributed by the combined effect of shunt inductance and capacitance.
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Figure 3. (a) Geometry of the low-pass filter; (b) simulated transmission characteristics.

4. GEOMETRY OF LOW-PASS FILTER WITH DGS

From the transmission characteristics in Figure 3(b) it is clear that the stop band attenuation is poor.
As mentioned in Section 2, parallel LC circuits can be used to improve the stop band attenuation.
Defected Ground Structures (DGS) in the bottom ground plane are equivalent to parallel LC' circuits in
the series arm. In the proposed filter, dumb bell shaped DGS structures are used in the bottom plane
in order to improve the stop band attenuation. The DGS on conductor backing is shown in Figure 4(b).
The dimensions of DGS are wg; = 4mm, w;; = 4mm, wge = 6.5mm, w;y = 6.5mm, tg; = 0.3mm,
tgo = 0.3mm, [y = 11 mm, ljo = 13.5mm. The top plane of the filter shown in Figure 4(a) is same as
that explained in Section 3.

(@ (b)

Figure 4. Complete structure of the proposed low-pass filter. (a) Top plane; (b) bottom plane.

The narrow line connecting two square shaped sections acts as capacitor and the square shaped
region acts as the inductor. Since the thin line acts as capacitor, electric field is concentrated in this area.
The magnetic field is concentrated around the square shaped inductor section. The field distributions
are shown in Figure 5. The transmission characteristics of the proposed low-pass filter is shown in
Figure 6. It is clear from the transmission curve that the stop band attenuation has improved when
compared with the one that does not have DGS.

The surface field distributions on the top plane at a pass-band frequency 406.6 MHz and at the
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Figure 5. Electric and Magnetic field distribution = Figure 6. Simulated transmission characteris-
on DGS embedded ground. (a) Electric field; tics of the proposed low pass filter.
(b) magnetic field.
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Figure 7. Surface field distribution of top plane at 406.6 MHz & 1.72 GHz and bottom plane at 1.79 GHz
& 2.06 GHz.

first transmission zero frequency 1.72 GHz and bottom plane at stop band frequencies 1.79 GHz and
2.06 GHz are shown in Figure 7. It is clear from the field plot that there exists a good coupling between
port 1 and port 2 at pass-band frequency 406.6 MHz. At 1.72 GHz, LC circuit connected in shunt is
at resonance and the coupling between port 1 and port 2 is poor. At the stop band frequencies DGS
elements are excited resulting in poor coupling between port 1 and port 2 as shown in Figure 7.

5. LUMPED CIRCUIT MODEL OF THE FILTER

The lumped circuit model of the filter is shown in Figure 8. The mutual coupling between individual
elements in the structure is not taken into consideration.

The transmission line of width 3mm in the top plane as shown in Figure 3(a) is equivalent to
series inductance and shunt capacitance. The entire transmission line is split into three conductor
backed CPW transmission line sections, indicated as wi, we, ws in Figure 3(a). The inductance and
capacitance introduced by these section are indicated as L1, Lw2, Lws, Cwi, Cwo and Cy3 in Figure 8.
In the first and last section the separation between transmission line and the CPW ground is 0.5 mm,
indicated as g;. The length of these section is 3mm. In the middle section ws, separation between
transmission line and CPW ground is 15 mm indicated as g2. The length of this section is 26 mm. The
characteristic impedance and effective permittivity of a conductor backed CPW transmission line is
given by Equations (1)—(6) [10].

Characteristic impedance, Zy =

) (1)
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Figure 8. Equivalent circuit model of the filter.

Effective permittivity, €.z =

K (k) K(k)
where K (k) and K (k') are elliptic integrals of first kind and its complement.

K'(k) = K(K) (3)
W for sections wy and ws
g1 +wt+ g1 (4)
B W .
k= ————— for section ws
g2 + Wi + go

where w; is the transmission line width and g; and go is the gap between transmission line and the
CPW ground.
tanh <7th>

k1 = for sections w; and ws

tanh( 91+wt+91 )

()

k1 = for section wy
(g2 + wt + g92)
tanh

E=v1-k2, Kk =\/1-k (6)

The characteristic impedance and phase velocity of a loss less transmission line is related to per unit
length line parameters L,,; (Henry/meter) and Cp,; (Farads/meter) as

Lpul

Characteristic impedance, Zy =
Cpul

(7)

C

1
vV Lpulcpul v/ Ceff
Ly and Cpyy; can be calculated using Equations (1), (2), (7) and (8). L and C for each section of
transmission line is found by multiplying it with corresponding transmission line length. The sharp
roll-off in the stop band is introduced by shunt capacitance and inductance connected in series. It is
indicated as L and C; in Figure 8. The inductance used is 4.7 nH chip inductor. The first transmission
zero is obtained at 1.72 GHz. The capacitance introduced by the distributed patch capacitor is calculated
from
1

21/ LCy

Phase velocity, V, =

(8)

f= (9)
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DGS structures used for improving stop band attenuation is modeled as parallel LC circuit labeled as
Lpgs and Cpgg in Figure 8. The design equations used for computing Lpgs and Cpgs are [11]

We

C = ~° 10
bas 270 (w3 — w?) (10)

1
L = 11
DGS = 3 (11)

where wy is the resonant frequency of the parallel LC circuit and w, is the 3dB cutoff frequency.

6. EXPERIMENTAL RESULTS AND DISCUSSION

The proposed filter is fabricated and tested in the laboratory. The fabricated filter is shown in
Figure 9(a). The measured S1; and Sz; of the filter are shown in Figure 9(b). The simulated and
circuit model characteristics are also included for comparison. The filter geometry is designed and
simulated using Ansys HFSS and circuit model is designed and simulated using CST Design Studio.
The first transmission zero at 1.8 GHz is the combined effect of series chip inductor and distributed
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Figure 9. (a) Top and bottom plane of the fabricated filter; (b) S11 and Sa; response of the filter.

Table 1. Performance comparison of the proposed filter with other filters already reported.

Parameter |Proposed filter 1] 2] 4] [12] [13]
Cutoff
frequency 1.4 2 3.2 2.15 2.4 3.75
(GHz)
Size 24 % 6.5 XIS ) gtess x4 | 147 x 38
x 6. X 5 X 7T % 3.
of DGS Not used 2.7 % 7.9 ° 20 x 15
5 21.5 x4 (9 H-CSSRR cells) 13 x 4
(mm?) 2.3 x 6.9
Roll-off
47.4 18.8 34 68 30.9 30.9
(dB/GHz)
Insertion < 0.8dB < 0.7dB Not < 0.59dB < 0.3dB < 2dB
loss 0.01-1.2GHz | dc-1.7 GHz specified ' Not specified | dc-3.5 GHz
Stop band | > 23dB (avg) > 20dB > 20dB > 20dB >20dB > 20dB
attenuation | 1.78-3.5 GHz | 2.9-4.65 GHz 3.7-8 GHz 2.45-25 GHz 2.95-8.25 GHz | 4.3-15.8 GHz
€, t (mm) 44,16 10.2, - 10, 1.575 2.2, 0.78 3.38, 0.813 4.4, 1.6
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capacitance. The transmission zeros beyond 1.8 GHz are caused by the DGS structures. The measured
3dB cut-off frequency of the filter is 1.4 GHz. The roll-off rate measured is 47.4 dB/ GHz. The insertion
loss of the filter is better than 0.8dB in the pass band up to 1.2 GHz. The return loss of the filter is
better than 14.6 dB in the pass band. The average stop band attenuation of the filter is better than
23dB.

The roll-off rate of the proposed filter is better than the reported works [1,2,12,13] as shown in
Table 1. The pass-band insertion loss is comparable with [1,4] and is much better than [13]. The
overall size of the proposed filter is 39 mm x 32 mm, which is compact for low cutoff frequency and is
designed using commonly available low-permittivity substrate. In the stop band the major drawback is
the occurrence of two overshoots at 1.85 GHz and 2.1 GHz.

7. CONCLUSION

A compact low-pass filter is presented in this paper. Low insertion loss in pass band and good stop
band attenuation are the highlights of the proposed filter. The usage of chip inductor provides a sharp
roll-off within a compact structure. The major drawback of the proposed filter is the ripples at the
starting of stop band frequencies. The further improvement of stop band attenuation and reduction of
stop band ripple is currently under investigation.
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