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ABSTRACT

In this paper, a unit cell for low pass filter design by using composite right and left-handed transmission line in conductor-backed
coplanar waveguide is proposed. The characteristics of the unit cell are analyzed in order to design a low pass filter in small sizes.
By changing the sizes of the unit cell, the parameters of right-handed and lefi-handed immittance components are changed and the
desired characteristics of the unit cell are achieved. The equivalent circuit of the unit cell is extracted and analyzed either. As a
result, the simulation results of the unit cell and the equivalent circuit are almost identified. The movement and energy distributions
of electromagnetic field are shown to confirm the property of the unit cell. In the end, a low pass filter is demonstrated by cascading
three proposed unit cells, which shows cutoff frequency of 1.53GHz and deep attenuation from 2.23GHz to 4.49GHz lower than -

50dB.

Keywords: Composite Right and Left-Handed Transmission Line, Conductor Backed Coplanar Waveguide, Unit Cell, Low Pass

Filter.

1. INTRODUCTION

Recently, left-handed materials (LHMs) have concentrated
extensive attention in many areas. This special artificial
material with simultaneously negative values of ¢ and p was
presented in 1967 by the Russian physicist Viktor Veselago [1],
and demonstrated experimentally until 2000 [2]. Since LHMs
are actually homogeneous structures, artificial LH transmission
line can be constructed effectively. The advantages of LH
transmission line are high frequency selectivity, low loss and
wide bandwidth, as well as it can be implemented in planar
configurations, compatible with modern microwave integrated
circuits (MICs) [3]. So they can be widely used for the efficient
design of microwave applications, in order to get the target of
miniaturization, low cost and low power loss. But a purely LH
(PLH) structure does not exist in fact because parasitic
elements exist, and then that was the motivation for the
introduction of the term "composite right and left-handed
(CRLH)" [4]-[6]. A CRLH model [4] has both a left-handed
(LH: L;, Cp) range, which is due to the effect of the loading
elements, and a right-handed (RH: Ly, Cg) range, which is due
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to parasitic elements of the transmission line. On CRLH
structure, low pass filter (LPF), high pass filter (HPF), band
pass filter (BPF) and band stop filter (BSF) can be designed by
tuning to the RH and LH contributions [7], [8].

Filters are essential components in precision measuring
instruments, which are commonly used in testing RF
communication products. The development of precision
measuring instruments requires filters to have a compact size
and low insertion loss. Among the ways of configuring filters,
which are used in high precision measuring instruments
without high power, quarter wavelength microstrip line is
commonly used. However, filters designed by meta unit cell
structure, which is basically eighth wavelength, can be smaller
in size and the insertion loss can be decreased. In the respect of
designing filters in microwave integrated circuits (MICs) or
monolithic microwave integrated circuits (MMICs), coplanar
waveguide (CPW) is more suitable because of its advantages,
such as the simplicity of fabrication, easy mounting of active
and passive devices in series and shunt, easy connections
without via hole and possible size reduction [9], [10].
Conductor-backed CPW (CBCPW) is similar to conventional
CPW, which is with an additional lower ground plane. The
lower ground plane of CBCPW increases mechanical strength
of the circuit and gets cooling effect for circuits with active
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devices. Moreover, CBCPW gets less dispersive than CPW [9],
[11], [12].

In this paper, in order to obtain a low pass filter with cutoff
frequency at 1.5GHz and insertion loss of 1.2dB, a unit cell
with low-pass property is proposed by using CRLH
metamaterials (MTMs) in CBCPW transmission line. And the
equivalent circuit of the unit cell is extracted to analyze the
performances of the unit cell. Also, the movement and energy
distribution of electromagnetic field are shown to prove the
property of CRLH MTMs. Then three proposed unit cells are
connected in series to demonstrate a low pass filter, which can
obtain a cutoff frequency at the 1.53GHz and deep attenuation
from 2.23GHz to 4.49GHz lower than -50dB.

2. UNIT CELL USING CRLH CBCPW STRUCTURE

The geometric configuration of the proposed unit cell of
CRLH CBCPW transmission line is shown in Fig.1. The
configuration consists of a dielectric substrate between two
metallic layers; the top layer is composed by two ground planes
and signal transmission line, and the bottom layer is a ground
plane only. This structure is designed on printed circuit board
with relative dielectric constant of 2.5 and thickness of
0.787mm, in order to analyze the performances of the proposed
unit cell structure quantitatively. The width of feeder line w is
8.74mm, and the gap width between feeder line and the ground
plane G is 0.3mm, which are calculated by the tool Linecalc in
advanced design system (ADS), responding to 50Q
characteristics impedance of CBCPW structure.

Fig. 1. Physical configuration of the unit cell CRLH CBCPW.
(Gr=10mm, 1,=4.23mm, 1,=7.49mm, d=10mm, s;=0.2mm,
$,=0.2mm, t=5mm, lo=3mm, k=0.25mm)

PORT 1 PORT 2
= e Lr =

Cr1 Cr2 Cr1

- T T

(b)
Fig. 2. Equivalent circuit of the unit cell
(a) Approximate equivalent circuit. (b) Detailed equivalent
circuit.

As shown in Fig.1, the input port is symmetric with the
output port, based on the central axis of the transmission line.
When the signal transmits through the broad transmission line,
electrical energy is preserved and the parallel component Cy is
generated. Then the signal transmits through the narrow
transmission line, magnetic energy is preserved and the series
component Ly is created. According as the signal transmits
along the transmission line of the same geometry repeatedly,
and those components are generated again. Between the broad
transmission lines, coupling capacitance C; can be generated
when the parameter d is small enough. And L can be achieved
along the transmission lines which tend to the ground planes.
By tuning the sizes of w, 1}, 15, d, k, sj, s;, 1o and t, the cutoff
frequency and the characteristics of pass-band and stop-band
can be changed. In other words, the values of components Lg,
Cg, L1, Ci, which are shown in Fig.2 (a), change with the sizes
of the unit cell. As a result, the RH (Lg, Cr) characteristic
dominates on the unit cell of LPF, and the LH (L., Cy)
characteristic is suppressed. As shown in Fig.2 (b), the
equivalent circuit values of inductance (Lg = L, Ly = L,) and
capacitance (Cg; = C,+Cp, Cry = CpptCpptCp3) can be
calculated according to [13] as

.27
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where L and L, are created at the interval d and the interval lo
transmission lines. L, controls the skirt
characteristics of low pass filter in the stop-band. And also, C,
and C; are created between the interval 1;, the interval 21, of
the broad transmission lines and the bottom ground plane,
respectively. The C,, is created at the discontinuities of
transmission lines with different width [13], but it has little
effect on characteristics since the value is small. The h and w
are the thickness of the dielectric substrate and the width of
feeder line. The c is the velocity of light, g, is the permittivity
of free space and A, is the guided wavelength. The values of
effective permittivity €. and characteristic impedance Zc can
be calculated responding to the sizes of transmission line width
and the gap width between transmission line and the ground
plane in CBCPW structure by the tool Linecalc in ADS. For
example, when the width of feeder line w is 8.74mm, the gap

of narrow
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width between feeder line and the ground G is 0.3mm, the
result of effective permittivity & is 2.182. The calculated
values of the equivalent elements result in Ly = 7.039nH, L, =
0.3365nH, C,, = 1.270pF, C, = 0.1544pF, and C,;=4.801pF at
fo = 1.47GHz.

3. SIMULATION RESULTS OF UNIT CELL

Simulations of the unit cell and the equivalent circuit are
carried out by using HFSS and ADS separately. The simulation
results are plotted in Fig.3. As shown in Fig.3, the unit cell of
CRLH CBCPW transmission line exhibits a low-pass
characteristic. By changing sizes of the unit cell, cut-off
frequency and the characteristics of pass-band and stop-band
can be changed to get the desired low-pass characteristics.
Comparing the simulation results of the unit cell with the ones
of the equivalent circuit, graphs of S-parameters get to similar
forms and similar characteristics. As shown in Fig.3 (a), the
cutoff frequency of the unit cell is 1.37GHz and of the
equivalent circuit is 1.33GHz. Therefore, the error rate of
cutoff frequency is 3.13%. Similarly, the error rate of cutoff
frequency shows 4.48%, 5.37% and 7.17% in Fig.3 (b), (c) and
(d). The reason is that an error rate of the simulation result
becomes bigger when the length of design variable I,
approaches to /8.

Comparing these four figures, the S-parameter curves show
different characteristics. The magnitude of S,; curves in (a) and
(b) is maximum flat in pass-band, but gets ripples in stop-band.
Therefore, it can be seen as quasi-elliptic filter [14]. Moreover,
the curves of (c) and (d) get ripples in both pass-band and stop-
band, which is similar with the characteristics of elliptic filter
[14]. Overall, (b) gets the best characteristics that in pass-band
the ripples of S;; are below -17.78dB and the maximum
magnitude of S,; curve is flat and decreases monotonically.
That is, the characteristics of the unit cell turn better when the
lengths of 1}, 1, approach to A,/32. Once the lengths of low pass
filter stubs are being A,/8 [15] or A,/4 [16] in general, this unit
cell is more advantageous to achieve miniaturization in filter
design.
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Fig. 3. Simulated S-parameters of the unit cell
(a) 1;=Ay/32, 1,=A/16. (b) 1;=Ay/32, 1,=Ay/32.
(©) 11=Ay/16, 1,=Ae/32.(d) 1,=y/8, 1,=Ay/32.
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Fig. 4. Phase characteristics of the unit cell
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Fig. 5. Signal transmission of RH transmission line
(a) Energy distribution of electric field.
(b) Energy distribution of magnetic field.

As Fig.4, phase characteristics are shown to identify that if
phase distortion occurs when signal transmits along the unit
cell. As an ideal case, when the phase curve of S,; is a perfect
straight line with a constant slope in pass-band, phase distortion
of transmission signal does not occur at all. Compared to (c)
and (d), the phase curves of (a) and (b) change linearly and get
better characteristics. That is, the phase distortion in (c) and (d)
occurs more than that in (a) and (b).

The energy distribution of electric field, corresponding to the
accumulated energy distribution of the parallel circuit
composition Cg which is generated on the broad transmission
line, is shown in Fig.5 (a) Because of the electromagnetic
interaction, as time elapses, the electric energy turns to be
magnetic energy, corresponding to the accumulated energy
distribution of the series circuit component Ly, which is created
on the narrow transmission line, is shown in Fig.5 (b) This
process is repeated while the signal energy transmits from the
input port to the output port. Therefore, the transformation and
suppression of the input signal energy is achieved by the
inductors and capacitors which build up the RH meta-unit cell.
And according to the values of the inductors and capacitors, the
unit cell shows the nature of low pass filter. Eventually, the RH
meta-unit cell gets the characteristics of preserving the input
electromagnetic energy and transmitting the energy to the
output port without loss, as well as the characteristic of low-
pass frequency selectivity.
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Fig. 6. Movement of electric field and magnetic field.

The movement of electric field and magnetic field can be
seen in Fig.6. According to the direction of electric field of -z
axis and magnetic field of —x axis, the direction of propagation
waves can be determined to +y axis.

4. SIMULATION AND MEASUREMENT OF LOW PASS
FILTER

As analyzed above, the unit cell can be used for low pass
filter design. In order to achieve the desired pass-band and the
sufficient suppression in the stop-band, three unit cells are
cascaded. Fig.7 depicts the top layer physical configuration of
the proposed low pass filter. The dimensions of the proposed
filter are optimized by HFSS. The final optimized parameter
values of the low pass filter are as follows: I; = 9.01lmm, I, =
7.72mm, 13 = 9.03mm, d = 10.06mm, d; = 10.02mm, s; =
0.11mm, s, = 0.21mm, s; = 0.0lmm, k = 0.24mm, k; = 1.5mm,
k, = 0.35mm, ¢; = 0.53mm, ¢, = 0.06mm, t; = 0.5mm, t, =
0.61mm, lo; =2.12mm, lo, = 2.14mm.

()
Fig. 7. Top layer physical configuration of the proposed low
pass filter. (a) Simulated layout pattern. (b) Fabricated layout
pattern.

S-parameters

-1200.0 500.0M 1.0G 1.5G 20G 25G 3.0G 35G 4.0G
Frequency(Hz)
Fig. 8. Simulated and measured S-parameters of the proposed
low pass filter.

The simulated and measured S-parameters of the proposed
low pass filter are shown in Fig.8. The measured results show
good agreement with the simulated ones, but the cutoff
frequency does not match exactly. The experiment results
demonstrate that the fabricated low pass filter has a 3dB cutoff
frequency at 1.53GHz, right-shifted to 300MHz. The ripples of
S-parameter S;; in pass-band are below -10dB and the S,; is
below -50dB from 2.23GHz to 4.49GHz in stop-band. However,
spurious mode is appeared at 4.6GHz in stop-band because of
the intrinsic property of CPW transmission line.

5. CONCLUSIONS

In summary, this paper focuses on investigating the unit
cell of CRLH CBCPW transmission line, which shows low-
pass property. The equivalent circuit and the simulated
characteristics of CRLH CBCPW filter have been presented.
As a result, the equivalent circuit shows similar characteristics
with the unit cell. A low pass filter is demonstrated by
cascading three unit cells. The cutoff frequency of the low pass
filter is 1.53GHz with stop-band from 2.23GHz to 4.49GHz
which is suppressed better than -50dB.
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