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Abstract—A novel bandpass filter (BPF) based on the composite
right/left-handed (CRLH) material and 0° feeding structure is
proposed. With multiple unit-cells cascaded, the new section comprises
the series interdigital capacitors and the shunt short-circuited stub
inductors in the symmetric configuration. The circuit is designed to
be unbalanced, a tunable gap between left handed and right handed
modes in the 8 — w diagram can control out of band performance.
With careful design, a bandpass filter with wide rejection band can be
achieved. Furthermore, by using the 0° feeding associated structure,
two extra transmission zeros are created just outside the intended
passband. Finally, a three cells bandpass filter has been designed
and fabricated with 1.1 dB insertion loss at the center frequency of
4.2 GHz. Two transmission zeros are located at 2.95 GHz and 6.18 GHz
with attenuations of —44.1 dB and —37.3 dB, respectively. Also, a wide
rejection band from 5.4 to 9 GHz is obtained.
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1. INTRODUCTION

Recently, introduction and applications related to left-handed
metamaterial (LHM) have attracted a lot of attention.  The
metamaterials with negative permittivity and permeability were first
proposed by Veselago in the late 1960s [1]. Simovski et al. [2] showed

that the wave vector k and Poynting vector P are anti-parallel and the
reversal of some basic electromagnetic phenomena such as the Snell’s
law, the Doppler effect, and the Vavilov-Cerenkov effect is associated
with negative index of refraction. Based on the analysis of LHM, some
related devices have been presented such as an electrically small dipole
antenna with a shell of double negative material [3], a hybrid phase
shifter using a left-handed (LH) transmission line [4], an inductively
coupled two-pole bandpass filter using the zeroth-order CRLH CPW
resonators [5], a simulation study leading to computer aided design
(CAD) of LH-TL bandpass filters [6], a coplanar waveguide (CPW)
bandpass filter (BPF) using Composite Right/Left-handed (CRLH)
Zeroth-order Resonators [7], and a novel forward coupler using coupled
composite right/left-handed transmission lines [8].

The composite right/left-handed (CRLH) transmission line (TL)
structures using microstrip technology [9] have been implemented in
the radio frequency component design When the circuit is unbalanced,
the gap between left handed (LH) and right handed (RH) modes in
the § — w diagram can result in a rejection band and affect out of
band performance. With careful design, a bandpass filter with wide
rejection band can be realized Furthermore, by using the 0° feeding
associated structure [10], two extra transmission zeros are created just
outside the passband.

In this paper, an unbalanced CRLH TL based on the 0° feeding
structure is proposed. Compared to the conventional structures, the
skirt selectivity of this proposed filter is further improved. Besides, the
low insertion loss and wide stop-band performances are also shown in
this paper.

2. DESIGN METHODOLOGY
2.1. The CRLH TL

A symmetric CRLH TL unit cell equivalent circuit model consists
of the series inductance (Lpg), the series capacitance (Cr), the shunt
inductance (Lz) and the shunt capacitance (Cg) is shown in Fig. 1.
The transmission line matrix [ABCD] of the unit cell can be obtained
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Figure 1. Layout and equivalent circuit model of a symmetric
configuration CRLH TL unit cell.
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The S—parameters_ can be further derived from the transmission
matrix [ABCD] and the phase shift difference of the symmetric
configuration CRLH TL unit cell can be represented as [11]
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Under the assumption of the electrical small model, the A¢g
and A¢yr phase shift difference resulted from a unit cell must be
much smaller than /2 [12]. Thus, the resultant phase shift difference
A¢crrm of the CRLH TL can be further simplified as

1

A =A uni AdLunit = — LrCr — —F——— 5
OCRLH ORunit + AOL unit [wv rCR NOLs (5)

With N unit-cells cascaded, the overall length and phase shift
difference become N x p and N x A, respectively. The propagation
constant can be represented in terms of L', C%, L’ and C}, which are
the electrical parameters of the overall structure.

1
— ror -
8 = wy/LCh = — o (6)

From Equation (6), the new section composed of the series
interdigital capacitors and the shunt short-circuited stub inductors in
the symmetric configuration can approach the characteristic of the
ideal CRLH TL [9]. It is shown that the LH mode with a phase lead
can be excited at low resonant frequency. Similarly, the RH mode will
have a phase lag proportional toy/L,C}, at high frequency.

2.2. Unbalanced CRLH TL

A symmetric CRLH TL unit cell is implemented by cascading
capacitors and inductors into a conventional TL [11]. It is called
a balanced structure when the series resonance wg. and the shunt

resonance wg, are equal (1/y/LrCp = 1/4/LpCR). On the other
hand, an unbalanced structure results from the case of ws # wgp

(1/v/LgCr, # 1/\/L1CRr). As shown in Fig. 2, the CRLH transmission
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Figure 2. Typical dispersion diagram of the (a) balanced and (b)
unbalance CRLH TL.

= v



Progress In Electromagnetics Research C, Vol. 17, 2010 167

with LH behavior has the characteristics of opposite signs of a group
and phase velocities in the lower frequency band. On the other hand,
the CRLH transmission line with RH behavior has the same signs of
the group and phase velocities in the higher frequency band.

From Equation (6), it is shown that the CRLH TL is comprised
with the left handed mode at low resonant frequency and the right
handed mode at high frequency. The balanced and unbalanced circuits
are shown in Figs. 3(a) and (b). The former one can provide a wide
passband, but it suffers from a large component size. The latter enables
a rejection band to be created by controlling the gap between LH and
RH modes in the 8 — w diagram. To realize wide rejection band and
compact size, such a tunable gap is utilized to inhibit out of band
interference. Illustrated in Fig. 4, when a LH band is designed around
the 4 GHz, a RH band can be extended to 7.8, 8.5 and 9.8 GHz. The
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Figure 3. (a) Balanced CRLH mode. (b) Unbalanced CRLH mode.
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Figure 4. Unbalanced CRLH TL characteristics for the parameters,
Cr=0.5,04and 0.3pF, Lr =4nH, L; =1.9nH, Cf, = 0.3pF.
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Figure 5. (a) The microstrip-BPF CRLH TL structure. (b)
Simulation results of an unbalanced CRLH TL.
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Figure 6. S5 responses with 0° feed structure and non-0° feed
structure.

control of the edge frequencies of the bandgap are carried out using
the different capacitance values. As shown in Figs. 5(a) and (b), the
layout of the CRLH TL for the unbalanced case has the characteristics
of flat passband performance and wide rejection band. However, the
skirt selectivity is not good enough. In references [10], both 0° feed
structure and non-0° feed structure are introduced. The simulations for
both structures are shown in Fig. 6. It is clear that the skirt selectivity
is not good enough since no transmission zeros are created in the non-
0° feed structure. With a 0° feed structure, two extra transmission
zeros are created just outside the passband. Besides, the open stub is
used to make impedance matching more perfect. Both without open
stub and with open stub structures are shown in Figs. 7(a) and (b). It
is obvious that the impedance matching can be improved in the case
of the open stub structure.
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Figure 7. The performance verification using the Smith Chart. (a)
Without open stubs. (b) With open stubs structure.

3. SIMULATION AND MEASUREMENT RESULTS

To demonstrate the applications of the studies in the previous sections,
a novel three cells bandpass filter using CRLH TL based on the 0°
feeding structure is proposed in Fig. 8. They are designed using
the simulation solver IE3D and fabricated on an RT/duroid 4003
substrate with a thickness h = 20 mil and a relative dielectric constant
gr = 3.38. The dimensions of the proposed filter are specified as
follows: L1 = 4.15mm, Ly = 1.7mm, W, = 0.2mm, W; = 0.15 mm,
d=0.1mm, v = 0.7mm, and the scheme size is 14.8 mm x 12.84 mm.
The S-parameter simulation and measurement results for this designed
filter are shown in Fig. 9. The passband with center frequency of
4.2 GHz has insertion loss of less than 1.1 dB and return loss of greater
than 25dB. The 3-dB bandwidth is 1.8 GHz from 3.3 GHz to 5.1 GHz.
Compared to the simulated results, the measured bandwidth agrees
fairly well with the simulated bandwidth. In addition, the proposed
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bandpass filter can generate transmission zeros and provide a better
cutoff rate outside the passband. Two transmission zeros are located at
2.95 GHz and 6.18 GHz with attenuations of —44.1dB and —37.3dB,
respectively. Also, a wide rejection band ranged from 5.4 to 9 GHz
is obtained. Figs. 10(a) and (b) show the IE3D-simulated current
distribution at 2.95 and 6.18 GHz. It is observed that the current flows
from the series interdigital capacitors to the shunt short-circuited stub
inductors. For wideband application, the investigation of the flat group
delay is important and required. The simulated and measured group
delays are shown in Fig. 11. Fig. 12 shows the photograph of this
structure.
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Figure 8. The novel CRLH Figure 9. Simulation and
scheme based on the 0° feed measurement results.
structure.

Figure 10. The current distribution at (a) 2.95 GHz and (b) 6.18 GHz.
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Figure 11. Group delay of the Figure 12. Structure photo-
proposed dual-band filter. graph (scheme size = 14.8 X
12.84 mm?).

4. CONCLUSION

This paper presents a novel compact CRLH microstrip bandpass filter.
To realize wide rejection band and provide more compact size, the
circuit is designed to be unbalanced. A tunable gap between left
handed and right handed modes in the § — w diagram can control
out of band performance. With careful design, a bandpass filter with
wide rejection band can be achieved. By adding 0° feeding structures,
the frequency selectivity of the filter is much improved. It has been
shown that the proposed microstrip bandpass filter can be designed
and fabricated with 1.1-dB insertion loss at the center frequency of
4.2 GHz and about 42.86% 3-dB bandwidth Two transmission zeros
are located at 2.95GHz and 6.18 GHz with —44.1dB and —37.3dB,
respectively. Also, a wide rejection band from 5.4 to 9 GHz is obtained.
Compared with the reported documents, it has the advantages of
low insertion loss, enhancing the interference immunity, and compact
size. Numerical simulations using IE3D show good agreements with
experiments.
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