Figure 6

Measured input impedance and VSWR plots for a 3  3 space-fed array

measured VSWR was less than 2 from 2.35 to more than 2.5
GHz. At 2.45 GHz, the measured gain of the array was 16 dBi.
This was close to the simulated value of 16.1 dBi. The ratio of
received power levels with the transmitting antenna vertically
and horizontally polarized gives the axial ratio. The measured
axial ratio was 0.6 dB at 2.45 GHz.

4. CONCLUSIONS

High-gain circular polarization can be easily obtained using
space-fed microstrip antenna arrays without the need for a complex feed network. With the feed patch antenna designed to generate circular polarization, overall gain can be increased by
increasing the number of array elements. The design is simple,
easy to fabricate, and gives high efﬁciency and gain with low
side lobe levels.
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1. INTRODUCTION

Multiband RF devices with superior performance have been developed widely and rapidly for modern wireless communication systems [1]. To comply with the trends, the generalized negative-
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Figure 2

Equivalent circuit of G-NRI TL





ﬃ
rﬃﬃﬃﬃﬃsﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Lt x2 x2s  x2 x2 x2h  x21  x2 x2d  x2




 (2)
Zc ðxÞ ¼
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Figure 1 Unit-cell of the proposed G-NRI TL (Substrate: Rogers RT
5880 er ¼ 2.2, height ¼ 0.787 mm)

refractive index transmission line (G-NRI TL) [2] was presented. The G-NRI TL has an advantage of multiband applications due to many transmission branches of two right-handed
(RH) and two left-handed (LH) branches in Brillouin zone (BZ)
[3]. However, the unit cell of G-NRI TL utilized lumped elements in Ref. [2] is large due to the connection part between
the lumped elements. The G-NRI TL consisting of lumped elements cannot be used for radiative application since the lumped
element based-structure is impractical due to its inability to
radiate [4]. In this article, the G-NRI TL using only distributed
structures is presented. The balanced conditions of the G-NRI
TL for broadband matching are provided, similar to CRLH TLs.
The G-NRI TL satisfying the balanced conditions will be
designed.

2. DESIGN AND ANALYSIS OF G-NRI TL

Figure 1 shows the proposed unit cell of the G-NRI TL. The
unit cell consists of a defected ground structure (DGS), a stub
with rectangular patch, a wire-bonded interdigital capacitor
(WBIDC), and a short stub by a metallic via. The DGS and the
stub with a rectangular patch are equivalently modeled as an
impedance with parallel LC resonant circuit (Cd, Ld) [5] and an
admittance with series LC resonance circuit (Cp, Ls), respectively, as shown in Figure 2. The WBIDC and the short stub
are represented by the series capacitance of Ci and the shunt inductance of Lv, respectively. To complete an equivalent circuit,
the capacitance of Ct and the inductance of Lt, parasitic RH
components of the host TL are added. Consequently, the equivalent circuit of the G-NRI TL is completed, as shown in Figure
2. In Figure 2, the series impedance (Z), shunt admittance (Y),
and characteristic impedance (ZC) of the G-NRI TL can be
derived as

2224

ZðxÞ ¼ jxLt




x2 x2h  x21  x2 x2d  x2
 2

;
x2 x d  x2

(1a)

YðxÞ ¼ jxCt




x2 x2v  x22  x2 x2s  x2


;
x2 x2s  x2

(1b)

where,
1
1
1
1
x1 ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃ ; x2 ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃ ; xd ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ; xs ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ;
Ci L t
Ct Lv
Cd Ld
Cp Ls
1
1
xh ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ; and xv ¼ pﬃﬃﬃﬃﬃﬃﬃﬃﬃ :
Cd Lt
Ct Ls
The effective permeability and permittivity values are obtained
from leff ¼ Z(x)/jxd and eeff ¼ Z(x)/jxd, respectively [3]. The
balanced conditions for broad-band matching are directly
obtained from (2) as follows: x1 ¼ x2, xd ¼ xs, and xh ¼ xv.
If the balanced conditions are satisﬁed, then the impedance
matching can be achieved because the characteristic impedance
is the same with that of the host TL as seen in (2). In the equivalent circuit, each parameter is extracted from the circuit and
full wave simulations (Ansoft’s Designer and HFSS) when the
G-NRI TL satisﬁes the balanced conditions. According to the
open- and short-ended boundary conditions (BCs), the ZOR frequencies of the G-NRI TL are calculated by the following equations [6]:
Open-ended BC:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2GZOR1;2 ¼ 0:5ðx22 þ x2s þ x2v Þ60:5 ðx22 þ x2s þ x2v Þ2  4x22 x2s Þ
(3a)

Figure 3
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Short-ended BC:
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x2GZOR1;2 ¼ 0:5ðx21 þ x2d þ x2h Þ60:5 ðx21 þ x2d þ x2h Þ2  4x21 x2d Þ:
(3b)
Form (3), it is found that the G-NRI TL inherently has two
ZOR frequencies, which are independent of the total length (Nd)
of resonators.

3. SIMULATED AND MEASURED RESULTS

Figure 3 shows the imaginary values of the impedance (Z) and
admittance (Y) in Figure 2, corresponding to the xdleff and
xdeeff, under the balanced conditions. The xd (xs) of 3.47 GHz
(3.50 GHz), xZOR1 of 1.91 GHz, and xZOR2 of 5.60 GHz are
directly calculated by (1) and (3), respectively. In Figure 3, the
whole frequency range can be divided by the critical frequency
points of fc1, fZOR1, fc2, fc3, fZOR2, and fc4. Each bounded region
is characterized, according to the signs of the Im(Z) and Im(Y),
by RH or LH band. These cutoff frequencies of fc1 (1.15 GHz),
fc2 (2.71 GHz), fc3 (4.31 GHz), and fc4 (9.54 GHz) are calculated
using the dispersion relation [3] with the condition that bd is
equal to p.
Figure 4 shows the dispersion curves that are obtained by
full wave simulation and theory. The theoretical result is in
good agreement with that of the simulation. Four transmission
bands are simulated as follows: the ﬁrst LH band, the ﬁrst RH
band, the second LH band, and the second RH band are from
1.15 to 1.87 GHz, from1.87 to 2.71 GHz, from 4.31 to 5.68
GHz, from 5.68 to 9.54 GHz, respectively. Figure 5 shows the
simulated and measured s-parameter of 2-stage G-NRI TL. Four
transmission bands in two-stage GMTL case are measured as
follows: the ﬁrst LH band, the ﬁrst RH band, the second LH
band, and the second RH band are from fc1 (1.36 GHz) to fZOR1
(1.95 GHz), from fZOR1 to fc2 (2.69 GHz), from fc3 (4.56 GHz)
to fZOR2 (5.71 GHz), from fZOR2 to fc3 (9.70 GHz), respectively.
These measured results are in agreement with the results, which
are obtained from the theoretical dispersion curves in Figure 4.
It is directly known that the G-NRI TL has an advantage of the
multiband applications because the dispersion curve has more
transmission branches in BZ (up to10.84 GHz). The proposed

Figure 5 Frequency response of G-NRI TL. [Color ﬁgure can be
viewed in the online issue, which is available at www.interscience.
wiley.com]

G-NRI TL is compact because the series resonance part is made
by DGS. It also does not require the connected part between the
components. The length of the unit cell (0.163 kg) is reduced by
37.8% in compassion with that (0.262 kg) of Ref. [2] at the
fZOR1. In addition, the TL can be used for the radiative applications because the TL consists of only distributed structures.
Therefore, it is expected that the G-NRI TL can be applied to
multiband RF devices, such as dual-band ZOR antennas, multiband power dividers, multiband ﬁlters, and so on.
4. CONCLUSION

The G-NRI TL consisting of only distributed structures is proposed. It can be utilized for the radiative application. The dispersion relation and frequency behavior of the G-NRI TL are
analyzed by theory, simulation, and measurement, showing good
agreement.
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