from the x-polarization. As the incident polarization changes
from y to x, the MTM changes rapidly from a negative index
to a positive index material.

The cross-board MTM is inherently lossy, due to the forbid-
den band regions associated with single negative materials; the
material exhibits negative permittivity for E, incident polariza-
tion, and negative permeability for E, incident polarization. A
change in polarization is not observed in the cross-board MTM
structure, due to the dynamic range limitations of the
experiment.

5. CONCLUSION

The polarization properties of the 1D MTM lenses have been
investigated and the results are compared with a 2D MTM lens.
In the 2D MTM structure, the transmitted MW radiation was
found to be elliptically polarized (for E,), whereas no such
change in polarization was noted for the 1D lens. A good agree-
ment with experiment and modeling results was observed. The
polarization response for a given SRR+R configuration is attrib-
utable to the coupling mechanisms of the MTM constituent ele-
ments to the incident MW radiation. As the incident polarization
changes from y to x, the 1D lens transitions from a net negative
index of refraction material to a positive index material. For the
cross-board configuration, at resonance frequency, the MTM
exhibits negligible transmission due to forbidden bands, attribut-
able to either negative permittivity (for E,) or negative perme-
ability (for E,). The cross-board MTM exhibits negative
permittivity for an E, polarized state and negative permeability
for an E, polarized state. The MW radiation transmitted through
MTMs is significantly affected by the polarization state of the
incident beam. As MTMs are deployed in applications it is nec-
essary to account for their polarization response. Furthermore,
the control of transmission through the polarization state of the
incident radiation allows for the possibility of fabrication of
novel MTM devices.
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ABSTRACT: For a microstrip line with an asymmetric spiral-shaped
defected ground structure (DGS), an equivalent circuit model is pre-
sented. From the lumped-element circuit model describing the asymmet-
ric properties in circuit elements as well as in their magnetic coupling
to the host line, the two rejection frequencies are derived. The equiva-
lent circuit model provides physical insight into the dual-frequency oper-
ation of the asymmetric spiral-shaped DGS. © 2014 Wiley Periodicals,
Inc. Microwave Opt Technol Lett 56:1222-1224, 2014; View this article
online at wileyonlinelibrary.com. DOI 10.1002/mop.28308

Key words: asymmetric spiral-DGS; dual-frequency operation; equiva-
lent circuit model

1. INTRODUCTION

A spiral-shaped defect on the ground plane of a planar transmis-
sion line such as a microstrip line or a coplanar waveguide pro-
vides a band rejection characteristic at a resonance frequency
corresponding to the size of the defect on the ground [1]. The
band rejection property of the spiral-shaped defected ground
structure (DGS) enables the suppression of undesired harmonics
in microwave and millimeter wave circuits [2-5]. To suppress
dual frequency bands with conventional symmetric spiral-shaped
DGS, DGSs with different defect sizes have to be cascaded.
However, the cascaded DGS configuration requires a larger area
along the direction of propagation and introduces significant
radiation and conductor losses. The dual frequency rejection
property from a single asymmetric spiral-shaped DGS has previ-
ously been reported by the authors [6]. A microstrip line with
an asymmetric spiral-shaped DGS provides two different
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Figure 1 Microstrip line with an asymmetric spiral-shaped DGS

resonance frequencies due to the different defect sizes. Some
equivalent circuit models have been presented and these efforts
have provided improved design methods and physical insight of
the operation principle of the symmetric DGSs [1,7-12].

In this article, an equivalent circuit model is presented to
give physical insight into the dual frequency rejection character-
istic of the asymmetric spiral-shaped defect on the ground plane
of the microstrip line.

2. EQUIVALENT CIRCUIT MODEL

The geometry of the microstrip line with an asymmetric spiral-
shaped DGS is shown in Figure 1 where the dimensions of the
spiral-shaped defects on the right- and left-hand sides are differ-
ent [6]. The dimensions are A=A’ =3.4 mm, B=B'=2.6 mm,
and D' =5 =G = 0.2 mm, and the structure is on a circuit board
GML1000 with a relative dielectric constant of 3.2 and thick-
ness of 1.63 mm. The characteristic impedance of the transmis-
sion line is designed to be 50 Q (w= 1.2 mm). The transfer
characteristic for the structure in Figure 1 calculated using the
electromagnetic full-wave solver (IE3D) is illustrated in Figure
2. It can be seen that a single asymmetric spiral-shaped DGS
can provide two different resonance frequencies, that is, 2.56
and 4.22 GHz, due to the different sizes of the defects on the
ground plane.

In Figure 1, the electric field concentrates at the narrow
etched gap connecting two spiral-shaped defects while the cur-
rent is confined to the periphery of the etched spiral pattern.
Hence the capacitances and inductances of the asymmetric
spiral-shaped DGS are determined by the etched gap size and
the etched spiral pattern, respectively. The circuit model repre-
senting the microstrip line with the asymmetric spiral-shaped
DGS is shown in Figure 3(a). From the magnetic wall concept,
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Figure 2 Calculated transfer characteristic of the structure
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Figure 3 (a) Proposed equivalent lumped element circuit for a micro-
strip line with an asymmetric spiral-shaped DGS. (b) Equivalent circuit
for loop-equation formulation

the unit asymmetric spiral-shaped defect is modeled as two sep-
arated LC resonators. These two resonators are magnetically
coupled to the host transmission line through mutual inductances
Ly, 151 and L, ;, respectively. Also, L, s, represents the
mutual inductance between two resonators. Here, L; and C; are
the per-unit-section inductance and capacitance of the microstrip
line.

As the two resonators are coupled with the inductance L;, the
equivalent impedance of the series branch (Zeq .y = W/ip)
between T and T, can be obtained from the circuit in Figure
3(b). Three loop equations based on Kirchhoff’s law are written
to solve the equivalent impedance as follows:

JOLyip+ oLy 51151 +j0Ln_is2is0 =V, (n
.]wLm_lsl l +]stl Ls1 +— Is1 +]wLm_5152152 =0 (2)
jCOCS]
T R e W s :
L :
T, L Ci 3
L
A — L. e — 2

Figure 4 Simplified circuit with the series branch replaced by its
equivalent impedance
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The equivalent impedance Z.q sy is obtained by solving Egs.
(1)=(3) for i; and v, as follows:
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From the expression in (4), the series branch impedance
between T and T," in Figure 3(a) can be replaced by the equiv-
alent circuit as shown in the dotted box in Figure 4. In the
equivalent circuit model, the equivalent inductance and capaci-
tances are explicitly L., =CqA, C,;=Ly /A, L\;=LyA/B, Cly=
CyB/A, where

A:szm_[sl
272 Co 2 4
@ Lm,ls2 C —w LSICSZ +2w C32Lm,/lesz2LmJls2
+ s1
1 _w2Ls2cx2 ’
— 272
B=w Lm_vls2

After some manipulations, the resonant condition of (4) can
be written as:

604 (Lxl Ls2 Csl CSZ - Csl Cs2L2 )

‘m_s1s2

&)
—@? (L Cs1 +LCyp) +1=0.

The above biquadratic equation has four solutions, and the
two positive real values of the resonance frequencies are

(Lxl Cx 1 + L.&Q Cs2 ) * \/(Lxl Csl - Ls2 Cs2 ) ? +4Csl CXZLZ
2 (le LsZ Csl CSZ - Csl Cs2L2 )

‘m_s1s2

Wol,02=

(6)

Here, L, _so=knv/Ls1Ls is the mutual inductance between
two resonators and k;, is the magnetic coupling coefficient
between two resonators.

When £, increases up to 1, the two resonance frequencies in
(6) coalesce into a single resonance frequency of w,=
W1 = W= (LyCq + LoCe) 2. For the asymmetric spiral-
shaped DGS, however, k,, is in practice much lower than 1 so
that the asymmetric structure provides two different resonance
frequencies.
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3. CONCLUSION

The equivalent circuit modeling for an asymmetric spiral-
shaped DGS in the microstrip line is presented. Due to the
asymmetric structure on the ground plane, the intrinsic circuit
has two LC resonators and their resonance frequencies are dif-
ferent. These two resonators are magnetically coupled to each
other and also magnetically coupled to the microstrip line.
The equivalent circuit model is obtained from the intrinsic res-
onant circuits and from accounting their couplings, and the
two resonance frequencies are derived. The presented equiva-
lent circuit modeling provides physical insights into the
behavior of the asymmetric DGS. It also serves as a design
guide to the dual band suppression of harmonics for a high
frequency circuit.
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