
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 Ey incident polariza-

tion, and negative permeability for Ex 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 Ey), 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 SRR1R 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 Ey) or negative perme-

ability (for Ex). The cross-board MTM exhibits negative

permittivity for an Ey polarized state and negative permeability

for an Ex 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. VC 2014 Wiley Periodicals,

Inc. Microwave Opt Technol Lett 56:1222–1224, 2014; View this article

online at wileyonlinelibrary.com. DOI 10.1002/mop.28308
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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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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 5 A05 3.4 mm, B 5 B05 2.6 mm,

and D05 S 5 G 5 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 X (w 5 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,

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

Lm_ls1 and Lm_ls2, respectively. Also, Lm_s1s2 represents the

mutual inductance between two resonators. Here, Ll and Cl are

the per-unit-section inductance and capacitance of the microstrip

line.

As the two resonators are coupled with the inductance Ll, the

equivalent impedance of the series branch (Zeq_asy 5 vl/il)
between T1 and T1

0 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:

jxLlil1jxLm ls1is11jxLm ls2is25vl (1)

jxLm ls1il1jxLs1is11
1

jxCs1

is11jxLm s1s2is250 (2)

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

Figure 4 Simplified circuit with the series branch replaced by its

equivalent impedance

Figure 1 Microstrip line with an asymmetric spiral-shaped DGS

Figure 2 Calculated transfer characteristic of the structure
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jxLm ls2il1jxLm s1s2is11jxLs2is21
1

jxCs2

is250 (3)

The equivalent impedance Zeq_asy is obtained by solving Eqs.

(1)–(3) for il and vl as follows:

Zeq asy 5
vl

il
5jxLl

1
x2Lm ls1

jxLs11
1

jxCs1

1
x2L2

m s1s2

jxLs21
1

jxCs2

il

1

x2L2
m ls2

Cs2

Cs1

2x2Ls1Cs2

� �
12x4Cs2Lm ls1Lm ls2Lm s1s2

12x2Ls2Cs2

jxLs11
1

jxCs1

1
x2L2

m s1s2

jxLs21
1

jxCs2

il

(4)

From the expression in (4), the series branch impedance

between T1 and T1
0 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 L0s15Cs1A, C0s15Ls1=A, L0s25Ls2A=B, C0s25

Cs2B=A; where

A5x2Lm ls1

1

x2L2
m ls2

Cs2

Cs1

2x2Ls1Cs2

� �
12x4Cs2Lm ls1Lm ls2Lm s1s2

12x2Ls2Cs2

;

B5x2L2
m s1s2

After some manipulations, the resonant condition of (4) can

be written as:

x4ðLs1Ls2Cs1Cs22Cs1Cs2L2
m s1s2Þ

2x2ðLs1Cs11Ls2Cs2Þ1150:
(5)

The above biquadratic equation has four solutions, and the

two positive real values of the resonance frequencies are

xo1;o25

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðLs1Cs11Ls2Cs2Þ6

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðLs1Cs12Ls2Cs2Þ214Cs1Cs2L2

m s1s2

q
2ðLs1Ls2Cs1Cs22Cs1Cs2L2

m s1s2Þ

vuut
:

(6)

Here, Lm s1s25km

ffiffiffiffiffiffiffiffiffiffiffiffi
Ls1Ls2

p
is the mutual inductance between

two resonators and km is the magnetic coupling coefficient

between two resonators.

When km increases up to 1, the two resonance frequencies in

(6) coalesce into a single resonance frequency of xo 5

xo1 5 xo2 5 (Ls1Csl 1 Ls2Cs2)21/2. For the asymmetric spiral-

shaped DGS, however, km is in practice much lower than 1 so

that the asymmetric structure provides two different resonance

frequencies.

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.

ACKNOWLEDGMENT

This research was supported by NSL (National Space Lab) pro-

gram through the National Research Foundation of Korea

funded by the Ministry of Science, ICT & Future Planning (No.

S10801000159-08A0100-15910).

REFERENCES

1. C.S. Kim, J.S. Lim, S.W. Nam, K.Y. Kang, and D. Ahn, Equivalent

circuit modelling of spiral defected ground structure for microstrip

line, Electron Lett 38 (2002), 1109–1110.

2. Y.K. Chung, S.S. Jeon, S.H. Kim, D. Ahn, J.I. Choi, and T. Itoh,

Multifunctional microstrip transmission lines integrated with

defected ground structure for RF front-end application, IEEE Trans

Microwave Theory Tech 52 (2004), 1425–1431.

3. J.S. Lim, J.S. Park, Y.T. Lee, D. Ahn, and S.W. Nam, Application

of defected ground structure in reducing the size of amplifiers, IEEE

Microwave Wireless Compon Lett 12 (2002), 261–263.

4. D.J. Woo, J. W. Lee, and T.K. lee, Multi-band rejection DGS with

improved slow-wave effect, In: Proceedings of 38th European

Microwave Conference, Amsterdam, The Netherlands, 2008, pp.

1342–1345.

5. Y.T. Lee, J.S. Lim, S.W. Kim, J.C. Lee, S.W. Nam, K.S. Seo, and

D. Ahn, Application of CPW based spiral-shaped defected ground

structure to the reduction of phase noise in V-band MMIC oscillator,

In: IEEE MTT-S International Microwave Symposium Digest 2003,

Philadelphia, PA, June 2003, pp. 2253–2256.

6. D.J. Woo and T.K. Lee, Suppression of harmonics on Wilkinson

power divider using dual-band rejection by asymmetric DGS, IEEE

Trans Microwave Theory Tech 53 (2005), 2139–2144.

7. D. Ahn, J.S. Park, C.S. Kim, J.N. Kin, Y. Qian, and T. Itoh, A

design of the low-pass filter using the novel microstrip defected

ground structure, IEEE Trans Microwave Theory Tech 49 (2001),

86–93.

8. I.S. Chang and B.S. Lee, Design of defected ground structures for

harmonics control for active microstrip antenna, In: Proceedings of

IEEE Antennas Propagation Society International Symposium, San

Antonio, TX, June 2002, pp. 852–855.

9. C. Caloz, H. Okabe, T. Twai, and T. Itoh, A simple and accurate

model for microstrip structures with slotted ground plane, IEEE

Microwave Wireless Compon Lett 14 (2004), 133–135.

10. N. Karmakar, S.M. Roy, and I. Balbin, Quasi-static modeling of

defected ground structure, IEEE Trans Microwave Theory Tech 54

(2006), 2160–2168.

11. E.O. Hammerstad, Equations for microstrip circuit design, In: Pro-

ceedings of European Microwave Conference, Microwave Exhibitor

& Publishers, Kent, UK, 1975, pp. 268–272.

12. D.J. Woo, T.K. Lee, and J.W. Lee, Equivalent circuit model for a

simple slot-shaped DGS microstrip line, IEEE Microwave Wireless

Compon Lett 23 (2013), 447–449.

VC 2014 Wiley Periodicals, Inc.

1224 MICROWAVE AND OPTICAL TECHNOLOGY LETTERS / Vol. 56, No. 5, May 2014 DOI 10.1002/mop


