Figure 10 The capacitances of circuit model with different W, L

First of all, the key factor affecting the Q factor of capacitor is
tan ␦ of the thin film. The Q factor can change from 100 to about
700 at 1 GHz when the tan ␦ turns from 0.01 to 0.001. Unfortunately, for same materials, the tan ␦ of thin film often changes
according to its thickness [8]. So during the design process, a more
accurate value of tan ␦ needs to be known. The design should use
a material that has small tan ␦.
The height of the substrate can only slightly affect the Q factor
of capacitor; at lower frequencies the Q factor is almost the same.
At higher frequencies, for example, at 8 GHz, the Q factor can rise
about 10% when the height of substrate goes from 50 to 500 m.
The metal thickness is also an important factor affecting the Q
factor of capacitor [9]. When the metal thickness is larger than skin
depth, the Q factor remains almost the same. But when the metal
thickness is smaller than skin depth, the Q factor drops quickly.
From Figure 6, it can be seen that when the metal thickness
changes from 2 to 0.2 m, the Q factor at 1 GHz drops from about
330 to 40 or so. In capacitor production, usually only the bottom
metal layer is evaporated, and hence is about 0.5 m thick [9]; this
is much less than the skin depth at the lower frequency. This may
be part of the reason that the Q factors of many capacitors are
about 50 or so [3].
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ABSTRACT: This article introduces broadband equivalent circuit
models for both series-connected and parallel-connected canonical
chiral elements. Each connection method results in a different terminal impedance behavior and therefore requires a different equivalent
circuit model. These equivalent circuit models have a variety of applications including allowing for convenient analysis of chiral antennas as well as meta-materials composed of passively or actively
loaded chiral elements. © 2002 Wiley Periodicals, Inc. Microwave
Opt Technol Lett 34: 181–183, 2002; Published online in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.10410
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1. INTRODUCTION

Atomic and molecular interactions with optical electromagnetic
energy give rise to a wide range of optical phenomena. The most
intense interaction generally occurs when the optical wavelength
and the dimension of the atomic or molecular units are roughly
equivalent. However, atomic and molecular dimensions are too
small to support significant interactions at radio and microwave
frequencies. Lindman [1] first demonstrated optical activity at
microwave frequencies by fashioning an artificial medium (i.e., a
meta-material) containing metallic helical inclusions. Two aspects
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Figure 2

Figure 1

Canonical chiral elements

of helical geometry provide the field cross-coupling basis for
optical activity. First, the loops of the helix interact with the
magnetic field manifestation of the incident electromagnetic wave.
Current induced in the loop is proportional to the time rate of
change of the magnetic field vector contained within the circular
area bounded by the loop. Second, the linear portion of the helical
geometry interacts with that component of the incident electric
field having the same orientation. This induced current is proportional to the incident electric field. These helical inclusions are
examples of chiral elements [2, 3]. A canonical chiral element is
the simplest expression of these two aspects of helix geometry.
Both right-handed and left-handed canonical chiral elements are
possible, as illustrated in Figure 1.
An external load can be connected to a chiral element in two
ways: a parallel connection or a series connection. The parallel
connection places the external load across the dipole-loop gap,
putting the loop terminals, the dipole terminals, and the load
terminals in parallel. The other configuration breaks the connection
between the dipole and loop sections at the center gap, reconnecting the loop, the load, and the dipole in a series configuration.
Figure 1 shows both connections. The terminal impedance and
backscatter behavior of the chiral element is different for each
connection method. The objective of this Letter is to develop
useful equivalent circuit models for both series-connected and
parallel-connected versions of canonical chiral elements.

Equivalent circuit for series-connected chiral element

(MoM) approach. The dashed line shows the equivalent circuit
terminal impedance for the following component values:
R1 ⫽ 25⍀
C1 ⫽ 0.538 pF
L1 ⫽ 500 nH

R2 ⫽ 10 ⍀
C2 ⫽0.281 pF
L2 ⫽ 231 nH

R4 ⫽ 200 ⍀
C4 ⫽ 0.159 pF
L4 ⫽ 45 nH

R3 ⫽ 520 ⍀
C3 ⫽ 0.099 pF
L3 ⫽ 350 nH

R5 ⫽ 0 ⍀
C5 ⫽0.064 pF
L5 ⫽ 50 nH

3. EQUIVALENT CIRCUIT FOR PARALLEL CONNECTED
CHIRAL ELEMENT

The same general approach is suitable for the representation of a
parallel-connected chiral element by evoking duality, replacing
shunt connected series resonant circuits with series-connected parallel resonant circuits as shown in Figure 4. This equivalent circuit
has four resonant networks creating impedance poles at 316, 818,
1570, and 2000 MHz. The equivalent circuit component values for
this model are
R1 ⫽ 10k⍀
R2 ⫽ 10 ⍀
R3 ⫽ 520 ⍀ R4 ⫽ 200 ⍀
C1 ⫽ 0.538 pF C2 ⫽ 0.281 pF C3 ⫽0.099 pF C4 ⫽ 0.159 pF
L1 ⫽ 500 nH L2 ⫽ 231 nH L3 ⫽ 350 nH L4 ⫽ 45 nH
Figure 5 shows the impedance as a function of frequency for a
parallel-connected canonical chiral element with the same dimen-

2. EQUIVALENT CIRCUIT FOR
SERIES-CONNECTED CHIRAL ELEMENT

Lumped constant dipole equivalent models often have repetitive
circuit topology that mimics the repetitive aspect of dipole overtone responses with one LCR network needed for each response
[4]. Chiral element equivalent circuit models can have topologies
similar to those employed in dipole circuit models, even though
their overtone response fails to follow the familiar odd integer
pattern. Figure 2 shows an equivalent circuit for a series connected
canonical chiral element. It consists of five parallel-connected
series resonant LCR circuits. Each shunt branch provides one
reactance zero in the equivalent circuit impedance response at 307,
625, 855, 1880 and 2800 MHz. This circuit was applied to represent a series-connected canonical chiral element with a total wire
length of 50 cm, a loop circumference of 25 cm, and a wire radius
of 1 mm. Figure 3 shows the resulting frequency response. The
solid line represents the terminal impedance of the series-connected chiral element determined by using a method-of-moments
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Figure 3 Impedance of series-connected chiral element and five-branch
equivalent circuit
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Figure 4 Equivalent circuit for parallel-connected chiral element with
four impedance poles
Figure 6 Impedance of parallel-connected chiral element and three-pole
equivalent circuit

sions and geometry as in the previous case. The solid line is the
impedance of the chiral element determined by a MoM analysis
and the dashed line is the terminal impedance of the equivalent
circuit network.
Removing the circuitry responsible for the 1570-MHz impedance pole gives the response shown in Figure 6. In this case the
reduced component count equivalent circuit still has fairly good
correspondence with the chiral element impedance. After a slight
readjustment, the impedance poles of the reduced complexity
equivalent circuit fall at 316, 808, and 2000 MHz. The dashed line
represents the impedance of the equivalent circuit network as
before. The circuit component values in this case are
R1 ⫽ 10k⍀
C1 ⫽ 1.26 pF
L1 ⫽ 200 nH

R2 ⫽ 900
C2 ⫽ 1.29 pF
L2 ⫽ 30 nH

R3 ⫽ 550 ⍀
C3 ⫽0.792 pF
L3 ⫽ 8 nH

4. CONCLUSIONS

Several useful broadband equivalent circuit models for chiral
elements have been presented and discussed in this article. In
particular, equivalent circuit models were developed for both
series-connected and parallel-connected versions of the standard canonical loop– dipole representation of a helix. The pa-

rameters of these equivalent circuit models were adjusted to
yield the best possible fit to the actual frequency response
curves calculated by a rigorous numerical analysis procedure
based on the method of moments. These equivalent circuit
models may be used to aid in the design of chiral antennas as
well as electromagnetic meta-materials composed of chiral elements with passive or active loads.
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Figure 5 Impedance of parallel-connected chiral element and four-pole
equivalent circuit

ABSTRACT: By using a pair of shorting pins, the dual-frequency operation of a single-feed rhombic microstrip antenna with a pair of slits is presented. This shorted dual-frequency microstrip antenna can result in a
much reduced antenna size, and provide a tunable frequency ratio of
⬃1.26 –2.33 for the two operating frequencies by varying the inset slit
length. Simulated results with the use of the software also have been conducted to study the characteristics of these antennas. Details of the pro-
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