TABLE 1
N
2.5
3.5
4.5
5.5
6.5

Simulated Peak Value of the Quality Factor Based on the Present DCM Model (S-DCM) Compared to the Measurement
Q peak Measure

Q peak [S-DCM]

Q peak [%]
Deviation

f SR [GHz] Measure

f SR [GHz]
(S-DCM)

f SR [%] Deviation

Q RMS [%]
0.1–10 GHz

1.707
9.3962
8.4327
7.8822
7.1194

12.316
9.9274
8.8223
7.7853
6.8578

5.3
5.6
4.6
1.2
3.7

18.5
11.58
7.65
5.40
4.1408

20.10
11.79
7.80
5.24
3.7367

8.6
1.8
1.9
3.0
9.8

1.2
2.2
3.5
5
9.7

The deviations are about 4% on average for all the ﬁve inductors of different number of turns. The simulated and measured self-resonance frequency f SR is
also shown and exhibit 5% deviations in average. For the 5.5 turn inductor, the nonscalable DCM model of [14] yields a deviation for f SR of more than 15%
compared to 3% of the present value. The RMS deviation for simulated Q (S-DCM) between 0.1 and 10 GHz is 4% in average.

The peak Q value is listed in Table 1. The deviation of
simulation from measurement is within 4% in average for all the
ﬁve inductors. Another major parameter in inductor simulation is
the self-resonance frequency f SR . As can be seen in Table 1, the
simulated f SR exhibits 5% deviation from measurement based on
the present model. As a comparison, the deviation for the 5.5-turn
inductor based on the non-scalable DCM model is more than 15%.
5. CONCLUSION

In summary, we have developed a scalable distributed-capacitance
model for the coupling capacitance between metal lines in silicon
on-chip spiral inductors. As compared to the previous DCM
model, the current approach yields scalable characteristics for the
coupling capacitance for a series of inductors with different number of turns. The current formulations can provide simulations in
good agreement with measurement for the inductor quality factor
Q with an average root-mean-square deviation of less than 4%, for
frequency between 0.1 and 10 GHz, and for inductors of different
number of turns ranging from 2.5 to 6.5. The close match between
simulation and measurement demonstrates the validity of the
present approach.
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ABSTRACT: The use of a split-ring resonator (SRR)-loaded waveguide
for the design of a band-rejection ﬁlter with adjustable bandwidth is
reported. The width of the stopband can be adjusted by suitably positioning the SRR array in the waveguide. The rejection band can be
made very narrow by placing the array at the electric-ﬁeld minimum.
The stopband attenuation depends on the number of unit cells in the
array. © 2006 Wiley Periodicals, Inc. Microwave Opt Technol Lett
48: 1427–1429, 2006; Published online in Wiley InterScience (www.
interscience.wiley.com). DOI 10.1002/mop.21641
Key words: waveguide band reject ﬁlter; split-ring resonator; metamaterials
INTRODUCTION

Propagation of electromagnetic waves in metamaterials has been a
topic of intensive study in the last few years [1– 4]. These materials, which exhibit negative values of permeability and permittiv-
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Figure 2 X-band waveguide loaded with an SRR array
Figure 1 Unit cell of SRR array (r ⫽ 1.6 mm, d ⫽ 0.2 mm, c ⫽ 0.9
mm, w ⫽ 0.2 mm)

ity, have received much attention due to their interesting characteristics and compact size. Structures like split-ring resonators
(SRRs) and complementary split-ring resonators (CSRRs) have
been proposed to develop structures which ﬁlter certain frequency
bands or suppress spurious harmonics [5–7].
When a time-harmonic magnetic ﬁeld is applied along the ring
axis, an electromotive force appears around the SRRs. Since the
electrical size of the SRR can be considered small, the induced
current lines pass from one ring to the other through the capacitive
gap between them in the form of ﬁeld-displacement current lines.
Magnetic resonance is induced by the split at the rings and by the
gap between inner and outer rings. The whole device behaves as an
LC circuit [2]. Geometrical parameters such as splitting width,
gapping between the rings, and the metal width affect the resonant
frequency.
The transmission characteristics of an SRR array inserted in a
waveguide has also been investigated [8]. It was observed that the
signal propagation is inhibited in the small frequency band in the
waveguide passband. This has been interpreted due to the periodic
medium exhibiting a negative permeability near the resonant frequency of the SRR. In this paper, we propose the use of an SRR
array for the design of a waveguide band-rejection ﬁlter with
adjustable band width. A single layer of an edge-coupled split-ring
resonator (EC-SRR) etched on a dielectric is used for this purpose,
whose position with respect to the waveguide axis determines the
width of the stop band. Waveguide ﬁlters are used at high frequencies where very low insertion loss and high power handling is the
requirement. They ﬁnd applications in the ﬁeld of avionics, satellite communication, and so forth.

repeated using arrays with different number of unit cells (N). It is
found that the attenuation is increasing with the number of unit
cells, as shown in Figure 3. With N ⫽ 12, the received power level
reaches the noise ﬂoor of the measuring instrument.
Now, the SRR array with N ⫽ 12 is moved along the broadside
( x-axis) of the waveguide and the transmission characteristics are
studied with the distance from the narrow wall. The width of the
stopband varies with the distance x of the SRR array along the
x-direction. The stopband is very narrow when the strip is near the
waveguide wall and reaches a maximum value when the structure
is placed at the center of the waveguide, as is evident from Figures
4 and 5. The simulated results are also shown for comparison.
Here, x ⫽ 0 corresponds to the rings in contact with the narrow
wall of the waveguide.

DESIGN OF SRR ARRAY

The SRR array is fabricated on a single-sided FR4 substrate with
dielectric constant  r ⫽ 4.36 and thickness h ⫽ 1.6 mm using the
photolithographic technique. A unit cell of the array having a
resonance in the X-band is shown in Figure 1.
SRR arrays with varying number of unit cells (N) are fabricated
on single-sided FR4 strips with a period equal to 10 mm. The array
is inserted parallel to the z-axis at the center of the waveguide, as
shown in Figure 2.
EXPERIMENTAL AND SIMULATED RESULTS

The X-band waveguide is excited in the TE10 mode with two
coaxial-to-rectangular waveguide transitions as input and output.
An HP 8510C Network Analyzer is used to measure the transmission coefﬁcient 兩S 21 兩. An absorption dip is observed in the
waveguide pass band at around 7.8 GHz. The experiment is
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Figure 3 (a) Simulated and (b) measured transmission characteristics of
the waveguide loaded with an SRR having different number of unit cells
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Figure 4 (a) Simulated and (b) measured transmission characteristics of
the waveguide loaded with an SRR array at different positions x along the
x-axis

CONCLUSIONS

Construction of waveguide band reject ﬁlter at the X-band by
loading a split-ring resonator (SRR) array has been reported. The
width of the rejection band can be controlled by adjusting the
position of the array inside the waveguide.
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ABSTRACT: This paper presents a new kind of microstrip reﬂectarray
antenna those polarization could be reconﬁgurable among all polarization states instead of some ﬁxed states for dual- or multipolarized antenna. The mechanism for polarized variability is so simple that only
mechanical rotation is needed. The complete theoretical analysis is
given as well as a speciﬁc design sample to verify this method. At designed frequency of 10 GHz and in case of circularly polarized (CP)
radiation, experimental results in agreement with simulated ones exhibit
⫺26-dB cross-polar level (CPL), ⫺13-dB side-lobe level, 13.5° halfpower beamwidth, and 17.3-dBi gain corresponding to about 40% aperture efﬁciency. It also possesses 8% bandwidth from 9.5 to 10.3 GHz for
CPL less than ⫺15 dB. © 2006 Wiley Periodicals, Inc. Microwave Opt
Technol Lett 48: 1429 –1432, 2006; Published online in Wiley InterScience (www.interscience.wiley.com). DOI 10.1002/mop.21640
Key words: reﬂectarray; polarization variable antenna; polarization
reconﬁgurable antenna; wideband; high-gain
1. INTRODUCTION

Figure 5 Variation in bandwidth vs. position of the SRR array
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Interest in the study of the microstrip reﬂectarray has been greatly
kindled in the past decade, because of its advantages: low-proﬁle
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