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Tunable band gap properties of planar metallic fractals
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We report the effect of finer structures, or more levels, in a particular type of planar metallic fractal
pattern on the stop bands or band gaps in the transmission spectrum of electromagnetic wave. It is
found that the band gaps shift to low frequencies with the increase of levels, showing tunable band
gap properties. In addition, we find from both experiments and theoretical calculations that the
bands appearing in long wavelength range are determined by individual patterns which compose a
6Xx6 fractal array, while those bands located in the range of short wavelength are strongly
influenced by their neighboring residents. Our experimental observations are in good agreement
with those of finite difference time domain simulations. 2004 American Institute of Physics.
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ElectromagnetidEM) spectral band gaps can be gener-6 X6 array, consisting of 36 residents with identical levels.
ated by either photonic band gédPBG) materials, employ- The band gap properties were determined by a network ana-
ing Bragg scattering;® or by frequency selective surfaces lyzer (Agilent 8722ES, where two ports were connected to
(FSS, owing to their intrinsic resonancédt is well known two double-ridged waveguide horn antenr&P 119668,
that the thickness and the lateral dimensions of PBG materiene of which acted as microwave generator while another
als must be a few times larger than those of the wavelengtlitlentical receiver horn was placed at a distance of 100 cm
where EM wave is forbidden due to the Bragg mechanismfrom the source. The fractal plate was placed on a stage, 15
while ordinary FSS typically operates at one single fre-cm from the receiving horn, which can be rotated aboutzthe
quency range. Recently, we have reported that a particula@xis by an angled (E perpendicular to the plane of inci-
kind of planar conducting fractal exhibits multiple stop dence.
bands and pass bands over an ultrawide frequency raimge. The open circles in Figs. 1 and 2 denote the measured
this article, we report the influence of finer structie., transmission when the linearly polarized plane EM wave is
number of levels of the fractabn the band gap properties. hormally incident to the sample with field along they axis
We find from both experiments and finite difference timeand thex axis, respectively. Curve8y in Fig. 1 shows three
domain(FDTD) simulations that the stop bands or band gapsstop bands, marked as 1, 2, 3, appearing at the frequencies
in the transmission spectrum are downshifted to low fre-in GH2) of 0.92, 2.47 and 6.58, respectively. These bands
quency when fractal levels increase. We also show the intedownshift a little to low frequencies when the levels of frac-
action of the fractals in the sample, which is made of anfal change from 8 to gsee curveedy for comparison From
array of fractals instead of a single fractal. curve el0y, we note that a new gap marked as 4 appears

Our fractal patterhwas generated from a master line, coming from the high frequency range. We also note that in
defined as the first level of the structure, placed parallel t¢urveelly, gap 1 disappears and moves out of the measure-
they axis in thexy plane. The k-+ 1) level structure con- ment range. The further shift of gaps 1, 2 and.3 toward the
tains X lines, with the midpoint of each perpendicularly con- low frequency is observed as the fraptal levels increase up to
nected to the ends of the" level lines. The length of the 13. The same phenomenon occurs in the casetiffeld is
(k+1)™ level lines was scaled from that of th& level line ~ Polarized along the axis, which is shown in Fig. 2.
by a factor of 21) if k is an even(odd number. With in- In Qrder to_ explain our experimental observation, the_ ef-
creasing number of levels, the pattern approaches a spacf(?-Ct of increasing Igvels of the fractal pattern on the_ locations
filing curve that tiles a two-dimensional square. In the ex-Of the stop bands in the frequency domain is studied by the

periments, we prepared six sets of metallic fractal patternd.PTD met_qu which is usually for microwave
The number of their levels consecutively varies from 8 to 13,S'mUIat'°n5§ The frequency response of the fractal at nor-

while the thickness of the metal lines in all patterns is theMal incidence can be modeled by a thin homogeneous plate

same: 0.05 mm and the first-level line length: 17.5 mm. TheVith an effective dielectric constant of the form
linewidths were different from one to anothisee Table)l A By

single fractal pattern called a resident was fabricated on a &en(f )=so+z g2 1)
40 mmx 40 mmx 0.2 mm dielectric substrate by the e

shadowing/masking/etching technique. Each sample was @heref represents frequency, the indéxuns over all band
gaps, anc, f, and 8, are inputting parameters.

dAuthor to whom correspondence should be addressed; electronic mail: Ir_1 SimUIatior!a we repllaced the sample, 6 array,
phwen@ust.hk with its element(i.e., a residentand let a plane wave with
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TABLE |. Geometry of the six sets of metallic fractal patterns.

Number of levels 8 9 10 11 12 13
Length of first level(mm) 175 175 175 175 175 175
Linewidth (mm) 0.5 0.5 0.2 0.2 0.1 0.1
Line thicknesgmm) 005 005 005 005 0.05 0.05

specified polarization direction incident upon the resident
due to the existence of polarization dependencex @mdy
directions. For the microwave frequency we treated the frac-
tal metal as a perfect conductor, and the substrate dielectric
constant was taken to be 5.3. In order to achieve convergent
results, FDTD cells of different sizes were adopted during
the EM space discretization for different patterns. For ex-
ample, the maximum cell was set to be 0@.4x< 0.5 mm for

the case of sample8y in Fig. 1. It was observed that band
gap frequencies indeed downshifted to low frequencies as the
number of levels increased. We have revealed the multiplic-
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FIG. 1. The measurettircles and simulatedlines) transmittance for the
six sets of metallic fractal patterns. In the legend, the letters “e” and “c”

represent “experimental” and “calculated,” the integer refers to the number
of levels, and “y” means the polarization direction Bffield.
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FIG. 2. The measurettircles and simulatedlines) transmittance for the

six sets of metallic fractal patterns. In the legend, the letters e and c repre-
sent experimental and calculated, the integer refers to the number of levels,
and “x” means the polarization direction & field.

ity of band gaps and the subwavelength property originating
from a series of resonances intrinsic to the metallic fractal
pattern’ Actually, incident EM field excites currents in the
metal lines of the fractal, with the induced current amplitude
reaching its maxima at those resonances, which results in
weak transmission. In addition, it is clear that every reso-
nance has currents excited mainly along the metal lines of a
particular level, flowing toward higher levels of the fractal.
Therefore, low frequency resonances are essentially deter-
mined by the very long, continuous metal lines starting from
the low level in the fractal; while high frequency resonances
are governed by other metal lines that start from the high
level. So resonances, which correspond to stop bands or band
gaps in spectra, will shift to a lower frequency, since the
relevant metallic path is longer after more levélser struc-
ture9 are added into the fractal pattern. The simulation re-
sults are plotted as the solid lines in Figs. 1 and 2, which are
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array 6y wavelengthsalways remain unchanged while bands 3 and 4
change substantially.

We simulated the four cases mentioned above by FDTD
in order to explain the experimental observations. Simulation
results, the solid lines shown in Fig. 3, agree well with the
measured curves, and repeatedly manifest that stop bands are
shifted to a lower frequency and the attenuation at stop bands
becomes weaker with more residents removed from the frac-
tal array. In particular, we found that the stop band at high
frequency is much more sensitive to the configuration than
that at low frequency. We attribute this to the fact that in the
simulation the stop band located at low frequeriiognd 1
results from the intrinsic resonance of one individual resident
and not strongly associated with its neighbors, while those
bands located at high frequency are much strongly influ-
enced by their neighboring situation due to short wavelength.
The reason for this is that, for the space-filling curve of the
fractal pattern, the length of the continuous metallic line
where the resonant current flows is much longer than that of
a resident dimension of the fractal, therefore, the impurity of
the pattern has almost no influence on the resonate frequen-
cies at low frequency range such as those of gaps 1 and 2,
while the wavelengths of gaps 3 and 4 are compatible with
the lengths of higher level substructures thus, it is obvious
that these bands are strongly affected from high frequency to
low in turn, with the area of the blank impurity caused by
absent units increasing.

In short, through both experiments and FDTD simula-
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— - - - 0 12 14 tions we studied the effect of increasing the number of levels
0 2 4 6 8 10 in the fractal pattern on stop bands in the transmission spec-
Frequency (GHz) trum, and found that stop bands may shift when the number

_ , _ of levels increased. We also observed that the change of stop
FIG. 3. Curves ina), (b, (c) and(d) are the measuretircles and simu- a5 at high frequency related to global symmetry is more
lated (lines) transmission for a %6 array of six-level metallic fractal pat- d ic th h | f lated | | ord
terns under four configurations shown as the in&etdack block represents ramatic than that at low frequency related to local order
a resident, i.e., a six-level fractal patteriThe polarization ofE field is when there are some elements absent from the sample array,
along they axis. which was supported by the simulations. The underlying
physics is due to the intrinsic property of our fractal pattern.
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