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Resonant transmission of microwaves through subwavelength fractal slits in a metallic plate
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We demonstrate through both experiment and theory that in the microwave regime one can have high
transmittance through narrow fractal-patterned slits in thick metallic plates, whereby the aperture is subwave-
length in all cross sectional dimensions. In contrast to the recently discovered extraordinary transmissions via
surface plasmon excitations and Fabry-Perot-like resonances, the transmission in the present case is indepen-
dent of the incident angle, plate thickness, or array periodicity. We show the physics to be governed by the

transversal shape resonance localized in the metallic fractal slots. In particular, for the lowest transmission
mode the EM field experiences no phase change when transmitting through the metallic plate. Simulation
demonstrates the viability of the observed phenomenon as a subwavelength k=0 waveguide mode, where k is

the axial wave number.
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Electromagnetic (EM) wave transmission through small
metallic openings has been a topic of considerable fascina-
tion in recent years. Two mechanisms have been reported
involving different types of resonances. In 1998, Ebbesen et
al. showed that EM wave transmission through a silver film
with a periodic array of subwavelength holes can be signifi-
cantly higher than the conventional predictions,'~ due to the
excitation of surface plasmon (SP). Subsequently, Porto et
al.® identified another waveguide mode resonance inside me-
tallic slits due to the Febry-Perot (FP) interferences.” In
both cases the length scales relevant to the transmission
mechanism must be comparable to the wavelength: in the SP
case the periodicity must be comparable to the wavelength;
the FP resonance requires at least one dimension of the slit
cross section be comparable to the relevant wavelength, so
that a fundamental TEM propagating wave mode '° may
exist.

In this work, we demonstrate through both experiment
and theory that in the microwave regime where SP is un-
likely, one can have high transmittance through narrow slits
in thick metallic plates arranged in a fractal geometry, in
which the aperture cross section is subwavelength in all cross
sectional dimensions. In contrast to the evanescent wave
coupling mechanism,' here the maximum transmission mag-
nitude can range from 9% for a single fractal aperture to
100% for a 5 X 5 array of apertures. The high transmission is
independent of periodicity of the array and incidence angle.
In addition, the transmission frequency is also nearly inde-
pendent of the sample thickness, in sharp contrast with the
FP mechanism which depends strongly on the film
thickness.® We show the underlying physics to be governed
by the localized resonance(s) of the fractal slit patterns.

The sample was prepared with stainless steel plates with
different thicknesses on which a periodic array of fractal slits
was generated by a diamond wire cutter. The unit cell of the
array consists of a five-level structure, wherein the width of
each slit is 0.8 mm, with the longest slit being 1 cm, as
shown in Fig. 1. A total of 25 fractal slit units were made on
a 12X 12 cm? steel plate. This sample was mounted in the
central window (with the same size as the 12X 12 cm?) of a
100X 100 cm steel plate so as to prevent microwave trans-
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mission through channels other than the fractal slit array. The
microwave spectra were measured by a network analyzer
(Agilent 8720ES). Two identical microwave horns
(HP11966E) were used to generate and receive the signals
separated by a distance of 100 cm. The sample was placed
on a stage, 15 cm from the receiving horn. The microwave
polarization was such that the electric field is perpendicular
to the shortest slits of the fractal pattern (defined as E |,
while E| is 90° rotated). All measured spectra are normalized
to the transmission when no sample is mounted. Transmis-
sion measurement for a single fractal slit aperture was car-
ried out by covering all 24 apertures of the array with me-
tallic sheets except the center one.

Figures 2(a) and 2(b) show the microwave transmission
spectra through the slit array for two polarizations, where (a)
and (b) are for E, and E |, respectively. We note that for the
thin sample, ~100% transmittance can be identified at
5.1 GHz, >18 GHz for the case of E;, and 3.0 GHz and
10.0 GHz for the case of E . The peak transmission fre-
quency is downshifted somewhat when the thickness of
stainless steel plate increases from 0.5 mm to 5.5 mm, be-
yond which it stayed constant (4.1 GHz and 17.2 GHz for
E|, 2.4 GHz and 9.0 GHz for E | ) up to the maximum sample
thickness of 14.5 mm. Transmission through a single fractal
aperture was measured to be 9%. In contrast, standard theory
for a square hole with the same opening area (99.5 mm?) as
the fractal aperture predicts transmission on the order of
<1%. It should be noted that at the lowest peak frequency,

FIG. 1. A schematic picture of the fractal slit array and the unit
cell.
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FIG. 2. Microwave transmittance through the 5X 5 fractal ar-
rays of various thicknesses for (a) E; polarization and (b) £, polar-
ization; the thicknesses is denoted on the curves; the dark grey
symbols and dark solid lines are the measured and simulated re-
sults, respectively; one vertical grid represents 50% transmission.
(¢) Comparison of measured transmittances (of the two polariza-
tions) for the fractal array are indicated as symbols on a 3 mm-thick
metallic plate with the square-hole array (solid dark line) on a me-
tallic plate with the same 3 mm thickness. Fractal array and square
holes have the same periodicity.

the incident wavelength (12.5 cm) is 12.5 times the longest
slit (1 cm) on the steel plate. Hence the aperture cross sec-
tion can be significantly subwavelength in both dimensions.

The transmission characteristics of the fractal slit array
were investigated by finite difference time domain (FDTD)
simulations.'"!> We consider an infinite plane tiled by a pe-
riodic replica of the five-level fractal slit patterns, and stud-
ied one unit cell with periodic conditions imposed at the
outer boundaries. Perfect conductor boundary conditions, ex-
cellent for microwave frequencies, were applied to the
metal/air interfaces. The simulation results are shown as
white solid lines in Figs. 2(a) and 2(b). Except for the
two thick samples, the agreement is seen to be excellent
(<1% difference). For the two thick samples some of the
simulated transmission peaks are not seen experimentally, for
reasons not yet clear. However, in all cases the lowest fre-
quency, subwavelength transmission peak was always ob-
served. The fact that the transmission peak persists to thin
sample thicknesses points to localized fractal resonance(s) as
the origin of this transmission mode. It was shown previ-
ously that planar metallic fractal patterns can have multiple
localized resonances, and at the resonance frequencies the
fractal plate can exhibit total reflection.'>!* Via Babinet’s
principle,'? the total reflection can become total transmission
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FIG. 3. Variation of the measured transmission spectra as a
function of (a) the incident angle 6 and (b) periodicity a. The
sample is 0.5 mm thick and illuminated with E, polarization. The
calculated peak frequencies are shown as arrows; they exhibit no
variation with either the incident angle or the periodicity.

for the complimentary structure, accompanied by an inter-
change of electric and magnetic field configurations, plus a
90° rotation of the pattern. The present transmission mode is
simply a direct extension of such localized planar reso-
nance(s). In particular, it can be regarded simply as the same
resonance repeated at every slice of the sample. It is inter-
esting to observe that for a reference sample consisting of an
array of square holes (18 mm X 18 mm opening), the trans-
mission is considerably lower, as shown in Fig. 2(c). Thus by
removing metal, the sample becomes less transparent. The
physics indicated here is that it is the contour line of the slit
pattern (which can cause the resonances, see below) which
matters, not the total size of the openings.

The periodicity and incident angle dependencies were
also investigated, with experimental results shown in Fig. 3.
Here the periodicity variation was achieved by covering 16
of the 25 apertures by metallic films, resulting effectively in
a 3 by 3 array with twice the periodicity. It is seen that
neither the periodicity of the array nor the incident angle of
the EM wave has any noticeable effect on the positions of
the transmission peaks, although the magnitude of the trans-
mittance is affected to some degree. The simulation has con-
firmed this experimental observation,'® which is very differ-
ent from the extraordinary optical transmission through two-
dimensional (2D) periodic array of holes caused by the
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FIG. 4. The calculated field magnitude, |E|, inside the fractal
slits at four frequencies: (a) 2.4 GHz, (b) 4.1 GHz, (c) 9.0 GHz, and
(d) 17.2 GHz. In the grey scale, dark grey represents the strongest
frequency. The sample thickness is taken to be 6 mm.

excitation of SP resonance, where the transmission spectra
are sensitive to the periodicity and strongly influenced by the
incident angle.'~* The insensitivity of the present transmis-
sion spectra to the plate thickness also distinguishes it from
the FP resonances.®” In Figs. 2(a) and 2(b) there are also
calculated FP modes (e.g., 10.7 GHz and 12.8 GHz in the E
case). However, the measured transmissions are weaker than
predicted. In fact, whereas the FP resonance mechanism
works only when the plate is sufficiently thick, here the total
transmission can persist to very thin thicknesses as seen from
Fig. 2.

To obtain a physical picture of the subwavelength trans-
mission mode, we calculated the E field distributions inside
the fractal slits at the four resonance frequencies: 2.4 GHz,
4.1 GHz, 9.0 GHz, and 17.2 GHz. The field in the slits forms
a transverse-electric (TE) mode with significantly enhanced
amplitude. The intensity distributions, shown in Fig. 4, illus-
trate these four resonant modes on the plane transverse to the
propagation direction. It is seen that the different resonances
are excited at the different levels of the fractal pattern. The
lowest one (2.4 GHz) has the highest intensity localized in
the first level of the fractal pattern, while the next ones are
localized at the higher levels of the fractal pattern, etc. The
same behavior was seen in the complementary structure.'316

In Fig. 5 we focus on the 2.4 GHz transmission mode in
the case of 6.0 mm plate thickness. From the xy-plane distri-
bution pattern of the Poynting vector S=EX H" (shown in
Fig. 5(a) for an arbitrary transverse plane inside the sample),
we find the field to be strongly enhanced inside the first-level
fractal slit regions, but not confined just to the first level. We
also find that the wave transmits across the metal mainly in
the form of electric energy—while the E field is strongly
enhanced, there is no obvious enhancement in the H field.
Figure 5(b) shows the E, field pattern on the yz-plane in the
central slit, where the field is approximately 23 times higher
than the incident field. An important feature for the transmis-
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FIG. 5. (a) The calculated magnitude of the Poynting vector
component |S| for the 2.4 GHz mode (normalized to the incident
wave SO|—E | -polarized with a frequency of 2.4 GHz) in an arbi-
trary xy-plane inside the metallic plate. (b) The yz-plane distribution
of |E,| for the same mode [normalized to the same incident wave as
(a)] inside the central slit. The sample thickness is taken to be
6 mm.

sion process is that there is no phase change when an EM
wave transmits across the metallic plate, that is to say, k=0
(k being the axial wave number). The localized nature of the
resonance(s) also implies independence on the incidence
angle and the periodicity.

The high transmission also implies very high coupling
between the incident wave and the waveguide. This is some-
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FIG. 6. Simulation result for a 5X5 fractal array with 50 cm
thickness for the E| polarization. The 2.4 GHz peak (the arrow
indicates the k=0 peak) becomes extremely narrow, so that it can-
not be resolved completely and thereby appears lower than 100%.
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what puzzling at first sight because one expects a large im-
pedance mismatch between the aperture and the air. Suppose
the aperture is characterized by effective impedance Z and a
typical dispersion relation k= wz—wgl ¢ in which o, is the
cutoff frequency (or resonance frequency in our case). The
transmission coefficient across such an aperture with thick-
ness W can be written down in analogy to transmission lines,
ie.,

- 47y2e™"
C(Z+Z0)* - (Z- 7)™V

(1)

where Z, is the impedance for air. When the impedance con-
trast is high (Z<Z, or Z>Z7;), it is easy to check that ~0.
However, Eq. (1) predicts perfect transmission (t=1) for
k— 0. The latter implies sample thickness independence. It
should be noted that Eq. (1) was derived originally for non-
zero k, finite Z transmission lines, and the above conclusion
(i.e., =1 for k—0) holds for every frequency component.
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Hence even if Z is frequency dependent or the interface be-
tween the structure and the air is reactive, r=1 still holds
provided k— 0.

In Fig. 6 we show the simulation result for the 5 X 5 array
of fractal slits that are 50 cm in thickness. In the simulation,
periodic boundary condition and perfect conductor approxi-
mation were assumed just as above. It is seen that increased
thickness means many more FP transmission peaks. How-
ever, the 2.4 GHz transmission peak is preserved with a nar-
rower width. As the thickness is now many wavelengths, the
lowest frequency transmission may be viewed as a k=0
waveguide mode.

In summary, we show that by using fractal cross sectional
geometry, subwavelength total transmission through metallic
slits can be achieved. The effect is robust and should be
applicable to infrared frequencies as well.
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