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We report a theoretical and experimental demonstration of enhanced microwave transmission
through subwavelength apertures in metallic structures with double-sided gratings. Three different
types of aluminum gratings(sinusoidal, symmetric rectangular, and asymmetric rectangular shaped)
are designed and analyzed. Our samples have a periodicity of 16 mm, and a slit width of 2 mm.
Transmission measurements are taken in the 10–37.5 GHz frequency spectrum, which corresponds
to 8–30 mm wavelength region. All three structures display significantly enhanced transmission
around surface plasmon resonance frequencies. The experimental results agree well with
finite-difference-time-domain based theoretical simulations. Asymmetric rectangular grating
structure exhibits the best results with,50% transmission at 20.7 mm, enhancement factor of,25,
and ±4° angular divergence. ©2004 American Institute of Physics. [DOI: 10.1063/1.1783013]

Extraordinary transmission through subwavelength aper-
tures has inspired great interest since the work of Ebbesenet
al.1 They reported orders of magnitude enhancement in op-
tical wavelengths, through subwavelength hole arrays due to
the coupling of light with surface plasmons(SPs). Surface
plasmons are nonradiative electromagnetic waves on the me-
tallic surfaces and can couple with photons by surface
corrugations.2 Recently enhanced transmission3,4 and beam-
ing of light5 through a single aperture by periodic surface
corrugations around the aperture were shown experimentally
and studied theoretically.6,7 Also enhanced transmission
through subwavelength hole arrays was shown at THz
radiation.8

Similar studies were carried out at microwave frequen-
cies by Hibbinset al. recently. Using grating structures, they
have demonstrated the coupling of microwave radiation to
SPs by reflection measurements.9,10They have also presented
microwave transmission enhancement through a subwave-
length slit without grating.11 Very recently, Lockyearet al.
have reported enhanced transmission at microwave frequen-
cies through circular subwavelength aperture surrounded by
periodic concentric grooves.12 Enhanced microwave trans-
mission in one-dimensional grating structures with subwave-
length slit apertures was not reported previously. In this
work, we experimentally and theoretically demonstrate trans-
mission enhancement of microwave radiation through a sub-
wavelength slit by adding grating on both surfaces of the
metallic structure.

Schematic description of the first sample(sample A) is
drawn in Fig. 1(a). The sample consists of a slit and periodic
sinusoidal grating on both surfaces around the slit. Alumi-
num is used as metal. Slit thicknessswd and slit widthsad are
8 and 2 mm, respectively. Period of gratingslgd is 16 mm
and groove depthshd is 4 mm. The experimental setup con-
sists of an HP 8510C network analyzer and two horn anten-
nas to measure the transmission amplitude. Horn antennas
are in TM mode so that electric field is perpendicular to the
slit and gratings. Radiation is normally incident upon the
sample. Receiver antenna is 30 cm away from the sample’s

back face and it is connected to a rotating arm to measure
angle dependence of the far-field radiation. Theoretical cal-
culations are done using finite-difference-time domain
method based simulations. We model our structure by using
Drude dispersion model, i.e.,

«svd = 1−
vp

2

vsv−i vtd
, s1d

where vp=3570 THz is the plasma frequency andvt

=19.4 THz is the absorption coefficient for aluminum.13

Figure 1(b) shows the experimental and simulation re-
sults of transmission spectra of reference sample(metal plate
with a 2 mm width slit) and sample A. The experimental
results are in good agreement with our theoretical calcula-
tions. For the single slit case, two peaks are calculated at
11.3 and 24.3 GHz. These peaks correspond to the slit wave-
guide resonances.7 Measured peaks are slightly blueshifted;
at 12.6 and 26.5 GHz. Transmission peaks corresponding to
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FIG. 1. Schematic of sample A withlg=16 mm,a=2 mm,w=8 mm, and
h=4 mm. (b) Measured transmission spectrum of sample A(thick solid
line), reference sample(thin solid line), simulated transmission spectrum of
sample A (dashed line), reference sample(dotted line). Inset shows the
enhancement factor obtained with sample A.
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the slit modes are very low when compared to the SP reso-
nant peaks in grating samples. For sample A, two transmis-
sion peaks are measured at frequencies 15.6 and 31.6 GHz,
with amplitudes of 0.41 and 0.11, respectively. Theoretical
simulations predict slightly redshifted similar transmission
peaks: 37% at 15.2 GHz and 17% at 31.1 GHz. Coupling of
incident radiation to the surface plasmon waves on the grat-
ing structure is given by

kSP= ndk0 sin u ± Nkg. s2d

In this equationkSP is surface plasmon wave vector,nd is
refractive index of dielectric(herend=1 for air), k0 is inci-
dent wave vector,u is the incidence angle,N is an integer,
and kg=2p /lg is grating wave vector wherelg is grating
period. SP wave vector is calculated by

kSP= k0Î «m«d

«m + «d
, s3d

where«m and «d denote the permittivity of metallic and di-
electric media, respectively. For microwave frequencies per-
mittivity of metals are really highs,106d, compared to the
permittivity of air; sokSP is close tok0 in this range. Since
the radiation is normally incident to the grating, coupled
wave vector should be the multiples ofkg. In our samplelg
is 16 mm and coupled frequencies are expected to be about
c/lg=18.75 GHz and integer multiples. However, in our ex-
periments and simulations, coupled frequencies shifted to
lower frequencies(15.6, 31.6 GHz) due to the retardation by
metal.4 To investigate the effect of grating period, we tried
32 mm grating period. Since the period is doubled, the first
resonant frequency should be half of the resonant frequency
of the sample with the 16 mm period. In transmission spec-
trum, peaks at 7.9 GHzsN=1d, 15.6 GHzsN=2d, and
23.8 GHzsN=3d are observed as expected. A detailed inves-
tigation of the impact of grating period will be presented
elsewhere.

Enhancement is calculated according to the reference
sample. A maximum enhancement factor of,20 is achieved
around the first resonance frequency, which is shown in the
inset of Fig. 1(b).

In optical wavelengths Lezecet al.showed experimental
results for transmission through a single aperture and a single
slit surrounded by surface corrugations.5 That corrugation
was a symmetric rectangular grating. We try this kind of
grating(sample B) instead of sinusoidal grating in the micro-
wave regime. The period of the grating, grating depth, slit
width, and slit thickness are the same as our first sample.
Groove widths(b) are 8 mm, half of the period[Fig. 2(a)].
Transmission spectrum of sample B is seen in Fig. 2(b).
There are two resonance peaks—the first one is at 14.6 GHz
with transmission efficiency of 45%. The dashed line shows
the results of simulation that is in good agreement with the
experimental values. When compared with sample A,
transmission efficiency of sample B is higher and redshifted
about 1 GHz. A broader transmission peak is measured with
this sample. Enhancement is above 20, which is similar to
sample A.

In a recent theoretical paper which explains the experi-
mental results of Ref. 5, different grating structure with the
same period was used. In that structure, groove widths are
the same as the slit width. We also try this asymmetric rect-
angular structure in the microwave regime(sample C). In

this sample, again the period of grating, groove depths, and
slit width are the same. Groove widths are equal to the slit
width, 2 mm [Fig. 3(a)]. The results of this structure are
more promising–that the transmission peak is higher and nar-
rower [Fig. 3(b)]. Resonance frequency is at 14.5 GHz,
which is very close to the resonance frequency of sample B.
Transmission efficiency is,50%, which is larger than the
theoretically predicted peak transmission efficiency. The en-
hancement factor is higher, about 25, and confined to the
resonant frequency. When we compare with other structures,
enhancement figures of samples A and B are broader so that
enhancement occurs within a broader frequency range. How-
ever with asymmetric square grating, enhancement is con-
fined to a certain frequency determined by the period. Hence
this type of asymmetric grating is more useful for applica-
tions where wavelength selectivity is important.

FIG. 2. (a) Schematic of sample B withlg=16 mm,a=2 mm, b=2 mm,
w=8 mm, andh=4 mm.(b) Measured and simulated transmission spectrum
of sample B(solid line and dashed line, respectively). Inset shows the mea-
sured enhancement factor for sample B.

FIG. 3. (a) Schematic of sample C withlg=16 mm,a=2 mm, b=2 mm,
w=16 mm, andh=4 mm. (b) Measured and simulated transmission spec-
trum of sample C(solid line and dashed line, respectively). Enhancement
factor for sample C is shown in the inset.
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In order to prevent diffraction, in our experiments, we
have used structures that have gratings on both surfaces.4 To
compare the beaming effect of each grating, receiver antenna
is attached to a rotating arm and transmission data at reso-
nant frequencies are recorded as a function of angle by one
degree increments. Figure 4 illustrates the normalized trans-
mission intensity as a function of the reception angle. The
measured transmission sharply decreases with increased
angle. Sample C exhibits the highest directivity with a full
width at half maximum(FWHM) of 8°. Samples A and B
displayed FWHM values of 9° and 13°, respectively.

In conclusion, experimental and numerical results of mi-
crowave transmission through a subwavelength slit
s,l /10d surrounded by metallic gratings on both surfaces
have been presented. Different grating structures(sinusoidal,
symmetric rectangular, asymmetric rectangular) have been
designed, simulated, and measured. All three structures dis-

play enhanced transmission at SP resonance frequencies. Our
experimental results agree well with theoretical simulations.
The highest transmissions,50%d, enhancements,25d, and
directivity (FWHM ,8°) is achieved with asymmetric rect-
angular grating structure.
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FIG. 4. Normalized transmission as a function of reception angle. The mea-
surements were taken at the resonance frequency of each sample.
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