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Microwave transmission modes in compound metallic gratings
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Microwave transmission through one-dimensional metallic compound grating is studied up to 18 GHz. The
metallic compound grating consists of a basic unit of one slit (a type), two slits (ab type), and three slits (abc
type) of different widths. Greatly enhanced transmission is observed at the frequencies near the first and second
order waveguide harmonics. The splitting of transmission peak is found for the ab- and abc-type grating. This
effect is explained by the multiphase patterns of the E-field distributions inside the slits, predicted by the
numerical calculations. These resonance modes are further physically understood in terms of their photonic
band structures. The theoretical bands for the a-type grating are calculated using a quasianalytic model and
those for the ab- and abc-type gratings with superlattice periodicities are plotted according to Brillouin zone
folding effect, which show good agreement with the measured results.
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I. INTRODUCTION

In the last few years after the discovery of extraordinary
light transmission through two-dimensional metallic hole
arrays,' a great deal of effort has been done to understand the
electromagnetic (EM) diffraction through subwavelength
metallic apertures triggered by both scientific interests and
potential important applications.>* So far, the excitation of
surface plasmon polaritons (SPPs) in the dielectric/metal
interface’-3 has been generally believed to play a crucial role
in this effect. In one-dimensional metallic grating, the local-
ized cavity and/or slit field resonance, regarded as waveguide
mode, can also give rise to enhanced electromagnetic trans-
mission or absorption.” Other than the SPPs and waveguide
mode, there is a third kind of resonance, known as phase
resonance,'®!! reported in metallic gratings with period of
several cavities and/or slits contributed to the enhancement
of the transmission mode. For such compound gratings,
when illuminated at p-polarized radiation there are charac-
teristic frequencies at which the adjacent slits can resonate at
out-of-phase configurations accompanied by strong field in-
tensification effect inside the cavity and/or slit.!>!3 The in-
crease of the cavity and/or slit numbers in compound grat-
ings will give rise to new degrees of freedom for the near-
field distribution. The multiple patterns for phase resonance
can be produced as a result of redistribution of electromag-
netic energies when reaching the characteristic frequencies at
different diffraction orders. A resultant maximization of the
specular efficiency or splitting of transmission peak has been
predicted in compound gratings of finite arrays of cavities
and/or slits in period.'313

In this work, we study the microwave transmissions on
compound metallic gratings. Their structures are changed by
periodically increasing the slit widths in the Al slat arrays.
Different from the previously reported gratings,'*!> our com-
pound gratings are of no structural symmetry in their basic
units. Thus, they can be regarded as the general cases for
electromagnetic diffractions on metallic gratings and can ex-
cite all the possible resonance modes at normal incidence
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without degeneracy. Complex transmission features (peak
and dip) associated with these resonance modes are ob-
served, which are numerically understood'® by multiphase
distributions of the resonant fields inside the slits. The physi-
cal origin for these phase patterns is explored in terms of
their photonic band structures from both experimental mea-
surement and theoretical calculations where a quasianalytic
model and Brillouin zone folding effect are employed.

II. SAMPLES AND MEASUREMENT

In Fig. 1, we schematically show the samples constructed
by stacking together 30 aluminum slats of width w
=4.5 mm, height ~#=18.5 mm, and length ~30 cm. Figure
1(a) shows the structure of a uniform grating with air-filled
slit of width a=0.5 mm, thereby corresponding to a period
d=5 mm. Figures 1(b) and 1(c) show two compound grat-
ings with unit cells consisting of two slits (of widths a
=0.25 mm and »=0.5 mm) and three slits (of widths a
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FIG. 1. Schematic illustrations of the sample gratings of (a) a
type, (b) ab type, and (c) abc type together with their parameters.
The incidence plane is in the yz plane with the E-field directions
perpendicular to the grating slits.
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FIG. 2. (a) Measured transmission spectra of the samples given
in Fig. 1 together with (b) the results predicted from the numerical
simulations. For the sake of clarity, the transmissivities of the a-
and ab-type gratings are, respectively, upward moved by 2 and 1.

=0.25 mm, »=0.5 mm, and ¢=1 mm), respectively giving
periods of d=9.75 and 15.25 mm. Here, we denote the three
gratings by a-, ab-, and abc-type gratings according to the
slit width’s distributions in their basic units. Microwave ab-
sorption foams are placed around the samples to reduce the
side scattering or leaking. The microwave signals are pro-
duced and dealt by a vector network analyzer (HP 8722) with
frequency band from 5 to 18 GHz. p-polarized (TM mode)
plane waves from a transmitting horn are radiated upon the
gratings with the incidence plane (in the yz plane) perpen-
dicular to the grating slits. The transmitted signals are col-
lected by a receiving horn. The horn-to-sample distance
along their coaxis is fixed at 30 cm.

II1. TRANSMISSION SPECTRA

Figure 2(a) gives the experimental transmission spectra
from the samples shown in Fig. 1 illuminated at normal in-
cidence together with the simulated transmission spectra in
Fig. 2(b). For the a-type grating, there are two resonant
peaks, centered at 8.06 and 16 GHz in its spectrum as shown
in Fig. 2(a). These two resonant peaks also appear in the ab-
and abc-type gratings. For the ab-type grating, a transmis-
sivity dip in the left wing of one primary mode is observed,
and two dips appear for the abc-type grating. The numerical
simulations in Fig. 2(b) could reproduce the transmission
spectra obtained from the experiments. The small frequency
shifts (<0.1 GHz) and the amplitude differences might be
caused by two reasons: one is confined by the near-field mea-
surement method by which the incident waves are only
pseudo plane waves, and the other is the existence of struc-
tural fluctuations within the samples (such as slat dimensions
or their spacing).

The enhanced transmission on metallic gratings can be
realized with the excitation of SPP-like surface wave reso-
nance and/or waveguide resonance. For the a-type grating
under normal microwave radiation, the first order SPP-like
mode can be predicted at a wavelength near the grating pe-
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FIG. 3. (Color online) Prediction of the E-field distributions (in
the xy plane) at normal incidence for the a-type grating at the fre-
quencies corresponding to (a) the first waveguide harmonic
(8.06 GHz) and (b) the second harmonic (16.22 GHz). The ampli-
tude of the field is indicated by the length of the arrow.

riod of 5 mm. It corresponds to a resonance frequency of
60 GHz, far beyond our measuring frequency range. So the
SPP-like resonance can be excluded in considering the
physical modes responsible for the transmission peaks. In the
ideal case of perfect conductivity and infinitesimal slit width,
waveguide resonance can be regarded as a Fabry-Pérot-like
mode with their resonant frequencies f=Nc/2h (here c is the
light velocity in vacuum, 4 is the grating height, and N is the
resonant order). Let #=18.5 mm in this case. The predicted
resonant frequencies for the first (N=1) and second (N=2)
order harmonic are 8.11 and 16.22 GHz, very close to the
above measured values. Thus, these two resonance peaks
could be attributed to the first and second order waveguide
harmonics. For the ab- or abc-type grating, this primary
waveguide mode does not change but new orders should be
introduced, which are responsible for the splitting of trans-
mission peaks.

IV. ELECTRIC FIELD CONFIGURATIONS

The underlying diffraction processes for these transmis-
sion features can be drawn from the numerically calculated
electric field patterns. Figures 3(a) and 3(b) give the calcu-
lated E-field distributions for the a-type grating at the first
(8.06 GHz) and second order (16.22 GHz) waveguide har-
monics. Standing waves with strong intensities are observed
inside the slits, while the waves localized on the grating sur-
face are very weak. These intensified slit fields will be for-
ward propagated and constructively interfered out of the
gratings, consequently giving rise to the greatly enhanced
transmission efficiency with the slit width far smaller than
the grating period and the incident wavelength.

Figure 4 gives the E-field distributions for the ab-type
grating at the frequencies corresponding to (a) the first peak
(15.35 GHz), (b) the dip (15.5 GHz), and (c) the second
peak (15.85 GHz) on the second order waveguide harmonic.
As shown in Fig. 4(a), the fields in the two slits have oppo-
site resonant directions, suggesting an out-of-phase configu-
ration by 7 radian phase difference, i.e., the so-called phase
resonance.'®!! Such a phase pattern can also be described by
“+ —” following the terminology of Ref. 15, where “+” and
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FIG. 4. (Color online) Prediction of the E-field distributions (in
the xy plane) at normal incidence for the ab-type grating at the
frequencies corresponding to (a) the first peak (15.35 GHz), (b) the
dip (15.5 GHz), and (c) the second peak (15.85 GHz) on the second
waveguide harmonic. The amplitude of the field is indicated by the
length of the arrow. The slit fields in (a) and (b) correspond to the
out-of-phase pattern (“+ —7) and that in (c) corresponds to the
in-phase pattern (“+ +7). The redistribution of the field intensities
in the slits on increasing the resonant frequency is manifest.

“—” represent the slit fields of zero and 7 radian phase dif-
ference with the incident fields, respectively. The far trans-
mitted EM fields are the interfered result of the fields, emit-
ted from both slits, while the emission -efficiency is
proportional to the product of the energy flux (e resonant
field intensity) and the emission area (o slit width). At this
frequency, the resonant field in the wider slit (b=0.5 mm) is
much stronger in intensity than that in the narrower slit (a
=0.25 mm) and thus the former will have much larger en-
ergy flux flowing through its emission end and dominate the
total transmission efficiency by also a larger emission area. It
gives the first transmission peak at its maximum resonant
state. In Fig. 4(b), these two slits are still in the out-of-phase
configuration but the stronger resonant state shifts into the
narrower slit. At this frequency, the energy flux through the
emission end of the wider slit is smaller than that at the
narrower slit but its product with the emission area will give
the two slits comparable EM emission efficiencies. The far
EM fields emitted from these two slit ends will be destruc-
tively interfered and thus give a transmission dip at this fre-
quency. For the case in Fig. 4(c), the phase configuration for
the two slits returns into the in-phase pattern (“+ +7) and
then the emitted fields will be enhanced again by construc-
tive interference. Thus, a second transmission peak is ob-
served. Close inspection on the E-field patterns at different
frequencies shows that the out-of-phase configuration exists
only in a narrow frequency region near the dip.

For the abc-type grating, one primary waveguide har-
monic consists of three peaks and two dips (see Fig. 2).
Three possible phase configurations for the three slits are
supported in this case. These correspond to two out-of-phase
patterns of “+ + —” around the first dip and “+ — —”
around the second dip, and the in-phase pattern of “+ + +”
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TABLE 1. Simplified illustration of the E-field distributions
among the slits at the transmission peak or dip on the second order
harmonic of the abc-type grating by arrows. The “upward” arrows
mean in phase with the incident field and their numbers denote the
relative intensities of the resonant fields among the slits.

Field distributions in the slits

Frequency
Description (GHz)  a (0.25mm) b (0.5 mm) c (1 mm)
First peak 14.6 T 1 L
First dip 14.9 1 T 1
Second peak 15.25 i L 1
Second dip 154 " 1 1
Third peak 15.8 " 1 7

in the rest of the frequency bands within one primary reso-
nance peak. The field configurations in the slits at each trans-
mission peak or dip in the second order harmonic are further
illustrated and simply described by a number of arrows, as
tabulated in Table I where the “upward” arrows mean in
phase with the incident field and the numbers of arrows de-
note the relative intensities of the resonant fields in each slit.
The narrowest slit (0.25 mm) always keeps in phase with the
incident field, while the other two vary with the resonant
frequency. The stronger resonant field tends to move into the
narrower slit when the resonant frequency increases. The re-
distribution of the field intensity among the slits directly
leads to the peak-to-dip shifting on the transmission effi-
ciency within one out-of-phase pattern, as discussed above
on the ab-type grating.

The frequency dependence of the resonant state for each
slit could be understood by considering their finite widths. In
the case of perfect conductivity and subwavelength slit
width, the fundamental eigenmode in the modal expansion of
the electric and magnetic fields inside the slits forms the
propagating waves, while the high eigenmodes disappear
evanescently at the slit ends.!” Although having limit effect
on the transmission efficiency, the high order components do
broaden the resonant peaks and shift the characteristic reso-
nant frequency to lower values when the slit width
increases.!>!8 These effects make each slit in one period
have its own characteristic frequency where the field inten-
sity in the slit reaches maximum. These frequencies can be
separately reached by scanning the external driving fre-
quency. Therefore, there is a sequential redistribution of the
field intensities among the slits. The sequence to excite the
characteristic resonance in these slits plays a key role in
forming the final resonant phase patterns. For the abc-type
grating, the phase patterns within one harmonic will continu-
ously change from “+ + —” to “+ — —" and last to
“+ + +” when the characteristic resonance is sequentially
excited from c slit to b slit and last to a slit on increasing the
external driving frequency. There is no phase pattern of
“+ — +7 because the a and c slits cannot adjacently reach
their characteristic resonance. To further verify this point, we
rearrange the slit order in a different way to form a bac-type
grating. In this case, the observed phase patterns are
“+ + =7, “— + =7 and “+ + +7. The pattern of
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FIG. 5. The photonic band structures of the (a) a-type, (b)
ab-type, and (c) abc-type gratings. The measured results repre-
sented by the squares, circles, and triangles are obtained from the
transmission peaks on each harmonic. The theoretical bands de-
noted by the solid lines in (a) are calculated according to the
method described in Ref. 9, while those in (b) and (c) are plotted by
the simple symmetrical translation of the theoretical bands given in
(a) in terms of Brillouin zone folding effect. The shaded area de-
notes the nonradiative region.

“+ — —” does not appear because the a slit and c slit cannot
adjacently reach their characteristic resonant states, while the
pattern of “— + —” appears because the characteristic reso-
nance in the b and c slits can be adjacently excited.

V. PHOTONIC BAND STRUCTURES

It is seen that the multiphase configurations for the E
fields in the slits play a crucial role in inducing the complex
transmission features on the compound gratings. The physi-
cal origin for the phase resonance can be better understood
from their photonic band structures. Here, we discuss it from
both experimental measurement and a Brillouin zone folding
approach. Figure 5 plots the energy band dispersions for the
three type gratings as a function of the parallel wave vector
(k). The experimental values (represented by the squares,
circles and triangles) are from the local peaks on the trans-
mission spectra obtained by gradually increasing the incident
angle (6) (where k,=w/c sin 6, ¢ is the light velocity). For
the measured results, the a-type grating shows two flatbands
located at ~8.0 and ~16.0 GHz, while the ab- and abc-type
gratings have one and two more dispersions near either fre-
quency. The bottom band near ~16.0 GHz for the ab- or
abc-type grating shows a curved dispersion as the parallel
momentum approaches the first Brillouin zone boundary
(ky/2=m/d).
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For the a-type grating, in the limit of perfect conductivity
and subwavelength slit width, a pseudoanalytic model can be
used to study the microwave transmissions.!>?’ This model
is based on the consideration of the surface-impedance
boundary conditions on the metallic boundaries and the fun-
damental eigenmode in the modal expansion of the electro-
magnetic field inside the slits. As discussed in Ref. 9, in this
case, the field amplitudes inside the slit are proportional to a
factor of 1/D, where the denominator D is given by

D=[1-(1+pyPe® —[1+ (1 - pylPe ™" (1)

with the surface impedance 7= (&) "% and the function ¢

in the form of
|: . ( ko’)’ma ) :| 2
w |sinc| ———
L2 /1

=53

dm:—oo (1 - 7,%1)1/2"' n '

where vy, =k, /kog+mN/d is associated with the mth diffrac-
tion order, and sinc é=sin &/ &é=kyy,al2) is the overlap-
ping function between the mth order plane wave and the
fundamental eigenmode inside the slit. It is found that there
is a close correspondence between the maxima of transmit-
tance and the spectra positions of the zeros of the imaginary
part of D, and the photonic band structures for the a-type
grating can be obtained by studying this zero condition.” The
calculated bands are shown in Fig. 5(a) denoted by the solid
lines, which comprised four components up to 18 GHz: two
flatbands within the light cone and two curved parts outside
the light cone (shaded area). The flatbands belong to the first
and second order waveguide modes, which are typically in-
dependent of incident angles. For the nonradiative bands,
they continuously transfer from the SPP mode to the wave-
guide mode, as evidenced by deviating from the incident
light line (w=cpky) and gradually approaching horizontal as-
ymptotical lines on increasing the parallel wave vectors to-
ward the first Brillouin zone boundary.?! Therefore, the pho-
tonic band structure for the a-type grating is a combination
of flatbands associated with waveguide resonance and bands
with basically SPP character. It is worth commenting that the
slit fields are strongly coupled with the surface waves, as
defined by the overlapping function sinc &, so it is physically
reasonable for the nonradiative bands to have continuous
transition from the SPP mode to the waveguide mode.??
Structurally, the a-type grating has the lattice of single
period, while the ab- or abc-type grating can be considered
to have the lattice structures containing more than one peri-
odicity that creates a superlattice periodicity.”? The size of
the real space unit for the compound gratings will be in-
creased, which will decrease the size of the first Brillouin
zone. In the process, additional photonic bands will be cre-
ated via the Brillouin zone folding effect.?* Compared to the
a-type grating, the ab- and abc-type superlattice structures
have two and three times increase in their unit sizes, which
decrease the sizes of their first Brillouin zones by the same
times. As a result, for the ab-type grating, the photonic bands
from k,/4 to k,/2 in Fig. 5(a) will be folded back into the
first half region by projecting along the symmetrical axis at
k,=k,/4 (the dash dot line). Therefore, one more band just

2)
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below each original flatband appears, as shown in Fig. 5(b).
For the abc-type grating, the two portions from k,/6 to k,/3
and from k,/3 to k,/2 on the bands in Fig. 5(a) will be
folded back and two more bands below each original flat-
band are formed in the new first Brillouin zone, as shown in
Fig. 5(c). In Figs. 5(b) and 5(c), it can be seen that the pre-
dicted band dispersions obtained by simple symmetric trans-
lations are in good agreement with the measuring results
except for the small data drifting in the y axis. The different
energy levels of these bands will give rise to different elec-
tromagnetic field distributions on the compound gratings,
which are manifested by the multiple phase patterns for the £
fields localized inside the slits as numerically predicted
above.

The photonic band structures of the compound gratings
are found to be closely dependent on their unit structures. We
measured the transmission spectrum (not shown here) of an
aba-type grating (a=0.5 mm, b=1.0 mm, ~2=18.5 mm) and
only found two photonic bands corresponding to the slit field
patterns of “+ — +” and “+ + +” near each waveguide
harmonic at low incident angles. This is because the other
possible band with phase difference between the two a slits
in one unit (such as phase pattern “+ + —”) is symmetri-
cally confined at low incident angles.'*?> In this case, the
subband degeneracy might have happened due to the struc-
tural symmetry. For the abc-type grating, there is no such
symmetric confinement that all the possible bands should be
observable without degeneracy. This validates the discussion
of its band diagram by the Brillouin zone folding approach.
We also extend this approach to the case of an abcd-type
grating where four bands near each waveguide harmonic are
expectedly observed by following the predictions from the
four-time folding of the first Brillouin zone of the a-type
grating. Lastly, it should be emphasized that the folding pro-
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cedure used here to generate the band diagram is an approxi-
mate method, which is only applicable to the gratings of no
structural symmetry and invalid for the symmetrical gratings.
For the latter, the correct picture for the band diagram should
be given by a more rigorous method, as has already been
done by Skigin and Depine using transfer matrix formalism
(see Fig. 4 in Ref. 25). Their numerical results showed that
there was no direct correlation between the numbers of the
subbands near one waveguide harmonic and the slit in one
unit for the symmetrical gratings, and some bands corre-
sponding to certain phase configurations inside the slits
would be inhibited by the symmetry requirement at normal
incidence but really appear at oblique illumination where the
symmetry condition was removed, which is in good agree-
ment with the previous experimental results for an aba-type
grating (see Fig. 4 in Ref. 14).

VI. CONCLUSIONS

We have showed that greatly enhanced transmission effi-
ciency on metallic gratings could be obtained by exciting the
waveguide resonance. The transmission features become
more complex with peak splitting on compound gratings
where superlattice periodicity is introduced. Numerical cal-
culations show that these complex features are induced by
the out-of-phase resonance for the electric fields localized
inside the slits on the compound gratings. The physical ori-
gin for these phase resonance modes is discussed in terms of
their photonic band structures. The band folding effect has
been established to interpret the measuring results, which
show good agreement with the theoretical predictions. Our
experiments show that a different kind of microwave de-
vices, such as frequency selector or filter, might be suggested
by using compound metallic gratings.
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