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Measurement of photon sorting at microwave
frequencies in a cavity array metasurface

Eli Lansey, Isroel M. Mandel, Ian R. Hooper, Jonah N.
Gollub, Alastair P. Hibbins, David T. Crouse

Abstract—We present experimental results demonstrating the
spatial sorting of incoming radiation in two spectral ranges.
A metasurface composed of a periodically patterned metal of
subwavelength thickness with dielectric inclusions concentrates
and localizes electromagnetic fields near the surface. Light of the
separate spectral bands is channeled into different geometrically
tuned cavities within each spatially repeating unit cell. Excitation
of cavity modes facilitates this simultaneous spatial and spectral
selective absorption. The measured reflection and field profiles are
presented and show the spectral and spatial selectivity. A method
to apply these concepts to split radiation into three spectral bands
is also proposed.

Index Terms—Metamaterials, Cavity resonators, Periodic
structures

I. INTRODUCTION

Metasurfaces have the potential to improve the performance
of devices in a variety of applications including lensing [1],
beam steering [2], solar energy [3], perfect absorbers [4]–
[6], selective emitters [7], [8], and photon sorters [9]–[12].
Metasurfaces are composite films of subwavelength thickness
made of a two dimensional array of subwavelength elements
or meta-atoms [13]. The materials and geometry of the meta-
atoms determine how the metasurface interacts with electro-
magnetic radiation; these meta-atoms can range in size from
larger than λ/4 to smaller λ/10. Cavity array metasurfaces are
composed of periodic arrays of dielectric cavities in a metal
film of subwavelength thickness. Cavity array metasurfaces
have been shown to combine the functionalities of photon
sorting, localization, and enhanced dual band absorption [10]
and are of interest for use in sensing since the continuous
metal metasurface may also serve as an electrical contact
unlike multiband absorbers using split ring resonators [4]
and local plasmon resonances [6], [11]. In this work we are
investigating a novel dual band cavity array metasurface com-
posed of two meta-atom types that are designed to function
independently enabling subwavelength localization and near
unity absorption of incident electromagnetic wave. Previous
work on dual band composites have been done in similar
structures such as frequency selective surfaces [14], [15].
The photon sorting capabilities of the dual band cavity array
metasurface absorber presented here have been demonstrated
in numerical calculations [10]. Here we report on experimental
verification of the photon sorting process in a dual band cavity
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(a) Metasurface unit cell structure
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(b) Fabricated metasurface

Fig. 1: The photon sorting metasurface. Each unit cell has
two cavities of different radii which resonate at different
frequencies.
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Fig. 2: Experimental and simulated specular reflection intensi-
ties from the material surface for s-polarized radiation at a θ =
17◦ angle of incidence. The two dips in the reflected intensity
correspond to the two cavity resonances [10].

array metasurface by probing the strength of the electric field
above the resonating cavities. We are thus able to directly
report the physical mechanism of photon sorting through a
direct field measurement instead of only through indirect
reflection measurements as is usually done in the literature
which masks the underlying process. In addition we present
simulated results for a three band cavity array metasurface
composed of three meta-atoms per unit cell.
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Metasurface

Fig. 3: Experimental setup for measuring the spatial depen-
dence of the electric field strength. The translation stage allows
the measuring probe, shown in the inset, to be swept across
the top of the metasurface.

II. METASURFACE DESIGN

In this paper, the structure under investigation is a two-
dimensional square array of subwavelength cylindrical cavities
embedded in a 40cm x 40cm sample of aluminum. Each
cavity is filled with an absorbing silicone elastomer dielectric
(Sylgard 184), doped with graphite powder (8.36%), which
was selected to maximize the absorption. An Anritsu M4640A
vector network analyzer (VNA) was used to record the mea-
sured complex S-parameters of the graphite loaded elastomers
in an 8-12 GHz waveguide. The dielectric properties of the
elastomer composites were subsequently extracted using the
Nicolson-Ross-Weir algorithm [16], giving a complex dielec-
tric permittivity of εr = 4.33 + 0.22i. Each unit cell contains
two cavities of different radii and identical heights, arranged
in a square lattice, see Fig. 1. The structure’s electromagnetic
response is due to cavity mode resonances, which are tuned
by adjusting the radii and heights of the cavities, as well as
the periodicity of the array (see [10] for further discussion).
Here the periodicity is Λ = 26 mm, cavity radii are a1 = 8.03
mm and a2 = 5.74 mm, and cavity height is h = 7 mm.
The simulated and experimentally measured reflection of the
metasurface is shown in Fig. 2; the response of the metasurface
has peaks in absorption at 8.10 GHz and 9.25 GHz [10] and is
polarization independent due to the 90◦ rotational symmetry.
The experimental setup for obtaining reflection is described
below. The electromagnetic response of the metasurface was
simulated with periodic boundary conditions on a single unit
cell using HFSS a finite element frequency domain solver. In
the simulation, the metals were modeled as perfect electric
conductors and the measured dielectric permittivity of the
graphite doped elastomer was used for the material parameters
in the cavities.

III. RESULTS

To verify that this device spatially sorts the incident light,
we measured the reflection of the sample to determine the
resonances and then measured the component of the electric

field parallel to the polarization of the incident beam 1 mm
above the structure’s surface at the resonant frequencies. To
obtain the reflection, two broadband (8-40GHz) horns from
Flann Microwave were placed adjacent to each other approx-
imately 2m from the sample such that the angle of incidence
was 17◦. The horns were attached to an Anritsu M4640A
vector network analyser (VNA) which swept a frequency range
of 7.5-15GHz in 2001 points, at a power of 5dB, and with
no averaging. S21 was measured and was normalised to the
reflection of a flat aluminium plate in order to determine the
absolute reflectivity of the sample, the results of which is
compared with the simulated reflection for normal incidence in
Fig 2. The agreement with the simulated reflection at normal
incidence indicates that the metasurface exhibits angular inde-
pendence for shallow angles for both polarizations which is a
characteristic of such types of cavity arrays. The field profiles
were then obtained using the setup shown in Fig. 3. One of
the same broadband horns was placed vertically approximately
1.5m above the sample. An electrically small probe formed
of a 2 mm long piece of stripped coaxial cable which acts
as a small antenna well below any resonant frequencies was
attached to a computer controlled translation stage in order
to spatially probe the fields 1mm above the sample. The
measured signal arises from the electric field component along
the direction of the exposed probe. The horn and probe were
connected to the Anritsu M46040A VNA, with a frequency
sweep of 7.5-15 GHz (2001 points) with an IF bandwidth of 1
kHz. The power was +5dBm, and there was no averaging. S21
was measured as the probe was moved in a plane 1mm above
the sample, giving a direct measure of the spatial field profile.
Figure 4 shows a direct plot of the magnitude of this quantity,
where the red color corresponds to the field strength at the 8.1
GHz resonance and the blue corresponds to the field strength
at the 9.25 GHz resonance. The dashed circles mark the
approximate edges of the cavities within the metasurface; the
enhanced field intensities are localized within the circles. This
localization demonstrates the photon sorting property of the
metasurface. The vertically-oriented “stripes” of blue between
the larger apertures are artifacts of the measurement. Rotating
the sample or the source does not change the orientation of the
stripes. The likely cause of this effect is the probe wire, which
scatters and interferes with the incident radiation. The field
maps indicate that the incident light is sorted into different
cavities for different spectral bands.

Characterization of the spatially selective absorption of the
metasurface cannot be distinguished since the absorption in
each individual cavity cannot be directly measured, i.e. the
total absorption is inferred from the reflection of the meta-
surface. However, the absorption in each cavity is dependent
on the excitation of a cavity resonance, which results in
enhanced field strength in addition to the absorption. Since
the tangential component of the electric field is continuous
across the interface of the metasurface and the free space
above it, a map of the electric field above the metasurface
would correspond to a mapping of the fields, and therefore
absorption, within the metasurface, i.e. within each cavity. We
can therefore use the measured field strength F just above the
surface of the metamaterial to calculate an approximate photon



3

0 20 40 60 80 100
0

20

40

60

80

100

x @mmD

y
@m

m
D

Fig. 4: Pseudo-color plot of the electric field component
along the polarized y-direction measured 1 mm above the
metamaterial. The red (blue) color corresponds to the 8.1 GHz
(9.25 GHz) resonances, which are overlayed to see the photon
sorting. The dashed circles are the approximate edges of the
cavities below.

TABLE I: Splitting efficiency from simulated absorption
compared to approximate splitting efficiency calculated from
measurements.

Frequency (GHz) Simulated SE Measured approximate SE
8.1 96 98

9.25 93 92

sorting efficiency, i.e. the fraction of energy absorbed in the
desired cavity [10]. We can estimate the sorting efficiency of
the nth cavity (SEn) by

SEn ≈ Fn

FT
, (1)

where Fn is the field strength above cavity n and FT = F1 +
F2 is the total field strength. Figures 5 and 6 shows the average
field strength from experiment along lines crossing the large
and small cavities. The range of values are shown in the shaded
region. Using this approach, and averaging over a few peaks,
gives an estimated sorting efficiency of 98% at 8.1 GHz and
92% at 9.25 GHz. These values compare favorably with the
calculated values for the absorption in each cavity obtained
from simulation, see Table I. The estimated SE is higher at
9.25 GHz, as this is a measure of field strength, not directly
of the absorption; although the fields are higher above the
smaller cavity, the absorption may be lower depending on edge
effects. Additionally, the value of the SE at this frequency is
less precise due to the experimental artifact (i.e./ scattering of
the probe wire).
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Fig. 5: Experimental measurement of light splitting using field
strength above the cavities at 8.1 GHz.. The solid lines are
the spatial field strength averaged over multiple lines passing
through the center of the cavities. Shaded regions show the
variation of the average.
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Fig. 6: Experimental measurement of light splitting using field
strength above the cavities at 9.25 GHz.. The solid lines are
the spatial field strength averaged over multiple lines passing
through the center of the cavities. Shaded regions show the
variation of the average.

TABLE II: Percentage of the total electromagnetic energy
absorbed (E) and fractional splitting efficiency (SE) at target
frequencies in an optimized three-band structure.

Absolute absorption (%) SE (%)
Frequency E1 E2 E3 E1/ET E2/ET E3/ET

8.05 GHz 93 2 1 97 2 1
9.6 GHz 6 82 3 6 90 3
11.25 GHz 3 3 82 3 4 93
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Fig. 7: A top-down view of the three-band light splitting
structure. Additional cavities are highlighted in green.
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Fig. 8: Simulated reflection from a three-band photon sorting
structure.

IV. THREE BAND STRUCTURE

The patterned material discussed thus far spectrally and spa-
tially sorts microwave radiation into two bands. To numerically
investigate a three-band photon sorting structure with three
independent resonances, we began with the preceding two-
band structure, adjusted various parameters, and added a third
cavity, see Fig. 7. More specifically, the simulated device has a
periodicity of Λ = 24.75 mm, and three cavities with identical
heights of h = 8.01 mm, but different radii of a1 = 7.25
mm, a2 = 5.45 mm, and a3 = 4.5 mm. In this structure, the
dielectric in the cavities is εr = 4.46 + 0.05i. This device
resonates at frequencies of 8.05 GHz, 9.6 GHz, and 11.25
GHz. Fig. 8 shows a plot of the simulated total reflection from
this structure as a function of frequency for normally incident
radiation of one polarization; there is negligible difference in
the reflection response between polarizations, with an absolute
difference no greater than 0.6%.

This device absorbs 93% (82%) [82%] of incident radiation
at 8.05 GHz (9.6 GHz) [11.25 GHz], with a splitting efficiency
of 97% (90%) [93%]. That is, the fields are channeled to
and into the appropriate cavity, where the resonant fields are
strongly, and locally absorbed. These results are summarized
in Table II. Although this demonstration is for microwave
structures, it shows that polarization independent photon sort-
ing is, in principle, possible with three bands, thus increasing
the potential efficiency of any device based on this approach.
Furthermore, this is a rather simple structure, with identical ab-
sorbers in cavities of identical height. The absolute absorption,

as well as the SE can be improved by adjusting the dielectrics
in each cavity, as well as their heights, independently.

V. CONCLUSION

In conclusion, we have directly demonstrated the photon
sorting mechanism for a metasurface that uses cavity meta-
atom resonances by direct field measurements. By measuring
the electric field above the metasurface while under illumi-
nation, electric field maps were obtained that displayed the
spatial and spectral selectivity of the metasurface absorber
showing good agreement with simulated results. We also
numerically investigated a three aperture metasurface that is
designed to sort and absorb electromagnetic waves in three
spectral bands. Multi-band photon sorters of this type may be
limited by the amount of cavities that can be placed within
a unit cell. In addition, higher order cavity modes may share
resonances with other cavities, reducing photon sorting. These
issues may be resolved in the future by implementing cavities
of different geometries in each unit cell.
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