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We present a metamaterial absorber detector array that enables room-temperature, narrow-band detection
of gigahertz (GHz) radiation in the S band (2—4 GHz). The system is implemented in a commercial printed
circuit board process and we characterize the detector sensitivity and angular dependence. A modified
metamaterial absorber geometry allows for each unit cell to act as an isolated detector pixel and to
collectively form a focal plane array . Each pixel can have a dedicated microwave receiver chain and
functions together as a hybrid device tuned to maximize the efficiency of detected power. The demonstrated
subwavelength pixel shows detected sensitivity of —77 dBm, corresponding to a radiation power density of
27 nW/m?, with pixel to pixel coupling interference below —14 dB at 2.5 GHz.
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Engineered artificial materials consisting of sub-
wavelength, periodic metallic inclusions, can exhibit
exotic electromagnetic properties not readily available in
nature. Over the past decade, interest of the scientific and
engineering communities for developing such metamate-
rial structures has been continuous and increasing.
Experimental realizations of negative index of refraction
[1,2], invisibility cloaks [3], and perfect lensing [4] all
served to ignite the field. As metamaterial research con-
tinues to mature, demonstrations of practical devices will
become increasingly important for continued growth.
Metamaterial based sources, detectors, and modulators
that could be used in communication systems, or for imag-
ing and sensing applications, would go far to validate the
initial promise of the technology. Thus far several modu-
lator designs have been experimentally demonstrated
[5-7], but the development of metamaterial based sources
and detectors is lacking [8,9].

Microwave imaging systems working between
8-30 GHz have been used for decades in remote sensing
and radio astronomy [10,11]. Common designs are often
notably massive and bulky, employing mechanical posi-
tioning stages (to raster scan a single pixel across an image
plane to build up an image), or using an array of efficient
but very substantial elements, such as horn antennas [12].
Though the greatest gains in performance come from
increasing the aperture, if compactness, mobility, or incon-
spicuousness are desirable, one would like to have an
imaging system that maximizes the performance and mini-
mizes the weight and bulk at a given aperture size. With
pixel spacing on the order of the diffraction limited spot
size a ~ Ay/2m (where A, is the wavelength of the radia-
tion at the imaging frequency), the focal plane can be
adequately sampled and all available information acquired.
However, such dense spacing is at odds with pixel channel
independence. Minimizing cross talk between detector
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pixels can require spacings that result in poor resolution
and sparse spatial sampling of the image [13-15].
Achieving a high detected-to-incident power efficiency is
another key aspect to consider in order to improve the
sensitivity. Ideally, one would like to transfer all power to
the detector that is incident within the boundaries of a
pixel. In all examples to date there are trade-offs between
power efficiency and pixel independence [16,17]. We
believe that resonators developed in the metamaterial com-
munity can offer different and potentially superior options
for pixel density, channel independence, and power
efficiency.

In this Letter, we present a metamaterial absorber
(MMA) that operates as a detector of microwave radiation.
Each MMA unit cell functions as an individual antenna
coupled detector and, collectively, as a focal plane array
(FPA). The metamaterial unit cell converts the incident
microwave radiation into electric currents, which are
guided to a dedicated receiver chain and finally detected
with a power detector to produce dc voltage linearly pro-
portional to the signal. All metamaterial elements and
receiver system components can be integrated into a single
printed circuit board.

The ability of metamaterial unit cells to completely
absorb incident electromagnetic energy—with effectively
zero reflected signal—has been demonstrated across much
of the electromagnetic spectrum [18-20], and have shown
great potential for use in applications ranging from thermal
emitters [21] to energy harvesting [22]. One key design
feature afforded by metamaterials is the ability to engineer
materials for matching the impedance of the MMA to that
of free space. The resonant nature of the MMA structures
generates high electric fields in the gap, completely dis-
sipating the incident energy into a combination of dielec-
tric and Ohmic losses [23,24]. However, here we modify
the MMA design in order to instead transfer the incident
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energy into a detector circuit. We have utilized the highly
absorbing capability of the MMA to fashion a focal plane
array by letting each individual unit cell serve as an array
element.

The microwave FPA presented here consists of meta-
material unit cells arranged on a square lattice of 11 by 11
elements. The entire detector system architecture—all
contained within the footprint of each unit cell—consists
of the metamaterial absorber followed by a balun, imped-
ance matching circuit, low noise amplifier and a micro-
wave power detector. The FPA has been implemented in a
twelve layer commercial printed circuit board process
fabricated and assembled by Hughes circuits, including
four metal layers and vias; see Fig. 1. The device is con-
structed from a 30.5 wm copper layer which constitutes
the electrically coupled LC (ELC) resonators [25,26],
followed by a patterned ground plane, power routing plane,
and the circuit layer—where the ELC and ground plane
are separated by Rogers 4003 dielectric with a 4.88 mm
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FIG. 1 (color online). System architecture of our metamaterial
microwave power detector array. (a) Radiation is incident from
port 1 with electric field polarization as depicted. A schematic of
the full device is shown (exploded view) and the layers shown
from top to bottom are the ELC, Rogers dielectric spacer,
patterned ground plane, and microwave power receiver circuit.
(b) Photo of an individual pixel, i.e., an ELC unit cell with
dimensions of a =273, [ =24, w=3.5, and g =4; all in
millimeters. (c) Photo of the circuit layer with vias indicated.
The vias transport the received signal (port 3) to the microwave
power receiver circuit underneath each unit cell where the
different highlighted regions are: (I) balun, (II) impedance
matching circuit, (III) low noise amplifier, and IV) microwave
power detector.

thickness. Microwave radiation received by the metamate-
rial perfect absorber is transferred by the 0.5 mm diameter
vias to the circuit layer where a balun is used to transform
the balanced signal to an unbalanced signal. The signal is
then fed into the impedance matching circuit which not
only maximizes the signal power, but also serves to com-
pensate for variances in the MMA resonance frequency—
due to imperfections in the fabrication process. Finally, the
signal is amplified by the low noise amplifier before being
converted to a dc signal by the microwave power detector.

We simulate the entire detector array using the
commercial 3D electromagnetic simulation software CST
MICROWAVE STUDIO 2011. The ports, (shown schematically
in Fig. 1), are used to investigate the transfer of electro-
magnetic energy in the device and consist of waveguide
ports (port 1 and 2), and a discrete port (port 3). The
discrete port is a lumped circuit element that connects
the vias to one another with a defined impedance set equal
to 100 Ohms (£2), which is equivalent to the input imped-
ance of the balun. The metamaterial was configured to
maximize the transfer of energy into port 3, i.e., S3;, while
at the same time minimize both the free space reflection
coefficient (S;;) and reflection coefficient (S33) at 2.0 GHz.
In order to achieve this goal we tuned the dimensions of the
MMA; consisting of the ELC geometry, thickness of the
Rogers 4003 (&8 = &, + ie, = 3.38 + i0.007) dielectric
spacer, and the opening in the ground plane. The final
dimensions of the ELC resonator are shown in Fig. 1(b)
with parameters as labeled. The dimensions of the cross
shaped opening in the ground plane, [Fig. 1(c)], were
optimized to minimize the coupling between the vias and
ground plane, as well as tune the MMA’s effective mag-
netic response. The ground plane also helps to shield any
undesirable coupling effects between the circuit compo-
nents and the metamaterial’s electromagnetic performance.

The simulated scattering parameters are shown in
Fig. 2(a) and demonstrate that a maximum in transmission
corresponds with the minima of both reflection coefficients
S1; and S35 at 2.0 GHz. As mentioned, the MMA design
typically utilizes the dielectric and ohmic losses within the
constituent components in order to achieve a minimum
in Sq;. In contrast, the design presented here achieves
S3; = 0.986, indicating that over 97% of the incident
intensity is transmitted into the detector circuit. In Fig. 2(b)
we plot the surface current density at resonance and find
that our MMA achieves a response similar to prior designs
[25]. Figure 2(c) shows the magnitude of the electric field
and, as can be observed, the electric field is focused into the
ELC split gap (right panel) and the vias are sufficiently
decoupled from the ground plane.

Although simulations presented above indicate that a
high performance MMA unit cell may be used as a detector
of incident radiation, tolerances in both the component
values and the geometry can occur in the fabrication pro-
cess and may thus alter the ideal electromagnetic response.
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FIG. 2 (color online). Numerical simulations of the metama-
terial absorber. (a) Simulated results of the free space reflection
(S, dashed gray curve, blue), transmission (S3; gray curve,
green), and reflection coefficient (S33 black curve, red).
Simulated current densities (b) and electric field magnitude
(c) shown directly underneath the ELC (left) and above the
ground plane (right) at the simulated design frequency of
2.0 GHz.

Characterization of S| is not possible with our experimen-
tal setup. However, simulations presented in Fig. 2(a)
indicate that S3; is a reasonable approximation of S;;.
Thus, we measure S33 in order to investigate the resonant
properties of the fabricated MMA, shown as the red curve
in Fig. 3(a). We observe a high reflection coefficient across
the range investigated but notably minima occur at 2.5 and
3.15 GHz, with values of —33 dB and —29 dB, respec-
tively. The simulated minimum in S33 occurring at 2.0 GHz
has shifted to 2.5 GHz, which we attribute to the variation
in the fabrication from the simulated design (see the
Supplemental Material [27] for more details).

Free space measurements of the center pixel were per-
formed within an anechoic chamber (see the Supplemental
Material [27] for more details). We use a HP 8510B vector
network analyzer (VNA) with a double ridge guide horn
antenna (700 MHz — 18 GHz range) as a transmitter. The
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FIG. 3 (color online). Experimental measurements in anechoic
chamber for the center pixel on the MMA-FPA. (a) S-parameter
data shows the reflection coefficient (S33 black curve, red) and
the transmission (S3; gray curve, green) with the dashed gray
line at 2.5 GHz the frequency for sensitivity and off-angle
measurements. (b) Mutual coupling (MC) between neighboring
metamaterial pixels located parallel (light gray curve, gold),
perpendicular (black curve, blue), and diagonal (gray curve)
with respect to the electric field polarization. (c) Sensitivity
characterization with the output of microwave power detector
of single pixel as function of incident power, and is sensitive as
indicated by dashed red line down to —77 dBm at 2.5 GHz.

horn was connected to a port of the VNA which provided a
power level of —3 dBm. Another port of the VNA was
directly connected following the unbalanced signal output
of the balun on the center single pixel of the MMA-FPA.
The resulting S parameters measured were for only this
center pixel with all neighboring unit cells having 50 )
terminations following their respective balun output con-
nections. The MMA-FPA was placed 1.75 m away from the
horn antenna to be in the far field of the horn’s radiating
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FIG. 4 (color online). Off-angle performance characterization
of the MMA-FPA at 2.5 GHz for both the electric field vector
perpendicular (TE) and parallel (TM) to the floor of the chamber.
The ELC resonators are characterized for the correct polarization
(E-field perpendicular the split gap), shown for both TE (gray
curve, gold) and TM (black curve, blue). The cross polarization
(E-field parallel to the gap) are both 20 dB lower than that of the
correct polarization, shown for TE (gray curve, green) and TM
(black curve, red).

field pattern. In Fig. 3(a), the green S3; curve shows a
peak about 2.5 GHz overlapping with the minimum ob-
served in Si3.

The gold curve in Fig. 3(b) displays the measured
mutual coupling (MC) between neighboring unit cells
parallel to the electric field direction. At 2.5 GHz the MC
was measured to be below —14 dB. We have also
measured the MC in the perpendicular and diagonal neigh-
boring cells and mutual coupling of —15 dB was found.
Values of MC are significantly low, especially considering
the proximity of nearest neighbors at a lattice spacing of
A/4.4 (273 mm) and with edge separation of A/40
(3.0 mm). In addition to the clear benefit toward imaging,
[13-15] reducing MC is of particular importance for
multiple-input and multiple-output communication sys-
tems that suffer reduction in channel capacity due to these
affects [28,29].

We now turn toward characterization of the sensitivity
and angular dependence of the MMA-FPA. A microwave
source was fixed to operate at 2.5 GHz and fed to the horn
antenna. The dc voltage output from the MMA-FPA was
recorded as the horn power was swept from —50 dBm to
+20 dBm as shown in Fig. 3(c). We determine an ultimate
pixel sensitivity of —77 dBm, corresponding to a radiation
power density of 27 nW/m?, after calibrating for cable and
free space losses. Figure 4 shows the resulting off-angle
performance characterization of the MMA-FPA at 2.5 GHz
for both transverse electric (TE) and transverse magnetic
(TM) polarizations. However, it should be noted that our
metamaterial does not posses 90° rotational symmetry
and thus we characterized TE and TM for both the
correct polarization—as shown in Fig. 1(a)—the cross

polarization to this. The measurement results demonstrate
that the MMA-FPA operates as a wide angle antenna. This
is consistent with the off-angle absorption performance
typical to MMAs [24]. Both TE and TM cross-polarized
angular dependent measurements are at minimum of
20 dB lower that the co-polarized measurements. Thus,
the presented MMA-FPA may be used for polarization
discrimination imaging.

The metamaterial absorber focal plane array was
demonstrated to operate at 2.5 GHz and have high pixel
sensitivity of —77 dBm, with low pixel to pixel coupling
interference below —14 dB, good frequency selectivity
and wide angular performance. We note that the FPA is
not restricted to the frequency applied in this work but
could prove useful at higher frequency operation from
microwave to millimeter wave. Even more generally, the
MMAs due to its ability to capture nearly all of the incident
electromagnetic energy at design frequencies across the
entire electromagnetic spectrum could serve as an excel-
lent candidate to act as detector pixels when implemented
into bolometric or semiconducting configurations. The
subwavelength unit cell and narrow resonant spectral
bandwidth can also be expanded to enable multicolor and
co- and cross-polarized pixels.
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