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Abstract—Metamaterial based electromagnetic wave absorbers
provide perfect absorption only over a narrow bandwidth. In this
paper, broadband response is achieved through embedding of one
resonator inside another in each unit cell of the metamaterial absorber
lattice. These two resonators are oriented in the same direction
to achieve reduced coupling between them realizing two absorption
frequencies close to each other in order to broaden the effective
bandwidth. The paper presents such an absorber at 77 GHz with a
bandwidth of 8 GHz and peak absorption of greater than 98%. The
absorber is fabricated on 125 pm thin and flexible polyimide substrate
by patterning gold thin film in the shape of two split ring resonators as
the metamaterial unit cell. The bandwidth is enhanced by more than a
factor of two compared to what could be achieved from a metamaterial
with single resonator structure.

1. INTRODUCTION

Metamaterials are made by the inclusion of sub-wavelength metallic
structures in host dielectric medium, engineered to achieve unusual
properties not found in the nature. Recently, metamaterials
has enabled design of thin electromagnetic wave absorbers [1].
Absorbers have many applications in radars, imaging [2], wireless
communication [3], thermal imagers [4], and possibly in the solar
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cells [5]. Compared to the conventional millimeterwave absorbers
which are physically thick and where frequency performance is dictated
by the inherent complex permittivity [6] and permeability [7,8] of
the bulk material, metamaterial based absorbers can be tailored
for frequency response through the geometry of metallic inclusions.
Metamaterial absorbers are frequency selective and have already
been investigated over a wide range of frequencies spanning the
microwave [1], terahertz (THz) [9,10], infrared (IR) [11], and
optical [12] spectrum. Design of absorbers at millimeterwave or higher
frequencies using metamaterial based approaches is frequency scalable
compared to conventional bulk material based absorbers. However,
bandwidth of metamaterial based absorber relies on resonance
bandwidth of the resonator structure which is typically narrowband.
However, one requires broad bandwidth for many of these applications.
Several approaches have been investigated to design absorbers beyond
single resonance. One example is that of dual band absorber
demonstrated at millimeterwave frequencies [13,14] and at THz [9, 10]
frequencies. In another application, a broadband absorber at 2.4 GHz
has been investigated using stacked multi frequency resonators that
achieved absorption bandwidth of 700 MHz [15]. An ultra broadband
absorber over a frequency range of 6-18 GHz with an absorption level of
90% has been demonstrated using frequency selective resistive surface
which relies on the tuning of material resistivity [16]. Absorber at
30 GHz has also been investigated for the wideband absorption using
multiple resonators [17] with purely numerical simulations; moreover
the response is not flat over wideband. Another broadband absorber
(7.8-14.7GHz) is realized by using multilayered structure in the
form of a pyramid which needs complex fabrication approach [18].
Broadband absorber at IR wavelength designed using multiplexed
metal patches has been shown to achieve 98% absorption over 3.4—
3.55 um [19]. Broadband IR absorber is also realized using plasmonic
nanoantennas with multiple resonance [20] and dual resonance [21]
absorption responses.

In this paper, a metamaterial absorber at millimeterwave
frequency is investigated for the absorption bandwidth enhancement at
the resonant frequency. To design this absorber, a dual band absorber
forms the basis wherein a second resonator with a resonance frequency
close to the first resonator is embedded inside the first resonator.
One observes that placing two different resonators, each with perfect
absorption at their resonant frequencies, close to each other causes
mutual coupling (and resonance splitting) which just degrades the
overall absorption and does not yield a broadband response. In this
paper we showcase a simple approach to minimize coupling between
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the two resonators with resonances close to one another in frequency.
Moreover each resonator by itself does not yield perfect absorption
at their resonance frequencies, however the combined effect shows not
just widening of the bandwidth, but also higher peak absorption than
a single resonator case. Millimeterwave frequency band of 77 GHz is
selected for these absorbers for their significance in automotive radar
applications. Samples are fabricated on polyimide which is flexible and
suitable for the conformable applications.

2. METAMATERIAL ABSORBER DESIGN

Metamaterial absorber is presented schematically in Fig. 1(a). Top
layer of the absorber consists 2D periodic array of split ring resonators
(SRRs) made of metals such as gold patterned on a polyimide dielectric
spacer layer. The back side of the absorber is coated with a continuous
thin metal layer. The simultaneous interactions of electric (in the gap
of SRR) and magnetic (between SRR and backside metal) fields of
incident wave with the metamaterial result in the wave impedance
(n = E/H = \/(p/e)) matching of absorber to the free space at the
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Figure 1. (a) Schematic representation of metamaterial absorber.
The incident wave is reflected back and there is no transmitted wave
due to backside continuous metal layer. The wave is absorbed at
resonance frequency when electric field is parallel to the gap of the
resonator as shown in the figure. (b) Layout of the unit cells for dual
band absorber using two resonators, and (c) inner resonator is folded
to increase length of the resonator for decreasing second resonance
frequency and bringing that close to the first resonance frequency.
(d) Circuit based (RLC) model of the single SRR resonator.
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resonance frequency eliminating reflection [1]. This incident wave gets
absorbed as metallic and dielectric losses at the resonance frequency.
Waves in frequency other than resonance are reflected back primarily
due to the presence of the backside continuous metal layer; this also
implies zero transmission through the absorber.

Split ring resonator (‘C’ shaped) is used as the metamaterial unit
cell shown in Figs. 1(b) and 1(c) with resonance frequency of 77 GHz.
Another split ring resonator is inserted inside the first resonator
to achieve second resonant absorption frequency. The absorption
frequency of the resonator can be modeled using equivalent inductance
(L) and capacitance (C) of the resonator as shown in Fig. 1(d). The
resonant absorption frequency of the resonator, f = 1/(2m/(LC)) can
be varied by changing its dimensions. The increase or decrease in the
inductance value of the resonator is related to the increase or decrease
in the length of the resonator, respectively. Similarly the value of
capacitance can be increased or decreased by increasing or decreasing
the split gap capacitance of the SRR. Since the second resonator is
placed inside the first resonator, without changing its design, it will
have smaller length and will therefore exhibit resonance at much higher
frequency than the first resonator. In order to enhance the absorption
bandwidth at a single resonant frequency the goal would be to bring the
second resonance close to the first resonance so that the combination
achieves broad absorption. To achieve this goal, we varied different
parameters for the second resonator. Increasing effective length of the
resonator through meandering was found to be more effective than
trying to increase the capacitance by bringing the edges of the SRR
closer or extending inside.

Absorber designs are simulated in CST Microwave Studio (2011)
software. Polyimide with thickness of 125 um (e = 3.16, tand = 0.01)
is used as a dielectric spacer layer. In this design no transmitted wave
is observed either in simulation or in measurement due to presence of
the continuous backside conductive layer. S-parameter obtained from
the simulation is used to determine the power reflection coefficient
(R = S%,). Since the transmission coefficient is zero (T' = S2; = 0),
the power absorption coefficient (A) is directly determined from the
power reflection coefficient (A=1—-R—-T =1—-R).

It is important to mention that when two resonators are brought
closer in space, they mutually couple to one another, altering their
resonant response in a behavior commonly known as hybridization or
resonant splitting [22,23]. The extent of mutual coupling depends
not only on the spacing, but also on the relative orientation (or
polarity) of one resonator with respect to the other. In Figs. 2(a)
and 2(b) two different resonators are used individually to achieve
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Figure 2. Dual band absorber with two absorption frequencies close to
each other designed for the bandwidth enhancement. (a) Single band
absorbers designed at 77 GHz and (b) at 80 GHz. (c) Embedding these
two split ring resonators with the same orientation and (d) embedding
in opposite orientation. Greater coupling between resonators in the
case of design (d) results in larger separation of resonance frequencies
compared to the design in (¢) showing larger hybridization effects when
resonators are embedded in the opposite directions.

absorption at frequencies 77 GHz and 80 GHz, respectively. These two
resonators can be embedded in two ways, first shown in Fig. 2(c) where
the split gap of both resonators is oriented on the same side; and
second shown in Fig. 2(d) where resonators gap is oriented on opposite
sides. The coupling between structures is much stronger when they
are on opposite sides resulting in resonance splitting due to strong
hybridization effects. The coupling can be observed from the induced
surface currents in the resonators as shown in Figs. 3 and 4 for two
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(1) 75.2 GHz (1) 79.4 GHz

Figure 3. Induced electric field and surface current at resonance
frequencies shown in Fig. 2(c). Coupling between resonators is small
when both are oriented in the same direction.

different orientations of the resonators. The higher surface current is
induced in both resonator at each of two resonance frequencies when
they are oriented in the opposite direction as shown in Fig. 4. This
coupling is highly reduced when the resonators are oriented in the
same direction as shown in Fig. 3. This reduced the hybridization
effects greatly and the two resonances occur very close to each other.

Further optimization of the design through numerical simulation
can be performed to achieve perfect absorption over this frequency
band. To demonstrate absorber with broadened bandwidth, using
the proposed approach of having resonators oriented in the same
direction, we present simulation results on two designs that showcase
how broadening of the bandwidth is achieved. In design 1, resonance
frequency corresponding to the outer resonator is selected 77 GHz
and to the inner resonator 80 GHz as shown in Fig. 5(a). However,
in design 2, the inner resonator frequency is selected to be much
closer the first resonator (< 80 GHz) so that the combined response
appears similar to the single resonator but with enhanced absorption
bandwidth as shown in Fig. 5(b). In design 2, the number of folds
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Figure 4. Induced electric field and surface current at resonance
frequencies shown in Fig. 2(d). Stronger coupling between resonators
is observed in comparision to the case shown in Fig. 3, even resonance
frequencies are farther.

in the inner resonator is three compared to the two in design 1 to
scale down second resonance frequency. These designs are optimized
to achieve perfect absorption peaks at 77 GHz and 80GHz in the
case of the design 1, and peak absorption at 77 GHz with maximum
bandwidth in case of the design 2. It can be observed from Fig. 5(a)
that combination of two resonators results in the perfect absorption at
77.45 GHz (absorption, 99.9%) and at 80.35 GHz (absorption, 99.0%),
though the absorption level of the resonators, individually is not
perfect. Simulated bandwidth for an absorption level of 90% is 4.2 GHz
for the design 1 and 2.7 GHz for the design 2 in comparison to the 1 GHz
for the absorber designed using single resonator as shown in Fig. 5(b),
indicating that large enhancement of bandwidth is possible using dual
resonator structure. Fig. 6 illustrates that at 77 GHz induced electric
field and surface currents due to magnetic field appears in the outer
resonator and at 80GHz it appears in the inner resonator. The
absorbed power loss density on the absorber surface is shown in Fig. 7
for different frequencies.
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Figure 5. Two designs of absorber using dual SRRs for the enhanced
bandwidth. (a) Design 1, two very close resonance absorption
frequencies (77 and 80 GHz) achieved using two additional folds in
the inner resonator. (b) Design 2, both resonator frequencies are
close enough to appear as a single resonance absorber with enhanced
bandwidth, inner resonator has three additional folds in this design.
Simulated result of a separate absorber designed using single resonator
is also shown for comparison of the bandwidth.

3. FABRICATION AND MEASUREMENTS

Absorber samples shown in Fig. 5 (design 1 and 2) are fabricated
using standard optical photolithography process. Silicon wafers with
4 inch diameter are used as the supportive substrate. Polyimide film
as dielectric spacer layer of the metamaterial absorber is prepared on
silicon wafer. Metamaterial patterns are transferred on the Polyimide
using the lithography process. Chromium and gold metals serving
as metamaterial layer are deposited using a DC sputtering system
with thickness of 20nm and 200 nm, respectively. Polyimide film is
peeled off from the silicon wafer after fabrication of metamaterial layer.
Chromium and gold layers are then coated on the back side of sample
to form a continuous conducting back plane.

Measurement of the samples is performed using custom made
spectrometer, shown in Fig. 8. Backward wave oscillator (BWO) is
used as a millimeterwave source in the spectrometer. The frequency of
the BWO is voltage tuned in the range of 70-117 GHz. To detect signal
power, a Schottky diode detector is used. Incident wave is modulated
to facilitate lock-in based detection. The spectrometer is a free
space measurement setup utilizing lenses and beam splitter. Samples
are measured in reflection mode at normal incidence. To normalize
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Figure 6. Simulated electric field, surface current of absorber in
design 1. (a) Electric field induced in the gap of outer resonator at
77 GHz due to coupling of electric field component of the incident
wave. (b) Surface current is induced in the resonator by magnetic
field component of the wave between resonator and ground plane.
(¢), (d) Electric field and surface current induced in the inner resonator
at 80 GHz.

Figure 7. Simulated power loss density at different frequencies in the
absorption band of the absorber in design 1.
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Figure 8. Setup for the measurement of reflection coefficient of the
absorber.
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Figure 9. Simulated (dotted lines) and measured (continuous lines)
power absorption and reflection coefficients of bandwidth enhanced
metamaterial absorber using dual SRR (design 1).  Result of
metamaterial absorber designed using single SRR at 77 GHz is given
for the comparison. Dimensions are; Ly = 352um, Lo = 266 um,
L =407 um, Wy = 26 um, Wy = 22 um, S7; = 36 um, S = 15 um, and
Ly =99 um for the structure shown in Fig. 1.

observed measurement, a reference measurement is performed using a
perfect metal plate reflector. The measured response of the absorber
is shown in Fig. 9 for the design 1. The maximum measured
absorption in this absorber is 98% over a frequency range of 77.15-
78.80 GHz. Absorption bandwidth for absorption value greater than
90% is 74.95-83.20 GHz (8.25 GHz or 10%). Measured response of the
metamaterial absorber using single resonator is also shown in Fig. 9 for
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Figure 10. Simulated (dotted lines) and measured (continuous lines)
power absorption and reflection coefficients of bandwidth enhanced
metamaterial absorber using dual SRR (design 2). Absorber using
single SRR at 77 GHz is given for the comparison. Dimensions are
L1 =342 pum, Ly =240 um, L = 386 um, W1 = 14.8 um, Wy = 13 um,
S1 =34 um, Sy = 23.4um and Ly = 90 um for the structure shown in
Fig. 1.

Figure 11. Microscopic images of the fabricated metamaterial
absorber samples. (a) Design 1. (b) Design 2. (c¢) Photo of the absorber
sample showing its flexibility.

the comparison and showing that absorption bandwidth of absorber
designed using dual resonator is much higher (greater than 2 times
for the absorption value of 80%) than the absorber designed using
single resonator. The measured response of the absorber in design 2 is
given in Fig. 10. Measured maximum absorption is 97% at frequency
77.10 GHz. The absorption level of 90% or greater is achieved over
a frequency range of 73.65-79.95 GHz (bandwidth of 6.3 GHz or 8%).
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The absorption frequency resulted from the measurement is in good
agreement with simulation. However, measured absorption bandwidth
is much higher than what is observed in simulation. This is expected
due to fabrication variations in unit cell dimensions across the sample,
which provides a beneficial effect of broadening the overall response.
Microscopic images of the two absorber samples (design 1 & 2) are
shown in Figs. 11(a) and (b). Samples are flexible as shown in
Fig. 11(c) and can be used for the conformable applications.

4. CONCLUSIONS

In conclusion, metamaterial based absorbers with broad bandwidth
at millimeter wave frequencies are designed using two resonators,
one embedded inside another. Measurement results on fabricated
samples show an increase of absorption bandwidth by a factor of
two compared to the single resonator case. Designs show a novel
approach to orient the resonators in the same direction such that
mutual coupling is minimized and no significant hybridization effects
are seen. Implemented absorbers are ultra thin (1/30th of the
wavelength) and flexible. These metamaterial based absorbers can
be scaled to other frequencies from RF to THz covering various
applications in WiFi, automotive radars, radomes, and point-to-point
wireless communications.
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