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In this study, we propose a broadband frequency-reconfigurable metamaterial absorber using a novel
switchable ground plane (SGP). A double resistive square-ring resonator is introduced for broadband
absorption. The distance between the top resonator pattern and the ground plane determines the

. resonant frequency; the proposed SGP is thus capable of switching the absorption frequency band.

. The SGP can be either ground or reactive, by switching the PIN diodes on and off, respectively. The

. SGP is placed as the middle layer, between the top pattern and the bottom ground plane. In the low

. frequency band, the SGP becomes reactive and the bottom ground plane works as the ground plane of

. the absorber. In the high frequency band, the SGP works as the ground plane and the bottom ground

. plane does not affect the absorber. The proposed idea is demonstrated via full-wave simulations and
measurements. The absorption of the fabricated sample with 27 X 27 unit cells is measured under
normal incidence. When the PIN diodes of the SGP are turned on, an absorption higher than 90% is

. achieved between 3.5-11GHz. When the PIN diodes of the SGP are turned off, an absorption higher

: than 90% is achieved between 1.7-5.2 GHz.

. Metamaterials are artificial structures that have an infinite array of periodic structures'. We can control the
. permittivity and permeability of a material by making use of metamaterials. The properties of metamaterials
. can be applied to electromagnetic (EM) absorber technology; an EM absorber is a device that consumes EM
energy to inhibit the formation of reflected waves. EM absorbers are used in many fields and applications, such
as stealth technologies*?, electromagnetic interface (EMI) and electromagnetic compatibility (EMC) solutions?,
sound wave attenuation®, human body applications®, and super lenses”®. EM absorbers can be divided into
material-based absorbers, such as wedge-tapered absorbers®-** and Jaumann absorbers'®, and metamaterial-based
absorbers'®. Wedge-tapered absorbers that use ferrite materials have an excellent absorption capacity, but they
are bulky and expensive. To overcome these drawbacks, Jaumann absorbers are composed of a dielectric mate-
rial with quarter-wavelength (\/4) thickness and a resistive sheet to make them thinner than wedge-tapered
absorbers. However, they are still bulky. On the other hand, metamaterial absorbers absorb EM energy through a
resonance structure and exhibit an absorption rate close to 100%, even with a very thin structure. Moreover, they
are cost-effective and easy to fabricate.
: Despite these advantages of metamaterial absorbers, the use of a resonant frequency is disadvantageous
. because a high absorption rate is achieved only near the resonant frequency, making them effective only in a
. narrow band. For instance, radar spectra are not a single narrow frequency band, as various frequencies are
used for radar applications. Therefore, broadband absorbers are required for practical applications. Due to this
demand, various broadband frequency, frequency-tunable metamaterial absorbers have been actively studied in
order to increase their absorption frequency bands. Out of the various methods that have been studied, the first
. one involves using multiple resonances'’~2. The second method uses a resistive pattern*-?>. A broader band-
: width can be obtained by designing the resonant pattern of the absorber using lossy materials. The third method
consists in using lumped elements, such as chip resistors?*-?’. Not only are lumped elements easy to incorporate
in printed-circuit-board (PCB) processes, but their inclusion also provides an excellent broadband performance.

School of Electrical and Electronic Engineering, Chung-Ang University, Heukseok-Dong, Dongjak-Gu 156-756,
Republic of Korea. Correspondence and requests for materials should be addressed to S.L. (email: sungjoon@cau.
ac.kr)

SCIENTIFICREPORTS| (2018) 8:9226 | DOI:10.1038/s41598-018-27609-5 1


mailto:sungjoon@cau.ac.kr
mailto:sungjoon@cau.ac.kr

www.nature.com/scientificreports/

Ry Ly Cy Ry Ly Cy
[—| R, L, CE Top layer ’_l R, L, C:Z\~ Top layer
hy

Reflected

Middle layer hyt hy [f - == - = == === = == = = = = - 4 Middle layer

(Ground)
S? Reflected 3?

©) ©

Bottom layer
(Ground)

Bottom plane

Figure 1. Operating principle of the proposed frequency-reconfigurable absorber using an SGP: (a) equivalent
circuit model of the proposed absorber; (b) the proposed absorber when the SGP switches to the ON state and
(c) when the SGP switches to the OFF state.

Moreover, in order to achieve broadband absorption, studies have not only been carried out on broadband
metamaterial absorbers, but also on frequency-tunable metamaterial absorbers. There are various methods for
tuning the frequency of metamaterial absorbers. For example, frequency-tunable characteristics can be achieved
by using electronic devices, such as PIN diodes**-*, varactor diodes®!, or micro-electromechanical systems
(MEMSs)?*2~%. Frequency-tunable methods using electronic devices are widely used for frequency variation.
Despite of their disadvantages, such as requiring a bias line and the expensive cost of their devices, they are
still capable of immediate frequency tuning and offer an excellent frequency-tuning performance. Furthermore,
instantaneous frequency tuning is essential for detecting radar signals that reveal enemies at high speeds; hence,
we propose a frequency-tunable absorber using such electronically active devices.

In this study, we propose a broadband frequency-reconfigurable metamaterial absorber using a novel switch-
able ground plane (SGP). A double resistive square-ring resonator is introduced for broadband absorption. The
distance between the top resonator pattern and the ground plane determines the resonant frequency; therefore,
the SGP is used to switch the absorption frequency band. The SGP can be either ground or reactive by switching
the PIN diodes on and off, respectively. The SGP is placed as the middle layer between the top pattern and the bot-
tom ground plane. In the low frequency band, the SGP becomes reactive and the bottom ground plane works as
the ground plane of the absorber. In the high frequency band, the SGP works as the ground plane and the bottom
ground plane does not affect the absorber. In this work, the proposed absorber was successfully demonstrated via
simulations and measurements. The proposed idea will be further explained in the following sections.

Design and Simulation

In this study, because the bottom surface is completely covered with the ground plane, the reflection coefficient
should be minimized in order to obtain a high absorption. In order to minimize the reflection coefficient, we
matched the metamaterial impedance (Z),) with the free space impedance (Z,). Figure 1 shows the operating
principle of the proposed frequency-reconfigurable absorber according to the SGP state. In Fig. 1(a), section A
shows an equivalent circuit of the top conductive patterns. The top layers of the two conductive patterns are repre-
sented by R;, C,, and L;; and R,, C,, and L,, respectively. Section B shows an equivalent circuit of the middle SGP.
The substrate thicknesses are represented by h, and h,, and the characteristic impedance of substrates are rep-
resented by Zy, and Z,. Furthermore, the equivalent circuits of the PIN diode at the ON and OFF states (Z;04.)
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Figure 2. Geometry of the proposed absorber unit cell. (a) Perspective view of a unit cell, (b) top view of the
top layer of a unit cell, and (c) top view of the bottom layer of a unit cell.

are represented by Roy and Loy and R and Copp, respectively. The pattern of the middle layer is represented by
Leopper- The input impedance (Zy,) is given by the following equations:

Zy = [R1 + jwL; +

1
R, 4+ jwL; + ]HZI
wC

1 2 (1)
7,- 7, Z, + j?dl tan 5;h,;
Zy + jZ, tan ;b (2)
Zy = (Zgiode + jwleopper)|[iZaz tan 5h, (3)
Zgiode = (Ron + Lon) 01 Zgioqe = (Ropr + Copr)s 4)

where (3, and 3, are the phase constants of the top substrate (h;) and the bottom substrate (h,), respectively.

The frequency tuning mechanism of the proposed absorber can be explained via the SGP ON/OFF states, as
shown in Fig. 1(b,c). When the SGP is in the ON state, the PIN diode of the middle layer operates as a resistor
and an inductor (R and L), and thus it operates as if it was shorted. As a result, the middle layer works as a ground
plane and is only affected by h;. When the SGP is in the OFF state, the PIN diode of the middle layer operates as
a resistor and a capacitor (R and C), and thus it operates as if it were open. Therefore, the middle layer operates
reactively and its resonant frequency is affected by h, and h,.

Figure 2 shows the geometry of the proposed absorber unit cell, which is introduced in order to physically
realize the equivalent circuit presented in Fig. 1(a). To perform our analysis, we used ANSYS high frequency
structure simulator (HFSS). As shown in Fig. 2(a), the proposed absorber consists of two fire-retardant or
flame-resistant 4 (FR4) substrates with two air layers. The top and middle FR4 substrates (with a dielectric con-
stant €, = 4.4 and a loss tangent of 0.02) have thicknesses t; = 0.5 mm and t; = 0.8 mm, respectively. The thick-
nesses of the both top (t,) and bottom (t,) air layers are 6 mm. The top FR4 layer consists of two square copper
rings for increasing the bandwidth, as illustrated in Fig. 2(b). The unit cell size is a=11 mm, and the width of the
two rings is W, =W, =0.2 mm. The outer ring has a chip resistor R; =100 Q) to increase the bandwidth. Between
each ring is a gap (G, =0.5mm), and the inner ring also has a chip resistor (R, =290 Q) to increase the band-
width. To make the resonant frequency even lower, we proposed the inclusion of a chip inductor (L, =47 nH),
because only the pattern is limited in this way. The middle FR4 layer consists of the SGP, in which we used four
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Figure 3. E-field distribution and vector current density of the proposed unit cell according to the state of the
SGP. (a) ON state and (b) OFF state.

SMP1340-079LF PIN diodes for switching between the ON/OFF states. When the PIN diode switches ON/OFE,
the SGP becomes open/shorted, respectively. When the PIN diode is in the ON state, the SGP pattern functions
as ground because the PIN diode acts as a short circuit. As a result, the resonant frequency becomes higher as
the guided wavelength (),) becomes smaller. When the PIN diode is in the OFF state, the SGP pattern functions
reactively because the PIN diode acts as an open circuit. As a result, the resonant frequency becomes lower as X\
becomes larger. Figure 3 shows the magnitude of the electric field distribution and vector current density of the
proposed unit cell. When the SGP is in the ON state, the electric field is distributed over the top conductive pat-
terns, as shown in Fig. 3(a). When the SGP is in the OFF state, as shown in Fig. 3(b), the electric field is distributed
between both the top conductive patterns and the middle layer. The vector current density is shown in Fig. 3(a)
and, similarly, the current flows in the top and middle layers when the SGP is in the ON state. When the SGP is in
the OFF state, a strong current flows in the top conductive pattern.

Figure 4 shows the variations in absorption bandwidth for different unit cell geometries with the SGP in the
ON and OFF states. As shown in Fig. 4(a), when the thickness of the upper air layer (t,) is increased from 5mm
to 7mm, it can be seen that the absorption frequency changes in both the ON and OFF states of the SGP. On
the other hand, when the thickness of the bottom air layer (t,) is increased from 5mm to 7 mm, it can be seen
that there are negligible changes in the absorption frequency when the SGP is in the ON state; the absorption
frequency changes only when the SGP is in the OFF state. In order to activate the PIN diodes, a DC bias circuit
must be added to the SGP unit cell. Figure 4(c) shows the variations in absorption bandwidth without and with
the bias circuit for the ON and OFF states of the SGP. When the SGP without the bias circuit is in the ON state,
a90% absorption bandwidth is observed between 4.21-10.46 GHz. When the SGP with the bias circuit is in the
ON state, a 90% absorption bandwidth is observed between 4.1-10.6 GHz. The absorption bandwidth undergoes
negligible changes when the SGP is in the ON state. When the SGP without the bias circuit is in the OFF state, a
90% absorption bandwidth is observed between 1.7-5.13 GHz. After including the bias circuit, the 90% absorp-
tion bandwidth slightly decreases to 2.3-5 GHz; Absorptivity increases from 5 to 10 GHz, which is outside of the
bandwidth. Nevertheless, the proposed metamaterial absorber can switch the absorption band while keeping a
wide bandwidth.

Fabrication and Measurement Results

To assess the performance of the proposed absorber, we fabricated a prototype and its DC bias line. Figure 5
shows pictures of the fabricated prototype, including the DC bias lines for the diodes. The overall size of the
fabricated prototype was 297 x 297 mm?, which consisted of 27 x 27 unit cells. The top layer consisted of a con-
ductive pattern and chip components. The chip resistors used for the outer ring had a resistance of 100 ) and a
size of 1.0 x 0.5 mm? (1005 metric code), and those used for the inner ring had a resistance of 290 Q) and a size of
0.6 x 0.3 mm? (0603 metric code). The inner pattern also had 47-nH chip inductors with a size of 0.6 x 0.3 mm?
(0603 metric code) mounted on it. The chip components were mounted via a surface mount technology (SMT)
process. The middle layer also consisted of a conductive pattern, and its electric components were mounted via
an SMT process. In order to achieve frequency switching, we used an SMP1340-079LF PIN diode. The PIN diode
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Figure 4. Variations of the absorption bandwidth for different unit cell geometries with the SGP in the ON
and OFF states: (a) when the thickness of the upper air layer (t,) is increased from 5 mm to 7 mm, (b) when the
thickness of the bottom air layer (t,) is increased from 5 mm to 7 mm, and (c) without and with the bias circuit
for the SGP ON and OFF states.

can operate in a frequency range from 10 MHz to more than 10 GHz. In addition, we configured the DC bias line
to control the PIN diodes. To prevent radio frequency (RF) signals from interfering at the DC bias line, we used
chip inductors for the RF choke. Hence, three chip inductors with a size of 1.0 x 0.5 mm? (1005 metric code) and
with inductance and self-resonance frequency (SRF) values of 1 nH and 10 GHz, 5 nH and 7 GHz, and 10 nH and
5.2 GHz, respectively, were mounted.

Figure 6 shows the absorption measurement setup for normal incidence in free space. We used a time-gating
method using the Anritsu MS2038 vector network analyser (VNA) to measure the signal reflected only from the
prototype sample. A wedge-tapered absorber was placed around the prototype sample to prevent scattering from
undesired objects. To satisfy the far-field condition, the distance between the sample and the horn antenna was
1 m and a separate DC power supply device was used to activate the PIN diodes.

Figure 7 shows the simulated and measured absorption rates according to the state of the SGP (ON/OFF).
When the SGP was in the ON state, a 90% absorption bandwidth was observed between 4.1-10.6 GHz in the
simulation results and between 3.4-10.8 GHz in the measurement results. Moreover, when the SGP was in the
OFF state, a 90% absorption bandwidth was observed between 2.3-5 GHz in the simulation results and between
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Figure 5. Picture of the fabricated absorber prototype: (a) top layer, (b) middle layer, and (c) DC bias line.

DC power
supply

Port 1 Port 2

Auritsu MS2038C
Network Analyzer

1.7-5.0 GHz in the measurement results. The measured absorption bandwidth was slightly less in the simulation
results in both the ON and OFF states than in the measurement results. Table 1 shows a comparison of the pro-
posed metamaterial absorber using an SGP with those of other earlier reports.

Methods

Simulation. To perform our analysis, we used the ANSYS high frequency structure simulator (HFSS). After
designing only one unit cell for simulation, we set up the master and slave as two pairs in order to assume an
infinite periodic structure. Two different planes (XZ—, YZ—) were assigned as master/slave pairs. One pair of the
floquet ports was used as the excitation port. An air box with a size of 11 X 11 x 33 mm® was 13.5 mm away from
the top and bottom layers. The conductivity of the copper used was 58 x 10°S/m and its thickness was 35 pm.
Because the PIN diode exhibits an inductive/capacitive impedance of 0.7 nH/0.21 pF when in the ON/OFF state,
respectively, we set up the ON and OFF states of the PIN diode to 3 2 and 1 MQ in the simulation, which made it
operate as a short and open circuit, respectively.
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Figure 7. Simulated and measured absorption rates according to the state of the SGP (ON/OFF).

¥ PIN diode 2.85-3.15 10 S- 3.8-4.2 10 S-
36 PIN diode 12-12.8 6.4 X- 7.1-8.1 132 | C-
37 PIN diode 4.75-4.85 2 C- 4.1-4.2 24 C-
8 PIN diode 8.4-9.3 10.2 | X- 9.2-10.5 132 | X-
» Liquid Metal | 7.43-14.34 63 C-, X- 5.62-7.3 26 C-
Proposed work | PIN diode 4.21-10.46 85 C-, X- 1.7-5.13 100 |L-,S-,C-

Table 1. Comparison of the proposed metamaterial absorber using an SGP with those of other earlier reports.

BW = AfIf,, where Af = f, . — f,, and f, = (};igh + f,ow)/z.

Measurement. To perform our measurements, we set up for normal incidence in free space, as shown in
Fig. 6. In order to prevent the influence of signals reflected from objects other than the prototype, we placed
wedge-tapered absorbers around the sample. We measured only the reflection coefficient using a Dorado
AN-GH1-18N (with a frequency range from 1 to 18 GHz) single horn antenna and an Anritsu MS2038 VNA
because the bottom of sample was totally covered with copper. Therefore, there was no transmitted signal. In
addition, we used a time-gating method for measuring only the reflected signals. To satisfy the far-field condition,
the distance between the sample and the horn antenna was 1 m and a separate DC power supply device was used
to activate the PIN diodes. The fabricated absorber sample consisted of 2916 PIN diodes. When all the diodes
were turned on, a power of 0.5 W was consumed with a DC voltage of 0.75 V.

Discussion

In this study, we proposed a broadband frequency-reconfigurable metamaterial absorber using a switchable
ground plane (SGP). On the SGP, we mounted PIN diodes and multilayer structures. Based on the ON/OFF state
of the PIN diodes of the middle layer (the SGP layer), when the thickness of the unit cell is varied, variations in
the absorption frequency value occur, because the thickness of the unit cell affects the reflection coefficient. We
have not only proposed a frequency reconfigurable absorber, but also employed multi-resonant and resistive
components for broadband frequency absorption. The proposed unit cell consists of two square rings with a chip
resistor. The inner ring determines the absorption frequency for lower frequencies and the outer ring determines
the absorption frequency for higher frequencies. To theoretically demonstrate the performance of the proposed
structure, we performed simulations using a full-wave simulation tool, and fabricated a sample with a size of
297 x 297 mm? with 27 X 27 unit cells. The conductive pattern of the unit cell structure was fabricated using a
PCB etching method and the electronic components were mounted via an SMT process. We performed experi-
ments on the fabricated sample using a normal incidence set-up. Additionally, we used a time-gating method for
measuring only the reflected signals. As a result, when the SGP was in the ON state, the 90% absorption frequency
band according to our simulation results was from 4.21 to 10.46 GHz, and it was from 3.4 to 10.8 GHz according
to our measurement results. When the SGP was in the OFF state, the 90% absorption frequency band according
to our simulation results was from 1.7 to 5.13 GHz, and it was from 1.7 to 5.0 GHz according to our measurement
results. Therefore, the proposed SGP and the frequency-switching capabilities of the broadband metamaterial
absorber are functioning successfully. The proposed absorber is useful for practical EM absorber applications,
such as EM stealth technology, which requires broad bandwidths.

SCIENTIFICREPORTS | (2018) 8:9226 | DOI:10.1038/s41598-018-27609-5 7



www.nature.com/scientificreports/

References

1.

10.
11.

12.
13.
14.
15.
16.
17.
18.
19.
. Liu, Y, Gu, S., Luo, C. & Zhao, X. Ultra-thin broadband metamaterial absorber. Appl. Phys. A 108, 19-24 (2012).
21.
22.
23.
24.
25.
26.
27.

28.

34.
35.
36.
37.

38.
39.

Watts, C. M., Liu, X. & Padilla, W. J. Metamaterial electromagnetic wave absorbers. Adv. Mater. 24, 98 (2012).

2. Schurig, D. et al. Metamaterial electromagnetic cloak at microwave frequencies. Science. 314, 977 (2006).
3.
4. Shahparnia, S. & Ramahi, O. M. Electromagnetic interference (EMI) reduction from printed circuit boards (PCB) using

Iwaszczuk, K. et al. Flexible metamaterial absorbers for stealth applications at terahertz frequencies. Opt. Express. 20, 635 (2012).

electromagnetic bandgap strctures. IEEE Trans. Electromagn. Compat. 46, 580 (2004).

. Yang, Z., Dai, M. H., Chan, H. N., Ma, C. G. & Sheng, P. Acoustic metamaterial panels for sound attenuation in the 50-1000 Hz

regime. Appl. Phys. Lett. 96, 041906 (2010).

. Jeon, ], Lee, S., Choi, J. & Kim, S. Analysis of Absorption Loss by Human Body in On-to-off Body Communication at 2.45 GHz. J.

Electromagn. Eng. Sci. 2,97 (2015).

. Newsome, W. T. et al. Sub-diffraction-limited optical imaging with a silver superlens. Science. 1783, 534 (2005).
. Aydin, K., Buly, I. & Ozbay, E. Subwavelength resolution with a negative-index metamaterial superlens. Appl. Phys. Lett. 90, 254102

(2007).

. Park, M. J., Choi, J. & Kim, S. S. Wide bandwidth pyramidal absorbers of granular ferrite and carbonyl iron powders. IEEE Trans.

Magn. 36,3272 (2000).

Shin, J. Y. & Oh, J. H. The microwave absorbing phenomena of ferrite microwave absorbers. IEEE Trans. Magn. 29, 3437 (1993).
Hatakeyama, K. & Inui, T. Electromagnetic wave absorber using ferrite absorbing material dispersed with short metal fibers. IEEE
Trans. Magn. 20, 1261 (1984).

Kim, D.-Y,, Yoon, Y.-H., Jo, K.-J., Jung, G.-B. & An, C.-C. Effects of sheet thickness on the electromagnetic wave absorbing
characterization of Li0.375Ni0.375Zn0.25-ferrite composite as a radiation absorbent material. J. Electromagn. Eng. Sci. 3,150 (2016).
Thenail, D., Galland, M., Sunyach, M., Kar, M. T. & Munjal, M. L. The design of gradual transition (wedge) absorbers for a free-field
room he design of gradual transition (wedge) absorbers for a free-field room. J. Appl. Phys. 16, 1009 (1965).

Holloway, C. L. & Kuester, E. E. A low-frequency model for wedge or pyramid absorber arrays. IEEE Trans. Electromagn. Compat.
36, 307 (1994).

Toit, L. J. D. The design of Jauman absorbers. IEEE Antennas Propag. Mag. 36, 17 (1994).

Landy, N. I, Sajuyigbe, S., Mock, J. J., Smith, D. R. & Padilla, W. J. Perfect metamaterial absorber. Phys. Rev. Lett. 100, 207402 (2008).
Zhang, H.-B. et al. Resistance selection of high impedance surface absorbers for perfect and broadband absorption. IEEE Trans.
Antennas Propag. 61,976 (2013).

Costa, F. & Monorchio, A. A frequency selective radome with wideband absorbing properties. IEEE Trans. Antennas Propag. 60,
2740 (2012).

Lee, J. & Lee, B. Design of thin RC absorbers using a silver nanowire resistive screen. J. Electromagn. Eng. Sci. 2, 106 (2016).

Luo, H., Hu, X., Qiu, Y. & Zhou, P. Design of a wide-band nearly perfect absorber bansed on multi-resonance with square patch.
Solid State Commun. 188, 5 (2014).

Park, J. W. et al. Multi-band metamaterial absorber based on the arrangement of donut-type resonators. Opt. Express. 21, 219691
(2013).

Peng, X.-Y., Wang, B, Lai, S., Zhang, D. H. & Teng, J.-H. Ultra multi-band planar metamaterial absorber based on standing wave
resonances. Opt. Express. 20, 27756 (2012).

Mias, C. & Yap, J. H. A varactor-tunable high impedance surfcae with a resistvie-lumped-element biasing grid. IEEE Trans. Antennas
Propag. 55,1955 (2007).

Costa, F,, Monorchio, A. & Manara, G. Analysis and design of ultra thin electromagnetic absorbers comprising resistively loaded
high impedance surfaces. IEEE Trans. Antennas Propag. 58, 1551 (2010).

Cheng, Y. Z. et al. Design fabrication and measurement of a broadband polarization-insensitive metamaterial absorber based on
lumped elements. J. Appl. Phys. 111, 044902 (2012).

Huang, X. et al. Analysis of ultra-broadband metamaterial absorber based on simplified multi-reflection interference theory, J. Opt,
17055101 (2015).

Tennant, A. & Chambers, B. Adaptive radar absorbing structure with PIN diode controlled active frequency selective surface. Smart
Mater. Struct. 13,1 (2003).

. Xu, W. & Sonkusale, S. Microwave diode switchable metamaterial reflector / absorber. Appl. Phys. Lett. 103, 03192 (2013).
. Tennant, A. & Chambers, B. A single-layer tuneable microwave absorber using an active ESS. IEEE Microw. Compon. Lett. 14, 46

(2004).

. Kim, H. K,, Lee, D. & Lim, S. Frequency Tunable Metamtaerial Absorber using Varactor-Loaded Fishnet-Like Resonator. Appl. Opt.

55,4413 (2016).

. Tao, H. et al. MEMS based structurally tunable metamaterials at terahertz frequencies. 32, 580 (2011).
. Bilgin, H., Zahertar, S., Sadeghzadeh, S., Yalcinkaya, A. D. & Torun, H. Sens. Actuators, A MEMS-based terahertz detector with

metamaterial-based absorber and optical interferometric readout. A. Phys. 244, 292 (2016).

Li, T. Y., Wang, L., Wang, J. M., Li, S. & He, X. J. A Dual band polarization-insensitive tunable absorber based on terahertz MEMS
metamaterial. Integr. Ferroelectr. 151,157 (2014).

Liu, L., Matitsine, S., Huang, R. F. & Tang, C. B. Electromagnetic smart screen with extended absorption band at microwave
frequency. Metamaterials. 5, 36 (2011).

Turpin, J. P, Bossard, J. A., Morgan, K. L., Werner, D. H. & Werner, P. L. Reconfigurable and Tunable Metamaterials: A Review of the
Theory and Applications. Int. J. Antennas Propagation. 2014, 18 (2014).

Xu, W. & Sonkuale, S. Microwave diode switchable metamaterial reflector/absorber Microwave diode switchable metamaterial
reflector/absorber. Appl. Phys. Lett. 103, 031902 (2013).

Lee, D., Jeong, H. & Lim, S. Electronically Switchable Broadband Metamaterial Absorber. Scientific Reports. 7,4891 (2017).

Kim, H. K,, Lee, D. & Lim, S. Wideband-Switchable Metamaterial Absorber Using Injected Liquid Metal. Scientific Reports. 6,31823
(2016).

Acknowledgements
This work was supported by the National Research Foundation of Korea (NRF). Grant funded by the Korea
government (MSIP) (No. 2017R1A2B3003856).

Author Contributions
H. Jeong designed, analysed, fabricated, and measured the sample. S. Lim conceived the idea and contributed to
the revision of the manuscript.

Additional Information
Competing Interests: The authors declare no competing interests.

SCIENTIFICREPORTS | (2018) 8:9226 | DOI:10.1038/s41598-018-27609-5 8



www.nature.com/scientificreports/

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International
Cam | icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS | (2018) 8:9226 | DOI:10.1038/s41598-018-27609-5 9


http://creativecommons.org/licenses/by/4.0/

	Broadband frequency-reconfigurable metamaterial absorber using switchable ground plane

	Design and Simulation

	Fabrication and Measurement Results

	Methods

	Simulation. 
	Measurement. 

	Discussion

	Acknowledgements

	Figure 1 Operating principle of the proposed frequency-reconfigurable absorber using an SGP: (a) equivalent circuit model of the proposed absorber (b) the proposed absorber when the SGP switches to the ON state and (c) when the SGP switches to the OFF sta
	Figure 2 Geometry of the proposed absorber unit cell.
	Figure 3 E-field distribution and vector current density of the proposed unit cell according to the state of the SGP.
	Figure 4 Variations of the absorption bandwidth for different unit cell geometries with the SGP in the ON and OFF states: (a) when the thickness of the upper air layer (t2) is increased from 5 mm to 7 mm, (b) when the thickness of the bottom air layer (t4
	Figure 5 Picture of the fabricated absorber prototype: (a) top layer, (b) middle layer, and (c) DC bias line.
	Figure 6 Absorption measurement set-up for normal incidence.
	Figure 7 Simulated and measured absorption rates according to the state of the SGP (ON/OFF).
	Table 1 Comparison of the proposed metamaterial absorber using an SGP with those of other earlier reports.




