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ABSTRACT The compatible stealth functionality in the infrared (IR) and radar wave bands is the most
important research topic in the field of stealth material technology. Here, a new hybrid metasurface (HMS) for
infrared-multiband radar stealth-compatible materials was proposed and studied. Two specifically designed
metasurface layers that can control the infrared emission and microwave absorption were combined to realize
radar and IR bi-stealth. The simulated and experimental results show that the HMS has five strong absorption
peaks at fj = 6.35, o = 8.38, f3 = 12.10, f4 = 15.37 and fs = 18.05 GHz. In addition, the emissivity
of the proposed HMS is less than 0.32 from 3 to 14 um and shows low emissivity characteristics in the
infrared band. These results demonstrate that the proposal has practical application to multispectral stealth

technology.

INDEX TERMS Metasurfaces, infrared-radar stealth-compatible, low emission.

I. INTRODUCTION

Stealth technology is the most important technology for
the development of military power under the condition of
informational warfare [1]-[5]. The key technology of radar
stealth is to reduce the radar echo power or deflect the
echo direction, to reduce the radar cross section of the tar-
get threat. Infrared (IR) detectors locate, track, guide and
attack by detecting the infrared radiation generated by the
target. Therefore, the key technology of infrared stealth is
to reduce or change the infrared radiation characteristics
of the target, which could result in low detection char-
acteristics of the object. Radar-infrared stealth compatibil-
ity is the main direction of the stealth materials research
field [6]-[8]. In the IR region, the materials require lower
emissivity; according to Kirchhoff’s law, low emissivity
means low absorptivity. However, radar stealth materi-
als require high absorption and low reflection. Obviously,
it is very difficult to unify infrared and radar stealth
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because of their completely opposite working principles.
Low-emissivity coatings in the IR wavelength have been
used to cover radar stealth materials [9], [10], resulting
in worse radar absorption performance. Many efforts have
been made to resolve the radar-infrared stealth compat-
ibility in materials science. For example, different types
of radar stealth materials have been proposed, such as
ordered mesoporous C-MO (M1/4Al, Si, or Ti) nanocompos-
ites [11], [12] or carbon nanotube loaded perovskites with
an infrared emissivity of 0.5 [13]. A narrow band microwave
absorber of FeAl flake mixtures was fabricated by Lv et al.,
and the IR emissivity was 0.15 [14]. J.W. Liu demonstrated
the crystal structure, electrical conductivity, infrared emissiv-
ity and microwave absorption in the Lal-xCaxMnQO3 system
(0<x<0.5) [15]. Z.X. Wang proposed a new type of one-
dimensional Ge-ZnS photonic crystal with an IR emissivity
as low as 0.073 and nearly transparent in terms of radar
waves [16]. D. Qi designed a novel composite structure
PTFE/Hs/(Ge/ZnS)3 which can realize radarinfraredvisible
spectral selective compatibility [17]. For IR wavelengths of
8—14 pm, the proposed structure exhibits an ultralow average
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emissivity of 0.196 and the average reflectivity is as high
as 80.4%. In addition, the proposed structure has an average
transmittance of 96.45% in the 2—18 GHz radar wavelength
range. When combining these designed structures with radar
absorbing materials, radar and IR bi-stealth can also be
achieved.

However, in the above scheme, the high microwave
absorption and low infrared emission properties are dif-
ficult to realize simultaneously and manipulate indepen-
dently. In recent years, metamaterials that can provide a
new way to realize radar-infrared stealth-compatibility have
attracted considerable attention for promising applications
in the stealth field [18]-[21]. Currently, many techniques
have been proposed for realizing metamaterial absorb-
ers [22]-[26]. However, little attention has been paid to
their IR stealth properties. Artificial metasurfaces have
been proposed to offer a promising new way to manipu-
late electromagnetic wave radiation [27]-[31]. In addition,
the electromagnetic response of metasurfaces has excellent
frequency selection characteristics. These metasurfaces are
suitable for designing radar and IR bi-stealth structures. For
example, H. Tian, and H. F. Cheng designed and fabricated
a thin radar and IR bi-stealth structure [7]. C. Zhang and
T. J. Cui achieved broadband microwave absorptivity greater
than 90% from 8.2 to 16.0 GHz and low infrared emissivity
in the IR region of 8-14 um [32]. Y. Q. Pang and S. B. Qu
designed a hybrid metasurface (HMS) that can simultane-
ously reduce the infrared emission and the microwave reflec-
tion [33]. However, few papers have described of the IRSL
and RAL design, and multiband tunable radar absorption with
low emissivity has not been reported.

In this paper, a new HMS is designed to simultaneously
achieve multiband microwave absorption and low IR emis-
sion. The frequency peak of the absorption can be easily
adjusted by adjusting the length of the resonator. The HMS
is composed of a multiband radar absorber layer (RAL) and
an infrared shielding layer (IRSL). The low IR emissivity
can be flexibly obtained by adjusting the filling ratio (metal
area/total area) of the metal part at the top layer. Multiband
absorption at microwave frequencies is achieved by designing
the geometric parameters of the structural units and thick-
nesses of the dielectric. In the measurement, the designed
HMS exhibits a strong absorptivity over 95% at 6.35, 8.38,
12.10, 15.37 and 18.05 GHz under normal incidence. The
experimental results are in good agreement with the simu-
lation. In addition, the emissivity of the proposed HMS is
less than 0.32 in the IR band of 3-14 um. These results
are very significant for radar-infrared stealth- compatibility
applications.

Il. STRUCTURE DESIGN

A. IRSL DESIGN

To achieve infrared-multiband radar stealth-compatibility the
development of coating materials with low infrared emissiv-
ity is a major problem. The infrared stealth layer satisfies
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the target low emissivity requirement and allows the radar
wave to penetrate the IRSL smoothly such that the radar
wave enters the radar stealth layer and is effectively absorbed.
An effective way to achieve infrared stealth is to reduce
infrared radiation. Consequently, continuous metals are ideal
materials for IR stealth, such as aluminum, silver, gold, and
copper. However, a continuous metal sheet with a thickness
larger than the skin depth will strongly reflect the radar wave.
Therefore, a continuous metal sheet is incompatible with
radar stealth applications. When the continuous metal sheet
is patterned into square patch arrays, electromagnetic waves
in the microwave band could transmit through them.

Here, the IRSL is carried out by using a capacitive fre-
quency selective surface (FSS), which has low-pass filter-
ing characteristics. The low IR emissivity could be obtained
through a high-filling-ratio metallic material of the FSS.
Specifically, the emissivity ¢ can be calculated as [34]

& = émfm + €a(1 — fi), ey

where ¢ is the emissivity of the IRSL, the ey, and g4 are the
emissivities of the gold metal and dielectric board, respec-
tively. f is the filling ratio (metal area/total area) of the metal
part. By properly designing the FSS pattern, a low IR emis-
sivity could be realized. Thus, a periodic square copper (Cu)
patch structure unit with a high filling ratio was used to
achieve high reflection of IR waves. Low-loss material F4B
was selected as the dielectric spacer with a dielectric constant
of 2.2 and loss tangent of 0.001. The emissivity of Cu is less
than 0.1, and the emissivity of the dielectric F4B is less than
0.9 [33]. The gap width between the square patches in the
IRSL is g = 0.1 mm. This is subject to process precision.
Obviously, the larger the copper filling ratio is, the lower the
IR emissivity. However, both high microwave transmissivity
and low IR emissivity should be consideredsimultaneously
when optimizing the structural parameter of the patch width.

The periodic patch metasurface generates ideal reflection
characteristics only at the resonant frequency. Radar waves
with a frequency lower than the resonant frequency can be
transmitted. According to standing wave resonance theory,
the resonance frequency can be estimated according to the
following equation [35]:

f =c/2nw, )

where w is the width of the Cu patch, n = /e, = V22is
the refractive index of F4B, and ¢ = 3 x 108m/s is the speed
of light in a vacuum. Therefore, the smaller the patch size is,
the larger the corresponding resonant frequency.

Fig. 1 presents the top view of the IRSL unit cell, which
consists of a Cu patch array; the width of the gap is g, and
the width of the metallic patch is w. The thickness of F4B
is 0.254 mm. The scattering parameters are calculated by
the commercial software CST Microwave Studio. The unit
cell boundary conditions are set in the x-y plane, and the
open boundary condition is chosen to be in the z direction.
In the simulations and experiments, the electric conductiv-
ity of Cu is 5.8x107S/m. Fig.2(a) calculates the microwave
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FIGURE 1. Top view of the IRSL structure (yellow indicates metallic
copper and blue indicates the F4B board dielectric material).

transmissivity of the IRSL under different patch widths. It can
clearly be seen that the smaller the patch size is, the higher the
transmissivity of the microwaves in the frequency range from
0 to 20 GHz, especially at high frequencies. When the patch
size is 0.9 mm, the transmissivity is 0.88 at 20 GHz, and when
the size of the patch is increased to 3 mm, the transmissivity
decreases to 0.4 rapidly at 20 GHz. The Cu patch width
w = 0.9 is determined by theoretical analysis and simula-
tion optimization. According to equation (1), the estimated
infrared emissivity is approximately 0.252.

To investigate the stability of wide-angle transmission, the
transmissivity under different incident angles from 0° to 60°
for TE polarized incident waves is calculated in Fig. 2(b). The
corresponding structural parameters are w = 0.9 mmand g =
0.1 mm. It is observed that, as the angle increases, the trans-
mission at high frequencies is significantly decreased. When
the incident angle is 60°, the transmissivity drops to 0.74 at
20 GHz. Fig. 2(c) shows the phase shift in this band. It can
clearly be seen that the patch size increased from 0.9 mm
to 3.0 mm, and that the corresponding phase shift increased
from 26° to 41°. There is a slight difference in the phase shift
between these four dimensions.

B. RAL DESIGN

As a subwavelength artificial periodic structure, the absorb-
ing metamaterial can achieve strong absorption of elec-
tromagnetic waves if the structure and arrangement of
the constituent elements are properly designed. Compared
with traditional absorbing materials, metamaterials have the
characteristics of perfect absorption, small thickness, light
weight and intelligently adjustable. For conventional absorb-
ing metamaterials composed of a metal resonant unit, a lossy
medium, and a metal backing plate, the absorbing mecha-
nism can usually be explained by electromagnetic resonance
theory. In recent years, with the deepening of absorbing
metamaterial research, researchers have proposed a variety
of new absorbing mechanisms based on different perspec-
tives: multiple interference theory, standing wave resonance
theory, and equivalent circuit theory. These theories play an
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FIGURE 2. (a) The simulated transmissivity under different patch widths;
(b) the simulated transmissivity under different incident angles; (c) the
simulated phase shift of the IRSL under different patch widths.

important role in the structural design and absorption per-
formance prediction of absorbing metamaterials, especially
standing wave resonance theory [35], which can establish the
quantitative relationship between the structural and absorp-
tion performance of metamaterials. In fact, standing wave
resonance theory is the basis for selecting the dimensions of
the resonator to resonate at the designated frequency, and it
is also the beginning of our design. A metamaterial absorber
with two metallic layers can be treated as a planar waveguide,
and the fundamental standing wave mode may be estimated
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FIGURE 3. The (a) top view and (b) side view of the proposed RAL. (yellow
indicates metallic copper, and blue indicates the dielectric material FR4).

according to the following equation:
f =c/2nL, 3)

where L is the length of the resonator n = /e, = V43 is
the refractive index of FR4, and ¢ = 3 x 10%m/s is the speed
of light in a vacuum.

Fig.3 shows the designed RAL structure, which consists
of three layers: four groups of metallic L-shaped resonators
and cross resonators located at the front and a metallic plane
at the back, separated by a dielectric layer. The high-loss
FR4 material was selected as the dielectric spacer, with a
dielectric constant of 4.3 and loss tangent of 0.025 in the
RAL layer. The thickness of FR4 is d3 = 0.8 mm. The
corresponding structural parameters are [y = 7.0 mm, [, =
5.5mm, Iz = 4.0 mm, s = 1.0 mm, g = 0.5 mm, and
p = lémm. Inserting the length L = 2(/1-t) = 12 mm into
equation (3), we obtain f = 6.03 GHz which is basically in
accordance with that of the simulation result f = 6.35 GHz,
as illustrated in Fig.4. The RAL has the same electromagnetic
response to TE and TM polarizations because the design has
a fourfold rotational symmetry; thus, Fig.4 shows only the
electromagnetic response of the TE mode. It can be seen
that the proposed RAL has five distinctive absorption peaks
atfi = 635, o = 838, 3 = 11.93, f4 = 15.25 and
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FIGURE 4. Simulated absorption of the RAL under normal incidence.
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FIGURE 5. Simulated reflections of the co- and cross-polarization under
normal incidence.

fs = 17.86 GHz under normal incidence, with absorbances
of 94.6%, 99.2%, 99.2%, 99.6% and 98.0%, respectively.
Moreover, because the structure seems to be chiral resulting
in TE-TM conversion, the microwave reflections of the co-
and cross-polarization were rechecked carefully. The co- and
cross-polarization were defined as ry, = |Ey/E;| and 1y, =
|Ey,/E;| for x-polarized incidence, respectively. As shown
in Fig.5, due to the fourfold rotational symmetry of the
structure, the cross-polarization reflections ryy and ry, both
approached 0 at 0-20 GHz.

C. DESIGN OF IR-RADAR BI-STEALTH STRUCTURE

Based on the preceding analysis in sections A and B, due to
the completely opposite stealth principles in the microwave
and IR wavelength bands, the HMS is composed of two
different-sized copper structures. The designed IRSL and
RAL are combined to achieve IR and radar bi-stealth.
As shown in Fig. 6 (a), the designed HMS has five layers,
a metal/dielectric /metal/dielectric/metal construction. The
low-loss F4B material was selected as the dielectric spacer,
with a dielectric constant of 2.2 and loss tangent of 0.001 in
the IRSL layer. The thickness of F4B is d; = 0.254 mm.
The high-loss FR4 material was selected as the dielectric
spacer, with a dielectric constant of 4.3 and loss tangent of
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FIGURE 6. The proposed structure of the HMS. (a) Perspective view of the
HMS; (b) side view of the HMS (yellow indicates metallic copper and blue
indicates the dielectric material).

0.025 in the RAL layer. The thickness of FR4 is d3 = 0.8 mm.
The RAL is separated from the IRSL by a foam board at a
distance d» = 3.0 mm. The dielectric constant of foam is
1.03. The gap width of the IRSL is 0.1 mm, and the width
of the copper (Cu) patch is 0.9 mm. The incident wave can
efficiently pass through the top copper array because the
microwave wavelength of interest is much larger than the size
of the square patches. The RAL electromagnetic resonators
consisted of four groups of L-shaped resonators and cross
resonators, as shown in Fig. 3. The corresponding parameters
are /[y = 7.0 mm, [, = 5.5mm, /3 = 4.0 mm, r = 1.0 mm,
g = 0.5 mm and p = 16 mm. The unit cell has periodic
dimensions of 16 mm, and there are 16 x 16 subcells in the
IRSL and a 1 x 1 sub-cell in the RAL in one repeated period.

Ill. RESULTS AND DISCUSSION

To reveal the effect of the IRSL on the microwave perfor-
mance, the transmissivity and phase of the IRSL are calcu-
lated under normal incidence in Fig.7. When patterned into
square patch arrays, the IRSL becomes nearly transparent
to microwaves below 20 GHz. The transmissivity is larger
than 88%, and the phase shift in this band is 26°. The metal
square patches have a very weak dipolar interaction with the
incident wave at frequencies from 0 to 20 GHz because of the
large operating wavelength compared with the element size,
and the square patch arrays compose a thin dielectric surface
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FIGURE 8. Simulated absorption of the HMS under normal incidence with
and without the IRSL.

that perturbs the incident wave slightly. The IRSL has high-
efficiency transmission for microwaves below 20 GHz which
is below its resonant frequency. The resonant frequency can
be changed by controlling the size of the square patch and
the gap of the component and to achieve frequency selec-
tive absorption and transmission. The high reflectivity of
the IRSL mainly depends on the filling ratio of the metal.
Therefore, a high filling ratio is required to achieve high
reflection and low emission for the infrared stealth function.

Fig. 8 shows the absorption of the HMS under normal
incidence for the TE mode. It can be seen that the proposed
HMS has five distinctive absorption peaks at fj = 6.35,
f =18.38,f3 =12.10, f4 = 15.37 and f5s = 18.05 GHz under
normal incidence, with absorbances of 99.8%, 94.6%, 97.8%,
94.7% and 98.8%, respectively. Compared to the absorption
of the structure without the IRSL, it was observed that the
absorption peak undergoes a slight change when the IRSL is
added. This can be explained by the mutual coupling between
the other layers and the IRSL.

To investigate the wide-angle stability, the absorptions are
calculated with the incident angle 6 varying from 0°to 45°
for both TE and TM polarized incident waves. Fig. 9 (a)
shows that the absorption is higher than 92.5% at these
five resonance frequencies with an incident angle up to
45° for TE polarization. With the incident angle up to 45°,
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FIGURE 9. Simulated wide-angle absorption under different incident
angles up to 45°: (a) TE and (b) TM polarized.

the absorption remains higher than 82.8% at these five reso-
nance frequencies for TM polarization. It should be noted that
with increasing incident angle, however, the absorption peaks
at 12.10 and 15.37 GHz split into two separate absorption
peaks for both TE and TM polarizations. These additional
peaks are caused mainly by the parasitic resonances of the
proposed structure [36], [37]. Moreover, for TM polarization,
the band of absorption at 18.05 GHz becomes wider as the
incident angle increased to 45°.

To better understand the absorption behavior of the pro-
posed HMS, we further investigate the distribution of the
z-component electric field E, at the resonant frequencies.
Fig.10 gives the distribution of E; in the plane z = 0.5 mm,
which is just the center plane of FR4. It can be clearly
observed that strong enhancement of the electric fields
is excited at specific positions for the specific frequency.
The resonance frequencies are mainly determined by the
length of the resonators. Fig. 10 (a) shows that opposite
charges accumulate on both sides of the long L-shaped res-
onator. This is also true for a short L-shaped resonator,
as shown in Fig.10 (b). These two resonant modes at fre-
quencies of 6.35 and 8.38 GHz indicate excitation of the
dipole resonances in the metallic structure. Fig.10 (c) and
Fig. 10 (d) show that the resonant modes at frequencies
12.10 and 15.37 GHz are both quadrupole resonances of
the L-shaped resonators. Fig. 10 (e) shows that opposite
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FIGURE 10. Distributions of the z-component electric field E; in the plane
z = 0.5 mm, which is just the center plane of FR4. (a) f; = 6.35 GHz,

(b) f, = 8.38 GHz, (c) f5 = 12.10 GHz, (d) f; = 15.37 GHz and

(e) f5 = 18.05 GHz.
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FIGURE 11. Distributions of surface current resonance frequency

f = 8.38 GHz: (a) the surface currents on the top layer, (b) magnified view
of the surface currents on the top layer, (c) the surface currents on the
metal resonant unit, and (d) the surface currents on the metal backing
plate.

charges are mainly concentrated on the edges of the four-
point cross, demonstrating the excitation of the electric dipole
resonance in cross resonators. This results in 97% absorp-
tion at 18.05 GHz. Moreover, the resonances for 12.10 and
15.37 GHz correspond to the second-order resonance mode
of the short and long L-shaped resonators, respectively.

Fig.11 presents the surface current distributions at the
second resonance frequency f = 8.38 GHz. As shown
in Fig. 11 (a), most of the currents on the top layer are
primarily confined to the copper patches, and the closed cur-
rent loop (Fig.11 (b)) forms magnetic resonance with intense
magnetic fields. Fig. 11 (c) shows that at a resonant frequency
of 8.38 GHz, the surface currents are mainly concentrated
on the short L-shaped resonators while anti-parallel currents
are found to exist on the metal backing plate (Fig.11 (d)),
indicating the formation of magnetic resonance with intense
magnetic fields. Therefore, the high absorption at the reso-
nance frequency of the proposed structure is mainly caused
by the magnetic resonance between the metal resonant unit
and the metal backing plate of the RAL.

IV. EXPERIMENTAL DEMONSTRATION

To confirm the design and simulation results of the HMS,
a 380 mmx 380 mm sample was fabricated using the printed
circuit board technique. The metal is a copper film and the
thickness of the copper is 0.017 mm. The dielectric of the
RAL is a high-loss dielectric FR4 board. The periodic radar
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FIGURE 12. Photographs of the fabricated layers: (a) RAL and (b) IRSL.
The inserted image is a larger version of the layer.

absorber structure was fabricated on the FR4 board, as shown
in Fig. 12 (a). The dielectric of the IRSL is a low-loss dielec-
tric FAB board. Low-emissivity periodic square patch arrays
were etched on the F4B boards as shown in Fig. 12 (b). The
artificial structure was then obtained by sticking the RAL
and IRSL on the sides of the foam board together. The total
thickness of our proposed infrared-multiband radar bi-stealth
device is 4.108 mm.

The reflection properties of the IR-radar bi-stealth struc-
ture samples at microwave frequencies were measured with
the free space reflection method in a microwave anechoic
chamber. An Agilent 8720ET vector network analyzer was
used to measure the reflection. Two horn antennas were
connected to the vector network analyzer, and they acted
as electromagnetic wave transmitters and receivers, respec-
tively. Real pictures of the measurement location are shown in
Fig.13: the incident waves were perpendicular to the sample.
The distance from the position of the HMS sample plate to
both horn antennas was the same, that is, 507.9 mm. When
conducting the measurements, the reflection of a metal plate
with the same size as the artificial structure is first mea-
sured to normalize. The absorption spectra of the HMS were
measured and compared with the simulated result, as shown
in Fig. 14. It can be seen that the measured results are con-
sistent with the simulated results, except for a slight shift
towards low frequencies. This deviation is mainly due to the
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Sample

FIGURE 13. Real pictures of the experimental measurement system. The
inserted image is an Agilent 8720ET vector network analyzer.
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FIGURE 14. Measured and simulated absorption spectra of the HMS
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FIGURE 15. Measured and simulated transmission spectra of the IRSL
under normal incidence.

dielectric constant difference between the simulated and the
actual material parameters. The transmission spectra of the
IRSL were measured and are shown in Fig.15. It can be
observed that the transmissivity from 0 GHz to 20 GHz is
higher than 0.86 and maintains good microwave transparency.

Due to the large difference between the operating wave-
length of the electromagnetic waves and the size of the struc-
tural units, it is difficult to obtain the simulated emissivity
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infrared band. The inserted image is the measurement setup photo.

of the infrared-multiband radar bi-stealth structure. There-
fore, only the experimental discussion results are given here.
According to Kirchhoff’s law, the emissivity of a material
is equal to the absorption rate under equilibrium conditions.
Therefore, we can obtain the infrared emissivity by measur-
ing the reflection spectra of the structure. Vertex 80 was used
in the measurement of reflection at the 3—-14 pum IR band.
We select three different regions from the sample to measure.
The emissivity of the sample is shown in Fig. 16 which was
calculated from the measured reflection rate. It can be seen
that over the whole infrared band of 3—14 pm, the emissivities
of the three different regions are all less than 0.32, which is
close to the value estimated. The emissivity of the IRSL can
be kept close to that of the continuous metal film by tailoring
the metal filling ratio.

V. CONCLUSION

In conclusion, a new HMS of IR and radar bi-stealth struc-
tures has been designed and fabricated to achieve multiband
microwave absorption and infrared stealth simultaneously.
The HMS is constructed by stacking a multiband radar
absorber and an infrared shielding structure. The thickness
of the HMS is 4.108 mm. Both simulated and experimental
results indicate that the HMS has five strong absorption peaks
at 6.35, 8.38, 12.10, 15.37 and 18.05 GHz. The electric field
E, and surface currents at the resonant frequencies were
discussed to reveal the electromagnetic mechanism of absorp-
tion. Moreover, the emissivity of the structure is as low as
0.32 in the 3—14m IR band, which satisfies the requirements
of infrared stealth technology. In general, the HMS of the
radar and IR bi-stealth structures, which shows promising
potential applications for multifunctional stealth technology,
is confirmed both numerically and experimentally.
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