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1.  Introduction

With the development of precision guidance and composite 
detection technologies, radar and infrared (IR) stealth com-
patible techniques have attracted considerable attention 
[1–9]. Generally, low reflectivity and high absorptivity are 
demanded in radar stealth, while high reflectivity and low 
absorptivity are required in IR stealth. It seems to be incom-
patible to realize radar and IR stealth using the same material. 
In recent years, many works have been done to resolve this 
problem. Liu [10] prepared La1−xCaxMnO3 (0  ⩽  x  ⩽  0.5) with 
perovskite-type structure by sol-gel method, the incorpora-
tion of Ca in LaMnO3 leads to the decrease of electrical con-
ductivity, while the IR emissivities are decreased. Microwave 
absorptivity enhanced by doping Ca2+, but the width of micro-
wave absorption band is very narrow. Based on the principles 

of distributed Bragg reflector micro-cavity, Wang [11] pro-
posed a new type of 1D Ge-ZnS photonic crystal (PC), which 
comprises four PCs with different thickness. The proposed 
PC can exhibit a near 100% reflectance in 3 µm–5 µm and  
8 µm–14 µm wave band. Combining these proposed struc-
tures with radar absorbing materials, radar-IR stealth-com-
patibility materials can be obtained. However, the author did 
not further study the compatibility of the structure with radar 
stealth materials.

In the previous works, the high-efficiency radar absorp-
tion and low IR emissivity properties of these structures are 
difficult to realize simultaneously and manipulate indepen-
dently. In recent years, metamaterials have attracted con-
siderable attention in stealth technic due to their promising 
performances in manipulating electromagnetic (EM) waves. 
Various functional devices have been proposed to realize 
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Abstract
An optically transparent metamaterial structure with simultaneously broadband microwave 
absorptivity and low infrared (IR) emissivity is proposed. Two specifically designed optically 
transparent metasurfaces were combined to realize radar and IR bi-stealth. One was designed 
to control the microwave absorption though properly modifying the impedance and resonance 
peaks of the meta-atom. The other was designed to control the IR radiation. Within a wide 
incident angle of  ±60°, the proposed structure displays high absorptivity greater than 90% 
in the region of 6.28–12.29 GHz for TE polarization. For TM polarization, the absorptivity 
in the region of 7.19–15.26 GHz is greater than 90%. The IR emissivity of the metamaterial 
structure is about 0.30 in the IR region from 3 µm to 14 µm. The perfect consistency between 
experimental results and simulation results demonstrates that the proposal has practical 
application of multispectral stealth technology.
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perfect metamaterial absorbers, low-scattering materials and 
cloaks [12–19]. Compared to traditional complex materials, 
metamaterials which have excellent frequency selection char-
acteristics possess more freedoms for multifunctional stealth 
technology. Cheng first proposed to cover a high-efficiency 
microwave transmission frequency selective surface (FSS) on 
the microwave absorbing material, the low IR emissivity could 
be obtained through a high-filling-ratio metallic material of 
the FSS [20]. Using the similar technical solution, Zhang and 
Cui achieved broadband absorptivity greater than 90% in the 
microwave region from 8.2 to 16.0 GHz and low IR emissivity 
from 8 µm to 14 µm. Pang and Qu designed a hybrid metasur-
face which can simultaneously reduce the IR emission and the 
microwave reflection, the principle of microwave reflection 
reduction is the phase cancellation, while the low IR emission 
arises from the high-efficiency reflection and mainly depends 
on the filling ration of metal in the top layer [21]. But these 
structures do not have optically transparent property and the 
microwave absorptivity at wide incident angles is low. Under 
special conditions, like windows on the aircrafts or cars, the 
stealth materials should be optically transparent. Many tech-
niques have been proposed to realize optically transparent 
metamaterial absorbers and microwave scattering reduction 
metasurfaces [22–27]. However, little attention has been paid 
to their IR stealth properties.

With the help of transparent conductive indium-tin-oxide 
(ITO), we designed a new transparent radar-IR bi-stealth 
metamaterial structure. Broadband microwave absorption was 
achieved by overlapping three high absorption peaks. Within a 
wide incident angle of  ±40°, the absorptivity of the proposed 
structure is larger than 90% in the region of 6–18 GHz. A low 

emissivity of 0.30 is obtained in the IR band from 3 µm to  
14 µm by adjusting the filling ratio of the ITO part. Both simu-
lation and measurement results demonstrate the validity of the 
proposed optically transparent radar-IR stealth-compatibility 
structure, which has promising applications in multifunctional 
stealth fields.

2.  Design and simulation

Due to the completely opposite stealth principles at microwave 
and IR wavelength bands, the radar-IR stealth-compatibility 
structure is composed of a radar absorption layer (RAL) and 
an infrared shielding layer (IRSL). The key factor is to design 
a transparent IRSL with high transmissivity at microwave 
band. Here, the IRSL is implemented by using capacitive FSS 
due to the low-pass filtering characteristic. In addition, the low 
IR emissivity could be obtained through a high-filling-ratio 
metallic material of the structure. Specifically, the emissivity 
ε can be calculated as [28]

ε = εmfm + εd(1 − fm)� (1)

where ε is the emissivity of the structure, the εm and εd are the 
emissivities of the metal and dielectric board, respectively, f m 
is the filling ratio (metal area/total area) of the metal part. The 
emissivity of the metal is relatively low, generally lower than 
0.1. The emissivity of the dielectric is high, generally greater 
than 0.8. Obviously, the larger the metallic material filling 
ratio is, the lower the IR emissivity. Thus, the low emissivity 
of IRSL could be realized by proper design of the FSS pattern. 
ITO film technology has developed rapidly with the stealth 
needs of optically transparent windows for weapons. ITO is 

Figure 1.  (a) Perspective view. (b) Side view of the radar-IR bi-stealth structure. (c) Top view of the IRSL structure. (d) Top view of the 
RAL structure.

J. Phys. D: Appl. Phys. 53 (2020) 135109



C Xu et al

3

transparent in the visible range, and the permittivity in the IR 
band can be expressed by Drude model [29]

ε(ω) = εb −
ω2

p

ω(ω + iωc)
� (2)

where εb  =  3.9, the plasma frequency ωp   =  461 THz, the col
lision frequency ωc  =  28.7 THz. So the real part of permit
tivity is negative, indicating that the ITO behaves like a metal 
in IR band.

In order to achieve high optical light transmissivity, the 
constituent material components of the whole structure are 
selected to be optical-transparent. Different layers of the 
structure are stuck on transparent conductive ITO which is 
deposited on transparent polyethylene terephtalate (PET) 

substrate with different surface resistances, as shown in fig-
ures  1(a) and (b). The periodic square ITO patch structure 
unit with high filling-ratio characteristics was used as FSS on 
the top layer to achieve high reflection of IR waves and high 
transmission of radar waves. It is known that the IR emissivity 
of ITO film decreases as the sheet resistance increases. The 
sheet resistance of ITO is 6.0 Ω sq−1 for IRSL. Figure 1(c) 
presents a top view of the IRSL structure, the width of the gap 
is n  =  0.1 mm, and width of ITO patch is m  =  0.9 mm, and 
the corresponding ITO filling ratio is 81%. The emissivity of 
ITO is less than 0.1, and the emissivity of the dielectric PET 
is less than 0.9 [29], According to equation (1), the estimated 
IR emissivity is approximately 0.252. Figure 1(d) presents the 
top view of the RAL structure. The typical RAL consists of 

Figure 2.  (a) Simulate transmission and reflection of the IRSL. (b) Simulate absorption under normal incidence.

Figure 3.  (a) Simulate absorption at different azimuthal angles ϕ for TE polarized. (b) Simulated absorption at different incident angles  
θ for TE polarized and (c) TM polarized.
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ITO square ring-shaped patterns placed on ITO ground film. 
They are separated by a polymethyl methacrylate (PMMA) 
spacer with a dielectric constant of 2.25 and loss tangent of 
0.001. The thickness of PMMA is d2. The dielectric constant 
of PET is 3.0(1  −  j 0.06) [30]. The thickness of PET sub-
strate is 0.175 mm. The sheet resistances of ITO patterns and 
ITO backing ground for RAL are 15 Ω sq−1 and 6.0 Ω sq−1, 
respectively. The IRSL and RAL are separated by air with 
each other at distance d1. The optimized structural parameters 
are d1  =  3.0 mm, d2  =  4.0 mm, l1  =  4.6 mm, l2  =  4.0 mm, 
g  =  0.8 mm, t  =  0.8 mm, p   =  18 mm. The scattering param
eters were calculated using the CST Microwave Studio soft-
ware. The unit cell boundary conditions are set in x-y  plane, 
while the open boundary condition is chosen in z direction. 
The EM-wave absorption can be defined as A  =  1  −  R  −  T  
=  1  −  |S11|2  −  |S21|2, where |S11|2 and |S21|2 are the reflectivity 
and transmissivity, respectively. Since the surface resistance 
of the ITO ground film is 6.0 Ω sq−1, the averaged transmis-
sivity at normal incidence is approximately zero.

Figure 2(a) shows transmission and reflection of the IRSL 
under normal incidence. It can be observed that the transmis-
sivity is greater than 0.91, while reflectivity is lower than 0.08. 
Thus the IRSL can be regarded as a high-efficiency micro-
wave transmission FSS within the frequencies lower than 18 
GHz. Figure  2(b) shows absorption results of the structure 
under normal incidence. It can be observed that the designed 
structure can achieve high-efficiency broadband microwave 
absorption. Under normal incidence, the absorptivity is greater 
than 90% in the microwave band of 5.47–17.64 GHz. After the 
FSS is covered on the radar absorber, the absorption perfor-
mance is significantly improved compared with the structure 
without the IRSL, and the absorption peak shifts to the high 
frequency direction. This can be clarified by the mutual cou-
pling between the two layers. The stability of absorption with 
different azimuthal angles ϕ at θ  =  0° for TE polarization was 
investigated in figure 3(a). It can be seen that the intensity of 

absorption is stable under different azimuthal angles from 0° 
to 85°. It reveals that the proposed structure is nearly polariza-
tion independent. The wide incident angles absorption perfor-
mance is shown in figures 3(b) and (c). For both TE and TM 
polarizations, the absorptivity degrades gradually as the inci-
dent angle increased. However, it still has a high absorption at 
incident angles of 0°–70° for both polarizations. Within a wide 
incident angle of  ±60°, the proposed structure displays high 
absorptivity greater than 90% in the region of 6.28–12.29 GHz  
for TE polarization. For TM polarization, the absorptivity in 
the region of 7.19–15.26 GHz is greater than 90%. Within a 
wide incident angle of  ±40°, the absorptivity in the region 
of 6.0–18.0 GHz is larger than 90% for both TE and TM 
polarization.

To reveal the absorption physical mechanism of the trans-
parent radar-IR bi-stealth metamaterial structure, the distribu-
tions of surface currents at the resonance frequencies of 8.17, 
12.50 and 16.47 GHz are shown in figure 4. Due to the IRSL is 
closed to the upper ITO surface of RAL, near field coupling can 
be induced that make it easily to excite anti-parallel currents 
between them. As shown in figure 4(a), at the lowest absorp-
tion band approaching 8.17 GHz, the currents are mainly 

Figure 4.  Top view and side view distributions of the surface currents at the resonance frequencies of: (a) 8.17 GHz, (b) 12.50 GHz, and 
(c) 16.47 GHz.

Figure 5.  Equivalent RLC circuit of the proposed structure.
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confined at the center position of the outer ring. Approaching 
12.50 GHz and 16.47 GHz, the excited currents are enhanced 
at different positions of the rings. The side views of the sur-
face currents are also displayed in figure 4. At the absorption 
band of 8.17 GHz, the generated surface currents on the IRSL 

are anti-parallel to the upper ITO surface of RAL. Magnetic 
dipole is formed, and induces strong magnetic responses. 
In the middle absorption band approaching 12.50 GHz,  
anti-parallel currents were generated between the three ITO 
layers at the current-enhanced position. For the highest 

Figure 6.  (a) The photograph of the fabricated RAL. (b) A larger version of RAL. (c) The photograph of the fabricated IRSL. (d) A larger 
version of IRSL.

Figure 7.  (a) Real pictures of the experimental setup for the microwave absorption. (b) Measured absorption at different incident angles  
for TE polarized and (c) TM polarized.
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absorption band near 16.47 GHz, the excited currents are 
mainly focused on the upper surface of RAL. That is because 
the distance between the IRSL and RAL is not thin enough 
to its resonance wavelength. In general, the high broadband 
absorption mainly caused by the ohmic loss of the ITO film 
combining with the surface current focused on the upper layer 
of RAL. The surface current and the ohmic loss of the ITO 
film following the equation Ploss  =  I2R, where I is the excited 
current and R is the effective surface resistance.

The equivalent RLC circuit model [31–34] of the RAL is 
present to analyze the absorption characteristics of the pro-
posed structure in figure 5. In this circuit model, L1 and C1 
are associated with the effective inductance and capacitance 
of the inner set of the unit cell, whereas L2 and C2 are viewed 
as the effective inductance and capacitance of the outer set. C0 
is the effective dielectric capacitance between the top metallic 
patch and bottom ground plate. CP is the coupling capacitance 
between the outer and inner unit cell. L0 accounts for the thin 
dielectric slab backed by a conducting plate. In addition, the 
ITO and spacer can result in ohmic and dielectric losses, 
respectively, so equivalent resistors of R1, R2 and R0 are intro-
duced in each loop. The equivalent impedance of a lossy FSS 
can be represented through a series of RLC circuits [35]

ZFSS = R + jωL +
1

jωC
.� (3)

For ease of calculation, the mutual inductance between the 
outer and inner set of unit cell has been neglected. Then the 
equivalent impedance of the circuit Z (ω) can be expressed 
[36]

Z(ω) =
îÄ

R2
2 + jω L2

2 + 1
jω(2C2)

ä
‖
Ä

R1
2 + jω L1

2 + 1
jω(2C1)

+ 1
jω(Cp/2)

äó

‖
Ä

R0 + jωL0 +
1

jωC0

ä
.

� (4)
According to the impedance matching theory, at the absorp-
tion frequency, the imaginary part of the equivalent surface 
admittance should be zero. Thus, the absorption frequency 
can be derived from

Im

ß
1

z(ω)

™
= 0.� (5)

3.  Experimental results

We proceed to validate the simulate results mentioned above. 
A conductive ITO film deposited on optical transparent PET 
substrate was etched into the optimized structure by the laser 
etching technique. Another ITO-coated-PET sheet was used as 
backplane. The radar absorber was then obtained by sticking 
them on the sides of the PMMA board together. The IRSL is 
also fabricated by laser etching with high precision based on 
conductive ITO-coated-PET thin films. The fabricated samples 
with the dimension of 300  ×  300 mm2 were shown in figure 6. 
Figure 6 shows the real photographs of books through the fab-
ricated structure. Both the RAL and the IRSL are very clear to 
our naked eyes. The microwave absorption spectra are carried 
out by an Agilent N5224A network analyzer which is setting 
in microwave anechoic chamber. Three pairs of broadband 
antenna horns working in the frequencies of 4–8, 8–12 and 
12–18 GHz acted as EM wave transmitters and receivers. Real 
pictures of the measurement location are shown in figure 7(a), 
the distance from the position of the sample plate to both horn 
antennas was the same. When conducting the measurements, 
the reflection of a metal plate with the same size as the arti-
ficial structure is first measured to normalize. The measured 
absorption spectra of different incident angles of TE and TM 
polarization were shown in figures 7(b) and (c). As expected, 
the measured results are consistent with the simulated results.

In this part, the optical transparency and IR emissivity 
of the proposed radar-IR stealth- compatibility structure are 
discussed. The transparent ITO film, PET substrates and loss 
dielectric PMMA are adopted to ensure optical transpar-
ency. To get precise characterize of the optically transparent, 
the optical transmittances spectra of each fabricated layer 
are measured using ultraviolet–visible spectrophotometer. 
As shown in figure  8, the average optical transmittances of 
the IRSL and RAL are about 92.52% and 81.10%. The total 
transmittance of the radar-IR stealth- compatibility structure 
is about 75.02%. We can improve the optical transmittance 
of the IRSL via reducing the ITO filling ratio. However, the 
reduction of the ITO filling ratio will result in the decrease of 
the emissivity.

Due to the large difference between the operating wave-
length of EM waves and the size of structural units, it is 

Figure 8.  Measured optical transmittances of the RAL, IRSL and 
the TOTAL sample.

Figure 9.  Measured emissivity spectra of the fabricated IRSL in the 
IR band.
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difficult to obtain the simulated emissivity of radar-IR bi-
stealth structure. Therefore, only the experimental discus-
sion results are given here. According to the Kirchhoff’s 
law, the emission of the material is equal to the absorption 
under equilibrium conditions. Therefore, we can obtain the 
IR emissivity though measuring the reflection spectra of the 
structure. The Vertex 80 was used in the measurement of IR 
band reflection. The emissivity of the sample is shown in 
figure 9 which was calculated from the measured reflection. 
It can be seen that the average emissivity is about 0.30 in the 
IR band of 3 µm–14 µm.

To check the IR stealth property of the structure, a 
40 mm  ×  40 mm ISRL sample was fabricated for IR radiation 
measurement. Also, one piece of paper without any covering 
was used as the reference sample. They were placed on a 
thermal plate and heated simultaneously. These samples con-
sequently had the same temperature. Their thermal IR images 
were measured by a thermal camera operating in the range of 
8–14 µm. As shown in figure 9, the high temperature paper 
shows very strong IR emission, and it is easily detected by 
IR detection equipment. The experimental temperature of our 
IRSL sample and paper are 44.3 °C and 80.5 °C, respectively. 
The temperature of metallic thermal plate is 41.7 °C. It can be 
observed that the emissivity of the proposed IRSL structure 
is close to that of the metal. The corresponding visible light 
photograph is given in figure 10(b). The surface emissivity of 
IRSL can be calculated by the equation [37]

ε = (T4
r − T4

a )/(T
4
o − T4

a )� (6)

where Tr is the temperature measured by the IR thermal 
camera (44.3 °C), Ta is the ambient temperature (27 °C), and 
To is the true temperature (80.5 °C). According to the equa-
tion (1), the IR emissivity of the proposed IRSL structure is 
calculated approaching 0.27. The calculated result value of 
0.27 is close to the measured value of 0.30.

4.  Conclusions

In conclusion, an optical transparent metamaterial structure 
has been designed and fabricated to achieve radar-IR stealth-
compatibility. Two special metasurfaces that can achieve 

high-efficiency microwave absorption and low IR emission 
are designed and combined to realize the desired functionality. 
All the layers are designed based on transparent conductive 
ITO-coated-PET film substrate with different sheet resist
ances. The IRSL was composed of ITO square patch array 
and nearly transparent to microwaves with a frequency lower 
than 18 GHz. The corresponding microwave transmissivity is 
greater than 91%. The emissivity of the IRSL is as low as 0.30 
in 3 µm–14 µm IR band, which satisfies the requirements of 
IR stealth. In addition, our proposed radar-IR bi-stealth struc-
ture has high absorptivity larger than 90% from 6 to 18 GHz 
within a wide incident angle of  ±40°. Contributed to the opti-
cally transparent ITO-coated-PET films and PMMA dielectric, 
the measured optical transmittance is approximately 75.02%.  
In general, this research provides a new method to achieve 
multifunctional stealth technology.
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