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To achieve radar and infrared stealth, an infrared stealth layer is usually added to the radar absorbing material
(RAM) of stealth aircraft. By analyzing the millimeter-wave (MMW) emissivities of three stealth materials, this
Letter investigates the impact of the added infrared stealth layer on the originally “hot” MMW emission of
RAM. The theoretical and measured results indicate that, compared with the monolayer RAM, the MMW emis-
sion of the bilayer material is still strong and its emissivity is reduced by 0.1–0.2 at almost every incident angle.
The results partially demonstrate the feasibility of detecting stealth aircraft coated with this bilayer stealth
material.
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Passive millimeter-wave (PMMW) technology has been
used for various applications in astronomy, remote sensing
and security checks due to the millimeter wave (MMW)
ability to penetrate fog, smoke, clothing, and sandy soil
in both daytime and nighttime operations[1–5]. PMMW
imaging systems can generate images through the passive
detection of naturally emitting MMW radiation from
substances. In recent years, researchers have used PMMW
technology for military applications, including detecting
aircrafts[6–9], especially stealth fighters due to the “hot”
MMW emission of radar-absorbing materials (RAMs).
Traditional stealth fighters generally have RAM on the
surface[10]. RAM helps to decrease radar cross section
(RCS) because of the high absorptivity at the radar wave-
band. According to Kirchhoff’s law of thermal radiation[11],
the emissivity of a given object is equal to its absorptivity
under the local thermodynamic equilibrium. In other
words, an aircraft coated with RAM usually has a high
brightness temperature at the radar waveband, even the
MMW band[10]. Hence, we can usually obtain a 100–200 K
brightness temperature contrast between the aircraft and
the “cold” sky background[8,9].
In general, the RAM layer usually also has a high infra-

red emittance, which increases the detection probability
by infrared sensors[12]. To decrease the high infrared emit-
tance from the hot RAM layer, advanced stealth material
was invented by adding an additional layer with low infra-
red emittance on the RAM[13,14]. However, the added infra-
red stealth layer may affect the MMW emission of the
compound stealth material. Although the RAM layer
has a high MMW brightness temperature, that of the in-
frared stealth layer is unknown. Exploratory and experi-
mental research on the MMW emission characteristics

of bilayer radar-infrared compound stealth materials
(BSM-RIs) is carried out in this Letter. This investigation
is important for the feasibility analysis of detecting aerial
stealth targets coated with BSM-RI by using MMW
radiometers.

In our work, we select three kinds of materials: BSM-RI,
as mentioned above, monolayer radar stealth material
(MSM-R), and monolayer infrared stealth material
(MSM-I) with low infrared emittance. As shown in Fig. 1,
a typical BSM-RI is considered and each layer is isotropic
and homogeneous. By adding an infrared stealth layer, the
original three-layer structure becomes a four-layer medium
structure. The MMW emissivity model of MSM-R has
been reported in the published literature[8,15]. According to
similar theories, the MMW emissivity model of BSM-RI is
deduced by analyzing the interactions of electromagnetic
waves in the layers[16]. The four layers of media are air,
the infrared layer, the RAM layer, and metal, and they
are called layer 0, layer 1, layer 2, and layer 3, respectively.
ϵi and μi (i ¼ 0; 1; 2) are the permittivity and permeability
of layer i. Ei and Er represent the incident and reflected

Fig. 1. Schematic of multilayer structure. The left and right ones
are MSM-R and BSM-RI, respectively.

COL 14(6), 062802(2016) CHINESE OPTICS LETTERS June 10, 2016

1671-7694/2016/062802(5) 062802-1 © 2016 Chinese Optics Letters

http://dx.doi.org/10.3788/COL201614.062802
http://dx.doi.org/10.3788/COL201614.062802


electric fields, respectively. Assume a horizontally polar-
ized incident electric field Ey of the form

Ei ¼ ŷEy ¼ ŷ exp½jωt − jk0 sin θ þ jk0z cos θ�; (1)

where θ is the incident angle, ω is the angular frequency,
and k0 is the wave number of free space. Then, the
governing equation for the electric field in any layer is

�
∂2

∂x2
þ ∂2

∂z2
þ ω2μϵ

�
Ey ¼ 0: (2)

Hence, with the time factor ejωt understood, the solution
to Eq. (2) for the mth layer is

Ey ¼ ðAmejkzmz þ Bme−jkzmzÞe−jk0x sin θ; (3)

kzm ¼ ðω2μmϵm − k20 sin
2 θ0Þ1∕2; (4)

where Am and Bm are the unknown coefficients, and kzm is
the wave number of the mth layer in the z-axis direction.
From Maxwell’s equations, the corresponding magnetic
fields are

Hxm ¼ kzm
ωμm

ðAmejkzmz − Bme−jkzmzÞe−jk0x sin θ; (5)

Hzm ¼ k0 sin θ

ωμm
ðAmejkzmz þ Bme−jkzmzÞe−jk0x sin θ: (6)

According to the boundary conditions at z ¼ dm (the
continuity of the tangential electric field and the tangen-
tial magnetic field), we get

�
Ame−jkzmdm

Bmejkzmdm

�
¼ Mmðmþ1Þ

�
Amþ1e

−jkzðmþ1Þdmþ1

Bmþ1e
jkzðmþ1Þdmþ1

�
: (7)

The backward propagation matrix Mmðm−1Þ is given by

Mmðmþ1Þ ¼
1
2

�
1þ μmkzðmþ1Þ

μmþ1kzm

�

×
�

ejΘ Rmðmþ1Þe−jΘ

Rmðmþ1ÞejΘ e−jΘ

�
; (8)

Rmðmþ1Þ ¼
μmkzm − μmkzðmþ1Þ
μmkzm þ μmkzðmþ1Þ

; (9)

Θ ¼ kzðmþ1Þðdmþ1 − dmÞ; (10)

where Rmðmþ1Þ is the Fresnel reflection coefficient for hori-
zontal polarization at the boundary z ¼ dm, and Θ is the
phase shift. The field in the BSM-RI is a three-interface
problem. At z ¼ 0, the incident and the reflected field am-
plitudes are related to the transmitted field amplitudes by

�
1
R

�
¼ M 01M 12M 23

�
Te−jkz3d3

0

�
; (11)

where R and T are the effective reflection coefficient and
effective transmission coefficient, respectively. Since d3
will cancel with that inM 23, the value of d3 in Eq. (11) can

be an arbitrary number. Equation (11) represents two
equations, so we can obtain unknown R and T .

The metal is a conducting medium (i.e., a high-loss
medium with σ ≫ ωϵ at the MMW band), so the reflectiv-
ity of the metal is about equal to 1.0. The stealth material
with the metal backplane can be considered as “opaque.”
Hence, the emissivity is given by the effective reflection
coefficient R as[16]

e ¼ 1− jRj2: (12)

The corresponding vertical polarization solution can be
obtained by duality, i.e., by replacing E,H , ϵ, μwithH , E,
μ, ϵ, respectively.

The brightness temperature received by the MMW
radiometer consists of the self-emission brightness temper-
ature from the material and the ambient brightness tem-
perature incident on the material at the reflection angle.
The emissivity measurement setup is illustrated in Fig. 2.
n⃗ is the normal vector of the material surface.TBðθ; pÞ and
Tamðθ; pÞ are the measured brightness temperatures of the
material and ambient, respectively. p ¼ v or h denotes the
vertical or horizontal polarization.

The atmospheric effect can be neglected due to the close
measurement range, so TBðθ; pÞ is written as[17]

TBðθ; pÞ ¼ eðθ; pÞT0 þ ½1− eðθ; pÞ�Tamðθ; pÞ; (13)

where θ denotes the incident angle (i.e., the angle between
the observation direction and the normal vector of the
material surface). T0 denotes the physical temperature
of the material. So the emissivity can be solved as

eðθ; pÞ ¼ TBðθ; pÞ− Tamðθ; pÞ
T0 − Tamðθ; pÞ

: (14)

As show in Fig. 2, Tamðθ; pÞ can be measured independ-
ently by manually rotating the radiometer to the dotted
line position. Three kinds of stealth materials have
been measured in the experiments: these are MSM-R,

Fig. 2. Schematic of experimental setup. The stealth materials
are put on the ground.
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BSM-RI and MSM-I. The measurements were conducted
at incident angles θ ¼ 10°, 20°, 30°, 40°, 50°, 60°, and 70°
by using a 35 GHz radiometer and a 94 GHz radiometer.
The 35 GHz radiometer has a 400 MHz bandwidth, 1.0 s
integration time, 0.6 K radiometric sensitivity, and 3.7°
half-power beam width. The 94 GHz radiometer has a
500 MHz bandwidth, 1.0 s integration time, 0.8 K radio-
metric sensitivity, and 2.3° half-power beam width. The
ambient physical temperature in the experimental site
was 298 K.
In the simulations, BSM-RI has RAM (i.e., MSM-R,

with 1.0 mm thickness) in the lower layer and infrared
stealth material (i.e., MSM-I, with 50 μm thickness) in
the surface layer. The material’s electromagnetic (EM)
parameters are obtained or derived from the published
literature[12,13,18,19]. The EM parameters of MSM-I are ϵ1 ¼
6.47− i2.176e−4 and μ1 ¼ 1 at 35 GHz, and ϵ1 ¼
6.47− i5.803e−4 and μ1 ¼ 1 at 94 GHz. The EM param-
eters of MSM-R are ϵ2 ¼ 2.53− i3.44 and μ2 ¼ 1.6− i1.63
at 35 GHz, and ϵ2 ¼ 3.61− i2.07 and μ2 ¼ 1.24− i0.43
at 94 GHz.
The radar scattering characteristics of BSM-RI are

given first. A High Frequency Structure Simulator (HFSS)
is used to simulate the monostatic and biostatic far-field
RCS of square the BSM-RI plate, which is based on the
finite element method. The electric field direction of the
incident plane wave is parallel to the plate edge. Figure 3
shows the 10, 35, and 94 GHz simulation results of the
BSM-RI plate with the size of 5 cm × 5 cm. Because
the BSM-RI plate has the thickness of 1.05 mm and is
treated as a cuboid by the HFSS, the monostatic RCSs
do not decrease greatly at the large incident angle.
In our measurements, the EM parameters of stealth

materials have not been measured due to the absence
of relevant instruments. Fortunately, the measurements
are used to study the emission characteristics of stealth

materials (not to validate the accuracy of the theoretical
model), so the EM parameters of the stealth materials
used in the simulations and measurements do not need
to be the same. The materials we selected have similar fea-
tures, as previously mentioned. The stealth wavebands of
BSM-RI include the infrared band (3.5–5.5 and 8–14 μm,
with infrared emittance <0.1) and radar band (i.e., X, Ka,
W, with radar reflectivity <−10 dB).

The theoretical simulations and measured results are
both depicted in Figs. 4 and 5. Multiple measurements
have been conducted to reduce the measurement errors.
The theoretical and measured results indicate that:
(1) The MMW emissivity of MSM-I is less than 0.1 at all

incident angles. The thermal emission of MSM-I is low
level at the MMW band, as well as at the infrared
wave band (emittance <0.1).

(2) The emissivity of MSM-R is always larger than that of
BSM-RI at 35 and 94 GHz, except at some particular
incident angles (i.e., around the Brewster angle). In
other words, the addition of the infrared layer de-
creases the originally “hot” MMW emission and the
reduction is 0.1 to 0.2 at almost all incident angles.

(3) The vertical polarization emissivity of BSM-RI is
larger than that of MSM-R when the incident angle
is greater than a special angle (corresponding to the
intersection position). This special angle is between
the Brewster angles of BSM-RI and MSM-R.

The addition of the infrared stealth layer not only
influences the emission characteristic of BSM-RI, but also
affects the absorption performance of MSM-R. The
absorption performance of MSM-R is determined by the
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Fig. 3. Monostatic and biostatic RCS of BSM-RI. (a)Monostatic
RCS and (b) biostatic RCS under the normal incidence
condition.
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Fig. 4. Emissivity comparison at 35 GHz and horizontal polari-
zation: (a) simulation and (b) measurement.
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Fig. 5. Emissivity comparison at 94 GHz and vertical polariza-
tion: (a) simulation and (b) measurement.
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reflection characteristic of the boundary and the absorp-
tion performance of the interior material. When an
infrared stealth layer is placed on the RAM, the original
boundary between the RAM and air will become the new
boundary between the RAM and the infrared stealth
layer. The change of the boundary can lead to the change
of the input impedance of the RAM, which can further
influence the boundary reflectivity. Therefore, the absorp-
tion performance of MSM-R will also change due to the
addition of the infrared stealth layer. Figure 6 depicts
the change of the boundary reflectivity at the vertical
polarization. Note that the absorption performance of
the interior material cannot be affected.
Furthermore, in order to analyze the brightness temper-

atures in an actual scene, a 94 GHz scanning imaging radi-
ometer system is used for two-dimensional imaging. A
high-efficiency Cassegrain antenna (0.3 m diameter) and
a direct detection-type MMW detector are mounted at
its front end. It features very high detection sensitivity
thanks to the integration of high-performance signal
processing circuits. The radiometric sensitivity is below
0.8 K, and the half-power beam width of the radiometer
antenna is 0.8°. Figure 7 depicts a sketch of the measure-
ment scenes and the corresponding 94 GHz radiometer im-
ages. As additional targets, materials ⋆1, ⋆2, and ⋆4 are
RAMs and material ⋆3 is a metal plate. In the imaging ex-
periments, the 94GHz emissivities ofmaterials⋆1,⋆2, and
⋆4 are 0.51, 0.43 and 0.88. The physical temperature of the
materials is 298K.All materials are obliquely placed on the
ground. The central line of imaging is horizontal and
the imaging incident angle is 8°, so the corresponding
zenith angle of the reflection direction is 74°. It is known
that the 94 GHz sky brightness temperature is about
200 K at the zenith angle of 74° (i.e., Tam ≈ 200 K)[20].
Of special interest are the brightness temperatures of

MSM-R, BSM-RI, and MSM-I in Figs. 7(c) and 7(d),
all of which show similar regularity to the emissivities. As
an example, shown in Fig. 8, the single components of the
materials are clearly distinguishable in the horizontal cut
of the radiometer images (along the horizontal solid line in
Figs. 7(c) and 7(d) in the position of the given stealth ma-
terials). According to Eq. (13), TB increases with the

increasing MMW emissivity e when T0 > Tam. Therefore,
the brightness temperature of MSM-R is the largest one
and is higher than that of BSM-RI because of the higher
emissivity according to Fig. 5(b). Additionally, the bright-
ness temperatures of BSM-RI and material ⋆1 are nearly
equal due to having almost the same emissivity. The self-
emitted radiation of metal is very small (about zero), so its
emission is mainly from the reflected sky background
(Tam ≈ 200 K).

Emissivity is a key parameter in measuring the thermal
emission ability of substances. According to the theoreti-
cal simulations and measured results, the addition of a
low-emittance infrared layer leads the MMW emissivity
of BSM-RI to reduce 0.1–0.2 at almost every incident
angle as compared with MSM-R. A special incident angle
(i.e., the Brewster angle) is better for obtaining a high
brightness temperature at vertical polarization. Some
MMW radiometer images of several stealth materials
are obtained in an outdoor environment by using a
94 GHz scanning imaging radiometer system. The imaging
results also suggest the MMW emission characteristics of
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Fig. 7. Sketch of scenes and corresponding 94 GHz radiometer
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als including BSM-RI, (c) radiometer image of (a), and (d) radi-
ometer image of (b).
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BSM-RI. The theoretical and measured results partially
demonstrate the feasibility of detecting stealth aircraft
coated with BSM-RI, as mentioned above. The MMW
radiometers may be applied to the area of detecting
stealth aircrafts due to the “hot” MMW emission of
stealth aircrafts. Meanwhile, many problems, such as real-
time imaging technology, limited spatial resolution, and so
on remain to be solved before it can be practically applied.
In this Letter, we only investigate one particular type of
BSM-RI and our results just show the special cases (e.g.,
isotropic and homogeneous). Other cases in which the
material is anisotropic and inhomogeneous will be treated
in future work. Additionally, an accurate and professional
emissivity measurement system will be developed.
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