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Abstract：Materials samples of some common military coating including radar absorbing coating，high emission
infrared coating，radar absorbing and high emission infrared compatible coating，radar absorbing and low emis⁃
sion infrared compatible coating，and aviation anticorrosive coating are prepared and their emissivity at different
observation angles in Ka band is measured in this paper. An improved measurement scheme based on voltage
method is proposed and used for the measurement experiments，The measurement scheme can eliminate the errors
caused by antenna sidelobe and thickness difference between sample and reference bodies. In addition，the main
sources of measurement uncertainty are analyzed and discussed.
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军用涂层材料的毫米波发射率测量
苏金龙 1，2， 胡 飞 1，2*， 田 岩 1，2， 郑 涛 1， 胡 演 1
（1. 华中科技大学 电子信息与通信学院，湖北 武汉 430074；
2. 多谱信息处理技术国家级重点实验室，湖北 武汉 430074）

摘要：作者测量了常见军用涂层在 Ka 波段的发射率，测量对象包括：雷 达隐身涂层、雷达与高发射率红外兼
容隐身涂层、雷达与低发射率红外兼容隐身涂层、高发射率红外涂层以及航空防腐涂层。测量试验采用了基
于电压法的改进测量方案，该测量方法可以消除材料样品不能完全覆盖天线波束以及参考体与材料样品厚
度差异导致的有效辐射面积差异引起的误差。此外，文章分析并讨论了主要的测量不确定度源。
关 键 词：毫米波；发射率测量；电压法；辐射计
中图分类号：TN98

文献标识码：A

Introduction
Millimeter-wave（MMW）is between the microwave
and terahertz wave in the electromagnetic spectrum，and
covers the frequency ranges of 30 ∼ 300 GHz［1］. Passive
millimeter-wave （PMMW） imager obtains the images
with good resolution through collecting radiation from
scenes in MMW band. PMMW imager is widely used in
remote sensing［2-4］ ，security checking［5-7］ ，target detec⁃
tion［8-10］ and medical applications［11-12］. Different from ra⁃
dar，passive imaging technology can image the target
without inadvertently giving away the sensor location be⁃
cause that it does not transmit power actively. In addi⁃
tion，MMW sensor has the ability to image through both

natural and manmade obscurants，such as smoke，fog，
light rain， clothing， brownout conditions， and sand⁃
storms. Due to these advantages，recently，the feasibili⁃
ty of using MMW radiometer to detect military targets has
been discussed. Some researchers have carried out detec⁃
tion experiments on vehicles，ships and other targets by
PMMW sensors［13-17］. In addition，Liu et al. did super
simplest evaluation about the possibility of using radiome⁃
ter for detecting objects with full radar absorption coat⁃
ing［18］. They believed that compared with cold sky，the
stealth aircraft is a“hot source”in PMMW images.
Thermal radiation is emitted by any object with a
temperature higher than 0 K. Emissivity is a physical
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quantity that defines the ability in which an object emits
electromagnetic radiation. Accurate knowledge of sur⁃
face emissivity is essential in diverse fields such as target
radiation characteristic evaluating and passive image sim⁃
ulating and modeling. As the same with infrared emissivi⁃
ty，the MMW emissivity is defined as the ratio of radia⁃
tion from a material to the radiation from an ideal black⁃
body at the same temperature. The MMW emissivity of
material is strongly dependent on wavelength，direction，
observation polarization state，and so forth. Identifying
material radiation capability is the foundation of target de⁃
tection applications，and it is helpful for detection dis⁃
tance estimation and sensor design. Therefore，emissivi⁃
ty measurement of target samples in millimeter-wave
band is of great significance.
Recently，several methods have been applied to
MMW emissivity measurement. Initially，Miao et al. de⁃
rived the emissivity of the coating by measuring the elec⁃
tromagnetic parameters of the coating materials［19］. In the
works of Cheng et al. ，the MMW emissivity of radar
stealth coating and radar infrared compatible stealth coat⁃
ing at Ka band is measured by radiometer ［20］. The mea⁃
surements in his experiments are carried out outdoors so
as to make the environment radiation reflected by the tar⁃
get stable and relatively low. The brightness temperature
of the target scene，the physical temperature of the target
surface and the radiation illuminates on the target surface
comes from the cold sky are measured respectively，then
the emissivity can be calculated by these results. Unfor⁃
tunately， the comparison with the theoretical results
shows that the accuracy of the measurement is unsatisfac⁃
tory. Amali et al. conducted the emissivity measurement
of human skin in W bands ［12］. They built an indoor mea⁃
surement platform and a low temperature radiation envi⁃
ronment by absorbing foam and liquid nitrogen. This de⁃
sign makes the ambient radiation more uniform and sta⁃
ble. However，since it is difficult to cover the whole an⁃
tenna pattern with palms or other measuring targets，er⁃
rors may be introduced into the results.
All the above methods fail to consider the problem
of antenna pattern overflowing target. In this regard，we
have proposed an improved method named voltage meth⁃
od in the previous works. In this method，the emissivity
is obtained by measuring blackbody reference，metal
plate and the target sample of the same size at the same
geometry by radiometer. The results of measurement ex⁃
periment confirmed the effectiveness of the method［21］.
On the promise that the radiometer is a linear system，
the other advantage of this method is that the measured
value can be obtained directly from the output voltage of
the radiometer instead of the brightness temperature，
thus，the tedious calibration for radiometer is avoided. It
is a little pity that the thickness differences will lead to
the differences of the effective radiation area of each sam⁃
ple material，and the edge scattering will also be differ⁃
ent.
In this paper，the emissivities of radar absorbing
coating，high emission infrared coating，radar absorbing
and high emission infrared compatible coating，radar ab⁃

sorbing and low emission infrared compatible coating，
and aviation anticorrosive coating are measured from mul⁃
tiple angles in Ka band. In the experiments，in order to
avoid the measurement errors caused by the thickness dif⁃
ference，an improved measurement scheme is proposed，
and the effectiveness is verified by experiments. Further⁃
more，the measurement uncertainty under different mea⁃
surement conditions is analyzed.

1

Measurement method

Blackbody is an idealized body that represents a pre⁃
fect absorber and a perfect radiator ［1］. The emissivity of
an opaque sample is lower than 1，which means that the
observed radiance contains radiance not only emitted
from the surface of the sample but also from the surround⁃
ing environment reflected by the sample surface. The ap⁃
parent temperature TAP can be expressed mathematically
as
T AP = e ⋅ T ph + ρ ⋅ T bg
, （1）
where，Tbg represents the radiation temperature from the
background，e is the directional emissivity. ρ is the
hemispherical-directional reflectance of the surface，
which equals to（1-e）at the condition of thermal equilib⁃
rium. For smooth surface，ρ equals the specular reflec⁃
tance.
Radiometer receives the radiation from the observa⁃
tion scene through antenna. Different from optical devic⁃
es，the antenna has relatively wide beam distribution in
MMW band. Under the condition of far-field measure⁃
ment，a large-scale target sample is needed to cover the
whole antenna main beam. Then the antenna tempera⁃
ture TA can be written as
T A = T AP (θ,φ) F n (θ,φ)dΩ/ F n (θ,φ)dΩ , （2）

∬
4π

∬
4π

where，F（θ，
φ）represents the pattern of radiometer an⁃
n
tenna. Equation 2 is valid when the sensor is reasonably
close to the sample，so that atmospheric extinction and
emission in the relevant wavelength ranging along the
line of slight are negligible.
However，it is difficult to prepare large size samples
so as to ensure that the whole pattern can be covered in
the emissivity measurement. Actually，it is almost im⁃
possible for a sample to completely cover the sidelobe.
As shown in Fig. 1（a），the integral in Eq. 2 can be di⁃
vided into three parts for opaque sample. ① represents
the contribution of the target coverage area to the pat⁃
tern. ② represents the contribution of radiation from the
non-target region received by main lobe. ③ represents
the contribution of radiation from the remaining direc⁃
tions received by side lobe.
In voltage method， metal plate and high-perfor⁃
mance absorbing material are used as reference bodies.
The target samples and reference bodies with the same
size have been measured respectively at the same tem⁃
perature，by the same detector and under the same ob⁃
servation geometry. The antenna measured temperature
for the target and reference bodies and can be expressed
as
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Fig. 1 Radiation contribution of each part (a) direct measure‐
ment, (b) measurement with measured window
图 1 辐射测量中辐射贡献分布（a）直接测量，
（b）加窗测量

∬

T Atarget = ( T APtarget (θ,φ) F n (θ,φ)dΩ +
Ω1

⋅F n (θ,φ)dΩ +

∬

∬T

4π - Ω

AP

⋅F n (θ,φ)dΩ +

∬

∬

4π - Ω

⋅F n (θ,φ)dΩ +

∬T

4π - Ω

∬

∬

Ω - Ω1

4π

, （3）
T AP (θ,φ)

∬

T AP (θ,φ) F n (θ,φ)dΩ ) / F n (θ,φ)dΩ

T Abb = ( T APbb (θ,φ) F n (θ,φ)dΩ +
Ω1

Ω - Ω1

(θ,φ) F n (θ,φ)dΩ ) / F n (θ,φ)dΩ

T Ametal = ( T APmetal (θ,φ) F n (θ,φ)dΩ +
Ω1

∬

T AP (θ,φ)

AP

∬T

Ω - Ω1

4π

AP

(θ,φ)

∬

, （4）

(θ,φ) F n (θ,φ)dΩ ) / F n (θ,φ)dΩ
4π

. （5）
In MMW band，the emissivity of the metal plate can
be considered as 0，and high-performance absorbing ma⁃
terial can be considered as Eq. 1. Connecting Eq. 1 and
Eqs. 3-5，and when the physical temperature of the ref⁃
erence body and the target sample surface is equal，e can
be solved as
， （6）
e = (T Atarget - T Ametal ) (T Abb - T Ametal )
For linear systems，Eq. 6 can be rewritten as
e = (V Atarget - V Ametal ) (V Abb - V Ametal )
， （7）
where，V is the output voltage value of radiometer，and
can be converted into brightness temperature value by it
calibration. The premise of the voltage method is that the
metal reference body has the same scattering characteris⁃
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tics as the sample or the ambient radiation incident on
the sample and the reference is diffuse in both directions.
When there is thickness difference between the tar⁃
get sample and the reference bodies，the measurement
may introduce some errors due to the differences of the
projection area of each measurement object in the mea⁃
surement of bevel angles. The errors are related to the ab⁃
solute value of thickness differences，the size of the sam⁃
ples and the observation angles. The bigger thickness dif⁃
ferences，the smaller size or the larger angles will make
the error larger.
This paper presents a scheme to avoid the error due
to thickness differences. The diagram of the measure⁃
ment scheme is shown in Fig. 1（b）. An area enclosed
by absorbing material named measuring window is used
to place the sample to be measured. The edges of the
sample will be covered by absorbing material when the
size of sample is larger than the size of the window.
Therefore，the effective radiation area of the material
samples and the reference bodies is the same in the mea⁃
surement.
As shown in Fig. 1（b），if a measuring window is
used in measurement experiments， the antenna mea⁃
sured temperature for material sample and the reference
samples can be respectively expressed as
T Atarget = ( T APtarget (θ,φ) F n (θ,φ)dΩ

∬
Ω1

∬

+ T APam (θ,φ) F n (θ,φ)dΩ
+
+

Ω2

∬

Ω - Ω1 - Ω2

∬T

4π - Ω

∬

AP

，
（8）

T AP (θ,φ) F n (θ,φ)dΩ

∬

(θ,φ) F n (θ,φ)dΩ ) / F n (θ,φ)dΩ
4π

T Abb = ( T APbb (θ,φ) F n (θ,φ)dΩ
Ω1

∬

+ T APam (θ,φ) F n (θ,φ)dΩ
+
+

∬

Ω2

∬

Ω - Ω1 - Ω2

∬T

4π - Ω

AP

，
（9）

T AP (θ,φ) F n (θ,φ)dΩ

∬

(θ,φ) F n (θ,φ)dΩ ) / F n (θ,φ)dΩ
4π

T Ametal = ( T APmetal (θ,φ) F n (θ,φ)dΩ
Ω1

∬

+ T APam (θ,φ) F n (θ,φ)dΩ
+
+

Ω2

∬

Ω - Ω1 - Ω2

∬T

4π - Ω

AP

T AP (θ,φ) F n (θ,φ)dΩ

∬

，
（10）

(θ,φ) F n (θ,φ)dΩ ) / F n (θ,φ)dΩ
4π

where，TAPam is the apparent temperature of absorbing ma⁃
terial around the measuring window. Ω1 is the solid angle
occupied by the measuring window and the Ω2 is the solid
angle occupied by the absorbing material. Connecting
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Eqs. 8-10，then

T Atarget - T Ametal
=
T Abb - T Ametal

∬( T
Ω1

APtarget

∬( T
Ω1

APbb

)

(θ,φ) - T APmetal (θ,φ) F n (θ,φ)dΩ

)

(θ,φ) - T APmetal (θ,φ) F n (θ,φ)dΩ

. （11）

Connect Eq. 1 and Eq. 11，emissivity e can be cal⁃
culated using the following equation：
(T At arg et - T Ametal )/ (T Abb - T Ametal ) = e . （12）
For linear systems，Eq. 12 can also be written as
Eq. 7. From the above mathematical process，it can be
seen that the improved voltage method with measuring
window can eliminate the influence of material edge very
well.

2

Fig. 2 Military coating material samples are measured in the ex‐
periments
图 2 被测涂层材料样品

ple’s behavior as a function of angle. The radiometer is
fixed on a bracket with adjustable height，so that the
main beam of the antenna can be aligned with the center
of the sample at any observation angles，so as to obtain
higher measurement accuracy.

Experiments

In this paper，the emissivity of common military
coating materials is measured in Ka band. The pictures
of these material samples in experiments are shown in
Fig. 2. The materials numbered 1 to 3 are radar absorb⁃
ing coating （RAC），high emissivity infrared coating
（HEIC） and the combination of these two coatings re⁃
spectively（RHC）. The size of these samples is 180 mm×
180 mm. The materials numbered 4 to 5 are the combina⁃
tion of low emissivity infrared coating and radar absorb⁃
ing coating （RLC） and the aeronautical anticorrosive
coating（AAC）with the size 500 mm×500 mm. The com⁃
bined coating is achieved by painting the infrared coating
on the surface of radar absorbing coating and then
achieves stealth in both radar and infrared detection
bands. These paintcoats are designed and manufactured
by China North Industries Group Corporation（CNIGC）.
The main performance parameters are shown in Table1.
A simple measurement prototype is built in our ex⁃
periments. The prototype is mainly composed of a radi⁃
ometer and a slideway which can adjust the observation
angles. The radiometer works at the center frequency of
35 GHz with 400 MHz bandwidth. The measurement sce⁃
narios are shown in Fig. 3.
The antenna of radiometer is about 2 m away from
the target. In Fig. 3（b），a measuring window with size
140 mm×140 mm is opened in an absorbing material
foam and the samples are palced behind the window. The
sample placement position can adjust the angles. Placing
a sample on the platform allows measurement of the sam⁃
Table 1 Main parameters of samples
表 1 样品主要参数
Materials

Frequency bands

HEIC

8~14 μm

RAC

2~18 GHz &30~40 GHz

LEIC

8~14 μm

AAC

/

Fig. 3 Measurement scenarios (a)the measurement based on
voltage method, (b) the measurement based on improved voltage
method.
图 3 测量场景（a）电压法,（b）改进电压法

From Table 1，the RMS of surface amplitudes is
smaller than one tenth wavelength in Ka bands，so the
samples can be regarded as having smooth surface. The
experiments are carried out outdoor，and cold sky is used
as the background. A smooth metal plate and an absorb⁃
ing foam are used as references in our experiments. The
nominal absorptivity of the absorbing foam is greater than
0. 995 and the directional reflectivity of the metal plate
can be considered as 1 under any observation angles in
the Ka band. In the measurement，the material target
sample is fixed on sample holder firstly and the reference
samples are moved in front of the radiometer in place of
the sample. It ensur that the optical path and the back⁃

Performance
Emissivity
>0. 95

Reflection coefficient
<10 dB

Emissivity
< 0. 1
/

RMS of surface altitude /mm

Coating thickness /mm

<0. 1

0. 03

<0. 1

1. 76

<0. 1

0. 03

<0. 1

0. 03
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ground radiation as well as the responsivity of the radiom⁃
eter remain unchanged during the three measurements.
Then，the radiation of material sample，metal plate and
blackbody is measured in turn and the measurement time
approximates to 30 s. The same measurement is repeated
3 times，and 3 groups of emissivity results are obtained.
The average of repeated measurement results is used as
the final result.
Firstly，the radar absorbing paint is measured under
several angles by voltage method with and without mea⁃
suring window respectively. The results are shown in
Fig. 4. From Fig. 4，we can see that the results of im⁃
proved voltage method are higher than those of voltage
method. With the increase of observation angle，the dif⁃
ference becomes larger. This is because in the voltage
method，the thickness of the absorbing foam is larger
than that of the material sample，which results in the la⁃
ger projection area at the aperture of the antenna than the
material sample. Then the denominator of Eq. 7 be⁃
comes lager， which makes the measurement results
smaller. The results also prove the effectiveness of the
improved method.
Fig. 5 Emissivity of high emissivity infrared coating in Ka
band
图 5 高发射率红外涂层 Ka 波段发射率测量结果

Fig. 4 The comparison of measured results of radar absorbing
coating
图 4 雷达隐身涂层发射率测量结果对比

Next，the emissivity of HEIC and RHC are mea⁃
sured under orthogonal linearly polarized states. The re⁃
sults are shown in Figs. 5-6.
As can be seen from the results，the mean emissivi⁃
ty of the RAC at the observation angles is more than
0. 88. The emissivity of HEIC is higher than 0. 9 in 8~14
μm band，but its emissivity in the Ka band is very low.
The mean emissivity and standard deviation of HEIC at
the observation angles are 0. 019 4 and 0. 011 1 under
vertical polarization，and are 0. 027 4 and 0. 013 8 under
horizontal polarization. The measurement results showed
high emissivity levels when the HEIC is painted on the
surface of RAC. The mean emissivity and standard devia⁃
tion of the RHC at the observation angles are 0. 903 3
and 0. 017 7 under vertical polarization，and are 0. 923 6
and 0. 016 7 under horizontal polarization.
In addition，the emissivity of the AAC and RLC is
measured by improved voltage method. The emissivity of
the LEIC is lower than 0. 1 in 8~14 μm band. The obser⁃
vation angles are from 20° to 70°with the interval of 10°.
The measured results of samples are plotted in Fig. 7.
From the results，The mean emissivity and standard

Fig. 6 Emissivity of combination of high emissivity infrared
coating and the radar absorbing coating in Ka band
图 6 高发红外与雷达隐身兼容涂层 Ka 波段发射率测量结果

deviation of the aviation anticorrosive coating at the ob⁃
servation angles are 0. 009 and 0. 007 6 under vertical
polarization，and are 0. 007 3 and 0. 005 under horizon⁃
tal polarization. The results are similar to that of the high
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The mean emissivity and standard deviation of the
RLC at the observation angles are 0. 922 7 and 0. 030 8
under vertical polarization，and are 0. 856 6 and 0. 052 1
under horizontal polarization. In addition，an obvious
phenomenon is that the emissivity under horizontal polar⁃
ization decreases gradually under large observation an⁃
gles.

3

Fig. 7 Emissivity of aviation anticorrosive coating in Ka band
图 7 防腐涂层 Ka 波段发射率测量结果

Uncertainty

The main sources of the measurement uncertainty in
our experiments include the temperature differences be⁃
tween the samples and the absorbing foam，the sensitivi⁃
ty of radiometer，the performance of the absorbing foam
and the metal plate. Due to the low time cost，the reflect⁃
ed ambient radiation is assumed to remain constant with⁃
in one measurement cycle. The uncertainty caused by
the repeatability of the measurements is ignored.
The temperature of experiments environment is 290
K. The ambient radiation reflected by samples comes
from cold sky. It is assumed that the ambient radiant
brightness temperature is 150 K. The surface tempera⁃
tures of the samples and the references are measured by
probe thermometer and the difference is less than 0. 5 K.
The sensitivity of the radiometer is 0. 6 K. The emissivity
uncertainty of metal plate and blackbody is 0. 005. For
different emissivity values，the uncertainty of main com⁃
ponents is given in Table 2.
Table 2 Experimental uncertainty
表 2 测量不确定度
value

Unit

Radiometer sensitivity

0. 6

K

0. 006 1

0. 006 8

0. 008 1

Emissivity of metal plate

0. 005

/

0. 001 2

0. 005 8

0. 010 5

Total uncertainty

/

Sample Temperature

Emissivity of blackbody

Fig. 8 Emissivity of the combination of low emissivity infrared
coating and the radar absorbing coating in Ka band
图 8 低发红外与雷达隐身兼容涂层 Ka 波段发射率测量结果

emissivity infrared coating. The main reason is that com⁃
pared with infrared ray，the millimeter wave has better
penetration ability，while the infrared coating and anti⁃
corrosive coating are very thin with only tens of microns
in thickness.

Uncertainly contribution

Component uncertainly

0. 5

0. 005

K
/
/

e=0. 1

0. 000 5
0. 011 7
0. 013 3

e=0. 5

0. 002 5
0. 013 0
0. 016 0

e=0. 9

0. 004 5
0. 015 7
0. 021 1

From Table 2，the uncertainty of blackbody emissivi⁃
ty is the main measurement uncertainty source and the val⁃
ues are about 0. 011 7，0. 013 0 and 0. 015 7 correspond⁃
ing with emissivity values of 0. 1，0. 5 and 0. 9 respective⁃
ly. The corresponding total uncertainty is 0. 013 3，
0. 016 0 and 0. 021 1 respectively.
Ambient brightness temperature is a key quantity for
analyzing the measurement uncertainty of the voltage
method and the improved voltage method. Taking the ex⁃
periment parameters as an example，the influence of am⁃
bient radiation which illuminates on the sample surface
on the uncertainty of emissivity is shown in Fig. 9. When
the ambient brightness temperature is close to the surface
temperature of the sample，the measurement uncertainty
will increase gradually. When the two temperatures are
equal，this emissivity cannot be given by voltage method
and improved voltage method. For the sample which the
surface emissivity is bigger than 0. 1，the relative uncer⁃
tainty of the measurement will be less than 10% if the am⁃
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bient brightness temperature is below 120 K or above 650
K when the sample is at room temperature（surface tem⁃
perature equal to 290 K）. When the surface emissivity is
bigger than 0. 5，the relative uncertainty will be less than
3% if the ambient brightness temperature is below 150 K
or above 520 K and these values are 180 K and 450 K
when the emissivity is more than 0. 9. The results prove
that the accurate emissivity value can be obtained by im⁃
proved voltage method through selecting the illumination
source. The cold sky and other cold or hot manmade radi⁃
ation sources can be used as the illumination source for
normal temperature measurements.

Fig. 9 Variation of relative uncertainty with ambient brightness
temperature（the surface temperature of sample is 290 K）.
图 9 相对不确定度随环境辐射的变化（待测样品表面温度为
290 K）

4

Conclusion

In this paper，the emissivity of the radar absorbing
coating，high emissivity infrared coating，anticorrosive
coating and the combination coatings at several observa⁃
tion angles in Ka band is measured by improved voltage
method. The measurement method proposed in this pa⁃
per can be used to measure the emissivity of the given ar⁃
ea of a target by adjusting the size of the measurement
window，and can be used to measure the emissivity of the
skin at different positions of the human body as well as
other material samples. The analysis of uncertainty can
provide the basis for the selection of measurement condi⁃
tions and the evaluation of measurement errors. The re⁃
sults of the measurement experiments can be used as a
reference for the analysis of radiation characteristics of
military materials.
Acknowledgment

This work was supported by the China Post-doctoral
Science Fund（2020M682412）and the National Natural
Science Foundation of China（NSFC）（61871438）.
References

［1］Ulaby F T，Moore R K，Fung A K. Microwave remote sensing：Active
and passive Vol. I microwave remote sensing fundamentals and radiom⁃

767

etry［M］. Wesley，1981.
［2］Lu X，Xiao Z L，Xu J Z. Linear polarization characteristics for ter⁃
rain identification at millimeter wave band［J］. Chinese Optics Letters.
2014，12（10）：46-49.
［3］Fetterman M R，Grata J，Jubic J G，et al. Simulation acquisition and
analysis of passive millimeter-wave images in remote sensing appli⁃
cations［J］. Opt. Exp. 2008，16（25）：20503-20515.
［4］Cheng Y Y，Hu F，Wu H F，et al. Multi-polarization passive milli⁃
meter-wave imager and outdoor scene imaging analysis for remote
sensing applications［J］. Opt. Exp. 2018，26（16）：20145-20159.
［5］Yeom S，Lee D S，Jang Y，et al. Real-time concealed-object detec⁃
tion and recognition with passive millimeter wave imaging［J］. Opt.
Exp. 2012，20（99）：9371-9381.
［6］Appleby R，Anderton R N. Millimeter-wave and submillimeterwave imaging for security and surveillance［J］. Proc. IEEE，2007，
95（8）：1683-1690.
［7］Shi X，Yang M H. Development of passive millimeter wave imaging
for concealed weapon detection indoors ［J］. Microw. Opt. Technol.
Lett. 2014，56（7）：1701-1706.
［8］Tang F Z，Gui L Q，Liu J B，et al. Metal target detection method us⁃
ing passive millimeter-wave polarimetric imagery ［J］. Opt. Exp.
2020，28（9）：13336-13351.
［9］Lin C S，Amphay S A，Sundstrom B M. Sensor fusion with passive
millimeter-wave and laser radar for target detection［C］. Passive Mil⁃
limeter-Wave Imaging Technology III，International Society for Opti⁃
cal Engineering，1999，Orlando，Florida，USA，3703：57-67.
［10］Denisov A G，Qiu J H，Li H，et al. Stealth coating is not antidote
against of microwave radiometer［C］. Smart Structures and Materials
+ Nondestructive Evaluation and Health Monitoring，International
Society for Optical Engineering，2018，Denver，Colorado，USA，
10597：105971B-1-105971B-10.
［11］Joung M，Suzuki Y，Tanaka T，et al. Development of passive millime⁃
ter-wave imaging systems and its applications to medical- and bioobjects imaging［C］. Defense and Security，International Society for
Optical Engineering，2004，Orlando，Florida，USA，5411：99-102.
［12］Amani Y O，Neil S，Stuart W H，et al. Millimeter-wave emissivity
as a metric for the non-contact diagnosis of human skin conditions
［J］. Bioelectromagnetics，2017，38（7）：559-569.
［13］Evelyn J B，Keith K，Ron D，et al. Modeling passive millimeter
wave imaging sensor performance for discriminating small watercraft
［J］. Appl. Optics，2010，49（19）：58-66.
［14］Hu T Y，Xiao Z L，Xu J Z. Study on the detection of coating stealth
ground target by millimeter-wave radiometer［C］. International Con⁃
ference on Microwave and Millimeter Wave Technology，The Chi⁃
nese Institute of Electronics，2008，Nanjing，Jiangsu，China，4：
1757-1760.
［15］Xing Y X，Lou G W，Li X G. Passive millimeter-wave detection of
coating stealth aircrafts［J］. Int. J. Digi. Cont. Tech. Appl. 2012，6
（2）：10-17.
［16］Shi X，Lou G W，Li X G，et al. Modelling and calculating of millime⁃
ter wave radiant temperature for armored target［J］. J. Infrared Milli.
Waves，2007，26（1）：43-46.
［17］Lu H L，Li Y N，Song G N，et al. Research on the passive detection
technology using space-borne synthesis aperture microwave radiome⁃
ters for the sea surface target［J］. J. Infrared Milli. Waves，2019，38
（5）：674-682.
［18］Liu H，Qiu J H，Yin X Y，et al. Simplest passive millimeter wave
discriminator for the finding of objects［J］. SPIE，2017，10103：
1010308-1- 1010308-6.
［19］Miao C，Lou G W，Li X G. Antenna temperature model of 3MM coat⁃
ing stealth material［J］. J. Infrared Milli. Waves，2004，26（3）：
221-224.
［20］Cheng Y Y，Hu F，He F，et al. Millimeter-wave emission character⁃
istics of bilayer radar-infrared compound stealth material［J］. Chin.
Opt. Lett.，2016，14（6）：100-104.
［21］Su J L，Tian Y，Hu F，et al. Errors analysis and improvement on
measurement method for microwave/millimeter-wave emissivity of
small targets by radiometer［J］. IEEE Acce.，2019，7：103427103432.

