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Radiation characteristics and detection capability model
and analysis of small target in infrared radiation system
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The target infrared radiation brightness is a key index for the infrared radiation system to obtain target characteristics and
recognize the target. This paper proposes a calculation method to accurately evaluate the detection capability of the infrared
radiation system and establishes the calibration calculation model of the infrared radiation system using multiple integration
times. The calculation function of the target radiation brightness is constructed according to the principle that the total energy
of the target in the infrared detector diffusion imaging is constant, and considering the factors such as atmospheric jitter,
optical system diffraction and imaging aberration. Based on this, combined with the dispersion phenomenon of the test
environment, the calculation model of the detection distance of the system is deduced. Based on the test platform with
known parameters, the correlation between the detection distance and the target radiation brightness and the rationality of
the detection distance calculation model established in this paper are calculated and analyzed. The obtained results provide

a reference for the reliable detection of the infrared system under the condition of long-range in complex environments.
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1. Introduction

The infrared radiation system is used to measure the
infrared radiation characteristics including the target
radiation brightness, the temperature, the radiation
intensity, and other information, and can provide scientific
data for the evaluation of capabilities such as target stealth
effect, and detection and recognition of targets [1-2].
Currently, the research direction of the infrared system has
two aspects. First, focusing on the center position and size
of the target to find and accurately locate the target as
early as possible [3-5], and achieve target detection and
tracking. Second, focus on the radiation brightness of the
target, which can be obtained according to the gray scale
of the target imaging pixel. Tieying Qiao et al. [6] studied
the method of measuring the opposite target based on the
infrared radiation characteristic system and proposed a
reliable area analysis method and radiation brightness
calculation method. Guogiang Wang et al. [7] established a
ground-based measurement simulation model for space
target temperature and equivalent radiation area using the
infrared system characteristics, the target radiation
characteristics and the infrared radiation atmospheric
transmission characteristics. Chengming Sun et al. [8]
established a mathematical model for the infrared spectral
characteristics and imaging characteristics of space targets
using the bidirectional reflection distribution function, and
presented the calculation formula for the energy
distribution of targets at the entrance pupil of the detector
and on the image plane. Hongyuan Wang et al. [9]
modelled the infrared dynamic radiation characteristics of

space targets, established a physical model for the
radiation characteristics of space targets according to the
characteristics of targets and backgrounds, and established
a mathematical model for the infrared reflection
characteristics of targets using the bidirectional reflection
distribution function. Jiahao Xie et al. [10] analyzed the
detection capability of the air space infrared detection
system for the unmanned aerial vehicle (UAV) swarm and
established a noise equivalent flux density point target
detection range model based on the dispersion coefficient.
However, the target detected in this paper is a small UAV.
Moreover, the infrared radiation system was used for
measurement, when the target was close to the
measurement system, the imaging range of the target on
the detector surface was large and when the target was far
away from the measurement system, the ideal imaging
range of the target on the detector surface was smaller than
the size of a single pixel. It is inappropriate to regard such
small targets as area source or point source targets, and the
processing method of area source or point source targets
will introduce large measurement errors [11]. At the same
time, in practical engineering applications, when the target
is far from the measurement system, its ideal imaging
range occupies multiple pixels on the detector surface.
When the target imaging is small, the imaging energy will
be dispersed to multiple pixels and form a speckle due to
various factors including atmospheric disturbance and
optical system aberration or diffraction. The characteristics
of this speckle are that the gray value of the entire infrared
image is inconsistent, and the edge of the infrared image is
fuzzy [12]. Therefore, the UAV target is treated as a small
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target according to the characteristics of the UAV target
infrared image collected by the area source target or point
source target to obtain accurate infrared radiation energy,
and the correlation model between the target incident
radiance and the detector pixel output gray is established.
The infrared radiation system must be calibrated before the
measurement to obtain the response and offset of the
infrared detector in the system, and provide a reference for
the quantitative relationship between the target incident
radiance and the detector pixel output gray.

2. Infrared radiation measurement calibration
model

Calibration is an important index to test the radiation
measurement performance of the infrared system, and it
determines the reliability and effectiveness of the system
in the measurement process. The basic principle of
calibration is to use the known blackbody as the radiation
source to obtain the output signal of the system under
different radiation illuminations to establish the
relationship between the entrance pupil radiation and the
output of the system. Multiple integration times are
required for calibration to improve calibration accuracy
and efficiency. Accurate calibration can expand the
dynamic range of the measurement system and combine
the characteristics of the target flight. This paper adopts
the uniform large-area source blackbody calibration
method with multiple integration times.

The principle diagram of the uniform large-area
source blackbody method is shown in Fig. 1. The
calibration process is as follows. A uniform large-area
source blackbody is placed at the entrance pupil of the
infrared radiation system. The effective area of the
large-area source blackbody should completely cover the
pupil of the infrared radiation system, and use the
blackbody as a standard Lambert body to critically
illuminate the radiation characteristic measurement system
[13]. The uniform large-area source blackbody method can
effectively eliminate the influence of the external
environment in the calibration process and the influence of
the transmissivity. It can realize the calibration of all pixels
and can achieve high calibration accuracy.

Infrared Main Chief ray

focal plane optical axis

Area source
black face

The pupil

Fig. 1. Schematic diagram of the principle of the un-i-fc-)-rh'w'
large area source blackbody method

In Fig. 1, it is assumed that the intersection angle
between the chief ray and the main optical axisis @, and
the solid angle of a single pixel in the infrared detector is:

Q=A, -cos’g/f? (1)

where, Aj is the area of a single pixel in the infrared

detector, and T is the focal length of the optical system.

The radiation flux of a large-area source blackbody
incident on the infrared detector pixel is expressed as:

2
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where, & and T, are the emissivity and the

temperature of the blackbody, respectively, 7;and d are
the transmissivity and the aperture of the optical system,

2
respectively, and Ktziﬂ-g.q-ﬁ“-(%J . The

response coefficient of the infrared detector pixel to
incident radiation flux under unit integration time is ny ,

K, =K}, /& . K,

xy Xy
detector pixel to incident radiation flux in unit integration

time, and @(T,) is calibration blackbody radiation

is the response of the infrared

brightness, which is expressed as:
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where, A, ~ A, is the range of the working band of the

infrared detector, and W (A, T, )is the ideal blackbody

radiation brightness, which can be calculated by Planck's
formula [14].

The infrared radiation system studied in this paper
uses a cooled infrared focal plane array as an infrared
imaging detector. The relationship between the gray
response and the radiation brightness is expressed as
follows:

G, =K, -®(T,)+K, -®° +Gj
=K;y-CD(Tb)+(§xy

where, ny is the output gray value of the infrared

(4)

~ s ~ d ~ . .
detector, G,, =K, -®°+G;, ny is the initial offset
response when target infrared radiation brightness enters

. ~ ~S .
the infrared detector, Giy =Ky JOM ny is the gray
response caused by the external stray radiation, d° is the
stray radiation brightness of the infrared radiation system
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d .
caused by external factors, and ny is the gray response

caused by the internal factors such as the dark current of
the infrared detector [15].

According to the relationship that the integration time
of the detector in the linear response range of the infrared
radiation system is proportional to the output gray of the
system, and multiple integration time ranges set by the
system, the calibration calculation model of the infrared
radiation system is defined as:

Gy =t[Ky -®(T,)+K, - @ |+G} (5

3. Modeling of target radiation characteristics
and detection capability of an infrared
radiation system

3.1. Target radiation characteristics of an infrared
radiation system

In the process of detecting space targets by the
infrared radiation system, the actual imaging of target
energy on the detection surface of the infrared detector
will occupy multiple pixels after dispersion due to
different factors such as atmospheric jitter, optical system
diffraction and imaging aberration. At this time, the
dispersion of target energy will affect the accuracy of the
system measurement. To accurately calculate the target
radiation energy, it is necessary to obtain all the energy of
the target reaching the infrared detector and eliminate the
influence of energy dispersion on the measurement
accuracy of the system. Fig. 2 shows the imaging diagram
of the target in the infrared detector.
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Fig. 2. Schematic diagram of the target in the infrared
detector (color online)

In Fig. 2, the target imaging range area is A1 which
includes the entire target speckle and a small part of the
background, called the "target area”. There are M, pixels

in total, including all the pixels containing the target
imaging energy and a part of the background imaging
pixels. Hence, all the energy of the target imaging is

within the area A . Since the area A includes target

energy and background energy, the influence of
background must be excluded to accurately obtain target

energy. Another area Az is selected at the periphery of the

area A. The areas between the areas A and A, only
contain the background, which is called the "background
area". The number of pixels in the area isM, —M, . Since

the size of a single pixel of the infrared detector is Ad , the

total background area is (m2 - ml)- Ad . The average gray
value of the background area is calculated as:

my—my
2. G
-1

m, —m,
where, Gj, 1=12,---,m, —myis the gray value of the

G, 6)

background area pixel.

In practical application, the target is far from the
infrared radiation system, and the atmosphere between the
target and the measurement system will affect the
measurement accuracy, which must be considered.

Assuming that the atmospheric transmittance is 7, and the

atmospheric path radiation brightness is (L), the
average gray value of the background area is defined as:

G, =1, Ky -®@(Tg)+ Ky, .o1>(L[S)+(§Xy @)

where, K)'('y is the response of the infrared detector pixel
to target radiation brightness that can be obtained by
blackbody calibration of area source [16], and © (TB ) is
the background radiation brightness.

According to Formula (7), the background radiation
brightness is calculated as:
Gb - K>,(’y .(D(Lts)_ny

14
7, ny

O(Ty)= (8)

Assuming that the ideal imaging size of the target is

Al, according to the geometric optical object image
relationship, Formula (9) is obtained:

7\=N2-A=(Lj A ©

L, - f

where, N is the magnification of the measuring system,

N:ﬁ, according to i+i=l, so N :L,
L, f L-f

L,and L, are the object distance and the image distance,
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respectively, and A[ is the projected area of the target on

the image plane of the infrared detector, which can be
obtained from the size and attitude of the target.

The total gray level of all pixels in the area Al is

my
GA1=ZGJ. . The total gray value of background
j=1

radiation is expressed as:

(BANA)

+ K>’<,y '(D(Lts)+ny)

G, =

(10)

The total gray value of target radiation is expressed:

NZ.
G = '%A )
(2, K}y - @(T)+ K} - @(L,) + K, - @° + G5 |

(11)

According to Formula (11), the gray value of target
radiation is related to the focal length, the transmittance
and the aperture of the optical system, the area of a single
pixel in the infrared detector, the size and attitude of the
space target, the atmospheric transmittance, the response
coefficient of the infrared detector, and the distance
between the target and the detection system.

Since the total gray level is equal in area Al
Gy =G, +G,,, then:
m

2.6

m-A -N*-A)
A

N N;A 2Ky -0 (T,) + KL, (L) + G, |

[, Kl - @ (T,) + Ky, - (L) + G, |

(12)

Therefore, the target radiation brightness is defined as:

o " ~
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() 7, Ky -N?-A /A (13)
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3.2. Modeling of detection capability of an infrared
radiation system

For reliable detection of the system, the optical system
used by the actual infrared radiation system in the
detection process of space targets is not an ideal optical
system, that is, the target imaging is not an ideal geometric
point, but a diffused image spot. Therefore, the
two-dimensional Gaussian point spread function is used to
approximate the description. The amplitude response of
any position on the image plane of the infrared detector is
expressed as:

F(X,Y)=2—lzexp{—(X XYY _Y‘)z}(l4)

2
o 20

where, (X;,Y;)is the position coordinate of the image

plane of the infrared detector, and o is the standard
deviation, which is related to the focal length of the optical
lens and the working band of the infrared detector. The
dispersion phenomenon of target imaging points is
expressed by the dispersion coefficient.
2

M= atz / O\ (15)
where, o, is the root mean square (RMS) value of the
angle between the target diameter and the detection
surface of the infrared detector, and o, is the RMS value

of the angle between the diffuse spot of the actual imaging
point of the target and the measurement system [17-18].
Both RMS values are expressed as:

6
2\/§ R T k=1

where R is the detection distance and o, (k =1,2,---,6)

is the RMS value of dispersion caused by the infrared
detector and atmosphere. According to Formula (15), the
dispersion coefficient decreases with the increase in the
detection distance, which is proportional to the projected
area of the target. Therefore, the influence of the variation
of the dispersion coefficient should be considered while
studying the detection distance model of the infrared
system to the target.

When the infrared radiation received by the infrared
radiation system can just meet the threshold
signal-to-noise ratio (SNR) of the system, the distance is
called the detection distance of the system [19-20]. The
radiation received by the target pixel consists of target
radiation, background radiation and path radiation. The
radiation received by the background pixel consists of
background radiation and path radiation. The radiation
received by the background pixel is affected by the
atmospheric environment and background radiation
characteristics [21]. Its model expression is:

R = % Arlrzd)(TB)+% Aro(L) @)
where, Ao is the entrance pupil area of the optical system,
and A, =nd*/4.
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The radiation power received by the target pixel is
expressed as:
A

P2 o

Y Apr,®(T)+— An®(L,) @7

According to the difference of radiation power
between the target and the background pixels, the
irradiance difference of the system pupil can be calculated

Ap==h (10 (T)-2(Te)|-Ar,
ATy R®

The equivalent noise amplitude of the system is

expressed as:
4/ | Af
NEFD = L* (19)
AT,

(18)

where, A\ is the effective area of the infrared detector,

Af is the equivalent noise bandwidth, and D" is the

detection.

According to the definition of the SNR of the infrared
system, the SNR is determined by the ratio of the
irradiance difference at the pupil of the optical system to
the equivalent amplitude of the system noise, which is
defined as:

SNR=—22__V. (20)
NEFD V,

where, Vt is the voltage value of the target signal detected

by the system, and Vn is the RMS value of the infrared

detector noise.
Substitute Formulas (17) - (19) into Formula (20), the
detection distance of the system is derived as follows:

R= [,ud)(Tt)—@(TB ):I'AAoTlD*
JAAT (Vo V)

It can be seen that the detection capability of the
infrared radiation system is not only related to the SNR of
the system but also affected by other factors including the
diffusion coefficient of the target imaging points, the
effective area of the infrared detector, the entrance pupil
area of the optical system, and the equivalent noise
bandwidth. The equivalent noise bandwidth is related to
the residence time of the infrared detector. The dispersion
phenomenon of the target imaging points is affected by the
atmospheric environment, which is directly expressed as
the dispersion coefficient of the target imaging in the
infrared detector. Therefore, considering the complex and
changeable external atmospheric environment, this paper
establishes a detection distance calculation model based on
the dispersion coefficient. The proposed model provides a
certain reference for the infrared system to detect the
remote space target.

(21)

4. Calculation and analysis

A test platform was used to analyze and verify the
rationality and validity of the small target radiation
characteristics and detection distance calculation model.
The parameters of the infrared camera were as follows.
The working band was 3.7 um ~4.8 um, the number of

detector pixels was 640 x 512 pixels, the pixel size was 15
pm x 15 um, the output bits were 14, and the focal

length was 500 mm. Combined with reference [20, 22], the
selected simulation parameters are shown in Table 1.

Table 1. Simulation parameters

Parameter Value
Temperature/K 298
)7 3
Af Hz 100
D /(Hz¥*-W™) 3x10°
D (Ty ) iW-m?-sr) 1.45x10°

7, 0.7319
0.00785

According to Formula (11), the target gray
distributions under different target diameters and detection
distances are calculated, as shown in Figs. 3-5.
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Fig. 3. The gray distribution of the target with a diameter of
100 mm when the detection distance is 800 m (color online)
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Fig. 4. The gray distribution of the target with a diameter of
200 mm when the detection distance is 800 m (color online)
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Fig. 5. The gray distribution of the target with a diameter of
200 mm when the detection distance is 1500 m (color online)

Figs. 3 and 4 show the gray distributions of the target
with a diameter of 100 mm and 200 mm when the
detection distance is 800 m, respectively. When the
detection distance is increased to 1500 m, Fig. 5 shows the
gray distribution of the target with a diameter of 200 mm.
It can be seen that the shapes and gray value distributions
of Figs. 3 to 5 are similar. The difference is that even if the
detection distance is the same, the location of the target on
the imaging surface of the infrared detector changes,
because the intersection state of the target and the imaging
surface of the system is not completely the same. When
the detection distance is the same, the number of pixels
occupied by the target imaging increases by four times as
the target diameter increases from 100 mm to 200 mm,
that is, the target projection area increases by four times.
Comparing Figs. 4 and 5, as the detection distance
increases from 800 m to 1500 m, not only the target
projection area becomes smaller, but also the gray value of
the target imaging center becomes smaller.

The gray value of the target imaging and the target
projection area affect the target radiation brightness, and
the target radiation brightness is also related to the target
diameter and the detection distance of the system.
According to Formula (13), the relationship between the
target radiation brightness and the target diameter under
different detection distance conditions is calculated, as
shown in Fig. 6.
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Fig. 6. The relationship between target radiation brightness
and target diameter under different detection distances
(color online)

It can be seen from Fig. 6 that as the target diameter
increases, the number of pixels occupied by the target
imaging increases, the target projection area becomes
larger, and the target radiation brightness also increases. At
the same time, the larger the detection distance of the
system is, the slower the increasing trend of the target
radiation brightness with the increase of the target
diameter is which reflects the nonlinear relationship
between the target radiation brightness and the target
diameter and detection distance.
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Fig. 7 shows the image plane energy distribution of
the target under different standard deviation conditions
obtained using Formula (14). It can be seen from Fig. 7
that with the increase of the standard deviation value, the
image plane energy fluctuation of the target becomes
larger, and the energy proportion of the target imaging
pixel becomes smaller. At this time, the dispersion of the
target imaging is further enhanced.

Energy distribution of target image plane

Simulation time/s

Fig. 7. Image plane energy distribution of target under
different standard deviation conditions (color online)

According to Formulas (20) and (21), the traditional
Hudson detection distance model [23] and the detection
distance model proposed in this paper based on the
dispersion coefficient are compared. Fig. 8 shows the
relationship between the detection distance of the infrared
system varying with the SNR and the target velocity under
different models.

It can be seen from Fig. 8 (a) that the changing trend
of the detection distance obtained under different models
with the SNR is the same, that is, the greater the SNR, the
greater the detection distance. When the SNR is less than 8,
the detection distances of the two models are similar.
When the SNR is greater than 8, the detection distance of
the model established in this paper has an obvious trend
with the increase in the SNR. It can be seen from Fig. 8 (b)
that the trends of the change curves of the detection
distance obtained under different models with the target
velocity are the same, that is, the faster the flight velocity
of the target is, the farther the detection distance is. Since
the friction between the airflow and the target surface
becomes severe with the increase of the target's flight
velocity, this phenomenon increases the heat flow density
at the stagnation point of the infrared detector, leading to
the enhancement of the target infrared radiation brightness,
and improving the detection distance of the system.
Furthermore, it can also be seen that the detection distance
of the model established by introducing the dispersion
coefficient is greater than that of the traditional Hudson
method.
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Fig. 8. Detection distance variation curves under different
models (color online)

Since the dispersion degree of target imaging affects
the detection distance of the system, Fig. 9 shows the
change curves of detection distance in different dispersion
degrees. The three curves in Fig. 9 are the change curve of
detection distance established by ignoring the dispersion
phenomenon in [24], the fixed dispersion coefficient
proposed in [25], and the introduction of the dispersion
coefficient in this paper.
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Fig. 9. Detection distance variation curves under
different dispersion coefficients (color online)

It can be seen from Fig. 9 that the change curves of
the detection distance of the infrared system are not
completely the same under different dispersion
coefficients. The dispersion phenomenon is not considered
in [24], so the dispersion coefficient is 1. In [25], the
influence of the dispersion coefficient on the detection
distance is considered but with a fixed value of 0.3518. In
this paper, the dispersion coefficient is introduced to
establish the calculation model of the detection distance,
and the detection distance increases with the increase in
the dispersion coefficient. The imaging of the target in the
infrared detector is affected by the environment. Therefore,
it is necessary to consider the dispersion phenomenon.
Moreover, the variability of the environment and climate
makes the dispersion degree of the target imaging different.
Thus, it is more reasonable to determine the dispersion
coefficient according to the state of the target and the
actual imaging point's dispersion spot.

5. Conclusion

According to the principle that the energy of space
targets diffuses into multiple pixels and the total energy
entering the infrared detector panel remains unchanged,
this paper proposes a calculation method for the small
target radiation characteristics and detection capability of
the infrared radiation system. A test platform with known
parameters is utilized to quantitatively analyze the
relationship between the target radiation brightness and the
target diameter under different detection distance
conditions, and the change rule of the detection distance
calculation model is established by introducing the
dispersion coefficient. The proposed model is compared
with the detection distance model based on the traditional
Hudson method and the detection distance model with a
fixed dispersion coefficient. The comparative results
demonstrate that the detection distance model established
in this paper changes more slowly with the signal-to-noise
ratio and the target velocity, mainly considering the
influence of uncertain dispersion phenomenon in the
actual test environment, which is more reasonable. The
research results in this paper provide a reference for
effectively improving the detection performance of the
infrared radiation systems for detecting space targets in the
complex environment with long range.
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