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Abstract: We conducted research into the visible light detection of conical space targets and proposed
a method to determine the caliber of a space-based detection system. We constructed a three-
dimensional conical space target radiation transfer model and analyzed the effect of the phase
angle between the solar incident direction, the detector’s bore sight direction, and the conical target
inclination on the radiation intensity of the space target received by the detector. Finally, we obtained
the threshold caliber which can meet the detection requirements of the system with the system
signal-to-noise ratio as the evaluation standard, and we took the SBV sensor as an example to verify
that the caliber determination method in this paper is effective.

Keywords: space-based visible detection; conical space target; solar radiation; threshold caliber

1. Introduction

With the acceleration of human space exploration, the number of spacecraft in orbit,
mainly represented by artificial satellites, has increased rapidly. Because spacecraft recovery
technology is expensive and difficult to deploy, when an on-orbit spacecraft fails and is
scrapped, it will rarely be recovered, and will instead be left to drift around in orbit. Colli-
sion with these failed spacecraft will cause the running spacecraft to malfunction or even
disintegrate, posing a serious threat to the safe operation of orbiting spacecraft [1,2]. The
first satellite collision event in human history occurred over Siberia on 11 February 2009,
when an Iridium satellite launched by the United States in 1997 collided with a Cosmos2251
satellite launched by Russia in 1993, highlighting the importance of deploying space target
monitoring systems [3,4]. As the space environment grows increasingly complicated, coun-
tries represented by the United States are putting in place a strategic layout of space-based
space target surveillance systems to improve their ability to govern space resources [5].

The Midcourse Space Experiment (MSX) satellite was launched by the United States
in 1996. The MSX satellite is equipped with a 150 mm caliber space-based visible (SBV)
sensor, which is used to follow communication satellites in geostationary orbit as well as
certain other high-orbit spacecraft [6]. The Block 10 Pathfinder satellite, the first satellite of
the space-based space surveillance (SBSS) system, was successfully launched and operated
by the United States in 2010, marking the official entry of space target surveillance into
the space-based era [7]. The SBSS system is expected to boost U.S. space target monitoring
capabilities by 50%, covering a wide range of orbital and ballistic targets in medium, high,
and low orbits, and detecting target characteristics. In addition, in 2014, the U.S. and Canada
jointly launched the “Sapphire” satellite, which has a photoelectric sensor for tracking
and monitoring high-orbit space targets, as well as providing space situational awareness
capabilities [8,9]. The monitoring of space-based space targets will become common in the
future, thanks to the faster deployment of the high-throughput big satellite constellation.
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The high-speed interconnected satellite constellations may perform regionally coordinated
observations as well as worldwide ubiquitous perception, constituting a “skynet” for future
space target surveillance.

The system caliber is one of the most critical elements that influences the resolution
of a space target monitoring system and, therefore, indirectly determines target detection
accuracy. Visible detection is a popular method of space detection because of its high
detection accuracy, intuitive nature, and low elevation angles that are less impacted by
ground clutter [10,11]. Visible detection provides distinct benefits for space objects that do
not create heat on their own. As a result, the caliber determination technique of the space-
based visible space target detection system is investigated in this study [12-14]. Because
the space-based visible space target detection system detects the target by receiving the
radiation energy reflected by the space target, the reflected radiation models established by
space targets of various shapes differ, in other words, the shape of the target will affect the
reflected radiation energy and, in turn, the radiation intensity received by the detector.

Because satellites are the most observable space targets, this article focuses on satellites
as the detection object. The satellite’s main body has a variety of forms, such as spherical,
conical, cylindrical, polyhedron-based, prism-like, and dumbbell-like shapes [15-17]. The
most popular artificial satellites are spheres and cones, and the spherical target’s reflected
radiation model is a subset of the conical target model [13]. Therefore, this paper studied
the space-based visible light detection of conical space targets, and presented a method
for determining the caliber of the space-based visible light detection system. Firstly, we
established a three-dimensional conical space target radiation transfer model. Secondly,
the effects of the phase angle between the solar incident direction, the bore sight direction
of the detector, and the conical target inclination on the radiation intensity of the space
target received by the detector were analyzed. Finally, we used the system signal-to-noise
ratio as the evaluation standard to obtain a threshold caliber that can meet the system
detection requirements, and took the SBV sensor as an example to verify that the caliber
determination method in this paper is effective. Therefore, the research in this paper
has a certain generalization effect and can be applied to the conventional visible light
detection system.

2. Radiation Sources of Space Target

Solar radiation, Earth radiation, background star radiation, and the target’s own
radiation are the principal sources of radiation reflected by space targets. The sun, the Earth,
and the background stars, for example, can be considered black bodies with temperatures
of 5900 K, 300 K, and 3.5 K, respectively. The satellites in sun-synchronous orbit have an
average temperature of 314 K in the sunlight zone and 198 K in the shadow zone [18].
Simulations may be used to obtain the radiation output of the sun, Earth, background stars,
and satellites at various wavelengths, according to Planck’s law (see Figure 1).

Figure 1 shows that the radiation source reflected by the space target in the visible
light wave band from 0.3 microns to 0.9 microns is mostly solar radiation. According
to Lambert’s law, the sun is equal to a blackbody with temperatures of 5900 K, and the
irradiance on the space target from the sun is estimated using Planck’s law and expressed
as E;.

A 2
g ‘1 A 1)

Es = ,
° M R%SDASexp(cz/ATS)—l

where the visible working wavelength range is from A1 to Ay, c; and ¢, are both simplified
constant values, T is the solar temperature with value of 5900 K, R; is the solar radius, and
Rgsp is the Earth-Sun Distance. The intensity of the solar radiation reflected by the space
target can be expressed as follows:

I = / % cos @, cos @d A, )
o
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where p is the space target surface reflectivity which can usually be set to 0.2, A is the
effective incident cross-sectional area of the space target, @ is the angle between the
incident direction of the solar radiation flux and the normal vector of the space target
surface element, and @), is the angle between the normal vector of the space target surface
element and the direction of the radiation flux reflected by the space target received by
the detector. Obviously, @;,@Zi, and A directly determine the radiation intensity of the
space target received by the detector. The radiation intensity model analysis for space
targets generally adopts a two-dimensional model [14,19]. In the visible light band, the
three-dimensional radiation transfer model of conical space targets is rarely studied [17].
Next, the analysis will be done for the radiative transfer model of the conical space target.
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Figure 1. Radiation emission of various radiation sources of space targets.

3. Radiation Model of Conical Space Target

As shown in Figure 2, the radiative transfer model of the conical space target is
established. The Z-axis is the direction of the cone axis pointing to the vertex, the projection
of the reflected radiation vector on the coordinate plane is the X-axis, and the Y-axis forms
the right-hand rule with the X-axis and the Z-axis [17]. r is the radius of the bottom of the

—
cone, o is the conical target inclination which ranges from 0 to 7t/2, R; is the solar incident
—

radiation vector received by the space target, R; is the radiation vector reflected by the
space target received by the detector, 71 is the normal vector of the space target surface bin,
dA is the effective incident cross-sectional area of the space target, ©; is the incident angle
between I?s and Z-axis, and its value range is (0, 71/2 + o), ®, is the observation angle
between I?d and Z-axis, and its value range is (0, 71/2 + o), @/ is the angle between I?s and

n, @) is the angle between Ig; and 7, ¢ is the phase angle between the incident direction
of sunlight and the direction of the optical axis of the detector, hereinafter referred to as the
phase angle, while « is the spatial azimuth of conical target surfel ranging from &, to ay,
hereinafter referred to as spatial azimuth.
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Figure 2. Radiative transfer model of conical space target.

According to trigonometric functions and geometric relations, we are able to obtain
the specific representations of the angle between the incident direction of the solar radiation
flux and the normal vector of the space target surface element. The angle between the
normal vector of the space target surface element and the direction of the radiation flux,
reflected by the space target received by the detector, and the unit effective incidence cross
section of the conical space target can be seen in Figure 2.

cos @] = cos O cos o + sin O sin o cos(¢ — &),

cos @; = cos @, cos o + sin®; sin o cos «, 3)
2
r
dA = du,
2coso

when both @ and @/, are less than 77/2, the solar radiation energy reflected by the conical
space target can be received by the detector [19]. At this time, the following relation
is established:

cos @ € (0,1) Acos®, € (0,1), 4)

We are able to obtain the value range of the spatial azimuth by the following substitu-

P _ _c0sOs | coso _ _cos®y cosc
tion: M = arccos( SO, " sin U),N = arccos( SnO, " sinc )

[a1,a2] = [¢ — M, ¢+ M] N [—N, NJ, 5)

According to the trigonometric function, if ®, and @/ are guaranteed to be less than
7t/2,and M and N are guaranteed to exist at the same time, then the value range of O;
and O, is (5§ — 0, %), and the value interval of M and N is (5, 7). The value range of «
has four cases. Next, we analyze the critical conditions of each case, and derive the value
interval of @ and ©, by calculating the value interval of M and N in each case.

1. Casel: 9 — M < —N < N < ¢ + M The critical condition for case 1is ¢ — M = —N,
which is discussed in the following two situations: if N = %, then M = § + ¢; if
M = 7, then N = 7 — ¢. Therefore, in order to satisfy the condition of ¢ — M < —N,
the value interval of Nis (%, 3% — £), and the value interval of Mis (3F + £, 7). At
the same time, the value interval of M and N also satisfies the subsequent condition
of N< ¢+ M.

2. Case2: ¢ — M < —N < ¢+ M < N The discussion of the critical condition of
@ — M = —N in Case 2 is consistent with that of Case 1, but the obtained value
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interval of M and N cannot make the subsequent condition of ¢ + M < N hold.
Therefore, Case 2 does not exist.

3. Case3: —N < ¢ — M < ¢ +M < N The critical condition for Case 3is ¢ + M = N,
which is discussed in the following two situations: if M = 7, then N = 7 + ¢; if
N = 7, then M = 7m — ¢. Therefore, in order to satisfy the condition of ¢ + M < N,

the value interval of N is (%” + %, 7), and the value interval of M is (%, %ﬂ -9).
At the same time, the value interval of M and N also satisfies the precondition of

—-N<¢—-M

4. Case4: —N < ¢ — M < N < ¢ + M One critical condition for Case 4is N = ¢ + M, as
follows: if N = 7, then M = 71 — ¢, and the other critical conditionis —N = ¢ — M: if
M = 7, then N = 7m — ¢. Therefore, in order to satisfy the condition of —N < ¢ — M
< N < ¢ + M, the value intervals of M and N are both (7 — ¢, 7).

The value range of the phase angle is defined as [0, 7r]. According to the literature
research, when the phase angle is about 70° ~ 90°, the detector has the best observation
conditions for space targets [20]. Therefore, we set the phase angle as 75°, 80°, and 85°,
respectively, to explore the effect of the phase angle on the radiation intensity of the space
target received by the detector. The inclination of the conical target also has a certain
influence on the incident angle of sunlight. Considering the actual processing situation, the
conical target inclination is generally set to 60° or 72°. When the conical target inclination
and the phase angle are determined, the value of M is determined only by ®;, and the
value of N is determined only by ©,. The extreme value of the solar radiation intensity
reflected by the space target is related to the range of spatial azimuth. The value interval of
the spatial azimuth obtained in each case is different, so the extreme value of the radiation
intensity, reflected by the space target received by the detector, also changes in different
cases. Taking the phase angle value of 80° and the conical target inclination value of 60° as
an example, we simulated a three-dimensional plot of the radiation intensity as a function
of O, and Oy for each case under this example condition (see Figure 3). We then simulated
the extreme values of radiation intensity of the space target received by the detector under
different conical target inclinations, phase angles, and cases, and the simulation results
were shown in Table 1.
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Figure 3. Under the condition that the value of the phase angle is 80° and the value of the conical
target inclination is 60°, this three-dimensional map shows the radiation intensity in each case. (from
left to right: Case 1, Case 3, Case 4).

Cases 1 and 3 have extremely small incident angles or observation angles, which will
make it difficult for the detector to capture the space target and aggravate the difficulty of
space detection by the detector. In Case 4, whether the observation angle or the incident
angle, the angular span is very large, which leaves sufficient time for the detector to
capture the space target, which facilitates the space detection of the detector. Therefore,
the following analysis will focus on Case 4. From Table 1, we can clearly see that the
increase of the conical target inclination will lead to the increase of the minimum value
of the radiation intensity. The increase of the phase angle will lead to a decrease in the
minimum value of the radiation intensity. We plot Figure 4 to visually represent this
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changing trend. According to the findings, the radiation intensity reflected by the conical
target has a minimum value of 266.6 W/sr when the conical target inclination is 60° and
the phase angle is 85°.

Table 1. The extreme values of radiation intensity of space targets received by detectors under
different conditions.

o 1] Case 05(°) 0,(°) Inin (W/sr) Imax(Wisr)

1 30.0000~30.2136  77.2608~90.0000 1016.3 2054.0
75° 3 77.2608~90.0000  30.0000~30.2136 805.1 1613.4
4 30.0000~65.8539  30.0000~65.8539 1035.3 3638.1
1 30.0000~30.0947  81.4156~90.0000 689.4 1393.7

60° 80° 3 81.4156~90.0000  30.0000~30.0947 554.6 1096.1
4 30.0000~73.2604  30.0000~73.2604 616.3 3440.7

1 30.0000~30.0236  85.6795~90.0000 350.3 704.4

85° 3 85.6795~90.0000  30.0000~30.0236 297.2 565.9
4 30.0000~81.4156  30.0000~81.4156 266.6 32459
1 18.0001~18.1452  68.1138~90.0000 1227.3 2354.2
75° 3 68.1138~90.0000  18.0001~18.1452 972.3 1849.9
4 18.0001~51.4605 18.0001~51.4605 1484.4 2708.0
1 18.0001~18.0643  74.9846~90.0000 831.9 1640.2
72° 80° 3 74.9846~90.0000  18.0001~18.0643 669.2 1290.4

4 18.0001~61.8784  18.0001~61.8784 1020 2561

1 18.0001~18.0160  82.3539~90.0000 422.5 843.6

85° 3 82.3539~90.0000  18.0001~18.0160 358.4 677.9
4 18.0001~74.9846  18.0001~74.9846 496.5 2416.0

1600 T T T T T T T T
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Figure 4. The minimum values of radiation intensity of space targets received by detectors under

Minimum radiation intensity (W/sr)
N
=

~
6]

different conditions.

4. Determination of Threshold Caliber with Signal-to-Noise Ratio as
Evaluation Criteria

The visible detection system’s signal-to-noise ratio (SNR) is a key image quality metric
that influences the system’s detection capacity. SNR will be affected by different detecting
calibers. As a result, it is critical to investigate the method for estimating the detecting
system’s caliber using the SNR as a reference index. Setting the radiation intensity received
by the detection system to I, the distance between the target and the detection system to L,
the entrance pupil caliber of the detection system to D, the system transmittance to 7, the
quantum efficiency of the image sensor to #, the pixel fill factor to ¢, the integration time to
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to, the center wavelength to A, and the number of pixels occupied by target imaging to 1,
the number of signal electrons generated by the system during the integration time t is
expressed as follows:
I nD*Ayetor

2 4h1c7n = ©)

Photon noise, dark current noise, readout noise, and deep space background noise are
all common causes of noise in the detecting system. The variance of the overall system
noise is equal to the sum of the variances of all noise contributions, since each noise is
independent of the others. The system’s SNR may be calculated using the following
definition of SNR:

Se

Se
VSe+De + R, + B,

where D, is the number of electrons of dark current noise, R, is the number of electrons of
readout noise, and B, is the number of electrons generated in the deep space background.
The sky is a smooth backdrop whose irradiance outside the Earth’s atmosphere is about
similar to a 23rd magnitude star, and most of the detection background of the space-based
surveillance system is a deep space background. As a result, the total number of electrons
produced in the deep space background may be calculated as follows:

_ Epl?
I
where Ep is the irradiance generated by the deep space background. When a visible

detection system detects a space target, in order to effectively eliminate the interference of
noise, it is usually required that the detection SNR is not less than the threshold SNR (SNR7T).

SNR > SNR7, )

The determination of SNRt will play an important role in the selection of the entrance
pupil caliber. Next, we will study the reasonable range of SNRt, based on the detection
capability of the system. For the pixel in the image sensor, depending on whether it is
imaging the target, there are two hypothetical situations, either that the pixel is not imaging
target, or that the pixel is the imaging target. We assume that the detector noise follows

SNR =

@)

B, Se, (8)

a Gaussian distribution with a variance of 02, while setting DNN to be the average gray

value of the pixel not imaging target and DN5+N = DNS + DNN to be the average gray
value of the pixel imaging target. Therefore, the detection probability and false alarm rate
of space targets can be expressed as the following formulas:

Py = |1 erf (PPN |,

_DNN
Pfa = % l:l — erf(DNf\”ﬁUl:N ):l,

where DNy, is expressed as the detection threshold, and erf(x) is expressed as the error
function. Similarly, according to the definition of SNR, we are able to obtain another
representation of SNR: SNR = DN®/0,,. By combining Formulas (10), the relationship
between the detection probability, the false alarm rate and SNR is expressed as follows:

SNR
\/E 7
We set the SNR to change from 1 to 10, and simulate the change of detection prob-

ability when the false alarm rate values are “10-2”,%10~*”,“10-¢”, “10~8” and “10-107,
respectively. The simulation result is shown in Figure 5.

(10)

erf 1 (1-2Pg) +erf 1 2P~ 1) = (11)
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Figure 5. The relationship between signal-to-noise ratio and detection probability and the false alarm rate.

The simulation findings reveal that increasing the SNR increases detection probability,
and the greater the false alarm rate, the higher the rate of SNR growth. As a result, if the
system’s detection probability is 97% and the false alarm rate is 0.01%, the system’s SNR
must be at least 5.6. The SNR7 is set to 5.6 to fulfill the criteria of the aforementioned
detection capability indicators. According to the Johnson criterion, the system can detect
the target when it is imaging 2 pixels on the sensor front; it can roughly classify the target
when imaging 3-5 pixels; it can identify the target when imaging 5-10 pixels; and it can
identify and confirm the target when the image is larger than 15 pixels. We assume that the
system can detect the target at the limit detection distance, and, thus, the number of pixels
that can roughly classify the target is set to four. Simultaneous Formulas (6)-(9) can deduce
the caliber expression form of the detection system:

2hen

2

7'(XSI7 toTo

L2

L2

2
SNR I I 2
><< T) x(+EB)>< 1+ [14+ (De+Re)| — , (12)

L? SNRT(é + EB)

We take the SBV sensor on the MSX satellite as an example for verification and analysis.
The MSX satellite has an orbital height of 908 km. If the SBV sensor wants to meet the
staring observation of the target on the geosynchronous orbit, the working distance of the
detection system needs to reach 35,000 km, which is the limit detection distance. The SBV
sensor’s parameters were detailed in Table 2.

Table 2. Values of parameters of the SBV sensor.

Parameters Value
Average wavelength () 632.8 nm
The average quantum efficiency (1) 60%
Pixel fill factor () 40%
System optical transmittance (7p) 70%
Minimum integration time (¢o) 100 ms
Number of electrons of dark current noise (D,) 18e~
Number of electrons of readout noise (R,) 6e~
Threshold SNR (SNRrt) 5.6
Limit detection distance (L) 35,000 km

Pixels imaged by target (1) 4
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We set the radiation intensity value of the space target that the detector can receive as
266.6 W /sr. We may obtain a threshold caliber value of 144.4 mm to fulfill the system detec-
tion criteria by plugging the precise values of each parameter into the Formula (12). The
actual caliber of the SBV sensor is 150 mm, which proves that the method for determining
the caliber of the detection system given in this paper is correct and has reference value.

5. Conclusions

In this paper, the visible light detection of conical space targets was studied, and
the method of determining the caliber of the detection system was given. The specific
research results are as follows: (1) Under the premise of visible light detection, a three-
dimensional conical space target radiation transfer model was constructed. (2) The effects
of the phase angle between the solar incident direction and the boresight direction of the
detector and the conical target inclination on the radiation intensity of the space target
received by the detector were analyzed. (3) Taking the system signal-to-noise ratio as the
evaluation standard, the threshold caliber that can meet the detection requirements of the
system was obtained, and the SBV sensor was taken as an example to prove that the caliber
determination method in this paper is effective. Therefore, through the research method
given in this paper, the threshold caliber of the system can be determined similarly in the
early stage demonstration of the space-based visible light detection system. On balance,
the research in this paper has a certain generalization effect and can be applied to the
conventional visible light detection system.
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