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ABSTRACT During hypersonic flight in the atmosphere, severe aerothermal effects occur on the optical
hood or observation window of an aircraft, keeping the optical window and surface flow field in a high-
temperature state, as well as causing a large amount of radiation and strong background noise. These
phenomena have serious effects on the observation capability of star sensors. An evaluation model of star
sensor observation capability under hypersonic aerothermal conditions was constructed in this study, using a
definition of the signal-to-noise ratio considering defocused intense radiation sources. Furthermore, a method
of calculating the observable limiting magnitude under aerothermal conditions is given. The model was used
in simulation tests involving different flight states and temperature conditions. The results showed that the
thermal radiation of the aircraft observation window has the greatest influence, which is more than two
orders higher than that of the outer flow near the window; when the window temperature was controlled
below 750 K, for a star sensor with an SNR threshold of 3, navigation stars with magnitudes brighter than
5 could be captured in the visible band of 0.35-0.7 pum, and the near-infrared band of 0.9-1.4 um was
unavailable.

INDEX TERMS Hypersonic aerothermal condition, star sensor, observation capability, evaluation, SNR,
limiting magnitude.

I. INTRODUCTION stars for navigation; this approach provides high-precision

Hypersonic vehicles, which are aircrafts with maximum
flight speed greater than Mach 5, are crucial for future strate-
gic stability with their superior maneuverability and pene-
tration ability [1]. Hypersonic flights are heavily dependent
on navigation and guidance information such as position,
velocity, and attitude [2]. In the context of high-intensity
navigation confrontation, hypersonic vehicles must have reli-
able autonomous navigation ability; that is, they must be
able to rely on their own equipment, obtain relevant infor-
mation independently, and catry out navigation tasks without
exchanging information with the outside world [3]. Astro-
nomical navigation technology can improve the reliability
of autonomous navigation for hypersonic vehicles by using
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orientation information, performs key course and attitude cor-
rections, and can effectively mitigate the error divergence of
inertial navigation systems. This technology has been widely
used in the fields of aeronautics and astronautics [4].

The foundations of astronomical navigation are the star
map capture and identification processes performed by star
sensors. Hypersonic flights cause aerodynamic effects in the
vicinity of the star sensor’s observation window, degrading
the star map and star identification performance [5], and
thus decreasing the feasibility of astronomical navigation.
Several previous studies have attempted to address the beam
correction problem. Chen et al. proposed a shock deflection
correction method based on an analytical solution to reduce
the beam deflection caused by the shock wave and mixed
layer on the surface of the observation window in hypersonic
flight [6]. Sudarshanam et al. presented a correction method
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based on optical phase conjugation [7], and Rennie et al.
developed a simple yet effective feedforward adaptive-optic
correction strategy for optical aberrations [8]. Guo and Luo
provided an adaptive-optic method of correcting aero-optical
wavefront distortions based on flow control [9]. However, all
of these methods are based on the same basic assumption that
the target signal is significantly stronger than the background
radiation, which is hard to obtain in hypersonic astronomical
observations.

Far-field radiation, such as atmospheric background radi-
ation, is treated as an important factor affecting star map
capture and identification. Multi-field-of-view technology,
short-wave infrared band sensors, and optimized star catalogs
have been used to improve navigation starlight capture under
far-field brightness [10], [11]. Ding et al. believed that the
image quality could be improved and the difficulty of wave-
front adaptive correction could be reduced by appropriately
extending the exposure time [12].

The background radiation near the optical aperture must be
considered in astronomical observations performed by hyper-
sonic vehicles. When the observation window is kept exposed
in a hypersonic flight environment, continuous hypersonic
aerodynamic heating leads to heat flux from the window
and flow field nearby, forming strong radiated background
noise on the star map [13]. As a result, the ability of the star
sensor to capture stars is reduced, and star point informa-
tion cannot be collected in the field of view of the sensor,
affecting the attitude accuracy [14]. According to Ni et al.,
this problem can be mitigated by a tightly coupled integrated
navigation approach [15]. Zhang et al proposed that the ther-
mal adaptability of photoelectric sensors could be improved
by optimizing their structural design [16]. Chen et al. [17]
and Zhao et al. [18] conducted prototype operation tests and
wind tunnel tests but did not sufficiently assess the steady
background radiation due to aerothermal conditions. It is
necessary to evaluate the observation capability of star sen-
sors under intense radiation near the optical aperture; this
could provide quantitative guidance for improving the exter-
nal environment of the observation window and optimizing
sensor performance.

In this paper, a framework for evaluating the observation
ability of a star sensor under hypersonic aerodynamic heating
conditions is proposed in Section II, which also includes
a definition of the signal-to-noise ratio (SNR) considering
defocused intense radiation sources. Imaging models of far-
and near-field radiation sources are analyzed in Section III.
A calculation model for the limiting magnitude of stars that
surpass the required SNR threshold without saturation is
described in Section IV. Section V provides the relationship
between the limiting magnitude of observable stars and the
window temperature, based on simulation tests and analyses
using different flight states and temperatures.

Il. MODELING APPROACH

Navigation stars were treated as uniform point light sources
at a distance of infinity. Therefore, the star sensor can capture
and analyze the navigation star without noting the detection
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distance, morphology structure, or radiation distribution of
the star itself [19]. The observation capability of a star sensor
is different from the number of detected stars, which depends
on the field of view, altitude, and galactic latitude. The obser-
vation capability evaluation of star sensors under hypersonic
aerothermal conditions focuses on the comparison of star
signals and radiated noise from the far and near fields, as well
as the influence of these conditions on star map acquisition
and recognition. Imaging saturation was investigated, that
is, whether the self-radiation of the high-temperature opti-
cal window and flow field can cause overexposure of the
star map. Image deterioration was also considered, that is,
whether the SNR of the star point can be controlled within
the discernible range after hypersonic aerothermal heating.

A. FRAMEWORK OF EVALUATION

The continuous convective heating of hypersonic incoming
flow causes a local hyperthermal environment around the
observation window. If the signal received by the star sensor
causes pixel well saturation, the star map will be overexposed
and the star point information will be lost. If the SNR is too
low, the information of the navigation star will be drowned
out by the noise, and making star identification difficult.
If the limiting magnitude of stars is too bright, the number of
observable stars will be reduced and the reliability of attitude
determination during the flight will be compromised. There-
fore, the standard for evaluating the observation capability
of a hypersonic star sensor can be expressed by the limiting
magnitude of stars that surpass the required SNR threshold
without saturation.

The evaluation framework of hypersonic astronomical
observation capability is shown in Fig. 1. The input of the
framework includes four kinds of parameters: environmen-
tal, hypersonic operation, telescope, and star sensor param-
eters. Environmental and hypersonic operations parameters
directly influence aerothermal effects, as well as the flux from
different radiation sources. Telescope structure parameters
determine the imaging performance of the radiation source.
Finally, the sensor parameters restrict the bottom noise and
the final imaging results. For radiation sources far from the
optical aperture, such as navigation stars and atmospheric
radiation, an imaging model of far-field radiation sources, as
described in Section III.A, can be used. For the thermal radia-
tion of the optical window and the nearby flow, it is necessary
to use the imaging model of defocused radiation sources as
described in Section I11.B, for radiation calculation.

B. DEFINITION OF SNR CONSIDERING DEFOCUSED
RADIATION SOURCE

SNR is one of the most important indicators for sensors.
An observation system can effectively detect the target only
when it reaches a certain SNR [20]. The common method
of calculating SNR is the accurate and convenient electronic
number method, which converts the target and noise signals
into electrons through quantum efficiency (QE) [21]. The
common definition of SNR refers to the ratio of the target
signal to the noise generated by the focal plane due to the
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FIGURE 1. Evaluation framework of observation capability under hypersonic thermal conditions.

reception of photons. The formula for SNR can be given as
follows [22]:

SNR, = X7

s

Mom

\/Hm + Watmos + Mflow + Kwindow + Mdark + a;‘zead
(H

In (1), i, represents the number of electrons generated by
the navigation stars of magnitude m, ny, is the total number of
electrons induced by the shot noise and readout noise, (amos
is the number of electrons generated by the atmospheric
background, and pif,, is the number of electrons generated
by the thermal flow near the observation window. [yindow
is the number of electrons generated by observation window
radiation, pgq is the number of electrons generated by the
dark current, and o;,,44 is the standard deviation of the number
of electrons generated by readout noise [23]. It is generally
believed that the noise generated by the sensor itself is evenly
distributed across all pixels of the entire photosensitive com-
ponent.

The intense aerothermal effect caused by hypersonic flight
makes the radiation noise near the optical aperture non-
negligible. This radiation noise is located in the defocus-
ing range, which also makes the method of evaluating the
observation capability of star sensors on hypersonic vehicles
different from that for sensors on conventional spacecraft.
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Under the condition of hypersonic aerodynamic heating,
the noise caused by the navigation star signal, focal plane
being irradiated, and noise effects of defocused and far-field
radiation sources should be taken into account. The definition
of SNR considering the noise of defocused radiation sources
can be written as follows:

Mm
Hatmos + Kflow + Hwindow + 1fp

SNR =

2
ny, has the same expression as in (1).

C. FULL-WELL INSPECTION

For observation systems based on the photoelectric effect,
if the number of electrons on the pixel exceeds a certain
number, the pixel potential well will appear as a “full well,”
resulting in overexposure of the image. It will then be impos-
sible to extract comparative information at the pixel level.
Therefore, the “full well” at the pixels of the focal plane
should be used as an important index to evaluate astronomi-
cal observation performance. The calculation index f(m) for
judging whether a star of magnitude m causes a pixel “full-
well” is given as follows:

3)

In (3), Npixer represents the number of “full-well” elec-
trons at a pixel. f(m) > 0 means that the signal and noise
at the pixel have been saturated. The amount of information

fm) = wm + tatmos + Wflow + Mwindow + p — Npixel

VOLUME 11, 2023



B. Chen et al.: Evaluation Model of Star Sensor Observation Capability

IEEE Access

captured in the star map will decrease significantly if a large
range of continuous pixels on the focal plane is full-well.

The full-well capacity of photosensitive components used
in imaging chips has been increasing in recent years. The
common full-well capacity of a complementary metal-oxide-
semiconductor (CMOS) sensor in the visible band can reach
to 10°¢~. Some shortwave infrared imaging chips have a
single pixel full-well capacity of 8 x 10%¢~ [24].

lIl. IMAGING MODELS OF RADIATION SOURCES
A. IMAGING MODEL OF FAR-FIELD RADIATION SOURCES
Magnitude is used to describe the ability of objects to emit
light in astronomical observations. The results observed on
Earth are expressed as apparent magnitudes. If m; and m, are
used to represent the apparent magnitudes of two stars, then
the irradiance of those two stars Eq and E, satisfies (4):
£ =2.512Mm™m 4
E;
The sun can be regarded as a radiation black body with a
temperature of 5900 K. By Planck’s law, the sun’s exitance in
the band 0.45-0.9 um can be obtained as follows:

0.9 c1A"S
Molar = da
ol ./0.45 exp[ea/(AT)] — 1

In (5), ciand ¢, are the first and second radiation constant
in Planck’s law, respectively. The irradiance Ej,j, of the sun
in this band at the outer surface of Earth’s atmosphere satisfies

(6).

&)

Ssolar
4 (rse)z

In (6), Sso1ar 1s the surface area of the solar photosphere
and ry, is the average distance between the sun and Earth.

The apparent magnitude of the sun is known as -26.74.
Based on the sun-to-Earth irradiance Esgj,, Ep, the irradi-
ance of the navigation star of magnitude m to Earth can be
given as (7), with the calculated irradiance of the sun to Earth

by (6).

= Myolar (6)

Esolar

En = Egolar x 2.51272074=m @)

In (7), it was assumed, for simplicity, that the stars have
the same spectral distribution as the sun. Within the exposure
timet, the number of electrons produced by the projection of
starlight radiation onto the photosensitive component can be
marked as (,,, which can be written as follows:

A2
Mm = / En(, T) - Tamos(H, 0, 1) - Tﬂow()\)
A

“Tindow (L) - topt()\) 1 Sopt : QE()\)/thd)\ (8)

In (8), E,(A, T) represents the irradiance of a star of
magnitude m and temperature T to the Earth in the A band,
in W-m™2 units. Tamos(H , 6, A) is the atmospheric transmit-
tance at observation height H and zenith angle6. 7,indo(A)
and T,,,(A) represent the spectral transmittance of the obser-
vation window and optics at wavelength A, respectively. S,

VOLUME 11, 2023

is the area of the aperture of the optical system; A1, Ay rep-
resent the operating band of the detector, Wy, = hc / A is the
energy carried by a single photon, and QE(}) is the quantum
efficiency of the photosensitive component, / is the Planck’s
constant and c is the speed of light in vacuum.

Similarly, atmospheric background radiation can be treated
as far-field radiation. During the exposure time?, the number
of electrons [t4umos produced by the atmospheric background
radiation projected onto the sensor can be given as follows:

A2
MHatmos = / L)L,atmos * Tatmos(A) + ?ﬂow(k)'twindow()\)
A

1

“Topt(A) - 1+ Sopr - QE(R) - 2/ WppdA ©))

In (9), Ly amos 1s the atmospheric background radiation
intensity under a given observation condition, in units of
W -m=2 . um 'sr~!, and Q represents solid angle corre-
sponding to the photosensitive component, in units of sr.

B. IMAGING MODEL OF DEFOCUSED RADIATION
SOURCES

The observation window and the flow nearby are kept in a
high-temperature state during hypersonic flight, which forms
defocused radiation sources that affect the star sensor. This
phenomenon will be discussed for a case in which the focal
length is less than the object distance of the telescope system
(f < ). The radiation micro-facet located at the defocus
argument should be imaged at the theoretical image point
(TTP), but owing to the occlusion of the focal plane, the energy
is distributed within the circular area on the focal plane,
as shown in Fig. 2. This circle can be called the “‘illuminated
circle,” with diameter denoted as R.

Radiation Micro-facet S(x, y,z)

yave

ZUA

o0
Optical Aperture ®

o

\ &%

D/2

/_ 5|0
N 77 | Mumingted
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|
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Thcorcncalu Sy 2

Image

FIGURE 2. Diagram of focal plane illuminated in f < /.
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According to the similarity of the geometric relations
between the illuminated circle and the diameter of the optical
aperture D, we obtain:

D ! (10)
R I'—f
Combined with the conditions I’ = fI/(I — f), we obtain:
R= J; (11)

When the optical system focal length is greater than the
object distance (/I < f), the radiation micro-facet cannot
be imaged on the other side of the optical aperture, but
the energy is equivalent to the effect of radiation from the
virtual image point through the optical aperture. The irradi-
ated area is often much larger than the focal plane, which
makes the energy highly dispersed. With geometric relations,
the diameter of the illuminated circle R can be written as
follows:
!
[l D= J:D (12)
U l

In summary, a part of the energy from the radiation micro-
facet can illuminate the focus plane; this mainly depends
on the position of the radiation micro-facet, as well as the
parameters of the telescope system.

According to the reversible rule of optical paths, the TIP
dS’ formed by the radiation micro-facet through the optical
system can be marked as the new radiation source. The exi-
tance of TIPdS’ is denoted as M s/, which can be calculated
using the irradiance Eqg from the radiant flux¢ through the
optical aperture as follows:

R =

Mgs = Eqs = To—o;

ds
¢=/ f LdQds (13)

S 7(D/2)?

In (13), ¢ represents the radiation flux emitted by the radi-
ation micro-facetdS to the optical aperture of area 7 (D/2).
The transmittance of the optical system is marked as t,,.

The TIPdS’ is a micro-facet emitted in a specific direction
with uniform radiance L;s. The relationship between Lgg/
and Mg can be calculated as follows:

MdS/
Qic

Q. is the solid angle from TIPdSr' to the full illuminated
circle. The irradiated region on the focal plane is denoted as
Spixel» which can be obtained by using the relations shown in
Fig. 2. The solid angle from TIPdS’ to the irradiated region is

denoted as $2);xe;. The radiation flux ¢p;xe; on the area Spyes
from TIP can be written as follows:

¢pixel = /LdS’QpixeldS/ (15)
S/

Las = (14)

In (15), S’ represents the total area of theoretical imaging
of the entire radiation source. The product of radiation flux
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¢pixer and exposure time is the amount of radiation source
energy captured in the pixel.

IV. LIMITING MAGNITUDE CALCULATION WITH AN SNR
THRESHOLD
If the required SNR threshold of the star sensor is set as SNRy,
the following can be obtained from (2):
Mm
Katmos T Mflow + Rwindow + Ifp

Equation (16) can be transformed as follows:

(ttm — AC)? = C? iy + CHA + B) (17)

> SNRg (16)

In (4), the parameters A, B, and C can be expressed as
follows:

A = [ammos + Hflow + Mwindow
B = pdark + Urzead
C = SNRg

The one unknown p,, in the above equation can be solved
analytically as follows:

c? c2\*
umz(Ac+7)+ <AC+7> —C2(A?—A—-B)

(18)

By using (7), we obtain:
Mm =k x 2.512726.74=m Esolar (19)

In (19), k is the proportion of energy occupied by a single
pixel in the illuminated circle.

C2
k x 251272074 S Eotar > (AC + 7)

c2\?
+ (AC+7) — C2(A2—A-B) (20)

The limiting magnitude m can then be solved as follows:

c2\?

+ (AC+C2>] ! ! } 26.74 21
2 k Esolar '

V. SIMULATION AND ANALYSIS

A. SIMULATION CONDITION

The flight altitude was set as 20 km. The flight speed was
set as Mach 5, and the ambient temperature was 216.65 K.
Atmospheric transmittance Tos(A) was set as 0.99.

The diameter of the optical aperture D was set as 50 mm.
The distance from the inner surface of the observation win-
dow to the optical aperture, lyingow, Was set as 100 mm.
Research has shown that when the thickness of the obser-
vation window is about 15 mm, the intensity and detection
sensitivity of the window reach a relative equilibrium [25],
[26]. Thus, the distance from the equivalent blackbody facets
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FIGURE 3. Electronic numbers generated in the brightest and darkest
pixels by stars of magnitude 1-6.

of the outer flow to the optical aperture surface, lg,;q, was
set as 115 mm. The dark current of the sensor was set as
19000 e~ / s, while the read noise UrZead = 80e~. The star
sensor exposure time was 0.1 seconds. Finally, the full-well
capacity of a single pixel was set as 107¢™.

Parameters such as the quantum efficiency QE(1) and opti-
cal aperture transmittance t,,,(A) were simplified in the sim-
ulations, and their correlation to the spectral band is ignored.
Thus, these parameters were assumed to be constants. The
emissivity &yindow(A) and transmittance Tyindow(A) of the
hyperthermal window were set as 0.8 and 0.9 respectively.
For signals of 0.35-0.55 um and above 0.7 um, QE was set
as 0.1. For signals of 0.55-0.7 um, QE was set as 0.15. The
brightness value of the sky was set as 4 x 10°cd / m?. The
effect of the azimuth on atmospheric background radiation
and flux from interference targets was ignored in simulation
tests.

B. RESULTS OF THE SIMULATIONS
1) ELECTRONS PRODUCED BY NAVIGATION STARS OF
DIFFERENT MAGNITUDES
The energy from a navigation star is distributed over
3 x 3 pixels on the focal plane. One pixel with the highest
energy accounted for 22.3%, each of the four medium-energy
pixels accounted for 11.2%, and each of the last four pixels
had 5.67% of the total energy [27]. Thus, the electronic dis-
tribution generated by the star of magnitude m was obtained.
In the visible light band of 0.35-0.7 um and the near-
infrared light band of 0.9-1.4 um, the distribution of elec-
tronic numbers generated by stars of magnitude 1-6 is shown
in Fig.3. Only stars of magnitude 1 cause the brightest pixel
to be full-well.

2) ELECTRONS PRODUCED BY DEFOCUSED RADIATION
SOURCES

According to the calculation model of focal plane radiation by
defocused radiation elements given in Section II, the radiant
emittance of the observation window and outer flow at high
temperature can be determined. The irradiation of the defo-
cused radiation sources on the focal plane is obtained using
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TABLE 1. The average electronic numbers on pixels generated by
hyperthermal window and outer flow. (unit: e~).

Waveband  Temperature Average electron number

(um) &) Window Outer flow
1300 5.0225%10° 0.7416
900 2.9688%10% 3.7749%10°%
0.35-0.7
750 2.5319 1.1947x107
600 2.1x1073 4.8261x101!
1300 2.5014x108 9.3585x10°
900 4.8938x10° 5.5793x10%
0.9-1.4
750 4.0488%10° 28.9092
600 1.0244 x10* 0.5288

the equivalent blackbody facets calculation method [28], then
finally converted into the number of electrons on each pixel.

The average electronic numbers for pixels generated by
the hyperthermal window and outer flow in the visible and
near-infrared bands are presented in Table 1.

It is obvious that the electronic numbers from the hyper-
thermal window are much greater than those from the outer
flow. In the visible band, the number of electrons generated
by hyperthermal window is nearly six orders of magnitudes
higher, while the gap drops to three orders of magnitudes in
the near-infrared band.

In the bands of 0.35-0.7 um and 0.9-1.4 pum, under dif-
ferent temperature conditions, the maximum and minimum
numbers of electrons generated for pixels by the hyperthermal
window are shown in Fig.4.

1010
mThe max number in visible band

[=The min number in visible band
[EThe max number in near-infrared band
mThe min number in near-infrared band

5 FULL-WELL
10 I sl . 1INl
] II|| II ||

o- d

600K 750K 900K 1300K
Temperature(K)

Electron numbers/(e-)

FIGURE 4. The maximum and minimum electronic numbers produced by
the hyperthermal window in the pixels.

In the same two bands, under different temperature con-
ditions, the maximum and minimum numbers of electrons
generated for pixels by the outer flow at high temperature is
shown in Fig.5.

There is little difference between the maximum and mini-
mum electron numbers caused by the same defocused radi-
ation source. That means the defocused radiation of the
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window and outer flow is relatively uniform, and an overall
suppression method could be used in further study.

1010 -
mThe max number in visible band

[=The min number in visible band
[EThe max number in near-infrared band
FULL-WELL

mThe min number in near-infrared band

10°

10°

Electron numbers/(e-)

600K 750K 900K 1300K
Temperature(K)

FIGURE 5. The maximum and minimum numbers of electrons produced
by the high-temperature outer flow on pixels in two bands.

3) FULL-WELL INSPECTION AND SNR CALCULATION

As can be seen in Figs.3-5, in the visible band of 0.35-0.7
um, the number of electron generated by magnitude 5 stars
and noise in pixels did not reach the full-well capacity of a
single pixel, even when the observation window temperature
was 900 K. When the temperature reached 1300 K, the defo-
cused radiation sources caused all imaging pixels to be full-
well. However, in the near-infrared band of 0.9—1.4 um, when
the window temperature reached 750 K, all pixels on the focus
plane appeared as full-well.

In the cases in which imaging pixels were not all full-
well, the SNR of the brightest and darkest pixels obtained
from stars of magnitudes 1-6 could be calculated. This value
should be compared with the SNR threshold as SNRy = 3.

The SNR of the brightest imaging pixel by navigation stars
is in the visible band of 0.35-0.7 pum, as shown in Fig.6.
Under the influence of 1300 K high-temperature defocused
radiation, the SNR values of the brightest pixels of magnitude
1-6 stars were lower than SNRg = 3. At 900 K, the SNR of
the magnitude 5 star’s brightest pixel was higher than SNRy.
Under the conditions of 750 K and 600 K, the SNR of the
brightest pixels of the magnitude 6 star was higher than 3.
This means the brightest pixel could be identified by the
Sensor.

To identify stars accurately, both the brightest and darkest
pixels must be recognized. The SNR of the darkest pixels of
stars is shown in Fig.7 for the visible band.

In the visible band of 0.35-0.7 wm, under the influence
of 1300 K high-temperature defocused radiation, the darkest
pixels’ SNR values for all stars were lower than 3. At 900 K,
the darkest pixels’ SNR values for magnitude 3 stars were
higher than 3. When the temperature was further controlled
at 750 K and 600 K, the darkest pixels of magnitude 5 stars
could be identified. The lower the temperature of the obser-
vation window and the outer flow, the higher the SNR of the
darkest pixels was in the visible band.

The SNR values of the darkest pixels of stars in the near-
infrared band are shown in Fig.8. In the range of 600-1300 K,
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the visible band.
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FIGURE 8. The SNR of the darkest pixels of magnitude 1-6 stars in the
near-infrared band.

it was found that the darkest pixels’ SNR for magnitude 1-6
stars did not reach the SNR threshold. This means that the
near-infrared band would not be available under a hypersonic
thermal environment.

4) LIMITING MAGNITUDE OF OBSERVABLE STARS WITH
AEROTHERMAL EFFECT

The previous simulation results showed that the hyperther-
mal radiation of the observation window under aerodynamic

aerothermal conditions was the main source of defocus radi-
ation noise. When the SNR threshold SNRy was set as 3,
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FIGURE 9. The influence of the aerothermal effect on the observable limiting star magnitude.

13 different window temperatures were selected to calcu-
late the observable limiting star magnitude in the bands of
0.35-0.55, 0.35-0.7 and 0.9-1.4 um. The results are illus-
trated in Fig. 9. With an increase in the temperature of the
observation window and outer flow, the observation capabil-
ity of the star sensor decreases dramatically. Among those
three bands, the observable limiting star magnitude decreased
most rapidly in the near-infrared band of 0.9-1.4 yum. The
best availability was in the visible band, 0.35-0.7 um. The
curves stop at certain temperatures because stars become
unobservable due to saturation of the detector from thermal
emission of the optical window.

C. ANALYSIS OF SIMULATION RESULTS
The following conclusions can be drawn from the results of
the simulation tests.

(1) The influence of aerothermal effects on astronomical
observation under hypersonic flight conditions cannot be
ignored. Among these influences, the radiation noise of the
hyperthermal observation window itself is significant. With-
out effective control to keep the temperature of the observa-
tion window below 1000 K, the starlight will be completely
annihilated in the aerothermal radiation background, making
the star sensor unable to effectively capture enough naviga-
tion stars.

(2) The observable limiting star magnitude decreases with
an increase of the defocused temperature caused by aerother-
mal heating. In the visible band of 0.35-0.7 um, when the
temperature of the observation window was lower than 750 K,
the star sensor with the SNR threshold of 3 could capture
navigation stars brighter than magnitude 5. When the tem-
perature was 800 K, it could capture navigation stars brighter
than magnitude 4.91. When the temperature reached 900 K,
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only stars brighter than magnitude 3.78 could be detected, and
finally, above 900 K, it was difficult to capture a stable star
map efficiently. Therefore, under certain temperature control
conditions, the star sensor in the visible band can detect stars
brighter than magnitude 5, thus achieving the basic conditions
for astronomical navigation.

(3) The influence of the star sensor working band is signifi-
cant. The near-infrared band is unavailable under aerothermal
conditions. When the temperature was higher than 900 K,
the observation performance of the band 0.35-0.55 um
decreased more slowly than that of the visible band. There-
fore, to carry out astronomical navigation observation under
the influence of aerothermal effects, the band should be prop-
erly selected to be far from infrared bands to suppress the
influence of high-temperature radiation sources.

(4) The effects of various radiation sources are sig-
nificantly different. The influence of atmospheric back-
ground radiation on imaging is lower than that of the
high-temperature outer flow near the window. Furthermore,
the influence of the aerothermal flow on imaging is more than
two orders of magnitude lower than that of the hyperthermal
window. Controlling the temperature of the observation win-
dow and suppressing its self-radiation would be the main way
to improve the observation ability.

VI. CONCLUSION

This paper constructed the evaluation framework of hyper-
sonic astronomical observation, given the definition of SNR
considering defocused radiation sources, and proposed an
imaging model of far-field and defocused radiation sources.
Full-well inspection, SNR values, and observable limiting
star magnitudes were obtained from simulation tests. The
relationship between the observable limiting star magnitude
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and the window temperature was also determined. It was
concluded that star sensors in the visible band should be
available on hypersonic vehicles under appropriate temper-
ature control conditions; this finding provides a preliminary
basis for performing astronomical window temperature con-
trol for future implementations of hypersonic autonomous
navigation.

In follow-up work on the application of astronomical nav-
igation technology on hypersonic vehicles, the efficiency of
astronomical observation could be improved in the following
ways.

(1) The observation capability of stars brighter than mag-
nitude 5 under hypersonic aerothermal influence can be
improved by information filtering and fault detection to
reduce the initial SNR threshold requirement [29].

(2) Defocused high-temperature radiation noise could be
suppressed by improving the image processing capability of
star sensors. The noise suppression technology of modern
imaging systems has been improved over decades. Uniform
noise could be suppressed at the sensor level, based on the
results of physical tests and simulations.

(3) The self-radiation of the observation window could
be reduced by supersonic film cooling and other technical
means [30]. Experiments have shown that the formation of
a continuous supersonic film cooling on the surface of the
window could control the temperature to remain under 500 K,
thus significantly reducing the self-radiation of the window.
However, this processing method would form a high-speed
tropospheric flow structure on the surface of the window,
causing a transition from a laminar flow to turbulence, and
posing a separate problem for star map identification.

(4) The degradation of star map may cause measure-
ment faults as special cases of abnormal measurements,
which are normally handled by the fault detection tech-
nique. The Mahalanobis distance-based technique and robust
filtering technique, which handle measurement errors and
abnormal measurements and have been used for hypersonic
vehicles [31].
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