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ABSTRACT

Aims. The knowledge of the orbits and origins derived from meteors is important for the study of meteoroids and of the early
solar system. With an increase in nano-satellite projects dedicated to Earth observations or directly to meteor observations (e.g., the
Meteorix CubeSat), we investigate the stereoscopic measurement of meteor positions using a pair of cameras, one deployed in space
and one on the ground, and aim to understand the accuracy and the main driving factors. This study will reveal the requirements for

system setups and the geometry favorable for meteor triangulation.

Methods. This Letter presents the principle of the stereoscopic measurement from space and the ground, and an error analysis.
Specifically, the impacts of the resolutions of the cameras, the attitude and orbit determination accuracy of the satellite, and the
geometry formed by the moving target and observers are investigated.

Results. To reach a desirable positioning accuracy of 1km it is necessary to equip the satellite with high-accuracy sensors (e.g.,
star tracker and GPS receiver) to perform fine attitude and orbit determination. The best accuracy can occur when the target is at an

elevation of 30° with respect to the ground station.

Key words. techniques: photometric — meteorites, meteors, meteoroids — space vehicles — methods: analytical

1. Introduction

Meteoroids are remnants of the early solar system. When a
meteoroid enters Earth’s atmosphere, it generates a luminous
trace known as a meteor. Determining meteor trajectories allows
us to determine the origin of the meteoroid (e.g., parent body
and age, Drummond 1981; Olsson-Steel 1986; Jenniskens 2006;
gegon et al. 2017; Guennoun et al. 2019; Ryabova et al. 2019).
In addition, knowledge of meteoroid flux density can constrain
environment models, such as the IMEM2, which helps us to
plan safe space activities in the entire solar system (Divine
1993; Lemcke 1997; McBride 1997; Soja et al. 2019). Knowl-
edge of the flux density near Earth is especially important
for planetary defense. Many ground-based tracking networks
(e.g., FRIPON, CAMS, DFN, EDMOND, and AMOS) have
been developed with the purpose of determining the flux den-
sity (Colas et al. 2014, 2018; Rudawska et al. 2015; T6th et al.
2015; Day et al. 2016; Jenniskens et al. 2016). Moreover, space-
borne observation of meteors has recently been investigated. The
space-proof camera SPOSH was developed for meteor detection
(Oberst et al. 2011). Two projects have been launched with the
purpose of observing meteors from space, namely the SCUBE
CubeSat and the METEOR experiment on the International
Space Station (ISS; Ishimaru et al. 2014; Arai et al. 2019). The
CubeSat project Meteorix is planned for detecting meteors and
re-entering space debris (Rambaux et al. 2018, 2019).

As a meteor is a transient event, the reconstruction of its
orbit generally requires observations from distributed stations.

General methods for meteor triangulation have been well docu-
mented (e.g., Wray 1967). Scenarios and algorithms that employ
multiple images taken from space only or from the ground only
have been intensively studied (Opik & Singer 1959; Bronshtehn
1981; Ceplecha 1987; Borovicka 1990; Gural 2012; Hajdukova
2017; Egaletal. 2017; Vidaet al. 2020; Sansom et al. 2019;
Chen et al. 2020). However, a combination of space- and
ground-based observations has not yet been explored. With
the establishment of country- to continental-scale meteor net-
works and the emergence of space-borne meteor observations,
the chance to capture meteors from both the ground and space
is increasing with time. Moreover, any Earth observation satel-
lite can participate in meteor observations in conjunction with
ground stations; the number of Earth observation satellite is
increasing thanks to the establishment of new satellite constella-
tions (e.g., the Starlink project). In particular, the future Meteorix
can work with any station of ground networks (e.g., FRIPON,
CAMS, and DFN) to enable and enhance meteor orbit determi-
nation. The long baseline between the satellite and the ground
station seems favorable in terms of stereoscopic measurements.
Nevertheless, the positioning accuracy is subject to the geome-
try formed by the moving target and observers; the setup of the
systems, such as the attitude and orbit determination accuracy of
the satellite; and image resolution.

This Letter presents an error analysis against the above-
mentioned factors, and shows the requirements for system setups
and optimal geometry. After briefly recalling the space- and
ground-based meteor observations (Sect. 2), we present the
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principle of stereoscopic measurement and methods of deriving
position errors for the scenario of interest (Sect. 3), the results
showing the influences of different error sources as well as the
necessary system setup (Sect. 4), and a discussion on the impact
of the observation geometry (Sect. 5).

2. Basic observation settings

Concerning the space-borne observation, we refer to the design
of the Meteorix project. The CubeSat is equipped with a cam-
era and a detection chain that features near real-time detec-
tion at low power consumption (Lacassagne et al. 2016). The
camera is placed at the end of the 3U CubeSat and pointed
toward the nadir. The science orbit is set to a sun-synchronous
orbit, which is the most common orbit that maximizes launch
opportunities. It is assumed that the orbit is nearly circular with
an altitude around 500 km. The period is 94.7 min. The local
time of the ascending node is set to 10:30. Consequently, the
night time lasts around 32 min per orbit. It has been estimated
that this setup allows a detection of around 100 meteors in
one year (Rambaux et al. 2019). The selected image sensor has
2048 x 2048 pixels, and the camera has a field of view of 40°.
For the ground-based observation, we adopt the specification
of a current FRIPON station: field of view of 180° (like many
other all-sky networks, such as CAMS and AMOS), resolution
of roughly 1000 x 1000 pixels, and axis of the camera pointed
toward the zenith.

The usual observable altitude of meteors lies between 80
and 120 km (Ceplecha et al. 1998). The speed of a meteor with
respect to the ground is in the range from 11 to 72kms~!.
Considering a frame rate of 10fps, to capture the motion of
the slowest meteors the position accuracy should be better than
1.1km.

3. Space and ground stereoscopic measurement
3.1. Principle

With only one camera the direction from the camera to the
target can be measured, while the distance cannot be. With
simultaneous observations by stations distributed in space (e.g.,
Meteroix CubeSat) and on the ground (e.g., FRIPON), the dis-
tance between the target and the two stations as well as the
three-dimensional coordinates can be determined, as depicted
in Fig. 1. Without loss of generality, the coordinate system is
chosen such that the origin, O, coincides with the location of
the ground station, the x-axis points to the CubeSat, the y-axis
is perpendicular to the x-axis and aligned with the direction to
the meteor, and the z-axis completes the right-handed coordinate
system. Let [x1,y1,z1]" denote the coordinate of the CubeSat.
The true coordinate will be [x;,0,0]". Let [)C,,L,ym,z,,,]T denote
the coordinate of the targeted meteor, and i, j, and k denote the
unit vector along the x-, y-, and z-axis, respectively. The position
vector of the meteor is

r=1ix, + jym + kzp. (1
Let ¢; and ¢, represent angles between the directions from
the observers to the meteor and the baseline between the two
observers, as depicted in Fig. 1. The direction from an observer
to the target can be derived from the two-dimensional coor-
dinates on the image. The coordinates of the meteor can be
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Fig. 1. Stereoscopic measurement by a CubeSat and a ground station,
and the defined coordinate system.
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3.2. Measurement errors

The attitude and orbit determination errors of the CubeSat and
image resolutions will translate into errors of coordinates of the
meteor. Differentiating Eq. (1) yields

Or = 10Xy, + X0l + jOVi + YuOj + k0zZ, + 2,0k ()]
Considering only in-plane (i.e., the x—y plane) errors, orbit deter-

mination error dy; along j results in a change of the reference
frame, which is expressed as

. J
0i = =0y,
l B V1
i
0j = —=6y1, 5
J =~V (%)
where B = x, representing the length of the baseline between

the two cameras. For out-of-plane errors the last term of Eq. (4)
is zero as z,, is zero. Let dr also be expressed as

or = ior; + jor; + kory, (6)
where
Ym
or; = 0xp — —0y1,
T, X, B V1
61 = Sy + o, )

Ory = 0Z,.
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Differentiating x,, and y,, in Eq. (2) with respect to the vari-
ables yields

Sx = S+ Btany, o1 Bsec?p, -
C+1 (C + 1)%sin’g, (C + 1)’ tan ¢,

Sy = tan @, . Btan’¢, Bsec?p, o ®
C+1 (C + 1)’sin’g, (C +1)?

The direction error d¢; is a result of in-plane image resolu-

tion, &pﬂesl; the in-plane attitude determination error, 61,0‘;&; and
the position error of the CubeSat along the y-axis, which is

expressed as

1
op1 = 6902681 + 690!n + E(Syl. ©))

Similarly, d¢; is extended to

1
02 = 0. r — E&yl, (10)

where &pﬂesz represents the in-plane direction error due to the
image resolution of the ground station.

It is tricky to determine the offset dz,, along k when the mea-
sured directions from the cameras to the target do not intersect
in three-dimensional space due to errors. Let 6z; and dz;; denote
the out-of-plane errors attributed to the CubeSat and the ground
station, respectively. The z coordinate error dz,, can be approxi-
mated by

6Z1 + 5Zu
19 m= A~
¢ 2

(1D
Here 67 is a result of the out-of-plane image resolution, d¢;.
attitude determination error, d¢,,; and orbit determination error,
0z1, which is expressed as

BC
0z1 = ————— (0, + 0 + 671, 12
<1 (C + 1) Cos ¢ ( ‘presl (patt) <1 ( )
and 0zy, due to the out-of-plane image resolution of the ground
station, 6¢rt82, is expressed as

Sz = 5o 13)

(C + 1)cos ¢,

It can be reasonably assumed that in-plane and out-of-plane
direction errors vary independently. Uncertainties of errors have
the relationship,

o 1 _[6
OPrest = TPrest = (E)’

(3
Ty = Threy = (—) (14)

PX;
I _ 1
0@t = OPay»

where o indicates the 1o uncertainty of the variable following
it, 8; and 6, respectively denote the fields of views, and px; and
px, respectively denote the pixels (in a line) of the CubeSat and
the ground station. It is also assumed that distribution of orbit
determination error in space is homogeneous:

5)

oX| =0y =017].

Fig. 2. Simplified geometry for meteor observation.

The position uncertainty or is defined as the root sum of
variances of the three position components, which is expressed
as

or = \/a'zri +0%r; + 0y, (16)

where o2 indicates the variance of the variable following it.

According to Eqgs. (7)-(13) and given that the error sources are
uncorrelated, o2r;, o2r ;» and or, can be computed from

1\ Bt :

0'27’1':( )0'2x1+(- 312190.22 )
C+1 (C + 1)*sin*¢,

+( Bsec?p, )2
(C + 1)’ tan ¢,

( tan ¢,
+ 2 2
(C + 1)“sin“¢

2 2l
(o Pres1 T 0 Pyt

2 1l
‘presZ

seczgaz
(C + 1) tan ¢,

2
tan ¢, )
- ST
(C+ 1))

a7

2

tan ¢, )2 ( Btan®, )
2. _ ( 2 2 | 2|
ori = cx+|——————] (c7¢.., + 07
A+ (C + 1)%sin’¢, resl at

2
+(BS€CZ<,02) 2
(C + 1)2 res2
+( tan?¢, sec’@, N 1 )2 ) (18)
- oy1,
(C+ D%sin’p; (C+ 1) (C+1) !

BC

2

2 2 1 2 1
=—— g+

7Tk (2(C+ 1)COS¢1) (T s + )

2
1
) oo, + —0lz. (19)

B
* (2(0 T 1) cos e 4

3.3. Reduction of geometries

Figure 2 depicts the geometry of space- and ground-based obser-
vations. Altitudes of the CubeSat, Ay, and meteors, fye, vary
within small ranges (around 500 km and between 80 and 120 km,
respectively). In the following analyses, hg, is set to 500 km
and e 100km to represent a general situation. The observa-
tion geometry can then be defined by the directions from the
ground station to the CubeSat and the meteor. For convenience,
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Fig. 3. Positioning uncertainty (color levels) contributed by baseline orbit and attitude determination errors (upper panels) of the CubeSat, and
baseline image resolution of the CubeSat and the ground station (lower panels).

the direction of the CubeSat with respect to the zenith of the
ground station, a, and the direction of the observed meteor from
the CubeSat with respect to the camera axis, 3, are chosen to
generalize the observing geometry of interest. As @ and S are
limited by the fields of view of the two observers, possible
observation geometries can thus be represented by an a-8 map.
Taking into account the round surface of the Earth (where the
radius of the Earth Rg = 6371 km is used), B, ¢;, and ¢, enter-
ing in Eqs. (17)-(19) are computed as follows. First,

B =—-Rgcosa + \/(RéB + he)? — Resin’a. (20)
The triangle formed by the observers and target does not neces-
sarily lie on the vertical plane. The angle ¢, is actually within an
interval expressed as

. [Reg sin(r — a)) . (R@ sin(r — a)) ]
€ |arcsin| ———= | — B, arcsin| —————= | + 5] .
7 [ ( Rg + hgy F R + hgy £

As B is to be varied in the range of the field of view (e.g., —20°
to 20° in this work), which can cover situations at two ends of
the intervals, the problem can be reasonably simplified by fixing
¢ for a given S to

. [Rgsin(m — @)
= — -5 21
©1 arcsm( Ro + o ) B (21)
Then
L
¢ = arcsin(—' sin 901), (22)
Ly

where the distances from the meteor to the CubeSat, L;, and the
ground station, L,, are computed from

Ly = (Ro + ha) 008 = /(Ro + e = (Ro + o sin,

L, = \/le + B2 —2L,Bcos ;. (23)
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4. Results

In order to provide a guideline for system setups, we look at the
influences of the orbit determination error (e.g., ox;), attitude
determination error oy, image error of the CubeSat 6, /px,,
and image error of the ground station 6,/px,. The baseline setup
assumes ox; = 10km, corresponding to coarse orbit deter-
mination based on TLE data only (Smith 2019), o,y = 4°,
corresponding to a coarse attitude determination based on mag-
netometer and sun sensors only (KU Leuven 2018), 6; = 40°,
px; = 2048, 6, = 180°, and px, = 1000, corresponding to the
baseline design of Meteorix and FRIPON. Then « ranges from 0
to 90°, and 8 from —20° to 20°.

The position accuracy or computed from Egs. (16)—(19) is
presented in Fig. 3 as a function of 90°—« (i.e., elevation of the
CubeSat) and S. The four panels correspond to the cases consid-
ering orbit determination error only (upper left), attitude deter-
mination error only (upper right), image error of the CubeSat
only (lower left), and image error of the ground station only
(lower right). The lower left panel shows that the CubeSat image
resolution is good enough to not cause or > 0.5km, except
in the singular-geometry region (see next section for discus-
sion). The upper right panel shows that coarse attitude estimation
results in a or around 40 km for most observation geometries.
Therefore, the CubeSat should perform fine attitude estimation
where a star tracker is necessary. In this case, o, = 0.04° is
expected (KU Leuven 2018), and the contribution of o, to or
decreases to 0.4km. Even with this improvement the resulting
or can still go beyond 15km, due to the orbit determination
error (see the upper left panel). It is recommended to perform
fine orbit determination as well. A GPS receiver can enable a
fine orbit determination at an accuracy of 0.1 km (Smith 2019),
which will reduce the error contribution to 0.15km for most
geometries. The resulting or can go up to 2km for some sit-
uations, given the effect of the image resolution of the ground
station. To widely achieve a desired or of 1.1km, it is recom-
mended to increase the image resolution of the ground station,
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Fig. 4. Positioning uncertainty (color levels) for the recommended system setup, and elevation (gray lines) of the meteor with respect to the ground

station.

for instance to 2048 x 2048 pixels. With an upgraded resolution,
the minimum or will go down to 1 km for most geometries. The
position uncertainty or following the recommended setups is
shown in Fig. 4. The pattern is similar to the lower left panel
of Fig. 3, which means the contribution of o¢, due to the image
resolution of ground station is dominant.

5. Discussion

Figure 4 also displays the elevation of the meteor with respect to
the ground station, which is derived from @ and 8. The shaded
area where the meteor is below the horizon is not a valid area
for observation, and thus is excluded from our discussion. In the
figure, an elevation >90° (which is not a common usage) indi-
cates that the meteor and the CubeSat are on different sides of
the zenith of the ground station.

Figure 4 shows that or strongly depends on the elevation
of the meteor. Following the recommended setup, or < 2km
is widely achieved except for the elevation interval [65°,90°]
(labeled case 2 in the figure). The corresponding geometry is
referred to as the singular geometry. When the meteor is at an
elevation of around 30° (labeled case 1) and also captured by the
CubeSat camera, the geometry is optimal with or ranging from
0.5 to 0.8 km, which depends on the observing directions from
the CubeSat. Another optimal region appears in the elevation
interval [110°, 140°] (labeled case 3), which corresponds to the
commonly used elevation [40°, 70°] with the CubeSat observing
from the other side of the zenith.

Figure 5 schematically visualizes the singular and optimal
geometries revealed in Fig. 4. With only one camera, the error
(green band) resulting from the angular size of a pixel is infi-
nite along the observing direction (green dotted line), which
should be constrained by the observation from another direction.
If two directions are aligned, the error is still infinite. Because
of the limited field of view of a CubeSat, it will be roughly on
top of the target when capturing the target. When the meteor is
near the zenith of the ground station (case 2 in Fig. 5) and the
CubeSat observes it from the top, the error along the observing

Fig. 5. Intersecting error zones depending on the geometry.

direction is not effectively constrained. Therefore, the resulting
radius of the error zone (i.e., the intersecting green zone) is large.
This explains the singularity associated with the meteor eleva-
tion interval [65°,90°]. When the elevation of the meteor is low
(30° in case 1 and 40° in case 3), the included angle between
the two observing directions is close to 90°, leading to effec-
tive triangulation and small errors. Even though the error across
the observing direction is proportional to the square of the dis-
tance, and thus large for low-elevation observations, the resulting
range of errors, which is mainly contributed by the error along
the observing direction, is still minimized for low elevations.

6. Conclusions

To achieve a desirable positioning accuracy of 1km, the Cube-
Sat should bring high-accuracy sensors (e.g., star tracker and
GPS receiver) to perform fine attitude (i.e., accuracy ~0.05°)
and orbit (i.e., accuracy ~100 m) determination. In addition, the
image resolution of FRIPON is recommended to upgrade to
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2048 x 2048 pixels. The performance of meteor triangulation is
best (i.e., with smallest position error) when the meteor elevation
is around 30°. With the recommended system setup, as long as a
meteor is captured by both the CubeSat and the ground station,
and at an elevation <65° with respect to the ground station, the
position and the orbit of the meteor can be determined.
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