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Abstract: Small bodies in the Solar System are appealing targets for scientific and technological space
missions, owing to their diversity in intrinsic and extrinsic properties, besides orbit and other factors.
Missions to small bodies pass through the critical onboard object detection phase, where the body’s
light becomes visible to the spacecraft camera. The relative line-of-sight to the object is acquired
and processed to feed relative guidance and navigation algorithms, therefore steering the spacecraft
trajectory towards the target. This work assesses the distance of detection for each small body in the
Solar System considering the target radiometric properties, three typical spacecraft camera setups,
and the relative observation geometry by virtue of a radiometric model. Several uncertainties and
noises are considered in the modelling of the detection process. The detection distances for each
known small body are determined for small-, medium-, and large-class spacecraft. This proves useful
for early mission design phases, where a waypoint for detection needs to be determined, allowing the
shift from an absolute to a relative guidance and navigation phase. The work produces an extensive
dataset that is freely accessible and useful for teams working on the design phases of space missions.
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1. Introduction

Small bodies such as asteroids and comets are all unique and diverse objects in our
Solar System [1]. They are thought to be remnants of the early phases of our Solar System,
and therefore might provide insight into the origin of our Solar System and the formation
of planets. These objects have also been investigated for the use of space resources through
mining activities [2], and most recently defence missions against small body impacts [3]
have been demonstrated. Few small bodies have been visited up to now, and more than a
million have been catalogued. Each small body is unique in terms of morphology. However,
they can still be classified according to the composition classes, which are the types C, S,
and M. The type C (chondrite) are the most popular and ancient objects in the Solar System,
the type S (stony) are mainly of silicate composition, and the type M (metallic) are mainly
constituted by nickel and iron. Several characteristics of small bodies can be inferred by
ground-based observations, but detailed and accurate properties can only be acquired by
close-proximity measurements [4]. For these reasons, international space agencies have
funded several small body missions such as Rosetta [5], Hayabusa 1 [6], Hayabusa 2 [7-9],
Osiris-Rex [10], Comet Interceptor [11], Lucy [12], Dart [13,14], Hera [15], and others,
with the aim of characterising different types of asteroids in the Solar System. More
recently, small platform missions such as CubeSats have also been used or proposed for
small body missions, such as LiciaCube [16], Juventas [17], Milani [18], NEA-Scout [19,20],
M-ARGO [21], LUMIO [22], and others [23,24], also including distributed systems for space
exploration [25]. Overall, more and more missions will visit small bodies in the near future.

A critical task for missions to rendezvous with or perform a fly-by of a small body is
the target detection by the camera onboard the spacecraft. Small body missions, indeed,
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traditionally perform spacecraft orbit determination exploiting ground-based radiometric
tracking through the ground stations. This provides the means to correct the spacecraft
trajectory towards the expected location of the small body. However, this is still an absolute
navigation frame, where the relative spacecraft-asteroid geometry is not taken into account.
Therefore, to increase the rendezvous or fly-by accuracy with the small body, the target
line-of-sight (LoS) needs to be detected onboard, once the target becomes visible. This event
marks the transition between the absolute navigation frame to a relative navigation frame
with respect to the target. Here, the target line-of-sight is extracted by the onboard camera
and used to refine and steer the spacecraft trajectory towards the final approach. Detecting
the target from the onboard camera is a radiometric problem where the small body’s
luminosity has to be stronger than the noise for detection. The radiometric computation
involves several variables coming from the object properties, the camera characteristics,
and the spacecraft-target observation geometry given the deep-space orbits. Large-aperture
cameras for traditional spacecraft are more powerful than miniaturised cameras for small
satellites (e.g., deep-space CubeSats) [26], and the reflected luminosity of small bodies
varies according to their size and albedo. Therefore, the target detection problem is a
peculiar radiometric assessment, where the detection distance has to be estimated based on
the onboard camera properties, the orbit of the spacecraft, and the target properties [27-30].

This work models the detection of small bodies at a distance by assessing the distance
of detection for the full list of known small bodies considering three different camera setups.
These are typical of large- to small-class spacecraft, providing a wide spectrum of detection
distances for different mission concepts. This contribution is useful for the preliminary
mission design phases, where a dedicated waypoint for detection can be exactly located,
therefore allowing the acquisition of the object line-of-sight. This work models small body
signals and noises by virtue of a radiometric model already accounting for uncertainties
involved in the process, producing a large and free-access dataset of detection distances
according to different setups.

The paper is structured as follows. Section 2 details the methodology and presents
the small body radiometric model, Section 3 performs the detection study evaluation con-
sidering the full list of known small bodies and three typical camera setups, and Section 4
provides final remarks and conclusions of this study.

2. Methodology

This section details the modelling and the derivation of the small bodies” detection dis-
tance considering typical spacecraft cameras. The methodology is divided into three steps,
as shown in Figure 1. These are (1) the database retrieval, (2) the radiometric modelling,
and (3) the detection distance assessment. These steps are detailed in Sections 2.1-2.3,
respectively.
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Figure 1. Flowchart of small bodies detection range determination.

2.1. Database Retrieval

More than a million small bodies have been discovered up to now. The International
Astronomical Union’s Minor Planet Center (MPC) is responsible for the designation and
orbital computation of the minor planets in the Solar System. This number includes celestial
objects such as asteroids, comets, and planetoids, which are generally known as minor
planets. The first step for the current study is the retrieval of the small bodies database.
The list of orbital elements of the small bodies is retrieved from the Minor Planet Center



Modelling 2023, 4

602

Orbit Database (MPCORB), which is a collection of the orbital data of minor planets issued
by the Minor Planet Center MPC. The inputs from the database are the MPC designation
codes for each small body together with the related Keplerian orbital elements on the
ecliptic at a reference epoch, designated by the MPC. The absolute magnitude (H) of each
small body is retrieved, too, since it will be used for radiometric modelling. The absolute
magnitude for a small body is defined as the apparent magnitude of the body as placed
at 1 AU from both the Sun and the observer, with an observation at zero phase angle.
Then, the visual albedo (py) of each small body is retrieved from the Asteroid Light Curve
Database (LCDB) [31]. Note that the albedo value of known minor bodies spans between
0.05 and 0.40, and the literature value of 0.15 is adopted for unknown bodies. Table 1
summarizes the databases used for this study.

Table 1. List of input databases.

Characteristic Database
Small body orbital elements MPCORB
Small body absolute magnitude MPCORB
Small body albedo LCDB

2.2. Radiometric Model

The data collected from the small body databases are the input to the radiometric
model building on the Signal-to-Noise ratio (SNR) computation. Then, the SNR of a
small body will be used to assess the object detection distance given the geometric and
radiometric characteristics of the observations. The SNR is defined as the ratio between the
asteroid signal photon counts (S;) and the overall noise involved in the measurement (N)
that, following the Poisson statistics, is given by the standard deviation of all the photons
coming from both the source and other sources (c;). Therefore, the SNR is defined as

SNR:§= S

N Y, o?

1

ey

Note that, when observing a small body in deep space, Equation (1) depends upon
the spacecraft-object relative geometry, the camera properties, and the object characteristics.
Also, the signal collected from a small body in the visible band depends on the object’s
properties, the observation conditions, and the camera’s properties. These considerations
are shown in the following.

Figure 2 shows the observation geometry of a small body in the Solar System. The ob-
ject is placed at a distance r to the Sun, and the observer is placed at a distance r, to the
small body. The angle between the Sun-object and object-spacecraft directions is called
phase angle and denoted «. The signal coming from the small body is actually the portion
of the light coming from the Sun and reflected by the small body towards the observer
direction. Therefore, the small body signal can be modelled starting from the emissions of
the Sun as follows.

SMALL BODY

SUN
vA
<( >
PVQ

SPACECRAFT

Figure 2. Observation geometry of a small body, where r;, is the Sun-small body distance, 7, is the
small body-spacecraft distance, and « is the small body phase angle as seen from the spacecraft.
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Our star emits radiation in all directions according to the Planck’s law:

o @)
where b, is the radiation spectral distribution, A the wavelength of emission, & the Planck’s
constant, kp the Boltzmann constant, c the speed of light, and T the equivalent black body
temperature of the Sun surface. Therefore, Equation (2) models the radiation emitted by
the Sun according to the wavelength. Then, the spectral distribution of the photons emitted
by the Sun is obtained diving Equation (2) by the energy of the photon, that is E; = hcA 1.
Therefore, the spectral distribution of photons emitted from the Sun in all directions (p,) is

2c 1
p)\ = ﬂ he (3)
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Now, the overall amount of photons emitted by the Sun can be obtained by integrating
Equation (3) across the wavelengths of interest (between a lower bound A; and an upper
bound Ay;) and multiplying this by the overall dimension of the Sun. The majority of
the radiation is in the visible and near-infrared spectrum, and typical navigation cameras
onboard satellites are mostly sensitive to these frequency ranges. Therefore, the overall
amount of photons emitted by the Sun in all direction in these frequency ranges (L) is
given by

Au 2 1
Lo=n [ 25— dr@n?) @)
Ja, AL he
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Note that the term 47172 models the external surface of the Sun, while the term 7
models the isotropic emission. Now, the radiation coming from the Sun will travel in deep
space, losing strength per unit area with the distance (this is commonly known as space
loss). Therefore, travelling a distance 7;, to the minor body will cause a reduction in the
photon counts per unit area. Upon hitting the object, part of the photons will be absorbed
and part will be reflected in all directions according to the external surface size and the
albedo py. The objects with an unknown shape can be modelled as spheres, and, due to
the geometry with the Sun, half of the external surface is illuminated by the Sun. Now
the observer, placed at a distance r, and at a phase angle « to the small body, will collect
the reflected photons with a camera, whose detector area is A, in an integration time t.
Also, the camera will introduce losses to the signal due to the quantum efficiency 74, of the
detector and the optical lens reduction factor ¢,. The quantum efficiency models the ratio
of the detected photons over the incoming photons that are hitting the detector, while the
optical lens reduction factor models the ratio of the photons that pass through the camera
optics over the incoming photons. Eventually, the small body signal acquired by a camera
onboard a spacecraft can be modelled as

Au ¢ 1 1 1 cosa+1
o ——dA (47Tr§) Po (7‘(D2/2)
L o MpT _

Ss=m
° 1 dmrg dmrg 2

Cr MNge At 5)
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where A} and Ay are the wavelength bounds of the spectrum, c is the speed of light,
A the wavelength, /i the Planck constant, kg the Boltzmann constant, T the black body
temperature of the Sun, r; the Sun radius, D the small body diameter, r;, the small body
distance with respect to the Sun, r, the observer distance with respect to the asteroid,
« the asteroid phase angle, ¢, the optic lens reduction factor, 7, the detector quantum
efficiency, A the camera aperture area, and t the exposure time for the signal acquisition.
In Equation (5), the terms (47r?)~! model the spherical losses due to distance, the term
(7'[D2 /2) models the half-surface reflection of the asteroid assumed to be spherical, and the
term (cos« + 1) /2 models the signal reduction due to the phase angle. Note that few bodies
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have a known diameter, and therefore they are usually assumed spherical for radiometric
simulations. The diameter of an asteroid can be estimated from the absolute magnitude
and albedo as [27]
132
p = 1322 1-02m (6)
v Po

where D is in km. In summary, the signal Ss in Equation (5) consists of the number
of photons emitted by the Sun that reach the small body, are reflected in all directions,
and are eventually observed by a camera with known parameters and placed at a given
observation geometry.

We can now model the noise involved in the detection process. The noise contributions
are given from various sources. The signal itself produces a noise, which is known as signal
shot noise (5). The shot noise, following the Poisson statics, is given by the square root of
the source signal itself (05 = 1/Ss). The background of the celestial sky is also producing
noise; this is modelled as due to a constant background flux. Therefore, this noise is
0y = /P Ay 1ge t, where ¢, is the background photon flux, commonly equivalent to
a flux of magnitude 20 star. Other sources of noise are the dark current shot noise oy,
the read-out noise 03, the quantisation noise 0, the photo-response not uniformity noise
0p = /P Ss due to a non-uniformity factor across the detector p in reading the signal,
and the fixed pattern noise oy. All of these parameters can be found on the spacecraft
camera datasheets and used in the simulations. Eventually, on top of the modelled noise
sources, a noise margin m can be taken into account for robustness against unmodelled
noise effects. The values used for the simulations of the SNR for the various cases are given
in Section 3.

Eventually, after modelling the minor body signal and the noise sources involved in
the detection process, the final SNR is formulated as follows:

Ss

SNR = 2 2 2
(Utm) J(L 4 p) 02+ + 1y (0] + 07+ 0F + o)

@)

where 1, is the number of pixels that delimit the SNR computation. It is worth stressing that
small bodies resemble a faint star when imaged from far away; therefore, the SNR modelling
here considers delimiting the region of interest (ROI) of the radiometric computation to
small windows (e.g., 9 x 9 or 15 x 15 pixels).

2.3. Range of Detection

Small bodies are typically imaged with navigation cameras, and the detection of a
small body is achieved when its signal is sufficiently strong with respect to the noise sources.
Within an image, the background noise is computed by evaluating the mean intensity of
multiple empty regions of interest, and then, the detection of a small body is performed
by computing the intensity of the ROI delimiting it and comparing it to the noise sources.
The detection limit can be determined when the signal is double the noise (3 dB) or three
times the noise (5 dB). In this study, to ensure the robustness of the results, the detection
limit is defined at a 5 dB level. Looking at Equations (5) and (7), it is worth stressing that
once the small body, the camera parameters, and the integration time have been fixed,
the only variables that govern the SNR computations are the geometric ones in terms of
distances and angles. In terms of geometry, two extrema points for the minor bodies are the
perihelion and the aphelion, respectively. Therefore, this study considers the small bodies
to be placed at minimum and maximum distances with respect to the Sun (perihelion r,
and aphelion r,, respectively) with an observer placed at zero phase angle (« = 0). This is to
derive the detection distance at these two limiting cases (e.g., when the small body reaches
the highest brightness and when it reaches the lowest brightness due to its own orbit). Then,
the minor body detection study for varying phase angles can also be addressed starting
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from these cases. For now, at the zero phase angle, Equation (7) becomes strictly a function
of the relative range between the small body and the observer. Therefore, the SNR reads

k 2
SNR (1) = /r ®)
(1+m)\/(1+p)k1/r2+(7b2+np(U§+Urz+05+0]%)
where N
u2¢ 1 1 1
k= c —  dr(an? D?/2)— — A
T AL /\4 e/\li’;T -1 ( NTS)PU (T[ / )47'[1’% 4 grﬂqe (9)

Note that k is a constant value when the small body is at the perihelion (r, = r,) or
aphelion (1, = r,). The goal of the method is now to find the detection range r; such that
SNR(r;) = 5dB. This is achieved by solving the zero-finding problem:

f(r) =SNR(r)—-T (10)

with an iterative Newton method, where T = 5dB is the detection threshold and the
iteration step is Ar = —f'(r)/ f(r). The function f(r) is continuous and monotonic, and
has a single zero cross value, since the negative values are not allowed. Therefore, the final
detection distance r; can be found starting from a guess value r¢ and then iterating with
the correction Ar at each step.

3. Assessment

This Section deals with the determination of the detection distance to the small bodies
given the object properties, the camera characteristics, and the observation geometry.
The camera properties are detailed in Section 3.1, the creation of the dataset of detection
distances is explained in Section 3.2, and remarks on this study are given in Section 3.3.

3.1. Camera Properties

The distance of detection for the full list of small bodies is evaluated for three different
camera sets, similar to the ones used for three categories of spacecraft. These are: (1) a
low performance camera, LP; (2) a medium performance camera, MP; and (3) a high
performance camera, HP. The different camera characteristics are detailed in Table 2. It
is worth mentioning that the exposure time is kept constant among the three setups for
a fair comparison of results, while the camera performances increase from the LP to the
HP setups and the noise contributions decrease from the LP to the HP setups. Also, it is
important to note that the noise margin has been taken into account to consider unmodelled
effects in the noise sources.

Table 2. LP, MP, and HP cameras settings.

Parameter Parameter Unit LP MP HP
Entrance pupil diameter D, m 0.01 0.10 0.20
Exposure time t S 1 1 1
Optical lens factor &y [-] 0.60 0.70 0.75
Quantum efficiency Tge [-] 0.60 0.70 0.75
Pixel window p pix 15 x 15 15 x 15 15 x 15
Read-out noise Urzd e~ 200 100 80
Dark current noise o3 e 200 100 80
Quantisation noise a; e~ 30 20 10
Fixed-pattern noise (7]% e 200 100 80
Photo-response factor p Y% 2.0 15 1.0
Noise margin m % 20 15 10
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Note that the LP camera aperture and characteristics resemble the ones typical of deep-
space CubeSats [21], the MP characteristics resemble the ones of traditional missions to
small bodies (e.g., the Rosetta NavCam [28]), and the HP camera characteristics resemble the
ones of the state-of-the-art camera for far distant observation (e.g., the LORRI camera [29]).
In this way, the range of detection of each small body can be assessed for different categories
of spacecraft cameras, covering a wide spectrum of space mission classes.

3.2. Dataset Creation

The assessment of the detection distance is detailed in the following. The orbital and
radiometric properties of each small body in the Minor Planet Center database are retrieved.
Then, according to the three camera setups in Table 2 and to the location of each small
body (both at aphelion and perihelion), Equation (10) is solved. Therefore, for each small
body, six detection distances are produced under the following combinations, each at zero
phase angle:

- Case (1): small body at perihelion, HP camera;
- Case (2): small body at aphelion, HP camera;

- Case (3): small body at perihelion, MP camera;
- Case (4): small body at aphelion, MP camera;

- Case (5): small body at perihelion, LP camera;

- Case (6): small body at aphelion, LP camera.

The SNR values (Equation (8)) for six sample objects (Astraea, Virginia, Hygiea, Psyche,
Lutetia, and Kallisto) are shown in Figure 3. The SNR values are computed for varying
observer distances in cases (1) to (6). The dashed horizontal line delimits the 5 dB threshold,
which corresponds to the body detection distance under the case considered. Note that the
solution to Equation (10) for each case is shown as a dot in Figure 3a—f.

10 Astraea 10 Virginia
10%0 10%0
—5dB ----50B
— —
—2
10° 10°F
~ ~
Z Z
w2 w2
10° 1001
10 : : ‘ : 10° : ‘ ‘ :
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Figure 3. Cont.



Modelling 2023, 4 607
Lutetia Kallisto
10%0 ¢ 1010
—__5d8 ---5dB
—@® —@)
10° 1051
o ©
Z z
5] 95}
10 1001
10° ‘ : : : 10 : : : :
102 10* 10° 108 10%° 102 10* 10° 108 10%°

Distance [km]

(e) Lutetia

Distance [km]

(f) Kallisto

Figure 3. SNR values for six sample bodies: (a) Astraea; (b) Virginia; (c) Hygiea; (d) Psyche;
(e) Lutetia; (f) Kallisto; under the following cases and at zero phase angle: (1) small body at perihelion,
HP camera; (2) small body at aphelion, HP camera; (3) small body at perihelion, MP camera; (4) small
body at aphelion, MP camera; (5) small body at perihelion, LP camera; (6) small body at aphelion, LP
camera. The horizontal dashed line corresponds to the 5 dB detection threshold.

Figure 4 shows the detection limit considering cases 1 to 6 for the first 80 catalogued
small bodies. It is immediate to appreciate the detection limit excursion between the
small body perihelion and aphelion conditions (e.g, cases 1 and 2, or 3 and 4, or 5 and 6
along the same vertical line). Note also that each of the vertical lines in Figure 4 retraces
the horizontal line in Figure 3 for each small body. Therefore, given a small body and a
spacecraft camera, the object detection distance is determined at the extreme points of the
object orbit (that is, at aphelion and perihelion), considering a zero phase angle observation.
Also, Equations (7) and (10) have been solved under varying phase angles to complete
the study of detection distances, therefore creating a complete dataset. The dataset of
detection distances based on the three camera setups and the full list of small bodies has
been created and made freely accessible. The dataset can be found in [32] together with
the instructions for reading the data. The dataset proves useful for mission design phases,
where a waypoint for detection needs to be placed in order to transition from absolute to
relative guidance and navigation phases.
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Figure 4. Cont.
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Figure 4. Detection limit for the first 80 small bodjies listed in the MPC at zero phase angle: (1) small
body at perihelion, HP camera; (2) small body at aphelion, HP camera; (3) small body at perihelion,
MP camera; (4) small body at aphelion, MP camera; (5) small body at perihelion, LP camera; (6) small
body at aphelion, LP camera.

3.3. Remarks

The dataset of detection distances to small bodies has considered the radiometric
parameters of small bodies known at the date of publication. We emphasise that these might
be updated over time, resulting in updates in the detection distances. Also, the albedo of the
vast majority of small bodies is unknown because they have not been visited yet, and the
literature value of 0.15 has been adopted for unknown objects. This work has considered
observations at phase angles spanning from 0 to 90 degrees, because the detection phase
typically happens at these phase angles. At higher phase angles there would be other
effects coming from the Sun [33], e.g., the straylight effect. A study for higher phase angles
is a direction for future studies. Regarding the camera performances, the higher-order
effects in the noise have been lumped into a noise margin parameter, spanning from 10% to
20% of the overall noise. In addition, the detection distance threshold has been set at a 5 dB
level, but detection can occur even at a lower threshold. Therefore, the noise contribution
to the detection is slightly conservative in this paper.

The published dataset will facilitate future deep-space missions to small bodies.
During the preliminary design phases of a space mission, once the target asteroid and
spacecraft platform have been defined, the target detection distance can be recovered for
different conditions.

4. Conclusions

Out of more than a million, just few minor bodies have been visited by spacecraft
missions. Deep-space missions to small bodies in the Solar System are becoming more
popular owing to the peculiarity of these target objects. These missions pass through the
distant detection phase of the target, where the object’s line-of-sight relative to the spacecraft
is tracked in time. This marks the transition from an absolute to a relative guidance and
navigation phase, where the spacecraft trajectory is steered with respect to the line-of-sight
with the target to achieve a fly-by or rendezvous. This work has modelled and simulated
the far-distant detection study for the full list of known small bodies considering the
target radiometric properties, three different camera setups typical of different classes
of spacecraft missions, and the relative observation geometry by virtue of a radiometric
model. The work has produced a large open dataset containing the detection distances for
each known small body, which is freely accessible for teams working on design phases of
space missions. This is useful to correctly locate a way point for target detection along the
deep-space trajectory.
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