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Abstract

In 2024, Astroscale performed rendezvous with and proximity operations (RPO) around a derelict rocket body during
the groundbreaking Active Debris Removal by Astroscale-Japan (ADRAS-J) mission. In the initial phases of the
rendezvous, when the separation between the ADRAS-J Servicer (the active spacecraft) and the Client (the derelict
object) was large (tens of kilometres or more), Astroscale used ground-based observations of the Client for navigation.
Such ground-based Space Situational Awareness (SSA) systems can be limited by minimum resolving distances
between closely separated objects or local weather conditions. To cope with such limitations, the Servicer carried
a suite of RPO sensors, which were used to estimate the relative position and attitude of the Client. Such onboard
sensors eliminate the impact of atmospheric weather conditions and enable the acquisition of resolved imagery of the
Client. Depending on the design and communications capabilities of the ground and onboard systems, lower data
latency and higher revisit rate can also be achieved when observing the Client directly from the Servicer. However,
onboard sensors are also associated with drawbacks, such as additional mass and power consumption, and stringent
lighting and spacecraft pointing constraints. These, in turn, tend to make the missions more expensive to launch and
difficult to operate. It is clear, therefore, that an optimised combination of ground and onboard sensors could be found
to maximise the performance and reduce the cost of RPO missions while ensuring their safe operations.

To better understand the limits of ground-based optical tracking of RPO missions in low-earth orbit (LEO), Astroscale
partnered with Slingshot Aerospace, who tracked both the Servicer and the Client using the Slingshot Global Sensor
Network (SGSN) of ground-based electro-optical sensors. During this observation campaign, Slingshot used
a combination of optical fences and gimbaled telescope systems, generating unresolved images and extracting
observations on both objects. Using the observation data, Slingshot generated hundreds of position and velocity
estimates (state vectors) on both objects. These observations were acquired while the Servicer approached the Client
from a distance of several thousands of kilometres to within a few hundred metres, giving comprehensive coverage of
different stages of the RPO mission.

This paper reviews the achieved ground-based tracking frequency and accuracy compared to data from global
navigation satellite system (GNSS) and RPO sensor-based orbit solutions of the two objects. Emphasis is placed on
understanding the relative Servicer-Client distance threshold wherein the two objects can no longer be successfully
distinguished using ground-based electro-optical systems, which is when onboard sensors become necessary.

Based on this analysis, the relative advantages and disadvantages of onboard and ground-based sensors, for example,
with regards to latency, accuracy, and revisit rate, are discussed. Recommendations are made on combining onboard
and ground-based sensors needed to safely perform RPO activities. The advantages and disadvantages of staring array
systems relative to gimbaled telescope systems for observing resident space objects in RPO conditions are discussed,
and broader conclusions related to SSA and Space Domain Awareness are drawn.

1 INTRODUCTION

The ADRAS-J (Active Debris Removal by Astroscale-Japan) mission by Astroscale Japan Inc. constituted Phase I of
the world's first commercial debris removal technology demonstration (CRD2: Commercial Removal of Debris
Demonstration), implemented by JAXA. It involved approaching and operating near an unprepared derelict client
rocket body (NORAD ID: 33500) to assess its state, attitude, and degradation after exposure to space since its launch
on 23 Jan 2009. ADRAS-J Servicer (NORAD ID: 58992) successfully completed its mission in Q4 2024, thereby
laying the groundwork for the future removal of the same Client as part of the CRD2 Phase II initiative, scheduled for
beyond 2026 [1]. A brief overview of the 2024 ADRAS-J mission timeline relevant to this work is presented below.
More details are given in the work by Atarashi et. al [2].
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* 18 Feb — Launch from Rocket Lab’s Launch Complex 1 in New Zealand.

* 22 Feb — Begin rendezvous with Client.

* 9 Apr — Start proximity approach to the Client using the Servicer’s on-board sensors.

* 17 Apr — Approach to within 1 km of the Client following a safety ellipse (SE).

* 23 May — Approach to within 50 m of the Client.

e 17 Jul — Approach to within 20 m of the Client.

* 30 Nov — Approach to within 15 m and match Client’s attitude; successfully complete JAXA mission.

Ground-based observations of the Client were used to rendezvous with it to within several tens of kilometres. As the
Servicer continued to approach the Client, however, frequent, reliable, and accurate Client orbit updates were needed
to ensure safety. The Servicer carried a suite of rendezvous and proximity operations (RPO) sensors to provide
observations of the Client’s orbit during the final approach. Ground-based sensors are fundamentally limited by the
minimum resolving distances between closely separated objects. They can also be affected by local weather, lighting
conditions, and cross-tagging of observations [3]. Using the Servicer’s onboard sensors can also reduce the
observation latency and increase the revisit rate compared to ground-based sensors, in addition to the obvious
advantages of eliminating the impact of the atmosphere and acquiring resolved Client imagery or even laser point
clouds etc. [4].

However, onboard sensors are also associated with drawbacks, such as additional mass and power consumption, and
spacecraft layout and pointing constraints, which tend to make the missions more expensive to launch and difficult to
operate. Therefore, it is clear that an optimised combination of ground and onboard sensors could be found to
maximise the performance and reduce the cost of RPO missions while ensuring their safe operations.

To better understand the limits of ground-based optical tracking of RPO missions in low-earth orbit (LEO), Astroscale
partnered with Slingshot Aerospace. The rendezvous between the ADRAS-J Servicer and the Client was tracked using
the Slingshot Global Sensor Network (SGSN) of ground-based electro-optical sensors. This paper presents the results
of this experiment and is divided into the following sections:

e Section 2 gives an overview of the space- and ground-based sensors used in this experiment, as well as the
mathematical conversions between all the measured quantities that are used to compare the various
measurements to each other,

e Section 3 presents the results, both in the aggregate and for several specific cases of interest,

e The remaining sections 4 and 5 are devoted to the discussion of the results as well as to the conclusions.

2  METHODOLOGY

This section firstly provides an overview of the relative navigation sensors on board the ADRAS-J spacecraft and the
telescope network used to observe it. Next, mathematical relationships are presented between the pertinent quantities
discussed in this paper.

2.1 ADRAS-J onboard sensor overview

To address the aforementioned challenges related to relying solely on ground-based sensors during rendezvous, the
ADRAS-J Servicer was equipped with a suite of rendezvous and proximity operations sensors. During the mission,
the RPO sensor telemetry could be either downlinked and fed into the orbit determination (OD) algorithms on the
ground or used to perform Client OD on board the Servicer directly. This work will use the solutions obtained on the
ground, as well as the raw sensor telemetry, rather than onboard OD.

Multiple RPO sensors operated simultaneously to provide redundancy and ensure robustness. Their respective
measurements could be compared to each other to identify any erroneous readings, for example [2]. Each sensor relied
on a different measurement principle and observed different physical quantities. The set of sensors, the data of which
are analysed in this paper, is presented in Table 1.

The Servicer’s orbit was determined primarily based on GNSS data, which ensured timely, reliable, and accurate orbit
determination.
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Table 1: Measurement types of the RPO sensors analysed in this paper. RIC stands for radial, in-track, cross-track
reference frame, in which the relative position was measured.

Sensor Observables
RPO1 RIC Cartesian position, 4R, 41, AC.
RPO2 Euclidean distance, 45.

2.2 Slingshot Global Sensor Network overview

Slingshot Aerospace, Inc. operates the Slingshot Global Sensor Network (SGSN), a robust, autonomous global
network of electro-optical (EO) sensors designed to deliver comprehensive Space Situational Awareness (SSA) to
commercial, civil, and defence customers around the world. The SGSN is capable of tracking satellites during both
day and night conditions, covering all orbital regimes from Very Low Earth Orbit (VLEO) through Geostationary
Earth Orbit (GEO) and beyond to cislunar space. The SGSN combines staring array and gimbaled systems to enable
nightly-persistent and frequent observations. Currently, the SGSN comprises more than 200 sensors deployed at over
20 strategically selected global locations, ensuring reliable worldwide coverage and persistent monitoring. Fig. 1
shows the subset of the SGSN used to track the Client and Servicer during the experiment described herein,

@ Nighttime only d Daytime capable Gimballed O staring

Fig. 1: Subset of SGSN systems used to support ADRAS-J tracking.

2.3  Theory and calculation

Astroscale ephemerides, which result from the orbit determination processes, are defined in an inertial reference frame.
Denoting the corresponding state vectors of the Servicer and the Client, respectively, as Xg gcy and X g7, the relative

position between them can be written as AXpc; = Xg ger — Xcper- AXgcr- This can be rotated to a radial, in-track,
cross-track (RIC) reference frame [8] centred around the Client, which is denoted as Am . The individual
components of Am, which are reported here, are defined as AR, Al and AC. The distance or range between the
Servicer and the Client is defined as the 2-norm of the relative position, namely p = ||A)?C; || = ||Am||

Additional rotations and calibration need to be applied to transform the RPO sensor telemetry mentioned in section 2.1
to either the inertial or the RIC frame. However, the details of these transformations are not relevant to the work
presented here.
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The SGSN provided right ascension (RA) and declination (DEC) measurements. To compare Astroscale ephemerides
to the SGSN observations, the former were transformed to RADEC measurements expected at the telescope locations.
The absolute residuals between the expected and observed RADEC are defined as ARA = RAgimuiated — RAobserved

and ADEC = DECgmuiatea — DECopserveq- Throughout this article, these are indicated with “ephemeris — observed”
or “ephem. — obs.” annotations in the figures.

During dual collection periods, i.e. tracks where both craft were observed simultaneously in the same images, the
relative RA and DEC between the Servicer and the Client can also be computed as ARA = RAgervicer — RAciient and
ADEC = DECgervicer — DECciient- These are indicated with “Servicer w.r.t. Client” in the annotations of the figures.
Note that the relative RA and DEC can be computed with both observed and simulated values. Hence, residuals
between both can also be computed as above. Fig. 2 illustrates an exemplary dual collect and indicates the angular
positions of the Servicer and the Client, from which the relative angular position is computed. Note that, for illustration
purposes, the figure shows azimuth and elevation, not RA and DEC angles. However, the two are equivalent for the

sake of visualisation because they uniquely describe the direction from the telescope to the observed object at
a particular epoch.
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Fig. 2: 3D illustration of the dual collect by Slingshot-Varda-5-Main telescope on 24 Apr 2024 with exaggerated
angular separation between objects for the sake of clarity. Showing Astroscale ephemerides, positions of Servicer
and Client at a specific epoch, and the azimuth and elevation angles of each object.

Solar phase angle is the angle between the direction to the sun and the direction to the observer, as seen from the
object being observed (here, the Servicer or the Client). It is also sometimes referred to as the solar aspect angle. Here,
signed longitudinal phase angle is used, i.e. the angle is computed within the X-Y plane of the inertial coordinate

system. This improves the correlation between the phase angle and the observed brightness, at least for objects in the
geostationary orbit [10].

3  RESULTS

This section presents the overall results of the imaging campaign of the ADRAS-J rendezvous mission. Specific cases,
associated with decreasing Servicer-Client separation distances for which near-simultaneous observations of both
objects were acquired, are also analysed in detail.
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3.1 Overall imaging campaign results

The experiment described herein lasted from 26 February until 19 April 2024. Several one-off collections were also
conducted beyond this end date to reflect the evolving ADRAS-J rendezvous timeline and ensure observations of the
two objects in close proximity were acquired. However, the track density after 19 April should not be taken as
representative of SGSN capabilities.

During the imaging campaign, 8881 observations were collected, including 1401 daytime collects (15.8%, defined as
solar elevation angle greater than -6 degrees). 67.6% of the observations (6184) were obtained with staring arrays,
while the rest were obtained with gimballed telescopes. Due to its larger size — and thus brightness — more observations
(6310) were collected on the Client than on the Servicer (2571). Due to the time of year during this experiment
(February-May), lighting was particularly favourable from northern hemisphere sites, resulting in more observations
generated from northern hemisphere sites than southern hemisphere sites.

Fig. 3 shows the location of the sensors that were able to observe at least one of the two objects, together with the
number of individual measurement tracks that each sensor acquired. In this context, a “track™ refers to a continuous
set of at least three measurements on a given object acquired by a single sensor. A new track may be formed during
the same sensor pass once the previous track is well-defined and can be used in the orbit determination. Note that
certain telescope sites house multiple sensors, which have been counted separately in Fig. 3. This is shown in Fig. 4,
which shows the same information but distinguishes between every individual sensor. Overall, 289 and 373
measurement tracks were obtained for the Servicer and the Client, respectively. Out of these, 19 were dual collections.

As shown in Fig. 5, the number of tracks varied every day due to weather conditions, lighting, system maintenance, etc.
As the two objects got closer, more tracks were being generated for the Client than for the Servicer. On average,
8.5 tracks were being generated daily for the Client, while the corresponding figure for the Servicer was 7.2 tracks.
The different brightness of both objects can potentially explain this trend. The observed magnitude of both objects
from all the observation arcs is shown in Fig. 6. The difference in brightness between the much larger Client
(approximately 11 metres long) and the Servicer (3.7 x 0.8 x 1.2 m) is clearly visible.

Besides the difference in brightness, due to the frequent manoeuvres conducted by the Servicer, Slingshot elected to
task its gimbaled systems on the Client object during the close approach phases. From the sensor’s field of view on
the ground, there were many cases where the Servicer passed in and out of the sensor field of view during the pass,
while the Client object remained centred in the field of view.

The ratio of tracks of each object obtained with gimballed telescopes and staring arrays is shown in Fig. 7. More
Servicer tracks were gathered with staring arrays. The opposite trend is visible for the Client. This was primarily due
to the difference in detectability of both objects, which is related to their size. While the Client was detectable during
the entire pass through the field of view of the staring array, the Servicer was often too dim at low elevations in the
beginning and at the end of the pass. When examining the number of observations of each object per day and
distinguishing between the telescope types in Fig. 8, it can be seen that, from 15 April, when the two objects got close,
no more observations were delivered with staring arrays. The Servicer observations obtained with staring arrays
stopped on 12 Apr. After manual inspection of new staring array observations, it was revealed that the Client and
Servicer were too closely separated to accurately differentiate since that epoch. Observations of both objects continued
to be made in both nighttime and daytime conditions using gimbaled telescope systems throughout the entire
campaign, as shown by the solar elevation in the left panel of Fig. 9. The right panel of the figure shows the previously
made point about the different brightness of both objects, which cannot be explained by the solar aspect angle during
the observations, for example.
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Fig. 3: Locations of telescopes that observed either Servicer or Client during the imaging campaign, coloured by the
number of tracks each generated.
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Fig. 4: Number of tracks of Servicer and Client generated by each sensor. Note that certain instruments are

collocated in the same geographic locations, as indicated by their names.
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Fig. 5: Number of tracks generated for each object per day. The average for the Servicer was 7.2 tracks, and 8.5 for

the Client. The respective median figures were 4.0 and 4.5.
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Fig. 6: Observed magnitude of both Servicer and Client as a function of time elapsed since the beginning of the
measurement arc. Note: a measurement arc combines several consecutive tracks acquired by the same sensor to
capture as much detail about the object’s behaviour as possible.
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Fig. 7: Breakdown of Servicer and Client tracks obtained with gimballed telescopes and staring arrays. Also
showing the statistics for both objects.
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Fig. 8: Number of observations acquired daily for each object using gimballed telescopes and staring arrays.
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Fig. 9: Left: time series of the solar elevation of both Servicer and Client during the observation campaign. Right:
observed magnitude of Servicer and Client as a function of the solar aspect angle.

The rendezvous sequence of the ADRAS-J mission is shown in Fig. 10. As the difference in altitude between the two
objects reduced, so did the distance between them. The figure also indicates epochs when the same ground-based
sensor acquired the Servicer and Client measurements within 1 ms, which is considered a near-simultaneous
observation of both objects. Most of these measurement pairs were obtained when the two objects were within
approximately 25 km of each other. These “dual collects” are particularly interesting because they allow for the
Servicer-Client orbital solutions and relative geometry deduced from the ground-based measurements to be compared
to the Servicer’s RPO sensor data. Moreover, by analysing these near-simultaneous measurements acquired at
progressively closer Servicer-Client ranges, the ability of electro-optical sensors to distinguish between closely
separated objects in rendezvous conditions can be investigated. The following subsection analyses several such cases
in detail.
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Fig. 10: Mean altitude (left Y-axis) of both Servicer and Client, and the Servicer-Client separation distance (right Y-
axis) during the rendezvous. Obtained using the publicly available two-line element set (TLE) catalogue. Showing
epochs where near-simultaneous observations of both objects were acquired with vertical green lines. Note that the

increase in range between 6 and 18 May was partially caused by an identified cross-tagging of the two objects in the

public catalogue, which resulted in inaccurate TLE propagation.

3.2 Specific cases

The relative geometry between the Servicer and the Client during the final days of the rendezvous phase is shown in
Fig. 11. Note that, in Fig. 10, a semi-logarithmic scale had to be used to show the distance between the two objects.
To better show the rendezvous with such a wide variation in the relative range, several subplots are shown in Fig. 11.

Both Fig. 10 and Fig. 11 are based on TLEs, which can become inaccurate for objects in close proximity [3]. Moreover,
they do not reflect the frequent manoeuvres that the ADRAS-J Servicer was conducting during the approach to the
Client. To better quantify the relative Servicer-Client separation distance at which both objects can still be
distinguished in telescope observations, all the dual collects shown as vertical lines in Fig. 11 have been analysed
using more accurate Astroscale ephemerides. The relative geometry between the two objects computed with these is
reported below.

It can be noted in the list below that the Servicer-Client separation distances do not decrease monotonically with time.
This is because Astroscale decided to alternately approach and back away from the Client before performing the final
approach to 50 m on 23 May [5]. This was done to ensure all the Servicer systems were behaving as expected, and
thus a safe approach could be guaranteed.

1) 2024-04-12 11:37 —23.5 km,
2) 2024-04-13 10:10 — 9.1 km,
3) 2024-04-14 10:16 — 2.3 km,
4) 2024-04-1510:23 — 2.3 km,
5) 2024-04-17 10:39 — 350 m,
6) 2024-04-18 10:45 — 1.1 km*,
7) 2024-04-19 23:17 - 890 m,
8) 2024-04-24 20:24 — 920 m*,
9) 2024-05-06 11:20 — 170 m*,
10) 2024-05-22 11:35-350 m.

The remainder of this section analyses three of these cases, marked with an asterisk in the list above, in more detail.
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Fig. 11: Servicer position relative to the Client in radial, in-track, cross-track (RIC) reference frame centred on the
Client. Obtained using the public TLE catalogue. Showing different epoch ranges of the proximity approach to
enable closer inspection of the various relative distance regimes. Dual collects are indicated with vertical green
lines, while blue and orange triangles show epochs of individual Servicer and Client observations, respectively.

3.2.1  2024-04-18 — 1.1 km separation

Fig. 12 shows the Servicer approaching the Client on 18 Apr, as seen by one of the Slingshot telescopes. The relative
right ascension and declination between the two objects during this track are shown on the left panel of Fig. 13. The
right panel of the figure shows the distance between the two objects computed with the ephemerides determined by
Astroscale and the raw RPO sensor telemetry. It can be noted that, even though the two objects were only a few
hundreds of arcseconds apart, they could still be distinguished in the telescope images. The objects were separated by
1075 to 1085 m during this track, with most of the separation along the in-track direction.

Offsets of up to 38.82 arcsec of relative right ascension and 12.66 arcsec of relative declination between Astroscale
ephemerides and Slingshot observations can be seen on the left panel of Fig. 13. The residuals between the Servicer
orbit during this track and the raw GPS telemetry were on the order of one metre, while the Client orbit matched the
RPO1 sensor measurements to within tens of metres. Hence, the two determined orbits are considered reliable.
However, the differences between the absolute RA and DEC estimated from Astroscale ephemerides and the Slingshot
measurements were up to 133.84 and 18.64 arcsec, respectively. This suggests an error in the measurements or
a systematic error in processing the ephemerides and the telescope observations. For this particular system, the weather
had been poor leading up to the collect on the Servicer and Client, preventing the system from accumulating calibration
data. This may be one potential source of error.
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Fig. 12: Slingshot-Stella-1-Main telescope image showing Servicer and Client during rendezvous on 18 Apr 2024.
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Fig. 13: Left: relative RA and DEC between the Servicer and the Client from simultaneous Slingshot measurements
and Astroscale orbit solutions during the Slingshot-Stella-1-Main sensor pass on 18 Apr 2024. Right: distance
between the two objects based on the Astroscale ephemeris. Telescope observation epochs are indicated with

vertical green lines.
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Fig. 14: Absolute residuals between the telescope observations and Astroscale’s solution during the Slingshot-Stella-
1-Main sensor pass on 18 Apr 2024.

Copyright © 2025 Advanced Maui Optical and Space Surveillance Technologies Conference (AMOS) — www.amostech.com



3.2.2  2024-04-24 — 920 m separation

Fig, 15 show a dual collect acquired on 24 Apr 2024, and Fig. 16 the corresponding difference in right ascension and
declination between the Servicer and the Client computed using Astroscale’s ephemerides and Slingshot
measurements. The right-hand side panel of the figure shows the distance between the two objects during the
observation window. Comparing to Fig. 13, it can be noted that the separation between the two objects reduced with
respect to the case presented in section 3.2.1.

In this case, both RPO1 and RPO2 sensors were active and provided consistent measurements, indicating the relative
distance between the Servicer and the Client varying between 917 and 919 m during the track. The agreement between
the two RPO sensors is significant because it increases confidence in the measurements via a so-called dissimilar
check [2].

Despite the smaller separation between the two objects, each could still be identified in the telescope images, and the
corresponding observations were correctly associated. Fig. 17 shows the residuals of the observations computed with
respect to Astroscale’s orbit solutions. A similar trend in the residuals can be seen for both objects, which indicates
a systematic error in the reference ephemerides, observations, or the data processing. During this track, the maximum
residual of the Servicer orbit w.r.t. raw GPS was 20 m, while the Client orbit residuals w.r.t. RPO sensors 1 and 2
were on the order of tens of metres. This indicates that the reference ephemerides were accurate and were not the
source of this discrepancy.

The Servicer was not detected during the entire track of the Client, but only between 20:24:10 and 20:24:40. This dual
collect interval is shown on the right-hand panel of Fig. 17. During this period, the Client was not identified during
two observations at 20:24:10.7 and 20:24:14.37. This indicates intermediate detection issues, possibly due to light
cloud cover that was present in the region at the time of the collect.

Notwithstanding the relatively large absolute difference between the Servicer and Client ephemerides and the
observations during the dual collect (up to 80.15 arcsec RA and approx. 114.49 arcsec DEC errors), the relative
position between the two objects could be accurately determined in the telescope images. The differences between the
relative RA and DEC between the Servicer and Client, determined using Astroscale ephemerides and Slingshot
observations, are at most 0.85 and 4.75 arcsec, respectively. This marks several orders of magnitude of improvement
in relative RA and a factor of three improvement in the relative DEC agreement w.r.t. the case presented in
section 3.2.1, despite the smaller separation between the two objects.

Fig, 15. Cropped daytime telescope image (solar elevation of 21 degrees) of ADRAS-J (blue), H-2A (orange), and
the published ephemeris for ADRAS-J projected into sensor space (magenta) at the image epoch from Slingshot-
Varda-5-Main (Chile).
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and Astroscale orbit solutions during the Slingshot-Varda-5-Main sensor pass on 24 Apr 2024. Right: distance
between the two objects based on the Astroscale ephemeris. Telescope observation epochs are indicated with
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Fig. 17: Absolute residuals between the telescope observations and Astroscale’s solution during the Slingshot-
Varda-5-Main sensor pass on 24 Apr 2024. Left: showing all the residuals during the entire track. Right: focusing on
dual collect (period when both objects were being tracked by the same sensor).

3.2.3  2024-05-06 — 170 m separation

Fig. 18 shows a telescope image of the two objects on 6 May 2024, a few weeks before their historic first approach to
50 m [5]. Even though the Servicer was separated from the Client by only 170 m, as shown on the right panel of Fig.
19, the two objects could still be identified and tracked independently. This is remarkable, given that the angular
separation between them was less than 25 arcseconds in both RA or DEC, as shown on the left panel of Fig. 19.

As shown in Fig. 20, during this track, there was an error of up to 6.23 arcseconds in the right ascension and up to
10.06 arcseconds in declination of each object taken individually. However, the relative position between the two
objects could still be determined and was aligned with Astroscale ephemerides, as shown in the left panel of Fig. 19.
The errors between the two estimates of relative RA and DEC were 0.34 and 1.12 arcseconds, respectively. These are
smaller by factors of over two and four when the objects were over five times further apart, as discussed in
section 3.2.2. Also, conversely to the 920 m case described in section 3.2.2, this track had no missing observations.
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Fig. 18: Slingshot-Varda-1-Main telescope image showing Servicer and Client during rendezvous on 6 May 2024.
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Fig. 19: Left: relative RA and DEC between the Servicer and the Client from simultaneous Slingshot measurements
and Astroscale orbit solutions during the Slingshot-Varda-1-Main sensor pass on 6 May 2024. Right: distance
between the two objects based on the Astroscale ephemeris. Telescope observation epochs are indicated with

vertical green lines.
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Fig. 20: Absolute residuals between the telescope observations and Astroscale’s solution during the Slingshot-
Varda-1-Main sensor pass on 6 May 2024.

4  DISCUSSION

Objects performing RPO generally move at low relative velocities with respect to each other. Consequently, when
a gimballed telescope rate-tracks either of them, the other one will not “streak”. In other words, both objects will
appear as points of light, as seen on Fig. 12 and Fig. 18, while all other objects and background stars will appear as
“streaks”. This allows both objects to be distinguished, and their respective observations to be correlated and processed
even at low relative separation distances, as shown in section 3.2. On the other hand, all objects, including the ones
performing RPO with each other, will appear as streaks on staring array images. An example of this is shown in Fig.
21 from a Horus staring array. When the two streaks begin to overlap as the two objects approach each other, they can
no longer be distinguished. This was associated with the reduction of staring array tracks shown in Fig. 8. This
highlights a fundamental disadvantage in the use of terrestrially fixed or sidereal rate tasking modes for closely spaced
object discrimination. The use of staring array systems to observe the objects throughout the experiment contributed
more tracks than gimbaled systems, as shown in Fig. 5 and Fig. 8, largely due to staring array systems not requiring
prior cue information to discover and track the objects. During this experiment, the last staring array observation of
the Servicer was obtained at 2024-04-12 11:40:05 UTC and of the Client at 2024-04-15 10:28:31 UTC. While further
observations were generated by staring array systems after 14 April, inspection revealed that these observations had
likely blended both the Client and Servicer together due to their close separation along the in-track component.
Therefore, Slingshot halted delivery of any further staring array observations for the remainder of the experiment.

Fig. 21: A subset of an exemplar image from the Horus staring array, showing ADRAS-J Servicer and Client, as
well as two additional correlated object streaks indicated with white circles.
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Sections 3.2.1, 3.2.2, and 3.2.3 reported discrepancies of up to 133.84 arcseconds between Astroscale ephemerides
and Slingshot observations. While significant, the calibration of the Slingshot sensors, or verification of Astroscale
ephemerides or processing tools, was not the purpose of this work. Slingshot spent much of the second half of 2024
developing better calibration methods for its gimbaled systems, culminating in a significant increase in gimbaled
system accuracy. This is expected to reduce such discrepancies in the future but was not reflected in this work.

The relative right ascension and declination differences between the two sources of information were typically on the
order of 1 arcsecond and reduced as the Servicer approached the Client, as shown in Fig. 22. Such small errors increase
the confidence in the main conclusions of this work, which are related to measurements of relative, not absolute, states
of objects in RPO conditions. Additionally, the reduction of error with the Servicer-Client distance suggests that the
ground-based sensor data were more accurate than the Astroscale ephemerides generated before 18 April. This period
coincides with the first days of testing and using a new type of relative navigation [9]. Out of the ten cases listed in
section 3.2, three, including the one described in more detail in section 3.2.1, were found to be outlying due to this
navigation commissioning and, therefore, have been omitted from Fig. 22. The presence of such outliers at
intermediate Servicer-Client ranges highlights the difficulty of transitioning from absolute to relative navigation
during the rendezvous. However, the low relative position errors achieved later illustrate Astroscale’s RPO capacity
and the emphasis on safety, which requires accurate relative navigation.
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Fig. 22: Differences in relative Servicer-Client RA and DEC computed with Astroscale ephemerides and Slingshot
observations, as a function of epoch and Servicer-Client range. Showing maximum errors for every dual collect and
ignoring outliers on 14, 17 and 18 April.

As reported in section 3.2.2, certain observations of either object were missing from the track when the Servicer was
operating in proximity to the Client. This underscores the presence of a minimum distance between closely separated
objects, below which they can no longer be resolved. This experiment aimed at probing exactly this fundamental
limitation of the ground-based EO sensors, and identifying tracks where this behaviour was observed is, therefore, not
unexpected. More dual collects obtained at low Servicer-Client separation distances would be needed to draw
statistically significant conclusions about when the minimum resolving distance becomes a concern. Even though
limited association/resolution issues were observed in this work, it has also demonstrated accurate tracking of both
objects at separations as low as 170 m. Thus, the minimum resolving distance is only expected to become a significant
limiting factor for RPO when the two objects are closer together than this.

Besides the separation between the objects in orbit, the viewing geometry also affects the ability to resolve them in
telescope images. An example of this is shown in Fig. 23, which illustrates two dual collects from consecutive days.
While the observations were correctly associated in both cases, both objects appear close together when extracted
from the left image in the strip on the right-hand side of the image. Conversely, they are well separated in the image
on the right of Fig. 23. The elevation at which the objects are being observed does affect the ability to resolve them,
but it is not the only factor. In Fig. 23, the observation on the left was acquired at an elevation 12.6 degrees greater
than the other image. By observing Fig. 2, one can imagine cases where the observable separation between the two
objects reduces to zero if they are low above the horizon and flying one directly after the other, as seen by the telescope.
This underscores the previous caveat that a larger set of observations than analysed here would be needed to
quantitatively assess the minimum separation distances that EO sensors can observe.
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Fig. 23: Left: Slingshot-Varda-1-Main telescope image showing Servicer and Client separated by approximately
350 m at an elevation of approximately 31.0 degrees on 17 Apr 2024. Right: Slingshot-Stella-1-Main telescope
image showing Servicer and Client separated by approximately 1100 m at an elevation of approximately
18.4 degrees on 18 Apr 2024.

5 CONCLUSIONS

This work analysed the imaging campaign of the groundbreaking ADRAS-J rendezvous and proximity operations
mission that took place in 2024. First and foremost, the electro-optical sensors analysed herein have been shown to be
capable of resolving two distinct objects operating as close as 170 m in LEO. Furthermore, the low numbers of
incorrectly associated or missing observations suggest that resolving objects even closer together might be possible,
although more data are needed to confirm this. This shows the benefit of incorporating EO sensors in SSA systems
and space domain awareness data feeds, given that the recent proliferation of RPO-type missions is expected to
continue due to the capabilities that such missions offer.

The advantages of staring array optical fences relative to gimballed telescopes were also investigated during the
experiment described herein. While over two-thirds (67.6%) of all the observations reported here were obtained by
staring arrays, the Client object could not be consistently distinguished with staring arrays when the Servicer
approached below approximately 2.3 km of the Client. This shows that gimballed telescopes are indispensable for
observing objects in RPO conditions, given the significant improvement in the resolution distance offered by rate-
tracking objects in such scenarios. However, staring arrays are crucial to large-scale catalogue maintenance because
of the number of simultaneous observations of multiple objects that they offer.

The primary function of ground-based SSA systems in the context of RPO missions is the provision of Servicer and
Client observations, which can be used to build ephemerides and support collision avoidance [6]. This is less relevant
when the Client is active and cooperative, e.g. for refuelling missions. However, it becomes indispensable for non-
cooperative RPO missions such as ADRAS-J. This work has shown that ground-based EO systems can support
proximity approach to within hundreds of metres from the Client, which is considerably closer than was originally
assumed for ADRAS-J [2]. If several new tracks can be generated per day, the Client orbit uncertainty should remain
sufficiently small to enable a safe rendezvous to within less than 1 km. However, close to the Client, orbit
determination and manoeuvre planning need to take place on board the Servicer to minimise the data latency and the
errors that involving ground-based sensors can introduce. At that point, ground- and space-based tracking systems
need to be augmented with Servicer’s onboard instruments, even if the external systems can still correctly resolve the
two objects as shown here or in [7]. This, however, means that the minimum resolving distance of the ground-based
EO sensors is no longer a driving constraint in the RPO tracking problem.
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