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The RVS® 3000-X from Jena-Optronik GmbH combines a high-resolution scanning LIDAR
with robust image processing algorithms for autonomous rendezvous and docking. The generic
design of the LIDAR utilizes all heritage and lessons learned from RVS® 3000, which has reached
TRLY during its maiden flight to the International Space Station in 2019 on Cygnus NG-11 as well
as from RVS® 3000-3D, which enabled the first servicing of GEO satellites in frame of Mission
Extension Vehicle (MEV) 1 in 2020 and MEV-2 in 2021 using model-based pose estimation.

So far, experience with concept of operations development for RVS® 3000-X has been gained
for various Artemis docking targets, uncooperative satellites in debris removal missions and sam-
ple-return missions such as Mars Sample Return. Last but not least, concepts of operation for lunar
landing missions are under consideration. It is state of the art that early concept of operations de-
velopment is accompanied by test campaigns, which consolidate the performance and generate trust
in the combination of the navigation sensor and the use case. Here we present test results of the
RVS® 3000-X LIDAR system against a Landsat7 mockup. Thereby, we evaluate the RVS® 3000-
X LIDAR system performance at key pillars of the envisioned concept of operation of the On-orbit
Servicing, Assembly and Manufacturing 1 (OSAM-1) mission.

INTRODUCTION

Space-qualified LIDAR (Light detection and ranging) technology has matured to serve a variety
of mission scenarios where relative guidance and navigation is needed [1]. Current applications are
rendezvous and docking with the International Space Station (ISS) or the Lunar Gateway [2], im-
aging and pose estimation of geo-stationary satellites [3], and rendezvous and capture for the Mars
sample return missions [4]. Further, space-qualified LIDAR technology is pushed to aid landing
maneuvers on the moon [5], planets [6-8] and asteroids [9-10].

The LIDAR is typically asked to provide a precise, robust, flexible three-dimensional point
cloud measurement of the object at high sample rate. For landing maneuvers, a measurement of the
relative velocity is of strong interest in addition. The measured point cloud is then analyzed to the
specific need of the relative guidance and navigation system during the mission. The detailed re-
quirements against the point cloud measurement and the subsequent analysis of it depend on the
capabilities of the LIDAR, the properties of the client (e.g., dimensions, shape, optical properties)
as well as on the relative distance between the client vehicle and the servicer. To cope with this
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complexity, it is common incorporate the development of the concept of operations (ConOps) of
the LIDAR closely into the design of the guidance and navigation system of the mission.

Here we consider the performance of the RVS® 3000-X [11] scanning LIDAR system against a
mock-up of the Landsat 7 spacecraft. The goal is to prepare a LIDAR concept of operations for
the guidance and navigation system of the On-orbit Servicing, Assembly and Manufacturing 1
(OSAM-1) mission [12]. To this end, we shortly introduce the RVS® 3000-X LIDAR system, pre-
sent the test setup and the LIDAR ConOps, which are tested during the ground test. Our main point
is to present point cloud measurements as well as point cloud analysis results from RVS® 3000-X
LIDAR with a flight-like 1:1 scale mock-up of the end of Landsat 7 with a single solar panel.

RVS®3000-X AND THE LANDSAT7 MOCK-UP
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Figure 1. An illustration of the key aspects of the RVS® 3000 product family. a) Measurement of the 3D
point cloud is enabled by time-of-flight measurement for the range and by high-performance angular meas-
urement for azimuth and elevation. The gimbal scanning mechanism allows a flexible field of view, where
consecutive laser shots are distributed along the scan pattern. b) A photograph of the RVS® 3000-X system
(left). Examples od measured 3D point clouds with color-coded amplitude information (center) and a 3D



illustration (right). ¢) A functional breakdown of the RVS® 3000 product family. d) Various algorithmic
options for point cloud analysis and e) example ConOps for an Artemis mission

Key aspects of the RVS® 3000-X LIDAR are illustrated in Figure 1. All system components of
the RVS® 3000-X LIDAR, the laser, optics, detection electronics, scanner control and electronics
for point cloud analysis are arranged in a single box. Figure 1 a) shows some illustration of the
hardware design and Figure 1 ¢) a functional break down of RVS® 3000-X LIDAR. High-resolution
point cloud measurement is achieved using time-of-flight measurement and a gimbal scanning
mechanism. The detection electronics allows to measure the point cloud of an object simultane-
ously with some information about the intensity of the returning light pulse. See Figure 1 b) for an
example of the point cloud left and an example of the measured information on amplitude in the
center. The scanning LIDAR principle allows to provide a point cloud measurement, which can be
flexibly optimized for the LIDAR ConOps along the mission. In this way, the point cloud meas-
urement serves the subsequent point cloud analysis in an optimal way.

The RVS® 3000-X LIDAR provides several options for point cloud analysis. In Figure 1 d) an
overview of possible modes for point cloud analysis is shown. For example, in case of so-called
cooperative clients, the analysis often utilizes identification of retro-reflecting patterns on the client
vehicle (e.g., for rendezvous with the International Space Station (ISS) or the Lunar Gateway). The
retro-reflecting patterns are then used to provide 6 degree-of-freedom (6DOF) pose between ser-
vicer and the client vehicle. If there is a lack of fiducial markers on client vehicle, as for many in-
orbit servicing scenarios of today, real-time 6DOF pose estimation can be achieved by matching
the measured point cloud with a pre-known 3D model of the client vehicle, see Figure 1 d). For less
geometrically complex objects, such as a sample container, a comparatively simple calculation of
the barycenter of the point cloud maybe sufficient to fulfill the needs of the guidance and navigation
system. Flexibility in the point cloud measurement and the point analysis are essential to serve a
wide range of mission scenarios.

Figure 2. The 1:1 scale mock-up of the relevant part of the Landsat 7 satellite. a) An artistic view of the
Landsat 7 satellite in space. b) Landsat 7 during its final integration. ¢) Top and bottom show a model of the
Landsat 7 mock-up. A model of a man gives a reference for its size. s) shows the Landsat 7 mock-up on the
run way of an airfield during the test campaign.



The information about how the LIDAR is operated along the mission is typically summarized
in a ConOps. It contains information about the LIDAR operational parameters for point cloud
measurement and the applied point cloud analysis strategy as function of range along the approach
trajectory. An example for an Artemis mission is shown in Figure 1 e).

The LIDAR performance tests have been done using a 1:1 scale mock-up of the relevant part of
the Landsat 7 satellite. For the mock-up, it is sufficient to consider the structure of the aft end and
one of in total 4 solar panels of Landsat 7. Reduction of the mock-up to these parts of Landsat-7 is
justified by feasibility of the test any by relevance for the approach trajectory, which is considered.
The LIDAR ConOps during the mission will account for this by the chosen operational parameters
of the LIDAR. Further, the mock-up has been designed and manufactured using materials, which
are expected to resemble the optical properties of Landsat 7. This is important to ensure representa-
tivity between the LIDAR performance during ground testing and in space operation. However, the
reachable representativity is sufficient but only limited. The information of the optical properties
are estimates based on the used materials. The change of the optical properties during the ageing in
space is not known. The design of the LIDAR ConOps shall account for some margins with respect
to those aspects.

RELATIVE NAVIGATION - 3DOF AND 6 DOF POSE ESTIMATION

The LIDAR provides relative navigation and pose estimation as input to the guidance and nav-
igation system of the spacecraft. Functionally, the RVS® 3000-X LIDAR measures a point cloud,
which is then analyzed by its computational capabilities to provide (6DOF) pose between servicer
and the client vehicle for example. Typically, the result of the analysis is delivered to the guidance
and navigation system at an update rate of 2 Hz. In case of the test here, we match the measured
point cloud with a pre-known three-dimensional model of the Landsat 7 mockup using the docking
mode of RVS® 3000-X LIDAR. This is achieved using a dedicated image processing board, which
strongly enhances image processing capabilities of RVS® 3000-X LIDAR.
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Figure 3. Relative navigation and pose estimation. The grey structure on the left indicates the LIDAR.
The purple lines indicated the pre-known three-dimensional model, which is matched to the point cloud
measurement. See text for detailed information on vector definitions.

Figure 3 illustrates relative navigation and pose estimation in the optical reference frame (ORF)
of the RVS® 3000-X LIDAR. The ORF of the RVS® 3000-X LIDAR is marked by the unit vectors,
ey, €y, e;. The vector R points from the origin of the optical reference frame to the Landsat 7
mockup. R gives the position, in other words, 3 degree of freedom pose (3DOF). In other words, it
is the direction and distance from RVS® 3000-X to Landsat 7. The vector P is reached from the
LIDAR line-of-sight, Z, in the ORF by a transformation, P=R+M Z, with M being a rotation

matrix. M states the orientation of Landsat 7 with respect to LIDAR line-of-sight, L. Both, R and
M together are the 6 degree-of freedom pose estimation result of the point cloud analysis, which is



delivered to the guidance and navigation system of the servicer spacecraft typically at 2 Hz update
rate.

TEST SETUP

The performed tests use Jena-Optronik’s mobile LIDAR test facility. It consists of a van (see
Figure 4 a), which is equipped with ground support equipment for operation of the RVS® 3000-X
and a mobile turn table on which the RVS® 3000-X LIDAR can be operated (see Figure 4 ¢). The
mockup is positioned on the runway of an airfield, which is sufficiently flat to allow for measure-
ment distances up to 1200m (see Figure 4 ¢). Moving the van from one range-wise static position to
another allows LIDAR performance measurements at various ranges. The combination of range
with the turn table enables measurements where expected rotational motions from the spacecraft
can be incorporated. So far, the rotational motion of the turn table is limited to LIDAR azimuth and
elevation direction. Actively, moving the target or the van and operation of the turn table and RVS®
3000-X LIDAR allows the test to mimic spacecraft dynamics while LIDAR measurements are
taken. In this way, many aspects of the rendezvous maneuver between servicer and client can be
tested.

The LIDAR performance is characterized by comparison to “ground truth”. “Ground truth” is a
high-accuracy, high-precision measurement of the relative position and orientation of the Landsat
7 mockup in the LIDAR ORF. High-accuracy and high-precision is achieved by the usage of a
coordinate measurement machine (CMM), ZEISS PRISMO, a LEICA workstation, see Figure 4 b),
and a chain of fiducial markers (see Figure 4 ¢ and see Figure 4 d). Both the CMM and the LEICA
workstation are more accurate and precise than RVS® 3000-X while its measurement rate is much
slower than RVS® 3000-X. The chain of fiducial markers enables the CMM and the LEICA to
determine the following transformations between coordinate frames, from RVS® 3000-X ORF to
RVS® 3000-X mechanical reference frame, from RVS® 3000-X mechanical reference frame to
“van reference frame”, see Figure 4 ¢), and from “van reference frame” to “Landsat 7 mockup ref-
erence frame*, see Figure 4 d). The fiducial marker on the mockup can be covered such that it is not
noted by the RVS® 3000-X.
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Figure 4. The test setup including equipment for “ground truth” measurement. a) shows JOP’s Jena-Op-
tronik’s mobile LIDAR test facility for long range testing, b) shows the LEICA workstation. ¢) and d) are
photographs of the fiducial markers, which needed to enable high-accuracy and high-precision “ground truth”
determination. e) gives an impression of the setup on the airfield. Ranges up to 1400m can be tested.

RVS® 3000-X CONCEPT OF OPERATION AND TEST RESULTS

The long-range tests have the intent to evaluate the RVS® 3000-X performance at key pillars of
the LIDAR ConOps during the mission. We limit ourselves to the presentation of static test results
and 6DOF docking only.
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Figure 5. Tested RVS® 3000-X ConOps for a rendezvous and docking maneuver with Landsat7, see text

for details.



A possible ConOps for the RVS® 3000-X along a rendezvous and docking maneuver with Land-
sat7 using RVS® 3000-X is shown in Figure 5. It shows the range between RVS® 3000-X and the
Landsat 7 mockup at the bottom. Crosses mark the range values at which static tests have been
performed. In the example, at long ranges, between 1400m and 250m 3DOF relative navigation by
the RVS® 3000-X “retro manual mode” is used primarily. To reach optimized RVS® 3000-X per-
formance, the operational parameters RVS® 3000-X for point cloud measurement and point cloud
analysis have been optimized over range. 6DOF pose estimation maybe used from 250m on towards
smaller ranges using the “docking mode” of RVS® 3000-X for point cloud analysis. The measured
point cloud is matched with a pre-known 3D model in the RVS® 3000-X “docking mode” such that
6DOF pose can be provided.

Before we turn to evaluation of 6DOF performance by comparison to the “ground truth”, we
illustrate the data quality in Figure 6 for a few examples. At some range positions, two different
orientations, 0° and 45°, between mockup and RVS® 3000-X have been measured. These are shown
in Figure 6. High-resolution measurements are in the top part and measurements in docking mode
is in the bottom part. Considering a number of orientations between mockup and LIDAR illustrates
the sensitivity of RVS® 3000-X with respect to the mockup’s optical properties. Changing the ori-
entation of the mock-up has impact on the intensity of the light, which returns to the LIDAR. If the
6DOF performance is the similar for 0° and 45° orientation, robustness of the point cloud measure-
ment and analysis is demonstrated. Our measurements of 6DOF performance at different orienta-
tions for demonstrates robustness with the variability in mock-up optical properties, mock-up fea-
tures and variability in the approach trajectory.

Another interesting observation in Figure 6 is the behavior of the point cloud at longer ranges,
800m and 250m. It becomes “less sharp” for high-resolution measurements in docking configura-
tions compared to the point cloud appearance at smaller ranges. The observation can be attributed
to the divergence of the laser beam. At large range, the size of the laser beam reaches the size of
relevant structures of the mockup such that an averaging effect of the range measurement over the
mock-up structures leads to a “less sharp” point cloud.
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Figure 6. Illustration of data quality. First and second row from the top show high-resolution point cloud
measurements of the mockup for two different orientations, close to 0° and close to 45°. Third and fourth
row from the top show that point cloud as it is measured by RVS® 3000-X in the respective distance. In all
cases, the amplitude of the returning light is color coded. The range reduces with the column, from left to
right, see the label at the top.

Last but not least, we show the noise and bias of RVS® 3000-X 6DOF pose estimation results
with respect to the “ground truth” measurement in Figure 7. Bias and noise values for position and
orientation are determined based on comparison between RVS®3000-X and the “ground truth”.
Approximately fifty collections of 2Hz up and down scans of RVS®3000-X are considered. Further,
results from all orientations, 0° and 45° are shown. The top row, a) and b), shows bias and noise
for position for each of the vector component. The bottom row shows bias and noise for the orien-
tation around the indicated axis.

The noise (Figure 7 b) and d)), which increases with range for position and orientation, can be
understood by considering that the exact sampling of 3D points on the mock-up by RVS®3000-X
varies slightly from 2Hz scan to 2Hz scan. The slight variation is caused by the LIDAR internal
timing between motion of the scanner and firing of the laser pulses, see the stripe-like features in
Figure®6, which stem from the scanner’s elevations motion in Figure 6. It increases with the range
as the scanner motion and laser firing rate is kept the same for all ranges such that the number of
3D measurement actually decrease with range. Combining this thought, with the stripe-like struc-
ture explains the increasing noise for increasing range. A similar explanation might be considered
for the range dependence of position bias. The orientation bias shows a roughly constant value with
range, see Figure 7 b). We attribute this observation to deviations between the actual geometry of



the actual mock-up and the reference model which is used for 6DOF pose estimation. A few degrees
deviation for the extended solar panel is beyond the accuracy of the mock-up manufacturing. In
total, the presented test results for determined bias and noise values for position and orientation
based on the draft ConOps for RVS®3000-X against Landsat 7 demonstrate in family performance
to the high TRL-9 product line.
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Figure 7. Noise and bias of 6DOF pose estimation in RVS® 3000-X docking mode. a) and b) show posi-

tion bias and noise for the position measurement using RVS® 3000-X docking mode with the respective
configuration. ¢) and d) show the same, for the measurement of the Landsat 7 orientation.

CONCLUSION

The RVS®3000-X LIDAR performance has been tested against a Landsat 7 mockup with focus
on 6DOF pose estimation performance. The test has been performed using Jena-Optronik’s long-
range test facility including “ground truth” determination. The measurement results show very good
data quality and bias and noise values for position and orientation from the RVS®3000-X LIDAR
docking mode, which are in-family with the high TRL9 product line. Thus, the test results of
RVS®3000-X LIDAR against Landsat 7 demonstrate feasibility of robust inputs of LIDAR meas-
urements to the guidance and navigation system during a rendezvous and docking maneuver.
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