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ABSTRACT

Reusable launch vehicles (RLV) in a vertical takewertical landing configuration
require accurate measurements of the height atbh@vground during the final descent
just before landing. It is proposed to use reaktkimematic positioning (RTK), which
is a differential GNSS navigation method requirangearby reference GNSS antenna
and receiver, to measure the rover’s position wéhtimetre accuracy. The effects of
the engine plume, vibration and multipath are @mging when using this carrier-phase
based positioning method on an RLV. Especiallyrdsedual differential tropospheric
error due to the rover and reference GNSS antdmeiag at different heights, primarily
caused by humidity in the air, may hinder the sssfig fixing of the carrier phase
ambiguities. To gain a better understanding ofR& performance to be expected on
a landing RLV, a skydiver experiment was conduatedpril 2022. The skydiver was
equipped with a rover GNSS receiver and a helmiet &GNSS antenna on top and an
independent integrated navigation system servingef@sence. The skydiver reached
free fall velocities of up to 385 km/h, which isesarepresentative of the vertical velocity
of an RLV. The paper describes the experiment phaee and the results of the
experiment.

1 INTRODUCTION

As part of the trinational technology demonstratimmject CALLISTO (“Cooperative Action
Leading to Launcher Innovation for Stage Toss-lip&rations”), JAXA, CNES and DLR are jointly
developing and maturing key technologies for aritturopean and Japanese reusable launch vehicle
(RLV) [1][2][3]- The goal of the project is to bdiland fly a vertical take-off vertical landing (VTV
launch vehicle demonstrator that returns to thedhawsite (RTLS) after its mission. Beginning in the
second half of 2025, there will be ten differersttélights within a period of six months with
increasing apogee altitudes from several metragptto 20 kilometres and increasingly complex
trajectories from the former Diamant site at Eutsmpaceport in French Guiana. The CALLISTO
vehicle is 13.5 m tall, has a diameter of 1.1 m aedghs less than four tons at lift-off. An artisti
illustration of the CALLISTO vehicle is shown indtire 1.

The GNSS & Navigation Technology group at the GerrBpace Operations Center (GSOC) is
responsible for the development, qualification apération of the GNSS subsystem that is part of
the hybrid navigation system (HNS) used to estintaevehicle’s position, velocity and orientation
[4]. Due to the high demands on the lateral pasigcuracy, especially during the boost phase
immediately prior to landing, the pseudorange-batifdrential GNSS (DGNSS) method is used,
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which enables horizontal position accuracies insthiemetre range. The DGNSS system consists of
the rover GNSS antenna and receiver aboard theleela reference station with a static GNSS
antenna and receiver located near the landing pddhee uplink of correction messages from the
reference station to the rover GNSS receiver \ectanmand.

One of the goals of the CALLISTO project is to &ud the lowest possible propellant consumption
for the RTLS phase of the mission in order to savenuch usable take-off mass as possible for the
payload. The landing phase of the CALLISTO vehisl¢herefore designed in such a way that the
RLV decelerates just enough by means of aerodynaimsig and engine thrust that the vertical
velocity is close to zero at touchdown. The smathaining kinetic energy is absorbed by the spring-
dampener systems of the landing legs. The chogemoagh requires that the vehicle’s height above
the landing pad is known very accurately in thalfittight phase. The closer the vehicle gets to the
ground, the more accurate the height measuremseribhze. This approach is chosen in favour of a
more conservative approach in which the vehicle ld/alecelerate to a small constant downward
velocity of about 1 m/s already a few metres abieeground and then descend at this constant
velocity until touchdown, but which would result &nhigher fuel consumption. Table 1 lists the
requirements on the position accuracy during thal fanding phase of the CALLISTO vehicle. The
critical requirement on the vertical position agmy below 100 metres is marked red.

Table 1: Requirements on the position accuracynduhe final landing phase

Flight phase Position [m] Required differential
(at 99% probability) GNSS method
Lateral Vertical

Beginning of landing boost 1 10 DGNSS

Below 100 m 1 0.5 RTK

It was originally planned to measure the heightvahihe ground in the final flight phase with radar
altimeters integrated into the landing legs illagtd in Figure 1. However, preliminary studies have
shown that radar faces many technical challengesin® the landing boost, the radar altimeters
would be directly exposed to the engine plume aadlavexperience significant heat stress. The hot
gases of the engine plume may interfere with thesimission of the radar signal and thus falsify the
measurement of the height above the ground. Edjyesidarger heights above the ground, the radar
signal may be reflected by other adjacent strustusach as lightning rod towers, rather than the
surface of the landing pad, resulting in biasedsussaments. At lower heights above the ground, dirt
thrown up by the engine plume may cause false atifles, which may in turn result in noisy
measurements and outliers that have to be relagdibcted and isolated by the HNS. In the end, costs
and risks of developing a reliable radar altimdéterCALLISTO overcoming the aforementioned
technical challenges were deemed too high, andotiggnal plans to use radar altimeters were
discarded.

The GNSS & Navigation Technology group is therefareestigating whether the height can
alternatively be measured reliably using the défgial carrier phase-based real-time kinematic
(RTK) positioning method. RTK with fixed ambiguisie would provide centimetre-level
measurement accuracy of the height once at least darrier phase ambiguities have been
successfully fixed to integer values. It is advgetaus that no additional hardware and infrastrectur
is required for RTK besides the already existingNBS system. The accuracy of the pseudorange-
based DGNSS navigation system is not sufficieftlfd the vertical position accuracy requirement
below 100 metres above the ground. However, mdogtehust be put into the design and placement
of the rover GNSS antenna on the vehicle, becad$ei® more demanding, for example, in terms
of reducing the effect of multipath or exactly knogithe antenna phase centre, which in turn reguire
the careful calibration of the rover GNSS antemiBK provides the relative position vector between
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Figure 1. Artistic illustration of the CALLISTO vatle, a joint project of CNES, DLR and JAXA

the phase centres of the static reference GNS8ramtan ground and the rover GNSS antenna aboard
the vehicle. To obtain the height measurement allowvdanding pad, which is eventually required
by the guidance and control of the CALLISTO vehithe relative position vector between a unique
reference point marked on the landing pad and hlasgcentre of the static reference GNSS antenna
has to be surveyed with centimetre accuracy padhe test flights, using RTK once again for the
survey. This additional relative position vectosha be stored as a constant parameter in the HNS.
The calculation of the height of the vehicle abdive landing pad from the two relative position
vectors is then straightforward. In order to redtlwe effect of multipath, ideally several hours of
measurements have to be collected for the survey.

There is limited experience on how RTK performssuch an application, and to the authors’
knowledge, there are no reference applicationbenliterature. The principal functionality of RTK
for the intended purpose has been proven by nura&dlES signal simulator tests in the laboratory
and theoretical analyses. However, not all effeatsbe realistically represented by the GNSS signal
simulator tests. To gain an even better understgnoli the RTK performance to be expected on an
RLV, the question was asked whether the scenaralahding RLV can be realistically replicated
by a flight experiment? Simple ideas of small ffakbodies dropped from a helicopter were quickly
discarded due to the complexity of flight stabitiaa, parachute landing and recovery in favour of
the appealing idea to outfitting a skydiver withoger GNSS antenna and receiver. The skydiver is
already equipped with a parachute and can landgetgcon a predetermined target point, which
greatly simplifies the recovery and reduces theeerpent development time and costs. The
skydiver’s free fall phase prior to parachute dgpient represents the final descent phase of an RLV
quite realistically. However, one disadvantagehest the achievable downward velocity is slightly
smaller than with a small free-fall body.

2 RTK FOR CONVENTIONAL QUASI-STATIONARY APPLICATIONS

RTK is a proven position estimation technique andtraditionally used for terrestrial applications
such as land surveying, civil engineering, precisagriculture or unmanned aerial systems. These
applications have in common that they are quasiesiary and use more or less horizontally levelled
geodetic-grade GNSS antennas, with the rover diederece GNSS antennas at approximately the
same height. They use a dedicated reference staiaby or use the reference measurements of a
virtual reference station (VRS) provided by a comuia or public RTK network correction service.
Millimetre accuracy can be expected if the phasmtians of the reference and rover GNSS antennas
are calibrated and a dedicated reference statittnshiort baseline length is used; centimetre acgura
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can be expected if the phase variations of thenaateare not calibrated and/or a VRS of an RTK
network correction service is used.

To illustrate the accuracies achievable with RTKimaple static test was performed with a stationary
rover GNSS antenna on the roof of an office bugdin the DLR site at Oberpfaffenhofen. The IGS
reference station OBE400DEU, which is also locatedhe site at a distance of about 400 metres
from the rover GNSS antenna, served as refereatersfor this test. The rover GNSS antenna and
receiver were geodetic-grade. A six-hour long pkt@tween 12 noon and 6pm (GPS time) on
November 1, 2022 was analysed. For the RTK nawgatolution, GPS and Galileo dual-frequency
measurements were used, and the elevation masgewvts 15 deg. The position error in east, north
and vertical directions is shown in Figure 2 onldfe The horizontal dashed lines are thes@andard
deviations of the error over the six-hour period éxpected, the horizontal position error, with
standard deviations of 3.3 mm and 4.5 mm, respalgtivs approximately half the vertical position
error, with a standard deviation of 8.1 mm. Theritigtion of the horizontal position error with the
3 ellipse and the 99percentile circle is shown on the right of Fig@rdt can be clearly seen that
especially the vertical position error increasasaftwo-hour long period between 2:30pm and 4pm.
This is due to multipath at the rover GNSS anteme@ause of an unfavourable satellite geometry
during this phase. Nevertheless, the accuracyeobdtical position error meets the requirement for
the height measurement during the landing phasleeo€ALLISTO vehicle. However, the example
underlines the importance of taking precaution®tiuce the influence of multipath at the rover and
reference GNSS antennas.

3 TECHNICAL CHALLENGES OF USING RTK ON AN RLV

In contrast to the conventional quasi-stationarpliaptions, RLV are characterized by high
downward velocities and dynamics during the landiiogst phase. The scenario is depicted in Figure
3. During the final 2,000 metres above the growndly a few dozen seconds remain until touchdown,
during which the ambiguities of a sufficient numbércarrier phase measurements must be fixed to
integer values in order to calculate a positiorusoh with centimetre-level accuracy. Once an
ambiguity has been successfully fixed, the sigaalto be continuously tracked until landing. While

in conventional quasi-stationary applications ther and reference GNSS antennas are more or less
at the same height, on an RLV the rover and rete&r&NSS antennas are initially at different heights
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Figure 3. Using RTK on a landing RLV instead of éoconventional quasi-stationary application.
The blue vectors are the relative position vectoise estimated with centimetre-level accuracy.

when the RTK navigation solution is initialized aht started to fix the ambiguities. Only theredo
the height difference between the rover and refer&@NSS antennas decrease as the distance to the
ground and thus the remaining flight time untiltbdown decreases.

If the rover and reference GNSS antennas are fareliit heights, the path lengths of the GNSS
signals through the troposphere received by therrand reference GNSS antennas are different. The
share of the tropospheric error that is not comgikessby the applied troposphere model does not
cancel out by differencing the measurements of ttneer and reference GNSS receivers.
Consequently, a residual differential tropospherior remains on the single- or double-differenced
pseudorange and carrier phase measurements. Sibisakdifferential tropospheric error, which may
be in the range of centimetres to decimetres, niageh the successful fixing of the carrier phase
ambiguities. Since the residual differential trgpiosric error depends primarily on the unmodelled
humidity of the air, the effect varies regionalbrass the globe. Due to the very humid climatéden t
equatorial regions, the influence is especiallgéaat Europe’s spaceport in French Guiana and
therefore needs to be particularly well understand analysed for the application of RTK in the
CALLISTO project.

Figure 4 shows curves of the air temperature, csiatessure and relative humidity over height
between 0 and 15 km which were measured by radiesoreleased from the radiosonde station
Altenstadt in Southern Germany during the two dafythe skydiver experiment. It can be clearly
seen that the temperature and static pressure tdeamp very much in this 36-hour period. The
characteristics of the dry air can be modelled weejl by the commonly used troposphere models.
The relative humidity, however, is subject to sgrdluctuations. In the interesting range from 0 to
3 km above the ground, the relative humidity vabesveen 7.5% and 54%. The humidity in the air
strongly depends on the current weather and cdorenakll represented by globally valid troposphere
models.

It is reassuring, however, that the residual défifeial tropospheric error decreases with decreasing
height above the landing pad, consistent with teieacy requirement for the height measurement,
which is higher the closer the vehicle is to theumgd.

Other challenges such as the effects of the ergume passing the rover GNSS antenna, vibration
from the engine, and multipath have to be overcam@rovide accurate and reliable position
estimates.
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Figure 4. Radiosonde measurements on April 12-022 th Altenstadt, Germany (IGRA station
code GMMO00010954)

4 SKYDIVER EXPERIMENT

The skydiver experiment took place on April 12-2822 at Leutkirch airfield in Southern Germany.
A Cessna 208 aircraft served as carrier for theliskys.

A special helmet was developed with a multi-frequye@NSS antenna, the attitude of which can be
adjusted so that the antenna points upward, depgrad the skydiver’'s planned flight pose. The
geodetic-grade rover GNSS receiver, the model uséde CALLISTO project, was stowed in a
fanny pack. In addition, an independent small irdeggd navigation system consisting of MEMS-
based three-axis accelerometers, gyroscopes antetoageters, as well as a barometer and another
consumer-grade GNSS receiver, was installed ohdhmeet. It provided reference measurements for
the post-processing analysis. The geodetic-grad® BNSS receiver and the consumer-grade GNSS
receiver of the integrated navigation system wereected to the same GNSS antenna on top of the
helmet via a R/F signal splitter. For video footatiee helmet was also equipped with an action
camera. The helmet with the instrumentation mountetbp of it is shown in Figure 5.

Additionally, a reference station, consisting ofgaodetic-grade reference GNSS antenna and
receiver, was set up near the airfield and wasmooaisly operated to collect reference measurements
during the two test flight days. All measuremeritshe flight and ground equipment were recorded
during the flights and processed afterwards usirdg@dicated post-processing GNSS navigation
software provided by the manufacturer of the gdodgtade rover GNSS receiver. The post-
processing software behaves exactly like the n&aeigangine of the geodetic-grade rover GNSS
receiver. It obtained the recorded raw measurenadritee rover and reference GNSS receivers and
calculated a stand-alone, pseudorange-based DGNS&rder phase-based RTK navigation
solution, depending on the availability and quabtyhe reference measurements at a dedicated epoch
and the commanded positioning mode. Using thisnswé not only simplified the experiment by
eliminating the need for a real-time correctionadaplink from the reference station to the rover
GNSS receiver, but also made it easy to studyrtipact of different receiver settings, such as the
troposphere model applied, by simply recomputirgy rtavigation solution with different receiver
settings. The manufacturer of the small integratdgation system also provides a post-processing
navigation software, with which a forward and baeksv smoothed navigation solution can be
computed by fusing the accelerometer, gyroscopgnetameter and DGNSS and RTK position and
velocity measurements. For analysing the performafthe RTK navigation solution, the navigation
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Figure 5. Helmet equipped with a multi-frequency&8Nantenna, integrated navigation system
and data recording unit

solution of the geodetic-grade rover GNSS recenas compared to the navigation solution of the
independent integrated navigation system.

Basically, the rover GNSS receiver and the integtatavigation system were switched on still on
the ground before take-off of the aircraft and osMyitched off again after the parachute landing.
After turning on the sensors, the helmet was placed marked spot on the ground for a five-minute
initialization phase. Within this phase, the ro@\SS receiver was able to acquire the signals from
all visible GPS and Galileo satellites and to dsthla stable stand-alone navigation solution,thed
integrated navigation system estimated its intiaéntation. After landing, the helmet was placed
back on the same spot as at the beginning anthksk for another five-minute recalibration phase
before the sensors were switched off again. Bectheseover GNSS receiver and the integrated
navigation systems were operated from pre-takeeoffost-landing, navigation solutions could be
computed for the full cycle of take-off, climb, &déall and parachute landing.

Figure 6 illustrates the procedure of the teshikg First, the GNSS antenna on top of the helnast w
adjusted to the skydiver’s planned pose so thmtiitted upwards as best as possible during that flig
(a). After the five-minute initialization phase (ke skydiver put on the helmet and stowed therrov
GNSS receiver in the fanny bag. After a final fliglafety check and a check, if the rover GNSS
receiver and the integrated navigation system weseking properly, the skydiver boarded the
aircraft (c), the aircraft took off and the skydigat close to the radiotransparent door suchthieat
rover GNSS antenna could still receive signalsrdytine climb, even with the door closed (d). After
the aircraft reached the drop altitude, the skydesated the aircraft and remained on a step oatsid
the aircraft for a thirty-second reinitializatiomgse to allow the rover GNSS receiver to reacquire
and stably track all GNSS signals (e). The propactioning of the rover GNSS receiver was once
again monitored by an engineer in the aircraft, Vithally gave the skydiver clearance to fly. The
skydiver jumped off, took the planned pose durimg free fall (f) and finally opened the parachute
at a height of about 1,200 metres above the granddanded back on the airfield (g). The test fligh
ended with the five-minute recalibration phase (h).
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Figure 6. Test flight procedure
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5 FLIGHT RESULTS

A total of ten flights each from about 4,000 metabsve the ground were done. The skydiver took
various poses, such as prone, stand-up or divehirepdownward velocities of up to 385 km/h,
which is nearly representative of the vertical eélpof the CALLISTO vehicle. Figure 7 illustrates
the different poses of the ten flights. To get nmrefidence in the measurements and to examine the
repeatability of the results, some of the flightsrgvperformed several times with the same pose. For
example, the flight with prone pose, which is tgbidor skydivers, was repeated three times
(“Prone 17, “Prone 2” and Prone 3”). The flightskvstand-up and dive poses were chosen to achieve
maximum and therefore most representative freevidibcities (“Stand-up 17, “Stand-up 2” and
“Dive”). The purpose of the flights with rotatinggne and circular motion poses was to get insight
into the impact of angular motion of the GNSS ang&ean the RTK performance (“Rotating Prone”
and “Circular Motion”). Likewise, the flights witforward and sideward drift were intended to study
the effect of lateral motion on the RTK performaiiteorward Drift” and “Sideward Drift”).

The complete flight trajectory including the climbthe aircraft, the free fall phase and the pangeh
landing is exemplarily illustrated in Figure 8 fitre first flight. The trajectory was provided byeth
integrated navigation system. In Figure 9, theettaries of the free fall phase and the parachute
landing of all ten flights are shown. The approdakection from the northeast to drop the skydiver
was the same for all ten flights. The opening efplarachute at a height of about 1,200 metres above
the ground can be clearly seen. The skydiver cbetrdiis parachute to land in a field near the
airfield’s runway.

The downward velocities during the free fall phase the parachute landing of all ten flights are
plotted in Figure 10 over the height. On all flighthe skydiver quickly accelerated after jumpiffg o
the aircraft. On the flights, in which the skydiweok a prone pose (flights 1, 2, 4, 5, 7, 8, Bg t
velocity curves were very similar. The skydiveraiead a maximum velocity of between 215 and
230 km/h at a height of about 3,300 metres abowgitbund and slowly decelerated with decreasing
height due to the increasing air drag caused byntreasing air density. The skydiver reached a
velocity of about 190 to 210 km/h when opening plaeéachute at a height of about 1,200 metres
above the ground. The flights with lateral motidiiglts 5, 7, 9) generated additional lift forces o
the skydiver’s body, which resulted in slightly lemdescent velocities. This applies in particutar t
the flight with forward drift. The maximum downwaxetlocities were achieved on the two flights
with stand-up pose (290 km/h and 310 km/h, respelgli and the flight with dive pose (385 km/h).
During the latter, the skydiver had to actively elecate before even reaching the steady-state free
fall velocity, but accelerated a second time toaximum downward velocity of 315 km/h.

By default, the post-processing navigation softweas configured to calculate a pseudorange-based
DGNSS navigation solution during take-off, climbdatme first part of the free fall phase. During
these times, the post-processing navigation sof\attempted to compute a differential navigation
solution as long as valid measurements from thereate station were available, but automatically
fell back to a stand-alone navigation solution othge. During the free fall, it was then actively
switched from the pseudorange-based DGNSS positiomode to the carrier phase-based RTK
positioning mode at a height of 3,000 metres akibeeground to initialize the RTK navigation
solution and to start the fixing of the carrier phambiguities. Simulation studies showed that the
later the switch from DGNSS to RTK positioning mpde. at the lower the height, the higher the
success rate of fixing the carrier-phase ambiguiied thus successfully computing an RTK
navigation solution. This is because of the indrepsesidual differential tropospheric error with
increasing height difference between the roverrafetence GNSS antennas.
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(b) Flight 2: Prone 2 (c)ohli 3: Stand-up 1

(d) Flight 4: Rotating Prone (e) Flig 5: Forwddft ( Fligt :tand-up2

/“ 5

(g) Flight 7: Circular Motion (h) Flight 8: Prone 3 (i) Flight 9: Sideward Drift

() Flight 10: Dive
Figure 7. Ten flights with different poses: fromriRe” to “Dive”
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Figure 8. 3D trajectory of flight “Prone 1” fromahake-off of the aircraft until parachute landing

The total number of GPS and Galileo satellites,ciwhwere used in the navigation solution by the
post-processing navigation software, is showngufé 11 for the ten flights during the free falbgk
over the height. In the free fall phase below 3,0@0res height, the GNSS measurements of nine to
eighteen satellites were used in the RTK navigasiointion. The number of used satellites varied
more in the RTK positioning mode below 3,000 methas in the DGNSS positioning mode above
3,000 metres above the ground because the cahaseghased RTK navigation solution is more
sensitive to signal tracking errors. As expectée, number of satellites was lowest for flight 10
because the skydiver's head was pointing to thargt@nd therefore the field of view of the antenna
was limited. Interestingly, the number of sateflitesed in the RTK navigation solution of flight 4
with the rotating prone pose was also comparabkilsis will also be seen later, this is due to the
phase wind-up effect that occurs when antennaslslmtate around the boresight direction. The
phase wind-up effect leads to a phase shift andelngnthe successful fixing of the carrier phase
ambiguities and thus the computation of an RTK gaiwn solution.

In Figure 12, the position differences betweenrtheigation solutions of the rover GNSS receiver
and the integrated navigation system in east, reorthvertical directions are plotted over the heigh
for the ten flights. The commanded switch from DE&NSS to the RTK positioning mode at
3,000 metres above the ground and the parachutengpat about 1,200 metres above the ground are
marked by the horizontal dashed lines. The verbba and green coloured bar on the right side of
each figure indicates whether the post-processaggation software actually used the DGNSS
positioning mode (blue) or the RTK positioning mddeeen) to compute the navigation solution.
For all flights except flight 10, the post-procegshavigation software was able to compute an RTK
navigation solution with fixed ambiguities immedibt after commanding the switch from DGNSS
to RTK positioning mode. Only on flight 10, it to@bout 140 metres of free fall until the post-
processing navigation software could eventually pot@ an RTK navigation solution.

As expected, the position differences were muaelaand noisier in the free fall phase above the
switching height of 3,000 metres above the grouiiti & pseudorange-based DGNSS navigation
solution than in the free fall phase below the sliig height with a carrier phase-based RTK
navigation solution. The position differences dgrthe parachute landing phase were noisier than
during the free fall phase because of the skydivadditional dynamics and angular motion and the
shading of the parachute, both of which affectttaeking of the carrier phases of the GNSS signals.
Basically, the lateral position differences in eastl north directions were small on most of the ten
flights during the free fall phase with an RTK rgation solution. They were in the range of some
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centimetres and not biased over the height. Théicaerposition differences, however, were
characterized by a more or less linear trend, with position difference being maximum at the
switching height and being virtually zero at zeeght above the ground. The maximum vertical
position differences are listed in Table 2 for tée flights. This trend was due to the presendbef
residual differential tropospheric error which wast compensated by the applied troposphere
models. The residual differential tropospheric epomarily affects the vertical direction, while i
largely cancels out in lateral direction due to thicumferential distributed satellites on the
hemisphere. The post-processing navigation softegtiee rover GNSS receiver applied a different
troposphere model than the post-processing nagigabftware of the integrated navigation system,
resulting in a difference between both independarigation solutions. The uncompensated residual
tropospheric error on the double-differenced capfese measurements indeed falsified the position
solution, but did not lead to a false fixing of ihéeger ambiguities, which becomes evident through
the unbiased lateral position differences.

The position differences of the flights with prgmese (flights 1, 2, 8), with circular motion (fligi)

and with a small sideward drift (flight 9) were yesimilar and featured unbiased lateral differences
and only low noise. The flights with higher downdaelocities (flights 3, 6, 10) were slightly nasi

but were unbiased as well in lateral direction.yOthle flights with rotating prone (flight 4) and
forward drift (flight 5) had partly biased latefgabsition errors which can actually be explained by
incorrectly fixed ambiguities. The former was atitby the phase wind-up effect, and the latter by
a sudden change of the satellites in view wherskiydiver turned around to drift back.

Table 2: Maximum vertical position differences ditg after switching from DGNSS to RTK mode

Flight 1 2 3 4 5 6 7 8 9 10
Vertical position difference [m] | 0.38 | 0.37| 0.35| 081 036 026 033 039 0{36 0.29

6 CONCLUSIONS

The skydiver experiment showed that the rover GN88iver and the corresponding post-processing
navigation software, respectively, were capablertivide an RTK navigation solution with fixed
ambiguities quickly after switching from DGNSS t@'IR positioning mode, even during the flight
with dive pose featuring a high downward velocitywurned out that high descent velocities do not
impact the ambiguity fixing very much. In genetthle residual differential tropospheric error leads
to an increasing height error with increasing hedifierence between the reference and rover GNSS
antennas which may hinder the rover GNSS recenvi the carrier phase ambiguities correctly and
to compute an unbiased position solution. The hegior of the navigation solution depends on the
applied troposphere model and is mainly due toutlraodelled humidity in the air cannot be well
represented by a globally valid troposphere moHeen though the residual tropospheric model
resulted in vertical position differences in thaga of some decimetres at 3,000 metres above the
ground, RTK navigation solutions with correctlydtk ambiguities could be computed for almost all
flights. However, it is advantageous that this edecreases with decreasing height above the ground
because for landing RLV the high accuracy is oetyuired close to the ground. Especially the flight
with the rotating prone pose revealed that the Rakigation solution is sensitive to the phase wind-
up effect. It is therefore crucial to minimize thregular motion of the vehicle about its longitudina
axis during the landing phase or to consider tresplwind-up effect in the RTK algorithm.

In summary, the skydiver experiment proved that ih principle possible to use RTK for accurate
position estimation on landing RLV. Other aspedfecing the RTK navigation solution, like
multipath, antenna phase variation, vibration drelglume of the engine, have to be considered in
order to develop a robust and reliable positiorssefor landing VTVL RLV.
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Figure 9. 3D trajectories of the free fall phasd parachute landing
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(a) Flight 1: Prone 1 (b) Flight 2: Prone 2

(c) Flight 3: Stand-up 1 (d) Flight 4: Rotating Reo

(e) Flight 5: Forward Drift (f) Flight 6: Stand-ub
Figure continued on next page
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(g) Flight 7: Circular Motion (h) Flight 8: Prone 3

(i) Flight 9: Sideward Drift () Flight 10: Dive
Figure 12. Difference between the position soligiohthe rover GNSS receiver and the
integrater navigation system during the free fall pf and parachute landi
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