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Abstract

The fifth Automated Transfer Vehicle (ATV) was lalred on July 29, 2014 with Ariane-5 flight VA

219 into orbit from Kourou, French Guiana. For first time, the ascent of an Ariane rocket was
independently tracked with a Global Navigation 8SisgeSystem (GNSS) receiver on this flight. The
GNSS receiver experiment OCAM-G was mounted onupger stage of the rocket. Its receivers
tracked the trajectory of the Ariane-5 from lifttafntil after the separation of the ATV. This paper
introduces the design of the experiment and presemtanalysis of the data gathered during thetfligh

with respect to the GNSS tracking status, availglf navigation solution and navigation accuracy.
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1. Introduction

On July 29, 2014 the Ariane-5 flight VA 219 liftéde fifth and last Automated Transfer Vehicle (AT\@Qeorges
Lemaitre” into space. This mission also marks trst fime that GNSS receivers were flown onboaw Aiane-5
launcher and tracked the trajectory of the uppagestirom lift-off at the space center in Kourouemeh Guiana,
until after the ATV separation over the Pacific @eThe GNSS receivers are part of the OCAM-G umsént,
which was mounted in the vehicle equipment bay (YHiBectly below the payload section of the roclketaddition
to the GNSS receivers, two video cameras wereliedtander the fairing which protects the payloadiny ascend.

These cameras provided video footage of the fasamaration and the release of the ATV into itggaorbit.



The Online Camera System (OCAM) has originally bderigned by OHB System AG (formerly Kayser-Threde
GmbH) to monitor booster, third stage and paylogghsation and has first been flown on an Ariane-®ctober
2006. Further developments of the unit were digkdtavards making it completely autonomous from ldagnch
vehicle. The second generation of the OCAM instnutmteas integrated batteries for independent powpply,
storage and processing capacities for the colledtgd, and a transmitting unit including antenfidsese features
allow the OCAM unit to be operated without the nded any resources from the launch vehicle. Theadat
transmission is also separated from the launchelésnetry and received through independent grotatibes. The
OCAM instrument is therefore suitable for use onios rockets and has been launched in severalangssvith
Ariane-5 and Soyouz [1]. For the experiment on #i@ne-5 ATV5 launch, the GNSS-capable version tod t
instrument OCAM-G has an additional FPGA board amdie the data stream from the three satellitegadiain
receivers. The receivers’ raw data as well as ttieosframes of the cameras are transmitted thraughtelemetry
stream, which has been received by tracking staiioiourou, French-Guyana, and Weilheim, Germaduying the
mission.

The paper begins with a description of the OCAM#& and provides an overview of the events durhegAriane-5
flight during the operation of the experiment. Thka receiver tracking performance is analyzed wépect to the
number of tracked satellites and the availabilitythee real-time navigation solution. The analysistinues with a

characterization of the GNSS antenna coupling systed an investigation of possible multipath efect

2. OCAM-G instrument design

A block diagram of the OCAM-G electronic unit (OElg)depicted in Figure 1. The top part of the figshows the
OCAM control and power management housekeeping(@@PM). It is responsible for the power disseniorain
the unit and allows interaction with different cooments, for example the activation or deactivatibhow-noise-
amplifiers (LNAs) and the switching between differeerial interfaces to the GNSS receivers. Far phirpose, a
timeline of commands is stored in the housekeepimgand executed during the mission. The OCPM affers
overcurrent detection for single event latch-upef and temperature sensors for each GNSS redmeed. The
OCAM Video Compression - TM/TC Board (VCTM) recedvthe video data from the cameras and conventsat i
compressed format. It also receives the data stefiom the GNSS receivers, which are merged with th

compressed video data into telemetry frames. Tlasees are stored in memory for later transmissioring a



ground station contact. In addition the data cao &le transmitted directly in real-time. Two dethchOCAM-G

telemetry antennas are mounted on the exterioctaelof the vehicle equipment bay for this purpose
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Figure 1: Block diagram of the OCAM-G experimenitun

The OCAM GNSS Interface board (OGIF) houses tweeRgtm GNSS receivers from Septentrio N.V., Belgium,
and one Phoenix-S GPS receiver from DLR, Germarhe AsteRx-m is a commercial off-the-shelf receiwehnich

is capable of GPS, GLONASS, Galileo, BeiDou, QZ&8d SBAS tracking [2]. The units used for OCAM-G
offered single-frequency tracking on 29 channeld were equipped with a special firmware withoutoegtly- and
height-restrictions. The units were configuredrack GPS, GLONASS and Galileo. The Phoenix-S regdiva 12
channel single-frequency GPS receiver, which hasnbspecifically developed for high-dynamics and cspa
applications [3][4]. An FPGA board serves as comitation interface between the receivers and thel@@rRd the
VCTM. The receivers are connected via an antenopleoto the LNAs and the patch antennas. The aogiphatrix
provides signals with similar gain from both antesito the Phoenix-S receiver and one of the AsteRgeeivers.
However, the second AsteRx-m unit receives sigfrals only one antenna with high gain. The othereana
provides signals with a high attenuation. A chardeation of the antenna coupler is provided indhalysis section
of this paper.

The two patch antennas were mounted on access dwoorgpposite sides of the launcher at a distance of
approximately 5.4 m, which corresponds to the diamef the vehicle equipment bay. The antenna italsie for

GNSS signal reception in the L1 band at 1575.42 MHd has been specially designed for use on ABarigie



location on the outside of the launcher’s hull,uiegs the antennas to withstand the aerodynanesstnd thermal
heat during ascend through the atmosphere. The La¥édocated on the inside of the access door b#ieviGNSS
antenna. Figure 2 shows a picture of rocket’s \teféquipment bay with one of the two OCAM-G GNS$%eanas.
As already mentioned, the power of the LNAs carswiched off by the OCPM, thus cutting the recesveif from
GNSS signal reception. This has been done on perpase towards the end of the mission to testrdoeivers’ re-
acquisition after short signal interruptions.

Through the simultaneous reception of signals flmsth antennas, the receivers can receive GNSSIsifnosn
almost any direction, which increases the GNSSlIgateisibility significantly compared to a hemiserical pattern
of a single antenna. As a result, the receiversaloloose lock on tracked GNSS satellites evermaéf launcher
changes its attitude during flight. This is an intpat feature, since the Ariane-5 upper stage @ kea slow roll
motion during most of the un-propelled flight phate ensure equal heat distribution in the paylo@te
disadvantage is that a signal from the same dateflay reach the receivers through both antennasucently and

thus cause multipath tracking errors.

Figure 2: Mounting position of one OCAM-G antenmatbe Ariane-5 vehicle equipment bay marked bydeciecle.
The second antenna is mounted diametrically opp@Bitoto: ESA-S. Corvaja)

3. Mission profile of Ariane-5 flight VA 219

The OCAM-G experiment was already activated polift-off to collect GNSS measurements while tbeket was
still stationary on the launch pad. The activatimeurred at approximately at 23:37:55 GPS time (QP&bout 10
minutes before ignition of the main engine. Them®age ignition happened at 23:47:54 GPST. Thiist po time

is also referred to as HO. The rocket left the tdupad 7 seconds later, when the two solid rockesters (SRBS)



were ignited as well. Within the first 5 minutes ftifht, the SRBs were separated from the mainestaigd the
fairing was removed from the upper stage. The fistminutes of the mission have been propelledrasoghich

was only briefly interrupted by to the separatidrth® main stage from the upper stage. From 000GBST to
00:47:23 GPST, the upper stage continued its ti@jgdn free-flight until the injection into therfal orbit with a
short firing of the upper stage engine. The ATVpasation happened at 00:51:49 GPST over New Zealbimel
OCAM-G experiment was then deactivated 8 minutésr diie ATV separation and has tracked the flighiettory
of the Ariane-5 for approximately 72 minutes urkien. Prior to deactivation, two reacquisition sekave been
performed during which the power to the LNAs hasrbeut off for two seconds. Important events ofrtlission are
summarized in Table 1. The epochs of the eventprangded in GPS-time and in seconds relative to Hie plots
in Figure3 show the ground track and the height profile diree for the Ariane-5 of the ATV. The different oo

of the trajectory indicate the propelled and unpgited segments of the flight. The final orbit ai\Aseparation was

a circular orbit with approximately 256 km altitudad 56° inclination [5].
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Figure 3: Ground track (left plot) and height piefright plot) of Ariane-5 VA 219

Table 1: Important events during the Ariane-5 VA21 G PS-time and relative to HO [5]

Event At [sec] GPStime
OCAM-G experiment activation -599 23:37:55
HO (2014/07/29 23:47:38 UTC) 0 23:47:54
Lift-Off (and booster ignition) 7 23:48:01
Booster separation 141 23:50:15
Fairing separation 212 23:51:26
Main engine shutdown 529 23:56:43
Main stage separation 535 23.56:49
1. ignition of upper stage 542 23:56:56
Shutdown of upper stage 1032 00:05:04
2. ignition of upper stage 3569 00:47:23
Shutdown of upper stage 3598 00:47:51
ATV5 separation 3835 00:51:49
1. LNA powercycle test (off for 2 sec) 3878 00:52:3
2. LNA powercycle test (off for 2 sec) 3998 00:5%:3
OCAM-G experiment deactivation 4322 00:59:56




4. GNSS satellite tracking status

The number of tracked satellites over time for tinee different receivers is depicted in FigureFigure 5, and
Figure 6. It becomes obvious that the three recgiliave tracked a high number of satellites duttiregentire flight.
The Phoenix-S receiver only supports GPS and bhakdd typically between 6 and 12 satellites as shiowrigure
4. Towards the end of the flight, the receiver $oa# tracked satellites twice for a short periddime due to the

intentional LNA power cycles. The re-acquisitiorhbeior of the receiver will be analyzed later irsthection.
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Figure 4: Number of tracked satellites for PhoeRiseceiver

The AsteRx-m receivers have tracked GPS, GLONASSEGalileo satellites as depicted in Figure 5 arglfé 6.
Similar to the Phoenix-S receiver, the AsteRx-meparts measurements for typically between 8 andsP5
satellites. The number of GLONASS satellites isyosiightly lower and varies typically between 4 ah2l. The
AsteRx-m receivers also tracked all three Galiletlites, which were active during the missione ThsteRx-m 1
receiver exhibits two additional distinct dropsthre number of satellite shortly after launch. latingly, these
drops have not been very pronounced for the Pheemiceiver. Closer inspection reveals that thegaide with
the booster separation and fairing separation event

The second AsteRx-m receiver exhibits a similafqrerance as the AsteRx-m 1 as shown in FiguretBpagh a
direct comparison of the plots shows that a sliglativer number of tracked satellites on average mason for this
different tracking performance can be found indnéenna connection for this receiver. The Phoenigegiver and
the AsteRx-m 1 receiver are connected such, tleat taceive signals from both antennas with a sing&n. The
AsteRx-m 2, on the other hand, receives signals fnatenna 1 only with high attenuation, which cauke receiver
to acquire and traclewer satellites. The antenna coupling to the resiwill be analyzed in further detail in a later

section. The four drops in the number of satelbesalso clearly visible for this receiver.
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Figure 5: Number of tracked satellites for AsteRxeueiver 1
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Figure 6: Number of tracked satellites for AsteRxeueiver 2

The four distinct events, where the receivers kdbtor a significant part of the tracked satelljtegll now be
analyzed in further detail. It is of special inrédow quickly the receivers can provide a navagasolution again
after a loss of all satellites. The first drop aapd in Figure 7 coincides with the booster seamatNote that the
gap from 23:50:20 GPST to 23:50:21 GPST is due igsing data. The AsteRx-m receivers lose lock érRal

tracked satellites and take approximately 6 sectmdsacquire the same number of satellites adgith AsteRx-m



receivers loose the navigation fix immediately affee separation at 23:50:15.6 GPST. However, thdgation
solution is recovered within approximately 3 secfat both AsteRx-m. The effect on the Phoenix<&ier is less

pronounced. It loses only 3 of its 9 satellites @sdavigation solution is continuous.
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Figure 7: Number of tracked satellites and avdltgbof navigation solution during booster sepavatfor AsteRx-m
and Phoenix-S receivers. The navigation solutiencategorized into full 3D PVT solution (index 3p PVT
solution (index 2) and invalid or not availabled@x 0)

The loss of satellites is most likely explained timo different effects. Firstly, mechanical vibrato caused by
explosive bolts and thruster ignitions during teparation affect the stability of the receiver'gstal oscillators. An
instable oscillator can cause the tracking loopdotise lock. This effect is less pronounced for Bfeenix-S
receiver, which has customized tracking loops &nkh vehicles. The AsteRx-m, on the other hangs asgeneric
tracking loop configuration which may have to béned for launch vehicle flights. However, mechahitests
conducted on the AsteRx-m receiver have shown ttiatreceiver can endure qualification-level shoakthout
losing the navigation solution for more than a fiat of a second. These pre-flight test resultdcae that the
mechanical vibrations may not be the only reasartHe tracking losses. In addition, adverse effectslikely to
occur due to the plume of the retro-rockets whiehfaied to move the boosters away from the mane @b Ariane-

5. A pair of retro-rockets is located at each sidehe tip of the booster close to the OCAM-G GN®BE telemetry



antennas. The plume of these rockets contains rogi@ that can mask or reflect RF signals. Thisatfseems to
manifests itself in an increase of errors in theABEG telemetry data during booster separation dua degradation
of the data link. It is likely that the signalstbi telemetry antennas are reflected on the sepatarusters’ plume,
which temporarily causes a weak RF link to the grbatation. Similarly, the plume may block the silgnof some
satellites from reaching the GNSS antennas. Anoplosisible explanation is that the reflected teleynsignal
interferes with the GNSS signals. This assumpt®isupported by an observed gain drop in the autorngain
control (AGC) on both AsteRx-m receivers during booster separation. An AGC gain drop as a regudt power
surge in the GNSS band leads to weaker signaldeatethe receivers’ front end, which thus may tspoasible for
loss of tracking. Hence, in addition to the trackloop instability, there may also be an effecated to the tracking
loop sensitivity. However, based on the currenadab final conclusion can be made about the etiethe retro-
rocket plume on the GNSS signals.

The second drop in the number of satellites coexidith the fairing separation and is depictedigufe 8. The data
gaps visible at the beginning of the plot and ab238 GPST are again due to missing data. Sirtoldéhne booster
separation, the launcher is subject to high mecharshock loads due to the explosive bolts separatie two
fairing parts. In addition to the shock loads, tive detached fairing parts potentially mask a poriof the antenna
field of view when flying past the rocket's uppéage, which may also contribute to the loss of GNgBals. For
the two AsteRx-m receivers, the satellite visigilitrops from 23 to 10 and 4, respectively. The Rhe8 receiver
loses 5 of its 12 tracked satellites. It takes apipnately 8 seconds for the AsteRx-m receivers @molut 4 seconds
for the Phoenix-S receiver to acquire again theesaomber of satellites as prior to the fairing sefian.

Two differences are obvious between the two eveRistly, in case of the booster separation, théeRs-m
receivers lose all tracked satellites almost irtgtain case of the fairing separation, the lossatellites appears to
happen more slowly. Secondly, in case of the bosgtparation the number of tracked satellites dduyen to zero
for both AsteRx-m receivers. In case of the fairkegaration, however, the AsteRx-m 2 receiver tdintains lock
on a higher number of satellites compared to theRsm 1.

As a result of the different number of tracked Kitds, the availability of the navigation solutigmalso different for
the AsteRx-m receivers in this case. The AsteRx-tlods not provides a continuous navigation solufiiwra time
intervals of about 3.5 seconds, which is interrdptg isolated periods of time with short availalilof 3D or 2D
navigation fixes. The AsteRx-m 2 requires approxehyaone second until it provides a PVT solutioraiag
However, two isolated epochs without valid navigatisolution occur approximately 3 and 5 seconder afie

separation. The Phoenix-S receiver provides PVa& déhout interruption during the entire time.
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Figure 8: Number of tracked satellites and avdltgtof navigation solution during fairing sepaiati for AsteRx-m

and Phoenix-S receivers. The navigation solutisescategorized into full 3D PVT solution (index 3 PVT
solution (index 2) and invalid or unavailable s@uat(index 0)

Another pair of outages happens towards the ertdeoéxperiment after the ATV-5 separation. Theseralated to
two LNA powercycle tests, during which the powebteth LNAs has been cut off simultaneously for osels. The
number of tracked satellites and the availabilifyth®e navigation solution for all three receiverg aepicted in
Figure 9 and Figure 10. Unfortunately, the receiveiata from 00:52:32.0 GPST to 00:52:33.9 GPST faoch
00:52:32.0 GPST to 00:52:32.9 GPST has been losttaluransmission problems. The first data gap drindhe
exact identification of the start time of the fittiA test.

The first LNA test was planned for 00:52:32.0 GP$He Phoenix-S receiver still provides a singlédvahvigation
solution after the data gap, when the other receibave already lost the PVT fix. When the numbfetracked
satellites drops to 3, the navigation solution fritn® Phoenix-S becomes unavailable for one secoddsaregained
again at 00:52:35.0 GPST. It is interesting to rib&a the receiver apparently still maintains traoka few satellites,
even with the LNA power disabled. The AsteRx-m H aksteRx-m 2 receivers do not provide a full 3D PVT
solution for 4 seconds and 6 seconds, respectiVély.second LNA test was planned for 00:54:30 GF&s#ilar to

the previous test, the Phoenix-S receiver stillviges a navigation solution, when the AsteRx-m irems are

10



already reporting invalid solutions. When the reeeiloses track on the satellites, the Phoenixegiver does not
report a navigation solution for about 1.5 s, uatfix is regained at 00:54:35.4 GPST. Similarhe previous test,
the AsteRx-m receivers do not provide PVT solutifmsa longer time interval, again approximatelys 4or the
AsteRx-m 1 and 6 s for the AsteRx-m 2.

The analysis of the number of satellites has rexk#iat the different receiver types react difféyeto the booster
and fairing separation events. Further testindnefreceivers’ crystal oscillators or the use ofrential measurement
unit in a hybrid navigation system deems necesgacheck, if a loss of the navigation solutions banavoided in

this critical phase of the flight.

NA)

=2D,0

oMW
PVT Type

3D,2

(3=

== =
A OO0 @
1 Il b |
<
3

I
1

—
o
]
-«

=1 900 esads TR
8 . [ ] - i d
— AsteRx-m 1 (1 1] I v
AsteRx-m 2 ®
Phoenix-S
PVT AsteRx-m 1
PVT AsteRx-m 2
. ) PVT Phoenix-S ® ]
2 [T1] L]
E #
0 ——
00:52:25 00:52:30 00:52:35 00:52:40 00:52:45

GPS Time [hh:mm:ss]

Number of Satellites [-]
—
N

6

4

<00 «4nm

Figure 9: Number of tracked satellites and avdlilginf navigation solution during first LNA tesbf AsteRx-m and
Phoenix-S receivers. The navigation solutions ategorized into full 3D PVT solution (index 3), 2T solution
(index 2) and invalid or unavailable solution (ird®

11



Number of Satellites [-]

NA)

=2D,0=

O NWAR
PVT Type

(3

=3D,2

26
241
22
204
18
16 —
] I
14 yreevrerverrrrermerrerereer vy
g Y VITTTITTTTITTRRITTTTITIITIPIITYI I
12 —
= —
10 9ecccee * mmm
] Pope - RTINS
8 ° ° -— TITTRTTRTTRTTIRYIITY
1 ] AsteRx-m 1 - v
6 \J AsteRx-m 2 _— v
a [ ] Phoenix-S - v
o |3 Mk : .
-1 2 PVT Phoenix-S | ] w
2 v [ R
1 - e -
0 f : f t
00:54:25 00:54:30 00:54:35 00:54:40

GPS Time [hh:mm:ss]

00:54:45

Figure 10: Number of tracked satellites and avditslof navigation solution during second LNA tdstr AsteRx-m
and Phoenix-S receivers. The navigation solutisasategorized into full 3D PVT solution (index 2p PVT

solution (index 2) and invalid or unavailable s@uat(index 0)

5. Receiver navigation solutions

Prior to the analysis and discussion of the naidgatccuracy, the effect of the dual-antenna sysskall be

discussed briefly. Through the coupling matrix, tleeeivers are supplied with signals from both amés on

opposite sides of the launcher. This design ine®ase field of view for GNSS signal reception, ethfacilitates

tracking a high number of satellites simultaneoublyt the receivers cannot distinguish from whiciieana the

measurements originate. Therefore, the receivetsinal navigation solutions are computed as i@dhsurements

are made at one antenna. This introduces positioorseon the order of the launcher diameter, howefa

applications like real-time trajectory estimatiomdarange safety these errors are acceptable anddirentage of

increased satellite visibility through the multitanna system prevails. Robust mitigation of thfeatfwould require

real-time information about the launcher’s attityst®vided to dedicated receivers, which supportssp input

from multiple antennas and compute one combinedgatun solution. The lack of attitude informatidoes also

not allow correcting for the lever arm of the twatennas in post-processing. Even with this inforomaét hand, it

may not always be straightforward to decide throwgich antenna a satellite has been tracked, dndtisins may

12



occur, where signals of one satellite are recetheaugh both antennas simultaneously. Therefoeegffect of the
antenna baseline has neither been corrected féeirreceivers’ navigation solutions nor in the pustcessed
solutions.

In absence of precise information about the tragettory and attitude of the vehicle, the receivamvigation
solution accuracy cannot be determined directlgtdad, the consistency of the navigation solutibas been
assessed by direct comparisons of the positionvalutity solutions of the different receivers. Tald summarizes
the results for the root-mean-square (rms) diffeesrfor position and velocity differences betwdantivo AsteRx-
m receivers and the AsteRx-m 1 and the Phoenixe8ivers starting at 7 minutes after lift-off urgtortly before
the ATV5S separation. The two AsteRx-m position fiolis are consistent with an rms of less than hEast and
North direction and approximately 2 m in verticaledtion. The rms of the velocity differences ab®mat 0.3 m/s in
both horizontal directions and 1.1 m/s in vertididection. The comparison between the AsteRx-m d #re
Phoenix-S shows larger inconsistencies in the spoeding navigation solutions. The horizontal rnusifion
difference amounts to approximately 2 m in East Alwdth and about 5 m vertically. These larger ddfeces
between the two navigation solutions are due toctiesen configuration of the Phoenix-S receivelis Tit has
been configured for maximum availability the natiga solution at the expense of the highest possiloicuracy.
The main reason for the reduced accuracy is thatynacquired satellites haven been included inrheigation
solution as quickly as possible rather than waitingl the tracking loop has been stabilized. Tkegrddation is also

notable in the differential velocity, which has rdifferences of about 1 m/s in East, 1.4 m/s inthlaand 3.1 m/s in

up direction.
Table 2: Position and velocity differences betweseiver navigation solutions
Receivers rms position differences[m] rmsvelocity differences[m/s]
East  North Up 3D East North Up 3D
AsteRx-m 1/ AsteRx-m 2 0.85 0.93 211 2.46 0.33  370. 1.10 1.20
AsteRx-m 1/ Phoenix-S 1.93 2.35 4.97 5.83 1.04 214 3.10 3.57

As a complementary analysis, the receiver navigasiolution is also compared to a smoothed trajgctdhis
smoothed trajectory has been computed from a Leaqstres fit of a position and velocity state veatsing a
reduced-dynamics orbital model to the epoch-by-bBpposition solutions of the receiver. Figure 11 idepa
comparison of the AsteRx-m 1 receiver navigatiolutimn with respect to this fitted trajectory fotiene interval of

25 minutes when the rocket is in free-flight modé&ough the differences in the East, North, and inpction
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depicted in the plot do again not reflect the abisolposition errors, at least an approximate assm#sof the
precision can be made. The navigation solution thedfitted trajectory exhibit differences on theder of a few
meters. An oscillation of the position differendsisible especially in the up-component. Thiseeffis due to the
relative motion of the antennas’ positions withpexst to the fitted trajectory. This relative moti@ncaused by

attitude changes of the rocket in free-flight,hirstcase a roll-motion to ensure equal heat digioh on the payload.
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Figure 11: Comparison of AsteRx-m 1 navigation Sofuwith smoothed trajectory

Finally, the navigation solutions during the fifstv minutes of the flight with the booster and ifay separation are
analyzed. For this analysis, a post-processedctmaje based on Phoenix-S measurements has beenassad
reference, since it provides continuous observat@ren during the two separation events. The naeigaolutions
of the two AsteRx-m receivers are compared to thference in Figure 12 and Figure. Iuring the fairing
separation significant differences on the orderseferal tens of meters can be observed, which specilly
pronounced in the up direction. For the remainintet the navigation solutions typically agree te gost-processed
Phoenix-S trajectory within less than 10 metershtiuld be noted again though, that the analysigiged here may
not be regarded as an assessment of the absolsitiopiog accuracy of the receivers, since only parative

assessments are possible without additional exteeference data. This holds true especially fa #issessment
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during the fairing separation, since the trajectofythe Phoenix-S receiver selected as a referenoeost likely

subject to a reduced accuracy as well during tparsgion events.
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Figure 12: Comparison of AsteRx-m 1 navigation Sotuwith post-processed Phoenix-S trajectory dplnoster
and fairing separation events
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6. Characterization of antenna coupling system

The antenna coupling system used to connect tlee tBNSS receivers to the two antennas does noideregual
signal gain for each connection. The correspondiaigs have been determined by pre-flight calibretiand are
provided in Table 3. The Phoenix-S and AsteRx-rackiver have similar values for both antennas. A$teRx-m 2

receiver, however, has a significantly larger attgion for antenna 1 compared to the other recgiver

Table 3: Signal gain in OCAM-G antenna coupling nixat

Receiver LNA/Ant1 LNA/Ant 2

Phoenix-S -9dB -9dB
AsteRx-m 1 -9dB -11 dB
AsteRx-m 2 -22 dB -6 dB
AsteRx-m 1-2 +13 dB -5dB

The plot in Figure 14 shows the observed ¢t¥ the GPS satellite PRN G20 of the AsteRx-m nemes over a 20
minute time interval during the coasting phase ketwthe first and second ignition of the upperest&ring this
phase of the flight, the launcher’'s x-axis is owhperpendicular to the sun vector and the vehglgpinning
around this axis to ensure uniform heat distribuiio the payload. As a result, GNSS satellites havalternating
visibility from antenna 1 and 2 provided that thigie-of-sight (LOS) vectors are not aligned witte tvehicle spin
axis. The continuous tracking of PRN G20 by theeRst:m receiver 2 suggests that the coupling malpies not
completely isolate this receiver from antenna le Piot shows a periodic decrease and increaseeirliserved
C/N, for both receivers. In case of the AsteRx-m reeeil, the peak values are about 47 dB-Hz and at®dB-
Hz. The difference of 2 dB-Hz between the two pealkies corresponds perfectly with the gain differebetween
antenna 1 and antenna 2 for this receiver listeBainle 3. For the AsteRx-m receiver 2, the maxin@#N, values
are alternating between approximately 39 dB-Hz &iddB-Hz. The difference between these two values
corresponds well to the antenna gain differenceeetgal from Table 3 for this receiver. The differenof C/N
between the AsteRx-m 1 and AsteRx-m 2 in the pdotteta are +10 dB-Hz and -4 dB-Hz at peak valubesé
differences correspond reasonably well to the ebgglecalues listed in Table 3 and support the assomphat the

AsteRx-m 2 receiver maintains track even if a §igggb only visible through antenna 1.
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Figure 14: Observed C/NO of AsteRx-m 1 (blue) amtieRx-m 2 (red) for a selected GPS satellite

Very similar results for C/pover time have been observed for other GNSS #atels well. Therefore statistics on

the C/N differences between the two AsteRx-m receiversvalfurther insight. The C/Ndifference between

receiver 1 and 2 has been computed for all commaoldgrved satellites as follows

I8

1)

where (C/ N,), and (C/N,), are the observed carrier-to-noise density ratiaeeeiver 1 and 2, respectively,

and A(C/ N,),, is the carrier-to-noise density ratio differenaelB-Hz. The results depicted in Figure 15. The top

plot shows the statistics for GPS satellites bagedbout 385000 data samples and the bottom ppittderesults for

GLONASS based on 271000 data samples. Galileo Bam bmitted in this analysis due to the low numbfer

available observations. Two peaks are clearly ldsib the data: one peak at +10 dB-Hz for GPS ah®KASS

satellites and another peak at -4 dB-Hz for GPS-ardB-Hz for GLONASS. These values for the ghfferences

are in good agreement with the previous results.
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Figure 15: Histogram of C/NO differences betweeteRx-m 1 and AsteRx-m 2 based on 385000 sampleSP&
(top plot) and 271000 samples for GLONASS (bottdat)p

7. Multipath effects

Coupling of two antipodal antennas to the sameivecr® significantly increases the satellites vi#ii but a major
disadvantage of this configuration is the potentiahcurrent reception of signals from the samellgateThe
receiver will then track a superposition of the tgignals, which have travelled along different srarssion paths.
As a result, the pseudorange and carrier-phasenaiems will be affected by multipath errors comgzh to
observations from a signal that is received throogly one antenna. Short-term oscillations of treasured C/y
are usually a clear indication for the presencetipath signals. Depending on the relative phask-bbiween the
two signals, their combination may be the resultafstructive or destructive interference. In aafsilentical signal
amplitudes, constructive interference increase<ihg by up to +3 dB, whereas destructive interferemckices the
C/N,. The latter can lead to complete signal supprassidich causes the receiver to loose lock. GNSS8llisa
motion and changes of the orientation betweenegheiving antenna and the GNSS satellite causeiatioarof the
relative phase-shift of the two signals, which E#mlan oscillation of the observed G/N

These effects can clearly be observed in the meamnts of the GNSS receivers. Figure 16 shows fdot€/N,
and the pseudorange multipath errors for two sedesatellites tracked by the AsteRx-m receiverte fiocket is in

the un-propelled flight phase with constant rolltimo around the longitudinal axis at this time. Tthrae interval
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covers one complete rotation of the vehicle, whadtes approximately 2.5 minutes. The top plot f&¥SCsatellite
PRN G23 shows extended periods with strong,@&tillations. The maximum difference in G/ approximately
10 dB-Hz which suggests similar amplitudes betwdentwo concurrently received signals. The satelias an
elevation angle of approximately 45° with respecthe rocket’s local horizon. The bottom plot fot&exhibits
significantly higher periodicity of the C§\variation, which is caused by a faster relativagghchange of the two
signals. This satellite has an elevation angleppf@ximately 90° and is therefore almost direatlyéenith direction.
As expected, the different satellites are affealéterently by multipath variations depending onwhthe dual-

antenna system changes its orientation with respdbe satellite.
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Figure 16: Multipath errors and Cdffor two selected GPS satellites tracked by theRstm receiver 1

For an approximate assessment of the pseudoraagjény error caused by the signal interference difference

between pseudorange and carrier-phase measurehaanédso been plotted in Figure 16. This signaialination

removes all common terms like relative geometrywisen transmitting and receiving GNSS antenna aadkcl
offsets. It is still affected by signal biases ahd carrier-phase ambiguities. The offset causethbge terms has
been removed from the data before plotting. Siheestgnal delay caused by the ionosphere affeetpshudorange
and carrier-phase with equal magnitude but opps#gite the difference of the two observations alsiject to twice
the magnitude of the change in ionospheric delayr dlve 2.5 minute time interval. The initial delags also been

removed together with the bias and the ambiguityntéAssuming that noise and multipath of the cafpigase can
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be neglected compared to the pseudorange errorghahdhe variation of the ionospheric delay is ldiae code-
carrier difference allows a coarse assessmenteomithitipath errors. Although the presence of mattipis likely as
indicated by the C/pNoscillations, the plot reveals that the pseudogathmes not exhibit increased errors which can
be clearly attributed to this effect. It appeat tthe employed receivers are not sensitive talioet delay multipath
caused by the antenna coupling system. This canlyrizé attributed to the low bandwidth of the caeking loop,

which effectively filters the code tracking erroduced by the high-frequency multipath variation.

8. Summary, conclusions and future work

With the OCAM-G experiment, GNSS receivers havenbfémvn onboard an Ariane-5 rocket for the firshé. The
three receivers have successfully tracked thectiajge of the upper stage from lift-off until thedkof the experiment
approximately 72 minutes later. The receivers haported measurements for a high number of GNSSliszg
during most of the time, allowing the robust conaioin of a navigation solution. Satellite trackingaffected by the
shock loads and potential signal masking effectssed by booster and fairing separation, which chuaseshort
interruption of the PVT solution for two of the & receivers. A modification of the receivers’ tay®scillators
may partly mitigate this problem. Further investigas may bring more insight into which effects #te dominant
cause for the loss of signal tracking and how tbey best be avoided in a future mission. Assessietiie
receivers’ navigation solution suggests that theeigion is typically on the order of a few metérke receivers have
reported consistent navigation solutions, excepttfie phases with challenging tracking conditionsirty the
booster and fairing separation events. A couplegrara system has been used for the experimenthwias
significantly increased the satellite visibility rmpared to a single hemispherical antenna. The ooumf the
antenna has led to multipath GNSS signal recepltiowever, adverse effects on the pseudorange neasats that
would have degraded the navigation solution cooldbe observed. The analysis of the OCAM-G measenésican
be further extended with external information abthé launcher’s trajectory, attitude, and shoclelevfor this
flight.

A second flight qualified OCAM-G unit is availabier a follow-up mission. A flight on a transfer darbo a medium
Earth orbit promises new insight into the GNSSkKirag and navigation capabilities beyond the teriaistervice
volume [6]. The limitations of GPS-only receivenshigh-altitude orbits have already been demoresirat the past
(see e.g. [7],[8]). The OCAM-G experiment howevéfers simultaneous GPS, GLONASS, and Galileo tragkn

the current configuration, which can easily be ed#zl to also include BeiDou, SBAS, and QZSS. Usilhghese
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systems together will increase the availabilitysafellites in higher altitudes and potentially aésmble navigation
for most of the transfer orbit. Another interestimgtion is to include an inertial measurement (itU) into the
OCAM-G unit. The IMU data can be used to fill paiahgaps due to short outages in the real-timegadion of the

GNSS receivers and assess, through post-procetisingotential use of hybrid navigation for launvethicles.
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