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DIRECT MEASUREMENTS OF LASER COMMUNICATION
POINT-AHEAD ANGLES FROM THE ARTEMIS GEOSTATIONARY
SATELLITE THROUGH CLOUDS

Laser experiments with ARTEMIS geostationary satellite have been performed in partly cloudy weather using the
developed system for the telescope. It has been found that the part of the laser beam is observed simultaneously at the
points in direction of the velocity vector where the satellite would arrive at when the laser light reaches the telescope.
These results agree with the theory of relativity for light aberration in transition from fixed to moving coordinate system.
Observation results open the way for research and development of systems to compensate atmospheric turbulence in laser
communications between ground stations and satellites through the atmosphere.
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INTRODUCTION

In July 2001, the European Space Agency (ESA)
geostationary Earth orbiting (GEO) Advance
data-Relay and Technology Mission Satellite
(ARTEMIS) was launched with on-board laser
communication terminal OPALE [1]. 1789 laser
communications sessions were performed between
ARTEMIS and SPOT-4 (PASTEL) from 01 April
2003 to 09 January 2008 with total duration of
378 hours. Laser communication experiments be-
tween ESA’'s Optical Ground Station (OGS) and
ARTEMIS were also performed under various at-
mosphere conditions [2, 3, 4]. The free space laser
communication systems have some advantages in
comparison with the radio frequency communi-
cation systems, which is a result of much higher
carrier frequency (up to some hundreds of THz)
for the laser communication and a possibility of
higher communication rates up to Nx 10 Gbps per
each communication channel. Ground-to-satel-
lite optical link tests between the Japanese laser
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communication terminal and the European geo-
stationary satellite ARTEMIS has been perfor-
med [5]. The German Space Agency (DLR) and
the Tesat-Spacecom have designed space laser
communication terminals using BPSK (binary
phase shift keying) modulation and established
laser communication links between LEO satel-
lites TerraSAR-X and NFIRE (achieving data
transfer rates of 5.6 Gbps at distance 5,100 km),
in 2008. ESA is now developing the European
Data Relay Satellite (EDRS) system with the use
of laser communication technology to transmit
data from LEO satellites to two geostationary sa-
tellites (EDRS-A and EDRS-C) with data rates
of 1.8 Gbps at LEO-to-GEO link distance up to
45,000 km by using improved Tesat-Spacecom la-
ser communication terminals.

In October 2013, NASA demonstrated trans-
mission of data from lunar orbit LADEE space-
craft to NASA OGS with a rate of 622 Mbps by
using two simultaneous channels and pulsed posi-
tion modulation at a distance up to 239,000 miles.
The tests have been also performed for providing
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continuous measurements of the distance by the
same laser beams from the Earth to the LADEE
spacecraft with an accuracy of less than 10 mm.

The amount of information from telecommuni-
cation satellites in GEO constantly increases and
there is a demand for a high-rate information trans-
mission from the ground, in particular, by laser
link via atmosphere. To mitigate the influence of
atmospheric conditions on ground-to-space and
space-to-ground laser communication, it would be
desirable to have a network of OGS with differ-
ent atmosphere conditions.

START OF MAO DEVELOPMENT

ESA's OGS uses the Coude focus of a 1m tele-
scope located at an altitude of 2400 m above sea
level. In 2002, the Main Astronomical Observa-
tory (MAO) of the National Academy of Science
of Ukraine started the development of a ground
laser communication system for the 0.7 m AZT-2
telescope using the Cassegrain focus of a 0.7 m
telescope at an altitude of 190 m above sea level.
Some design works have been performed [6—9].
Therefore, it was interesting to compare the in-
fluence of atmosphere conditions in different at-
mosphere regions. Comparative study of atmo-
sphere turbulence at ESA’'s OGS and MAO tele-
scope has been performed as well [10—11].

Some experiments with ARTEMIS satellite
started. [12]. The precision pointing and tracking
system for AZT-2 telescope and other systems
were developed [13, 14, 15].

LASER COMMUNICATION
EXPERIMENTS WITH ARTEMIS

As a result, the MAO developed a compact laser
communication system called LACES (Laser At-
mosphere and Communication Experiments with
Satellites) [16]. The work was supported by the
contracts with European Space Agency and Na-
tional Space Agency of Ukraine. Laser experiments
between MAO and ARTEMIS have been per-
formed. Laser links between LACES terminal of
AZT-2 telescope and OPALE communication ter-
minal of ARTEMIS have been established [17].
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To mitigate the influence of atmospheric condi-
tions on ground-to-space and space-to-ground laser
communication, it would be desirable to have a net-
work of OGS in different atmosphere regions. Syn-
chronous tests of laser active ARTEMIS Satellite
by ground network of optical ground stations of
Ukraine have been carried out as well [18].

LASER EXPERIMENTS WITH ARTEMIS
IN CLOUDY CONDITIONS

Some laser experiments with ARTEMIS satel-
lite were performed in cloudy conditions at an
altitude above the horizon from 22 to 25 degrees.
The laser beams from the satellite were recorded
through clouds by tracking CCD camera with
732 x 582-pixel censor. The calculated pixel scale
in the focal plane was 0.327 arc-sec per pixel for
X(a) and 0.316 arc-sec per pixel for Y(8) direc-
tions. The splitting of laser beam from the satel-
lite was observed in X (right ascension) and Y
(declination) directions. The splitting along the
declination direction may be interpreted as result
of extreme refraction in the atmosphere at low al-
titudes above the horizon.

The angular splitting between A and C compo-
nents for image art3174 and between A and B com-
ponents of image art4331 was: AX(a) = 6 pixels
or 1.962 arc-sec in the right ascension (ahead an-
gle) directions (Fig. 1 a, b).

The angular splitting between A and C com-
ponents of the image art3308 was also AX(a) =
= 1.962 arc-sec (Fig. 2, a). Maximum signal for A
component is 47579 levels for the analog to digi-
tal convertor (ADC) and 19486 levels for C com-
ponent. Signal noise was approximately 60 levels.
So, for image art3308 the signal /noise ratio was
793 for A component and 325 for C component.
(Fig. 2, b). The next beacon peaks observed thro-
ugh clouds can be seen in image art3350 (Fig. 3, a)
and image art3351 (Fig. 3, b). For these images
the angular splitting between A and B compo-
nents was also AX(a) = 1.962 arc-sec.

As aresult, a small part of the laser beam has been
found to be observed ahead of the velocity vector
simultaneously in the point the satellite would ar-
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Fig. 3. The 2-D view of the images art3350 (a) and art3351 (b)

rive at for the time of propagation of laser light from | of the telescope and distances L to the satellite, as
the satellite to the telescope [19, 20] (Fig. 4, ). well as time of propagation Tsig of laser radiation

For precision tracking of the satellite right as- | from the satellite to the telescope primarily were
cension angles (o), hour angles (H), declinations (8) | calculated. Tsig = L x Vsig ~! were Vsig = C which
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Fig. 4. Point-ahead angle of the satellite («) and position of the satellite orbit to Equator (b)

a

Fig. 5. Star moving near ARTEMIS position (a); the aberration angle for the satellite and coordinate systems (b)

is the velocity of light (299,792 kmxs ') in space.
From NORAD 2-line elements of the satellite data
we know that velocity of the satellite is 3.07 kmxs .
The point-ahead angle Qf is determined as Qf =
=LabxL'or Qf = VxC~'. The result is Qf=
=2.112 arc-sec. The direction of moving satellite
may see from directions of moving star observed
between of clouds (Fig. 5, a).

The point-ahead angle Qf was calculated for or-
bit plane of the satellite that has inclination p =
=10°20'28" to the Earth equator plane (Fig .4, b).
The velocity vector of the satellite has the same
inclination. It is necessary to know the projections
of Lab on the right ascension (hour angle) direc-
tion of the telescope for performing further correc-
tion of the hour angle (on the point-ahead angle)
of the telescope. The corrected point-ahead angles
Qfop on hour angle direction are also determined
and result is Qfaf = 2.078 arc-sec. It is close to the
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point-ahead angle previously calculated by us. The
ahead angle Qfo for the right ascension direction
has been computed as well. For different declina-
tions (8) of the satellite observed the ahead angles
are Qfapd. The results of observed and calculated
point-ahead angles are presented in Table.

In the observations of propagation of laser light
from the satellite to MAO OGS through clouds,
the positions of ARTEMIS that were equivalent
to the calculated point-ahead angle for the satel-
lite were directly observed. QfaB8 are corrected
point-ahead angles for telescope coordinating sys-
tem; Aa. is observed point-ahead angles for tele-
scope coordinate system. The differences from ob-
served and calculated point-ahead angles are from
0.009 to 0.020 arc-sec and up to 0.034 arc-sec for
image art4331 with smaller & of —14.577. The accu-
racy of observations is limited by size of 1 or 2 pixels
and is 0.164 — 0.327 arc-sec along of X axis of the
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Laser ahead angles in X(a) direction

# Art — image Ao, arc-sec L, km Hvel, "s! Tsig, s 3, deg Qf,arc-sec Qfafd, arc-sec
art3175 1.977 39351 -0.197 0.1313 -17.086 2.112 1.986
art3307 1.977 39256 -0.112 0.1309 -16.081 2112 1.997
art3308 1.977 39256 -0.112 0.1309 —-16.081 2112 1.997
art3350 1.977 39250 -0.107 0.1309 -16.016 2112 1.997
art3351 1.977 39250 -0.107 0.1309 -16.015 2.112 1.997
art4331 1.977 39117 -0.003 0.1305 —14.577 2112 2.011

CCD camera. The accuracy of tracking the satellite tan (0')=C/V, (2)

was measured for Session 1. Positions of laser beacon
through clouds were measured for images art3176
and art3229 with record time 19 h: 03 m: 03 s and
19 h: 06 m : 33s, respectively. Differences of posi-
tions between observed beacon in these images we-
re AX (o) = 4.532 arc-sec and AY(8) = 3.735 arc-sec.
As a result, the drift of tracking was 0.021 arc-sec
per second in the X (a) axis and 0.018 arc-sec per
second in the Y (8) axis.

However, from (Fig. 4. a) one can see that Lf > L,
Tsig for L > Tsig for Lf + L(A—B). How can the
observed results be explained from the standpoint
of modern physics?

DERECTLY OBSERVED
LASER LIGHT ABERRATION

The stellar aberration, as a result of the Earth
motion around of the Sun, was discovered by
James Bradley with results presented in Bradley J.
(1727) [21]. We study the motion of ARTEMIS
satellite in space around of Earth. In accordance
with the theory of relativity, the aberration of
light changes the direction of light during the
transition from immovable to movable coordi-
nate systems. We have two coordinate systems.
The first one (X', Y, and Z") is for the satellite
(Fig. 5. b). The second coordinate system (X, Y,
and Z) is for the telescope. The light direction 6’
in the satellite coordinate system is determined
by Eq. (1) in accordance with the description
presented in C. Moller (1972) [22].

sin(0) *~1-(V/C)”
cos(8)+V/C ’

(1)

tan(0) =

90

when the satellite is tracked, the X axis is parallel
to X'and the Y axis is parallel to Y". The satellite
center is equivalent to the center of X', Y', Z' co-
ordinates calculated for every time of observa-
tions. The center of our telescope CCD camera is
equivalent to the center of X, Y, Z coordinates. As
a result, the angle 0 is 90°. It is in good agreement
with the calculated angle 0" determined by aber-
ration equation (2) (V<< C). The light aberra-
tion angle (the point-ahead angle) is determined
as Ab=0 — 0'. In our case AB=2.112 arc-sec (V=
=3.07 km/s, C= 299,792 km/s). Thus, AO=Qf as
calculated previously. We directly observed the
laser light aberration as result of satellite moving
with angular velocity close to angular rotation of
the Earth. For the time being, no other examples
of direct observations of this aberration for satel-
lites have been known [20].

CONCLUSIONS

A small part of laser beam has been found to be
observed ahead of the velocity vector in the point
the satellite would arrive at for the time of propa-
gation of the laser light from the satellite to the
telescope. The point—ahead angles and the laser
light aberration as result of satellite moving with
angular velocity close to angular rotation of the
Earth have been directly observed. No other ex-
amples of direct observations of laser radiation
from point—ahead angles and aberration of laser
light for satellites have been known so far.

The turbulence conditions in ahead points are
very important for the development of systems for
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compensation of turbulence. To know the condi-
tions of atmosphere in ahead-angle points is very
useful for laser ranging, communication from gro-
und stations to satellites, and for deep space mis-
sions. The observed results open ways for the rese-
arch and development of systems to compensate
atmospheric turbulence in ahead points during la-
ser ranging and communications between ground
stations and satellites through the atmosphere.
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HPAME BYMIPIOBAHHA JIASEPHIX
KOMVYHIKAIIMHNX YIIEPE/I’KYBAJIbHUX
KYTIB BIZIl TEOCTAIHIOHAPHOTI'O CYIITYTHMKA

CIIOCTEPITaEThCS OJTHOYACHO B TOYIL B HAINPSIMKY BEKTOPA
MIBUKOCTI Ta KyTa yIepesKeHH, [e CYIlyTHUK OyB O1 TTic/ist
Yacy TIOHMIMPEHHS JIA3ePHOTO CBITIa /10 Teseckora. 11 pesysib-
TaTH Y3rOKEHI 3 TEOPIE BIAHOCHOCTI, Je abeparlis CBiT/Ia
PO3PAXOBYETHCS TIPU TIEPEXO/Ii BiJl HEPYXOMOI 10 PyXOMOI
KOOP/IMHATHOI cucTteMu. Pe3ysbratu crioctepekeHb 103B0O-
JISIIOTh JIOCTIKYBATH 1 PO3POOJIATA CUCTEME TSI KOMIIEH-
carlii TypOyJieHTHOCTI arMochepr B TOUKAX yIepeisKeHH s,
SIKi BUKOPUCTOBYIOTHCS TIPY JIa3ePHiil KOMYHIKaIlil 3 Ha3eM-
HUX CTaHILiH 710 CYIIyTHUKIB Kpi3b aTMocdepy.

Knouogi crosa: acTpoHOMIsI, CYITyTHUKY, JIa3epHe BU-
NPOMiHIOBaHHsI, abepaitisi, KyTH ylepesKeHHsl, PeJSTHBICT-
CBbKi TIpOIIecH.
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MMPAMOE NUSMEPEHUE JIASEPHBIX
KOMYHUKAIIMOHHBIX YITPEXIAIOIIIMX
YIJIOB OT TEOCTAIIMOHAPHOTIO CIIYTHUKA
APTEMIUC CKBO3b OBJIAKA

Ha pa3paboTaHHOI HAMU CHCTEME [IJIs1 TEIECKOIIa TIPOBe-
JIeHbI JIa3epHbIe HKCIIEPUMEHTBI C TeO0CTAIMOHAPHBIM CITyT-
nukoM APTEMUC (EKA), koTopble BBITOTHTUCH U B Tie-
pemeHHyI0 06saynyIo moroxy. OGHapyKeHO, 4TO HEKOTOpast
YacTh JIa3ePHOTO JIyya HabJII0[aeTCsl OHOBPEMEHHO B TOUYKE
B HAIIPABJIEHNU BEKTOPA CKOPOCTU U YTJIA YIIPEXKIAEHUS, T/ie
CITyTHHUK OBl ObI [IOCJIE BPEMEHH PACIIPOCTPAHEHUST JIa3ep-
HOTO CBeTa JI0 TeJIeCKOTa. DTU Pe3yJIBTaThl HAXOATCS B CO-
OTBETCTBUU C TEOPHE OTHOCUTEIBHOCTH, T/ie abeppaliusi CBeTa
PaCCYUTHIBAETCS TIPH TIEPEXOJIe OT HEMOABMKHOM K MO/IBUIK-
HOI KOOPAMHATHO# crcTeMe. PesysbraThl HabMOAEHNUI 1103~
BOJISIIOT UCCJIENI0BATD M pa3paboTaTh CUCTEMBI JIJIsi KOMITEH-
caiuu TypOyJIEHTHOCTH arMocdepbl B yIIPEKIAIONINX TOY-

APTEMIC KPI3b XMAPU Kax, UCIIOJIb3yeMbIX IIPU JIa3epHOIl KOMMYHUKAIMU C Ha3eM-
- . HBIX CTaHIUI 10 CIIyTHUKOB yepe3 arMocdepy.
Ha pospobuieniii Hamu crcTeMi IS TeJIeCKoTa PoBeie- I A0 CIty P bepy
Hi JTa3epHi eKCIIEPUMEHTH 3 T€OCTAI[IOHAPHUM CYILyTHUKOM Kawueegvie croea: acTpOHOMUS, CIIyTHUKHU, Ja3epHOE

APTEMIC (€KA), siki BUKOHYBAINCH i B MIHJIMBY XMapHy | H3JIydeHue, abeppaius, YIpeKIaiolie YIjbl, PeaaTHBICT-
norofy. BusiBieno, 1mo feska 4acTHHA JIa3€PHOTO IIPOMEHST | CKHUe TPOIECCHI.
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