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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.
K e y w o r d s: astronomy, satellites, laser radiation, aberration, bias angles, and relativistic processes.

communication terminal and the European geostationary satellite ARTEMIS has been performed [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 satellites 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 satellites (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 laser communication terminals.
In October 2013, NASA demonstrated transmission of data from lunar orbit LADEE spacecraft to NASA OGS with a rate of 622 Mbps by
using two simultaneous channels and pulsed position modulation at a distance up to 239,000 miles.
The tests have been also performed for providing

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 between ESA’s Optical Ground Station (OGS) and
ARTEMIS were also performed under various atmosphere conditions [2, 3, 4]. The free space laser
communication systems have some advantages in
comparison with the radio frequency communication 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 N × 10 Gbps per
each communication channel. Ground-to-satellite optical link tests between the Japanese laser
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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 telecommunication satellites in GEO constantly increases and
there is a demand for a high-rate information transmission 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 different atmosphere conditions.

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 in different atmosphere regions. Synchronous 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 satellite 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 × 582-pixel censor. The calculated pixel scale
in the focal plane was 0.327 arc-sec per pixel for
X(α) and 0.316 arc-sec per pixel for Y(δ) directions. The splitting of laser beam from the satellite 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 altitudes above the horizon.
The angular splitting between A and C components for image art3174 and between A and B components of image art4331 was: ΔХ(α) = 6 pixels
or 1.962 arc-sec in the right ascension (аhead angle) directions (Fig. 1 a, b).
The angular splitting between A and C components of the image art3308 was also ΔX(α) =
1.962 arc-sec (Fig. 2, a). Maximum signal for A
component is 47579 levels for the analog to digital convertor (ADC) and 19486 levels for C component. 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 through 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 components was also ΔX(α) = 1.962 arc-sec.
As a result, 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-

START OF MAO DEVELOPMENT

ESA’s OGS uses the Coude focus of a 1m telescope located at an altitude of 2400 m above sea
level. In 2002, the Main Astronomical Observatory (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 influence of atmosphere conditions in different atmosphere regions. Comparative study of atmosphere turbulence at ESA’s OGS and MAO telescope 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 Atmosphere and Communication Experiments with
Satellites) [16]. The work was supported by the
contracts with European Space Agency and National Space Agency of Ukraine. Laser experiments
between MAO and ARTEMIS have been performed. Laser links between LACES terminal of
AZT-2 telescope and OPALE communication terminal of ARTEMIS have been established [17].
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a

b

Fig. 1. The 2-D view of the images art3175 (a) and art 4331 (b)

a

b

Fig. 2. The 2-D view of the image art3308 (a) and Sliced line of the A and C components (b)

a

b

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
the satellite to the telescope [19, 20] (Fig. 4, a).
For precision tracking of the satellite right ascension angles (α), hour angles (H), declinations (δ)
ISSN 1815-2066. Nauka innov. 2017, 13 (1)

of the telescope and distances L to the satellite, as
well as time of propagation Tsig of laser radiation
from the satellite to the telescope primarily were
calculated. Tsig = L × Vsig –1 were Vsig = C which
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Fig. 4. Point-ahead angle of the satellite (a) and position of the satellite orbit to Equator (b)
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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 km×s –1) in space.
From NORAD 2-line elements of the satellite data
we know that velocity of the satellite is 3.07 km×s –1.
The point-ahead angle Qf is determined as Qf =
= Lab × L–1 or Qf = V × C –1. 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 orbit plane of the satellite that has inclination β =
= 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) direction of the telescope for performing further correction of the hour angle (on the point-ahead angle)
of the telescope. The corrected point-ahead angles
Qfαβ on hour angle direction are also determined
and result is Qfαβ = 2.078 arc-sec. It is close to the

point-ahead angle previously calculated by us. The
ahead angle Qfαβ for the right ascension direction
has been computed as well. For different declinations (δ) of the satellite observed the ahead angles
are Qfαβδ. 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 satellite were directly observed. Qfαβδ are corrected
point-ahead angles for telescope coordinating system; Δα is observed point-ahead angles for telescope coordinate system. The differences from observed 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 δ of –14.577. The accuracy 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(α) direction
# Art — image

Δα, arc-sec

L, km

Hvel, "·s –1

Tsig, s

δ, deg

Qf,arc-sec

Qfαβδ, arc-sec

art3175
art3307
art3308
art3350
art3351
art4331

1.977
1.977
1.977
1.977
1.977
1.977

39351
39256
39256
39250
39250
39117

–0.197
–0.112
–0.112
–0.107
–0.107
–0.003

0.1313
0.1309
0.1309
0.1309
0.1309
0.1305

–17.086
–16.081
–16.081
–16.016
–16.015
–14.577

2.112
2.112
2.112
2.112
2.112
2.112

1.986
1.997
1.997
1.997
1.997
2.011

tan (θ') = C / V,

CCD camera. The accuracy of tracking the satellite
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 positions between observed beacon in these images were ΔX (α) = 4.532 arc-sec and ΔY(δ) = 3.735 arc-sec.
As a result, the drift of tracking was 0.021 arc-sec
per second in the X (α) axis and 0.018 arc-sec per
second in the Y (δ) 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?

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' coordinates calculated for every time of observations. The center of our telescope CCD camera is
equivalent to the center of X, Y, Z coordinates. As
a result, the angle θ is 90°. It is in good agreement
with the calculated angle θ' determined by aberration equation (2) (V<< C). The light aberration angle (the point-ahead angle) is determined
as Δθ = θ – θ'. In our case Δθ = 2.112 arc-sec (V =
= 3.07 km/s, C = 299,792 km/s). Thus, Δθ = 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 satellites have been known [20].

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 coordinate 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 θ'
in the satellite coordinate system is determined
by Eq. (1) in accordance with the description
presented in C. Moller (1972) [22].
2
sin(θ ) * 1 – (V/C ) ,
tan(θ') =
cos(θ ) + V/C
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(2)

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 propagation 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 examples 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

(1)
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compensation of turbulence. To know the conditions of atmosphere in ahead-angle points is very
useful for laser ranging, communication from ground stations to satellites, and for deep space missions. The observed results open ways for the research and development of systems to compensate
atmospheric turbulence in ahead points during laser ranging and communications between ground
stations and satellites through the atmosphere.
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ПРЯМЕ ВИМІРЮВАННЯ ЛАЗЕРНИХ
КОМУНІКАЦІЙНИХ УПЕРЕДЖУВАЛЬНИХ
КУТІВ ВІД ГЕОСТАЦІОНАРНОГО СУПУТНИКА
АРТЕМІС КРІЗЬ ХМАРИ
На розробленій нами системі для телескопа проведені лазерні експерименти з геостаціонарним супутником
АРТЕМІС (ЄКА), які виконувались і в мінливу хмарну
погоду. Виявлено, що деяка частина лазерного променя
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спостерігається одночасно в точці в напрямку вектора
швидкості та кута упередження, де супутник був би після
часу поширення лазерного світла до телескопа. Ці результати узгоджені з теорією відносності, де аберація світла
розраховується при переході від нерухомої до рухомої
координатної системи. Результати спостережень дозволяють досліджувати і розробляти системи для компенсації турбулентності атмосфери в точках упередження,
які використовуються при лазерній комунікації з наземних станцій до супутників крізь атмосферу.
Клю чові слова: астрономія, супутники, лазерне випромінювання, аберація, кути упередження, релятивістські процеси.
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1

ПРЯМОЕ ИЗМЕРЕНИЕ ЛАЗЕРНЫХ
КОМУНИКАЦИОННЫХ УПРЕЖДАЮЩИХ
УГЛОВ ОТ ГЕОСТАЦИОНАРНОГО СПУТНИКА
АРТЕМИС СКВОЗЬ ОБЛАКА
На разработанной нами системе для телескопа проведены лазерные эксперименты с геостационарным спутником АРТЕМИС (ЕКА), которые выполнялись и в переменную облачную погоду. Обнаружено, что некоторая
часть лазерного луча наблюдается одновременно в точке
в направлении вектора скорости и угла упреждения, где
спутник был бы после времени распространения лазерного света до телескопа. Эти результаты находятся в соответствии с теорией относительности, где аберрация света
рассчитывается при переходе от неподвижной к подвижной координатной системе. Результаты наблюдений позволяют исследовать и разработать системы для компенсации турбулентности атмосферы в упреждающих точках, используемых при лазерной коммуникации с наземных станций до спутников через атмосферу.
Клю че вы е слова: астрономия, спутники, лазерное
излучение, аберрация, упреждающие углы, релятивистские процессы.
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