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A two-level system of data transmission in the optical range is considered between a low-orbit spacecraft located in
a sun-synchronous orbit and a repeater satellite located in a geostationary orbit. This topic is rather relevant due to the
fact that the rapid development of remote sensing satellites resulted in the increase of the amount of transmitted infor-
mation, which in consequence introduced new requirements for communication systems. The increase of data transmis-
sion rate and severization of requirements for communication systems contributed to the development of one of the most
promising areas of space communications, based on the information transmission via a laser channel, due to a high
energy concentration and a much higher carrier frequency. The prospects for the application of optical communication
systems are designated by lower power consumption, dimensional specifications and the mass of the transceiver equip-
ment of the optical range (compared to radiofrequency range systems).

The article describes the solution of application of optical communication link between a low-orbit spacecraft and a
repeater satellite. The main factors that contribute to the attenuation in the process of signal propagation along the
route are presented and analyzed. A model of a communication channel between a low-orbit spacecraft and a repeater
satellite is provided for a visual image. Two different approaches of mutual guidance and tracking of laser terminals
are described for using beacons and without ones. EDRS foreign system is considered as an analogue. The estimation
of the main parameters of the communication link is given.

The communication system considered in the article will allow for greater carrier capacity of the data transmission
in the optical range between the low-orbit spacecraft and repeater satellite. The application of this system will allow
solving problems, including in the interests of any departments and structures of the Ministry of Defense of the Russian
Federation, for which the rate of obtaining information is one of the basic requirements for a satellite communication
system. The tasks of precise targeting of receiving and transmitting devices arising as a result of narrow beam patterns
can be solved with current technical means.
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Paccmompena osyxypoenesas cucmema nepeoayu OGHHbIX ONMUYECKO20 OUANAZOHA MENCOY HUSKOOPOUMATbHBIM
Kocmuyeckum annapamom (HKA), naxoosuwumces Ha conHeUHO-CUHXPOHHOU opOume, 1 CHYMHUKOM-DEemMPAnCISMOPOM
(CP), naxooswumcs Ha ceocmayuorHapHou opoume. Jlannas mema A61Aemcsa 6eCoMa aKmMyaibHOU @ C8A3U C meM, YMmo
cmpemumenbHoe pazgumue CHymHUKO8 OUCMAHYUOHHO20 30HOUPOBAHUSL 3eMIU NPUBELO K NOBBIULEHUIO 00beMO08 nepe-
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dasaemoil ungopmayuu, Ymo 6 ciedCmeuU RPUBENO K HOBbLM MpebOBAHUIM K CUCMEMAM C653U. Yeenuuenue ckopocmu
nepeoauu OaHHLIX, NOGbIULEHUE MPeDOBANUL K CUCIEMAM C653U CROCOOCMB08AN0 PA3BUMUI0 0OHO20 U3 NEPCHEeKMUB-
HbIX HANPAGLeHull KOCMUYECKOU CBs3U, OCHOBAHHO20 Ha nepedaye UHGOpMayuu no 1azepHomy Kawauny 6nazooaps
8bICOKOU KOHYEHMPAyuu dHepeuu u 20pazoo boaee 8vlcoxkou yacmome necywel. Menvuiee snepeonompebnenue, eaba-
PpUmMHbIe pasmepvl U MAcca npuemonepedarueli annapamypsl ONMuU4ecKo2o OUanda3ond (R0 CPasHeHuio ¢ cucmemamu
paouoouanazona) onpeoensiom nepcnekmugbl NPUMEHeHUst ONMUYECKUX CUCTEM CBA3U.

B cmamve onucano pewenue ucnonvzosanus mencdy HKA u CP onmuueckoti aunuu cessu. Ilpusedenvl u npoarna-
JUUPOBAHBL OCHOBHBIE (PAKMOPbL, BHOCSAWUE OCIabIeHue 8 npoyecce pachpocmpanenus cuehaia ha mpacce. Ipusede-
Ha MOOeb 0J1s1 Ha2aA0H020 omoobpadicenus kanana ceéasu medxicdy HKA u CP. Onucanvl 08a pazuvix nooxo0da 63aumHo20
HABeOeHUs U CONPOBOANCOCHUsL JIAZEPHBIX MEPMUHANL08 C UCHOb30BAHUEM MAK08 U be3 MasKkos. B kauecmee 0.1u3Kk020
ananoea paccmompena sapyoescrnas cucmema EDRS. Tlpusedena oyenka 0CHOGHbIX NAPAMEMPOS8 TUHUU CS3U.

Paccmompennas 6 cmamove cucmema cés3u cModicem obecneuums 60abULYI0 NPONYCKHYIO CHOCOOHOCMb NPU nepe-
daue danuvix 6 onmuyeckom ouanasone medxncoy HKA u CP. [Ipumenenue 0annot cucmemuvl HO360UM peuiams 3a0ayl,
6 MoM yucne 8 unmepecax moovix eedomems u cmpykmyp MO PD, 011 Komopulx cKopocmb noayyenus uH@opmayuu
ABNAEMC OOHUM U3 OCHOBHBIX MPebOBaAHUN, NPEOBAGIAEMBIX K CUCTeMe CHYMHUKOBOU C6:3U. 3a0aqu mouHo2o nagede-
HUSL NPUEMHBIX U Nepedarowux YCmpoucme, 603HUKAIOWUe KaK cle0Cmeue Y3Kux Ouazpamm HanpagieHHOCmu, MONCHO
peuums CO8PEMEHHbIMU MEXHUYECKUMU CPEOCMBAMU.

Kniouegvie cnosa: onmuueckas C64130b, HM3K00p5umaJlebllZ KocMudeckul annapam, Cnymmhux pempancjisamop,

napamempul Kanaia.

Introduction. One of the promising areas for the de-
velopment of space communication systems is the appli-
cation of an optical communication system (OCS). These
systems allow for greater carrier capacity with less power
consumption, dimensional specifications and weight of
transceiver equipment than the radiofrequency range sys-
tems currently in use. Wireless laser communication is a
type of optical communication using electromagnetic
waves of the optical range (light) generated by a laser
source transmitted in free space.

Potentially, optical communication systems can provide a
high rate of information flow — up to 1-10 Gbit/s and higher,
with onboard equipment weight of 35-70 kg [1].

These advantages of optical communication systems
in comparison with radiofrequency range systems cause a
growing interest to transmitting data between spacecraft
in the optical range in the space industry.

At the same time, the application of optical antennas
with narrow radiation patterns in laser terminals of low-
orbit spacecraft (LOS) and repeater satellites (RS) defines
firm requirements for the mutual guidance of antennas
axes, which results in a number of technical difficulties.

System description. Fig. 1 shows a schematic image
of the considered communication system, which solves
the problem of delivering the information from a low-
orbit spacecraft (LOS) to a ground information receiving
station (GIRS) via a repeater satellite (RS). Information is
delivered from the LOS to the RS in the optical range, and
from the RS to the GIRS — in the radiofrequency range.

An Earth remote sensing satellite is considered in the
function of a LOS. The Earth remote sensing satellite
receives the information about the Earth’s surface and
objects on it, the atmosphere, the ocean, and the upper
layer of the earth's crust by means of noncontact methods,
when the data recorder is distant from the object under
study.

Requests of military departments serve as an effective
stimulus for the development of Earth remote sensing
systems [2; 3]. In this case, the speed of information
delivery to the consumer plays a particularly important
role.
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The system in question operates in a session mode.
The duration of communication sessions is limited by the
time of a line-of-sight coverage of laser terminals. In ad-
dition, the time of communication sessions is limited by
the possible exposure of a solar radiation into the optical
receivers, as well as by arrangement features of the com-
munication terminal on the LOS.

Ensuring of mutual detection and guidance of LOS
and RS is carried out by using lasers-beacons installed on
each spacecraft. These lasers-beacons emit at a wave-
length close to 800 nm, ensuring a high visibility of the
spacecraft. The use of this wavelength is due to the con-
venience of recording by means of widely available
charge coupled device (CCD) matrices, as well as the
possibility of application of spectral separation of the tar-
get information (TI) transmitter signal and the beacon
signal [4; 5].

During the procedure of mutual detection, the anten-
nas axes of both laser terminals are turned to the calcu-
lated angles, the RS laser terminal switches on a beacon
radiation source. The LOS laser terminal generates
a response in the RS direction during the registration of
the beacon beam from the RS at a wavelength close to
800 nm as well. This signal is received by the RS and the
system entries into a tracking mode. The tracking mode
requires using beacons to maintain the spatial orientation
of both spacecraft [6; 7].

The use of beacons is not always necessary, thus in a
foreign EDRS system, spatial guidance is performed by
means of a collimated beam (TI at 1.06 pm) with using
of quadrature detectors instead of an additional beacon
[8; 9]. The application of such an approach imposes some
limitations — the measurement of the spacecraft orienta-
tion requires a very high accuracy.

The system under consideration uses an amplitude
modulation of the radiation, which makes it possible to
apply the methods of incoherent signal reception. This
approach allows reducing the requirements for the applied
component base, since it eliminates the need for a device
that compensates for the Doppler shift of the carrier wave
of the optical range.
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In the mutual tracking mode, the LOS laser terminal
starts transmitting the TI via the transmitting optical sys-
tem at a wavelength of 1.55 pm.

At the RS, the optical signal is fed to the avalanche
photodetector, then data processing takes place, the useful
signal is extracted and formed for delivering to the ground
station (GS) in a radiofrequency range. The schematic
block diagram of the LOS laser terminal is presented
in fig. 2.

The presented parameters of the communication link
(table) are calculated for the case when the LOS moves in
a sun-synchronous orbit of 700 km in altitude, and the RS
is at an altitude of 35.786 km.

Below there are the calculated formulas of the com-
munication channel of LOS — RS.

The power supplied to the receiver is calculated by
formula (1) [10]:

Prec = P[V G[V Grec LW@(J}{LSI-S[’ (1)

where P, is the transmitter power, G, is the effective
gain of the receiving antenna, G, is the effective gain of

the transmitting antenna, L., is the signal attenuation
coefficient in free space, Ly, is the path loss of the trans-
mitting and receiving equipment.

The diagram of the radiation power and the power
supplied at the receiver input (taking into account the
attenuation of the communication link) is presented in
fig. 3

The effective gain of the receiving antenna is calcu-
lated by formula (2) and depends on the wavelength, and
the diameter of the receiving telescope [10]:

2
G, = ("D] ,
A

where A is the wavelength, D is diameter of the receiving
telescope.

The effective gain of the transmitting antenna:
32
G, ==
0
where 0 is the width of the angular pattern.

@)

)

GS - ground station
LOS - low-orbit spacecraft
SR - satellite-repeater

Fig. 1. Schematic block diagram of a transmission channel

Puc. 1. CrpykrypHas cxeMma KaHalla iepefadu
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Fig. 2. Schematic block diagram of the LOS laser terminal

Puc. 2. CtpykrypHas cxema jazepHoro repmunaia HKA
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Channel parameters of low-orbit spacecraft — repeater satellite

Attennation

Parameters Designation Value Units
Wavelength A 1.55 um
Transmitting antenna diameter D, 0.05 m
Receiving antenna diameter D,,. 0.25 m
Link length of LOS-RS R 35086 — 41000 km
Transmitter power P, 3 dbw
Radiation power at the receiver P, -79.8 dbw
Effective gain of transmitting antenna G, 114.4 W
Effective gain of receiving antenna Goe 105.5 db
Attenuation caused by link length Lyoak —289.08/-290.4 db
Path loss of receiver, transmitter Ly 5 db
Receiver bandwidth dF 200 MHz
Angular pattern width 0 6.18 sec
Noise power equivalent NEP -86.4 db
NEP M 6.6 db
Number of photons studied in 1 sec Nia 3.89-10™ amount
Number of photons arriving at the receiver in 1 sec Noee 1.09-10"/ 8.04-10" amount
Number of photons in 1 bit N 549.5/402.4 amount

Trans Attenuation Rec
link length
|
PtrtGtr |

Fig. 3. Diagram representing a communication channel

Puc. 3. [lnarpaMma npezacTaBieHus KaHajla CBSI3U

Attenuation in free space depends only on the length
A

of the link [10]:
2
L ak — | T < )
weak (47‘CRJ

where R is the length of the communication link.

For a complete analysis of the system, we calculate
the number of photons emitted by the transmitter and re-
ceived by the receiver per unit of time.

The number of emitted photons is calculated by for-
mula (5) [10]:

4)

)

where 4 = P, - t, t is time, E is a quantum energy, calcu-
lated by formula (6) [10]:

he

E="C, ©6)

where % is Planck's constant (4 = 6,63:107* J-c), ¢ is the
speed of light (¢ = 3-10° m/s).
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The number of photons received during the time ¢ is
calculated as follows [10]:

-t

rec h'f >
where f'is a radiation frequency.

Since the relative velocity of a low-orbit spacecraft
and a geostationary spacecraft can reach 8 - 10° m/s, and
the distance between them is 3.086 - 10’ m, it becomes
necessary to take into account such effects as light aberra-
tion and the Doppler effect [11; 12].

Light aberration. Light aberration refers to the dif-
ference in a visible direction of a light source from the
real direction to it which is caused by the finiteness of
light speed [13]. Let us consider fig. 4, which shows the
exchange of signals by LOS and RS. Suppose, at time A4,
the LOS emits a signal in the direction of the RS. At time
B, when the RS receives a signal from the LOS, the latter
will have time to move some distance /, and at time B,
when the signal from the RS reaches the LOS orbit, it will
have time to move from position 4 to 2/. In order to “get”

(7
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into the LOS, the RS must send a response at a certain
angle 0 with respect to the direction of the received sig-
nal. The angle 6 can be calculated as:

/
0= 2arcsin| — |, 8
arcsm(Rj ()

where R is the distance between the LOS and RS at time B.

A = ]
LOS mgss  @mosm  @Bges
kY /
Ay /
\ /

Yo8 /

</

il
SR

Fig. 4. Aberration of the speed of light

Puc. 4. AGeppanus CKOpoCTH CBETa

When the LOS is moving along a sun-synchronous
orbit, its relative speed can be estimated from above as 8
km/s, and the angle which the transmitting antenna of the
RS should be deflected at, relative to the visible direction
to the LOS, is 11 arc/s. To account for this effect, it is
necessary to install a high-speed corrector for light aberra-
tion, which is an additional device.

Doppler effect

Let us consider the longitudinal “linear” Doppler ef-
fect as the strongest [14; 15], which is described by for-

mula (9):
vy /I—V/c, )
1+V/c

where v’ and v are radiation frequencies in fixed and mov-
ing coordinate systems, V' is the velocity of a mutual mo-
tion of the coordinate systems, c is the speed of light.

The change in wavelength caused by the longitudinal
Doppler effect can be written as:

M=5-5
v v

For an optical channel using a wavelength of 1.55 pum,
the calculated change in wavelength caused by the Dop-
pler effect was 0.04 nm.

Conclusion. The considered two-level communication
system will provide greater carrier capacity, with less
power consumption, dimensional specifications and
weight of the transceiver equipment, than the radiofre-
quency range systems being currently in use. The applica-
tion of this system will allow solving problems, including
in the interests of any departments and structures of the
Ministry of Defense of the Russian Federation, for which
the rate of obtaining information is one of the basic re-
quirements for a satellite communication system.

The communication channel of LOS — RS is a homo-
geneous medium, where signal attenuation is determined
by the length of the communication link in the process of
propagation.

(10)
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However, there is a number of technical problems
which have to be solved for the implementation of laser
communication channels between LOS and RS:

— high guidance accuracy, mutual tracking at long dis-
tances and at space velocities of carriers are necessary;

— electrooptical equipment is becoming more com-
plex: precision optics, micrometrical mechanics, semi-
conductor and fiber lasers, highly sensitive receivers.

The following conditions are to be considered as well:

— the influence of solar illumination, resulting from
exposure of sun beams directly into the viewing sector of
the optical receiver;

— ensuring the thermal mode of antennas.
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