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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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Рассмотрена двухуровневая система передачи данных оптического диапазона между низкоорбитальным 

космическим аппаратом (НКА), находящимся на солнечно-синхронной орбите, и спутником-ретранслятором 
(СР), находящимся на геостационарной орбите. Данная тема является весьма актуальной в связи с тем, что 
стремительное развитие спутников дистанционного зондирования земли привело к повышению объемов пере-
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даваемой информации, что в следствии привело к новым требованиям к системам связи. Увеличение скорости 
передачи данных, повышение требований к системам связи способствовало развитию одного из перспектив-
ных направлений космической связи, основанного на передаче информации по лазерному каналу благодаря  
высокой концентрации энергии и гораздо более высокой частоте несущей. Меньшее энергопотребление, габа-
ритные размеры и масса приемопередающей аппаратуры оптического диапазона (по сравнению с  системами 
радиодиапазона) определяют перспективы применения оптических систем связи. 

В статье описано решение использования между НКА и СР оптической линии связи. Приведены и проана-

лизированы основные факторы, вносящие ослабление в процессе распространения сигнала на трассе. Приведе-

на модель для наглядного отображения канала связи между НКА и СР. Описаны два разных подхода взаимного 

наведения и сопровождения лазерных терминалов с использованием маяков и без маяков. В качестве близкого 

аналога рассмотрена зарубежная система EDRS. Приведена оценка основных параметров линии связи. 

Рассмотренная в статье система связи сможет обеспечить большую пропускную способность при пере-

даче данных в оптическом диапазоне между НКА и СР. Применение данной системы позволит решать задачи, 

в том числе в интересах любых ведомств и структур МО РФ, для которых скорость получения информации 

является одним из основных требований, предъявляемых к системе спутниковой связи. Задачи точного наведе-

ния приемных и передающих устройств, возникающие как следствие узких диаграмм направленности, можно 

решить современными техническими средствами. 

 

Ключевые слова: оптическая связь, низкоорбитальный космический аппарат, спутник ретранслятор, 

параметры канала. 

 

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. 

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 µm) 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 µm.  

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]: 

Рrec = Ptr Gtr Grec Lweak Lsist,                             (1) 

where Ptr is the transmitter power, Grec is the effective 

gain of the receiving antenna, Gtr is the effective gain of 

the transmitting antenna, Lweak is the signal attenuation 

coefficient in free space, Lsist 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

rec

D
G

π⋅ 
=  

λ 
,                          (2) 

where λ is the wavelength, D is diameter of the receiving 

telescope. 

The effective gain of the transmitting antenna: 

2

32
trG =

θ
,             (3) 

where θ is the width of the angular pattern.  

 

 
 

Fig. 1. Schematic block diagram of a transmission channel 

 

Рис. 1. Структурная схема канала передачи 

 

 

 
 

Fig. 2. Schematic block diagram of the LOS laser terminal 

 

Рис. 2. Структурная схема лазерного терминала НКА 
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Channel parameters of low-orbit spacecraft – repeater satellite 
 

Parameters Designation Value Units 

Wavelength λ 1.55 um 

Transmitting antenna diameter Dtr 0.05 m 

Receiving antenna diameter Drec 0.25 m 

Link length of LOS-RS R 35086 – 41000 km 

Transmitter power Ptr 3 dbw 

Radiation power at the receiver Рrec –79.8 dbw 

Effective gain of transmitting antenna Gtr 114.4 w 

Effective gain of receiving antenna Grec 105.5 db 

Attenuation caused by link length Lweak –289.08/ –290.4 db 

Path loss of receiver, transmitter Lsist 5 db 

Receiver bandwidth dF 200 MHz 

Angular pattern width θ 6.18 sec 

Noise power equivalent NEP –86.4 db 

NEP M 6.6 db 

Number of photons studied in 1 sec Nstud 3.89·1018 amount 

Number of photons arriving at the receiver in 1 sec Nrec 1.09·1011/ 8.04·1010 amount 

Number of photons in 1 bit N 549.5/402.4 amount 

 

 

 
 

Fig. 3. Diagram representing a communication channel 

 

Рис. 3. Диаграмма представления канала связи 

 

 

Attenuation in free space depends only on the length 

of the link [10]: 

2

4
weakL

R

λ 
=  

π 
,                                (4) 

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]: 

bm

A
N

E
= ,                         (5) 

where A = Ptr · t, t is time, E is a quantum energy, calcu-

lated by formula (6) [10]: 

hc
E =

λ
,               (6) 

where h is Planck's constant (h = 6,63·10
-34

 J·с), c is the 

speed of light (с = 3·10
8
  m/s). 

The number of photons received during the time t is 

calculated as follows [10]: 

rec
rec

P t
N

h f

⋅
=

⋅
,                (7) 

where f is a radiation frequency. 

Since the relative velocity of a low-orbit spacecraft 

and a geostationary spacecraft can reach 8 · 10
3
 m/s, and 

the distance between them is 3.086 · 10
7
 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 A, 

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 l, and at time B, 

when the signal from the RS reaches the LOS orbit, it will 

have time to move from position A to 2l. In order to “get” 
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into the LOS, the RS must send a response at a certain 

angle θ with respect to the direction of the received sig-

nal. The angle θ can be calculated as: 

2arcsin
l

R

 
θ =  

 
,                            (8) 

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

 
 

Fig. 4. Aberration of the speed of light 

 

Рис. 4. Аберрация скорости света 

 

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): 

1 /

1 /

V c

V c

−
′ν = ν

+
,                      (9) 

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: 

с с
∆λ = −

′ν ν
.          (10) 

For an optical channel using a wavelength of 1.55 µm, 

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. 

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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