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BIDIRECTIONAL SPACE TO GROUND LASER
COMMUNICATION SYSTEM FOR CUBESAT

Laser communication has potential advantages in comparison to radio frequency communication for space vehicles. The project team
developed the concept of the bidirectional communication system for free space (FSO) laser communication links from space terminals
(ST) at low Earth orbit (LEO) nano-, microsatellites with emphasis on CubeSat or Unmanned Aerial Vehicle (UAV) to transportable
or to stationary positioned optical ground based terminal (GT) to achieve the high data rate communications. Very accurate point-
ing and tracking capability will be provided by options of optical auto-tracking for both ST and GT. This capability will provide fast
moving of flying platforms with very precise visible movement tracking of their optical axes of telescopes and their optical alignment.
Such improvement will allow optical transmission of data over a long distance while requiring fewer resources from the hardware of
flying platform ST. These solutions give significant advantages compared to existing solutions. Our innovative diffraction resolution
without aberration of the optical system with broad spectrum band will be used for the ST during of work of transmission, receiving,
and video optical channels. The optical systems of GT embedded in the lightweight 2-axes alt-azimuthally mount with enhanced
turning range will allow smooth, high-speed tracking without any gaps at zenith. All optical system axes of GT and the alt-azimuthally
mount axes are controlled by an auto-collimator having unique auto-adjustment feature. The innovative stationary positioned GT is
also proposed.

Keywords: free space optics, laser, communication, space terminal, low Earth orbit, unmanned aerial vehicle, ground terminal, opti-
cal system, CubeSat, attitude determination control system.

INTRODUCTION more per one channel in fiber or space. This property
makes a promise of higher data rates than current
radio-frequency communications capabilities, great-
er data security with reduced hardware size, weight
and power (SWaP) in Space Terminal (ST). But the
atmosphere of the Earth with its turbulence and
clouds attenuated the laser signals more in compari-
son with radio-frequency signals.

The European space agency (ESO) developed the
space data relay system where laser communication
signals are sending from Low Earth Orbit (LEO) sat-
ellites (for example, Sentinals) to one of three Geo-
stationary Orbit (GEO) satellites at a distant near
©G. MANZONI, M. ABELE, J. VIATERS, A. TREUS, V. KUZKOV, 2018 | 40000 km. Then, signals are relay to the ground sta-

We propose the concept applicable to the Free Space
Optics (FSO) communication technologies suitable
for flying platforms application with emphasis on
CubeSat and other small size satellites. The concept
takes into account the characteristics of lasers as
communication signal carriers. Lasers have much
more carrier frequency in comparison with radio-
frequency communications. As a result, laser com-
munications have significantly higher communica-
tion signal rates up to 100 Gbits per second (Gbps) or
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tion by radio-frequency communication channels.
For this scheme, big laser power and complicated la-
ser terminals are needed onboard the LEO and GEO
satellites.

Another approach involves the scheme with laser
signals from LEO satellites sent directly to the optical
ground station. The proposed concept includes two
tied CubeSat satellites remotely connected to each
other at the common orbit. The first satellite is con-
sidered to as spacecraft for ground photo images, and
the second one is the host spacecraft of FSO ST type
communicating with Ground Terminal GT of the
optical ground station (OGS). The other LEO nano-
satellites, in particular, CubeSat or UAV (Unmanned
Aerial Vehicles), could also be applied as the pro-
posed ST.

This paper summarizes the team long experience
in the development of CubeSat projects, in particu-
lar, CubeSat Athenoxat-1 [http://athenoxat.com/],
as well as the development of a laser ground system
for communication experiments with GEO satellite
ARTEMIS [3, 6] and the development of a commu-
nication terminal LACES (Laser Atmosphere Com-
munication Satellite experiments) for the Cassegrain
focus of 0.7 m AZT-2 reflector at the Main Astro-
nomical Observatory NAS of Ukraine (MAO NAS of
Ukraine) [4, 5].

THE PROPOSED SYSTEM OVERVIEW

The System. The new prototype model of the FSO la-
ser communication link is designed to operate at dif-
ferent wavelengths, 0.78/0.84 pm, 1.064 um, and
spectral range about 1.55 pm, supporting PPM (pulse
position modulation) with selectable data rates from
10 to 100 Mbps and an optional capability to measure
FSO signal round-trip.

The FSO laser communication link prototype
model includes CubeSat spacecraft platform with ST
and GT with Operational box.

Flying platform. The designed flying platform of
CubeSat satellite will be equipped with the necessary
navigation and altitude stabilization systems. Addi-
tional systems will have to provide the satellite opera-
tional work of ST, and the payload.

Developed FSO laser communication link can be
used in various satellites and UAVs. The last ones will
need to have the appropriately designed navigation
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and attitude stabilization systems, supplemented by
the proposed ST.

Space Terminal. The ST includes the following
optical systems: the telescope’s main optical system
with transmission, receiving, and video optical chan-
nels; a spectrum dividers and, as additional devices, a
laser transmitter, an optical receiver, and a video
camera. The optical systems of ST are embedded in
2-axis gimbal system. The ST devices are controlled
by electronic controllers and connected by central
bus to CubeSat central controller. Similarly, ST can
be installed in UAV.

Ground Terminal. The GT includes the following
optical systems: telescope’s main optical system with
transmission, receiving, and visual optical channels; a
spectrum dividers and, as additional devices, a laser
transmitter, an optical receiver, and a video cameras.
These systems and devices are embedded in 2-axis alt-
azimuthally telescope mount with actuators. The de-
vices and systems of GT are controlled by electronic
controllers and connected to Operational Center with
control and FSO data processing computers. The GT
telescope is placed in minibus vehicle cargo space in a
transport mode and moves upper its roof in the work-
ing mode.

Operational Center. Operational Center is installed
in minibus cargo space, and operators will have 2
working places equipped with control and FSO data
processing computers.

SPACE TERMINAL

Optical systems. The ST telescope main optical sys-
tem is made as a shortened catadioptric system. The
system forms a diffraction resolution aberration-free
image for spectral range 0.5...1.6 um. It is used with a
spectrum divider for transmission, receiving, and
video optical channels and additional spectrum di-
vider system at the optical data receiver. The tele-
scope has the main aperture D¢, = 85 mm that is suf-
ficient to provide the angle range *1° for gimbal
turning when pointing (limiting down-link laser
beam auto-tracking angle range). The ST telescope
gimbal and terminal devices are shown in Fig. 1 and
telescope mounting on CubeSat platform in Fig. 2.
Parameters of Space Terminal optical systems. The
ST main optical parameters are given in Table 1,
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transmitter optical system parameters — in Table 2,
receiver optical system parameters — in Table 3.
Evaluated optical transmittance of ST video chan-
nels 7,,,= 0.97.
Transmittance of Space Terminal optical channels.
The transmittance of the beam passing through the
input aperture of the ST main telescope is:

e Transmitter channel 7, .. = 0.37.
e Receiver channel T vecch = 0.35.

e Video channel 7, = 0.59.

Supplemented devices of ST. The spectrum divider
system (Fig. 1) is the most important for obtaining opti-
cal beams from main telescope system by an optical re-
ceiver. It is used to separate spectra lines of FSO optical
data laser from the rest of the spectrum range, e. g.

e 1.60 um for laser beam upload from GT.

e 1.55 um for laser beam download to GT.

e The spectrum divider system forms an output
beam 2 x 5 um [1] (Fig. 5) on its focal plane which is
the data receiver sensor surface.

The optical output of the laser transmitter active
(emitting) surface must satisfy the conditions of optical
joints with the main telescope system. In other words,
in this case, the estimated full radiant angle of the laser
should not exceed 10° allowing to maximize the optical

Table 1. Evaluated parameters of ST main optical system

Parameters Space terminal
Geometric optical transmittance ngeo 0.75
Optical system elements transmittance Tmop 0.81
Main optical system transmittance T | 0.61

Table 2. Evaluated parameters of ST transmitter optical channel

Parameters Space terminal
Geometric optical transmittance Ty, 0.80
Optical system elements transmittance TIop 0.80
Transmitter optical system transmittance T, 0.64

Table 3. Evaluated parameters of ST receiver optical channel

Parameters Space terminal
Spectrum divider optical transmittance TSpgeo 0.95
Spectrum divider elements transmittance Tg, 0.60
Spectrum divider transmittance T, 0.57
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Fig. 2. Space Terminal Telescope in 2U CubeSat platform [4]

channel transmittance of the transmitter as well as to
minimize the laser beam divergence. On the other hand,
the theoretical angular resolution of the terminal tele-
scope (0)) (e. g., at A; = 1.55 pum laser line), defined as
sin® = 1.22), /D, gives an Airy circle of 4.59 arcsec or
22.25 prad. This means that ST laser beam illuminates a
circle with a diameter of 22.3 m at the best on GT at
1000 km spacecraft distance from GT.

Two different lasers are installed on CubeSat
board — 1.55 um and 0.84 pym as in VSOTA ST [2]
where laser at 1.55 pm will be used for FSO data
communication only and laser at 0.84 um will be
used as a beacon in auto-tracking mode. The laser
signals at wavelength 1.55 pm will be received by In-
GaAs Avalanche Photo Diode (APD) having 40 nA
dark current. The second laser signals with wave-
length of 0.84 um will be received by Si APD (Atti-
tude Determination Control) System which has the
dark current ~1 nA [7]. The GaAs photo diode has
Noise Equivalent Power (NEP) 3 x 10-15 W/Hz!/2 at
0.85 um and Rise/Fall time 30 ps.

ST is equipped with 2 video cameras (see Fig. 1),
NIR (Near InfraRed) and VIS/NIR (Visible/NearIn-
fraRed), forming two ST auto-tracking signals:

e GT FSO data laser beam will form radiation po-
sition on NIR camera.
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Hg. 3. Athenoxat-1, Night Vision, High Resolution CubeSat [5]

Fig. 4. Stretch of images of Singapore and Johore Bahru

e ST beacon laser beams will form position at
0.85/1.06 pm on VIS/NIR camera.

CubeSat spacecraft. The precise aiming of ST tele-
scope optical axis to GT with its attitude control sys-
tem (for laser beams aiming/tracking) needs the
CubeSat axial turning angular velocity to be
achieved:

e About 1.43°/s of CubeSat spacecraft at LEO
height at 310 km above the Earth at nadir.

e About 0.61°/s of CubeSat spacecraf at LEO
height at 710 km above the Earth at nadir.

As one can see above, the desired pointing of ST
laser beam illumination circle around GT must not
be worse than 1 arcsec (for both ST tracking systems:
the spacecraft attitude control and a gimbal control
of ST telescope).

The CubeSat spacecraft alike to Athenoxat-1 (see
Fig. 3) provides the above-mentioned pointing and
tracking parameters and, therefore, is suitable to be
used as ST carrier.
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Athenoxat-1 is the smallest spacecraft which could ac-
commodate the proposed FSO, having nominal internal
dimensions of 100 x 100 x 340 mm. It was launched in
December 2015 and is still fully operative on LEO.

Athenoxat-1 has an optical payload, including
sensors and image processors of dimensions compa-
rable to the proposed FSO, occupying about 1/2 of
the satellite length and using 90 mm aperture in the
front of the satellite. Such high level of integration is
achieved by producing in house the payload and
ADC system actuators with a very compact design.

Athenoxat-1 is a very agile imaging satellite that
can be easily programmed to perform observation of
any visible target on the ground or in space. The off-
nadir imaging is normally performed with target
pointing in inertial scanning mode. The same opera-
tion modes can be adopted for the tracking of the op-
tical GT from the satellite.

Based on Athenoxat-1 attitude and imaging results
as presented for example in Fig. 4, the required plat-
form pointing accuracy better than 1 deg is fully
achievable with stability better than 0.1 deg/s and
maximum slew rate of up to 10 deg/s.

The CubeSat largest energy consumer is FSO ST
laser transmitter, but only for a limited time: in the
worst case scenario its transit near GT zenith the
CubeSat flight time cannot be greater than:

e About 130 s at LEO height at 310 km;

e About 290 s at LEO height at 710 km;
at the CubeSat trajectory visibility not more than 30°
above the horizon.

GROUND TERMINAL

Optical systems. The GT telescope main optical sys-
tem is made as a shortened reflector (main mirror)
and Mangin secondary mirror optical system with
spherical surfaces of its optical elements. The main
optical system output is made non-focusing for spec-
tral range 0.5...1.6 pm. The formed output beam is
used with an image divider for transmission, receiv-
ing and video control optical channels. The main
telescope aperture is selected to D ;= 400 mm limit-
ing main optical system weight to 14...16 kg. The GT
main optical system is supplemented with diffraction
resolution aberration-free field telescope with an in-
creased field of view (FOV) with its optical axis ad-
justed parallel to main telescope optical axis.
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GT optical systems parameters. The GT main opti-
cal system evaluated parameters are shown in Table 4,
transmitter optical system parameters — in Table 35,
receiver optical system parameters — in Table 6, field
telescope optical parameters — in Table 7.

GT optical channels transmittance. The evaluated
transmittance of beams passing through the input ap-
erture of the telescope is:

e Transmitter channel 7R, = 0.66.

e Receiver channel 7R, = 0.41.

rec

e Main telescope video channel 7R, = 0.82.

Table 4. Evaluated parameters of GT main optical system

P Ground
arameters terminal
Geometric optical transmittance ngeo 0.96
Optical system elements Transmittance 7, op 0.88
Main optical system transmittance 7, 0.85

Table 5. Evaluated parameters of GT transmitter optical channel

Ground
Parameters -
terminal
Geometric optical transmittance T,geo 0.85
Optical system elements transmittance T,op 0.90
Transmitter optical system transmittance 7 0.77

Table 6. Evaluated parameters of GT receiver optical channel

Ground
Parameters .
terminal
Spectrum divider optical transmittance Tspgeo 0.92
Spectrum divider elements transmittance Tsp op 0.65
Spectrum divider transmittance 7 0.57

The evaluated optical transmittance of ST video
channels 7',,= 0.97!

Table 7. Field telescope optical evaluated parameters
(input aperture: Dg; . = 75 mm)

Field

Parameters telescope
Spectrum divider optical transmittance Tspgeo 0.68
Spectrum divider elements transmittance Typop 0.83
Spectrum divider transmittance 7 0.57
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Fig. 5. Ground Terminal telescope spectrum divider image on
its focal plane [1]

GT supplemented devices. The spectrum divider
system (see Fig. 6) is the most important one for re-
ceiving optical data beam from ST telescope to GT
optical receiver. It is intended to be used for FSO
data flow near laser spectra lines, €. g.:

¢ 1.55 um for laser beam downloaded from ST,

¢ 1.60 um for laser beam uploaded to ST.

GT spectrum divider system is forming output beam
2 x5 um [6] (see Fig. 5) on its focal plane (on a receiver
sensor surface) and may be used for fast sensors.

The optical output of the laser transmitter ac-
tive emitting surface must satisfy the conditions of
existing telescope optical joints. This means that, in
this case, estimated laser full radiant angle should not
exceed 8° allowing to maximize the transmitter opti-
cal channel transmittance as well as to minimize the
laser beam divergence. On the other hand, the theo-
retical angular resolution of the terminal telescope
(©) (e. g., at L = 1.60 um laser line), defined as
sin® = 1.22)/D, gives 1 arcsec or 4.85 m of GT laser
illuminated circle at the best case on ST at 1000 km
spacecraft distance from GT.

The GT is equipped with the video camera (NIR
spectra). GT auto-tracking signals formed the posi-
tion on NIR camera from ST FSO data laser beam.
An additional camera on the field telescope is de-
signed to search for a satellite.

GT Telescope Mount. The GT telescope optical el-
ements (in Fig. 6, for visibility depicted transparent)
and devices are embedded in 2-axis alt-alt telescope
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Fig. 7. Stationary positioned Ground Terminal telescope
(V. Kuzkov photo, 2013)

mount with its actuators (GT telescope sketch in Fig.
6). The named GT devices and systems are controlled
by their controllers and connected to Operational
Center control and FSO data processing computers.
In working mode, the telescope is placed on the slid-
ing mast end, slipped over the minibus cargo roof and
fixed to the initial position (see Fig. 6) with own ac-
tuator with a gear box. The other sliding mast end is
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fixed on the ground. The GT telescope is placed in
minibus vehicle cargo space in transport mode.

Operational Center. Operational Center is installed
in minibus cargo space with 2 operator’s working
places with control and FSO data processing com-
puters and supplemented devices: GNSS, radio
transmitter system for satellite communications,
weather station, power system, climate stabilization
and others.

Spacecraft ephemeris. Obtaining the FSO com-
munication CubeSat spacecraft accurate ephemeris
will be complemented by accurate GPS positioning.
The aiming and tracking of the LEO CubeSat follow-
ing on-board laser transmitter beam are possible only
at night-time at the best.

FSO link energy balance. The LEO CubeSat FSO
communication link between ST and GT can be es-
tablished in the case when the transmitted data opti-
cal power is sufficient throughout all designed com-
munications distances. As the data transmission is
performed in relatively good weather conditions
when the optical signal passing through the atmo-
sphere then the signal loss could be evaluated as
small: about 0.15...0.3 dB/km at 20 km distance in the
atmosphere or as —3/—6 dB altogether. The greatest
signal attenuation is due to geometric patterns formed
by ST and GT optical systems. These signal losses can
be compensated by appropriately increasing laser
transmitters’ power. The FSO communication link
energy balance estimation is shown in Table 8.

Stationary Positioned Ground Terminal. The sta-
tionary positioned GT telescope can be upgraded as

Table 8. FSO communication link
with CubeSat spacecraft power balance

Parameters ST GT
Transmittance T, dB (transmitter
channel) o 4.3 -16
Transmittance T, dB (receiver channel) —46 | -89
Transmitted beam divergence v, prad 2225 | 4.85
Geometric loss (in distance:1000 km), dB | -70.3 | —69.8
Loss in the atmosphere (in distance: 1000
km), dB -3/-6 | -3/-6
Transmitted power P, dB 17.8 20
Received power P, dB -62.5 | -61.9
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follows: the optical system can include 4 x 30 cm ap-
ertures of receiving telescopes and a laser transmitter
optical system in the center. Next, it is possible to
implement the ground receiver system with 3—4 re-
ceiving channels (separated mirrors or parts of the
single mirror) to reduce the influence of the atmo-
spheric turbulence. Other small parts of the mirrors
can be used by the laser transmitters. The receiving
channels supposed to be separated from the trans-
mission communication channels [http://micro-
space.org/atx1.html#spec]. Similar stationary posi-
tioned GT telescope is presented in Fig. 7. The tele-
scope is depicted during the restoration at the position
in the former National Center of Space Facilities
Control And Test (NCSFCT) in Crimea, Ukraine.

SUMMARY

The FSO ST communication system for CubeSat
with transportable GT is being developed. The pre-
sented design and preliminary results of its operation
in the space with a CubeSat satellite Athenoxat-1
show very promising chances for such very compact
and efficient optical communication link.
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JBOHAINPAMIIEHA KOCMIYHO-HASEMHA
JIABEPHA KOMYHIKALIMTHA CUCTEMA
JJIAA CYITYTHUKIB « CUBESAT»

JlazepHuii 3B’s130K Ma€ MOTEH1IiMHI MepeBaru MopiBHSIHO 3 pa-
JIIOYaCTOTHUM 3B’3KOM J1JIsI KOCMiuHUMX amnapariB. [TpoekTHa
rpyrmna po3poouia KOHIIEMIIi10 1BOOIYHOT CUCTEMU KOCMiYHOTO
sazepHoro 38’s13Ky (FSO) st KomyHikallii Mixk KOCMiYHUMA
tepminanamu (ST) HaHO-, MIKpOCYITyTHUKIB, IO TiepeOyBa-
FOTh Ha HU3BKUX HABOKOJIO3EMHMX OpOiTax (3 aKIeHTOM Ha
«CubeSat»), abo TepmiHaTaMU OE3MITOTHUX JITATbHUX ara-
paTiB i MEPEHOCHUMM YU CTaLliOHAPHUMM HA3eMHUMU TEPMi-
Hasamu (GT) g nocsarHeHHs BUCOKOI IIBUIKOCTI Tepeaa-
BaHHS AaHMX. [ly>ke TOYHa MOXKJIMBICTh HABEICHHS Ta CYIpO-
Bomy Oyre 3abe3redeHa OMIisIMA ONITUIHOTO aBTOMAaTUIHOTO
BincrexkeHHs wig ST 1a GT. Ll MOXIUBICTh 3a0€3MMeYUTH
IIBUAKE TIEPEMILLEHHST JIITATbHUX TUIATGOPM 3 J1y>Ke TOUHUM
BUIMMMM CYTTPOBOJOM PYXY ONTUYHUX OCEH iXHiX TeJIECKOIiB
Ta IXHIM ONTUYHUM BUPiBHIOBaHHSIM. Take IMOJiMNIIeHHs 10-
3BOJIUTH 3MOiMICHIOBATH ONTHUYHY Tlepenady JaHWX Ha BEJMKi
BilICTaHi, 1110 BUMaraTuMe MeHIIle pecypciB Bil 00JagHaHHS
sitarouoi matdopmu ST. Li pitieHHs nar0Th 3HaYHI TIepeBa-
'Y TIOPiBHSIHO 3 BiOMMMMU pilieHHsIMM. Hailia iHHOBaliiiHA
nudpakiiiiHa po3aibHa 3JaTHICTH 0e3 abepallii ONTUYHOT
CHUCTEMHU 3 TIMPOKOCMYTOBUM [ialla30HOM OyIe BUKOPUC-

ISSN 1561-8889. Kocmiuna nayka i mexnonoeis. 2018. T. 24. Ne 2 53



G. Manzoni, M. Abele, J. Vjaters, A. Treijs, V. Kuzkov

toByBatucs wia ST mig yac poOOTH TepemaaBaJbHUX, MPU-
MMaabHUX Ta BiteoonTUYHUX KaHajiB. OnTuuHi cucremu GT,
BOY/IOBaHi B Jierke JBOBiCHE ajlbTa3UMyTalbHE MOHTYBaHHS 3
MOJIMNIIEHUM /1ialla30HOM MOBEPTaHHSI, 3a0€3Me4yI0Th TU1aB-
HE BUCOKOIIBUIKICHE BiICTEXXEHHS 0€3 Oy/Ib-sIKMX MTPOTaIuH
y 3eHiti. Bci oci onrnanux cucrem GT i oci anbrazumyTaib-
HOTO MOHTYBaHHSI KEPYIOThCSI aBTOKOJIiMaTOpaMH, sIKi MalOTh
YHiKaJIbHY (DYHKIIil0 aBTOMaTHYHOTO HACTPOIOBaHHS. Takox
MPOINOHYEThCH iHHOBALIIMHUI CTalliOHApHWIA MO3UILIOHOBA-
Huit GT.

Karouoei caoea: GezarmochepHa onTuKa, Ja3epu, KOMYHi-
Kallii, KOCMiYHUI TepMiHal, HU3bKa opOiTa, Oe3IMiJIOTHUIA
JiTaJIbHUI anapaT, Ha3eMHUI TepMiHal, ONITUYHA CUCTEMA,
«CubeSat», cucreMa KOHTPOJIIO MO3UIIIOHYBAHHS.
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JABYHAITPABJIEHHASL KOCMHWYECKHN-HA3EMHAS
JABEPHAAA KOMMYHUKAIIMOHHAA CUCTEMA
JUIA CITYTHUKOB «CUBESAT»

JlazepHast CBSI3b MMEET MOTEHIMAIbHbIE TIPEUMYIIECTBA IO
CPaBHEHUIO C PAaAMOYACTOTHON CBSI3bIO JJIsI KOCMUYECKUX
anmnapaToB. [IpoekTHasi rpymnma pa3paboTaja KOHUEMLHUIO
JIBYHAIPaBJIEHHOM CUCTEMbl KOCMUYECKOM JIa3epHOU CBSI3U
(FSO) nmnst KoOMMyHUMKAIMil MeXIy KOCMUIeCKUMU TePMU-
Hamamu (ST) HaHO-, MUKPOCITYTHMKOB, HaXOISIIMXCS Ha
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HU3KMX OKOJIO3EMHBIX 0pouTax (¢ akieHToM Ha «CubeSat»),
WIM TepMMHalaMKd OeCHUJIOTHBIX JIeTaTeJbHBIX arnapa-
TOB M TIEPEHOCHBIMU WM CTAallMOHAPHBIMM HAa3eMHBIMU
tepmuHaiamu (GT) 171 JOCTUXXKEHUSI BBICOKOM CKOPOCTH
nepenaun maHHbIX. OUeHb TOUHAsT (DYHKUUS HaBEACHUS U
COIPOBOXIEHMS OyneT obecriedeHa OIMIUIMU ONTUYECKOTO
aBToMaTUuyeckoro conpoBoxaeHus mist ST u GT. Dra Bo3-
MOHOCTb 00€CIeUnT ObICTPOE MepeMellleHUE JeTaTeIbHBIX
armapaToB C OYeHb TOYHBIM BUIMMBIM OTCIIEKMBAaHUEM
NBVKEHUST ONITUYECKUX OCE UX TEJIECKOIIOB U UX ONTUYEC-
KMM BbIpaBHUBaHUEM. Takoe yJIydllleHHE TIO3BOJUT OCY-
LIECTBJISATH ONTUYECKYIO Iepeaavy JaHHBIX Ha OOJIbIINE pac-
CTOSIHMSI, TPeOysl MEeHbILIe PecypCcoB OT amrapaTHOro oodec-
nedyeHus Jetatoiieit miaatgopmbl ST. DTu pelieHus ga0T
3HAYMTEJIbHBIE IIPEUMYIIIECTBA IO CPABHEHUIO C U3BECTHBIMU
pemeHusiMu. Harre nHHOBatimoHHoe A paKIIMOHHOE pa3-
peieHue 6e3 abeppalui ONTUYECKOM CUCTEMBI € IITUPOKUM
CMEeKTPaJIbHBIM IMANa30HOM OyIeT MCIoab30BaThes st ST
BO BpeMs paboThl MepeAarolinx, MTPUEMHbBIX U BUACOOITH -
yeckux KaHajoB. OnTtuyeckue cuctembl GT, BCTpoeHHbIE
B JIETKYIO JIBYXOCEBYIO a3UMYTaJbHYI0O MOHTHUPOBKY C
YIIyYIICHHBIM AUAIIa30HOM TTOBOPOTa, 00ECIIeYNBAIOT IJIaB-
HO€ BBICOKOCKOPOCTHOE OTCJIeKMBaHUE 0Oe3 KaKuxX-JT1bo
npo06esioB B 3eHUTe. Bee ocu ontuyeckoii cucteMbl GT u ocu
aJbTa3MMYTAJIbHOM MOHTHUPOBKM YIPABJISIOTCS aBTOKOJI-
JIMMaTOPOM, MMEIOLIUM YHUKAJIbHYIO (DYHKIIMIO aBTOMATH -
YecKol HacTpoliku. Takke TpeuiaraeTcsi ”HHOBAIIMOHHBIM
CcTalMOHAPHBIN Mo3uMoHupoBaHHbIit GT.
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