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The laser ranging measurement systems

that are included in the coordinate-time data
determination system, are designed to solve
many application and fundamental problems.
To achieve the high accuracy specifications

of the GLONASS global navigation satellite
system, new generation radio-laser stations
“Tochka” and their modifications have been
developed. This article describes the methods
for achieving submillimeter accuracy of laser
range measurements to the satellite vehicles
with the laser retroreflectors and for ensuring
subnanosecond verification accuracy of onboard
time scales with the ground-based standards
and remote time center scales.
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BBEAEHWE

Pamuo-nma3epHble CTAaHLUHMKW HOBOTO IIOKOJIEHMS
«To4yka» ¥ UX MOOUPUKALIMH CO3LAHBIL /IS II0JIy4YeHUs
CJleyI0IUX KOOPAUHATHO-BPeMEeHHBIX JaHHBIX:

* IIPeIM3UOHHBIX (MIJUIMMETPOBOM TOYHOCTH)
7a3epHBIX M3MepeHUM JBYXCTOPOHHEN HaK/IOH-
HOM JAJIBHOCTU IO reomesudeckux KA: Jlareoc,
JtanoH, T'eoHK, Jlapec, baui, U Op., OCHa-
IIeHHBIX JIa3epHBIMU peTpopedieKTOPHBIMU
cuctemamu (PPC) ¢ 1e/bIo pemIeHHUs 3329 KOC-
MHUYECKOHN Teofie3uHd, B TOM YHC/Ie IPHUBS3KHU
C CAaHTHMETPOBOM TOYHOCTBIO Hayasla CHUCTEM
KOOpAHHAT K LIeHTPYy MacC 3eMJIM H OIlpefelie-
Husg MacmrTaba cucTeM KOOPAMHAT B PaMKax
MeXAyHapogHoU nporpaMmsl GGOS.

* IPeuH3UOHHBIX (MHUJIIHUMETPOBOM TOYHO-
CTH) [ABYXCTOPOHHHUX [JaJbHOMEpPHBIX JIasep-
HBIX HU3MepeHUU 10 PPC HaBUranMoHHBIX KA:
T'JTIOHACC, 'anuieo, Befmoy, GPS ¥ 1p. C LIeJIbio
pacdeTa BBICOKOTOYHBIX 3deMepH] HaBUTLALU-
OHHBIX KA.

* IPeLU3HOHHBIX OIpefeleHHUH MOMEHTOB I10CBI-
JIOK JIa3epHBIX HMMIIYIBCOB (CTapT») B IIKale
BpeMeHU CTaHIMU (B IIKale IMOAKIIOUYeHHOIo
WJIN BHEIIHEero 3TajJoOHa YacTOTHl M BPeMeHH)
Ha HaBUrauuoHHBle KA, ocHameHHBle Hopro-
BBIMH MOAYISIMHU H3MEpPeHUH MOMEHTOB IIpH-
xofa asepHBIXx UMIIynIbcoB (BBKOC) ¢ meinbio
MOJIy4YeHHS HOBOTO IIapaMeTpa — «Ia3epHOH
IICeBOOAJIBHOCTH 10 KA», [ oIlpeleleHMUs
PacXOXKIeHUN € CybHaHOCEeKYHIHON TOUHOCTBIO
OOpTOBBIX M Ha3eMHBIX [IKAJI BpeMeHH, a TaKke
I7Is TIPeLM3UOHHOM Ja3epHOM IlepefayM Bpe-
MeHH 4epe3 60pPT mpu OONBUIMX PACCTOSHUSX
MeXKAY yOa/IeHHBIMH LIeHTPaMH XpPaHeHUs Bpe-
MEHH.

* BCEMOTOJHBIX IICEBIONATbHOMEPHEIX (6e33ampo-
CHBIX) M3MEPeHHH PafHOYacTOTHOM CHCTeMBI
(BCKOC), BXoAsIel B COCTAB PAIHO-Ia3epHO
CTaHLIMH, 0 KofaM M dase HecylleH 4acTOTHI
c yMeHbUIeHHbIMHU CHUCTeMATHYECKUMU
MOTPEIIHOCTSIMK 3a CYeT ee IepHUOAHUYeCcKOU
KaIHOPOBKU I10 ONHOBPEMEHHBIM J1a3epHbIM
H3MepeHUIM IiceBIomanbHoCcTH BBKOC B mepu-
OIbl JOCTAaTOYHOM IIPO3PAaUHOCTH aTMOCHepHI
B HaIIpaBJIeHHH Ha KA.

Co3gaHMe pafuo-Ta3epHBIX CTAHIIUE HOBOIO IIOKO-
neHus «Touyka» U ee ITOC/IEAYIOIIMX aHAJIOIOB I103BO-
JIUJIO He TONBKO JOCTUTHYTh CYOMU/IMMETPOBOM TOU-
HOCTM M3MepeHHM JanbHocTu o HKA (20000 xm),
HO U 0becrieunTh CyOHAHOCEKYHIHYIO TOYHOCTh BEPU-
duKanmi 60pTOBBIX IIKAJT BPeMeHH M IIKal yJaleH-
HBIX LIeHTPOB BPeMeHHU.

=

INTRODUCTION

The new generation radio-laser stations “Tochka” and
their modifications are designed to obtain the follow-
ing coordinate-time data:

+ high-precision (millimeter accuracy) laser mea-
surements of two-way range to the geodetic
SVs: Lageos, Etalon, GeolK, Lares, Blitz, etc.,
equipped with the laser retroreflector systems
(RRS) in order to solve the space geodesy issues,
including referencing the geodetic datum with
the centimeter accuracy to the geocenter and
determining the coordinate system scale as
a part of the international GCOS program;

« high-precision (millimeter accuracy) two-way
range laser measurements to the RRS of naviga-
tion SVs: GLONASS, Galileo, Beidou, GPS, etc. in
order to calculate the high-precision ephemeri-
des of navigation SVs;

 high-precision determination of the laser pulse
sendings (“start”) based on the station’s time
scale (the scale of a connected or external fre-
quency and time standard) to the navigation SVs
equipped with the on-board modules for laser
pulse arrival measurement (BBQOS) in order
to obtain a new parameter, namely the laser
pseudo-range to the SV, to determine difference
between the onboard and ground-based time
scales with the subnanosecond accuracy, as well
as for precision laser time transmission over-
board at the large distances between the remote
time storage centers;

 all-weather pseudo-range (microwave) measure-
ments of the radio frequency system (BISQOS)
being a part of the radio laser station, by the
codes and carrier frequency phase with the
reduced systematic errors due to its periodic
calibration based on the simultaneous laser mea-
surements of the BBQOS pseudo-range during
the periods of sufficient atmospheric transmit-
tance in the direction of the SV.

Development of the new generation radio-laser
stations “Tochka” and its subsequent analogues has
made it possible not only to obtain submillimeter
accuracy of the range measurements to the naviga-
tion spacecrafts (20,000 km), but also to ensure sub-
nanosecond verification accuracy of the onboard time
scales and remote time center scales.

INITIAL STAGE OF “LASER GLONASS”

To achieve the high accuracy specifications of the
GLONASS global navigation satellite system, provided
for by the main indicators of the Federal Special-
Purpose Program “CLONASS System Maintenance,
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HAYAJ/IbHbIA 3TAN

«JIASEPHOI'O IN'TOHACCA»

JJIS MOCTYDKeHMSI BBICOKMX TOYHOCTHBIX XapaKTepH-
CTHUK IJI00QJIBHOM HAaBUTALIMOHHOM CIIYTHHUKOBOM
cucreMsl [JIOHACC, mpeayCMOTpPeHHBIX OCHOBHBIMH
nokasatensiMu PefepanbHOMN LleleBOHM ITPOrpaMMBbl
«[lonmep>kaHHe, PAa3BUTHE U HCII0/Ib30BAaHHE CHCTEMBI
[JIOHACC» Ha mepuon or 2012 mo 2020 roza 6bio
HaMe4eHO CO3/IaHHe JIa3ePHBIX CPe/ICTB HOBOTO ITOKO-
JIeHHSI, PeaJU3YIOIIHNX IPOPhIBHbBIE MHPOPMALIHOHHO-
HM3MepHTe/IbHbIe TeXHOJIOTHH, COBOKYIIHOCTb KOTOPBIX
IIOJIy4YHJIa B Cpelle CIIeLIM/IMCTOB Ha3BaHrHe «Jlasep-
HbIH [JIOHACC»,

Ha 6onee panHeM 3tarte (B 1967 rony) 6b11 co3maH
SKCIIEPUMEHTA/TBHBIN 3ajieNl sl 0TPaboTKHU ciiexe-
HUs 32 KA B ONTHYeCKOM [AHala3’oHe B BHJE CeTH
U3 Tpex IIyHKTOB: EBmaTopus,

]
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Development and Usage” in 2012-2020, it was planned
to develop the new generation laser systems imple-
menting the advanced information and measurement
technologies that which received the name “Laser
CLONASS” among specialists.

At an earlier stage (in 1967), an experimental
groundwork was provided for spacecraft tracking in
the optical range as a network consisting of three
points: Evpatoria, Alma-Ata and Kitab with the tele-
scopes with a diameter of 0.7, 0.5 and 0.5 m equipped
with the highly sensitive TV systems. In 1980-1985, as
a part of research and development activities, 2 stages
of the Sirius Quantum Optical System were developed
and tested (fig. 1) with two telescopes manufactured
by LOMO (AZT-24 “E” and “A”), with a diameter of
1.1 m, designed for trajectory SV control by mea-

Anma-Arta u Kurtab c TeieckoraMu
nramerpoMm 0,7; 0,51 0,5 M, ocHa-
IMIeHHBIMH BBICOKOYYBCTBUTEJIb"
HBIMH TB cucTeMaMu. B mepuon
1980-1985 romos B pamkax OKP
61 pa3paboTaHBl M IIpOBe-
IleHbl HCIIBITAaHUS 2-X ouepeler
KOC «Cupuyc» (puc. 1) c AByMs
TenecKollaMHu, H3TrOTOBIEHHBIMU
JIOMO (A3T-24 «2» 1 «A»), nuame-
TpoM 1,1 M, IpegHa3sHa4YeHHBIMU
IISI TPaeKTOpPHOro KOHTpons KA
10 U3MEPeHHUSIM YIJIOBBIX KOOPIH-
HaT I10 OTPa’keHHOMY COJTHEUHOMY
6necky (1 odepenb) U IO Jasep-
HBIM H3MEpeHUSIM [NaJbHOCTHU
no 60pTOBEIX peTpopedIeKTOpPOB
(2 ouepens).
KBaHTOBO-OIITUYECKASI CUCTEMA
(KOC) «Cupuyc» 6bl1a YCTaHOB-
JleHa Ha BBICOKOTOPHOM IIYHKTe
KocMHYecKHUX BOMCK Ha Tope
MarigaHak, BeICOTOM 2700M, BXO-

OSIIel B YacTh TOPHOM 061acTH
[Tamupo-Anan Ha 3amafe Y3beku-
CTaHa U HMeoUleN OfUH U3 JIyd-
IIMX Ha EBpasHIICKOM KOHTH-
HeHTe aCTPOKJIMMaT. B oxTsbpe
1982 roma Ha Teneckome A3T-24
«A» KOC «Cupuyc» Oplma BIIep-
Bble B MUpe IIpoBefieHa JiazepHas
nokauus KA BeicokOOpbUTAB-
HOM HaBUTAIIMOHHOM CHCTEeMBI
«[JIOHACC», Ha 6opTax KOTOPBHIX,
HayMHasg ¢ N2 1, 6BUIH yCTaHOB-
JeHbl IaHeNH Ja3epHBIX PeTpo-
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Puc. 1. KeaHmoso-onmudeckas cucmema «Cupuyc» (1-5 o4epedb 8 uHmepe-
cax THC «JIOHACC» sgedeHa 8 3kcnayamauuto 8 1980 200y, 2-51 o4epedb -
81985 200y): a) meAeckon HA 3KBAMOPUAAbHOL MOHMUPOBKe; b) meneckon

Ha a3umymanbHol MOHMUPOBKe: C) KOCMOoHA8m 'epMaH TUMo8, 2eHepanbHblli
3aka3yuk KOC «Cupuyc» u B. [. LLiap2opodcKuli, 2eHepanbHbll KOHCMpYKmop;
d) KOC «Cupuyc» Ha 2ope MatidaHak, Mamupo-Aaali, Y36ekucmaH, H=2700 m
Fig. 1. Quantum-optical system “Sirius” (for the benefit of GLONASS GNS, the
Ist stage was commissioned in 1980; the 2nd stage was commissioned in 1985):
a) a telescope with an equatorial mounting; b) a telescope with an azimuth
mounting; ¢) cosmonaut German Titov, general customer of the Sirius QOS and
V. D. Shargorodsky, general designer; d) Sirius QOS on Maidanak Mountain,
Pamir-Alai, Uzbekistan, H=2700 m
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pedeKTopoB Hamlell pa3paboTKH, BKIOUEHHBIe
B COCTaB IITaTHOK HOPTOBO ammapaTypel BCex Ioce-
OyIOUMX HaBUTALIMOHHBIX (M Teofle3nvyecKUX) oTede-
CTBeHHBIX KA.

B KOC «Cupryc» HUCII0/Ib30BAJICS PyOHHOBBIH J1a3ep
¢ sHepruer 0,5 MK, 4gacTtoTtor 10 Il W MJIHUTENBHO-
CTbI0O MMIyAbca 30 HC. IIorpelIHOCTh H3MepeHUH
OanbHOCTH (C ocpegHeHHeM 3a 60 cek) COCTaBHIIa
§<20 cM. ITOT pe3ybTat 40 /1eT Ha3a/ ObUI yHHUKAIEH
[0 TOYHOCTH, Cer4ac — 3TO TO4YKa Hadaja OTCYeTa
B Boprbe 3a TouHOCTB! I'paHAaTOBBIE J1a3eprl ¢ Honee
KOPOTKMM HMIITY/IbCOM t<50-300 IIC MOSBH/IKCH 3Ha-
YHTE/IbHO II033Ke.

C 1992 roma 7nasepHBIM NYHKT Ha rope Mamnga-
Hak ¢ KOC «Cupuyc» Iepelnes II0J OPHUCIHUKIIKIO
pecriybnuKy Y36eKHUCTaH M HAa OCHOBAHHHU MeXKIIpa-
BUTE/IBCTBEHHOIO COIJIAIleHHsI C PoccHeln YCIeLIHO
COBMECTHO 3KCIUIyaTHpoOBajcA eie 10 jeT, IIpu 3TOM
TOYHOCTb U3MepPeHH I JaIbHOCTH Obl1a noBeneHa (611a-
rogapsi mepexopy Ha rpaHatosele (Nd:YAG) nmasepsr)
0 2 CM.

B 2001 roxy cornaeHue He ObUI0 IIPOJIOHTHUPOBAHO,
B CBSI3H C 4eM I1ociie 6onee yeM 20-7IeTHEH 9KCIUTyaTa-
uu KOC «Cupuyc» ObUI IepeBefleH B PEKHUM XpaHe-
HHS C BO3MOXKHOCTBIO [IPOBEJEeHUS aCTPOPHU3UYECKUX
HabIomeHUN.

B cBA3M C HeobXOOMMOCTBIO MPOAO/DKEHUST paboT
[0 JIa3epHOHU JoKaluMH KA B YCIOBHSX XOPOIIero
actpoxiuMara yxxe B 2006 rogy B 3MEHHOTOPCKOM
parioHe AnTtarickoro Kpas (Poccus) 6pU1a BBejeHa Iep-
Bast ouepenp AOJIL] (h=300 M) C TeZIeCKOIIOM TPaeKTop-
HBIX U3MepeHUH (TTH) 60 cMm (pric. 3). OfHOBpeMeHHO
ObITM HayaTbl IIPOEKTHBIE M CTPOMTeIbHBIE PAabOTHI
Ha BepxHem ruromazake (h=380 M) 10 CTPOUTETBCTBY
6alIHKM M MOHTaXy MHOTOLIETIEBOr0 TejlecKona Aua-
meTpoM 3,1 M, KOTOpBIe IJIAHUPYETCS 3aBePIIUTh
B 2024 rony (puc. 2)

Ha panpHermeM 3Tame (mo 2012 roma) Ajsi oTpa-
6oTku ammapaTypsl (B IepByl odepefb J1a3epHBIX
IepeJaTYMKOB Ha TIpaHaTe), TeXHOJIOTUI HaBee-
HHUSA, CJIeKeHHUS, II0JyYeHHs IPeLIM3HMOHHBIX OIITH-
YeCKUX MU3MePeHHUH YIVIOBBIX KOOPOHWHAT M JIa3ePHOU
JJIBHOCTH [0 Teofe3sryecKMX KM HaBUTALMOHHBIX
KA AO «HIIK «CIIII» - ro/l0BHOM OpraHH3aluer Pockoc-
MOCa II0 CO3JaHHI0O KBaHTOBO-OINTHYECKHUX CHCTEM
(KOC) 6b11H pa3paboTaHbl, U3rOTOBIEHB U BBEJEHBI
B 3KCIUTyaTallUI0 OIBITHBIe 06pa3ipl KOC B IllekoBO
U MeHzeneeso (ITogmockoBbe), B KoMcoMobCKe-Ha-
Amype, Ha AjlTae U B psfe APYTHUX IYHKTOB Kak
B CTallHOHapHOM (CaskeHp-C, CaskeHbT), repeaucsio-
nrpyemoM (CaskeHb-TOC), TaK U B MasorabapuTHOM
(cepuitHOM) (CackeHb-TM) BapHaHTaX HKCIIOTHEHHS
(puc. 3).

i g

Puc. 2. Aamalickuli onmuKo-Ada3epHbill ueHmp (2-5 o4epeds),
cnpasa bawHs meneckona TW, duamemp 3,1 mempa

Fig. 2. Altai Optical Laser Center (2nd stage), right: a tower
of the trajectory measurement telescope with the diameter
of 3.1 meters

suring the angular coordinates by reflected sunlight
(stage 1) and by laser range measurements to the
onboard retroreflectors (stage 2).

The Sirius Quantum Optical System (QOS) was
installed at the high-mountain point of the Space
Forces on Maidanak Mountain with the height of
2700 m being a part of the Pamir-Alay mountain
region in western Uzbekistan and having one of the
best astronomical climates on the Eurasian continent.
In October 1982, the SV laser ranging was performed
by the CLONASS high-orbiting navigation system
for the first time in the world using the AZT-24
“A” telescope of the Sirius QOS. The array of laser
retroreflectors designed by PSI were installed onboard
(starting from No.1) and integrated in the host onboard
instrumentation of all subsequent navigational (and
geodetic) domestic SVs.

The Sirius QOS used a ruby crystal laser with an
energy of 0.5], a frequency of 10 Hz, and a pulse dura-
tion of 30 ns. The range measurement error (averaging
over 60 seconds) was s < 20 cm. This result was unique
in terms of accuracy 40 years ago, and now it is the
starting point in the struggle for accuracy! The garnet
lasers with the shorter pulses t<50-300 ps appeared
much later.

Since 1992, the laser station with the Sirius QOS
on Maidanak Mountain came under the jurisdiction
of the Republic of Uzbekistan. On the basis of an
intergovernmental agreement with Russia, it was
successfully and jointly operated for another 10 years,
while the range measurement accuracy was improved
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AazepHom ueHmpe (1-9 ouepedsb, 2006 2.)

Center (Ist stage, 2006)

Puc. 3. JlazepHpiii TJTOHACC (2012 2.), k8aHmogo-onmuyeckue cucmembl AO «HITK «CI1M1» (apuaHmbl UCNOAHEHUST):

a) CaxeHb-T g LLlenkogo, Mock. 06a. (2000 2.), meneckon u bawHs; b) CaxeHb-TM 8 Ceemnoe (2005 2.), meneckon, 6awHs

U Komnaekm 3nekmpoHHoli annapamypsl «CaxkeHb-TM»; ¢) CaxkeHb-C 8 Komcomonbcke-Ha-Amype (1988 2.), meaeckon u mex-
Huueckoe 30aHue ¢ 6awHell meaeckona; d) CaxkeHb-TOC Ha balikoHype, 2006 2.; f) CaxkeHb -T (TTW) 8 Aamalickom onmuko-

Fig. 3. Laser GLONASS (2012), quantum-optical systems by Research and Production Corporation “Precision Systems and Instru-
ments” JC (versions): a) Sazhen-T in Shchelkovo, Moscow region (2000), a telescope and a tower; b) Sazhen-TM in Svetloe (2005),
a telescope, a tower and a set of electronic equipment “Sazhen-TM”; c) Sazhen-S in Komsomolsk-on-Amur (1988), a telescope

and a technical building with a telescope tower; d) Sazhen-TOS at Baikonur, 2006; f) Sazhen-T (TMT) in the Altai Optical Laser

Bcero k 2015 roxy 6s110 BBemeHo 6onee 30 KOC pas-
JTUYHOM KOHCTPYKLIUH, B TOM UHC/Ie Ha 3apybesKHBIX
nyHKTax: «barkoHyp, Bpasmnus, FOAP, U3 KOTOPBIX
B HaCTosilIlee BpeMsI 3a[1ekICTBOBAHO He MeHee 20 CTaH-
LM (puc. 4).

CepuiiHast MajorabapuTHasi KBAHTOBO-OIITHYeCKast
crannus «CakeHb-TM» - paspaborka 2005 roma
(puc. 3b). YacroTa IOBTOpPeHHI HMIIyIbCcOB 300 I,
SHePTrus B MMIIyIbce 2,5 MK, MIHUTEIbHOCTD JIa3ep-
Horo umiIynbkca 200 rc. CTaHIMA, KpOMe H3MepeHHUs
7a3epHOM NAJIBHOCTH A0 KA, MoOKeT U3MepSTh YIJIO-
Bble KOOpAHHATEl KA M ero poroMeTpuvecKkre xapak-
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(due to transition to the garnet (Nd:YAC) lasers) up
to 2 cm.

In 2001, the agreement was not extended, due to
which, after more than 20 years of the Sirius QOS
operation, it was put to the storage mode with the
possible conduction of astrophysical observations.

Due to the need to continue the SV laser rang-
ing works in a good astronomical climate, in 2006
the first stage of the Altai Optical and Laser Center
(h=300 m) with a trajectory measurement telescope
(TMT) ¢60 cm was commissioned in the Zmeinogo-
rsk district of the Altai region (Russia) (fig. 3). The
design and construction works were simultaneously
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Puc. 4. Pocculickas cemb cmaHyuti cnymHuKkosoli Ad3epHoli danbHomempuu

® YronbHbIe
Koru

® HopuiabCck

® SKYTCK
® EHHCEHNCK

® KoMCcOMOJBCK-

® YCCypUICcK
* KOC (CaskeHb-JI, K) - HOoBOe rmokojaeHue KOC
@ KOC, HC KK cucteMsl [JIOHACC (CaskeHb-TM)
o KOC py1g ocHaieHuss ATO
® KOC, Pockocmoca ajst cuctemsl I1C ATTI
e KOC, 3aKka3aHHBIe 4151 PocCTaHAapTa
o KOC pgns ocHamenus PCAB UITA PAH

Fig. 4. Russian network of satellite laser ranging stations

TepuCTHUKHU. Hioke B Tabn. 1 mpuBe/leHBl OCHOBHBIE
XapaKTepUCTUKHU «CaskeHb-TM».

OOHOBpeMEHHO C paClIMpeHHeM CeTH CTaH-
MM ITa oTpaboTka HOBBIX TEXHOJIOTHH H3Mepe-
HUMU Ha cepuriHon KOC Tuma «CakeHb-TM». B Hux
4yrciae 6bUI MeToJ OLHO3IeKTPOHHON BBICOKOTOYHOM
7a3epHON [OAJbHOMETPHM - Ha INyHKTe HMHCTUTyTa
NpUKIALHON acTpoHoMuu PAH B m. CBeTnoe (mof,
CankTt-TleTepbyprom (puc. 4b), TeXHONOrHs KOJIOKa-
nuuy Ha 3-x nyHkrax PCJb HIIA PAH: Ceetioe, 3eneH-
uyykckas (CeBepHblM KaBka3) M Bagapsl (BocTouHast
Cubups) (puc. 5), Meron obecriedyeHHUs MPOBEIEHHUS
H3MepeHHH AAJIBHOCTHU A0 KA B IHeBHOe BpeMsl CyTOK

commenced on the upper platform (h=380 m) for the
tower construction and installation of a multi-purpose
telescope with a diameter of 3.1 m to be completed
in 2024 (fig. 2)

At a further stage (until 2012), in order to test
the equipment (primarily, the garnet laser transmit-
ters), guidance and tracking technologies, to obtain
the high-precision optical measurements of angu-
lar coordinates and “laser range to the geodetic and
navigation SVs, Research and Production Corporation
“Precision Systems and Instruments “ JC (an umbrella
organization of the Federal Space Agency of the Rus-
sian Federation for development of quantum optical

Ta6bnumua 1. XapakTepmcTnKmM KBAaHTOBO-ONTUYECKOM CTaHLMKN «CaXkeHb-TM»
Table 1. Specifications of the Sazhen-TM quantum optical station

JanbHOCTb YrnoBble KOOpAMHATbI

doToMeTpus

BbicoTa op6uT KA o 23000 KM
CKO HopmanbHbix Todek” 3-8 MM  CKO m3mepeHmin 1-2 yri. c.

Buavmas 3sBe3gHasa BenndmHa He cnabee 12M | Buagmnmas 3sesgHas BeanvmHa He cnabee 11M

CKO dpoTomeTpun He 6onee 0,2M

Yrnosble CKOpocTn A0 40 yri. C

*

HopMaspHOM TOUKOH B MeXXAyHapOAHOM Ci1ykbe a3epHOM AaabHOMeTpUH (ILRS) IPUHSITO Ha3bIBAaTh YCPeJHEHHOE 3HaUeHHUe NAJIbHO-

CTH I10 K3MEPEHH M, II0/IY9Y€HHbIM Ha OIlpee/IeHHOM BpeMeHHOM HMHTepBaJle, IPHHATOM /1 JAHHOTO THIIA KA.
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systems (QOS)) developed, manufactured and com-
missioned the QOS prototypes in Shchelkovo and
Mendeleevo (Moscow region), in Komsomolsk-on-
Amur, in the Altai region and in a number of other
places, both in the stationary (Sazhen-S, Sazhen-
T), movable. (Sazhen-TOS), and in the small-sized
(serial) (Sazhen-TM) versions (fig. 3).

In total, by 2015, more than 30 QOSs with vari-
ous designs were commissioned, including at the
foreign points: Baikonur, Brazil, South Africa, of
which at least 20 stations are currently in operation
(fig. 4).

The serial small-sized quantum-optical station
“Sazhen-TM” was developed in 2005 (fig. 3b). Its
pulse repetition rate is 300 Hz, the pulse energy
Puc. 5. Y3en konokauuu «6adapbi» (Cubupb) is 2.5 mJ, the laser pulse duration is 200 ps. In
Fig. 5. Badary colocation unit (Siberia) addition to the laser range measurement to the
SV, the station can also measure the SV angu-

Ha Hamux 3apybeskHbix KOC «CakeHp-TM» B yHU-
BepcuTeTe I. bpasunaua (puc. 6) U B XapTeOHCTXYK,
IOAP (puc. 7).

Hsmepenus KOC wucmons3yoTcsi B CHcTeMe
BBICOKOTOUHOIO OIlpefeneHUs 3beMepHd U Bpe-
MeHHBIX nomnpaBok (CBOJBII) I'NIOHACC, npenHa-
3HauyeHHOM ISl obecreueHUs AOCTHKeHUS 3afaH-
HBIX TeXHHYeCKHX XapaKTePHCTHK IIPU pelleHHH
HAaBUTAIJMOHHBIX 33/llad B ONEPAaTHBHOM M aIlo-

Puc. 6. MemoObi obecnedeHust pabomol 8 He8Hoe 8pemsi Puc. 7. KOC «CaxceHb-TM», ycmaHoeneHHas 8 2016 200y
cymok enepabie peanu3osaHbsl Ha KOC «CAXKEHb-TM» 8 KOAP Ha meppumopuu PaduoacmpoHomuyeckol obcep-

8 2. bpasuaua (bpazuaus). BeedeHa 8 Ikcnayamauuto gamopuu Xapme6ecmxyk (XapmPAO), npumepHo 8 50 km

8 utoHe 2014 200a K 3anady om MoxaHHecbypaa

Fig. 6. The daytime work support methods were first imple- Fig. 7. Sazhen-TM QOS, installed in 2016 in South Africa on
mented at the SAZHEN-TM QOS in Brasilia (Brazil). It was the territory of the Hartebeesthoek Radio Astronomy Obser-
commissioned in June 2014 vatory (HartRAO), about 50 km west of Johannesburg
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CTEPUOPHOM peXHMaX 3a c4HeT

HCIIONb30BaHUSA nOaHHBIX CBO-
9BII B 2BO T'JIOHACC, cmoenu-

3BO I[NTIOHACC

ObecreyeHHe OIIePaTUBHOIO

PemreHue
dyHIaMeHTaTbHBIX
3agayg

PacyeT aloCTepHOPHBIX
IaHHBIX IS obecrieyeHUs
rno6anbHOro TBJ

QAJIBHBIMH M TPakAaHCKHMU * Pacder MAmna @THK
« IlopgepskaHHe MoJeeln * IlopgpepskaHue ['TCK
HOTPe6I/ITe}IHMI/I . « Tlommepskanue UL HKY « Pacyer
- reofMHaAMHYECKUX
HNsmepenns KOC wucronssy [
oTcs B CBO3BII I'TTOHACC mpu OGecrieuenye HaBHTaLHU
B aIIOCTEPHOPHOM PesKHMe CBO3SBII
pe MeHnH CHEILYIOIHI/IX 3afia4d « ADBU I'TIOHACC (GPS) CIC'BII O6ecrnieyeHue
(pI/IC. 8) : « TlapaMeTpbl TOKAIbHBIX MOAEIEH HaBUrauuu B PMB
(roHOChepsI, Tporochepsl U Ap.) .« A
* KOHTpOJIb IIepefa4dHr IIlapa- + Pacyer MecTOIOJIOKEeHUS T;:g;zs;;omaﬂ
MeTpOoB I‘OCYI[ELPCTBQHHOI;I B OTHOCHTEJIBHOM PeXKHMe + Kanu6posxa HAIT
I’EOLIeHTpI/I‘—IeCKOI‘/'I CHUCTeMBbI
ObecrieyeHHe O6ecnieueHue BTO HHpopMHPOBaHHE BBICOKOTOYHAasI
kooppuHat ([TCK) morpebu- criewmoTpeSuTenel | | . yywopmammommoe |+ OBoSuese HaBHrauus
_ ACCHCTHPYIOLHMH 6 TX HIT JAMHaAMHYECKHX
TeJIsIM HaBHUIdalIMOHHBIX CHUT obecrieterne OLIEHKH =
4 {AHEERCUBIEME FOOBHOTO YIACTKA + UHOPMALMOHHEIE ToTpeGuTene

HajnoB I'VIOHACC;

* pacueT IapaMeTpoB CBSA3H
U KOHTPOJIb COOTBETCTBUS
nmapamerpoB ITCK MesxkayHa-
POOHOM CHCTeMe KOOPLHMHAT

Puc. 8. ®yHkuuoHanbHas cxema CBO3BIM IJTOHACC - 0CHO8bI cUCMeMbl 2A0-
6aAbHO20 8bICOKOMOYHO20 NO3UUUOHUPOBAHUS

Fig. 8. Functional flowchart of GLONASS SVOEVP that is the basis of the global
high-precision positioning system

GromeTeny B a6COIIOTHOM pe>XHMe

(ITRE);
* KOHTPOJb BBIXOJHOU
UHPopMaALlUHU CBOSBII
(amocTtepuopHOM 3demepunHON HHOOPMA-
LIMH) - II0 3alpOCHBIM JIa3epHBIM H3Mepe-

HUSM [JJIBHOCTEM, aIlloCTePHUOPHOM 4YacTOTHO-
BpeMeHHON HHOOpPMAaLlUH II0 COBMeIeHHBIM
HM3MepeHHSIM 3aIIPOCHBIX JIa3ePHBIX JaIbHOCTeL
KOC wu 6e33ampocHBIX fJanbHocTed BUC, ycra-
HoBneHHBIX Ha KOC, a TakkKe II0 pe3yjabTaTaMm
6e33ampocHbIX U3MepeHUH BKOC;

* HCIONb30BaHHE JIa3ePHBIX U3MepeHHU Ja/IbHO-
CTH /I pacdyeTa CKOPOCTel JBH>KeHH S IIyHKTOB
B Lle/IAX YTOUHEHMs M IOANepKaHHS HCXOM-
HBIX TeoJe3uvYecKux AJaHHbIX cpencTs HKY I'JIO-
HACC;

* yTOYHEHHEe BHIHOCOB (a30BBIX LIEHTPOB aHTEH-
HBIX chcTeM KA M aHanM3 KadecTBa PaboTsl
CHCTeMBIL OpHeHTaluu KA;

e pacueT KaJlHMO6POBOUHBIX IOIPABOK HaBUTALIU-
oHHOM amnmnapatypel [JIOHACC, oueHKa ToOY-
HOCTHBIX XapaKTepUCTUK HAII;

e pacueT KaaHOPOBOUHBIX IIOIIPABOK M KOHTPOJIb
TOYHOCTHBIX XapaKTePUCTHK 3aIlIPOCHBIX U 6e3-
3aIIPOCHBIX PaJHUOTeXHHUYECKHUX H3MepPHUTe/Ib-
HBIX CUCTEM;

e compoBoXAeHHe aBapUMHBIX KA «I'1oHacc»
B CIy4ae YaCTUYHOIO M IIOJHOTO OTKasza 6op-
TOBBIX PaJHOTEXHUYECKUX KOMILUIEKCOB, B TOM
qucie ¢ obecriedyeHueM HabOIIOLeHUs B JHEeBHOe
BpeMs CyTOK;

* BepuPHUKALMUI U YyTOYHEHHe [IapaMeTPOB MoJe-
7er, ucrnonb3dyemelx B CBOIBII (Mofenu reormo-
TeHIIMajla, MOJleNy IIPHU/IKMBOB U T. 11.).

lar coordinates and its photometric specifications.
Table 1 below shows the main specifications of
Sazhen-TM.

Simultaneously with the station network expan-
sion, new measurement technologies were being
tested using the serial QOSs “Sazhen-TM”, includ-
ing the single-electron high-precision laser rang-
ing method at station of the Institute of Applied
Astronomy of the Russian Academy of Sciences in
Svetloe (near Saint-Petersburg (fig. 4b), colocation
technology at 3 sites for very-long-base-line radioin-
terferometry of the Institute of Applied Astronomy
of the Russian Academy of Sciences in Svetloe,
Zelenchukskaya (Northern Caucasus) and Badary
(eastern Siberia) (fig. 5), the SV range measurement
method in the daytime using our foreign Sazhen-
TM QOSs at the university of Brasilia (fig. 6) and in
Hartebeesthoek, South Africa (fig. 7).

The QOS measurements are used in the GLONASS
High-precision Ephemeris and Time Correction Sys-
tem (SVOEVP), designed to ensure the specified
technical specifications, when solving the naviga-
tion problems in operational and a posteriori modes
by using the SVOEVP data in the GLONASS EVO by
the special and commercial consumers.

The QOS measurements are used in GLONASS
SVOEVP for completing the following tasks
(fig. 8):

« control over the transfer of parameters of the

state geocentric coordinate system (SGCS) to
the consumers of CLONASS navigation signals;
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CO34AHUNE HOBbIX PAANOJIA3EPHbIX
KOMITJIEKCOB «TOYKA»

B CBSI3M C [JaJpHEHIIMM IIOBBIIIEHHeM TpeboBa-
HHM K TOYHOCTH M HaJe>KHOCTH JIa3epHBIX CHCTeM
3dpeMepUIHO-BpeMeHHOro obecrieueHUss KOCMH-
YeCcKUX CHUCTeM reole3uHd M HaBUTALlUU BIIEpPBbLIe
B MHpOBOH IpakTHKe AO «HIIK «CIIII» B paMKax
®LII «IlommepskaHHe, pa3sBUTHE M HMCIIOJIb30Ba-
Hue cuctemsl [JIOHACC» (pem.2017 roma) co3paH
anst «KomIiekca CpencTs pyHIaMeHTaJIbHOIO
obecrieuenus;» (KCO®O) T[JIOHACC panpuonasep-
HBIF BCEIIOTOJHBIN KPYIJIOCYTOYHBIM aBTOMAaTH-
3UPOBaHHBIM H3MepHUTENbHBIN KOMIIIEKC «Touka»
MHJUIHMETPOBOM TOUHOCTH (puc. 9). OCHOBHBIE
TaKTUKO-TeXHUYECKHEe XapaKTePUCTHUKH KOM-

miekca «Toyka» JaHbl B Tabn. 2, COCTaB aImapa- Puc. 9. Paduona3zepHbili, 8en0200HbIl, Kpy2A0CymOoYHbIl
TYpBI - B Tab1. 3. KomnAexc «TOYKa» MUuAAUMEmposoLl mMoYHocmu

Papurosnia3epHBIM Ha3BaH HHTerPHPOBAHHBIN Fig. 9. Radio laser, all-weather, 24 h “Tochka" system with
H3MepUTe/NbHBIM KOMIIIEKC, BBIIIOJHSIOMIHI millimeter accuracy

C IIOMOIIBI0 KBAHTOBO-OIITHYecKon cucteMsl (KOC)
Ja3epHble M3MepeHHs HAJIBHOCTH M IICeBA0Mab-

HOCTH I10 HaBUTAllMOHHBIM U /MM Teo/le3M4eCKUM + calculation of communication parameters and
KOCMHUYeCKHM aIlllapaTaM, OCHAUIeHHBIM JIa3ep- control of the SGCS parameter compliance with
HBIMU peTpopednexTopaMu (JIPP) u poTonpreMHBIMU the international coordinate system (ITRF);
KanubpopodHas Penep-miepeckor (MHBAapHUAHTHBIN) CucTeMa J1a3epHBIX
AUCTAHIIAA i H3MepeHHH JaTbHOCTH
ACOB I\I‘GH“CK 0<1-2 MM
Ilepenaromue C
TeneckoIl (50 MM) .
S e TIpUEeMHBIH TeIeCKOII
D =380 MM; [=919,2 MM; Kanu6poBodHas
I‘=25;D/f=1:2,42 HOYHada/
CTaHAapT Yipasnsemoe POKyCHPOBKa ﬁlioecla-iz\{aepa
YaCTOTHI 3epKamo i A b |
U BpeMeHU X m | C>|
l KyZze TpakT Tpunmnens H R>|
OIITHUKO- (2,5 M maX) - - IpusMa | Y
37IeKTPOHHBIE —_— 1 * IOcrupoounas
KOHBepTep ) mEew I10C-KkaMepa
. _ 5 Kazvxepa KOTpONS
OIHOBOJIOKOHHBIH LIIeid JlazepHbIit COOCHOCTH 71asep-Mapkep > ¢ 7«
HMITYIIbC
OrnrTuyeckas LMIKaaa BpeMeHI/I
<
= A B‘-I-na3ep 532 HM CBeTOmHOmbI
L 488 HM
BOJIOKOHHBIH IHITeHd Maprep 488 M T<50 IIC
Ha3eMHLIH MOAYJIb doTo- - doTo-
CHCTEMBI 71a3ePHBIX R Taiimep —» KOMITBIOTED —»> [lammble e 0<50 1c
H3MepeHHH T
IICEeBIOAAIBHOCTH
0<100 11c

Puc. 10. TexHuueckue peleHusl, 06ecneyusaroLile mouHoCMb Ad3epHbIX U3mepeHuUl daabHocmu U ncegdodanbHoCmu
Fig. 10. Technical solutions ensuring the laser range and pseudo-range measurement accuracy
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Tabnumua 2. OCHOBHbIe TAKTUKO-TEXHMYECKME XapaKTepn- .
CTUKM KOMMeKca «Toykan

Table 2. Main performance characteristics of the Tochka
system

[MapameTtp 3HayeHune

[AnanasoH n3amepsaembix 4aNbHOCTEN 250-25000 km

control of the SVOEVP output information
(a posteriori ephemeris information) accord-
ing to the two-way laser range measurements,
a posteriori time-frequency information relat-
ing to the combined measurements of the QOS
two-way laser ranges and the one way ranges
of the microwave measurement station (BIS)
installed on the QOS, as well as according to
the results of the “one way” measurements of
the QOS;

« use of laser range measurements for calculat-

MorpewHoCTb 1a3epHbIX U3MepeHni (0):

ABYXMyTeBoM aanbHocTun (NP) 1 MM

ncesgofansHocTv (NP) 6 MM (20 nc) : ! - .
ing the site movement speed in order to clarify
Cncremartuyeckas ownbka and maintain the initial geodetic data of the
[BYXMyTeBOi AaNbHOCTH 1 MM GLO'N.ASS. ground control complexes;
 clarification of the phase center offsets of the
ncesaoAaibHOCTU 9 MM (30 nc)

SV antenna arrays and quality analysis of the
SV attitude control system;

MorpewHoCTbL paAnNoTEXHMYECKOM NceBAOAANbHOCTHN BUNC

GTR-51(0) + calculation of calibration corrections for the
GCLONASS navigation equipment, evaluation of
no dase 9 MM (30 1c) cpe - , .
the accuracy specifications of the users’ naviga-
no Koy 120 MM (400 nc) tion equipment;

 calculation of calibration corrections and con-
trol of accuracy specifications of the interroga-
tive and microwave radio engineering measure-
ment systems;

support of GLONASS emergency SVs in the case
of partial and complete failure of on-board

MorpeLwHoCcTb nepefaym BpeMeHu <1 Hc

yCTpofICTBaMI/I (BBKOC), COBMECTHO CO CIIeI[Halk-
3UPOBAaHHBIMM PaJHOYACTOTHBIMH 6e33aIIpOCHBIMH .
cuctemamu (BHIC), BBIMOTHSIOMMMK HaBUTALMOH-
Hble H3MepeHHUs] PaJIUOTeXHHUYECKOM IICeBJOAAIbHO- radio engineering complexes, including the
CTH IO HAaBUTALIMOHHBIM Pafuo-CUrHanaMm KA, mpu daytime surveillance;

3TOM PaZivio U JIa3epHble H3MepeHMUs IPHBSI3bIBAIOTCS  verification and adjustment of the model
K eQWHOM IIKa/le BpeMeHHU CTaHLHH U IMpPHUBeIeHBI parameters used in SVOEVP (geopotential mod-
K 00IIel OIIOPHOM reofie3ndecKor Touke. Ha puc. 10 els, tide models, etc.).

Tab6anua 3. CocTaB paZino-1a3epHOro M3MepuUTeIbHOIro KoMiekca «Tovka» (C KoMnaekTom M, 3KCcnayaTaumoHHOM
1 NpOrpaMMHOM AOKYMEHTaLMNEN)

Table 3. Configuration of the Tockla radio-laser measurement system (with a set of spare parts, operating and software
documentation)

KBaHTOBO-ONTUYECKUIM MOAY/b O6opynoBaHue
(ans pasmeLleHns u MoHTaxa),

B COCTaBe:

O6opynoBaHue
(ans pasmeLleHns u MoHTaxa),
B COCTaBe

(pasmeLaemMbiit B Kynoae-ykpbITun),
B COCTaBE:

O OI'IOpHO'I'IOBOpOTHOQyCTpOl7ICTBO O Bbl‘~|VICJ'IVITe}'IbHO'yI'IpaBJ'IFHOLLWIPIKOM‘ O 6bICTDOBOBBO,EI,VIMbII7I MOAY/Ib TEXHNYE-

C UMOPOBLIM 31€KTPONPUBOAOM;

e MPUEMHbIN 1 NepeaaoLLni onTuYe-
CKMe TeNeckonbl;

* OMTUKO-MEXaHMYeCKknn 610K C nasep-
HbIM NepefaTynkom u N3C kamepon
KOHTPOJISl HABeAeHUS;

* OMTUKO-MEexaHnyeckmm 610K ¢ GoTo-
npuemMHnKom 1 MN3C Kamepou KOH-
TPONS COOCHOCTW; annapaTypa obay-
YeHUS leTasibHbIX anmnapaTtos.

M1eKC C KOMMIEKTOM 06LLero 1 cnewum-
anbHoro NMNMo;

CUCTEMA CUHXPOHM3ALLUN U OMOPHbIX
4acToT;

cMcTemMa UsmMepeHus AanbHoOCTu;
cUcTeMa U3MepeHus BpeMeH NochiIKU
NazepHbIX UMMY/bCOB;
HaBUTaALMOHHbIM NPUEMHMK;
annapaTtypa npvema v nepegaiu
LAHHbBIX;

aBTOMATUYECKNN M3MepUTe b METEO-
napamMmeTpoB.

CKOrO 34aHuS;
ABTOMATM3MPOBAHHbIN KYMOJI-YKPbl-
Tue;

CMCTEMA OCYLLEHWNA BO3AYXA U MPeaoT-
BPALLEHWNSA 3aMoTeBaHms ONTUKN

B MOAKYMO/bHOM NPOCTPAHCTBE;
CUCTEMA 31eKTPONUTAHMS;

KOMIMIEKT KabebHbIX COeAMHEHWNIA;
KOMTMIEKT TPAHCMOPTMPOBOYHOM Tapbl

AHTeHHA HaBUTALIUOHHOTO IIpHeMHHKa K CEHCOPbI H3MEPUTEJISI METEOIIaPAMETPOB Pa3Melllal0TCs BHE 3[dHH S Ha OTAE/JIbHBIX IIH/IOHAX
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IIOKd3daHa CXéMad, HJ/UIIOCTPHPYIOIlds TeXHHYeCKHe
pelieHus, O6ECHeLII/IBaIOH_[I/Ie TOYHOCTb JId3€PHBIX
I/ISMQPQHI/II;I OAJIBHOCTH U IICEBAOAAIBHOCTH .

KAJINBPOBKA JIA3EPHbIX U3BMEPEHUN

B nasepHO¥ cTaHIUH «To4uKa» mjis obecriedeHsT MUI-
JILMETPOBOI TOUHOCTH COOCTBEHHBIX JIa3epHBIX H3Me-
PEHHUI JATTbHOCTH BBIIIOTHSIOTCSI KATMOPOBKY JATBHO-
MEpPHOro KaHaja MyTeM HCIIOTIb30BaHHS BCTPOEHHOU
STAJIOHHOHM AUCTAHLMK, 0003HAYEHHOH Ha puc. 10
6ykBamu ACIB, B KOTOPYIO IIepeoTpasKaeTcsi Majas
YacTh H3/1y4aeMOro JIa3epPHOro HMMIIy/Ibca. JTa JHUC-
TaHI K (OKOJI0 OIHOIO MeTpa) IIpeiBapUTeIbHO H3Me-
pseTcs M MACHOPTH3YeTCsl C MOIPelIHOCThI0O MeHee
1 MM, a KaJHOPOBOYHBIE M3MEPEHHUS BBIIIOIHSIOTCS
ONHOBPEMEHHO C KaKABIM H3MepeHHeM [IIBHOCTH
oo KA.

OTcueT KaITUOPOBOYHOM JUCTAHIIUH U PACCTOSIHUN
10 KA 110 3aMBIC/y TOJIKeH HAYWHATBCS 0OIIHUM «CTap-
TOM» U 3aKaHYMBAThCS ABYMS «CTOIIAMU» B MOMEHTBI
IlepeceveHHs Ia3epHBIMH UMITyJIbCaMH TOPHU30HTaIb
HOI OCH BpallleHHUS Terleckoma. I[TIoCKONbKy JIa3epHbIe
IIPUEeMHUKH “CTApT» U «CTOI» HAaXOASATCS Ha Pa3HBIX
yAQIeHUSIX OT 3TOM OCH BpalleHHs, TO U Kanubpo-
BOUHAs M KOCMHUYECKass OUCTAHLMH O/IKHBI OBITH
CKOPPEeKTHPOBAHEI.

B cBsA3KM C TeM, UYTO KaJIMOpPOBOYHAS [HUCTaH-
Mg H3MepseTcs 1-M «CTomoM», TO almapaTypHas
(MHCTpyMeHTa/IbHas) IIOIPaBKa Ja3epPHOr0 JaIbHO-
Mepa (JII) TOYHO OIlpefesieTcsi BBRIUMTAaHMEM 3Ha-
YeHHsI 3a[Ilep>KKHU BpeMeHH B 3TaJIOHHOM JHUCTAaHLIUU
13 KanubpoBouHoro usmepenus: JIII ¢ npubasie-
HHeM BBIYHCIEHHOM OIIOTHHUTENbHOM BpeMeHHOM
3a[lep>KKH CBeTa B ONTHYECKHX 37eMeHTax Iepefalro-
IIero TpakTa (BBINIE TOPH30HTAIBHOM OCH) K B MEeHHU-
CKe IPHEMHOro TejecKoIla. J[ajlee ammapaTypHas
[IOIIPaBKa BBIUYUTAETCS M3 KAKAOIO M3MepeHUs Jasb-
HocTH o KA. IIpu 3TOM oOCTaTo4yHas CHCTeMaTHye-
CKasl IOTPELIHOCTh KATHOPOBKK HM3MEPEeHHI [aTbHO-
CTH He IIpeBbIIIaeT 1 MM.

BenuynHa U CTabUIBHOCTh IPUBSI3KH MOMEHTOB
M3MepeHUI MNANbHOCTH K IIKaje MeCTHOTO 3TajoHa
BpeMeHU KOHTPOJHPYeTCsS C IIOMOIIbI0 H3MepeHHH
3a[lep>KKU J1a3epPHOM MeTKH B BOJIOKOHHOM JBYKpaT-
HoM Iielide THHUHU Iepefauyl CUTHAJIOB BpeMeHHU
M YacTOTHl OT LIEHTPAJIBHOIO CHHxpoHH3aTopa (ILIC)
IJIUHOM 10 2 KM.

PAANOJIA3EPHDBIE CTAHLU U

AN HKY KK CUCTEMDbI TINTOHACC

Ha ocHOBe KOHCTPYKTHMBHEIX DelIeHHH Ppafrojasep-
HOI0 KOMIUIeKca «To4YKa», yCIIeIIHO IIPOLIeIIero rocy-
IOApCTBeHHBIE MCIBITAHUS B 2021 rogy, pa3paboTaHsl
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DEVELOPMENT

OF NEW RADIO-LASER STATIONS “TOCHKA"
Due to the further tightening of requirements
for the accuracy and reliability of laser systems
for ephemeris-time support of space geodesy
and navigation systems, as a part of the Fed-
eral Special-Purpose Program “GLONASS System
Maintenance, Development and Usage” (revised in
2017), Research and Production Corporation “High-
Precision Instrumentation Systems” JSC for the
first time in the world practice developed the
radio-laser all-weather 24h automated measure-
ment complex “Tochka” with millimeter accuracy
for the GLONASS Fundamental Support System
(fig. 9). The main performance characteristics of
the Tochka system are given in table. 2, the equip-
ment configuration is given in table 3.

The integrated measurement complex is called
radio-laser, since it uses a quantum optical sys-
tem (QOS) for the laser range and pseudo-range
measurements based on the navigation and/or
geodetic spacecrafts equipped with the laser ret-
roreflectors (LRR) and photodetectors (BBQOS),
together with the specialized microwave systems
(BIS) that perform navigation measurements of
radio engineering pseudo-range using the SV navi-
gation radio signals, while the radio and laser
measurements are related to a single station time
scale and are brought to a common reference geo-
detic point. Figure 10 shows a diagram with the
technical solutions that ensure the laser two way
range and pseudo-range measurement accuracy.

Puc. T1. «CasxeHb-/1» (n. Aamati)
Fig. 11. Sazhen-L (Altai settlement)
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OIILITHBIE 06pa3ub1 OasT ceTU cTaHIUM «CaskeHbK»
(. IlenkoBo) u «CaxkeHb-JI» (1. Antam) (puc. 11) gist
HKY KK cuctemsl TJIOHACC, KOTOpBIe IOJIKHBI 0be-
CIIeYHBATh CIelyIOlIHe BUAbl U3MePeHHH

a) 7a3epHble M3MepeHMUs JATIbHOCTH [0 HAaBUTALIU-
OHHBIX U reoge3nyeckux KA, BKIO4Yas CTEK/ISIH-
HBIM CITyTHHUK HOBOT'O IIOKOJIEHUS;

6) ma3epHble U3MepeHHs I1CeBIOJATBHOCTH 0 KA,
cepun «I'moHacc-K» u «I[JoHacc-K2», ocHalleH-
HBIX MonynsiMmu BEKOC;

B) PaMOYACTOTHBIE M3MepeHUs I1CeBIOJATbHOCTU
[0 HaBUTAIIMOHHBIM CHTHajaM Bcex KA opbu-
TajbHOM Ipynnuposku [JIOHACC, coriacoBaH-
HBIe I10 IIKaJlaM BpeMeHH H OIIOPHBIM TOYKaM
C JIa3epHBIMH M3MePeHHUsIMH,;

I) U3MepeHHs YIJIOBBIX KOOPAHWHAT HAaBHUTAIHMOH-
HeIX KA 1 KO 1o oTpaskeHHOMY COJTHEYHOMY
M3Jy4eHUI0 IIPU eCcTeCTBeHHOM Oilecke He Cra-
bee 15m;

I) BCTpeuHble JIa3epHble IICeBIO0AaNbHOMEPHBIE
H3MepeHHUs ¢ MoayasiMu MJIHCC (MJIHCC - 6op-
TOBasi MEKCIIYTHHUKOBAs ja3epHas HaBUIALIMOH-
Has CUCTeMa CBS3H), yCTaHOBJIEHHBIMHU Ha KA
cepud «I'ToHacc-K2»;

e) npueM oT MJ/IHCC MeXCIyTHHKOBBIX Ja3ep-
HBIX H3MEPeHHI K JPYIuX AaHHBIX, a TaKKe
nepegauyy MHGopManMu Ha KA, ocCHallleHHBIe
MIJIHCC.

CraHnyu tUna «CaskeHb-K» 06ecrieqrBaroT YeThlpe

[IepBBIX BHJA U3MEePeHUH, CTAaHIIUU TUIa «CaxkeHbJ1»
BCe IIeCTb.

LE/1Tb CO30AHUA CETU NNTA3EPHDbIX
CTAH LI,I/II7I «CAXXEHb-K» U «CAXXEHb-J1»
JaHHBIe M3MEPEeHUH CeTH JIa3epHBIX CTAaHIUM THIIA
«CaskeHb-K» 1 «CaskeHb-JI» HeOOXOOM MBI [IJIS [IOBBIIIIe-
HUS TOUHOCTHU
» mnpuBsasku [TCK K LeHTpy Macc 3eMJIM U Ilapa-
MEeTPOB CBA3U ¢ MexxayHapogHoii I'CK 1o 0,01 m;
* KOHTPOJISI HaBUTALIMOHHOIO IO/ IO 3pemepH-
maM 1o 0,01 M ¢ 1o XDG 1o 0,03 m (0,1 HC);
* KoHTpoasg BCY mo 0,1 HC ¥ TOYHOCTH CHUHXPOHH-
3anuu L[C I'JTIOHACC c I'BY go 0,15 Hc;
 olIpefeneHUs 3a7epskeK B OOPTOBOM U HA3eMHOH
HaBUTALIMOHHOM ammnaparype mo 0,02 m (xamu-
6poBKa).

PETPOPE®JIEKTOPHbIE CUCTEMbI (PPC)

AO «HMNK «CMrn»

OIITUYeCKUH AHaIla30H OTKPLIBaeT HCKIIFOUHUTEJ/IbHbIE
BO3MOJKHOCTHU OJIs1 IIOBBIIIEeHHWS OAJIBHOCTHU WU TOY-
HOCTHU na3epH0151 JIOKAIlU 1 IIpu YCTaHOBKe Ha 60p‘
TaX KOCMHYECKHUX aIlllIapaToOB Pa3JIMYHBIX peTpoped-

=

CALIBRATION OF LASER MEASUREMENTS

To ensure the millimeter accuracy of own laser range
measurements, the Tochka laser station calibrates
the range channel by using the built-in reference
distance, indicated in fig. 10 by the letters “ASDB”,
to which a small part of the emitted laser pulse is
re-reflected. This distance (about one meter) is pre-
liminarily measured and certified with an error of less
than 1 mm, and the calibration measurements are
performed simultaneously with each range measure-
ment to the SV.

As envisioned, measurement of the calibration dis-
tance and distances to the SVs should begin with
a common “start” and end with two “stops” when the
laser pulses cross the horizontal rotation axis of the
telescope. Since the “start” and “stop” laser receiv-
ers are located at various distances from this rotation
axis, both the calibration and space distances must be
corrected.

Due to the fact that the calibration distance is mea-
sured by the 1st “stop”, the instrumental correction
of the laser rangefinder (LR) is precisely determined
by subtracting the time delay value in the reference
distance from the LR calibration measurement with
addition of the calculated additional light time delay
in the optical elements of transmission path (above
the horizontal axis) and in the concave-convex lens of
the receiving telescope. Further, the instrumental cor-
rection is subtracted from each range measurement
to the SV. In this case, the residual systematic error of
the range measurement calibration does not exceed
1mm.

The magnitude and stability of matching the range
measurement points to the local time standard scale
is controlled by measuring the laser mark delay in the
dual fiber loop of the time and frequency signal trans-
mission line from the central synchronizer (CS) with
the length of up to 2 km.

RADIOLASER STATIONS FOR THE GROUND
CONTROL COMPLEXES OF THE GLONASS
SYSTEM
Based on the design solutions of the Tochka radio-
laser complex that successfully passed the official
tests in 2021, the prototypes were developed for the
network of Sazhen-K stations (Shchelkovo settlement)
and Sazhen-L stations (Altai settlement) (fig. 11) for
the ground control complexes of the GLONASS sys-
tem that should provide the following types of
measurements:
a) laser range measurements to the navigational
and geodetic SVs, including a new generation
glass satellite;
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JIeKTOPHBIX CHCTeM. ITO II03BOIKJIO OCHAaCTUTh UMU
6o/BIlIOe YMCIO0 OTedyecTBeHHBIX KA (Ttabnm. 4), uTo
0becredmo BO3MOKHOCTh 3HAYHTEIBHOTO ITOBBIIIE-
HUS (Ha HOPSOK U 6oree) TOYHOCTH OIIpefieeHHs
X OpOUT 3a C4YeT IpHUMeHeHHS CPe[CTB Ja3epHOM
OAJbBHOMETPHUU U IIOJNyuyeHUs I100aJbHOM H3MepH-
TeJIbHONM HHOOpPMalLlUKU IyTeM ob6MeHa JaHHBIMHU
¢ MexnyHapomHOM Cayk00M Ja3epHOM [anbHOMe-
Tpuu (ILRS), KOTOpasi, B CBOIO O4epenb, MojmepsKaia
YCTAaHOBKY Ha MHOTHMX 3apybeskHBIX Ka Hamwux PPC,
B TOM YMC/Ie Ha TaKuX, Kak GPS u Galileo (tabi. 5).
Hrke paccMoTpeHsl Hanbonee 3¢peKTHUBHBIE U3 HUX,
paspaborannble B AO «HIIK «CIIII»
IIPUMEHUTEeIPHO K PpeIlleHHI0
33/lad KOCMHYeCcKOM HaBUTAIUH,
KOCMHYeCKOM TeOfe3uHd M HCIIBI-
TaHHUM KOCMHUYECKOM TeXHUKH.
st KA «IJIOHACC-K2» co3maHa
Ko/lblleBasl PpeTpopedieKTOpHas
cuctema (KPC), cocrosmias U3 36

b) laser pseudo-range measurements to the SVs
(Glonass-K and Glonass-K2 series equipped with
the BBQOS modules);

c) radio-frequency pseudo-range measurements
based on the navigation signals from all SVs of
the CLONASS orbit group, coordinated by the
time scales and reference points with the laser
measurements;

d) measurements of the angular coordinates of nav-
igation SVs and spacecrafts by the reflected solar
radiation with the natural brightness not weaker
than 15™;

Tabnuua 4. JlazepHble naHenn petpopedaexktopos AO «HIMK «CMM» ons poc-
CUNCKMX KOCMUYECKMX annapaTos

Table 4. Laser array of retroreflectors by Research and Production Corporation
“Precision Systems and Instruments” JC for the Russian spacecrafts

KonnyecTtso
KOCMUYECKMX
annapartos

HanmeHoBaHune BbicoTa
KOCMMUYEeCKoro opoUTLI,
EUEEYE KM

[oA 3anycka

YLOJIKOBBIX OTpakaTesnen (YO) yBe- S— =0 G 1
JTU4YeHHOro pasmepa (puc. 12 a).
11 KOMITeHCAIlMKM YTJIOBOIO CMe- Unkapa-11,-13 1000 1976 2
IIEeHUs JIa3epHOro JIy4ya, BBI3BAH- el 950 1976 5
HOTO CKOPOCTHOM abepparuei
CBeTa, AMarpaMMa HampaBleHHo- | MonHus-1C 36000 1974 1
CTH KaXK[OTO YTOJIKOBOTO OTpa’ka- Pasyra - 1976 5
Tejisi KPC COCTOMT M3 IBYX BBICOKO-
3HepreTUYecKUX CBETOBBIX IISIT€H reoviK - €1981no 1990 1
(BMeCTO CeMH CBeTOBBIX IISITeH FMMTOHACC 19100 1982 no 2005 85
C MeHBblIlell SHepruem y H3Jelnu-

3TanoH-1,-2 19100 1989 2
aHaJIOroB), OIHO M3 KOTOPBIX BO3-
BpalllaeT U3/lyuyeHHe Ha JIa3epHYIo Pecypc-0 620 1992 1
cranuuo. doronpueMHUK KOC MeTeop-2 950 1993 1
OymeT perucTpUpoBaTh CHUTHAJIBI
oT YO, KOTOpBle PacIIOJOKeHbI MeTeop-3 1200 1994 1
Ha IPOTHBOIIONIOXKHBIX CTOPOHAX 3eq _ 1997 1
KPC ¥ MMeIOT MTHOBEHHYIO OpH-
eHTALIUIO BJOJIb BEKTOPA CKOPO- MeTteop-3M1 1020 2002 1
ctu KA. Hanuuyue OBYX HeHCKa- JIAPEL| 690 2003 1
SKEHHBIX CUTHAJIOB BMECTO OJIHOIO,
PaCTAHYTOro, Kak B Gonee pam- | “oXaed - 2003 !
HUX H3Je/USAX-aHAJIorax, I103BO- FNOHACCG-M 19100 €2002 no 2020 50
auT Ons KA «InmoHacc-K2» yMeHb- B/VILL 2009 - - 7
IIUTh IIOIPENIHOCTh H3MepeHUs
OUIPHOCTH [0 LieHTpa IIaHelIHd CnekTp-P NannTmnyeckas 2011 1
B HECKOJIBKO pas, 0 BEJTHYHHBI FNOHACGK 19100 2011 no 2014 2
npuMepHo IMm. TeM caMmbIM
MOrPeNIHOCTh, BHOCHMAs 6op- € 2020 no 2022 2
TOBBIM cermeHTOM (KPC), bymer TOMOHOCOB 550 2016 1
COOTBETCTBOBATbh IOIPELIHOCTH
HaseMHoro cermenTra (KOC Tuma feo-hik2 - € 201610 2019 2

«Touka»).
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Puc. 12. PempopegpaekmopHbie cucmembl AO «HIK «CMM»: a) Koabuesas pempopepaexmopHas cucmema (KPC) 0s

d) cnymHuk «FJTIACC» (makem)

satellite (model)

KA «FJIOHACC-K» (19100 km); b) cnymHuk BJILL (6biA 3anyLieH, Kak nonymHas Hazpyska npu 3anycke KA «Memeop», H =832 km,
2009 200); c) pempopedaekmopas cucmema «[upamuda» (6bina ycmaHosneHa Ha KA «JlomoHocos», 2016 2., H=550 km);

Fig. 12. Retroreflector systems by Research and Production Corporation “Precision Systems and Instruments” JC: a) Ring retrore-
flector system (RRS) for GLONASS-K SV (19100 km); b) BLITS satellite (it was launched as a hitchhiker payload during the Meteor
SV launch, H=832 km, 2009); c) Pyramid retroreflector system (installed on the Lomonosov SV, 2016, H=550 km); d) GLASS

21 ceHTs6ps 2009 roma Impo-
M3BeJeH 3aIlyCK KOCMHYeCKOIo
anmapaTta «Mereop-M», 0T KOTO-
poro otneneH cpepHYecKHUH CTe-
KJISSHHBIM HAaHOCIYTHHK «Bauipy
(puc. 14). ['mobanpHyI0 MOAAEPKKY
opbutsl «bnuw» obecriednnan Poc-
cunickre KOC U cTaHIUH Mexzy-
HapOIHOM CIY>KOBI Ta3epHOM Jallb-
HOMETPHH I10 COIIALIEHHUI0 MEKIY
Pockocmocom u ILRS. OcHOBHBIE
[MapaMeTpbl CIOYTHHUKOB «Bauiy
U «BIuL-M» IpUBeLeHbI B Tabi. 4.

COyTHUKHM  TUIa  «baum»
u «[JIACC» (puc. 12b, d; puc.
14) - petrpopedierTopHble chepH-
YecKkue CHUCTeMbl HOBOI'O II0KO-
JIeHHs, BBIIIOJIHEHBI I10JIHOCTBIO
M3 CTexsa.B oTau4yue OT MeTal-
JTUYECKUX IpealleCTBeHHUKOB,
TaKoe MCIIOJIHEeHHe MCKIKYaeT

x InoHacc-M IIH YO (T'noHacc-M) IIH YO (I'monacc-K2)

JH na”Henu YO JOH naHenu YO

TOPMOXXE@HHE MarHMTHBIM II0JIEM Puc. 13. Onmumu3ayus duazpammsl HanpasaeHHocmu 6 KPC nymem KoMneH-
3eMIM  BpalleHHUs CIYTHHKA cayuu abeppauuu ckopocmu ceema. lNaHenb ompaxkameneti ¢ 08yxnsmeHHoU
BOKPYI COBCTBEHHOM OCH, KOTO- duazpammoti HanpagaeHHocmu ([H) daem gbiuzpbil no nomeryuany e 1,8 pas
poe HeobXoAHMO ISl yCpeAHeHHUs U no mo4Hocmu 6 3-4 pasa
HM3MepHUTebHBIX JAHHBIX. Fig. 13. Receiving beam optimization in the RRS by compensating for the light
CoyTHUKU «BIHI» SABIISIOTCA velocity aberration. A array of reflectors with a two-spot receiving beam is
OTHe/JbHBIM BHIOM peTpoped- beneficial in terms of potential increased by 1.8 times and accuracy increased by
JIEKTOPHBIX CPepHUYeCKHUX CHUCTeM 3-4 times

C TIPOEKTHOM «OIIMOKOH ILiemu»

PHOTONICs vOL. 16 N5 2022 383
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0,1-0,3 MM, KOTOpbIE BBIIIOJIHEHBI M3 LEHTPajb-
HOM IIApPOBOM JIMH3Bl M ChephYecKHX CTeKISHHBIX
MEHHCKOB. lleHTpanbHasa chpepa ¥ MEHUCKH B TaKUX
CHCTeMax I103BOJISIOT ITOJYYHTD Y3KYI0 0OOpPaTHYIO [HUa-
rpaMMy OTpaskeHHsI MHKPOCIYTHHKOM JIa3epHOIO
HU3/Iy4eHUs .

B macrosmee BpeMs B AO «HIIK «CIIII» Bemercs
pa3paboTka KOCMHUecKoro Komiuiekca «biaui-Teo»,
KOTOpas IIpeArionaraer 3amyck B 2025 rogy «cosBes-
ous» U3 2-x KA «baun-M2» U 2-x KA «ICJIACC» Ha TaKHe
OpOUTHI, Ha KOTOPBIX IIPAKTHYeCKH OTCYTCTBYET BIIHS-
HMe OCTaTOYHOM aTMocepbl Ha ITapaMeTphl opouT KA.
IIpyu 3ToM pafMallMOHHBIN IOsiIC BaH-A/IeHa, omac-
HBIM [I/IS1 CTeKJIa, PACIIOIOKeH BBIIIEe KJIM HIKe 3THUX
opbur.

Jl1ss HHU3KOOPOHTA/NBHBIX CIYyTHHKOB C BBICOTOHM
opbuthel o 1500 kM paspaboraHa MaynorabapuTHas
peTpopednextopHas cucrema (PC) «IIlupamupga»
(puc. 12 c), KoTopas Ipolllla YyCIellHble HCIBITAaHUS
B cocTaBe KA «JIOMOHOCOB”, 3aIlyIlleHHOI0 Ha OpbUTy
B ampesne 2016 roga ¢ KOCMOApOMa “BOCTOUYHBIM».
Macca PC «IlupaMupa» cocTasiseT Bcero 40 r, a pas-
MeD 41x41x21 MM. Manas Macca mo3BonsieT 6e3 oco-

Tabnuua 5. J1azepHble naHenn petpopednektopos AO «HIMK «CMM» anga 3apy-

BEXHBLIX KOCMUYECKMX an napaTtos

Table 5. Laser array of retroreflectors by Research and Production Corporation .
“Precision Systems and Instruments” JC for the foreign spacecrafts

BoicoTa

HanmeHoBaHMe
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e) oncoming laser pseudo-range measurements
with the MLNSS modules (MLNSS is an onboard
inter-satellite laser navigation communication
system) installed on the CLONASS-K2 series SVs;

f) receipt of inter-satellite laser measurements and
other data from the MLNSS, as well as data trans-
mission to the SVs equipped with MLNSS.

The Sazhen-K stations provide the first four types of

measurements, the Sazhen-L stations provide all six
types of measurement.

PURPOSE OF DEVELOPMENT OF

A NETWORK OF SAZHEN-K AND SAZHEN-L
LASER STATIONS

The measurement data of the network of Sazhen-K and
Sazhen-L laser stations are required to improve the
accuracy:

¢ SGCS matching to the geocenter and communi-

cation parameters with the international ITRF
up to 0.01m;

« navigation field control by ephemerides up to

0.01m and by XDG up to 0.03 m (0.1 ns);

« onboard control up to 0.1 ns and synchronization
accuracy of GLONASS CS with the
master time and frequency refer-
ence up to 0.15 ns;

determination of delays of the
onboard and ground-based naviga-

tion equipment up to 0.02 m (cali-
Konnyectso

KOCMMY€eCKOoro op6unTHI, I oA 3anycka KOCMUYECKMX bration).
annaparta KM annapaTtos
RETROREFLECTOR SYSTEMS
GPS-35,-36 (CLUA) 20150 1993, 1994 2 (RRS) BY RESEARCH
GFZ-1 (FepmaHus) 400 1995 1 AND PRODUCTION
WESTPAC (ABCTpanus) 835 1998 1 CORPORATION
P “PRECISION SYSTEMS AND
REFLECTOR (Poccus — CLUA) 1020 2002 1 INSTRUMENTS"” JC
GIOVE-A (EKA) 23916 2006 1 The optical range offers excep-
tional opportunities for increasing
GIOVE-B (EKA) 23916 2008 1 the range and accuracy of laser
GOCE (EKA) 205 2009 1 location when va.rious retroreflec-
tor systems are installed on the
Proba-2 (EKA) 757 2009 . SV board. This made it possible to
CrioSat (EKA) 720 2005 1 equip a large number of domes-
) tic SVs with such devices (table
CrioSat (EKA) 720 2010 1 . .
4), while giving a chance to sig-
Proba-V (EKA) 820 2011 1 nificantly increase (by an order of
Sentinel-3A (EKA) 718,5 2016 1 magmtufie or m‘?re) aceuracy of
their orbit determination by using
Sentinel-3B (EKA) 7185 2018 1 the laser ranging systems and
Galileo 23222 2014n02018 34 obtaining global measurement

*
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information by exchanging data
with the International Laser Rang-
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R;=53,52 MM
R,=85,11 MM

b) ™

OTpasKarollee [OKPhITHE

Puc. 14. CmexnsiHHbIlU cepudeckuli cnymHuk «bauy»:

a) cepuyeckuli cnymHuk «BLITS» 8 pazo6paHHom aude;

b) onmuueckas cxema cnymuuka «bAu»; ¢) AemHbiii 06pa-
3el cnymHuka «bauy»

Fig. 14. Glass spherical satellite “BLITS": a) disassembled
spherical satellite “BLITS"; b) optical circuit of the BLITS
satellite; c) flight model of the BLITS satellite

6bIX ITpo6sIeM IIAHUPOBATh YCTAaHOBKY PC Ha mrobble
pasroHHble 670Kku, PH 1 KpynHble 9acTu KA, 4T06BI
Ha 3aBepIIalolel CTaJUHU I0JIeTa, IIPU BXojle B IIOT-
HBIe CJIOM aTMOChepBI, TOUHee ITPOrHO3UPOBATh MECTO
Y BpeMsI UX MafleHHsI Ha 3eMIII0.

MOAY/IbHbIN MUMKOCEKYHAHbIN NNA3EP

Mony/nbHEIM MHUKOCEKYHJHBIM Ja3ep IIpefHa3’Ha-
YeH [/ TleHepalldyd MOLIHEIX
JIa3epHBIX MMIIYJIbCOB C YacTo-
Torn 300-1000 T1; Ha [OIuHe
BoaHel 0,532 wMkm. MH3genue
OTJIMYAeTCS. KOPOTKOM [JIUTesb-
HOCTBIO HMITyTbca (MeHee 5-107U

ing Service (ILRS). In turn, it supported installation
of our RRS on many foreign SVs, such as GPS and
Galileo (table 5). The most efficient devices, developed
by Research and Production Corporation “Precision
Systems and Instruments” JC for solving the issues of
space navigation, space geodesy and space engineer-
ing tests are given below.

The ring retroreflector system (RRS) was developed
for the GLONASS-K2 SV, while consisting of 36 over-
sized cube corner reflectors (CCR) (fig. 12 a). To com-
pensate for the angular displacement of the laser
beam caused by the light speed aberration, the direc-
tional pattern of each RRS cube corner reflector con-
sists of two high-energy light spots (instead of seven
light spots with lower energy used by the analogues),
one of which returns radiation to the laser station.
The QOS photodetector will register signals from the
CCR located on the opposite sides of the RRS with an
instantaneous orientation along the SV velocity vector.
Availability of two undistorted signals instead of one
extended signal, as in the earlier analogues, will allow
for the Clonass-K2 SV to reduce the measurement error
in relation to the distance to the panel center by sev-
eral times, to about 1 mm. Thus, the error induced
by the onboard segment (RRS) will correspond to the
error of the ground-based segment (Tochka QOS).

On September 21, 2009, the Meteor-M spacecraft
was launched, from which the BLITS spherical glass
nanosatellite was separated (fig. 14). The global sup-
port for the BLITS orbit was provided by the Russian
QOSs and stations of the International Laser Rang-
ing Service under an agreement between the Federal
Space Agency and ILRS. The main parameters of the
BLITS and BLITS -M satellites are given in Table 4.

The BLITS and GLASS satellites (fig. 12b, d; fig.
14) are the new generation retroreflective spherical
systems, made entirely of glass. By contrast to the
metal “predecessors”, they prevent the satellite axis-
spin slowing down by the Earth’s magnetic field that
is necessary for averaging the measured data.

Tabnnua 6. OCHOBHbIE NApaMeTpbl CMYTHUKOB «BAnu» n «banu-M»
Table 6. Main parameters of the BLITS and BLITS -M satellites

CeKyHJI) U BBICOKOM 3HEepreTHKOH
(He MeHee 2,5 MJ/’K, UTO COOTBET-

CTByeT MOIINHOCTH B HMIIYJIbCE

5-10” BT), a Takke HH3KOH pac-

XOLUMOCTBIO H3/ydeHHUs (MeHee
0,5 mpan).

OCHOBHble napameTpbl KA «banuy» «Banu-M»
OnameTp, MM 170 220
Macca, kr 7,5 17
BbicoTa 0p6UThI, KM 835 1500
SpbeKkTUBHAA NOBEPXHOCTbL OTPAXKEH S, M2 0,1 m/sH 1 MAH
Owmnbka uenun, MKm 100 100

PHOTONICs vOL. 16 N5 2022 385



IIpy HM3MepeHMSIX ONTHYECKOH IICeBAOAATbHOCTH
nasep paboraeT B peXKHMe OTHOCHUTEIBHOM BpeMs-
MMIIYJIbCHOM MOAYISILIUK IyTeM IepPHOSUYeCcKHX
CMeIeHMH YaCTOThl H3y4eHHUS OT LeHTPAIbHOL, 4TO
obecrieqrBaer 3amuty 3Y BBKOC 0T 3amucy MOMeH-
TOB IIPUXOJA JIa3ePHBIX CUIHAJIOB IIOCTOPOHHUX
CTaHLIW.

MopynbHOoe KOHCTPYKTHBHOE MCIIONIHEHHEe jasep-
HOTO IepefaTuyMKa (puc. 15) peann30BaHO IO IPHH-
LIMIy PpasfeneHHs KIIUYeBbX QYHKIMOHAIBHBIX
Y37I0B, YTO II03BOJISIET IIPOBECTH 3aMeHY BbIpaboTas-
IIero pecypc MOAYJISL B YCIOBUSIX IITAaTHOM 3KCIUIyaTa-
LIMU 3a BpeMsl He boJlee mosyvaca.

BOPTOBAS BE33ANMPOCHASA KBAHTOBO-
ONTUYECKASA CUCTEMA (BBKOC)

BEKOC coctouT H3 GOTONPHEMHOIO YCTPOMCTBA
(PIIY) m 61oKka perucTpand HUMIyabcoB (BPH).
BHemHUN BMJ, allapaTyphl II0Ka3aH Ha puc. 16,
OCHOBHBIE IT1apaMeTpsl B Tabsn. 7. OCHOBHBIMH 33J1a-
YaMH, pellaeMBIMH C momoinpio BEKOC, aBins-
I0TCST KaaubpoBKa 3ajepskeK IIPU paclpocTpaHe-
HHU CHUTHAJIOB B pafHOTeXHHYeCKHX TpakTax KA

Puc. 15. Mo0OyAbHbIl nUKoceKyHOHbIL Ad3ep
Fig. 15. Modular picosecond laser
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The BLITS satellites represent a separate type of
retroreflector spherical systems with a design “target
error” of 0.1-0.3 mm. They are made of a central glob-
ular lens and spherical glass concave-convex lenses.
The central sphere and concave-convex lenses in such
systems make it possible to obtain a narrow echo pat-
tern of the laser radiation by a microsatellite.

At present, Research and Production Corporation
“Precision Systems and Instruments” JC is develop-
ing the BLITS -Geo space complex including launch
of a “constellation” consisting of 2 Blits-M2 and 2
GLASS SVs into the orbits in 2025. There will be almost
no effect of the residual atmosphere on the SV orbit
parameters. In this case, the Van Allen radiation belt
that is dangerous for glass, is located above or below
these orbits.

For the low-orbit satellites with an orbital altitude
of up to 1500 km, a Pyramid small-sized retroreflector
system (RS) (fig. 12 c) was developed. It was success-
fully tested as a part of the Lomonosov SV, launched
into orbit in April, 2016 from the Vostochny cosmo-
drome. The weight of Pyramid RS is only 40 g, with
the dimensions of 41 x 41 x 21 mm. The low weight
makes it possible to install the RS on any TOSs, carrier
rockets and large SV parts with no particular issues, so
that at the final stage of the flight, upon atmospheric
entry, the forecast of place and time of their fall to
Earth will be more perfect.

MODULAR PICOSECOND LASER

The modular picosecond laser is designed to generate
powerful laser pulses with a frequency of 300-1000 Hz
at a wavelength of 0.532 pm. The device is distin-
guished by a short pulse duration (less than 5-107 sec-
onds) and high energy (at least 2.5 m] that corresponds
to a pulse power of 5-107 W), as well as the low radia-
tion divergence (less than 0.5 mrad).

When measuring the optical pseudo-range, the
laser is operated in the relative time-pulse modulation
mode by periodically shifting the radiation frequency
from the central one. It protects the BBQOS memory
from recording the laser signal arrivals from the
third-party stations. The modular design of the laser
transmitter (fig. 15) is developed according to the sepa-
ration principle of key functional units that makes it
possible to replace an obsolete module under normal
operation conditions in no more than half an hour.

ONBOARD ONE WAY QUANTUM OPTICAL
SYSTEM (BBQOS)

BBQOS consists of a photodetector (PD) and a pulse
registration unit (PRU). The equipment appearance is
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«I'/IOHACC», KOHTpO/Jb 3a HM3MeHeHHeM BO Bpe-
MeHH M IIapaMeTpoB OOPTOBOTO CHHXPOHH3HPYIO-
Ilero YCTPOMCTBA, M3MepeHHe MTHOBEHHOTO 3Hade-
HUS pacxoxkpeHus wmkaa BpeMeHH KA «IJIOHACC»
M Ha3eMHOM CTaHIUM (LeHTPUIPHOIO CHUHXPOHU-
3aTopa), opMHPOBaHHe MCXOAHBIX JaHHBIX [JIs
yTOUHEHH S YaCTOTHO-BPeMeHHBIX II0IIPaBOK.

KocMuueckuil anmapat Imornacc M Ne 747 ¢ mep-
BBIM KOMIIJIEKTOM amnmnapatypel BBKOC 6bl1 BBIBe-
IeH Ha IeseByio opbuTy 26 anpesns 2013 roxa. ITocie
IepeBofa 6OPTOBOM amIapaTypsl U3 peskuMa opbu-
TAJbHOTO XPaHEHUS B IeXYPHBIH pexUM 651
yCIIeIIHO BHIIIONIHeH 12 uriond 2013 roma mepBBIH
YCIeLIHbIM CeaHC CIUYeHUs: 60PTOBOM U Ha3eMHOM
IIKajJ BPeMeHH, IOATBepAUBIINN NOCTHUKeHHe Cyb-
HAaHOCeKYyHJHOM TOYHOCTH.

KOHLUEMUUA PAANO-JTA3EPHDbIX
U3MEPEHUI AN KAIMBPOBKU BUC HKY

U BCEMOrogHOW NEPEAAYN BPEMEHU
Panno-na3epHBI KOMIUIEKC BBIIIOJIHSIET OJHOBpe-
MeHHBbIe M3MepPeHHUs AJbHOCTH M ICeBJ0JaTbHOCTH
B JIa3epHOM KaHale (puc. 17), a Takke H3MepeHUs
IICeBIONATBHOCTH [0 KOAYy M (a3e HABUTALIMOHHBIX
curdanos I'JIOHACC ¢ pa3sIM4yHBIMHM HOMHHAaJIaMH
HeCYyIIUX YacToT B paJIHOKaHaJje.

Cor11acoBaHHOCTh H3MepeHUH obecrieqrBaeTcs:

* HCIIOTBb30BaHHEM obmiert 6OPTOBOM ILIKaIBI Bpe-
MeHu (BCY) u oOmiedl Ha3zeMHOM IUKAaIbl Bpe-
MeHH (IIIB PJIK mnu IB BHemHero CYB);

* COIpsDKeHHEeM OITHYEeCKOro LieHTpa 60pTOBOro
MoOZIy/sl NpHeMa K H3MepeHHs] BpeMeHU IpH-
XoJla Ja3epHbIX UMIYIbCcoB (BBKOC) ¢ ieHTpoMm
OTpaKeHHU s peTpopediiekTopHOI cucTteMsl (PPC);

* CONPSDKeHHeM OIOPHBIX TO4YeK HaBUTALIMOH-
HBIX aHTEHH C OIIOPHBIMU TOYKaMH JIa3€PHOTO
KaHana (LeHTPOM OTpaxke-
Hug PPC U LleHTpoMm IIepe-

i g

Puc. 16. bopmosas 6e33anpocHas K8aHMmMoeo-onmu4eckas
cucmema (66KOC)
Fig. 16. Onboard one way quantum optical system (BBQOS)

shown in Figure 16, the main parameters are given in
Table 7.

The main issues solved by BBQOS are the delay
calibration during the signal propagation in the radio
engineering paths of the GLONASS SV, control over the
changes in time and parameters of the onboard syn-
chronizer, measurement of the instantaneous diver-
gence value between the time scales of the CLONASS
SV and the ground-based station (central synchro-
nizer), initial data generation to refine the time-fre-
quency corrections.

The Glonass-M SV No.747 with the first set of BBQOS
equipment was launched into the target orbit on April
26, 2013. On July 12, 2013, after the onboard equip-
ment placement from the orbital storage mode to the
standby mode, the first successful session of compar-
ing the onboard and ground-based time scales was

Tabnunua 7. OCHOBHbIe TEXHUYECKMe XxapakTepucTukm b6EKOC

cedyeHHsI ocerM omopHo- Table7. Main technical specifications of BBOOS
IIOBOPOTHOTO CTPOMCTBA

P yeTp [MapameTpbl BennyunHa
PJIK).

COrJ1acoBaHHOCTH H3Mepe- TOYHOCTb NPUBA3KK K LKaNe BpemeHu KA, nc <50
HHAH  IIO3BOJIAET HCIIO/Ib30BATDH OCTaTo4HaA CUCTEMATMYHECKAS MOMPELHOCTb NMPUBA3KN U3MEDPEHNNI, NC <100
Jla3epHble HM3MEPEHHS HOaJbHO-

CTM W ICeBIOAATBHOCTA B Kaue- MakcrumanbHas 4actoTa permcTpaumnm nasepHbiX MMMyabLCoB, My 4000
CTBe 3TAJIOHHBIX J:[Hﬂ K3.J'II/I6POBKI/I ﬂnMHa BOJIHDbI M3J‘|\/'~IeHMF|, HM 532
palHOU3MepeHHHN IICeBLOAa/Ib- 5
HOCTH. KaJm6p0131<a pason3- Paboyasd ANNTENLHOCTbL MMMY/IbCOB /1a3epa, Nc 50-300
MepeHI/Iﬁ II03BOJISIET IIONYYUTH MakcmmanbHoe KONMYeCTBO M3MEPEHUI, XPAHALLMXCS B NAMSATH, LWT. 262144
caHTI/IMeTPOBbII?I YPOBeHb TOY-

DHepronoTtpebneHue, BT 25
HOCTH IIPHU pelleHHHU PA3JIHYHBIX
3a7a4y 3peMepuIHOro, YacTOTHO- Macca, kr 16,8
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BHHC BBEKOC PPC
e 5 S S .
L e al
PJIK
BUC JIa3epHBII JATbHOMED

IlIkasma BpeMeHU
BHeIIIHEero CTaHgapTa
YaCTOThI U BpeMeHHU

Puc. 17. KoHuenuus paduo-aasepHbix usmepeHull 045 Kanu-
bposku BUC HKY u 8cenozo0Holi nepedayu pemeHu

Fig. 17. Concept of radio-laser measurements for calibration
of the BIS ground control complexes and all-weather time
transmission

BpeMeHHOro W Treofe3ruvecKkoro obecrieueHu s

I'JIOHACC.

KANIMBPOBKA BUC CPEACTBAMUW KOC

TOYHOCTb ompezeeHUsl CUCTeMaTHYeCKUX IIOrpelll-
HOCTel paJiIMOHABUTALIMOHHBIX 6e33aIIpOCHBIX H3Me-
PeHUM 3aBHUCHT OT IepPHOJUYHOCTH KaluOpOBKHU
HM3MepUTelIbHbIX TPaKToB BUC cpencrBamu bessa-
IIPOCHOM J1a3epHOM joKanuu HKA TJIOHACC. Homu-
HaJIbHas TOYHOCTh KaubpoBKU BUC cpencrBamu KOC
COCTaB/IsIeT BeIMYKHY Hopsaka 0,05 He (curma). Ilpu
OTCYTCTBUM BO3MOSKHOCTH IIPOBeLEHHS PeryaspHbIX
KanubpoBok BUC cHcTeMaTH4YeCKHe IIOIPEIIHOCTH
PafHOTeXHHUYeCKHUX HM3MepeHHI BO3pacTaroT 3a cdeT
HecTabU/IPHOCTH 33Jiep>KeK B TpaKTax GOPMUPOBAHUS
IIKajJbl BpeMeHU B ammnapatype BMC. Ha uHTepBae
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performed while confirming the subnanosecond accu-
racy achievement.

CONCEPT OF RADIO-LASER
MEASUREMENTS FOR CALIBRATION OF THE
BIS GROUND-CONTROL COMPLEXES AND
ALL-WEATHER TIME TRANSMISSION

The radio-laser complex performs simultaneous range
and pseudo-range measurements in the laser chan-
nel (fig. 17), as well as the pseudo-range measure-
ments by code and phase of the GLONASS navigation
signals with various carrier frequencies in the radio
channel.

Consistency of measurements is ensured by the
following:

+ use of a common onboard time scale (BSU) and

a common ground-based time scale (time scale
of the radar facility or time scale of the external
rotating speed stabilizer);

 pairing the optical center of the onboard mod-

ule for receiving and measuring the laser pulse
arrival (BBQOS) with the reflection center of the
retroreflector system (RRS);

 pairing the reference points of the navigation

antennas with the reference points of the laser
channel (the RRS reflection center and the axial
intersection center of the radar facility turn-
table).

The measurement consistency allows to use the
laser range and pseudo-range measurements as a ref-
erence for calibrating the radio pseudo-range measure-
ments. The radio measurement calibration makes it
possible to obtain a centimeter level of accuracy when
solving various issues of ephemeris, time-frequency
and geodetic GLONASS support.

BIS CALIBRATION BY THE QOS
The determination accuracy for systematic errors of
radio navigation non-interrogation measurements
depends on the calibration frequency of the NMS mea-
surement paths by the non-interrogation laser rang-
ing devices of the CLONASS unmanned spacecrafts.
The rated accuracy of NMS calibration by QOS is about
0.05 ns (sigma). If it is impossible to perform regu-
lar NMS calibrations, the systematic errors of radio
engineering measurements are increased due to the
instability of delays in the time scale generation paths
of the NMS equipment. During the time period of 15
days, the delay variations can reach the values up to
0.15 ns (sigma).

Therefore, the opportunity to obtain the additional
sessions of non-interrogation lase measurements in
the conditions of cloudy weather with single-tier fron-
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15 cyToK BapHaLlMH 33[lep>KeK MOTYT JOCTHUIATh 3HaYe-
HuM 1o 0,15 Hc (curma).

[To3TOMYy 3KCIIePHMEHTAJIbHO IIOLTBepPKIEeHHas
IIpX IIOATOTOBKE M IIPOBeleHHH TOCHUCIBITAaHUM PJIC
«Touka» B ceaHcaXx ¢ BBKOC BO3MOKHOCTH ITO/Iy4e-
HUSI IOTIOJIHUTE/IbHBIX CeaHCOB 6e33aIIpocHBIX Ta3ep-
HBIX H3MEPEeHHUH IPU HAJTHUYHU OOJAYHOM ITOTOABI
C OIHOSIPYCHOM (POHTA/NBHOM 06JIAYHOCTBIO C IIE€PH-
OJUYHOCTBIO <5-7 CYTOK II03BOJIMT YAep>KHBaTb TOY-
HOCTb 3HaUeHHU I KanubpoBok BHC Ha ypoBHe 0,05 HC
(curma), YTO COOTBETCTBYET yPOBHIO TOUHOCTH B3aUM-
Hou KanubpoBku BUC u KOC.

3AKJTKOYEHUE

3afauu, pellaeMble pagHo-JIa3ePHBIMH CTAaHLHSIMU

B KomIuiekce ¢ PPC, BBKOC u BHMCKOC.
Panuo-nma3epHble CTAaHLMM HOBOIO IIOKOJIEHUS

«Touka» U HUX MOAUOUKALIMU IIpefHa3HAUYeHbl I

[IOJIyYeHHUs CIeAYIIIUX KOOPAMHATHO-BPeMeHHBIX

IAHHBIX:

1. ITpeuM3HUOHHBX (MHJIIMMETPOBOM TOYHOCTH)
7a3epHBIX M3MepeHHH [BYXCTOPOHHEM HaKJIOH-
HOHM MANbHOCTU [0 reome3uveckux KA: Jlareoc,
JtanoHd, I'eoMK, Jlapec, biui u Op., OCHaIlleH-
HBIX JIa3epHBIMU peTpopedIeKTOPHBIMU CUCTe-
MaMH C Ilepefjauel pe3yabTaTOB 3THX H3Me-
PeHHH B OQIIMCTHYeCKHe LIeHTPHl C LIeJIbIo
oIpefeIeHHs:

« opburt reogesnueckux KA;

* TeOLleHTPHUYeCKHUX KOOPAHMHAT Ha3eMHBbIX
MIYHKTOB U UX TeKYIIUX U3MeHeHUH;

* IIapaMeTpOB BpallleHUs 3eMIIH;

e YCTaHOBJEHWS M IOAJEPKaHUS I100aTbHBIX
reoLleHTPHUYeCKUX CHUCTeM KOOPAHWHAT, B TOM
4HCIe B YacTH IIPUBSI3KM C CAaHTHMETPOBOU
TOYHOCTBIO Haudajla CUCTeM KOOpAMHAT K LeH-
TPy MacC 3eMJIM U OIpelesleHHsl MaciTaba
CHCTeM KOOPAMHAT B paMKaX MeXKIYHapon-
HOH nporpaMMsl GGOS.

2. IIpellM3HMOHHBIX (MHJIJIMIMETPOBOM  TOYHO-
CTH) J/a3epHBIX KM3MepeHHUH [BYXCTOPOHHEMN
HaKJIOHHOM JaJIbHOCTU [0 HaBHUTAIIHMOHHBIX KA:
[JIOHACC, Tanuneo, Berpoy, GPS u ap. (npu
YCJIIOBHH, UYTO OHM ocHamleHel PPC) c mepena-
Yel pe3y/IbTaTOB U3MEPeHHH B Oa//IMCTUYeCKHe
LIEHTPEI C LIeJIBI0 pacueTa BHICOKOTOUYHBIX 3deMe-
pyA HaBUTAaLMOHHBIX KA, popMmupyeMbIXx poc-
CHUMCKOU chcTeMor CBO 3BU U MesKIyHapPOLHOM
HaBUTALIMOHHOM c1ysk60r1 ICS.

3. TIpelIM3UOHHBIX OIlpefie/leHUN MOMEHTOB IIOCHI-
JIOK JIa3epHBIX KMMIIYIBCOB (¢CTapT») B IIKaje
BpeMeHH CTAaHUWHK (WIK B IIKAJIe MOAKIIYeH-
HOTO BHEIIHEIO 3TaJI0OHA YacTOTHl U BpeMeHHU)

=

tal clouds with a frequency of <5-7 days experimentally
confirmed during preparation and conduction of offi-
cal tests of the Tochka radio-laser station in sessions
with the BBQOS, will make it possible to maintain
the accuracy of BIS calibration values at the level of
0.05 ns (sigma) that corresponds to the accuracy level
of the mutual BIS and QOS calibration.

CONCLUSION. TASKS SOLVED BY THE
RADIO-LASER STATIONS IN COMBINATION
WITH THE RRS, BBQOS AND BISQOS

The new generation radio-laser stations “Tochka”
and their modifications are designed to obtain the
following coordinate-time data:

1. High-precision (millimeter accuracy) laser
measurements of bidirectional slant range to
the geodetic SVs: Lageos, Etalon, CeolK, Lares,
Blitz, etc., equipped with the laser retroreflec-
tor systems (RRS) with transfer of the mea-
surement results to the ballistic analysis cen-
ters in order to determine the following:

« orbits of geodetic SVs;

« geocentric coordinates of ground points and
their current changes;

« parameters of the Earth’s rotation;

« establishment and maintenance of global
geocentric coordinate systems, including
in terms of matching the geodetic datum to
the geocenter with centimeter accuracy and
determining the coordinate system scale as
a part of an international GGOS program.

2. High-precision (millimeter accuracy) two way
range laser measurements to the navigation
SVs: CLONASS, Calileo, Beidou, GPS, etc. (pro-
vided that they are equipped with the RRS)
with transfer of the measurement results to
the ballistic analysis centers in order to calcu-
late the high-precision ephemerides of navi-
gation SVs generated by the Russian high-
precision determination system for navigation,
ephemeris-time information and international
navigation service IGS;

3. High-precision determination of the laser
pulse sendings (“start”) based on the station’s
time scale (or the scale of a connected external
frequency and time reference) to the naviga-
tion SVs equipped with the on-board modules
for laser pulse arrival measurement (BBQOS)
and telemetric systems for transfer of the
measurement results to the ballistic analysis
centers (in addition to the RRS) in order to
obtain a new parameter, namely the laser
pseudo-range to the SV, to determine discrep-
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Ha HaBUralHoHHbIe KA, ocHallleHHbIe TIOMHUMO
PPC eme u 6OPTOBBIMH MOAYISIMH IIpHeMa
U H3MepeHUN MOMEHTOB IIPHXOJa Jia3epHBIX
uMnynascoB (BBKOC) M TelleMeTpUYECKHUMH
CUCTeMaMHM Ilepefayd pe3y/bTaTOB 3THX H3Me-
peHHUM B OaJIHCTHYeCKHe LIeHTPhl C LIeJIbio
[IO7y4YeHHUs HOBOTO IlapaMeTpa - «Ia3epHOU
[ICeBOONIBHOCTH A0 KA», g oIpefeneHUs
PaCcXOKAeHUE OOPTOBBIX M Ha3eMHBIX IIKAJI Bpe-
MeHHU C CyOHAHOCeKYHIHOHM TOYHOCTBIO BEpH-
dUKaLMU IIONPAaBOK K OOPTOBBIM IIKajaM Bpe-
MeHH, a TakKe [ INPelM3HOHHOM J1a3epHOU
Iepefadyu BpeMeHH uepe3 60pT IpH 6OIBLIMX
PacCTOSIHMAX MEXKAY yOaJeHHBIMH LeHTpaMH
XpaHeHUs BpeMeHHU C TaKOH >Ke TOUHOCTBIO.

4. BcellOrOIHBIX IICEBIOAAIBHOMEPHBIX (be33arpo-
CHBIX) HM3MEPeHHM paAHOYacTOTHOM CHCTEMBI
(BUCKOC), BXopsIIel B COCTaB PafHO-Ta3epPHON
CTaHLIMM, II0 KOAaM M Qase HecCylleH 4acTOThI
HaBUTALMOHHBIX PafUOCUIHanoB KA ¢ yMeHb-
IIeHHBIMH CHUCTeMaTHYeCKMMH [IOIPeIlHo-
CTSIMH 32 C4YeT ee IIePHOLHYECKOM (He peske
1 pa3 B 15 CyTOK) KaTHOPOBKU IO OJHOBPEMEH-
HBIM JIa3€pHBIM H3MEPeHUSIM IICeBH0LAIbHO-
ctiu BBKOC B mepHoAbl AOCTATOUYHOM IIPO3pad-
HOCTH aTMoCdepsl B HanpasiaeHUr Ha KA. ITocre
[IpoBefleHHs AOIOTHUTENbHBIX HCCIeI0BaHUN
II0 yMEHBIIeHUIO BAUSHUS 06JIauHOCTH Ha BO3-
MOKHOCTDb IIPOBeleHHsI KATHOPOBOK KU YTOUYHe-
HHUS HHTEPBAJIOB aKTYaJbHOCTH KaTHOPOBOK
BHUCKOC 1o CTaTHCTKE IIPOITYCKaHHUS KPHUCTaI-
NTUYeCKUMHU O0bJakaMHM JIa3epHOr0 H3JIyYeHMUs
MO>KHO byZieT IepeTH K BHeJPeHHUIO:

* BCEIIOrOAHON BepHQHKAIIHMU IIONPABOK K Hop-
TOBBIM IIIKaJIaM BpeMeHH;

* BCeIOrofHOM BBICOKOTOYHOM Ilepefadd Bpe-
MeHH Ha 6o/IblINe PacCTOSHUS.

Kak c1emyeT M3 HM3JI0KEHHOrO, CO3JaHHe paguo-
JIa3epHBIX CTAHIIMI HOBOTO ITOKOJIeHHs «Touka» U ee
IIOC/IeAYIOIIMX aHaJIOTOB II03BOJIMJIO He TOJIBKO JOCTUI-
HYTb CyOMU/UINMETPOBOM TOUHOCTH M3MEPeHUN AAJIb-
HocTH 1o HKA (20000 kM), HO U obecrieduTs CybHAHO-
CEeKYHAHYI0 TOYHOCTh BepPUQHUKALMI OOPTOBBIX IIKA
BpeMeHH U ILIKaJl yAAJeHHBIX LIeHTPOB BPeMeHH.

OTOT pe3yabTaT AOCTHIKEHMS BBICOKOIO YPOBHS TOY-
HOCTH COCTOSUICSA IIpeXKIOe BCero IIOTOMY, 4YTO YOAJIoCh
CO3JaTh I10 CYyTU IIPEeLI3MOHHBIN H3MepUTEIbHBIN KOC-
MHYECKHH KOMILIeKC, coctoamuu n3 KOC, BUC-KOC,
BBKOC 1 PPC, He MMEIOI U IIPeLiefIeHTOB B MKpe, B Pa3-
paboTKe U 3-7IeTHHUX TOCYAAPCTBEHHBIX HCIIBITAHMSIX,
KOTOpPOrO IIpHUHSAIM y4acThe mpennpusatus AO «HIIK
«CTIIT», AO HUCC, AO IIHMMMmaiu (PockocMoca) ¥ BHU-
NOTPU (POCTaH/Z[apTa). HcnbiTanug B 2021 rogy Ioka-
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ancies between the onboard and ground-based
time scales with the subnanosecond accuracy,
as well as for the high-precision laser time
transmission overboard at the large distances
between the remote time storage centers with
the same accuracy;

4. All-weather pseudo-range (non-interrogation)
measurements of the radio frequency system
(BISQOS) being a part of the radio laser sta-
tion, by the codes and carrier frequency phase
of the SV navigation radio signals with the
reduced systematic errors due to its periodic
(at least once every 15 days) calibration based
on the simultaneous laser measurements of
the BBQOS pseudo-range during the periods
of sufficient atmospheric transmittance in
the direction of the SV. Upon completion of
the additional studies to reduce the cloudi-
ness effect on the possible calibrations and
clarification of the BISQOS calibration rel-
evance intervals according to the statistics of
laser radiation transmission by the ice-crystal
clouds, it will be possible to implement the
following:

« all-weather verification of corrections to the
onboard time scales;

« all-weather high-precision time transmis-
sion over long distances.

As seen above, development of a new generation
radio-laser stations “Tochka” and its subsequent
analogues has made it possible not only to obtain
submillimeter accuracy of the range measurement
to the SVs (20,000 km), but also to ensure subnano-
second verification accuracy of the onboard time
scales and remote time center scales.

Such high level of accuracy was obtained primar-
ily due to the development of a historically unprec-
edented high-precision measurement space com-
plex, consisting of the QOS, BISQOS, BBQOS and
RRS. Its development and 3-year official tests were
performed by Research and Production Corporation
“ Precision Systems and Instruments” JC, Informa-
tion Satellite Systems JSC, Central Research Insti-
tute of Mechanical Engineering JSC (Federal Space
Agency) and Russian metrological institute of tech-
nical physics and radioengineering (Federal Agency
on Technical Regulation and Metrology). The tests
performed in 2021 showed the range measurement
accuracy (1 mm) that was 200 times (!) better than
the accuracy (20 cm) of the world’s first laser loca-
tion of the Glonass navigation SV obtained in 1982 at
the separate command and measurement complex
No.1 (Maidanak, Sirius QOS).
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31K TOYHOCTb U3MepeHUH AaIbHOCTH (1 MM), 4TO B 200
pas (!) nyume TouHOCTH (20 CM) IepBOK B MHpe Ja3ep-
HowM noKauuu HKA «I'toHacc», TpoBefeHHOH B 1982 romy
Ha OKHK-21 (r. Manganaxk, KOC «Cupuyc»).

OT KOJJIEKTUBA Pa3paboTUUKOB aBTOPHI BEIPSKAIOT
Hamry obuiylo 6/1arogapHOCTb PYKOBOACTBY Pockoc-
Moca, Pocctanmapra u KocMHUYecKHX BOKCK 33 BHUMA-
HHe U [IOAJEePKKY 3TOM YHUKAIBHOM Pa3paboTKy.
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OnTtuko-ronorpadcduyeckue npubopsl fr

- NPOBEASHWE HAYUYHO-HMCCNEeA0BaTENbCKHUY, ONBITHO-KOHTPYKTOPCKHUY W
ONBITHO-TEXHONOrMYECKWX paboT B 0BnacTy ronorpaduuyeckux TEXHONOMMIA
- M3rOTOBNEHWE MONOrPaMMHEIX W AWPPaKUMOHHEIX ONTHYECKWX INEMEHTOR
- pa3paboTka W CO30aHKe ONTHKO-ronorpadHyeckny YCTROWCTE AONONHEHHOW
peansHOCTH (AR-TEXHONOMMK), YCTPOWCTE KOHTPONA NOANMHHOCTH 33WKMTHEIX FONOrpaMmM
- OPradW3aura 1 NPoBeAeHWE TeEMaTHYECKKMY KOHDepeHUMA, WKON, CEMWHAPOE U BEICTABOK
B 0BNacTu ronorpadrUeckKux TEXHONOM A
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