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MeTeoposioruyeckue 1Maapbl B HacToslee
BpeMs ABNAIOTCS OAHMMU U3 Haubonee
YHUBepCcabHbIX U UHPOPMATMBHbIX CPeACTB
6eCKOHTAKTHOrO UccnefoBaHus atMmocdepbl.

B 3aBMCUMOCTM OT TUMNA OHU CNOCO6HbI
npeaocTaBnaTb MHGOPMALMIO O BbICOTHOCTHU
HUXHe rpaHnLLbl 06/1a4HOCTU, KOSIMYecTee

M MJIOTHOCTU 061a4HbIX C/I0€B, AUHAMUYECKUX
napameTtpax atmocdepbl (CKOpoCTb

M HanpaBJ/ieHue BeTpa, CABUTr BeTpa, BUXpeBble
cnepbl U T. A4.). HeCMOTpS HA pacTywwui

CNpocC U LWWMPOKUIA CNEKTP NPUMEHEHU
MeTeo/IMAapOB, Ha CEeroAHSLWHUIA AeHb He
cyLiecTByeT A0CTAaTOYHO YHUBEPCAIbHOIO

M MPaKTUYHOrO MeToAa BepupmrKaLmum mx
3KCMJ/IlyaTaLUOHHbIX MapamMeTpoB. B ctaTbe
OnucbiBaeTcs NepcrnekTUBHbLIA MeTof OLeHKU
3KCMIyaTaLMOHHbIX MAapaMeTpoB MeTeo/IMaapos,
OCHOBAHHbI/ Ha MPUMEHEHUWN BOJIOKOHHO-
ONTUYECKMUX TEXHOIOTUA.
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Meteorological lidars are currently one of the
most universal and informative devices for non-
contact atmospheric research. Depending on the
type, they are able to provide information on the
altitude of the lower cloud cover, the number
and density of cloud layers, the atmospheric
dynamic parameters (wind speed and direction,
wind shear, vortex traces, etc.). Despite the
growing demand and a wide application range

of meteorological lidars, today there is no
sufficiently universal and practical method for
verifying their operational parameters. The article
describes a promising method for verification the
operational parameters of meteorological lidars
based on the use of fiber-optic technologies.
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Meteo lidar (LIDAR - LIght Detection And Ranging)
is an atmospheric backscattering profiler. An opti-
cal probe pulse is emitted into the atmosphere, after
which an optical signal is detected backscattered from
each point of the atmospheric path at the lidar photo-
detector. The electrical signal from the photodetector
undergoes analog-to-digital conversion with subse-
quent high-level processing. Coherent Doppler lidars
are also capable of measuring the projection of the air
mass velocity on the sounding axis by detecting the
Doppler shift of the radiation frequency during het-
erodyne reception [1-3].
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Merteonupnap (LIDAR - Light Detection And Ranging)
SBJISIeTCS IPOPHUIOMETPOM 0OPATHOTO aTMOCHepHOro
paccesiHMS. ONTHYeCKHH 30HAHPYIOIIHH HMIIYIbC
M3/Iy4yaeTcs B aTmocdepy, Immociae 4yero Ha ¢oro-
IIpHeMHHKe JHAAapa NPOUCXOOUT AeTeKTHpPOBaHHeE
0b6paTHO pacCesHHOr0 OT KasKAOM TOYKH aTMocdep-
HOI TpacChl OIITHYECKOIo CHTHala. DJIeKTPUUYeCKUH
CUTHaJ C QOTOIpHMEeMHMKA I10[Bepraercs aHaJjoro-
K1 PPOBOMY ITPeoOPa3oBaHUIO C IOC/IeAYIOIIek BbICO-
KOYPOBHeBOM 00paboTKor. KorepeHTHBIe [OIIIEPOB-
CKHe JTHUAAPHI TAKKE CIIOCOOHBI U3MEPSTh U ITPOEKIIHI0
CKOPOCTH JBHM’KeHHSI BO3LYLIHBIX MacC Ha OCb 30H-
OUPOBAHUS IIyTeM [eTeKTHPOBAHHUS [OIIJIEPOBCKOIO
CMeLeHHs YaCTOThl M3/IyuYeHHUS IIPU IeTepOJHUHHOM
npueme [1-3].

CeromHsl NHUAAPBl HaXOAAT IIMPOKOe IIPHUMeHeHHe
B METEOPOJIOTHH, KIMMATOJIOTHH, KOJIOTHH, BETPO-
3HepreTUke U obecrieueHUU 6e30IIaCHOCTH II0JIETOB:
OHH peKOMEeH[0BaHb MeXIyHapoIHOHN OpraHm3a-
LMel TPaKJAHCKOHM aBHALIUU (ICAO) K BKIIOYEHUIO
B COCTaB HM3MEPHTeIbHO-MHGOPMALIMOHHBIX CHCTEM
a3pOIIOPTOBOro OCHaIeHHUs [4-6]. OZHUM H3 BasKHBIX
HIOAHCOB METPOJIOTHYEeCcKOro obe-
CIledeHHs] MeTeOoNHJapoB SBJIS-
I0TCA TPYAHOCTH IOATBep>KIeHHS
COOTBETCTBHS HX 3KCIUIyaTallH-
OHHBIX XapaKTepPHUCTHK, CBS3aH-
Hble C HeBO3MOKHOCTBIO CO3[aHM s
3TAJIOHHOHM aTMOCOEPHOH TPaCChl
U OTCYTCTBHIEM COIIOCTaBHMBIX 3Ta-

Tnn
MeTeonugapa

Type of meteo
lidar

C M3meputens
JIOHHBIX U3MEPHUTEIEH. HUKHEN
Kommanusa AO  «JlasepHEbIe rpaHmLbl
cuctembl» (CaHkr-Tletepbypr, Poc- R
Lower cloud

CHsl), SBJISIOINASCS BeAyLIHM oTede-
CTBEHHBIM ITPOM3BOJUTENIEM MeTe-

cover meter

OpOJIOTUYECKUX JIUIAPOB, TaKKe O6nakomep
aKTUBHO paboTaeT Hax CO3TaHHUEM ;Ic;gedr—range
COBpeMeHHBIX CPe[CTB HX MeTpO-

noruyeckoro obecrieueHus. Cyiue-

CTBEHHBIX Ppe3y/IbTaToOB B 001acTH ”goq’V'“OMETP
MeTPOJIOTHYEeCKOTro obecriedeHHUst gagfg :ﬁljg
YAQI0Ch AOCTHYb Orarogaps IIpH- Backscatter

MEHEHHIO BOJIOKOHHO-OIITHYECKUX profilometer
TeXHOJIOTUM /11 UMUTAILIUU HEKO-

TOPBIX METPOJIOTHYECKH 3HAYKMMBIX

[1apaMeTpoB aTMOChepHI. JonnepoBcknn
OCHOBHBIE 3KCIUIyaTallHOHHEIE BETPOBOW
_ nmpap
XapaKTepUCTUKU MeTeouga .
P P A Dopplerwind
POB, B 3aBHCHMOCTH OT MX THIIA, lidar

MOKHO YCJIOBHO KJIACCHPUIIUPO-
BaTb Ha II€PBUYHBIE I1APAMETPHI
U IIapaMeTpBI 110 11eJIeBOMY Ha3Ha-
yeHuIo (M. Tabi.).
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Today, lidars are widely used in meteorology, clima-
tology, ecology, wind energy and flight safety: they
are recommended by the International Civil Aviation
Organization (ICAO) for inclusion in the measurement
and information systems of airport equipment [4-6].
One of the important nuances of the metrological sup-
port of meteorological lidars is the difficulty of their
operational characteristics verification associated
with the inability to create a reference atmospheric
path and the lack of comparable reference meters.

The company Laser Systems JSC (St.Petersburg,
Russia), which is a leading domestic developer of
meteorological lidars, is also actively working on cre-
ating modern facilities of their metrological support.
Significant results in the field of metrological support
were achieved thanks to the use of fiber-optic tech-
nologies to simulate some metrologically significant
atmospheric parameters.

The main operational characteristics of meteo
lidars, depending on their type, can be conditionally
classified into primary parameters and parameters
according to their intended purpose (see table).

Tabnuua. Knaccnbumkaums akcnayaTaLMoOHHbLIX XapakTepUcTUK MeTeonnaapos
Table. Classification of operational characteristics of meteo lidars

[epBu4HbIE
napameTpbl
Primary

parameters

MapameTpbl N0 LLeS1eBOMY Ha3HaYeHU o
Purpose-wise options

e [anbHOCTb .
N3MepeHun;

* MpOCTPAHCTBEH- = *
HOe paspelue-

pPacCTosiHME A0 HUXKHEN FPpaHNLbl
obnavyHoCcTH
distance to the lower cloud cover

Hue;

e BeAMYMHA Ce-
MOW 30HbI;

* TOYHOCTb * BbLICOTHOCTb U KOJIMYECTBO PEerncTpupy-
n3mepeHuns eMblx 061a4HbIX CI0EB
AncTaHumn.  altitude and number of registered cloud

* range of layers
measurements;

* spatial * KOJINYECTBO PErmcTpupyemMbix 06aay-
resolution; HbIX C/I0€B;

 size of the blind e MIOTHOCTb aTMoCcdepbl (Mpodusb
zone; 06paTHOro paccesHus)

e accuracy * number of registered cloud layers;
of distance » atmospheric density (backscattering
measurement. profile)

* [OMAaNa3oH M3MepsieMblX CKOPOCTen
BeTpa;

* TOYHOCTb OMpeae/ieHNs CKOPOCTH;

* N3MepeHMe NOJIOXKUTENbHBIX M OTpuULLa-
Te/IbHbIX CKOPOCTeun

e range of measured wind speeds;

e speedaccuracy;,

e measurement of positive and negative
speeds
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N3 kimaccudUKALMU BHUOHO, UTO MJd MeTe-
OMIMJAPOB BCeX OCHOBHBIX THIIOB IIepPBHY-
Hble IIapaMeTphl  SIBASIIOTCS  HUCKAIOYUTEIBHO

IIPOCTPAHCTBEHHO-BpEMEeHHbBIMHU, B TO BpeMs KakK

IIapaMeTpel 10 LIeJIeBOMY Ha3HaUeHHUIO OKa3bIBAIOTCS
6oJiee CJIOKHBIMU.

BEPNOUKALNA NMEPBUYHDbIX

NMAPAMETPOB JINOAPA

s BepuQUKAIIMY IIEPBUYHBIX IIapaMeTPOB JIKAApa
6bLIO IIpelIOKeHO CO3[aTh OITHUYECKyl Tpaccy,
II03BOJISIFONIYI0 MMUTHPOBATh OOBEKTHI, yAaJeHHBIE
OT IH/Iapa Ha U3BeCTHbBIE JUCTAHLIMH . [IepBBII 00bEKT
HaxOQUTCS Ha IPaHMILe CJIeIoN 30HBI JHUJApa, BTO-
PO - yAQJIeH OT Hero Ha BeJIMYHHY ITPOCTPAHCTBEH-
HOTO paspelleHHs], BCe IOC/IeAyOIHe — YAIEeHBl OT
JUapa Ha U3BeCTHBIe paccTosiHUA (puc. 1).

BOJIOKOHHO-OMNTUYECKME YCTPOUCTBA U TEXHOJIOUM
CEEEEEEEEEEEE e e e e e e e e e e e e e e e e

From the classification it can be seen that for meteo
lidars of all basic types, the primary parameters are
exclusively spatio-temporal, while the parameters for
the intended purpose are more complex.

VERIFICATION OF THE PRIMARY
PARAMETERS OF THE LIDAR
To verify the primary parameters of the lidar, it was
proposed to create an optical path that allows imitating
objects remote from the lidar at known distances. The
first «object» is located on the border of the blind zone of
the lidar, the second is removed from it by the amount
of spatial resolution, all subsequent imitated objects are
removed from the lidar by known distances (Fig. 1).

It was possible to realize such an optical path using
a fiber optic delay line of a ring structure containing

Peann30BaTh TaKylo ONTHYECKYIO TPacCy yHAaloCh
C IIOMOIIIBIO OIITOBOJIOKOHHOM JIMHUU 33[]€PKKH KOJIb
LIeBOI CTPYKTYpPBI, COAepKalllel JTHHENHBIe U OTBeT-
BJISIIOIIME 37IeMEeHTHl C IT0J0OpaHHBIMH KO3QOHUIIH-
eHTaMHM JeJIeHUsI. HMIITIoCcTpalus IpUHLIMIIA PaboThl
IIpefcTaBIeHa Ha puc. 2 [7].

ONTHYeCKUM UMITY/IbC 30HAUPYIOLIero U3lydeHHs
NUapa BBOJUTCS B OIITOBOJIOKOHHYIO THHHUIO H IIOCTY-
I1aeT Ha OJHY WJIM HEeCKOJIBKO KaTyIIeK, COeTUHEeHHBIX
KOJIBLIOM. IIpHM 3TOM YacTh ONTHYECKOM MOIIHOCTH
HIMITY/IbCA OTBOAMTCS M3 IMHUM ITPU KaKIOM IIPOXOXK-
AJeHHH O TUYECKOH AJIMMHBI KaTYH_IKI/I uepes pa3sBeTBH-
Teqb. Ha BhIxome GOpMHpPYeTCs I10CIe40BATeIbHOCTb
YracamIlUX HMMIIYJIbCOB, 3a/Iep’KAaHHBIX I10 BpeMeHU
OTHOCHUTEeNBbHO IPYr Apyra. IIoCKOJIbKY BCe AJIMHBI
OITHYECKHX BOJIOKOH IIOCTOSIHHBI M M3BECTHBI C BBICO-
KOM TOYHOCTBIO, MOSKHO YTBEP>KAATbh, UTO BCE BpeMeH-
HbIe IIPOMEeKYTKH MesKIy CBeTOBBIMH UMITyJIbCAMHU Ha
BbIXOAe M3 JITMHHUH TaK’Ke HM3BeCTHBI M SJKBHBAaJIEHTHBI
COOTBETCTBYIOIIMM JUCTAHIIUSIM IO HMHTHPYEeMBIX
YCJIOBHBIX OOBEKTOB.

PaccTosiHHe 10 YCJIOBHOHM N-OM OTMETKH I, OFHO-
3HA4YHO OITpeie/IsieTCsI IPOCTBIM COOTHOIIEHKEeM:

@

rge |, - obmiast SKBHMBaJIEeHTHAs [JIMHA ONTHYECKHX
BOJIOKOH, N, ~ ero 3pQeKTHBHBIN [10Ka3aTe/b IIPeloM-
nerus. CTporo rosops, n, =f (1) (rae A - AirHa BONHBL
naszepa) U obpasyeT T.H. HeJIHHEHNHYIO JHCIIePCHOH-
HYI0 3aBHCHMOCTh, ONHAKO B JAHHOM C/ly4ae IIpH
paboTe Ha OLHOM [J/IMHE BOTHBI U37Ty4eHUs STUM BIIH-
STHUeM MO>KHO ITpeHebpeys.
[IppuMeHeHHe ONTOBOJIOKOHHBIX
II03BOJISIET Pa3MeCTUTb BCe ONTHYECKHe 3IeMeHTHI

TeXHOJIOTUH
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Puc. 1. PacnonoxkeHue umumupyembix 06veKmos dAs 8epu-
dukauuu npocMpaHcmMeeHHO-8peMeHHbIX Napamempos
memeoaudapa

Fig. 1. Location of simulated objects for verification of the
spatio-temporal parameters of the meteorological lidar

B JOCTATOYHO KOMIIAKTHOM KOPpIIyCé H [€JIa€T BO3-
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30HAUPYIOUUI UMITYIbC
Sensing pulse

CyMmmartop
Coupler
H3ny4yaTeins
. >
Emitter
JINHUSA 3ajeP>KKU
Delay line
IIpreMHHK /\ /\ /\\
. -«
Receiver D—
PeructpupyemMsle PasBeTBUTEND
HMIIYJIbCBI Splitter

Registered pulses

Puc. 2. Cxema umumauuoHHOU 0nmMo8oAOKOHHOU AUHUU
Konbuesol cmpykmypbl
Fig. 2. The ring-structured imitation fiber optic line

MOKHBIM IIPOBEI€HHE MCIBITAHUN [JIsI OLeHKH
METPOJIOTHYECKUX XaPaKTEPUCTHK JIMJAPOB B IIONe-
BBIX YCJIOBHSIX 6e3 CHSITHS MAApa C MeCTa 3KCIUIyaTa-
uuu (puc. 3).

TUOUYHBIA CUTHAI JTHUAAPA IPU IOAKIOYEHUH
TaKOM MMHTALMOHHON JIMHUHU COLEPXKUT Habop
XapaKTePHbIX ITHKOB, 3KBHUBAJIEHTHBIX OTPA’KEHUIO
OT MHUMBIX OOBEKTOB, YAAJEHHBIX APYr OT APyra

i g

linear elements and splitters with selected splitting
ratio. An illustration of the principle of operation is
shown in Fig. 2 [7].

The optical pulse of the probe lidar radiation is
injected into the fiber optic line and supplied to one or
more coils connected by a ring. In this case, part of the
optical power of the pulse is diverted from the line at
each passage of the optical length of the coil through
the splitter. At the output, a sequence of fading pulses
is formed, delayed in time relative to each other. Since
all the lengths of the optical fibers are constant and
known with high accuracy, it can be argued that all
the time intervals between the light pulses at the exit
from the line are also known and equivalent to the
corresponding distances to the imitated conditional
objects.

The distance to the conditional n-th mark r, is
uniquely determined by a simple relation:

@

where |, is the total equivalent length of the optical
fibers, n, is its effective refractive index. Strictly
speaking, n,=f(1) and forms the so-called nonlinear
dispersion dependence, however, in this case, when
working at the same radiation wavelength, this influ-
ence can be neglected.

Puc. 3. /1udap 8 nonesbix ycAosusx: a) c6opka UMUMALLUOHHOU AUHUL 8 Yydaponpo4YHoM Kopnyce; b) audap ¢ nodKkAo4eHHO
UMUMAauuoHHoU AUHUel
Fig. 3. Lidar in the field: a) imitation line assembly in a shockproof housing; b) lidar with connected imitation line
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Fig. 4. Lidar signals: a) over the entire measurement range; b) in the near zone

M OT JHAApa HAa TOYHO H3BECTHBIE PACCTOSIHUS BO
Bcel obnmacTu u3MepeHUM (puc. 4a) U B OIMKHEHR
30He (puc. 4b). AHanu3 rpadUKOB II03BOJISIET TOBO-
PUTb O COOTBETCTBHH IEPBUYHBIX (IPOCTPAHCTBEHHO-
BpPeMeHHBIX) I1apaMeTpOB JIHUJapa 3asiBIsIeMBIM,
B YACTHOCTH: JAJIBHOCTH U TOYHOCTH U3MepeHHs IUC-
TaHILMH, [POCTPAaHCTBEHHOM Ppa3pelleHHU U BeTH-
YMHe CJIeIIOH 30HBHI.

Ilpomecc  BepuHKALMH  IIPOCTPAHCTBEHHO-
BpPeMEHHBIX XapaKTePUCTHK HUMIIYJIbCHOTO JOIIEPOB-
CKOTO BETPOBOTO JMAapa, paboTaromiero B pesKHMe
npoduIoMeTpa 0OpPaTHOrO pacCessHHUSI, ITPOKCXOLUT
aHAJIOTUYHBIM 06pa3oM. 30HAUpYIOIlee H3TydyeHHe
yepes JIOMarollee 3epKajio BBOAUTCS B IIPHUEeMHBIH KOJI-
JTUMATOP U HAIIPaB/ISeTCs B UMHUTALIOHHYIO THHHUIO

(puc. 5). Puc. 5. B800 30HOUpyIoLW,e20 U3ny4eHus u npouecc sepudu-
Ha puc. 6. mpencraBieHBl I'padUKH IIPOCTPaH- Kauuu 0onneposckozo Audapa c NOMOLLbIO UMUMALUOHHOL

CTBeHHOro mpodmiis KoddpduiireHTa obpaTHOro pac- | AUHUU

cesHus B 1 SNR cUrHasIa IpU MOAKIIOYEHUH UMHUTA- Fig. 5. Insertion of the sensing emission and the Doppler lidar

IITIOHHOM JINHHUH. verification process using the imitation line
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Ha I'pa.(l)I/IKe TaKKe OTYEeT/IHMBO

BHIOHBI 3KBHAKWCTAHTHBIE IIHMKH.

PacuéTHoe pACCTOSIHHE MEeXIYy B SNR
HUMH cocTapisgeT 1000 M U ompe- - -
JlesIsieTCsi 3KBUBAJIEHTHOM JJTHHOMN =
OIITHUYEeCKOTO BOJIOKHA HMMMTAIU- i -
OHHOM JTUHUH. 3}_
I[IpuMeHeHHe KBapILleBOTO i | ‘5;_
OIITUYeCKOro BOJIOKHAa B KadecTBe >
Cpefbpl pacIHpoCTpaHEHHS 30H- ":_:?-*
OUPYIOIIEro H3/Jy4eHHs Jaupapa - B “ﬁ:m
OIIPaBAAHO ITPaKTH4YeCKH BO BceX ] ‘:;'T.q -
clydasix, KOIZa [AHHAa BOJIHBL L s
M3y4YeHUs IIpeBhilIaeT 850 HM, L _ 2 _
T.e. masi OOJBIIMHCTBA MeTeo- L i % o
JHUAApoB. ITO CBSI3aHO C PacCIpo- . = _—r___d_#
CTPAHEHHOCTHIO OIITOBOJIOKOHHOM B = o
KOMIIOHEHTHOI 6a3bl U C TeM, 4TO - =
KO3bOUILIMEHT 0Cc/1abIeHUs B 5TOM — {‘“ —T -
AxariasoHe IUIMH BOJIH ITO3BOJISET o 5 10 15 20 2 30 3 4 20 10 0 10 20 30 a0 50

CO3/1aBaTh MMHUTALIMOHHbBIE IUHUU
IOCTATOYHO GOJIBIION CyMMapHOH
IIPOTSDK@HHOCTH; HCIIO/b30BaHHe
IIOJIMMEPHBIX BOJIOKOH MOYKHO

CUMTATh Helleleco06pasHbIM IIO mode

Puc. 6. lNpocmpaHcmeeHHbIlU NpopuAb CuU2ZHAAA UMNYAbCHO20 OONAEPOBCKO20
Audapa e pexkume pacyema 3 u SNR
Fig. 6. Spatial signal profile of the pulsed Doppler lidar in B and SNR measuring

IIpUYMHE Ype3MepHO BbICOKOIO
Ko3bduIrenTa ocnabmenus [8].

Pa3paboTaHHBIM CTeH[ MeTPOJOIHYeCcKoro obe-
CIIeYeHUs] MeTeOPOJIOTMYeCKUX JIMIAPOB YTBEPKAeH
B Ka4yecTBe pabouero stajoHa eqUHULIBI AJTUHBL B JHa-
Ia3oHe 3HaueHUH oT 10 10 12000 m (Homep B PeecTpe
YTBEP>KAEHHBIX 3TAJIOHOB eIMHUI] BeTMUUH PoccTaH-
napra 3.6.5HJI1.0001.2017).

NPUBAMXEHUE UMUTALMOHHOW IMHUM

K PEAJIbHOW ATMOC®EPE

PacmpocTpaHeHHe 30HAUPYIOIIEro U3JIydeHUsl U SHep-
TUSl CUTHJIA Ha QOTOIpHEeMHHUKe JTHAApPa OIKCHIBA-
eTCsl T.H. JTHUAAPHBIM ypaBHEHHEM B IIPUOIHKeHUU

ONHOKPATHOrO paccessHus [9]:

P(r)=n,n ’ (rP, [%}%B(r)exp {—Zja(r) dr] +B,,

)
rae P, - MHKOBasg MOIIHOCTb MMITyJabCa J1a3epa, [ —
IANbHOCTb, C KOTOPOM IIPUHMMAETCS CUTHAM, Ty —
obmas 3¢deKTUBHOCTD JUAAPHOM CHUCTEMBI, € — CKO-
POCTb CBeTa, T - [J/IUTe/lbHOCTD JIa3epHOTO HMIIYJIbCA,
m,(r) -~ reomeTpuvecKUE QakTOp (3aBUCHUT OT reoMe-
TPUH OITHYECKOM CHCTeMBl JHJapa, MaKCHUMasb-
HOe 3Ha4YeHHe paBHO - 1), D - momanb IIpHeMHOH
aHTeHHBI, B(r) - a3po30onbHBIN KO3dGUIIMEHT 06pat-
HOTO paccessHUs, o(r) — a9pPO30JbHBIN KO3bOHUITEHT

The use of fiber-optic technologies makes it possible
to place all optical elements in a rather compact pack-
age and to verificate the metrological characteristics
of lidars in the field without removing the lidar from
the operating site (Fig. 3).

A typical lidar signal when connecting such a imi-
tation line contains a set of specific peaks equiva-
lent to reflection from imaginary objects that are
remote from each other and from the lidar at precisely
known distances in the entire measurement range
(Fig. 4 a) and in the near zone (Fig. 4b). The analysis of
the graphs allows us to talk about the correspondence
of the primary (spatio-temporal) parameters of the
lidar with the declared ones in particular: range and
accuracy of distance measurement, spatial resolution
and the size of the blind zone.

The verification of the spatio-temporal parame-
ters of a pulsed Doppler wind lidar operating in the
backscattering profiler mode goes in a similar way.
The probe radiation through the breaking mirror is
inserted into the receiving collimator and sent to the
imitation line (Fig. 5).

In Fig. 6, the plots of the spatial profile of the back-
scattering coefficient B and SNR signal are presented
when an imitation line is connected to the lidar.
Equidistant peaks are also clearly visible on the graph.
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ocnabmeHus, Py, - MOIIHOCTH GOHOBOro cHrHaja.
C Ipyrou CTOPOHBI, BhIpakeHHe, B 0bIleM BHe OIIH-
ChIBalOIllee SHepPreTHYecKHe XapaKTepUCTHUKH CHUTHa-
710B, GOPMHPYeMBIX Ha BBIXOZE HMHUTALIMOHHOL OIITO-
BOJIOKOHHOI JINHUM, UMeeT CIelyIOIUK BU],:

n

P(l)=BX,0, (H(l—aﬂ_l))exp{—afgln},

n=1

3)

rae B - ammapaTHas KOHCTAaHTa, XapaKTepH3ylollas
3¢ $eKTUBHOCTh BBOAA-BhIBOZA M3JIyUYeHHUS, o - K030~
dburuenT ocnabneHus cBeTa B BOJIOKHE, |, - myinHa n-ro
OIITOBOJIOKOHHOTO y4YacTKa, o, - KO3QPUIIMEHT Jeje-
HHUS N-TO OITHYECKOTO pa3BeTBUTeNsd, X, — Ko3dpdu-
LIMeHT [OIOAHUTENbHON aTTeHI0OALIMU N-TO BBIXOA-
HOTO OIITHYECKOT0 MMIIYyJIbCa.

A

Lzexp[—z(a : Z:Zornﬂ = BXnocn[ ;

=) T0-0.):

X exp [—ocfil” } 4

JleBast 4acTb ypaBHeHHUS (4) sB/IsieTCS BHIOH3Me-
HeHHBIM JIMJAPHBIM YpaBHeHHEeM C 0600IIeHHBIM
almapaTHbBIM KO3QOUIIMeHTOM A, 3allMCaHHBIM [JIf
OUCKPETHBIX PACCTOSHHUM I, U H30TPOIIHOM aTMOC-
depsl C IOCTOSHHBIMU KO3QOULIMEHTaMHU B U a; IIpa-
Basi YacTh OMMKCHIBAET SHEPreTHKY CHUTHaI0B, GOpMHU-
PYeMBIX Ha BbIXOJle HMUTALIMOHHON ONTOBOJIOKOHHOM
JIMHUU.

JleTasibHOe pacCMOTpeHHe ypaBHeHHs (4) IIOKa3bl-
BaeT, YTO ITPU 3a[aHHBIX U IIOCTOSHHBIX B U of OHO
MOXKeT HMeTh pellleHHsl BO BCeM [OHalla3oHe PacCTo-
SHUH r, TOJABKO B Cy4asx, eCIM: a) UMHUTAIIMOHHAS
JTHHUS HMeeT I10C/1e0BaTelbHYI0O CTPYKTYpy (pHC. 7)
€ 11of60POM He3aBHCHMOM aTTeHIOAUH K K03QOHULTH-
€HTOB [Ie/IeHHSI OTBETBIISIONIHUX 3JIEMEHTOB B KasKIOM
M3 BBIXOAHBIX IUTed; 6) MpU BHEJPEHHUM MeXaHMH3-

CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e
BOJIOKOHHO-OMNTUYECKME YCTPOUCTBA U TEXHOJIOUM
CECEEEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e

The estimated distance between them is 1000 m and
is determined by the equivalent length of the optical
fiber imitation line.

The use of quartz optical fiber as a medium for
the propagation of probe lidar radiation is justified
in almost all cases when the radiation wavelength
exceeds 850 nm, i.e. for most meteorological lidars.
This is due to the prevalence of the optical fiber compo-
nent base and the fact that the attenuation coefficient
in this wavelength range allows you to create imita-
tion lines of a sufficiently large total length; the use
of polymer fibers can be considered impractical due to
the excessively high attenuation coefficient [8].

The developed stand for metrological support of
meteorological lidars was sertified as a measurind
standard for a unit of length in the range of val-
ues from 10 to 12000 m (the number in the Regis-
ter of approved standards for units of Rosstandart
3.6.BNL.0001.2017).

IMITATION LINE APPROACHING THE REAL
ATMOSPHERE

The propagation of probe radiation and the signal
energy at the lidar photodetector is described by
the so-called lidar equation in the single scattering
approximation (2) [9].

r

P(r) =y, (1), [%}gﬁ(r)exp[—z | oc(r)dr]+ B,

0

@)

where P, - is the peak power of the laser pulse, r - is
the distance with which the signal is received, n,; - is
the overall efficiency of the lidar system, c - is the
speed of light, t - is the duration of the laser pulse,
qg(r) - is the geometric factor (depends on geometry
of the lidar optical system, the maximum value is 1),
D - is the area of the receiving antenna, B(r) - is the
aerosol backscattering coefficient, a(r) - is the aerosol
attenuation coefficient, and Py, - is the power of the

Ln

~

Puc. 7. VimumauuoHHas AuHus nocaedosamenbHol cmpyKmypbl
Fig. 7. Imitation line with sequential structure
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Puc. 8. ConocmasieHue AudapH020 ypasHeHUs U UMUMAUUOHHOU AUHUU: a) 8 daAbHell 30He; b) 8 6AUXKHell 30He
Fig. 8. Comparison of the lidar equation and the imitation line: a) in the far zone; b) in the near zone
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MOB aKTHBHOM peryasliiM OINTHYecKor MomHocTH || background signal. On the other hand, an expression
B CTPYKTYpax I1eT/IeBOro THIIA (CM. PHUC. 2). that generally describes the energy characteristics of

Ha puc. 7 u306paskeHBl: IIPHeMHBIN KO/UIMMATOP
(1), mpueMornepesaomKE 670K (2), AYIIEKCHBIF OIITH-
YeCKHUH IIHYP KaJUOPOBAaHHOM IJIMHEI (3), OITOBO-
JIOKOHHBIE Pa3BeTBUTeNHU (4), TUHUS 33aIepXKKU Clie-
IIOH 30HE! (5), TUHUS 3aZepP>KKU IIPOCTPAHCTBEHHOI0
paspemeHus (6), TUHUU 33[€PKKKU BBICOTHBIX OTCYe-
TOB (n WTYK) (7), IlepecTpariBaeMble aTTEHIOATOPHI (8),
OIITOBOJIOKOHHBIH CIUIHUTTEP (9), MepeJaolui KO/IIH-
marop (10).

[TocnemoBaTenbHasl CTPYKTypa HMMHUTALMOHHOM
JIMHUY IIPU PEIN3AIUHU IPOTSDKEHHBIX OIITHYECKUX
Tpacc ¢ GONBIIMM KOJTHYECTBOM OTBETBIEHHH OKa-
3bIBAETCSl Upe3MepHO IPOMO3AKOM M 3KOHOMMYECKH
Hellesleco0bpa3HOM, a IAacCHBHBIE MeTOIBl PeryiIsi-
IIMK ee IIapaMeTPOB CYIIeCTBEHHO OTPAaHHYHBAIOT
obnacTe mpuMeHeHHUs. [opa3no 6onee mepCreKTHB-
HBIM HaIIpaBJIeHHEM SIBJISeTCS BHeIpeHHe MeXaHH3-
MOB aKTHBHOHM PeryJSIMH ONTHYECKOM MOIIHOCTH
1 OOpaTHBIX CBSI3eM B CTPYKTypax II€TIEBOIO THIIA.
B KX OTCYTCTBHU yAaeTCs JOOUTHCS YIOBIETBOPUTED
HBIX I[IOKa3aTejel JIMIIb B OJMKHEH WIU OajibHeHn
30He (puc. 8).

Ha puc. 8 nugapHbIM ypaBHEHHEM MOEIHPYIOTCS
TPU H3O0TPOIIHBIE ATMOCPEPHl C KO3QPHUIMeHTaMH
obpatHoro paccesHus =1073; 4-1073; 10 u ko3dpdu-
IIUeHTOM ocaabmeHus o=4-10>. BelHUYUHB 3THUX
KO3)OOHUIIMEHTOB MOKHO CYHUTATh CBOMCTBEHHBIMH ndahlnextrom.com
peanbHOM aTMocdepe ISl JUIMHBI BOJTHBI H3/Ty4YeHHs
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1,55 mMrMm. H3 rpadukoB BHAHO, UTO IIaCCUBHBIMU
MeTOJAMU PeryIsilu{ yIoaeTcs AOOUTHCS yOOBIETBO-
PHUTEIBHOTO COOTBETCTBHS ITpoduier nubo B 61K
Hell, 1100 B JalbHeN 30He. [Ip1 aKTUBHOM Pery/saLuu
JUHAMHUYeCKHUI [HaIla30H IIepecTPOMKH aTTeHIoa-
LU B JAHHOM CJly4ae COCTAaBHT ITopsaaka 30 ob.

MEPCMNEKTUBDI

N HAMPABJIEHUE PA3BUTUA

Jis npubnuskeHUs] UMHUTALIMOHHOM JIMHUU K Mapa-
MeTpaM eCcTeCTBeHHOU aTmocdeprl LienecoobpasHo
obecrieqrTh KOHTPOIKPYyeMoe BpeMeHHOe YIIHMpeHUe
U aMIUIUTyOHOe MPOOUIHPOBaHUE 30HIHPYIOILEro
HMIIy/IbCa B OIITOBOJIOKOHHOM JHUHHUH [ HMHTA-
LMK OTPasKeHHS OT pacIIpele/ieHHBIX aTMOCOEepHBIX
obpasoBaHMI (0671aKOB, TyMaHOB), a TaKKe KOHTPO-
JHpyeMoe OTHOCUTE/IBHO MaJIoe YaCTOTHOe CMellleHHe
30HJUPYIOLIEro U3JIy4eHUs IJis BepUuPUKALIUU I1apa-
MeTPOB JIOIUIEPOBCKMX BETPOBBIX JIKAAapoB. Oba 3THX
acrekTa MOTYT OBITh pear30BaHBL C IIPUMeHeHHEeM
OIITOBOJIOKOHHBIX TeXHOJOTUM. Tak, HaIIpuMep, Bpe-
MeHHOe yIIHpPeHHe 30HAUPYIOIero MMIIY/IbCa JIETKO
obecrieunBaeTcsl MapalyIeNIbHBIM MAacCHBOM COIJIAco-
BaHHBIX JMHUM 33J€pKKH, NUCKPETHOCTb KOTOPBIX
paBHa ero IMTENbHOCTH. AMIUIUTYAHOE IIPOQUIN-
poBaHMe TOCTUrAeTCs BKIKYEHHEeM B JIMHUIO OIITOBO-
JIOKOHHOI'O0 aMIUIMTYJHOIO MOZIYJISTOpPA C BHEIIHHM
3JIeKTPHUYeCKHUM YyIOpaBaeHHeM. KoHTpoiaupyemoe
CMellleHHe YaCTOThl M3/Iy4eHHsl MOXKeT OBbITh obecrie-
YeHO IIPUMeHEeHHEeM aKyCTOOIITHYEeCKHUX MOZIY/ISATO-
POB HMJIH OIITOBOJIOKOHHBIX 3JIEKTPOOIITHYECKUX Pa3o-
BBIX MOJY/ISITOPOB, PAbOTAIONIKX B PesKUMe JINHENHON
mopynsuuu dasel (10, 11].

3AKJ/TIOYEHUE
[IprMeHeHHe OITOBOJOKOHHBIX TeXHOJIOTHIH H 3JIe-
MeHTHOI 6a3bl CerofHs SIBIsIeTCSl OMHUM U3 Hanbosee
[IepCIeKTUBHBIX HaIlpaB/leHUI pellleHUs! IpobraeMbl
OLIeHKH M TIOATBEeP>KIOEHUSI COOTBETCTBMS 3KCILIyaTa-
LIOHHBIX IIaPaMeTPOB MeTeOPOIOrHYeCKUX JIHJAPOB.
B yclIoBHSIX OTCYTCTBHSI COIIOCTAaBUMBIX 3TaJIOHHBIX
H3MepHUTelell M HeBO3MOXKHOCTH CO3[JaHHUS 3TaJIOH-
HOH aTMOCQepHOMN TPaCChl ONTOBOJIOKOHHBIE MMHUTa-
LIMOHHBIe JIMHUHU SBJISIOTCS e[lBa JIU He eJHHCTBeH-
HBIM MPaKTHUYHBIM KM YHHBEDPCAJIbHEIM CpelCTBOM
BepUUKAILMH XapaKTePUCTHK MeTeoIHIapoB.
OyHKIHOHABHBIE BO3MOXKHOCTHU OIITOBOJIOKOH-
HOM JIMHHM He OrPAaHHUYMUBAIOTCS TOJIBKO CO3JaHHeM
M3BECTHBIX BPeMeHHBIX 3afiep>keK. OHM CII0COOHBI
obecrieynTh Tak’ke BpeMeHHOe yIIHMpeHHe U IIPodH-
JTHUpPOBaHHE 30HJUPYIOUHUX HMMIIYJIbCOB, YacCTOTHOE
CMellleHHe u3ay4deHUs U Ip. akTUdecku 3TO IIPUBO-
OUT K TOMY, 4YTO Ha JAHHBIM MOMEHT CTaHOBUTCS BO3-
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signals generated at the output of an imitation fiber
optic line has the following form:

n

P(l):BXnocn(g(l—ocn1)]exp{—ocf§;ln}, 3)
where B - is the constant characterizing the radiation
input-output efficiency, o, is the light attenuation
coefficient in the fiber, I, - is the length of the n-th
fiber section, o,is the division coefficient of the n-th
optical splitter, X, is the additional attenuation coef-
ficient of the n-th output optical momentum.

n

A%exp[—z(a : Z::Orn)} =BX,a, (

i) -0

X exp {_afil” } (4)

The left side of equation (4) is a modified lidar equa-
tion with a generalized hardware coefficient A written
for discrete distances r, and an isotropic atmosphere with
constant coefficients B and a; the right part describes
the energy of signals generated at the output of the imi-
tation fiber optic line.

A detailed consideration of equation (4) shows that for
given and constant B and a, it can have solutions over
the entire range of distances r, only if: a) the imitation
line has a sequential structure (Fig. 7) with the selection
of independent attenuation and division ratio of splitters
in each of the output arms; b) when introducing mecha-
nisms of active regulation of optical power in loop-type
structures (see Fig. 2).

The Fig. 7 shows: a receiving collimator (1), a trans-
ceiving unit (2), a calibrated-length duplex optical cord
(3), fiber optic couplers (4), a blind zone delay line (5),
a spatial resolution delay line (6), high-rise delay lines
samples (n pieces) (7), tunable attenuators (8), fiber optic
splitter (9), transmitting collimator (10).

The sequential structure of the imitation line when
implementing long optical paths with a large number
of splitters is excessively cumbersome and economi-
cally impractical, and passive methods of regulating its
parameters significantly limit the scope. A much more
promising way is the introduction of mechanisms for
active regulation of optical power and feedback in loop-
type structures. In their absence, it is possible to achieve
satisfactory indicators only in the near or far zone (Fig.
8).

In fig. 8, the lidar equation simulates 3 isotropic
atmospheres with backscattering coefficients B=1073;
4-1073; 10* and attenuation coefficient a=4-10-5. The val-
ues of these coefficients can be considered characteristic
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MO>KHBIM CO3[JaHHEe UMHUTAIIMH aTMOCOEepHOU TPACCHI,
obnajaroner 3TaOHHBIMU CBOMCTBAMH U H3MeHsie-
MBIMH B IIMPOKHUX IIpefieiaxX IlapaMeTpaMH.

PaspabotanHbil AO «Jla3epHble CHCTEMBI» IIOBe-
POYHBIN CTeHJ, )11 KOHTPOJISI IIapaMeTPOB MeTeOIH-
IapoB 3aperuCTPHUPOBAH B KauecTBe pabouero sra-
JIOHA M HCIIONIb3YeTCs [Jisl IIPOBefeHHs IIePBUYHBIX
Y perjiaMeHTHBIX [IOBEPOK.
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of the real atmosphere for a radiation wavelength of 1.55
pm. It can be seen from the graphs that passive methods
of regulation make it possible to achieve a satisfactory
correspondence between the profiles in the near or in
the far zone. With active regulation, the dynamic range
of attenuation tuning in this case will be about 30 dB.

PROSPECTS AND DIRECTION OF
DEVELOPMENT

To approximate the imitation line to the parameters of
the natural atmosphere, it is advisable to provide con-
trolled temporal broadening and amplitude profiling
of the probe pulse in the fiber optic line to simulate
reflection from distributed atmospheric formations
(clouds, fogs), as well as a controlled relatively small
frequency shift of the probe radiation to verify the
parameters of the Doppler wind lidars. Both of these
aspects can be implemented using fiber optic technol-
ogy. So, for example, the temporal broadening of the
probe pulse is easily provided by a parallel array of
matched delay lines, the discreteness of which is equal
to its duration. Amplitude profiling is achieved by
including an external fiber optic amplitude modulator
into the line. A controlled shift of the radiation fre-
quency can be achieved by using acousto-optical mod-
ulators or fiber electro-optical phase modulators oper-
ating in the linear phase modulation mode [10, 11].

CONCLUSION

The use of fiber-optic technologies and element base
today is one of the most promising directions for
solving the problem of meteorological lidars param-
eters verification. In the absence of comparable refer-
ence meters and the impossibility of creating a refer-
ence atmospheric path, fiber-optic imitation lines are
almost the only practical and universal facilities of ver-
ifying the characteristics of meteorological lidars.

The functionality of the fiber optic line is not lim-
ited to the creation of known time delays. They can
also provide temporary broadening and profiling of
probe pulses, frequency shift of radiation, etc. Actu-
ally, this leads to the fact that at the moment it
becomes possible to create an imitation of the atmo-
spheric path with standard properties and parameters
that can be changed widely.

A verification kit developed by Laser Systems JSC for
monitoring the parameters of meteorological lidars is
sertified as a metrology standard and is used for initial
and routine verification procedures.
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BKJIAL Y1EHOB ABTOPCKOI'O
KOJINTEKTUBA
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