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OueHKa BeposSTHOCTMU
perncrpauum
OLWMH60YHbIX CUMBOJIOB
B KaHa/e aTMocPpepHOMH
ONTUYECKOMN CBA3U Ha
pacCcesitHHOM U3/ly4eHUu
B YO-AnanasoHe

AJIVUH BOJIH

B YC/IOBUSAX AHS U HOUYM

M. B. Tapacenkos, C. A. Ilewkos, E. C. ITo3Haxapes
Uxcmumym onmuku ammocdepst um. B. E. 3yesa CO PAH

PaccmaTpuBaeTcs Mogesib KaHana aTMochepHom
ONMTUYECKOW CBA3U Ha pacCesHHOM U3Jly4eHUU
B Y®-amnanasoHe AJiMH BoJsiH. OCHOBY MoAenu
COCTaBASAIOT aJiIroOpuUTMbl MeToaa MoHTe-
Kapno nokanbHoW n MoandULNPOBaHHOWN
OBOMHOWM JIOKA/IbHOM OLLeHKM A1 pacyeTa
MMMY/1IbCHOM peakLun KaHana onTU4Yeckomn
cBs3u. [ing agManasoHa AJIH BOJH

0T 200 0 400 HM B YC/IOBUSIX AHS U HOUYMN
oLeHMBaeTCsl BepOSITHOCTb perucrpauum
OLWNB60YHbIX CAMBOJIOB NMPU KOAUPOBAHUN
MHbOpMaLIMM BpeMeHHOW 3a4,epPXKOon MexXay
MMnysnbcamMmu. PacyeTbl MOKa3bIBAKOT, YTO
ONIMHA BOJHbI A =295 HM 6yaeT nyydwe apyrux
noAaxoAuTb A1 opraHMsauun ganbHen

CBSI3M AHEM, a AJIHA BOJIHbI A=395 HM — ans
opraHusauum CBAA3M HOYbIO C MOMOLLbIO
pacCMOTpPeHHO NPpUeMHOM CUCTeMbI.

Knro4yeBble cnoBa: atmochepa, paccessHHoe
NlazepHoe n3slydeHune, onTu4eckas CBs3b Ha
paccesHHOM m3nyyvyeHumn, YO-gmanasoH 4JIMH BOJH,
MeTog MoHTe-Kapno
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Estimated Bit Error
Rate in the
Atmospheric Optical
Communication
Channel Based on
Scattered Radiation
in the UV-wavelength
Range in the Daytime
and at Night
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A model of the atmospheric optical
communication channel based on scattered
radiation in the UV wavelength range is
considered. The model is based on the Monte
Carlo method algorithms for the local and
modified double local estimate to calculate the
impulse response of the optical communication
channel. The bit error rate in the day and at
night is estimated for the wavelength range
from 200 to 400 nm and information coding
using the digital pulse interval modulation
(DPIM). The results demonstrate that the
wavelength A =295 nm is better to arrange

a long-range communication using the
receiving system under study in the daytime,
whereas the wavelength A =395 nm is better at
night.
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The atmospheric optical communication based on scat-
tered radiation is one of the actively developing meth-
ods for data transmission over an open atmospheric
channel. The first experimental and theoretical works



B FREE-SPACE OPTICAL COMMUNICATION m

aTMochepHOMY KaHany. IlepBble 3KCII€PUMEHTAJIb-
Hble U TeopeTHYecKre PaboThl 10 OPraHU3allMU 3TOT0
THIIA CBS3K ObUIM ONyOIHKOBAHBI B 1960-X IT. B TAKHX
paboTtax Kax [1, 2]. B mociefgHue Tofpl B CBSI3HU C I10SIB-
JeHHeM HOBBIX JIa3epHBIX HMCTOYHHKOB, BBICOKOUYB-
CTBUTE/IBHBIX POTOIeKTPOHHBIX YMHOXUTeek (PIY)
1 GoTomMomoB paboThl IO HCCAEIOBAHHIO TAHHOTO
THIIA CBSI3U IIONIYYWIH Oa/ibHeMIlee pasBUTHe [3].
[IpeMyIecTBAMU aTMOCHEPHOM OINTHYECKOH CBSI3H
Ha PaccestHHOM H3/y4eHHH SBISIOTCA: 1) ee MHOro-
aZlpeCHOCTh, 2) BO3MOKHOCTb II€PeCTPOMKHM KaHajla
CBSI3M [/ HCKJIIOYeHMs IIpepblBaHMS CHUTHAJIA,
3) OTHOCUTE/IIbHO HEeBBICOKAsSI CTOMMOCTD, 4) IIOTeHIIH-
aZIPHO BBICOKAsl CKOPOCTb Iepefaud HHPOPMAIIHU.
OCHOBHBIM HeJOCTATKOM 3TOTO THUIIA CBSI3U SIB/ISIETCS
CHJIbHAS 3aBHCHMOCTb ee KauecTBa OT aTMOCHEepPHBIX
YCIOBHH. B HACTOSIIMH MOMEHT MOYKHO BBIZEIHTH
Clefyoliye HaIllpaBIeHHUs UCII0Ab30BaHUS aTMochep-
HOU ONTHYEeCKOM CBSI3H Ha PACCeSIHHOM H3JIyYeHHH:
1) cBSI3b B IOMEILEHUSIX Ha MasbIX 6a30BBIX PaCCTOSI-
HUsX [4,5], 2) HazeMHas CB$I3b I10 OTKPBITOMY aTMOC-
depHOMY KaHaly Ha 6a30BBIX PacCTOSHHUSX OT HeCsT-
KOB METPOB JI0 JIeCSITKOB KHUIOMeTpoB [6-8], 3) cBs3b
¢ 6eCIIUIOTHBIMHU JIeTATeTBHBIMU allnapaTaMi [9, 10].
B IaHHOM CTaThe OCHOBHOE BHUMaHHe bymeT yieneHo
Ha3eMHOM aTMOC(epHOM ONTHYeCKOH CBA3U B OTKPEI-
ToM aTMocepe.

B HacTosimee BpeMsi OIy6IHMKOBAaHO [OCTAaTOYHO
MHOTO TeOpeTHYeCKMX M 3KCIepPHMeHTaJIbHBIX
paboT MO OpraHU3alMM HA3eMHON OITHYECKOH
CBSI3M Ha PacCesiHHOM H3/y4eHUM K HacTosllee
BpeMsl BBHIIIOJIHEH LIeIBIH Psifi 3KCIIePUMEHTATbHBIX
pabot [11-15]. B mopapnsitomeM 6onbLUIMHCTBe paboT
HCIIO/IBb3YIOTCS UCTOYHUKU B [Malla3oHe AJHUH BOJIH
A=250-270 HM. B Ka4yecTBe HCTOUYHHUKOB IPHMEHS-
1oTcst YO-cBetopmonsl [11, 12], Nd:YAG nasepsr [13],
nazepsl MPL-F-266 [14]. [nsg mpueMa UHPOpPMAIIUHU
Jalle BCcero Ucronb3yorcst @Y MP1922 [11, 15] u &3V
Hamamatsu R7154 [12, 14]. B 6onbmuHCTBe paboT pac-
CMaTpHBaIOTCs 6a30Bble paccTosHUS Lo 100 M (Hampu-
Mep [11-14]), Ho ecTb U paboThl ¢ HOIBIIUM 6A30BBIM
paccTtosiHMeM (HampuMep fo 1000 m B pabore [15]).
B paMKax 3KCIIEPHMEHTAIBHBIX PaboT OIpenessioTcs
ocnabeHre HU3y4eHUS II0JIe3HOTO CHUTHAjIA, IPH-
BemeHHOe K neumbetam (path loss), BeposTHOCTB
peructpanyu omubounsix cuMpoioB (bit error rate
uny BER) U AIUTeIPHOCTD NIPUHUMAeMOI0 HMITY/Ibca
(pulse width) B 3aBHCHMOCTH OT YCIOBHEI CBSI3H.

B paMmrkax Teopermueckux pabor [16-21] wuccie-
OYIOTCSI KaueCTBO KaHajla Iepefadd HHPOpPMaLIUU
B 3aBUCHMOCTH OT OITHKO-TEOMETPHUUYECKUX YCJIO-
BHUM U MaKCHMaJIbHasl CKOPOCTb Ilepefadyl MHPopMa-
uuu. Ilomymo 3Toro, B pa60Tax [16-17] Ipeajaraercs
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devoted to arrangement of this type of communica-
tion were published in the 1960s in such papers as
[1, 2]. In recent years, due to the occurrence of new
laser sources, highly sensitive photomultiplier tubes
(PMTs), and photodiodes, the studies of this com-
munication type have been further developed [3]. The
advantages of atmospheric optical communication
based on scattered radiation are as follows: 1) its
multiple-address broadcast, 2) possible reconfigura-
tion of the communication channel to eliminate sig-
nal interruptions, 3) relatively low cost, 4) potentially
high data transmission rate. The main disadvantage
of this type of communication is the strong depen-
dence of its quality on the atmospheric conditions.
At present, the following areas of using atmospheric
optical communication based on scattered radiation
can be determined: 1) indoor communication at small
distances [4, 5], 2) ground communication via an open
atmospheric channel at the baseline distances from
tens of meters to tens of kilometers [6-8], 3) commu-
nication with the unmanned aerial vehicles [9, 10].
In this article, the main attention will be paid to the
ground atmospheric optical communication in the
open atmosphere.

At present, quite a lot of theoretical and experi-
mental works on the arrangement of ground optical
communication based on scattered radiation have
been published. Currently, a number of experimental
works have been performed [11-15]. The vast majority
of works use the sources in the wavelength range of
A=250-270 nm. The UV LEDs [11, 12], Nd:YAG lasers
[13], and MPL-F-266 lasers [14] are used as such sources.
To receive information, the PMTs MP1922 [11, 15] and
PMTs Hamamatsu R7154 [12, 14] are most often used.
Most papers consider the baseline distances up to 100
m (for example, [11-14]), however, there are also some
papers with a large baseline distance (for example, up
to 1000 m in [15]). As a part of the experimental work,
the researchers determine attenuation of the desired
signal radiation, reduced to decibels (path loss), prob-
ability of erroneous symbol recording (bit error rate or
BER), and duration of the received pulse (pulse width)
depending on the communication conditions.

Within the framework of theoretical works [16-21],
the data transmission channel quality is studied
depending on the optical and geometric conditions
and the maximum information transmission rate. In
addition, the works [16-17] propose an approximation
formula for the impulse response of an optical com-
munication channel based on scattered radiation.

Another field of theoretical and experimental
research is related to the influence of various informa-
tion encoding methods on the quality of a commu-

PHoOTONICs vOL. 17 NeT 2023 47



m ATMOC®EPHbIE ONTUYECKUE JINHUUN CBA3/N I

i g

ANIIpOKCMMallMOHHAag GopMyaa ISl HMIIYIbCHOU
PeakLHH KaHa/la OITHYeCKOH CBA3M Ha PaccessHHOM
M3TyYeHHUH.

Eme ogHo HapaB/eHHe TEOPEeTUYeCKHX W IKCIIe-
PHMEHTA/JIBHBIX HCCIeLOBAHHUI CBSI3aHO C BIHUSIHHEM
Pa3IMYHBIX CII0COOOB KOAHUPOBAHUS HHGOPMALIMH Ha
KauyeCTBO KaHaja cBA3MW [12, 22-30]. B pamkax pabor
(12, 22, 23] paccmatpuBaercss OOK (On-Off-Keying)
KOAMpOBaHHE HMHQPOpPMALMH - IIOAXOH, B PaMKax
KOTOPOTo «0» 3a7aeTcs OTCYTCTBHEM MMIIYJIbCa, a «1» -
ero Hanu4yueMm. B paborax [12, 22, 23] paccmaTpuBa-
ercst PPM (Pulse Position Modulation) xogupoBaHue
MHPOPMALIMK — IOAXOM B PaMKaX KOTOPOTO 3aKOZM-
POBaHHBIM CHMBOJI 3aBUCHUT OT I10/I0’KEeHHSI HMITy/IbCa
BO BpeMeHHOM cj1oTe. B paboTax [12, 23-27] ucmomns-
3yercss kKopmupoBaHue DPIM (Digital Pulse Interval
Modulation) - moxxon, B paMkax KOTOporo HHQOp-
Malus KOOHUPYeTcd 3adepKKOM MeXAy HMMIIYIb-
camu. B paborax [28] mcronb3yeTcs KOAHPOBAHHE
10 HeCKOJIBKUM JIJTMHaM BO/IH. B pabote [29] uHop-
Mauusg KOOMPYeTCcs YIpaBIeHHeM IIOASpU3aLUU
IIOCBLIA@MOTO U3/lyueHHUsi. B paborax [25, 30] moxasel-
BaeTCsl, YTO MCII0Jb30BaHUe DPIM I103BO/IsIeT 3HAYU-
TeJIbHO YBeJIMYHThL CKOPOCTh Ilepefauyu MHOopMaLUU
I10 CpaBHeHHIO ¢ PPM, HO BepOSTHOCTh PerHCTPALIUU
OMmMOOYHBIX CHUMBOJIOB IIPU 3TOM OymeT HeCcKOIbKO
Bbllle. B paMKax 3KCIIePHUMEHTa/IbHBIX paboT paHee
BeIIIOJTHeHHBIX B MOA CO PAH [8, 31] Takke UCIIOJb-
30BaJICA CIIOCOO KogupoBaHHA HHOopManuu DPIM -
3aJIep;KKa MeXKAYy HMIIYJIbCaMKU B 65 MKC COOTBET-
CTBOBajia CHMBOIY «1», a B 67 MKC — CHMBOIY «0».
B ycioBusiX IHS OblIa yCTaHOB/IEHA YCTOMYMBAS OIITH-
yeckas CBSI3b Ha [UIMHe BOJIHBI A=250 HM Ha 6a30BoM
pacctosiHuH 710 1.3 kM [31].

B IleoM aHaIM3 CyIIECTBYIOIIMX PaboT IOKa3bl-
BaeT, YTO B paHee OIyOIMKOBAHHBIX paboTax IIPaKTH-
YeCcKd He PacCMaTpUBAIOTCA JJIMHBI BOJIH AHalla3oHa
A>270 HM. MOKHO JIUIIb YIIOMSIHYTh paboty [16], rme
PacCMOTPeHBI IMHBI BOMH A=230-310 HM. Ilo3Tomy
Jlajiee pacCMaTpPHBAeTCs, KaK 3aBUCHUT BEPOATHOCTb
PerucTpaliiy OIIKMO0YHBIX CHMBOJIOB P, OT ONTHKO-
reoMeTpUYecKUX YCJIOBUM B [JHalla3oHe JJIMH BOJIH
o1 200 mo 400 HM.

MOCTAHOBKA 3A4A4YU

N METO/ PELLEHWUA

3ajava pacCMaTpUBanach B CAeAyIOIIer ITOCTAHOBKE
(puc. 1). IlycTh HMeeTcs IIOCKAs CUCTeMa aTMocdepa -
3eMHasl [IOBEPXHOCTb. ATMocdepa SIBISETCSI Paccen-
BalOLlel M IIOIVIOIIAIOIIEH a’3p030JbHOTAa30BOM Cpe-
nou. ATMocdepa pasfeneHa Ha 32 OOHOPOOHBIX C/IOS,
B K&JKIOM M3 KOTOPBIX 3aZlaHbl KO3QOUILIMEHTHl MoJIe-
KYJISIPHOTO M a3pO30JILHOIO pacCesHHsl U IIOIJIOIe-
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Fig. 1. Geometric layout of the problem statement.

nication channel [12, 22-30]. Within the framework
of [12, 22, 23], the OOK (On-Off-Keying) data encod-
ing is considered; it is an approach where "0" is set
by the absence of a pulse, and "1" by its availability.
The papers [12, 22, 23] consider the PPM (Pulse Posi-
tion Modulation) data encoding, namely an approach
according to which the encoded symbol depends on
the pulse position in the time slot. In [12, 23-27], the
DPIM (Digital Pulse Interval Modulation) coding is
applied, an approach according to which information
is encoded by a delay between the pulses. The papers
[28] use coding at several wavelengths. In [29], infor-
mation is encoded by controlling the sent radiation
polarization. The papers [25, 30] show that the applica-
tion of DPIM can significantly increase the informa-
tion transfer rate compared to the PPM, however, the
bit error rate will be somewhat higher. As a part of
the experimental works previously performed at the
Institute of Atmospheric Optics of the Siberian Branch
of the Russian Academy of Sciences [8, 31], the DPIM
information encoding method was also used, namely
a delay between the pulses of 65 ps corresponded to
the symbol "1", and of 67 ps - to the symbol "0". In the
daytime, the sustainable optical communication was
established at a wavelength of A=250 nm at a baseline
distance of up to 1.3 km [31].
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HHS, a TakKe HHAMKATPUCHL a3pO307BHOIO pacces-
HHs. ONTHYeCKHe IIapaMeTpbl aTMOCephl 3a[al0TCs
MOJIeISIMH JIeTa CpefHUX MHUpoT LOWTRAN-7 [32] 6es-
obayHoro Heba U JAaHHBIMU U3 pa60T [33-35] o MmoJte-
KYJISIPHOM PacCessHUM M IOIJIOleHHH. Ha 3eMHOH
[IOBEPXHOCTH PACIIOIaraeTcss KMITy/IbCHBIN JIa3epHBIH
HCTOYHMUK S, Iepefalolli uepe3 aTmocdepy HHPOp-
MallMIO B CIIeKTPajIbHBIX HHTePBa/IaX C LleHTPaMH Ha
IIWUHaX BOMH A=205, 215,..., 395 HM u MM PUHOHU
AN=10 HM. HHOOpMaLHUs KOLUPYETCS 3a[epsKKOH
Mexay UMIynbcaMu (DPIM). Ock MCTOUHHKA HAIlpaB-
JleHa IOoJ, 3€HUTHBIM yIJIoM O OT BepTHKaIH, Yroil
PacXoAMMOCTH MCTOYHMKA PaBeH Vg, SHePrus OJHOI0
uMmIyiabca Q,=0,3 MK, a IIUTeNbHOCTh Aty=30 HC.
[Ipepnronaraercs, 4YTo $popMa HMMILy/IbCa 10 BpeMeHH
npsiMmoyronbHasi. Ha 6a3oBom paccTosHHUU Yy OT
KMCTOYHHMKA PACIIOjIaraeTcs IpUeMHas cucremMa D, ock
KOTOPOX OpHeHTHPOBaHa IIOf 3eHUTHBIM YIJIOM 6,
a yroJj Iojis 3peHus paBeH V;. PaccMaTpuBaeTcs KOM-
IJIaHapHasl cxeMa KaHaja (0CH MCTOYHHKA M IIpHeM-
HOM CHCTeMBI JIeXaT B O HOH IJIOCKOCTH). IIpreMHast
CHCTeMa Ipe[IosaraeTcs HAEealbHOH C IIIOIAABIO
arneptypsl S;=0,01 M?, conepsramast @Y YOK-4T-4 [36].
[Napamerpsl ®IY: Ko3dpouLKMeHT ycuueHus OIY
Mpyr=10°, TemHOBOM TOK ;=10 A, mosoca mpomy-
CKaHMS 4acToT Af=11 kI'L. 3Ha4YeHHs CIeKTPaJbHOMN
YyBCTBUTEJIPHOCTH (OTOKATOAA Ly Ha pacCMaTpHBa-
eMBIX JJIMHAX BOJH IIpUBeleHbl B Tabnwuie 1. Ilapa-
MeTpbl IPUEeMHOMN CHCTeMBbl COOTBETCTBYIOT CHCTEMe,
HCII0/Ib3yeMOM HaMHU B pabote [31].

Ha BepxHIOIO IpaHHIly aTMochepnl I1aJaeT COJl-
HeuHoe (MubO JIyHHOe) HM3/IydeHHe II0[ 3eHHUTHBIM
yI70oM 6 ¥ a3UMyTa/lbHBIM yIJIOM (. TpebyeTcs, 3Has
OIITUKO-TeOMeTpPHUYeCKHe YC/I0OBUSL U XapaKTepPUCTUKHU
npueMo-TlepeJalollel allapaTypbl, OIpefeauTh
MMIIYJIbCHYIO PeaKkLMI0 KaHajaa CBA3U KM WHTEHCHUB-
HOCTb GOHOBOT'O M3/Iy4YeHHUS U I10 UX 3HAUEeHHUSIM OLie-
HUTb BEPOSITHOCTb PETMCTPALIMU OIIKMO0UHBIX CHMBO-
JIOB P,.

[Tone3HBIM CHUTHaJ B PpacCMaTpHBaeMOH CXeMe
ONTUYECKOM CBSI3H LIeTMKOM QOPMHUPYeTCs paccesH-
HBIM H3/1y4eHHeM. IS MOAeTHPOBAHUS MMIIYJIbC-
HOM PpeaKLMH MCII0Ab30BA/IUCh [Be IIPOrPaMMBI
MeTona MoHTe-Kapio (PHCYHOK 2): OZHOKPAaTHO pac-
CestHHAsl 4aCTh MMITYTbCHOH peakuuu hy(t) Mmomenupo-
BaJIaCh IIPOrpaMMOM MeToAa MoHTe-Kapio ¢ JoKaib-
HBIMH OLIeHKAaMH B TOYKaX CTOJIKHOBEHHUS “POTOHOB»
Co cpeziol (PUCYHOK 2a), 2 MHOTOKPAaTHO paccesiHHas
YacTh MUMITYJIbCHOM peakuuu h, (t) MomennpoBantach
nporpaMMoi Metofa MoHTe-Kapno ¢ MoguduIupo-
BaHHBIMH JABOMHBIMH JIOKQJIbHBIMHU OLIEHKaMH B TOY-
Kax CTONKHOBeHUs (pHUCYHOK 2b). Jlamee KpaTko 06
3THX QJITOPUTMAX.
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Tabnuua 1.CnekTpanbHas YyBCTBUTEIbHOCTb
doTokaToaa ans ®IY YOK-4T-4 [36]

Table 1. Spectral sensitivity of photocathode for PMT
UFK-4G-4 [36]

A, Zizs A, IS
HM MA/BT HM MA/BT
200 30 300 52
210 36 310 50
220 45 320 49
230 51 330 48
240 53 340 47
250 54 350 42
260 54 360 25
270 54 370 7
280 53 380 3
290 53 390 1

In general, the existing literature review shows that
the previously published works almost do not consider
the wavelengths in the range of A>270 nm. We can
do no more than mention the paper [16], where the
wavelengths A=230-310 nm are considered. Therefore,
below we consider how the bit error rate P, depends on
the optical and geometric conditions in the wavelength
range from 200 to 400 nm.

PROBLEM STATEMENT

AND SOLUTION METHOD

The problem was considered using the following
statement (Fig. 1). Let there be a planar system
consisting of an atmosphere and the ground surface.
The atmosphere is a scattering and absorbing aerosol-
gas medium. The atmosphere is divided into 32
homogeneous layers in each of which the molecular
and aerosol scattering and absorption rates, as well as
the phase function of aerosol scattering are given. The
optical parameters of the atmosphere are determined
by LOWTRAN-7 mid-latitude summer models [32] of
a cloudless sky and information from the papers
[33-35] on molecular scattering and absorption. An
impulse laser source S located on the ground surface is
transmitting information through the atmosphere in
the spectral intervals with the centers at wavelengths
A=205, 215,..., 395 nm and a width AA=10 nm. The
information is encoded by the delay between pulses
(DPIM). The source axis is located at the zenith angle
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CyTb aJITOPUTMa C JIOKUIBHBIMHU OLleHKaMH CBOJUTCS
K crenyromeMy (prc. 2a). M3 TOYKM HCTOYHHKA 3aIly-
CKAIOTCSI TPaeKTOpPUM ONyskIAaHHS (OTOHOB B aTMOC-
depe B COOTBETCTBHUH C ONTHYECKHMHM IIapaMeTpaMH
Cpembl. ANITOPUTM MOAEIHPOBaHUS OnyskmaHus $oTo- N
HOB MOMKHO CUYMTATh KJIACCHYECKHM [37]. B Kaskmom M, ,
TOYKe CTOJIKHOBeHMSI POTOHOB CO Cpefjok (Ha PHUCYHKe N ,
OTMeueHBl KakK M; U M,) fenaeTcs JOKaJIbHasl OLleHKa \
3Heprud QoTOHA, KOTOPHIM INPHUIET B NPHEMHHK H3 N
TOYKH M C BpeMeHeM O/TyskIaHus, IIOMAAAOIIHM B i1 N\
BPpeMeHHOH HHTepBan I ,,. IIpy BBIIONTHEHUU N

- , .
yomoBHR L <t +-M <t , K COSV, < (m d,wpnk) paBHa: . D

ipnk

sa,Mga (HM)+Gsm,Mgm (MM)EXP(_TMD)’ (1) 7 \\\

Gt,mrMD 7

=qu

lpnk

IJe i - HoMep BpeMeHHOro UHTepBala, KyJa Jlefaercs | x / § D
JIOKa/lIbHAasl OLleHKa, (, — Heprus GpoToHa, IpHIIes-
IIas B TOUKY CTOJIKHOBEHUSI M, ryp — PAcCTOSIHHE OT | )
TOYKU CTOJIKHOBEHUSI M [0 NpHeMHOH CHUCTeMBI D,
Tyr ~ OITHYECKas TOIIIMHA TPACChl OT TOYKHU CTOJ-
KHOBEHHMS M JI0 TIPUEeMHOM CHUCTeMBbI D, Gg pp, Ogp iy ~
K03pOHULIEeHTHl a9P030/IbPHOIO0 K MOJIEKY/ISIPHOTO pac-
CessHHS B TOUKe CTOJIKHOBEHHSI M COOTBETCTBEHHO, \ N,
0,y ~ K03pPULIMeHT oc/abreHus B TOUKe CTOIKHOBE- N R /
HUS M, g,(lp)s GmHp) — HHAMKATPHCHL a3PO30JIBHOIO Z N
M MOJIEKY/ISIPHOIO PacCessHHs B TOUKe CTOIKHOBEHHS N/ VXN,
M COOTBETCTBEHHO, [l — KOCHHYC YIJa pacCesiHUs A }\
MeXKIy HaIlpaBleHHeM TpaeKTOpUH (OTOHA B TOUKe Lo,
CTOJIKHOBEHHS /10 pacCesHHUs M HallpaBleHHeM Ha AR
IIPUeMHHUK, ¢ —~ CKOPOCTb CBeTa B CpeJle, W, ~ HallpaBile- A=~ M\N,
HHe OLITHYECKOH OCH IPUEeMHHUKA, 0, ~ HaIIPaB/IeHHe ) ~ NN
13 TOYKH ITPHEeMHHKA B TOUKY CTOJIKHOBEHHS M. )
B mporuBHOM ciy4ae I, =0. Y
Torma oMHOKPATHO paccestHHAsi YacThb UMITYJIbCHOM / N
peaxiuu hy(t) onpenenuTcs Kak: / N

P N Kpn X S D
2 2 2 Itpnk ’ (2)
p=1n=1

k=1

h =
i PNt( ~t,

[

roe i=1, ..., Nyjp. -~ HOMep BpeMeHHOI0 MHTepBasa,
Nime — KOIHYeCTBO BpeMeHHBIX HHTEPBAJIOB, i,q,
t; - TPaHMUILIBI -TO BpeMeHHOI'0 MHTepBaia, P - Konude-

Puc. 2. Cxembl UCNOAb3YEMbIX AA20pUMMO8 MOOEAUPOBAHUSI
umnyabcHol peakuuu. (a) aneopumm memoda MoHme-Kapao

CTBO I1a4yeK TPaeKTOpUl, N - KOJIM4eCcTBO TPAeKTOPU
B I1atKe, K, -~ KOIH4eCTBO CTOIKHOBEHHUH B M- TPaek-
TOPUU p-1 MAUKH.

ANTOPUTM € MOAHUGUIIMPOBAHHBIMU JBOMHBIMU
JIOKQJIPHBIMU OLIEHKaMH CTPOHTCS CJIeAYIOUIHUM obpa-
30M (pucyHoK 2b). Mozmenupyetcs 6nysknanue GOoTOHOB
B cpefie. JIJ1 KaXK[,0M TOYKH CTOIKHOBeHHMS (OTMeUueHa

5O ®OTOHUKA TOM 17 Ne1 2023

C AOKAAbHbIMU OUEHKAMU 8 moyKkax cmoakHoseeHus, (b) anzo-
pumm moduuuuposaHHol 080LHOU AOKAAbHOU OUEHKU

Fig. 2. Diagrams of algorithms used for impulse response
modeling. (a) Monte Carlo algorithm with the local esti-
mates at the collision points, (b) modified double local
estimate algorithm
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Ha PUCYHKe Kak M;) Ilojie 3peHHs IIpHeMHHKa pas-
OuBaeTcs Ha Iomob/IacTH, COOTBETCTBYIONIE BpeMeH-
HBIM HHTepPBaJaM, A/ KOTOPBIX UIETCSl MMITy/IbCHAS
peakuus. AJTOPHUTM pasfiefieHUs IoJss 3peHHus Ha
nogobnactu omucan B pabore [38]. [TomobnacTu orpa-
HUYEeHBbl [ABYMs 3/UIMIICOMJAMHU BpalleHHUs, QOKy-
CaMH KOTOPBIX SIBJSIOTCS TOYKA CTOJKHOBEHHS M,
M IIpHeMHas CucTeMa D, M KOHYCOM IIOJIS 3peHHs
IIpYeMHHKA. B Iose 3peHHs] IIPHEMHOI CHCTEMBI
BBIOMpaETCsl CJlydalHoe HaIlpaBlIeHHe . B Kakmom
M3 IIOCTPOEHHBIX of0b6macTel BEIOUPAETCS 10 OLHOM
GUKTHBHON TOUKe CTOJIKHOBEHMUS (Ha PUCYHKe OTMe-
4yeHBl Kak N;, N, U T.Z.), pacIoyioskeHHble Ha JIyde,
3aJaBaeMOM HaIIpaBjleHHeM ®. M B KaKABIH U3 BO3-
MOXKHBIX BPeMEeHHBIX HHTEepPBAJIOB [elaeTcs ABOU-
Hasl JIOKaJIbHAS OLleHKa H3/y4eHUs], KOTopoe IIpUAeT
B IIPHEMHYIO CHCTEMY, PAacCesIBIIHCh B TOUKaX M u N,
IUISl TIEPBOTO BPeMEHHOI0 MHTEepBaIa U T. . OLieHKa
3amaeTcss GOpMyIIOH:

Gsa,Mga (MM ) + Gsm,Mgm (IJ'M)

Iipnk =u ()'tyMrIi[N_ x
X(Gsa,Nggﬂ (MN; ) + O N Im (HNI )) X
ng(l_l);ilb B 1_P;ib]EXP(—TMN‘ )EXp(—TNID) , 3)

Ile J,; — KOCHHYC yIJla paccesiHUs MeXIy HaIlpaBie-
HHeM GOTOHA B TOUKe CTOJIKHOBEHHSI M [0 paccesHUs
Y HallpaB/leHHeM B QUKTHUBHYIO TOUKY CTOTKHOBEHUS
N;, COOTBETCTBYIOLIEH i-My BpeMeHHOMY HHTEpBaJy,
Hyi — KOCHHYC yIJa PaccestHUSI MeXAy HaIlpaBleHH-
My MN; u ND, P;, e; -~ GOKaJIbHBIN IIapaMeTp U 3KC-
LIEHTPUCHUTET JTUIICOM/A BPalleHHs, COOTBETCTBYIO-
Iero BpeMeHHU t;, b - cKalsipHOe IIpOH3BelleHHe
BEKTOPa W W eJUHUYHOIO BEeKTOPa, HaIlpaBIeHHOIO
B HampasleHUHW DM, 1,y- ONTHYeCKas TOJIIMHA
TPacChl OT TOUKH CTOJIKHOBEHHUSI M 10 OUKTUBHOM
TOUKH N, Ty, ~ ONTHYECKAs TOMIIHHA TPACChl OT QUK-
TUBHOM TOYKH CTOJIKHOBEHHS N; [0 IIPHEMHOHU
cucTeMBl D.

Torma MHOTOKPAaTHO pacCessHHash 4acThb KMITYJIbC-
HOM peakuuu h, (t) onpenenurcs o dopmyse (2) us
3HAUeHUH [y, TIONYIeHHBIX 110 Gopmyre (3).

3Hass HMMIIYJIbCHYIO peaklHI0 KaHajla CBS3H,
JIerko OIpefeNUTh CPefHIO MOILIHOCTb I10JI€3HOIO
CUTHaJIA:

_ 1 At
P:E 0P(t)dt, (4)
P(t)=S, [Py(t,)[ b +h,, |(t-t,)dt,. (5)

0

Syl 4

0, from the vertical, the source divergence angle is v,
the energy of one pulse is Q,=0.3 mJ, and the duration
is Aty=ns. It is assumed that the pulse shape is
rectangular in time. At the baseline distance Yy from
the source, the receiving system D is located, the axis
of which is oriented at the zenith angle 6,, and the
field of view angle is equal to v;. A coplanar channel
circuit is considered (the axes of the source and the
receiving system are located in the same plane). The
receiving system is assumed to be ideal with an
aperture area of S;=0.01 m?, containing a UFK-4G-4
PMT [36]. The PMT parameters are as follows: PMT
gain ratio Mpr=10°, dark current I;=10"" A, frequency
bandwidth Af=11 kHz. The spectral sensitivity values
of the photocathode Xy at the considered wavelengths
are given in Table 1. The receiving system parameters
correspond to the system used by us in [31].

The solar (or lunar) radiation is incident on the
upper boundary of the atmosphere at a zenith angle
0, and an azimuth angle ¢,. While knowing the opti-
cal and geometric conditions and the specifications
of the transmit/receive equipment, it is required to
determine the impulse response of the communica-
tion channel and the background radiance and, by
using their values, to estimate the bit error rate P,
recording.

The desired signal in the optical communication
circuit under consideration is entirely generated by
scattered radiation. To simulate the impulse response,
we used two programs of the Monte Carlo method
(Figure 2): the singly scattered part of the impulse
response hy(t) was simulated by a Monte Carlo pro-
gram with local estimates at the points of "photon”
collision with the medium (Figure 2a), and the mul-
tiply scattered part of the impulse response h,(t)
was simulated by a Monte Carlo program with the
modified double local estimates at the collision points
(Figure 2b). A brief description of these algorithms is
given below.

The algorithm with local estimates is as follows
(Figure 2a). The photon wandering trajectories in the
atmosphere begin in the source point in accordance
with the optical parameters of the medium. The mod-
eling algorithm for photon wandering can be consid-
ered as classical [37]. At each collision point of photons
with the medium (marked as M, and M, in the figure),
a local energy estimate is made in relation to the pho-
ton that will arrive at the receiver from the point M;
with a wandering time falling into the i-th time inter-

I,

val [ . If the conditions t1<tp”k+%st[+l, and

L

cosv, s(wd,mpn,() are met, [,

» “ipnk

is equal to:
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i g

MoIHOCTh QOHOBOIO M3JIyYeHHUS OIpeeisaaach o
dopmyie:

P, =nS,8,2n(1-cosv, )1, (6)

rze nS, - 3HaUeHUe COMHeYHON (JIyHHOM) IIOCTOSIHHOI,
I, - 3HaYeHHe MHTEHCUBHOCTH GOHOBOIO H3JIydyeHHUS
Comuua (JyHsl) IpHu 3eHUTHOM yriie ConHIa (JIyHI) 0
Y1 OTHOCHTE/JIbHOM a3sMMYTa/JIbHOM YIJIe (p,, OTCYUTHI-
BaeMOro OT HaIIpaB/lIeHHs OCH IIPHUeMHOM CHCTEeMBI.

3HAaueHHUs COJHEYHBIX IIOCTOSIHHBIX Opanuch U3
pabotel [39]. 3HaueHHUs JYHHBIX IIOCTOSIHHBIX [IS
IIOJIHONYHUSI 6panuch u3 pabotsl [40].

Benu4ynHa I, pacCYMThIBaJiach MeTOAOM MoHTe-
Kap/o CONpssKeHHBIX TPAaeKTOPHUM C JIOKaJbHBIMH
OLIeHKaMH B TOYKAX CTOJIKHOBEHHSI, OCHOBAaHHBIM Ha
pabore [37].

B paborax [38, 41] s TeCTUpPOBaHUS MPOrpaMM
pacdera h; u h,, BBIIONHSIOCH COIOCTABIEHHE
c pesynapratamu [20, 42]. B pabote [43] BBIIIOTHSIOCH
TeCTOBOe CpPaBHeHHMEe C pesyjabTaTaMH pacueToB I, U3
paboTsl [44]. ComocTaBieHUe IMOKA3bIBAET, YTO OTJIH-
4YHe Pe3yJIbTATOB JISKUT B IIpefiesiaX CTATUCTHYeCKOU
[IOTPeIIHOCTH PacyeToB.

st cocoba kommpoBaHMS MHopMmauuu DPIM
B paboTax [24-27] mpemiaraeTcs GopMysa Ajs pacyeTa
BEpPOSITHOCTH PErHCTPAIlUU OIMMO0YHBIX CHMBOJIOB.
B cnydae, ecmu KomoupoBaHHE MHPOPMALIMM IIPOM3-
BOLUTCS aHAJIOTMYHO Hamied paborte [31], To BeposiT-
HOCTb PerHCTPALIMU OMMNOOYHOI0 CMBOJIA OIlpesess-

eTCd Kak:
Pe=1—[1— Po][l— PlJ, @)
1 0

rgel- P, - 3T0 BepOSITHOCTh PerUCTPALIMH [T0C/IAHHOIO
1
HMMIIy/Ibca, 1- P, - 3TO BeposITHOCTb TOTO, UTO OTCYT-
0

CTBHE UMIIY/IbCa PETHCTPUPYETCS IIPABU/IBHO.
ITpy BBICOKOM ypPOBHeE I10/Ie3HOI0 CUTHAJIA COIJIACHO
pabore [25] BemuuuHB Py, U Py, ompenensioTcs IO

dopmynam:

_w 1 _(X_Il)2 1 y-1
Pé—_!\/ﬁclexp[ 702 ]dx—l F(—], (8)

0,
— | 1 _(X_II_IZ)Z _ Y_II_IZ
P% = _L \/Ecsz exp[ 207 dx=F s, , (9)
X 2
F(x)= %ﬁ fexp(—tzjdt, (10)
Il = P},EkMpMT ’ (11
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I _ Gsn,Mga (“M)+Gsm,Mgm (“M)
ipnk — qM 2
Gt,mrMD

exp(—Typ ), )

where | is the number of the time interval where
the local estimate is made; g, is the photon energy
arriving to the collision point M, r, is the distance
from the collision point M to the receiving system D,
Tyr 18 the optical path thickness from the collision
point M to the receiving point D, dy, y, Oy, are the
aerosol and molecular scattering coefficients at the
collision point M, respectively, g, , is the attenuation
coefficient at the collision point M, g,(p), Gm(Har)
are the phase functions of aerosol and molecular
scattering at the collision point M, respectively,
is the scattering angle cosine between the photon
trajectory direction at the collision point before
scattering and the direction to the receiver, c is the
light velocity in the medium, w, is the direction of the
receiver’s optical axis, w,y is the direction from the
receiver point to the collision point M.

Otherwise I, =0.

Then the singly scattered part of the impulse
response h(t) is determined as follows:

1 1 P N Ku

hi - W Lyt ;%g Iipnk, @

wherei=1, ..., Ny is the number of the time interval,
Niime is the number of time intervals, t;,;, t; are the
boundaries of the i-th time interval, P is the number
of sets of trajectories, N is the number of trajectories
in a set, K, is the number of collisions in the n-th
trajectory of the p-th set.

An algorithm with modified double local estimates
is made as follows (Figure 2b). The wandering of pho-
tons in the medium is simulated. For each collision
point (marked as M, in the figure), the receiver’s field
of view is divided into the subregions corresponding
to the time intervals for which the impulse response
is sought. The algorithm for dividing the field of view
into the subregions is described in [38]. The subregions
are bounded by two ellipsoids of revolution which foci
are the collision point M; and the receiver system D,
and the cone of the receiver’s field of view. A random
direction  is selected in the field of view of the receiv-
ing system. One ghost collision point is selected in
each of the obtained subregions (marked in the figure
as N, N,, etc.). Such points are located on the ray
determined by the direction w. In each of the possible
time intervals, there is a double local estimate of radi-
ation arrived at the receiving system, having scattered
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L, =Px, My, (12)

G, = e MMy (I +B,5, ), (13)
0, = e AfMy; (I +B,E, + P, ), (14)
y=1+ 152 (15)

Izie e - 3apsif 37MeKTPoHa; [} - TOK, co3/1aBaeMBblt GOHO-
BBIM M3/IyueHHeM, [, - TOK, CO3[aBaeMblI I10/Ie3HBIM
CUTHAJIOM.

PE3YJ/IbTATDbI

JlJIs pellleHHUsl ITOCTABI€HHOM 3a/auu Obla BBIIION-
HeHa Cepusl pacyeToB ISl C/IeQyIOUIUX OIITHKO-
reoMeTPHUYeCKUX YCIOBUM: A=200-400 HM C IIarom
10 HM; MeTeopoyiorHYecKasl NATbHOCTh BUIMMOCTH
Su=50 kM, uTO cooTBeTcTByeT Mogenu LOWTRAN-7
C BepTUKaJbHOM a3p030JIbHOM OINTHYECKOH TOJIIH-
Hol (AOT) Ha mnuHe BOmMHBI A=550 HM AOT:s,=0,16,
Yy=0,05-50 kM, 6,=85°, v.=0,06 mpan, 0,=85°, v;=1°,
0,=0°, pacdeTsl Iysi AHS KU HO4YMU. Bribop 3Haue-
HUM O, 1 0, 060CHOBBIBAETCS TeM, YTO /IS JAHHBIX
YCJIOBHUHM ITPUHHMAaeMBIH II0JIe3HBIH CHUTHaI Oyzmet
HaWOOIBIIUM,

Hcronp3yss paspaboTaHHBIe NIPOrpaMMBI MeToAa
MouTe-Kapno u dopmyinsl (4)-(14), 6p1a BEIUMCIEHA
BEPOSITHOCTh PErUCTPALIUU OIIMOOUHBIX CHMBOJIOB
P, B 3aBUCHMOCTH OT [UIMHBI BOJIHBI A U 6a3oBoro
pacctosiHUSL Yy. Pe3ysnbTaThl pacueToB IIPHBeeHBI
Ha puc. 3.

M3 puc. 3a BUOHO, YTO JJIMHA BOJIHBI A=295 HM
OymeT saydllle OPYyTUX IOAXOOUTH AJIS OPraHU3AIUU
JAnbHeN CBSI3U JHEeM, TaK KaK Ji/Is 3TOU JJIMHBL BOTHBL
paccTosiHue, Ha KOTopoM P, cTaHoBUTCA 6onbire 10%,
Haubonpiee. [IpUYHHA 3TOr0 COCTOHMT B TOM, YTO,
C OIHOM CTOPOHBI, Ha 3TOM [AJIMHE BOJHBL B CHIY
CYIeCTBEHHOTO IIOIVIOLIeHUSI 030HOM MaJsio pOHOBOe
usnydyenve ConHua. C OPYyroy CTOPOHBI, B IIpHU3eM-
HOM c/10e aTMocheprl KOHLIEHTpallysl 030Ha MeHbllle,
yeM B cTpaTocdepe, II0STOMY H3JydeHHEe B IIpHU-
3eMHOM (JIoe Ha 3TOHM JIMHe BOJHBI 0Ci1abrisercs
MeHblIle, YeM Ha OCTAJIbHBIX AJIMHAX BOJIH AHalla3oHa
A=200-300 HM.

U3 puc. 3 BUAHO, YTO CBSI3b B HOYHBIX YCJIOBUSX [AJIS
OONBIIMHCTBA [JIMH BOJTH CYyILIeCTBEHHO JIydlle, YeM
B THEBHBIX YC/IOBHSIX. JTO CBSI3aHO C TeM, UTO IYHHBIN
bOH CcymiecTBEHHO MeHbIle conmHewHoro. W3 puc. 3b
BU/IHO, YTO JIy4IlIeH AJIMHOM BOJHBI B YCJIOBUSIX HOUHU
IJ1S1 ODaJIbHel CBS3U 6y/:LeT A=395 HM, a IJIMHBI BOJIH
JanpHero Y®-nuamasoxa (200-250 HM) 6ynyT HauMme-
Hee IIOAXOASIIUMHU.

Syl 4

at points M and N, for the first time interval, etc. The
estimate is given by the following formula:

osa,Mga (}‘LM ) + Gsm,Mgm (I’LM)

)
O mlmn,

x(Gsa,N,-ga (FLNI)‘F OmN.Gm (HNI )) %

Iipnk =Qu X

xQd(l_Piﬁ—l_P—;ibJEXp(—rMNi)exp(_TN‘_D), 3)

where p,; is the scattering angle cosine between the
photon direction at the collision point M before
scattering and direction to the ghost collision point N;
corresponding to the i-th time interval, p; is the
scattering angle cosine between the directions MN;
and N;D, P, ¢; are the focal parameter and eccentricity
of the ellipsoid of revolution, relevant to the time t;, b
is the dot product of the vector w and the unit vector
aimed in the direction DM, 1,y is the optical thickness
of the path from the collision point M to the ghost
point N;, 1y, is the optical thickness of the path from
the ghost collision point N; to the receiving
system D.

Thus, the multiply scattered part of the impulse
response h,,(t) is determined by the formula (2) using
the values of I, obtained by the formula (3).

Having known the impulse response of the com-
munication channel, it is possible to determine the
average desired signal power:

_ 1 At
P=—= OP(t)dt, 4)
P(t)=S, [Py(t,)[ b +h,, |(t-t,)dt,. (5)

0

The background radiation power is determined by
the following formula:

P, =xS,S,2n(1-cosv,)I,, (6)

where &S, is the value of the solar (lunar) constant,
I, is the radiance value of the background radiation of
the Sun (Moon) at the zenith angle of the Sun (Moon)
0, and the relative azimuthal angle ¢,, measured from
the direction of the receiving system axis.

The values of solar constants were taken from [39].
The values of the lunar constants for the full moon
conditions were taken from [40].

The value of I was calculated by the Monte Carlo
method of backward trajectories with the local esti-
mates at the collision points, based on [37].

In [38, 41], to test the calculation programs for h;
and h,,, a comparison was made with the results

msc?

PHoOTONICs vOL. 17 Ne1 2023 53



m ATMOC®EPHbIE ONTUYECKUE JINHUUN CBA3/N I
NRRRREEN o LECEEEEEEEE e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e

BbIBOAbl
BhIIIOJIHeHHBIe pacyeThl BEePOSTHOCTH pPerucTpaluu 0,5
OmIM60YHBIX CIMBOJIOB B YCJIOBHSIX [IHSI K HOUH IIOKa- /
3aJI4, YTO:

1. ns opraHM3allMd aTMOCPEePHOM ONTHYeCKOH
CBSI3H Ha pacCeSHHOM H3/Iy4YeHUHU JHeM [JJIMHa
BOJIHBL A=295 HM ay4ie OPYyTUX MOAXOOUT [JIs 0,3+
OpraHH3alliMu [AaJbHEHN CBSI3U Ha paccesHHOM a®
M3JIyYeHUH.

2. B yCcIoBUSAX HOUU nquefl IJIMHOM BOJIHBI OJIS
OpraHM3alMU JAIbHEHN CBs3U 6ymeT A=395 HM,

a [OJUHBL BOJAH pgaabHero Y® pgumama3oHa BTk 1=
(200-250 HM) OyAyT HaMMeHee IIOAXOASIIUMHU.

0,4 -

0,2 -

PaboTa BBIIIOJIHEHA B PaMKaX rocygapCTBeHHOTO 3a4a- 0 10 20 30 40 >0

Hust MOA CO PAH. a) Yy, KM
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where 1- P, is the probability of sent pulse recording,
1-P is thé probability that the pulse absence is

registered correctly.

At a high level of the desired signal, according to
[25], the values Py, and P,, are determined by the fol-
lowing formulas:
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where e is the elementary charge; I, is the current
generated by the background radiation, I, is the
current generated by the desired signal.

RESULTS

To solve the problem set, a series of calculations was
performed for the following optical and geometric
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the daytime and night. The selection of values 6, and
0, is justified by the fact that the received desired
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Using the developed programs of the Monte Carlo
method and formulas (4)—(14), the bit error rate P,
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length A and the baseline distance Yy. The calculation
results are given in Figure 3.

It can be seen from Figure 3a that the wavelength
A=295 nm will be the best choice for arranging the
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the distance at which P, becomes more than 10% is
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result is that, on the one part, due to the significant
absorption by ozone, there is little background radia-
tion from the Sun at this wavelength. On the other
part, the ozone concentration in the atmospheric
ground layer is less than in the stratosphere, thus, the
ground layer radiation at this wavelength is attenu-
ated less than at other wavelengths in the range of
A=200-300 nm.

It can be seen from Fig. 3 that communication dur-
ing the night for most wavelengths is significantly
better than in the daytime conditions. This is due to
the fact that the lunar background is much less than
the solar one. Figure 3b shows that the best wave-
length for the long-distance communications at night
would be A=395 nm, and the far UV band wavelengths
(200-250 nm) would be the least suitable.

CONCLUSIONS

The performed calculations of the bit error rate in
the daytime and night conditions have shown the
following:

1. The wavelength A=295 nm is better than others
for the arrangement of atmospheric long-
distance optical communication based on
scattered radiation during the day.

2. During the night, the best wavelength for
arranging the long-distance communications
will be A=395nm, and the far UV band
wavelengths (200-250 nm) will be the least
suitable.

The work was performed as a part of the public task
of the Institute of Atmospheric Optics of the Siberian
Branch of the Russian Academy of Sciences.
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