] m ATMOC®EPHbIE ONTUYECKME JIMHUM CBA3N I

DOI: 10.22184/1993-7296.FR0s.2020.14.5.424.436

CHuXXeHue ypoBHSA
owunb0oK npu nepepave
BbICOKOYACTOTHbIX
ONTUYECKUX

CUrHanoB B YCJ/IOBUSAX
TYp6YNeHTHOM
aTMmocdepbl 3a cyet
MCNo/ib30OBaHUS
CTaTUCTUKU YPOBHSA
NpUeMHOro cMrHana

M. 10. KepHocos, C. H. Ky3Heuos, 5. U. OzHes, A. A. Tlapuiun
AO «Mocmkom», Pasanb, Poccus

AHanus pacnpepgesieHMs BepOATHOCTHU
npMHUMaemMoro cMrHana B 6ecnpoBogHom
OMNTUYECKOW IMHUU CBSA3M B Pa3/INYHbIX YC/I0BUAX
nokasbliBaeT CYLLeCTBEHHYIO 3aBUCUMOCTb
YPOBHS OLWINGOK B KaHaJle CBSI3M OT YPOBHS
CcTabunmsaumm MOLLHOCTU Ha NPUeMHUKe.
CyuiecTBeHHOE OT/INYME CTaTUCTUKN YPOBHS
NpMHUMaeMOoro CUrHana oT U3BeCTHbIX
pacnpegeneHuit He NO3BoJISIeT UCMOJIb30BaTb UX
A5 annpoKCMMaL M BepoSaTHOCTEN 60/1bLInX
OTK/IOHEHWUI YPOBHSA CUrHana oT cpegHero
3HauveHus. MpepoxeH airOPUTM OLLEHKU
ONMTUMaNbHOCTU U KOPPEKTUPOBKU YPOBHS
cTabunmsaumm NpMeMHon MOLLHOCTU Ha OCHOBEe
OLLeHKM CTaTUCTUKU pacnpegeneHus. CornacHo
3KCNepUMEHTa/IbHbIM JaHHbIM NpeAoXeHHbI
QNIrOPUTM CYLLLECTBEHHO CHUXAET YPOBEHb
own60K B aTMochepHOM KaHase CBA3M.
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Reduction

of the Level of Errors
in the Transmission
of High-Frequency
Optical Signals

in a Turbulent
Atmosphere Due

to the Use

of Statistics of the
Received Signal Level
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Analysis of the distribution probability of

the received signal in a wireless optical
communication line under various conditions
shows a significant dependence of the error
level in the communication channel on the

level of power stabilization at the receiver. The
significant difference between the statistics

of the received signal level and the known
distributions does not allow using them to
approximate the probabilities of large deviations
of the signal level from the mean value. An
algorithm for evaluating the optimality and
adjusting the level of stabilization of the
receiving power based on the distribution
statistics is proposed. According to experimental
data, the proposed algorithm significantly
reduces the level of errors in the atmospheric
communication channel.
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BBEAEHWE

AKTHBHOe pa3BUTHe O0eCIpOBOIHBIX OITHYECKHUX
KOMMYHHUKAIUK, 06/aJalomuX oIpefeleHHbBIMHU
IIpEUMYINeCTBAMH II0 CPaBHEHHIO C JPyrUMH Oec-
IIPOBOOHBIMHM PELIeHUSIMU, B YACTHOCTH, IPOUC-
XOIUT B CTOPOHY YBeIHUYEHHs] CKOPOCTH Ilepefavu
DAaHHBIX [1, 2]. B mocnemHee BpeMs 0CODeHHO aKTy-
ATBPHBIMHU OINTHYeCcKHe OecIpoBOJHBIE PpelIeHUs
CTQHOBSTCSI B BBICOKOCKOPOCTHBIX KOMMYHHKAITHSIX
Huskonetsmux (LEO) KOCMHYECKHUX aIlllapaToB
c 3emsen [3-5]. PocT cKOpPOCTH Ilepellaul [JaHHBIX
ONHO3HAYHO CBS3aH CO CHWKeHHeM IUHaMHUYeCKOro
IYara3oHa IpUeMHBIX YyCTPOUCTB. C APYroi CTOPOHBI,
OUHAMHYECKHUM OHala3oH IPUEeMHHKA HAIMPSMYIO
orpefensieT ypoBeHb OIIMOOK, BBI3BAHHBIX TYP-
OyneHTHOCTBIO aTMocoepsl [6, 7]. B CBSA3K C 3TUM
ONTHMHU3ALHUS MapaMeTPoOB MPHEMO-IIepeAalolIero
KaHaJla CTAHOBHUTCS 0CODEHHO BasKHOM .

B nmanHOM paboTe MCCIeLOBaHHE BO3MOKHOCTEH
ONTHMM3ALMU IIPOBOJMIOCH C HCIIOIb30BAHHEM
obopynoBaHHus 6eCrIPOBOAHOM OITHYECKOH CBS3U
Artolink, mpennasHaveHHOTO ISt PaboThI Ha CKOPO-
cTax 10 T'éut/c [8].

NMOCTAHOBKA 3A4AYUN

OOHUM H3 IepCIeKTUBHBIX HallpaBlIeHUN pa3BUTHUS
0eCIIpOBOJHBIX OITHYECKHMX CHCTEM CBSI3H SIBIISIETCS
rocTpoeHre 6eCIIpOBOJHOrO KaHasa AJIsL IIpo3pad-
HOTO COeJJHEeHHUSI BbICOKOCKOPOCTHBIX CTBIKOB IIOJIb-
30BaTeIbCKOro 060pymOBaHHUS. ITO I103BOJISIET JIETKO
MaciTabupoBaTh OecrIpoBOLHOE OIITHYECKOe pelle-
HHe B HaIlpaBJIeHUU YyBeJIHYEHHUSI CKOPOCTH IIepe-
nauu [9, 10]. C gpyrou CTOpPOHEI, yMeHbIIeHHe JHHa-
MHYeCKOTo AHalla3oHa IIpHeMHHKaA, COIIYTCTBYIOIee
yBeJIMYeHHUI0 CKOPOCTH Ilepefadyd (B OCHOBHOM CO
CTOPOHBI HIDKHEHN TIpPaHMIBl IIPUHHMaeMbIX MOII-
HOCTeM - YYBCTBUTEABHOCTH), C Y4eTOM BO3Jel-
cTBUSL aTMocdeprl TpebyeT BrIGOpa ONTHMAIbHOIO
3Ha4YeHHsI CpefHEro ypoBHS CHUTHaJla Ha IIpHeMe
U3 atMmocdepsl - ToukM crabunmsanuu (TC). Kak
IIPaBHJIO, Ha CKOPOCTSX Iepemadu 10 I6uT/c mpu-
eMHHK (Ha ocHoBe PIN guoma) MMeeT JUHAMUHUYEeCKUH
IHara3oH okoso 21 nBb (Ipu 4yBCTBHUTENBHOCTH -18
IOBM M MOIIHOCTU HachllleHUs 3 gbMm). C y4eTOM BO3-
MOKHOTO YPOBHS KoJeOaHHN ITPHUEMHOI0 CHIHalIa
B aTMocdepe B AHalasoHe, COIIOCTABUMOM C JHHA-
MHYeCKUM [JHaIlla30HOM IpueMHUKa [11], Beibop TC
oIpenensieT ypoBeHb LIUPPOBBIX OMMOOK B KaHale.
st obocHoBaHHOrO BhIbOpa TC HEOOXOOMMO 3HATH
CTAaTUCTUKY 3HAaUYeHUHN IPUHHMaeMOH MOIIHOCTH
(I;p) ¢ Tem, 4YTO6Bl MUHHUMH3HUPOBATh KOJIHUIECTBO
COOBITMH BBIXOAA I, 3a IIpesensl QMHaMUYeCKOro
Oyala3oHa IIpHeMHHKa.

=

INTRODUCTION

The active development of wireless optical communica-
tions, which have certain advantages over other wire-
less solutions, in particular, is towards an increase in
the data transmission rate [1, 2]. Optical wireless solu-
tions have recently become especially relevant in high-
speed communications of low-flying (LEO) spacecraft
with the Earth [3-5]. The increase in the data transfer
rate is unambiguously associated with a decrease in
the dynamic range of the receiving devices. On the
other hand, the dynamic range of the receiver directly
determines the level of errors caused by atmospheric
turbulence [6, 7]. In this regard, the optimization
of the parameters of the transmit/receive channel
becomes especially important.

In this paper, the study of optimization possibili-
ties was carried out using Artolink wireless optical
communication equipment designed to operate at
speeds of 10 Cbps [8].

PROBLEM STATEMENT

One of the promising directions in the development
of wireless optical communication systems is the
creation of a wireless channel for transparent con-
nection of high-speed interfaces of user equipment.
This makes it easy to scale the wireless optical solu-
tion in the direction of increasing the transmission
speed [9, 10]. On the other hand, a decrease in the
dynamic range of the receiver, accompanying an
increase in the transmission rate (mainly from the
side of the lower boundary of the received powers -
sensitivity), taking into account the influence of the
atmosphere, requires the selection of the optimal
value of the average signal level at the reception from
the atmosphere, the stabilization point (SP). Typi-
cally, at 10 Gbps, the receiver (based on the PIN diode)
has a dynamic range of about 21 dB (at a sensitivity
of -18 dBm and a saturation power of 3 dBm). Taking
into account the possible level of oscillations of the
receiving signal in the atmosphere in a range com-
parable to the dynamic range of the receiver [11], the
choice of the SP determines the level of digital errors
in the channel. For a reasonable choice of the SP, it is
necessary to know the statistics of the values of the
received power (I;;)) in order to minimize the number
of events when I;, goes beyond the dynamic range of
the receiver.

MODEL ASSESSMENT

At the first stage, a model assessment of the level of
possible errors was carried out for various levels of
signal instability and SP values. According to [12], the
probability function of the receiving signal level when
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MOJEJ/IbHAA OLLEHKA

Ha mnepBoM »3Tame O6blTa IMpoBeleHAa MoJe/bHas
OLleHKa YPOBHSI BO3MOYKHBIX OIIMOOK /I/Isl pa3THUYHbIX
yPOBHel HecTabMJIPHOCTH CHUTHajla M 3HadeHHM TC.
CornacHo [12] ¢yHKUMS BepOSTHOCTH ypPOBHS IIpH-
€MHOT0 CUT'Ha/Ia IIPU IIPOXOKAEHUH JIa3€PHOTO U3y~
yeHHUs yepe3 aTMocdepy 6/1H3Ka K TOTHOPMaJIBHOMY
3aKkoHY. [103TOMYy /1 MOZeNIbHO OLleHKU OBLIH IIPO-
BeJleHbl pacyeThl YPOBHS BO3MOSKHBIX OIIMOOK /s
JIOTHOPMA/IPHOT'O PacIpesie/ieHu .

IIOTHOCTb BEPOSITHOCTH JIOTHOPMAJbHOIO Ppac-
npefe/leHUs YPOBHS IPHUHHMaeMOH MOIIHOCTH
OTHOCHUTE/IBHO CpelHero 3HadeHHS! OIIKChIBAEeTCs
BBIpaKeHHEeM:

1 Ay

P(l)=——-
(L) V2-mo,1, ¢ ’

@

roe In - IIpUHHMaeMasi MOIIHOCTb H3JIy4€HHUs, HOP-
MHDPOBaHHAsS Ha CpefHee 3HadeHHe; 6, — CpeAHEKBa-
ApaTHUYHOe OTKJIIOHEeHHe HPI/IHI/IMaEMOI;I MOIITHOCTH
H3/1y4eHUsd, OTHeCeHHoe K ee cpengHeMy
3HAa4YeHHIO.

BenuuuHa G, , CIy>Xallasa MEPOI;I HeCTabH/IBHOCTHU
IIPHEMHOTO CUI'HAJIa, OIIpefesisaeTcs I10 CI)OPMYJIEI

e i - IOPSIKOBBIN HOMeP M3MePeHHUs B BhIOOPKe; Ijjp; -
3HaueHHe NPUHHMaeMOH MOIIHOCTH B i-M H3Mepe-
HUU; I, - CpefiHee 3HAYEHME IPHHUMAeMOK MOLIHO-
cTH; N - KOTH4ecTBO 3HaUeHUH B BBIOOPKe.

YpoBeHb omubOK P, omIpefensics KaK CyMMa
BEPOSITHOCTEl OIIMO0K K3-32 CHIDKEHHS YPOBHS
CUTHaJIa HIKe YPOBHSI UYBCTBUTEIBHOCTH U ITPEBbI-
IIeHHUs] YPOBHS HACBHIIIeHHS IPHEMHHKa COIJIaCHO

dopmyie:

P, =P

err Sens

+ PSat ’ (3)

r7ie P, ~ BEPOSITHOCTb COOBITH C Iy, HU3KE YPOBHS YYB-
CTBUTEIBHOCTH IIPHEMHHUKA; Pg;; — BEPOSITHOCTD COOBI-
THH C I, BBIIIE YPOBHSI HACBIIIEHUS IPHEMHHKA.

Pgps U P, PAaCCYMTHIBAIKCH 110 CJI@AYIOIIHMM
dopmynam:

)-dI, (4)
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the laser radiation passes through the atmosphere
is close to the lognormal law. Therefore, for a model
assessment, the level of possible errors was calculated
for a lognormal distribution.

The probability density of the lognormal distribu-
tion of the received power level relative to the mean
value is described by the expression:

P -prott W

where I, is the received radiation power, normalized
to the average value; g, is the root-mean-square devia-
tion of the received radiation power, referred to its
average value.

The value o, serving as a measure of the insta-
bility of the receiving signal is determined by the
formula:

where i is the ordinal number of the measurement in
the sample; I;, is the value of the received power in the
i-th dimension; I, the average value of the received
power; N is the number of values in the sample.

The error level P, was determined as the sum of the
error probabilities due to a decrease in the signal level
below the sensitivity level and an excess of the receiver
saturation level according to the formula:

P, =P

err Sens

+ Py s 3)
where Py, is the probability of events with I, below
the receiver sensitivity level; Py, the probability
of events with I, above the saturation level of the
receiver.

P, and Py, were calculated using the following
formulas:

rec

PSens = J;minp(ln)'dln’ (4)

PSat = J.Iw P(In)dln? (5)

max

where I ;, is the receiver sensitivity level; I ., is the
receiver saturation power level.

The calculations were performed for the o, levels
at which P, takes values from 1076 to 1072, The target

err
range of P,, was reached at g, values from 0.1 to 0.5.

max
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rae I, — YPOBeHb UYyBCTBHUTEJIBHOCTU IIPHEMHHKA;
I2x — YPOBeHb MOIIHOCTH HAacCBIIIeHHsI IIPHeMHHKA.
PacueTsl IPOBOAMIHUCE A/ YPOBHEH G, IIPU KOTOPBIX
P,, IpUHKMaeT 3Ha4ueHHUs oT 107 1o 1072, 3amaHHBIN
OuarnasoH P, [OOCTUrajcs IIpU 3HA4YeHHUAX o,
or 0,1100,5.

C y4eToM TOro, 4YTO CepefHHa AUHAMHUYECKOIO
Juala3’oHa IIpHeMHHKa COOTBeTCTBYeT -6 abm, TC
3aJaBajach B Auama3oHe oT -10 go -2 1bM, cooTBeT-
CTBYIOIIIeM YPOBHSM BXOMHOrO CurHasa ot 100 mo
600 MKBT. 3aBucMMOCTH P,, oT TC 1 pasauYHBIX
3HauyeHUH o, IIpe/iCTaB/leHHl Ha puc. 1. Kak BUIHO U3
puc. 1, MmopgenpHasa 3aBUCHMOCTh TC HMeeT OIITH-
MaJIbHOe 3HayeHHe C TOYKU 3peHHUs] MUHHMHU3ALUU
norepb. OmTHManbHOe 3HaveHHMe TC HaxoOUTCA
B paroHe -5 ABM, UTO OT/IM4YaeTCs OT CPelHeH TOUKHU
OVHaMHWYeCKOro Aualas’soHa IIpHeMHHKa -6 AbM.
YpoBeHb P, 7151 ONTHMa/IbHBIX 3HaueHHUH TC CH/IBHO
3aBHCHUT OT YPOBHS HeCTabHJIBHOCTU CHUIHajIa, KOTO-
pas B OCHOBHOM OIlpefie/isieTCsl AUCTAHIHUel U MO0/~
HBIMH YCIOBHSIMH Ha Tpacce.

CNOCOB U YC10BUS USMEPEHUIA

[Jisi u3MepeHUI HCIIONB30BA/ICSI KOMILIEKT 060py-
noBaHus Artolink M1-10GE, cocTtosimuii U3 ABYX
TePMHUHAJIOB, K&KIBIM U3 KOTOPHIX BKIIOYAET B cebs
onTuyeckui 610Kk (OB) - mpueMoriepefaTyUK, 610K
uHTepodericoB (BU) u coeUHUTENBHBIH Kabens.

[IporpammHoe obecreuenue (I10) obopymoBaHHUS
[103BOJIIeT MeHATh 3HaueHHe TC, KOTOpoe aBTOMa-
THYeCKH IIOAJLep>KHUBaeTCs Ha IIPHeMHHKe KasKIOro
TepMHHaja IIyTeM PeryJIHupOBKH BBIXOLHOMN MOIIHO-
CTH omnTudeckoro ycunutens: (OY) IPOTHBOIOIOX-
HOTO IpHeMoIlepefaTUKMKa C MCII0/JIb30BaHHEM CIIy-
>kebHOr0 KaHaJIa MeXAy TePMHHAIAMH. 3HaYeHHUS
Ip yacToTol 100 I'll 3alKMCBHIBJIMCh HAa KOMIIBIO-
Tep, MOAKIIOYEHHBINM K CTHIKY MOHMTOPHUHIA COCTO-
SHUS obopymoBaHHUs Ha BH. ONTHKO-371eKTPOHHAas
cXeMma IIpueMo-Iiepefalollero TpakTa IIpuBefeHa Ha
puc. 2.

OCHOBHBIMM (PAaKTOPaMHM, BBI3BIBAIOIIUMHU KOJIe-
OaHHUs ypOBHS CUTHaja Ha IIpHeMe, CorjaacHo [13],
SBJISIIOTCS TypOy/lIeHTHOCTh aTMoCchepbl U aIepTyp-
HoOe OTpaHHYeHHe IIy4YKa B I[IJIOCKOCTH IIpHeMa. [1g
aHanM3a CTaTUCTUKH I, OBLIM IIpOBeIEeHHI CIelyIo-
e CepUU U3MepPeHUH

e Ha JUCTAHIHUHU 620 M B HOYHOE U JHEBHOE

BpeMs;

* HaOWCTAaHUHMK 620 M B HOUYHOe U THEBHOEe BpeMsl
C alepTypHBIM OTpaHHYeHHeM (IuadparmMamu
20 MM - HM3-32 PacCXOOHUMOCTH H3JIy4eHHUs 3TO
COOTBETCTBYET IIOJIHOCTHIO PACKPBITBIM aIlepTy-
paMm Ha pacctosHuM 3000 M) Ha OZHOM Tep-

i g

-2
10 g,=0,5
106 | 9a=0,4 \_//.
108 | = 0,3
10710 |
§
P~
10712 b
10714 L Gn = 0!2
10716 |
10718 | | | | |
-12 -10 -8 -6 -4 -2 0
TC, nbm
Puc. 1.3asucumocmu P,,, om TC 045 pazAu4Hblx 3Ha4yeHul
Fig.1. Dependences of P,,. on SP for different values

Taking into account that the middle of the receiv-
er’s dynamic range corresponds to -6 dBm, the SP
was set in the range from -10 to -2 dBm, correspond-
ing to input signal levels from 100 to 600 pW. The
dependences of P, on SP for various values are shown
in Fig. 1.

err

e T
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ONTHUYECKUH 610K
Optical Unit

OINTUYECKUH 610K
Optical Unit

.

ATMOC)epHBIN OIITHYeCKUM KaHall
Atmospheric Optical Channel

>

ONTHUYECKUH YCUTTUTENb
Optical Amplifier

Bnoxk nHTepdericoB
Interface Unit

ONTHUYECKUM YCUTUTENb
Optical Amplifier

Broxk nHTepdericoB
Interface Unit

onmuueckuli yCU/IUﬂ’lE/lb)

amplifier)

Puc. 2. Onmuxo-3nekmpoHHas cxema npuemo-nepedarouiezo mpakma (OB — onmuueckutli 6Aok; V- 6nok uHmepgeticos; OY -

Fig.2. Optoelectronic circuit of the transmitting and receiving path (OU - optical unit; IU - interface unit; OA - optical

MHHAJIe, COOTBeTCTBYIOLIEM AMCTAHLHKU OKOJIO
3000 Mm;

* Ha UCTaHIMH 1600 M B THeBHOe BpeMs;

* HapgucTaHuuu 2800 M B JHEBHOe BpeMs.

Inst toro 4Tobel M36eXkaTh BIHUSHHUS H3MeHe-
HHUSI IOTOAHBIX YCJIOBUK 33 BpeMs H3MepeHHH,
3aIIMCh KaKOOTO CeaHca IIPOBOAM/IACL B TedeHHe 10
MHHYT, YTO MO3BOJIIIO QUKCHUPOBATh OKojio 130000
3HAYeHUH [,

CnemyeT OTMeTHTb, YTO BO BpeMsl BCeX CEaHCOB
M3MepeHUH paboTaly IOACHUCTeMBI 0OOpYZOBaHMS:
aBTOHaBefleHHe; IOACTPOMKA HaIpaBAeHUs CBSI3U
Ha MaKCUMYM IPHHMMAeMOrO CHMIHajla Ha KakKIOM
IpueMoriepefaTyrke; CTabUIM3alusl ypOBHS IpH-
HMMaeMOIo CMIHa/Ia IIyTeM IIOJACTPOMKM MOIIHOCTH
OITUYeCKOTo ycuauTens. TakuUM obpasom, H3Mepe-
HUS IIPOBOAMJIMCh B YCIOBHSX IIOJTHOQYHKIKMOHAJIb
HOU paboThl 060pymOBaHUSI, YTO, COOCTBEHHO, U OBIIO
HeobX0oAMMO, TaK KakK LIeIblo PaboThl SBJSUICS aHATHU3
Y OIITHMH3ALIMS pabouero BapraHTa 060pyL0BaHUS.

PE3Y/IbTATbl USMEPEHUI

Ha puc. 3 mpencraBieHa JUHAMHKA M3MeHeHMS I,
B MKBT gj1s1 TC 350 MKBT Ha muctaHuusax 620, 1600
1 2800 M. Kak BUHO, I7ybHHA IIPOBaJIOB 3HAUEHUI
IHp oTHocuTenbHO TC pacTeT C yBelHMYeHHeM [JHC-
TaHUMH U gocturaet 10 nb Ha 2800 M. Kpome Toro,
Ha6/II0AI0TCs. BBIOPOCHL I, U B CTOPOHY YBelIUYeHHS

ee 3HaUeHHUH.
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As seen from Fig. 1, the model dependence of the SP
has an optimal value from the point of view of mini-
mizing losses. The optimal SP value is in the region
of -5 dBm, which differs from the midpoint of the
receiver dynamic range of -6 dBm. The P,, level for
optimal SP values is highly dependent on the level of
signal instability, which is mainly determined by the
distance and weather conditions on the track.

METHOD AND CONDITIONS

OF MEASUREMENT

For measurements, a set of Artolink M1-10GE equip-
ment was used, consisting of two terminals, each of
which includes an optical unit (OU) - a transceiver,
an interface unit (IU) and a connecting cable.

The software of the equipment allows to change
the SP value, which is automatically maintained at
the receiver of each terminal by adjusting the out-
put power of the optical amplifier (OA) of the oppo-
site transceiver using the service channel between
the terminals. The [, values with a frequency of
100 Hz were recorded on a computer connected to
the interface for monitoring the state of the equip-
ment on the IU.

The optoelectronic diagram of the transmitting
and receiving path is shown in Fig. 2.

According to [13], the main factors causing fluc-
tuations in the signal level at the reception are
atmospheric turbulence and aperture limitation of
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IOns omnpeneneHus QaKkTHUYeCKOHM 3aBUCHUMOCTH
YPOBHSI OIIMOOK B KaHaje Ilepefadyyd OT 3HAUYeHHS
TC Ha guctaHnuu 2800 M O6bIIH IIpOBeleHEl H3Me-
PeHUsI 3aBUCHMOCTH YPOBHSI 6KUTOBOM omubku (BER)
B KaHaJie CBA3U OT 3HaveHHus TC. Pe3ynbTaThl H3Me-
PeHUH NpHBeleHbl Ha pHUC. 4. fABHO, yTo TC sABHO
MMeeT ONTHMAaJbHOE 3HAaueHHe, C TOYKHU 3PeHHUs
MHHHMU3ALUU II0Tepb. Kpome Toro, M3MeHeHHe
TC Bcero Ha 50 MKBT ImpUBOAUT K M3MeHeHHIO BER
Ha IIOPSIOK, YTO FOBOPUT 06 aKTYa/JIBHOCTH 3afavH
onTUMU3aluu TC.

Beibop onTuManpHOro 3HadeHus: TC 3aBHUCHUT OT
XapakTepa CTAaTUCTUKH paclpefiesleHUs 3HaueHUH
I, BUL KOTOPOH, cornacHo [14], cylecTBeHHO BIIH-
seT Ha ypoBeHb BER.

ISl KOMHMYeCTBEHHON OLIeHKH XapaKkTepa CTaTH-
CTUKU pacIpeneseHUs 3HAaYeHHUH [, 1o BceM BBIOOP-
KaM 3HauyeHHH [, MoJydeHHBIM B CepHsX H3Mepe-
HUM, OBUIM paCcCUUTAHBl 3HAYeHHUS BeJIHUYHHBI
HOPMHPOBAHHOIO CpPelHeKBaJAPaTH4YHOIO OTKJIOHe-
HUS 6,4 K03QduireHTr acuMmerpuu (K,) pacmpe-
neneHUs] BBIOOpKU. PacyeT BeIUYUHBI G, IIPOBO-
ouncs o gopmyine (2). s BeluucieHus K, 6pu1a
HCII0/Ib30BaHa CleAyouas GpopMya:

) Z (IHPI - Icp )2
K, = INN—& (6)

Pe3y/nbTaThl pacueTOB I1apaMeTPOB CTATHUCTHKU
IJIsl pa3/IMYHBIX YCIOBUH IIPUBeeHbl B Tabnule. HMx
pe3y/abTaThl I0KAa3bIBAIOT C/IefyIolee:

e HeCTabMIPHOCTh IPHEMHOrO CHIHajka Cyle-
CTBEHHO 3aBMCHUT OT TypOyJIeHTHOCTH aTMOC-
depsl, YBeIMUHUBAsICh B YyTPeHHee BpeMsl K CHHU-
’KasiCh B HOUHOe BpeMsi;

* o, BO3pacTaeT C yBeJIMUeHHeM JUCTaHIUH, 4TO,
Kak 6b10 MoKka3aHo B [9], B OCHOBHOM oIlpefe-
JseTCsl POCTOM aIlepTypHOrO OTPaHHYeHHS
IIPUEeMHOTO Iy4Ka;

* K, Bo Bcex cepHsiX H3MepeHHH OTIHYEeH OT
HyJISI M UHOIZla MeHseT 3HaK IIPU Ilepexofie OT
JIMHEMHOM WIKAIBI I, K TI0rapUPMHUIECKO.

HenyneBble 3HaueHHd K, U CMeHa 3HaKa T0BO-
PAT O IPOMEXYTOYHOM XapakKTepe (QYHKIHH
IJIOTHOCTH pacrnpeneneHus I,. Taxk, Ipu Majom
BO3JI€ICTBUH TypOyJIeHTHOCTH aTMochephl U arep-
TYPHOIO OrpaHHUYEHHUsI paclpefeneHue 6iuxke
K HOPMaJbHOMY, IIPH YyCHIEeHHH YyKa3aHHBIX
BO3J€HCTBUH ~ K JOTHOPMaJIbLHOMY.

TakuM 06pa3oM, pe3yabTaThl H3MepPeHHM IIOKa-
3a/IM: KauyecTBeHHAas aNNpPOKCHMAaIMg peasb-
HOTO pacHpefe/leHHUs] BePOSITHOCTeH H3BeCTHBIMH

i g

0 50 100 150 200 250 300 350 400
a) Bpems, c | Time, s

0 50 100 150 200 250 300 350 400
b) Bpems, c | Time, s

0 | | | | | | |

0 50 100 150 200 250 300 350 400
c) Bpems, ¢ | Time, s

Puc. 3. JuHamuxa Inp Ha ducmanuusx: a) 620 m, b) 1600 m;
€)2800m

Fig. 3. Dynamics of |, at distances: a) 620 m, b) 1600 m;
€)2800 m

the beam in the receiving plane. To analyze the sta-
tistics of L., the following series of measurements
were carried out:

 at a distance of 620 m at night and in the day-
time;

« at a distance of 620 m at night and in the
daytime with aperture limitation (20 mm dia-
phragms - due to radiation divergence, this
corresponds to fully opened apertures at a dis-
tance of 3,000 m) at one terminal correspond-
ing to a distance of about 3,000 m;

« atadistance of 1,600 m in the daytime;

+ atadistance of 2,800 m in the daytime.

In order to avoid the influence of changes in

weather conditions during the measurements, each
session was recorded for 10 minutes, which made it
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MapameTpsbl 0, 1 K, A9 BbIGOPOK 3HAYEHWN L, MOTYHEHHbIX B XOAE N3MEPEHUI
o,and C, parameters for samples of [, values obtained during measurements

possible to record about 130,000
I,, values.

It should be noted that during
all measurement sessions the fol-
lowing subsystems of the equip-

TepmuHan
Terminal

Ycnosusg | Conditions

AvcTaHums, M
Distance, m

Bpems
Time

ment worked: autotracking;

1 620 JeHb | Day 0,082 -0.19 adjustment of the direction of

) communication to the maximum

Hob [Night 0.093 06 of the received signal on each

2 [eHb | Day 0,117 -0,38 transceiver; stabilization of the

Houb | Night 0.115 0,037 received signal level‘ by adjus'ti‘ng

the power of the optical amplifier.

1 620 HeHb | Day 0,36 0,27 Thus, the measurements were

Anagparma 20 M Houb | Night 015 0,05 carried out under the conditions

of fully functional operation of

2 620 Aewb | Day 011 0.15 the equipment, which, in fact,

Houb | Night 0,06 0,55 was necessary, since the purpose

of the work was to analyze and

! 1600 Aeti | Day 0.24 0.48 optimize the working version of

2 0,25 0,74 the equipment.

! 2800 0:39 Lot MEASUREMENT RESULTS

2 0,35 1 “Fig. 3 shows the I, values dynam-

ics in pW for a SP of 350 pW at dis-
tances of 620, 1,600 and 2,800 m.

BUAAMHU paclpefieleHHH He MPe[CTaB/IseTCs BO3-
MO>KHOM . Kpome Toro, cjiefiyeT y4UTEIBATh TOT PaKT,
YTO B OLleHKe OITHM60K KaHasIa CBSI3H OCHOBHYIO POJIb
HUIPAIOT HHTerpajbl NepudepHUHHBIX 4YacTed QYHK-
LMK BepPOSITHOCTHU. B CBA3M € 3THM, IJIS pellleHHs
3ajaun ontuMusauuu TC moTpeboBanachk MeTO-
OUKa OLleHKH NepudepHHHBIX YacTeH pacIiperese-
HUSI, KOTOpast B 0DOpyNOBaHHMM [JOKHA paboTats

As it can be seen, the depth of the falls of the values
of I, relative to the SP grows with an increase in
the distance and reaches 10 dB at 2,800 m towards
increasing its values.

To determine the actual dependence of the error
level in the transmission channel on the SP value
at a distance of 2,800 m, measurements were made
of the dependence of the bit error level (BER) in the

communication channel on the SP value. The mea-
surement results are shown in Fig. 4.

It is clear that the SP clearly has an optimal
value in terms of minimizing losses. In addition, a

B PesKHMe PeaJIbHOI'O BpeMeHH.

-5
0 change in SP by only 50 pW leads to a change in BER
10 - level by an order of magnitude, which indicates the
o | relevance of the SP optimization problem.
gg The choice of the optimal SP value depends on
GETLIE the nature of the distribution statistics of I, values,
the form of which, according to [14], significantly
10% - affects the BER level.
1010 \ \ \ \ \ \ \ To quantify the nature of the statistics of the
. 7 -6 5 -4 -3 2 -1 0

distribution of I, values for all samples of I, values
obtained in the series of measurements, the values
of the normalized root-mean square deviation o,
and the asymmetry coefficient (C,) of the distribu-
tion of the sample were calculated. The calculation
of the o, value was carried out according to the
formula (2). The following formula was used to
calculate C,:

TC, nbMm

Puc. 4. 3asucumocms BER 8 kaHane cesi3u om TC Ha ouc-
manuuu 2800 m

Fig.4. Dependence of BER level in the communication chan-
nel from the SP at a distance of 2,800 m
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LowlIN

LowOUT

! HighiN ' ous conditions are shown in the

The results of calculating the
parameters of statistics for vari-

Pout-min Pin-min PTC P

out-min

Puc. 5. [Mapamempsbi pac4ema cmamucmu4ecko2o NammepHa KaHana
Fig.5. Parameters for calculating the statistical channel pattern

table. Their results show the
S — following:
« the instability of the receiv-
P P ing signal significantly

depends on the turbulence of
the atmosphere, increasing
in the morning and decreas-
ing at night;

BbIIO MpejiosKeHOo pelleHHe, II03BOJIAI0Iee olle-
HUTb IlepUpepUIHble YacTH yKa3aHHON QYHKIIHHU,
IIOCKOJIBKY yPOBeHb OIIMOOK IIOTHOCTBIO OIIpejlesi-
eTCst MoJIeH COOBITHH BBIXOAQ I, 3a Mpefensl JHUHA-
MHYeCKOT0 AHala3oHa IIpHeMHHKa. TakuM obpa-
30M, noacTtporka TC fgoakKHa MHUHHMH3HUPOBATH
KOJIMYECTBO YKa3aHHBIX C/lydyaeB. B cBA3U € TeM, YTO
4acToTa U3MepeHus I, B 060pyAOBaHUH COCTABIISAET
100 I'g Ha ypoBHe omu6bok 1079, [sf rapaHTHPOBAH-
HOM PerMCcTpaliuy BBIXOZA 3a FPAaHUIEI JHHAMHYe-
CKOro Auama3soHa moTpebyercst 107 ¢, UTO COOTBET-
CTBYeT Iepuoay okoyio 2800 yacos.

J/15l oslydeHUsI pa3yMHOIO Ieproja MO CTPOHKHU
TC moCTaTOYHO OIpeneNuTh CTATUCTHUKY LOCTHKe-
Hus I, Ha oIpefeNeHHOM Y/AaJleHHH OT IPaHHI]
AUHaMMYeCKoro nuamnasona. OgHako, BBUAY UX yaa-
JIEHHOCTHU OT IPaHHIL JMHAMMYECKOTO AHalla3oHa
1S yueTa GOpMBI “XBOCTOB» QYHKUHMH BEPOATHOCTHU
(®B), HeobxomuMoO yuecTb uxX ¢opmy. Ias 3TOrO
ObLT IpefyoxkeH CII0cO6 OIeHKU IepHpepUIHBIX
4yacTer ®B Ha OCHOBe «CTaTUCTHYeCKOIO IaTTepHa»
KaHajla - 3KCIePHMMEHTAJIbHO OIpefeaseMoro Cra-
TUCTHUYeCKoro obpasa KpaeB BepOSITHOCTHOTO pac-
npeneneHus I,. Jis pacyera maTTepHa HCIIONB-
30BaluCh 4 mapamMerpa. OHH IPeACTABISIOT co60k
AONK M3MEPEHUH CO 3HAYEHUSIMH Ij,, JeXKalHUMH
COOTBETCTBEHHO HM’Ke U BBIIIEe OIpeleeHHBIX I'Pa-
HUI (OTCTOSIIMX Ha OIpefeleHHOM PAacCTOSIHUM OT
IPaHUL, JUHAMHYECKOro AHala3oHa NpHeMHHKA).
Ha pwc. 5 mpencraBieH IpUMep 3KCII€PUMEHTAJIb-
HOTO pacIpelelleHHs KOJIHYeCTBA HM3MepeHHUU
B 3aBUCHMOCTH OT I, a TakKe TPaHMIIBI pacyeTa
3HadyeHUH IIp /s ompefeneHHUs] CTATUCTUYECKOTO
IaTTepHa KaHaia.

B kauvecTtBe HMXKHHUX rpaHul LowOUT u LowIN
Opik BbIOpaHBI 3HAa4YeHHUsS P, MpeBHIIAIOIIHE

Haugaso
-
< N>30 000 NL =LowOUT - k + LowIN
~ S NH = HighOUT - k + HighIN

< Pup>P; LowIn = LowIN +1

\

Het i
/

(P>%
< k

m max -

in-min

LowOut =LowOut +1

HighiN = HighIN +1

HeT
/ A A
< \P ) - HighOUT = HighOUT +1
Her N
Her N
—————————_ NL>NH
.
Ha
YMeHbllleHHe P YBenuyeHue P
Konerg

Puc. 6. Anzopumm ynpasneHus mo4kol cmabuauzayuu
Fig.6. Stabilization point control algorithm
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YyBCTBUTEIBHOCTh NPHEeMHUKa Ha 3 U 6 Ab (B 2
U B 4 pasa) COOTBeTCTBEHHO. B KadecTBe Bepx-
Hux rpanun HighOUT u HighIN - I,,, meHbmne
MOIIIHOCTH HAaCBHILIeHUs IMpPHUeMHHKa Ha 3 U 6 Ob
COOTBETCTBEHHO.

Jns IpoBepKU IPeIJIOKeHHOr0 MeToAa IIoJ-
cTporiku TC OB peann30BaH aITOPUTM H3MeHeHUs
TC B 3aBUCHMOCTH OT pe3yJibTaTa aHa/JK3a CTaTH-
CTHYECKOro IaTTepHa, I[OJIYYeHHOro 3a 1 MHHYTY
paboTer 060pymOBaHUS.

Cratuctuka cobupaercs 3a N=30000 u3MepeHUH
IIPUeMHOM MOIIHOCTU C HCIIO/Jb30BaHUEM CllefyIo-
KX CUETYMUKOB:

¢ LowlN - cyueTuyuK I/IBMEPQHI/II;I MOIIIHOCTH

MeHbIlle BHYTPeHHeH IPaHUIEI MUHMMYyMa;

* LowOUT - C4eTYHK U3MepeHHH MOIHOCTH

MeHbllIe BHeIIHeH IPAaHULBI MUHUMYMa;
* HighIN - cyeTYHK U3MepeHH I MOLUIHOCTH
Oospllle BHYTPeHHEHN I'PaHUIBl MAKCUMYMa;
« HighOUT - cyeTuHnK U3MepeHU I MOLIHOCTU
Oospllle BHeIIHel IPAaHU LBl MAaKCUMYyMa.
[To pe3ynpraTaM cbopa CTAaTHUCTHUKU PACYUTHIBA-
I0TCS CJIEAYIOINEE ITapaMeTPhI:
* N; - pesynbTaT CTAaTHCTUKHM MHHHMaJIbHOH
MOIIIHOCTH .

* Ny - pesyabTaT CTAaTHCTHUKHM MaKCHMaJlbHOHU
MOIIIHOCTH .

e Py - 3HAYeHHe TOUKHU CTabMIH3AIMU NIPUHU-
MaeMOH MOLIHOCTH.

Anroputm ynpasineHuss TC 1mpeacraBiedH Ha
puc. 6. Ilocie cbopa CTAaTUCTUKU IPOBOJMUTCS
aHa/lIMW3 CTAaTHCTHYECKOro TIaTTepHa, KOTOPHIM
3aK/II0YAeTCsI B CPABHEHHHU CYMM KOTHYeCTB COOBI-
TUH N; U Ny, OIpelelleHHBIX B COOTBeTCTBUU
C BBIPAKEHU MU

1,0
0,9 |

0,7 |
0,6 |
0,5
0,4 |
0,3}
0,2 |
0,1}

’

0 50 100 150 200
K

Puc. 7. 3asucumocmp ko3¢ duuueHma Koppeasyuu mexxoy
8eCoM cmamucmuyeckozo nammepHa u P,,.om k

Fig. 7. Dependence of the correlation coefficient between the
weight of the statistical pattern and P, on k
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« o0,increases with increasing distance, which,
as shown in [9], is mainly determined by an
increase in the aperture limitation of the
receiving beam;

« C,in all series of measurements is nonzero and
sometimes changes sign when going from a
linear scale I, to a logarithmic one.

Nonzero values of C, and a change in sign indicate
an intermediate character of the distribution den-
sity function I,. Thus, with a small effect of atmo-
spheric turbulence and aperture limitation, the dis-
tribution is closer to normal, and to lognormal with
an increase in these effects.

Thus, the measurement results showed that a
qualitative approximation of the real probability
distribution by known types of distributions is not
possible. In addition, one should take into account
the fact that the integrals of the peripheral parts of
the probability function play the main role in esti-
mating the errors of the communication channel.
In this regard, to solve the problem of optimization
of the SP, a methods for assessing the peripheral
parts of the distribution was required, which in the
equipment should work in real time.

A solution was proposed that makes it possible to
evaluate the peripheral parts of the specified func-
tion, since the error level is completely determined
by the fraction of events of I, going beyond the
receiver’s dynamic range. Thus, SP tuning should
minimize the number of these cases. Due to the
fact that the measurement frequency of I, in the
equipment is 100 Hz, at an error level of 107, it
will take 107 s to ensure that the dynamic range is
exceeded, which corresponds to a period of about
2,800 hours.

To obtain a reasonable tuning period for the SP, it
is sufficient to determine the statistics of achieving
I, at a certain distance from the boundaries of the
dynamic range. However, due to their remoteness
from the boundaries of the dynamic range, to take
into account the shape of the “tails” of the probabil-
ity function (PF), it is necessary to take into account
their shape. For this, a method was proposed for
assessing the peripheral parts of the PF based on the

“statistical pattern” of the channel - an experimen-
tally determined statistical image of the edges of the
probability distribution I;,. To calculate the pattern,
4 parameters were used. They represent fractions of
measurements with I;, values lying below and above
certain boundaries, respectively (located at a cer-
tain distance from the boundaries of the receiver’s
dynamic range). Fig. 5 shows an example of the
experimental distribution of the number of mea-
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N;=LowOUT"k+LowlIN,
N,=HighOUT k+HighIN,

rae k - Ko3ddUIeHT yBeJINYEeHHS nepudepUHbIX
cyMM (OTCTOSIUX Ha 3 4B 0T IpaHUL AUHAMHUYeCKOro
IHara3oHa IpHUeMHHKA).

B ciyyae N; >Ny 3HadyeHude TC yBeqHYMBaeTCH,
Ipy oOpaTHOM COOTHOIIEHHHM - YMeHbIIAeTCs.
Takum obpaszoM, B xofe paboThl MpenioKeHHOTrO
anroputma TC CTpeMHUTCHd K 3HAYEeHHUIO, IIPHU KOTO-
POM [Jisl CyIIeCTBYIOLIHMX yCAOBUH (Ioropa, HHC-
TaHIIMS) OOCTHKeHHe HMXKHEHM M BepxXxHeH TIpa-
HHULBl JUHAMHU4YECKOrO [AHalla30Ha IIPHUeMHHKA
PaBHOBEPOSITHO.

KosboduumeHT k HeoOXomMMM [JIs ITOBBILIEHM S
YyBCTBUTEIBHOCTH AJTOPHUTMa K Haubosnee KpH-
TUYHBIM (6osee OIM3KMM 3HAYEHHAM [, K rpa-
HHULle JHHAMHYeCcKOro AMala3soHa IIpHeMHHKa)
cobeITUsAM. [I7s1 060CHOBAHHOTO BhI6Opa 3HAUEHHS
k 6BUTH pacCUMTaHBI 3aBUCHUMOCTH Ko3dpdHIIHeHTa
KOppe/JsiLHMHd MeXAy BeCOM CTAaTHCTH4YeCKOTo IIaT-
TepHa N;+Ny U paHee IOJIy4eHHOH MOJe/JIbHOM
OLIeHKOU P, IS TOTHOPMAJIbHOTO pacIpefeneHus,
Ha BCeM 33JJaHHOM BBHIIlle I10Jie 3HaueHUHU TC U o,

3aBUCHUMOCTh KO3pOHIIMEeHTa KOPpeaslUuU OT
3HaueHUs k mpUBemeHa Ha PUC. 7. AHaNHU3 puc. 7
IOKa3bIBaeT, YTO AOCTATOYHO xopomras (0,9) koppe-
NALMs Beca maTTepHa c P,, mocturaercs npu k=100.
9To 3HAauYeHHEe MBI HCIIO/NB30BaAM B JalbHeHIIeM
IIpHU IIpoBepke paboToCIIOCOOHOCTH aIrOpUTMa.

Ins oueHKH PaboTOCIIOCOOHOCTH aIrOPUTMA
nonctporiku TC OBIIM MPOBELEHBl «CTPECcCOBbBIE»
M3MepeHHUs Ha OUCTAaHIHU 620 M ¢ suadpparmaMu
20 MM, YCTaHOBJIeHHBIMH Ha OJHH M3 TepMHHa-
70B, 4TObBI 0becrieuyuTh YpoBeHb HeCTabMIIBPHOCTHU
NIPHEeMHOr0 CUTHaJla AOCTaTOYHBIHM /151 QUKCALIUHU
omubok. Ha oboux TepMHHaIaX B ABYX CEpPHSIX
“3MepeHUN ObUIM 33aJaHBl HAa4daIbHBIE 3HAYEHUS
TC, 6nu3kue BepxHer (1000 MKBT) uM HHKXHeH
(10 MKBT) rpaHulle JHHaAMHUeCKOro AHaIla3oHa
nprveMHHKa. Ha puc. 8 mpeicTaBieHa JUHaMHKa
usMeHeHusd TC Ha IBYX TepMHHaIax JIMHUHU 620 M,
a TaKke YPOBHSI IIOTePb (KOTHYECTBO YTPAdeHHBIX
[IakeTOB B MHHYTY) B KaHalle CBSI3U. BUIHO, UTO
NpenjokKeHHbIM aJITOPUTM AUHAMUYECKOH II0J-
cTporiku TC monHoOCThI0 paboTtocmocobeH u obecre-
YHBaeT BBIXOJ K ONTHMAJIbHBIM (C TOUKH 3peHUs
MHUHHUMH3ALUKU IIOTepPb B KaHale CBSI3M) 3Haue-
Husam TC.

JIOBONBHO IJIHTENbHOE (HeCSiTKM MHHYT) BpeMs
noacTporKu TC 0OBSICHSIETCS TeM, YTO CTapTOBOe

=

surements N depending on I;,, as well as the bound-
aries for calculating the I;, values to determine the
statistical pattern of the channel.

As the lower boundaries of LowOUT and LowlIN,
the Pin values were chosen, which exceeded the
receiver sensitivity by 3 and 6 dB (2 and 4 times),
respectively. As the upper boundaries of HighOUT
and HighIN - [, lower saturation powers of the
receiver by 3 and 6 dB, respectively.

To test the proposed method for adjusting the SP,
an algorithm for changing the SP was implemented
depending on the result of the analysis of the sta-
tistical pattern obtained in 1 minute of equipment
operation.

Statistics are collected for N=30,000 receive power
measurements using the following counters:

« LowlIN - power meter is less than the inner

minimum limit;

¢ LowOUT - power meter is less than the outer

minimum limit;

e HighIN - power measurement counter is

greater than the internal maximum limit;

« HighOUT - the power meter is greater than the

outer maximum limit.

Based on the results of collecting statistics, the
following parameters are calculated:

e N, is the result of the minimum power statis-

tics.

* Ny is the result of the maximum power statis-

tics.

« DPg; is the value of the stabilization point of the

received power.

The SP control algorithm is shown in Fig. 6.

After collecting statistics, an analysis of the sta-
tistical pattern is carried out, which consists in com-
paring the sums of the numbers of N; and N events,
determined in accordance with the expressions:

N, =LowOUT"k+LowlIN,
Ny =HighOUT-k+HighlIN,

where k is the coefficient of increase of peripheral
sums (spaced by 3 dB from the boundaries of the
dynamic range of the receiver).

In the case of N| >Ny, the SP value increases, with
the opposite ratio, it decreases. Thus, in the course
of the proposed algorithm, the SP tends to a value
at which, for the existing conditions (weather, dis-
tance), reaching the lower and upper boundaries of
the receiver’s dynamic range is equally probable.

The coefficient k is necessary to increase the sensi-
tivity of the algorithm to the most critical (closer I,
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values to the border of the receiver
dynamic range) events. For a rea-
sonable choice of the value of k,
108 1200 .
g the dependences of the correlation
8 \ coefficient between the weight of
g -+ 1000 .
£ 10% - \ the statistical pattern N;+Ny and
0] . . .
& 600 = the previously obtained model esti-
g 0l = mate P,, for the lognormal distri-
7] O .
3 600 B bution were calculated, over the
A 3 entire field of values of SP and
ERIG Teo 400 = specified above.
3 - |9}
= ) & The dependence of the correla-
F TCl . . . .
< 101 200 tion coefficient on the value of k is
g Totepu shown in Fig. 7.
(=] . .
= Analysis of Fig. 7 shows that a
100 ‘ ‘ 0 . .
12:10:00 12:20:00 12:30:00 12:40:00 fairly good (0.9) correlation of the
Bpems | Time pattern weight with P, is achieved
a) at k=100. This value was used in
the future when checking the per-
108 150 formance of the algorithm.
g — To assess the performance of
g - ] the SP tuning algorithm, “stress”
o 10° - =125 .
g B measurements were carried out at
I . .
Tl [ 1100 B a'dlstance of §20 m with 20mm
a I - diaphragms installed on one
5] L = .
2 o ] 15 = of the terminals to ensure the
o - 5 level of instability of the receiv-
2 P - = ing signal sufficient for fixin
2 ol o o g sig ¢ for fixing
5 e errors. On both terminals, in two
o series of measurements, the ini-
a 1ot ToTepu 125 .
] . tial SP values were set, close to
(=}
R o0 ‘ ‘ ‘ ‘ ‘ 0 the upper (1,000 pW) and lower
12:40:00  12:50:00 13:00:00 13:10:00  13:20:00  13:30:00  13:40:00 (10 pW) boundaries of the receiv-
Bpems | Time er’s dynamic range. Fig. 8 shows
b) the dynamics of changes in the
SP at two terminals of the 620 m
Puc. 8. JuHamuka usmeHeHus TC Ha mepmMuHanax AuHuu 620 M, a makxe yposHs line, as well as the level of losses
nomepb Npu 3a0aHHOM HA4dAbHOM 3HaueHuu TC: a) 8bICOKOM 3HAYeHUU; b) HU3- (the number of lost packets per
KOM 3HaveHuu minute) in the communication
Fig. 8. Dynamics of changes in the SP at the terminals of the 620 m line, as well channel.
as the level of losses at a given initial value of the SP: a) high value; b) low value It can be seen that the proposed
algorithm for dynamic adjustment

3HayeHHe TC 3aZaBasoch MaKCHMAJIBHO yIaJIeH-
HBIM OT CepefHWHBl JUHAMHYECKOTo [HaIla3oHa
IIpHeMHHKA. [Ipu peasu3anuy aJIrOPUTMa HCIIONb-
30BajoCh CTapToBoe 3HaueHue TC, paBHoe cepe-
OUHe TUHAMUYECKOTo JUAaNa30oHa IPUEeMHHUKA, YTO
obecrieurBaeT 3HAauMTeNbHO Oojiee OBICTPYIO IIOA-
cTporky TC.

ITocne ompepneneHus paboTOCIIOCOOHOCTH airo-
pUTMa 6bUIO IIPOBeEHO AOJITOCPOYHOe (B TeueHHe
TpPex CYTOK) TeCTHpPOBaHHe ero paboTsl Ha AMCTaH-
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of the SP is fully operational and
provides access to the optimal (in terms of minimizing
losses in the communication channel) SP values.

The rather long (tens of minutes) time for tuning
the SP is explained by the fact that the starting value
of the SP was set as far as possible from the middle
of the receiver’s dynamic range. When implement-
ing the algorithm, the starting value of the SP was
used, equal to the middle of the dynamic range of the
receiver, which provides a much faster adjustment of
the SP.
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oy 620 M. JlaHHOe TeCTHpPOBaHHE II0Ka3ajo Cylle-
CTBeHHOe CHMKeHHe omM60K 110 cpaBHeHUIO ¢ pabo-
TOM KaHaJa CBSI3M C GUKCHPOBAHHBIM 3HaYeHHEM
TC. Tak, eciu 3a CyTKH omrnbka B CpefHeM COCTaB-
nana 5-1071°, To mpH UCIIONB30BAHUU IIPEAJIOKeH-
HOTO aJITOPHUTMA OIIKM6KA CHU3UIACh 1o 9-1071,

BbIBO/1bl

[IpoBefeH CTAaTHCTHYECKHUM aHaAU3 pacopere-
JeHUs 3HAYeHUHN MapaMeTpoB KaHana becmpo-
BOJHOM OITHYECKOM CBSI3M. OH BBISIBUJI Cylie-
CTBEHHYIO 3aBMCHMOCTbL IIapaMeTpoB KaHaja
OT AWUCTAHOHUHU MU YCJIOBHH PaboTsl (COCTOSHUSA
aTMmocdepsl). Pe3ynbTaThl aHaAH3a Takke II0Ka-
3aJIM HeCOOTBeTCTBHE pacIipele/ieHHs BepOsSTHO-
CTH YPOBHSI IIPUHHMaeMOIO CHUIHaJla HM3BeCTHBIM
pacrmpeneeHUsIM.

[TpenoskeH cI10cob6 TUHAMHUYECKON ITOACTPONKYU
TOYKHU CTabMIM3alluy MOLIHOCTH Ha IIpUEMHUKe
Ha OCHOBe CTAaTHCTHYeCKOro IIaTTepHa KaHaia,
afeKBaTHO OIMCHIBAIOLIEro NepudepuHbIe YaCTH
GYHKIUMM BepPOSITHOCTH CHTHa/lla Ha MpHeMHHUKe.
Ampobanys anroputMma Iokasana ero 3bdbexkTus-
HOCTb, BBIPAa3’HMBIIYIOCd B CyIIeCTBEHHOM CHIKe-
HUU YPOBHS OIIKNOOK B KaHaJle CBSI3U. [I[prMeHeHUe
aJITOPUTMa IIO3BOMUT IIOBBICUTH HOCTOBEPHOCTH
ImepenaBaeMblX [HOAaHHBIX KaK IIpPH HMCII0/Jb30Ba-
HUU B Ha3eMHBIX TOPU30OHTAIBHBIX KaHajlax, TakK
U B GOTOHHEBIX CHUCTEMAaX KOCMHYeCKOro mpubopo-
CTpoeHUs myisi obMeHa MHOOpMAIMeHN Ha JTUHUIX
«KocMHu4yecKUH amnmapat - 3emius» [15]. Ilo pe3ynab-
TaTaM paboThl IIOJy4YeH IIaTeHT Ha CIocob perynu-
POBKHM ypOBHSA CUTHAajla Ha IpHeMHKKe TepMHUHaJIa
onTUYecKou becripoBOgHOM CBSI3H [16].
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After determining the operability of the algorithm,
a long-term (within three days) testing of its operation
at a distance of 620 m was carried out. This testing
showed a significant decrease in errors in comparison
with the operation of a communication channel with
a fixed value of the SP. So, if the error averaged 5 - 1071
per day, then when using the proposed algorithm, the
error decreased to 9 - 10711,

CONCLUSIONS

A statistical analysis of the distribution of the values
of the parameters of the wireless optical communi-
cation channel is carried out. He revealed a sig-
nificant dependence of the channel parameters on
the distance and operating conditions (state of the
atmosphere). The analysis results also showed a dis-
crepancy between the probability distribution of the
received signal level and the known distributions.

A method is proposed for dynamically adjusting
the power stabilization point at the receiver based
on a statistical channel pattern that adequately
describes the peripheral parts of the signal prob-
ability function at the receiver. Approbation of the
algorithm has shown its effectiveness, which is
expressed in a significant reduction in the level of
errors in the communication channel. The use of the
algorithm will improve the reliability of the trans-
mitted data both when used in ground-based hori-
zontal channels and in photonic systems of space
instrumentation for information exchange on the
lines “Spacecraft - Earth” [15]. Based on the results
of the work, a patent was obtained for a method for
adjusting the signal level at the receiver of an opti-
cal wireless communication terminal [16].
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