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BBEAEHUE
[Torck 06BEKTOB KOCMHUYECKOTO MYCOpa, a TaKkKe
COIPOBOXKJIEHHEe KOoCMHUYecKUX 06BekToB (KO)
BefleTcsl IyTeM ob63opa HebecHOM cepsl C MOMO-
IIbI0 Ha3eMHBIX KOMIIJIEKCOB, COZePsKallHX OMOPHO-
IIOBOPOTHBIE YCTPOLKCTBA, BPAIIAOIINXCS C YIJIOBOKU
CKOPOCTBIO 710 15 rpafycoB B CeKyHAy (°/c) U HMe-
IOIIMX IIHMPOKOe II0JIe 3peHus. IIph 3TOM BasKHeM-
IIMMU KPUTEPUSIMHU SIBISIOTCS CKOPOCTh 0630pa
1 [IOPOToBasi YyBCTBUTE/bHOCTb.

CpaBHUTeIbHBIN aHATH3 COBPeMeHHBIX GOTOIPHU-
eMHBIX KaMep IpuBefieH B pabore [1, 2]. 15 ycKo-
peHus 0630pa HebecHON cdeprl GOTONPUEMHHUKU
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Video Range System
for Outer Space Survey
During The Night
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The calculation result of the threshold
illumination of a ground-based optoelectronic
system (OES) in the visible range of 0.45-

0.85 microns is provided. We have developed
the method and performed the light calculation
of the OES entrance pupil from the signal of

a spherical space object (SO) illuminated by the
Sun during the night. The dependence of the
signal-to-noise ratio on the distance from the
Earth to the SO is shown.
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INTRODUCTION

The search for space debris, as well as tracking of space
objects (SO) is performed by the celestial sphere survey
using the ground operating complexes containing the
antenna pedestals rotating at an angular velocity of up
to 15 degrees per second (°/s) and having a wide field of
vision. In this case, the most important criteria are the
scanning speed and threshold sensitivity.

A comparative analysis of modern photodetector cam-
eras is given in [1, 2]. To speed up the celestial sphere
survey, the photodetectors shall have the largest possi-
ble format and high resolution. Moreover, it is necessary
to consider that the space debris has small dimensions
and weak luster, but relatively high velocity. Therefore,
high sensitivity at the high frame rate is required. For
the purpose of object photometry, a high dynamic range
of the video channel is also necessary [1].

The development of back-illuminated sensors, such as
GSense4040(BSI) [3] or GSense6060(BSI) [4] made by CPix-
ellnc (PRC), allow to solve the problem of space moni-
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IOJIKHBI 00/1aaTh KaK MOKHO 607bIIUM popMaToOM
Y BBICOKHMM paspelleHHeM. [Ipyd 3TOM HaZo YUYUTHI-
BaTh, YTO OOBEKTBI KOCMHUYECKOTO MycOpa HMEIOT
HebosbIIKe pa3Mepsl U CIabblil 61eck, a ABIKYTCS
¢ 6onpmIMMU CKOpPOCTSIMHU. ClleoBaTelbHO, Heob-
XOAKMa BBICOKAsl UyBCTBHUTEJIIBHOCTb IIPH BBICOKOM
YacTOTe CUMTBIBAHUS KaapoB. [is Lienell poToMe-
TPHUH OOBEKTOB HeOOXOOHMM TaKKe BBICOKHMI [IHHA-
MHYECKHH JHUaIla30H BUAeoKaHasa [1].

[losiBIeHHe CeHCOPOB C OOPaTHOM 3aCBETKOH,
HallpuMep, Takux Kak GSense4040(BSI) [3] unu
GSense6060(BSI) [4] ¢upmbl CPixellnc (KHP) mo3Bo-
JSIOT PelIUTh 3afauy MOHHUTOPHHIA KOCMHUYeCKOIOo
rnpoctpaHcTtBa. Kpome Ttoro, crpykrypa sCMOS-
CeHcopa IIpPU BBICOKOM AHMHAMHYeCKOM AHaIla30He
rMeeT OOJIBIIYI0O eMKOCTb IIOTEHIIMQIBHOM SIMBI,
HeCMOTPS. Ha MaJIBIM pa3Mep IHKcena. ITomuMmo
3Toro sCMOS(BSI) ceHCOpbl LUMEIOT BBICOKYIO KBAHTO-
BYI0 3¢deKTUBHOCTD (6osee 90%).

3HayeHHe IIyMa CUYUTBIBAHUS CTAaHOBUTCS JOMHU-
HUPYIOIUM IIapaMeTPOM, OIpeAelsioIuM IIpefe
obHapy>KeHHsI, U OIIpefieisieT COOTHOIIeHHe CUTHAII-
IIyM IIpH OYeHb HU3KOK OCBelleHHOCTH [5, 6]. Tex-
Hosorust sSCMOS-Matpur (Scientific Complementary
Metal-Oxide Semiconductor) monydmunaa LIIHPOKOe
IIPU3HAHHE B PA3IHMUYHBIX 0OJACTIX HAyKH U Tex-
HUKH O1aronapsi COYeTaHHUIO C/IeAYIONIUX Xapak-
TePUCTHK: UYPe3Bb[UYaMHO HHM3KOIO YPOBHS IIyMa,
BBICOKOM YaCTOTe KaApoOB, IMIMPOKOMY OHHaMHYe-
CKO [HaIla30Hy, BBICOKOM KBAaHTOBOM 3ddeKTHB-
HOCTH, BBICOKOMY pa3pelleHHI0 U 6O0IbIIOMY II0JII0
3peHUs.

CeHcop sCMOS-matpuupel  GSense6060(BSI)
c dopmatom 6144x6144 mmeeT Oosblnoe IIOje 3pe-
HHSI U BBICOKOe paspelleHHe NPH HH3KOM IIyMe
CYUTBIBAHUS U YyAOBJIETBOPUTEJIBPHON YacToTe
KaZpoB. BejnunHa IIyMa CUHMTBIBAHHS He3HAUH-
TeJIbHA Jaske I10 CPAaBHEHUIO C BeIMYKMHAMM CaMBIX
BBICOKO IIPOM3BOOUTE/NBHEIX CCD (T13C) MaTpHI.
Hu3kuM ypoBeHb LIyMa CUHUTHIBaHHUS 3 e sCMOS-
MaTpHUILbI [IOIIOJIHSIETCS BBICOKMM OHHaMHYECKHUM
mguamnasoHom 90,6 b mpu ckopoctu 11 Kazpos
B CeKYH/Y K BBICOKOHM KBaHTOBOK 3)PeKTHBHOCTBHIO
95%. B IaHHOM CTaTbe MAJISI SHEPreTH4YeCKOIo pac-
YeTa OIITHMYECKOr0 KaHajla sl HOUHBIX Habmope-
HuM KO 6ynyT HCIIONIB30BaHBI IIapaMeTpPhl CeHCopa
GSense6060(BSI) [4].

PACYET SHEPIETUYECKUNX
XAPAKTEPUCTUK HOYHOIO KAHAJIA O3C
SIpKOCTb  3eHUTHOro Heba JIEKUT B [AHAIa-
3oHe 15-19,25™ [yrn. c]? (onpubnu3uTenpHO
1,1 -1071-2,2-1073 ko M2 [4]. B obmeM mpUbIMSKEHUH
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toring. In addition, the sCMOS sensor structure with
a high dynamic range has a large potential well capaci-
tance, despite the small pixel output size. In addition,
the sCMOS(BSI) sensors have high quantum efficiency
(more than 90%).

The read-out noise value becomes the dominant
parameter that determines the detection limit and
establishes the signal-to-noise ratio at very low illumi-
nation levels [5, 6]. The sCMOS array (Scientific Comple-
mentary Metal-Oxide Semiconductor) technology has
become widely popular in various fields of science and
technology due to the combination of the following
specifications: extremely low noise level, high frame
rate, wide dynamic range, high quantum efficiency,
high resolution and large field of vision.

The sensor of GSense6060(BSI) sCMOS array with
6144x6144 format has a large field of vision and high
resolution simultaneously with the low read-out noise
and a satisfactory frame rate. The read-out noise value
is negligible, even compared to the CCD arrays with
the highest performance. The low read-out noise 3e of
the sCMOS sensor is complemented by a high dynamic
range of 90.6 dB at 11 frames per second and a high quan-
tum efficiency of 95%. In this article, the parameters of
GSense6060(BSI) [4] will be used for the energy calcula-
tion of the optical channel for nighttime SO surveys.

CALCULATION OF THE ENERGY
CHARACTERISTICS OF THE OES NIGHT
CHANNEL
The zenith sky brightness is located in the range of
15-19.25m[ang.s|? (approximately 1.1-107 - 2.2:1073
cd m? [4]. As a general approximation, it is possible to
accept 2.7-103 cd m™ (19.00™ [ang.s]™?) as a representa-
tive of a truly black sky, although there may be any
parts of the sky darker than this in an uncut section.

The darkest sky on Earth has a zenith brightness
of approximately 22 stellar arcs per second (1.71-107*
cd m™). The sky background on a clear moonless night
being a combination (in descending order) of natu-
ral airglow, zodiacal light, and scattered starlight, is
changed depending on solar activity [7].

The given stellar magnitude outside the atmosphere
is determined as [7]

1,=12,58-2,51g(By),

where By, is the light brightness of the sky background,
cd-m>.

The expression for i, was obtained at small spatial
angles AQ, av., then the illumination is E,=B,AQ.

The relations between the energy and light charac-
teristics is determined as
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MOKHO IPUHATSH 2,7-1073 ko Mm%(19,00™ [yri. c]?) Kak
[IpefCTaBUTeNb JeHCTBUTEIbHO TeMHOro Heba, XOTs
Ha HETPOHYTOM y4acTKe MOTYT OBITh y4acTKH Heba
TeMHee, YeM 3TO.

Camoe TeMHOe Hebo Ha 3emie HMeeT SIPKOCTh
B 3eHHUTe IIPUMEPHO 22 3Be3OHBIX AYIM B CEKYHAY
(1,71:10% ko -m2). ®oH Heba B sICHyIO 6e3/yHHYIO
HOYb, SB/SIOIINICS KoMOWHauueHn (B IIOpsAKe
yObIBaHMUS) eCTeCTBEHHOr0 BO3[AYIIHOIO CBedeHHS,
30[lMaKAJIBHOTO CBETAa U PaACCeSIHHOTO 3Be3JHOIO
CBeTa, MEHSeTCS B 3aBHCHUMOCTH OT COJHEYHOU
aKTHUBHOCTH [7].

[IpuBefeHHasl 3Be3[Has BeJMYMHA BHE aTMOC-
bepsl orrpenenseTcs B Bre [7]:

1,=12,58-2,51g(B,),

rzae By - cBeToBas sspKocTh PoHa Heba, K - M2,
BelpaskeHHe IS |, IIOJIYYeHO IIPU HebOIbIIHX
IIPOCTPAHCTBEHHBIX yriaax AQ, cp, Torga OCBellleH-
HOCTB E =B, AQ.
CBs3b MEXIY SHepreTHU4YecKMMHU H CBETOBBIMHU
XapaKTepUCTHUKAMH OIIpelessieTcsl B BUZe:

B, =683 "L,S(1)da,

rae S(A) - criekTpasibHas YyBCTBUTEIBHOCTDH IIPHEM-
HHUKA B 1mosioce A;-A,, AA=\,-A;, L) - sHepreTuyeckas
SPKOCTb HOYHOrO Heba B nuamnasoHe 0,45-0,85 MKM,
Bt cm?-cpl.

CkopocTh c4yeTta GOTOHOB ny, C! Ha 3TeMeHTe
MaTpuLbl, 0b6ycnoBIeHHass GOHOBBIM H3JydeHHEM
HeboCBOJA B CIIEKTPAJIBHOM AHaria3oHe AN, HMMeeT
Bur [8]:

ny,= L}\Ta[mo\) (a / P])Z TDPtSl /Eq,

rae: Tym(\) - cpemHUN KO3QPULIMEHT IIPOIyCKAHMUS
aTMocdepsl B CIIEKTPAIBHOM AHaria3oHe AA; a - pa3-
Mep MHKcela 371eMeHTa MaTpHULBl (CTOpoOHa KBa-
nopata), cMm; F) - 3agHee PoKyCHOe pacCTOsiHHeE IIpH-
eMHOro obvexTuBa, cM; Ty, =T Tjp ~ KOIGPULHEHT
NPOIYCKaHUS IPHUEeMHON ONTUKHU, T; U Tjp — Koaddu-
LIMeHTHl IIPOITYCKaHUs oOBeKTHBA M HHTepdepeH-
LIMOHHOTO0 QMIBTPA COOTBETCTBeHHO; S;=m(D;/2)? -
IIIOLA/b IIPUEeMHOr0 06beKTHBA AUAMeTpPoM D, cM;
Eq=hc/)\0‘10‘6 - 3HEeprus KBaHTa, K, h=6,6256-10734,
II>k-c, - mocTosgHHas Ilnadka, c=3-108 M/c - cKko-
POCTBh CBeTa; A, — CpedHss JJIHMHA BOJIHBI, MKM,
A=\ +\,) /2.

MakcumanpHOoe BpeMsi HabOnogeHHUS T,  orpa-
HUYEHO eMKOCThIO IIOTEeHIIMAJbHOM SIMBl IIHK-
cena C, [8] u Bo3HuKaeT nipu n,=0. MUHHMaJIbHOE
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A2
B, =683[ L,S(A)dh,

where S()) is the spectral sensitivity of the receiver in
the AI-A2 band, AA=A2-A1, L, is the night sky radiance
in the range of 0.45-0.85 pm, W-cm?-av'l.

The photon count rate n,, s!, on the array element,
due to the background radiation of the sky in the spec-
tral range A\, has the following view [8]

= L)\Tatm()\) (al FI)Z Toptsl /Eqr

where: t,,,,(A) is the average atmospheric transmissiv-
ity in the spectral range AA; a is the pixel size of the
array element (square side), cm; F; is the back focal
length of the receiving lens, cm; T,,=T; Ty is the
transmittance factor of the receiving optics, T; and T}
are the transmittance factors of the lens and the inter-
ference filter, respectively; S;=m(D;/2)? is the receiving
lens area with the diameter Dj, cm; E;=hc/Ay 107 is
the quantum energy, J, h=6,6256-1073* is the Planck’s
constant, c=3-10% m/s is a light velocity; A, is the
average wavelength, pm, Aj=(A;+A,)/2.

The maximum survey time t,. is limited by the
capacity of the pixel potential well C, [8] and occurs at
n,=0. The minimum survey time t,. is limited by the
array parameter and occurs at the maximum photon
count rate ng,... The inequality for the survey time is
determined as

(CeKz_Nre)/[n(nb"'nsmax)"'nd]Sracs(CeKz_Nre)/[r]nb"'nd]’ o))

where K, is the safety factor, K,= 0,9-0,95;
N,, is the number of read-out noise electrons; n
is the quantum efficiency of the array;
n, is the count rate of signal photons on the
array element,
n, is the count rate of dark electrons, n;=i;/e
i;is the dark current of the array, e is the ele-
mentary charge, e=1,6-107 C.

Using the dependence t,.=f(n,), we have plotted
the graph shown in Fig. 1. The graph represents the
dependence of the accumulation time on the count
rate of signal photons on a logarithmic scale, calcu-
lated for the initial data indicated above in the spectral
band of 0.45-0.85 pm.

The signal-to-noise ratio by power at the array out-
put is determined with due regard to the geometric
noise as follows [8]:

=(nnt,)?/ (05)?, )
Q

where (0y)? is the total noise dispersion,
a5 =[(g,)*+ (0,13



OPTICAL ELECTRONIC SYSTEMS & COMPLEXES m

BpeMs HaO/lIoJeHUs T,., OTPAaHHUYEHO IIapaMeTpoM
MaTpHIpl U BO3HHKaeT IPHU MaKCHMa/JIbHOH CKO-
pocTu c4yeTa GOTOHOB Ny, ... HepaBeHCTBO 1151 Bpe-
MeHHU HabJIIoleHU s OIlpefiesiseTcs B BUe:

(CeKz_Nre)/[r](nb"'nsmax)'l'”d]Sracs(CeKz_Nre)/[r]nb'l'nd]’ oy

rroe K, - koadpounmeHT 3amnaca, K,=0,9-0,95;
N,, ~4M(JI0 3JIeKTPOHOB LIyMa CUMTHIBAHMS;
1 - KBaHTOBasg 30eKTUBHOCTb MAaTPHLIBI;
11, = CKOPOCTb CYeTa CUTHAJIbHBIX GOTOHOB
Ha 3/IeMeHTe MaTpHLIBL;
N~ CKOPOCTb CYeTa TeMHOBBIX 3JIeKTPOHOB;
ng=iz/e, iy~ TeMHOBOM TOK MaTPHIIbI;
e—3apsif 3MeKTpoHa, e=1,6-1071 K.

Hcrions3yst 3aBUCUMOCTb T,.=f(n,), IOCTpOEH rpa-
duK, moka3aHHEIM Ha pUC. 1. [padUK npencTaBiser
3aBHCHMOCTb BpeMeHH HaKOIUIeHHS OT CKOPOCTH
C4yeTa CHUTHAIBHBIX QOTOHOB B JIOTapUPMHUYECKOM
MacmTabe, pacCUMTAHHBIM IS MCXOAHBIX JaH-
HBIX YKa3aHHBEIX BbIIIe, B CIEKTPaJbHOH IIOJ0Ce
0,45-0,85 MKM.

OTHomIeHHe C/II IO MOILHOCTH Ha BEIXOZe
MaTPHIIbl OIIPele/IMTCI C y4eTOM IeOMeTPHUYeCKOro
myMma B BUze [8]:

=(n,t,.)?/ (05)?, )
Q

rae (0y)? - cyMMapHas QUCIepPCHs HIyMa:
05 =[(0,)? +[(0,)1°%;
(0,.)? - OUCIIepCHUS BpeMeHHOr0 IIyMa:
(Ont)z = [nrac(nb + ns) Mgl t (Nre)z] ;
(0,,4)* — AHCIIEPCHSL TEOMETPHYECKOTO MIYMA.

BpeMeHHOM IIyM BK/IIOYaeT: TeIUIOBOM MIYM
JKOHCOHA, ApPOOOBBIM IIyM, LIYM CYHUTBIBAHHS.
MatpuuHbIM PIIY mpHCyl] reoMeTpUYeCKHUM IIyM,
BO3HHUKAIOIINK K3-3a HEOJHOPOLHOCTH I1apaMeTpPOB
OTHeNbHBIX 3/IeMeHTOB IIPHeMHHKA K CXeM CYHTHI-
BaHMS CUTHAJIOB C 3THX 3JIeMeHTOB. [IJIsl CHUKeHHU S
reoMeTpHYeCcKoro IIyMa A0 HNPHeM/IeMOI0 YPOBHS
IIPOM3BOAMUTCS CIlelManapHast o06paboTka cHUrHana
B BHJe KOMIIEHCALIUH MU KOPPeKLHH HeoLHOPOZ-
HOCTH, KOTOPasi MOKeT BBIIIOJIHSATBCS [0 IIpeobpaso-
BaHMS aHAJIOTOBBIX CUTHAJIOB B LU PY.

Kak mokasaHo B pabotax [6], mpu mpueMme cia-
OBIX CHTHAJIOB IJISI YMEHBIIEHUS] TeOMeTPHUYeCKOro
IyMa HCIIO/NIB30BaTh BpeMs HAaKOIUIeHHs He bonee
200 mc, a 1 yBeJIMYEeHHS OTHOUIeHH S CUTHAI-IITYM
IpefjaraeTcsi CyMMHPOBaTh HECKOIBKO KaJ[poB.

ITpu KOppeKLHHU CTPeMSTCSI CBeCTH YPOBeHb reo-
MeTPHYeCcKoro Imyma [0 ypPOBHSI BpPeMeHHOIO H/IH
MmeHbile [9]. IIpuHHUMaeM 0,,=0 TOTZIa Kg=2
1 (05)2=K(0,).

ng ~ “nt»
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Fig. 1. Dependence of the accumulation time on the signal
photon count rate

(0,.)? is the temporal noise dispersion,
(Gnt)z = [T]Tac(”b + ns) T+ (Nre)z] ;
(0,5)? is the geometric noise dispersion.

The temporal noise shall include the following: John-
son thermal noise, shot noise, and read-out noise.
The array-based photodetectors are characterized by
geometric noise occurred due to the non-uniformity
of parameters of the receiver individual elements and
the signal readout circuits from these elements. To
reduce geometric noise to an acceptable level, the
special signal processing is performed in the form of
non-uniformity compensation or correction that can be
carried out prior to convertion of the analog signals to
the digital ones.

As shown in [6], when receiving weak signals, it is
necessary to use an accumulation time of no more than
200 ms to reduce geometric noise, and it is proposed to
combine several frames to increase the signal-to-noise
ratio.

In the case of adjustment, it is recommended to
reduce the geometric noise to the level of temporal
noise or less [9]. We take o,,=0,, then K,=2 and
(05)2=K,(a,,)%.

The signal photon count rate is based on the follow-
ing expression (2):

g

nszQng/(Zntac)(l +A), (3)
where A={1+4[nt,cmy + 47, + (N )21/ (KQ)M%

Based on the ratio (2), we have plotted a graph of
the power-based signal-to-noise ratio versus the signal
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CKOPOCTh CY€Ta CUTHAIBHBIX POTOHOB HAXOLUTCS
M3 BBIPLKeHUS (2):

n=Q,K,/ (2N, )(1+4), (3)

rae A={1+4[NT,y+ 4T, + (Nl / (K,Q) 12,

Ha oCHOBaHHMHU COOTHOIIEHHUS (2) IOCTPOEH TIpa-
GHUK 3aBHCHMMOCTH OTHOLIEHHUS C/II [0 MOIIHOCTH
OT CKOPOCTH CYeTa CUTHAJIBHBIX POTOHOB 1, (pPHC. 2).
Pacuer chenaH ISl UCXOOHBIX NAHHBIX, KOTOpBIE
KCII0JIb30BaHBI B PUC. 1.

U3 puc. 2 BUSHO, YTO IIpHU ng=10° 1 6osee oTHOLIE-
HUe C/II IIPaKTHYeCKH He MeHsIeTCs U3-32 YMeHbllle-
HUSI BpeMeHH HabIIofeHUs 00 3HA4YeHHs, OIlpefe-
JI51eMOT0 IIapaMeTPOM MATPHIIBl, PABHOM 2 MKC.

[Ipeobpa3oBaB BEIpasKeHHeE (2), ¢ yaeToM (1) MOSKHO
3aIMCcaTh:

(M (C. =K, =N, ) (1, = 1 )+ N2 }>
[(C.K.-N,)+N; ]K,

meax =

[Tpeobpa3oBaB YHCIHUTENb C yueToM, uTo C,K,>>N,,,
N,/ (NNgpmay) = 0, TOIAQ IIOTyYaAEM:

Qprnax = CEKZ/ [Kg(nb / Mgmax + 1)2] .

Taxk Kak [y1st HOYHOTO KaHaua My / g, <<1, TO OKOH-
YaTelbHO MOXKHO IIOJIyYHTh

meax ~ CEI<Z / I<g M (4’)

CiiemoBaTe/bHO, MaKCHMMAaJbHOE OTHOIIeHHEe
CUTHa/JI-IIYyM II0 MOIIHOCTH OTrPaHHYEHO eMKO-
CTBIO IOTEHIIMA/IbHOM SIMBI H TIeOMeTPHUYeCKHM
IIYMOM.

PasMep muKcena AO/sKeH OBITh COIPSIKEH C IJIaB-
HBIM JIEIIeCTKOM QYHKUMUM pacCesHUs TOYKH.
Ho nmaske B 3TOM cCjIydae IPOMCXOOHT IIOTePS YacCTHU
SHEePruy IMPHUHHMAaeMOro CHIHajaa. 3Ta II0Teps
YIUTHIBaeTCsl KO3QPULIHEeHTOM X. [l/is1 BIOpaHHBIX
XapaKTepUCTHUK 06beKTHBa U MaTpHUIbL X =0,901.

Hcrone3ys IPaBH/IO C/IOKeHUS JHMCIIePCUH CIy-
YaWHBIX BenWUYHuH [10], HaxogUM CpelHeKBaAPaATH-
YecKkoe OTK/IOHeHHMe YHC/Ia IIYMOBBIX (HOTO3IEKTPO-
HOB, IIOCTYIAIOUIMX Ha IIMKCeJI MaTPHUIIBL:

05 ={K;NTyc(my +ng) + 4z, + (N, 2112,
Ifile MHOXHUTeNb K =2 y4HThIBAET IeOMeTPHUYECKUI
LIyM.

MomtHocTs myma P, [BT], mpuBefeHHas K IUKCETY

MaTpHLIBI, IIPH KOTOPOK Q,=1, OIpefieNIuTCs Kak:

P,= GZEq/nTaC'
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Fig. 2. Dependence of the power-based signal-to-noise
ratio on the signal photon count rate

photon count rate n, (Fig. 2). The calculation was made
for the initial data used in Fig. 1.

It can be seen from Fig. 2 that at ng=10° and more,
the signal-to-noise ratio is almost unchanged due to
the decrease in the survey time to the value deter-
mined by the array parameter equal to 2 ps.

When transforming expression (2) with due regard
to (1), it is possible to write

(M (Co = K, = N, ) /{1, = 1, )+ N2 }>
[(CK,-N,)+N; K,

meax =

Having transformed the numerator with due regard
to C,K,>>N,,, n,/(Ngpay) - 0, then

meax ~ CeKz/ [Kg<nb / Mgmax + 1)2] .

Since for the night channel n,/n
possible to obtain the following

smax <<1, it is finally

meax ~ CEI<Z / I<g M (4’)

Therefore, the maximum power-based signal-to-
noise ratio is limited by the potential well capacitance
and geometric noise.

The pixel size shall be paired with the main lobe of
the point spread function. However, even in this case,
there is a loss of part of the received signal energy. This
loss is considered by the coefficient y. For the selected
specifications of the lens and array y=0.901.

While using the additive rule for the random vari-
able dispersions [10], we can determine the root-
mean-square deviation of the number of noise photo-
electrons arriving at the array pixel:
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BeIpaskeHHe IJISI BEIMYHUHBL [IOPOTOBOM OCBEIlleH-
HocTH Ey, [BT/cM?] 06beKTHBA KMeeT BUJ:

Ey=P, / Tothn(Dl/z)Z'

Ecmu cuuTaTh, YTO MUHHUMAIBHOE OTHOIIEHHE
C/LI 1o TOKY, IPHU KOTOPOM OOHApy>KHBAeTCSI CHUI-
Has, Q;=7, TO MOXXHO OIpeJe/]UTh 3HaUeHHe MHUHU-
MaJIbHOH OCBeIlleHHOCTH Ha BXOLHOM 3pauKe:

Enin= Psmin/ [Toptxn(Dl 12)?] ’
rae P, — MUHHMQIbHas OITHYeCcKass MOIIHOCTb
Ha BXOJHOM 3padKe: Pguin=E My, TAE Mgni, ~ CKO-
POCTb Cc4YeTa CUTHAJIBHBIX QOTOHOB, OIpefesnsieTcs
13 BeIpakeHUs (3) pu Q,=49.

[IpencTaBUM OCBeIlleHHOCTh Ha BXOJHOM 3padke
B BUe Oecka (3Be3gHas BeIMUKHA) [7]

Mopin=-2,518(E, i) ~ 13,99,

rae E,in - MUHMMAJIbHAs CBETOBAasl OCBEUIeHHOCTb
Ha BXOZHOM 3pauke [1K].

I OLeHKHA 4YYBCTBUTEJIBHOCTH KOMILJIEKCA
IIpe/CTaBIISIeTCs YIOOHBIM HCII0/Ib30BATh 3BE3IHYIO
BeJIMYMHY M. ITO IO3BOJISAET OCYIIECTBIATh KajK-
6poBky OSC 1o 3Be3faM, T.K. HX 3Be3/JHasl BeJH-
YHHA MU3BECTHA C BEICOKOM TOYHOCTBIO.

Ha pwuc. 3 mpeacraBieHa 3aBHCHMOCTb OTHO-
IIeHHUsl CHUTHAJI-OIYM IO TOKy OT 6iecka KO.
M3 puc. 3 BUAHO, YTO OTHOLIGHME CUTHaJ-IIyM
He MeHseTcd OT m=10 [0 OTpULIATe/]bHOM BeIH-
YHHBI H3-32 OFPaHHUYeHHUS JUHAMHUYeCKOIo Juala-
30Ha, OTPAaHHYEHHOIO0 eMKOCTBIO ITOTeHIIHMa/JTbHOU
SMBl M F€OMeTPHUYeCKHMM IIyMOM B COOTBETCTBHH
C BEIpaskeHUeM (4).

OCBEWEHHOCTb BXOAHOIO
3PAYKA MNMPUBOPA N3NTYHEHUEM KO,
NOACBEYEHHOIO COJIHUEM
PaccMOTpUM CHMTHa/l HAa BXOAHOM 3payke IIpH-
60pa ot KO, ocBemenHoro CojiHLIeEM, B BHUAKNMOM
Juarias’oHe B HO4YHOe BpeMs CyToK. IIpu pacuete
B KauecTBe ConHIa Hcroas3yeM AUT IIpu TeMIlepa-
Type 6000 K. KO HaxomouTcd Ha OaabHOCTH 400 KM
OT 3eMJ/IH, UMeeT paguyc ,=0,5 M U Ko3pPHUIIEeHT
oTpaskeHus p=0,5.

siprocTb ConHua By(T, AA), BT M~ cp!, HaxoAUTCS
B Buze [8]:

B((T, AN =R(T, AN)-10%/ .

Ul 4
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3Be3gHAasg BeJIMYMHA, M
Puc. 3. 3asucumocmb omHoweHus cu2Ha-wym no moky
om bnecka 0bvekma
Fig. 3. Dependence of the current-based signal-to-noise
ratio on the object brightness

05 ={K,NTc(my +ng) + 14z, + (N, )21/,

where the factor K =2 takes into account geometric
noise.

The noise power P, [W], reduced to an array pixel, at
which Q,=1, is determined as:

P,= OZEq/]TCaC'

The expression for the threshold illumination value
E,, [W/cm?] of the lens is as follows:

Eth =Pn/Tothn(D1/2)2‘

If we assume that the minimum current-based
signal-to-noise ratio at which the signal is detected is
Q,;=7, then we can determine the minimum illumina-
tion value at the entrance pupil:

Enin= Psmin/ [Tothn(Dl 12)?],

where P ;. is the minimum optical power at the
entrance pupil, Py =E fgmin, Momin 1S the signal pho-
ton count rate, determined on the basis of expression
(3)atQ,=49.

We will represent the illumination at the
entrance pupil in the form of brightness (stellar

magnitude) [7]
Mpin="2, 51g(Evmin) -13,99,

where E,;,, is the minimum light illumination at the
entrance pupil [1x].
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3aTeMm ompeznenuM sipkocTb KO By, (T, AA) [BT M2 cp’l]
IIpU HaOMIOeHUH C 3eMIH:

Bko(T’ A)\) =BS(T, AA) pde(rS/Rs_ko)z,

roe: rg=6,9599-108 m - paauyc ConHua; p ~ KO3QPUIIH-
eHT oTpakeHUsI KO; Ky - KoaddunueHT rabapuTHOM
SAPKOCTH 11 chephl; Ry, — paccrogHue oT ConHIA
mo KO, M. Ky 3aBHCHUT OT yI/la Y MeXIy Hallpas-
neHuamu ConHue-KO u KO-O3C u ompepensieTcs
B Buze [11]:

Kgp=(2/3m)[siny+(mt-y)cosyl;
Kg=0,5 mpu y=80°.

OCBeILeHHOCTb BXOQHOTO 3payka Ey, [BT/cm?] ompe-
[eJIeTCs BhIpa’KeHHeM

Eip= 10741By (T, AN) Ty (10 / Dp1i0)?s (5)

rue: r, — paguyc KO, Dg, - paccTosinue 3emsi-KO [m].

[ToTOK H37My4YeHHs, IMaAAOIMUN Ha MATpPHILy, OKa-
3bIBAETCSl PA3TUYHBIM B 3aBUCHMOCTH OT COOTHOILE-
HUS MeXIy pasMepaMH H300paskeHMSI HMCTOUHMKA
u3nydenus (KO) u nukcena. Ilnomanb u306paskeHUsI
HCTOYHMKA U3/TydeHHUs S, paBHa [12]:

Sim= SO(FI/DE-ko)Z'

Ecniu B IJIOCKOCTH IIPHEMHOM IIIoaaKu oTo-
IIPHeMHOM MaTpHLBI IIJIOMAnb U300paskeHHs HCTOY-
HHKa S;,, 00/IbIIIe IUIOMAAH ITUKCeIa Sp=a2, T.e. §;y>S$),
TO IIOTOK M3JIy4eHUs, MafAOUMKA Ha IIMKCeJI, orpa-
HHYMBAeTCs ero pasMepaMH. DTOT CIy4au COOTBeT-
CTByeT BHeIIHeMY GpoHYy. MOIHOCTh GOHA Ha IIMKCeJIe
paBHa:

Pb = L}\tatm()\) Sl Topt(a / F])Z.

Ecnu momanps u300paskeHUs MCTOYHHUKA S,
MeEHbIIIe IIJIOIAAM ITMKCena SP, T.e. S;m<5p, TO IIOTOK
M3/Iy4eHMs, a0l H1 Ha IIMKCel, OTPAHUYHUBAETCS
pa3sMepaMHU BXOAHOTO 3pauka. DTOT C/lydall COOTBET-
CTBYeT IIpHeMYy TOYeYHOro CHUIHaja. MOIIHOCTbh CHI-
HaJla Ha [IMKCeJle paBHa:

P5=J.[atm()\) TothSI/ (DEJ(o)Z’ rae I=SOBko(T’ AN).

OTHoIeHue ¢/ 11 110 TOKy Q; oIIpefiensieTcsl U3 BhIpa-
skeHus (2):

Qi=EinpSlTacAl/ [Kg{rac(q(nb + ns) + nd) + (Nre)z}]o's ’ (6)
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Fig.4. Dependence of the current-based signal-to-noise
ratio on the SO distance for the objects with various radii:
r=0.1m-blueline, r=0.5 m-red line

To estimate the complex sensitivity, it seems con-
venient to use the stellar magnitude m. This allows
the OES to be calibrated by the stars, since their
magnitude is known with the high accuracy.

Figure 3 shows the dependence of the current-
based signal-to-noise ratio on the SO brightness.
As can be seen from Fig.3, the signal-to-noise ratio
does not change from m=10 to a negative value due
to the dynamic range limitation strained by the
potential well capacitance and geometric noise in
accordance with the expression (4).

ILLUMINATION OF THE DEVICE ENTRANCE
PUPIL BY THE SO RADIATION ILLUMINATED
BY THE SUN
We will consider the signal at the entrance pupil
of the device from the SO, illuminated by the Sun,
in the visible range during the night. When per-
forming calculations, we use a blackbody at a tem-
perature of 6000 K as the Sun. The SO is located
at a distance of 400 km from the Earth, it has
a radius of r,,=0,5 m and a reflection coefficient
p=0.5.

The Sun brightness By(T, A\), W-m?-avg?, has the
following form [8]:

B(T, AN)=R(T, AN)-10%/ .
Then we will determine the SO brightness KO

By, (T, AN) [W-m?2-avgl] when conducting surveys from
the Earth
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rne A= Toth'] /Eq’ Tmin=Tac S Tmax» M= EinpsobAl / n, Bko(T’ AN)=BS(T, AN) pde(rS/Rkao)z’
Ej;, ~ OCBELIEHHOCTh CHTHAJIOM Ha BXOJHOM 3pavke
00BeKTHBA. where: r;=6,9599-108 m is the radius of the Sun; p is

Hcnons3ys BelpakeHHs (5) u (6), a Tarke BeIpa- || the reflection coefficient of the SO, Ky, is the overall
keHHe I7s sipKocTH KO, paccunTaem oTHomieHHe || brightness coefficient for the sphere, Rg,, is the dis-
C/LI IO TOKY [yl Pa3IHYHBIX 3HA4eHHM JanbHOCTH || tance from the Sun to the SO, m. Ky depends on the
(puc. 4) mpu conHe4yHoM 3acBeTke KO B criektpanbHoM || angle y between the directions of the Sun-SO and the
nuarazone 0.45-0.85 MRM. SO-OES. and is determined as follows 111:

Tabnuua. dHepreTudeckum pacdet O3C, paboTatoLlen B HOYHOE BpeMs CyTOK, A5 ABYX AanbHocTen KO 1 paguyce
cohepbl 0,5Mm
Table. Energy calculation of the OES operating during the night for two SO ranges and a sphere radius of 0.5 m

HanmeHoBaHue napameTpa 3HayeHune
Name of the parameter Value
CpepaHee 4yncno ¢oT03/1eKTPOHOB POHa 542
Average number of background photoelectrons '
CKkopoCTb cHeTa GOHOBbLIX GOTOHOB, B/ C 60.24
Background photon count rate, phot-second !
MowwHoCTb poHa Ha nukcene, BT 17
. 1,84-10
Background power per pixel, W
MoLHOCTb cMrHaia Ha nukcene npu Qi =7, Bt 376-10-16
Signal power per pixel at Qi =7, Wt '
CKOpOCTb CHeTa CUTHabHbIX @OTOHOB Npu Qi =7, d/c 1230.69
Signal photon count rate at Qi =7, phot-second !
Bpems HakonsieHus, Mc
. ; 100
Accumulation time, ms
OCBeLLeHHOCTb CUTHAIOM Ha BXOAHOM 3padke npun Qi =7, BT/cm? 136-10-19
Signal illumination at the entrance pupil at Qi =7, W/cm2 !
3Be3Has BeMYMHA Ha BXOAHOM 3padke OT curHana npu Qi =7, 1733
Stellar magnitude at the entrance pupil from the signal at Qi =7, '
CpeaHu KO3PPULUMEHT MPOMNyCKaHNsA aTMochepbl B CNeKTPasibHOM ANANA30He 0688
Average atmospheric transmissivity in the spectral range '
400 km 7,59-10714
- 400 km
OcBeLLeHHOCTb Ha BXOAHOM 3payke 3a CHET COTHeYHOM NoacBeTKM KO
[llumination at the entrance pupil due to the SO sun outage
pup 9 40000 KM c9 1048
40000 km '
288 o 214,23
OTHOLWeHWe ¢/ W no Toky Ans curHana ot KO, noacsevyeHHoro ConHuem
Current-based signal-to-noise ratio for the signal from the SO illuminated by the Sun
40000 KM 20.28
40000 km '
i 464
3Be3fHas BeMYMHa CMrHaa Ha BXOAHOM 3payke oT KO, noacseveHHOro ConHuem
Stellar magnitude of signal at the entrance pupil from the SO illuminated by the Sun 40000 K
40000 km ek
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Ha ocHOBaHUU IIpefCcTaBlIeHHBIX GOpMYJI ObLI IIPO-
M3Be/leH SHepreTHuecKUM pacder O3C, paborarolien
B HOYHOe BpeMs CYTOK, IJIs OBYX nanspHocTenn KO
u npu r=0,5. Ha ganeHocTH 70000 KM OTHOIIEHME
c/m 1mo TOKy paBHO 11,4. Pe3y/nbTaTel pacdeTa IpHUBe-
IleHbl B Tabnuile,

3AKJ/TIOMEHUE

[t ierniert obHApY>KeHHsT KOCMHYEeCKOro Mycopa IIpH
MOHHUTOPHUHIE KOCMHYECKOro MPOCTPaHCTBA OblIa
pa3paboTaHa MeTOLMKA SHEPreTHUYECKOTo pacuera
OINTHKO-3JIeKTPOHHOM CHCTEMBl B BHUAHMMOM CIIeK-
TPpaJIbHOM [Halla3oHe B HOYHOe BpeMs CYTOK. Ee
KCIIOJIb30BAHME II03BOJIM/IO YCTAHOBUTH OIITHMAJIb-
HbIe I1apaMeTpbl HHCTPYMEeHTaJIbHOr0 000pyLOBaHHUS
s ob63opa HebecHOHM cdeprl. POPMYIIBI ITOTyYEHBI
Uil 06beKTa LIMUTMHIOPUYECKON (GOPMBI, IIO[CBEUEH-
Horo COJIHLIEM.

1. HarieHo MaKCHMaJIbHO-BO3MOKHOE OTHOIIe-
HHe C/II 10 MOLIHOCTH, OTPAaHHUYeHHOEe eMKO-
CTBIO IIOTEHIIHMAJIbHOMN SMBI U FeOMeTpUYEeCKHM
IIIYMOM.

2. Ilony4yeHa QyHKIMOHAIbHAS 3aBUCHMOCTh OTHO-
IIeHHWsl C/II II0 TOKY OT 3Be3SHON BeIHYHHEI
Ha BXOJHOM 3pauke. Ee aHa/IM3 II0Ka3blblBaeT,
4TO IIpU m<10 OTHOIIeHHe C/II He MeHSeTcs,
TaK KaK OHO [OCTHUIJIO MaKCHMAaJIbHOTO 3Ha-
YeHHs, a IpU mM>10 OTHOIIeHHe C/II 3aBHCHUT
0T 3Be3/HOU Belr4uUuHEI OK.

3. [TocTpoeH rpadUK 3aBHCHMOCTH OTHOIIEHUS
c/m ot mambHOCTH o KO mig ABYX paguycoB
coeprr 0,1 1 0,5 m. IIpu manpHOCTH 70000 KM
U paguyce cheprl 0,5 OTHOLIEHHe C/II IO TOKY
paBHo 11,4.

4. OnpemeneHa 3Be3gHas BeJIMYMHA Ha BXOOHOM
3pauke Ipu paguyce coepsr 0,5: I JaTbHOCTH
KO 400 xM oHa paBHa 4,64, a gng 40000 kM -
paBHa 14,64. Takum obpa3oM, IIpU U3MeHEeHUU
JasbHOCTH B 100 pa3s 3Be3nHas BeJIMYMHA MeEHS-
ercs Ha 10.
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Kg,=(2/3m)[siny+(mt-y)cosyl;
Kg=0,5 mpu y=80°.

The entrance pupil illumination E,, [W/cm?] is
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Ejyp=10"TBy, (T, AN) TyysN) (1 / D)2, (5)
where: r, is the SO radius, Dg,, is the Earth-SO
distance [ml].

The radiation flux incident on the array can be dif-
ferent depending on the ratio between the image sizes
of the radiation source (SO) and the pixel. The image
area of the radiation source §;,, is [12]:

Sim= SO(FI/DE-ko)Z'

If in the plane of the photodetector array receiv-
ing area the source image area §;,, is greater than the
pixel area §,=a% i.e. §;,>S,, then the radiation flux
incident on a pixel is limited by its size. This case cor-
responds to the ambient background. The background
power per pixel is equal to the following

Py=LTyemN) §; Typa/ 2.

If the source image area §;,, is less than the pixel
area§, i.e. §;,<S,, then the radiation flux incident on
the pixel is limited by the size of the entrance pupil.
This case corresponds to the point signal receipt. The
signal power per pixel is equal to the following:

PS=Itatm()\) TothSl / (DE-ko)Z’ Where J= SOBko<T’ A)\) .

The current-based signal-to-noise ratio Q; is deter-
mined based on the following expression (2)

Qi = ElnpslracAl/ [Kg{tac(r](nb + ns) + ”d) + (Nre)z}]o's’ (6)

where A1=Tothr1/Eq’ Trmin = Tac = Tmax» ns=EinpsobAl/r]’ Einp
is the signal illumination at the entrance pupil of the
lens.

By using expressions (5) and (6), as well as the
expression for the SO brightness, we will calculate
the signal-to-noise ratio of the flux for various ranges
(Fig. 4) in the case of the SO sun outage in the spectral
range of 0.45-0.85 pm.

Based on the formulas provided, an energy calcu-
lation of the OES, operating during the night, was
performed for two ranges of the SO and at r=0.5. At
a distance of 70,000 km, the current-based signal-to-



OPTICAL ELECTRONIC SYSTEMS & COMPLEXES m

5. Litvinovich G.S., Bruchkovskij I. 1. Metodika ocenki parametrov komponent
shuma PZS-detektora. 13-ya Mezhdunarodnaya nauchno-tekhnicheskaya
konferenciya «Priborostroenie — 2020». UDK 53. 087.5.

JintBuHoBKu I. C., bpyuKoBckuit U. U. MeToANKa OLeHKN NapameTpoB
KOMMOHeHT Wwyma M3C-geTekTopa. 13-9 MexdyHapodHas Hay4Ho-mexHu4eckas
KoHgeperyus «Mpubopocmpoenue — 2020». YLK 53. 087.5.

6. Litvinovich G.S., Bruchkovskij I. 1. Algoritm predvaritel'noj obrabotki dannyh
linejki priborov s zaryadovoj svyaz'yu na osnove adaptivnogo fil'tra Vinera.
Informatika. 2021; 18(1):72-83. DOI:10.37661 / 1816-0301-2021-18-1-72-83.
JintBuHoBKY I C., bpyuKoBckunit U. U. ANroputm npeaBaputensHom
06paboTKy AAHHLIX NMHEIKI NPHUBOPOB C 3apSA0BON CBS3bIO HA OCHOBE
afanTueHoro GunLTpa BuHepa. MHgopmamuka. 2021;18(1):72-83.
DOI:10.37661/1816-0301-2021-18-1-72-83.

7. Crumey A. Human contrast threshold and astronomical visibility. Mon. Not.
R.Astron. Soc. 2014;442: 2600-2619. DOI:10.1093 / mnras / stu992.

8. Matyuhin V.V., Parinov D. G., Tatarinova E. A. Model' shuma
fotochuvstvitel'noj matricy Dalsa CM42M. Prikladnaya fizika. 2017;6: 60-67.
MarioxuH B. B., Mapunos [JI.T., TatapuHosa E.A. Mogens Wwyma
GoTouyBCTBUTENbHON MaTpULbl Dalsa CM42M. MpuknagHas dusmka. 2017;6:
60-67.

9. Tarasov V.V., Torshina I.P., YAkushenkov YU. G. Sovremennye problemy
optotekhniki. —M.: MIIGAIK. 2014. 82 p.

Tapacos B. B., TopwuHa W. 1., ikywerkos t0. . CospemeHbie npobaembi
onmomexHuku. —M.: MUUTAKK. 2014. 82 c.

10. Znamensky 1.V., Zot’ev E. O., Yudin S.Yu. Comparative Analysis of
Threshold Sensitivity of IR-Systems in Different Spectral Range. Photonics
Russia. 2021; 15(6): 484-500. DOI: 10.22184 / 1993-7296. FR0s.2021.15.6.484.500.
3HameHckuit U.B., 3oTbes E. 0., HOauH C. k0. CpaBHUTENbHDI aHANK3
MOpOroBO YyBCTBUTENLHOCTU MK-CUCTEM B PasnnNyHbIX CNEKTPAbHLIX
Avanasoxax. ®omonuxa. 2021; 15(6): 484-500. DOI: 10.22184 / 1993-7296.
FR0s.2021.15.6.484.500.

11. Russel H.N. On the albedo of the planets and their satellites. The
ASTROPHYSICAL JOURNAL an international review of spectroscopy and astronomical
physics. April 1916; XLIII (3):173-196.

12. Miroshnikov M. M. Teoreticheskie osnovy optiko-elektronnyh priborov. - SPb.: Lan'.
2010. 704 p.

MupowHukoB M. M. Teopemuueckue 0cHO8bI ONMUKO-3AeKMPOHHbIX NpU6Opos. —
CN6.: NaHb. 2010. 704 c.

ABTOPbI

3HameHckuit Uropb BceBonopoBuy, K. T. H., B. H.C, AO «Hay4HO-NpON3BOACTBEHHAS
Koprnopauus CUCTeMbl NPeLU3MoHHOro npubopocTpoenms» (AO «HMK» CMM»),
Mocksa, Poccus.
ORCID-0000-0002-0612-1255

30TbeB EBreHnit OneroBuy, Ha4anbHNK HAY4HO-TEXHNYECKOr0 KOMMAEKCa,
AO «HMK» CMM», Mocksa, Poccus.
ORCID-0000-0002-2923-7779

OneliHnKoB Uropb Mropesny, 4. T. H., HAYaNbHUK OTAENEHNS, 3aMeCTUTeNb
reHepasnbHoro KOHCTpyktopa, AO «HIMK» CIM», Mocksa, Poccus.

MonoB KOHCTaHTUH TeHHaAbeBuY, K. T. H., NOMOLLHNK HAYaNbHUKA OTAeNEeHNS,
AO «HMK» CMM», Mocksa, Poccus.
ORCID-0000-0001-8183-4231

BKJIAA YJIEHOB ABTOPCKOIO
KOJIVIEKTUBA

CTaTbs NOArOTOB/IEHA HA OCHOBE pa6OTbI 06oux YneHos ABTOPCKOro KONNEKTUBA.

KOH®JIUKT UHTEPECOB

ABTOpbI 3aBAISIOT, 4TO Y HUX HET KOHGMKTA UHTEPECOB. Bce aBTObI NPUHANM
y4aCTMe B HANMCAHWM CTaTby W AOMONHUAW PYKOMUCh B YACTU CBOEIA PaboTb.

Syl 4
NRRREEEY

noise ratio is 11.4. The calculation results are shown in
the table.

CONCLUSION

In order to detect space debris during the space mon-
itoring process, a special method was developed for
the energy calculation of an optoelectronic system
in the visible spectral range during night. Its appli-
cation has made it possible to determine the optimal
parameters of instrumental equipment for the celes-
tial sphere surveys. The formulas are obtained for
a cylindrical object illuminated by the Sun.

1. The maximum possible power-based signal-to-
noise ratio, limited by the potential well capac-
ity and geometric noise, is found.

2. The functional dependence of the current-based
signal-to-noise ratio on the stellar magnitude
at the entrance pupil is obtained. Its analysis
demonstrates that at m=10 the signal-to-noise
ratio is unchanged, since it has reached its
maximum value, and at m>10 the signal-to-
noise ratio depends on the SO magnitude.

3. A graph of the dependence of the signal-to-
noise ratio on the SO distance is plotted for
two sphere radii of 0.1 and 0.5 m. At a range
of 70,000 km and a sphere radius of 0.5, the
current-based signal-to-noise ratio is 11.4.

4. The stellar magnitude at the entrance pupil is
determined at a sphere radius of 0.5: for a SO
distance of 400 km, it is equal to 4.64, and for
a SO distance of 40,000 km, it is equal to 14.64.
Thus, when the range is changed by a factor of
100, the stellar magnitude is changed by 10.
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