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WHOOPMALUOHHASA EMKOCTb
OACETOYHbDIX
ONMTUKO-3IEKTPOHHbIX
CUCTEM

B. A. Coaomamun, vsolomatin@mail.ru,
Mockosckuii 20cydapcmeerHblll yHUBepcumen 2e0-
desuu u kapmozpauu, Mockea, Poccus

CoBpeMeHHble MUKPOMWHUATIOpHbIE LudpoBble
¢oT0- N BUAEOKaMepbl CTPOSATCS NO NPUHLMNAM,
XapakTepHbIM A1 GpaceTo4yHOro rjiasa HaceKoMbIX.
CTpemieHue yBenn4nTb YNC/I0 U pasMep NUKCenoB
Mcnonb3lyembix poToMaTpuL, UMEIOT, OYEeBUAHO,
TexHonorM4yeckue orpaHu4YeHus, onpegensiowme
BO MHOIroM MHGOPMAaLMOHHYIO @MKOCTb CUCTEMDI.
BmecTe C TeM CyLLeCTBYIOT U TeopeTuyeckmne
orpaHun4yeHus MHPOpMaLMOHHOM eMKOCTU. Mpexae
BCero, 3To AnPpakLNOHHbIE OFrpaHUYEeHMS,
onpepensiowme npeaen NnpocTpaHCTBEHHOro
paspelueHus aas MUKpOONTUYECKMUX CUCTEM.
Kpome Toro, 3To s3HepreTu4eckue orpaHu4YeHus,
CBSI3aHHble C OTHOLIEHUEM CUTrHa / lLyM BO

BpeMs 3KCMOo3ULMN. B cTaTbe pacCMOTpPEeHbI 3TU
orpaHu4uBalolme MHPOpPMaLLMOHHYIO EMKOCTb
cuctembl paKTOpbl U MNOJIy4EeHbl aHAITUYECKUE
3aBUCMMOCTMU, NO3BOJISIIOLLME ONpeAeInTb
pauuoHanbHoe coyeTaHMe NapamMeTpoB paceTo4HoOn
OMTUKO-3JIEKTPOHHOM CUCTEMbI U paccyuTaTb ee
MHPOPMALMOHHYIO EMKOCTb C Y4eTOM OTMEYEHHbIX
OorpaHN4yeHui.

BBEAEHWUE

B QaceTOUHBIX ONTHKO-3IeKTPOHHBIX CHCTeMax
B OIIpelleIeHHOM Mepe Ppeajmu3yIoTCsl IIPHUHIUIIBL
IIOCTPOEHMS IJIa3a HACeKOMBIX, paKkoobpasHbIX
M HEeKOTOPBIX JAPYrux 6ecro3BOHOYHBIX. ONTHUe-
CKYyI0 Mofielb $aceTOYHOIO IJla3a MOXKHO IIpelCcTa-
BHUTb KaK COBOKYIIHOCTb COIPSDKEHHBIX MHKPOIHH3
1 GOTOpeLleNITOPOB, BOCIPUHUMAIOIIKX MOTOK H3Jy-
YeHUsI OIlpe/ie/IeHHOT0 HampasieHUs (puc. 1). Takue
MajIeHbKHe ¢TJIa3KK», Ha3blBaeMble OMMATHIHSIMH,
HaIlpaBJeHbl BO BCe CTOPOHBI M MOTYT OXBaThIBAaTh
OTPOMHOe YIJIOBOe II0JIe BILJIOTh [0 IIOTHOM Cephl.
YMCI0 OMMATHIUI MOXKET COCTaBIATh JeCSITKU ThICSY,
y CTpeKo3bl, Hampumep, ux 30000. Takue HOCTOMH-
cTBa paceTOYHOro Ii1as3a, Kak OobIIoe yIIoBoe II0Je,
MHHHATIOPHOCTD, 6ombmIas rinybuHa n306paskaeMoro
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INFORMATION CAPACITY
OF FACET OPTOELECTRONIC
SYSTEMS

V.A. Solomatin, vsolomatin@mail.ru,
Moscow State University of Geodesy and Cartography,
Moscow, Russia

Modern microminiature digital photo and video
cameras are built according to the principles typical
for the facet eye of insects. The desire to increase

the number and size of the pixels used by the
photomatrix obviously has technological limitations
that determine the information capacity of the
system. At the same time, there are theoretical
limitations of information capacity. First of all, these
are diffraction limitations that determine the limit

of spatial resolution for micro-optical systems. In
addition, these are energy limitations related to the
signal-to-noise ratio during exposure. In the article
these factors limiting the information capacity of

the system are considered and formulas are obtained
that allow to determine the rational combination of
parameters of the facet optoelectronic system and
calculate its information capacity taking into account
the noted limitations. The parameters of known
foreign developments are close to those calculated by
the above formulas.

INTRODUCTION

In facet optoelectronic systems, to a certain extent,
the principles of constructing the eye of insects,
crustaceans and some other invertebrates are
implemented. The optical model of the facet eye can
be represented as a set of conjugated microlenses and
photoreceptors that perceive the radiation flux of a
certain direction (Fig. 1). Such small «eyes», called
ommatidia, are directed in all directions and can
cover a huge angular field up to the full sphere. The
number of ommatidia can be tens of thousands, e.g.,
a dragonfly has 30,000 of them. Such advantages
of the facet eye as a large angular field, miniature
size, large depth of the imaged space, invariably
attract the developers of optoelectronic systems of
circular viewing of space, video surveillance, control,
technical vision of robots, pattern recognition, photo
and video. However, at small values of the focal length
of microlenses, the spatial resolution, determined by
the angle Aa, is obviously low.
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IIPOCTPAHCTBA HEM3MEHHO IIPUBJIEKAIOT pa3paboruu-
KOB OIITHKO-IeKTPOHHBIX CHCTeM KpyroBoro obsopa
IIPOCTPAHCTBA, BHIEOHAOIIOMEeHUSI, KOHTPOJIS, Tex-
HHUYeCKOro 3peHHs pob0ToOB, pacrio3HaBaHUs 006pa3oB,
doTo- u BUAeocbeMKH. OOHAKO IIPHU MaJbIX 3Haue-
HHUAX POKYCHOTO PaCCTOSSHUS MHUKPOJIKMH3, O4eBUIHO,

IIPpOCTPAHCTBEHHOE pa3pellleHHe, OIIpeneasemMoe
yIriom Aa, OKa3bIBA€TCSI HEBBICOKKUM .
OHTI/IKO‘BTIEKTPOHHBIQ CHUCTeMbl pPA3JIMYHOTIO

Ha3Ha4eHHs He KOIMPYIOT yCTPOMCTBO PpaceTOYHOro
[j1a3a, a PeaJiM3yloT OTHe/bHble IIPUHLIMIILI, 3aJ10-
SKeHHBbIe B €r0 CTpOeHHHU. Tak, HaIlpuMep, CUCTeMBbI
KpYroBoro 0630pa MOTYT cofiepskaTb MHOXKeCTBO KaHa-
JI0B, PacCIIOIOKEeHHBIX 10 OKPY>KHOCTH, obecriedrBast
TeM CaMbIX 0XBaT 360-TpagycHoro monsi. O630p dace-
TOYHBIX OIITHUKO-JIEKTPOHHBIX CHCTEM Pa3/THYHOIO
THIIA COREP>RUTCA B pabortax [1,2].

Hawmbonee O6MM3KUMU K GaceTOUHOMY IJa3y
[I0 MPHUHLMIIY IIOCTPOEHHUS SABJISAIOTCA CHUCTEMBI,
B KOTOPBIX HCIIOIb3YIOTCSI MHKPOOOBEKTUBBI, CO3AI0-
mue u30bpaskeHre Ha GOTOMATPHLIEe ~ MUKPOOIITHYe-
CKHe (aceToyHble CCTEMBI. IMEHHO TaKkue CHCTEMBI

MHUKPOIHH3a

Puc. 1. Onmuueckas modeab pacemoyHo20 2Ad3a
Fig. 1. Optical model of the facet eye

i g

Optoelectronic systems for various purposes
do not copy the arrangement of the facet eye, but
implement certain principles inherent in its structure.
Thus, all-around vision system can contain multiple
channels located around the circumference, providing
the most coverage of a 360-degree field. A review of
facet optoelectronic systems of various types is given
in (1, 2].

According to the principle of construction, the
systems that use microlenses that create an image
on a photomatrix, micro-optical facet systems, are
the closest to the facet eye. Such systems provide
minimization of dimensions and weight of the
device.

The information capacity of micro-optical facet
systems has certain limits related not only to the
number of elements of a photomatrix, but also to
fundamental physical limitations: diffraction and the
signal-to-noise ratio (energy limitations).

The purpose of the article is to find the relationship
between the parameters of the optical system, the
parameters of the photomatrix and the conditions of
illumination, allowing to calculate the information
capacity of the facet optoelectronic system and to
determine the rationality of the combination of its
basic elements.

1. DIFFRACTION LIMITATIONS
In recent years, attempts to technically implement
facet vision have been made in a number of research
laboratories in the USA, Japan, Switzerland, and
Germany [3-5]. They are aimed at solving an important
problem of increasing spatial resolution due to
the use of not a single element radiation detector
(photoreceptor), but a photomatrix, and the choice of
mutual placement of microlenses and photomatrix.
Various technical and technological solutions are
proposed, but from the point of view of determining
information capacity, the facet vision system can
be represented as a set of units (facets) containing
microlenses, each of which is associated with a
photomatrix. The image created by the microlens
covers the area of the photomatrix with a certain
number of elements (pixels). Facets can be located
on the dome surface, due to which a wide angular
field of the system is achieved [6]. The technological
process developed at the Fraunhofer Institute of Optics
and Precision Engineering in Jena (Germany) made
it possible to manufacture a flat chamber with a
thickness of only 2 mm. A conceptual prototype of
such a device is known as facetVISION [7].

Let’s assume that the microlens hasa light diameter
D (Fig. 2). The minimum image area required to overlap
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obecrieqyrBalOT MHUHHMHM3ALUIO rabapUToOB M MacChl
YCTPOHCTBA.

HMH)OpMaLIMOHHAsE eMKOCTh MHKPOOINTHYECKHX
daceTOUHBIX CHCTeM HMeeT OIlpefie/ieHHble IIpefessl,
CBS3aHHBIE He TOJIbKO C YHCIOM 3/IeMeHTOB GpOoTOoMa-
TPULbI, HO M C NPUHLUIHAIPHBIMU QU3HMIECKUMU
OTPaHUYEeHUSIMU — JUPAKIHeH K OTHOIIeHHEeM CHI-
Has/mym (9HepreTHyeckye OrpaHUYeHHUs).

Llenib CTaTbU — HAMTH B3aMMOCBS3b MEXAY Iapa-
MeTpaMH ONTHYeCKOM CHCTeMBbl, I1apaMeTpaMH
$oTOMATPHLIBI U YCIOBHUSIMH OCBEIeHHOCTH, I103BO-
JSIOUYI0 PAacCYUTaTh HHPOPMALIMOHHYIO eMKOCTb
daceTouHON ONTHUKO-3JIEKTPOHHOM CHCTEMBI U OIlpe-
Ie/UTh PallMOHA/JIBHOCTh COUeTAHHSI ee OCHOBHBIX
3/1IeMeHTOB.

1. ANDOPAKLUMNOHHbIE OFPAHUYEHWA

B mocnenHue ToAbl B psile HCClefoBaTeIbCKUX Tabopa-
topuill CIIA, Anonuu, llBeriapuu, [epMaHUU Ipef-
IIPUHSTH IIONBITKU TeXHHUUYECKOH peanusaliuu dace-
TOYHOTO 3peHHs [3-5]. OHHM HaIpaB/IeHbl Ha PelleHHe
Ba)KHOM ITPO6IeMBl YBeTHYeHUs IIPOCTPAHCTBEHHOTO
paspellleHHs 3a C4YeT MCIIOJb30BAaHHUS He OFHO3JIe-
MeHTHOIr0 IIpHeMHHKa H3/1ydeHHUs ($oTopeLielITopa),
a oToMaTpULEl U BbI6Opa B3aMMHOIO pa3MelleHHs
MHKPOJIHH3 M ¢(oToMaTpuLbl. Ilpemiaraiorcs pas-
JAYHbIe TeXHUYeCKHe U TeXHOJOTHYecKre pelleHus,
HO, C TOYKH 3peHHUs ompefeneHNsI MHQOPMaLlHOHHOM
@MKOCTH, CUCTeMY $aceTOYHOI0 3peHHUsI MOKHO Ipef-
CTaBUTh KaK COBOKYITHOCTb GJIOKOB (daceTok), comep-
SKAllMX MHMKPOJIMH3BL, KakOasi M3 KOTOPBIX COIIPS-
>KeHa ¢ poToMaTpHLer. H3obpakeHue, co3maBaemoe
MHKPO/IMH30k, OXBaThIBaeT y4acTOK (HOTOMATPHIIBL
C oIpefeNeHHBIM YHCIOM 31eMeHTOB (IIHKCEJIOB).
daceTKH MOIYT PacIoNaraThCs Ha KyIIOJbHOM I10BepX-
HOCTH, 33 CYeT 4Yero JOCTUIAeTCs LIMPOKOe YI/IOBOe
nojie cucTeMsl [6]. TexHOIOrMYeCKHUH IIpoLiecc, paspa-
60TaHHBII B MHCTUTYTe OIITUKHU U TOUYHOM MeXaHHUKH,
BXOfsIIleM B cocTaB MHcTuTyTa PpayHrodepa (Hena,
FepMaHHus), Celal BO3MOXKHBIM H3TOTOBIEHHE ILIO-
CKOM KaMephl TOJIIHMHOM BCero 2 MM. KoHIenTy-
QJIPHBIM MPOTOTHII TAKOTO YCTPOMCTBA M3BeCTeH IOf,
Ha3BaHueM facetVISION [7].

JoIyCTHUM, UTO MHUKPOJIMH3a HMeeT CBeTOBOH [Ha-
Metp D (puc. 2). MuUHHMaIbHas ILIOaAb H306pa-
JKeHHs, HeoOXofAMMasl [Ji MepPeKphITHS 0751 0630pa
OJHOK MUKPOJIMH3BI [IPH PACIIONIOKeHUH MHKPOJIHH3
II0 CTPOKAM M CTONOLAM C PaBHBIMH HHTEPBAaJIaMH,
paBHa D?. C yueToM HeoOXOAMMOTO [JIsl CIIMBKHU H30-
OpaskeHMs IEePeKPBITHS YITIOBBIX I10JIeH MHKPOJIHMH3
Tpebyemasi IIOmManp H300pasKeHUS HOMKHA OBITH
6onble, OMHAKO IepeKphIBaeMble IIIOMALH He BXO-
AT B MHPOPMALIMOHHYIO eMKOCTb Pe3y/JIbTHPYIOIero
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I 2nemenTHI
doToMaTpULIEL

Puc. 2. Ffeomempuuyeckue napamempbl MUKpoonmuyeckoli
cucmemel
Fig. 2. Geometric parameters of the micro-optic system

the field of view of one microlens with the location of
microlenses in rows and columns at equal intervals
is equal to D%. Taking into account the overlap of the
angular fields of microlenses required for stitching
an image, the required image area should be larger,
however, the overlapped areas are not included in the
information capacity of the resulting («crosslinked»)
image. Under diffraction limitations, the diameter of
the scattering circle (Erie circle) is equal to
2,44-X
d= 5 f'
where A is the radiation wavelength, {*is focal length
of the microlens.
We assume that the area of a pixel determined by
diffraction is equal to the area of a square with side d,

i.e.,
2
PREEET

Then the number of pixels in the angular field of
the microlens will be equal to

DY DY(DY
== =017|2||2
N, (dj 0’7[]['}(7»)’
where —?. is the relative aperture of the microlens.

It is known that the image can be restored without
distortion, if the number of samples per pixel is
at least two [8], i.e., the number of photomatrix
elements in the angular field of a microlens should
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(«cururoro») n3obpaskeHus. IIpu AHUPPAKLIMOHHBIX
OTpaHHYEHHUSIX JUAMeTp KPyKKa paccessHHS (KPy>KKa
9pu) paBeH

Ihe A - AJHMHA BOJMHBI H3/1y4deHUs, [ - GOKyCcHoe pac-
CTOSIHH@ MUKPOIHH3BI.

BymeMm cuMTaTh, 4TO IUIONIA[b IIHKCeNa, OIIpee-
nsieMoro Audpakipel, paBHA IUIOMALM KBaJgpaTa
CO CTOPOHOH d, T.e.

(2,440 )
d_[D ﬂ.

Torma 4ucjio MUKCeI0B B YI/IOBOM IIOJI€ MI/IKPOO6'b‘

2 2 2
eKTHUBa 6y,ELET paBHO N, =(2] =O,17(2,J (2) , The 2 -
d AW f
OTHOCHTEeJIbHOE OTBEPCTHE MUKPOIHH3EIL.

M3BecTHO, 4YTO H300paskeHHe MOXKeT OBITH BOC-
CTaHOBJEHO 6e3 UCKaKeHUM, eC/IU YHC/I0 BRIOOPOK Ha
IIHKCeJl COCTaB/seT He MeHee JIBYX [8], TO eCTh UMCIIO
371eMeHTOB pOTOMATPHUILIBI B YIJIOBOM I10Ie MUKPOOOB-
eKTHBA I0JIKHO 6bITh 2N}, a ety daceTouHas CUCTEMA
COIIEPKUT 1 MHUKPOOOBEKTHUBOB, TO 0OIllee YHC/IO 3Jle-
MeHTOB GOTOMATPHULIBI IOJIKHO COCTABIISITh

2 2
N; =O,34n(%} (%J . @
2. SHEPIFETUYECKUE OTPAHUYEHWNA
Ecmn Ha 3neMeHTe GOTOMATpPUIBI BO3MOXKHO BhIJE-
JeHHe m TpajalMil SIPKOCTH K 3Ha4YeHMs SIPKOCTH
PaBHOBEPOATHEI, TO, 10 popmysie XapTiu, KHopma-
LIMOHHAs eMKOCTb I10J151 APKOCTH OIIpee/IsieTCs Yyepes
CTAaTHUCTHUYECKYI0 S3HTPOIIUIO KaK

H=N,log,(m+1),

59)85¢

H:O,34n[%] (%)2 log,(m+1). )

Yncro rpajlaliil SPKOCTH B 3aBUCHMOCTH OT OTHO-
IIeHKs CUTHaJl/IIyM L IPHMeM PaBHbIM

m=ku, 3)

rae k - Ko3GPULIMEHT, YHCIEHHO PaBHBIM MHHU-
MaJIbHO [OIYCTUMOMY OTHOIIEHHIO CHUTHAJI/IIyM.
OTHOIIEeHHe CUTHAJI/IIYM 3allHCBIBAETCS C KHCIIONb30-
BaHHeM 1ub0 TUHENHOM, 1ub0 NorapudMHUUeCKON
IIKaJIBL.

i g

be 2N;, and if the facet system contains n microlenses,
then the total number of photomatrix elements
should be make up

DY(DY
NE_0,34n(FJ (I) . (1)
2. ENERGY LIMITATIONS

If it is possible to select m gradations of brightness on
the photomatrix element, and the brightness values
are equally probable, then, using the Hartley formula,
the information capacity of the brightness field is
determined through statistical entropy as

H=N,log,(m+1),

or
H:O,34n[%] (%jz log,(m+1). )

The number of gradations of brightness, depending
on the signal-to-noise ratio , is equal to

m=ku, 3)

where k is a coefficient numerically equal to the
minimum acceptable signal-to-noise ratio. The signal-
to-noise ratio is recorded using either a linear or a
logarithmic scale.

The signal-to-noise ratio (S/N), measured in
decibels, is defined as

S/N=20lg|
/ g[r]

or

SIN

u=102,

where u, is the signal level, \/E is the r.m.s. value of
the noise. In accordance with the expert assessment of
image quality in television, recommended by the
International Advisory Committee on Radio
Engineering, satisfactory image quality can be
obtained with a signal-to-noise ratio S/N of at least
30dB (= 32).

The signal and noise levels and the signal-to-noise
ratio can be expressed in terms of the corresponding
numbers of signal n. and noise n,, electrons:

iofe
b
My, v nzﬁm + nsjm

where n,,, is the number of internal noise electrons,
Ngw is the number of external noise electrons. External
noises (photon noise) are the result of a discrete nature
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OTHomeHueM curHan/myMm (S/N), H3MepseMoe
B feniubenax, ompesensieTcss Kak

S/N=201g[ =3 J

w
159)851

SIN

pu=102, gpar,

Ihe U, - YpOBeHb CUTHAJA, \/ﬁ - CpefHeKBa/ipaTH4e-
CKOe 3HAaueHMe IIyMa. B COOTBETCTBUHU C SKCIIEPTHOU
OLIEHKOM KaudecTBa K300pakeHHUs B TeleBUAEHUH,
PEKOMEHIOBAHHOM MesKIyHapOIHBIM KOHCY/IBTATHB-
HBIM KOMHTETOM II0 PafiHOTEeXHHKe, YIOBIETBOPH-
TeJIbHOe Ka4yecTBO M300paskeHHsT MOXKeT OBITh ITONTY-
YeHO IpH OTHOLNIEHHH CHUTHaa/mym S/N He
MmeHee 30 0b (p=32).

YPOBHU CHTHaJIA U IIyMa M OTHOIIEHHE CHUI-
HaJI/IIyM MOSKHO BBIPA3HUTh Uepe3 COOTBETCTBYIOIIHE
YHCIa CUTHAIBHBIX f, ¥ ITYMOBBIX M, 37IeKTPOHOB:

e g, — YACI0 BHYTPEHHHUX IIYMOBBLIX 3JIeKTPOHOB,
Mgy ~ YUCIO BHEIIHMX IIYMOBBIX 3JI€KTPOHOB. BHem-
Hue myMbl (QOTOHHBIN LIyM) SIBISIOTCS C1eACTBHEM
AHCKPETHOM MPHPOABI U MOAYMHSAIOTCA 3aKOHY Ilyac-
coHa (cTaTHCTHKe). YMCIO IIyMOBBIX 3/1€KTPOHOB
TakKe ClleflyeT 3TOM CTaTUCTHKe, M, COIJIACHO eH,
$OTOHHBIM IIyM PaBeH KBaJpaTHOMY KOPHIO M3 YHC/Ia
CUTHA/IBHBIX IEKTPOHOB, TO €CTh My, =fn.. TakuM
06pasoM, MNpHU 3HAYUTEJbHBIX OTHOLIEHHSX CHI-
HaJI/WIyM, KOTAA M3, >> My, OTHONIEHHE CUTHAT / IIyM
OymeT paBHO KOPHIO KBa[PATHOMY M3 YHC/Ia CUTHAIb-
HBIX QOTOHOB:

M=\/E=n¢m. 4)

YMCI0 CUTHAMBHBIX JIEKTPOHOB 3a LMK/ HaKOILIe-
HUS Ha 37leMeHTe GOTOMATPUIIBI Ha AJIMHE BOJHEI A,
OIIpefesiseTcss Kak

E At
My = ﬁm » (5)
rae E, - criekTpanbHas 0b61yueHHOCTD 37eMeHTa $poTo-
MaTpHLBI (37eCh U Jajiee HCIIO/Ab3YIOTCS SHepreThye-
CKHe BeIMYMHBI, B3AThIE B Y3KOM CIIEKTPaJTbHOM [Ha-
nmasoHe AN, mpu 3ToMm Ey=E, A\, E, - clekTpaapHas

[JIOTHOCTh ~ JHEPreTHYecKod  06Iy4YeHHOCTH),
A,, - TUIOWAaAb MUKCena, t, - BpeMs HAKOIUIEHHS,
he

Wx=hV=7 - sHeprusi GOTOHA Ha [JIUHE BOIHBHL A,
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and follow the Poisson law (statistics). The number of
noise electrons also follows this statistics, and
according to it, the photon noise is equal to the square
root of the number of signal electrons, i.e. ny, =/n,.
Thus, with significant signal-to-noise ratios, when
ng,,>>1;,,,, the signal-to-noise ratio will be equal to the

sHW?
square root of the number of signal photons:

u=\/a=n¢m. 4)

The number of signal electrons per accumulation
cycle on the photomatrix element at wavelength A, is
defined as

EA,t
where E, is the spectral irradiance of the photomatrix
element (hereinafter - the energy values taken in the
narrow spectral range A\ are used, while Ey=E, A\, E,,
is the spectral density of energy irradiance, 4,, is the

. . L he .
pixel area, t, is accumulation time, W, =hv= o s the

photon energy at the wavelength A, 1, is the quantum
yield, h=6,626-10734]-s is Planck’s constant.

It is easy to show that the spectral irradiance
of the photomatrix element is determined by the
relation:

E %, (D)
E=oﬁxkaxak_', 6
r n f (6)
where E g is the spectral irradiance of the object, ryis
the spectral reflectance ratio of the object, 1, is the
spectral transmittance of the optical system, 1, is the

. D .
spectral transmittance of the atmosphere, f is the

relative aperture of the objective (microlens). From
relations (4), (5) and (6), taking into account the fact
that the area of the photomatrix element A,, should
be half as much as 42, we obtain:

n=1,2\ /w% %)
A

Then from (2), (3) and (7) we obtain the formula
determining the information capacity of the facet
optoelectronic system, in the following form:

2 2
H:0,34n[%J (%) 1og2[1,zzkx ,w%m +1]. (8).
A
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1) — KBAaHTOBBIH BBIXO[I, h=6,626-10734 [I’K-C - [IOCTOSIH-
Hasg I1aHKa.
Jlerko IIOKas3aTb, YTO CIIeKTpPajbHas o0OIy4eH-

HOCTb DJJIeMeHTa (bOTOManI/ILU)I orpenesseTcsa
COOTHOIIIeHHEeM:
2
E = M B (6)
A 4 fu ’

rae Ey — crekTpanbHast ob61ydeHHOCTb 06BEKTa, ry -
CIeKTPAIbHBIA KOIPPUILIMEHT OTPKEHHUS 00BEKTa,
T, ~— CIeKTpaJbHOe IIPOIyCKAaHHEe ONITHYeCKOH
CHUCTEMBI, T, - CIEKTPAJIbHOE IIPOIYCKAHHE aTMOC-

D
depsI, o OTHOCHTE/PHOE OTBEPCTHe O06BeKTHBA
(MuxponuH3bl). U3 cootHomenun (4), (5) u (6) ¢ yue-
TOM TOTO, YUTO ILIOLIA/b 3/IeMeHTa GOTOMATPHULBI A,
IOJ/DKHA OBITH BABOE MeHbIIIe d2, TIOJTyIHM:

w=1,22\ /wmx. %)
/s

Torma us (2), (3) u (7) monydum ¢opmyny, oImpe-
Iensonylo HHPOPMAIMOHHAS eMKOCTh daceTod-

i1

3.  ANALYSIS AND CONCLUSIONS

The analysis of the relations obtained shows that
increasing the number of photomatrix elements to
enhance the information capacity of the system is
advisable to a certain limit. A rational number of
elements, as it follows from formula (1), is determined
by the parameters of the microlens and the number of
microlenses, which in turn depends on technological
factors. On the other hand, for a given number of
photomatrix elements, it is possible to calculate the
required number of microlenses in the facet system.
So, e.g., when using a 10-megapixel matrix, with

relative aperture of the microlens %:%, with the
wavelength A=0.5 pm, and with the diameter of the
microlens D=0.5 mm, 118 microlenses are enough. As
D decreases, the required number of microlenses
increases dramatically.

The information capacity of the system
significantly depends on the energy relations in
accordance with (8). Knowing the object irradiance
E,» and other parameters included in (7) and (8),
one can calculate the signal-to-noise ratio p and
the contribution of the logarithmic multiplier to

PHOTONICS VOL. 13N212019 7



i1

HOHM OIITUKO-JIeKTPOHHOM CHCTEMBI, B CIefyIOIleM
BHE:

2 2
H:O,34n(%J (%) logz[l,zzkx /th{m +1J. (8).
A

3. AHAJIU3 N BbiIBOAbl

AHaJIM3 MOTy4eHHBIX COOTHOIIEHHU IT0OKA3BbIBAET, UTO
yBe/IMYeHHe YHCIa 3JIEMEeHTOB GOTOMATPHUIIBL /IS
MOBBIIIEHNS HUHPOPMALIMOHHOM eMKOCTH CHCTeMBI
1esiecoobpa3Ho 10 OIlpefe/IeHHOro Ipefena. Paiuo-
HaJbHOe YMCJIO 3JIEMEHTOB, KaK 3TO caefyeT U3 Gop-
Myl (1), onpefensercs HapaMeTpaMy MUKPOTHH3BL
Y YMCJIOM MHKPOJIMH3, YTO, B CBOIO OYepe/b, 3aBUCUT
OT TeXHOJIOTHYeCKUX $paKTopoB. C IPyrou CTOPOHEI,
IpyU 3aJaHHOM YMCIe 3JIeMeHTOB (GOTOMATPHIILI
MOKHO PacCUMTaTh HeobXo[rMoe YK CI0 MUKPOJIHH3
B (daceTouyHol cucTeMe. Tak, K IpHUMepy, HOpH
HCII0/Ib30BaHUHU 10-MeranuKCceTHOM MaTPHLbI, OTHO-

CUTEJIbHOM OTBEPCTHH MMKPOJHH3EL %:%, JUIAHE
BOMHBL A=0,5 MKM M [JUaMeTpe MHKPOIHUH3EI
D=0,5 mm mocraTo4yHo 118 MHKponuH3. IIpu ymMeHb-
meHUH D Tpebyemoe HYHC/IO MHUKPOIHH3 Pe3KO
BO3pacTaerT.

HudopmaliMOHHAsS €eMKOCTh CHCTEMBI Cylle-
CTBEHHO 3aBUCUT U OT S9HepreTH4ecKHX COOTHOLIEHHU
B COOTBeTCTBHHU C (8). 3Has o6nydeHHOCTh 0OBEKTa
CreMKU Ey U Apyrue mapameTpel, Bxojsimiue B (7)
1 (8), MOXKHO pPacCYMTaTh OTHOIIEHHe CUTHaJI/ IIyM [
Y BKJIQJ] JIOTAaPHPMHUYECKOI0 MHOKHTe/IS B HHGOpMa-
LIMOHHYIO eMKOCTh GaCeTOUHOM OIITUKO-3/IeKTPOHHOU
cucteMsl. C IPYroM CTOPOHBI, OIpelenuB Tpebyemoe
3HaueHHe |l 110 KPUTEPUSIM KauecTBa H300paskeHUs,
MOXHO HaHTH HeOOXOOUMBIM ypPOBeHb OCBeIleHHO-
CTH 06BeKTa CheMKHU. ECTTH TI0NOKHUTH B popMmyite (5)
YKC/I0 3/IeKTPOHOB f1y PABHBIM IIYMOBOMY YHCIY Ny,
TO COOTBETCTBYIOIasi 061yueHHOCTb IHKCcena OyneT
PaBHa [IOPOTOBOL BeIUUHHe:

_ Wx”xw
" Anutﬂnk '

Ilomaras Eg ;) =E,, HOIyYUM C YyYE€TOM COOTHOIIE-
HUs (6) 3HaUeHHe II0POroBok 0671y4eHHOCTH 06beKTa,
IIpY KOTOPOM CHUTHAJI IIUKCe/Ia paBeH MIyMY:

EofL _ 4Wxnxw _ 4‘Enk

7 7.
D D
AT, Te, [flj [ Ton Tan [f-j
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the information capacity of the facet optoelectronic
system. On the other hand, by determining the
required value p by the criteria of image quality, one
can find the necessary level of illumination of the
subject. If in the formula (5) we put the number of
electrons n, equal to the noise number n,,, then the
corresponding irradiance of the pixel will be equal to
the threshold value

_ W)Ln)uu
n .
Anu tHn A

Assuming E ; =E,, we obtain, taking into account
relation (6), the value of the threshold irradiance
of the object, at which the pixel signal is equal to
noise:

Eﬁi - 4w, - 4E,,

5.
D D
AnuthnkrhToktax [f'] T Tar [f']

Then the maximum spectral irradiance of the object
in the range of linearity of the energy characteristic is
equal to:

4W,n,, 0

Ef = D 2= Eni“"
A byMinTe Ty [f']

Amax

For typical values: signal-to-noise ratio S/N 40 dB
(1=100), A=0.5um, A,,=25-10"2? (photomatrix element
size 5 pm),ty=0,02 ¢, M,=0,4, =0,6, t,=0,8, T,=1,

D 0,5 we obtain E;=1,98 W/m?, E¥X=66-10* W/m?

which in terms of light units corresponds to object
illumination 270 lux.

Thus, the goal set in the article seems to have
been achieved. The obtained formulas determine
the relationship between the parameters of the
optical system, the parameters of the photomatrix
and the illumination conditions, allowing us to
calculate the information capacity of the facet
optoelectronic system and determine the rationality
of the combination of its main elements: the number
of photomatrix elements, its format, element
size, microlens number, diameter and relative
aperture microlenses. The calculation using the
given formulas shows that some of the parameters
sparingly published by the developers of the facet
systems, primarily, the number of microlenses and
the parameters of photomatrices, correspond to the
calculated values.
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Torma MaKCHMajbHas CIeKTpanbHas 061yueH-
HOCTb 06beKTa B iMaIla30He TMHENHOCTH SHepreThye-
CKOM XapaKTePUCTHUKH PaBHA:

0 4W,n o
kﬁmax = At D 2= ‘Eniu
Aty T0 Ty [fl]

Jl71s1 IOCTaTOYHO THUITOBBIX 3HAYEHH : OTHOIIEHUH
curHan/mym S/N 40 nB (p=100), A=0,5 MKM,
A,,=25'102 M? (pa3mep 31eMeHTa (GOTOMATPHILEI
5 Mkm), ty=0,02 c, 1n,=0,4, n=0,6, t,=0,8, T,=1,

D_0,5 nonyuum E,=1,98 Br/m?, E¥=66-10 Br/m2,

f

E¥ .=66-102 BT/M2, 4TO B IepecyeTe K CBETOBBIM
eNUHUIIAM COOTBETCTBYeT OCBELIeHHOCTH ObOBeKTa
270 nK.

Takum obpa3om, IIOCTaBJieHHAass B CTaTbe ILIeNb
IpenCcTaBaseTCcd [OOCTUTHYTOH. IlonydeHB op-
MYJbl, OIpefeNsoliie B3aHMOCBA3b MEXIY
napaMeTpaMH ONTHYeCKOM CHCTeMBbI, IapaMe-
TpaMHu (QOTOMATPHUIEI U YCIOBHSIMH OCBEIIeHHO-
CTH, II03BOJIAIOIIHEe PpacCUUTATh HHOOPMALIMOH-
HYI0 eMKOCTb ({aceTOUHOM ONTHKO-3J1eKTPOHHOH
CUCTeMBl U OIpeNeauTh PallMOHAJBHOCTh CouyeTa-
HHSI ee OCHOBHBIX 3JIEeMEHTOB — YMCJIa 3JIeMeHTOB
doTomaTpunel, ee dopmara, pasMepa 3JIeMeHTa,
YHCJla MUHKPOIHMH3, AUHaMeTpa M OTHOCHUTEJIb-
HOTO OTBepPCTHS MHKPOJMH3BI. PacdeT IO IIpUBe-
OeHHBIM ¢opMyjaM IIOKa3blBaeT, YTO HEKOTOpHIe
CKyII0 IIy6rKyeMble pa3paboTYrMKaMH GpaceTOUHBIX
CHCTeM IlapaMeTphl, IIpeXKIe BCero 4YMCI0 MHKPO-
JIMH3 U IapameTprl GOTOMATPHIL], COOTBETCTBYIOT
pacyeTHBIM 3HAYEHUSIM.
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