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Introduction. One of the urgent problems, which are facing developers of satellite optoelectronic remote
sensing systems (ORSS), is to improve the images quality. Image quality is determined, above all, by its
radiometric resolution, which means minimum difference between brightness or reflectivity of object and
background, which can be detected by ORSS with a given probability. Modern ORSS make possible viewing
angle deviation, which causes significant image distortions.

Formulation of the problem. The purpose of the paper is to develop physical and mathematical radi-
ometric resolution model of satellite remote sensing optoelectronic systems at arbitrary sight angles.
Video signal formation model and radiometric resolution study. Solar radiation that is reflected
from the Earth’s surface on which the object of observation is placed, passes through atmosphere and enters
into transmitting camera lens. The lens forms image of the object and the background radiation in the
detector plane. Detector converts illuminance distribution to electric signal, which forms video signal after
scanning. The object of observation has uniform spectral reflectance over its size and its angular size is
much bigger than ORSS instantaneous field of view. The object is situated on Earth’s surface with uniform
spectral reflection coefficient. Both object and background reflect light on Lambert’s law. An example of
ORSS radiometric resolution calculation model was considered.

Conclusions. On the basis of proposed optoelectronic remote sensing system model there was developed
method of determination its radiometric resolution at arbitrary angles of sight. Study of the model showed
that, increasing of viewing angle significantly deteriorates optoelectronic system spatial resolution while the

radiometric resolution is unchanged.
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Intoduction

Optoelectronic remote sensing systems (ORSS) are
widely used in various fields of human activity [1]. One
of the urgent problems, which are facing developers
of such systems, is to improve the quality of satelli-
te images. Image quality is determined, above all, by
its energy (radiometric) resolution. Energy resoluti-
on means minimum difference between brightness or
reflectivity of object and background of large size, whi-
ch can be detected by ORSS with a given probability.
Modern ORSS allow you to change the viewing angle,
which is determined by angle between optical axis of
sensor and Nadir. However, there are significant image
distortions which are caused by deviation of the optical
axis. Considerable amount of researching works [2-5]
were devoted to ORSS image quality. At the same
time there are not enough studies of satellite ORSS
radiometric resolution at arbitrary angles of sight in
the scientific literature.

1 Formulation of the problem

The purpose of this paper is to develop physical and
mathematical radiometric resolution model of satelli-
te remote sensing optoelectronic systems at arbitrary
sight angles.

2 Video signal formation model

Process of video signal formation in ORSS is as
follows. Solar radiation that is reflected from the
Earth’s surface on which the object of observation
is placed, passes through atmosphere and enters into
transmitting camera lens. The lens forms image of the
object and the background radiation in the detector
plane. Detector converts illuminance distribution to
electric signal, which forms video signal after scanni-
ng. Let’s consider elements of the model in detail.
The object of observation is placed on a uniform
background of Earth’s surface, which is characteri-
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zed by its albedo pp . The object has a reflection
coefficient pg, that is greater than the albedo by Ap.
Sometimes is Ap determined as follows:

Ap = Pt =Py (1)
Pb
If the object and background reflect solar radiation
according to Lambert’s law and Sun creates on the
Earth surface spectral illumination Eyy then brightness
of the object and the background in the working
spectral range A1 ... Az will be [2]

Az

/Pt (A) Eox (A) dA;

" (2)

L= / p1 (A) Eox (A) dA

A1

1

™

Ly

That is useful signal is generated due to object and
background reflectance difference according to absolute
brightness contrast
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The atmosphere transforms the radiation, which
propagates from the object and background to
the sensor, due to absorption and scattering. The
atmosphere is characterized by the spectral transmi-
ttance 74 (A) and integral transmittance 74:

TA = Ey/Es,

where Fj is integrated illumination, which is created by
the Sun on top of atmosphere in the working spectral
range and FEj is integrated illumination of the Earth’s
surface. In certain cases F5 = 4,8 - 1072 W /cm? and
Ey =2,4-10"2 W/cm? so for further calculations we
assume 74 = 0,5. Analysis of the atmosphere influence
on the ORSS operation considering spectral range,
celestial latitude, the Sun height, time of day and year,
cloud cover and atmospheric conditions requires addi-
tional research. The optical system consists usually of
three principal elements: the main lens, spectral beam
splitter and flat mirror, which changes pointing directi-
on (in some cases there is no mirror or beam splitter).
The most important element of ORSS the lens will be
modeled using these parameters [6]:

— focal length f{;

— relative aperture D,/f} or effective f-number
k.ff = f/D,, where Dp is diameter of entrance

pupil;
— field of view:

o angular 2wy;

o linear X x Y in the object space (on the
Earth’s surface);

o linear X’ x Y’ in the images space (in
detector plane);

— spectral range Aj...)\p, taking into account
respective spectral channel;

and
for

— spectral transmission coefficient 7 (\)
integral  transmission  coefficient g
corresponding spectral channel.

The lens forms an image of object and background in
detector plane with illumination contrast
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CCD array detectors are commonly used in ORSS.
Their features are:

- scanning frequency fg;

- noise equivalent exposure H,,;

- pixel size Vp x Wp;

- distance between pixels centers Alp;
- number of pixels Np;

- sensitivity Rp.

3 Radiometric resolution

To determine the ORSS radiometric resolution let’s
consider geometric diagram, which is shown in Fig. 1.
The Cartesian coordinate system is located on the
Earth’s surface so that y axis coincides with satellite
motion direction and z axis forms angle of 90° — 6,
with the optical axis. Satellite flight altitude is hy.

Let the object of observation has uniform spectral
reflectance p; (A\) over its size and its angular size is
much bigger than ORSS instantaneous field of view.
The object is situated on Earth’s surface with uniform
spectral reflection coefficient py, (A). Both object and
background reflect light on Lambert’s law.

Then the spectral brightness of object and
background surfaces is defined as [2]

where Fy()\) is spectral illumination of the Earth’s
surface.
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Fig. 1. Layout for ORSS spatial resolution
determination

If the ORSS optical axis is inclined to object’s
surface normal at angle 6,,, , then spectral radiant flux
which enters the lens is

By (A) =74 (\) Ly (\) A Qg 08 0, (6)

where 74 () is atmosphere spectral transmission coeffi-
cient and A; is object size, which is within ORSS
instantaneous field of view, and Qo = A,/R? is solid
angle within which light enters the entrance pupil of
the lens.

Integral illumination of detector by the object of
observation is
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where Ap = VpWp is detector pixel area.

For large object its area A; that forms the radiation
flux on detector pixel is determined by projection of
this pixel on the Earth’s surface. In [6] it was found
that this area is equal to

Ap
cos30,,’
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where f{ is lens focal length.

From (8) it is clear that with increasing of viewing
angle 6,,,, the area A; increases as well. It causes deteri-
oration of ORSS spatial resolution. At the same time,
this should lead to radiometric resolution reduction. To
analyze this claim, let’s consider Fig. 1, from which the
solid angle 2y can be found
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where D, is entrance pupil diameter of the lens.

Substitution (5), (8) and (9) into (7) gives
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Detector integral illumination, which generates by
Earth’s surface, is determined by same equation
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Detector detects object and Earth’s surface illumi-
nance difference
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ORSS radiometric resolution is determined by mi-
nimum difference AFE,,, which in turn depends on
detector exposure threshold H,,

Hy
t;
where t; is detector integration time.

For integrated parameters which are dependent on
the wavelength A , equation (12) turns into

AE, = , (13)

1 (Dy\?
AE, =~ (=) 7at0EcApy, (14)
4\ fh
where Ap,, = p; — pp is reflectance contrast threshold
i.e. radiometric resolution.
From the system of equations (13) and (14) radi-

ometric resolution is

N, AH (fY
P = TAT()Eoti Dp '

Analysis of formula (15) shows that ORSS radi-
ometric resolution can be reduced by:

(15)

— decreasing of f-number F' = fj/D, or relative
aperture D,/f) growth. This is most efficient
way, since the reduction of F' twice leads to
improved radiometric resolution in four times;
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— using of low noise detector, which is equivalent
to exposure threshold H,, reduction;

— increasing integration time ¢;, which is limited by
detector array readout period;

— increasing lens transmittance 7y, which is always
less than unity.

4 Example of ORSS radiometric
resolution calculations

As an example of proposed radiometric (energy)
resolution calculation model application let’s consider
ORSS with following parameters:

— lens: focal length is f) = 850 mm, entrance
pupil diameter is D, = 200 mm, lens transmi-
ttance is 79 = 0,8 in spectral range (A1 — A2) =
(0,5—0,76) um;

— detector — silicon CCD array (CCD 151): number
of pixels are Np = 5000, pixel size is Vp x Wp =
7 x Tum?; scanning frequency is fq = 5 MHz, noi-
se equivalent exposure is H, = 2- 10710 J/m~2.

ORSS radiometric resolution Ap,, = p; — pp is defi-
ned by formula (15) where H,, = 2-107% J/m~2 is noise
equivalent exposure, t; = Np/fq = 1073 s is detector
integration time and 7y = 0, 8 is average transmittance
of the lens.

From Table. 3.10, which is given in monograph [2],
with method of numerical integration we find the
average illumination, which is created by the Sun at
sea level for the solar zenith angle 600 in spectral range
(A1 — X2) = (0,5 —0,76). It is Ey = 295,3 W /m?.

For a vertical path average atmospheric transmi-
ssion coefficient in cloudless weather is approximately
0.5 in the spectral range (A; — A2) = (0,5 — 0,76) [2].
After substituting all the initial parameters in the
formula (15) we obtain ORSS radiometric resolution:

~4-2-107%-4,257
©0,5-0,8-295,3-103

Apy, =1,2-107°

Lens focal length is chosen on condition to ensure
ORSS spatial resolution [5]. Therefore, specified radi-
ometric resolution can be achieved by matching
the lens entrance pupil diameter D,. Fig. 2 shows
dependence of the ORSS radiometric resolution Ap,
on the diameter of entrance pupil D,,.
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Fig. 2. Dependence of ORSS radiometric resolution on
the lens entrance pupil diameter

Conclusions

1. Modern optoelectronic remote sensing systems
allow you to change the viewing angle of the
Earth’s surface. However, there appear signi-
ficant image distortions which are caused by
deviations of viewing axis from nadir. In the
scientific literature there are no enough studies
of satellite remote sensing optoelectronic systems
radiometric resolution at arbitrary angles of si-
ght.

2. On the basis of proposed optoelectronic remote
sensing system physico-mathematical model
there was developed method of determination
its radiometric resolution at arbitrary angles of
sight. Study of the model showed that:

(a) Increasing of viewing angle significantly
deteriorates optoelectronic system spatial
resolution while the radiometric resolution
is unchanged;

Radiometric resolution Ap,, can be reduced
by reducing the lens f-number F = f{/D,.
This is the most effective way, since Ap,, ~
F2.

(B) Radiometric resolution Ap,, is also reduced
if the system uses a lens with high transmi-

ttance and low noise detector.

3. It is advisable to direct further studies on
determination how lens aberrations effect on
optoelectronic remote sensing system radiometric
resolution at arbitrary angles of sight.
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®i3zuKOo-MaTeMaTUYHA MOJEJb JOJd BU-
3HAYEHHd PaaiOMETPUUYHOTO PO3AiIJIEHHH
KOCMIYHUX ONTUKO-€JIEeKTPOHHUX CUCTEM
AUCTAHIIHOTO 30HAYBaHHA 3eMJII mpu
JOBIIBHUX KYyTaX Bi3yBaHHS

Koanobpodos B. I., Jluxoaim M. I., Muxumenxo B. L.,
Tsazyp B. M., Jlobposoavcora K. B.

VY cTaTTi AOCHIKYETHCA pagioMeTpUIHE (€HEPreTHIHE )
PO3IisIeHHsT KOCMIYHOI ONTHUKO-€IeKTPOHHOI 300paKyi0vol
CHCTEMHU BUIMMOTO Tiara30Hy CIeKTpa. EHeprerndne po3-
JiJIeHHSI TIPEJCTABJIEHO SK IIOPOTOBUH KOHTPACT Koediri-
€HTa BIAOWTTA 3€MHOI IIOBEPXHI HpU 3a/aHIil BeIudurHi
moporoBoi ekcno3urii. Po3ragayTo 3MiHy eHepreTwmdHOro

po3/iijieHHs IpU HaXWJjl Bi3upHOI oci Bix Hamupa. IToka-
3aHO, IO 3i 30LIBIIEHHSM KyTa Bi3yBaHHS E€HEDPTETHUTHE
PO3/IiIeHHS 3aJIUMIAETHCA HE3MIHHUM.

Karowosi caosa: quctanmiiine 30H1yBAHHS; DAJIOMETDPU-
YHE PO3iIEHHs; KOCMIYHUI ONMTUKO-€JIEKTPOHHUI CKAHeP

du3umKo-MareMaTndeckad MOJeNb JJis
omnpeneieHud PaauoOMETPUYECKOro pa-
3peleHust KOCMUY€ECKIX O THUKO-
3JIEKTPOHHBIX CHCTEM JOUCTAHIMOHHOTO
30HAUPOBAHUA 3€MJIM TPU TTPOU3BOJIb-
HBIX yTJIaX BU3UPOBAHUS

Koanobpodos B.I., Jluzosum H.U., Muxumenxo B.H.,
Taezyp B.H., /[obposorvckan E.B.

B cTaThe nccaeayeTcs pamoMeTpraeckoe (HepreTude-
CKO€) pa3pelnenne KOCMIIECKOH OMTUKO-3/IEKTPOHHOM W30~
Opakaromnieil cucTeMbl BHIMMOIO IHalla30Ha CHeKTpa. Pa-
3perenne MPeaCTABIeHO KAaK TIOPOTOBBIM KOHTPACT KOd(]h-
durmenTa 0TpakeHns 3€MHON TOBEPXHOCTH TIPU 3aTaHHOM
BEJIMYMHE IIOPOrOBOI 3SKcmo3ummm. PaccMOTpeHo m3meHe-
HUE pa3perieHuns MPU HAKJIOHE BU3WPHONW OCH OT HAIUPA.
Ilokaszamo, 9T0 C yBeIWYIEeHWEM YIJIa BU3UPOBAHUS dHEPTeE-
THUYECKOEe Pa3pelIeHne OCTACTCH HEM3MEHHBIM.

Karuesvie JUCTAHIIMOHHOE

PaIMOMETPUYIECKOe DPa3pElIeHUe;
9JIEKTPOHHBIN CKaHeD

€06a: 30HIUPOBAHUE;
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