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Abstract: The article deals with the factors
affecting the quality of formation and resolution of
an image in a high-resolution scanner (HRS). It is
shown that the stabilization parameters of a
spacecraft (SC), on which a HRS with a charge-
coupled device operating in time delay integration
mode (TDI-CCD) is installed, significantly affect an
image distortion, namely its blurring, and this
blurring increases when the number of integration
lines goes up in the TDI sensor. The analysis and
modelling of the maximum permissible number of
integration stages in CCD8091 TDI-sensor employed
in a HRS are conducted. We analyse the effect of a
deviation in the nominal (planned) flight altitude of a
SC above the Earth's surface on limiting the highest
possible number of integration stages. The results
obtained make it possible to assess the impacts on
the image quality and resolution, and choose a
compromise variant for the best results.
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1. Introduction

High quality imaging is an important task of Earth
remote sensing systems. The quality of a digital imageis
characterized primarily by its resolution, which isin turn
determined by the number of pixels the image is
composed of; however, not aways the high resolution of
the digital image generated testifies its high quality. This
is due to the fact that the resolution of a digital image is
the number of dots (pixels) per unit area, and this
guantity does not carry information on the quality of the
object image transmission by the optical system of a
forming apparatus. Therefore, the quality of the
generated digital image should be considered and
evaluated as the resolution of an optical system in
combination with an image sensor (light sensor), in this
case, amatrix [1].

The image quality is currently evaluated using two
criteriac the limit of resolution — i.e the Rayleigh

criterion and the optical transfer function — i.e. the
Foucault criterion.

The limit of resolution is a minimum disance
between two points at which their image can be distin-
guished from the image of one point.

The Rayleigh criterion states that if the intensity of
the image of two close points between the points dips not
less than 20%, then the points are observed as separate
(areresolved) as shown in Fig. 1. For this, it is necessary
that the maximum of one point image coincides with the
first minimum of the other [2].

Fig. 1. Resolution by the Rayleigh criterion.

The Foucault criterion [2] is used to measure the
image quality in optical systems, which transmit images
of objects with complex structures. Theresolution S  is
defined as a maximum spatial frequency of a grating
consisting of black and white bars of equal width
(Foucault pattern) in the image of which the bars are
resolved. The resolution is usually determined for the
patterns with unit (absolute) contrast according to the
diagram of contrast-frequency characteristics (CFC) of
an optical system (Fig. 2). The resolution S 5 is deter-

mined by W, for a given contrast (usually for contrast
k=0,2).
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Fig. 2. Resolution by the Foucault criterion.

2. Image resolution factors

Improving of image resolution requires using of
sensors with small pixels. Decrease in pixe Szeleadsto
sensor  sensitivity degradation and distortion of the
obtained image by noise. To rise SC scanner sensitivity,
and reduce weight and dimension characteristics of the
optical system, it is desirable to utilize time delay inte-
gration sensors (TDI) [8, 9]. Nevertheless, these sensors
can only be used after evaluation of permissible number
of integration stages, otherwise the image is blurred, and
this, in turn, reduces the system resol ution.

The quality of the image obtained from the scanner,
is normally evaluated by using the modulation transfer
function (MTF) [2, 5], i.e. the dependence of sinusoidal
pattern image contrast on a spatia frequency.

Let us consider the main factors affecting the image
quality. Suppose that the pattern consisting of light and
dark gripes of the width § is used as atest object on the
Earth. The quality of the test object’simage isinfluenced
by the following factors:

1) Contrast of the test object on the Earth, which
depends on the albedo (reflection coefficient) of the
object under observation and the reflection coefficient of
uniform background of the Earth's surface;

2) MTF of the atmosphere — Mam(Vi,Vy), wWhere
Vi, Vy are the spatial frequencies of the optical signal in
the directions x and y, respectively. The atmosphere
changes the parameters of the object radiation due to
absorption and scattering of light and atmospheric
turbulence. When sensing through the atmosphere layer,
the image of the object becomes blurred in the turbulent
layers. The amount of the blur is determined by the MTF
of the atmosphere;

3) MTF of the scanner lens — Mos(Vi,Vy), Which
depends on such lens parameters as diffraction and
aberration;

4) MTF of the CCD line— Mccp (Vi V). Since the
CCD photodetector is a spatial system, the system
tranamits an image with the help of a limited number of
discrete points, while the maximum spatial frequency vy,

which can be uniquely converted and transferred by the
CCD line, is the Nyquist frequency at which each pixe
of the CCD line corresponds to a maximum or minimum
of the image. The Nyquist frequency is related to the
pixel size with the aspect ratio vy = 1/2b [3], where b is
the pixel sizein thedirection of the line length;

5) MTF of the phase position of test object stripe —
Mon(Vx, 4X, Vy, Ay). The position of the stripe object can
be arbitrary with respect to the centre of the pixe and
fall not onto one, but two neighbouring pixels which
leads to a drop in theimage contrast;

6) The function of the MTF decrease in the
direction of SC flight due to the image “shifting” —
Mgirt(Vx, 4X'). Since the SC moves around the Earth, the
scanner constructs, line by line, the image of the Earth's
surface. The movement during the signal exposure
causes the blurring of an image, and consequently causes
a reduction of the image contrast and scanner resolution
along theflight direction;

7) Thefunction of the MTF decrease dueto the SC
axis position ingtability during the exposure — M,,(Vi,Wy).
Because of this ingability over the exposure time tg, the
image in the focal plane of the scanner lensis shifted by
the following value:

DX (wy ) = fdtg (wy g ),
DY (wy ) = fhtg (wy e )
where wy and wy (°/s) represent the angular velocities

of the SC axis shifting in the direction of flight and in the
direction that is perpendicular to the flight direction,
respectively; fd stands for the focal length of the lens.

The values of angular velocities wy and wy of the SC

axis shift are typically within 0,001...0.005 °/s, thus
using standard CCD lines in the scanner (without atime
delay integration) results in a dight shift of theimage in
the focal plane during the exposure, and, consequently,
in a dight decrease of the MTF. However, when using a
scanner with a TDI sensor, the signas from neigh-
bouring pixels of different sensor lines sum up.
Therefore, the average shift of the image in the foca
plane due to integration of signas from n lines becomes
n times greater resulting in significant blurring of object
images and superposition of the images of adjacent
surface parts.

8) Thefunction of the MTF decrease dueto the Earth's
rotation during the exposure — Mg:o(W,@). Since the plane of
the SC drcular solar orbit gpproaches very closdy the Earth's
poles, there occurs, during the exposure, the displacement of
a sub-satdlite point dong the row of the CCD line dueto the
Earth's rotation around its axis The rate of the sub-satdlite
point displacement depends on thelatitude a of the portion

D
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where a picture is taken, and is defined by the expresson
given below:

2p Rg *cosa
243600

where R denotes the Earth radius.

According to the value of the sub-satdlite point
displacement, theimage in thefocal plane of thelensisalso
shifted, and when a TDI sensor is usad in the scanner, this
shift becomes n times greater, where n is the number of
rows of the TDI sensor, involved in the integration of
signal. Thisaso leadsto theimage blurring;

9) The function of the MTF decrease due to the SC
orbit dtitude ingtability during the exposure — Mpy (Ny) .
The orbit of the SC is not predsdy circular with its every
point located at the dtitude H above the Earth, but can be
rather represented by a movement “dong a patholed road”.
Depending on the orbit point above the Earth’'s area the SC
flies over, the orbit dtitude can vary in the range of H£20
km. For the dtitude H, the scanne is asdgned a catan
frequency of rows' reading, which correspondsto the time of
sub-satellite point’s passng some distance A (m) on the
Earth's surface But as the SC dltitude varies so does the
value of pixd projection on the Earth and the passed digance
on the Earth’s surface, as well as the speed of a sub-satdlite
point. At afixed value of the exposure time for the dtitude H
(and the frequency of rows' reading, repectively), thisleads
to a"cregping” of the images of two neighbouring rows on
each other and to decrease in the MTF. This is especialy
naticeable when the number n of TDI sensor lines involved
inthesignd integration increases

10) The function of the MTF decrease due to the
influence of the aperture of an image sensor pixd. If we
consider atypical image sensor, it contains pixds that are
commonly square. The shape of a sensor pixd effects the
impulse response of an imaging system which is called the
point spread function h(&, #, X, Y) [4] and describes the
dependence of image luminesity on the coordinaes (&, 7)
of the image plane points for a point source with the
coordinates (X, ). In an ided diffraction-free optical
system, a point source is imaged as a dat, but in a real
optical system it appears as a spread spot (for the systems
with a round aperture as Airy disc) [5,6]. A linear filter
modd of the imaging process, which is based on the
condderation, in the spectral band, of Fredholm equation of
the firgt kind with the core of convolution type, looks like
application of alow-frequency spetial filter, followed by the
spatial sampling of theinitial image[7]:

(km/s), 2

VErot =

I (k.1 :S><D{I (x,y)A h(x,h,x,y)+N(x,y)}, (3)

where Sis the sensitivity function; N(x,y) represents
the noise; D{-} denotes the discretization operator;

I(x,y) stands for the initia image; h(x,h,X,y) is the
function of pixel aperture, x,h,x,y are the linear
coordinates, k,| denote the discrete coordinates, A is
the convolution operator.

The resulting value of the modulation transfer func-
tion is defined as the product of the above-mentioned
effects.

3. Smulation of SC dabilization parameters
influence on the per missble number of integration stages

Impact of the Earth's rotation and change in the SC
orbit altitude on the quality of theimage obtained from a
TDI scanner was investigated in some sources [8, 9].
However, those sources did not anayse the effect of SC
stabilization parameters on the permissible number of
integration stagesin TDI sensors while taking image of a
specific area of the Earth's surface. Hence, we shall
perform such an analysis and calculate the permissible
number of integration stages in the CCD8091 TDI
sensor, which would provide 1.9 m pixd’s projection on
the Earth for 490 km altitude of the SC orbit (or 2.6 m
for 668 km altitude, respectively) for the parameters of
SC stahilization reached with modern domestic satellites.

Let a spacecraft with a high-resolution scanner
installed in it rotate around the Earth on a circular orbit
at atitude H above the Earth's surface. Then the linear
orbital speed of the SC, according to [3] is

Vg =.|— 2 and the linear speed of a sub-satellite
Re +H

point movement along on the Earth's surface equals:

Re X/my
(RE +H )3/2 !
where Re =6371 km isthe radius of the Earth; H denctes
the SC orbit altitude with respect to the Earth's surface;
my =3,98602:10° km%s* represents the Earth gravita-
tional constant.

The pixel projection size P on the Earth can be
calculated by the formula given bel ow:

(4)

Vep =

bxH
P=—nw—, 5
= ©)
where b represents the sensor pixel size, F stands for the
focal length of the optical system.
Determine the data integration time on one row of
CCD8091:
P
t, =—, 6
"V (6)
where Vg denotes the resulting linear speed of the image

of an underlying Earth’s surface point in the lens' field
of vision.
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The maximum number of integration stages is
calculated by the following formula:

n£E el

: (7
b H
gs + E >S’&xo

where a=b=8.75 umisthe pixe size of CCD8091; k
isthe permissible value of blurring expressed in fractions
of pixel's projection; r =3438 ‘/rad stands for the

number of minutes in one radian; y&,q is the angular

velocity of spacecraft oscillations around the X-axis
coinciding with its momentary direction of movement;
Os represents the angular deviation of the longitudina

axis of a TDI sensor row with respect to the
perpendicular to the direction of the underlying Earth’s
surface point movement in the lens’ field of view.

While analysing the calculation results presented in
Table 1, let us draw attention to the row 4 which shows
the maximum permissble number of information
integration stages when CCD8091 works in TDI mode,
particularly during remote sensing of Earth’s areas
located near the Equator.

For these areas, the number of rows that can be used
for information integration at the selected value k =0.5
cannot be more than six.

The simulation resultsare given in Table 1.

Table 1
Simulation results

The numerical value
of parameter at
e Parameter name orbit altitude
490 km 668 km
1 | Orbital speed of the spacecraft (mV/s) | 7077.766 6811
The size of the
o | Pixel projection 1897124 | 2586283
on the surface of
the Earth, (m)
Time of " "
information at the Equator 2.65-10 3.7510
3 integration on .
onelineof TDI in the polar 26610° | 37610
Sensor, (S) zone
The permissble
number of lines | 4 the Equator 6.25 5.99
used for infor-
4 | mationintegra-
tion when ;
in the polar
working in TDI zonpza 3112 29.31
mode, (n)

4. Modelling of the effect of the spacecraft orbit
altitude change on the optimal value of exposuretime
and frequency of rows scanning of CCD8091 sensor

A particularly significant impact on the integration
time value has a deviation of the real orbit altitude of the

spacecraft from the nominal (planned) one, caused both
by the ingability of gravitational potential of the Earth
and by the dliptic form of SC orbit. Thus, for example,
for the “EgyptSat-1" SC at the nominal altitude of 668
km, the perigee of its orbit is equa to 666 km, and the
apogee is equal to 683.6 km. Therefore, to assess the
impact of the orbit altitude change on the exposure time,
we tentatively assume that in the process of SC
operation, the orbit dtitude H can deviateby DH = +20 km.
As the orbit altitude deviates, so concurrently the speed
Vg of the sub-satellite point and the size P of the pixe

projection on the Earth's surface change, that is why in
accordance with these changes, it isimperative to change
the duration of exposure time ty on one row of
CCD8091 TDI sensor, and, accordingly, the frequency f
of rows' reading.

The permissible number ry of information integra-
tion stages, when changing the dtitude, is calculated as
follows:

4 ®

n £ '
H & R-+H 03/2
" H+DH éRe +H +DH E

where Kk stands for the permissible value of blurring the
image of an area of the underlying Earth’s surface in the
direction of SC flight expressed in fractions of pixd’s
projection. The simulations have been conducted for two
values k =0.5 and k =1. Fig. 3 shows dependences of
the permissible number of integration stages on the SC
orbit altitude at the middle latitudes of the Earth's
surface.

40,00

35,00 -

The integration s tages number

430 300 330 600 &30 700
Satellite altitude, lkm

150 300

Fig. 3. Dependence of the permissible number of integration
stages on the SC orbit altitude.
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Asaresult of the simulation, we conclude that, if
the orbit altitude suddenly changes and the basic
parameters of a scanner, i.e. the information
integration duration and the frequency of rows
reading keep the values calculated for the nominal
altitude, then the scanner may malfunction. That
failure is the effect of, firstly, a mismatch between
the velocity of the image of underlying Earth’s
surface areas and the frequency of information
reading, and, secondly, a mismatch between the
integration duration and the frequency of
information reading. In order to avoid such situations
in the future, it is necessary, before each sensing, to
arrange for determination and verification of orbital
coordinates and location of a SC by installing on its
board satellite navigation equipment that ensures the
high-accuracy positioning of the SC. Having
determined the orbit altitude, it is also necessary to
reconfirm the value of the orbital inclination and
calculate the current value of SC latitude.

Hence the Earth's surface sensing may be carried out
only after completing the above-referred operations.

5. Conclusion

The article presents the simulation results of certain
factors affecting the quality and resolution of systems for
remote sensing of the Earth.

We have concluded that, when designing a HRS, it
is necessary to find a compromise between the maximum
permissible number of integration stages in the used
CCD8091 TDI sensor, which is responsible for
providing for a given for HRS signal-to-noise ratio, and
the requirement for SC stabilization.

In order to prevent the "blurring” of an image, it is
recommended, before each sensing, to determine the
exact SC orhit altitude, specify the value of the SC orbit
inclination, and determine the current value of the
latitude the sensing is conducted at.

We have also concluded that the image
formation process is affected by a pixel aperture,
which works as a spatial filter of low frequency, and
impairs the spatial resolution. An algorithm for
eliminating the pixel aperture was proposed in our
other publications [4, 7].

The results obtained can be applied to the develop-
ment of newest high-resolution scanners.
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®AKTOPH BIIJIUBY HA SAKICTb
TA PO3AIVIBHY 3JIATHICTb
30BbPA’KEHb CUCTEM
JACTAHIIAHOI'O 30HAYBAHHSI

IBan [Ipyanyc, Bikrop Tkauenko, Ilerpo Konaparos,
Cepriit ®abipoBcbkuit, JIeonin JIaszpko,
Awnnpiii 'puBaueBchkuit

B crarti posrasHyro (akropu BIUIMBY Ha  SKICTh
(dopMyBaHHSA Ta PO3AUIBHY 3/aTHICTb 300pa’KeHHS y CKaHepi
BUCOKOI posminbHOi  3matHocTi  (CBP3). TlokaszaHo, 1o
napameTpu crabinmizawii kocMiyHoro amapara (KA), Ha sikomy
BcranoBiieHo CBP3 3 ¢oronpuiivauem 3 uacoBuM Hako-
nraeHHsM 3apsiay (YH3), cyTTeBo BIUIMBAIOTH Ha PO3MUBAHHS
300paxeHHs, 1 Lle PO3MHMBAHHs 30UIBLIYEThCS NPU 3POCTAHHI
KinbkocTi psnkiB HaxornudeHHs y YH3-doronpuiimaui. Ilpo-
BEJICHO aHaJli3 Ta MOJEIIIOBAHHSI MAaKCHMAaJIbHO-JIOILyCTUMOIO
yucina cranid HaxkomudeHHs y UYH3-dorompuiimaui Tumy
CCDB8091, 3acrocoBanomy y CBP3. IlpoananizoBaHo BIUIMBH
BIZIXMJICHHS] HOMiHAJIbHOI (3aIlJIaHOBaHOI) BHCOTH T0Jb0TY KA
HaJ 3E€MHOI0 IIOBEPXHE0 Ha OOMEXKEHHS MaKCHMAallbHO-
MOMJIMBOIO 4MCIa CTafii HakonuueHHs. OTpuMaHi pe3yib-
TaTH JAl0Th MOMJIMBICTb OLIHUTH BIUIUBU Ha SIKICTb PO3AIIBHY
3[aTHICTh 300pa)K€HHS, Ta BHOpaTH KOMIIPOMICHHMI BapiaHT
JUISL OTPUMAaHHS HAHKpPaILoro pe3ynpTary.
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