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ABSTRACT:

The Pleiades system, ORFEO system optical comp@@gnical and Radar Federated Earth Observation)istsnaf a constellation
of two satellites for very High Resolution panchroima and multispectral optical observation of the rtRa
Its mission is to cover all European civilian neddspping, tracking floods and fires) and defentethe category of metric
resolution: 0.7m Nadir. The first Pleiades sateNias launched at the end of last year.

One of the key objectives of the Pleiades HR (PHR)egt is to achieve a location accuracy that witha the use of images in GIS
(Geographical Information System) without geometfrimodel improvement by refining on ground contpalints. The image
location without refined model was specified wilte tprecision of the most commonly used tool iedivé GPS. So the location
accuracy has been specified at less than 12m fdr@&Ghe images on a nominal satellite configuratio

Very special care has been taken all along the Pidfeqd realization to achieve this very good lomataccuracy. The final touch is
given during the in-orbit commissioning phase wHatts until June 2012.

The geometric quality implies to tune the paranseievolved in the geolocation model (geometrichualiion): besides attitude and
orbit restitution tuning (not considered here)ansists in estimating the biases between theuimetnt orientation and the AOCS
reference frame, and also the sight line of eadhctar in the focal plane. This is called statiometrical model. The analysis of
dynamic perturbations outside of the model arestmnd most important image quality objective eflight commissioning, not
described in this paper.

Finally “image quality assessment” consists in eatihg the image quality obtained in the final prot. For geolocation model, it
is quantified by the absolute geolocation and thieting accuracies, and it is a main contributoleingth alteration and planimetric
and altimetric accuracies.

In this paper we will present both the differenagiices we have adopted (their advantages, limitatand complementarities) and
the means we are using for the operational assessrfighe location quality of PHR images. We willcés on the innovative
methods and mention the improvements in progresscohclude, we will present the very first accuraegults assessed after
PHR1A launch on L1 and Sensor products.

1. INTRODUCTION The in-orbit commissioning phase is not yet congaeas it
must be carried out until end of June. But the tesalready
obtained are satisfactory and areas for improveraemtbeing

PLEIADES-HR is the highest resolution civilian Earth put in place. Therefore valid and rather complesuits can be
observing system ever developed in Europe. Thisgéma usefully presented about location performancesrebdeduring
program is conducted by the French National Spagenéy, these first months of life and also about futurespectives.

CNES. It is the French part of the French-ltalian @RF This presentation therefore focuses on Pleiadesiugts
program which also comprises COSMO-SkyMed, an Htalia |ocation through its physical model

high-resolution radar system. It will operate twgla satellites
designed to provide optical images to civilian atefence
users. The first Pleiades satellite was succegstalinched
December 17, 2011. Images are simultaneously astjuin

Panchromatic (PA) and multi-spectral (XS) mode, cluhi
allows, in nadir acquisition condition, to delive® km wide,

false or natural coloured scenes with a 70 cm gtawampling
distance after PA+XS fusion. Coverage will be almostld-

wide with a revisit interval of 24 h for 2 satedit

After a quick presentation of Pleiades specificadiave will
rapidly describe the satellite elements that padie to
Pleiades location, and then highlight the partidtiés of the
ground system implemented to assure these perfaesan
Eventually we will finely detail the particularigseof Pleiades
location tool: taking into account the aberratiohlight on
Earth sites and the average atmospheric refraction.

We will then focus on the method put in place ttbcate the
alignment bias between camera orientation anditieeof sight
returned by Pleiades attitude, and on the systeriorpgance
measurement.

Since Pleiades 1A launch we are pleased to adh@rartages it
provides and to work carefully to tune finely thpipcessing.

I's now time to make a status on one of its maogpadrtant
characteristics: the accuracy of the location giveiits models.
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And then we will show the present performance imtef a
priori and a posteriori location.

2. PHR ABSOLUTE LOCATION ACCURACY
REQUIREMENTS

Absolute location represents the position of thenscon Earth
surface. This criterion can be split into two aiie a priori
location anda posteriori location.

Apriori location involves the ability to acquire a givétes
This requirement is associated with the programnfiimgtion
and concerns the ability of the system to optimpdint a target
on ground.

The theoretical location accuracy stands for theuscy
required for pointing the central pixel of each gmarow of
each spectral band, throughout the duration of mage
acquisition segment. In other words, it must besjds to
image any point on ground that is accessible franordit with
the required accuracy.

The specification concerns this error after catibraof the in-
flight bias. This specification is split into a ¢gng
specification500 meters at 99.7%positioning along the swath,
thus perpendicular to the scanning direction), aad
specification for positioning the image along thearming
direction lower thari000 metres at 99.7%

This criterion makes demands on orbital positionisgath,
time-stamping and pointing.

The main contributor to this criterion is orbitalgitioning. But
a new need has arisen for the programming of stareed to
accurate pointing attitude and guidance.

A posteriori location involves the knowledge location of a s€en
acquired in a terrestrial reference frame. Ford@lés system,
the main specification is to avoid the need of niefj the
models by using ground control points GCP or refegeémage.
So thea posteriori location error stands for the deviation
between the real position of any point on an imege its
estimated position using the geometrical modehefimage.

The accuracy will depend on both the accuracy efrdfierence
DTM and the view angle.

The specification concerns the value of this eafter in-flight
bias geometric calibration. The positions are esged with
respect to the reference ellipsoid and the altitvalae is given
by a perfect DTM. The posteriori location error must be less
than 12 meters as probable value (90% of the imageghd
better tharR4 meters for 99.7% of the imagegerformed with
the viewing line depointed within a maximum halfgén cone
of 30° around the nadir viewing direction.

This criterion makes demands on data provided byststem
e.g. orbit, time-stamping, attitude, lines of sigiristrument
instability, thermo-elastic effect), accuracy ofjiEdment of
misalignment between line of sight and attitudenea

All the geometric image quality specifications &¥emulated as
probable values, statistical values correspondimgat 90%
probability that they will not be exceeded or max29.7%.
This evaluation is obtained after processing aelargmber of
image points throughout the satellite life. Geoinetriterion
budget and performance are estimated statisti¢gliyMonte
Carlo drawing and simulation on scenarios of useand large
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number of image segments until distribution coneemg to
90% and 99.7%.

3. CHARACTERISTICS OF THE PLEIADES
SATELLITE AND SYSTEM RELATED TO LOCATION

3.1 Satellite, System and image characteristics

Orbit :

Orbit determination and time stamping are compustdoard
with centimeter accuracy by the two redundant Doris
navigators, taking into account the attitude of theellite
(provided by the AOCS board) in order to correctrtdestance
measurements.

The expected accuracy is better than 2m, drift falvan 1 cm
per second.

Extrapolation of the orbit by the ground system foeparing
the programming is corrected by automatic rectiiica of the
segment time, function of the delay or advanceheffrevious
ascending node. This mechanism limits the main ibérthe a
priori location budget. Since launch, it has no¢rbeised after
the two first maneuvers.

Attitude :

Attitude control is performed by means of a cluste# control
moment gyroscopes which sequence the images atouifar
more quickly than with reaction wheels.

Users require a high level of system location aacyr
preferably without ground control points. This looa
performance needs an extremely accurate determimnafi the
imaging geometric model

The attitude control system uses 4 fiber-optic ggopes and 3
star trackers SED36 to provide restitution accur@mypatible
with the system location requirements.

In addition, the system has some means to imprtikade and
misalignment between line of sight and attitudenfea

- A ground centre receives AOCS measurements (stekers
and gyro) and can improve or test new solutionsaftitudes
determination. In delayed time using measuremeetsré and
after, these attitudes could then be releasedlitaystem.

- Image parameter files (GIPP) allow the systenadfust the

alignment bias and even to track changes to follamgasonal or
temporal evolution. An update is underway to allaviurther

improvement according to PSO correction to accofont

thermo elastic phenomena.

The physical location model takes into account pihgsical
phenomena that affect more than 1m like atmosphefiaction
and light aberration between the satellite andgtueh.

3.1.1 Atmospheric refraction :

When a light beam passes through the atmosphgeeslavith

different refractive indexes due to the variatiorair density as
a function of altitude, it is deflected in accordarwith the law
of Descartes:

n, sina, =n,sina, (1)

wherein nl1 and n2 = indices of the two sides oftthasition,
o, eta, = angles of incidence and emergence of the beam.
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Figure 1. Atmospheric refraction between two layers

Typically, the ground deviation of a light ray wieomcidence
angle at the top of the atmosphere is 30°, is nieers , and
grows up to 5 meters for an incidence angle of,4fje to the
atmospheric refraction. The light wavelength isignificant

factor for small values (in blue and below), andchiess from
the red and beyond. The correction of this dewmatitong with

a medium ground pressure allows to correct thierew first

order. Under conventional conditions of imaging temaining
error due to the lack of knowledge of the localsgtee (on the
beam deflection) is of the order of several centies and thus
negligible.

The correction is not integrated into the physicaldel, it is

realized in localization software using the physicadel. And

it is taken into account in the rational model effpct sensor.
Data to perform this average correction are sugpftiea ground
image parameters file with the products, in ordeallow the
user to better correct with the local atmospheaiadt the time
of its own image.

3.1.2 Light aberration:

At the instant of any observation of an object, #pparent
position of the object( i.e the direction in whiiths seen by an
observer on the moving observer frame) is displdoaah its
true position (i.e. the direction of the straigimel between
observer and observed at the instant of observatidhis
displacement depends upon the transverse comparfiethie
velocity of the observer with respect to the vectdrthe
incoming beam of light: the difference between #dwo
positions is caused mostly by aberration.

This phenomenon is classically taken into accoumtsiar
tracker processing, which delivers absolute atitudormation
from stellar observation corrected of this abeorati
(approximately varying between -20 arcseconds
+20arcseconds or about 100prad).

For Earth observation by satellite, the motiontaie into
account is the satellite speed in an Earth “inErgaocentric
reference frame (Vsat around 7km/s) and the motibrthe
observed object due to the Earth rotation (Vobjestiveen O
and 500m/s) in the same reference. The motion sporeding
to camera movement in orbital frame with specifiedgnce can
be neglected: <1m/s.

As shown on the DR1 reference, the Lorentz transiton
with its relativist form can be simplified becausg relative
velocity amount in front of the light speed.
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and

Magnitude and direction deviation can be easilguated by
the following expression :

w=|u- )
c
And the relative velocity can be computed with:
551 Ve TV | (3)
— — d(O —
Vr = [\/isatllTRF - [ (dtQ)J = [\/isat]lTRF Q| X m Uz,
R 1ITRF qu + uyq

Where Q is the terrestrial object and O is thelEaenter, u and
v are the polar orientation parameters (IERS) andafiis the
inertial satellite velocity in an Earth-centeredritial frame.
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Figure 2: light aberration between satellite armligd

The deviation depends on the viewing orientaidnwith roll

(l/lx) or pitch (l,Uy)

Fig.3 shows the deviation magnitude versus roll aitdh
angles. The maximum deviation is on Nadir acquisitand is
around 25purad.
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Figure 3 Magnitude of aberration vs roll and pitctgles
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As we can notice the main direction of the abesratiorrection
is the satellite velocity.

On SPOT family satellites, the Earth aberration @t
corrected but the phenomenon is calibrated by anmedue
during commissioning in the corrective rotationa@)i on the
camera orientation.

The Pleiades satellite agility allows different emations of
image acquisition like North-South, East-West or seast
and so on. A correction by a mean bias rotatiothencamera
frame is erroneous as we can see in the figures\bel

On the left side of Fig.4 is depicted the off raihd pitch
instrumental axis (satellite axis) orientation firee ground
image orientation: Nadir, East-West and West-East the
satellite velocity and then direction of light alzion
correction.
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Figure 4. Light aberration correction and variomgages
orientation (instrument yaw)

On the right side of Fig.4 is shown the bias ifl (blue) and
pitch (red) for some image couples at the samditwcaut with
inverse orientation East-West and West-East. Thaselsi
without light aberration correction (circle) have great
difference in roll axis about 45urad in the couplbe biases
with light aberration correction (stars) are cotesis.

So for Pleiades system a quaternion for aberratiorection is
evaluated for each attitude quaternion and then attieude
quaternion is corrected and given in the physicatieh of the
raw sensor product.

4. THE IN-FLIGHT COMMISSIONING WITH GCP
SITES

The assessment of the image quality and the ctbbra
operation is performed by CNES Image Quality teamingu

commissioning. Geometric activities deal with theogetric

model calibration, assessment of localization amxyr focal

plane cartography, multi-spectral and
overlapping, static and dynamic stability, planirtet and
altimetric accuracy.

Most of these results will also contribute to thihg of the
ground processing parameters in order to fit thages to the
users needs.

Then we focus on the tuning of the location mquebmeters.

Orientation biases of line sight calibration
For each detector in the focal plane a line-of-sigtodel

defines its orientation with respect to the senser, the two
angles which can be used to reconstruct its linesigiit (a
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straight line linking the centre of the detectothe instrument's
optical axis). These lines of sight are supposduktstable over
time, with the exception of the ground-flight trdim stage
(launch vibrations, change to 0g, outgassing fraractures,
etc.), and are therefore calibrated on the grotacdiieck that
they comply with specifications and to define mlitvalues) and
then in flight.

Estimating the biases between the instrument aiiem and
the frame estimated by AOCS, (and also sight lineeath
detector in this instrument frame) is the main gewim model
improvement during in-orbit commissioning .

Three methods are used for Pleiades satellite:

- The nominal and classic methods to improve theehasing
external information with ground control points landmarks,
whose terrain and image coordinates are well knovirey
enable absolute adjustment of the image to matehtahrain.
This method needs an accurate and large GCP databdgbe
pointing input on the pixels images (with corradatihelp).

- An innovative method called “auto-reverse” usesoaple of
image from the same orbit with ground orientationagj
inverse. This method enables to asses Roll and pitabes
without external information (with a classic DTM).

- A new method uses stars like automatic GCP.

[4] and [5] describe these last two methods . They very
attractive and will be very useful but are not mypgmose in this
paper.

The nominal method consists of refining for eaclgnsent
model with roll and pitch misalignment biases aintketdrift on
the same axis as unknown parameters.

To improve the observability of yaw bias and thealolength
correction we used a multi-pass coverage of 200wkide (10
PHR segments). This block of spatio-triangulatiordgsiipped
with ground control point at each end and soméeifit also in
the middle, and with tie points in the overlap area
Observing theses biases closely on a lot of diffesites and
shoots allows to improve calibration accuracy amdhighlight
temporal and seasonal and also orbital variationsrder to
incorporate them into the model.

CNES uses a large and accurate GPS GCP databasengave
wide range of latitudes for theses orbital and meals
observations and longitudes to allow to acquireew Bites
daily.

So we have a little over 20 sites with a sufficienimber of
ground control points or landmarks (about twentyatiow to
refine the image model by spatio-triangulation. Seéhe
landmarks have various but well known altimetricdan
planimetric accuracy, generally about or bettentbae meter.

multi-tempora The a posteriori analysis of median misalignments siduals

after spatio-triangulation process and a lot ofuigitions allow
to do a close monitoring of the observed precisiérthese
landmarks.

In addition to these sites for misalignment tunimgg have
several sites with very little ground control painbut very
precise, these sites are only used for performencgutation.

We had planned two steps of needs in terms of progring,
production and planning . :

¢ During In-Flight Commissioning (RV) (2 months) albc&0
segments equipped by month
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« After from 2 months to 6 months 25 to 35 segmewsipped
by month

R =t
g 3 - 'y s o)
Y N gﬂ
N NE e

S 0. NN

7 pm LD/\{:L- Y

. v 2

Wm

sssssssssssssssssssssss

Figure 5 : Location sites position

In fact the importance of location accuracy requeats, the
hydric desorption behavior of the instrument inbieginning of
life led us to increase sharply by a factor of ab®utheses
acquisitions and not to reduce our efforts un#él gerformances
are stabilized and improved.

5. LOCALIZATION PERFORMANCE

The first steps of adjusting inter direction biaséstar trackers
and gyroscopic scale factors have rather rapidbugint very
good beginning of life performance, before -calilmat of
instrumental biases. A first correction of thesiesés have been
carried out successfully on board as shown beloig. ¥x
represents the average roll and pitch shifts indfox each
image.
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Figure 6 Misalignments improvement at the beginmhlife

The pointing performance were measured by compaitieg
request up to the satellite and the location gibgrthe model
shooting. This performance is much better tharsffezification
because of the very good prediction and measurewfetite
orbit: 80 m to 90% since the 311PdV on 05/01/204# even
with the beginning of life since 20/12 (428PdV)eytare of 128
meters at 90%
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Biases tracking showed a temporal evolution stroripan
expected for the water desorption, and a dispersioa to
sensitivity to AOCS thermoelastic effects.

This transient behavior is thoroughly monitored drder to
improve the a posteriori localization performanBetween the
launch and May 25, 2012, the localization assessiaebetter
than 16.5 m for 90% of images and 10m RMS.
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Figure 7 : A posteriori localization performanceessed April
5, 2012

Because of AOCS calibration still in progress, linddfts in
the image were kad per second on roll direction and @&
per second on pitch direction in the same period .

Performance will be updated in the coming monthteraf
complete characterization of the phenomena. But lesady

checked Improvement will achieve a better asseassroé

localization than 12 meters to 90%performed with the
viewing line depointed less than 30 °. It will beailable for

month of October.
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