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For many science applications of laser altimetry, the precise location of the point on the Earth’s surface from
which the laser energy re� ects is required. The geolocation accuracy of this illuminated laser bounce point is
primarily dependent on the accuracy of the laser-pointing knowledge. Laser and spacecraft body systematic
misalignments are signi� cant contributors to the pointing knowledge error. We present a method for accounting
for these systematicmisalignmentsthrougha Bayesian least-squares-estimationprocess using laser-altimeter range
residuals. This range-residual calibrationmethod uses commandedspacecraft attitude maneuvers and ocean range
residuals for the recovery of the pointing and range biases. The performance of this method is evaluated through
both consider-covariance and simulation studies applied to the upcomingVegetation CanopyLidar and the Ice and
Cloud Elevation Satellite missions. The results of these analyses suggest arc-second level pointing bias knowledge
can be achieved. A calibration maneuver is developed for both the Vegetation Canopy Lidar and the Ice and Cloud
Elevation Satellite mission. The laser altimeter-range measurement model algorithm is presented.

Nomenclature
A = sine function amplitude, m for height and rad for angle
B = matrix of partial derivatives of the observationswith

respect to the parameters
C = angle bias parameter, rad
c = speed of light, m/s
D = cosine function amplitude, m for height and rad for

angle
d = distance between current surface and bounce point

estimate, m
dm = vector of residuals from the nth approximation
dx = differential correction to the estimated parameter

value
F = exponential effective period, s
G = exponential coef� cient, rad
h = height above surface, m
K = matrix of partial derivatives of the observationswith

respect to consider parameters
n̂ = nadir unit vector in local vertical local horizontal frame

(LVLH)
PN = noise-only covariance matrix
p̂ = laser pointing unit vector
R = rotation matrix
S = surface slope, rad
T = time tag, s
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VA = a priori parameter covariance matrix
VS = a priori consider parameter covariancematrix
W = weighting matrix associated with the observations
XB = current estimate of surface bounce point position

vector, m
XCM = center-of-massoffset vector for instrument optical

tracking point, m
XOP = instrument optical tracking point position vector, m
XS = surface position vector at current bounce point estimate

geodetic coordinates, m
XSC = spacecraft center-of-mass position vector, m
x = true state solution
xA = a priori estimate of the true state solution
x̂ = approximation to the true state solution
D t = time from maneuver or data start, s
D x = error in the estimated parameters
D q = one-way range correction, m
h = off-nadir angle, rad
q = range, m
r h = standard deviation of the pointing angles, rad
r q = standard deviation of range, m
x = angular frequency (2 p /period), rad/s

Subscripts

atm = pertaining to atmospheric refraction
bias = pertaining to range bias
ECF = Earth-centered � xed frame
h = pertaining to height
IRF = inertial reference frame
Laser = laser frame
LVLH = local vertical local horizontal frame
p = pertaining to pitch
r = pertaining to roll
SBF = spacecraft body � xed frame
SBFC = spacecraft body � xed corrected frame
y = pertaining to yaw
2-way = roundtrip measurement
! = direction of rotation
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Superscripts

B = at bounce time
n = iteration number
R = at receive time
T = at transmit time
T = matrix transpose

Introduction

W ITH two successful shuttle laser altimeter (SLA) missions
(SLA-1 and SLA-2) (Ref. 1), the Mars OrbitingLaser Altim-

eter2 and a host of aircraft experiments,3,4 laser altimetry is revo-
lutionizing the ability of remote sensing to determine the charac-
teristics of complex surfaces including vegetation, slope, surface
roughness,topography,and time variations.The laser-altimetersys-
tem measures the time of � ight of the laser pulse and provides a
digital time series of the returned laser pulse energy or the wave-
form. The time of � ight determines the range to the surface bounce
point, which in conjunctionwith the knowledge of the position and
pointing of the laser altimeter enables the precise positioningor ge-
olocation of the surface return. The waveform provides a detailed
observationof the verticaldistributionof interceptedsurfaceswithin
the laser footprint.1 To exploit the unique observing capabilities of
this technology, two NASA dedicated laser-altimeter missions are
scheduled for launch in the very near future.

The Vegetation Canopy Lidar (VCL) mission, scheduled for
launch in the later part of 2000, will carry a unique Multi-Beam
Laser Altimeter (MBLA) instrument designed to observe vegeta-
tive canopy structure for a nominal mission duration of 1.5 years.5

The VCL MBLA is a � ve-beam instrument where each laser is
capable of producing returns with 30-m along-track spacing and
25-m-diam footprints when operating at 242 Hz. The � ve beams
are oriented such that they produce an 8-km wide swath on the
Earth’s surface with each track separated by 2 km. VCL will orbit
at an altitude of 400 km and an inclination of 67 deg. The Geo-
science Laser Altimeter System (GLAS) will be launched aboard
the Ice and Cloud Elevation Satellite (ICESat) in July of 2001.6 The
primary goals of ICESat are the measurement of ice sheet topog-
raphy and temporal variations in addition to the characterizationof
cloud and atmospheric properties.The GLAS instrument possesses
three lasers, each with an expected lifetime of 1.5 years, but will
operate one laser at a time to provide an expected mission duration
of 4.5 years. The GLAS laser footprint at the Earth’s surface will
be approximately 70 m in diameter with an along-track sampling
distance of 175 m when operating at 40 Hz. ICESat will orbit at an
altitude of approximately 610 km at an inclination of 94 deg.

The ground spot size of a spaceborne laser altimeter can be as
small as the VCL footprintof 25 m and can be on the order of 20–80
times smaller than the footprintof a spaceborneradar altimeter now
in use (TOPEX, GFO, ERS-2). The returned waveform provides
detailed information about the surface characteristics within each
footprint. The small laser footprints and the wealth of information
they provide, over sometimes highly varying surface characteris-
tics, require precise geolocation, typically on the order of the size
of a footprintor less, which translates into approximately13 and 22
arc-seconds (arcsec) in pointing for VCL and ICESat, respectively.
Because identifying the spot that is illuminated is critical when uti-
lizing laser altimetry, laser bounce point geolocation is a driving
issue. Typically, laser-pointingerrors are the dominant contributors
to the geolocationerrors. Pointing errors are certainly the dominant
error sources for horizontal positioning and are signi� cant contrib-
utors to height errors, especially in moderately to highly sloping
terrain.1,7 This is the case for VCL and ICESat, where the space-
craft positionswill be known to less than 50-cm total positionerror,
and the contributionsfrom tracking point offsets and time tag errors
have been minimized.5,6

The laser pointing with respect to the inertial reference frame
(IRF) (typically J2000) is determined from 1) the spacecraft atti-
tude knowledge, which gives the orientation of the spacecraft body
� xed frame (SBF) with respect to the IRF and 2) the laser pointing
with respect to the SBF. For VCL and ICESat a star tracker (ST)
and gyroscope provide accurate knowledge of the spacecraft atti-
tude. The pointing of the lasers and the orientation of the ST with

Fig. 1 Simple laser range geometry.

respect to the SBF are measured prelaunch. However, misalign-
ment biases are expected. The laser-detectorcoboresightalignment
budgets for VCL and ICESat accommodatepossiblemisalignments
on the order of 30 arcsec. The overall pointing error will include
the laser-detector coboresight misalignment and the misalignment
of the laser-detector system with respect to the ST orientation. To
understand the impact of these misalignment errors, we consider
a 30-arcsec misalignment for a 400-km altitude instrument with
a 1-deg laser-pointing surface incidence angle. The surface inci-
dence angle includes the contributions from both surface slope and
off-nadir pointing of the laser. In this case the misalignment will
produce signi� cant geolocationerrors on the orderof 58 m horizon-
tally and 1 m in height. For a 600-km-altitude instrument the errors
are 87 m horizontally and 1.5 m in height.

From the preceding discussion it is apparent that a method for
estimating the pointingmisalignmentbiases while on orbit is highly
desirable. A simple representation of the laser range geometry can
be found in Fig. 1. The sensitivity of the computed laser range to
pointing errors can be simply expressed as

r q =
h tan( h + S)

cos( h + S)
r h (1)

This relationship can be exploited for on-orbit calibration of the
pointing misalignment biases. Attitude maneuvers in both roll and
pitch canbe used to observethree-dimensionalpointingbiasesalong
with rangebias.This techniquehasbeenusedquitesuccessfullywith
a simple iterative range minimization for both airborne and SLA
data.1,3,4 However, in this paper we present a formal implementa-
tionof the range-residualcalibrationtechniquefor spacebornelaser-
altimeter missions with VCL and ICESat as speci� c examples. A
Bayesian least-squaresbatchestimationprocess is used to reducethe
range residuals on successiveiteration until convergence.The com-
puted range and partial derivatives of the range with respect to the
various estimable parameters are computed from a rigorous range
measurement model. The range measurement model algorithm is
presented in the Appendix. A calibration attitude maneuver is pre-
sented for application to both VCL and ICESat. The results of a de-
tailed consider-covarianceanalysis and simulation are presented to
gauge the performance of the range-residualcalibration technique.

The range-residual calibration is the VCL mission’s primary
method to recover pointing misalignment biases. ICESat’s primary
method is a sophisticatedstellar referencingsystem (SRS) that mea-
sures the orientationof the laserwith respect to theST to anaccuracy
of better than 1.5 arcsec (1r ). Even for ICESat the range-residual
calibration technique provides a cost-effective method to indepen-
dently verify the SRS observations and can be used as a backup in
the event of an SRS failure.

Laser-Altimeter Range Processing
The geolocation of the laser surface return is computed from

the laser-altimeter surface range observation along with the precise
knowledge of the spacecraft position, instrument tracking points,
spacecraft attitude, laser pointing, and observation times. The com-
putedrangeis derivedfroma detailedmeasurementmodelalgorithm
using knowledge of the position, pointing and timing parameters,
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along with surface height. The observed ranges are compared to
those computed from the measurement model. The discrepancies
betweentheobservedandcomputedobservations(i.e., the residuals)
are minimized through the estimation of the parameters that affect
the computed observation. For the laser range measurement model
the bouncepoint locationmust be computedusing some knowledge
of the planet’s surface. Although topographic models can be used,
relatively � at, well-known surfaces such as lakes and oceans have
been used to calibrate airborne and SLA pointing, respectively.1,3

To facilitatethe processingof the laser-altimeterrangedata for the
recoveryof themodelparameters,the laser-altimeterrangemeasure-
ment model algorithm has been implemented into NASA Goddard
Space Flight Center’s GEODYN precise orbit and geodetic param-
eter estimation system.8 Therefore, the laser-altimeter range pro-
cessing can take advantage of GEODYN’s high-� delity reference
frame, detailed geophysical modeling, and its partitioned Bayesian
least-squares-estimation process.8 The GEODYN implementation
allows for the simultaneous estimation of the geometric and dy-
namic parameters of the orbit and laser range measurement model-
ing through the reduction of a combination of spacecraft tracking
and laser-altimeter range data. A detailed discussion of the direct
altimeter range measurement model is provided in the Appendix.

Laser Pointing and Spacecraft Attitude
Correction Parameterization

The pointing of the laser in the IRF is modeled with a succession
of rotations, each denoted by R:

p̂IRF = RSBF ! IRF RSBFC ! SBF RLaser ! SBFC

2

4
0

0

¡ 1

3

5 (2)

The time series of quaternions that represents the SBF-to-IRF rota-
tions are provided by the postprocessed spacecraft attitude sensor
data (ST and gyroscope). The � rst two rotation matrices, laser-to-
SBFC (SBF corrected) and SBFC-to-SBF, are speci� ed by the user
with a three-axis Euler rotation in roll, pitch, and yaw. The Euler-
angle representation was chosen because it is much more intuitive
than a quaternion representationand, because the user has the � exi-
bility to select theorderof rotation,anysingularitiesmay beavoided.
The SBFC-to-SBF matrix provides the capability to estimate a mis-
alignment correction to the spacecraft attitude knowledge (SBF-to-
IRF). GEODYN has the capability to model a laser-to-SBF rotation
matrix for eachof the N lasers thatcomprisethecompleteinstrument
(e.g., MBLA has � ve lasers). Only one SBFC-to-SBF matrix can
be modeled. The laser-to-SBFC and the SBFC-to-SBF rotationma-
trices are constructedusing roll, pitch, and yaw parameterizedwith
a linear combination of terms. The functional forms of the various
terms are selected to represent the expected laser and ST pointing
variations as measured in the laboratory. The terms can be imple-
mented as functions of time or telemetered temperatureor pressure.
For the purposes of this prelauncherror analysis, the parameteriza-
tion shown in Eq. (3) was used to demonstrate the capability:

roll = Cr + Ar sin x D t + Dr cos x D t ¡ Gr (e
¡ D t / Fr ¡ 1)

pitch = C p + Ap sin x D t + Dp cos x D t ¡ G p (e ¡ D t / Fp ¡ 1) (3)

The parameterization is time dependent, which means the user can
select differentparameter sets for each distinct time period within a
data-reductionarc. As many time periods (with user-de� ned length)
as desired can be used. The partial derivatives of the direct altime-
ter range measurement with respect to each of the parameters of
roll, pitch, and yaw (C , A, D, G, F ) are computed by 1) rigorously
computing the partialsof the Euler angles with respect to the param-
eters and 2) chaining these partials with the numerically computed
partials of the measurement with respect to the Euler angles.

The Euler angles for the SBF-to-SBFC and laser-to-SBFC can-
not be simultaneously estimated. If the relative orientation of all
of the lasers of an MBLA instrument were accurately known, then
the three SBF-to-SBFC Euler angles would be suf� cient to account
for misalignment biases. Of course, the accuracy of the recovered
SBF-to-SBFC alignment parameters would depend on the spatial

orientation of the multiple lasers. However, the relative orientation
of the � ve VCL lasers is not expected to be known to suf� cient
accuracy. Therefore, for the MBLA each laser must be treated in-
dependentlywith roll and pitch laser-to-SBF parameters estimated.
These parameters will account for the total misalignment of each
laser with respect to the telemetered spacecraft attitude. For the
ICESat single-beamlaser altimeter either set of Euler-angle param-
eters can be estimated.However, to remain consistentwith the VCL
case, the laser-to-SBF roll and pitch parameters will be used in the
analysis presented next.

Calibration Maneuver
In addition to roll and pitch parameters, the estimation of range

bias is very important because the pointing parameters are quite
sensitive to range and height bias errors [Eq. (1)]. The recovered
range bias accounts for both instrument range bias and height bias
errors from various sources as will be discussed in the analysis
sections that follow. A spacecraft attitude maneuver is employed
to facilitate the simultaneous estimation of roll, pitch, and range
bias parameters. The maneuver is a small, deliberate roll and pitch
deviation of the spacecraft attitude from nominal nadir pointing,
where the SBF z axis is pointingtoward nadir.Both ICESat and VCL
� y in a nadir-pointinglocal verticallocalhorizontal(LVLH)attitude
with only two constant yaw (rotation about SBF z) regimes.5,6

The maneuver exploits the relationships found in Eq. (1). As
the surface incidence angle is increased, the computed range error
increasesfor a particularpointingerror (Fig. 1). At the same time the
contributionfroma rangebias remainsconstantand canbe separated
from the pointing errors. The maneuver isolates roll and pitch bias
errors by either varying roll and pitch out of phase or sequentially.
The size of the maneuver (size of the surface incidence angle) can
be increased to observe smaller pointing bias errors. The ocean
providesa well-modeled,relatively� at surface where the maneuver
enhanced pointing error contributions to the range residuals can
easily be observed.

The design of the maneuver must consider the duration of a typ-
ical ocean pass, the limits of the spacecraft attitude control system,
the amplitude, period, and phasing suf� cient to recover the desired
bias accuracies,and any mission speci� c requirements.The maneu-
ver is designed to � t within a typical ICESat and VCL 2070 s Paci� c
ocean track between §60-deg latitude and use 1840 s of open ocean
range data centered within the track. This scenario has the advan-
tage of avoiding the increasedocean modeling and signi� cant wave
height errors at the higher latitudes and for ICESat will not disturb
the � xed ground track at the high latitudes important for crossover
observationsof ice sheet topography.Additionally,the open or deep
water (depths greater than 1 km) range data avoids ocean surface
modeling complexities that arise at coastal boundaries.

The nominal maneuver presented here was speci� cally designed
for VCL. However, the basic technique can be applied generally.
The prelaunch assessment of the application of this maneuver to
both VCL and ICESat are presented in the performance analysis
next. Figure 2 shows the maneuver where roll and pitch are out of
phase and varied with an amplitude of 3 deg to observe the roll

Fig. 2 Maneuver pro� les.
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and pitch bias errors. The full maneuver lasts the complete 2070 s,
whereas the symmetricmaneuversamplesthe oceandataonly overa
centeredperiod of 1840 s. The out-of-phasetechnique is used rather
than a sequentialmaneuver,where � rst roll is varied and then pitch,
to shorten the length of time necessary for the maneuver without
any loss in bias recovery performance. High frequency motion of
the body must be avoided to allow the attitude knowledge system
to suppress sensor noise maximally. The maneuver pro� le is thus
a sinusoid with a frequency substantially lower than the attitude
system bandwidth. At the beginning and end of the maneuver, a
fairing function, continuous in the � rst and second derivatives, is
used to transition smoothly from nadir pointing to the maneuver
pro� le and back again.

The frequencyof themaneuver is limitedby the bandwidthsof the
attitude controller and the attitude knowledge system. In the case
of VCL, the controller bandwidth is relatively low so as to avoid
contributing to knowledge error. To allow the controller to track
the maneuver command within operationalpointing tolerances, the
practical lower limit for the maneuver period is about 800 s. For
the maneuver design presented here (Fig. 2) a period of 920 s is
chosen, which is roughly 1

6 of the orbit period. Therefore, one full-
amplitude cycle can be completed within the 1840 s of observation
time allowing for the fairing necessary for the maneuver start and
stop.Additionally,aliasingwith dominantonce- and twice-per-orbit
revolutionerrors(e.g.,orbitposition,timing,pointing) canbelargely
avoided with the higher frequencymaneuver. Typically, the attitude
knowledge bandwidth is more than a decade above the maneuver
frequency (the case for VCL) so that maneuver motion contributes
negligibly to knowledge error. The amplitude of the maneuver is
limited primarily by the maximum angular rates developedbecause
of sensor, torque, or momentum limitations. For VCL the slew rate
is limited by growthof ST errors, resulting in a maximum amplitude
of about 25 deg for an 800-s maneuver period. In practice, a modest
3–5 deg maneuver at 920 s is planned, which is well below system
limitations.

During real operationsdata acquisitionopportunities,editing and
loss primarily caused by cloud cover will cause the maneuvers to
be sampled in a nonoptimal manner. To understand and develop a
realistic sampling model for the covariance and simulation analy-
ses that follow, ocean surface return statistics from the SLA mis-
sions are used. The SLA instrument served as the engineering pro-
totype for both ICESat and VCL, and therefore the instruments
are quite similar in all important aspects including small footprint
and wavelength.1 SLA-02 operated at a 10-Hz data rate collecting
data during 20 observationperiods spanninga 10-day mission. The
SLA-02 spaceborne laser-altimeter instrument collected over 50%
of all possibleocean surface returns for both the midlatitudePaci� c
oceanand all oceansduring its August 1997 mission.Similar results
are observed for the January 1996 SLA-01 mission. Furthermore,
the ocean tracks, including Paci� c ocean midlatitudes, were well
sampled with no signi� cant continuous loss of data. Therefore, the
analyses that follow model this resultingocean surface sampling by
1) employing a data rate that represents 50% data loss or greater
(e.g., 5 Hz for the covarianceanalysis and 2 Hz for the simulations)
and 2) employing a degraded maneuver with a long continuousloss
of data. The VCL will operate between 10 and 242 Hz, whereas the
ICESat GLAS instrument will operate at 40 Hz continuously.

Several degraded maneuver scenarioswere constructed.The ma-
neuverswere started such that the sampling was not symmetric, and
a » 200 s segment of data was deleted.The missing segment of data
was moved aroundsuch that it cut off a peak of the roll, a peak of the
pitch, and fell between peaks of roll and pitch. Figure 2 shows the
case where data at a peakof the pitch maneuverwas deleted(labeled
degraded). For each of the cases studied, the resulting degradation
in the root sum square (rss) of the pointing bias error was approxi-
mately the same. When data at the pitch peak were deleted (Fig. 2),
the recoveredpointingbias degradationoccurredprimarily in the re-
coveredpitch bias, as would be expected.The combinationof both a
signi� cantly lower samplingrate and the degradedmaneuver results
in data loss much greater than that observed by SLA and provides a
conservative model for our prelaunch error analysis. Furthermore,
the calibration maneuvers can be performed regularly during the

mission (e.g., every seven days) and quite frequently (e.g., every
day or more) during on-orbit “check out.” Therefore, the data from
all maneuvers can be summed together in the estimation process to
provide for a well-sampled roll and pitch maneuver.

Performance Analysis Methodology
and Error Models

A VCL and ICESat prelaunch performance analysis has been
performed to gauge the accuracy of the recovered biases using the
range-residual calibration technique just described. The biases are
estimatedfrom the range residualsassuming Bayesian least-squares
differentialcorrectionestimation in a batch processingmode.8 Both
consider-covarianceerror analysis and simulations have been em-
ployed to assess performance independently.The covariance anal-
ysis provides an estimate of the errors in the adjusted parameters
from the noise-only covariance and from errors in unadjusted or
“consider” parameters. Therefore, the covarianceanalysis provides
a statistical understanding of the expected performance. The sim-
ulations give a direct indication of how well the pointing can be
recovered.The recoveredpointing is compared to the truth pointing
that was used to generate the simulated laser-altimeter range ob-
servations. The simulation analysis is limited by the fact that each
simulation represents the performance for a speci� c ensemble of
errors. Therefore, it is important to have both a statistical under-
standing of the errors from the covariance analysis and a speci� c
example from the simulations.

Both the covariance analysis and the simulations use a differen-
tial correctionBayesian least-squaresestimation.The estimated pa-
rameters are solved for iteratively.The differential correction to the
estimated parameter value (true solution approximation) on the nth
iteration is given by the Bayesian parameter estimation formula8:

dx(n + 1) =
¡
BT W B + V ¡ 1

A

¢ ¡ 1£
BT W dm + V ¡ 1

A

¡
xA ¡ x̂(n)

¢¤
(4)

The estimate of the state after the n + 1 iteration is given by

x̂ = x̂(n) + dx(n + 1) (5)

The error in the estimated parameters is then given by

D x = x̂ ¡ x (6)

The partial derivatives of the range are needed with respect to
the various parameters to be estimated and considered for the per-
formance analysis.Additionally, the observedand computed ranges
must be constructedfor the simulations.When processingreal range
data, the rigorous measurementmodel described in the Appendix is
needed to calculate the computed range, which is then differenced
with the observed range to form residuals. However, for a realistic
performance analysis it is only important that our residuals re� ect
realisticerrorsof commission and omission in the computed ranges.
Certain effects like the motion of the satellite during the round trip
time of the laser pulse are in practice accurately modeled and do
not contribute signi� cant errors of commission in real residuals.
Therefore, our performance error analysis does not need to use a
range measurementmodel, which considers the time of � ight of the
satellite, or any other effect, which is usuallywell modeled. The ex-
pression for the simpli� ed computed range, which considers all of
the important sources of error commission, is presented in Eq. (7).
This expression is easy to evaluate and allows us to run many test
cases with relatively little computationalburden. Even so, it allows
our performance analysis to consider any type of commission error
structure arising from our lack of knowledge of the surface.

q = h / (RSBF ! LVLH RSBFC ! SBF p̂SBFC)n̂ (7)

p̂SBFC = RLaser ! SBFC

2

4
0

0

1

3

5 (8)

The laser pointing in the SBF consists of only a roll and pitch
because the laser pointing in the laser frame is assumed to be in the
z direction. For VCL the nominal laser pointing is 10 mrad from
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the SBF z axis, whereas for ICESat the nominal laser pointing is
assumed to be along the SBF z axis. The SBF-to-LVLH rotation
represents the maneuver, whereas the SBFC-to-SBF provides for
body misalignment error modeling and parameterization.

The laser-to-SBFC and SBFC-to-SBF Euler-angle biases, range
bias, and height parameters (slope, periodic, bias) can be estimated
or used as consider parameters in the covariance analysis. For the
consider-covarianceanalysis, range and laser-to-SBF roll and pitch
Euler-anglebiasesare always estimatedunlessotherwisenoted.The
laser-to-SBFangle biases accountfor SBF misalignmentbiases and
misalignment of the laser pointing with respect to the SBF. There-
fore, there is no effectivecontributionfrom the SBFC-to-SBF angle
bias errors when considering resultant pointing error in the mea-
surement model frame. Periodic height (contribution from surface
and spacecraft position) errors are modeled as

periodic height = Ah sin x D t + Dh cos x D t (9)

The amplitude of the sine and cosine functions (Ah and Dh ) are the
parameters that can be estimated or considered. The frequency is
varied to investigate the effect from a periodic height error over a
broadspectrum.The laservariationsaremodeledas givenbyEq. (3).
The total amplitude of the periodic height variation expressed in
Eq. (9) is the rss of the sine and cosine amplitudes. The amplitude
of the total periodic pointing variation, as expressed in Eq. (3), is
the rss of the total roll and total pitch periodic term amplitudes.

Consider-Covariance Analysis Details
From Eqs. (4) and (6) the total error covariance matrix of the

adjusted parameters is given by9

E [( D x)( D x)T ] = PN +
¡
PN BT W K

¢
VS

¡
PN BT W K

¢T
(10)

The � rst term is the no-model-error or noise-only covariance given
by

PN =
¡
BT W B + V ¡ 1

A

¢ ¡ 1
(11)

The second term is the contribution from the uncertainty in the
unestimated or considered parameters. The standard deviations of
the estimated parameters are then computed by taking the square
root of the diagonal terms of the total error covariance matrix.

Table 1 presents the various contributions to the range measure-
ment variance used to construct the observation weight matrix W
in Eq. (10). For this analysis the weight matrix is simply the iden-
tity matrix multiplied by the inverse of the range variance. The � rst
� ve contributions in Table 1 were computed using the expressions
found in Gardner7 and the system details outlined in Table 2. The
system effects include the contributions from the outgoing pulse
width, the number of effective bits, and the A / D sampling interval.
The surface incidence angle effect includes the contribution from
the beam divergence or the footprint diameter. The body attitude

Table 1 Covariance analysis 1¾ range error (assume 3-deg slope)

Contribution VCL, cm ICEsat, cm

System effects 19 7
Laser-pointing jitter 31 15
Body attitude knowledge jitter 51 38
Surface incidence angle (footprint) 4 11
Surface roughness 6 6
Radial orbit 15 5
Horizontal orbit 3 1
Atmospheric delay <5 < 1
Transmit and receive point relative to 4 0.5

spacecraft center of mass
Time tag <1 < 1
Ocean surface modeling

RMS surface from waves 150 150
SST 11 11
Ocean tides 3 3
Earth tides <1 < 1
Atmospheric pressure loading 1 1

RSS 164 157

Table 2 System details

Characteristic VCL ICEsat

Altitude and inclination 390–410 km/67 deg 593–623 km/94 deg
Surface footprint diameter/laser 25 m 70 m
Along-track shot spacing/laser 30 m (land) 175 m
Data frequency/laser 10–242 Hz 40 Hz
Pulsewidth (full width half max) 10 nsec 6 nsec
Detector type Si APD Si APD
A/D sampling interval 250 MHz 1000 MHz
Effective bits 8 7
Laser-pointing jitter (1 r ) 3 arcsec 1 arcsec
Body attitude knowledge jitter 5 arcsec 2.5 arcsec
1 r horizontal orbit error 50 cm 20 cm
Observation time tag with 10 l s 10 l s

respect to global
positioning system

knowledge jitter represents the postprocessed error not including
the misalignment biases.

The contribution from surface waves is an important aspect to
be considered in the error model. However, a detailed surface wave
errormodelwouldbe quitecomplexandbeyondthe scopeof this pa-
per. Therefore,we have attempted to suf� ciently account for surface
wave-inducedrange errors by modeling the contributionas random
normal with an appropriate standard deviation. Any biasing that
would occur becauseof the real shape of the surface waves (e.g., tri-
choidal) and the footprint sampling of the surface wavelengthscales
is considered as height bias errors and removed through the range
bias estimation.Any long wavelengthvariationof the bias is consid-
ered in the periodic and slopeheight errormodeling discussed in the
analysis presented in the following sections. The surface roughness
component (Table 1) is computed at a 3-deg surface incidence an-
gle conservativelyconsidering all of a 1-m wave surface root mean
square (rms) is within the footprint. The average signi� cant wave
height (SWH) can be estimated from data produced by the National
Center for Environmental Prediction (NCEP) and is available on
their web site. Both the NCEP global ocean models and the maps of
SWH derivedfromERS-2 data give approximately2-m rms SWH in
calm, storm-freeoceans in the midlatitudes.10 Kraus and Businger11

quote an analysis by Longuet-Higgins that relates SWH to the sea-
surface variance. From this relationship the rms sea-surface height
should be about 0.7–1.0 m, given a SWH of 2.0 m. As seen in Ta-
ble 1, a wave-inducedrms surface height of 1.5 m is conservatively
used.For signi� cantwaveheightsbetween1.3and3.7m, the surface
elevation distribution is well modeled by a Gaussian.12

Estimates of the error in modeling the sea-surface topography
(SST) are derived from Yi13 and Wunsch and Stammer.14 Although
this error is applied to the range variance assuming a Gaussian dis-
tribution,the error is also applied as a systematiccontributionat var-
ious frequencies as discussed in the Consider-CovarianceAnalysis
section.An ocean surface modeling heightbias errorwill be accom-
modated through the estimation of a range bias as will be presented
in the next analysis. Comparison of the Topex/Poseidon ocean tide
models with the Schrama and Ray model gives an rms difference
of about 3 cm (Ref. 15). The error in the displacement caused by
Earth’s tides is less than 1 cm (Ref. 16). The response of the ocean
surface caused by atmospheric pressure loading must also be con-
sidered. The open ocean response can mostly be accommodatedby
a simple inverted barometer (IB) correction, where the change in
height is related to the deviation in pressure from a standard atmo-
sphere by ¡ 0.995 cm/mbar (Ref. 17). For much of the open ocean
maneuver path, the rms variability of atmospheric pressure is less
than 10 mbar (Ref. 17). Although this effect is not large, much
of it (90–95%) can be accommodated using sea-level atmospheric
pressure model data provided from a center such as the European
Center for Medium-Range Weather Forecasting (ECMWF) and the
simple IB correction (Koblinsky, C. J., “Reprocessing of Altime-
ter Data for Oceanography,”NASA/GSFC Ocean Path� nder, URL:
http://neptune.gsfc.nasa.gov/ocean.html; cited 19 January 2000).
The atmospheric delay of the laser is dominated by the dry tro-
pospheric refraction term, where pressure errors of 1 mbar produce
range errors on the order of 2 mm. Using a standardatmosphereand
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assumingthat thedataare editedto includenearclear sky conditions,
the probable correction error is about 3 cm. With proper modeling
of the atmosphericsurface pressureand temperature (e.g., ECMWF
surface pressure and temperature data), subcentimeter level correc-
tion accuracy can be achieved. The change in the correction caused
by off-nadir pointing is minimal with a 3-mm range change for
a 3-deg off-nadir pointing. However, this assumes application of
the nadir correction to all points in the maneuver. In practice, we
will apply the correction taking into account the off-nadir angle.
Therefore, the error in the dry troposphere correction will be much
smaller.

Simulation Analysis Details
The simulation analysis provides an assessment of how well the

pointing biases can be recovered from laser-altimeterobservations.
To accomplishthis, the simulationsmusthavea realisticerrormodel.
Any realistic error model will differ from the errors that can be
producedby the parameters in the measurementmodel used to form
the computed observations. The additional error content is caused
by omissionof effects,which are impossibleor impractical to model
or by commission errors in the measurement model itself.

Table 3 summarizes the sources of the additional error content
in our simulated observations. The ST errors in Table 3 are pre-
sented in the SBF frame to be consistent with the other pointing
error sources. The ST error model was derived from internal VCL
design review and represents the current (at the time of this writ-
ing) expected level of performance after postprocessingof the data.
The ST error model was computed in the ST frame considering the
following contributors: line-of-sightuncertainty,centroiding,noise
equivalentangle, catalog, chromaticity, ground calibration, thermal
scale, point spread function distortion, and optical distortion. Both
VCL and ICESat will � y state-of-the-artSTs with similar expected
performance.Therefore, for the purposes of the simulations the ST
error model was used for both the VCL and ICESat body attitude
error models with the difference being the orientation of the ST
with respect to the SBF, as noted in Table 3. The ST frame yaw is a
rotation about the ST boresight,and roll and pitch complete a right-

Table 3 Simulation error model summary (preliminary system performance)

Contribution VCL ICEsat

Body attitude errors
Spacecraft jitter 1.00 arcsec random (1r )
ST errors in SBFa Roll and pitch: Roll and pitch:

r = 4.56 arcsec r = 2.02 arcsec
mean = 3.25 arcsec mean = 1.67 arcsec

Yaw: Yaw:
r = 1.62 arcsec r = 4.42 arcsec
mean = ¡ 2.40 arcsec mean = 3.56 arcsec

Smoother Roll and pitch: 1.70 arcsec random (1r )
Yaw: 0.47 arcsec random (1 r )

Velocity abberation Roll, pitch, and yaw: 0.10 arcsec bias
Coordinate frame Roll, pitch, and yaw: 0.50 arcsec bias
Misalignment bias Roll: 450 arcsec, pitch: ¡ 300 arcsec, yaw: 1000 arcsec

Laser-pointing errors
Jitter 3.00 arcsec random (1 r ) 2.00 arcsec random (1r )
Thermal variations

Periodic amplitude Roll, pitch (each): 7 arcsec Roll, pitch (each): 30 arcsec
Period 5520 s 5520 s
Exponential amplitude Roll, pitch (each): 30 arcsec Roll, pitch (each): 0 arcsec
Effective period 300 s 300 s

Misalignment bias Roll: 30 arcsec, pitch: 100 arcsec
Height errors

Periodic amplitude 27 cm 17 cm
Period 920 s (worst case, period of maneuver)
Slope 50 cm total rise over maneuver
Bias 1 m
Waves/random 1.5 m random (1 r )

Range
Instrument noise 20 cm random (1 r ) 10 cm random (1r )
Range bias 1 m

aStandard deviation and mean of ST error model rotated from the ST frame to the SBF (VCL ST-to-SBF:
roll =180 deg, pitch = ¡ 75 deg, yaw =161 deg; ICEsat ST-to-SBF: roll =180 deg, pitch =0 deg, yaw =0deg).

handed orthogonal system. The spacecraft body z axis is pointed
toward nadir while the instrument is pointed nearly along this axis
(VCL lasers oriented 10 mrad from z and ICESat assumed pointed
along z). The geolocation is therefore very sensitive to SBF roll
and pitch errors. The ST contribution to the SBF errors depends on
the orientation of the ST boresight within the SBF because the ST
boresight (yaw) errors are greater than the roll and pitch errors. The
standard deviation and mean of the simulated ST errors rotated to
the SBF are provided in Table 3 for both VCL and ICESat.

The simulation error model includes the various components of
the expected pointing errors (Table 3). The laser-pointing jitter is
modeled as a random normal process with the prelaunch expected
standard deviation. The misalignment biases model the effects of
prelaunch measurement error, launch stresses, and gravity relax-
ation once on orbit. The thermal variations attempt to model the
mechanical change in pointing caused by environmentaland opera-
tional temperature changes. The effects of periodic, slope, and bias
height errors are included along with waves and instrument noise
and range bias (Table 3). The error model summary provided in
Table 3 represents a preliminary system performance estimate and
does not necessarily represent the � nal on-orbit performance.

Performance Analysis Results
Consider-Covariance Analysis Results

Pointing bias accuracy, recovered using the attitude maneuvers
already described, is strongly dependent on range bias. Increasing
the amplitude of the maneuver can signi� cantly reduce the impact
of range bias. However, the impact can be reduced even more, still
keepinga small maneuveramplitude.For VCL the lasers arepointed
0.01 rad or 0.58 deg from the SBF z axis, and therefore they are
nominally oriented 0.58 deg off of nadir. This orientation imparts
a constant surface incidence angle that magni� es the pointing bias
error sensitivity to range or height bias. To compensate for this,
the maneuver can be performed such that the ocean range data are
sampled evenlyon either side of nadir. In otherwords, the maneuver
is modi� ed to mimic the case where the laser is orientedwith a 0-deg
z offset. This technique works quite well in reducing the impact of
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Fig. 3 Recovered pointing error dependence on height/range bias
(400-km altitude, 5-Hz data, 3-deg maneuver).

range bias (Fig. 3) and has been used successfully in processing of
airborne data.3,4

The preceding technique is impractical for an MBLA instrument
like VCL. A separate spacecraft maneuver would have to be per-
formed for each laser becausethe lasers are each orienteddifferently
arounda conemakinga 0.58-deganglewith the body z axis. Instead,
a range bias is simultaneouslyestimated for each of the lasers along
with the pointing bias parameters. A comparison of the resultant
VCL laser pointing bias error for the 0-deg z offset technique (esti-
mating only pointing biases) with estimating a range bias together
with pointing, both using a 3-deg maneuver, is presented in Fig. 3.
The pointing bias error is shown as a function of considered height
or range bias error. The error in the estimated pointing bias is the
rss of the errors in the estimated roll and pitch biases. The results
show that the effects of the constant surface incidence angle im-
parted by the laser off-z-axis orientation are inconsequentialwhen
estimatinga rangebias parameter,and no special maneuver for each
laser orientation is necessary. A single maneuver provides for the
separability of the pointing and range bias, and this is the approach
that will be used on orbit for VCL.

From the expression for the computed range [Eq. (7)], one can
see that a range bias can account for a height bias error (orbit or
surface modeling) for small off-nadir angles. The partial derivative
of the computed range with respect to the range bias is equal to one,
whereas the height bias partial derivative is the reciprocal of the
cosine of the off-nadir pointing angle. Even for 10-deg maneuvers,
these partial derivatives differ by only 2%. For reasonable ocean
surface modeling performance,where ocean topographicheight un-
certainty is well below a meter and considering a 3-deg amplitude
maneuver, estimating a range bias accounts for the height bias er-
ror and the effects of the off-z-axis laser orientation. In fact, Fig. 3
shows that estimating a range bias can easily accommodate the ef-
fects of height bias error up to at least 25 m even in the presence of
0.58-deg off-z-axis pointing.

The covarianceanalysiswas used to select a maneuver amplitude
for the VCL and ICESat cases. A 1-m (1 r ) height bias error was
considered while the pointing and range bias parameters were esti-
mated.Figure4 shows the recoveredpointingbias erroras a function
of maneuver amplitudeusing both the degradedand symmetric ma-
neuver pro� les just presented (Fig. 2). In an effort to minimize the
maneuver, the 3-degamplitudeis selected.At 3 deg the curvesbegin
to level off, and the results show 1r sub-arcsec level pointing bias
recovery is possible. A comparison of the VCL and ICESat results
shows the increased ICESat pointing bias performance primarily
caused by the greater lever arm from the increased altitude. The
impact of the degraded maneuver on recovered pointing bias per-
formance is also presented in Fig. 4. The performance degradation
is minimal, with recovered pointing bias error increasing only by a
factor of approximately 1.13.

Up to this point in the covariance analysis, we have included a
very simple height (surface and orbit) error model, which only con-
sidered the effectsof a constantheightbias error and randomnormal
contributions to the range variance from various error contributors
(Table 1). We also studied the impact of considering both system-
atic slope and periodic height errors. These height errors account
for errors in modeling the SST and surface wave sampling induced

Fig. 4 Recovered pointing error dependence on maneuver sampling
(5-Hz data, 1-m height bias, estimate range bias).

height bias variations. The results show that even considering ex-
tremely large slope errors that amount to 10-m height errors over
the distance of the maneuver the pointing biases can be resolved
to a few arcseconds. The long wavelength temporal variations that
would manifest themselves as a systematic sea-surface slope error
over the period of the maneuver are only on the order of a few
centimeters.14 Therefore, the pointing bias calibration is negligibly
affected by slope height errors in ocean surface and orbit modeling.

The error in the height modeling is primarily caused by radial
orbit errors, errors in modeling the ocean topography,and bias vari-
ations from sampling surface waves. The contribution from radial
orbit error is expected to be on the order of 5 and 15 cm rms for
ICESat and VCL respectively as has been just discussed (Table 1).
We now assume the SST will be simply modeled using a gridded
mean sea-surface model (geoid and dynamic ocean topography)
such as OSU95 and an ocean tide model such as the Schrama and
Ray model.13,18 The altimeter data are edited to include only deep
oceans with depths greater than 1 km to eliminate large modeling
errors near the coasts, and all of the usual ocean surface corrections
are assumed to be made (e.g., IB, solid Earth tides). The model
errors and the unmodeled temporal variations in the SST will then
constitute our surface height modeling errors. Ocean-wide compar-
isons to Topex-observed sea-surface height observations indicate
this approachcan model the ocean surface to better than 11 cm (1r )
(Ref. 13). If we edit the data for the major western coastal boundary
currents, the error will be further reduced. Additionally, observa-
tions of the temporal variations in the ocean surface for two years
of Topex data and a 10-day snapshot support this as a conservative
estimate of sea-surface modeling error.14 Therefore, we construct
a height modeling error estimate through the rss of the radial or-
bit error and the sea-surface height modeling error. The estimated
height modeling error for VCL is then 19 cm (1r ) and 12 cm (1r )
for ICESat.

The impact of periodic height modeling error is presented in
Fig. 5. The periodic height error is introduced using the expres-
sion in Eq. (9) where the amplitude of the sine and cosine functions
are the consider parameters. Figure 5 shows the recovered point-
ing bias error as a function of the period for three different total
amplitudes of the periodic variation. The 3-deg degraded maneu-
ver was used with a 1-m (1r ) height bias and a 50 cm (1 r ) total
rise slope height error applied in addition to the periodic error. A
range bias was estimated along with the pointing biases. Again, the
contributions to the range variance outlined in Table 1 are applied.
For periodic height errors with periods less than 200 s and greater
than 3100 s, the recovered pointing bias error has a contribution
of less than 0.5 arcsec (1 r ) for both VCL and ICESat. Therefore,
sea-level variations with spatial scales less than 1400 km, such as
mesoscale eddies (50 km) and coastal boundary current meanders
(500 km), will have a negligible effect. The maximum pointingbias
error occurs for sinusoidal height errors with a period equal to the
maneuver period and peaks at 1

2 and 1
4 the maneuver period can be

observed (Fig. 5).
We now assume the worst case where all of the height model-

ing error manifests itself as a sinusoidal variation at the maneuver
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Table 4 Covariance analysis summary
(5-Hz data rate)

Pointing bias error
(1r arcsec)

Case VCL ICESat

3-deg degraded maneuver 3.1 1.3
5-deg degraded maneuver 1.9 0.8

Fig. 5 Recovered pointing error dependence on periodic height er-
ror including 50-cm slope error (degraded maneuver, 1-m height bias,
estimate range bias).

Fig. 6 Pointing error dependence on maneuver amplitude including
periodic and 50-cm slope height error (degraded maneuver, 1-m height
bias, estimate range bias).

period. This conservative approach is taken to account for the pos-
sibility of long wavelength bias variations caused by the sampling
of the surface waves. The 19 cm (1 r ) of VCL expected height mod-
eling error is then considered to be a 27-cm amplitude sinusoidal
height error with period 920 s because the standard deviation of
a 27-cm amplitude sine function is approximately 19 cm. For the
12 cm (1 r ) of ICESat error, a 17-cm amplitude is considered.Using
this worst-caseheightmodeling error (includingthe 1-m heightbias
and50-cmtotal rise slopeheighterrors), theVCL and ICESat recov-
ered pointing bias errors are found to be less than 3.1 and 1.3 arcsec
(1r ) respectivelyfor a 3-deg degradedmaneuver (Table 4). Estima-
tion of the range bias accounts for both range and heightbiases with
an uncertainty of less than 4 cm. These results are valid for both
high and low repetition rates because they are dominated by the
consider parameter error. Figure 6 presents the recovered pointing
bias error as a function of maneuver amplitude for the worst-case
height modeling error just discussed.For a 5-deg degraded maneu-
ver the VCL and ICESat recoveredpointing bias errors are found to
have uncertaintyestimates of less than 1.9 and 0.8 arcseconds (1 r ),
respectively.

Simulation Analysis Results
In addition to the covariance analysis just shown, simulations

were performed. The simulations assume a 3-deg amplitude de-
graded maneuver. Range residuals were simulated for both VCL
and ICESat using the error models just discussed and summarized
in Table 3. The worst-case height error is modeled with the vari-
ous parameters outlined in Table 3 and just discussed.The periodic
heighterror is modeled in phase with the maneuverand at the period
of the maneuver.

At the time of this writing, the exact dependence of pointing on
temperature is not known. However, to complete the detail of these
simulations we include an estimate of this contribution.Therefore,
we make the following assumptions to devise our error model and
method of recovery. First, we assume that prelaunch the pointing
variation as a function of temperature will be measured and math-
ematically characterized for implementation into the measurement
model. We then assume that we will need to tune this prelaunch
pointing variation model postlaunch by adjusting appropriate pa-
rameters of the model with laser range data. The parameters will
represent the size (amplitude) and direction (roll and pitch) of the
pointingvariationas a functionof temperature.Therefore,the actual
functional representationof the pointing variation is not important,
but the ability to tune the model is. To demonstrate this capability,
the thermal variations are modeled using the periodic and expo-
nential terms found in Eq. (3) and the parameter values outlined in
Table 3. The amplitude of the periodic and exponential terms are
chosen so that the variation is on the order of the current VCL and
ICESat instrument coboresightbudget ( » 30 arcsec).

The VCL laser transmitter thermal pointing variationswill likely
be dominated by the operational scenario where the instrument is
turned on (242 Hz) for land and turnedoff (10 Hz) for ocean. There-
fore, the thermal variation is modeled primarily as the exponential
term found in Eq. (3) with an amplitude of 30 arcsec on both roll
and pitch and a 300-s effective period. A once-per-orbit revolution
periodic variation with an amplitude of 7 arcsec on both roll and
pitch is modeled to mimic possible environmental contributions.
The following parameters are then considered for estimation [see
Eq. (3)]: range bias, roll and pitch bias (Cr , Cp ), roll and pitch ex-
ponential amplitude (Gr , G p ). Longer wavelength variations that
would depend on the orientation of the orbit plane with respect to
the sun can be recoveredfrom adding together the normal equations
from several maneuvers sampling this variation.

The ICESat laser is continuouslyoperating at 40 Hz. We can ex-
pect the thermal pointing variations to be dominated by the orienta-
tion of the instrumentwith respect to the sun. Therefore the pointing
variation is modeled as the periodic terms in Eq. (3) with a roll and
pitch amplitudeof 30 arcsec and a period equal to the orbital period
of the spacecraft.The following parameters are then considered for
estimation [see Eq. (3)]: range bias, roll and pitch bias (Cr , Cp ),
roll and pitch sine and cosine coef� cients (Ar , A p , Dr , Dp ). Again,
the important point is to demonstrate the ability to tune a pointing
variation model and not the actual functional form of the pointing
variation itself. The simulations were performed with a 2-Hz data
rate to ease computational burden.

The VCL range residuals from the simulation are presented in
Fig. 7. It is important to maximize the observabilityof the exponen-
tial pointing variation 300-s effective period. Therefore, the VCL
lasersare deliberatelyturnedon 450s from the start of themaneuver.
In this way the 300-s effective period is observed at the maximum
transitionsof the maneuver.Again, a 3-deg degradedmaneuverwas
used in the simulations where the data are missing at one of the
peaks of the maneuver (Fig. 7). Figure 7 shows the range residuals
from three VCL simulations: 1) no parameter estimation, 2) esti-
mate range bias and roll and pitch bias (Cr , Cp ) and 3) estimate
range bias, roll and pitch bias (Cr , C p ), and roll and pitch expo-
nential coef� cients (Gr , G p ). A statistical summary of the range
residual and pointing results is provided in Table 5. The remaining
range residual1.58 m rms is dominatedby the randomnormal com-
ponent of our surface wave errormodel. The pointingbias is derived
by 1) � rst computing the mean pointing vector for both the simu-
lated truth and the modeled pointing performing a center-of-mass
computationwhere the mass or weighting is 1, 2) then the bias is the
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Table 5 Simulation analysis summary (2-Hz data rate,
3-deg degraded maneuver)

Pointing Range residual
Case Bias, arcsec rms, arcsec rms, m

VCL
No estimate 519.6 519.2 27.22
Estimate roll, pitch, and 6.0 12.8 1.64

range bias
Estimate range bias and 3.0 8.1 1.58

roll, pitch (each): bias
and exponential coef� cient

ICESat
No estimate 533.9 534.0 43.26
Estimate roll, pitch, and 5.7 13.1 1.71

range bias
Estimate range bias and 1.4 5.0 1.54

roll, pitch (each): bias
and sin + cos coef� cient

Fig. 7 VCL simulation range residuals.

angle between the simulated truth and modeled mean pointing vec-
tors computed using a dot product. The analysis demonstrates the
ability to estimate pointing variation model parameters in addition
to the range, roll, and pitch biases. Both the size and the directionof
the pointing variation have been estimated. The simulation shows
that the VCL laser pointing bias can be estimated at the 3-arcsec
uncertainty level for a 3-deg degraded maneuver. These results
are in agreement with the covariance analysis results presented in
Table 4.

Similar results were obtained for ICESat using a 3-deg degraded
maneuver. A statistical summary of the ICESat simulation results
is provided in Table 5 for the cases: 1) no parameter estimation,
2) estimate range bias and roll and pitch bias (Cr , Cp ) and 3) es-
timate range bias, roll and pitch bias (Cr , Cp ), and roll and pitch
sine and cosine coef� cients (Ar , A p , Dr , Dp ). The analysis again
demonstrates the ability to estimate pointing variation model pa-
rameters. The size, direction, and phase of the pointing variation
have been recovered in addition to the range, roll, and pitch biases.
The simulationdemonstratesthat the ICESat laser pointingbias can
be estimated at the 1.4-arcsecuncertaintylevel for a 3-deg degraded
maneuver.Again, these results are in agreementwith the covariance
analysis results presented in Table 4.

Conclusion
The advent of a new generation of remote sensing satellites

equipped with laser altimeters is providing a wealth of data for
a broad spectrum of scienti� c investigations. The geolocation ac-
curacy of the laser surface return is an important aspect in the
application of the data. Mission requirements for many applica-
tions require geolocation accuracy be within a footprint. System-
atic misalignments of the body attitude and the laser pointing are
signi� cant contributors to geolocation error. Because the errors in
mounting the ST and lasers and the characteristicsof the instrument
will probably change because of the stresses of launch, on-orbit
calibration of pointing biases will be necessary. As the missions

progress and the satellite components age, it is possible that these
biases will also change, thus requiring periodic, on-orbit recalibra-
tions.

The range-residual calibration method presented in this paper is
well suited to the requirementsof such on-orbit calibrations.Easily
implemented attitude maneuvers, which are small deviations from
the nominal attitude pro� le, have been developed to support the
recovery of the pointing and range biases over a short 2070-s cal-
ibration maneuver. For the satellites considered VCL and ICESat,
the maneuvers can be performed over midlatitude oceans when the
primary mission observations (vegetation and ice sheet change ob-
servations) are not being acquired. Additionally, the algorithm for
the laser-altimeter range measurement model has been developed
and presented.The measurement model has been implemented into
the GEODYN orbit determination and geodetic parameter estima-
tion system to take advantage of GEODYN’s precise geodetic and
referenceframe modeling alongwith the partitionedBayesian least-
squares differential correction estimation scheme. The various pa-
rameters (including pointing and range biases) that make up the
laser-altimeterrangemeasurementmodel can be estimated from the
simultaneous reduction of spacecraft tracking and laser-altimeter
range data types.

Both consider-covarianceanalysis and simulations were used to
gauge the performanceof this on-orbit calibrationmethod. The co-
varianceanalysisprovidesa statisticalsummary of the performance
that can be compared to speci� c simulation cases using detailed
error models. The analysis presented in this paper demonstrates
that the range-residual analysis on-orbit calibration method can be
expected to achieve arcsecond-level pointing bias knowledge for
spaceborne laser-altimeter missions such as VCL and ICESat. In
particular, 3.1 arcsec (VCL) and 1.3 arcsec (ICESat) pointing bias
knowledge can be achieved using a 3-deg maneuver; 1.9 (VCL)
and 0.8 (ICESat) arcsec knowledge can be achieved with a 5-deg
amplitude maneuver. This approach has minimal impact on mis-
sion resources and causes no degradation of primary science data
acquisition. Furthermore, it is relatively insensitive to uncertainties
in sea-surface height, slope, or roughness. The method is also ca-
pable of tuning prelaunch thermal pointing variation models where
parameters governing the size, direction, and phase of the pointing
variations are simultaneously estimated with range, roll, and pitch
biases. Scheduled recalibrationsover the mission lifetime will sup-
port long period monitoringof mission pointingchangesbecauseof
the aging of systems and long period environmental in� uences. As
the system errors become better known, the calibration maneuver
pro� le can be modi� ed from the nominal pro� le presented here to
better address the observability of these error signals. Finally, the
system implementation of the measurement model has been done
such that it will support a generic surface model grid. In this way
the system can be used to reduce laser-altimeterrange data over any
known surface where a model can be supplied. This will be quite
useful for data analysisover independentlymappedand well-known
surfaces.

Appendix: Laser-Altimeter Range
Measurement Model Algorithm

The laser rangemeasurementis a two-way measurement.In other
words, the laserpulse is transmittedfrom the satelliteand is bounced
off of the planet surface before being received back at the satellite.
To compute our estimate of this two-way range, we � rst model the
downrange by performing a rigorous, iterative light time solution.
We start the modeling at the laser optical center at transmit time
because the measurement is tagged at transmit time and more im-
portantlybecause the path of the two-way range dependsvery heav-
ily upon the orientation of the laser at transmit time. The downleg
light-time solution yields the location and the time of the surface
bounce point. Starting from this time and location, the up-leg range
is traced back up to the satellite.This also requires an iterativelight-
time solution to determine a satellite receive time. The receive time
determines the satellite position at the end of the two-way range.
The distance from the bounce point to this ending satellite position
must match the time of travel from the bounce point time tag to the
receive time tag.
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The light-time solution on the downleg is more dif� cult than
it is on the up leg. Because of this, some details of the downleg
computationsare given immediatelybefore all of the steps are sum-
marized. On the downleg we want to � nd the intersectionbetween a
straight line and a complicated surface. The problem is made more
dif� cult by the fact that the line is only straight in the IRF and also
because the complicated surface is changing its orientation in iner-
tial space. On each iteration we tackle this problem by � rst making
a bounce point guess in the IRF along the line from the satellite
position at transmit time. The location of the guess on the line also
yields a guess for the bounce point time tag. With the bounce point
time tag the IRF bounce point coordinatescan be converted to ECF.
The ECF Cartesian coordinates are easily converted to geodetic.
Given geodetic coordinatesand the bouncepoint time tag, the static
surface height above the ellipsoid and the time-varying surface dis-
placement can be computed. It can then be seen if the bounce point
guess is above or below the surface and the distance along the line
from the satellite can be altered accordingly.This yields the bounce
point coordinates on the next iteration.

Of course, it is important to re� ne the bounce point time tag very
well before proceeding to the up-leg computations. However, the
location of the bounce point on the � rst iteration is computed in
such a way as to guarantee that the associatedbouncepoint time tag
is good to well under 0.1 ms. The computed value is good enough
so that the rotation matrices needed for IRF to ECF coordinates do
not need to be recomputed on subsequent iterations. In addition,
the initial bounce point locationand time are suf� cient so that time-
varyingeffects such as tides do not need to be recomputedas bounce
pointestimatesand time tagschange.The � rst iterationbouncepoint
coordinatesare found by � nding the intersectionof the line with an
ellipsoid that approximatesthe Earth. This intersection is computed
in the IRF; however, our choice of inertial coordinate system (e.g.,
J2000) guarantees that the ellipsoid will be somewhat misaligned
with the Earth at measurement time. However, the orientation is
suf� cient enough for initial bounce point estimation.

1) The optical center and the pointing of the laser altimeter are
both computed in the IRF at instrument transmit time:
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2) The direction cosines of the IRF pointing unit vector are used
to form the equation of a line. Coupled with the equation of an
ellipsoid, one can then solve for the intersection of the observation
line of sight with the ellipsoid. The ellipsoid intersection is then
used as the � rst guess for the location of the altimeter bouncepoint.
Also, one could simply use the ellipsoid height of the spacecraft
along the pointing vector for an initial guess: XBB

IRF.
3) The bounce point time is computed using the range correction

for atmospheric refraction:

T B = T T +
¡
ê
ê XOPT

IRF ¡ XBB
IRF

ê
ê + D q atm

¢
ê c (A2)

4) The IRF bounce point position is then rotated to ECF: XBB
ECF .

5) Geodetic coordinatesare then computed from the current esti-
mate of thebouncepoint.Thesegeodeticcoordinatesand the bounce
point time areused to compute the surfaceincludingall site displace-
ment effects (e.g., Earth and ocean tides, pole tide, ocean loading):
XSB

ECF .
6) The distance between the surface and the � rst guess bounce

point is then computed:

d = ê
ê XSB

ECF ¡ XBB
ECF

ê
ê (A3)

(The sign of d must be assigned depending on whether the surface
is below or above the bounce point.)

7)If d has converged (i.e., d is less than some e ), then the
bounce point location and time have been found. If not, then a new

bounce point guess is computed as follows and iterated until con-
vergence:

XBB (n + 1)
IRF = XBB (n)

IRF ¡ d
¡

¡ p̂T
IRF

¢
(A4)

8) The geometric transmit leg range is then computed using the
converged bounce point:

q T = ê
ê XOPT

IRF ¡ XBB
IRF

ê
ê (A5)

9) Now, the receive spacecraft position in IRF is computed using
an iterativelight-time solution,given the IRF bouncepoint position.
The � rst guess of the receive time is

T R = T T + 2
¡
q T + D q atm

¢
ê c (A6)

10) Once converged, the optical center of the instrument at the
receive time is then computed as

XOPR
IRF = XSCR

IRF + XCMR
IRF (A7)

11) The laser two-way range is then computed as

q 2-way = ê
ê XOPR

IRF ¡ XBB
IRF

ê
ê + q T + 2 D q atm + 2 D q bias (A8)

12) The partialderivativesof the range measurementwith respect
to the spacecraftposition and range biases are rigorously computed
from the preceding equation. The partials of the measurement with
respect to spacecraft attitude corrections and laser pointing are nu-
merically approximatedbecauseof the additionalcomplexityof the
surface model.
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