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A detailed description of the techniques used and results obtained for the interplanetary navigation of the Mars
Pathfinder spacecraft is presented. Mars Pathfinder was launched on Dec. 4, 1996, and landed on Mars on July 4,
1997.To ensure a successful landing, the navigationteam was required to guide the vehicle such that the flight-path-
angle error was less than 1.0 deg at atmospheric entry. This relatively tight requirement was achieved through the
use of a ground-based orbit determination system using Doppler and range measurements obtained from Earth
stations. The resulting orbit solutions were used to design and execute four trajectory correction maneuvers needed
to ensure the vehicle would make a correct atmospheric entry. More frequent orbit solutions were performed during
the final two days to predict the exact time of entry and preset the onboard entry, descent, and landing sequence to
deploy the parachute at the correct moment. The overall result was a successful landing less than 30 km from the
intended target, well within the 100 X 200 km requirement ellipse.

Nomenclature
B-R = componentof B vector orthogonal to Martian equator,
km
B-T = componentof B vector parallel to Martian equator, km
y = atmospheric entry flight-path angle, deg
AV = velocity change, m/s
0 = orientation of B-plane uncertainty ellipse, deg

I. Introduction

ARS Pathfinder, part of NASA’s Discovery Program of low-

cost missions for planetary exploration, was designed to
demonstrate a low-cost, reliable system for entering the Martian at-
mosphereand placing alander safely on the surface. Mars Pathfinder
carried a science payload that returned data on the atmosphere, me-
teorology, geology and morphology,and the elemental composition
of rocks and soil near the lander. A key element of this payload was
the Sojourner microrover, which was the first mobile vehicle ever
operated on the surface of another planet.

The spacecraft traveled along the transfer trajectory from Earth
to Mars shown in Fig. 1. During the seven-month journey between
planets, the lander and its science payload were enclosed in an
aeroshell (backshell and heatshield) that was attached to a cruise
stage as shown in Fig. 2. The cruise stage contained the propul-
sion unit, star and sun sensors, solar arrays, and other subsystems
needed to travel from Earth to Mars. The lander contained the flight
computer, X-band telecommunication system, and all engineering
systems that were used during surface operations. Telecommunica-
tions and navigation tracking during cruise were performed using
the medium-gain antenna on the cruise stage and, primarily, the 34-
m-diam high-efficiency antennas at the three sites of NASA’s Deep
Space Network (DSN). Prime navigation tracking data types were
coherent, two-way (X-band) Doppler and ranging.

Four trajectory correction maneuvers (TCMs) were planned and
executed during cruise. The navigation system was required to per-
form these maneuvers using less than 105 m/s over the course of
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the mission. Because the Pathfinder spacecraft made a direct entry
into the Martian atmosphere from its interplanetary trajectory, the
navigation system was required to control the flight-path angle at
entry. This angle had to remain within 1.0 deg of the nominal value
of —14.2 deg to ensure a safe descent. The final navigationrequire-
ment was to land within a 100 x 200 km elliptical footprint sur-
rounding the selected target landing location of 326.9°E longitude
and 19.244°N latitude."?

This paper documents the actual navigation performance for the
mission in three main sections. First, the process of estimating the
spacecraft trajectory from the radiometric tracking data [known
as orbit determination (OD)] is summarized in Sec. II. The OD
subtopics addressed are force modeling, Doppler and range data
quality, and the OD filter configuration. Section II ends with a sum-
mary of the OD solutions used for the design of each TCM. Sec-
tion III discusses the maneuver design process. Subtopics in this
section are targeting requirements, maneuver executionmodes, and
a comparison of the actual performance of each TCM with its de-
signed value. Section IV describes the OD activities performed in
the final 48 h in support of the entry, descent, and landing (EDL)
phase, including a summary of the key OD solutions performed
during this time.

II. Orbit Determination

Spacecraft Force Modeling

Accurate modeling of all forces acting on the spacecraft was
necessary to properly predict the orbit solutions forward to Mars
encounter. The double-precisiontrajectory (DPTRAJ) software set,
developed at the Jet Propulsion Laboratory (JPL), was used to in-
tegrate these models and to produce trajectories for use in mission
operations. The largest forces acting on the Pathfinder spacecraft
were the gravitational attraction of the sun and planets. The only
other known forces acting during cruise were solar radiation pres-
sure and thrusting events for attitude control and TCMs. All attitude
control turns and spin rate changes were modeled as instantaneous
velocity changes with magnitudesranging from 0.5 to 7 mm/s. A to-
tal of 24 such events were eventually includedin the filter runs. The
four TCMs were modeled as a set of either finite or instantaneous
burns, depending on their magnitude and execution mode.>

Solar radiation pressure (SRP) contributed a small, but signif-
icant, continuous force on the spacecraft. DPTRAJ performs SRP
modeling by a series of basic components (flat plates, cylinders, and
spheres) that represent the size and reflective properties of illumi-
nated componentsofthe spacecraft. A flat plate was used to represent
the solar array disk of the cruise stage, the dominant component of
the Mars Pathfinder SRP model. The launch vehicle adapter and the
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Fig. 1 Mars Pathfinder interplanetary trajectory.
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Fig. 2 Mars Pathfinder flight system.

heat rejection system (HRS) panels, also on the cruise stage, were
represented by a flat plate and cylinder, respectively. Accurately
modeling the effect of the backshell, however, proved challenging
because the backshell had a nonstandard shape and was variably
shaded by the cruise stage during the flight. During the sevenmonths
of cruise, different SRP models of backshell were used and eval-
uated. The initial SRP model used a simple flat plate to represent
the backshell active for the entire cruise. The second model also
represented the backshell as a flat plate, but only after March 1997,
because prior to then the majority of the backshell was shaded and,
therefore, would not have contributed significantly to the overall
SRP effect. A third attempt tried two separate components for the
backshell: a cylinder active before April 1997 and a flat plate active
thereafter. The fourth and final model returned to using a flat plate
for the entire cruise, but with modified area and reflective properties.
Each of these SRP models were attempts to account for the changing
solar illumination on the backshell; the orientation of the backshell
component relative to the cruise stage components, as well as its
activation time, was based on the history of the solar aspect angle
over the mission.

The navigation team experimented with the set of parameters es-
timated for each componentalong with the number, type, and active
periods for components in the solar pressure model. After uncover-
ing some inconsistenciesin filter results when switching component
sets during a data arc and estimating multiple parameters for each
component, it was decided to estimate only area scale factors for
each component and to model the backshell as a flat plate over the
entire cruise. This was the strategy employed for all OD operations
solutions following TCM 4.

Small modeling errors and potential unknown forces such as
outgassing were accommodated in the filter by including a set of
stochastic nongravitational accelerations. These parameters were
tightly constrained by the choice of a priori sigmas so that they
were not confused with known forces already in the filter model.

Doppler Data Quality

The circular polarization of the radio signals and a slight offset
of the spacecraft’s antennaboresight from the spin axis caused both
a bias and a sinusoidal modulation to appear in the Doppler data.
The amplitude of the sinusoidal modulation increased with increas-
ing angle between the spacecraft’s spin axis and the line of sight to
Earth. Figure 3 shows the final postfit Doppler residuals over the en-
tire cruise period from launch to entry (December 1996-July 1997).
Residuals represent the difference between the actual measurement
values and predicted values from the OD filter solution. The sinu-
soidal modulationis clearly seen in the passes before TCM 1, when
the spin axis was pointed toward the sun, at high angles from the
Earth. The scatter for these passes is large, ranging from 0.01 to
0.03 Hz (0.18 to 0.53 mm/s). Early OD solutions treated this signa-
ture as simply an increase in data noise, and the data were conse-
quently deweighted. Typical Doppler weights for the period before
TCM 1 ranged between 0.025 and 0.10 Hz (0.44 and 1.8 mm/s), as-
suming a 60-s count time. The Doppler passesin Fig. 3 after TCM 1
appear much more compact, when the spacecraft was reoriented to
an Earth-pointed attitude. The scatter of points within each pass de-
creased to 0.00173 Hz (0.031 mm/s) between TCMs 1 and 2. The
Doppler noise level continued to decrease, averaging 0.0010 Hz
(0.018 mm/s) per pass between TCMs 2 and 3 and 0.0014 Hz
(0.025 mm/s) per pass after TCM 3. These later Doppler data were
ultimately weighted at 0.006 Hz (0.11 mm/s), for a 60-s count time.

The bias component of the Doppler spin signature was preap-
plied to the data before filtering and so is not visible in Fig. 3. This
bias is a function of the spacecraft spin rate. The final, critical OD
solutions supporting EDL preparations used a special Doppler bias
model derived from the actual history of spin rate values taken from
spacecraft telemetry.

Ranging Data Quality

The DSN uses the sequentialranging assembly (SRA) to calculate
the round-trip delay from station to spacecraftand back. Measure-
ments from the SRA are provided in range units (RU), with 7 RU
equaling 1 m. Prelaunchrequirements levied on the ranging system
imposed a lo noise (or jitter) level no greater than 1.0 m (7 RU)
within each pass. However, the range noise persisted at higher lev-
els until late May 1997, as seen in Fig. 4, which plots the postfit
ranging residuals for the entire cruise. The first data returned after
launch exhibited 1o noise between 13 and 27 RU (1.86-3.8 m).
As with the Doppler, the range noise decreased after TCM 1 when
the spacecraft was oriented to an Earth-pointed attitude. The DSN
ranging systemuses the Doppler signal to assistin forming the rang-
ing measurements, and the spin signature imposed on the Doppler
evidently degraded the early ranging measurements. Although the
noise levelhadimproved after TCM 1, itremained slightlyabove the
desired value, varying between 7.4 and 11.7 RU (1.06-1.67 m), un-
til March 1997. The spacecraft’s ranging system configuration was
changed at this time, significantly lowering the 1o range noise level
for passes from Deep Space Station (DSS) 45 (Canberra, Australia)
and DSS 65 (Madrid, Spain) to 2.23 RU (0.32 m). But the passes
from DSS 15 (Goldstone, California) remained at an unexpectedly
higher noise level, eventually increasing to about 23.3 RU (3.3 m)
by the end of May 1997. A concentrated effort by DSN personnel
eventually traced this problem to a faulty hardware component at
the station. This componentwas replacedby May 30, 1997, and sub-
sequent ranging passes from DSS 15 had noise levels comparable
to the other two DSN sites. The last 35 days of ranging data before
Mars arrival had an average 1o per-pass noise of 4.0 RU (0.57 m),
well within the required level.

The range data weight in OD solutions was varied throughout
the data arc to account for the changing noise level. Data before
March 7, 1997, were typically weighed at 21 RU (3 m). DSS 15
range data continued to be weighed at this larger value up to May
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Table1 B-plane state, TCA, and 1o uncertainties

OD TCA, universal time lo SMA axis, 1o SMI axis,
solution Data arc B R, km B-T,km constant (UTC) km km 0,deg 1o TCA,s
TCM 1 12/9/1996-1/2/1997 (24 days) 279,321.23  386,696.07  7/3/1997 09:14:57 100.64 11.066 24.44 25.93
TCM 2 12/4/1996-1/26/1997 (53 days) 8,491.72 9,767.62  7/4/1997 15:45:26 249.03 243915 31.54 80.02
TCM 3 2/4/1997-4/29/1997 (84 days) —1,790.15 —4,494.02  7/4/1997 16:52:52 34.49 30.717 106.99 6.21
TCM 4 2/4/1997-6/23/1997 (139 days)  —1,852.63 —4,250.28  7/4/1997 16:54:21 17.44 4.192 109.59 0.38
Table 2 B-plane and TCA targets for TCMs 14
Target B-R, TargetB-T, Target TCA

Maneuver Date km km (UTC on 7/4/1997)

TCM 1 Launch + 37 days (1/10/1997) —1856.93 —4263.91 16:53:43.20

TCM 2 Launch + 61 days (2/3/1997) —2004.00 —4554.00 16:53:43.26

TCM 3 Mars — 58 days (5/7/1997) —1855.60 —4264.16 16:54:22.128

TCM 4 Mars — 9 days (6/25/1997) —1855.60 —4264.16 16:54:22.128
30, 1997, whereas DSS 45 and 65 data were weighed more tightly -~ B-Plane

at just4 RU (0.57 m). After May 30, 1997, data from all sites were
weighed at 4 RU.

Ranging biases of various types were routinely employed as part
of the OD filtering strategy, resulting in the zero-mean behavior
of the residuals seen in Fig. 4. These included a constant bias for
all ranging data and stochastic biases whose values varied for each
pass. Prelaunch expected values for the pass-dependentbiases were
on the order of 10 RU. In-flight OD solutions consistently yielded
values from 20 to 50 RU for these biases. The a priori sigma for these
parameters in the OD filter was increased to 40 RU to reflect these
larger values. Fixed biases for all passes from a specific DSS site also
had to be employed to account for three periods of observed biases
in the ranging data. Appropriate values for the two earliest of these
were obtained and preapplied to the affected data prior to the final
week beforelanding. A final site-dependentbias between the DSS 65
ranging passes and the 15 and 45 passes was unresolved before
landing. The a priori sigma on the DSS 15 and 45 bias parameters
was set at 7 RU; whereas the DSS 65 parameter’s sigma was set at
30 RU. The estimated value of the DSS 65 bias in these runs ranged
from —15 to —20 RU relative to the DSS 15 and 45 passes.’

Orbit Determination Filter Configuration

Orbit determination for Mars Pathfinder was performed with the
Orbit Determination Program developed at JPL and used for nearly
allinterplanetaryflight projects.Ituses alinearized batch-sequential
filter on a variety of data to update a user-specified set of parame-
ters describing the flight path and/or data. Prior to Mars Pathfinder,
OD filters for deep space navigation have been configured to esti-
mate a mix of (constant) bias, stochastic,and consideredparameters.
The set of bias parameters typically includes the known nongravi-
tational forces acting on the spacecraft. Pathfinder’s OD solutions
followed this pattern, estimating solar pressure, velocity changes
from TCMs and attitude control events, and the spacecraft epoch
state as bias parameters. DSN station locations were also estimated
as bias parameters as were Earth and Mars ephemeris parameters
in runs performed within 10 days of landing. A constantrange bias
for spacecrafthardware delay, constantrange biases for each of the
DSN sites, and a constant Doppler bias were also added.

Considered parameters are parameters whose statistics influence
the overallstatisticsof the OD solutionbutdo not affecttheestimated
parameter values. In a departure from the traditional approach, no
considered parameters were employed in the Pathfinder filter. In-
stead, new stochastic parameters were introduced to model data er-
ror sources that were formerly treated as considered parameters. An
important group of these new stochastic parameters were the pass-
dependentbiasesfor therange and Dopplerdata. The introductionof
these biases for the range datais called the precisionrange technique
and allowed the data to be weighted at its inherentaccuracy of a few
meters. Pass-dependentDoppler biases were included to accountfor
small deviations from the nominal spin rate. Troposphere and iono-
sphere transmission effects on the radio signal, Earth rotation, and

Spacecraft
Trajectory

Trajectory Plane

Asymptote R

B-plane uncertainty
ellipse

Fig. 5 B-plane definition.

polar motion parameters were also treated as stochastic parameters.
The remaining stochastic parameters were components of accelera-
tions actingin the radial and transverse directions. One or all of these
components were included to account for small, unknown errors in
the force model. The success of Pathfinder navigation has provided
valuable in-flight validation of this enhanced filter configuration,
with its associated precision ranging technique.!>*>

OD Results for TCM Design

The resultsof the OD solutionsleading to the design of TCMs 1-4
are summarizedin Table 1. Predicted spacecraftstate at Mars arrival
is given as coordinates in a Mars-centered B-plane coordinate sys-
tem shown in Fig. 5. The B plane is perpendicularto the incoming
asymptote of the spacecraft’s trajectory (called the S direction) and
contains the two axes R and T. T is defined as the intersection of
the B plane with the Mars mean equator of date. Predicted position
in the B plane is given in Table 1 as a pair of R and T coordinates
(B-R and B -T) for the location where the asymptote intersects
the B plane. Uncertainty in B-plane position is represented by the
size and orientation of a 1o error ellipse around the predicted po-
sition. The sizes of these ellipses are given as semimajor (SMA)
and semiminor (SMI) axes lengths, whereas the ellipse orientation
is given by the angle to the SMA axis direction measured clockwise
from the T axis (9). Predicted positionin the S directionis given in
Table 1 by the time of closestapproach (TCA), or time of periapsis,
and its associated 1o uncertainty. Because Mars Pathfinder landed
before its approach orbit’s periapsis was reached, this TCA param-
eter did not reflect any real mission event, but was instead used to
compare solutions against each other.

III. Maneuver Design
Targeting and Design of TCMs 14
The target trajectory conditions for TCMs 1-4 are presented in
Table2 as B - R and B - T coordinates in the Mars-centered B-plane
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coordinatesystem and an associated TCA to Mars. These quantities
are chosenfor ease of comparison with the OD solutionresults given
in Table 1. The targets for TCMs 3 and 4 were based solely on the re-
quired entry and landing conditions. The targets for TCMs 1 and 2,
however, could have been biased from this aimpoint to satisty a
mission requirement dictating a less than 1.0E—4 probability of
the vehicle impacting the Martian surface at 1000 ft/s or more (for
planetary contamination reasons). Analysis of the actual injection
accuracy and OD knowledge at the time of TCM 1 design showed
that this requirement would be satisfied without adding any bias
to the direct entry target point. Therefore, the target aimpoint for
TCM 1 listed in Table 2 is very close to that of TCMs 3 and 4.
Subsequent OD solutions reflecting TCM 1 execution showed that
a bias would have to be added to satisfy the surface impact speed
constraintat the time of TCM 2 design, so that its target parameters
differ significantly from those of the other three maneuvers.
Targeting for TCMs 1, 3, and 4 was based on achieving the re-
quired flight-path angle at a specified radial distance of 3522.2 km
from the center of Mars and subsequently landing within a
100 x 200 km ellipse in Ares Vallis. OD solutions provided the
predicted arrival geometry and time of the Mars atmospheric entry.
The descent trajectory through the atmosphere then determined the
landing site associated with this arrival point. Aerodynamic model-
ing programs were used to compute the trajectory dynamics during
descent and to target to the desired landing site.® Standard navi-
gation software was used to target the interplanetary trajectory to
the required atmospheric interface geometry. The B-plane coordi-
nates and arrival time associated with the desired descent and land-
ing conditions were obtained through iterative application of these
programs.®® The navigation software was also used to calculate the
required velocity change AV vector for each maneuver. The cur-
rent best estimate of the orbit, the nominal time of the TCM and
the target encounter conditions were used together to calculate the
required AV for the upcoming TCM. The times and overall de-
sign AV vectors for each TCM are listed in Table 3, expressed in
the Earth Mean Equator and Equinox of Epoch J2000 (EME2000)
coordinate France. The maneuver design calculations assumed an
instantaneous application of the total AV for TCMs 3 and 4 but
assumed a finite burn duration for the larger TCMs 1 and 2.

Maneuver Execution Modes

The Pathfinder propulsion system had two clusters of four
thrusters: collectively these eight thrusters could produce either ax-
ial thrusts, which were aligned with the spin axis of the spacecraft,or
lateral thrusts roughly perpendicularto the spin axis. Depending on
the spacecraft’s attitude relative to the direction of the desired AV
vector, subsets of the thrusters could be fired to add vectorially to

Table 3 Design values for TCMs 14

Design AV vector® in EME2000
(inertial) coordinates

Design
execution time, X, Y, Z, Magnitude,
Maneuver UTC m/s m/s m/s m/s

TCM1 1/10/199702:00 17.301 —25.321 5.899  31.229

TCM 2 2/3/199723:00 1.1193 —1.1231 0.0352  1.5860
TCM 3 5/7/199701:00 0.0762  0.0630 0.0362  0.1053
TCM4  6/25/199717:00 0.0105 —0.0138 —0.0068  0.0186

“Ideal AV determined to achieve the target conditions.

Table4 Estimated values for TCMs 14

Estimated AV vector® in EME2000
(inertial) coordinates

Design
execution time, X, Y, Z, Magnitude,
Maneuver UTC m/s m/s m/s m/s

TCM1  1/10/199702:00 16.6367 —24.4114 5.6403 30.077

TCM 2 2/3/199723:00 1.1223 —1.1340 0.0365  1.5959
TCM 3 5/7/199701:00 0.0764  0.0725 0.0382  0.1120
TCM4  6/25/199717:00 0.0105 —0.1374 —0.0068  0.0186

* Actual performance of the TCM as determined from subsequent OD.

the total AV (Refs. 2 and 7). TCM 1 was implemented using only a
singlesessionof axial thrusting. A single axial thrustcould also have
been done for TCM 2, but both lateral and axial thrusting would be
necessary for TCMs 3 and 4 given the preferred spacecraftattitude
for late cruise. Lateral and axial thrusting would also be required
for a potential TCM 5 that was added as a contingency activity to
be performed within the last 24 h before entry. Because these TCMs
were critical for Mars atmospheric entry targeting, it was decided
to test lateral thrusting performance at TCM 2 and again at TCM 3.
TCM 2 was performed as one axial followed by one lateral thrust-
ing session. TCM 3 was performed in three segments: a lateral, an
axial, and another lateral session. No problems were encountered
with the lateral thrusting portions added to TCMs 2 and 3, verifying
the design approachesfor TCMs 4 and 5. TCM 4 was executed with
a single lateral segment followed by an axial segment. Although
the required AV turned out to be very small, it was decided to per-
form TCM 4 maneuver to minimize the probability of having to do
TCM 5. The performance of all four TCMs were so accurate that
TCM 5 was not required.

Maneuver Performance

The actual AV provided by the spacecraft’s propulsion system
were estimated as part of the on-going orbit determination process
using tracking data obtained during and after each TCM. Table 4
shows the best estimates of the actual AV vectors for TCMs 14. A
comparison of the estimates with the design values (Table 3) reveals
that maneuver execution was quite accurate for Mars Pathfinder.
The magnitude errors achieved in flight ranged from 0.2 to 4%.
Pointing errors, computed as the angle between the design direction
and the best estimated direction for the TCMs, were typically less
than 0.15 deg, with a slightly larger value of justover 0.5 deg for the
second lateral segmentof TCM 3. Both of these types of errors were
well within the performancerequirementslevied on the spacecraft’s
propulsion system. The total actual AV used for Mars Pathfinder’s
TCMs was 32.733 m/s, well within the propulsion system’s total
capability of 105 m/s.

IV. Navigation Support for EDL

Prelaunch analyses had shown that no significant improvement
in OD knowledge would occur after TCM 4 execution until the
last 48 h before entry when the Mars gravitational signature would
begin to be sensed in the Doppler data at levels greater than typ-
ical Doppler noise. Trajectory uncertainties would decrease from
this time, with the largest decrease occurring in the final 24 h.
This improved trajectory knowledge was put to several important
uses. First, it was used to update key parameters in the flight soft-
ware controlling the mechanisms and events for a safe descent and
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initial surface deployment. Second, the predictions at the DSN sta-
tion were updated with the new trajectory profile to increase the
chances of remaining in contact with the spacecraft for as long as
possible during descent. Finally, two opportunities were inserted to
correct any unexpected trajectory deviations by performing a fifth
maneuver, TCM 5. Four opportunitiesto update the EDL parameters
were planned at 37, 22, 9, and 4 h before entry. Two windows were
identified for possible TCM 5 execution,oneat 10.5h (TCM 5A)and
the other at 5.5 h before entry (TCM 5B). A single time was chosen
for the DSN predictionsupdate at 2.5 h before entry. The navigation
team worked around the clock to provide new OD solutionsto update
the trajectory and landing site knowledge at each of these events.’

Numerical results from the actual OD solutions performed during
the final 48 h of flight are presented in Tables 5-7. Table 5 gives the
predicted B-plane positions and TCAs and Table 6 their associated
uncertainties, as was done in Table 1. Because of the importance
of entry flight-path angle y, predictions and uncertainties for it are
also given in Tables 5 and 6. For a lander mission like Pathfinder,
the navigationuncertainty can be expressedin terms of an ellipse on
the surface, or footprint, centered around the predicted landing site.
Centers and sizes for the footprints corresponding to the B-plane
error ellipses are given in Table 7. A graphical history of these OD
solutions is shown in the B plane in Fig. 6 and on the surface in
Fig. 7. Figures 6 and 7 clearly show the consistency of the OD
results obtained at each of the EDL decision points.

The navigation team continued to generate OD solutions as new
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dispersions due to atmosphere or vehicle aerodynamic mismodel-
ing. This assumption was acceptable for earlier OD solutions where
entry state uncertaintiesdominated the footprintsize. As knowledge
of the entry state improved, the relative significance of the atmo-
spheric and aerodynamic dispersionsincreased. Figure 8 shows the
15 x 8 km all-data ellipse compared with a slightly larger ellipse
representing the results of a Monte Carlo analysis of the entry tra-
jectory that incorporated appropriate uncertainties in aerodynamic
and atmospheric conditions. This result is represented numerically
in Table 7 as the case labeled “All data + descent dispersions.”
Independentestimates of Pathfinder’s landing location have been
computed using data taken after surface deployment. The first of
these is derived by triangulation from surface features identified in
images taken by the lander’s camera.® The secondestimateis derived
by processing Doppler and range measurements from Pathfinder
duringthe surfacephase of the mission, between July and September
1997, along with similar data from the Viking landers.” These two
estimates of landing site location are labeled “Image triangulation”
and “Surface tracking data” in Table 7 and are shown graphically
in Fig. 8. These solutions are reasonably consistent with the final
navigationresults, especially when descent dispersionsare included

Table 6 EDL OD solution associated uncertainties

1o Uncertainty ellipse

tracking data were received, right up to the last minutes before entry. Solution SMA.km SMLkm  f.deg orca.s oy.deg
The final best estimate from pre-entry tracking data used two-way EDL update 1 13.303 2.615 108.016 ~ 0.227  0.146
coherent Doppler data taken up to 1.3 h before entry and range data EDL update 2 8.542 2127 114077 0.158  0.104
collected up to 3.4 h before entry. This case is labeled “All data” in TCM 5A 5.816 1.357 126.059  0.115 0.090
Tables 5-7. The size of the landing footprint had diminished con- EDL update 3 2.674 1254 127.266  0.113 0.089
. S . o TCM 5B 5.380 1.117 129.268 0.108 0.089
siderably w1th 1nc0rp0rat‘1‘on of the .later (!ata, as shown in Flgg. 7 EDL update 4 5106 1.052 130.576  0.103 0.089
and 8 (the ellipse labeled “OD solution using all pre-entry tracking All data 3.246 0.176 114.972 0023 0.001
data”). The new landing footprint was only 15 x 8 km, assuming no
Table 5 EDL OD solution B-plane state, TCA, and entry flight-path angle ~
Data cutoff, TCA, UTC

Solutions UTC B-R,km B-T,km on 7/4/1997 y, deg

EDL update 1 7/2/1997 19:46 —1842.67 —4275.09 16:54:22.6 —13.942

EDL update 2 7/3/1997 18:48 —1841.28 —4276.58 16:54:22.6 —13.902

TCM 5A 7/4/1997 02:54 —1844.19 —4275.45 16:54:22.6 —13.896

EDL update 3 7/4/1997 04:46 —1844.27 —4275.43 16:54:22.594 —13.896

TCM 5B 7/4/1997 07:46 —1844.52 —4275.27 16:54:22.589 —13.898

EDL update 4 7/4/1997 10:46 —1844.58 —4274.46 16:54:22.516 —13.914

All data 7/4/1997 15:41 —1850.17 —4269.23 16:54:22.386 —14.061
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Fig. 7 Predicted surface footprints (30) for EDL OD solutions.
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Table7 EDL OD solution landing site and 3o surface footprints

Longitude,  Latitude, Downtrack Crosstrack
Solution °E °N? 30, km 30, km Orientation, degb
Target 326.9 19.244 N/A N/A N/A
EDL update 1 326.2294 18.8238 154.209 51.784 8.21
EDL update 2 326.1944 18.7629 112.565 37.400 20.586
TCM 5A 326.1634 18.7924 98.301 18.606 29.460
EDL update 3 326.1617 18.7929 97.759 16.931 29.896
TCM 5B 326.1671 18.7985 97.600 12.988 30.423
EDL update 4 326.2063 18.8291 96.607 12.988 29.836
All data 326.5875 19.0438 15.116 8.395 84.457
All data 4 descent 326.48 19.004 41.458 14.807 18.631
dispersions
Image 326.45 19.14 N/A N/A N/A
triangulation
Surface tracking 326.4762 19.095 N/A N/A N/A
data

*Measured as areocentric.
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Fig. 8 Best estimates of Pathfinder’s landing site.

in the estimate. All solutions give points roughly southwest of and
less than 30 km from the target landing site.

V. Conclusions

All of the requirements placed on Mars Pathfinder navigation
were met with ample margins. The lander came to rest within 30 km
of the target location, well within the goal of a 200 x 100 km foot-
print around the target. The final estimated flight-path angle at en-
try was —14.06 deg, just 0.14 deg off from the nominal value of
—14.2 deg and well within the required 1.0-deg dispersion from the
nominal. The total AV used for trajectory corrections was 32.7 m/s,
well under the propulsion system’s 105-m/s limit.

One of the major accomplishments of Mars Pathfinder naviga-
tion was the successful implementation of the enhanced filter con-
figuration and the precision ranging technique for spacecraft orbit
determination. These methods allowed the necessary OD accuracy
to be achieved using only Doppler and ranging without the addition
of other data types such as optical images or AVery Long Base-
line Interferometry. Pathfinder has validated the use of this filter
configuration for actual flight operations. These techniques will be
employed in navigating future Mars missions.

Another significant accomplishment was the integration of ex-
isting navigation software for modeling an interplanetary trajectory

with software modeling the descent trajectory once in the atmo-
sphere. Coordinated use of these programs was necessary to target
the late cruise maneuvers for a landing at the desired surface lo-
cation. This enhanced software tool set also allowed optimization
of the spacecraft’s descent conditions based on rapid and frequent
OD updates using the latestavailable tracking data in the final hours
before entry.
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