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OnFebruary 18th, 2021, theMars 2020 entry system successfully delivered the Perseverance
rover to the surface ofMars at JezeroCrater. The entry capsule carried a set of instrumentation
installed on the heat shield and backshell, named the Mars Entry, Descent, and Landing
Instrumentation 2. The instruments include pressure transducers, thermocouples, heat flux
gauges, and radiometers to measure the aerodynamic and aerothermodynamic performance
of the entry vehicle. This paper describes the trajectory and atmosphere reconstruction results
based on the pressure sensor measurements. The process uses a Kalman filter approach to
estimate the freestream atmospheric properties from the pressure measurements combined
with a model of the pressure distribution of the heatshield and other sensor inputs, including
an inertial measurement unit and other on-board navigation sensors, and several external
atmospheric observations. The results indicate upper altitude density was up to 150% higher
than nominal, which is consistent with the observed early entry guidance start time. The
density below 40 km was within 12% the pre-flight predictions. The reconstructed axial force
coefficient was approximately 2% lower than the pre-flight prediction across the flight range.

Nomenclature

1 = Aerodynamic reference length, m
��, �. , �# = Axial, side, and normal aerodynamic force coefficients
6 = Earth’s standard gravitational acceleration, 6 = 9.80665 m/s2

�GG , �HH , �II = Vehicle moments of inertia in the spacecraft frame, kg-m2

�GH , �GI , �HI = Vehicle products of inertia (negative integrals) in the spacecraft frame, kg-m2

< = Mass, kg
V0 = EMEJ2000 position and velocity covariance at C0
'4 = Equatorial radius of Mars, m
'? = Polar radius of Mars, m
< = Specific gas constant, J/kg-K
r8<D = Position of the IMU in the cruise frame, m
)B2202 = Spacecraft frame to aerodynamic frame transformation matrix
)8<D2B2 = IMU instrument frame to spacecraft frame transformation matrix
C = Time, s
C0 = Initial time, s
-2<, .2<, /2< = Vehicle center of mass position in the cruise frame, m
- , . , / = EMEJ2000 position components at C0
¤- , ¤. , ¤/ = EMEJ2000 velocity components at C0
U = Angle of attack, deg
U) = Total angle of attack, deg
V = Angle of sideslip, deg
Z0, Z1, Z2, Z3 = Quaternion components of the EMEJ2000 to cruise frame attitude at C0 (Z0 is the scalar)
a0, a1, a2, a3 = Quaternion components of the EMEJ2000 to MCMF attitude at C0 (a0 is the scalar)
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I. Introduction
On February 18th, 2021, the Mars 2020 entry system [1] succesfully delivered the Perseverance rover to the surface of

Mars at Jezero Crater. The entry capsule carried a unique set of instrumentation installed on the heat shield and backshell,
named the Mars Entry, Descent, and Landing Instrumentation 2 (MEDLI2)[2, 3]. The instruments include pressure
transducers, thermocouples, heat flux gauges, and radiometers to measure the aerodynamic and aerothermodynamic
performance of the entry vehicle. The MEDLI2 sensor suite builds on the success of the Mars Entry, Descent, and
Landing Instrumentation (MEDLI), which flew on the heatshield of the Mars Science Laboratory (MSL) Curiosity
rover’s entry capsule during its landing on Mars in August, 2012 [4–9]. The MEDLI2 sensor suite includes an enhanced
set of instruments to make measurements in flight regimes and locations on the vehicle that were not captured in the
MEDLI data. The layout of the sensors is shown in Figure 1. The sensor are divided into two main categories, the Mars
Entry Atmospheric Data System (MEADS), measuring pressures, the Mars Integrated Sensor Plug (MISP) which are
various types of aerothermal sensors that include thermocouples, heat flux gauges, and radiometers. Data from both
sets of sensors was acquired by the Sensor Support Electronics (SSE) unit located on the heatshield structure. The
individual sensor locations are labeled as MEADS Pressure on Heatshield (MPH), MEADS Pressure on Backshell,
(MPB), MISP Thermal on Heatshield (MTH), and MISP Thermal on Backshell (MTB). The MEDLI2 sensors were
powered on approximately 5 hours before atmospheric entry, and began storing data into a 20 minute buffer until being
powered down approximately 10 seconds before heatshield separation.

(a) Forebody (b) Backshell

Fig. 1 MEDLI2 Sensor Layout

This paper describes the reconstruction of the entry capsule trajectory based on the MEADS pressure sensors. These
sensors include seven pressure measurements on the heatshield at specific locations that are used to reconstruct the
atmospheric-relative trajectory, and a single pressure measurement on the backshell to measure the base pressure acting
on the vehicle in order to better understand the vehicle aerodynamic performance. There are three types of pressure
transducers as part of the MEADS system. On the forebody there is one strain-gauge type transducer located in the
predicted hypersonic stagnation point region (MPH1), with a full scale pressure range of 35 kPa. This transducer is
a MEDLI flight spare, and is intended to measure the stagnation point pressure in the hypersonic flight regime. The
remaining six heatshield pressures are measured by peizio-resistive type transducers with a full scale range of 7 kPa.
These transducers are intended to provide improved resolution measurements in the supersonic flight regime. The
supersonic regime transducers will be saturated during the hypersonic flight regime and will desaturate during entry
prior to crossing the Mach 5 threshold. One pressure port is located at the predicted supersonic trim angle of attack
stagnation point (MPH2), while another transducer is located at the vehicle nose to measure the zero trim stagnation
pressure prior to parachute deployment (MPH5). The remaining four port locations were optimized as symmetric
pairs (MPH3/MPH4 and MPH6/MPH7) distributed around the heatshield to produce minimum weighted covariance
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trace measurements[10, 11], mainly providing observability of the angles of attack and sideslip. Finally, the backshell
pressure is measured by a variable-reluctance type transducer with a full scale range of 700 Pa. The location of the
pressure port (MPB1) was informed by free flight ballistic range tests[12].

The specific science requirements of the MEADS system are to provide data that can be used to reconstruct
the atmospheric-relative trajectory, the as-flown atmosphere profile, and the as-flown aerodynamics of the capsule
during atmospheric entry. The MEADS measurements are required to provide data with 3f accuracies to enable
the reconstruction of the vehicle axial force coefficient to within 2% and the atmospheric density to within 5% from
just after atmospheric entry (when the freestream dynamic pressure is greater than 200 Pa) until deployment of the
supersonic parachute. During the supersonic range of flight, defined as Mach 5 and below, the system is required to
provide measurements enable the reconstruction of the aerodynamic flow angles to within 0.5 deg, the Mach number
to within 0.1, and the atmospheric winds to within 10 m/s. Extensive pre-flight analysis, ground testing, and thermal
calibrations were peformed to show that the sensors were able to produce measurements of sufficient accuracy to meet
these science requirements. Due to scheduling, not all ground testing was completed on the flight units before they had
to be instealled on the vehicle. Additional ground testing was performed after the Mars 2020 launch using flight spare
sensors. This testing indicated some additional uncertainties due to transducer dynamic response that were not captured
in the initial error budget, meaning that the angle of attack and wind reconstruction requirements would only be partially
met [13].

Analysis of the MEDLI2 flight data also incorporates other measurement sources both from onboard and external
sensors. Onboard sensors include navigation sensors such as the Descent Stage Inertial Measurement Unit (DIMU)[14]
and the Terminal Descent Sensor (TDS)[15], both of which have flight heritage from the MSL landing in 2012. A
new addition for the Perseverance landing in 2021 is the Lander Vision System (LVS)[16, 17], which provides Terrain
Relative Navigation (TRN) position measurements based on camera images acquired during descent that are matched
to a map of the planetary surface. These measurements are further aided by other external sources including Orbit
Determination (OD) initial conditions [18], landing site position fixes based on High Resolution Imaging Science
Experiment (HiRISE)[19, 20] imagery, atmospheric profiles from the Mars Climate Sounder (MCS)[21], and planetary
surface atmospheric measurements from the Mars Environmental Dynamics Analyzer (MEDA)[22] instruments on
board the Perseverance rover, reconstructed mass properties, and a model of the Mars gravity [23, 24]. A summary of
the data sources used in the reconstruction is shown in Table 1.

Table 1 Mars 2020 Reconstruction Data Sources

Source Data Product
MEADS [3] Heatshield and backshell pressures
DIMU [14] 3-axis linear acceleration and angular rate
TDS [15] Range and range rate
LVS [16, 17] 3-axis relative position
OD [18] Initial inertial position and velocity
Landing site [20] Radius, declination, and longitude
MCS [21] Temperature, pressure, and density vs. altitude
MEDA [22] Surface pressure
Mass properties Mass, inertia, center of mass
Gravity model [23, 24] Gravitational acceleration

These measurement sources are combined using a Kalman filter method to produce a best estimate of the capsule entry
trajectory. The reconstruction method makes use of the New Statistical Trajectory Estimation Program (NewSTEP)[25–
28] Kalman filtering code to reconstruct the trajectory from the available data. The approach uses a sequence of two
Iterative Extended Kalman-Schmidt Filter-Smoothers to estimate the trajectory. The first filter is a purely kinematic filter
in which the DIMU data is combined with the TDS, LVS, OD initial conditions, and landing site location to produce an
estimate of the inertial and planet-relative trajectory. Next, this reconstructed trajectory is an input to a dynamic filter
in which the MEADS measurement data are processed with a simplified atmospheric dynamics model based on the
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hydrostatic equation and ideal gas law to produce estimates of the atmospheric-relative state and atmospheric conditions
along the trajectory[11]. The atmospheric-relative state (dynamic pressure) is then used with vehicle mass properties to
compute estimates of the as-flown aerodynamics.

The remainder of this paper is organized as follows. Section II describes several coordinate frames that are used
for the reconstruction of the Mars 2020 EDL trajectory. Section III discusses the data sources that are used for the
reconstruction. The results of the reconstruction are described in Section IV. Results of the aerothermal reconstruction
based on the MISP sensors can be found in [29–32].

II. Coordinate Frames
The Earth Mean Equator and Equinox of Epoch January 2000 (EMEJ2000) [33] inertial reference system is defined

by the Z axis normal to the Earth mean equator at the epoch of J2000 (Julian date of 2451545.0) and the X axis parallel
to the vernal equinox of the Earth mean orbit at J2000. The Mars-Centered Mars-Fixed (MCMF) frame is defined by
the Z axis normal to the equator of Mars and the X axis aligned through the prime meridian. In each frame, the Y axis is
chosen to complete the right-handed system.

The Areocentric (AC) frame has its origin at the vehicle center of mass, with the Z axis oriented toward the center of
the planet, the X axis normal to the radius vector in the northerly direction, and Y axis is to the East. The Areodetic
(AD) frame is defined similarly to the AC frame but has its Z axis perpendicular to the reference ellipse (defined by
'4 = 3396190 m and '? = 3376200 m [34]) and X axis tangent to the reference ellipse in the north direction. The Y
axis of the AD frame is the same as that of the AC frame. The Areodetic frame is also commonly referred to as the
North-East-Down (NED) frame.

Fig. 2 Vehicle Coordinate Frames

Vehicle coordinate frames relevant to the aerodynamics and flight mechanics are shown in Figure 2. The axes
labeled xB2 , yB2 , and zB2 are the axes of the spacecraft coordinate frame and the axes labeled x02 , y02 , and z02 define
the aerodynamic coordinate frame. Directions of the aerodynamic force coefficients ��, �. , and �# are shown as are
the definitions of the aerodynamic flow angles. The transformation from the spacecraft frame to the aerodynamics
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frame is given by

)B2202 =


0 0 1
0 1 0
−1 0 0

 (1)

The DIMU instrument frame [35] is defined by the axes internal to the IMU in which the three-axis accelerations
and angular rates are measured. The location of the DIMU in the spacecraft reference frame is given by the vector
r8<D = [ 0.8684815 −0.6407693 0.6077792 ]) m. The transformation from the IMU instrument frame to the
spacecraft reference frame is given by the matrix

)8<D2B2 =


−0.872975115990299 0.343162856206043 0.346631938779788
−0.487764416945555 −0.614998742299899 −0.619566316491871

0.000566059614137526 −0.709940702516804 0.704261228867854

 (2)

III. Data Sources

A. Mars Entry Atmospheric Data System
The MEADS pressure measurements aqcuired during the Mars 2020 EDL are shown in Figure 3. Note that the

time C = 0 corresponds to the on-board navigation initialization time. The measurements were sampled by the SSE at a
rate of 2048 Hz. The measurements were stored into a buffer of 256 samples that were averaged and then stored in
memory at a rate of 8 Hz. The measurements were stored on-board the rover and then sent back to Earth after landing,
although a subset of the measurements were transmitted in real-time during EDL. After recepit of the data on Earth, the
measurement data were converted from raw counts into sensor milli-Volt outputs. Thermal calibrations were performed
based on the milli-Volt outputs and the measured sensor temperatures to convert the data into units of pressure [13].
An in-flight zero was performed prior to atmospheric entry in order to remove any residual offsets. The magnitude
of the zero offsets were similar to those observed during two cruise checkouts conducted in October and November
2020. There were no data dropouts. Some spikes in the data were observed at the times of pyro/shock events such as
Entry Ballast Mass (EBM) jettison and parachute mortar fire. These spikes were removed from the data. A time shift of
60.625 ms was applied to the data to account for the lag induced by the on-board averaging filter [13].

(a) Hypersonic and Backshell (b) Supersonic

Fig. 3 Mars Entry Atmospheric Data System Pressure Measurements

The hypersonic range stagnation pressure transducer MPH1 recorded a peak pressure of 29.07 kPa at a reconstructed
Mach number of 17.24 at an altitude of 21.74 km. The supersonic range transducers recorded data at high altitude prior
to saturating, then desaturated prior to reaching supersonic flight conditions. Each supersonic transducer has its output
clipped at 42.8 mV, but since each unit has slightly different sensitivities, the corresponding staturation pressure is
different from unit to unit. Specifically, transducers MPH2 through MPH7 saturated at 8.37, 8.25, 7.71, 7.55, 7.40, and
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7.15 kPa, respectively. MPH4 was the first transducer to saturate after entry, and was the last transducer to desaturate as
the vehicle approached the supersonic flight regime. MPH4 saturation occured at a reconstructed Mach number of 24.45
and altitude of 40.01 km. MPH4 desaturation occured at a reconstructed Mach number of 6.32 and an altitude of 14.07
km. Each transducer met the requirement to report data at pressure levels of 7 kPa and below during the supersonic
flight regime. The peak recorded pressure on the backshell from sensor MPB1 was 242 Pa, at a reconstructed Mach
number and altitude of 13.78 and 18.28 km, respectively.

B. Descent Stage Inertial Measurement Unit
An important measurement source for performing the trajectory and atmosphere reconstruction is the on-board

Descent Stage Inertial Measurement Unit (DIMU), a Honeywell Miniature Inertial Measurement Unit (MIMU),
consisting of QA3000 accelerometers and GG1320 ring laser gyroscopes [35]. The DIMU provides three-axis linear
acceleration and angular rate measurements in the DIMU instrument frame at a sample rate of 200 Hz. The measured
accelerations were transformed from the DIMU frame into the vehicle body frame (using the reconstructed mass
properties described in Section III.G for the center of mass location) using the transformation matrices given in Equation
1 and 2 for integration in order to propagate the states from the initial condition. The data includes a scale factor
correction of -9.80109e-07 to the body x-axis gyroscope, which was determined during the cruise phase to Mars.

Note that the numerical integration of these data for propagating the vehicle state makes use of the raw accelerations
with no filtering. A second-order Butterworth filter [36] with a 5 Hz cutoff frequency (chosen to encapsulate the
expected range of the capsule rigid body dynamics) is also applied to smooth the data for use in the aerodynamic
reconstruction. The filter is applied in forward/backward mode to eliminate phase loss [37]. The raw and filtered
accelerations and angular rates are shown in Figure 4.

The DIMU was modeled using the error parameters specified in Table 2 provided in [38]. The error parameters
include bias, scale factor, misalignment, noise, and quantization. These uncertainties were modeled as consider
parameters [33] in the Kalman filter so that the reconstructed state uncertainties are more realistic based on the
accelerometer and gyroscope measurement uncertainties.

Table 2 DIMU Error Parameters

Error Parameter Accelerometer Gyroscope
Misalignment (3f) 0.05 deg 0.05 deg
Noise (3f) 150 `g 0.0042 deg/s
Scale Factor (3f) 525 ppm 15 ppm
Bias (3f) 300 `g 0.15 deg/hour
Quantization 0.54 m/s2 0.0115 deg/s
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(a) Axial Acceleration (b) Roll Rate

(c) Side Acceleration (d) Pitch Rate

(e) Normal Acceleration (f) Yaw Rate

Fig. 4 Accelerations and Angular Rates in Aerodynamic Coordinate Frame

C. Terminal Descent Sensor
After heatshield separation, the Terminal Descent Sensor (TDS) was activated to make range and range-rate

measurements from the sensor to the ground. The TDS consists of six Ku-band radar beams that provide measurements
at a rate of 20 Hz from alternating beams [14, 35]. These measurements were used in the trajectory reconstruction
process to provide position and velocity data in the form of range and range-rate that can be processed by the Kalman
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filter to improve the trajectory estimate. The range and range-rate data are shown in Figure 5. The measurement
uncertainties are shown in Table 3. The misalignments, bias, and scale factor uncertainties were modeled as consider
parameters in the filter.

Table 3 TDS Error Parameters

Error Parameter Range Range Rate
Sensor Misalignment (3f) 0.28 deg 0.28 deg
Beam Misalignment (3f) 0.207 deg 0.207 deg
Noise (3f) 0.15 m 0.015 m/s
Scale Factor (3f) 0.009 0.0015
Bias (3f) 0.3 m 0.03 m/s
Quantization 1 mm 0.5 mm/s

(a) Range (b) Range Rate

Fig. 5 Terminal Descent Sensor Data

Processing of this data in the Kalman filter requires a terrain model of the surface of the planet. The model used in
the filter is based on a Digital Elevation Map (DEM) [39] of the landing site region with 1 m resolution.

D. Terrain Relative Navigation
The Terrain Relative Navigation (TRN) system was a new addition to the Mars 2020 EDL GN&C that did not exist

at the time of MSL. The TRN system acquires images of the surface of the planet during descent and uses an on-board
database to determine the three-axis position of the vehicle relative to the image database [16], which can be used as
another position fix in the Kalman filter. The TRN system acquired 42 such position fixes during the vehicle descent to
the surface. The TRN altitude channel is shown in Figure 6 as an example of one-axis, but all three axes were processed
by the filter as a position update. The measurements were assumed to have a 3f uncertainty of 40 m in each axis, based
on the TRN system requirements specification [16]. Post-flight analysis of the TRN performance indicates the actual
accuracy is likely to have been far better than the requirement [17].
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Fig. 6 TRN MOLA Altitude Estimate

E. Initial Conditions
The initial conditions used for the reconstruction are based on the orbit determination (OD) solution OD138 [18].

The states are provided in the EMEJ2000 inertial frame at a spacecraft clock time (SCLK) of 666951969.6604 s. The
position and velocity components are listed in Table 4. The covariance of the EMEJ2000 initial states is given in
Equation 3.

Table 4 EMEJ2000 Orbit Determination 138 Initial Conditions

Coordinate Initial Condition
C, s 666951969.6604
- , m 630770.944374511
. , m -4780173.77671539
/ , m -469876.729166781
¤- , m/s 3217.26453803849
¤. , m/s 3575.35545638128
¤/ , m/s -1030.24301362414

V0 =



5.5555 8.5848 8.1124 5.1272e−3 −1.1336e−3 −5.6597e−4
8.5848 1.6135e1 1.4500e1 7.1559e−3 −1.3370e−3 −1.2298e−3
8.1124 1.4500e1 1.4798e1 6.9149e−3 −2.0265e−3 −4.4950e−4

5.1272e−3 7.1559e−3 6.9149e−3 1.1658e−5 −7.4043e−7 −5.9725e−7
−1.1336e−3 −1.3370e−3 −2.0265e−3 −7.4043e−7 8.6287e−6 2.3773e−7
−5.6597e−4 −1.2298e−3 −4.4950e−4 −5.9725e−7 2.3773e−7 8.1365e−6


(3)

The attitude initial conditions were extracted from the onboard navigation state at the C0 time, and then propagated
back in time using the gyroscope measurements to align with the OD138 initial position and velocity. The closest
DIMU measurement time to the OD138 time is 666951969.660815 s. The attitude conditions at this time are listed in
Table 5. The 3f uncertainties are assumed to be 0.1 deg in each axis, uncorrelated, which was the best estimate of the
attitude initialization uncertainty prior to EDL. Post-flight analysis has indicated the actual uncertainty was slightly
better than anticipated at a 3f value of 0.08 deg [40]. The OD138 conditions were propagated ahead for reconstruction
initialization to match with the closest DIMU sample time so that the position, velocity, and attitude conditions are
provided at the same instant in time.
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Table 5 EMEJ2000 Spacecraft Frame Attitude Initial Conditions

Quaternion Initial Condition
C, s 666951969.660815
Z0 0.750565992359049
Z1 -0.297847161876377
Z2 0.532251853308867
Z3 0.254255233821332

The orientation of Mars with respect to the EMEJ2000 frame is also required in order to compute the planet-
relative trajectory. The MCMF frame is defined relative to the EMEJ2000 frame at C0 by the quaternion listed in
Table 6. The MCMF frame alignment was propagated to other epochs as required, using a planetary angular rate of
7.088 218 066 303 86e−5 deg/s normal to the equator.

Table 6 EMEJ2000 MCMF Frame Initial Conditions

Quaternion Initial Condition
C, s 666951979.500504
a0 0.49902685255
a1 -0.087190880612
a2 0.30617747138
a3 -0.80599336647

F. Landing Site Location
The Mars 2020 landing site location is shown in Table 7. This landing site corresponds to a Mars Orbiter Laser

Altimeter (MOLA) [41] elevation of -2569.91 m. This location is used for trajectory reconstruction purposes to provide
an end point to the trajectory as another form of a position fix, and was used to initialize the position state for the
backward filtering pass. The landing site was determined by matching features from lander images with those captured
from High Resolution Imaging Science Experiment (HiRISE) [19] onboard the Mars Reconnaissance Orbiter (MRO).

Table 7 Landing Site Coordinates

Coordinate Value 3f
Radius 3391936.53 m 5 m
Longitude 77.45088572 deg 8.4353e-4 deg
Declination 18.44462715 deg 8.4353e-4 deg

G. Mass Properties Reconstruction
The vehicle mass properties were reconstructed based on the as-flown timeline and commanded thruster firing

history. The analysis is based solely on the cumulative fuel use estimated by the on-board GN&C logic, and not by
any real-time sensor measurements. These on-board estimates assumed a conservative specific impulse and likely
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overestimated the actual fuel use. The goal of the mass property reconstruction is to convert the estimated fuel use
into a time-accurate estimate of the mass and center of gravity of the composite wet vehicle throughout EDL. The
telemetry provides only the total cumulative fuel use and does not account for Mars Lander Engines (MLE) priming.
The reconstructed propellant mass time history accounts for the MLE priming and propellant use drawn from each tank
according to the nominal depletion ratio and the RCS command history. Total vehicle wet mass properties were then
computed based on the reconstructed propellant masses and the vehicle dry component mass properties.

H. Gravity Model
The Mars gravitational acceleration is modeled using the MRO110C model [23]. This model is based on tracking

data of Mars Global Surveyor (MGS), Mars Odyssey, MRO, and MOLA-derived topography data. The model contains
spherical harmonics up to degree and order 110. A high fidelity localized gravity vector was generated for use close
to the landing site [24]. This gravity model was used for radius values below 3420.0 km. The model consists of two
gravity vectors, one a radius of 3420.0 km and one for the radius of the landing surface (3391.953 km), and in between
these radius values the effective gravity was computed by a linear interpolation based on the radius.

IV. Reconstruction Results
The Mars 2020 as-flown trajectory, atmosphere, and aerodynamics were reconstructed based on the data sources

described in the previous section. The reconstruction was performed using separate Kalman filters. The first was a
kinematic filter to reconstruct the inertial trajectory of the vehicle during EDL, and the second was a dynamic filter
to reconstruct the atmosphere along the reconstructed inertial trajectory. This section describes the results of the
reconstruction.

A. Filter Residuals
The reconstructed trajectory was fit through all the available measurement data. Some examples of the filter residuals

are shown in Figure 7. The residuals indicate good filter performance and that the data in general lacked any major
anaomlaies or outliers. Systematic error in the pressure transducers were removed by iteratively fitting a second-order
response model in order to minimize the mean square residual error. The initial guess for the coefficients of the model
was based on dynamic calibration tests of the flight spare units that was conducted after the Mars 2020 launch. The
response model was the tuned by the filter in order to construct individual response models for each flight transducer in
order to minimize systematic error. An example of the results are shown in Figure 7(d), which shows the first pass
and the final converged residuals for the MPH1 hypersonic pressure transducer. Note the reduction of systematic error
between the first and final iteration. The residuals are essentially zero during the period where the supersonic transducers
are saturated and thus not included in the reconstruction. The filter only has the single pressure measurement to process
and so the solution converges directly onto the measured value. While the supersonic transducers are reading valid
pressures the filter is determining a best fit to all seven measurements.
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(a) TDS Beam 1 Range Residual (b) TDS Beam 1 Range Rate Residual

(c) TRN Altitude Residual (d) Hypersonic Pressure Residual

Fig. 7 Filter Residuals

B. Inertial Trajectory
Components of the vehicle trajectory relative to the Mars surface are shown in Figure 8 along with the OD138 initial

conditions and the landing site location. Events along the trajectory are also indicated. Position and velocity uncertainties
are shown in Figure 9. The entry interface altitude was calculated as the point in time where the vehicle crosses a radius
value of 3522.2 km. The corresponding MOLA altitude at entry interface is 128.22 km. The planet-relative velocity
magnitude and flight path angle are shown in Figure 10. The reconstructed velocity magnitude at entry interface is
5333.6 m/s. The reconstructed relative flight path angle at entry interface is -16.18 deg and the corresponding heading
angle is 100.28 deg. The reconstructed velocity magnitude at touchdown is 0.828 m/s. The vehicle body Euler angles
relative to the North-East-Down frame along with the total attitude uncertainty are shown in Figure 11. The total attitude
uncertainty is shown in Figure 11(d). Further details of the vehicle trajectory performance compared to pre-flight
predictions can be found in [42].
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(a) MOLA Altitude (b) North Velocity

(c) Declination (d) East Velocity

(e) Longitude (f) Down Velocity

Fig. 8 Reconstructed Position and Velocity
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(a) Position (b) Velocity

Fig. 9 Reconstructed Position and Velocity Uncertainties

(a) Velocity Magnitude (b) Flight Path Angle

(c) Heading Angle

Fig. 10 Reconstructed Velocity, Flight Path Angle, and Heading Angle
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(a) Yaw (b) Pitch

(c) Roll (d) Uncertainty

Fig. 11 Reconstructed Attitude

15



C. Atmospheric-Relative Trajectory
This section describes the results of the MEADS reconstruction, based on the reconstructed inertial trajectory and

the forebody pressure measurements. As described previously, the MEADS reconstruction process involved an iterative
approach in which the pressure measurements were corrected by a second-order response model where the coefficients
were computed to minimize the mean square error between the measured pressure and the CFD pressure model. The
results of the MEADS reconstruction are compared to the results from a reconstruction based on the classical approach
making of the nominal aerodynamics and measured accelerations to solve for the atmospheric-relative trajectory [43].

(a) Dynamic Pressure (b) Dynamic Pressure Uncertainty

(c) Mach Number (d) Mach Number Uncertainty

Fig. 12 Reconstructed Dynamic Pressure and Mach Number

The reconstructed Mach number and dynamic pressure are shown in Figure 12, with the classical aerodatabase
reconstruction results indicated as ADB. The two reconstructions are in fairly good agreement. The peak dynamic
pressure from the MEADS reconstruction is 14.87 kPa whereas the value from the aerodatabase reconstruction is
approximately 0.5% higher at 14.94 kPa. The dynamic pressures from the MEADS and ADB reconstructions at
parachute mortar fire are 522.8 and 464.4 Pa, respectively. The Mach number at high altitudes from the aerodatabase
method exhibits some transient behavior, which is not unexpected as the uncertainties in that flight regime are high.
Otherwise the two reconstructed Mach number time histories are in agreement. The MEADS and ADB reconstructed
Mach number at parachute mortar fire are 1.82 and 1.75, respectively. Note that the ADB reconstructed uncertainties
are larger than those of the MEADS reconstruction over the entire trajectory, especially in the supersonic flight regime
where all MEADS pressures are recording data and the aerodatabase itself has the highest uncertainty.

The aerodynamic flow angles and their associated uncertainties are shown in Figure 13. Note that during the
hypersonic flight phase the only active MEADS port is the stagnation point measurement, and the measurement
sensitivity to flow angles is small. In effect, the flow angles derived from the MEADS measurements in the hypersonic
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(a) Angle of Attack (b) Angle of Attack Uncertainty

(c) Angle of Sideslip (d) Angle of Sideslip Uncertainty

Fig. 13 Reconstructed Aerodynamic Flow Angles

flight phase are almost identical to the angles derived from the planet-relative attitude reconstruction and assumed
initial wind profile. All pressure ports are active during the supersonic flight range and thus the filter is able to estimate
flow angles by fitting all the available measurements. The ADB reconstructed flow angles exhibit more noise than the
MEADS reconstruction, which is also reflected in that the ADB flow angle uncertainties are large compared to the
MEADS reconstruction. The two reconstructions are generally in agreement with differences of approximately 0.5 deg
noticable in the hypersonic flight phase. Similar differences were noted in the MSL reconstruction [5].

D. Aerodynamics
The vehicle aerodynamics were reconstructed based on the reconstructed atmospheric-relative trajectory, recon-

structed mass properties, and measured angular rates and linear accelerations (after translation to the vehicle center of
mass). The nominal aerodynamic database was also queried along the reconstructed atmospheric-relative trajectory.
The axial force coefficient is shown in Figure 14(a). The reconstructed axial force coefficient is consistently below the
nominal aerodatabase value, ranging from 0.5% to 2% different. This result is notably different than the MEDLI result
for MSL, which indicated an axial force coefficient roughly 1% higher than the nominal value [6]. In either case, the
reconstructed values are within the uncertainties of the aerodatabase.

Static stability derivatives were estimated by fitting a phase-shifted sinusoid through the measured angular rates
during quiescent periods of flight where there were no RCS thruster firings. The static stability derivatives were
computed from the resulting sinusoid frequency term, mass properties, and the reconstructed dynamic pressure [44].
The resuts are shown in Figure 14(b), along with the nominal stability deriatives computed along the reconstructed
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(a) Axial Force Coefficient (b) Static Stability Derivatives

Fig. 14 Reconstructed Aerodynamics

trajectory. The results are similar to those from MSL, showing a good agreement between the reconstructed values and
the nominal aerodynamics [6]. Further details on the reconstructed aerodynamic performance of the Mars 2020 entry
capsule including analysis of the backshell MEADS pressure measurement can be found in [45].

E. Atmosphere
Atmospheric condition along the trajectory were reconstructed directly from the MEADS pressure measurements

and the reconstructed inertial trajectory. Density and pressure were estimated as states in the filter, and temperature was
computed from the ideal gas law using a specific gas constant of< = 190.7817 J/kg-K corresponding to an atmospheric
composition of 96% CO2, 1.93% Ar and 1.89% N2 [46]. The atmosphere reconstruction was performed over an
altitude range from approximately 73 km, where there begins to be sufficient signal in the pressure measurements, down
to the parachute deployment condition at 10 km. Figure 15(a) shows the the reconstructed densities from the ADB
and MEADS reconstructions. A MCS profile taken just prior to landing is included for comparison, along with the
pre-flight mean atmosphere model. The uncertainties are shown in Figure 15(b). The reconstructions are generally in
good agreement with each other and with the MCS data. The reconstructions indicate the density was higher than the
mean pre-flight model at altitudes above 40 km. The higher density was deemed to have been the root cause of the
Mars 2020 early guidance start [42] that was observed during EDL. The mean atmosphere is a closer to match to the
reconstruction below 40 km.

The reconstructed temperature is shown in Figure 15(c), and uncertainties are shown in Figure 15(d). The ADB
reconstruction exhibits more noise than the MEADS reconstruction but in general the two reconstructions are in good
agreement for altitudes below 60 km. The ADB-derived temperature uncertainties are high above this range. The
ADB-derived temperature also exhibits more noise beginning at the time of the entry ballast mass ejections prior to
parachute deployment whereas the MEADS reconstruction remains fairly smooth.

Winds were estimated as filter states throughout EDL althrough observability of winds comes primarily from the
off-stagnation supersonic pressure ports. These ports de-saturated in the supersonic flight regime in the altitude range of
14.07 to 10.04 km. The reconstructed winds tracked the nominal winds prior to the supersonic transducer desaturation.
After desaturation, the observability of winds was increased and the filter began to adjust its estimate of winds according
to the pressure measurements. The results are shown in Figure 16. The reconstructed winds in his altitude range exhibit
some transient oscillations that are potentially systematic errors from residual transducer response that are mapped from
vehicle motion into the wind estimates. In a mean sense the reconstructed winds are close to the mean winds from the
pre-flight model. There is no evidence of any unsual winds, unlike MSL, which saw noticeable cross winds and tail
winds during different phases of EDL [5, 7].

The atmosphere conditions estimated from the MEADS pressure data were used in conjunction with other data
sources to form a best estimate of the as-flown atmosphere profile from entry interface to landing. The MEADS
reconstruction was combined with MCS profiles, global climate modeling data, and with surface pressure measurements
from the MEDA instrument on the rover. A temperature profile was constructed by combining these data sources over
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(a) Density (b) Density Uncertainty

(c) Temperature (d) Temperature Uncertainty

Fig. 15 Reconstructed Atmosphere

(a) Wind (b) Wind Uncertainty

Fig. 16 Reconstructed Winds

their valid altitude ranges, then the hydrostatic equation was integrated from the surface to the top of the atmosphere
along this temperature profile, using the MEDA pressure measurement as the initial condition. Density was then
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computed from the ideal gas law. Further details can be found in [47] and comparisons with pre-flight modeling in [48].

F. Trajectory Events
A summary of the conditions at several events in the trajectory is provided in Tables 8. Event times are given relative

to the on-board GN&C initialization time of C0 = 666951979.500504 s. Note that the atmospheric-relative quantities
specified here are based on the entry-to-landing reconstructed atmosphere profile described in [47] and may differ
slightly from directly reconstructed values reported earlier in this section.

Table 8 Trajectory Conditions at Events

Event
Time
from C0

Mach
Number

Dynamic
Pressure

Wind-Relative
Velocity

MOLA
Altitude

Flight Path
Angle

Total Angle
Of Attack

sec Pa m/s km deg deg

Initial Condition -9.834 N/A 0.0 4672.85 1450.84 -40.07 -25.16
GN&C Init 0.0 N/A 0.0 4684.25 1421.32 -39.75 8.17
Entry Interface 540.140 27.26 0.0 5333.56 128.22 -16.18 -16.71
Guidance Start 591.000 27.44 506.14 5380.99 58.86 -13.31 -17.44
Mach 25 606.503 25.00 3802.08 5168.30 40.69 -12.22 -15.22
MPH4 Saturation 607.124 24.78 4032.24 5150.38 40.00 -12.18 -15.96
Bank Reversal 1 621.874 20.12 12664.32 4286.01 25.81 -10.71 -16.42
Mach 20 622.187 20.00 12858.87 4257.58 25.56 -10.66 -16.46
Peak Load 627.692 17.17 14309.32 3716.71 19.47 -9.12 -16.67
Mach 15 632.032 15.00 13767.84 3285.44 16.10 -7.82 -16.53
Bank Reversal 2 642.124 11.00 10444.87 2431.93 16.09 -5.24 -17.02
Mach 10 645.272 10.00 9184.26 2222.82 15.47 -4.30 -17.20
MPH4 Desaturation 664.249 6.35 4253.25 1413.38 14.07 -0.97 -18.32
Bank Reversal 3 670.124 5.68 3434.99 1263.61 13.97 -0.56 -18.57
Mach 5 677.772 5.00 2678.28 1108.89 13.92 0.07 -17.97
EBM Jettison 763.750 2.07 571.57 466.77 11.74 -9.55 -22.44
Chute Deploy 780.750 1.82 517.76 414.38 10.04 -16.26 -0.39
Heatshield Sep 803.374 0.63 76.19 145.63 7.92 -31.40 14.21
Backshell Sep 897.671 1.82 47.63 82.14 -0.34 -81.30 -14.50
Touchdown 958.874 0.02 0.30 6.10 -2.56 -76.17 -83.81

V. Conclusions
The Mars 2020 entry capsule flew a heatshield and backshell that were instrumented with various sensors to

make measurements of the aerodynamic and aerothermodynamic environments during entry, descent, and landing on
Mars, which occured on February 18th, 2021. The sensors included seven pressure sensors on the heatshield, and
one pressure sensor on the backshell. The data acquired from the heatshield pressure sensors was processed in a
Kalman filter algorithm to determine the atmospheric-relative trajectory, as-flown atmosphere, and as-flown vehicle
aerodynamics. The results indicate the upper altitude atmospheric density was as much as 150% higher than nominal,
which is consistent with the observed early entry guidance start time. The density below 40 km was a within 12% of
the pre-flight predictions. The reconstructed axial force coefficient was approximately 2% lower than the pre-flight
prediction across the entire flight range.
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