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Abstract—Current Mars entry, descent, and landing technology 

is near its performance limit and is unable to land payloads on 

the surface that exceed approximately 1 metric ton. One option 

for increasing landed payload mass capability is decreasing the 

entry vehicle’s hypersonic ballistic coefficient. A lower ballistic 

coefficient vehicle decelerates higher in the atmosphere, 

providing additional timeline and altitude margin necessary for 

heavier payloads. This study analyzed the guided entry 

performance of concept low ballistic coefficient vehicles at 

Mars. A terminal point controller guidance algorithm was used 

to provide precision targeting capability. Accuracy at parachute 

deploy, peak deceleration, peak heat rate, and integrated heat 

load were assessed and compared to a traditional vehicle to 

determine the effects of lowering the vehicle ballistic coefficient 

on entry performance. Results from this study suggest that 

while accuracy at parachute deploy degrades with decreasing 

ballistic coefficient, accuracy and other performance metrics 

remain within reasonable bounds for ballistic coefficients as low 

as 1 kg/m2. As such, this investigation demonstrates that from a 

performance standpoint, guided entry vehicles with large 

diameters may be feasible at Mars. 
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1. INTRODUCTION 

The largest guided entry mission to Mars is the Mars Science 

Laboratory (MSL). MSL’s base diameter is constrained by 

the present-day launch vehicle fairing diameter; because of 

this, MSL is approaching the limit on the maximum landed 

mass at Mars using Viking-derived systems, with a landed 

mass of 900 kg. With current entry methods, future higher 

landed mass systems would decelerate lower in the 

atmosphere, decreasing the timeline for which landing 

systems could be deployed and become effective. MSL has 

already reached the capabilities of present-day landing 

systems. [1] Studies for missions involving higher mass 

vehicles, including advanced robotic missions, human-

precursor missions, and later human exploration missions, 

have considered using lower ballistic coefficient (β) systems 

to increase landed mass. [2] Lower β systems experience 

most of their energy dissipation at higher altitudes, increasing 

the landing sequence timeline.  

The ballistic coefficient is defined in Equation 1: 

  
 

    
      (1) 

where, m is the mass, CD is the drag coefficient, and A is the 

aerodynamic reference area. 

Of the three ways to reduce the ballistic coefficient (decrease 

mass, increase drag coefficient, and/or increase aerodynamic 

reference area), the latter method is typically selected: the 

aeroshell diameter is increased. For traditional systems, the 

maximum aeroshell diameter is limited by the launch vehicle 

payload fairing. MSL, for example, is limited to 4.5 m. [1] 

To circumvent the payload fairing restriction, larger mass 

vehicles could use rigid, semi-rigid, or inflatable deployable 

decelerators to reduce their ballistic coefficient. [3] Figure 1 

shows possible deployable decelerator options, which are 

discussed in greater detail in Reference [4]. 

 

Figure 1 – Trailing torus (left), trailing sphere (center), 

and clamped torus (right) hypersonic inflatable 

aerodynamic decelerators [4] 

Figure 2 illustrates how entry trajectories vary with ballistic 

coefficient for the four guided entry cases analyzed in this 

study. The figure shows that lower β systems spend more 

time at higher altitudes. This is a concern because 

atmospheric uncertainties increase with altitude. This is 

especially true at Mars, where atmospheric uncertainties are 

large. 
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Figure 2 – Trajectory comparison for  

β = 1 kg/m
2
, 10kg/m

2
, 50kg/m

2
, and 148 kg/m

2
 

This study quantified the relationship between ballistic 

coefficient and target miss distance using the traditional 

approach to guided entry at Mars. Nominal and dispersed 

trajectories were analyzed to determine the sensitivities 

between ballistic coefficient and miss distance. The terminal 

point controller guidance algorithm that is used by MSL was 

approximated in this study.  

The traditional approach to guided entry at Mars uses bank 

angle modulation. This study assumed that it was possible to 

use this form of control to guide low ballistic coefficient 

vehicles to a specified target. This assumption made it 

possible to compare the entry trajectory of a baseline MSL-

like, traditional vehicle with that of lower ballistic coefficient 

vehicles. This investigation did not assess whether traditional 

control methods of bank modulation, such as reaction control 

thrusters, are compatible with the large aeroshells associated 

with low ballistic coefficient vehicles.  

2. APPROACH 

This study analyzed the performance of several different 

vehicles at Mars. The properties for each vehicle were 

equivalent and similar to MSL, with the exception of the 

aerodynamic reference area. A three-degree-of-freedom 

trajectory simulation was integrated with a terminal point 

controller precision guidance algorithm that was derived 

from the Apollo Final Phase algorithm. A nominal set of 

target conditions was developed for each vehicle to create 

nominal trajectories. Each trajectory’s termination condition 

occurred at a planet-relative velocity of 540 m/s, the 

approximate MSL parachute deployment velocity. [5] A 

Monte Carlo analysis was performed. The primary metric of 

interest in this study was target miss distance. Other 

parameters of interest included peak heat rate, peak 

deceleration, integrated heat load, and the vehicle state at 

parachute deployment. 

 

Trajectory Simulation 

The three-degree-of-freedom simulation used in this study 

was developed by the Space Systems Design Laboratory at 

the Georgia Institute of Technology. The equations of motion 

governing entry were integrated with a fixed time-step, 

fourth-order Runge-Kutta method. The trajectories were 

integrated at a frequency of 10 Hz. The simulation was 

written in Matlab but was autocoded and compiled into the C 

programming language to improve run-time speed. 

Vehicle Models—The vehicles analyzed in this study span 

ballistic coefficients between 1 kg/m
2 

and 148 kg/m
2
. The 

latter ballistic coefficient represents a traditional, MSL-like 

aeroshell. The vehicle mass and aerodynamics were based on 

properties from MSL, which are defined in Table 1. The 

hypersonic drag coefficient for a 70 deg sphere cone shape at 

Mach 25 was used to calculate each reference area. 

Hypersonic aerodynamics for the vehicles in this study were 

interpolated using a table-lookup with Mach number. The 

table was generated using the Configuration Based 

Aerodynamics (CBAERO) software package with a 70 deg 

sphere cone. CBAERO is a panel method aero-

thermodynamics tool that uses Modified Newtonian flow to 

compute aerodynamic coefficients of complex geometries. 

[6] A trim angle of attack of -15.75 deg was used to produce 

a hypersonic lift-to-drag ratio of 0.24.  

Table 1 – Vehicle Properties 

Parameter Value 

Mass 3300 kg  

Vehicle Shape 70 deg sphere cone 

Aerodynamic Reference Diameter 4.5 m  

Hypersonic L/D 0.24 [5] 

Trim Angle of Attack -15.75 deg  

Environment Models—Mars was modeled as an ellipsoid 

using the planet’s equatorial and polar radii. Gravity was 

modeled as an inverse square magnitude with J2 effects. The 

Mars atmosphere was modeled with a table of density, 

temperature, and wind as functions of altitude. The table was 

generated using Mars - Global Reference Atmosphere Model 

(GRAM) 2010. [7] 

In addition to generating a nominal Mars atmosphere, Mars-

GRAM can also generate randomly dispersed atmospheres 

for Monte Carlo simulations. This capability was used to 

generate a set of 1000 dispersed atmospheres with which the 

different ballistic coefficient vehicles were tested. Mars-

GRAM provided a density dispersion factor that was applied 

to the nominal density. A winds factor was also applied to the 

nominal winds.  

Figure 3 shows a plot of the nominal density variation with 

altitude used in the Monte Carlo simulations. Near the entry 

altitude of 135 km, the dispersed density varied by as much 
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as ± 80 percent of the nominal density. At altitudes below 20 

km, the density was much less dispersed, with a variation of 

approximately ± 5 percent of the nominal density. Figure 4 

shows the variation in wind magnitude as a function of 

altitude used in the Monte Carlo simulations. Wind variations 

were largest between altitudes of 0 km to 20 km and 80 km to 

110 km. 

 

 

Figure 3 – Mars-GRAM density variations 

 

 

Figure 4 – Mars-GRAM wind variations 

 

Guidance, Navigation, and Control 

To provide the best approximation of MSL entry 

performance, an approximation of the MSL guidance 

algorithm was developed based on the Apollo Final Phase 

guidance algorithm and Reference [5]. No flight control 

algorithms were implemented, but a bank rate limiter was 

employed to approximate finite bank maneuvers. A rate limit 

of 20 deg/s was used [8]. Perfect navigation was assumed. 

The developed guidance algorithm is composed of three 

distinct phases: 

1. Pre-entry phase 

2. Apollo Final Phase 

3. Heading alignment phase 

The first phase holds a preset bank angle until the vehicle 

reaches a sensed deceleration of 0.5 Earth g’s, at which point 

the algorithm transitions to the Apollo Final Phase. The 

Apollo Final Phase is used to steer out downrange errors 

while managing crossrange errors. The algorithm transitions 

to the heading alignment phase at a velocity of 1100 m/s. The 

heading alignment phase is used to maintain altitude while 

steering out remaining crossrange errors.  

Guidance execution terminates at parachute deployment at 

540 m/s planet-relative velocity. This termination condition 

was selected to simplify the target miss distance calculation. 

Uncertainties in the entry sequence can be difficult to model 

after parachute deploy.  

Apollo Final Phase—The Apollo Final Phase algorithm is a 

terminal point controller that determines bank commands 

based state errors relative to a pre-generated reference 

trajectory [9]. The Final Phase decouples longitudinal and 

lateral steering. The terminal point controller is used to null 

the downrange error, while crossrange error is managed via 

periodic bank reversals. 

Bank commands are generated during Final Phase according 

to the following equation: 
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where, (L/D)cmd is the commanded vertical lift-to-drag ratio, 

(L/D)ref is the constant reference trajectory L/D command, 

rtogo is the range to the target, xtogo is the predicted vehicle 

flight range during the Final Phase, and F3 is the partial 

derivative of range with respect to L/D and is stored in a 

table. The predicted vehicle flight range is computed from:  

 

          ( )    ( ) ( ̇   ̇   ( )) 

    ( ) (      ( )) (3) 

 

where reference values for the drag acceleration, D, and 

altitude rate,  ̇, are stored in the reference trajectory as 

functions of velocity. The reference gains F1 and F2 are the 

partials of range with respect to drag acceleration and altitude 

rate, respectively.  

 

The bank command is then calculated from: 
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where, φcmd is the bank command and (L/D)nom is the 

vehicle’s nominal lift-to-drag ratio.  

 

The lateral channel periodically commands bank reversals to 

manage crossrange error during entry. Guidance computes 

the estimated crossrange error each cycle and determines the 

crossrange error limit as a function of velocity. If the 

crossrange error exceeds the limit, a bank reversal is 
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commanded. The crossrange limits decrease with the square 

of the velocity to ensure that the allowable errors decrease 

with decreasing control authority. For velocities above 3 

km/s, the corridor width is halved to force an early bank 

reversal in most trajectories. 

 

Heading Alignment Phase—The heading alignment phase 

begins at a velocity of 1100 m/s. The heading alignment 

phase’s goals are to null the crossrange error and maintain 

altitude for parachute deploy. Downrange errors are 

completely neglected during this phase, highlighting the 

importance of altitude maintenance over accuracy for Mars 

missions to date. Bank commands are generated from the 

simple equation: 

 

            (
 

 
)        (5) 

 

where λ is the current heading error, θ is the current range to 

target, and K is a proportional gain (set to 100). During 

heading alignment, the bank command is limited to ± 30 deg 

to maintain altitude at parachute deploy. 

 

Final Phase Reference Trajectory Design—New reference 

trajectories were generated for each vehicle concept in this 

study. This process was modified from the original 

formulation that is described in Reference [9] to include 

Mach-dependent vehicle aerodynamics and bank profile. 

Initial conditions for the reference trajectory were selected to 

match the expected vehicle state at Final Phase transition. 

The reference bank profile was chosen to provide the best 

overall accuracy at parachute deploy. 

 

The reference trajectory is generated by first integrating 

simplified entry equations of motion from the given initial 

state to the desired terminal state, 540 m/s in this study, using 

a set of reference bank commands. The simplified equations 

of motion assume a non-rotating spherical planet. Then, the 

adjoint equations are integrated backwards in time from the 

terminal point to generate the reference control gains. This 

data, including the reference commands, is then compiled 

into a single table as a function of velocity for use in the 

guidance algorithm. 

 

The type of bank angle profile developed in Reference [5] 

was used for this study. The profile is specified by three bank 

angles and two velocities. The early bank angle is used for 

velocities above 6 km/s. Between 2.5 km/s and 6 km/s, the 

reference bank command is linearly interpolated between the 

early bank angle and the late bank angle. Between 2.5 km/s 

and 1.1 km/s (the starting velocity for the heading alignment 

phase), the late bank angle is used. Velocities below 1.1 km/s 

use a reference bank angle of 15 deg. This section of the 

reference command is only used during reference trajectory 

generation and is not included in the reference trajectory that 

is used by the Final Phase. This ensures that the reference 

ranges in the reference trajectory are consistent throughout 

the trajectory. 

MSL guidance uses an early bank angle near 75 deg and a 

late bank angle near 45 deg. [5] This type of bank angle 

profile is well-suited to Mars entry: the vehicle dives into the 

thicker atmosphere more quickly early in the trajectory and 

then slowly transitions to a more lift-up orientation to 

maintain altitude at parachute deploy. 

For this study, early and late bank angles for the baseline 

vehicle were adjusted to maximize the size of the vehicle’s 

range capability relative to a maximum miss distance of 10 

km at parachute deploy, using Reference [5] as a starting 

point. Figure 5 shows the selected reference command as a 

function of velocity for the baseline vehicle: an early bank 

angle of 70 deg and a late bank angle of 55 deg.  

 
Figure 5 – Reference bank profile for the baseline vehicle 

 

Figure 6 illustrates how reference bank profiles were selected 

for this study. The miss distance as a function of target 

longitude is shown for a ballistic coefficient of 50 kg/m
2
. A 

late bank angle of 50 deg was used, and curves are shown for 

three early bank angles. In this case, an early bank angle of 

55 deg provided the largest acceptable target longitude range 

capability with respect to a 10 km miss distance limit.  
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Figure 6 – Miss distance profile for late bank angle  

of 50 deg and vehicle β = 50 kg/m
2 

 

The reference early and late bank angles for the four ballistic 

coefficient systems analyzed in this study are given in Table 

2. The data shows that the range capability footprint 

improves for lower β vehicles when a more lift-up reference 

command profile is used. 

 
Table 2 – Nominal Bank Angle Profiles 

β [kg/m
2
] Early Bank [deg] Late Bank [deg] 

1 45 20 

10 55 40 

50 55 50 

148 (baseline) 70 55 

 

Monte Carlo Design Uncertainties 

There are many uncertainties associated with a spacecraft 

entering the Mars atmosphere. These uncertainties impact the 

ability of the vehicle to reach its intended target. Monte Carlo 

simulations were performed in this study to analyze the 

performance of the various ballistic coefficient systems when 

subject to day-of-flight uncertainties. Uncertainties analyzed 

in this study included vehicle aerodynamics, atmospheric 

parameters, vehicle mass, and entry state. Table A-1 in the 

Appendix shows the nominal value, dispersion type, and 

variation limits (3σ or minimum/maximum) for each 

dispersed parameter [8] [10]. These dispersions were 

randomly applied to the nominal values to generate a set of 

1000 entry states. 

Metrics of Interest 

 

Several metrics were used to assess the performance of the 

different ballistic coefficient systems in this study. These 

metrics included miss distance, peak sensed deceleration, 

peak heat rate, integrated heat load, and vehicle state at 

parachute deploy. The miss distance was calculated by 

comparing the final latitude and longitude with the target 

latitude and longitude. The peak heat rate was calculated for 

the stagnation point using the Sutton-Graves equation. This 

relation does not include radiative heating. While radiative 

heating at Mars is typically not large, this may not be the case 

for larger vehicles, such as the concepts analyzed in this 

study. Peak heat rate and integrated heat load were calculated 

based on an effective nose radius of 1 m for all vehicles in 

this study.  

 

3. RESULTS: NOMINAL TRAJECTORIES 

Nominal entry trajectories were calculated for the baseline 

entry vehicle and three ballistic coefficient variations of 50, 

10, and 1 kg/m
2
. All trajectories used the same entry interface 

state, which was based on Reference [5] (see Table 3). Target 

longitudes were selected to be in the center of the vehicle’s 

downrange capability and are given in Table 4. 

Table 3 – Entry Interface State 

Parameter Value 

Geodetic altitude 135 km [5] 

Geodetic latitude 0 deg 

Longitude 0 deg 

Inertial velocity magnitude 6.1 km/s [5] 

Inertial geodetic flight-path angle -15.5 deg [5] 

Inertial geodetic azimuth angle 90 deg 

 

Table 4 – Nominal Targeting Conditions 

β [kg/m
2
] 

Target Latitude 

[deg] 

Target Longitude 

[deg, positive East] 

1 0 7.69 

10 0 9.77 

50 0 11.2 

148 (baseline) 0 12.5 

 

Figure 7 shows the baseline vehicle’s entry trajectory. 

Deceleration primarily occurs near 20 km, with a peak 

deceleration of approximately 10 Earth g’s. The trajectory 

terminates at the parachute deploy condition of 540 m/s. The 

flight-path angle at this point is about -17 deg, indicating that 

the vehicle has just barely begun its gravity turn at this point.  
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Figure 7 – Baseline vehicle nominal entry trajectory 

 
Figure 8 shows the guidance commands associated with the 

nominal baseline trajectory. While the bank command does 

not track the reference Final Phase command very closely, 

the miss distance at parachute deploy is small (2.86 km). The 

difference in commands exists because the nominal trajectory 

was not selected to match the design target range of the 

reference trajectory, as discussed in the previous section. 

There is significant lift-up saturation near peak deceleration, 

explaining why the peak deceleration is significantly lower 

than shown in Reference [5]. The jump in the guidance 

command near 140 seconds is due to the switch in the 

targeting logic from predicting target position at arrival to 

chasing the target. The vehicle performs two bank reversals 

prior to the initiation of the heading alignment phase. The 

heading alignment phase is able to remove most of the 

remaining crossrange error prior to parachute deploy. 

 

 

Figure 8 – Baseline vehicle nominal entry guidance 

commands 

 

Figure 9 shows the nominal trajectories for all four ballistic 

coefficient vehicles. The trend among the trajectories is as 

expected: lower ballistic coefficient systems decelerate 

significantly higher in the atmosphere and have a similarly 

higher altitude at parachute deploy. However, the low-β, 

high-altitude deceleration results in increased peak 

deceleration and a slightly less steep flight-path angle at 

deploy.  
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Figure 9 – Nominal trajectories for several ballistic 

coefficient systems 

Guidance commands for these trajectories are shown in 

Figure 10. All of the trajectories exhibit a significant amount 

of lift-up saturation early on in the trajectory, near peak 

deceleration. This is a result of the targeting methodology 

used for this study: target downranges were selected to center 

the target within the vehicle’s range capability footprint, 

which created a range trajectory that exceeded the reference 

trajectory’s range trajectory. This resulted in more lift-up 

bank angles throughout the entry. All of the bank command 

histories exhibit similar features but at different times 

because of the different flight times for each vehicle. All 

vehicles except the β = 1 kg/m
2
 case perform two bank 

reversals prior to heading alignment initiation. 

 

Figure 10 – Guidance commands for nominal trajectories 

for several ballistic coefficient systems 

 

4. RESULTS: DISPERSED TRAJECTORIES 

Monte Carlo Results with All Dispersions 

1000-sample Monte Carlo simulations were performed for 

each ballistic coefficient with dispersions in all of the 

parameters listed Table A-1. Results from these simulations 

are summarized in Table A-2. As the ballistic coefficient 

decreased, the standard deviation of the miss distance 

increased. The standard deviations of the miss distances for β 

= 148 kg/m
2
 and 1 kg/m

2
 were 1.43 km and 2.37 km, 

respectively. This trend is evident in Figure 11, showing the 

crossrange error as a function of the downrange error. 
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Figure 11 – Crossrange and Downrange Error  

Monte Carlo Dispersions 

Although the variation of the target miss distance increased 

as the ballistic coefficient decreased, the target accuracies of 

all of the ballistic coefficient systems were still very good. 

Reference [5] cites a desired accuracy of 10 km at parachute 

deploy to accommodate a 25 km x 20 km landing ellipse 

requirement for MSL. Based on the Monte Carlo simulation, 

all of the ballistic coefficient systems in this study met or 

were close to the parachute deploy accuracy requirement. 

The worst-performing vehicle configuration, β = 1 kg/m
2
, 

had a mean miss distance of 3.38 km and a mean + 3σ 

standard deviation of 10.5 km, nearly equal to the stated 

performance goals for MSL. 

 

In addition to meeting the MSL targeting requirements, the 

lower ballistic coefficient cases performed better than the 

baseline vehicle case with respect to peak heat rate and 

integrated heat load. However, a single nose radius of 1 m 

was used for all of the ballistic coefficient systems, and the 

larger, lower ballistic coefficient vehicles may have large 

nose radii, depending on their configuration. The mean peak 

heat rates for β = 1 kg/m
2
 and β = 148 kg/m

2
 differed by 

almost a factor of ten. Additionally, the lower ballistic 

coefficient systems provided substantially more time for the 

landing sequence; the mean parachute deploy altitudes for β 

= 1 kg/m
2
 and β = 148 kg/m

2 
were 61 km and 23 km, 

respectively. This is shown in Figure A-2(a). With these 

advantages, however, came higher peak decelerations for the 

lower ballistic coefficient systems. Figure A-1(d) shows that 

the mean peak deceleration for β = 1 kg/m
2
 was 17 Earth g’s, 

while the mean peak deceleration for 148 kg/m
2
 was just 10.5 

Earth g’s.  

 

Monte Carlo Results for Individual Dispersions 

 

Additional Monte Carlo simulations were performed to 

characterize the individual contributions to performance and 

final state uncertainty from the parameters listed in Table A-

1. Four Monte Carlo simulations were performed for each 

ballistic coefficient, using uncertainties in only one of the 

following parameter groups: atmosphere density, atmosphere 

winds, aerodynamics, and entry state. Figure A-3 and Figure 

A-4 show the contributions of these uncertainties to the 

vehicle performance and final vehicle state, respectively. 

While this method does not address interaction effects across 

multiple uncertainty groups, it does provide a measure of the 

relative impact of the group on entry performance. The 

influence of mass uncertainty was not analyzed because it 

was negligible compared to the dispersion effects from the 

other parameters. 

 

Figure A-3 and Figure A-4 show that lower-β vehicles are 

more susceptible to uncertainties, regardless of the source. 

Aerodynamic uncertainties were the largest contributors to 

miss distance variation. Figure A-3 shows that density 

uncertainties played a much more important role than wind 

uncertainties in defining the variability of the miss distance. 

This explains why the miss distance uncertainty increased 

with decreasing ballistic coefficient. Smaller ballistic 

coefficient systems experienced most of their decelerations at 

higher altitudes, where density uncertainties were also higher. 

This behavior is overlaid with density uncertainty and wind 

uncertainty in Figure 12 and Figure 13, respectively. 

Although Figure 13 shows that wind uncertainties were 

greater at lower altitudes (where high-β vehicles decelerate), 

these uncertainties’ impacts were minimal compared to the 

impacts from density uncertainties. 

 

 

Figure 12 – Primary altitudes of deceleration for various 

ballistic coefficient systems overlaid with density 

uncertainty 
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Figure 13 – Primary altitudes of deceleration for various 

ballistic coefficient systems overlaid with wind 

uncertainty 

 

5. CONCLUSION 

This analysis presented the guided entry performance of 

concept low ballistic coefficient vehicles at Mars. Various 

performance metrics, including target miss distance, were 

presented for several ballistic coefficient systems. Prior to 

this study, it was hypothesized that atmospheric uncertainties 

would have detrimental impacts to targeting accuracy as the 

ballistic coefficient decreased. Results from this study 

verified this trend, but showed that this effect is small in 

magnitude. This suggests that it is feasible, in terms of 

targeting requirements, to use guided entry vehicles at Mars 

with large diameter aeroshells.  

Although the miss distance deviation increased with 

decreasing ballistic coefficient, the lower ballistic coefficient 

systems analyzed in this study were very close to meeting the 

performance goals for MSL. This suggests that the guidance 

algorithm used in this study is robust to atmospheric 

uncertainties, even for low ballistic coefficient systems. As 

the ballistic coefficient is reduced below 1 kg/m
2
, it is 

expected that the targeting accuracy will degrade and fall 

outside of MSL’s requirements.  

6. FUTURE WORK 

This study considered a single entry state for the different 

ballistic coefficient systems. In the future, it would be 

beneficial to incorporate different entry states into the 

analysis to determine the sensitivity of the results to varying 

entry states. Because radiative heating may be relevant for 

the smaller ballistic coefficient systems in this study, 

radiative heating should be included in future work when 

calculating heat rate and integrated heat load. Although very 

small ballistic coefficient systems may not be technologically 

feasible, it would be valuable to determine the ballistic 

coefficient at which a vehicle is unable to accurately reach an 

intended target. Finally, the trajectory simulation could be 

expanded to 6 degrees of freedom, and the vehicle 

aerodynamics could be improved. These changes would 

make the results more realistic. 
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APPENDIX A 
 

Table A-1 – Monte Carlo Dispersions 

Parameter Nominal Distribution Deviation, 3σ or min/max 

Entry Mass[8] 3300 kg Gaussian 3.0 kg 

Axial-Force Coefficient Multiplier [8] 1.0 Gaussian 3% 

Normal-Force Coefficient Multiplier [8] 1.0 Gaussian 5% 

Trim Angle of Attack [8] -15.75 deg Gaussian 2.0 

Inertial Entry Flight-Path Angle -15.5 deg Gaussian 0.050 deg 

Entry Latitude 0 deg Gaussian 0.100 deg 

Entry Longitude 0 deg Gaussian 0.100 deg 

Entry Azimuth 90 deg Gaussian 0.005 deg 

Inertial Entry Velocity Magnitude 6100 m/s Gaussian 2.0 m/s 

Entry Altitude 135 km Gaussian 2.5 km 

Atmosphere Dust Opacity (Dust Tau) 0.45 Uniform 0.1 / 0.9 

 

 

Table A-2a – Monte Carlo Statistics with All Dispersions 

 Mean Standard Deviation 

Ballistic Coefficient [kg/m
2
] Ballistic Coefficient [kg/m

2
] 

Parameter 1 10 50 148 1 10 50 148 

Miss Distance [km] 3.38 3.00 2.77 5.92 2.37 1.60 1.46 1.43 

Peak Sensed Deceleration [Earth g’s] 17.0 12.6 12.1 10.5 1.16 0.54 0.32 0.23 

Peak Heat Rate (convective) [W/cm
2
] 7.88 20.4 46.7 77.4 0.28 0.53 0.78 1.1 

Integrated Heat Load [J/cm
2
] 229 836 1959 3529 3.31 7.51 15.5 25.5 

Deploy Altitude [km] 61.1 38.9 23.1 10.0 1.80 0.52 0.37 0.34 

Deploy Inertial Flight-Path Angle [deg] -7.72 -7.45 -8.40 -9.53 0.61 0.43 0.41 0.43 

Deploy Dynamic Pressure [Pa] 3.58 43.4 232 737 0.32 1.69 6.01 21.4 

 

 

Table A-2b – Monte Carlo Statistics with All Dispersions 

 Minimum Maximum 

Ballistic Coefficient [kg/m
2
] Ballistic Coefficient [kg/m

2
] 

Parameter 1 10 50 148 1 10 50 148 

Miss Distance [km] 0.01 0.10 0.03 1.87 23.4 10.6 8.93 10.8 

Peak Sensed Deceleration [Earth g’s] 13.3 10.9 11.1 9.78 20.9 14.5 13.1 11.2 

Peak Heat Rate (convective) [W/cm
2
] 6.93 18.8 44.4 74.5 8.89 21.9 49.0 81.2 

Integrated Heat Load [J/cm
2
] 217 813 1916 3453 238 859 2010. 3624 

Deploy Altitude [km] 56.5 36.8 21.3 8.82 65.3 40.3 24.3 10.9 

Deploy Inertial Flight-Path Angle [deg] -10.0 -8.80 -9.94 -11.0 -5.78 -6.08 -7.03 -8.14 

Deploy Dynamic Pressure [Pa] 2.92 39.7 208 674 4.97 51.0 266 798 
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Figure A-1 – Histogram of performance characteristics: a.) Miss Distance;  

b.) Peak Heat Rate; c.) Head Load; d.) Peak Deceleration
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Figure A-2 – Histogram of final state conditions: a.) Final Altitude;  

b.) Final Dynamic Pressure; c.) Final Inertial Flight-Path Angle 
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Figure A-3 – Individual contributions to performance uncertainties: a.) Miss Distance;  

b.) Peak Heat Rate; c.) Head Load; d.) Peak Deceleration 
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Figure A-4 – Individual contributions to final state uncertainties: a.) Final Altitude;  

b.) Final Dynamic Pressure; c.) Final Inertial Flight-Path Angle 
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