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Motivated by a need for lower-cost planetary science missions to Mars, this study considers the problem of co-
delivering a network of small rough landers to the Martian surface such that the probes are placed on different entry
trajectories by a single carrier spacecraft without requiring translational maneuvers between probe deployments.
The Small High Impact Energy Landing Device is used as a reference design, and a flight-mechanics analysis is
performed to ensure requirements are met under the influence of relevant uncertainties. A linearized targeting
method is developed and applied to design probe jettison velocities for a regional probe network. Monte Carlo analysis
shows that a regional network approximately 100 km in scale could be passively co-delivered with limited deformation
of the network shape despite the influence of relevant uncertainties, and linearized targeting errors are quantified.
Nonlinear numerical optimization is applied and enables the design of probe jettisons for co-delivery of larger-scale
networks. Additional Monte Carlo analyses quantify the rate at which delivery error increases with network scale.

I. Introduction

NTRY, descent, and landing (EDL) systems for Mars missions are

complex and typically involve multiple mission-critical subsys-
tems that must operate autonomously in harsh conditions [1]. Bringing
the risks associated with these subsystems down to acceptable levels is
a significant engineering challenge, and this is one reason why, as the
size and complexity of payloads to the Martian surface have increased
over time, mission costs have also increased [2]. The top priority
for Mars surface missions in this decade is Mars Sample Return
(MSR), which is a multimission campaign estimated to cost 3.8—4.4
billion U.S. dollars (USD) from formulation through launch and will
require significant technology development [3]. It is in this context that
a community of planetary scientists and engineers is seeking lower-
cost mission concepts and delivery vehicles to enable a sustained
program of Mars surface exploration during and after MSR, as outlined
in a recent report from the Keck Institute for Space Studies (KISS) [4].
These concepts were further explored in a 2022 workshop, Low-Cost
Science Mission Concepts for Mars Exploration [5].

One mission category examined by the KISS study as a potential
pathway to reduced cost is networks of small, fixed landers without
requirements for surface mobility and with tolerance for relatively high
g-loads at landing [4]. These network missions are of growing interest
for a variety of investigations, including atmospheric science and
seismology [4-8]. In some cases, relevant instruments can be built at
small size (5-15 kg) and with high g-load tolerance (1000-2000 Earth
2) [9,10]. In general, for these mission concepts, the probes must be
delivered to a surface arrangement with roughly the right size and
shape, but precision landing is unimportant. Notionally, a probe net-
work would consist of four to eight probes delivered to Mars by a single
carrier spacecraft, and networks of regional (tens of kilometers), mid-
range (hundreds of kilometers), and global sizes are all potentially of
interest. A wide variety of network missions for Mars have been
proposed [11-17], but none have come to fruition. In most cases, these
missions were cancelled early in development due to high-level budg-
etary and programmatic issues, which were influenced in part by the
failures of the Mars Observer and Mars Polar Lander missions [4];
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see appendix A.3 of Ref. [4] for a brief history of Mars network mission
concepts. The Mars *96 and Mars Microprobes technical failures are
notable exceptions. A significant reduction in the cost and complexity
of a Martian probe network could therefore improve the likelihood of
selection and successful development of such a mission.

Probe network missions characterized by miniaturized instruments,
high g-load tolerance, and the lack of a requirement for precision
landing enable the use of small, simplified landing platforms with
minimal flight-control requirements. The Small High Impact Energy
Landing Device (SHIELD), illustrated in Fig. 1 [20], is a vehicle
concept under development at the NASA Jet Propulsion Laboratory
(JPL) that would meet these needs [18]. The purpose of SHIELD
would be to deliver payloads of about 5 kg to the Martian surface
at greatly reduced cost and complexity; the notional cost target for a
single SHIELD lander is 50 million USD [18], as compared to a
development cost of 371 million USD for the Mars Pathfinder mission
[4]. These reductions would be achieved by eliminating EDL subsys-
tems wherever possible, relying entirely on a passive aeroshell-only
entry system followed by a hard landing attenuated by crushable
material, notionally resulting in landing decelerations on the order of
1000 Earth g [18]. As a point of comparison, the expected landing
g-load for the Mars Microprobes, a pair of small probes designed to
penetrate the Martian surface upon impact, was 30,000 g [19].

Mission complexity may be further reduced if all of the probes could
be co-delivered by a single carrier spacecraft onto their uncontrolled
entry trajectories without requiring intervening translational maneu-
vers between probe deployments. The carrier spacecraft provides
necessary resources to the probes during cruise and eliminates the need
for attitude control or propulsion subsystems on the probes. The timing,
magnitude, and direction of each probe’s separation from the carrier
spacecraft are aspects of the mission design faced with competing
requirements. In the case of late probe separation, the impact of probe
jettison execution error is reduced, and less battery life is required for
the probe to survive between separation and landing. In contrast, for an
early probe separation, the required jettison speed is smaller, and there
is more time to estimate and correct any execution error.

Delivery of a passive probe to entry from a carrier spacecraft on a
hyperbolic approach trajectory is not inherently a new architecture.
The Galileo and Cassini-Huygens missions both successfully deliv-
ered probes to entry trajectories before performing orbit insertion
[21,22]. The sample return missions of Genesis [23], Stardust [24],
Hayabusa [25], and Hayabusa-2 all delivered sample return capsules to
Earth entry from a hyperbolic carrier [26], as will the upcoming
OSIRIS-REx (Origins, Spectral Interpretation, Resource Identifica-
tion, Security-Regolith Explorer) and Mars Sample Return (Earth
entry system) missions [27,28]. The upcoming DAVINCI (Deep
Atmosphere Venus Investigation of Noble gases, Chemistry, and
Imaging) mission will also include a passive probe delivered by a
carrier spacecraft [29]. What all of these examples have in common,
however, is that only a single probe is delivered in each case.

Check for
updates
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Fig. 1 SHIELD concept image [20].

Recent work for the Aeolus mission concept presents a design that
co-delivers 20 probes to a global network on Mars from a single
hyperbolic carrier, but it assumes that the carrier maneuvers after each
probe deployment [30]; this assumption is typical to previous studies
of Mars network missions. A 2013 study demonstrates a unique
method of co-delivery wherein two Phoenix-class landers enter the
atmosphere together and then separate, one lander with a drag skirt and
the other without [31]. This creates a discrete change in the ballistic
coefficients for both vehicles and is shown to achieve a 3000 km
separation on the surface [31]. However, this method requires separa-
tion between two flight vehicles during hypersonic flight, which is a
potentially risky event, and assumes a significantly larger landed mass
than will be considered in this study. Broadening the scope from
planetary probes to include defense applications, missiles armed with
multiple independently targetable reentry vehicles are capable of
delivering multiple warheads to separate locations from a single carrier
vehicle on a suborbital trajectory [32]. Due to limited publicly available
information and significant differences in mission scenarios, defense
applications are not further considered here.

In terms of planetary entry missions, the Pioneer Venus Multiprobe
provides the most relevant example. One large probe and three small
probes were delivered from a single spacecraft bus during hyperbolic
approach, with the small probes accurately targeted to predetermined
entry locations separated by 8800 to 10,400 km [33]. The Multiprobe
bus first released the large probe; then, it performed a small maneu-
ver, reoriented, and increased its rate of spin to 48.5 rpm [34]. The
three small probes were then released simultaneously, achieving their
desired separation due to the tangential velocity provided by the
spinning bus [34]. This represents a unique approach to probe co-
delivery without intervening maneuvering, and it provides a degree
of flight heritage for the concept. However, the Pioneer Venus mis-
sion design does not amount to a systematic study of co-delivery
trajectory design. Recent work does provide a systematic study of co-
delivery trajectories [35], but it considers co-delivery of a probe with
an orbiter performing aerocapture rather than multiple probes form-
ing a network.

The purpose of this study is to broadly investigate the probe
network co-delivery problem, assuming no intervening translational
maneuvers and using SHIELD as an example probe design. Although
literature related to specific probe networks does exist, as summa-
rized earlier in this Introduction, this paper provides a more system-
atic study of the co-delivery problem under a set of assumptions
relevant to missions of current-day interest. This work begins by
presenting a flight-mechanics analysis for the SHIELD probe, con-
sidering event timing, landing accuracy, and the effect of varying
entry flight-path angles. The problem of co-delivering probes to form
a surface network is then considered: first for regional networks
within 100 km of a central point, followed by results for larger-
scale networks. A novel linearized targeting method, inspired by

B-plane targeting, is introduced for the design of regional networks,
and its limitations are quantified. Monte Carlo analyses are per-
formed for both regional and large-scale networks to capture the
impact of relevant uncertainties, including probe jettison execution
error, on the feasibility of the computed co-delivery trajectories.

II. Models and Assumptions

An assumed design goal in this work is that precision landing is not
required, but the network should approximate a desired distribution
and location on the surface. Additional assumptions regarding probe
co-delivery include the following:

1) Each probe is a ballistic rough lander and is passive, other than
drag skirt deployment and heat shield jettison.

2) The probes approach Mars on a single carrier spacecraft on an
entry trajectory, the separation events do not change the carrier’s
trajectory, and no other maneuvers are performed. However, changes
in carrier attitude between separation events are allowed.

3) The probes separate from the carrier mechanically.

4) Probe jettisons occur between 0.25 and 20 days before atmos-
pheric entry.

5) The carrier spacecraft has an approach trajectory such that the
magnitude of the planet-relative velocity at the atmospheric entry
interface altitude of 125 km is 6 km/s.

The approach trajectories in this study are defined by their state at
atmospheric entry interface, that is, the position and velocity of the
carrier spacecraft at 125 km altitude. This state is defined by the
altitude h, longitude 6, latitude ¢, planet-relative velocity V, flight-
path angle y, and heading angle y; the flight-path angle is the angle
between the velocity vector and the local horizon, and the heading
angle is the angle between the horizontal projection of the velocity
vector and a due-north vector in that same plane (e.g., a 90 deg
heading angle is due east). Figure 2 provides a visualization for these
definitions, where the 7 basis vectors form a planet-fixed frame, ¢, is
aligned with the position vector of the spacecraft, and §5 is aligned
with the planet-relative velocity vector. The central landing site is
then the point on the surface where a SHIELD probe would nominally
land after continuing on this trajectory. Two things should be noted
about this convention. First, because of the probe jettison velocities,
each probe will actually enter the atmosphere with different states,
potentially resulting in significantly different entry flight-path angle
and entry velocity values. Second, the carrier spacecraft would not
itself be a SHIELD probe and could perform a divert maneuver or
intentionally burn up in the atmosphere; the carrier’s entry state and
central landing site are simply convenient ways to define the
approach trajectory and a reference point on the surface, respectively.

Separation events are assumed to impart an impulsive change in
velocity to the probe, where the jettison velocity V; is defined as the
velocity of the probe relative to the carrier the moment after separation,
and the jettison speed is defined as the magnitude V; = |V|. This
notation is used to distinguish from impulsive AV because, although
they are theoretically equivalent events, this study assumes jettisons
occur mechanically (e.g., a spring jettison) rather than propulsively.

Although mostly passive, SHIELD does go through three different
configurations from atmospheric interface to surface. First, in its
entry configuration, SHIELD is entirely within its protected aero-
shell, and this configuration is maintained through the hypersonic
and high-heating portion of the flight. Next, SHIELD enters the
descent configuration soon after beginning subsonic flight by
deploying a drag skirt, the purpose of which is to reduce the terminal
velocity of the vehicle. Shortly thereafter, the landing configuration is
initiated with the jettison of the heat shield. SHIELD is assumed to fly
at a trim zero angle of attack and has an axisymmetric shape with
balanced center of mass, resulting in a lift-to-drag ratio of L/D = 0.
The drag properties of SHIELD are linearly interpolated based on
Mach number from tabular data provided by the JPL SHIELD team,
resulting in ballistic coefficients ranging from about 20 kg - m~2 in
the entry configuration down to around 5 kg - m~2 in the landing
configuration. Ballistic coefficient describes the ratio of inertial to
aerodynamic forces and is defined as f# = m/(CpA), where m is the
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Fig. 2 Frame definitions.

Table1l Monte Carlo analysis input dispersions

Parameter Dispersion
Entry interface flight-path angle y, 36 =0.2 deg
Entry interface velocity magnitude V 36 =2m/s
Atmospheric density p MarsGRAM 2010
Probe ballistic coefficient +5%
Jettison speed V; +10%

mass, Cp is the drag coefficient, and A is the aerodynamic reference
area. SHIELD is assumed to have a nose radius of R,, = 0.85 m.
Table 1 summarizes the relevant uncertainties applied throughout
this study. Uncertainty in the approach trajectory of the carrier space-
craft is modeled by dispersing the state at atmospheric entry interface
for each trial and then backpropagating the dispersed state to the time
of the first jettison. Interplanetary navigation to Mars has advanced to
the extent that its contribution to the landing error is small when
compared to the impacts of atmospheric variability and aerodyna-
mic modeling errors,f even for unguided entry. For example, the
navigation-only errors for the Mars Exploration Rovers (MERs) were
3.3 km for Spirit and 9.7 km for Opportunity [36]. Furthermore, the
large majority of landing error is in the downrange direction; the final
landing ellipses predicted for the MERs due to all error sources had
crossrange components below 5 km, as compared to approximately
60 km in downrange [36], indicating high accuracy in heading angle at
entry. The driving requirement for approach navigation is precise
targeting of the entry interface flight-path angle [36-38], 7, because
even small variations can have a significant effect on the altitude—
velocity entry profile [39]. The velocity magnitude at entry interface,
V., is also relevant because of its impact on key quantities like peak
heat flux and peak deceleration. These two entry state components are
dispersed independently according to Gaussian distributions centered
at the nominal value and with some standard deviation ¢. For this study,
the 3¢ value for y) is set equal to the requirement on the delivery error
for the Mars Science Laboratory (MSL), and the 3¢ value for V, is set
equal to the required knowledge accuracy at EDL guidance system
initialization for MSL [37]. In contrast, minor errors in entry position
and heading angle have very little impact on the altitude—velocity
profiles of the probes, and thus primarily contribute a small center
error for the network without adding significant shape error. Recall that

*Note, however, that this statement assumes significant Deep Space Net-
work coverage during approach, which may be a limiting factor for small
missions.

it is an assumption of this study that small errors in network center are
unimportant when compared to the distribution of the probes. There-
fore, the longitude, latitude, and heading angle at entry interface are not
dispersed in this study.

Variability of atmospheric density is modeled by using random
profiles of the density vs altitude that are generated using the 2010
version of the Mars Global Reference Atmospheric Model (Mars-
GRAM 2010) [40]. For a given trial, the dispersions on the atmos-
phere, v, and V; are applied once, such that all probes experience the
same atmosphere and carrier spacecraft trajectory.

The ballistic coefficient of each probe is dispersed along a uniform
distribution with bounds at +5% of the nominal value. This value is
representative of the confidence level provided by computational fluid
dynamics and ballistic range testing, and it is chosen based on previous
studies [35,41]. The lift-to-drag ratio always remains at its nominal
value of zero, assuming that axisymmetric spin removes the effect of any
small, unintended lift force. Finally, the magnitude of the jettison event
is dispersed along a uniform distribution with bounds at +10% of the
nominal value under the assumption that a separation mechanism could
be designed to within this uncertainty level; through discussions with
mission engineers, this was judged to be a conservative assumption. The
directions of the jettison velocities are assumed to be nominal for the
purposes of this study. These two dispersions are applied independently
to each probe for each trial. Finally, note that although the carrier entry
longitude, latitude, and heading angle are not dispersed, individual
probes may have off-nominal values of these parameters due to jettison
speed dispersions, and these effects are accounted for.

Trajectories are computed via numerical propagation of the
three-degree-of-freedom equations of motion for a rotating ellip-
soidal planet using explicit Runge—Kutta integration of order
4(5) with relative and absolute tolerances equal to 1 x 107! [39].
Mars is assumed to have a gravitational parameter of 4 = 4.305 X
10* km®s~2, an equatorial radius of R = 3397.2 km, an oblateness
spherical harmonic coefficient of J, = 0.001964, and a planetary
rotation period of 7 = 1.02595675 days [42]. The speed of sound
for the Martian atmosphere, which is used to compute Mach
number, is interpolated from a nominal tabular model [43]. Heat
flux is modeled by computing convective heat flux g at the stag-
nation point assuming a fully catalytic surface using the Sutton—
Graves expression shown in Eq. (1) [44], where p is density and a
value of the heating coefficient k = 1.904 x 10~ kg®3 /m is used
based on nominal atmospheric composition at Mars [45]:

. £3
q—k\/;V (1)
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Finally, sensed deceleration (or g-load) is computed as g =

~/L?* 4+ D?/g,, where L and D are the accelerations due to the lift
and drag, respectively, and g is the standard acceleration due to
gravity at the Earth’s surface.

III. SHIELD Flight Mechanics

Before investigating co-delivery of networks, a flight-mechanics
analysis is presented for the atmospheric flight of a single SHIELD
probe in order to determine feasible nominal values for drag skirt
deployment and heat shield jettison. This analysis also assesses the
robustness to uncertainty of time-triggered configuration changes
and the possibility of using drag skirt deployment timing as a method
of control. The analysis is performed at several representative entry
interface flight-path angles: —12, —18, and —24 deg.

First, EDL event timing is considered. Drag skirt deployment and
heat shield jettison are constrained by three parameters: the maxi-
mum Mach number at drag skirt deployment, the maximum impact
velocity, and the minimum time between deployment and jettison.
The assumed values® for these requirements are summarized in
Table 2. The combined results of these parameters define an accept-
able range for the timing of each event for any entry trajectory, and the
nominal event times can then be selected from within this range. The
resulting bounds on event timing were computed for y, = —18 deg,
and they were found to be 105.7 s after entry (denoted E+105.7 s) for
earliest deployment and E+170.9 s for latest jettison, where in this
context entry is defined as the point at which sensed deceleration first
exceeds 1 Earth g. Nominal event times of E+140 s and E+150 s were
then selected on the basis of being well within this acceptable range,
and the resulting trajectory is shown in Fig. 3. A similar analysis was
performed for the other values of y,, with the results summarized in
Table 3.

EDL events are often triggered by processed sensor data, such as
commanding parachute deployment using either a velocity trigger or
range trigger [46]. For SHIELD, however, the goal of eliminating
subsystems wherever possible motivates the following question:
Would a simple onboard timer be sufficient to trigger drag skirt
deployment and heat shield jettison without violating the assumed
requirements when relevant uncertainties are applied? If so, this
could simplify EDL for SHIELD even further.

A 1000-trial Monte Carlo analysis is performed at each of the
7o values of interest to capture the impact of relevant uncertainties
on SHIELD flight mechanics. In each trial, drag skirt deploy-
ment and heat shield jettison are triggered once the nominal time
after entry is reached, but the conditions at those points along the
trajectory vary due to the input dispersions. Figure 4 shows the
resulting Mach numbers at deployment; as can be seen from
the histogram, none of the cases for any of the y, values exceeded
the 0.9 maximum. The requirement on impact velocity was also
met, with the maximum value for any of the 3000 total trials being
45.9 m/s; in fact, the impact velocity varied so little that the histo-
grams become unhelpful visualizations, and are thus not shown.
This is because the probes always proceeded through the EDL
stages on time to reach terminal velocity, which only varied
slightly. Because the time between deployment and jettison was
enforced by the timer itself, a simple timer was therefore sufficient
to trigger EDL events while meeting the requirements for the
assumed uncertainties. This result is largely because the accept-
able timing range is relatively wide.

Another relevant constraint, peak heat flux, is reported in Fig. 5a.
As expected, steeper y, values result in higher heating because
deceleration occurs more rapidly. No requirement on peak heat flux
is assumed for SHIELD in this study, but these values are well within
the capabilities of modern thermal protection systems such as SLA-
561V, which has flight heritage for Mars entry missions and has
demonstrated good performance at heat fluxes up to 240 W /cm?
[47]. Additionally, histograms of landing error are shown in Fig. 5b,
where error is defined as the distance between the nominal and actual
landing sites. Note that there is a major decrease in landing error as

$This information is based on discussions with the SHIELD team at JPL.

Table2 Summary of SHIELD EDL requirements

Parameter Requirement
Mach number at drag skirt deployment <09
Time between drag skirt deployment and heat shield jettison >4s
Impact velocity <50 m/s
—
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Fig.3 Nominal trajectory, with event timing annotated, for a SHIELD
entry at —18 deg.

Table3 EDL event timing, in terms of seconds after entry

Earliest Latest Nominal Nominal
Yo deployment jettison deployment jettison
—12 deg 1939 258.2s 225s 235s
—18 deg 105.7 s 1709 s 140's 150s
—24 deg 769 s 132.8 s 105s 115s
140 E 7 yo= —12°
| NN yo= —18°
120 - N = Y= —24°
EiR R N HE
100 I <
> | MR 4 14
9) NN 44
g L] A
o 80
=2 i “il
Z ! \\ /////
“ 60
NN G BABEPERE
40 WO RRRRRRERR
N \\// pAvARH
20 SRR NHY.
S AT
N A A A
o L= e SR A B0 K

0.68 0.70 0.72 0.74 0.76 0.78
Mach number at drag skirt deployment

Fig. 4 Monte Carlo results for Mach number at drag skirt deployment
at varying y, values.

the entry flight-path angle gets steeper from —12 to —18 deg;
although there is a further decrease for y, = —24 deg, the returns
diminish after some point. Table 4 summarizes the results of these
Monte Carlo analyses, where o is the standard deviation.

Finally, this study also examines the possibility of using the drag
skirt deployment and heat shield jettison as methods of range control.
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Fig.5 Monte Carlo results at varying y, values.
Table4 Summary of Monte Carlo results for EDL of a single SHIELD probe
Mach at deployment [mp ac:n\;:locny, Peal‘(Vh/eCaI;glux, Landing error, km
Y0 Mean c Mean c Mean o Mean o
—12 deg 0.748 0.0115 44.6 0.801 30.9 0.777 8.29 6.06
—18 deg 0.719 0.00672 44.7 0.792 44.7 0.962 1.70 1.27
—24 deg 0.701 0.00636 44.6 0.783 52.7 1.04 1.12 0.829

By carefully timing these events based on the difference between the
nominal and estimated states for the current time, the vehicle could in
theory control its in-plane terminal range during entry. In practice,
however, the requirement that the drag skirt deploy in subsonic
conditions severely limits the total achievable control authority, to
the extent that this approach has little or no merit for this application.
This is because, by the time the vehicle reaches subsonic speeds, it
has already dissipated almost all of its energy and is at a low altitude
(about 10 km in this case), leaving little time or energy for the change
in ballistic coefficient to significantly impact the landing site. Spe-
cifically, for two trajectories at y, = —18 deg, one with the earliest
permissible deployment and jettison times, and the other with the
latest permissible times, the two trajectories land only about 3 km
apart. This represents the maximum possible control authority
yielded by this method; because this is well below the expected
landing site dispersions, the approach is discarded as a method of
flight control. If the drag skirt could be deployed at supersonic or
hypersonic speeds, the control authority would increase substantially
and this method would merit reexamination. Indeed, jettison of a drag
skirt during hypersonic flight has been shown in the literature to be an
effective method of range control for entry at Mars [48,49]. However,
the drag skirt for the current SHIELD concept would not structurally
or thermally withstand such conditions (see footnote §).

IV. Regional Probe Networks

This section investigates probe jettison velocity design and per-
forms uncertainty quantification for regional networks, which are
loosely defined as having all probes within 100 km of the central
landing site. Because the changes in trajectory to achieve these
separations are relatively small, the relationship between separation
time and separation distance, as well as that between jettison speed
and separation distance, is roughly linear [50]. A linearized numeri-
cal targeting method, developed by the authors and first presented in
Ref. [50], is therefore developed and employed to design probe
jettisons for a reference network. These trajectories are then subjected
to relevant uncertainties to quantify the impact of these dispersions on
probe landing locations.

A. Linearized Targeting Method

The linearized targeting method for regional networks is summa-
rized as follows: Assume xg, = [0, @] to be the landing site coor-
dinates and V = V() to be the velocity of the probe at some time
before landing. Apply a Taylor series expansion to xg, about the
trajectory of the carrier spacecraft, xj,, as a function of velocity, and
then neglect terms of second order or higher:

« 6x9,/) "
Xop = Xjy+—0r| (V=V") +HOTs Q)
0xg,,
Axoy %5y | Vi =WV, 3)
0 00 90
v, oV, av.
J1= @)
b ob o
v, oV, aV,

*

where the jettison velocity is the velocity of the probe minus the
velocity of the carrier spacecraft at the moment after jettison,
V; =V — V*. The Jacobian matrix [J] can then be evaluated for
any value of the jettison time to represent the sensitivity of the landing
site coordinates to the velocity at that time. By inverting the Jacobian,
the V; vector required to achieve a desired change in the landing
location, Ax,, can be linearly approximated. Because the Jacobian
in this case is not square, the least-norm solution is selected to
minimize the V; magnitude:

Vi = [T~ Axgy ®

For the purpose of this study, [J] is numerically approximated using
first-order forward finite differencing; Eq. (6) gives an example for
the first element of the matrix:
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0 _0,-0

vV, AV, ©®

where AV, is a small velocity perturbation in the x-axis direction and
0, is the landing site longitude that results from applying a jettison
velocity of [AV,,0,0]" and then propagating to surface impact.
In this study, a perturbation value of AV, = AV, = AV =1 X
10~* m-s~! was selected based on trial and error. Numerically
computing the Jacobian [J] according to Egs. (4) and (6) allows
one to linearly approximate the jettison velocity vector V; required
to achieve a shiftin longitude and latitude equal to Ax,py = [AG, Ag]”
for a given separation time. To consider a different jettison time, the
Jacobian is simply reevaluated by applying perturbations at that time.

B. Reference Network Design

This linearized targeting method is employed to design probe
jettisons for a regional network. As a motivating example, the refer-
ence science mission is a seismology network deployed to Cerberus
Fossae, a region of known seismicity on Mars [51,52]. A regional
network in such an area can obtain useful geophysical measurements
using significantly lower-sensitivity seismometers than a global net-
work would require by relying on its proximity to seismic events,
thereby bringing the required payload mass down to the range of
2-3 kg per lander? [53]. Shock-tolerant seismology payloads have
been developed that can survive 15,000 g at impact [54], and the
precision landing of probes is significantly less important than
achieving a network geometry that permits observability.

To target Cerberus Fossae, the central state at atmospheric entry
interface is defined to have a longitude of 150° East, a latitude of
7.25° North, a flight-path angle of y, = —12 deg, and a heading
angle of 80 deg (slightly northward of due east). The network consists
of three pairs of probes such that each pair is targeted with equal and
opposite jettison velocities +V;, resulting in a symmetrical network
of six probes. The nominal configuration is shown to scale in Fig. 6.~
Note that the distance corresponding to the angular separation, shown
on the top and right axes of Fig. 6, is computed as the great-circle
distance according to Eq. (10) and assumes a spherical planetary
surface. Because Mars is not perfectly spherical, this distance differs
from the true distance along the surface and should be treated as
approximate for large separations; specifically, for separation angles
larger than 15 deg, the difference could exceed 5 km.

The directions of the probe jettison velocities are not constrained to be
equal, and thus changes in attitude may be required between probe
jettisons. Because the separations are assumed to occur mechanically,
designing for a uniform jettison speed is likely more desirable than an
outright minimization of jettison speed. To deploy the network using a
single jettison speed for all three separations, targeting is performed
along a range of separation times to provide trends of the required V ;;
these results are shown in Fig. 7. As would be expected, required jettison
speed increases dramatically as the time between separation and entry
approaches zero. A jettison speed of 10 cm - s~! is selected as a rela-
tively low value that intersects all three curves between 0.5 and five days
before entry; note that iterating between these results and the design of
the network allows for flexibility in the selection of the nominal jettison
speed. A root solver is used to compute the precise jettison time for each
probe that targets the desired landing location and results in a jettison
speed equal to the desired value, with the approximate intersections of
the curves with the dashed line in Fig. 7 providing good initial guesses
for the solver. Specifically, Brent’s method £ is applied to within nume-

IThis assumption of the total payload mass for a seismometer of the required
sensitivity is based on the short-period instrument onboard the InSight lander
and private communications with Mark Panning in December 2021.

**The surface image in Fig. ¢ is a mosaic created from data acquired from
the context camera onboard NASA’s Mars Reconnaissance Orbiter and was
generated using MarsTrek at trek.nasa.gov/mars [retrieved 15 September
2022].

"'"'scipy.optimize.brentq, https://docs.scipy.org/doc/scipy/reference/generated/
scipy.optimize.brentg.html.
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rical precision with a maximum of 10 iterations [55,56]. The resulting
separation times are 0.7613, 1.6529, and 3.1697 days before entry.

C. Error Parameters

The assumed mission goal is to deploy a network in approximately
the correct geometry and location rather than to precisely target each
probe. Thus, the separate statistics of landing error for each probe do
not directly relate to the performance requirements. To better character-
ize the network delivery performance, two error parameters are
defined: center error €, and shape error €. Center error describes the
off-nominal location of the center of the network, and shape error
describes the off-nominal distribution of probes around that center.
Define the center error for any given trial as follows:

e = \/ 6" =0 + (9" — $)? (7)

where 6" and ¢* are the average longitude and latitude, respectively,
across all probe locations for the nominal network design, and 8 and ¢
are the average longitude and latitude of the actual probe landing sites.
This error is computed in radians and can be converted to distance by
multiplying by the planet’s radius. To calculate the shape error, com-
pute the great-circle distance between every unique pair of landing
sites, yielding d = N(N — 1) /2 distances for N probes, and label these
values as 7 and §; for the nominal and actual landing sites, respectively.
The shape error is then defined as the root sum squared of the differences
between the nominal distance and the actual distance for each unique
pair of landing sites divided by the total number of probes N:


https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.brentq.html
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A more intuitive representation of these parameters is provided by

Fig. 8, which shows a generic nominal network in blue circles. The

orange squares have the correct network shape, but all points are shifted

to the right, resulting in ¢, = 2 and ¢, = 0. The green triangles are

centered correctly, but the entire geometry has been reduced in size,
resulting in e, = 0 and &, = 2.

D. Dispersion Analysis

The results of applying relevant uncertainties to this reference
scenario in a 1000-trial Monte Carlo analysis are shown in Fig. 9.
As expected based on intuition and the earlier flight-mechanics
analysis, the probes experience large dispersions in landing sites,
primarily in the downrange direction. However, it turns out that these
dispersions are highly correlated between probes for any given trial
because all dispersions except the jettison speed and ballistic coef-
ficient apply to the trial as a whole and affect all of the probes in more
or less the same way. For this scenario, dispersions on the jettison
speed have relatively little effect because the nominal speeds are low
enough to be within the regime of roughly linear sensitivity for these
trajectories. As aresult of all this, the network shifts back and forth in
the downrange but its shape deforms relatively little. This is reflected
in the statistics of the center and shape error, which is summarized in

Table 5 Statistics of error parameters

Parameter Mean 30

Center error €., km 7.391 16.573
Shape error €, km 3.335 3.555
min. separation, km 22.029 2.569
max. separation, km 119.370 22.554
avg. separation, km 52.491 8.126

Table 5: the minimum, maximum, and average distances between
every unique pair of landing sites are computed for each trial; and the
statistics of these values are shown in Table 5. The landing locations
for the trial with the largest shape error are shown in the red pentagons
in Fig. 9. It can be seen by inspection that the network shape in this
trial is qualitatively similar to the nominal shape, but with an offset in
the positive downrange direction. The key takeaway is that, for the
example regional network considered here, the probes can be deliv-
ered to roughly the desired arrangement on the surface despite large
dispersions for each individual probe, so long as roughly £25 km
downrange shifts of the entire network can be tolerated.

E. Limits of Linearization

The linear approach to targeting applied in this section is a good
approximation only within some local region of the reference trajec-
tory, that is, near the approach trajectory of the carrier spacecraft
leading to the central entry point. Thus, it is important to quantify the
limits of applicability for the linearization. To do so, the linearized
targeting method is applied to compute a probe jettison velocity,
targeting progressively greater offsets from the central point in both
the downrange and crossrange directions, as well as assuming sep-
aration one day before entry along the approach trajectory defined in
Sec. IV.B. A trajectory is then simulated for each probe jettison, and
the great-circle distance between the achieved landing site and the
targeted offset defines the error. Figure 10 shows this error along with
the jettison speed computed by the linearized targeting. The x-axis
shows the targeted offset in terms of the separation distance (top),
which is essentially the great-circle distance, and the corresponding
separation angle (bottom), e.g.,

separation distance = separation angle X planetary radius

From these results, it is clear that after about 100 km of desired
separation distance, the approximation error due to linearization

distance, km
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Fig. 9 Nominal and random trial landing locations shown against to-scale Martian surface.
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Fig. 10 Error and required V; for linearized targeting for varying
downrange and crossrange spacing. After the desired change in angle
exceeds 6.5 deg, both cases begin to miss the planet entirely.

begins to increase rapidly. By about 300 km of desired separation, the
targeting error is of similar magnitude to the desired separation; thus,
under these assumptions, the linearized targeting method has no
utility beyond this point.

V. Large-Scale Probe Networks

The linearization method presented in the previous section fails for
networks that extend beyond about 100 km from the central point,
requiring a different approach. In this section, a numerical nonlinear
optimization tool is applied to design probe jettisons for large-scale
networks of co-delivered probes, and a similar uncertainty quantifi-
cation analysis is performed.

A. Nonlinear Optimization Procedure

The quasi-Newton method of Broyden, Fletcher, Goldfarb, and
Shanno (BFGS%) is used to numerically perform unconstrained opti-
mization of a scalar cost function by iteratively approximating the
Hessian matrix [35,57], where the design variables are the three com-
ponents of the jettison velocity. Each trajectory is propagated until either
reaching the surface or reaching a final time, where the final time is
defined to be much later than the nominal time at the target. The cost
function being minimized is nominally the great-circle distance d along
the surface between the target and achieved landing locations, assuming
a spherical planet. In certain cases, this can result in erroneous con-
vergence to a flyby or skip-out trajectory that never reaches the surface
but is at the correct latitude and longitude at the final time. To account
for this possibility, the altitude of the spacecraft at the final time is added
to the cost function. Equation (9) gives the resulting cost function,
where (6;, ¢,) and (0, ¢;) are the target and achieved landing coor-
dinates, respectively, and r is the radial distance of the spacecraft at the
final time. The tolerance is 1 km, meaning that the computed probe
jettison velocity delivers the probe to within 1 km, or approximately
0.0169 deg, of the target landing location.

J(rf,vf)=d+rf—R (9)

d = Rcos™!(sin ¢rsing, + cos ¢y cos g, cos(|0, — 05|))
(10)

B. Targeting Results

For these scenarios, a generic entry interface state of 0° longitude,
0° latitude, and a 90 deg (due east) heading angle is assumed, such
that the downrange and cross range are directed east—west and north—
south, respectively. Downrange and crossrange separations are

jf'jf'scipy.optimize.BFGS, https://docs.scipy.org/doc/scipy/reference/generated/
scipy.optimize. BEGS .html.

treated separately in this analysis based on the significant difference
in the required jettison speeds, as shown in Fig. 10; this is also
intuitive from orbital mechanics, wherein changing the plane of
motion in general takes greater effort than changes of similar magni-
tude within the plane of motion.

Figure 11 explores the relationships between desired separation,
required jettison speed, and entry flight-path angle for both downrange
and crossrange separations, with separation performed three days
before entry. As expected, larger separations tend to require larger
jettison speeds. This relationship takes a roughly linear form for cross-
range separations, as shown in Fig. 11b, despite the breakdown of the
linearization method based on finite differencing from small perturba-
tions. Furthermore, y,, of the approach trajectory has very little effect on
the required jettison speed. In sharp contrast, the jettison speed required
for downrange separations asymptotically approaches a fixed value
beyond 30 deg of separation, and is strongly affected by the approach
trajectory y,. Note that the y-axis of Fig. 11ais normalized with respect
to the required jettison speed of the largest separation, highlighting the
similarity in shape between the different y, cases despite their offset
values, whereas Fig. 11b shows non-normalized speeds.

The reason for the plateau in jettison speed shown in Fig. 11a is that
downrange separations larger than 15 deg are achieved via either long
coast phases in the atmosphere or skip-out trajectories, in which the
vehicle exits the atmosphere on a suborbital arc and then reenters
farther downrange. This can be seen in Fig. 12, which shows trajecto-
ries targeting downrange separation forthe y, = —18 deg case, where
Fig. 12a plots planet-relative motion in the altitude vs downrange plane
and Fig. 12b shows trajectories in the planet-centered inertial frame.
The three cases with the smallest separations can be seen to follow
similarly shaped trajectories down to the surface, separated due to
offsets in their exoatmospheric trajectories and incremental changes in
their entry interface states. The rest of the trajectories, however, enter
the atmosphere on nearly the same trajectory and then achieve sepa-
ration during atmospheric flight, with each subsequent trajectory
coasting for longer in the atmosphere until skip-out trajectories are
eventually realized. Sensitivity of the landing separation with respect to
the state at entry interface increases dramatically for these long coast or
skip-out trajectories. The use of increasingly long atmospheric flight
phases to achieve downrange separation is also the reason that the entry
flight-path angle of the approach trajectory significantly impacts the
required jettison speed. In contrast, crossrange separation is achieved
primarily by modifying the exoatmospheric trajectory, and is thus
insensitive to the approach trajectory y.

All of the large-scale network results thus far assume a separation
time of three days before entry. Therefore, it is instructive to consider
the relationship between separation time and required jettison speed,
particularly for crossrange separation since the required speeds are
larger in those cases. To this end, Fig. 13a compares required jettison
speed vs desired separation for separation events three and 18 days
before entry. The required speeds for 18 days before entry are not only
lower but also increase at a slower rate as compared to separation three
days beforehand. Figure 13b shows how required jettison speed
changes with varying separation timing for a 5 deg crossrange sepa-
ration; one can imagine this as representing the continuum between the
leftmost points of the two lines in Fig. 13a. The required jettison speed
decreases monotonically and nonlinearly as the time between separa-
tion and entry increases, as is the case for regional networks as shown
in Fig. 7.

C. Dispersion Analysis

The preceding results demonstrate the ability to use nonlinear
numerical optimization to design probe jettisons to co-deliver large-
scale probe networks. To understand the practicality of these trajecto-
ries, however, the impact of relevant uncertainties must be considered.
A 1000-trial Monte Carlo analysis is performed for this purpose,
assuming yo = —18 deg and using the same input dispersions as in
the previous section. In this case, eight total probes are considered. Four
probes target downrange separations of 5, 10, 15, and 30 deg, and
separate from the carrier three days before entry. The other four probes
target crossrange separations of the same magnitudes and separate from


https://docs.scipy.org/doc/scipy/reference/generated/scipy.optimize.BFGS.html
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Fig. 15 Actual entry flight-path angles for probe trajectories.

the carrier 18 days before entry; the earlier separation time is selected to
reduce the jettison speeds required to reach crossrange separations. The
resulting nominal y, values are, in order of increasing separation,
—15.15, =12.79, —11.27, and —9.91 deg for the downrange separa-
tions and —17.82, —17.92, —18.54, and —19.04 deg for the cross-
range separations. Figure 14 shows the resulting landing error for these
eight probes, and Fig. 15 shows the resulting dispersed y values. It
should be reiterated that y of the central approach trajectory, which is
the same for all cases, is distinct from the actual flight-path angle of each
probe upon entering the atmosphere.

From Fig. 14a, it is clear that landing error increases substantially
with each increase in nominal downrange separation. The landing
dispersions for the 10 and 15 deg cases are large but bounded, such
that they would conceivably still suffice if the probes were targeting a
broad region on the surface. In contrast, the 30 deg case has such alarge
landing error that 80% of the trials have greater than 500 km error; in
31% of the trials, the spacecraft skips out of the atmosphere while still
on ahyperbolic trajectory. This large jump in error statistics is the result
of the plateau in required jettison speed observed in Fig. 11a. Because
very small changes in jettison speed result in huge changes in landing
separation, the =10% jettison speed dispersion is sufficient to radically
degrade targeting. Clearly, under the assumed scenario and disper-
sions, the 30 deg downrange separation is not a viable trajectory, nor
are the trajectories with greater downrange separation.

To get a sense of to what extent the error results from jettison
speed dispersions, Fig. 16 shows the results of an equivalent Monte
Carlo analysis but without jettison speed dispersions. All probe
trajectories show marked improvement, including the 30 deg case,

and no trajectories remain hyperbolic. However, the 30 deg case still
has dramatically greater landing error than the other three cases,
with the large majority of trials exceeding 100 km of error and 31%
of the trials exceeding 500 km of error. This is because the extended
coast phase, as seen in Fig. 12, results in a trajectory that is funda-
mentally more sensitive to variations. That is, even when perfect
probe jettison execution is assumed, small variations have a major
impact due to the shallow entry flight-path angle and close prox-
imity to other trajectories in the solution family that extend much
further in downrange.

Turning to crossrange separations, the landing error with dispersed
jettison speed also increases substantially as desired separation
increases, with the 30 deg case again performing much worse than
the other three probes, but this time without any errors exceeding
500 km. However, in contrast to the downrange cases, the landing error
results for the Monte Carlo analysis without jettison speed dispersions
are relatively small and seemingly insensitive to the desired separation.
The differing behavior comes down to the nominal entry flight-path
angle for each probe. As desired downrange separation increases, the
nominal y, becomes shallower and, as shown in Fig. 15a, the variation
in y, increases. In contrast, the cross-range trajectories all have a
nominal y, near —18 deg, which is similar to the central approach
trajectory, but the dispersions on y still increase with desired separa-
tion, as seen in Fig. 15b. As desired separation increases, so does

$Note, though, that this trend plateaus as separations greater than 30 deg
are targeted because the differences in entry interface states for these trajecto-
ries are very small.
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Fig. 16 Monte Carlo results for large-scale network without jettison speed dispersions.

required jettison speed, and thus the jettison speed dispersions have
greater effect. Thus, when probe jettison execution error is removed
from the assumed dispersions, all crossrange trajectories enter at about
—18 deg and experience landing errors consistent with the single-
probe flight-mechanics analysis shown in Fig. 5b. The larger y, dis-
persions resulting from probe jettison execution error for the 30 deg
crossrange case are what account for the much greater landing site
dispersions seen in Fig. 14b; although this case is benign when com-
pared to the largest downrange separation case, it still is most likely too
much error for practical application.

VI. Conclusions

Networks of co-delivered probes on the Martian surface would be
scientifically valuable at a range of scales, and this study examines
some of the relevant flight-mechanics and mission design consider-
ations. It is shown that regional networks within about 100 km of the
central point can be co-delivered with a small mechanical jettison
within five days of atmospheric entry. Larger networks are consid-
ered, and trajectories are successfully identified using numerical
nonlinear optimization. However, the long coast and skip-out trajec-
tories identified in this study are too sensitive to error to be practical
beyond a certain separation distance, even under reduced targeting
accuracy requirements. For the scenario considered here, this cutoff
occurs beyond roughly 15 deg of desired separation, corresponding
to a maximum separation of approximately 890 km along the surface
in either direction. Several alternative approaches could potentially
enable larger separations. For instance, the strict co-delivery assum-
ption could be relaxed to allow the carrier spacecraft to perform
multiple maneuvers during approach, including between separation
events. Also, the probe jettisons could be performed much earlier,
enabling different targeting geometries with much lower required
jettison speeds as compared to similar geometries for separation
within 20 days of entry. The targeting optimization process itself
could be constrained to solutions with a desired entry flight-path
angle, potentially resulting in larger probe jettison speeds but avoid-
ing highly sensitive trajectories. An even more constrained approach
would be to first define states at atmospheric entry interface that meet
requirements and result in the desired landing locations, and then to
design maneuvers targeting those entry states, effectively decoupling
the exoatmospheric and atmospheric trajectory design processes.
This decoupled approach would enable the desirable properties of
the nominal atmospheric flight trajectories to be guaranteed, at the
expense of potentially further increasing the required jettison speed.
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