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Imaging Penetrator-Beacon Design for Mars
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University of Texas at Arlington, Arlington, Texas 76019-0018

A navigation sensor design using penetrator beacons to support a precision Mars surface-relative navigation
scenario is presented. Penetrator beacons are small ballistic vehicles that would precede a soft lander to image
a proposed landing region and establish a network of surface-relative radio navigation beacons. It is proposed
that the use of penetrator beacons could support a precision landing, could meet mission navigation accuracy
requirements, would not require additional mission elements such as an imaging orbiter, and could be designed
using current technology, thereby reducing costs. Investigations concluded that penetrator beacons could provide
high-resolution images of a landing region and provided a network of radio navigation beacons within the proposed

landing region.

Introduction

UTURE Mars exploration missions, both robotic and piloted,

may have stringent navigation accuracy requirements. One of
the most stringent of these requirements is to land a spacecraft au-
tonomously in a very small area (approximately 10 m in diameter)
that is clear of all surface hazards.! The safety and survivability of
these landing vehicles will depend on first selecting safe landing
sites, precisely targeting the lander to specific points on the surface,
and performing terminal guidance to land at these points.>~*

The Mars Rover Sample Return (MRSR) is used as a reference
mission for this investigation, but itis understood that the penetrator-
beacon navigation method can be used for any mission requiring
surface relative navigation. The MRSR landing spacecraft (lander)
will be required to land in an area that is scientifically interesting.
Unfortunately, many of these geologically interesting regions on
Mars have few safe landing sites (free of surface hazards). Rocks
with diameters less than 1 m and surface slopes less than 15 deg over
a 10-m baseline are mission requirements of the MRSR mission
and are generally considered mission requirements for a lander’s
tolerance of surface hazards.>~> This presents several navigation
problems:

1) The navigation system must be sophisticated enough to find
a touchdown point within an area of hazardous terrain that will
provide a safe landing.

2) Information about the surface characteristics of Mars is limited
to previous lander imagery, previous and current orbiter imagery
(Viking Orbiters), thermal imagery, and radar roughness data. The
Viking Orbiter spacecraft has imaged the surface of Mars with a
resolution of 200 m/pixel or better, with approximately 0.03% of
the surface imaged to a resolution of approximately 10 m/pixel.
However, to observe 1-m obstacles and surface slopes less than 13
deg over a 10-m baseline, resolution on the order of 0.25 m/pixel
must be obtained.!

3) Earth-based radiometric tracking of the lander while in Mars
orbit provides a very precise determination of the spacecraft or-
bit about Mars. However, those measurements are relative to the
Earth inertial frame and not the Mars inertial frame. The differ-
ence between the two inertial coordinate frames (sometimes called
inertial-map error or frame tie error) for the MRSR mission is esti-
mated to be 100 m (1¢), which is orders of magnitude greater than
the size of the predicted certified landing sites (10 m).! This results
in the descent and landing trajectory incorporating the inertial-map
error, which in turn results in a terminal landing position error of
no less than the inertial-map, error. Therefore, landing in a certified
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site within 10 m of a surface feature will require surface-relative
navigation capabilities.

There are many solutions to the safe-landing problem, but gener-
ally they can be broken into two philosophies: active hazard avoid-
ance or precision landing.

1) The active hazard avoidance approach would enable the vehicle
to locate, identify, and avoid hazards that threaten the success of the
landing. Imaging systems that provide rapid high-resolution images
to the Lander’s computer would have to be developed, algorithms
for the identification of obstacles and hazards would have to be
perfected, and finally an expert system capable of interrogating the
images and commanding the vehicle in real time would have to be
synthesized.

2) The precision landing approach would find a suitable landing,
site prior to deorbiting the spacecraft and then would navigate the
landing vehicle to the preselected site. Present thinking would select
the landing site on the basis of imagery acquired from an imaging
orbiter.® This would relieve the high cost of developing and con-
structing a hazard avoidance system. As a consequence of reducing
cost of the lander navigation sensor suite, however, additional mis-
sion cost would accumulate in the form of mapping and processing
large amounts of Mars imagery along the descent, entry, and landing
trajectory to remove inertial-map error and relative-map error. The
latter is the error introduced when two images of a planetary body
are used for surface relative navigation for one common trajectory
and they do not contain the same surface features (images or maps
do not overlap).

Similar to the precision-landing scene-matching method, the
penetrator-beacon navigation method uses surface features to re-
move the inertial-map error.” It also uses overlapping images to
remove the relative map error. This approach would use the penetra-
tors’ onboard camera to photograph the landing-area terrain during
descent, send this image information back to Earth via an orbit-
ing lander relay, and allow Earth-based ground controllers to select
a suitable landing site within the images. This information is sent
back to the lander in the form of distance and bearing from the radio
frequency (rf) beacons mounted on the penetrators to the selected
landing site.

This investigation discusses the possibility of a penetrator-beacon
method and presents a preliminary mission/system design. The basic
structural design of the penetrator-beacon vehicle is a derivative of
the penetrator design found in Manning.®

Overview of the Penetrator-Beacon Scenario
The penetrator-beacon scenario begins after the landing space-
craft has established orbit around Mars. Before separation, the pen-
etrator cluster containing the penetrators will be attached to the
lander spacecraft via the penetrator terminal deaccelerator shell.
Figure 1 shows the penetrator cluster and aeroshell in the entry con-
figuration. Power management will be supplied to the penetrator
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Fig. 1 Penetrator cluster and aeroshell.

from the lander for housekeeping purposes, and the lander will re-
lay engineering data to Earth as part of its nominal data stream.
The separation maneuver is divided into two parts: pointing by the
lander and propulsion by the penetrator cluster. The actual posi-
tion of the landing site for each of the penetrators is determined
primarily by the lander’s orbit and the accuracy of the separation
maneuver, aerodynamic errors, map/pole errors, and winds. Studies
have shown that downrange dispersions associated with the deploy-
ment of the penetrator-cluster aeroshell can vary up to 40-50 km
(30), with crossrange dispersions up to 15 km (30) depending on
the initial deployment conditions.” The Viking mission had dis-
persion errors of 70 km downrange and 50 km cross range (35).1°
However, selecting the penetrator impact target area (“safe” landing
area) a priori, based on the dispersions, will result in a penetrator
surface impact within an area containing no hazards that violate
MRSR mission requirements. Adopting the dispersion errors found
by Swenson as an approximate dispersion for this penetrator-beacon
design, images of the surface obtained by the Viking landers will
be analyzed to select and certify the 50 x 15-km safe landing area
on the surface. The safe landing area will be defined as a surface
area (or region) that will contain a hazard frequency distribution
that certifies, with a probability of confidence that meets mission
success requirements, the existence of 10-m landing areas contain-
ing no hazards with diameters greater than 1 m and surface slopes
less than 15 deg over a 10-m baseline. This is the same basic ap-
proach used to select the Viking presumed-lack-of-hazards landing
sites.!!

The cluster aeroshell will be deployed from the lander spacecraft,
will initialize its attitude, and then will fire its spin thrusters to start
the vehicle spinning in order to spin-stabilize it for the deorbit ma-
neuver. The design of the cluster aeroshell and its spin stabilization
should be such that an active attitude control system will not be
required. The cluster aeroshell will then conduct a deorbit burn that
sends it toward entry interface (defined as 125-km above ground
level). The inertial-flight-path angle at entry interface should be at
least 10 deg to avoid skipout, but shallow enough to assure accept-
able heat loads on the decelerator. A flight-path angle of 10 deg was
selected to minimize the deorbit AV. Following the deorbit burn,
the cluster aeroshell will fire its despin motors to reduce the spin
rate for entry into the atmosphere. The cluster aeroshell proceeds
through the atmosphere, and at 15 km above the surface of Mars
a parachute is deployed to decelerate the penetrator cluster and to
separate it from the aeroshell. At 13-km altitude, the penetrator de-
ployment springs will simultaneously eject the penetrators out and
away from the penetrator mounting cluster, and the penetrators will
deploy their individual parachutes. Finally, at 10,000 m above the
surface, the penetrator parachutes will be jettisoned and the pen-
etrators will be allowed to free-fall to the surface, resulting in an
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Fig. 3 Penetrator terminal groundtrack and impact point.

impact velocity of approximately 110 m/s. Figure 2 illustrates the
penetrator-beacon scenario.

The penetrators will be mounted 90 deg apart on the penetrator
mounting cluster and will thus have an initial relative motion 90 deg
away from each other upon deployment. The four penetrators will be
ejected simultaneously and should trim out 2-3 s after ejection. This
relative motion will continue until impact, and because their initial
downrange velocity component is large compared to the ejection
velocity, all of the penetrators will impact the surface in a cluster
formation downrange of their deployment point. Figure 3 shows a
planform view of a typical trajectory of a set of four penetrators and
the center location of the penetrators’ field of view (FOV). Pene-
trator trajectory and surface relative flight path angles are shown in
Fig. 4.

Each penetrator will be carrying an imaging system in its nose,
as shown in Fig. 5. Approximately 30 s after ejection from the
penetrator mounting cluster, the penetrators will begin to image the
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Fig. 5 Penetrator beacon.

surface below them. Because the penetrators are fairly close together
(less than 250 m apart ) and their FOVs are large, the penetrators
will image common overlapping areas. Each penetrator will acquire
four images of the surface within altitudes ranging from 2 km to 100
m above the surface. The total area imaged by all four penetrators
will vary from about 1.5 km? for the first image at a resolution
of approximately 0.7 m/pixel to 1607.05 m? for the last image at
a resolution of 0.05 m/pixel. The last penetrator image will be at
100 m and will cover a circular area on the surface of Mars with
a radius of approximately 20 m. Fixing the impact position of the
penetrators within the last image (20-m radius) is currently under
investigation. See Ref. 7 for a detailed discussion of the imaging
requirements and performance during of the charge-coupled device
(CCD) during penetrator descent.

The penetrators will impact the surface of Mars within the 1maged
area, and, through analysis and trajectory reconstruction using the
stored accelerometer and radar-altimeter data, the location of the
penetrators relative to the imaged landing sites will be well known.
Each penetrator will carry a communication system (beacon) capa-
ble of supplying rf ranging to a landing vehicle. The penetrator will
store all measurement data onboard its mass storage and transmit
the stored data to the Lander in orbit at a later time.

Analysis of Penetrator Descent and Surface Impact
Deorbit, Penetrator Ejection, Descent Trajectory, and Landing Spread

The accessible latitudes of the lander and penetrators will be
dependent on the Mars arrival asymptote from its interplanetary
transfer. The initial conditions of this study assume the coupled
lander-penetrator vehicle is in a 500-km circular orbit. An orbit that
results in the lander crossing directly overhead offers the greatest
amount of time for line-of-sight data transmission between the lan-
der and the penetrator on the surface. The longitude can be varied
from 0 to 360 deg by controlling the hour of arrival. Investigations
of the Mars arrival and the orbit inclinations have been deferred for
future studies.

The entry design configuration includes two decelerator stages.
The first stage (hypersonic decelerator stage) incorporates initial
entry deceleration and heating, and must therefore be designed to
withstand significant structural and thermal loads. The hypersonic
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Fig. 6 Ballistic number vs planet relative impact velocity.

decelerator is a 40-deg half-cone, blunt nose aeroshell that covers the
four penetrators and the penetrator mounting cluster down to 15 km,
where the penetrators are deployed and the aeroshell is jettisoned.
The aeroshell uses ablative material to cover the penetrators and
penetrator mounting cluster for heat protection. The blunt-nose aids
in avoiding excessive heating and asymmetric ablation. It will also
result in the aeroshell entering the atmosphere with an angle of
attack of approximately O deg. This will aid in reducing atmospheric
trajectory dispersions.

The aeroshell parachute will be deployed at Mach 1.7, a speed at
which the deployment of ordinance may need careful investigation.
The primary concern is in the deployment mechanics, the inflation
and stability of the canopy (especially for a reefed system), and the
aeroheating of the parachute materials for parachutes operating at
supersonic speeds. Supersonic parachute deployment results from
a performance tradeoff that attempts to keep the aeroshell size and
weight to a minimum. This requirement increases the entry velocity
of the aeroshell, thereby increasing the parachute deployment veloc-
ity. Carter and Smith pointed out a number of new designs (including
high-speed drogues and parasonic ballutes) during their investiga-
tion into parachute design for the MRSR lander, in which parachute
deployment at Mach numbers of 2 and greater were considered.*
Also, for comparison, the Viking parachutes were designed for de-
ployment at Mach numbers less than 2.1 and were actually deployed
at Mach 1.1.12

The baseline parachute type selected for this design is a disk-gap-
band (DGB) parachute developed by the Planetary Entry Parachute
Program (PEPP).!> A DGB parachute was selected because of its
high-Mach-number stability combined with good drag performance.
The parachute selected for the aeroshell has a radius of 4.75 m and
C, of 0.65.

A parachute decelerator will be used during the second decelera-
tion stage to insure that the penetrators’ flight path angle at impact
is as steep as possible, on the order of 80-90 deg. It will also help to
reduce surface impact forces (addressed later). The steep flight-path
angle is required for the penetrator to properly penetrate the surface
of Mars and provide accurate radar altimeter and image information.
Each penetrator parachute has a diameter of approximately 2.0 m
and is deployed at an altitude of 10.0 km above the surface at sub-
sonic speeds. The penetrators will experience a high deceleration
load because of the high velocity at the time of parachute deploy-
ment. This load should be much less than that experienced upon
impact with the planet surface. It was determined that a parachute
decelerator that provides the penetrators with a ballistic number of
approximately 15.5 kg/m? will slow them to about 110 m/s and re-
sult in a flight-path angle of 88 deg (below horizontal) at impact.
Figures 6 and 7 show the ballistic number vs planet-relative impact
velocity and vs planet-relative flight-path angle, respectively. Basic
characteristics of the decelerators are given in Table 1.

At entry interface the aeroshell vehicle will be spinning at ap-
proximately 15 rpm and will enter the atmosphere with a 10-deg
flight-path angle at a velocity of approximately 3100 m/s. The ro-
tation of the aeroshell is necessary for stability, but it makes the
determination of the surface-related ejection direction of the pen-
etrators difficult to determine. Since the position of the penetrator
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Table 1 Aerodynamic decelerators

Hypersonic decelerator with penetrator cluster
and four penetrators (entry configuration)

Halif cone angle, blunt nose 40 deg
M/CDA 37.0 kg/m?
Mass 451.0kg

Penetrator cluster and four penetrators
(separated from aeroshell, cluster parachute deployed)

M/CDA 7.55 kg/m?
Mass 348.0kg
Hypersonic decelerator aeroshell only
M/CDA 8.35 kg/m?
Mass 102.0 kg
. Penetrator parachute decelerator and penetrator
M/CDA 15.5 kg/m?
Mass 61.8kg
Penetrator without parachute decelerator
M/CDA > 1500.0 kg/m?
Mass 51.8 kg
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Fig. 7 Ballistic number vs planet relative flight-path angle.

mounting cluster at the time of penetrator ejection will be recon-
structed and the orientation of the sun with respect to Mars will be
fairly well known, the orientation of the shadows within the images
(obtained by the penetrators during their descent) can be used to
determine the orientation of the penetrators’ images.

The penetrators, when ejected, will have an initial relative motion
of 90 deg away from each other. This relative motion should con-
tinue throughout the penetrators’ trajectory regardless of the spin
orientation of the penetrator mounting cluster at the time of ejec-
tion. The orientation of the penetrator mounting cluster at the time
of ejection will simply serve to rotate the common center of all four
images (all four penetrators combined), and the size of the common
FOV will be dictated by the altitude of the penetrators. The total
velocity of each penetrator is dominated by the downrange velocity
of the penetrator mounting cluster at the time of ejection; there-
fore, regardless of the surface-relative ejection direction, all four
will impact in a cluster downrange of the point of ejection.

Because of the limited size of the penetrator mounting cluster
and its inability to carry a large deployment device, a deployment
velocity of 8 m/s was selected on the basis of providing an average
penetrator displacement from centerline of approximately 140 m
upon impact. Further, it was assumed that this velocity increment
should be achievable with existing hardware.

The penetrators’ impact spread should not be affected by the
Martian winds, because they are clustered together during initial
entry and their ballistic numbers after cluster separation and before
parachute deployment are approximately 1500 kg/m?, which makes
them fairly impervious to atmospheric dispersions. However, a thick
wind layer at Mars can be assumed to translate the penetrators par-
allel to the surface while they maintain local vertical orientations.

With this conservative assumption, the angle of attack at surface
impact is a function of the impact speed and the wind speed. It has
been shown that these impact conditions can be related to the depth
of penetration and the g load on the forebody of the penetrator for
a given soil classification.!*

The winds affect the penetrators after their parachutes are de-
ployed, because their ballistic number changes from 1500 to
about 15.5 kg/m?. Because all of the penetrators will deploy their
parachutes simultaneously and the penetrators are generally less
than 150 m apart, the local winds should affect all of the penetra-
tors uniformly. Manning found no actual angle-of-attack test data
directly related to penetrators.? However, data that do exist (small
size and very high impact speeds into reinforced concrete) indi-
cate that for baseline impact speeds (100-160 m/s) a wind of about
14 m/s could be tolerated. A penetrator designed to survive greater
g loads at impact would allow larger impact and crosswind veloci-
ties. This directly influences the maximum allowable impact angle
(angle of attack and side slip angles). Data taken by the Viking
spacecraft indicate'® winds on the order of 10-15 m/s with gusts to
about 20 my/s. Since the penetrator pitching frequency should be low,
the penetrator will only experience a couple of pitching motion cy-
cles during the last couple of kilometers of the descent. This should
be sufficient for the penetrator orientation to adjust to terminal wind
conditions before impact.

Surface Impact ' :

Terrain impact testing of a penetrator has shown acceptable pen-
etration in 25% porous basalt and in moist loess.® According to
Ref. 8, slopes up to 45 and 60% are expected to yield successful-
penetration probabilities of nearly 100 and 50%;, respectively. Other
tests have also been performed to study penetrator impact. To test
the feasibility of the concept of a lunar penetrator, Mizutani and
Kawashima'® have conducted experiments on the impact of pene-
trator models onto an analog of lunar soil, using a single-stage gas
gun in a vacuum chamber. Their penetrator design was experimen-
tally proven to withstand an impact of 300 m/s. Also, success of
penetration into sufficiently smooth and homogeneous soil can be
estimated from field test data. Field drop tests have been demon-
strated where penetrators can survive emplacement in solid basalt
formations.®

. An important area of concern is whether a penetrator will sur-
vive impact with rocks of size such as that found in the Viking I
and Viking II photographs. Manning investigated the probability of
penetrator failure due to impact with surface rocks and concluded
that surface rocks observed at the Viking landing sites do not appear
to be an undue threat to the stability of the impacting penetrator. In
their report it was stated that they investigated only the distribution
of surface rocks. It was also stated that rocks embedded in the soil at
shallow depths might also cause deflection in the path of the pene-
trator. However, their field test indicated that soil already penetrated
had a stabilizing effect when the penetrator struck a subsurface rock
structure.

Penetrator System and Subsystem Design
Penetrator Structure

The penetrator is rocket-shaped; it has a blunted ogive nose con-
taining the descent camera and a conical flared aft section with a
tapered sidewall thickness. Figure 5 shows the penetrator beacon
and its various systems. After impact the afterbody (containing the
rf transmitter) remains at the surface. The penetration depth of the
forebody is influenced by the weight/(frontal area), impact-site ve-
locity and material properties, and angle of attack.

The structure of the Mars penetrator should withstand impact
loads of 1800 to 2000 Earth g, and be able to penetrate a wide range
of soil densities from 1 to 15 m. The Manning design features a
forebody outer casing constructed using HY 180 steel and an af-
terbody made from 7075-T7351 aluminum. The avionics assembly
structure is machined from 7075-T7351 aluminum. A tangent ogive
nose with a length-to-diameter ratio (L/D) of 2.4 was chosen be-
cause of its proven performance characteristics. Because the descent
imaging camera will be contained in the nose, investigations into us-
ing a hardened transparent medium that can retain most of its shape
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Table 2 Mass, power, and volume estimates for one penetrator

Power, mW

Weight, kg Volume, cm? Standby Peak

Penetrator subsystems
RTG (Li-BCX batteries optional) 1.40 (1.40) 900 (500) —_ —
Li-BCX batteries 2.00 500 — —
Power control 0.34 200 — —
Accelerometers (6) 0.18 180 0 180
Central process unit 1.00 1000 50 1000
Bubble memory, 17 Mbit 4.00 2000 0 5000
Umbilical cable 0.70 700 0 0
Transmitter 0.50 300 0 5000
Receiver 0.50 360 100 200
Antenna 0.50 500 -0 0
Rf navigation beacon 5.00 800 0 9000
Radar altimeter 4.00 820 0 10000
Imaging camera 2.00 500 300 4000
Heat pipe 0.30 430 0 0
Parachute 10.00 1700 0 0
Structure 30.00 — 0 0
Total 62.42 (62.42) 10890 (10490) 450 34380

Cluster and aeroshell
Aeroshell structure and ablator 102.00
Penetrator cluster and ejection system 50.00
Parachute and parachute mortar 45.00
Deorbit engine 3.00
Tanks and structure 1.00
Spin system 1.00
Deorbit fuel 2.00
Total 204.00
System mass total

Carrier vehicle 204.00
Penetrators (4) 249.68
Total 453.68

during impact for proper penetration will be required. The length
and diameter of the penetrator were chosen to provide stability and
bending resistance during penetration. The diameter is a constant
10 cm to station 50. The diameter increases as a cone to 11-cm di-
ameter at station 71, which is maintained to station 107, where it
again increases as a cone to a radius of 20 cm to station 125, where
the radius remains for the rest of the 140-cm length. This design is
based upon a proven concept which has a ratio of weight to cross-
sectional area equal to (W/A)cs = 16.27 N/cm? for the thick-wall
section and 20.0 N/cm? for the thin-wall section, and L/D of ap-
proximately 13.0. Manning’s test results show that the penetrators
survived penetration of 30 cm of reinforced concrete.

Penetrator Mass, Power, and Volume

The penetrator, as shown in Fig. 5, will consist of arigid structure,
a CCD camera in the nose, a radar altimeter, two sets of accelerome-
ters (three accelerometers per set), a radioisotope thermal generator
(RTG), lithium-bromine (Li-BCX) batteries, memory for data stor-
age, and a communication system capable of supporting rf ranging.
Because of the large g loads upon impact (possibly 100g or more),
an RTG may be impractical to use. This is because the power con-
version element (essentially a set of thermocouples) of the RTG
is destroyed during a high-deceleration impact. RTGs have been
tested to withstand impacts of up to 40 g and could be hardened
to withstand impacts up to 100 g, but it is very unlikely that they
can be made to survive 100—2000 g. Therefore, two separate power
systems will be addressed in the next subsection. Option 1 uses an
RTG-Li-BCX combination for impacts of 40 g or less, and option
2 uses only Li-BCX batteries capable of withstanding g loads up
to 2000 g. The penetrator-cluster aeroshell system will require two
umbilical connectors with the lander spacecraft: one to power the
squibs used during the separation phase, and the other for command
and telemetry circuits.

Table 2 summarizes the characteristics of the penetrator subsys-
tem and payload. Mass, power, and volume requirements are de-
lineated. In addition, the mass of the components for the cluster
aeroshell is given.

Power Requirements

The low data rate of the penetrator will require the storage of
data as they are acquired during the descent, rather than trans-
mission in real time. The penetrators will store image data, al-
timeter data, and accelerometer data during their descent and
will transmit the data back to the orbiting lander after impact
on Mars. The penetrators’ communication system is designed for
a 2500-bit/s transmission bit rate and an 800-bit/s command bit
rate. Each image consist of 16 Mbit (compressed) of data. Us-
ing a 2500-bits/s transmission rate, it will take an estimated 107
min to transmit all four images per penetrator. Assuming the lan-
der passes directly overhead in its 500-km orbit, it will remain
20 deg above the horizon for approximately 605 s. Assuming
only zenith passage of the lander in orbit for preliminary es-
timates and knowing that the penetrator requires approximately
2 h to transmit its acquired information, the lander will be required
to pass overhead approximately 11 times. Zenith passage of the or-
biting lander is dependent on the lander orbit and could be achieved
if the lander were placed into a 1-sol orbit that arrived at periapsis
near the zenith point of the penetrators. However, this would require
the lander to deorbit from apoapsis for landing, which could result
in large navigation errors due to the lengthy deorbit time. Tradeoffs
between the lander orbit and transmit passages are currently under
investigation.

The penetrator power profile consists of three parts: 1) a steady
low-level power requirement to operate the onboard computer dur-
ing most of a solar day, 2) high power to operate the bubble memory
and the imaging components during descent and data transmission
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Table 3 Power budget for penetrator

Energy, W-h
Power, mW Option1? Option2®
Sources

Primary power

RTG @ 4% efficiency, 3.08 W 2000.000 25.000

Inverter efficiency @ 90% —200.000

Baitery charge efficiency @ 60% —800.000

Total 1000.000 25.000
Secondary/peak power

JSC (Li-BCX) Battery, 2000.00 200.00

JSC (Li-BCX ) Battery 2000.00 350.000

Total 350.000

Descent, 19.18 W peak
Camera, 4.0 W for 50 s ~1.200 0.054 0.056
Accelerometers, 0.18 W for 1700 s -3.366 0.083 0.086
Radar alt.; 10 W for 720 s —-79.200 1.954 2.000
Image storage, 5 W for 12 s -0.660 0.016 0.017
Radar alt. storage, 5 W for 720 s —39.600 0.977 1.000
Accel. data storage, 5 W for4 s -0.220 0.005 0.006
Total —124.246 3.089 3.165
Data transmit, 10.00 W peak
Transmitter, 5 W for 107 min —353.100 av. 8.709 8.920
Image dump, 5 W for 107 min —353.100 8.709 8920
Radar alt. data dump, 5 W for 720 s —39.600 0977 - 1.000
Accel. data dump, S W for4 s —-0.220 0.005 0.006
Total —~746.020 18.400 18.846
) Rf ranging, 8.00 W peak
Rf beacon, 8 W for 10 min —52.800 1.302 1.330
Total —52.800 1.302 1.330
.Other, 0.25 W peak
Receiver, 0.2 W, 10% duty cycle —20.000 av. 0.493 0.480
Microcomputer, 0.050 continuous -50.000 1.233 1.200
Total —70.000 1.726 1.680
Standby, 0.25 W peak

Receiver, 0.2 W, 10% duty cycle, 190 Earth days 91.200
Microcomputer, 0.050 W, continuous, 190 Earth days 228.000
Total 319.200
Primary net power gain 6.934 0.483

2RTG-Li-BCX battery combination.
bLi-BCX batteries only.

periods, and 3) high power for rf communication to the lander for
navigation. :

As mentioned earlier, two power systems are addressed. The first
design (for impact loads of less than 40 g) consists of a secondary
system of lithium batteries to provide the power for the transmit-
ter, the memory, and the rf beacon during peak loads and power
backup. An RTG is used to provide low-level power and recharge
the secondary battery power system. This design allows the pene-
trator beacon to remain functional for a longer period of time, since
the secondary battery system can be recharged using the RTG. This
longer life span will allow Earth-based ground controllers more
time to assess the images, obtained by the penetrators during their
descent, for the desired landing sites. It might also allow the rf bea-
cons, mounted on the penetrators, to be reused at a later date. The
second design, using only Li-BCX batteries (for impact loads of
less than 2000 g), reduces the life span of the penetrator-beacon
system because there is no alternate power source in the design
for recharging the batteries. This design yields a 190-Earth-day
penetrator-beacon lifetime. A majority of the power is consumed

in the standby mode while the Earth-based ground controllers in-
vestigate the surrounding terrain images and decide upon the desired
landing site, and the MRSR vehicle positions itself for deorbit and
landing. A conceptual power budget for the two designs is given in
Table 3.

Communication Requirements

A few minutes before interrogation by the lander is to start, the
penetrator timer turns on the command receiver. Likewise, the lander
command transmitter is turned on to be prepared for the encounter.
When the lander elevation angle is greater than 20 deg (to avoid
multipath losses and irregular terrain), the lander addresses the pen-
etrator, As the penetrator detects its address, it turns on its transmitter
and acknowledges the address. The lander then commands the pen-
etrator to update its clock timer, to make any changes necessary, and
then to read out the stored image data during the period for which
a good link is expected. The penetrator transmits until either all the
data are transmitted or the commanded link duration is reached. Any
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data remaining in memory will be read out next time before any sub-
sequently collected data. Thus, the data will always be transmitted
in the order acquired. Because of the small size of the penetrators,
they will have very limited space for power generation and storage.
Because of the lack of available power, the penetrator communica-
tions and beacon system will be required to have a low data rate
(on the order of kilobytes per second). After separation, the only
interface will be a relay link to and from the penetrator. Commands
from the lander will be used to change penetrator operating modes
and read out the penetrator memory to the lander.

The lander could be designed to have multiple receivers to sup-
port simultaneous transmission from the closely arrayed ground
stations (penetrators). This would require multiple telemetry car-
rier channel frequencies, but would reduce the number of lander
orbits for reception of image data. Furthermore, even if only one
channel were selected, more than one receiver would provide both
mission flexibility and redundancy, which are of major importance
to such a mission. In addition to the receivers, the lander will provide
penetrator memory and telemetered data storage for relay to Earth.
Commanding up to four separate penetrators will require a carefully
programmed operational sequence, but a single command frequency
could be used by giving each penetrator a unique command address.

Areas Requiring Further Investigation

There are several conceins that remain to be investigated for the
penetrator-beacon mission. The first, and probably foremost, is that
the memory, communications, and other electrical systems must be
able to function normally after the impact. Although the penetrator
used in this study has a very high deceleration, it is not as high as the
loads currently experienced by imaging artillery shells. The Army
is developing a camera system, the Video Imaging Projectile (VIP),
that can be accelerated at 16,000 Earth g when fired from a cannon.!’
The VIP is a 155-mm shell and takes images of the terrain below
through a 2-in. plastic window during its trajectory, which is very
similar to the proposed mission of the penetrators. Leaving the barrel
at 823 m/s, the VIP spins up to 200 times a second during its 24-km
flight. Its imaging camera is an electrical device that translates what
it sees into one of 256 shades of gray and broadcasts its view to
a ground-based computer screen below in a real-time mode. There
have been two successful demonstrations of the VIP to date, and
testing is expected to continue. .

The orbit of the lander, which is to relay the penetrator images
back to Earth, will need careful investigation and planning. The
geometry of the orbit will have a major influence on the rate at which
the lander can receive the penetrator-transmitted images. This has
a direct influence on the lifetime requirement for the penetrators’
power system. The lander’s orbit will also influence the deorbit
trajectory geometry of the penetrator, influencing in turn the lighting
angles during imaging and the entry flight-path angle. It should be
noted that the placement of penetrators deployed from approach
is mostly independent of the final lander (penetrator cluster) orbit,
and is governed largely by the approach geometry, i.e., the arrival
velocity V*° of the lander, including the declination of the arrival
asymptote, as well as the entry flight-path angle.

Other areas requiring study are 1) using a hardened transparent
medium that can retain most of its shape (2.4 length-to-diameter ra-
tio) during impact for proper ground penetration, and 2) the amount
of time and power required for total penetrator-to-lander data trans-
mission vs the lander orbit. This will directly influence mass, power,
and volume estimates of the penetrator system design.

Conclusions

There are many benefits that could be derived from the placement
of a set of penetrator beacons in the vicinity of a landing site. The
most important benefit would be in a low-cost precision-landing
navigation method that meets the stringent navigation requirements
of future missions. The employment of penetrators will provide the
ability to perform a precision landing for little cost and minimal
technical development. Because the penetrators will provide high-

resolution imagery of the landing site, the landing vehicle would
nof be required to have a complex hazard detection and avoidance
system, simplifying the system design and improving the chance
of mission success. The placement of one to four radio navigation
beacons would be used by a landing vehicle for precision navigation
to a preselected landing site near the penetrators. The penetrators
would also provide low- and high-resolution imagery of the pro-
posed landing site and its surrounding area. These data would be
invaluable to mission planners for the selection of suitable landing
sites and in generating detailed surface maps that could be used
in designing the traverse paths for roving vehicles and manned ex-
ploration. Another benefit from the penetrators is that they would
have flown a trajectory very similar to that of a subsequent land-
ing craft, thus improving knowledge of the local atmosphere. This
improvement would assist in designing the approach trajectory to
land precisely on the targeted site. The beacons on the penetrators
could also be used for local rover navigation at later time. Hard-
ware could provide direction-finding capability to allow a rover to
be located with respect to the penetrator.'® Finally, the combination
of penetrators and a Mars lander is completely self-contained; there
is no reliance on any other vehicle or system. The implementation
of the penetrators present several design challenges, but none are
insurmountable, and the overall improvement in the likelihood of
mission success cannot be ignored.
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