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OBJECTIVE:

Develop new navigation anttacking systems andtechnology elements to enable andnhance
challenging mission scenarios requiring autonomy, formation flying, or coupling of attitudiigtrd
path determination (integrategluidance, navigation and control, edynamic entry,descent, and
landing) by developing capabilities f@ontending with (1) neviorce environments (e.gamall body
and sathite orbital operations); (2)low cost ogrations goals; (3) advances immeasurement
technology; and (¥ unique scienceopportunities (e.gcomet or asteroid rendezvous asdmple
return).

GOALS and SIGNIFICANCE:

Goals: Develop and damnstrate key newechnology elements(sensors.algorithms, modelsdesign
tools,and softwareyequired for: guidance, navigaticand contol (GNC); small body navigation;
precision formation flying; and proximity telecom/trackirgystems. Develop amrchitecture and
roadmap for navigation anchetric trackingtechnology deglopment,including technologiesieeded
for integrated GNC. Coordinate technology developnaativities withMission Data Systems (MDS),
Next GeneratiorNavigation ®ftware,and flight projets. Employ novel use ofGPS as a testbed for
proximity autonomous interplanetary trackisgstems. Develop newutomatedground and space-
based navigation techniques, models and fdeliection to improveperformance andeliability,
minimize costs, and enable new science opportunities.

Significance: Thetechnology development inthis Work Area (NRM) supports keyNASA/JPL
initiatives for Mars,deep space,and outer planeexploration andsample return. NRM develops
enabling capabilities for Mars,New Millennium, Discovery, small body, sample return, and
interferomery missions;reduces tracking anNC costs by arorder of magnitude under certain
circumstances; andupportsNASA partnerships with industryThe strategy of usin@PS andother
flight opportunities as loveost testbeds fonew technologieswill serve to lowerautonomous GNC
developmentcosts overall. NRMtechnology also modernizes and s@enlines operations while
reducing mission risk.

PRODUCTS:

Key products forFYO02 include: navigation mission design toofsototype software forground and
space operating environments; prototype softwareofdroard autonomous navigation integrated with
telecommunications; new opticanavigation sensorprototypes; and newsubsystems formetric
tracking. This Work Area is comprised of a set of coordinated tasks that enable enditaiemalogy
development. &chnology poducts are developed in amanner consistent withroadmaps and
architectures for tracking and navigation developmerGenerally, the process begins with the
development and test of algorithms and prototype software. New tracking sensors aensisacted

in the course of some of the tasks. Hardware and software elements are generally testedoiogy
testbedsstarting onground tedteds which simulate the missi@nvironment and leading thight
demonstration opportun@s. The next phase ®fRM technologydevelopment may includeroof-
of-concept testing for newnavigation approaches in newnission environments. System-level
feasibility demonstrations may be conducted, oramgain utilizing real space platforms where
available. @rrent customersand userswill include Starlight, TerrestrialPlanet Finder, ST-5, Mars
Projects, Europa missions, LISBpmet and asteroid issions, DSNNavigation SystenServices, Next
Generation Navigation Software Implementation, and MDS.

DESCRIPTION:



This Work Area is focused on the following evolving key needNASA/JPL deep spacexploration
missions:

Challenging new capabilities never before exercised. Thedaede higher precision and accuracy for
challenging targeted planetargxploration mission scenarios thatequire a greater degree of
navigation control than wasver possiblebefore. Thee scenarios includ@arrower corridors for
approachnavigation and entrydescent, andanding (EDL). To meet the same navigation accuracy
metric at outemplanetary bodydistances as has beeaquired for inner @netary bodies, greater

degree of angular accuracy must be achieved. Rather than determine where a spacecraft has landed on
a planetarybody after the fat, newmission profilesrequire thatthe spacecraft be navigated rizal-

time or close to real-time to a specific location on the surface. In roasgsthese capabilities are

driven by more demanding science goals and requirements.

Autonomous navigation in the vicinity of and on the surface of planetary bodies. The abditgdb

a spacecraft to a specifiodation, retrieve aample, and therind and rendezvous witlanother
orbiting vehicle requires a greater degree autonomy and coordinate@perations forfuture
missions. The greataromplexity ofthese missions also requires ticheaperand smallerspacecraft

be utilized. Such spacecraft cae more complicated to model amévigate. With multiple vehicle
operations and proximity coordinated aitids, a tighterintegration of navigation andelecom is
needed, especially for spacecraft-spacecraft and spacecraft-ground communications and tracking. This
in turn requires real-time navigation amkcision/control,particularly where bng intervals between
commanding and communicationcan markedly dcrease the scienceeturn fa rovers and/or
spacecraft with limitedifespans. Precisiofiormation flying and coordinatedhavigation of multiple
vehicles is also relevant for deep space missions, such as for interferometers on separated spacecraft.

Lowering risk. While simultaneously employg some of the aboveew capabilities, it isequired that
we develop new témologies that catower overall mission riskThis can be achieved by proving
the capability of additional, complimentary data types over traditional navigation observables.

Lowering costs. With infinite resources, most of the above new capabilities pmbdbly be realized.
However,unless cost savings cdie implemented, any of JPL/NASA’s ambitious plans texplore
the solar systemwill have to be puton hold. Lowering costs hrough properly applied new
technologies can beonsidered a keglement of the overall vision by whiatew capabilities can be
achieved in multiple areas simultaneously given the financial constraints that mastdramodated.
By lowering ogerational costs,additional resources can be freed up to contribute to developing new
capabilities andaking additional measure®wards lowering risk. \thout a significant advance in
onboard awinomy, navigatiorwill be too costly to permit ambitious ansimultaneousmissions to
multiple planetary targets. The entire mission cyelast be consideredncluding mission design,
cruise operations, ameuver planningapproachnavigation, and EDL. The first step is to develop the
new technologies, and the second stepoisimplement thenrobustly, safely,and in a manner that
requires minimal labor and DSN antenna time.

The Work Area technology for FY02 is divided into three key thrusts: navigation and miksign;
advanced tracking and GNC testbeds; and integrated sensors for navigation and telecofundssth
task is identified below in the Resource Requirements section as belonging to one of these thrusts.

The Navigation and Mission Design thrust includes five tasks. Théutonomous and Adaptive
Interplanetary Navigation task has a focus on use iohovativefiltering methods to enable vemght
(100m) landing requirements tie met. Tis year’s effort is a continuation dfYO1 activities on the
EDL navigation autonomous monitoringcomponent using the Hierarchical Mixture ofExperts
(HME) algorithm. The HME is a multilevel neural network ‘@xperts,” each with differentinternal
models that operate in parallel with each other. In our problem, theefeX are indvidual
trajectory filters withdifferent measurement and dynamic moddlse neural networlcontinuously
monitors these“experts” in realtime and“learns” which filter model best matchemeasurement
data. TheFYO02 effort will continue enhancinghe HME to handle more sophisticated mission
scenarios (i.e. such aetection of discreteevents like parachuteleploy and a greater range of
atmosphere modeling uncerta@s) and expandhe measurementypes that can be processed to
include on-board gyro dta and external radiometridata (e.g., from a Mars Network asset). The
Spacecraft Dynamics and Navigation in Unstable Environments and in Close Proximity to Small
Bodies task combinestwo research thrusts from previous yedamto a single,integrated proposal




spanning several diverse issues in spacecraft navigation and control. The first researchftouse

on closeproximity navigation and operations of a spacecraft inuoeity of a small solar system
body (such as aasteroid, comet, or iper belt object). Theecond research thrussivestigates the
effect of orbit instabilities andion-linearities on the orbiletermination andhavigation perfomance

of a spacecraft. Théderoassist Software for Mission Design and Navigation taskwill analyze the use

of atmospheric forcedo improve missionperformance andsignificantly reducemission cost. It
includes applicationssuch as aerobrakingdirect entry, descent, andlanding, aerocapture,
aeromaneuver, atmospheric guidance, aerograweigist, phnetary airbornevehicle (e.g. Mars
airplane), aerobots, hazard adance, precision landingylanetaryascent dynamics, and eantaturn
dynamics. Theobjective is to develop @eneral-purpose state-of-the-aaeroassisst progranthat
handles these applications in a user-friergllyironment. The proposed softwavél unify aercassisst
modeling for mission design and navigation for tHast time anywhere.Low-Thrust Spiraling
Trajectory Design Techniques will develop trajectory design techniques and algorithms to enable the
modeling, design and optimization tww-thrust spiraling trajectories neanassivebodies as a sub-
phase of an interplanetary trajectory. Existing techniguektools have onlg sinple, analytic model

for determining a crudesémate of the time and propelht required to capturs or escape from a
circular orbit around a planet. Current tools do allww any of the followhg essential eleemts of a
complete trajectory design to kmccomplished fortrajectories that inclde such spiraling phases:
(1) generationof a complete description othe spacecraft pathduring the spiraling phase;

(2) incorporation ofthe spiraling phase into and-to-end interanetary trajectory; and (3nd-to-

end trajectory optimization. Aroptical navigation sensotechnology task, Flight Design of an
Autonomous Optical Navigation System, will develop a preliminary but detaileight design of an
autonomous optal navigationsystem forfuture missions. The basic goal is wombine the optics,
detector, electronics and a local pointing device (a two axis gimbal) iloio enass (lesgshan 1.5kg),

low volume (20 cm x 20 cm 20 cm totalenvelope including gimbal motionlow power (few w#s)
system which could be easily bolted onto a wide range of spacecraft types and which could handle key
navigation functions for those projects. (As a comparison, star trackers have masses of 3 or more kg.)
The majority of this efforwill be directed towardhe detailed analysis arttie mechanical design of
the low mass (lesshan 0.5 kg) tw-axis gimbal,including a detailed layout with detailedesign
drawings using the known MUSES-CN motors and gears that have been baselined for the gimbal, and
stressand bearing analysisThe drawings are &undamental rachanical product needed for later
fabrication of parts and to insure that motors, gears and wires all fit together.

Advanced Tracking and GNC Testbeds includesthree tasksThe ST-5 Testbed for Mars Network
Proximity Navigation Technology task will exploit a unique opportunity presented llye ST-5
constellationmission toflight-test prototype onboard software modules and algorithms foradio-
based proxirty navigation. This will significantly reduce the risko the Mars Networkstemming
from flying to Mars a firstof a kind software thahasn't beenflight-tested. Thesoftwareincludes
algorithms and code forautonomousnavigation based on spacecraft to spacednafis; real time
spaceborne positioningf ground assetq"reverse”orbit determination);and real timeonboard orbit
determination based on ground fmase links. ST-5's radionetric measurementsdlude 1-way and
2-way Doppler, asvell as1-way and 2-wayphase and rangeAutonomous navigation capabilities
based on these measurements have never Heferedemonstratad flight, or implemented inflight
software, and hence are at low TRL of 3. Our godbisaise the TRL for these kegchnologies to 7
by developing thenecessary algorithmsand prototype flight software, and denonstrate their
performance in a relevant space environmént, onewheretruth is readilyavailable (via GPS). The
task for Smulation Testbed for Evaluation of Optical Correlator and Other Navigation Sensors will
implement andGN&C simulator that demotrates how the Mimiture OpticalCorrelator (MOC) can
be integrated into future missions and used operationally for EDL. In addition, we will develop metrics
for measuring theperformance ofthe MOC and measure theperformance ofthe breadboard
correlator in a closed-loop, integrated testbed with realistic GN&C. The tesibhatien beexpanded
to include other sensors to serveaawol for peforming similar, high-fidelity trade studies foEDL
and related mission phases. The analydlisinclude: representative or actu@N&C algaithms for
small body (Eros, comet) and planetary land{iMgars, Titan), acombinationof actual and snulated
terrain from entry hrough preparation for landing (down to rheter), hidp-fidelity spacecraft
dynamics (6DOF+), and sensor and actuator models for each scenario. The work area includes a task
that focuses on high precision tracking using the RBdUNd network, One-nrad DDOR and Error
Budget Determination. DDOR (delta-differential one-way range) is a interferometric (VLBI) dgfee
that is phnned foruse in thesequence of Mars igsions over the next ten years wasll as in other
missions such as Stastuand Deep ImpaciThe DDOR d#a provideextremely high accuracplane
of sky tracking measurements. Thekd#a areconsideredcritical for high precision targeting mission




scenarios asvell as for providing additional data to supplement conventional Doppler/range data for
navigation safety and resiliency. There are currently four rasasof concernregardingthe DDOR
measurement techniqueat ugently require research and developmenDBDOR accuacy is to be
improved from the current 5-10 nrad level to the 1 nrad level. 182Ffis taskwill focus on the top

two priorities, which aramprovement ofionosphericcalibrations, andmprovement ofthe planetary
frame tie.

The Integrated Sensors for Navigation and Telecom thrust in FY02 is comrised of theSoftware
Reconfigurable Transceiver task. This workwill extend theperformancetesting and dnctionality of
the softwarereconfigurable radi (SRR) prototype previously developed ifFYOl to mature the
technology tothe point where on-the-fly software reconfigurability for arepresentative set of
plausible spacecraft mission op@ras scenarios calpe demonstrated angerformancequantitatively
analyzed. The demo and technology will derstrate feasibility of rapid-prototyping rfaapid space-
qualified implementations of communicationsavigation, and science signplocessingfunctions
over and above the current state-of-the-practicdN#EA missions; showiability of creating along-
life communications infrastructurégsuch as for use in andround Mars) enabled byon-board
processomreconfiguration; anddemonstrate and measuperformance ofgreatly improved science
instrument and processing capabilities throoghorbit, science driveneconfiguration. Towards this
end, a second physical modulation wavefd¢imaddition tothe currently implemente@PSK) will be
demonstrated aswell as on-the-fly modulation switching and ogration of multi-channel
receive/transmit channels.

INTERDEPENDENCIES:

The Optical Correlator EDL Prototype expects to receiveignificant co-tinding inthe amount of
approximately three times the IP®ontribution from BMDO and NW8C. The cofunding will cover
the cost hardware and software development and test of the Miniature Optical Correlator.

The Aeroassist Trajectory Optimization effort expects to receive funding from DNP at a simiéuel
to IPN.

The In-Orbit Testbed for Mars Navigation depends onseveral flght experiments for flights of
opportunity to demonstrate the new technologies in a representative space environmeninclindse
SAC-C and ST-5. SAC-C carries a Blackjack GPS fliglteiver in which somof the newalgorithms
and prototype softwarwiill be denonstrated. ST-Wwill be used to demonstrate foation flying and
proximity telecom/navigation with multiplevehiclesin Earth orbit under characteristics that are
relevant for future Mars missienThis effortalso is utilizing real-time navigatiotechnologiesunder
development in thIST NASA program thawill be used for the first time in space. For the rover
portion of the testbed, othemprograms will be needed for refurbishment of the LEO-Jround
tracking system.

The DDOR technologytaskwill depend on da collection that iplanned under the apises of the
Mars exploration program and the DSN overload task in the IPN-IST directorate.

DELIVERABLES:

Delta-DOR neasurements of Mars '01 Odyssey and MGS with respebad¢&ground radio sources
(Q2), IPN Progress Report, including recommendations on improving tracking system accuracy (Q4).

Flight test of prototype on-board software modules and algorithms foradio-based proximity
navigation (Q2).

Integration of the Miniature Optical Correlator (MOC)into the DSENDS EDL gnulator (Q2),
performance evaluationeport on descent image traogi algorithms(Q4), demo showingjuantified
performance of MOC in an EDL simulation (Q4)



A preliminary structural analysis of a twaxis ginbal for anautonomous djpal navigation system
(Q2), followed by a preliminary design (Q3) and CAD drawings (Q4) for a flight system.

Evaluation report of candidat control strategies (Q2), lovthrust spiralingtrajectory design tool
including shadowing and other force models integratiti best performingcontrol strategies (@),
user guide (Q4)

An aerobraking module foMONTE, a Next @nerationNavigation Softwareproduct, withupdates
generated for the functional requirements and design document (Q4).

An enhanced prototypeeal-time autonomousnavigation algorithm ofuse during EDL and an
infusion plan to for transitioning the prototype simulation and analysis system into MONTE (Q4).

Demonstrate implementation second physial modulationwaveform (first waBPSK) (Q3) in the
software reconfigurable transceiver testbed. {choicewill depend on efficiency and SNR
characteristics}; deonstrate anddocument onthe fly modulation switching and multichannel
receive/transmit channels (versus current single, full duplex channel) (Q4)

Incorporatesmall body dynamic models int®SENDS (Q3);test/validateand deliverwritten report
documenting accomplishments and results (Q4).

RESOURCE REQUIREMENTS BY WORK UNIT

Proj # Task Number FY02 FY03 FY04 FY05 FY06
AEROASSIST S/W FOR MSN DESIGN & NAV 100713 70.200.34.5.1002 125
FLT DESIGN AUTO OPT NAV SYSTEM 100713 70.200.34.5.2002 175
CLOSE PROX NAV NEAR SM BODIES 100713 70.200.34.5.3001 100
ADAPTIVE INTERPLANETARY NAV 100713 70.200.34.5.3002 100
LOW THRUST SPIRAL MSN DESIGN 100713 70.200.34.5.4001 135
S/C NAV OPTICAL CORRELATOR 100713 70.200.33.5.1001 200
DDOR ERROR BUDGET DETERMINATION 100713 70.200.33.5.0001 150
IN-ORBIT TESTBED FOR MARS N/W 100713 70.200.33.5.0002 225
S/W RECONFIG. RADIO ADV DEV 100713 70.200.33.5.2001 165
TOTAL 1375 0 0 0 0

OTHER INFORMATION:

Please refer to the individual task plans for detailed information on partnering, infusion plans,
commercialization potential/plans, and reporting plans.



