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NASA has completed a preliminary study of the U.Slunar architecture. The space
transportation systems deliver crew Ares| launch vehicle andOrion crew vehicle) and cargo
(Ares V launch vehicle andAltair lander) to the Moon. A polar Outpost will be capalke of
sustaining four crewmembers for long duration habiation. Unpressurized and pressurized
rovers will enable the crew to construct the Outpdsand explore the Moon. Mining
equipment will extract and process resources fromuhar regolith. Scientific instruments will
be deployed to conduct scientific studies. Sortimissions can be conducted to any location
on the Moon for specific scientific research. Thipaper describes the Communications and
Navigation (C&N) system of this lunar architecture. Communications NASA’s Deep Space
Network (DSN) will be modified to meet new performace and interoperability
requirements. A small constellation of Lunar RelaySatellites (LRS) will be placed into orbits
with long term stability that provide periodic coverage of the entire surface of the Moon as
well as Low Lunar Orbit (LLO). Two LRSs provide periodic coverage of the entire Moon
for sortie support. Medium and high rate links will be provided between the LRS and Lunar
Communication Terminals (LCT) at the Outpost. Lunar surface communications will
leverage commercial network technologies running lernet Protocol (IP) for seamless
interplanetary communications based on an open, stalards-based architecture. S- and Ka-
bands are employed for both the Earth-Moon long hallinks and the lunar orbit-to-surface
links. S-, K- and Ka- bands are used for primary arface-to-surface links while S-band is
used for contingency voice channels. Standards wibe coordinated with other national
space agencies through the Consultative Committeeorf Space Data Systems (CCSDS)
international interoperability. A product line appr oach is used to provide common radios for
fixed, mobile, and crew spacesuit systems. Navigat: The DSN tracks space vehicles in
transit to and from the Moon and in lunar orbit as well as to surface assets on the near side.
The LRS constellation provides satellite-based trdéng and timing to lunar orbiting
vehicles, the Outpost, and rovers and crew performig sorties anywhere on the surface
including the far side. Due to the small quantity 6 lunar assets, a GPS-like solution for
position determination is inappropriate. Instead, a TRANSIT-like approach is adopted
which integrates satellite position over time relate to the tracked asset. LRS satellites and
surface LCTs contain compact atomic clocks to prode highly accurate time and position.
Standard tracking methods are used including 1- and2-way range and Doppler.
Autonomous Landing and Hazard Avoidance Technology(ALHAT) enables unaided
landings to be performed with 100m accuracy, for exmple, into a permanently shadowed
crater. LCTs and smaller surface beacons to enhanc&ccuracy to <10m at improved sites
like the Outpost.

I. Introduction
he Vision for Space Exploratigrproposed by President Bush in 2004 and authofize@ongress in 2005,
directs the National Aeronautics and Space Adnratistn (NASA) to accomplish the following goals:
* Return to the Moon no later than 2020
« Extend human presence across the solar systemegodd
* Implement a sustained and affordable human andicpmgram

! Sr. Space Communications Architect, Space Commatinits and Navigation Office, 7L70, AIAA Senior Mbar
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« Develop supporting innovative technologies, knogkedand infrastructures
* Promote international and commercial participatioaxploration

The Exploration Systems Architecture Sthidglected the space transportation approach. Bmisists of two
launch vehicles and two in-space systeArgs |is the partially reusable launch vehicle that ptathe crew into
Low Earth Orbit (LEO) in theOrion Crew Exploration Vehicle (CEV)Ares Vis the partially reusable launch
vehicle that places the Earth Departure Stage (ED8AIltair Lunar Lander into LEO for rendezvous witlrion.
The EDS propels the mat&tion/Altair stack to the Moon where they enter a Low LunaritQthh O) of 100 km.
Altair separates from®rion and descends to the lunar surfaceAlthir carries crew, upon completion of surface
operations, théltair Ascent Stage launches for a rendezvous Wition in LLO. Altair is jettisoned andrion
returns the crew to Earth. These systems are minvg lileveloped by the Constellation Program.

A second major study, termed the Lunar Architeciieam (LAT), was conducted in 2006-2007 to reconunen
the reference architecture for initial lunar suefaystems. Conducted in two phases, LAT Phaseulted in a
point-of-departure architecture directly traceatethe specific themes and objectives identifiedairseries of
workshops held with international space agencigsreésted commercial parties, and space advocawpsgyr The
team analyzed two approaches to human lunar exygorahortsortie missiongrior to any permanent outpost and
a second approach dubbealtpost first” LAT Phase 1 concluded that the “outpost firsgpeoach, coupled with
the flexibility to conduct lunar sorties, best aglsles the entire portfolio of strategic themescdjectives.

LAT Phase 2 refined LAT Phase 1 concepts, consilafeernative approaches, and examined the options
greater design detail. Table 1 summarizes thersixitecture approaches studied while Figure 1tilaies sample
configurations of the basic surface elements. @pfioretained the LAT Phase 1 point-of-departuréniggcture.
Options 2-4 looked at the range of habitation ce®i®©ption 2 explored smaller habitable elementievdption 3
explored a single, large habitable element andddptigave the habitat wheels making it a largesurézed rover.
Option 5 studied the strategy of flying the presmd rovers earlier in the outpost assembly sequéran the Phase
1 approach. Early in the Phase 2 analysis, therdidgas of having early pressurized rovers becanaggarent that
a decision was made to incorporate this featuie afitof the other options, thus eliminating theeddor a distinct
Option 5. While Options 1-5 employed conventionabfovoltaic solar power sources, Option 6 studieduse of a
fission reactor to supply larger amounts of powetependent of the lunar day/night cycle. To alldfedtive
comparison with the solar powered options, Optiartiized the architectures of Options 2 and 3 &tligng only
fission power for solar power.

Table 1. LAT Phase 2 Architecture Options Studied

Description/Distinguishing Characteristics

Option 1— A stationary polar outpost with a crew-assemblad-foodule habitat and solar powe

LAT Phase 1 generation. After an initial uncrewed mission,aHer missions include four crew.

Option 2— A modular habitat consisting of 5 mini-habitatsv&i enough transportation

Mini-Habitats performance, any element can be brought with the/cbut a significant portion of the
surface elements are also delivered on uncrewettan

Option 3— An outfitted, complete habitat element is deliveired single uncrewed cargo flight,

Monolithic Habitat | early in the campaign, simplifying surface openasio

Option 4— A fully functioning crew lander/habitat is ablettaverse the lunar surface. Employs a

Mobile Habitat modular, integrated design for simplicity of opéyas, flexibility and wide-ranging
capabilities.

Option 5—Early Provide long-range surface exploration as earlpgisally possible in the campaign.

Pressurized Rovers| Option 5 was cancelled as this capability was ipooated into all other Options.

Option 6— Includes variants of Options 2 and 3 that repladargpower units with a fission reactgr

Nuclear Power for continuous day/night, long term, primary outippswer generation. Two sub-
options included a fully shielded reactor left be surface and a buried reactor using
regolith shielding.
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Altair Lunar Lander
® Descent Stagaelivers Ascent Stage & Payload to surface

® Ascent Stagecarries crew back to Orion in Low Lunar Orbit
® Payload- all of the modules needed to build the Outpost

Habitat a-_-;.ii_m ~ Pressurized Rover
® Modular elements like Space il _/ ® Transports crew and
Station Nodes g‘rggg equipment

Surface Mobility Carrier

Solar Power Unit (SPU) «fﬁﬂ: ‘ ® Transports equipment or
® Photovoltaic power generation ~ .w""-' resources
and storage ® Chassis for Pressurized
Rover

= ® 10 KW day, 2 KW night
T

Makeup Power Unit (MPU)
wt ® Regenerative fuel cells (RFC) for power &
storage and management -
® Combines with an SPU to produce 6/

KW dayand night

In-Situ Resource Utilization
® Excavates, processes,
or transports regolith

Figure 1. Typical Modular Components of Lunar Surface Architecture (Option 1)
As an example, Figure 2 provides a synopsis ofadsmbly sequence for missions 1-9 of Option 2 fiith

mini-Habitats.

Crew Missions
Deploy &
assemble
elements;
Transfer
logistics;
Explore
outpost area

Add 4th & 5t
Solar Power
Units (not
shown)

Fiaure 2. Assembly Seauence for Option 2 Combinina Crew an@arao Missions
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The C&N architecture serves the needs of the cammplimitial Outpost as well as an arbitrary numbgsortie
locations anywhere on the Moon with communicatidrecking, and time services on a largely unschestii.e.,
on-demand) basis. Based on a number of criter&inginary site selection places the Outpost at @hnor south
polar location. The LAT study selected the rinStfackleton Crater at the South Pole for the refer@mchitecture.
Habitable elements connect to form one internabl dcea Network (LAN). A pair of Pressurized RovéRR) will
enable four crew to conduct two or four person &Xehicular Activities (EVA) requiring communicatie and
surface navigation. Excursions up to hundreds ieters are envisioned placing far greater neegrecise
surface navigation than was required on Apollovesa robotic Surface Mobility Carriers (SMC) mdg@be used
in cooperative operations with the crew. In-SiesBurce Utilization (ISRU) will require a combiratiof regolith
excavation using SMCs equipped with digging attaehis, regolith transportation using SMCs equippéith w
holding bins, regolith processing using small pesieg plants, and product (e.g., oxygen) transportausing
SMCs carrying tanks in order to replenish storageks. These robotic ISRU elements require contiswmmmand
and control as well as surface tracking either frigliission Control on Earth or from the crew on theface.
Crewed operations build up from initial 7 day stalysing early construction to 180 day stays with logistics,
communications, and navigation support.

At the Outpost and at sortie sites around the Mamence packages similar to the Apollo Lunar Smen
Experiment Packages (ALSEP) will be deployed. Smepackages may include any combination of instnime
including passive, solar powered during lunar dagtionly, solar powered during lunar daytime witlkefxalive
battery power during nighttime, or Radioisotope fhingelectric Generator (RTG) powered continuouslyyfears.
At the planned rate of two missions per year duthrgy2020s, this may result in building up a se5-&0 science
packages spread around the entire lunar surfaestablish a geophysical science network for seisthermal,
surface environment, and other measurements.

Apollo missions required complete planning of evatgsion detail prior to launch plus continuous ftanmg
by hundreds of experts throughout each flight. tBamous communications were maintained with thghtlisystems
and crew except on the far side in lunar orbit tigto the use of 12-15 Communications and TrackingT(C
stations geographically dispersed to maintain 3adians with continuous coverage. The next lunamegation
needs to allow the crew much more opportunity tdtdar own planning and to perform exploration acikntific
operations with limited oversight from Mission Cmiton Earth. Continuous Earth-based coveragedal-time
control is not required as we use the Moon to meefiar eventual human missions to Mars where liead-Earth-
based control will not be possible.

The LAT study concluded that none of the individoptions studied offered decisive advantages dweothers
although solar power was preferred over nuclear tdueost and risk. Consequently, the overall teaals to
identify the best features that emerged acrosgpéibns and generate a new option that integratesetfeatures into
an architecture that will be further studied in thext analysis cycle. Figure 3 shows this arrareggmvith one
habitat element being positioned for connectionnvio others by a SMC. Three medium sized habitamehts
carry their own solar power arrays, top-mountedrttaé radiators, and communications. The modules lxa
connected in flexible arrangements and one or mmdules can be relocated to new outpost sites &\5WC.
Consumable tanks are mounted low on the sideslaav akplenishment by ISRU-produced material or $esp
delivered from Earth. Small PRs provide the creamsportation in a shirt-sleeve environment wita #bility to
easily don EVA suits through a suit port rathemtha airlock preventing the lunar dust from beiragked inside.

This paper documents the results of the C&N elerétite LAT Phase 2 study. Section Il gives anraiesv of
the C&N Architecture. Section Il discusses cortsagf operation. Section IV addresses the spectriihe initial
traffic model built to size the system capacitydiscussed in Section V. Additional details on tHeSLand LCT
elements of the Lunar Network (LN) design are ceden Section VI. Several of the technology advameguired
to make the C&N architecture work are identifiedSaction VII. Preliminary studies always uncoveditidnal
work to be done which is discussed in Section VII.

II.  Communications and Navigation Architecture of the lunar Network

The lunar environment described above does noteaddhe desired international and commercial ppation
which will extend greatly the lunar capabilitiesdameed for communications in ways that have nohlsedied.
Thus, the communications environment will be dyraom both a short term basis as EVA crew operatioiesly
increase the number of nodes and traffic volume @mch long term basis as the Outpost is built ardnse
packages are deployed. The LN architecture deeeldp address the environment described abovesisdban
several fundamental tenets. The LN architecturstibe:
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Figure 3. Final LAT Architecture Synthesizing the Best Features of All Options

Functionally independerftom the architecture of other systems to prewentinuous design changes inherent
in tightly coupled systems;

Extensible and openo inserting new services, adding capacity, ingirga performance, inserting new
technology, and adding new partners;

Interoperablebased on the use of international spectrum amdiatds for fully collaborating and coordinating
operations, introducing new technologies and caitiabj and lowering the entry barrier for new jEpants;
Compatible with terrestrial communication infrastture to reduce risk and cost by providing seamless
communications from Earth to the Moon leveraging #mormous investments already made in existing
communication infrastructure inside and outsideN&SA as well as new investments being made in dloba
telecommunications technologies; and,

Robustin the face of anticipated and unanticipated faduby providing diverse communication paths and at

least two independent navigation data types in @siskion phase.

Initially, the LAT established one C&N groundrufé&n overhead C&N asset is required for the outposation
to provide roughly 8 hours coverage every 12 haxslusive of Line Of Sight (LOS) Direct To Earth TB)
availability from the surface, beginning with thesf mission. A backup capability shall also bevpded prior to
human return.” The rationale is that at the poit, $he communication availability for LOS DTEl&ss than 50%.
Therefore, it is necessary that one overhead assptovided to support human operations with a bpckSince 24
hour coverage is not required, even with a loss single asset, the mission can still be accomguisisince a
second backup still exists through periodic dilg®S to the Earth. Further, a stable, ellipticabZen” orbit exists
that provides excellent coverage for roughly 8@ut2 hours, which is adequate to support humamabjp@s. The
backup capability requirement was relaxed by nsisting that it be in place prior to human return.

The resulting reference C&N architecture consi$fear segments as shown in Figure 4:

» Lunar Relay Satellite (LRS)'he relay provides connectivity to lunar far sglestems such as tidtair lander
on sortie missions and remotely deployed scienckguges. It provides the principal link for the Past since
its polar location provides DTE capability typicall4 days per lunar month. It provides on-boaimtcpssing,
storage, and data routing using the Internet Pabt@i®). Since the LN cannot afford a Global Piosiing
System (GPS) sized constellation, LRS uses theoapprsuccessfully used by the Navymnsit system to
provide precise position determination to surfasersi when only one LRS is in view. In all of the T2A
options studied, one LRS is launched prior to &t fAltair landing to provide communications indlog
coverage of critical events such as Lunar Orbiefitisn (LOI) burn and navigation including descemd
landing assistance at the polar Outpost side. AdL2 frozen orbit (Figure 5) was selected to prev8chours of
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coverage per orbit with naV requirement for orbit maintenance and the fldikipito cover one or both
hemispheres driven by future selection of missjqes$ and sites.

eriodic coverage of Outpost &

talks to LRS or Direct To Eart

services

Common User Radios: F

Figure 4. Major Elements of Lunar C&N Architecture

on A:2 RS in same

ane 180° phased

. * Inclination=57.7°
\ * Perilune Argument=90°
.+ 12-Hour Orbits

W

LRST

(2018) | (2018)

Figure 5. Use of the Same Orbit Gives Flexibility to Cove©ne or Both Hemisphere

Lunar Communications Terminal (LCTAs part of the Outpost, the LCT has three prinfanctions:

e It acts as a communications relay literally ag ivere a “low flying LRS”. It multiplexes data frotanar
sources into a broadband signal up to the LRS dE BRen Earth is in view. It demultiplexes datanfro
Earth received either from the LRS or directly fr&arth and routes data to surface destinations.

» It also acts as the base station for the surfagel#gis LAN (WLAN) using a commercial standard sash
IEEE 802.16&" (although selection of a specific standard isreoommended until ~2012).

» The LCT provides the same tracking and time sesviacethe LRS.
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» User RadiosAdopting a commonality approach, all of the radised by other surface systems are based on a
family or product line of interoperable units. Tarbasic types with decreasing levels of capabdigyfixed
base radiodor large elements like the Habitatpbile user radiogor rovers, andeEVA radiosfor EVA suits.

» Earth-based Ground System (EBGShe ground system employs new and existing aatemperating from
existing DSN and Near Earth Network (NEN) groundtiens. The LRS satellites are managed by an LRS
Operations Center while the end-to-end LN is maddnge the LN Mission Operations Center (LMOC). The
term EBGS was used to abstract the architectutieedferrestrial stations away from the lunar agethiire.

A. Communications Architecture

Figure 6 captures the top level communicationsigecture in terms of number of channels, bandwidiin
spectrum used between the elements. The forwakddicapable of sending 100 Mbps to the LRS aG#z while
returning 250 Mbps at 37 GHz. The LRS in turn fards up to 100 Mbps to the LCT at 23 GHz or distels
smaller individual data streams of 1 Mbps at 23 Gtimedium rate users or 16 kbps at 2.1 GHz torkte users.
The LCT demultiplexes data and distributes it tia Ethernet LAN or 802.16 WLAN. The 802.16 protoaitows
a wide range of frequency choices in the 2.4-9.& Gihge. Since there is no interference in thiseerange at the
Moon, no determination was made about what poxdidhe range to use.

Lunar Surface Lunar Orblt Earth
Wireless
Users
Internal
802 16e
WLAN Users
2490 GHz Fiber optic LAN
1 @100 Mbps, 26 GHz R Relay Data
LCT
1 @ 100 Mbps, 23 GHz |, 1 @100 Mbps, 40 GHz
1 @250 Mbps, 37 GHz |
TTAC + Ranging Grou nd
1@100Mbps, 26 GHz | LRS 1@1Mbps,376Hz | N
’ .| Network
Ka band 2 @ 25 Mbps, 26 GHz | 7 @1 Mbps, 40 GHz "
Users 1@ 1Mbps, 23 GHz
Safing
1 @ 16 kbps, 22 GHz
S band & @160 kbps, 2.2 GHz 1 @16Kkbps, 21 Grz
| Users | @i6kbps,216Hz

Figure 6. Link Capacities and Spectrum Usage

On the return links, the LCT multiplexes telemetgjce, video, and science data into a 100 Mbgs tinthe
LRS at 26 GHz. (Figure 6 does not show the ughetame LCT forward and return links directly e EBGS.)
Ka-band users are also able to send up to 100 Mib@shigh rate channel at 26 GHz or two medium 2&t&bps
channels to the LRS. Low rate telemetry is seatSiband at 150 kbps. The LRS is able to receie disers
simultaneously. All of the return data is multipdel into a 250 Mbps high rate stream to the gratr&V GHz.

Surface systems typically contain more than oneraBor example, a rover uses both 802.16 WLANdioect
surface-to-surface communication to systems witl@$ while resorting to its Ka-band link to the LRS long-
range excursions. It also uses an S-band radindeigation. The EVA suit which uses 802.16 forddlits normal
operations has a contingency S-band voice-onlyttinthe LRS or to a 34m EBGS antenna. In-band canalimg
at Ka-band is used to control the LRS while S-bemaimanding is available for emergency use.

The LRS demodulates and decodes incoming dataseslIB routing to distribute data according toptatocol
stack shown in Figure 7. NASA Space Network (Sighaling is used at the physical layer in accoréanith the
Space Network Users Guide (SNU@®)odified to accept Low Density Parity Check (LDR&)or correcting code.
The CCSDS Advance Orbiting Systems (AOS) protos@roposed at the link layer in combination witlghtievel
Data Link Control (HDLC). The protocol stack udegL RS is the same as the interface that will bedusyOrion
to NASA'’s Tracking and Data Relay Satellite Syst@®RSS) in LEO enablin@rion to use one radio all the way
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from Earth to the Moon. This protocol stack isidefl in the Constellation Program’s Command, Cdntro
Communication, and Information (C3l) Interoperapibtandards Bodk

B. Navigation Architecture
In developing a lunar navigation architecture taetommodates mission phases including trans-lunase;
lunar orbital and surface operations, and retuBadh, the following goals were established:
» All mission phases should be serviced by an integraet of navigation methods.
» Navigation sensors are reused in all mission phasé®n all vehicles.
* The navigation system integrates multiple sensaralf phases (e.g., cruise, landing, and roving).
» The navigation system is fault tolerant with assldeo independent measurement types per mission phase.

LRS
Ka-band 40137 GHz
P 22121 GHZ
HDLC Ka 2326 GHz
A0S -
SN (K-hand) T $2202.1 GHZ
C3! stack O Ka 23i25 GHz
ADS
802.16 SN (Kaband) Voice
External C31 stack /
Wireiess Rover st ‘ . /L’
LAN [BH (s hand) S2221 GHZ
2.49 GHz 7 - Contingency MﬁKa 23126 GHz
L - Voice W
. 802.16 MAC Orion
. 802.16 [IIY : iy
= Voice ‘:: HDLC
LCT" Fiber prime /o5 In situ Nav, ADS
*_optic 802.16 Stack I= 4 S-band SN (Ka-band)
. cable
A EVA €3 stack

L Ethernet
HDI.C: Irternal
Ethernet LAN

Habitat C3i stack
Figure 7. Lunar Network Protocols

Figure 8 illustrates the architecture as a functibmmission phase, navigation data type/instrumesmsl on-
board processing. In parallel to the on-board @ssing, there is a ground-based navigation procksy. to the
architecture is the ‘two independent navigation sme@ments in each mission phase’. These methalisd:
radiometric, inertial, and optical techniques. Ratktric data will be collected via a combinatiohEarth-based
tracking from the existing DSN (updated to suppbe lunar program) and a site at White Sands, Neaxido.
Augmenting the EBGS is radiometric tracking frone thN’s orbiting spacecraft and lunar surface teatsn
Complimentary to these RF-based measurements abemard cameras for taking pictures of near-fieltestal
objects/landmarks (such as the lunar craters)iveléd a star-filled background. The two data t/pee dissimilar
in that RF techniques measure line-of-sight quiastisuch as range and range-rate while the optcainiques
measure plane-of-sky quantities such as angularatpn of sited features. Each method is sufficte uniquely
solve for position and velocity using data spaceer dime, but together they yield a solution ttfetabust in the
presence of data outages or loss of observabilihe challenges to implementing such an approadhde:

* Insuring that Guidance, Navigation, and Control &N risks and associated technology needs are ssielie
early in the development cycle to establish angirseed approach;

e Maximizing multi-mission, multi-tasking and relidiby of GN&C systems;

e Minimizing redundancy of systems and techniquess,(iwith multiple methods to do a job, use the tra
shares equipment), while ensuring at least twopgaddent measurements for each mission phase;

e Ensuring that across lunar surface elements, aso@heonsistent, and shared GN&C system is impteete
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e Coordinating across technology and developmenteptsjto create the minimum system that is eas@éest t

integrate and does the maximum GN&C work for lusystems; and
» Using precursor lunar robotic missions for testingvalidate technology, mitigate risks, and contedst by

having similar GN&C for robotics and crewed elensent

If these challenges are addressed, the resulbwill cost-effective, robust navigation architecthet supports
lunar exploration and paves the way to developiMpes-forward exploration strategy.

1. Lunar Network Radiometric Tracking Service

The LN includes up to two LRSs in 12 hr ellipticiclined orbits around the Moon and two LCTs leckéat the
lunar outpost site near the landing zone. On é&tlasset, a radio transmits and receives S-barehdmpectrum
signals used for low data rate communications adibmetric tracking of lunar users. Each LN raldés a clock
and frequency source derived from an onboard atctoik that guarantees a spectrally pure signddliyig better
than 10" stability over a day. Fundamentally, this enalpissudo-noise sequence transmission that is symohso
with an established local LN time (also correlawith the Constellation-specified standard Earthelirmuch that
individual LN clocks differ in knowledge by no motkan 10 nanoseconds from each other. Such a itigpab
necessary to enable a usable 1-Way radiometriacegand provides for a precision 2-Way radiometdovice.

Navigation Function Legend // - e //T}:‘ Mission Phase Legend
d T A e A Earth DedarturefApproac
Diata Typesinstruments ( b T ~ L — andcreentry PP
. |giu + Gyros + (surface) e ) \@/ > !@ B Trans-Lutar Cruise, Lunar
ravinometry g2 Approach & Departure
. Stalr p?s:tlons . - Ayl llﬂ\ CLunar Oroit
» Celestial oject. sic an T D RPODU, TEI
Ian_dmarkl:_ucatlonc i_\_\___ ) E. Descenl Landing, Ascenl
* Activerandging (e.d. e B e F: Surface Operations
RADARILIDAR) = , e e

Onboard Processing
« Pasition andvelocity estrmaton

- Attty de esimation AT
* Onboard maneuver desian ;q -’

s Radiormelnelinks - ) e
m%\d' _

Vo

Figure 8. Lunar Navigation Architecture

The LN and user radios will be designed to enahteuttiple access radiometric tracking service facte user
that possesses the following design elements:

1. 2-Way signal path: A LN asset originates the fodMink. The user transponds the signal onto therne
link. The same LN asset collects the 2-Way radioim@teasurements and telemeters them back to #re us
on the forward link (and back to the Earth for ppsicessing).

2. 1-Way signal path: All of the LN assets origindtte forward links, and the user receives and tralo&s
signals from any LN asset in view. From these iswvlinks, the user collects 1-Way radiometric
measurements for its own navigation processing (@letneters back to the Earth for post-processing).

3. The LN radio supports transmission and receptiocoberently transponded signals, collects 2-Wagean
and tracks 2-Way phase for up to five users, semegldusly. This radio is referred to as lihetransceiver

4. The user radios support 2-Way coherent transporming selected single link with simultaneous ree@il/
1-Way signals from multiple LN assets. This implibat the user can simultaneously correlate, traicé
collectup to4 pairs (range and phase) of 1-Way radiometria ¢@hen four assets are in-view), and 1 pair
(range and phase) of 2-Way radiometric data (froma of the in-view assets). Note that the 2-Way dat
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combined with the 1-Way data from the selected Idde& can be used to resolve the user’s clock and
frequency offset relative to the LN assets. Thioavill be referred to as thesertransponder/receiver
5. Ranging is via Pseudo-random Noise (PN) sequem@sstipports spread spectrum communications via
Code Division Multiple Access (CDMA).
Coherent carrier phase tracking is via suppresagitc on the spread signal.
Each link involves only 2 elements — user and nétvesset (orbiting relays or ground terminal). fEhis
no multi-leg transponding like TDRSS.

8. Near real time processing of the tracking datansbéed via each LN asset continuously broadcasting
low-rate navigation message containing LN asse¢ehides, locations, clock models, and other aill
data required to process the radiometric tracking.

The above signal design model is one implementatianh provides four distinct LOS radiometric daypds
including 1-Way average Doppler and (pseudo) raamgk2-Way average Doppler and range.

2. Optical Navigation System Architecture

Passive optical navigation is available in all nuesphases to augment radio-based navigation yigldirobust
fault tolerant system (Figure 9). The Constellati®rogram is required to “get the crew home” when
communications links are down. A system-wide sgkh as Coronal Mass Ejection (CME) is being caneid as a
credible hazard that could cause interference pteng the radiometric-based navigation system frworking.
The need for a radio-free navigation system on-dbafirConstellation Program space elements implias

» Orion requires complete internal navigation capabildydll mission phases.

» Altair requires a self-contained capability for ascet i@@mdezvous.

e Surface mobile systems need to be able to deterthigie location relative with sufficient accuraoy t
return to base safely without mission support.

No

Imaaes of satellites

for Earth-approach nav

7 = Images of lunar
Rd landmarks for lunar-

approach nav
Imaages of Qrion

SoTs L A images of lunar surface for
forRPODUNEY |20 ding & Hazard avoidance

Figure 9. Optical Navigation System Architecture

The overall optical navigation system spans a spdidastruments and software that overlaps the sedda
generalized GN&C system. This consists of theofeihg components:
 Narrow angle precision camera (used for long raogtcal navigation, surface survey, and precision
surface navigation)
e Wide angle camera (for star tracking; Rendezvousximity Operations, Docking and Undocking
(RPODU); landing; and low precision surface navimat
« Onboard navigation position, velocity (attitudejimstor (to also incorporate radiometrics or lidar)
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e Onboard maneuver planner and estimator

» Gimbal (to make the imager much more effectivewilhg dual optical navigation/tracker use)

e Dedicated GN&C processor

» Landmark model and tracking software system (fahlanar surface and orbiting vehicles)

* Autonomy technology focusing on autonomous fauledton, isolation, and recovery.

The technologies for these components exist andlight proven. A challenge is to integrate th@sgruments
in a stand-alone package that is deployable onipieiklements from rovers to landers.

lll.  Concepts of Operation

Providing communication services to the user ingsl¥arth based, lunar orbiting, and lunar surféements.
Various considerations play into the partitionirffighee communication services along these lines.

During cruise to the moon, the link is through antes at DSN sites which will maintain LOS to thénicée.
However, once the vehicle attains lunar orbit, theon itself provides a periodic obstruction to L@SEarth.
Descent operations are initiated on the far sidd@imoon. Other assets are required to close thegse

Users on the surface will have Earth LOS coverageedding on their location. Missions to the halitazone
around the South Pole will be blocked for roughdydays out of every 28 due to the orientation ef rtioon with
respect to the Earth. In addition, the surfaceaterof the area around the South Pole is not welligh known, but
likely will introduce additional impediments. Useaway from the poles and on the near side of thenmall have
better DTE coverage, maximally at the equator. dgm@rations on the far side of the moon, such asetésor for
science instruments left in that location, DTE camication will not be available.

The use of a lunar relay is dictated by the needetwice the South Pole for longer than 14 daythtbn
periods, expected terrain blockages, far sidecafibperations (RPODU) and far side science orrsiauos. From a
navigation standpoint, there is a requirement W surface navigation without employing a large GIRS-
constellation. To limit the number of ground staiand get the same performance also requirea rel

On the lunar surface, the LCT provides local comications over an 802.16 mesh network (or equivalent
within a certain zone around the Outpost LCT. Tl&TLhas limited LOS to Earth, so it uses the LRS mwiie
communicates back to Earth. When outside this zaneyer can act as a relay to the LRS for the Evé&w. The
result is that the operations concept for usered@p on where they are located. Within the LCT caye region,
the user employs the LCT to communicate to othefasa users and to Earth. Outside the LCT regibe, user
interfaces with the LRS to communicate to othefaxr users or to Earth.

For an approachin@rion (except for navigation considerations discussest)land in orbit, DTE is used. DTE
can also be used by the users, including the L@T jdblimited in coverage unless they are on ther rsde with
DTE service. Figure 10 shows the LRS service z¢ge=en low rate and blue high rate) superimposethe LCT
service zone. These zones are displayed as coiwceintles. The LRS zones can be moved indepehdehthe
LCT zone by pointing the dual S/Ka-band LRS antenna

Users talk to the LCT when within the LOS rangeuawd the Outpost. The LCT service zone is a fixegiomre
around the LCT with a radius of ~6 km based on L&¥8r a smooth moon surface. Within this zone, theru
receives continuous communications coverage oveAMlinks. The effects of a real moon surface terraiill
likely reduce this LOS range. In addition, if theeu is behind an obstruction within the zone, thllink to the
LRS using an S-band or Ka-band radio. Surface aitsrike EVA suits communicate to the LCT to sawavpr.
The LCT routes surface-surface data by WLAN ancediconnections, such as the fiber optic connedtiothe
habitat. It routes surface-Earth data using LRS/@anB®TE, when available, at Ka-band. Radiometriacking
services are provided at S-band for orbiting andileg users, and for surface navigation by surédements.

The zones are co-centered so that the Ka zone silfafly within the S-band zone. Intra-zone commaiian is
accomplished using S-band or Ka-band radios thrdhghrelay. Five S-band users and four Ka-bandsusan
simultaneously use this LRS centered network. $aridements, like EVA suits and rovers, communitateRS
through S-band (low-medium rate data) or Ka-bandhigher data rates. For robotic ISRU rovers nbarlSRU
fixed based processing plant, their data will Hayed by the ISRU processing plant back to the lo€1o the LRS
depending on the location of the ISRU.

Normal EVA operation is that data to/from the astats’ radios are relayed initially from/to the L®T the
rover. When excursions leave the LCT zone, astrisneonducting EVAs will have their data relayetbtigh the
rover to other astronauts in the vicinity, or thgbuthe rover to LRS or Earth as shown in FigureFxtdm there the
data will be relayed to Mission Control or backhe surface of the Moon to communicate with otlstraamauts.
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LRS:

* Routes incoming
data to Earth or to
Lunar Surface

« Distributes \
commands from
earth to lunar
surface

¢ Users with LOS to LCT communicate through LCT
« Traffic may be routed to other LOS users in service area
or LRS
« Users without LOS to LCT automatically route traffi G
through LRS
* Use back-up S-band link with max data rate of 150 k  bps
* Relay high rate Ka-band Link — 3 simultaneous links
« 2 links for Hab & LCT; 1 link for high rate rover o r
science
* Relay low rate S-band link — 5 simultaneous links
« 5 links available for NAV, blocked users in LCT ser  vice
area, or users beyond LCT Service Area

\

o O

Rover O O

O/ transmitting Rover
* high rate transmitting

data to Eafth |oy rate

or habit data to Earth
or habitat

Frequency Plan
High Data Rate Service Area

/ 40/37 Ka
Ka-Band, 30 km radius aro — 23/26Ka
S-band
Low Data Rate Service Area = = S (Backup)
S-Band, 250 km radius around SP 802.16
Figure 10. User Service Zones

EBGS * Qutside LCT zone (no LOS to LCT) primary path is through LRS directing
: SfKa spot to users

+ LCT uses DTE link If DTE Is avallable (glternate path)
+ EVA outside LCT zone uses rover as local router which in turn uses LRS
« Relay high rate Ka-band Link supported with 3 simultaneous links
« Relay low rate S-band link supported with 5 simultaneous links

Inter-Zone Communication
Rover & crew on excursion talk to Outpost through:
+ Store and forward through LCT or LRS
» Outpest-LCT-DTE-LRS - Rover path

LRS 7one
LRS scheduled to track vehicles
during excursion outside of LCT ~ 1y
Zone

* Real-ime relay between 5:::rmitting
surface elements at low or high rate ]

high rate depending on their datato LRS |
separation from beam center ¥
* Real-ime relay toifrom Earth

High Data Rate Service Area
Ka-Band, 30km spot beam

HABITAT /
5 .
N No LOS
. e Lg//
LCT Zone

MNetwork Link Frequencies

LCT operates as a local router
: ggﬁﬁK&&RﬁiﬂﬁJE) + Realtime comm around Outpost

2326 Ka (LRS Hi Rate) Low rate, high rate, & LCT - Btoring data destined for Earth
4—p 2122 S (LRS Luw Rate) zones not to scale. - DTE to Earth when available

Figure 11. Coverage Zones for LRS and LCT when Rorg outside of LCT Zone
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Outside of the LCT range, or behind an obstructiitig the LRS is used. The LRS service zone is RB0In
radius for S-band and 30 km for Ka-band. The S-bemdi Ka-band zones represent the lunar surfaceverid
receives at least 8 hours of coverage by any paniecbeam from the satellite.

With one satellite, normally the LRS service zoméh be focused around the Outpost. However, theSLR
service zones are not fixed in location like theTLgbne. The location of the relay in orbit and guenting of the
antenna determine the location of the LRS zonessTie LRS zones can move to cover other aredsohbon to
track extended excursions, interface with remoiense packages, or track inbound and outbdDridn vehicles.

Users in the LCT service zone can still communidatether users within the LCT service zone throtiuh
LCT directly. Similarly, the users within the LR®rsice zones can communicate with users withinvergiRS
zone (S or Ka) through the LRS directly. Theseawz#tone communications links can be accomplishesuir the
local router (LRS or LCT).

Inter-zone communication begins at the LRS and k@iters. The (local) LCT or LRS stores the dataldter
forwarding to the recipient when the (remote) LGTLRS is in view. If the local router and recipidrave a view to
Earth simultaneously, then the link can be mada witew second delay through a DTE link.

EVA contingency communication is the hardest pdrthe communication system requirement to meet and
drives the LRS S-band link budget due to the lowgroavailable on the EVA suit. For the astrona&gA suits
the power allowed for transmission is limited bessaof exposure limits for humans. Also, there isess limitation
for the communication system such that both théasarwireless radio and the S-band radio must ifiimv that
mass limit. On the other hand, contingency commaitiga relayed through mobile units, such as rovsrstraight
forward.

IV. Spectrum Utilization

The C&N network involves multiple frequencies ararenunication techniques. The network designed under
LAT2 used the allocated frequencies from NASA exdep the surface to surface communication on theat
surface. The bandwidth of the communication chanaat the number of channels were designed tactrafidel
(see next section).

The C&N paths were used to form the communicatietwork: Earth to LRS, Earth to lunar surface, Eaoth
orbiting vehicle, LRS to lunar surface, orbitinghiee to lunar surface, and lunar surface to serf&om these
paths we assigned frequency bands and bandwidtkaftt path. Figures 11-13 give the frequency ugptage for
three different operational scenarios.

2.4t0 9.0 GHz /( 77777 Altair Lander

Vioon 80 Mbps }\ 8UZ.16 ﬁ Astronauts

25t0 15 watts

|Tx20mx 23 o, EEEE—
//
200 100 LR§2.OIRX 2.2 GHz
Mbps Mbps 16 150
kbps kbps
100
Mbps Mbps

ﬁ Tx 40/Rx 37 GHz Earth Tx 2.0/Rx 2.2 GHz

Figure 12. LAT Spectrum Plan: Normal operations araind the habitat zone

The LRS was designed to look like an Earth grownchinal from the surface of the Moon, except forewtan
astronaut is walking without a rover outside of tiabitat zone. The concept is that the lunar ugmrldvhave the
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same communication capability whether they werernamicating directly to Earth or via LRS. To miniraizost,
current Earth assets and assets being developdhieftuwunar Reconnaissance Orbiter (LRO) were uBk@. choice

put limitations on some of the links but allowedhcentration on the overall C&N architecture thatudonot have
been possible if different size Earth facilitiesrevén the trade space.

< TN Rover
2.4t09.0GHz .
: Aftair Lander
Moon a0 MbpS ( 802.16 . A -t t
.25 ta 15 watts ("‘“ k stronauts

ISRU

Tx 26/Rx 23 GHz

200 100
Mbps Mbps

Figure 13. LAT Spectrum Plan: Landing of Altair

T 2.0/Rx 2.2 GHz

2.4to 9.0 GHz
80 wibps
.25 to 15 watts

1 Mbps Mbps LRS

16 Hbps 2.4kbps

Earth Tx 2.0/Rx 2.2 GHz
34 m antenna

Figure 14. LAT Spectrum Plan: Astronaut on EVA outsde of Habitat walking back
1. EBGS

The Earth antennas were chosen to be 18 meterdivwghtbe same as for LRS and LRO. The frequencyldan
were S-band to and froiltair, Orion, LRS, and the lunar surface; Ka-band (23/26 GHAard fromAltair and the
lunar surface; and upper Ka-band (Q-band or 37/M@)Go LRS.
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The S-band communication and navigation is compheath SN (TDRSS) protocol. The protocol is limitéal
150 kbps using PN coding. This choice was madelltavawo-way and Doppler ranging for navigation ngpi
current navigation methods.

The Earth terminal transmits 100 Mbps of data fodaa the lunar surface @dvtair at 23 GHz and receives 250
Mbps return from the lunar surface at 26 GHz. Th@ Rbps is divided into 4 data channels: two 100psb
channels and two 25 Mbps channels. This channigizatlows flexibility in designing missions. Oné the two
100 Mbps channels allows a high rate data commtioicavith the Altair while it is landing. After landing, this
channel can be used to support the Outpost. Tlex @00 Mbps channel is allocated to the Outpostgixahen the
crew goes on extended excursions when the charum! lme switched between the Outpost and the rovaestwo
25 Mbps channels were sized to support remote eapdm of the lunar surface by robots, human ocadipovers,
or remote ISRU plant(s).

For communications via the LRS at the upper Ka-b@7d0 GHz), the Earth terminal would transmittad 00
Mbps forward to the LRS at 40 GHz and would receaipeto 250 Mbps at 37 GHz. The return link is agkn
channel since the LRS router bundles all Earth-dodata into one data stream. A small part of thedbais
allocated for navigation to allow 2-way ranging djppler measurements.

The protocols at Ka-band and upper Ka-band weredetérmined and were left open. The modulation and
encoding assumed in any link calculations were rassuto be Quadrature Phase Shift Keying (QPSK) for
modulation and Reed-Solomon with Viterbi code w&t&: for forward error correction (FEC).

2. LRS

The LRS primarily communicates to Earth and tolthwar surface; however, it can support communicatim
the Orion andAltair if needed. The LRS is not only a communicatioayedatellite; it also provides navigation data
to cislunar spacecraft and to surface roving. Alse,LRS along with the LCT provide the local luctock.

The LRS communicates with Earth at 37/40 GHz antl thie lunar surface at 23/26 GHz. The 23/26 GHrlba
is divided the same way as on Earth so that usetheMoon have the same performance as if they diegctly
back to Earth. The LRS uses the navigation sigimatee 37/40 GHz bands to determine its locatimmf Earth.
The LRS provides navigation data to other spactordfinar elements at S-band using the PN-chan8elsarating
the navigation signals in frequency between the dHagh, and LRS-lunar surface eliminates self-fiet@emnce.

3. Lunar Surface

The lunar surface is made up of many elementsrtbatl to communicate between themselves and Edwéh. T
initial approach attempted to use S-band with Sihéd and/or the high frequency (HF) band to supfmwtdata
rates and non-line-of-sight communication. Howevbg traffic model exceeded what either one metbodd
support. Consequently, only a high data rate sarfasurface network is employed. Two frequenegiese selected
for analysis: 2.4 GHz and 3.8 GHz.

The lunar surface network was broken up into a WL#N a dedicated wired LAN between the LCT and the
habitat. The wired LAN would be either an optidaklif the LCT was remote from the habitat and igo{power
from the habitat, or would be a typical EthernetTGAcable if integrated with the habitat. One WLAMocol that
seems to be able handle the needed data rate Frerrdffic model is 802.16e. It would need to havenesh
capability added to it to allow astronauts to cominate between each other when not in sight ofse Istation.
Because of the maximum data rates identified intthffic model (80+ Mbps), there may need to be tvase
stations with closely spaced channels. Communicataxes could be put on roving elements like robatsrovers.
These nodes were sized to support two astronadtsr high definition television (HDTV) camera. é&Jsmaller
fixed surface elements like ISRU plants and Landesald have mini-LCTs sized to support two HDTV nhals,
two astronauts, and telemetry.

V. Traffic Model

A simple traffic model was built by estimating tbeterministic, nominal data flows between all sesrand
destinations in the Earth-Moon network includingface to/from surface and Earth to/from surfaceetdliled
models based on specific scenarios or operatiooalesihave not been constructed yet. The traffideihesults
are summarized in Table 2.

The aggregate peak rate to and from Earth will obatween the LRS and the EBGS in the 37/40 GHzlban
The aggregate peak rate up to LRS and down from tdR8ive to the lunar surface will have to be apipoed
between the S-band and 26/23 GHz band links ocgubétween:

e LRS and LCT (when all surface elements are in siCT)
* LRS and LCT + mini-LCT + Mobile User Radios + EVAIiEContingency Communications
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The aggregate peak rate across the lunar surfatainseto the 802.16 capacity of the LCT when aliface
elements are in sight.

Based on the Aggregate Peak Rate from Earth of B@siMthe forward link to the LRS was sized at 106p#
providing 49% margin. Based on the worst casermettaffic (Aggregate Peak Rate Up to LRS from Luna
Surface) of 222 Mbps, the LRS return link was si2&@ Mbps providing 12% margin. The low margin the
return link is considered sufficient due to thelibito operationally constrain the large amountvideo data
included in the 222 Mbps estimate.

Table 2. LN Traffic Model Summary

Data Rates
i : (without explicit margin added)
D Appl I
escription pplicable System(s) Low Rate High Rate | Total Rate
(Mbps) (Mbps) (Mbps)

Aggregate Peak Rate to Earth LRS and EBGS 3.9 151{0 1549
Aggregate Peak Rate from Earth LRS and EBGS 11 0 66. 67.1
Aggregate Peak Rate Up to LRS LRS and LCT 6.4 216.0 222.4
from Lunar Surface
Aggregate Peak Rate Down from
LRS 1o Lunar Surface LRS and LCT 6.1 141.0 147.1
Aggregate Peak Rate Across Lunar LCT 8.7 143.0 151.7

Surface

VI. Element Design Concepts

The major elements of the LRS and LCT designs laoevs in Figure 15. The LRS is designed to be edenta
to an 18 meter diameter Earth terminal to the usarthe lunar surface. The 18 meter diameter diak @hosen
because that is the size of the new ground antané GHz that is being used for the LRO satellitee orbit that
was selected is a “frozen” orbit with a maximumgarof 9000 km from the lunar South Pole. A frozeitds an
orbit that meanders within an envelope but doesemutire thrust from the satellite to stay withiat envelope.

The LCT and the LRS communication systems at Kathvegre designed to be mirror images of each offtes.
LCT would transmit at 26 GHz and receive at 23 Gtfile the LRS would transmit at 23 GHz and receiv®6
GHz. Both of them would have store and forward bdjig, a high speed router, and an atomic clocke Btomic
clocks would be synchronized against each othprdwide a local time reference with extremely loriftd

At S-band the LCT and LRS would use complimentadias that adhere to the SN protocol.

Since there are no frequency allocations for sertacsurface communication, link analyses were ddno
frequencies: 2.4 GHz and 3.8 GHz. The frequen®.4fGHz was chosen as this is the unlicensed baatds used
for WiFi. The frequency of 3.8 GHz was chosen &s ithwithin the band for Geo-satellite to Eartll avas felt that
there would not be an issue of interference. lteisognized that other frequencies could be usedsould not
change the qualitative results of the study.

The LCT is designed to be a space gateway, a sutdasurface radio tower, a router, a time refezenod have
store and forward capabilities. The LCT can begrdaged into theAltair or Habitat elements or relocated to operate
as a stand-alone unit to take advantage of looaliteto extend the LCT’'s WLAN range.

The LCT link calculations assume Reed-Solomon/Yiteoding with rate %2 and QPSK and a bit error rate
(BER) of 10°. There is a 3 dB margin used in the link calcolagifrom the lunar surface to the LRS or Earth. The
surface to surface link calculations between thd lad other wireless users on the lunar surfacenaesghat the
other users are using an antenna with a 2 dB gaiitheer frequencies of 2.4 GHz or 3.8 GHz. Thé& lmargin used
is 30 dB assuming a spherical moon. The 30 db masgin place of surface to surface path loss agetfvas no
lunar surface terrain data available.

The protocol selected for analysis of the WLAN lirk 802.16e. This assumption was made to be able to
estimate the power and mass requirements for thie I@e study did not try to recommend a selectibVb AN
implementation. Two wireless base stations wereleg¢o meet the data rates identified in the taffodel.
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Figure 15. Key Features of LRS and LCT

A. LRS Communications Payload

The LRS Communications Payload is the collectioncofmmunications equipment, including Receivers,
Transmitters, Antennas and passive components, hwhaie configured to support a communication network
between the Earth and the Moon. The LRS S bandkantand Relay Antennas (both 1 meter diametercare
located on the bottom of the spacecraft deck wigiomts to the South Pole. This results in roughigutar
coverage zones around the South Pole. Figure d@des a block diagram of the LRS communicatiomgqzad.
The left hand portion of the diagram including #826 GHz Ka components, 2.1/2.2 GHz S-band commsneand
the on-board processing equipment (router, nawgaprocessor, Command and Data Handling, and Site
Recorder) are all common on the LCT.

B. User Radios
A common set of radios was designed to meet thésneé all other lunar surface elements. To minéniz

recurring unit cost, all radios use common techgpland components wherever possible. Three tyges defined
as part of a family or product line. Key charaistizs of the user radios are compared in Table 3.

» Fixed Base User Radidrhis radio is a power-efficient mini-LCT sizedrffive simultaneous users. It
supports operations remote from the LCT anywherghenMoon. For example, it could be used in an
ISRU plant in a crater, a nuclear power source rizehi hill, a PR used for long range sorties, a taobi
Lander, or a human-tended science experiment clusitereates a WLAN sub-node fully connectedtte t
LN providing Ka and S-band antennas to close liokihe LRS or Earth.

* Mobile User Radioln the normal mode when in line-of-sight of anT.Gr Fixed Base Radio, the Mobile
User Radio provides high rate data via 802.16e ections plus 2-way navigation using an omni S-band
antenna. In the self-sufficient mode for remoterapens, it provides Ka and S-band antennas fooeeR
to communicate via the LRS or Earth and forwarda fflam EVA crew members.

e EVA Suit Radio This radio is designed to meet challenging 1 kg 8.25 W transmit power limits. It
provides high rate 802.16e cell phone service th@h or Rover while the Rover provides navigatiam.
contingency walk-back scenarios, the suit radiopsuts a 2.4 kbps S-band contingency voice linkhi t
LRS as well as 2-way navigation.
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Figure 16. LRS Communications Payload Design
Table 3. User Radios: Key Features of the Productihe
Capability Fixed Base User Radio Mobile User Radio EVA Suit Radio

802.16 Wirelesqd Base station, 11.2 Mbps|taCell phone & 11.2 Mbps video inCell phone: 2 Mbps to LCT|
LAN on lunar LCT to create remote | Normal Mode; 2 Mbps from EVARover, or portable Fixed Bg
surface WLAN or back up LCT Suit in Self Sufficient Mode Radio in Normal Mode.

Ka/S band duall ,, ) Mbps Ka and 150 Kby

Folded up to protect from dust in N/A. Astronaut relies on

feed antenna fo : . ormal Mode; 9.5 Mbps Ka & 150 i

. S band in Self-Sufficien . . LCT, Rover, or portable

high rate data td kbps S band in Self Sufficient . .

Mode or to back up LCT| Fixed Base Radio.
LRS or Earth Mode

S band antenna 150 kbps navigation in| 150 kbps nav in Normal Mode| Contingency Mode: 8 kbp
9 Normal or Safe Modes| 19 kbps nav/voice in Safe Mode  voice & 2-way nav

1- way and 2-way trackin-way and 2-way tracking (DoppleRelies on Rover in Normal

Navigation | (Doppler & ranging) via $ and ranging) via S band in SN Mode. 2-way tracking in

band in SN protoc protoco Continaeicv Mode

Iz

VII. Technology

Some of the key decisions made in the trade stueatng to the reference C&N architecture wereeissed
with the degree of new technology to be incorpatat€oncepts utilized technology efforts curreritipded but
were not constrained to the funded set. Insteadi¢ébm identified functional capabilities neededhthieve the
objectives of NASA’s overarching Exploration Ardaditure that were defined in LAT Phase 1 and thentitied
technologies that would fit into a design concéyatt implements those objectives. The one realtm@ins is that
the selected technologies have to be able to réachnology Readiness Level (TRL} i the 2012-2013 time

2 TRL 6 is defined as demonstrating a system/subsyshodel or prototype in a relevant environmenoigd or
space).
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frame to be realistically capable of use in theigie®f the C&N systems. The technologies sele@ed the
roadmap for their development are shown in Figate The technologies used in the LN architectuctuihe:
» Navigation and Timing

« Lightweight Atomic ClockNeed a lightweight, liter-class 1®drift/day stable ion clock for synchronous
transmission of PN-sequences by multiple relaysgindnd stations (LRS and LCT). GPS-level accuracy
is key to supporting autonomous navigation andkirecand associated crew safety and surface mybilit

* Integrated C&N Software Defined Radio (SDR)/Transsre Need integrated C&N transceiver with
functions that are easily reprogrammable throudtwsme uploads that works in S, L, K, and Ka bands.

e Common Onboard GN&C SysterNeed a modular and interoperable navigation syste common
navigation technologies and software can be lewatagross platforms and missions infusing capagslit
into theAltair lander, surface mobility, EVA suits, & ISRU elent&n

e Advanced Optical NavigatiorNeed to provide autonomous and comm-link-independhavigation and
attitude estimation services using optical obsdesforOrion, Altair, surface rovers, and robotic orbiters.
The system should operate cooperatively with aoradiric-based navigation subsystem (dependent on
Earth, GPS and/or lunar relay links) or operatepahdently using celestial/optical observationg.onl

» Autonomous Landing and Hazard Avoidance TechnolagiHAT) Need autonomous landing and hazard
avoidance system including terrain relative navigathat operates in all lighting conditions indlugl a
permanently shadowed crater. Need 100m landingi@osaccuracy unaided ats3certainty and <10m
accuracy aided by LRS, surface beacons, or EBGSd9.5 meter hazard recognition and avoidance.

CN Technologies 2007 2008|2009 [2010(2011 2012 | 2013|2014 | 201520116 [2017 2018 | 2019 | 2020 2021 | 2022| 2023
LRS1 LRS2
LUNAR RELAY SATELLITES g LRS DDT&E| L LCTH LoT2 +
LUNAR SURFACE NETWORK — LCT DDTRE [3 +
] JserRadioDDTEE | 4 # ¢ # ¢ ¢4 ¢ ¢

Navigation and Timing

Lightweight Ato mic Clock B 'y
Integrated CN SDRITransceiver % il 4
Common Onhoard GMN&C System B i
Advanced Optical Navigation HHH

ALHAT Technology | | A
Advanced Networking | ‘ ‘ ‘ ‘

Delay Tolerant Networking H

DAMA and QoS ﬁ 4 .
High Performance Router [

Advanced Antennas |

Multi-beam High-gain Antenna | \

Optical Communications

|
Surface Communications
Surface Wireless Network (LCT) T A
Surface Network Radios 1 A
High Data Rate Modem \ 1 i
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Figure 17. Technology Advances Incorporated into LATC&N Architecture

e Advanced Networking
 Delay Tolerant Networking (DTN):Need a large number of space systems to autorihatica
intercommunicate using techniques (based on IPk&) broadly parallel those used in the terrestrial
Internet, but in a space communication large delayironment. Need techniques to bridge islands of
connectivity (i.e., lunar network and terrestriatwork).
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 Demand Assigned Multiple Access (DAMA) and Qualitgervice (QoS)Need QoS protocols to support
traffic prioritization and DAMA schemes to enablet@ discovery of the network load for self-managed,
autonomously reconfiguring networks.

* High Performance Routeieed to support multiple 100 Mbps network inteefto terminate high speed
RF links. Need to support processing/routing &-380 Mbps for proximity and backbone links.

Advanced Antennas:Need a lightweight two-beam S-/Ka-band (2 GHz/40z5High-Gain Antenna (HGA)

to enable communications with both a habitat amérseparated by 250 km distances via LRS.

Optical Communications: Need optical terminals for high bandwidth surfacesurface, surface-to-space, and

DTE links. Need to transmit up to 1 Gbps and rexdi® Mbps. Need photon counting detectors at 1ckom

wavelength, 2-way ranging with centimeter clasgigien, and clock synchronization.

Surface Communications

e Surface Wireless Netwarkleed to supportt6 simultaneous users with aggregate bandwidtlOd¥1Bps
at ranges of 6-10 km and data rates from 16 kb@DtMbps. Convert conventional IP stacks to SN and
C3lI stacks. Support time synchronization servicallt surface elements.

» Surface Network RadiodNeed IP-based radios to link surface elementsthmy for LOS applications.
Support surface mesh networking using 802.16-lik@qeols. User network radios need to have MAC
layer protocol support for both SN signaling atthigte Ka-band and 802.16 protocols on the lundacea
to the LRS. Radios need to support 1- and 2- wdiometric tracking.

e High Data Rate ModenNeed to provide throughput of 100 Mbps interfgcto SN signaling side using
QPSK and down-conversion to Intermediate Frequency.

Integrated Wireless Technology

 RFID DevelopmentNeed space qualified interrogator that reads Rt for inventory management and
also reads passive wireless sensors. Physicdaesfagation are very similar, so an SDR for intgetmr
should reduce cost and permit re-use. Need in¢eabjlity of spectrum with international and comuial
partners, as well as inventory management comntgriween multiple Constellation Program elements.

* Miniaturized EVA RadiosNeed a miniaturized lunar EVA suit radio thateigtates an 802.16e WLAN
radio and S-band voice/navigation radio. The EVA sadio must fit within a difficult-to-achieve two
pound weight limit for the radios, avionics, radiat protection and cooling. Need to provide two-way
navigation to enable relay of crew position baalotigh the voice channel. Need a new antenna system
combining the S-band and 802.16e dipole antenna&shveine comparable in wavelength.

VIIl. Future Work

While a tremendous amount of work was done in rha of the Exploration Architecture on the LATdstpuit
still represents a preliminary study with a vastoamt of additional work required to establish a diag
architecture that is technically feasible, afforgaib terms of NASA’s anticipated budget, prudenbalancing risk
with aggressiveness, and that achieves as manyeofl80+ specific objectives that were identified ting
stakeholders. A few of the most significant taitka need to be accomplished in the next yearviollo
e Commercial and International ParticipationLAT2 was not able to study potential commercialda

international participation resulting in an architee that does not meet thésion’'s goal to “Promote
international and commercial participation in exption”. A study will be performed in collaboratiavith

interested industrial and international entitiestdicit input and ideas for broader participatioBarriers and
enablers to private investment need to be idedtifith options to mitigate the barriers and implainthe

enablers. An analysis will determine which cafiééé need to be retained by NASA and which ccudddone
by other partners. Business case analysis is ne&mlddentify opportunities with sufficient ReturnnO
Investment to attract industrial commitment. Intgional agencies need to evaluate the benefifsoofing

their national investments with America’s to mulgithe overall gain.

e Cost While the cost of the lunar architecture wasmeated during LAT, no trades were performed drivgn b
cost. Candidate trades for C&N have been idedtified will be performed to consider alternate dectires
that reduce cost either with or without sacrificppgyformance.

e Spectrum AnalysisThe LAT study assumed the use of the spectrurhitecture recommended by earlier
studies” ®. Issues that remain include:

e Spectrum for contingency communications
» Radio Frequency Interference (RFI) including setéiference on the LRS and LCT
» LOS limitation for surface communication due to 0§&-band and realistic terrain
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e Sharing International Telecommunications Union Isamdlocated for space use with commercial and
international partners

e Scalability of C&N beyond the initial Outpost

» Definition of an integrated signal structure inammgting both communications and navigation.

» Commonalityand extensibility: Study commonality of avionics across all orbitingdasurface elements.
Analyze commonality approaches considering progratimmimplementation, cost, acquisition strategasd
risks. Assess the extensibility of the C&N Archtiee to Mars.

* Navigation:

» Study quantity and locations of EBGS sites, radimimedata quality, and extent of tracking needed.
Analyze navigation performance sensitivity on eoftit Earth/Moon geometry and arrival geometry.

* Analyze LN clock stability and define mechanismsdgnchronizing LN time with Earth time.

» Study passive and active surface navigation aidietermine the most cost effective mix.

* Networking: Continue to study standards and industry trendsabile ad hoc networking such as the IEEE
802.16 family, delay/disruption tolerant networkjrand implications of IPv6 including security. Benine
whether NASA has unique requirements in the lumairenment that necessitate investing in the deyvalkent
or modification of industry standards.
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