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KEY ASSUMPTIONS
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Support 16-day demonstration (August 15-to-October 31, 2013)
Unmodified OCTL restricts minimum Sun-Earth-Probe (SEP) angle to 10°

Laser beacon based acquisition of LLST
— No uplink as used between LLGT and LLST
— Downlink with free-running LLST clock

Record downlink per LLCD ICD specifications
— Limited real-time channel and link diagnostics
— Post-processing of recorded waveform to extract code-words

Interfaced to Lunar Laser Operations Center (LLOC) in LL-MIT
— Limited real-time data exchange during operations

Downlink Irradiance @ 1550.12+0.1 nm
— Acquisition Mode: 0.17 nW/m?
— Tracking Mode: 2.1 nW/m?

Uplink Irradiance @ 1567.95+ 0.1 nm
— Acquisition Mode: 3.6 nW/m?
— Tracking Mode: 36 nW/m?
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LLOT OPTICS DESIGN OVERVIE

* 2 major separate subsystems
— Transmit system controls alignment and divergence of 6 beams
— Receive system sends light to acquisition camera and data detector(s)
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TRANSMIT SYSTEM
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RECEIVE SYSTEM

Commercial a7 Telescope /
asphere matches ( Focus
fiber NA ®
Variable
beam splitter
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Field stop of signal
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limit background Custom triplet lens
generates F/10 beam || Raman filters

block beacon
camera / at 1568 nm
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stabilizes

pointing on
LLST signal
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LASER SELECTION
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Several vendors surveyed:
« Based on link budget, requirements were:
P.,g = 10 W, A% < 0.05 nm line-width.
« Single vendor (Manlight) met requirements with some development
» Retired risk with procurement of prototype initially— 6 lasers in fabrication
» Directly modulated pump lasers in a master oscillator power amplifier design
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InGaAs (1550nm) IPD

RESULTS
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Voltage
New Focus Detector 1014

19

Desired <200ps jitter.
Measured ~500ps.
— Bad for 155Mbps link, OK for 39Mbps

Jitter distribution closer to exponential than
Gaussian

Output statistics of detector are severely
corrupted by after-pulsing

The performance and lifetime of new devices is

uncertain
— Only one tube is still functional

Number of counts
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WSi DETECTOR DEVELOPMENT

« WSi devices have demonstrated excellent

performance

— 8-pixel device met our detection efficiency
requirement
— using just 6 pixels.
— Large area enables easy and robust fiber coupling
— High yield of devices from each fabrication run
— Jitter <100ps, dark count rate negligible
— 4.2 nm Tungsten Silicide nanowires
— 2 sets of 6 interleaved wires
*HgCdTe linear mode APDs

—Have some devices in-hand but not tested. Incident photon et |
'PhOtomU|tip|iers (PMTS) ‘%i Photanabsomtion
—Hamamatsu QE is 2% quantum = —

+ Resistive state
formation

but can handpick 8%
—Potential problems with saturation/blocking effects at
our count rates
*Discrete Amplification Photon Detector (DAPD)
—Amplification Technologies
—Microchannel gain medium
—May have problems with after pulsing

—Low cost (<$5k)

+ Joule heating

+  Current shunted
into transmission
line

+ Self-resetting
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DATA RECORDING

« The LLOT Receiver Assembly samples, stores, and post-processes the Lunar Laser
Communications Demonstration (LLCD) downlink signal

— There are two PX 1500 digitizer cards in the Signatec signal acquisition system Stores the samples
on a redundant array of independent disks (RAID)

— Each PX1500 digitizer card can support a continuous 1.4 GB/s PCle transfer rate to the RAID. This is
equivalent to 1.4G samples/s at one byte per sample

— One card sampling at 1.24416 GHz can support 155 Mbps at 1 sample/slot
— The RAID can store 24TB or about 20 passes (where each pass is 15 minutes long.)
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1
! AC coupling

Data Capture & J !
1 to remove DC

Processing Subassembl

SD0-seri date gt | component” [ « Signal parameters are estimated
S| | reemen e E gl periodically during track
ottt T s T o Syjem — Valid frame flag (frame = block of 64 FAS
| samples periods)
outis H{—— 2 postpross v — Slot frequency
i | ~ Ks, Kb

PX1500-2
RAID CTRL;
SYNC1500-6

RATECT
PX1500-2

[l

PCle Bus |

1 I

24 Disks

?5;’99!7 b
SOV L

In the presence of frequency offset and drlft the sample amplltude will vary

Gigabit

Xenon
Processor

Ethernet Xenon

A R— 350 kHz offset |
250 Hz/seb drift between the TX and RX clocks I

Processor

Signatec Signal Acquisition System
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DATA PROCESSING

Jet Propulsion Laboratory
California Institute of Technology

* Multi-level sample decision thresholding
— Decision thresholds optimized for detector output pulse shape

* Interpolated log likelihood ratio with detector jitter compensation
— Pulse jitter spreads signal intensity over multiple slots
— Recovers ~2dB of loss due to timing jitter and 200 ps slot jitter

 Significant slot clock frequency offset and drift are expected
— Doppler offset and rate dominated by LLST free-running VCSO effects

— Slot frequency tracking algorithm makes block-based slot clock frequency and phase estimates

Down Through  Telemetry
Link Put Channel
(Mbps) (bps) (hours)
155 100k 98
78 83k 117
39 75Kk 130

Downlink clock Offset Drift Values at 1.25 GHz
Doppler 7 ppm +7 ppb/sec 1+8.75 kHz, 8.75 Hz/sec
Free-running VCSO +280 ppm 10.2 ppm/sec +350 kHz, 250 Hz/sec
[T —————————m - —————— — —
| ; Sample Slot ; Log-likelihood
Storage | decisions statistics ratios
|
| Block |
FAS I channel
I correlator par'f\meter estimates
| estimator
| Post-processing software one
- telemet P g
Monitor & I data i subchannel
Control < I —— Decoder | €——— De-interleaver
|

Subassembly
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LLOT CONTROL

« OCTL telescope controlled through RMI
— All commands to telescope pointing
— All readback from telescope
« Cascaded control loop with FSM and telescope

— InGaAs camera sensor
— Offset for look behind/point ahead added to FSM

« Laser/Optics controller commanded via LLOT controller

— Variable beam splitter
— Uplink zoom Control Room Laser
safety

— Laser

Telescope — ]

Coudé Room A—Hi Controller
zoom Lasers
ADC/DAC 7y

Laser/Optics |
4 r Controller |

Variable
beam
splitter

Ethernet

Detector

InGaAs
Camera
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MONITOR AND CONTROL: ARCHITECTURE NA
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Subsystems send and receive data to
LLOT Controller

— OCTL Telescope Assembly

— OCTL laser safety System

— Laser/Optics Assembly

— Receiver Assembly
Sub system computer control used
during sub system testing

— Communication to LLOT controller for
commands and data transfer during
operations

LLOT Controller interface to ITOS
server

— |ITOS server will communicate between
LLOC and LLOT

— LLOT Controller will relay information
from subsystems to ITOS server

— LLOT will relay information from ITOS to
subsystems
= Powerreceived at LLST
= Oscillator temperature on LLST

Laser Safety
System

Laser/Optics
Assembly

Receiver
Assembly

\ 4

OCTL
Telescope
Assembly

LLOT
Controller

Monitor and
Control

ITOS Server

A

NISN
Connection

Y

LLOC
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RSS’d Ephemeris + Blind-pointing
uncertainty 191 prad diameter

ACQUISITION
Beacon Irradiance
36 nW/m?

@ 1567.95+ 0.1 nm /
19-step step-stare scan with 5-s dwell time

110 prad uplink divergence
~ 100 s to search out 253-urad
uncertainty diameter

TRACKING
Beacon Irradiance
3.6 nW/m?
@ 1567.95£ 0.1 nm
Beam divergence 106 prad

ACQUISITION
Downlink Irradiance
0.17 nW/m?2
@ 1550.12£ 0.1 nm
OCTL Telescope OCTL tI‘aCkS on dOWﬂllnk
Narrows beacon divergence to 40urad
TRACKING
Irradiate with
2.1 nW/m?

@ 1550.12£ 0.1 nm
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VERIFICATION & VALIDATION
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Satellite retro test

Blind point to SLR satellites
Measure return as a function of offset pointing

1 km range test

Downlink: Track moving spot at opposite mountainside

Uplink: Image and measure transmitted spot at opposite
mountainside

Interface to MITLL Mission Operations Centre

Send emulated data between LLOT and LLOC

End to End Downlink N QFull Verification with
— Verify downlink transmission through LLOT filters LLST EDU modem
— Verify real-time diagnostics while recording data @ 155 Mb/s, 79 QJPL Test signal
Mb/s and 39 Mb/s generator and laser with
— Representative signal and background levels predicted during COTS parts and LLMIT
operations data file

End to End Uplink

Emulated atmospheric fades

QFull Verification with LLST Beacon

Verify uplink transmission through LLOT filters Receive Emulator Rack
Modulated output of beacon UMeasure uplink laser with standard

laboratory equipment

— Tuning of laser wavelength (to avoid interference effects) -
=Calibrated Laser Spectrum Analyzer

=Oscilloscope
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SCHEDULE
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2010 |

2011

| 2012

| 2013

| 2014

FY11

FY12

FY13

FY14

oNDlFmfamuu]al]s

oNlplUlFm]amfulu]a]s

olNplrFmlamufulals

oNpDu]Fm]a

Revr Laser & Operations
Arch. Optical Design . . Readiness LADEE
Review FeerReview Design Review Review Launch Close Out
Kickoff 1/23/2012 5/23/3012 9/18/2012 4/26/2012 8/15/2013 11/14/2013
Milestones X
G O
Receiver Complete
[PeerReview Joint Testing
7/20/3012 w/LL-MIT
3/31/2013
Mnthly
Mgmt. & Sys. Engr. Revews 46— 44— 4¢—0 000 GO0 OO OO OGO
Regmts& Verification &
Prelim Design Validation
Risk Management I '
Optlcal Assembly Design Assembly & Testing ?ézgi;rr;agtion&
Beacon Laser Assemb|y Test Prototype Laser Procure & Assy. Integrate & Test
Receiver Assembly
_—
Detectors Procure Test & Verify Integrate & Test
Processing Architect Test & Simulate Integrate & Test
OCTL Telescope & Maintain/Upgrade !\I_/Iasitrlltain/Support Maintain/Ops S/W Dev. Config. Cntrl Ops.
. esting
Operations
. C leted . o 2 "
Milestone }O P;:E%Z © Mnthly Mgmt Review }—g (F?erTr:g:ﬁg d Critical Path s Slack Delay
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