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• Key assumptions 
• Optics 

– Receive  
– Transmit 

• Laser 
• Receiver 

– Detector 
– Data Recording 
– Data Analysis 

• Telescope Operations 
– Monitor and Control 

• Concept of Operations 
• Path to Operations 

– Schedule 
– Verification and Validation 

INTRODUCTION 

Project Management  
& Systems Engineering 
Abhijit Biswas 
Martin Regehr 

Optical Assembly:  
Tom Roberts 

Beacon Laser Assembly:  

Malcolm Wright 
Receiver Assembly:  
Kevin Birnbaum (Lead) 
Meera Srinivasan 
Michael Cheng, Kevin Quirk 
OCTL Telescope & Operations 
(Includes Monitor & Control):  
Joseph Kovalik 
Malcolm Wright (Laser safety) 
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KEY ASSUMPTIONS 

• 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/m2 

− Tracking Mode:  2.1 nW/m2 
• Uplink Irradiance @ 1567.95± 0.1 nm 

− Acquisition Mode:   3.6 nW/m2 

− Tracking Mode:  36 nW/m2 
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InGaAs (1550nm) IPD  RESULTS 

• 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 
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350 kHz offset 
250 Hz/sec drift between the TX and RX clocks 

In the presence of frequency offset and drift, the sample amplitude will vary 

• 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 PCIe 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.) 

DATA RECORDING 

• Signal parameters are estimated 
periodically during track 
– Valid frame flag (frame = block of 64 FAS 

periods) 
– Slot frequency 
– Ks, Kb 
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DATA PROCESSING 

De-interleaver Decoder 

Sample  
decisions 

Slot 
statistics 

Log-likelihood 
ratios 

Block 
parameter 
estimator 

channel 
estimates 

Storage 

one  
subchannel Monitor & 

Control 
Subassembly 

telemetry 
data 

FAS  
correlator 

Post-processing software 

Down 
Link 

(Mbps) 

Through 
Put 

(bps) 

Telemetry 
Channel 
(hours) 

155 100k 98 

78 83k 117 

39 75k 130 

• 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  

 Downlink clock  Offset Drift Values at 1.25 GHz  

Doppler ±7 ppm  ±7 ppb/sec  ±8.75 kHz, 8.75 Hz/sec 

Free-running VCSO ±280 ppm ±0.2 ppm/sec ±350 kHz, 250 Hz/sec 
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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 
– Laser  

LLOT 
Controller 

RMI 

Control Room 

PXI 

Cameralink 

Ethernet 

Ethernet 

OCTL QNX 
RMI Telescope 

Coudé Room 
ADC/DAC 

Detector 

InGaAs 
Camera 

Laser/Optics 
Controller 

Variable 
beam 
splitter 

FSM 

zoom Lasers 

Laser 
safety 
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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 
 Power received at LLST 
 Oscillator temperature on LLST 

MONITOR AND CONTROL: ARCHITECTURE 

Monitor and 
Control 

Receiver 
Assembly 

Laser/Optics 
Assembly 

Laser Safety 
System 

OCTL 
Telescope 
Assembly 

LLOT 
Controller 

ITOS Server 

Local 
Data 

ITOS 
Data 

LLOC 

NISN 
Connection 
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