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1. Grasse Station ID7845 — Sciences

J
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Satellite Laser Ranging
(GNSS, Geodesy Satellites, Debris ...)

Lunar Laser Ranging
(Moon Reflectors + LRO)

Time Transfer by Laser Link
(T2L2, Chomptt, LRO, Hayabusa, ACES...)

Satellite — OGS LaserCom
(SOTA, OPALS, OSIRIS, NorSatTD...)

QuantumCom demonstration

Imaging / Astrometry
(Adaptive Optics, Intensity Interferometry)

T/F transfer by Fiber network

(T-Refimeve+ European TF transfer fiber network)
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Fundamental Physics

GGOS

&% Global Geodetic
=1 Observing System

ﬁltiﬁétW\»-;:_ = millimetric accuracy for global positioning

’ 14"

Reconnaissance
Orbiter

improve measurement sensitivity
at short time range (ms)

& perform laser ranging at two-color
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Y 1. Grasse Station ID7845 — Ranging Performance

= SLR at High rate (up to 100 kHz — MHz)

v 10 ps, 400 kHz laser pulse
v" High-speed SPAD (IR + Green 1MHz)
v" High-count rate event-timer (5MCps)
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= Laser ranging based on free-space laser communication (lasercom)

-------
Lasercom Satellite
Hear = 500 km = 20 000 km — millions km
Tx : 1549 nm, 0.57 MW/sr, Div = 223prad
Rx : 1590 nm, 10 — 200 pW/m?

Data rate = 10 Mbps — 10 Gbps

-

at MeO station, 1.54 m telescope Cassegr'af n

Uplink beacon beam : 10 W .
1590 nm, 100 MW/sr, Div = 300urad

Telecom signal at receiver: tens nW

100 nW @ 1529 — 1565 nm

10 Gbps

Laser Pulse rate : 5 GHz >> 400 kHz
Pulse width : 100 ps

Flexible Data format or modulation code

LI L
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e e MERFOCA, 06460 Caussols, FranceTAltitude = 1273m] 0

& multi-channels 850 nm, 1310 nm, band C

MetroCom
high-resolution
& high-accuracy
time/distance
measurement
from lasercom
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2. MetroCom — Measurement principle

AZUr
weas | Free Space | Phase Measurement Time-of-Flight-Measurement
USIng lasercom Slgnal, Qi sigmaerks ;g Eh ;".f | OOK 101010... debit = 10 Gbps ) | PRBS 1001011010... 10 Gbps >
Combining o s Rer [ L[ LFLF L1 i A e o o e B o R
Ph 10 Gb A =60 (Grp1 -2 MEAS [ [ L L L1/ e e (Tl e Tt
ase ( pS’ . mm) & - PRBS15 10 Ghps v@ @
SFP2 Meas. ol ( 5 ) | Demodulated + Filtered | [ Synchronization pic generation >
Time-of-Flight (10 Gbps) . g E = RN | = —{HH-HOE- U
> absolute, resolution ~ 10 mm || /[Tt gl | = 1wV — 3
® | @ PhaseMeter Event Timer
| .[ PLL1 | lg.DO Gbpg é u>-| - - -
. L ) I | RF 5.00 GHz Ref. ) 2>Phase difference =>Time tagging stop-start
> 2 H|gh Sens|t|v|ty + absolute T * AP = (Pmeas. — Prey.) At = [tstare — tstop]
distance measurement , , n '
Optical/Electrical ) Telecom module Relative distance Absolute distance
@ High-speed Switch 2EP1) optical source ‘
otodiode A(P .\‘-‘
L) Rroedvishee P Talecom detector 2xAd = debit/2 ¥ 7 | l 2xdiay = At X5
BS gg;ma&l,plitter {s] ESISﬁtt:I:ra ! >Amp|ifier ®Mixer \ & / \ @.
High sensitivity absolute distance
. . deo 1 A _ c
The core material, STC221 +301 developed by SigmaWork, d=AX ﬂtTf‘ +5 X 2—:} | with A=
generates 10 Gbps signals for both measurements (phase and ToF) |
v Laser source for both measurement is telecom source SFP10G (COTS) :
_ Telecom signal generator + synchro
v' Data format + bit rate are programmable by FPGA with low phase noise, synchronized
v Time-of-Flight measurement is performed by the same instrument with external reference...
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2. MetroCom — Measurement principle

SigmaWork generators architecture + performance

Synthése PLL 1

AC/DC12V

AC/DC5V

- Fréquence de sortie : 50 MHz — 20 GHz

- Fréquence d’entrée : 5 — 1400 MHz

- Bruit de phase 15 GHz @ 100 kHz =-110 dBc/Hz
- Bruit intégré < 55 fs RMS

- Sensibilité thermique : < 0.2 ps /°C

- Dynamique PLL fractionnée : 32 bits

- Sortie PLL : 2 paires différentielles

- Référence externe synthese : Single ended
- Puissance de sortie optique : 0 dBm module SFP

- Longueur d’onde : module SFP sélectionné

TDov (fv)

—— Bit duration = 100 ps <—— ToF required accuracy

Time-of-Flight Synchronization sensitivity
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“C9 3. MetroCom — Calibration — system stability

/‘__ Indoor Calibration

iy
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<— CALIB channel Calibration is me_:asured every second, o15.from 30 us to 10%s,  \ _ Integration time ]
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e 3. MetroCom - Systematic Errors Sources

E.ﬁgﬁ—*f'-‘f‘f-s-'-’f’-‘-e . = Electrical cross-talk in demodulation system - cyclic error on Ag
- (— 64 dB REF > MEAS & — 71 dB MEAS - REF)
g ” By filtering low-amplitude signal, cyclic error < 60 fs (10 pm)
PRBS15 10 Gbps g 0.004 ‘
— N é | i— i :_\K\\\ i . —Ty
| o o 2 | E e ————————— - IiGO fs
2 | RF 5.02 GHz 3 E ej—‘- -0.002 ;"/ T T
10.00 Gbps 2l Y < 0.004 L Ay [mV] ]
RF 5.00 GHz Ref. (&) | — PP RCLP LR PRSP DS
= Amplitude to phase coupling: AAmp > A@ or AM/PM
Kyosemi detector, ASpot = Ag (Amp variation caused by atmospheric turbulence in free-space)
0 e e ks By measurement and correction, AMIPM < 30 fs (5 pm)
%0-02: | ¢ | . Phase VS. Amp 0002 é |
ﬁ‘m;f g-o.oz I ——Fitting Model || 0.001 | ;; ﬂ.
o) 3‘0-04' 1 § It !'ll'ﬁ ‘ ‘ ) a i
SigmaWork telecom detector R B R _Amp [mV] | P A Amp(myy | |
: T : , . : r r 0 50 100 150 200 250 300 350 400 450 0 50 100 150 200 250 300 350 400 450
15 .|—-67 um 52 um 36 um —21 ym —6 pm|-
_ 10r
g ol b+ v +45 fs = Telecom photodiode — Spot position to phase coupling: ASpot 2> A
g ol | | I (Phase changes when spot position move on PhD detection zone)
17 | | \ ; By de-focusing the spot size, ASpot 2> Ap < 45 fs (7 ym)
6 W W R B0 G R Al or by using mono-mode fiber coupling, ASpot > Ap = 0
Geoazur — MetroCom — Laser Ranging 1 R D
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L2 3. MetroCom — Implementation with MeO telescope

MEAS received by 1.5 m telescope

Turbulence monitor|<:3;GDlMM |
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s = = Absolute SR
RF 5.02 GHz v € E:ub =) | High-Resolution
= o ToF — PRBS - Raw Distance | I |1 1. "edl | GiiniiBelessstl 00 WS ool
10.00 Gbps _REF £ R EP| AbsoluteDistance | Y ———iw._=umAly | el Bl RS e e e .. RGO
RFSWGH l 08 s s 0000 rnsannanssacancacanacns iV
PRBS15 10 Gbps

Motorized ALTIMETRY PROFIL
Reflector

Test measurement sensitivity
(over turbulence + 2x2.5 km)

'3 Timing jitter measurement
lli -“"L\ (caused by atmospheric turbulence)

lmn—\u
Physic of Atmospheric turbulence effect
(theoretical model vs measurement)

Climate sensor

= Propagation-time variation at long term
(comparing with refraction index — T,H,P)
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3. MetroCom — Implementation with MeO telescope

Propagation time [ps]

20 T AVl T I
w5l | Timing Delay variation - 17.158973 ps | Propagatlon time i
30 mins
e——""""p
5r 10 ps &
ok /\'\,—n—\ g e -—-4"':'—“‘——”’\
5K \N i *’!’k b \'\ /‘/\
vy >
" ["MEAS - CALIB  CORR)
8 , 1 Dec,20, 2023
18:30 19:00 19:30 20:00

STC221

Ampli

TipTilt controller

PhaseMeter

Distant controllable mirror
+ meteo station

2.5 km calern station
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OO 4. MetroCom — Result & Discussions

T T u h
At short time range ms to seconds - Physic of turbulence modeling ' ‘“";39"*_'““"'““"-"-1-'*“’3"5' Propagation time _
S e & 10 mins _,, . —
5/3 e ‘ £ V'
0% = 26.31/c2 x C2Ly* L/2 £ A 10ps 4
0™ Neasured Timing data 8 L oA r _4 _
C2 (by GDIMM and SHWFS) from 0.5x107 15 up to 3x10~ 15 m™2/3 [ =it \ P ¥
03y | 10+ _
= or = 0.2 to 0.5 ps rms on the propagation delay when L, = 13 m 02 ;" | s | MEAS - CALB _ CORR] | i
18:30 19:00 19:30 20:00
GDIMM measurement — 50 m from MeO telescope 0 T et
[ Calibration efficiency ]
v angle-of—arrival (AA), [ === §TC221 measurement gt
v Fried t ol A === Comercial BERTester c}o"_{g,@
E> ried parameter r, ) _02E N ‘°;"°:,o'>° "
, v’ turbulence strength €3, N QK
v'and particularly outer scale L,. S 3 Po\ ' '@‘;
= 10713 580, Yo\ \ & $ 3
© e A Q |
. 5 Atmospheric Turbulence i
SHWFS measurement — on axis of lasercom beam < 1ms - 5 5 turbulence time scale
] ELF=1.92m dX =64 mm 10'14 //f
.I%* v'angle-of-arrival (AA),
= o I:> v Fried parameter r, [ Integration time [s] |
L-f“*"—~l* > v' turbulence strength €2 s N
Smena®  WaveFront g Parm 10° 10" 10° 102 10" 10® 10° 102 10° 10°

Meteorological (T,H,P at MeO & at 2.5 km) 2 refraction group-index variation at long time range 5 - 104 s

1 & c * 1.10%/°C: 1mm/km/°C
L =—x —+k)>< and Tl(ﬂ., t:p;xrpw) —1= K(A) ' D(t;p:x) — Pw °g(A) E> * 3.107/hPa: 300 um/km/hPa
2 2z nX fror ]
le cham _.:LIN= * 107 /10%RH : 100 um/km/(10%RH)
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4. MetroCom — Result & Discussions

At short time range ms to seconds - Physic of turbulence modeling

Turbulence strength C2n

Timing jitter over time, o varies from 150 — 450 fs rms

Dec 20, 2023
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Meteorological (T,H,P at MeO & at 2.5 km) > refraction group-index variation at long time range 5—-103%s
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4. MetroCom - Two-colors schema

Opt

850 nm

—E; ;
’ 3 CALIB

@ Opt‘
Opt
1560 nm
RF 5.02 GHz
LO
- ~— S
A 4
= 4 REF

RF 5.00 GHz

Free Space §|
A g
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+
Meas. 7 r .
zuﬁ::i o o ) I:>> Phase difference
T £ Relative Distance
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wn . .
o | @ o ToF — PRBS - Raw Distance
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Ref. o \ I-I;l ) |
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EATArON deteoEst %S Optical Beam Splitter

Optical/Electrical ) Telecom module (5,7 Phase-Lock-Loop > i : '[E] . .
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“91 5, MetroCom — Conclusion & Prospects

= Phase measurement sensitivity < 30 fs (1.5 ym) from 30 pys to 10000 s

= Time-of-Flight, PRBS synchronization sensitivity ~ 7 ps (10mm) at 0.2 s
= Implementation of a test-bench with telecom signal generator

= Error sources characterization & mitigation, < 60 fs

= Free-space test with MeO telescope on 2x2.5 km slant path

* Timing jitter caused by atmospheric turbulence: modeled & measured
at short and long time range

= Combining with ToF measurement on Free-Space
(with measurement & calibration process)

= Two-color measurement
(850 nm + 1565 nm or 1310 nm + 1565 nm)

= Monomode-fiber coupling, using Adaptive Optic
(to eliminate spot/phase coupling on detector)
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