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7F" 1. MeO Optical Ground Station — Sciences EeL,-

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

LLLLL

X RENATER [EECY

Imaging / Astrometry
(Adaptive Optics, Intensity Interferometry)

U od 0O 0 0O O

T/F transfer by Fiber network

(T-Refimeve European fiber network)

Altitude =1273 m; 1.52m teléscdp@
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. 1. MeO Optical Ground Station — Ranging Performance Sy
SLUBIE Classic SLR system \ [300km — 380 000 km]
Ryl O Laser Pulserate : 5 Hz — 1 kHz Accuracy ~ 10 mm
Pulse width : 10 — 100 ps sensitivity ~ few mm

’ Power : several W Limited by
K" | O Detection : Single-Photon PhD

orbt Event Timer  Earth’s atmosphere model
c(tar —taey)] 9 Clock:100ns/UTC J Laser & detection system

2 Af/f <1014

. _ Calern Fundamental Geodetic Observatory
GGOS needs: millimetric accuracy

for global positioning

Grasse Station

MeO telescope
CATS e

. Calern Atmospheric
—__ Turbulence Station

Improve measurement sensitivity
at short time range (ms)

Permanent

Concrete geodetic

& perform laser ranging at two-color pillar GNSS receivers
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~ ¥¥" 1. MeO Optical Ground Station — Ranging Performance 59

=» SLR at High rate (up to 100 kHz — MHz)
v' 10 ps, 400 kHz laser pulse

v' High-speed SPAD

v' High-speed event-timer

————————— >
i 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 Cassegrain

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

Telecom signal at receiver: tens nW

100 nW @ 1529 — 1565 nm

= e, A palpl T - ,.‘: <o '—
i '&?&@SJQCA,06460&8'1’;5526_]@;FfameTAltitude:1273 mj.
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10 Gbps

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

Flexible Data format or modulation code
Uy [1

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

10 ps FWHM
100 W @ 400 kHz

MetroCom
high-resolution
& high-accuracy
time/distance
measurement
from lasercom
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1 2. MetroCom — Measurement principle o Ty
— weas___Free Space | Phase Measurement | | Time-of-Flight-Measurement |
USIng lasercom Slgnal, Qsigmaorks éi i | 00K 101010... debit = 10 Gbps | [PRBS 1001011010.. 10 Gbps
Combining e Porseee REF- [ ‘
Phase (10 Gbps, A = 60 mm) il
e PRBS15 10 Gbps
) Meas. ? 7 % 3 ' Demodulated + Filtered ;
Time-of-Flight (10 Gbps) §[E] =
- absolute, resolution ~ 10 mm | A==EdTwwss 9 | = O :
10.00 Gbps 20 MHz 2 g l[ PhaSEMEter ]l Event Tlmer
. L @ RF 5.00 GH: ret Q) (LD 2Phase difference 2Time tagging stop-start
=>High sensitivity + absolute | mmwm T A = (¢Meas. ~ Prer) At = [tstart = tstop
dIStance measurement Optical/Electrical Telecom module Relativiistance Abs°|u'tii5tance
@ Hi%h—speed Switch I optical source .
. C A ""‘,
(LD Rrecicsi omice Ml Telecom detector 2xAd = oo X o 2 X dyop = AL X~
.Bé' B Splitter '[E] e ’Amp"ﬁe’ @ Mixer 3 ; \ 3
High sensitivity absolute distance
: : dos| 1 Ag) | c
The core material, STC221+301 developed by SigmaWork, d=AX ﬂtTf| +5 X 2—:} | with A= etz

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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- T 2. MetroCom - Measurement principle CCo
SigmaWork generators architecture + performance

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

Out USO / Synthése PLL 1
‘ - - . . - - -
Sl maWO I'kS Time-of-Flight Synchronization sensitivity
g 10000 | —10 ps ———— ———rrr —_— —————
AC/DC12V be 4 — — : ) — _7 | ; ; | | —— | | ; | .
AC/oCs v @ ‘ ’ i ! |- | I :‘,._,woooof
I s i, 3
e T 1_ps_ s o t 100 =
1 e 1 e 1 s 1
ToFsensitivity - 7psat0.2s oo L,
| 1lpsatl0s r

Fréquence de sortie : 50 MHz — 20 GHz e ; g 155D
Fréquence d’entrée : 5 — 1400 MHz |  foa0
Bruit de phase 15 GHz @ 100 kHz = -110 dBc/Hz I ! 30fs 11000 ToF 1U
Bruit intégré < 55 fs RMS g il [Tl =t=FHrmt paef e AT Il ]{100 i
Sensibilité thermique : < 0.2 ps /°C g " 1., 5

= » 4 Q
Dynamique PLL fractionnée :32 bits ey 4 =

. 1
Sortie PLL : 2 paires différentielles 3x10-16 2 i Phase 3U
Référence externe synthese : Single ended Generator stabi | |t < 30 fs g
Puissance de sortie optique : 0 dBm module SFP 0100(;1 0001 oo - y1 v 1300 01
Longueur d’onde : module SFP sélectionné Tau (3)
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7 2. MetroCom — Calibration performance e

o

..E&| Indoor Calibration

¥
[ el |

STC221
10 Gbps BS Mirror
@ Opt 1550 nm PRBS15 10 Gbps
(sFP2] > T o | Phase difference | i
1} % GE) |:>:> Relative Distance Absolut Ampll
. s iy solute
(PLL2 f—i3hes 10 % = = | High-Resolution TIpTI't
P < ToF —PRBS S Raw Distance controller
@ 1£'(:2f(';’7:’5 BEE I s = @ Absolute Distance
(REF 10 MHz] PRBS15 10 Gbps — PhaseM Eter
(S pieafmeci, (0D Sossomameie  (EILE) BRdnei e PIRRRSICISER) G 40 S
| _ . 1072 | [ After CALIB subtraction Without calib
: With room temperature fluctuation of 3 °C = Raw MEASurement driftior b
Opt. Switch ————————————— soor ‘ ‘ . B — 1/sgrt(tau) P
cauB|T— % 600l | calib g \
WOms o li)ms 2000 ms li)nls w40077:‘:ﬂ;ars M M ‘%10.13 100 fs or 15 pm "
S i . — = 200f = :
\ MEAS \ % 0 A . E
N L 2200 R o ]
Data ’I‘r'cmsferT T ? T :22: : % 1[)'14 10 fS or 1 5 pm ]
v MEAS channel ! : : : : : ; - :
| | ‘ 11:00 12:00 13:00 14:00 15:00 16:00
uq-LLl‘[mimu*ulirlklrylfl‘w,W ﬂngwJ'ﬂHNWJ’*\'\M f }; w L}JI"IM j’llfwhr'ww"q} q[b‘ﬂdm Time [TU] : \Qllltl': Cc <a|:;t()) f
_ _ _ stanility S 1
< CALIB channel Calibration is measured every second, o5 Hram 30 us t0.10% s, ..\ .., Integration time[s]

during 10 ms 10° 10* 10% 102 10" 10° 10" 102 10®  10*
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2. MetroCom — Systematic Errors Sources

Opt 1560 hm

Free Space

MEAS
E ﬁ ----------
CALIB

10 Gbps

BS
IEAS PRBS15 10 Gbps

Meas. 1
20MH: | @ [}

el
ol | E
10.04 Gbps 2 =
2 ||RF 5.02 GHz ()] )
1] =
© (7]
10.00 Ghps i >
RF 5.00 GHz Ref. o \ ":'

PRBS15 10 Gbps

Kyosemi detector, ASpot = A

Scan x 4-15um : phd APD |

Mw

. Ampt ]

SigmaWork telecom detector

phase [rad]
o o o
o o
SR

2

-

=4
2

15 4—6|7 um

—52 uym

_ 10f
5_ !
0p
51
A0}
A5F
20+

Phase [mrad

~—36 um ——21 ym —6 pm|7

0 50

Amplitude [mv]

100 150 200 250 300 350 40
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i +45 fs

N - K’
i B i Y
L

~AzuUr

= Electrical cross-talk in demodulation system = cyclic error on Ag
(- 64 dB REF 2> MEAS & — 71 dB MEAS - REF)
By filtering low-amplitude signal, cyclic error < 60 fs (10 pum)

= 0.004F

E

g‘_ 0.002 NS -

4 0

éc& -0.002 /7 S
f Ay [mV

<4 _0.004 & u (V]

SP R ELIP L PRSP0 S P

Ii60 fs

= Amplitude to phase coupling: AAmp = A or AM/PM
(Amp variation caused by atmospheric turbulence in free-space)

Phase [rad]

0

-0.02 |
-0.04 |
-0.06 |
-0.08 |

By measurement and correcti

* Phase vs. Amp
—Fitting Model ||
2 ps C
| | | _Amp [mV] ‘ | |
0 50 100 150 200 250 300 350 400 450

on, AM

0.002

2 1130 fs

50

100 150 200 250 300 350 400 450

= Telecom photodiode — Spot position to phase coupling: ASpot 2 A
(Phase changes when spot position move on PhD detection zone)
By de-focusing the spot size, ASpot 2> A@ < 45 fs (7 um)

or by using mono-mode fiber coupling, ASpot 2> Ap = 0

8
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~ =T > MetroCom — Implementation with MeO telescope =y

. L '- . MEAS received by 1.5 m telescope
Turbulence monitor{,:l

oooooo

oooooooooooooooooooooo

4* S . gzngEkxg.ang:gthb
I . e
QS"‘ > |Turbulence monitor
________ 3 Level Detector
ST Gt | e T S
Sl | E |2 eintive Distance Com LeleClorem .
E = n Absolute | B~ L EGpan | St T e M e et e
RF 5.02 GHz ] = o (mpd Hiﬂl\)-il::::!:ﬂon .........
ooy o I E primans Bl Siiiiiiiicien: 7 .....
Motorized o ALTIMETRY PROFIL S
Reflector . = Test measurement sensitivity
(over turbulence + 2x2.5 km)
==y » Timing jitter measurement
! .
!!l 1\ \\ (caused by atmospheric turbulence)
JIH—\!I . .
e R = Physic of Atmospheric turbulence effect
Imate sensor 4 o D .
_____________________ G A (theoretical model vs measurement)
T = Propagation-time variation at long term
(comparing with refraction index — T,H,P)
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" 2. MetroCom — Implementation with MeO telescope =

20 T b4 T . Am II
151 |Timing Delay variation - 17.158973 ps | PrOpagatlon time B p
Z ., 30mins ) ]
g TipTilt controller
= 5F . 10 ps 4
% 0r /\’\—."_"\, ‘_—"'\" PP '—-—J“'-.','_'—_"'-—'_—'J\"""f"‘&-.._—
=) | o W i
| i e ", PhaseMeter
e by
£ .
-10-
. |  MEAS - CALIB CORR| | Dea20,2023
18:30 19:00 19:30 20:00
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~ 1 3. MetroCom — Result & Discussions oy
20 T T . [
At short time range ms to seconds = Physic of turbulence modeling _ st 'gOmnl Propagation time |
& 10 s > —_—

of =2631/c2 x C2LY3 L/2 Eo d, hops g0

T or ﬁ/‘\' S T

¢? (by GDIMM and SHWFS) from 0.5%10~ 13 up to 3x10715 m=2/3 gl L | ' \’ 7

= o7 = 0.2 to 0.5 ps rms on the propagation delay when £, = 13 m N [ MEAS - cALB  CORR| Dec.20, 2023

18:30 19:00 19:30 20:00

GDIMM measurement — 50 m from MeO telescope 107" s _
Calibration efficiency b
v angle_of_arrlval (AA)’ wee STC221 measurement v:.\°°¢
v Fried t " —= Comercial BERTester (}o".&fs@
|::> ried parameter 1, ) 10" “\oﬁif !
, v’ turbulence strength C; e
v'and particularly outer scale L. o

Allan deviation [s]
)
>

SHWFS measurement — on axis of lasercom beam

c ol w ELF=1.92m :dX:64mm 10-14
| v angle-of-arrival (AA),
v Fried parameter r, T ]
2 Integration time [s]
v’ turbulence strength €7 1071 e i i N i i i i ]
10° 10* 10* 10 10' 10 10 10t 10° 10t

Meteorological (T,H,P at MeO & at 2.5 km) - refraction group-index variation at long time range 5 - 10%s
* 1.10%/°C: 1mm/km/°C

and n(4,t,p,x,py) —1=K(4)-D(t,p,x) —py - g(4) E:} « 3.107/hPa : 300 um/km/hPa
nX frr le cnam _«:LIN= « 107 /10%RH : 100 pum/km/(10%RH)
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-~ 1 4. MetroCom - Conclusion & Prospects Y

= Phase measurement sensitivity < 30 fs (1.5 um) from 30 ps 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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