GO nass . st » ¢
SN TERRE - OCEAN - ESPACE cnNes

Geoazur - Free Space Laser Communication Experiments
& Prospective Applications for Satellite Laser Ranging

Duy-Ha Phung®’
& E. Samain?, J. Chabel, C. Courde!, N. Mauricel, H. Mariey?,
D. Albanesel, M. Aimar!, G.M. Lagarde?, H. Viot!, G. Artaud?, J-L. Issler3

1 Université Cote d'Azur, CNRS, Observatoire de la Cote d'Azur, IRD, Géoazur,
2130 Route de I'Observatoire 06460 CAUSSOLS, France

2 SigmaWorks, 8 Allée Bellevue 06460 SAINT VALLIER DE THIEY, France
3 CNES - French Space Agency, 18 av Edouard Belin, TOULOUSE, France

ILRS Conference. Oct.21-25.2019 Stuttgart, Germany

B Université ' g
S e e (D) Qbsgnatoire
UNIVERSITE | Sop!;ia Antipolis e s _
COTED'AZUR e

® SigmaWorks -~ FIRST

GEOAZUR LABORATORY

This work is sponsored by the French National Center for Space Studies (CNES) under contract #141539/00, OBSERVATOIRE DE LA COTE D'AZUR



GED

AZUr

Outline

Free Space LaserComm — Why?
LaserComm — How to work?

State of the art — LaserComm
Geoazur LaserComm Experiments
Prospective - Satellite Laser Ranging

g bk W=

GEOAZUR LABORATORY

Geoazur LaserComm - Laser Rangin
Al 1/ 14 OBSERVATOIRE DE LA COTE D’AZUR

ILRS — Stuttgart, October.21-25.2019



Data rate REQUIREMENT (Sat. to Ground)

1990
2000
2010
2020

Gbps is inevitable!

D

1. Free Space LaserComm — Why? azur

20 Mbps
200 Mbps
2 Gbps
> 10 Gbps

“LaserComm [P

RF - Ka (26.5-40 GHz) - 500 Mbit/s |x 1000 >

Satellite
antenna

Best current RF
Ka - band system
(26.5-40 GHz)

- 500 Mbit/sec

Cube Nano Micro Sat Data Debit. -

Cube Nano
Micro Sat.

Nano 1 — 20 Kbps
Micro 0.02 — 1 Mbps
0.3—10tone  0.01 -1 Gbps

RF techno. does not adapt the requirement!!! ikbps-1Mbps

optical . 1550 nm downlink signal
C
omm: 102 Hz Comm 1075 Hz
e — I—]—
0.3 mm i 0.3 um
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2. LaserComm — How to work? 666

Link establishing procedure

SAT. ., .
. et SOTA — SOCRATES
a Hyar = 1000 km
Tx1:976 nm, 0.81 MW/sr, Div = 500purad
Tx2:1549 nm, 0.57 MW/sr, Div = 223prad
Rx:1064 nm, 17 — 209 pW/m?
Datarate =1 or 10 Mbps

Requirement:
+»* WPointing and Tracking
+ Detection techno.

X/

s ...andothers

at MeO station, 1.54 m telescope Cassegrain
Uplink beacon beam :

1064 nm, 100 MW/sr, Div = 300purad
Telecom signal at receiver:
10nW @ 1549 nm & 20 nW @ 976 nm

£y

. BERE | i = ¢
5, TS T 2. SN, e Y
i ._'ﬁg"ﬂé’-ﬂﬁ%.@ Caussot; FrancefAfitude = 1323 mj

AZUr

LaserComm Advantages

O Multi— Gbps O More Compact
Q Multi colors. W Low Consum.

O Greater Secu.

LaserComm Challenges

O Tracking and Pointing
(coarse & fine pointing)
(LEO sat. = 4.5 deg/sec OGS)

-> Pointing Losses
+ Free Space Losses

O Atmospheric effects

» Atmospheric attenuation
(by Scattering and Absorption)
> Background noise

(backscattered by Earth,
direct Sun, Moon, Sky radiance)

> Atmospheric turbulence

(by wind and temperature gradients)
-> Scintillation + Wavefront distortion

- Low level signal with large fluctuation detected at OGS ! (nW at 10 Mbps!!!)
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2. LaserComm — How to work?

[ SOTA Auto-Tracking Y\ ( Wide Field of View camera (1X 1 deg?)
Under the cloud . Above the cloud

18 L] LN I 4 - Residu de correction sur X [arcsec]
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eacon peam
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3. LaserComm- State of the art s

AZUr
Geoazur LaserComm — Why? (. lnar&
L RS "\-;? Satellite
O Lunar & Satellite Laser Ranging ID7845
— Laser pulse (classic) ~ 900
AM BW : 20 GHz (50 ps) at repetition rate : 10 — 2000 Hz >2500

Accuracy : centimetric
Precision : Single Shot - few mm
LIMITED by ATMOSPHERE & REPETITION RATE... Laser rangingratvieU

LaserComm Projects > More Upgrade on MeO station for Laser Ranging

O Auto-tracking LEO, MEO, GEO satellite (Visible + IR), more materials...

— Manual mode - Coarse & fine auto-tracking by Wide FoV camera + TipTilt Mirror
— More IR cameras has been integrated for auto tracking

— 195 mm, f/9 telescope — carbon tube for uplink beacon laser or Wide FoV observation
O Atmospheric turbulence understanding

— Uplink and downlink budget for free space laser link through atmosphere

— Effect of Atmospheric Turbulence (scintillation + wave-front) = Adaptive Optics

d High sensitivity + high BW IR detection = Laser ranging by Telecom Link

AM BW : Telecom Debit =1 GHz — 20 GHz (50 ps) at repetition rate : GHz
Precision : 1 ps expected = sub-millimetric on distance measurement

Geoazur LaserComm — Laser Ranging
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3. LaserComm- State of the art AZUr

N <2002 I“l“l“l“l“|_lni—|-Y_l—l—l-'

OICETS (Japan)
LEO-GEO 50 Mbps

= 1
LEO-Ground
2005 FOCAL (SAF/MITLL)

Air-Ground 2.5 Gbps

oy AN

HICALI (Japan)|
10-40 Gbps _;

LLCD (NASA/MITLL)
Moon-Ground 622 Mbps
[ = o o o e e

i

10SIRIS (DLR)
IOSIRIS (DLR) | 1 v3-10Gbps |

LCE (Japan)
GEO-Ground
1995 1Mbps

:"“
PR
OPALS (NASA/JPL)
| 2014-50Mbps

ALEX (MITLL)
2002 Air-GEO

e

Ly

X FALCON (AFRL)
% 3 .i- -'-f'_- Air-Ground 2.5 Gbps

Deep Space

¢ B

O Successful links LEO Sat. «— MeO: 20, 40, 150 cm subaperture - TESTED
O Data Transmission (Bit Error Rate) — TESTED Error Free with 1.54 cm telescope
95% BER > 1% with 40 cm - LaserComm with 40 cm telescope OGS : POSSIBLE!
O Propagation channel measurements
o Comparison with models — Link budget, scintillation ...
o Wave Front Sensor (Shack —Hartmann) - Turbulence profiles during satellite pass
O Adaptive Optics and SMF coupling — First demonstration

3
J

Geoazur, Where are we in this story? middle 2014 > = 2017

SOTA (Japan): Jun.-Oct.2015 GND-10Gbps: 2018
Fa i OPALS (Nasa): Dec.2016 OSIRISv1 (DLR): Dec.2019
Sae—== " OSIRISv1-3 (DLR): > 2020 HICALI (Japan): > 2022
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3. LaserComm- State of the art

DLR-60cm +AO

[
4

J\ |
-

S

. Trar;sportable '.',:a‘

>

Since 2015, LaserComm Sat. 2 40 cm OGS - OK
=» Development of 40 cm OGS Multi-functions (Telecom + SLR + Observation...)

Geoazur LaserComm — Laser Ranging 7/14 GEOAZUR LABORATORY

ILRS — Stuttgart, October.21-25.2019 OBSERVATOIRE DE LA COTE D’AZUR



4. Geoazur LaserComm — 2017, 2018 > GH@ZS?

Test bench Nasmyth - Coudé

Channel 3:
Adaptive Optics
LISA Bench

Channel 2:
Wave front
sensor

.....
.....

Channel1:
Pupil camera APD
receiver

Designed by SigmaWorks

ttt

O 90% Triangle Beam splitter = 3 sub-aperture channels (40cm) .
— 1. Telecom APD detector
— 2. WaveFront sensor (high speed IR camera)
— 3. LISA ONERA (Adaptive Optic = fiber coupling)
0 10% Fine tracking by TipTilt mirror + Camera = Pupil stabilization

TipTilt
Camera

Geoazur LaserComm — Laser Ranging 8/14 GEOAZUR LABORATORY
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4. Geoazur LaserComm = 2017, 2018 » qur

MEO

’ Telecom
Telescope

1

PC Screen /

Shutter :
Optical hmpn.\ A
p——

5

TeSting modulator

TipTilt Mirror
Controller PI

Controller PC

Wide FoV Camera (1700 arcsec) installed on £ Digitalization 3.2 GSpS X2

200 mm telescope mounted on MeO Continuous — 6 GB/s on dISk
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4. Geoazur LaserComm - 2017, 2018 - Gﬂ@zg

Combination of coarse and fine Auto-tracking

Objective: Maintaining spot laser

640 pixel =2200 arcsec 128 nisel = 60 arcsec

3 9 on APD detector and LISA bench

: SHWES TipTilt g QO Coarse tracking : large + slow

5 90 arcsec 60 arcsec if Wide FoV camera (1700 arcsec)

'é E - MeO control signal

}3 APD telecom & O Finetracking : small + fast

“ 02 TipTilt Mirror + camera (60 arcsec)
e > TipTilt Mirror orientation

------- LEHEE O Saturation > discharged by Coarse.
MeO auto-tracking performance AR 7.\ =
Spot laser position on TipTilt camera : ‘ 3

was stabilized with|RMS < 1.1 arcsec at 50 Hz
from low (10 deq) to high (48 deg) elevation LEO Sat.

P | 2 | ]

L L L L
% :05:00 23:06:00 23:07:00 23:08:00 23:09:00 23:10:00 23:11:00 23:12:00 23:13:00
. T T T
j ' &
=

fine tracking

» [Coarse + Fine] tracking : Confirmed
I:> » TipTilt mirror PID : Confirmed

> M U Iti -aX i S Wi d e FOV : Covered 30 _thﬁ;pznaltlon UL Cmemgz 2 | Photocenter X [arcsec] -
20~ ! - : |~ Photocenter Y [arcsec] - £d
Time 0.03s 0.10s 1.00 10.0s 100 s Bo | it 13
Rms[“] 0.700  0.400 0.05 0.007  0.002 sap 1 P |
Gain 1'5 4 40 300 2000 5?5?03‘00 ZI:Oi‘UDZZ'.]‘UIS‘UO Zi‘OlS:(JUZ;‘U‘T:OU 23‘(;8;00 23:0;:00 m;‘lz‘()‘::U 23.‘!‘13‘0.00 23:12:00 23:13.00
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4. Geoazur LaserComm = 2017, 2018 » GH@ZS?

PBL + GDIMM instruments = Scintillation ¢% + Fried parameter r0 [cm]
GDIMM

PBL Data (zoom Cn%)

Meteo Data CATS (Calern Atmospheric Turbulence Station)
2272019

10000

1000 £
2 = Fried parameter rO [cm]
100 65/3 = 0. 423k2/COSEJ CZ (h)dh
_ = Scintillation index o7
C2n profile 5 s (7,
(;..E—ZO 1.e-19 1.e-18 1.E-17 1l.E-16 1.E-15 1.E-14 1.E-13 O-I — 17D_ / (cosf)_ f h Cn(h)dh
C2n [m2/3] 0
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5. Prospective - Laser Ranging

Ced

AZUr

» Telecom detection = Time Transfer by LaserComm link

1550 nm - 10 Mbps or 5 MHz

W Zoom on 3050 PRBS seq eeeeee

1.5 2 25 3
TlmeI Tus1

i - average on 3050 PRBS sequences

3.5

]\‘I' | u]

wd'

Rising Falling Times

Measuremeit

) |}|r m«|| \M\l ‘\\ ||L|Jr

H H)t

I

Distance Meas. From Telecom Signal

T

400

Residual [mm]
N
8

'.'?

mmmmmm

s ZOOM On 3050 PRBS sequences

- average on 3050 PRBS

ssssssss

0 01 0z 03

Time [ps]

0.4

10 Gbps or 5 GHz modulation???

T T 1T

—Distance resndual [m]
==9th order polynominal fitting
" Measurement Noise

. 0%ry
Bit length =30 mm
GDIMM
LaserGreenHR =
SMA FC PC E
........................ Fai E10'¢
200 mm 8 ..‘..-.-.-.-.-.-.-.-.-.-.:-.':.:'.'.'.‘f.‘.‘.'.'.i"2"';;;b..a,fﬁ.len ) g
Mirror  § Delay < 17 s . =
Orientable [Sekilesint]e— | g B 100
Remote-control E 3 . N
Solar Panel £ z ~©-Distance Meas [mm]
s ~=-Dist. Noise [mm] (o) d
107 & |=-=-0.33mm/sqrt(tau) b/
TL Laaaal A bbbl aaal A bbbl
10 107 107 107"
= Time [sec]
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5. Prospective - Laser Ranging

Ced

AZUr

» Telecom detection = Time Transfer by LaserComm link

Ground : High data rate 10 Gbps on slant free space laser link + AO (TipTilt)

High sensitivity 10 Gbps Telecom detector: - 30 dBm

Telecom signal Generator + BER detection = FPGA cards
(Commercial Components in 1550 nm Telecom domain)

102:....,10. Mbps or 5. MHz modulation
Bit length= 30 m
.g. © .~~\~ ) ‘
E 10 Seagg & 10 mm-
5 : e
© ; .
3 = ﬁ
%boo 3 e ~, 8 1.0 mm -
Y G \3??‘%
< & H o
& i
10'1_ “--... ual O’Im,m-
A "HL.I

13/14

< . |
Ya ?0'5 107 10° 10

Time [sec]

Expectation: 50 um RMS at 1.0 ms
on 2.5 km distance (slant path)
& observe Tur.Atm effect
O Characterization Atmospheric turbulence effect:
on High speed Telecom detection,
-> Signal to Noise Ratio

- BER measurement
- 10 Gbps Rising + Falling Edge

0 - Distance measurement from 10 Gbps
telecom signal...

GEOAZUR LABORATORY
OBSERVATOIRE DE LA COTE D’AZUR



e

Conclusions & Perspectives AzZUr

Laser Communication

 Validation of Pointing, Acquisition, Tracking
v" Acquisition instantaneous with precise orbit prediction
v" Robust & fine tracking using tracking camera + TipTilt Mirror

(] Data Transmission (Bit Error Rate) + SNR = Link Budget Validation
v" Computation of BER on the non coded signal for various elevations and telescope diameters.
v' Demonstration of Telecom Laser Sat = 40 cm OGS POSSIBLE!!!

1 Propagation channel measurements = Understanding Atm.Turbulence
v' Wave front sensor (Shack —Hartmann) measurements = Turbulence profiles
v and integrated parameters (seeing, scintillation, ...). 2 Comparison with models

 Adaptive Optics and SMF coupling

Prospective Applications for Satellite Laser Ranqing

 Timing measurement from High speed Telecom signal 10 Gbps
v’ Sub — millimetric precision with high repetition rate
(J Adaptive Optics for SLR (15t step: using TipTilt Mirror)

v Less dispersion on Single Photon Detection, Smaller detector = High repetition rate
v Eliminate error prediction + pointing error, Correction of 1st order - Atm.Turbulence

GEOAZUR LABORATORY
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U0 @ e @ SigmaWorks GH@ZS?

Laser Ranging by LaserComm Link...

Thank for your attention!

-~

A% T 3 R =g . ’- N -
R&D eFObservatoire = Geoazur = Plateau de Calern,
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