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1. Free Space LaserComm — Why?
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1. Free Space LaserComm — Why? AZUr
C> | Laser communication ‘ji“f’},‘},%ﬁ,'.*;i’t,s @ (:51%;?&?:2

CubeSat Lasercomm could scale to Gbps, but tech. development still required.

[ What if your small satellite could downlink 100 Gbit/day? — i
80,000 images 2 h yperspectra

ours of GoPro video Image Cubes
g ; ALy

-

| "Google" map - entire Martial surface

The best RF (Ka-band) system
would take 9 YEARS

LaserComm can do it in 9 WEEKS

Picture of a Mars
Rover Taken at

30 cm resolution ...on Mars
L 30 cm resolution "Google" map of the entire Martial surface )
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2. LaserComm — How to work” A7Ur
Satellite Optical
10° Hz Comm Comm

102 Hz 1015 Hz
|| I ] 1
0.3 um

0.3m 0.3 mm
RF - Ka (26.5-40 GHz) > 500 Mbit/s | x 1000 > Laser (150 —800 THz) > + 100 Gbit/s
| OSIRISV2 -1 Gbps -
. (20x10x10 cm3)
QL © - =
= cC ‘
= c
= =
CG - grCp .
N © rd BIROS MicroSat.
(70 kg, 67 x58 x 88 cm3) EDLR
Dome with 0.50 m telescope
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%y M Alaska Satellite Facility
AS-3 and AS-1 at Fairbanks Alaska
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2. LaserComm — How to work? GSQ

Link establishing procedure:

» SOTA - SOCRATES
- 4 iy Hq,r = 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 pyW/m?
Datarate =1 or 10 Mbps

Requirement:

/)

+* WPointing and Tracking

/

+ Detection techno.

/

s ...and.others

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 & 20nW @ 976 nm
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2. LaserComm — How to work? AZUr

Challenges

O Tracking and Pointing
— Satellite coarse & fine pointing (accuracy & speed)

(pointing bias + jitter < 40 arcsec) 1o — ‘
) ) Atmospheric transmission
— OGS coarse & fine tracking (accuracy & speed) osl fi ]
(LEO sat. = 4.5 deg/sec demanded on OGS : ‘I,V
- Pointing Losses + Free Space Losses eer A ‘ :‘ ;i
L Zénith |
) 04F — 5° H
O Atmospheric effects [ — a5 i |
— Atmospheric attenuation °'2§—35° '*.
(visibility dominated by fog, clouds, rain...) 00k 0 s ‘\
(attenuated by Scattering and Absorption) Wave length [um]
— Background noise (backscattered by Earth, Wavefront

distortion

direct Sun, Moon light, Sky radiance)

— Atmospheric turbulence
(caused by wind and temperature gradients)
-> Scintillation + Wavefront distortion

collimated laser beam turbulent volume with Far-field

IRT-strength intensity-speckles

- Small signal level with large fluctuation detected at OGS !
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3. LaserComm- State of the art azur
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LEO-GEO 50 Mbps - = LLCD (NASA/MITLL)
: : Lv4-100Mbps |
- lEOig(r)osund FOCAL (SAF/MITLL) Moon-Ground 622 Mbps -
LCE (Japan) Air-Ground 2.5 Gbps 1 I
GEO-Ground : :
1995 1Mbps 1
| 3 i [ OSIRIS (DLR
iR = ot ! Lo
Iv1- S
| 2014-50Mbps === P Tm=soomoo < peeh Space
FALCON (AFRL) HRACY .
Air-Ground 2.5 Gbps i 1
S 1 ) : Ogte;g b(ESA)
: g /A% T I s X1Gbps
LOLA (France) o . ' : gtﬂ;;é (pESSA) : -
Alphasat (ESA) EDRS/Sentinal <X '20PPS_ | gRelay System
G%%Ig!’é 'gmll;l"li.L) 2006 50 Mbps ‘~. GEO-LEO 1.8 Gbps (ESA) 2015 &4
2001 s po : \\1 )i‘
il ] HY-2 (China) e
. LEO-Ground, 504 Mbps JDRS (Japan)
S Sy 1.8 Gbps - 50Mbps
- . LCRD(NASA) ¥
NFIRE/TerraSar 2Gbps;622Mbps el
SILEX (ESA) L(:;Al./la?g/x;?) " RiAir 10 Ghps {i8-1W5ps S
| A ps g
50 Mbps LEO-GEO Air-Groun
2001 ‘ k
e i | Psyche - DSOC
Body-Pointing 10 Mb/s from Saturn
Adapted from D.M. Boroson, “Laser C ications,” ICSSC 2014 Colloq VSOTA (Japan) 250 kb/s from Neptune

Geoazur, On est ou dans cet histoire?

Télescope MéO GDll\fM o SOTA (Japan): Jun.-Oct.2015 GND-10Gbps: 2017
i ’ i : OPALS (Nasa): Dec.2016 OSIRISv1 (DLR): Dec.2019
¥ OSIRISv1-3 (DLR) : = 2020 HICALI (Japan): = 2022
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3. LaserComm- State of the art azur

MeO telescope — Why?

O Tracking and Pointing performance

— Speed max =5 deg/sec = LEO Sat. possible
Accuracy < 10 arcsec

L Telescope diameter : 1.54 m

— low level signal from Sat. - solved
Accuracy < 10 arcsec
Repeatability < 0.1 arcsec RMS

L Experience on Sat. tracking, detection
— Materials (Time & Frequency), orbit prediction...

Q High altitude 1273 m
. . Sub-system Parameters
— Visibility, transmission
atm. Turbulence... Telescope Diameter | 1.54 m
- AO demonstration Telescope speed 5 deg/sec
O CATS instruments Pointing accuracy < 10 arcsec
— GDIMM, PBL Pointing repeatability | 0.1 arcsec RMS
= AQ calibration Motor torque 10000 N m
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3. LaserComm- State of the art azur

Geoazur LaserComm — Why?

O Lunar & Satellite Laser Ranging

— Laser pulse (classic)
AM BW : 20 GHz (50 ps) at repetition rate : 10 — 2000 Hz
Accuracy : 100 ps (integrated over 100 meas.) - centimetric
LIMITED by ATMOSPHERIC TURBULENCE & REPETITION RATE...

Lunar &
Satellite

Laser ranging at MeO

LaserComm Projects => More Upgrade on MeO station for Laser Ranging

0 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) 2 Adaptive Optics

O High sensitivity + high BW IR detection ->» Laser ranging by Telecom Link

AM BW : telecom debit 1 GHz — GHz (50 ps) at repetition rate : GHz
Accuracy : 1 ps expected = millimetric

Geoazur LaserComm — Laser Ranging
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4. Geoazur LaserComm - Experiments AZUr
SOTA onboard SOCRATES Mass 5.9 kg ]incl. both the optical & electric part)
Power Sleep mode | Stand-by | Tx1 Tx2,3,4
consumption 1.7W 2.0W 15.7W | 12.6W
Gimbal range Az: >+50deq, El. -22deg~+78deg
Link range 1000 km ( L
Tx1: 976 nm | LaséFrComm
Tx2 and Tx3 : 0.8 pm |, 10!Mbps

: : Wavelength Tx4 : 1549 nm - | bp Mass : 48 kg

Vo _ — Rx: 1064 nm, Acquisition/Tracking: 1064 nm "‘. Power : |00 W

SOTA-CONT SOTA-OPT Data Rate | 1Mbps / 10Mbps lselectable) ‘ 496 x 495 x 485 mm

5/6 successful links 1550 nm & 976 nm (Jun., Jul., Oct 2015 and Mar., Apr. 2016)

OPALS on ISS Maodulation Q0K -
OPALS Flight System | g it SRR 30-50 Mb/s
@ ; | [TRANSMITTER
) Downlink wavelength 1550 nm
Beam Divergence (1/e”2) 1.1 mrad
Power transmitted from FS =>(.833 W
POINTING e Yy
Pointing Bias / 150.0 prad :: g :LaserComhﬁ i
Pointing Jitter (RMS} \ 1250 wrad 50 Mbpsﬁ ‘
1/1 successful links 1550 nm (Def 2016)
2014 2016 2019 2019 2020 2022 2022 20++
w 1 Deep Space
' ) OSIRISVL  OSIRISv2  OSIRISV3 OSIRISv4  HICALI O-t T
SOTA 10 Mbps OPALS 50 Mbps 40 Mbps 1.0 Gbps 10 Gbps 100 Mbps 10 Gbps ptel-D ( )
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4. Geoazur LaserComm — SOTA 2015 GH@ZS?
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4. Geoazur LaserComm — 2015, 2016
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SOTA Auto-Tracking
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Under the cloud

[Wide Field of View camera

Above the cloud

ATION MEASUREMENT.
 Scintilation NASWYTH (T7PRO 1)

N

| Adaptive Optics — First demonstration

”WW“ i

O 5/6 successful link LEO Sat. «<— MeO: 20, 40, 150 cm subaperture - TESTED
O Data Transmission (Bit Error Rate) - TESTED
95% BER > 1% with 40 cm - LaserComm with 40 cm telescope: POSSIBLE!
O Propagation channel measurements
o Wave Front Sensor (Shack —Hartmann) - Turbulence profiles during satellite pass
o Comparison with models — Link budget, scintillation ...

J/
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4. Geoazur LaserComm —= 2017, 2018 » AZUr

Experiment with OSIRISv1 — OSIRISv2 (10 Gbps)

Challenges i
O Test bench Nasmyth = Coudé

OSIRISV1:
= Open-Loop Body Pointing
= 200 Mbit/s

+ Laser 1: 200 Mbit/s with 1W

* Laser 2: 78 Mbit/s with 125 mW

- Pointing: Open-Loop Body Pointing

- Launch date: January 2017 FLYING LAPTOP

— More detection channel (3 x 50 cm sub-aperture)

* Laser 1: 1 Gbit/s with TW

« Laser 2: 150 Mbit/s with 150mW

« Tracking Sensor with optical uplink (1 Mbit/s)
+ Pointing: Closed-Loop Body Poiting

+ Launch date: June 2016 A i

O Tracking and Pointing Upgrade

— tracking with coarse & fine corrections
(accuracy < 2 arcsec RMS)

+ Monostatic system design

m (BROS)
+ Downlink Datarate: 10 Gbit/s
+ Optical uplink channel included }'
* Modulated beacon A
+ Modulation/data format accordingly

+ Launch date: Beginning 2019

_SCHMIDT-IKN_OSIRIS_Update_and_Outloo

+ IR fine tracking camera (FoV = 60 arcsec)
+ IR coarse tracking camera (Wide FoV)

<

L Telecom detection Upgrade 10Mbps = 1 Gbps
— High speed & high sensibility APD telecom 1 Gbps
— Telecom signal recording at 3200 MSps — 16 bits

O Atmospheric characterization

Geoazur LaserComm — Laser Ranging
AG FirstTF - Marseille, October.10.2019 13/18

OSIRIS4CubeSat

+ Highly compact system design (~0,3U)
+ Data rates up to 100 Mbitls
at8 W power consumption
+ Active beam steering + body pointing
+ System demonstration mission: 2018
« Launch: 222222

& 120 mm : Grand champ

tte 195 mm : Balise
Lunette 120

Télescope Meo 1540 mm

Lunette

{j Laserlﬁﬁt)um,i( ........ . /

B

EEIS =

B

Salle de controle
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4. Geoazur LaserComm — 2017, 2018 > GH%S?

Test bench Nasmyth - Coudé

Channel 3:

Adaptive Optics
LISA Bench

=

Channel1: II
Pupil camera APD
receiver

Designed by SigmaWorks
= -
= -—

0 90% Triangle Beam splitter =» 3 sub-aperture channels (40cm) I%‘-

— 1. Telecom APD detector
— 2. WaveFront sensor (high speed IR camera)

— 3. LISA ONERA (Adaptive Optic - fiber coupling)
O 10% Fine tracking by TipTilt mirror + camera = Pupil stabilization

Geoazur LaserComm — Laser Ranging 14/18 GEOAZUR LABORATORY
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4. Geoazur LaserComm - 2017, 2018 - Cs.

g MEO Telecom
Telescope

Wide FoV Camera (1700 arcsec) installed on
200 mm telescope mounted on MeO

Geoazur LaserComm — Laser Ranging
AG FirstTF - Marseille, October.10.2019
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PC Screen

/
Optical Ampli. \

Testlng modulator

TipTilt Mirror
Controller Pl

Controller PC

Digitalization 3.2 GSps x2
Continuous — 6 GB/s on dISk
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4. Geoazur LaserComm — 2017, 2018 » qur

Combination of coarse and fine auto-tracking

640 pixel =2200 arcsec

Objective: Maintaining spot laser

128 pixel= 60 arcsec

g g on APD detector and LISA bench
SHWEFS TipTilt .
S P s QO Coarse tracking : large + slow
=] b .
s 00 arcsec 60 arcsec 1 Wide FoV camera (1700 arcsec)
i E - MeO control signal
g ) g
] . .
a APD telecom & .. 1| O Finetracking : small + fast
b TipTilt . :
00 TipTilt Mirror + camera (60 arcsec)
=> TipTilt Mirror orientation
Wide TioV camerd O Saturation = discharged by Coarse.
8 » | etemeowe ¢ = —,—77:._7 ;Vggfs'g';‘,ggk‘{fg“;gﬁ{?;ﬁ, — _ TipTilt Camera & fine trackmg mirror controller .
I mices v s —— R == =.~. o iy e e e — -
Date and Time I - i J —
credh 10122018 - 2300 16 22816 || || Tébescope : Poursuite en cours - o i __|‘
P s e s | == = &
----- Gumsisem=  Corresponding elevation [ ™™ f ::- : ."_ :'r:n
Garage | & azimuth of satellite = o]
during tracking b oo
| = Sl
Arét hydrau | - — = o
| g 8
vy g
‘ el S &
M —— Spot detection
w‘,. u & pe oz Positen tip - R |y - a4 54am00 v - G4 BRIE0 100
= e i X - Real-time TipTilt position
_ i —— e — = , R aiaaiiecs
,_"‘m_ e Pointing parameters : :' l -
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5. Prospectives pour Laser Ranging AZUC

Geoazur LaserComm Experiences =
» Adaptive Optic for SLR: Full-Autotracking, smaller Timing Jitter
» Telecom detection: Time Transfer by LaserComm link

Aberration 5 ,
Velocity!!! i/3.5" R T R——

Camera Center .
| Emission Pulses |

Eliminate Sat. Aberration velocity issue

Tstart

Event
Timer

TipTilt Control

| Laser Ranging Detection |

|/50/50 ~—— ; ' ‘\
VoD

VoD SAPD
. ain IR1064 ﬁ}

Iil L ﬂ
(il Filter
1064 nm

bration fibers Green 532 nm & IR 1064 nm

Event Timer
IR1064 nm

Event Timer
Green 532 nm

7
I 7=y
Ves — oo

Laser Source

N B = ==

coooodo

Less dispersion on Single Photon Detection
Smaller detector = High repetition rate
SLR — Mode Full Auto-Tracking

SLR data — uniform

Eliminate error prediction + pointing error
Correction 1t order of Atm.Turbulence

& Long Term Drift on MeO error pointing =» Smaller Timing Jitter on SPAD Event Timer

Geoazur LaserComm — Laser Ranging
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5. Prospectives pour Laser Ranging
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AZUr

» Telecom detection - Time Transfer by LaserComm link

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

Meo Telescope
=} GDIMM: station
mpClimate station

High sensitivity 10 Gbps Telecom detector: - 30 dBm
Telecom signal Generator + BER detection = FPGA cards
(Components on Telecom domain)

Geoazur LaserComm — Laser Ranging
AG FirstTF - Marseille, October.10.2019
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O, .....eceenet
- eanszattiiiiie..
o
9
-
[
-3

2x2.5 km path length
Delay ~ 17 ps

(Wavsriont]
(selaton}—

| Oscilloscope

BERTESTER |

[BERTester]| PPG J-

GDIMM

-
Laser Green+IR

Autofocus
/ SMA-FC/PC

e rrsssranen

SMF 20m from MeO Coudé

O Atmospheric turbulence effect:
+ High speed Telecom detection,

- SNR, BER measurement

+ Laser Ranging Measurement
High Speed > 10 kSps

O Understanding SHWFS data

- model for Deformable Mirror
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