55 43 55 4 1Y) E N E E Vol. 43, No. 4
202247 H Journal of Telemetry, Tracking and Command July 2022

Website: yeyk.brit.com.cn Email: ycyk704@163.com

Bi& N S F FORTE R S A B S e i uh M A EIA

Ekji\xgl’ %igﬁ 2? J&m\ éiﬂz% 17 "ﬂ‘] %17 ?#E17 ? 7I7!i1
(1 HEBHREEFE ARSI SRR T £%F 130033
2 At R Sl AR ARV LA 100094 )

WE: g AFHRARRIYABE G EEBALADERE . BBIAE TR RAYBET RN —
FEEFER, FREFHERAFHARLA FHLEEREEGEALITT HEmEAR S0, TE2ARCEAERLF
RGR. AMAHS TR, ARCLBEREEA L AEFLF RAGNITIBR A0 AE.

KR AEEAY; HOLE1E; sk

FESHES: TN929.1;V443+.1 THAFRIRES: A NEMHS: CN11-1780(2022)04-0080-09

DOI: 10.12347/j.ycyk.20220122001

SIAKN: AL, T2, SR §F AERAFHRKARELLBEE R GEE RNIIK[T]. ENEE, 2022,
43(4): 80-88.

A review of the application of adaptive optics technology in European and
American laser communication ground stations
GENG Tianwen, LEI Chengqiang, GAO Shijie, LI Yatian, MA Shuang, LI Xueliang, LI Lin
(1. Changchun Institute of Optics, Fine Mechanics and Physics, Chinese Academy of Sciences, Changchun 130033, China;
2. Beijing Institute of Tracking and Telecommunications Technology, Beijing 100094, China )

Abstract: Adaptive optics technology (AO) is an important means to improve the single-mode fiber coupling efficiency
in the ground stations of the free space optical systems, increase the signal-to-noise ratio (SNR) of received signals, and
improve the reliability of laser communication. This paper discusses the application of AO technology to laser communication
ground stations employed by both Europe and the United States. Detailed description and analysis are carried out, and the main
contents include the composition, parameters and some experimental results of the AO systems. It provides a useful reference
for the design of laser communication ground stations and the corresponding AO systems.
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ANHLTET G O A BC B R AR . R s [ RGN KR . B AERIR . MR R Bt — LS R
GEMERE, T ERBOHN AR TAME A . A IERDEAHAR AO (Adaptive Optics ) /& H AR K
s AR AT L | PR T HE S A MR T R G AT IR A SR 2 — o WG B 7 B A S e 7 1
TFRE T IREWIFE, AT ST A 10 AR SR OG5 M s 2T TR B R 5 20

1 %[E OCTL
el fE B 505 % OCTL ( Optical Communications Telescope Laboratory ) J&LA—13 1 m 1428 1E
B O B EOGEGE LR, ARy 200 m?, WK1 B, TR, whhkE R
W# 1, OCTL MyFZ4ahrlla 21", OCTL RGO, oo —He R nl LUKER /U4~ Jrnl, %
FEATRI IS R AT LASE s R EIRE . OCTL 25 T 36 FEEMBOGEF M Z MW H , HH OPALS ( Optical
Payload for Lasercomm Science ) &%t. LCRD ( Laser
Communications Relay Demonstration ) &Gt A H ik
MRS, BT RGEHTH A
1.1 OPALS
OPALS R AT 2014 4 4 H4eHeAE HFras A
vk ISS ( International Space Station ) [, 2014 4 6 H &
10 A, gy e 18 W, Hp—2p R A fEH K.
SR 200 pm B AR APD YRR G A BRSO
K, A T R A m I . SO R B
Wi, EEHER 33 Mbps~50 Mbps, H 7 i ] KT
2 min (FEFE T IS 32 B Im AL LR B RO L 4

P TETRR S ) o T S AT A A P SRR DT & B 1 OCTL 4L

OB HAR WA L MO B S B R ) BRI F Fig. 1~ OCTL appearance

e, B, 2015 45, OCTL JI THA H3E RO &1 OCTL 353458

MIBOLEFRRACRSE, 1 158 iET T FAMOGIfS: —_Table L Site Information of OCTL

5. A HIEN RS R OPALS MmN R P& A i 75309 (BZ)

FIZHE SAIC ARIFHTH LR, JRERE G 2 B, s 349229 (dbh)

Kl FSM b fe 8 5%, OAP i il Es, MM N TR 2200 m

ZROGELE, BS hsbthi, DM WAEEEE, SRIMAS  wiyg 0.5"~2" (#ZlA)) 27~5" (1K)

% TR, LNA N RIRECRAS, FBG e %2 OCTL ) 84 K54

ARG, PD ROGH AR Table 2 Main Technical Indicators of OCTL
HIE N G2F R G R AU AE Boston Micro Machines Febr i Bl

NE AR 1000 FLITHLEL B4 MEMS ( Micro- Iz I'm

Electro-Mechanical System ) ZFIE8%, RHAS% T BREFAAIE 2" (rms )

% SRI ( Self-Referencing Interferometer ) 1E A A& ek LB FSS-99, Bt

MI~M7 &1 55%@]1 550 nm

o8 IR IS & T FLIR A R —3K InGaAs

HUBL, BOBISE] 10Kz, SR U i B 1T EE e
Shack-Hartmann 3 i 5 EA A AR AN T AT T L 500 prad
R R (N S | A Ml e 13148 H TR 17 prad
HRGER I AR N 10.4 pm 1Y SMF-28 YCLFAE M i 20°/s
W, FIE R RGAEH T 1.6 km FOIKIRNT , 2l s 10°%s

4200 nW AT LASE B B IE
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20154F 3 H 4 H (2:54pm) , #uifsh 5 Epras
[ EEE 1345, AO TREFHAFRIRAS, IFMA M 200
2 60°, AO P FITF IR C B0 L an i 3 fiis
A BDCE DA HRESI /R L SR ( Strehl ratio )
TE AO P FRARZS S BEE IR0 £ B2 i A2 Ak G 4] 4 BT
W FIR EIE R 0.6, TEFFRIRES T /T 0.02.
AR IRRE TR A BDEEF TR mE 5 Br

B2 WA BiER A% OPALS @ik A 4 RIEAEH
Fig.2 Schematic diagram of the OPALS ground receiving system with adaptive system
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Fig. 4 Coupled power and Strehl ratio versus
the pitch angle in the closed-loop state of the
AO system (closed-loop state started at 12 s)

B3 AOJE (£) M2 (&) #9235
Fig. 3 Far-field spots with AO open-loop (Left) and
closed-loop (Right)
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Fig. 5 Power comparison of the AO

system in the closed-loop state and the
open-loop state of the AO system
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12 LCRD
LCRD M HJ& 4 T SEELP 5 Mo vl i 2 (7] 20 08 TR S0 s A v ak G, FAHE TE N
STPSat-6, %5435 OGS1 Fl 0GS2, OGS1 2§ OCTL, OGS2 M T HE @AY 0.6m 123K
BE, I H R SR R [ Sk A [R5 A TR S T = ) S A
FEfTA TR R NASA 7 11 /2 LCRD 5 H (Y752, £ OCTL MY TS5 N itk T DL R 45 10S
(Integrated Optical System) , T0S A9 Hi&E N RG] [FE# £ LCRD i H A RSM T A TR . 10S
TROTBEITHERR L 3. MmN 6 Fin, L0 S %, W A0 I, WFS i FEEmm ik

I, EIRR AO RGN TSROt &S0 53108 ki
FARIE A, H A9 5 8 S50 5 A 2 1 e BH
J5 - AO RSG5 R AT R Shack-Hartmann {4844, fEhrk i, s 280 prad, 4x2.5 W
P AR ABAILIE F A4 )2 LLAIBT Xenics 23 F] Cheetah HEEEAA. R 20 prad, 10W
ZAE InGaAs ML, BATFLARIRSEG TN 2x2, Al TAERA A 5.2 cm@500 nm@zenith
WSk 10 kHz. DR BAFRKEN 2 TE48E LODM ( Low IVWWH&"( Atr) 20°
Order Deformable Mirror ) #1751 B A8 5% HODM ( High " }ztiigAy;jg SN

; ANH S 25 [ 47 % FOLL A RCR 55%
Order Deformable Mirror ) , 435l FH TR IEARSS [A]5R AO B SRR o

MR BEAR 22 Ay s [/ MR EAR 22, BOT R AR
I3Ah 28 MEshEs, I, HODM BEFHAYE [ Boston 23 ] 32x32 MEMS DM, 1772 1.5 um, ER%4H
1 cm, LODM Jy 12x12 MEMS DM, 17#&4 3.5 um.

B 6 10S thA B
Fig. 6 10S optical layout
3 1 S RN 1L R A (Palomar Observatory ) HW ) PAL3000 JERH F3EFT T H4K,
2 RAR T 2ER o HOCEF2E3ETE 6 Sl i, WA AL PR C TR TS, ek TR
AR S B LT BT 6]

2 BOM
2.1 EE MeéO BimiE

2 MO YL BiA JH42% T SOCRATES B/ TUR I SOTA A7 1 AO KIESLH: . MO B
B0 SOTA Zasmnld 7 Fiw o %3256 2 H RS BB E 53 HLA NICT ( National Institute of Information and
Communications Technology ) 17 E %3 [B]#ff 57 H1.L» CNES ( Centre National d’Etudes Spatiales ) S 1EHN%E
A —iR 4, WS — N HGE L SRR N TR TIROE AO BOESCE . 7 TEA 1270 m 7L E
KT MeO BB IR EAR M 1.5 m, LS AMALM 195 mm HAR, FEMAGE/NT 27, feIEERE
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JE 0.1, TR 5975, HIERSLHME 8 PR,

B{7 MO #iz4s (£ ) = SOTA %34 (4 )
Fig. 7 M¢EO telescope (Left) and SOTA terminal (Right)

IERSEHR IR AO R G ik A ZS LR AT ST B
BT, WK 9 PR, (1% A0 REARE LT T HEOGEF
Wi, ZBTLRA 976 nm FATHOGHLZE R T A X
AO R4, % F 5% M Shack-Hartmann R4/ ,
TN 8x8, P HTfL B AHPLR By & First Light
Imaging /A 714277 1) OCAM2 FIHL, S0 HER N 240x240,,
K& CILAS ARl 88 HAITARIEEE, stroke /NN
+5 um, A SEAE] 10 kHz, AUFEMAS Tip-Tilt 514,
—ANR TOtERE, WA 10 Hz, — A TRIERS
SRR, IR 2 KHz. BOFERBEE G B8 MO BiLgiey Rt AT EHE
ez NH 6.5 um 9 SCMOS AIHLIC . HELHTF Fig. 8 Schematic diagrE}m of the Coode optical
N e path of the M¢O telescope
BAEALE SOCERILRS, I BEHE TERBOCET RS -
K] Linux RGEHHREAUER AO Fia%, @l b RGHCE . FRRRIEE ST ORBRRGIER , 1
1.45 k WUHIIAER 3.3 Wi, REGIERER, 0dB RN 55 Hz, HITHEHAF R RGFAATTLLITAE,

B9 MO Zithr AO AAREE (L) EHA (&)
Fig. 9 Schematic diagram (Left) and physical diagram (Right) of the AO system of the MéO telescope

2015 4F 7 F 21 HAKIE], 5 SOTA ZiifdT 1 s, LT T 145 s (19 AO FEHMIFR, HPRA]
JECHREEIR A 10 Fos, AMEOR)E EGh r B R CGRAEO LB B, 18I CHE AL
BOCLHE ARV E R 8.8%, rms Sy 3%,
2.2 ESA Optical Ground Station

MRS JRit # M il ESA Optical Ground Station AT A2 NZS JRy SILEX Hit H 1 — &80 o HiH o5
{7 FPHEA Y Tenerife &, WK 2 400 mo 24457 1 m F12H) R-C Coude HiLHE, FAELHAKE 36.5 m,
RENS 55 R s WLEA T XU E 5 64 T RGEMERE M, SR N 11 fost>Bl,
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B 10 AO ALMIA] /& X ut R -
Fig. 10  Spots comparison of the closed-loop state and . B 11 ESA OGS %% H

the open-loop state of the AO system Fig. 11  Appearance of ESA OGS

FLHY AO RGBS HUILE 4, RGAERMNE 12 P, Horb TT b “HEmb it & (tiptilt

mirror ) , f2 7 EAEN /I, GG FICHT 28G5 WES ( Wavefront Sensor ) 14436 G
. ) . i St R o
79 80:20. WFS Jy Shack- Hartmann A VR 5 4 psa 0GS A0 #4052t i
BLEESHAYE Xencis 24 F () Cheetah CL RFUFHHL, 1L Table 4 Main design indicators of the ESA OGS

PR 1111 CHRCH 88 8T ) , Myl 97, FAHL AO system
AKX, 128x128, fcm WU K 20 kHz. At A
BOSTON 7 A [ 140 Hy0( 12x12 )MEMS DM, stroke 10(1 064 nm) for Strehl > 50% 10 cm
#55 um, AO RGN 13 i, s FZSEIRY number of corrected modes 75/90
A3 GRS, M RIRLASE, ZEMi WES. i max. control loop frequency 20 kHz
max. 0 dB bandwidth 500 Hz

Tk DM, &RGHE 10>20cm (1 064 nm ) AY7&[E]A]
IRAFHIHHRFF R LR T 70%. # 14 1E 25.8 km AKFEERE T AO PERESEA TR A 25 S, 76 AO FFERHT,
FEBEREEE, 78 AO AIIRET, SEBFEEr BAR S BT

B 12 ESA OGS AO 2% 4EH
(B Th5 AO RXAFH)
Fig. 12 Block diagram of ESA OGS AO system
(Ignoring AO independent optical components) H 13 ESAOGS AO 24 %A
Fig. 13 Appearance of ESA OGS AO system

A 14 258 km K-PF4HZE, AOTFF (£), AOMRF (%)
Fig. 14  25.8 km horizontal link experiment, AO open loop (Left), AO closed loop (Right)
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2.3 TAOGS
TAOGS ( Transportable Adaptive Optical Ground Station ) J&f#[E] TESAT /& #l Synopta A #] ( Fi+:

HotEfEAE, Ao EW ) 28 EFi+.0> DLR ( Deutsches Zentrum fiir Luft- und Raumfahrt ) 2
Fethl, BHAVRES TESAT AR HSH UM —C LCT A% umif rmfE" ', TAOGS ml 5t
i LEO ( Low Earth Orbit ) [ FIHER [ #1iE GEO ( Geostationary Orbit ) L2 ST, #M{5HR
53994 5.625 Gbps F12.812 5 Gbps, TAOGS Jifit, MR E | HAETAEMFRAIA 15 Fi7R

B 15 TAOGS F A, HIge K E | B M A3
Fig. 15 TAOGS shelter, coarse pointing device, and inside of the operating shelter

TAOGS G H A8 MK CPA270 Fil CPA100, 4L/ ELAR4> 54 260 mm AT 100 mm (#2237
B, CPA100 R A5 &% 35 mm 5% 95 mm Y6, CPA270 FEA 34k, W rl &5t 20 mm H1 35 mm 6
W, 20 mm, 35 mm A1 95 mm YEH A HUA 4358 33.9 urad . 19.4 prad A1 7.1 purad, PHASFLAE )25 B G 2L
ST HESR IS TR AE TAE

TAOGS JtAER 5 Hid WG R E s3I K 16 FE 17 s, Hr AS AHfiZRERERAHAL,
S E WA 25 Hz, WFC & Shack-Hartmann JRTZEAANL, SRAIAYE InGaAs FHHL, ROI E2H %N
500 Hz~10 kHz, CAPCam A2 &AL, TAEZER] WAELIAMNEEL, TXCam S CPA100 (AL, FPM
FPAM 351k A 38 W R s A A S U bR S . SR 12x12 H.90 MEMS DM, HEE N R 48 TAESF R
RAEMTKEE 7y <10 cm. 5 GEO #EER, AT RARNLNIII E K 6.7 kHz, 5 LEO &EERT, K& N
10 kHz, & 18 fli7’ i TAOGS 5424255 T GEO Y LCT St LR 354 1 18 WA TE 5 i BEE %, 7T LA
FEih, BIEE B ATSR BRIEEE

B 16 TAOGS AFIEH
Fig. 16 Optical block diagram of TAOGS
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B 17 TAOGS A& m k% B 18 TAOGS 5 GEO #4ka} k369 B iE 5
Ao FEHA AR IE G 89 KB
Fig. 17 Appearance of TAOGS Fig. 18 The corrected light spot by AO when
adaptive optics system TAOGS and GEO are linked
LRIE

PRI 208 FE NG FHAR BT 1 m DL EMR DRSO GEF w1 H o 73T RS vERE,

1 26 cm /N A S i B T AERDEEROR, SEEG TR RSEIRATR . KRB LU
T A Shack-Hartmann AT EO7 3, FAE AR AT BT 2000 SRT A T AR S . 0 THRTH
DI H T B R A, R T B At s B B RE Sy, (TR R | IR A Al ™8 25 R AR
I PRUERRDCEFRE G RCR , OG5 sl R FH B A & DG RST8] 73 R RS 8] B LU T
A A TR RS A ORI R o B B R0 IS A IERDEF BRI T T RO 2 mpEIE, Hag T
TAAEN FHRIRETT o

FIAT, [ A O G R BEA mOd A R B, Wi A I NG 2R G804 e P RSO Gl {5 3 1l ) 7

SRBORZ , A BEASCIIR SO 5 F I NGB AR 8251 ] LA O 5 4 1wl i) R STt I FiE
PG RGBT 555
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