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Laser Communications in Space
I Optical Link and Terminal Technology

LIU Li-ren
(Shanghai Institute of Optics and Fine Mechanics, The Chinese Academy of Sciences, Shanghai 201800, China)

Abstract The free-space laser communications are of potential applications in the space, the satellite lasercom
terminals have reached a level of high data rate, compact and light construction, and low-power consumption in the
world. This paper reviews the international progresses on the satellite lasercom, discusses the related key
techniques, and gives the suggestions for the design of overall scheme. In the next paper, the test and verification
techniques on the ground for satellite lasercom terminals will be introduced.
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Fig. 1 Laser space communications and applications
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Fig. 2 SILEX mission configuration of optical link
between ARTEMIS and SPOT4
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GO A1, BB IR ) 512 X512, 52 1
22 Hz, (1 S50 B B D 128 XX 128/ O BR il I
454 FN)O X 9 ¥ £200 pradift il %2 kHz, &
55236 g, hEEN1.5 W,

A ES B LR FN-TS: #E3EH£Hh
+1.5 um, H 55 K (—3 dB)5 Hz, 43 P %20 nm,
BEHKH2.0 dB, FHAEEREFI0 g.

R G AAHLEOCE B S B, FARBOEE « I
K K808 nm, jEL TEE H2.1 nm/1.6 A, K ER
0.3 nm/C, Nt TR B 1.1 W, & K5 2
RRTW,Plug BRI E R 200, W B4 K
100 pm MM Z B £F, 48 7 100 mm X 122 mm X
46 mm,E & 4256 g, EWINFER 12 W, 5 —Fr &
AEAR AR K272 Hz, JE TAER EEE —40~+65 C,
REBEEGZEE) R Q2.5 C, REEE(E
)R (22.5+3) C,

RS AA ARG BO6E : R A 1064 nm, & 5
110 kHz, i H 2 2 25 80 mW, 45 3 {8 1% ¥ H A
12. 4 GHz, % H§ J6£F5 pm PM-SM, #F 7240 mm X
118 mmX 60 mm, B & H500 g, hE HN11.2 W, 55
— W AAESR A 200 Hz, I TAE IR B —35~
+45 C, A HRE H(21.5£2) C,

TCEFBOCHURAR (55 B KN 1064 nm, iy AT)
RRHLOmW, MBI FERLW, HzEKH
977 nm, MBI FR 5.5 W, WIRIHE EFE>20 dB, 4
7200 mm X100 mm X 40 mm, EH F1.7 kg, 5 —
WA fE AR R 4200 Hz, i TAEFRE A 15~50 C.,

6 R WOE B R K 977 nm, Ok
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EIEE 3 nm, (IEH) e H I FE K16 W, R
SERH12 mm X 12 mm, Y63 & B N7 mrad, ¥ #E iR
#= A £0.06 mrad, #p 57 5 210 mm X 130 mm X
30 mm,EEHL. 1 kg, RRINFEHEE W, 5 — A
fE 3 % 2 250 Hz, 3E T/E R E BB I —40 ~
+65 C,AMmMEE RH(25E3) C,

BOLF & REHR T RS BEROCHERE AT
WBEN (22.5+1D) C, ARz 77 @i E N
(22.5+£1D) C,EMAMIRE N 22.5£3) C,#E{F
WOLRAEEE N Q2L.5+2) C,ARECHAT
B|ERQLSE2) C O HRBBOCHE R A E
RN (25+4) C,HREN3 ke, WFEH2L W, 5 —
B AIE A A 4200 Hz, BOGY- & LIEVEE N —35~
+65 C,RAes A EEE RN —20~+15 C,

H # OPTEL-AP il OPTEL-DS £ OPTEL %
TR BB BB R X IR S (S A R RAT AR S
MW H . OPTEL-AP % H Ritchey-Cretien %l {22 &
By2OHBEN20mm, XA RAMHYE KWK E.
OPTEL-DS F 2 & I R #E17 kK B-H Bk L2-H Bk
AR BE B 8 0. 01 RICEAL (AU B8 5 # &4
10 Mbit/s, JE 8§ 24 0.5 X 3C H# 4 B i 7 R K
2.8 Mbit/s, JE B Ky 3.0 K SC B fi I 8 5 E Ky
0.3 Mbit/s, K £ i) H 1245260 mm, i & 5 20 kg,
IFEH50 W,

3.4 {EEHR TerraSAR-X 3% iE 15 &K

TerraSAR-X DEEEEFHEHHAEHFEL
B, 2fEE A TRk R ER R E T
2007 SE 5T, BB R FE 514 km, i fa R 97. 44°, =
6] 43 PNy 1~2 m, ToZk R HE AL 5300 Mbit/s(X
B Bt,9.65 GHz),

K 12 TerraSAR-X B E
Fig. 12 TerraSAR-X satellite

B 13 TerraSAR-X LCT & ¥
Fig. 13 TerraSAR-X LCT lasercom terminal

optics unit

I telescope

fine pointing
1t unit

: ,,.(_ point ahead
¥ roooumt

transmit
collimator

aser pump
module

Taser pum
module

receiver
electronics
and data

SErvo /sensor

electronics Jacquisition}

tracking

TAPCO |

terminal
control

amplifier

Kl 14 TSX-LCT K umky NER G~ B
Fig. 14 Block diagram of TSX-LCT functions
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Z P ETH B SR—MEOGEE % LCTUME L
B 12), i 15 3 % K 5. 625 Gbit/s(24 X 225 Mbit/s),
AR #EAT R BOLEF GREMNRBL EE O MAE
Hu O T LR A LR E S R,
JRBTH I — RS EAE T FE LR, TSX
LCT %6 (5 4ut (B 13) 7] P Sk 3647 2 | 30t
A5 A B MBS, 7E 10 ° YR BD F 5 L T AU
WA Y B2 K BB o 6000 km B 1 3 (S HE K
8 Gbit/s,FEE 420000 kmbf i E @ % K1 Gbit/s
Gtk HITEK0.5 W), BEE A 72000 km A} A 18 15
HER500 Mbit/sOERFTHER 5~7 W) K i il
fFd K M1, 064 mm, R FIAE T 68 15 7 &, — il
B (BPSK) W, FEM TN, BiggkE
BRE®A K125 mm, & i 5T & /D T30 kg, IFEAR T
130 W, 3 HARUEFE + 45 1 Bl 2o 72 o i °] ¢ B i
0. 9998, H N FR&E W K AnE 14 Bt

IR RE T —4 Alphasat T2 58 4§ 4l
R LI E LA TanDEM-X 5T
B Alphasat Z [&] B 7£ ¥ 2 Gbit/s #OL#E F, 55
TanDEM-X F P B 300 Mbit/s 58 4 £ #F . [F B) 18
K LB Alphasat TR X = 3 T2 B 62 B In] % 4%
1 Alphasat T35 T Hb TH 356 B9 ' 2 0 e 4% B .

BRNAE SCIL R PHEREAY 1. 06 pm B |1 28 B #06
HHT 3B F A% A9 OPTEL Ml TerraSAR-X 0t i# {5
K2 A F R SOUT,SOTT 1 SOLACOS % —
RIIBFSE RIS | 15 TR S s ) T X F R R
T,

¥ SOUT
(7cm/<25kg)

SOLOCAS"®
(15em /70 kg)

(25 em /160 kg) SROIL

(4ecm/<20kg)

B 15 TSX-LCT # OPTEL Z Bl % /B I 8OL & 5 K
Fig. 15 Developed lasercom terminals from SILEX
towards TSX-LCT and OPTEL

4 TR A ol PO E 1 SR 1 [ S
e

B M0 15 B 16 R B T2 5 ' T o 9 B
AR T2 5o T uh 9 kB . @i SILEX

ITRM TR ETSVIHRMESLRT mH L E-H
T 5 A TR b m b R B O B R, H
& A W TC LI N P R 4 B R 4.
4.1 HZAMZEEH ETS-VI it x|

HAH R KR B E O E E 55 i 2 Ol B
16), BEMIELE T (CRL) #F4#9 LCE (Laser
A (Bl 17 FEl 18) &
HERETHENKTE ETSVI(EBH T E) EiEot
WELXY, 1994488 A 28 H ETS- VI LR %4, [H

Communication Equipment) %

data relay satellite

%%—-WWMWNW
e s b e N A
W i

intersatellite link MW «-‘.Li

ﬂAM.,.w"""‘P‘ 3 4
i |

space station

high-speed (L0 Gbit/s)
_optical feeder

5 Gbit/s link

ground station
with adaptive optics

Bl 16 HALEME R
Fig. 16 Japanese ETS-VI optical links mission

U LINK  DOWN LINK
%15 830nm PABéterinG anmap

ASSBH LY

rwe BQINTING

COARSE LOOP COARSE
SENS:

DEAM ¢
B ANDER|| [TRACKT:
T NS IN
LD: OCESSO!
o
CONRROLLER D LD AR E-
SIGNAL 1vER| |D:
PROCESSOR
MODULAT

E pe/ne N
CONVERTER

DATA PROCESSOR (TT&C I/F) TTSC

LCE SYSTEM BLOCK—DIAdRAM

B 17 BOL@EE%m LCE 454 75 12 &
Fig. 17 Block diagram of LCE lasercom terminal

B 18 LCE &t 4
Fig. 18 Optical head of LCE lasercom terminal
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4£ 12 A ,ETS VI/LCE 4445 CRL 5% 2% Hb 1 i
BN THOCEER . i T EERREHEATENEEH
B, 7E 1995 4F 11 A % 1996 4£ 5 A A, ®IEEE
JPL ¥y TMF Sl 2% sth [ 3 47 1 (8] Wt A9 S8OG 8 5
B, GFRE T EERA T EHRRE, T 1996 47
ASRT ERNTENERE,

ICE#tHEFEAWMMWBEARLE N HEHN
22.4 kg, H#E N84 W, B O & K75 mm, LK
BEgch 15 MEBMESHR AR RE, KN
0.83 um, F ¥ T R K 13.8 mW, R X 8L FE N
30 purad/60 prad(ZLD), 53 1. 024 Mbit/s, 58 B
Pl Menchester i ; B2 YHLIR M 25 7 Si-APD, 3 £
K 0.51pum, M FH A 0.2 mrad, # F K
1. 024 Mbit/s; 3K F1HL R &5 >R Hl CCD, Hii Ml 3
R E15°, WK% K 8 mrad, ¥ B A 32 prad; K R
35 2R F 0% PR A % JBR A%  BR RS B b £0. 4 mrad, i
Y4 0.4 mrad, ¥§ £ Ny 2 prad; 42 A 2 ¥ H 75
>+100 prad, PR K2 prad,

HABGEHARLEZEMHES . BOHE VA T
Botds, K AS514.5 nm, AR K BE H0.01 ~
2.0 mrad, BB T 4 0 42 A 50 cm, 55 [ M T ¥ .
HOt RS ZIER K4, 3 Wmax) , K H514 nm, 5
1. 024 Mbit/s, Y5 R BE K 20~200 prad,
Wi BE R 120 prad, FEHHERS R 3 prad, BOG
KON 5 m, WiHHR 55 prad, K A 830 nm,
BRI ER6.2 oW, in LR B E R 2 pW/em®
(max) , i % J1. 024 Mbit/s,

BRI T ETS- VI 5 3 18 ¥ 18] B9 X638
fa. X RHA L E R T E S v 2\ H1T H%
6l 5, # {5 B & N 1,024 Mbit/s, BB B K T
37400 km, A TR G BERE A, TiwE
Rid 2 RBRHETH I B LEN b L. T8
EAESE, FHRRET DENP I EAFRETE
S, WU, MR UARMETEMEiRE,
M ERE .
4.2 Z£E# STRV-2 i HI>~]

£ STRV-2 ( Space
Vehicle 2) i1 P B b % %2 ¢ 3 (K BOG M (5 & o
LCT(Laser Communications Terminal), 2 H §J &
ZLPL STRV-2 TR 5565 M T 3 2 18] 89§ 8
15,088 52000 km, 1B K1. 0 Gbit/s(& 19),

STRV-2 3% LCT % %t 9 45 # J7 A 4N ] 20
B, 65 M T v B9 N FR G H LB 21 LCT i@ 45 )t

Technology Research

Transportable Ground Station

Sea Lavel or Mountain Top Slant Range:
; 500 km - 2000 kn
Eye 8afe 12 inch Transmitters | pata Rate:

16 inch Recewer

155 Mbit /s
Azimuth-Elevation Gimial Link Duration:
1

Traiter withh Weather Cover

Hiuminate Satelite Open Loop

with Beacon 1o Initiate Transceiver on STRV-2

iLaurch on Migsion TSX:5)
LEQ satelfite

410 Kkt x 1750 ken % 79°
Orbital Period 107 minites

Total Payload Weight 31.5 lbs
Fuil Opsrating Power 75 W

Scan 5 x 5 x-18 mrad to acquire
Beacon from ground, then frack

A 19 B STRV-2 T E2-#H#OLE R E
Fig. 19 STRV-2 satellite-to-ground lasercom

experiment geometry

52 nm, 65 mW ea. RCP

STRV-2 satellite lasercom tran sceiver

8
20 Mbyte 2 beacon lasers ™ 500 urad, 1500 prad
memory board
155 Mbps 4 communication APDI
810 nm, 36 mW ea. RCP .

500 Mbps | asers, out Ch.1 80 urad, divergence —* [6inch | APD2
data max » & receiver| o cking
switching |50 Mpps | 4 communication | 810 nm, 36 mW ea. LCP CCD
board |max _ lasers, out Ch.2 80 urad, divergence - -

<——— 12 inch transmitter
300 tracking
- -~ CCD
500 Mbps APD inCh, 1 . le 810 nm communications - -
max APD inCh, 2 ;éé@i}; 1 mW/em? for155 Mbps = | 12 inch transmitter
; 800 mrad FOV =] tracking
atomic receiver CCD
ceb line filter
~——— 12 inch transmitter
4 nm 1.5 inch . -—
CCD |intereference| secondary 852 nm, acquisition / tracking
filter receiver tracking, 20 mrad FOV CCh
ground terminal lasers: azimuth /elevation
azimuth /slant wide field 12 RCP, 810nm, 31 mW, 40 urad gimbal
of regard gimbal assembly 12 LCP, 810 nm 31 mW, 40 prad
12 beacon, 852 nm, 45 mW, 400 prad

ground transceiver

B 20 STRV-2 %] LCT FHh T 4 3% B 45 9 5 1E 1

Fig. 20 Functional block diagram of satellite and ground terminals
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x1 E-HhHNER STRV-2 RERARIEIR

Table 1 Specifications of satellite-to-ground STRV-2 lasercom

Parameters Satellite lasercom terminal | Optical ground-station

Satellite orbit 410 km X 1750 km X 70°; slant distance 500~2000 km

Communication distance Satellite-ground 1700 km; satellite-satellite 1600 km

Directing error of satellite +0.5° (6° in experiment)

Link data rate 155 Mbit/s~1 Gbit/s

Link duration 4~10 min

Laser diode transmitter system

Polarization multiplexing of 2 channels
4 diodes of left (right) circular polarization
each channel

3 telescopes

each: 4 lasercom diodes of left circular
polarization; 4 lasercom diodes of right
circular polarization; 3 beacon diodes of
wavelength unlocking; 1 beacon diode of
wavelength locked; 1 tracking CCD

Data rate 622 Mbit/s (single) 622 Mbit/s (single)
1. 24 Gbit/s (multiplexing 2X) 1. 24 Gbit/s (multiplexing 2X)
Wavelength 810 nm 810 nm
Power 62.5 mW (single diode, total X4) 31 mW (single diode, total X12)
Beam divergence 80 prad (1/e full width) 40 prad
Transmitting aperture 1 inch 12 inch
Relay beam 5 mm
Laser diode beacon 2 diodes 12 diodes
Wavelength 852 nm 852 nm
Power 65 mW (single diode) 45 mW (single)
Beam divergence 500 prad; 1500 prad 400 prad
Transmitting aperture 1 inch 12 inch

Receiver optical system

Double telescope

Single telescope

Main telescope

Aperture 5. 4 inch

2 APD com channels (viewfield 800 prad)

1 atomic filter CCD tracking channel
(acquisition viewfield 20 mrad, 70 prad/pixel,
288 pixels X 384 pixels, width 0. 02 nm)

Aperture 16 inch

2 APD com com channels (aperture 150
pm, viewfield 200 prad)

1 CCD fine pointing
channel (viewfield 3 mrad)

opto-mechanical

Secondary telescope

Aperture 1.5 inch
Interference filter CCD tracking channel
(acquisition viewfield 20 mrad, width 4 nm)

3 transmitting telescopes of fine pointing
mechanism with 12 inch aperture

1 CCD pointing channel each (viewfield 3 mrad)

Receiver sensitivity

(three kinds of channel)

Main lasercom

80 nW (194 Mbit/s, BER107%)
160 nW (500 Mbit/s, BER10™*)

Main atomic filter channel

120 pW

Secondary interference filter tracking

100 pW (day)

Viewfield of acquisition

5 mrad X5 mrad X 15 mrad
(scanning 20 mrad in 75 mrad viewfield)

Tracking error

Pointing resolution 6 urad
Total tracking error£40 prad

Gimbal open-loop pointing accuracy 2200 yrad
fine pointing accuracy of each telescope £20 prad

Servo response

Tracking high-frequency response>30 Hz
(first resonant frequency of
mechanics must be >>150 Hz)

Rotating angle +70°/—50° azimuth +178°
+90° elevation —5°/+95°

Opto=mechanism Gimbal, two-axis with 50° Gimbal, normal axes

Size 9.69"X¢9. 5" 5.7 ftX5 ftX4 ft

Weight 14. 3 kg 317. 5 kg (including electronics)

Dissipation (Working) 94.1 W, (stand by) 56,4 W
Electronics Separated lay up Separated lay up

Size 10" 6" X 6"

Weight 5.35 kg
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optical breadboard focus 50 mm past breadboard

light in T x galvo fast mirror  collimating mirror,
810 nm _ (12 inch or -~ 150 mm f
RCP, LCp|16,inch . 450 mm diameter
> =T lschmidt-cassegrain gives 15 mm beam
= telescope
g;c’gt out i ¥ v galvo fast mirror
852 2%1 retro (rotatable) Commercial galvo scanners provide highest
quarter wave  for xmit alignment performance at lowest cost. Place straddling
plate Lq i pupil plane for minimum mirror size.
+ oalv Y tracking
¥ galvo — il g
fast mirror @ i Pl:l camera

95% R, 5% T

path to RCP A

- polarizing beam splitter
modules =

path to LCP modules

Bl 21 SIS T ER
Fig. 21 Ground terminal telescope breadboard optical

path concept

TR 2 RO (X4, K 9810 nm; {5 F5 8
TG K A 852 nm; 4 B HY R B G M EWOLE, £
HWBREE N RS 4T HMT 24 APD {5
BYCEERM 1 AEF RS CCD BRI E , I
BEm B AL 5 Jeh I T T B B dAy CCD BRES
1 JE 5 H S TC ) B AL E B S 89  m 3, AR AR
FE>30 Hz; KU R84 14. 3 kg, LCT &8k ik
Hu T AR S TR 1L, TR S %,

STRV-2 3+ % F 1994 4E FF 4. 2 %% K ¥
BMDO, #£¥% 4300 71 £ 70, &R G¢ ¥ i+ F BT ] 2 AL 2
AstroTerra Corporation (ATC), 2000 4 6 H 7
H,ZH STRV-2 fi & Y TSX-5 BB WM& 5, i
A410 km X 1750 kmfy# B HliE . LR STRV-2 §y
BB Lo 540 F & L b S AT 17 ROk
WA EER B RE LT . 1Ot 2 4 I O RE A7 2K A0
PR % T 345 4 S B A5 A O, AR HRE B R R A
2 DR ESESERAEDT G EEHRLE
WL BT RERFATE PAT J7 3 J7 T /Y R &R
4.3 Z£E OCD iE s &gt~

SelE E R M T HAATH NASA Fsg < H
VESC B R TPL B 4 BRI #9 OCD 6 I 13 4 %
(Optical Communications Demonstrator) , && — 4>
W RARE TR 5 b T i 8 2 50 WO 5 L i, HH
M RBEELE ST IELERENE RENEH
2= A OEE AR B B AT AT

OCD Kot PR ER R 2 LI 22 W Bm o33
B (TOA) 5 B, Bt A 56 R (transmit laser)
18 A8 % 45 il ) 5 4% (fine steering mirror) | 43 3R
BE U PR BRI A 1 o YOG AR L L 4 R
BRIBCHS B 43 6 IR 4 SR AR 1] /S SR AR B L A B AR
W2 (FPA) , ZRENBNA BB R IR I M,
Xof 5 4% it A 5 ) B0 i A 2% i BR T 4R PN R TR S

WERAR A BRI AR . Ot AL B IR 48 & 5
WGP X 7 IR R WOL BERY A7 B 22 5, I HE
P A S B O e e B OL R TR B IR A B A
PIOGTEE S, B R SR BRER 1 3% 05 G, SE R B X

e — P IF Rl

)= Atransmit
FPA laser

predicted
point ahend

iN|

fine steering

— mirror

Bl 22 3EE OCD i TOA 38 JF 3 J5 1E &
Fig. 22 Functional diagram of OCD TOA

telescope

JREYE OCDL BOLE AL R A T k4,
HENFL BRE O RA10 cm, REBOCE KN
844 nm, HHEH K H0. 62 Gbit/s, 3% K1 mrad, o
BHRERCKE., EREROTHEA:RA- WS
i HEBE A — 1~ CCD R 2% [ 31 > SE B 3R | IR 25 A0
R I B s R DG RS O BOL S R AU R BT, W LA
5 (58 1 20 AR SOG4 B

HNT BB HAT R E M A ERE, W#Hm
OCDII % i 7= OCDI & 34 hin 7 46 Bl 5 =] 22 (&
23), & 9 ¥ 6 B K ¥ A 1550 nm, 8 X
2.48 Gbit/s, 3% 810 mrad, I3 T OGEE R I
K%, 2000 & B & &M JE Strawberry Peak f
OCD & i 5 & ¥ 7F Table Mountain Facility )%
EHLTE I HEAT T OB R UK F [ BE 45 km,

B 23 2% E OCDI(a) 1 OCDII(b) $% & 5 4 i
Fig. 23 Lasercom terminals of OCDI (a) and OCDII (b)

4.4 ERZEEHNERELR

=] 2 8] 3l TREHF 55 0 & J 1R (ISSERT) X %
JPL 528 %= & B OCDHRLF (Optical Communication
Demonstration and High-Rate Link Facility) & #
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T # A esms R 15

gimbal
(orugh pointing)
pedestal
minimizes
e-of-sight
lockages >

Bl 24 EESREGEGEFELRRNE
Fig. 24 OCDHRLF lasercom terminal in the

International Space Station

2R 23 [F) ol - b T 0068 £ 8 o (T 24D
BERE IR T R 985 km IS E W fEEE
20° /N RSBFE T B A OB I8 15 2 o R A
OCD Ji 3, {55 & 5 WOt R A 1550 nm A #0OL Z 4%
BERGBHLARRNBOCRE MBI E N
200 mW, X8 042 10 cm, #H B W O & H
1 m, 3R F 7 A D638 15 A HE B R s (5 hn R A 8
1,25 WY 980 nmi Yt 4% » K #UE 4200 prad. A
TARIE 1SS 78 % 98 1Y %€ AL A0 2 VT SE 300t 4
B FR T 1 mradREF A BBk b YAG #0648
LS G R B b B AR IEHE T X E. EERA
SONET #r #E , 30 £ 3 X 4 5] & 2. 488 Gbit/s,

1. 244 Gbit/s,622 Mbit/s,155 Mbit/s[82~84] .
EKHE X BEFOCHEFITRC 2BGE, H itk 4 3
Z{,ﬂ;ﬁgﬁ[%NS?] .

5 DEPOGHEGR AR FR

MNERERIRE, DEFECEB AT UENT
X 43 « 376 B B 4% 1 S >>10000 km, 3 BF 55 1% % 2 %%
TTK; BB RN >1 Gbit/s, FEBR R H+
ZHE Mbit/s, (K1 KH L Mbit/s L F., LEM
JEEAR W] 43 = P i PR 45 40« I PR S 2 (1 Ok A
FUNRAIE-RKADE, RIIZE-RRIE,E
HEERELEGRATE- KRB TR, EHEOE
WA (R E- s, R D E-Hm ) .

A A SR FH 0O 3 15 28 o Y PERE 15 3 K SR RAE
LU MEERERE S K = LM/Q, i L KB EHER,
M AEHER,Q A& mRE. R2HMT 5 MK
I 38 15 &0 B9 LA T km® X Mbit/kg Ry B4z B9 K 4
REFE 40 FT AEAT 40T B9PERERI 43 : K > 10 ESR
h v MR 2Lk (4 TSX-LCT f1 OPTEL25), K =
~ 1 R F N hSEE R4 o (N SILEX-R#L L E),
M K<<~ 0.1 508 H AR Lo (4 SILEX-5=5 3
TAM STRV2-LCT), M Ay = 1 B8 4 o A2 7] 2
TmBE B M = A% R N ELE R B L R T R

Qduly

lCl—fﬁ‘()

R2 SAHMAEFLRMPERERES

Table 2 Link ability of five lasercom terminals

Lasercom ESA ESA USA ESA Germany
terminals SILEX-GEO SILEX-LEO STRV2-LCT OPTEL-25 TSX-LCT
Max distance of 4,5 4,5 0.17 2.5 7.2
transmission /X 10* km
Data rate /(Gbit/s) 0. 002 0.05 0.622X2 1 0.5
Weight /kg 160 80 19.7 40 30
Functional Far-distance Far-distance Near-distance Far-distance Far-distance
classification Low DR Low DR Medium RD High DR High DR
Link capacity 0.025 1. 27 0.09X2 15.6 86. 4
(1000 km)? X (Gbit/s) /kg
Estimation Only low Medium Low High High
RD needed performance performance performance performance

P18 £ BB R O BR B P B L & R TR Rk
TR0 g - TR ) 2R v BR B G BE Ol 1R & o » IS R
oG DR B0 TR RO 1R K i » 1R S ARG R B B O
T Lot . PR WOGE 5 & I 1 B R 7 R 8
BERA -, ATLBEWT.

5.1 RREFREFEMNLERFELR
XA TR DA 2T/ /SRR

JesE . EBOLTI R 5 R 7 RE L, R B 2 5
B 20 B 388 K 0 /0 R 455 B Bk o 5 € B G ok e
REE, DN L B o v 8 R AL i 7 B8 2 98 MO Ot & 4
AR, BB B B EA AR RE F1 1 So e e/
IR HBE LA 0 8 1 06 A 5 2 &R BESROE R

LB 10 pradsf LIF , LR & 416 A BB R
N R BT SRR . AH R A BOE B R EF B
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S R Y, B SR AR B S Y 1 R MR A 6 4 AT 5
MR CERLTF DVD AR m A% E R B ERE
SN RENRTE R, HERERNZELT
FEEF BT R W ROk BN Y B RTG A OR B &
WK N1 06 pm, B B K BN = 15 240 T
B [R]85 A 1 B

TR FERMBAE, MIRMGH R, TR BN
FEARS , B bk PAT Z G 06 40 5% FH AL BR At O B BIL A
G0 FRE R A 6 B AL R 48 DA R B BT R LR

LU B 6 ML R G AT KA TR A R
F AL R AL AR, ] AR O B 2R 8 RO SR B R I 2
4 AR, SR U B R S O6 R R AR BEAL B Y
T AT A AR . MR B BALREE K DR E
BERT (8250 mm) R F W08 H 2R 450, WBR = R
) SILEX &k T L B S5 L5H, HAR
LUCE &R T U BB LGN EW;EH 0 &
B C4n $150 mm) SR I W0 Bl B R 5T BR 45 M, W0
OPTEL25; 7/ 1 42 Bt (4 ¢80 mm) R FH PR il U
SERAE RGN, EE TSX LCT &4;. AR
JEHL R G AL FERD A A7) IR E B AT L. IR A
O LA B AR I B8 — R A CCD #345F, BB
fif 1R 2= F0 4] HHT T R I BRI 4845

o 38 15 W6 R B/ (U 10 prad) , H L E
SRR B AR AR B & B0 A R 3h &t
RN 500 524D, iz R4 MR 3h B+
JEL BB RTICR R B, B I 50 F A IR
JEHL AL R G5, K BR A 2 i R 0 B AL A FL
AL B R DN 2 A7) R kL B R Y oL A7 B R R AL SR
T B2 4 A SO BR A R AR BE A B A O AT A
A REER . BEAHCMMERAKES (L
R B F S B (0l kHzRL B, % 2R 4 ek
AR . BB ARV BE TRk a i,
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homodyne and and homodyne and direct and
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Possible High DR High DR Low DR High DR Low DR GEO-MEO-LEO
inter-satellite GEO-MEO-LEO LEO-LEO GEO-MEQO-LEO | GEO-GEO | GEO-GEO
lasercom GEO-GEO GEO-GEO
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satellite-ground GEO-ground
lasercom
Lasercom OPTEL and SILEX + ISSERT-OCDHRLF
terminal TSX-LCT « STRV-2({ailed)
Remarks Suitable to GEO with Be possible
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18 H 5|

i b 34 %

o T EMBOLEBEL KRR TEFEBRR
IS 512 B O TR D4 B W AR RS i 9 5 | 2 T8 R AR
B SR AR B B AR, RAERER
SN T AR B RO R O A . T ROR
TR W T 25 18 A L 5 491 0 b T 3 3R A
T 2R T, B T vl R WOE B R R TR 8
PEAT B R B SR . B BRI, N
R AEIRE A2 M 7R

gr B RTIR, R4 2R T B BOLE 5 & i P AR L 2
RRERE PAT RGEBIW] /45 BRI 2 & fh (42 A
B)RE X T AR BT 55 LR FH B9 18 5 0 R Al A
KB BEHF BT R 3,

6 ARSI B H K5

EETTELRERFRFRT DEBOLBRFEL
W B R E P E R B BN A E T R R T AR
BEANLL B UBSGNEW TS0 REER
2 i TR DU 9 B v SRR 45 0 /N O R O 8 fE A i
RAE A MEH, 85 8O6R 800 nmil Bk —
W ISR K BB E Mbit/s, FHIhRE S RLH, L
WRREIEMERRYY, ALBEHMFET SHE
WOEAH T A5 BE A, BT 8 MR R G50 an Bl 25 B
IR T B R A B B .

(A

P EBOLE F 25 BB P B E R T &
BHEERNHi., RME LB T ROt EFEL
Ui, IEZEHE A Tl AL A . (H R T2 BO%E 5 &R
RIBF R 2 2 K BF R E B K BRI B IR T AT &
b & S RAS IR R AR A R T R, B A AR A B
S BT E Sk, 2 ) H A8 B, AT IE 7 A BRI
TR O e AR B

BRI T S o A S Bk 7 [ B A
M., ZERRETRT DEMCERFNWR, BIATT
WL, (A 2% PAT # R A4+ F OCD
FE,XE—MERENTFRRG, S5 EBEOLE
f& STRV-2 i+ R R I 7E PAT Bt 5 1 2 A Al &R
fY 0 R ML BRI S B . AR O M5 05 1 A T
PN AL 5 pmIGEF B AR A WA EOEHE R
RBRETHESREBENEKRT . ARERIRS
PEEE. BRE /Y SILEX i+ R Hir 2L E L L E-
I3 T8 = [ A4 3 BE 35 15 S O @ 5, R B K
AR SEOCR S, IR RS b K E A

o] P9 REL B 5 6 R AL AR O BRE G D' HL LA LA B 4R i B
TV B 48 B BT T M B E 2R B R B Y 2
L IHHZIRT X LR P B IRSIAY TR, AT — 2 S B
T REIWOICHER S 2R T 06 PAT REHER.
N T R R B AR R AR R SR Bt e J T AR OR
Ml pmPKE) YAG #Otde HEMA T EHM T
HBERG, PR TOLE G S R, Kkt
TR R N R R A AR FEBOLE (5 Ko, 1R
A B4 TREESER A, RIERXREIER#E
1 {5 B L 2 3 B R R M AR i S L SRR

T AT R WOt E 5 4 v 19 & & AT REFE LL T UL
A7 T HR AR R, B R S B S TR O 3 15 T R A 2K
H Gbit/s Wtk RIGHERETEEHL BT,

D Wb RGER A

2) RBERINFBHOC, LI TR W #O6 R FHIR,
10 6 2 v 45 44 5

3) B WOEEE K, 0534 nmPL K,
B /N TR AR S $R R R B

4) 7R R AR A 2 R A 7 R B R ML, S B
T R IS

B R BOLTE (7 4 m B9 R B BRI IR B 17 PR BE
WNJFTEE ST M TH S B 2 A 1R T SEAT AU B R
AR ) Ak e FEASE B - 153X 7 TET N AR AE R SO Y

gﬁ o

s X X

1 M. Katzman. Laser Satellite Communictions [ M]. Englewood
Cliffs, NJ: Prentice-Hall, Inc. , 1987

2 S. G. Lambert, W. L. Casey. Laser Communications in Space
[M]. Boston, London; Artech House, 1995

3 F. E. Goodwein. A review of operational laser communication
systems [J1. Proc. of the IEEE, 1970, 58(10):1746~1752

4 W. R. Leeb. Prospects of laser communications in space [ C].
Proceedings of the ESA Workshop on Space Laser
Applications and Technology, 1984, ESA SP-202,3~13

5 A. F. Popescu, B. Furch.
developments for laser intersatellite communications [ C .
SPIE, 1993, 1866:10~20

6 V. W. S. Chan. Optical space communications [J]. IEEE J.
Sel. Top. Quantum Electron. , 2000, 6(6) :959~975

7 J. L. Vanhove, C. Noldeke. In-orbit demonstration of optical
IOL/ISL—the silex project [ J 1. Intern. J. Satellite
Communications , 1988, 6;119~126

8 M. Arnaud, A. Barumchercyk, E. Sein. An experimental

Status of the European

optical link between an earth remote sensing satellite spot 4,
and a European data relay satellite [J]. Intern. J. Satellite
Communications , 1988, 6:127~140

9 E. Perez, M Bailly, J. M. Pairot. Pointing acquisition and
tracking system for Silex inter-satellite optical link [C]. SPIE,
1989, 1111.:277~298

10 G. Oppenhauser, M. Witting. The European SILEX project:
Concept, performance status and planning [C]. SPIE, 1990,



14

XA - ERBOCESR

I #EpR AR IR E AR 19

11

12

13

14

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

1218:27~37

B. Laurent, The SILEX project: The first
European optical intersatellite link experiment [ C]. SPIE,
1991, 1417.2~12

O. Duchmann, G. Planche.
mission requirements by an adequate optical terminal design
[C]. SPIE, 1991, 1417.:30~41

M. Bailly, E. Perez. The pointing, acquisition and tracking

O. Duchmann.

How to meet intersatellite links

system of Silex European program: a major technological step
for intersatellites optical communication [ C]. SPIE, 1991,
1417 .142~157

F. Cosson, P. Doubrere, E. Perez. Simulation model and on-
ground performances validation of the PAT system for Silex
program [C]. SPIE, 1991, 1417:262~276

G. Oppenhauser, M. Witting, A. Popescu. The European
SILEX project and other advanced concepts for optical space
communications [C]. SPIE, 1991, 1522.2~13

R. P. Jonas. Optical pupil relay design for SILEX: Optimising
wavefront error and transmit/receive beams co-alignment [ C].
SPIE, 1992, 1635:99~108

D. Malaise, M. Renard. Silex beacon [ C]. SPIE, 1992,
1635.337~343

R. Craig, B. Li, B. Chan. Laser qualification for the Silex
program [C]. SPIE, 1994, 2123,238~242

U. Hilderand. Receiver front end for optical free space
communications [C]. SPIE, 1994, 2210:96~102

T.-T. Nielsen. Pointing, acquisition and tracking system for
the free space communication system, Silex [C]. SPIE, 1995,
2381:194~205

Michel Renard, Paul J. Dobie, C. Grodent et al.. Optical
telecommunications-performance of the proto-flight model Silex
beacon [C]. SPIE, 1996, 2699.:278~287

B. Laurent, G. Planche. Silex overview after flight terminals
campaign [C]. SPIE, 1997, 299010~ 22

G. Oppenhauser. Silex program status-a major milestone is
reached [C]. SPIE, 1997, 2990.2~9

B. Demelenne, T. T. Nielsen, J. C. Guillen. Silex-ground
segment control facilities and flight operations [C]. SPIE,
1999, 3615:2~10

T.-T. Nielsen, B. Demelenne, E. Desplats. In orbit test
results of the first Silex terminal [C]. SPIE, 1999, 3615,31~
42

G. Planche, B. Laurent, J. C. Guillen e al..
ground testing and in-flight performances assessment [ C].
SPIE, 1999, 3615.64~77

T.-T. Nielsen, G. Oppenhauser. In orbit test result of an
operational intersatellite link between ARTEMIS and SPOT4,
SILEX [C]. SPIE, 2002, 4635:1~15

M. Reyes, Z. Sodnik, P. Lopez e al.. Preliminary results of
the in-orbit test of ARTEMIS with the optical ground station
[C]. SPIE, 2002, 4635:38~49

M. Reyes, J. A. Rodriguez, T. Viera e al.. Design and
performance of the ESA Optical Ground Station [ C]. SPIE,
2002, 4635.248~261

A. Alonso, M. Reyes, Z. Sodnik. Performance of satellite-to-
ground communications link between ARTEMIS and the Optical
Ground Station [ C]. SPIE, 2004, 5572:372~383

M. Shikatani, M. Toyoda. Ground system development for the
ETS-VI/LCE laser communications experiment [C]. SPIE,
1993, 1866:21~29

A. T. Nakamori. Present and future of optical intersatellite

Silex final

communication research at the National Space Development
Agency of Japan (NASDA) [C]. SPIE, 1994, 2123.2~13

T. Hori.
communications engineering test satellite ( OICETS) [C].

A. Yamamoto, Japanese first optical inter-orbit

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

SPIE, 1994, 2210.30~37

K. Araki, Y. Arimoto, M. Shikatani et al..
evaluation of laser communication equipment onboard the ETS-
VI satellite [C]. SPIE, 1996, 2699:52~59

K. Nakagawa,
LUCE (Laser Utilizing Communication Equipment) [ C].
SPIE, 1996, 2699:114~121

Y. Suzuki, K. Zakagawa, T. Jono et al.. Current status of
OICETS
development of laser diodes and sensors for OICETS program
[C]. SPIE, 1997, 2990:31~37

K. Nakagasa, A. Yamamoto. Performance test result of LUCE

Performance

A. Yamamoto. Engineering model test of

laser communication terminal development—

( Laser Utilizing Communications Equipment ) engineering
model [C]. SPIE, 2000, 3932.68~76

M. Toyoshima, S. Yamakawa, T. Yamawaki ¢t al.. Ground-
to-satellite optical link tests between the Japanese laser
communication terminal and the FEuropean geostationary
satellite ARTEMIS [C]. SPIE, 2004, 5338.1~15

T. Jono, Y. Takayama, N. Kura e al.. OICETS on-orbit
laser communication experiments [C]. SPIE, 2006, 6105:03
M. Toyoshima, K. Takizawa, T. Kuri e al.. Ground-to-
OICETS laser communication experiments [ C]. SPIE, 2006,
6304:40B

G. C. Baister, Ch. Haupt, S. Matthews et al.. The ISLFE
terminal development project-results from the engineering
breadboard phase [C]. AIAA, 2002, 2034

T. Dreischer, A. Maerki, T. Weigel ez al.. Operating in sub-
arc seconds: high precision laser terminals for intersatellite
communications [C]. SPIE, 2002, 4902.:87~98

G. C. Baister, T. Dreischer, E. R. Ground et al.. The
OPTEL terminal development programma-enabling technologies
for future optical crosslink applications [ CJ]. AIAA, http://
www. constraves. com/popup/popup_optel. htm

R. Lange, B. Smutny. Optical inter-satellite links based on
homodyne BPSK modulation;
[C]. SPIE, 2005, 5712:1~12
R. Lange, B. Smutny, B. Wandernoth et al.. 142 km 5. 625
Gbps free-space optical link based on homodyne BPSK
modulation [C]. SPIE, 2006, 6105.61050A-1~61050A-9

J. Lewis, P. Gatenby, G. Baister. The optical subsystem of
the SOUT [C]. SPIE, 1994, 2210:49~60

G. C. Baister, P. V. Gatenby. The SOUT optical intersatellite
IEE, Proc. Optoeletronics,

Heritage, status and outlook

communications terminal [ J].
1994, 141(6) :345~355

G. C. Baister, P. V. Gatenby. The SOUT optical intersatellite
communications terminal elegant breadboard [J]. IEE, Proc.
Optoeletronics, 1995, 142(6) ;279~287

G. C. Baister, P. V. Gatenby, J. Lewis et al.. Small optical
terminal designs with a softmount interface [C]. SPIE, 1997,
2990:172~180

P. V. Gatenby, B. Laurent.
operational intersatellite links [J]. Space Communications,
1995, 13.:257~267

K. Pribil, U. A. Johann, H. Sontag et al.. SOLACOS; a
diode-pumped Nd : YAG laser breadboard for coherent space
communication system verification [ C]. SPIE, 1991, 1522.:36
~41

D. K. Pribil, J. Flemmig. SOLACOS high datarate satellite
communication system verification program [C]. SPIE, 1994,
2210:39~48

J. Flemmig, D. K. Pribil. SOLACOS PAT subsystem
implementation [C]. SPIE, 1994, 2210:164~172

M. Shikatani, S. Yoshikadl. Optical intersatellite link
experiment between the earth station and ETS-VI [C]. SPIE,
1990, 1218;:2~12

Small laser terminal for



20

T fl

W

e 34 %

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

71

72

73

74

K. Komatu, S. Kanda. Laser beam acquisition and tracking
system for ETS-VI laser communication equipment (LCE) [C].
SPIE, 1990, 1218.96~107

M. Shimizu, K. Shiratama. Point-ahead mechanism for ETS-
V1 optical ISL experiment [C]. SPIE, 1990, 1218.:646~657
M. Shikatani, M. Toyoda. Ground system development for the
ETS-VI/LCE laser communications experiment [C]. SPIE,
1993, 1866:21~29

A. T. Nakamori. Present and future of optical intersatellite
communication research at the National Space Development
Agency of Japan (NASDA) [C]. SPIE, 1994, 2123.:2~13
M. Toyoda, M. Toyoshima, T. Takahashi et al.. Ground to
ETS-VI narrow laser beam transmission [C]. SPIE, 1996,
2699:71~80

K. Araki, Y. Arimoto, M. Shikatani e al..
evaluation of laser communication equipment onboard the ETS-
VI satellite [C]. SPIE, 1996, 2699:52~59

M. Toyoshima, K. Araki. Far-field pattern measurement of an

Performance

onboard laser transmitter by use of a space-to-ground optical
link [J]. Appl. Opt. , 1998, 37(10):1720~1730

R. Ruigrok, P. Adhikari, R. Stieger. Preliminary tracking
performance of the STRV-2 lasercom transceiver [ C]. SPIE,
1996, 2699.198~209

J. Schuster, H. Hakakha,
design of STRV-2 lasercom transceiver using novel azimuth/
slant gimbal [C]. SPIE, 1996, 2699:227~239

E. Korevaar, J. Schuster, P. Adhikari et al.. Description of
STRV-2 lasercom experimental operations [C]. SPIE, 1997,
2990:60~69

E. Korevaar, J. Schuster, P. Adhikari et al.. Description of
STRV-2 lasercom flight hardware [C]. SPIE, 1997, 2990; 38
~49

I. I. Kim, E. ]J. Korevaar, H. Hakakha e al.. Horizontal-
link performance of the STRV-2 lasercom experiment ground
terminals [C]. SPIE, 1999, 3615.:11~22

A. Biswas, G. Williams, K. E. Wilson et al.. Results of the
STRV-2 lasercom terminal evaluation tests [C]. SPIE, 1998,
3266:2~13

E. Korevaar, J. Schuster, R. Stieger et al.. Design of ground

E. Korevaar. Optomechanical

terminal for STRV-2 satellite-to-ground lasercom experiment
[C]l. SPIE, 1998, 3266:153~164

I. I. Kim, H. Hakakha, B. Riley et al.. (Very) Preliminary
results of the STRV-2 satellite-to-ground lasercom experiment
[C]. SPIE, 2000, 3932.:21~34

J. Shoemaker, P. Brooks, E. Korevaar ¢ al.. The space
technology research vehicle (STRV) -2 programm [C]. SPIE,
2000, 4136.36~47

I. 1. Kim, B. Riley, N. M. Wonget al.. Lessons learned from
the STRV-2 satellite-to-ground lasercom experiment [ C .
SPIE, 2001, 4272:1~15

C. Chen, J. R. Lesh. Overview of the optical communications
demonstrator [C]. SPIE, 1994, 2123.85~95

H. Hemmati, D. Copeland. Laser transmitter assembly for
optical communications demonstrator [C]. SPIE, 1994, 2123.
283~291
D. Russell, H. Ansari, C.-C. Chen.

Lasercom pointing,

75

76

77

78

79

80

81

82

83

84

85

86

88

89

90

91

92

acquisiting, and tracking control using a CCD-based tracker
[C]. SPIE, 1994, 2123:294~303

L. A. Voisinet. Control processing system architecture for the
optical communications demonstrator [C]. SPIE, 1994, 2123;
393~398

N. A. Page. Design of the optical demonstrator instrument
optical system [C]. SPIE, 1994, 2123:498~503

T.-Y. Yan, M. Jeganathan, J. R. Lesh. Progress on the
development of the optical communications demonstrator [ C].
SPIE, 1997, 2990.94~101

M. Jeganathan, S. Monacos. Performance analysis and
electronics  packaging of the optical
demonstrator [ C]. SPIE, 1998, 3266:33~41
K. E. Wilson, J. V. Sandusky. Development of a 1-m class
telescope at TME to support optical communications
demonstrations [C]. SPIE, 1998, 3266.:146~152

M. Jeganathan, A. Portillo, C. Racho et al.. Lessons learnt

communications

from the optical communications demonstrator (OCD) [C.
SPIE, 1999, 3615.23~31

A. Biswas, M. W. Wright, B. Sanii et al.. 45km horizontal
path optical link demonstrations [C]. SPIE, 2001, 4272:60~
71

J. V. Sandusky, J. R. Lesh. Planning for a long-term optical
demonstration from the international space station [C]. SPIE,
1998, 3266:128~134

G. G. Ortiz, M. Jeganathan, J. V. Sandusky e al.. Design of
a 2. 5Gbps optical transmitter for the international space station
[C]. SPIE, 1999, 3615:179~184

S. Lee, J. W. Alexander, M. Jeganathan et al.. Pointing and
tracking subsystem design for optical communications link
between the international space station and ground [ C]. SPIE,
2000, 3932.150~157

D. M. Boroson, A. Biswas, B. L. Edwards. MLCD:.
Overview of NASA's Mars laser communications demonstration
system [ C]. SPIE, 2004, 5338.16~28

D. M. Boroson, R. S. Bondurant, J. J. Scozzafava. Overview
of high rate deep space laser communications options [ C].
SPIE, 2004, 5338.37~49

A. Biswas, D. Edwards. Mars
communication demonstration: what it would have been [C].
SPIE, 2006, 6105:610502-1~610502-12

M. Bopp, G. Huther, T. Spatscheck et al.. BPSK homodyne
and DPSK heterodyne receivers for free-space communication
with ND: host lasers [C]. SPIE, 1991, 1522:199~209

R. Garreis, Carl Zeiss. 90° optical hybrid for coherent receivers
[C]. SPIE, 1991, 1522.210~219

F. Herzog, K. Kudielka, D. Erni et al.. Optical phase locked
loop for transparent inter-satellite communications [ J]. Opt.
Express, 2005, 13(10) ;3816~3821

F. T. Herzog. An optical phase locked loop for coherent space

Boroson, B. laser

communications [ D]. Switzerland: Swiss Federal Institute of
Technology Zurich, 2006

L. Liu, X. Zhu, Y. Hu et al.. A prototype of intersatellite
laser communications terminals [C]. SPIE, 2005, 5892:137 ~
141



