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Satellite Optical Communication
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Abstract

Satellite laser communication is a branch of free-space optical communication. By leveraging the high
directionality of lasers, it enables long-distance, high-speed, and energy-efficient data transmission. Com-
pared to conventional Radio Frequency (RF) communication, laser communication offers advantages such
as reduced interference, enhanced security, and a more compact design. This report examines the optical
and photonics requirements and evaluates the required optical power budget. This report uses the CLICK A,
CLICK B/C low-earth orbit CubeSat system, jointly developed by National Aeronautics and Space Adminis-
tration (NASA), Massachusetts Institute of Technology (MIT), and the University of Florida (UF), as a case
study to explore the design based on publicly available information. The fundamental architecture of satellite
optical communication, wavelength selection, power budget, and Gaussian beam transmission calculations
are discussed. The relative angular velocity between satellites, as well as the alignment and correction mech-
anisms for angular adjustments are also addressed. A visible-light-based testing platform was developed to
validate optical and electronic system concepts. Future work includes transitioning to a 1,550 nm wavelength
to align with Space Development Agency (SDA) optical communication standards, with the ultimate goal of
developing a CubeSat optical communication system for Taiwan.

Keywords: free space optical communication, optical power budget, laser communication, pointing and
tracking, satellite optical communication
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YN

THFEEMVAHARE pJ T F L (Free Space Optical Communication ) - 1B 4
i’d%ﬁ%94ﬁém@®ﬂ’ﬂ&ﬁ,%%ﬁiﬁ?u@‘%ﬁ@@ﬁ’ﬁjﬁiﬂ
P AT Bt S 3 g SR SR L R AR BRSO 5 AR B S
#F (Radio Frequency, RF) il 30 ei# g s M 42 ~ o] = = ~ MF 3 ~ 3 T4 € (High Data
Rate) » g% >t A#Hpd -3 ﬁ’Tﬁ*ﬂL’;ﬁ#ﬁ\?@ [N R b LS L TP
Tx (Transmission) £2 Rx (Reception) # 57 o Tx z3 1 & #-7F 5L xR & @ ﬁiﬁ EIL L U 4F ’i
kB> N2 T34 (Modulation) » ¥ 02 A B e R o & andrty (Amplitude) 341 0
R X s R fj é”%?] Veng bR GE TR PR AP (Phase) BAlA 18 5d B a0 L5 Booster
et kB s k4 (Filter) » Bagie 4 Fix+x o F e r pd _T_F"’IQ@.] M Rx 04 £t
fempr gLEd LS (Pre-Amphﬁer) m:}% 47k g2z <~ B (Erbium-Doped Fiber
Amplifier, EDFA ) Ff*c + (Pre-Amplify) & » 12 ;‘é?ﬁ;‘@%ﬁjﬁ‘f B Jo MoEFELk > L
d 23 (Demodulatlon) =3 @éi%]”“% o

Baseband 3| Differential | [Differential voltage
signal “| _pre-coding | control
Optical Transmitting
coupling —> laser
device signal
The transmitting end
Doppler frequency s 3
shifting compensation ] Receiving
Baseband H bl — l_aser
signal H signal
Demodulator . }
The receiving end
B 1 FHkd@Akad Tx # Rx Rk
F A% kiR ¢ Li, Lin, Liu, Dong, and Zhao (2022) -
f,)r_ﬁ-ﬂzig\'%ﬁj‘%zi %ﬁ-ﬁﬁ %,:;I AF{ il 4 @,IF‘j e Jo% ;"’B'»‘]‘\;E;F:‘
At St R R % FE R sk Tx i
# Rx %*ﬁf BARMAEE D FRETPY D F RS MWD v e & £ Tl A
Bth2 B4k Bk T 300 ch® K2 ks X3F Y (Power Budget) i 7 ;n‘?ﬁ » B e
FrFiteaaiCLICK A~ CLICK B/C § 34 2 B i o i 17 347 %%ﬁﬂ Bmety

Rt s FAEE c BREFRP FEAAFLERTE  RLEP ﬂ‘lﬁl}‘iﬂ R 2 R e

& * CLICK A ~ CLICK B/C % %

CLICK A ~ CLICK B/C #_Jr 4 = 1 % fx (Massachusetts Institute of Technology, MIT )
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i % 2 £ <~ & (University of Florida, UF) ¥ % [&] + 7 % % (National Aeronautics and Space
Admlmstrauon, NASA) & iFez 3 4 § 5 i 3 (CubeSat Laser Infrared Crosslink ) 3+ %
(Kammerer et al., 2023 ) ° P en5 & % F5 * 4:5 AR WA OFE HFEL Eed i

% (Duplex Crosslink ) & 53638 30 & 5t o FR3-FH 5 & 384 (CLICK A & fFh $## i g
# ~ o ~ 3 B2 %% (Pointing, Acquisition and Tracking, PAT) H ¢hpres 3 & £ BHdcR 2 (a)
2 @2 (b) » CLICKA p 3R “"T?JIL"E] 3(a) » TFa% - iz "k %7 % CLICKB/C
SAMEA R AL A RAF 2 (0) AP ISR 3 (D) R i 2 B

BB B PR %ﬂlﬁ—;&gé«;@ 21,550 nm FiT A oo $HE 2 5V L A PR EC (Two-Step )
Fh F A% 1.3 mrad (0.074°) % #9500 mW ~ 976 nm

e (Pointing) - % — FFEC® % Fh X 1k
Beacon F &k § (11T ?zﬁp-Beacon) vk PR M T i e kS48 (Micro-Electro-

Mechanical Systems Fast Steering Mirror, MEMS FSM ) - ¥+ 3 3 & 70 urad -

\

(b) (c)

B2 (a)CLICKA 4# - (b) CLICKA ¥ &s5%&# (¢) CLICKB/C & E

F AL kR © Kammerer etal. (2023) -

96mm
Transmit

""""" 200 mW,
138.25 1537/1563 nm
mm 71 prad
Focal Plane Receive
Array 1537/1563 nm
22.86 mm con
aperture p
L roic
ens Beacon - i
500 mW jealimatoy Collimator ' ||
974 nm (Beacon) () o Rx
Laser 7.147 mrad roic
Collimator
Mirror
Beacon Camera,
Beam Silicon CMOS
MEMS Splitter FPA,
FSM 16.4 mm aperture,
10.6° FOV
Dual Camera Baffle
Bandpass Sun Keep-Out
---------- Filter Half-Angle: 46.5°
[ - combined . Issommigh 4 o =578 g ~ 580 ight Baffle Beacon Lens BPFs
1550 nm and ransmit light) t T (ground beacon) ) (calibration light) Assembl
976 nm light Y
(a) (b)

B3 (a) CLICKA W44 (b) CLICK B/C PR

4L %k ¢ Kammerer etal. (2023) -
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BRI EA 2334 »CLICKA - B3 U2 Fh > #78 & 400 km 3 &
BEnG R R & SEL I E S Rk Rdp e 0 4G ¥ 31 10 Mbps i iz eh
2o e w2022 s TEAFELe R A E S KT gt 2 CLICK B/C 3 3 BT
TR PR R G ISUmz 2 kst g iE T o @ % &2 CLICKA AP I g &0 P e
PERE S BarE A 25 ~ 580 km FEAE 20 Mbps ek id i i o i (TREAEE P 0 FRT
2025 & ¥ &Rl (Coogan etal., 2022) o

%~ SRR B R A RBEE AR E K

¢ﬂ%ia%§ﬁg$#ﬁ%iﬁﬁ%§§&%kﬁ%ﬁ4’&ﬁﬁﬁﬁ@ﬁ}ﬁ;
W= ks 8 TPAT = k%) » A TRIR= A5 ) I EMEL T EY > ¥ 10T %
EEFF R IR Y c MR R MR B L & hf i 1220 Mbps i i A
& 3 107 = A48 % (Bit-Error-Rate, BER) % &% » #r%Z & * 2 #f & (Bandwidth)
£ % 20 MHz » 2B 7 Fo cndfs > 5% » 4012 = i = 4p #4247 (Phase Shift Keying, PSK) = ;%
YnFg o P3uefrt (Signal-to-Noise Ratio, SNR) Z & + % 18 & 12.6 dB » % 12 B B 423 (On-
Off Keying, OOK ) 4% » ] SNR % * *: 36 & 15.6dB * d * ffFh £ 31 & & * iz fw PSK 48
§ A S TR > Flutae A B OOK 53357 % o

r

-
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I 800 R 1

- orieﬁtaattion :

|

: =) 80,59 | control unit :
. = |

: SiAPD MEMS |

| Quadrant TIA FSM driver :

Y/ —id . ey——

Jt Computer
[_ ____________ e T e e e e e e —— h
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gyl B0 @ ek £ IR 8% F fU4cst (Rayleigh Scattering) @ 7 53R o' 14> FlUt F 5 Fh
HEe ARV UEREFTETRE A 1,550nm$51?§]7‘“‘ﬁ;?:.\ C-Band » % P v #2285k i 2
B @ 850 nm 5 CBEEAEEI UK @ Y LA > Fhiea BRG0P B kiR
BEBEH I AT @ % o @ 1,550 nm /}i-ﬁ,\lm_? P Rt R A R e 3 EDFA ¥ &%
oo B FOR AR P AR AT N KRS ,}_\@mm P F UG fRE LR B
FLEA et o FP S 2R M 1550 nm A R G & 0 4 FlUt E ® s 2% B ¥ (Space
Development Agency [SDA], 2024 ) % # &5 12 1,550 nm 17 5 %28 & 7 kil 2 B -

Transmittance
o
P

s L L L L L L L
600 700 800 s00 1000 1100 1200 1300 1400 1500 1600
Wavelength (nm)

5 FRrEETERARTEELE

4L &R Garcia-Martinez, Denisenko, Soto, Arroyo, Orue, and Fernandez (2013) - Carrasco-Casado, Fernandez,
and Denisenko (2016) -

[=.

A EBEEZGARBAESR

HEFIFE IR VT H I AFLOS - H > LRSI FPHTETH FIEE AL A
W ARk FAEE o dewm T F S (10T AL Comm) K EE L 1,550 nm F
W PR B TRV R @ﬁia?]mISSOHm’IfE—‘E' P TRV O apu e B 3% T EDFA

AL G ESLEERF > J 7 & EDFA 2%+ > @ EDFA 3 5 £ H4cB 6
FlPF - B EVIE A 1,530 nm e ¥ ok o g Es f—EmBeaconJoi - E = P SR
AL ARF > F R T L %‘r TEP 976nm ¥ 0L G B m’l:@? Mxt & sV 3% (Butterfly
Package) % g\% £ (Fiber Coupled) 2. 976 nm 7 ET ¥ £ 900 mW - ﬁ%l de@ 7 H %s‘fﬁs?]
151976 nm § St § P iE 500 mW o Tt 12 T #-12 Beacon £ & 976 nm ~ 500 mW £¢ Comm =k
1,550 nm ~ 2 W 5 kIR FE 2 FIEE o A Ap¥ R R B A W 5 & A (Silicon-Based )
e % T R B (Quadrant Detector) % & i# InGaAs 2 # - & 48 lﬁ #] 2 (Avalanche Photo-
Detector, APD) ° EDFA ¥ :t%-ﬁg,]% kA E AT > PR G T3 0dBm (1 mW) i}iﬂ% BT«
| ﬁs,] 41 +34 dBm (2.5 W) (Amonics AEDFA-PM-34-M ) #nric+ % @] eI ey DN
hE foo Bl A AL 18R 20 s E S R i e
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5
0 ™
g
E 10 |
15 V
N Tim s im i% s B7 BAHELBESFIRTH HhEES
Wavelongth, ) 976 nm * % % 7T i% 900 mW
B 6 —#% EDFA %&bk 4% % © Thorlabs £ BLO76-PAG900 976 nm * 548 £ i) §
AL &k ¢ Lu, Wu, and Wong (2004) - %+ = 1&=%8 (Thorlabs, 2014) -

1 RBRRSESE

54
Wavelength CW Power  Fiber Output/
it Model# (nm) (W) NA V/1
Beacon Laser  Thorlabs BL976-PAG500 976 0.5 FC/APC 2.5V/1A
EDFA Amonics AEDFA-PM-34-M 1,550 and 1,530 2 FC/APC N/A

2 :CW: it § A (Continuous Wave ) ; NA : #ic i 7¢ j& (Numerical Aperture ) ; EDFA : 4343 & % 3x < % ( Erbium-Doped
Fiber Amplifier) ; FC/APC : & & k54258 ( Angled Physical Contacted Fiber Connector) -

F AL kiR : Thorlabs (2014) ~ Amonics (n.d.) -

®2 MABBRAEELHR

I3
Active Rise/
i Model# Area Fall Time NEP I Cap. R
Si Quadrant  Excelitas 1.77mm’ 3 ns 1.0 x 10" [A/NHZ] 100nA 3pF 55[A/W]
APD Det C30927EH-03 55.0 % 10" [WAHZ]
InGaAs APD  Thorlabs 02mm  DC-50MHz 0.46 x 10" [WAHz] 9 [A/W]

APDI130C

2 INEP: #2:1 % »z# 5 (Noise Equivalent Power ) ;Cap.: 7 % (Capacitance ) ; APD:  # = &4 if i#| ® (Avalanche
Photo-Detector ) °
AL &k ¢ Excelitas (n.d.) ~ Thorlabs (n.d.) -

? #% %_Comm g Beacon § &k » p d 7 B % 3‘;,/ PR BT TSR Tk
¥ X7 g%/ﬁk ) fkm d %M@@alﬁﬁggpg{g DB Aept o> FpL ]L,lo‘;\gﬂ,; Hebtm ¢ 17k f R
S gEAE L > 32 k55 R (Intensity W/m®) % 1K > @ f]x’ifr% FIRX B 5 oA eI ek 4 &
-5 ,!og);x:;f\ FRGEE AT T FRr W R F 0 A H g AR B
BRI F M EMREDIR L TN A9 57 % M BER #cflahk s F 7 B EcE &
B3R B age i X okt (N01se Equivalent Power, NEP) 4 it Fg i1 (T8 § » & 4o it
% OOK % % & SNR =36 s i 2B HBER <107 ¢ A & + k& chpb g 5 o 5 g
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7 gLﬂz": » @ Comm ¥ Beacon £z 11 % ¥ 4L 5 B #7%& L (Gaussian Beam) F]pt ¥ 12
B 2 ; @@ﬂRx%uﬁﬁm%%ﬁi e d AR B BREEE S kL F T d
¥ - Jr—g # % >3k %= % % (Global Positioning System, GPS) 3t 54wk & 5 f;ng
% ﬁ).i%- Q % 3 Beacon >z % *T i jp| B} 3% X 2 5. (Error Signal ) & # A

M~ S¥ kR adEREES R

B2k L 5 7 A A (Fundamental Mode ) » 2 5 F $E544& 'L B 4k ok § >
téﬁ Rxspenksg R v d 27638 o B8 3 Tx &2 Rx B e of & Sy B e Sdic
KL

B8 HHEMEHALRSR
AL kR f’r—’Fffg A .

v

AR Bk d L (Radius) "EF BybEg G L7 B 5 ¢

o(z) = o +<?‘.Z) (1)
v \m-o

He Z,—«r@%]ff?'#ﬁ-’(oo vig‘ﬁ'év lﬂzft%m’l';‘%\—‘b_ FSE L S
VB8 AP Ryt v mEL

(2)

2
2P ® 2r
P(wy, z, 7, &) ~ A—"2cos¢ * [—0] exp[—

ANEY0 ¢ TE(D% ¢ (D(Z) (DZ(Z)
B A5 Fefesh 3 is s it (Aperture Area) » P, » Tx 3 1%+ % > r 5 Rx #Fk
B Tx K phEESE o § BEIER GRS (1) Pigm ™ e g g4t d 0, 27 0 2B
PR BT RS &



64 Mg~ MBE L
O)(Ow, Z) = Ztal’le(D ~ Zem (3 )
DGR E RN G A TE - R

0=t (4)

Y AL

£ (3) (4 F RN (2) TS, 0, T A

24P, cos 2,7
P8, 2, 7, §) = EPy ? CXp( . ) (5)
7'IZZOm Zew
# 2 34 4F Beacon &7 Comm R4 * o K3 PFenRx b F R H7 B L ¢
Pinmin:SNR ¢ '\/F ° NEP (6)
HY SNR Z @R B> (v@EZ & ED ;Sa VB S MEE 0 NEP 5 ] B2 3020 % %
oo FPt o 3V (5) x50 (6) FHFAapE ;E o Fpt ¥ * 0L iz 3 Beacon 22 Comm £
Bk p Bk gard 0 K
2AP, cos 27
7'IZZe(0 Z@(D

% >~ Beacon W EFAH HH

Vi @ﬁa?]&b‘%}'ﬁi 500 km ~ 7 fFE E A dr 4] A i 2 a2 ORx = 0.014° = 0.25 mrad > 3K Rx
KXFIFUUT LA LR 25 cmo R Rx sk dhs § 40 0 & ¢ = 0.25 mrad ~ Beacon
£ FILE 0w=0.1°=1.7mrad ~ SNR=4 ~ Beacon 4§ & 10 Hz > @ 4r[@ 9 ¥

Ope > — (8)

z

7 ¥4 :%:}'F'IT;E]; )

® 9 ‘%3 B2
Fext £ 3] Beacon if

o Rx 3 Tx Sk #hpedg i r=125m > ?‘iémgﬂ‘sj S¥cick 30 @
ERMIMLITE I RRVEBEI RS F > FI ERLIEMRX Z
BREPARLRE o
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1x107
1x1075
Y a0 —
1x1071° L L L
1x10° 210° 3x10° 4x10° 5%10°
Distance
(m)
B 9 Beacon 5t k7 500 km P2 1E#h M B K RIK Rx Bk h &
FR&R: TFpFAU-
4% 3 Beacon X R ERFAFFHE 4K
54
| Parameter Symbol Value [unit] Remark
Geometric Rx View Angle from Tx Ore 0.25 [mrad]
Rx Off Axis Angle ) 0.25 [mrad]
Sat-Sat Distance z 500 [km]
Rx Off Axis Distance r 125 [m]
Tx Laser Wavelength A 976 [nm]
Laser Power P, 0.5 [W]
Laser Divergence Angle 0, 0.1 [deg]
1.7 [mrad]
Modulation Bandwidth B 10 [Hz]
Waist Radius N 0.178 [mm]
Rx Aperture Area A 1.96 x 10° [m’] 5 [em]
Noise Equivalent Power NEP 55 x 10" [W]
Signal-to-Noise Ratio SNR 4
Minimum Required Power R min 6.96 x 10" [W]
FRLR: TFp FAN -

#l

C()mm i}]‘?“ /\'fl‘ " '71‘

fe k1o @ﬁa?]ft&%ﬁ. 500 km ~ 2 MEMS FSM i = s & 0,, = 0.004° = 70 prad > F P ¥ Rx =4

sk fhe 5 AP e R ¢ = 70 prad

P PF Rx 3 Tx %%&P%ﬁr=35m » Comm % {44 0, =

0.015° = 0.025 mrad ~ SNR = 36 « 3¥-im3- B Sifche & 4
T Rx T A ik %
#4519 450 km » 3 § & 73

AEI0 5B FE
» 4 )ﬁ”ifsﬂaﬁ’.t*&Rx%ﬁ‘»I4’<
i Rx et 5

P AR ARG
o ML IE I N F Fh FEAR
3] 500 km P iv ¥ i = 20 Mbps » iz BER § 3 4 ©
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Hiag~ MmBE mLE
1x107°
110~
a_-) ~
E \% W e
IXIO 1 . 1 1
1x10 2x10° 3x10° 4x10°
Distance
(m)

B 10 Comm # k7 500 km P32 78 1§80 2h % M & K&K Rx 3k h %

STEITE

%4 Comm X kW EFAEFNESLH

5%10°

=) Parameter Symbol Value [unit] Remark
Geometric Rx View Angle from Tx Or, 70 [prad]
Rx Off Axis Angle ) 70 [urad]
Sat-Sat Distance z 500 [km]
Rx Off Axis Distance r 35 [m]
Tx Laser Wavelength A 1550 [nm]
Laser Power P, 1 [W]
Laser Divergence Angle 0, 0.015 [deg]
0.262 [mrad]
Modulation Bandwidth B 20 [MHz]
Waist Radius N 1.28 [mm]
Rx Aperture Area A 1.96 x 107 [m’] 5 [em]
Noise Equivalent Power NEP 0.46 x 1077 [W]
Signal-to-Noise Ratio SNR 36
Minimum Required Power Py min 7.41 x 10" [W]
FRER: T5p AN
R PakE AR AR
IR (A iap 1 fﬁi{ﬁi‘ Poo P JEE B A A GEA B endp it &2 R 0 R % Comm
Rend RIGEAFS > g2 B v oud M EHEa > g 500 km {12 #ug 5 80
Bk FEES00km o B e P FEHEACR 11 FLE R R T B 5
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GM,,,, \ ,
= |—Cearth =7617x10m s 9
’ Vearth + hsat ( )
FEARARHLERT B S
ﬁNlel’lesat: 1.11 mrad/s = 0.0635°/s (10)
dt dsat

@ Beacon # & 5 0,=0.1°=17mrad > # 3 2 d LT a2 e B F BRI 1 Hz &
FSM enig i+ p| & { % 3| 42Hz -

6, =t % 2007277 [rad] = 4.169°
T £ L

-—

m”h..6%71x103[nq
(a) (b)

B 11 5/ 500 km * F3E 500 km X E S ey R EEE (a) Z4TH1% > (b) B@BB{L0FE1E -
E MR AR LT A%

A B AE ISR IS E AR

Wb HELARDBIFEZP s T ARE  Pae U R BAMELAE AR
FoBdsl T2 kikcfiFk2 02 ¢ 4B ZREFEFSM AR 5 T 7k
PR TR AR R AR R B R R B A2 HORR -

wog UM B BLECRAC & A BRI R LK MR L AL Flu Beacon
% b m@mﬁfﬁlm_ﬁa—@ﬁww%%%# 12 (a) & Beacon % & » s &

RE P BB 50 Br %P E %‘”ﬁig?u T & B % c0f5 5 45 ] > Beacon k7
FE TR AL T ‘?U‘QIE‘.;? BB - X0 AF Ry PR fU R E R Ak 5 4

’E‘E'rﬁi’ﬁsFol’ﬁ?]lZ(b)mi%-Beacon%ﬁl,x'“& Moo R AadEx =8 td v %
"’l;"/FJ""h‘mlﬁ WEL (Ve VsV~ Vp) BN L5 Ex & 0 Ex 2 Ey et B 2 5%

4 L
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V=V,
Vet Vot VytVy

Ex = (11)

Veo="Vp

By =y v, (12)

i Adjusted Gaussian Beam Position (Iteration 30) q Ex vs X position for different Y Offsets . Ey vs Y position for different X Offsets
- —
——— Y Offset=0 X Offset =0
08 Y Offset =1 / 08 X Offset = 1
Y Offset =2 / X Offoot = 2 4/
06 Y Offset=3 06 H|——XOffset=3
= = Average Ex = = Average Ey
04 04
3
£ 02 02
x >
% w 0 S o 0
o -02 0.2
e 7
-
04 / 04 0/
. 7 . 7
-06 -06
P .
08 // 08 .
4 2 Kl
4 2 0 2 4 4 3 2 - 0 1 2 3 4 4 3 2 -1 0 1 2 3 4
X position (mm) X position (mm) Y position (mm)

(a) (b) (¢)

, Gaussian Beam Distribution and Sector Overlay 25 X position vs Keration 05 Y position vs lteration
9

Y position (mm)

Y position (mm)
X position (mm)

4 2 0 2 4 0 5 10 15 20 25 30 ~o 5 10 15 20 25 30
X position (mm) Iteration Iteration

(d) (e) ()
B 12 (a) wHMR/EE]ZE Beacon A8 #Hx Eeg43E : (b) ~ (c) & xAiafsfo y 24557 & 409
REZS () EERROABINE: () » (1) Ax Eibfoy (2458015 Eth 8
FHR KR TH G FA

B (b) # v EFRAMR/EmEHI p=0,1,2,3 (mm) HEx & R @ & RA L4
wEW RTSE SR > T g N y SR AOmm s I mm s 2mm B kst x=-3~3
FEFRTRAL R SE T REERE L] A ymwzﬂ;; 3 mn i g
FEAR S [-01,01] R E2FFHY - B BEHAPE S Vg Y - dhin A R
T FHRAE DL BT - e PR SRR TR 12 <c> FRRY L g R
B P ow iR AT IS ) g RUF L A4 Sfic (Error Function) 0 i ;}_@.&ﬁﬁa@ﬁ BRP o

Akt Flig ﬁ-ﬁ" B R S A TSRk > A i T - B R
AT o EL St F R ke B RV A A 0 HRE - e Ex B0 By B8 i
i AEELY €% - B Beacon A v dniE 2 5 doB] 11 (d) T 0 Rt B E N Ex
Efe By @15 > &~ F 12 (b) fof 12 (¢) ¢ T 5L 3@ I P D7 i hx foy i
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i 2 » B 12 (e) ﬂfrli%‘] 12 (f) mula A7 £aaxfoy =4 8 % (3542 >
E{L FoS YT R R DR R D) PR 0 TR Sl
2 Brg o BERAER (]rﬁﬂ?-f‘r 138 & > 3Bl 3diT?e weniz¥ > FEH KR
jg\‘Jo;rTchi'f,—/}'ﬁ?j\ RFE- R E D e #c o
PAEHEEL ARE P IR A AEFELE DR EZ 0B T ERR 13 (a) IR 13
(c) » ffidmr % Wh F2EFH ﬁﬁuﬁ e 32 S dicty WL MR R 0 R K fi oD
it B whiEk Ao B AKX TS 500km v FE £ R 5 1.107 mrad/s > & B Fh cjp
HEES S 500 km o @k cnd BB 0§ ABE - Bt Floe U BB Sk
FEFDER L > AEFHFE DL ’it.« BL o B R EL RFEF e XL b
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