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4-6 Experimental Results of Polarization Characteristics
Measurements through Satellite-to-Ground Propagation
Paths toward Satellite Quantum Key Distribution
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The polarization characteristics through space-to-ground atmospheric transmission paths
were measured by using a laser source in orbit. An existing Japanese laser communication sat-
ellite and the NICT's optical ground station were used to measure Stokes parameters and the
degree of polarization of the laser beam transmitted from the satellite. As a result, the polariza-
tion was preserved within an rms error of 1.6°, and the degree of polarization was 99.4+4.4%
through the space-to-ground atmosphere. These results contribute to the link estimation for
quantum key distribution via satellites and provide the potential for enhancements in quantum
cryptography worldwide in the future.
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Atmospheric propagation, Laser beam transmission, Polarization, Free-space optical communi-
cation, Quantum key distribution

a0good

gobooooobooooboooboooboo
gobooogobooobooobooooboo
goboboooobbooooboobbooobog
gbobooooooboobobobobobo
gbobogoooooboobobobobobo
gboogoooooboboobobobooon
gobooooooboboooooooboooon
ggobobobboooooobbomimgggo
gboobooooopoboboobobobooon

gobobogooobooboobbooobooobo
gobooobooooboooboboooboo
gobogooogo

gobooooooobboooboboooboo
gobooobooobooobboooboo
gbobobobobobooboooobooobo
O00O0Oo2o3 00000000 OoOoooOOn
ooooobooboobobdmsoboonog
gogooobbbbboooooobiosg
gbobobobobooooboooobooobo
gboboboboboooobooboobobo

NICT

OoOoooooooOooooor DOhogooooooooDo o ooooogoooood



o0oo0Ooo0oooDOoICETSOOO0 —OO0OO0O0O0ooo—

00000000000000 Id Quantique O
0 O O Cerberis Vectis 0 O O ClavisO O O
MagiQ Technologies0 O O O MAGIQ QPN
SECURITY GATEWAY 75050 0 0 00O Smart
QuantumO OO0 SQBoxO OO O OOOOO
000000000o000ooddoessd] 00
0oooz20070 10000000000000O
0000oooooooooooooooooo
0000o0odpdoed0000O0O00Oon
goQKDOOooooooooooooooo
oooood
00000pD00ooo0oooooOn 100 km
00o0ooooooooooooooooooo
00oooooooooooooooooooo
00oooooooooooooooooooo
00oooooooooooooooooooo
00o0ooooooooooooooooooo
000oooooooooooooooooon
000ooooooooooooooooooo
0000000000000 00owou] 00
000ooooooooooooooooooo
00oooooooooooooooooooo
OLEOCOO00OD0ODO 7km/sOO00O0O00OO0O
00oooooooooooooooooooo
00o0ooooooooooooooooooo
00o0ooooooooooooooooooo
000oooooooooooooooooon
0oooo-0000oooooooooood
oooooooo
000o0ooOD0O00000000ODDDODOoPO
40000000000 DoOooooooo

RHE—L
ATy A

I
ftiR A D
B—y¥

[ ]

‘B H AR

(=
“AVRRHES

CATERHB L OBRS
‘BRI DAL

S 0000000000000

92 0000000000 Vol 58 Nos. 1/2 2012

goooooobob-0oboboboboog
gobooogoooogooon

2000000 boobboobd
goooobboo

21000000000
gobooobobooobbooobobooboboo
gobooooboobboooobooobboo
gbooboboboboboboboboboo
gobobooooobogoooboboooi1o0
gboboboboooooobobobobo
gboboboboooooooboobobobo
gogoooooond A Jogoooooogd
oooooor pr oobooooooboon
goooOoobboebODODbOODODOD
gbooooobooboobooooonr A
00D0O00sind 0000000 B 00000
cosh 0000000000 OOOOODOOOO
gogboooboooboooboobooonboo
ggdoddoooooooooooooogo
gboboooooooooooaod
gbogboboooubogbooooan
oobooobobooobbooobobooooobooo
goom
gobooobobooobbooobobooobooboo
goboooooo
goboooooogobobooobobooboboo
goboobbooobb 20 BB84000OOOO
ooooooooooobOAliced0DOODOO
OOoodddoriginal bitsD OO DOODODODO 20

RHE—L
'/A‘ 2F)vH
6-mAD g*ﬁﬂj%&
B—yF

[ ]

AR

AT B IISICODERTIH S
‘B #H#R [cosBDHEET RS
‘EAEECEZA L, HhD, RER

ELLORATEoTIMIEFE TEGL



Originalbits| 1] o[ 1]o]o1][1]1]1]ofof[1]0]0
Alice| Basis Q@@@@«}@@{%@@:f@@%::
(Tx) Trazts:eitted I %[f“’% I I f I‘_% I -

Basis AR E S SR ab s ab e b s
Bob | Decision I - | A %I ST ‘_’%I BN
(RX) Moittedkey | 1] - | 1 ol1]-]-]-lolol1]-]0

[E¥) eBs400ooooooo

O0D00D00BasisODODOODOODOODDO Trans-
mitted state0 0 0 000000 D0OO0OOO
OBobOOODOOOODO 200000 00O Basisd
ooboooboooboooboooooboo
ODecision0 000000000 O00OOOOAlice
OBobOOOOOODOOOODOODOODOODO
goboooboboooobooooboooboo
goboooobooooboooboooboo
goboooobooooboooboooboo
goboooobooooboooboooboo
O0O0O0O0oooOoOO0oOoOoOoonosifted keyD OO
OOOOOAliced BobOOOOOOOOOO
OO00OBobOODOOOOOODOOODOOOODO
obdEeEved0dDO0O0OOO0ODOODODODOO
goboboooooboboodibevenDOOO
OoooooboooboboBebOOODODO
gooboooboobooboboooboooboo
g

220000 20000000000000OO
ooobz2000b0b0000oboobbooooa
ooooobooooo3ogooooobooo
gooon
Wooogobbda 00000 DbOo0oDDOn
gbobooono Adb0dbaob0OO0OOO
0000BOOOOOODODOOOOBOO
oooOoooooboBODODOOBOOOO
od
00000000y DaXOR ODOODOOODO
gbobooobooboboooomXorono
goboogby ooooooobog

i EBA ik HB

aERE BERTE
B =71XOR«& a=7rXORB
=&Y B ASHIEE 1Z&Y) a H3$|BR
[ ERALBTEFRABMIAS |

EE) coo200000000000000

4000000000000 00DO0O0y O XOR
gbooboobooboboboooooo
goboboz20000b0bboOoooooboobo
gbobgboboboooooonoobobo
gboboboboboooobooboobobo
gbooboboboboooobobobobo
gbogbobooooboooobooboobobo
gobooobooobooobbooobobooo
goboooobooobooooboooboobooo

gooooooogo

sggu-ogoogogobooon
ERN

3.100000
goobooboooooNIcTOooOoooooo
gbobobobobooooooboobobo

NICT

OoOoooooooOooooor DOhogooooooooDo o ooooogoooood



o ooooooooOoooolceETsOOO0 —O0O0D0OO0OO0OO00O0—

gooooooobooooobobooogoo
goIlIcCETSD O OO OoDoDoOmooooonon
oeddgdOoopDoooboNCcTOOooooOo
0 00 KODENOD 02006 O 3005009 00 O [0 2008
glogoggzeebz20b0bboooo0gogooo
goboooniJAXADOOoDoooooooboo
gooboogJAXAODODOOooooooooo
goboooboooobboooboboooboo
gobobobooooooboogNIcTooooo
gbobooboooboobogobz2eemiOgn
0000000000000 00ODO1000 km
0o0ooooboooOoooooooog 847nm
00o0oopoooooDoooDO epradd O
goboooboooboboooembOoOononOO
goono
gboooooogo1-3pbooooNIcTODOnO
gboboboboboooobobobobo
gboboooobooboooobobobooo
Ooweoud 0000000 DOO0O0O0ODODOOO
goO0O0b0D0oO0O0D0OO0OOONICTD O KODEN
gogbobooboo-obboobbooobo
goooobooboob 4000000 2008
gi1o0ooezo000 200000000

32000000000

go40NICTOOODDODOOOOODDOO
gooboooboobooboobbismbonog
goboooboooobbooobboooboboo
goboooooooooboPOdgnonbooOg
lsemO 000000000 O00DOO0O00

Laser beam Polarimeter

A —
from satellite ———

Data storage system

1.5-m telescope

Transmitter optics

— Receiver optics

«

Coude optical bench

Collimator

D. ,|Beacon

ERA Nnictoooooooooooooooo

94 0000000000 Vol 58 Nos. 1/2 2012

goboobogooHzOOOOOOOOOOOO
gobooobooooboboooobogooobobo
ooooooooooOeodBmiOOd 10dBm O
gobooobobooobbooobobooboboo
goooosopboPObDOODn+ 05000 DOO
gogogoobovood 1000mnmbOOoOoO0o0O0g
goboooobooobbooobboooboo
oobooobboooboooboooooobooo
ooboooooboogooooon

3.300000000000000000000
0

MO0000000000000000000
0000000000000 0000sM000
0000000000 000000000000
00000000RHCRyewD 00 00DOP O
99400000000 0400000000000
0000000000000000000So, S1,
S$2, 831111, 0,0, 100000000 RHCAopgiea
000000000 000000000000
0000000000000 00000000
0000000000 000000000000
00000000000 /400010000
0000000000 000000000000
ODOO0O0OO0OOCOCOIEEEDODOODDOOOOODOO
0000000000000 IEEEDDOOO0O
DO00Oow@ORFOODDOODOODOOOO
OLHCRLO0OODOO0O0O000O00oooooon
000000000 0000000000000
OD000O0O0O0O0RFODODOOOOOOOOO0O
D000000O00000000LHCRL: O
RHCR i 0000000

400 0-00000booobooon
googdood

41000000000

goboboooogoobboobogzo080 10000
0002000000000 0O0OO0O0OO
20080 120 230 0 O 16:16:08-16:21:580 UTCO
gbobobobooooooobobobobo
O0-0000b0000b0o0o0boo 3k3cood
9v98kmUIDODOOIOOO 00000 OOd
gogo3s0bbboooboobobooooon



goboooobooooboooboooboo
gboooogoosbbo4bboobonooon
DOPOUOUO rmsOD00O 994+ 44000000
gobooob+ 440000000000000
popO OO ODOOOOLOODLODOOODOOO
gobobooobooooboboobbooobbo

420000000000000000

0050081 82 s3000gooooooon
goboooooboooboooboooboo
ooooboobomsO00O 3220000000
goboboooooi1oobobooooboobobooo
B0 oonod rmsd0n0oon 16°00
ooboooobooooooooboooboo
OO0oO0O0O0OO0O0O0O0tanO16°00 0028000
280000 00D00O0DOODODOODbOO0ODDOO
goboQeBERODUIODOOODOOODOOODOOO
gobooobobooooboooboooboo
QBEROUIDUODUODLOOLUODLOODODLDOODOO

good
10 Ministry of Education, Culture, Sports, Science and Technology (MEXTY* Report on science and technology

goooobooobobob evebdoooODO
gobooobooobooobboooboo
gooobobooobboooobbooobobo
ooooooooDoooOoOOOO 100kmO0O
oboo0d0obowsd144kmOO00O00QCOO0O
goboooboooboooboooooboo
gbooobo QBERUOOD 48+ 1000000
O00oeddO000000000DOO0O0DOO
goobooooooooobooooooooo
QBERU D UIDO10D0O00DLODOODODO
gbobobobob0rogdogoooooOonO
goboooobooobooobboooboo
goboooboooboooboboooboo
gobooobooobooobbooooboo
goboogooboooobboogon

50000

goooooooooooboooo-0ooo
gooboooooboooboboooboooobo
goLEOODOONICTOOOODDOODOODOO
gobobooooobooogpoPObODOO
goboboooobobooooooboooo
o-0obooobobooooobbooooboon
rMmsO0016°0000000000ODOPO
994+ 4400000000000 O00O0O0OO
goboooboooobooobboooboboo
goboooboooobooobboooooboo
goobooooooobobobobobobo
goboooboooboooboooobobooo

RN

gbobooboboboobobobobobon
gbooobOobO0O0obOONECODODODOODO
goboooobooobbooobboooboboo
gooooon

policy on contributing the secure and safety society,” 2004. (in Japanese) http://www.mext.go.jp/a_menu/

kagaku/anzen/houkoku/04042302/all.pdf

NICT

ODoOoooooooOooooor OhogooooooooDo o ooooogoooood




oobooooooooboolceETsO o0 —OOo0oOoOoooo—

96

20 C. H. Bennett and G. Brassard;’ Quantum cryptography: public key distribution and coin tossing,” Proc. In-
ternational Conference on Computers, Systems [0 Signal Processing, Bangalore, India, 1984.

30 N. Gisin, G. Ribordy, W. Tittel, and H. Zbinden,;" Quantum cryptography,” Rev. Mod. Phys. 74, pp. 145-195,
2002.

40 D. Bouwmeester, A. Ekert, and A. Zeilinger, ed.;" The Physics of Quantum Information,” Springer, New York,
2000.

50 M. Fujiwara, M. Takeoka, J. Mizuno, and M. Sasaki,* Exceeding classical capacity limit in quantum optical
channel,” Phys. Rev. Lett. 90, 16, 167906, 2003.

60 Specification sheet of Cerberis, http://www.idquantique.com/products/files/Cerberis-specs.pdf

70 Data sheet of MAGIQ QPN 8505, http://www.magigtech.com/MagiQ/Products_files/8505 Data_Sheet.pdf

80 Data sheet of SQBox Defender, http://www.smartquantum.com/IMG/pdf/SQBox_Defender Datasheet-3.pdf

90 M. E. Peck! Geneva Vote Will Use Quantum Cryptography,” http://spectrum.ieee.org/oct07/5634

100 R. J. Hughes, J. E. Nordholt, D. Derkacs, and C. G. Peterson; Practical free-space quantum key distribution
over 10 km in daylight and at night,” New J. Phys. 4, pp. 43.1-43.14, 2002.

110 R. Hughes and J. Nordholt Refining Quantum Cryptography,” Science 16, pp. 1584-1586, Sept. 2011.
http://www.sciencemag.org/content/333/6049/1584.full.pdf

120 M. Toyoshima, T. Takahashi, K. Suzuki, S. Kimura, K. Takizawa, T. Kuri, W. Klaus, M. Toyoda, H. Kunimori,
T Jono, Y. Takayama, and K. Arai Ground-to-satellite laser communication experiments,” IEEE AES Maga-
zine 23, 8, pp. 10-18, 2008.

130 S. R. Pal and A. I. Carswell; The Polarization Characteristics of Lidar Scattering from Snow and Ice Crystals
in the Atmosphere,” Journal of Applied Meteorology 16, pp. 70-80, 1977.

140Y. A. Kravtsov,* New effects in wave propagation and scattering in random media (a mini review),” Applied
Optics 32, 15, pp. 2681-2691, 1993.

150 M. Toyoshima, Yamakawa, T. Yamawaki, and K. Arai;’ Reconfirmation of the optical performances of the laser
communications terminal onboard the OICETS satellite,” Acta Astronautica 55, 3-9, pp. 261-269, 2004.

160 M. Born and E. Wolf;' Principles of Optics-7th ed.,” Cambridge University Press, London, 1999.

170 D. Roddy; Satellite communications-2nd ed.,” McGraw-Hill, New York, 1989.

180 N. Gisin, G. Ribordy, W. Tittel, and H. Zbinden,” Quantum Cryptography,” Rev. Mod. Phys., 74, 145-195,
2002.

190 R. Ursin, F. Tiefenbacher, T. Schmitt-Manderbach, H. Weier, T. Scheidl, M. Lindenthal, B. Blauensteiner, T. Jen-
newein, J. Perdigues, P Trojek, B.Omer, M. Flrst, M. Meyenburg, J. Rarity, Z. Sodnik, C. Barbieri, H. Weinfurt-
er, and A. Zeilinger Entanglement based quantum communication over 144 km,” Nature Physics 3, pp.
481-486, 2007.

200 N. J. Cerf, M. Bourennane, A. Karlsson, and N. Gisin,* Security of Quantum Key Distribution Using d-Level
Systems,” Phys. Rev. Let. 88, 127902, pp. 1-4, 2002.

gb0o240 30 140 000

0000000000 Vol 58 Nos. 1/2 2012



ooooogd o

gooo
oooooooooooooo
ooooooooooooo
oooooo

ooooogd o

gooo
goooooocooooooo
goooooocooooooooboo
oooooooooo

00000000000000000 take@nict.go.jp
good

morio@nict.go.jp

000 0O oo oo oo oooooo
oooo ooood

ooooooboooo
ooooooooooooooon
oooooooooodod
oooooo
oobooooooobooooooooo

goooooocooooooo
oooooOooooooooDoooo
gooooo
gooooooooooooooo
goooooocoooooooboo

00000000000000000 takayama@nict.go.jp
goooooon

shoji@nict.go.jp

0O 00D O0oO0oo ooooodo o

oooo oood
goooboooboooboon gobooooooobooobo
gooobooobobooobooo o U0o0oooooooooooon
gooooooooo - 0Dooobogo
koyama.yoshisada@nict.go.jp kuni@nict.go.jp

OooOOooOooooooono o gogoooogoooo

ODooooooooooooodo

NICT





