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Fig 3.2 Mach-Zehnder 747l
(LD: laser diode, PM: phase modulator, APD: avalanche photodiode)

AT Aol7t 2 2709 beamsplitters WA o2 AZAste] AT dg
Zol= #olA tgolerst 3 & Az HFHMET] PMaol AASHA HH v
npRvlA R S 2 AR AWMz PMeset 2708 APDE A ETH A9
8L 11y A3 2% dFE FEZ AL continuous REZ F A3
=29 A3 s #FIeEA AN2HY AE FHE FAT F Ao F FAz

0
o
=
o
-
o
5
(@)
o
o
=)
9q
5
rr
=3
Iyl
>
o
X
b,
-n
o
fru
lo
R
o
T
ul
N
o
o
o
ul



Beamsplitterol Al ®¥kALE A9 914 W3 /28 nHISH, HFHEEE 9
|3 S W3t 9A, 9B, BARFY 7 A
go] arle 4 3-17 2.

22 AL 93 “0” X E APD =

o4 — pptEAL

]OZI_- cos”( 5

) (3-1)

ke SEF, [= 299 4718 vEdth Bk 94 gel 1/2 + nr olF (n

< 4 ) out of phaseZ F3 Hgo] BASA “0”7 %S Z= APDY 8 A3
= HAzko] oA Ha “1” S ZE APDY =¥ A3 A7E Ao e
A "ok ek 944 #ol nm ©]¥ in phaseZ HE 7 {Hgdo] HASA v A

A4S ZEA "@Y. ©l= Young's double slit AF@oA #AT F gled],

<
o8]
(@)
=
N
[¢)
=
5
Q.
(e}
=
N
N,
X
)
il
ot
o

FZ2 o] &3 double slit AF3 £} o] HA
FAAET] AEES A GLFAHESV} DB ALz AFEY e @
AFA A2, coupler, AFHZE7IE FAo = we M ZE7], coupler, HE
712 FEY. BB84 TEEFS AHEHEY, deie HIES Jdadsr] s 4
7EA dEe] 9 WEg( 0, /2, 7, 37/2) ol IS HdEse HEsA =
T 0, /2 MEYS HE “0"0% x, 37r/2 WEFES HE “1707 oA et u

Well 3 BB84 Z2EZNA ulZ, Au 7|AES B AEEA Hed 9

o

W20, n/2 7F ol slFET. ¢ HE “0722 <UA2As= port 00 1
HE “1702 <143} port 19 FAAZ7]o 44 Az v S
3t zolo] oM HZE port7l A AW FAlel W

=z
B AEHS gdsta A4 HEH vlaste A

(

rE =

gol AgdA.

=
=
MEge FE
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BB84 ZZEZ S AlL3}
=

o
rht
N
olf
b
il
il
i
o
52
B
L
o

£ Table 317 2

Alice Bob
Bit value YN 0Og ©s-0p | Bit value
0 0 0 0 0
0 0 /2 3m/2 ?
1 T 0 T 1
1 T /2 /2 ?
0 /2 0 /2 ?
0 /2 /2 0 0
1 3n/2 0 3n/2 ?
1 3m/2 /2 T 1

Table 3.1 BB84 ZEEZS Al&3 A Hx =9

d37] Bl Folle RtEA AL Aol FH Hojof it AL A
227F B2 el 1/2 o] ew e HW Y AdEe oE portE Fe
Hr ol deE dddd. B=

e B et 22 =24 ¥ S o s A4 33 Holsd
Me dA8d TS AT F S Ads A Ad 5 AYE £ vEHT =
A HW Y A FHE AR E7Mssith 1@ A Bennett2 Fig 3.39]

Nzgog o EAZ siZ2JY8]. 2= F /¢ HIthA Mach-Zehnder HEAS
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Alice

Short path

Fig 3.3 ¥t 3 Mach-Zehnder #FHAE o] &3 Al 2H)

(LD: laser diode, PM: phase modulator, APD: avalanche photodiode)

HellA HEd AT E At wetk SAHSA HY 34 Az E HEE F
Atk A WA A &= short(Alice) - short(Bob) pathE A HEH ANz o)y A

HA A& = long(Alice) - long(Bob) paths Ay AEH 2% o]t} long - short
path ¢} short - long path® AUe F Aze= AR H4dse] F z

= g0 dALs 7] BulelMe A WAeh A WA dse FAEH F oA A
sol ol =5 AMESEe P A% t}.

o] Al=dle] e delzdA AFHE F FAS7E A AdeA 2 A

il
do

A

ro

o9l 2 A B9k ¥ short, long arm FEo|qk Zo)
7V ZEF FH "ok ol Fig 329 Al&"HET PG FHA oA &olst
ok wel A AE HE Y 2 04 A2 FE 5T F AEE TEY ¥
ojzof "t " AL FA width Boh 7ok &1 FAAZ7])4 ol
ARt Aop gt} whek Elol® A E]7} 500pso]lW HBo AL HA3F 15ns
o] frA Holok g

o] Al="e e ofd AlxHAAAHY 7] EHE = Tl FAHHeE F
Az7F 1/2 973 ¢kol A Hojop & Aot 21]. olv &7t HFHoE F

ARE w2 okl B3 FES TR AU $F L% AVE 5o LB
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Aojafol & ofw gttt g short, long arm® AP WstE u#ste] o] #H
F Ao712 BHAsoF o

DERA®] Paul Tapster ¢ John Rarity & 19931 10km <=} xjdelA B3
Mach-Zehnder ZFFAIE o] &3 SA7] AF HFS 3FAH[22]. Fo Paul
Townsend A+ L ©] A" polarization beam splitterE ©] &3 A]2=H S
TAS AY Ao o A52 Hi3 sPoh23]24][25]. £ e A%
AdE Frst] FATE AP HolHE AFste A2ES AFs7E A

.
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A 33 A Plug & Play A ~=H

3.3.1 Plug & Play A2

3.2 Aol A3 A xH

& Aol 7lee] Bas

3 A5 At A=,

:‘,:
ATH26]. AIFHE Al 2~¥lS Fig 3.4%

rlo
)
X
lo
r O

2
oX,
A<

off &
olr
offt
2L
2
N,
iy

BOB

A BAY & HA AL

< 19893 Martinelliol 2]

Wsel A WHE HANFL

ALICE

=) i
APD1APD2

Fig 3.4 Plug & Play Al 2® 33t5

(C: circulator, APD: avalanche photodiode, BS: beamsplitter, PM: phase

modulator, PBS: polarization beamsplitter, DL: delay line, QC: quantum

channel, PD: photo detector, VA: variable attenuator, SL: storage line, FM:

Wl B

beams

S

plitter,

T

phase

g o] A

modulat

maintaining optical fiber ¢ %3}

< 7t

faraday mirror)

o}

or,

=]
T

ol E,

circulator, avalanche

polarization =~ beamsplitter,

FoE FAEY. g2 FA4L 919 HE

photodiode,

polarization

7 beamsplitter, photo detector, variable attenuator, phase modulator,
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faraday mirror2 T4 €t}

A FAgs Al2"HS FASE dejzoA HFste oA Hedr
a2y Plug & Play Al2=¥e FAsE WA Jdeg2==2 AF3tH  faraday
mirrorol| Al REALE] O] ThA] el Al HEol Ztoh B3 RFo g A A =FH
< A9REY, golA foleEdA] #HolA HA AT E HUWW circulatorg A4
BS12 2 7}A ® . circulatore portl, port2, port3 Al /N LEZ FAo] FHH
portl2 Eo7F W& port2Z port2Z E0J3F W2 port3E A F= 29H I

g2 HEof 2= ¥S APDE WY& F+= passive switchingS ). we] ZE

FHHE GYRE BFRAGFAFE oSBT BSIS AW W 505002 Uy

o] long arm ¥ short arm® F AZZ Yo Fth short arme Aye W&
PBSE Au ¥A A2 F3A =9 long armS A W phase modulators}
DLE AA PBSZ 3¥3tA €ttt o|w phase modulatore &23tA] gFofok &l
DLe 2 AsA 2 ARF short arme A= A&t AZE Ao Y. =
gt long arms AU+ 4lE = PBSO pigtail fiber’} orthogonalstAl 1o 1o
PBSE W& we e A3 Hug 90° WA #d. A= PBSE AuAE= DL
e e F Y B2V YA HY o] F Ase AE Hug
ool F Ase dA S FE LYo ASHEY dYzd AFHE F A

E BS9/1& AY B39 90%E DISLZ 7HAEHY UH A 10%E VAR 7HA

AE AYA =9 SLY PM2E Ay FMO 2 &3tA ®t}. faraday mirrore F
HF= Ao wAbst 25 FMS A7) A
7 Fo 2lsE 90°vHE WHo] uiyA Hrh wAE Ase PM2E oAl AUA

O

A71%8t x71E AHESHA Hed olw MxTle dedHe d7] As
+ rising time ¥ falling time©] #rolof gt} agof + F A5 F g A 2

s G WHEE T F UY F ASE SLE AUA HE VAE AUA Hol &



U B UADF FHANAZY sLe Qe fo] AFAAG. T AsE 4
© & w|Zolstn] g x| PBSE AUA Btk PBSS 9L Fig 359 2tk
— —
|
— = _
L
|

Fig 3.5 PBS9 o9&

PBS¢} faraday mirror Wi ol Z= short path® AWH Alze HEC} LHA
long path® &3lAl =™ long pathE AU 45 EHEoF QWA short pathZ
gatAl Eoh. olW long pathE AYe Ase PMI1ol oA ¢4 wxdch sty
o Az e dYzoA UmA sues weA A Wzt do F AS = BS10A
S A HH F As e 4 Aoldl wel B AR g el AEEd.

Plug & Play Al2¥l 2157 4B O 2 HELE A|2HOZ FAFANA A
M backscattering®] o]t} backscattering Al &= Hroll AEE o] APDOA o# =
AZd F Aok o] o] FE e #HolAE pulse train® = FA st Ao A HY

A =™ A e SLAA pulse traing P4 AIZHEF A3t backscattering A S E

52

Atk SLS HE 74 kme ZolE 717 FAdFrolth W pulse train®] E23}7]
A74A B pulse traing HEFskA il 7|vdu. FFE 7T QoA F

A& BS1, PM1, PBS Ale]e] EE porte] AFFHS AE3] gt of strh. PM1A e
= Ase AREHES 248k A A5 7F vYokoF 84 short path®] PBSe| 7dH

A=w FH o] AE7t oA HY A= F A
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3.3.2 Prototype Setup

Prototype Setup & Quantum channels ©]&3te] 1550nm 3ol A %27
S 98 dYFA AES T 1310nm A 10~100 FAE AL &
A712 433t ®@ volE mol o]&dn. olE FE37 98] Wavelength
Division Multiplexer (WDM)< At&3tH Al2® F4-& Fig 3.6, 3.7% Z o}

Fig 3.6°14 Laserl2 500ps¢] #< A widthE zbe 1550nm 34 <] o3zt
dolA s LA TL1d 23] current drive® FAAzte] 93] &% <A
35 o] gtk o]+ 1550nm A9 HAAS FrE7] e

Laserl®] pigtail &= Polarization Maintaining fiber2 pigtail®® circulator
Clol AZ5H o] rotatable FC AYEE A&t} oA A Yos FAs
o AF=I C1 PMFY ARF=S %57 f8 FC 719 HE st =4I
C1e BS50/500] Q2= BS50/500] o8 slube] BAFE 27)e) B Fe
He BE® 4Ase PBSS PM1oE FAH Mach-Zehnder HAAIZ YAFE

It

|nEnd
Jo

=
=

>
=

o] AE A& 2 Mach-Zehnder {HFAZEA S BE FHAFr= PM 34

&3tty. Mach-Zehnder 7H4d 7= current drive(Fig 3.6°14 T)3dte TECE °] &3}
o &% <kAgslt stk PM1L Ulel 93l 034 wn/29 $743kel dlEsl= 50ns
widthe] B2 A5 S QI7bstA dd. PBSE Y2 F
1~50km®] Zo]& 7%l QCE AuyA dt.

o

2EE WDM1S AU

OE

Single Photon Counter % dark current® fA38l7] 93] geiger mode=
5238l= APD1% APD2E TAET Geiger mode B2 213 +E 2~5ns9] width,
breakdown A ¢olAl 5~10V =2 AmplitudeE ZA €tk APD12 &9 23 =
SEZ7]5 ol&3to TTL ¥ sz WHEAINTHFig 3.6914 Al, A2). Dark
current= current drive(Fig 3.6914 TA1, TA2)3l F& %= TECO 3 ¢F -5
0C= WZdth Circulator (C2, C3)ol AZ ¥ WDM¥ storage line(SL, 25km)2]
ZAol2 A stae Gisin AF2 9 setup? T L3t}
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Fig 3.6 Bob part of prototype setup
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‘ to Quantum Channel (QC)

WDM2

1310 nm

GS M Laser 3
F

|
= Bl |3
BS 10/90 w*

* S
: TA4 l
N ALICE'S DATA
VA 4—“—| V14 L y EXCHANGE
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PM2 II q'ﬂ‘v:
)
=
(@]
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Fig 3.7 Alice part of prototype setup
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so0cs

. 2*500 ps 2*500 ps
Bob's InfOut delay 50 ns delay 50 ns

| Alice's In/Out |2*500ps | 2*500 ps
delay 50 ns delay 50 ns
| Faraday Mimor | |gfw5$5905m
| 50 ns
| s0ns
| APD1, APD2 | | e

0 100 200 300 400 500
Time (us)

Fig 3.8 Timing Diagram of prototype setup with 25km quantum channel and

25km storage line

Prototype setup®] timing diagram-2 Fig 3.8% % T}. Fig 3.8 4] Laserl

o)

o] Aol A & 500ps ¢ BFAEE JEFHY Bob's In/Out Boboll A =8 48 3
2139 timingg YEWE S Z 50ns] delay timed Z'E 500ps widthE Zte
2 207 dEEEE AS gv]git}h Alice’s In/Outdl %= 5Lt 25 km QC
o] AYF timing #ko]7F At} Faraday Mirrordl X+ F F41&7} faraday
mirrorol Al ¥HALE] = AlH S YERA T PM2E faraday mirrorol Al ¥RALE 5 FA
7}ete timingS YERAT
PM1< 333t timingol 50nsS] width® ZtE WX E QA7FsA = # APDI,

2l

rr

kil

BN
r
}op
il
¢

3 % 3dyol 50ns B2 widths 2t

APD2E 2ns9] widthE 2= geiger mode B2E Q7b3l+ timingS <) v dhoh,
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3.3.3 Assembly of Optics part

oA &gk v P29 FIHE Fig 3.9, Fig 3.10% 2ok BE 33 RFL

=]
B
371 YA FERF dE F AIE FHSY wo|=2E AAY ATl

44%718 ol st P ANHE Agstel rlE wol=

S @ eyl gloy we "ddo] 93y HLS 2% Ao AlxHe e
$1th. Pahse modulatord] A& =4S 715std &A 37 1814 Aolz=dl 7}
7}o] ) x| 3} of Sk},

Fig 3.12& %ol = A E ol &3t Fig 3.113% 22 Al&" 7402 B
2™ phase modulatordl &= -7~7V Alo]9] M-S A7FstA T ®AF, A THAH

HES o =0]7] HallA B4AEe HFSFS rotatable FC AMYH A2eA =74

ste] mA Folof Ht.
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e
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Fig 3.9 The view of BOB Optics
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BS 10/90 1§}
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Attenuator [
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Fig 3.10 The view of ALICE Optics
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3.3.4 Assembly of Electronics part
3.3.4.1 Single-Photon Counting Module
- Amplifier Module

Fig 3.132 SPCM Block diagram< uYeldt. ©@d3x HEALAE InGaAs
APD (ETX 40 APD END BA, JDS Uniphase USA)E Al&3l3lom 3g FAL
active quenching circuitS AF-83} Tk Dark noiseE =°]7] 3 &
W73l Bias Tee$t pulse generators ©] &3l geiger modeZ
Geiger mode 2= 2~10ns width®} breakdown HHTE 2~5V H2 A4S 2
= A3 & A& A, APDS ¥ 421&+= high speed radiofrequency amplifier
AMP1S& o] &3t 7] FE3sden ol & & AMPE A A analog ouput®

2 dZ25o A3zE EJYH & F A dAd9. E=F %7

K

o

O
=
ul

speed comparatorg AA ©d FAE 7

g R2 OUTPUT AMP
R4

+

ANALOG OUTPUT

QUTPUT COMP Output
;ﬁ c2 + Pulser
U SPAD o _?E and
offset
and Logic =
current Cc3 DIGITAL
limitation ; ouTPUT

—L?_ §R3

INPUT PULSE
Pulse
OHr I
Generator
—  INBUT COMP V COMPARATOR OFFSET INPUT GATE PULSE

Fig 3.13 Block Diagram of SPCM module

SEHEF AR 3= 742 Fig 3143 2t 7|2 ZF O = three-stage amplifier
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Fig 3.15 View of Amplifier Module of SPCM

-Temperature Controller Module

APDE W¥7st7] flal ExdaAES AbEste=d ©l9 controller= 3A ©]73e] A
Tk 10V o] e Ags T8 4 dolok ok Controller= 37H¢] OP-AmpE
At&-3te] PID control 25 FA3H 2™ feedback A1 & HEL-700-U thin film

platinum thermoresistorg A}-§ 3%t
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AR+

Fig 3.16 Schematic design of Temperature controller module
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Fig 317 View of Temperature controller module

-Power Supply Module

N2®e 25V, 33V, 5V(logic) 7~15V(TEC), +15V(analog), 24V,
30~40V(photodiode)®] ©t¥dt AUAES A&tk o] & 93 power supplye 272
2 AAFNLeH 192 ACDC, 2@ DCDC converterZ F/do] Ao

AC-DCE 220VAC Y8 O E +24VDC &FHAYS UH 2dd s +24VDCE ¢
gAgo T ARSI A7) e Ao g AYS ¥ o]y FJreo ¢

® power supply= Fig 3.18, 3.19¢} Z T},

oX,
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Fig 3.18 Schematic diagram of Power Supply Module
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Fig 3.19 View of Power Supply Module
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3.3.4.2 Alice & Bob Electronics

“Alice” controller

: TH
ﬁ % %: i XC2VPTFF672 FPGA
s IYH. B
‘i g g id Control and measure scheme —
= il = 12
ol = i
o .
G £
" E
A L e
~
7]
¢ (NS a———
= “Bob” controller
o :1_. ——————
£ g = XC2VPTFF612 FPGAL
S oy &
fé_ & Q > Control and measure scheme
I =
38 L
T =
3 © e
o G
n £ PHN
= = ik ey
= D" phase register
m
1‘;};}:
L Sl

MODE

STROBE
1
2

To quantum detectors
Fig 3.20 Block diagram of controllers of Alice and Bob

Fig 320 & d] 29} o] X ¥ controller board®] 7|5l W& block diagram<

Uehd Zlelth dAs 7] #ulE 919 shell Z2IHS B3 YT 7] BEE 9

& 20& A

i)

£ T AT olHF WHES USB QIH#H|AE 25 USB
MCU(Cypress MicroController Unit CY7C68013-128AC)Z M go] Ft} USB MCU=
2% A& 98 FPGA Chip¥# %55 9] Utk FPGAT Timing control, laser driver,
phase modulator #-& AA3= 715 T FAUYS 7] Tl Aloje} BEAE
o] 71%& YA ok T8 VeH BHE JEEE TAEALH o] 7-LayerZ
TAE vE PCBE A#stth o= Fig 3.21%-F Fig 3.28¢1 YehRSAH,. Fig 3.299)
Fig 3.302 Controller board¢} Driving boardS Al 2%l setupdt Al o]t}
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Fig 3.21 Schematic design of the CPU unit of Controller PCB of Alice and Bob
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Fig 3.26 View of the Controller PCB of Alice
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Fig 3.28 Driving PCB of Alice and Bob
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3.3.5 Experiment Results of Plug & Play QC System

T @ ¥ Plug & Play system “FolAl 25km A (F A1) olgdll MES A
g o1& FAMAEE AHEste FARET 2wl A4FE S FAGET] B
=AY 248 M= v 2o
&

st ZE3A 2™ multi-photon

parameter®} T AA S AL 528 7]

Alice®} Bob®o EE Ao

rr

AFHE ol
laser pulseE ©]&3}o] time delay, phase modulator®] phase, variable attenuator
o] attenuationg vle] HH3 ok g3 FF AAHS FAT] 2 =R A
@3t frAE @l FAE A 2 AES A I laser= 25.6 kHzS F71&
Zk= pulse train® & FZto] Em o] g} FAJo] Bobell U= SPCME| reverse bias

B

le] %A EE 15%, Dark Noise 8x10° count/gateS FA3}A Hrh

et
ofs

SPCMlA HEd Ase Wi A FA7] B Z=7F F5HW A
HZ ¢ojxA =o Alice$} BobAtele]l F7/HA1dS F3te] phase modulation %t
S MEZ FFsHA Bk Z= BB84 protocoldl] WA sift keys A ASHA H T}
Table 3.2 sift key rate®} error rateol] thsiA] o]z AA#ES UEetATh
AdzxAL FAAd 25km, A A& T=0.1, laser driving frequency
fi=5MHz, laser pulse frequency fo=25.6kHz, Dark Count Probability Pp=8x10"
count/gate, ¥AtEE& n=15%, ¥ FAF p=0.2 photons, visibility V=0.985 &
Agad. o84S A =S nEsto 5289 4 52~45 o] &3t YU

ATE. sift key ratex o2 H AP o] HI3tM error datas A @ ol © FA

i

SAHAG. ol o S width® gated geiger mode pulseE A& 7] o)
N

s
=

Ll

o S E sift key rate 5 35 bpsg 7| &3 A oY o= pulse train®
zA43te FAAZLS U 28y FEE A& A = USB driver program]

TAZ A3 pulse train®] £=& 30kHz °] +& & 4 gidh.

Experiment Theory
Rsit (bit/s) 35+3 384
Rer (bit/s) 0.8+0.1 1.31
Qeer (%) 2.3+0.3 3.3

Table 3.2 %$x¢+5 7] &n) A
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Al 4.3 A Single Photon Counter Module ( SPCM )
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Fig 43 X229 APD T4

Fig 4.4 SPCM
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Al 5.2 A Quantum Key Parameter
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ABSTRACT

One-Way Quantum Cryptography System Using

Phase-Stabilized Optical Fiber

Park, Jun-Bum

Dept. of Electrical & Electronic Eng.

The Graduate School

Yonsei University

A One-Way Quantum Cryptography System, which is based on unbalanced

time-division (time-multiplexing) interferometers and a Phase-Stabilized Optical
Fiber (PSOF), is proposed in this paper. In contrast to the previous QKD
system, the PSOF is used in this system without any precise temperature
control system. A ~0.00238 m/sec phase drift was obtained. This drift is
enough to perform a stable key distribution. If PSFO is adopted in the all of
the unbalanced interferometer, this drift will be better. We also obtained the
91% of visibility. Concerning the key distribution parameter, 802bps of sift key
rate and 9.4% of QBER were estimated in the condition of the 25km of
quantum channel, 15% of quantum efficiency and 8x10° c/gate of dark count
probability. In the case of the 50km of quantum channel, 606bps of sift key
rate and 10.5% of QBER were estimated. From these records, it is possible to

perform a key distribution in the 50km of quantum channel.

Key words : quantum cryptography system, phase stabilized optical fiber,

quantum key distribution, shingle photon detection
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