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2 512 bits
3 1,024 bits
10 16 KB

16 1 MB

20 17 MB

30 17 GB
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Quantum computing Leader election, fast byzantine agreement,...

Few qubit fault tolerant lock synchronization, distributed quantum

> computation,...
et

Quantum memory = Blind q_uantum computing, simple leader
c election and agreement protocols,...
()
v

Entanglement generation 1) Device independent protocols
=
=
Prepare and measure Quantum key distribution, secure
identification,...
Trusted repeater Quantum key distribution (no end-to-end
security)
Stage of quantum network Examples of known applications

QIA (Quantum Internet Alliance, EU) Wehner et al., Science 362, 303 (2018)
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Entanglement Source State Generator Quantum Memory
~el 77 ~ al0)+ Bl1) a0)+ BI1)
- ’>:\ “’ v 2] ] 0 v | l’) E> ‘l ll;> | l) L )
- b V)= cosz 10+ etsing SPNE BRpR R BxpolZ
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Entanglement Quantum Quantum Synchronization
Distribution Repeater Teleportation System
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I Research Article Vol. 4, No. 10/ October 2017 / Optica 1214]

‘ = = DWDMY " .i’ " @aerc P SNSPD
C ose () > . M|
Op 1ca DWDM ? \ >, 14.7 km , ‘ 11.1 km }b(y MWA £\ M
LN & (pec)

g‘ 94km  152km

Entanglement swapping over 100 km optical fiber
with independent entangled photon-pair sources
Qi-CHao Sun,">*" Yane-Fan Jiang,"?t Ya-Li Mao,"*t Li-XinG You,* WEl ZHANG,® WEI-JUN ZHANG,®

Xiao Jiang,"? Teng-YuN CHeN,"? Hao Li,* Yi-Donag Huang,® Xian-Fenag CHeN,® ZHEN WaNG,*
JiINGYUN Fan,"? QIANG ZHANG,"*® AND JIaN-WEI Pan'?7
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« Time-bin entangled photon pair sources

+ Entanglement swapping over fiber link more than 100 km 1

« The four-fold coincidence rate : 3 counts/ hr, 74% visibility Chlna' UTSC (201 7)
» Automatic time and polarization control

* Count rate: ~200 kHz, CAR ~ 500
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= USTC (2024)
- 404 km (ULLF : 0.16 dB/km)
- Coincidence count rates (CW laser)
: 5.1 MHz @ 18.9 uW
80 kHz @ 7 uW, 200 GHz DWDM
- Generation rate : 24 GHz/ mW
- CHSH-Bell’s inequality : S = 2.756+0.011
- free space coupling to PPLN WG

Ultrabright-entanglement-based quantum key
distribution over a 404-km-long optical fiber

Shi-Chang Zhuang'?? Bo Li%?, Ming-Yang Zheng**, Yi-Xi
Zeng'?3  Hui-Nan Wu'??, Guang-Bing Li*?, Quan Yao®*,
Xiu-Ping Xie**, Yu-Huai Li%3, Hao Qin'?3, Li-Xing You®?,
Fei-Hu Xu'?3, Juan Yin'%3, Yuan Cao??, Qiang Zhang!'?341,
Cheng-Zhi Peng'?#3, Jian-Wei Pan'*?

(a) Entangled photon source (b) Fiber links (c) End users
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& DCM
; LP== Q
’ R\ Synchronization
DM2 = —» 1
oy RG— =2 H ®
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Fermilab, Argonne, Caltech, Northwestern Univ. NuCrypt, Hyperlight

PRX QUANTUM 1, 020317 (2020)

George Iskander®,' Hyunseong Linus Kim®,!? Boris Korzh®,* Andrew Mueller,'! Mandy Rominsky,’

3-fold c.c. HOM

25

20

15

Threefold coincidences per 40 min

United States (FQNET, CQNET, IEQNET), 2020

Teleportation Systems Toward a Quantum Internet

Raju Valivarthi®,"? Samantha L. Davis,"? Cristi4n Pefia,'** $i Xie®,"? Nikolai Lauk,"? Ali DAQ oa gnavs B
Lautaro Narvaez®,'? Jason P. Allmaras®,* Andrew D. Beyer,! Yewon Gim,>* Meraj Hussein,’ ce Q a rage ob

Matthew Shaw,! Dawn Tang®,'? Emma E. Wollman,* Christoph Simon,® Panagiotis Spentzouris,

Daniel Oblak,® Neil Sinclair,'?” and Maria Spiropulu'-*

104 /

(b) — v..1:632£9.6% --- V., 54.1%63% :z E 5 e
ANy A e E g
YT T T . Ew *Recent works
Interferometer temperature (°C) ~600 -400 -200 Ar;:. (pS)ZDO 400 600
. . . AWG->FPGA, Timing control (< 2ps
Time-bin entangled photon pair sources N9 (< 2ps)
Channel characteristics

Entanglement swapping over fiber link of ~44 km
The three-fold coincidence rate : 20 counts/ 40 min, 64% visibility, QST fidelity: 70%
Count rate: ~70 kHz, CAR ~ 500
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= Northwestern (2024)
-30.2 km (QC+CC)
QC: 1300 nm, CC: 1550 nm
- type-0 cascaded
- 500 MHz repetition
- Coincidence : 4 kHz (after 15 km)
- Fiber based Sagnac type Pol. entangle

100

oo

604

E

4-fold coincidences (900s)

o

22000 -100 0 100 200 o 20 40 60 8 100 120
Relative delay (ps) M2 angle (deg)

o1 &3}

Quantum Teleportation Coexisting with Conventional
Classical Communications in Optical Fiber

JORDAN M. THomAs'’, FEI I. YEH?, Jim HAO CHEN?, JOE J. MAMBRETTI, SCOTT J. KOHLERT?,
GREGORY S. KANTER!#, AND PREM KUMAR!®

(a)
Classical
Receiver

( lassical
Transmitter
\ oli)a
[¥)4 = a|0) +ﬁ\1\ j\ j\
S
Allce Bob
Single photon Entangled Photon Pair
(b) Charlie
Bell state measurement
EDFA

15.2 km .
FwDM  (5Pooh pwpm FWDM  (spool) FWDM

NU NU
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Campus M2 FBS Campus

) LP -
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/ L-‘l 2 W4
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deployed (1310) .E:[' v l |_{| ” 2 deployed
fiber PBS DWDM fiber
DWDM FPC : a0
ol (310
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Transmitter PPLNy (I;I::::t‘i
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= NIST (2024)

- 100 km (250 m deployed fiber + spool)
- type-2 PPKTP, pol. entanglement
- Using WRS for time clock
- CW laser, CWDM
- QC: 1550 nm, CC: 1300 nm
- Coincidence : 5 kHz @ 250 m
150 Hz @ 100 km

Basis States 250 m 50 km 100 km
Visibility -z 0.96+0.02 0.90+0.01 0.87 = 0.02
0 0.96+0.02 0.92+0.01 0.86 £ 0.02
+Z 0.94+0.03 0.91+0.02 0.81+0.03
+2 0.95£0.02 0.90+0.02 0.81£0.02

CHSH ()

2.78£0.02

2.64+0.03

2.30 £0.04

L ozl
_— O
Research Article Vol. 16, No. 8/ August 2024 / Journal of Optical Communications and Networking 781
S
i
i e
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100-km entanglement distribution W|th coex|stmg
quantum and classical signals in a single fiber

A. RAHMOUNL'* ® P. S. Kuo,' @ Y. S. Li-BaABouDp,' @ |. A. BURENKOV,'2 @ Y. SHI,’
M. V. JaBIR," @ N. LAL," D. REppy,® ® M. MERZOUKI,' L. MA," A. BaTTOU,' S. V. POLYAKOV, 2
O. SLATTERY,"* aND T. GERRITS"®

778.6nm | Charlie Bob| [

I " -

r— LPF —_
R —ll
[Fi=s=ise 4 Selectal b[ Fe -
SMF 5 3 1.18m PMF ‘L filter J 3

Selectable fl:l
S RX RX RX
Sokm TX ]
“’ . (X WRSGM -

221/A228 221/5263 222/A224
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o
Demonstration of entanglement distribution over

=S inga pore (2024) 155 km metropolitan fiber using a silicon
- 155 km (deployed fiber) nanophotonic chip

- Silicon nanophotonic chip , .
Jinyi Du'”, Xingjian Zhang!", George F.R. Chen?, Hongwei Gao?,

- Coupling loss 0.64 dB per facet Dawn T. H. Tan23", Alexander Ling'*
-CW |aser’ 100 GHz DWDM *Centre for Quantum Technologies, National University of Singapore, 3
Science Drive 2, Singapore, 117543, Slngapore
- Colncldence 230 kHZ (66 HZ after 93 km (a). ......................... 5 ;;;‘.“b“;r.;;'a‘;;i;.c;;‘ .................................. -E.“(‘Bi ........................ ......... ; .................... . o ; ......... c : .......
i i awe HWP PBS :

,CWIaser EDFA  Circulator

- Fiber based Sagnac type Pol. entangle E> O ale o = ||

—S
P oD o> e
Source type Fiber type Fiber loss DOF Rate (cps)  Fidelity Ref N S P Sagnac chip source 15;&;:’“ 15;3\’301:«. 153\2?)3:“
Sagnac Submarine \ . N o ST SRR b ol ..'.'.'.'::.'.':f.'.'.'.'f:.'.'ff:.'.'.'f.'.'::.','.'f:.'f:.'.':.'f.'.'...'.'f.'.'.'::
PPLN (96 km) 22 dB pol. 366 95.3(3)% [7] ot ’3:&? ngﬁt R :{(e)
Sagnac Submarine R, Y ;- { i e State analyzer
PPLN (192 km) 48 dB pol. 8.6 95(1)% 8] . Singapore - 5 - a[][] XD o 900
Sagnac Metropolitan 715 dB pol. 9 93(-)% (0] 4 i
SPPLN (248 km) - - — :
agnac Ultra low loss spool ) (\s) o PC
PPN (10 ko) AR el 00 emstE B o ocw
Metropolitan :
39.7 dB 132 93.3(3)% )
g;ag(;:rﬁ?; Mefti‘i;cﬁliian pol. This work ‘HUX- = 000
66 dB 0.7 87.6(5)% Time Tagger

(155 km)
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Entangled photon pair source Quantum device 378 (LN &2t 7|=)
Source L850 .{g‘g—";f:
SH idler;
Entangled 3
Time-bin :
Qubit 1.7

Z direction (u

1550nm 500 MHz EDFA SHG

181 7 - /Q
m A

A Xt T7|R| 7|4
= o - LiNbO3 ARt Themistor
) 7
T et
.S 10 . o~
g 8 /O//
o] - PGR
o ° - QBrightness =
E o ) Pump power

" 1 ~ 15.9 MHzZ/pW

00 0.‘2 0.‘4 0.‘6 0.‘8 ‘; 1 .‘2

On-chip pump power [pW]
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o MBI U BAE| 2HE 2y (113.696 km, Fiber-spool & DSF Zg})

IM PM Band pass filter #’;‘>* =

EDFA
PPLN SHG

Laser
1550.12 nm

PPN SPDC A A_

SNSPD
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o A4 L 2| el =4l (113.696 km, Fiber-spool %

Normalized 3-fold counts (100km)

1.4
(0.918)
. ) T I L\ oMZI1 : T2
-~ ‘l KSE I N2 BN (0.984)
7 S ’ 5

Normalized counts
o
[o0]
~
’
f"
L4~ +—e-Y
[t
P d
\\\
N
\\I
\\
’'d
’/
’/
e

0.6
\ p)
\ 9\ / A
0.4 A X = ? ill I o\
\\ % \ ; \
S i \ 4 AN ’
0.2 %/ ' ’
S\ g, \é "
N R \\i ', e /'!
. e D N =
0 6.28

MZI2 p%‘%lée (rad)
* Visibility : 88 % ~ 98 % ("Ex 95%)
e Error (EEEHXH 1%

| DSF E£8h

0.8

0.6 1
0.4+
0.2
0.0

E(¢1,9,)

-0.2
0.4
0.6

-0.8

E(@rd)  E@i02  E@nd)  E01.02)

= |E(¢1,P2) — E(¢1,92) + E(¢1,¢2) + E(d1, ") < 2

b1, 05 0°,22.5° 0°, 67.5° 45°,22.5° 45°,67.5°
E(¢y,d,)  0.7202 -0.6482 0.5529 0.7460
+0.0499 +0.0539 +0.0639 +0.0484

» Bell parameter S = 2.667 +/- 0.109 (6.130)
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HY (113.696 km, Fiber-spool % DSF Z%})

Kim et al. EFJ Quanturn Technalogy [2024) 11:53 @ EPJ Qua ntum Tech nﬂlﬂgy
https=fidoi.org/10.1 140/epjqt/=40507-024-00267-5 a SpringerOpen Journal
EP] 0rg )
@ &
RESEARCH Open Access

CReak for
stk

Fully controllable time-bin entangled states
distributed over 100-km single-mode fibers

Jinwoo Kim', Jiho Park'", Hong-Seck Kim', Guhwan Kim', Jin Tae Kim', Jaegyu Park!, Kiwon Moon',
Seung-Chan Kwak?, Min-su Kim' and Jung Jin Ju’
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Alice Charlie Bob
Clock 10 Mhz , Clock , Clock __
(Wi?S) (W¢RS) (WRS)
_Mi?’ AWG > 10 GSa/s Coarse control AWG
1 le) v > 560 ps v
Laser Laser
(IM,PM) (IM,PM)
width : 100 ps v
repetition : 500 MHz Signal R
wavelength : 1550 nm EPS > SNSPD
v
[Yhwes a@_—]__, BSM FPBS
A (time, pOI) -A- FBS
. v
. L Fine control
WRS : White rabbit switch . .
AWG : Arbitrary waveform generator \égslblrj;gﬁ : ?6;)Sps SNSPD f%lztsec:Iujtil(r)m ES1 )
EPS : Entangled photon source Check : HO'M v P
BSM : Bell state measurement ’ TDC « v
> TCSPC +
(TCSPC, FPGA) BSM results
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Inside an IBM Quantum System One (Courtesy: IBM)
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