#) 32 % 3R Acta Phys. Sin. Vol. 74, No. 21 (2025) 210101

T BETEEAE

EFEEABLTEREIR

DOI: 10.7498/aps.74.210101 CSTR: 32037.14.aps.74.210101

2025 AR DR Yy A2 A 2 1 — A A i AU R ST e R BT E R E T
PR BBORMEE & BFRSSSUE R, W R HRAALR A S EOR | B TE BB S ORI
BT ERASE R T BRI = . R R AR TR
SoE BCAE T, B i ) AR i B S A ) S AR B BB T RE ), Bie
B RATCAA A, PO PR R PON 2 A . TR R e A R R
SR BER R, SRR R B BRI B PR, 5% e g B A R R

32 (PP ) SRR, FRATHEG 1T FE N T IR BRAE IR U I 10 L S5 A, 4140 T LU
T R D Y A SR B L, MO R D e S B A SR SO A i ik, B e e
PEEEARSS I IR TE BB AL RN A0 1l 2 B2 SGE, BON e MIAMRA ML 4 T 20
TG BB B T 2k SN WEFE A Al 23 IR — 2 BRI IS 58 19 5 T A 49 B3 5 1Y)
BRI RE I, LG T AR i T 20 K R BERLE A s T e o e, 1Al L 3
WRGRE, f 7 SV, UL IO A MO S BUIR 5 R B — X1 BRIy
PR T 25 0 R Ak S A TSR, A =R BT IR (R T IR A G S A T 2T
AR R del i 21 i 2 25

ARLAZ T 75 BT AR AR B IS0 5 T A9 0, AR 14 515 BT AR B
Bt AP QURBYTRIZ SR, AR OCSUR AT S & R A I ER S, WA RS 2R %
INA B FE S RIBRETE R, 3 A 12 U i) 2 0 A i A BT T /.

(FPEZnH: RS SRR BT, T R AR R S)

SPECIAL TOPIC—Quantum information processing

Preface to the special topic: Quantum
information processing

DOI: 10.7498 /aps.74.210101 CSTR: 32037.14.aps.74.210101

© 2025 FEYIEFS Chinese Physical Society http://wulixb.iphy.ac.cn

210101-1


http://doi.org/10.7498/aps.74.210101
https://cstr.cn/32037.14.aps.74.210101
http://doi.org/10.7498/aps.74.210101
https://cstr.cn/32037.14.aps.74.210101
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 74, No. 7 (2025) 070301

T BETEEAE

= U TR BT AR T

EAAN

KA

A AR

(BHRF Y e TR, AAE 230601)

(2025 4 1 A 7 HYe3l; 2025 4 2 A 14 HikEIENR)

AR — AR B BB G HC T R RE RS A 2 LR B A 4RV AR UDRFF g U 21 b iR
D ) T B PR R — MBS PR AR 0 A, X P RL T PR Al {5 R = R SR A I R, XTI
AR ) S A S DL AR O T R A g — B Bt BN T AR AL B A AT REAE T, AR R L
I, R Py B S B BSOS 2 B 1 MOR B 2 0 0GR £ A M T T R R BE
R RAE =R B TR B B T BRI, RS B A AT B R R SO AR R E AR BRI
Sb, A E T =R R IR G TP T BT IR BN BT O R, R T IR OC R M e e HAME G R XLk
A 2% 25 T LAY By B A1 28 A k1 B OS] A b BT IR 9 R e AL R B R T IR 9 1 S B Y
FEAAL T AW S JE v, JYER AR £ 8 D % T Y e JR A SRR R

KA THCPIRS, BT, TR, BUCR

PACS: 03.65.-w, 03.67.—a, 03.67.Hk
CSTR: 32037.14.aps.74.20250029

1 3

TERRER BT rhy | R — b S A/ N Y
PORT, HHAY FORL T~ 18] B AHELAE A 55000
JE H3 51y, XA A AR B R E R S ECEA]
RERS 27 i R B . h T IR I R A
2T 12 324 R 1k, — LS
R BH AR B R T B R o ol 67
AR g7 A= B R s B9), B2 3RICT 2T A
[F) R R 2 TR E A AR AR B o S . P st
AR RIS A2, FFRELA =l AN [R] A IR S BlaR
M|, B S (o) s p FHRer AN T R
T IR SR BT R AE S LRI & PR
A T T AR AR RE RS I — Fh 25 7 IR
ASERUHAR L ) — PR ZE T, R =R A4 7R

i

DOI: 10.7498/aps.74.20250029

ARl I ERAL. TP TR W P
HAWERN R, T4k, KT IRG NS
RTINS CINEN s i M oy aiafisL )
FEO0R Sy T RE TP T IR G T, PRI AT
Z BT Leggett-Garg ANGE L 1314 320K 55 X gk Ak
h Bell ANEER 1 “IF RIS, B8 6% U 1K 7E A [a] if
[0 8 P BN FRGE AR DG IR R WF5E 3R B, S UL
FERN Y IR O IR A3 ] LU L Leggett-
Garg A5t py 2 8 BR. i T h ey i 554
HAER, AErh T PG B A iR A T 2500 AH
BT A AR (5 S A B AR )y v R
T RGP AIRA TR S — 28 g E B
SR YRR R RS R AT DR, RS
T T AR 15 B AL B AR v iy 2L A 0 VB AR
FOME, — A BRI 2 A HI B 7 B IR e X
TR T R T A AT

* ERE AARBIESES (S 62471001, 12475009, 12075001, 12175001, 12004006) . 448044 FAARIERA: (S 202213020004,
2008085QA43) FIE A B RRHIHTRI (S 2024AH050068, 2024 AH040008) % B A

t BIE1E#E. E-mail: songxk@ahu.edu.cn
© 2025 FEYIEZS Chinese Physical Society

http://wulixb.iphy.ac.cn

070301-1


http://doi.org/10.7498/aps.74.20250029
https://cstr.cn/32037.14.aps.74.20250029
mailto:songxk@ahu.edu.cn
mailto:songxk@ahu.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 74, No. 7 (2025) 070301

BRI N TSR T B e v AN [R) B
SR T — 4~ A 5 D BE 5 R A HEZL 1],
— G — HE O™ R BT SR EISHE 2R RS )
FIBAIWITEUE Z2 A RIS, (9 AN it I 24 5K 2%
PN SRR LA S 3845 1617 A AN w5
ORI A 2 A A G 2 D821, A g8 1
AR AT E R el R T BT IE P R A
AR, AT LU 7 B IR e i T AT R i
HFIFRAL 22 2] e R TE BB A V2T

FRISE T, AT AL 25 20.27) A1 A oy (29.29)

TR B0 R B2 AR Ah, BT
FIRHELE TP AU R X F 2R RE & TR
QRN s e = W T s N T e i =S L S ok a6
UL A AT O 2R A - ORI Y FRLC M DG 2R B350 ot
EHAMECR BT P R FEE R TR
TOREKEE i, IR CNTEZAR RS 3 LA B
B KLR. AR DN ET RG4S
T OCHRIR R Ak, WS O [l A AH BLAE
FH (2] g1 AH 1) SR A BOR . WA E
PRI ZEX THRA T RGN E B AHEEE
S, R RS A A T Y ZE R AN
(B 3K S SR BE MU 5C 256 TR P il
R T RRRAE A HE R X, 5 30
M 4 SRR HENE =K rFRE A
(NI

T E BN TE P IR T I
TR f PG UR S BORRE, )N 24 48 0 i+
AT, BT AT DA RS BRGE R RN . TR
KT W FREIE 2058, ARZX)
P IRG R TR E TAE EERAET Leggett-
Garg AN 143839 R1fT, H Leggett-Garg /N 55
KA I IR T HEfE A — LR R, 2
FET 8 HRAE A 0 W i~ AH TPk ) v v ).
I, 3#2 Leggett-Garg A2 U J2 B A AR 11 B
w1 R e bR, FEJS, Song &5 MO i A H & 5%
TEHNE TR 1 YEEOE T E X TP s T R
FAHT AT S50, A AL T i iR
HR AR DS, A O YEEOR X IR
MIAE T PERFSE M 5| T AR 258 3 TR s (oL,
LA R —Fh B B A BT 5, fETEZ i b
B AR, AT A NS R I 2 28 R oy =X
KA IR T B 1 Hrp ) X
iR A gii Al Li 55 P R EIERN £

o g8 gt A4S T R LA 48 B354 three-n
a9 O] Z RS A 2 98 O JF LA (concurrence
£l 67 45 5@ b0 AT, A58 T R A =R
% RGN G R =0, 4k, Blasone 25 P8
I AR OC R A T e g AL T IR i
TG 2 9. HADZE A ) 1 OO h iR
AR AZ B T ARZBHE TAER G, 1
T Fn| P R 1990 Bell 3 eyl 60611
AT AR R A 6265 R AN e PG AR 10469
A5 R I B T RRERESY, BR T RS R
R, A T VR S A AU G R X R
FiRGERE SISt A EEE L
Li 45 100 F1 Wang 55 66 56 2% SCHR (19 ST
PEXR R T =R IR T i 1 5043 i
F %64k ¢ &, Blasonet 2% 58§l Bittencourt 4§ 67
FIFH 58 4 B AMAE C R BFFE T i1 OCHK (5 4an 24 28 Fn
AT ZEH IR A BAE . X SeA A OC &R
TE =R PR G RS S TSR 4 TR,

PEAESR, X IR ) AR RSB T L
T ERB 0 REIR SOHAUE OC R , A HA T T Y
TR IR AU ST AR R . FRTRIR, A3
{UHEIR =Bk PR H i R, 2
BT R WL R R e D S B IR R] A AL
i R HAMER .

2 ZHEFTHTFIRGER

T IR IR AR T ek e h, =
T AN [ 9 R R 285 22 1 8 41 9 AR A L e 8 Y
MR AEXFRELLT, ol LUK P iR G ) — 1
RN — AT R R GERIT, L = iR it
TIREG RG] B AR —A =1 R i 4 B
ZGE. NI, n] DR T SR BB HES S BF 5 it
TIRG I Z AR T BIRREE. X T i IR i i
TR I T2 2 TP i B B 7 T Y
P IR TIEE, AT 2 48P
LRI AL TT B A =R P il TR A 2.

2.1  FEHKIEMUTH=RPREFIRS
FERRERY =BR PR IR R R, = FhIERAY

PR |ve), [0, |ve) SRR ARIE S (1)
lva), |vs) FIZRIEZ N, 1T LIRSy (6569

070301-2


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 74, No. 7 (2025) 070301

|Va) Z o [0k (1)

X k=1,23 a=epnr. U =R TIREGHHE
|

c12€13
U= | —siaco3 — cras13523€ 0r

812823 — C12513C23€0°7

K cij = cosbyj, sij = sinby; . PRCT R
) ERE TR By, (0 B it A AR TE S, LR ]
FALI BT AEDS og (1)) AT AR N

ok (1)) = R [y, 0)) 3)
X ok (0)) Fon ¢ = 0PI BEREAAE RS %3022
BT AR AR AR 2 BN 1] 2L A 2
. FIARRGHEFE U, 7 LR e RAE S A i
()73 A5 P T o AS i 2 A N 1] A B Rk A

|U0¢ ZUak‘vk
_ ZU* lEkt/h|,U (4)
FHBR AE 250k R B AGER, B Jop) =
EQUMma (4) RAT LA,
|va (t) ZZU P Uy |vg)
= Zaaﬁ ) lvg) - (5)
=R FIRGIEIE T, (5) T LUBIF T 1)
B
[V (1)) = Gae(t) [ve) + aau(t) |Uu> + aon(t) [vr), (6)
K aas(t) = Y, Uspe P4/ Upy JEBR o Fik 5 1Y

FEALIRIE, AR T T B AL 4 Ui(1) IOOT R
FEHBEIZ BT, va(t) = (ve(t)v(H)a(t)) FBRTE AL
HFE U (t) 5 t = 0 BHZIPRSIR R AR, Blv, (1) =
Ut(t)va(0) .

EEIMIIE A o WP T, 7E4R B R
2 B R HIER Ny

. 2
Pap = laas ) = |32, Use P05, (7)

L AT F AT

Uh e R E LB X, IR G5 M Up 1
Pontecorvo-Maki-Nakagawa-Sakata 5[4, & 0] LA
FH=MREA—A CP i RARR R 10:

512€13 s13€” 0er
is
C12C23 — 512513523€'7°P €13523 ) (2)
is
—C12C23 — 812513523€'%°” C13C23

|
Paﬁ = (Sa[g — 4ZR6 (UzlﬁBZU(XJUEJ)

i>7

L
X sin (Am” 4th>

+QZIm (U;iifﬁanjUAvgj)
1>7
X sin <Amfj 2Lth> (8)
—EEP Amkl = mk ml , ETEEPTIJ?B/JE\EE, ~ ct
(¢ H HZs B G ) v 7 IS 2RI g 2

6] (A B B . (A5 TR B R AR AR Pop = |ana ()]
FHRGHER Pop = |aas () L Paa + Pag =1. 1

Tﬁ@ﬁﬁm&ﬁ$mmlcm%ﬂﬂ>ju%&
(Amfﬂ 4LECh>
= sin <1 27Amwg> 9)

K, Amy; FRoRTE V5 2, ALK eV LRIR
P FAERRIE RS, 3070 km; E R PiTRERE,
ik GeV. X B i FRRAS AT ABE LS Sy

[ve) = [1)e @ [0)y & |0)- = [100), (10)
o) = [0)e @ [1)y ©10): = |010), (11)
[ve) = |0)e ©10), @ [1)2 = |001). (12)

DAL P AR T IR 2 B BRI AR R AR A m] DI Ry =
PO IR S Bt Bof ] & 2B Ak, D

[V (t)) = ae(t)[100) +-a0u (£)[010) +-aaq(#)[001). (13)

2.2 REECTH=RPRTFIRS

AT B R 3 A0 vk 2R B R AR
He. FN L, i R AR AR,
B (4) A ERRES . R Dk, A
A po (v, t) TR 25 0 AR T B T S

070301-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 Z 3R Acta Phys. Sin. Vol. 74, No. 7 (2025) 070301

SO A 1o XV RSy, T L7552

pa(®) =D UakUs;fik() lvg) (vl (14)
k.j

. _Am?kx Am?kx 2
EEEP, fjk(x) = exp [—1 oF NI } .
T EST ARG R, AT LA (8 b A TP PR 3 1 vk
BRFIEERITR pa (), B [va) = |0ae)e [0ap),, [Gac). -
éﬁ% |U1> = Za U(” |'Ua> 5 muﬁ%‘iu

Pao(r) = Z F;?»y(x) |08e0u08c) (OedymOye| s (15)
B~y

Ao, Fg, = ij UgiUak fir(@)Us Usy (K, j = 1,2,
38,y =e,mt). B (15) 22— MEE, 7]
VL Rl

Poe () =
0 0 0 0 0 0 0 0
0 F2(x) Ft‘ﬁ(x) 0 F2(x) 0 0 O
0 Fﬁ(l‘) F}ﬁl(l’) 0 Ffé(a:) 0 0 O
0 0 0 0 0 0 0 O
. (16)
0 F2(x) Fe‘i‘l(a:) 0 F2(x) 0 0 0
0 0 0 0 0 0 0 O
0 0 0 0 0 0 0 O
0 0 0 0 0 0 0 0
H po (@) TR B P TEO B o 728 0 m IR i
TR
Pon (%) = (vy| pa(z) |vg) = Fj (@) (17)

3 ZHRHMTHRGFHWETHHE

ARATN G TE BB =R TR b
A RAARBTTE, 2 B AR A i i T B IR B A, i
NG AR T FIE R AR

3.1 ZKRHRMFIRGHRIET LUE
O IR R, X TR
T PR35 1Y - 1 A O S T =R Y
TR, A — LEBIF 5T AN ] 0 24 98 13 o it
e i TER R rh ¥ 2 i k. Svetlichny ™
A L L IE 1 22 4 2 28 B2 5 % =R P i1 &
G gt AT T AL, o EEAAAETT SR LA
M (GGM)P2AY| three-m 24 4 5 Z2 (R 3 21| 9
(GMC)B I & IHFE (concurrence fill)P7T 4. A T

I X VU Fh 2 98 B AR TP il R G h i BRI,
o 2 TR I e 2 i B i R Rk . e UL
] B B e SOR 25 IR 5 AR HLOE 2 07 4 48 1)
FI AR E S AL RE 2, & ] LUEE S ok +
AL, ST E— NIRAES [yy) , H
WREIHEIT:

G(|Yn)) =1-—max{A},, | TUL={A,...,An},
INL =0}, (18)

A A 2 [on) PIRRI 2 T2 L 8 fi K it %
three-m 2425 /ZI TR 7] 1 BABCIE SC S Al i
AR, X T — =R RS, HAr a3k 0y

1
TABC = g(‘lIAJrTCB +7Ic), (19)

Hrn, = NEX(BC) ~Nip—Nic, np = N123(AC)_
Nia = Nic, me = NCQZ'(AB) — NZ 4 — Ngg St HI 2Rk
AP, Nape) IR RG WAL A M BCF
BT, Nap Fl Nac 0 0RR TR ABRT R
B8 AC TR
FLIE A 2 AR AR 2 02— 0 35 T AT J R Y
It ko gy Ak 2R G . YT = Ry
i W) ape , 2RI 2R DLRR Sy 0
Comc ([Papc)) =min {2 [1 — Tr (p%)] ,
2[1-Tr(pp)],201 —Tr(p)]} (20)
2021 4, Xie #il Eberlyl? ZE TS A L, 51A
T —Fh =R 48 = A B concurrence fill J
. 5 HAD = AR 9877 VA L, concurrence fill A
P 1) BEEZMEE; 2) BRI,
Al % 20 20 e, 35— M/ IME R R 72, 30FF
SO BUEA AEMEATRE 1Y, Xie A1 Eberlyl”
PEH T — concurrence = M ML, Hirp =44
=4 MK R RGN = A 3
2 g B . SR JGH#F concurrence fill 7€ XN I A
MBS AR. T, 45 T concurrence
fill AR
Fapc = [?Q (Q - CE&(BC)) (Q - C%?(AC))
(@ cun)]" (21)
H 031(30)’ CJQB(AC)v C%’(AB) ﬁ%']j?Q[l —Tr(p)],
2(1 - Te(ph)], 21— Te(pg)]. QEFHK, RA
16/3 1% 0 < Fapc < 1.

070301-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y B ¥ R Acta Phys. Sin.

Vol. 74, No. 7 (2025) 070301

AT LA (21) 28, 250K B EATE =k
TR R A 2. 5 ERIIR ¢ = OB 2
TR, H =R IR G AR A

wje(t» = aee(t)‘100> +aeu(t)‘010> +aer(t)|001>' (22)

X e (), )7 L LI & (GGM), three-
m 2 i | iR I A2 28 (GMC), concurrence fill 7&
R IR G R A g Rk = R

G (pee) =1 —max {A¢, A5, A7}, (23)

)\Z = max{PeT + PeuPee}v
)\Z = maX{Pcc + PC‘n PCP.}v
)\S = maX{Pee + [STR) Pe‘r}v (24)

4 S
nem'(pe):g[_PeQe_PeQ;L_Pezt+Pee PeQe+4PeuPer

+ Peu/ Pa, + 4Pee Pe

+fng§+4aJ@}, (25)

CGMC (P;n) = min {4Pee (Peu + Per) 3

APey (Pec + Pet) ;4P (Pee + Poy) }, (26)

F (pgm)
2 p2 p2 1/4
_8 PeePepPe'r [PCTP6H+P68(Peu+Pet)]
= 3 .
(27)
1.0
(a) —— Concurrence fill —— GMC
—-— Three-n
O Y 1 114 IR— GGM
. il
< !‘I I |
¢ 06 | 1 ’
= Wi,
?OD |;“|M,“|“ \/\“I l,nlﬂ
E 0.4+ ‘“" "“ f\'\
o
m
0.2 F

L/E/(km-MeV~1)

FL DU [ B 2 R e, LA ) SO LA 0

T AT IR RGO = T T IR RGP B I ] A P

(b) =R p T HRCT R GE P AN R 2 A 2 800 182 Y 38 f 1R 5

A AT R p R i 4R b i 2 ik
iR XS AT, AT L B L 2 6 5
AE =R R i By =X, el DAAs
Bl =R R Th A g R . Gl 1
i, PO 2 9 B s Ak A R, Yo Se T s e
SR, EATE PR T E S MEEEAR
[, X FRI4G 7 il 7R3, concurrence fill 1]
A KAE 0.89, i GGM, three-n il GMC = F
21 9 8 8 B 1 A 9 B R A3 100 0.32, 0.55 Al
0.88. X T =R Hh il F¥R37% W 2] g B 1, 5 HAth =
P2l 28 FE B A HE, concurrence fill &—FPEE H 4R 1Y)
B BINA I J7TE: 1) concurrence fill fifi
H# L/ E WAL g, oA T A 1w
Horafgi. GGM Ml GMC HAT JEff M I v, X2
H TR IR R/ NS AL, BV XTI
LG AT % . 2) TER T T e
2/, concurrence fill £ & T £ )& T %R IR.
concurrence fill B2 KT a4 T HAb =2 28
O A X SRR R T concurrence fill 7E
THIRFIE T, X T =R T IR G R 2] g
b, ST 2 gy =X

Br T IR LA EE B AR 20 98 07 5K, 3847
TE AL Y 24 28 B 1 R T 0 =R P T A S Y

. Li &5 1R =R i 28 6], = fAt A 21 45 (77
FI=R T B0 0 BRI IS4 PN T TR ST 1
=R RCTRG PR GERRE, 88 T ENE =R

0.5
(b) —— Concurrence fill
—— GMC
0.4F —-— Three-n
n
3
g 0.3+
g o
3
50
g
g 02}
3
)
0.1
0
10t

L/E/(km-GeV~1)

(GGM), three-m 2] 4 | Z 3= 2 48 (GMC). concurrence fill, 7£ = IR i

(a) =BRALF T R PR 2 0k 2 28 00 BE 1 3810 1R

Fig. 1. Four kinds of multipartite entanglement measures, including generalized geometric measure (GGM), three-r, genuinely mul-

tipartite concurrence (GMC), and the concurrence fill for three flavors electron neutrino oscillation system and three flavors muon

neutrino oscillations!: (a) Dynamic of different multipartite entanglement measures in three flavor electron neutrino system;

(b) dynamic of different multipartite entanglement measures in three flavor muon neutrino system.
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Fig. 2. The Variations in K3 as a function of the energy for three experimental setups for different values of the CP-violating phase §7):
(a), (b) DUNE; (c), (d) NOvA; (e), (f) T2K. The time can be identified with the length (baseline) which is 1300, 810 and 295 km for
DUNE, NOvA and T2K, respectively. The panels (a), (c), (e) correspond to the initial neutrino state, and panels (b), (d), (f) corres-

pond to the initial antineutrino state.
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Fig. 3. Coherence in theory and experiment for three-flavor electron neutrino oscillations!*”: (a) Coherence based on the experiment-
al data obtained from the Daya Bay collaboration in three underground experimental halls, which is described by the error bars cor-
responding to EH1, EH2 and EH3 respectively; (b) coherence of neutrino oscillations under the T2K collaboration. The insets in
panel (a) show the derivatives of coherence with respect to the neutrino survival probability and the ratio £ The red line in the pic-
ture shows the coherence in theory, and the red band indicates the coherence within the 3o confidence interval around the theoret-

ically fitted prediction. The coherence indicated by the error bars is consistent with the theoretical 3o range in the short-distance case.
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Fig. 4. The coherence in theory and experiment for three- . . -
flavor p neutrino oscillations?l. The red line shows the co- E:J_-EE/‘JE'EEI ils* Hi’é‘lﬁ ﬁﬂ:{ﬁ:AjE% - JRy s e e
herence in theory, and the red band indicates the coher- [74 E/J Svethchny T‘;@F—tIE—/\T%ﬁE/J ?4: ﬁn
ence within the 3o confidence interval around the theoretic-
—FFJ?/T :

ally fitted prediction. The black squares show the coher-

ence of neutrino oscillations in the MINOS collaboration,

while the blue circles show the coherence of neutrino oscilla- Pgp (11 a2a3 Z Py / d)\plj )
tions in the T2K collaboration. The coherence indicated by
the error bars is consistent with the theoretical 3o range in % Pij (aiaj ‘)\) P, (akIA) ’ (39)
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the short-distance case.
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Fig. 5. Variation of the parameter Ms for three-flavor neutrino oscillations™: (a) Initial electron neutrino oscillation; (b) initial

neutrino oscillation; (c¢) initial T neutrino oscillation. The black dotted line corresponds to the classical bound of Ms .
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Fig. 6. Variation of the parameter S3 for three-flavor neutrino oscillations®: (a) Initial electron neutrino oscillation; (b) initial p

neutrino oscillation; (c) initial T neutrino oscillation. The black dotted line corresponds to the classical bound of S3 .
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Fig. 7. The evolution of the total entropic uncertainty in
three flavor electron and p neutrino oscillations®: (a) The
evolution of the total entropic uncertainty in electron neut-
rino oscillation, where EH1, EH2 and EH3 are the data ad-
dressed from Daya Bay collaboration for three different ex-
perimental; (b) the evolution of the total entropic uncer-
tainty in muon neutrino oscillation. The olive line repres-
ents the theoretical value of the total entropic uncertainty,
and the red line corresponds to the lower bound of the total
entropic uncertainty relation. The black squares stand for
the experiment data from MINOS+ collaboration.
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Fig. 8. Tests of the monogamy relation for three-flavor electron neutrino oscillations®): (a) The residual squared entanglement of

formation in the electron neutrino oscillations; (b) the residual squared of quantum discord in comparison to the residual quantum

discord; (c¢) the monogamy of the geometric measure of quantum discord in electron neutrino oscillations. One can see that the
monogamy relation Dg(p% 5) + D6 (0% ) = Da (pi“ o) holds in electron tineutrino oscillations.
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Fig. 9. Tests of the monogamy relation for three-flavor muon neutrino oscillations: (a) The residual squared entanglement of
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(c) the monogamy of the geometric measure of quantum discord in p neutrino oscillations. One can see that the monogamy relation

Dq(p% 5) + Da(p% ) = Da(psy |BC ) holds in muon tineutrino oscillations.
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Fig. 10. Evolution of the correlation measures in the complete complementarity relations described by Eq. (55) in three-flavor neut-

rino oscillations?: (a) Evolution of the correlation measures in the complete complementarity relations for electron neutrino oscilla-

tions; (b) evolution of the correlation measures in the complete complementarity relations for p neutrino oscillations.
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Fig. 11. The complete complementarity relation terms for three-flavor electron neutrino oscillations: (a) The complete comple-

mentarity relation terms for ep subsystem; (b) the complete complementarity relation terms for et subsystem; (c) the complete

complementarity relation terms for pt subsystem.
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Fig. 12. The complete complementarity relation terms for three-flavor muon neutrino oscillations?: (a) The complete complement-

arity relation terms for ep subsystem; (b) the complete complementarity relation terms for et subsystem; (c) the complete comple-

mentarity relation terms for pt subsystem.
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SPECIAL TOPIC—Quantum information processing

Review of quantum resource characteristics in
three-flavor neutrino oscillations”

WANG Guangjie SONG Xuekef YE Liu  WANG Dong
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Abstract

Studying the quantum resources of neutrino oscillations is a topic worth exploring. This review mainly
introduces the use of quantum resource theory to characterize the quantum resource characteristics of three-
flavor neutrino oscillations, and the specific evolutionary patterns of different entanglement measures in three-
flavor neutrino oscillations. In addition, by comparing the cases of different entanglement evolutions, the
optimal method of quantifying entanglement in three-flavor neutrino oscillations can be obtained. Moreover,
this review also focuses on the quantifying the quantumness of neutrino oscillation observed experimentally by
using the [;-norm of coherence. The maximal coherence is observed in the neutrino source from the KamLAND
reactor. Furthermore, we examine the violation of the Mermin inequality and Svetlichny inequality to study the
nonlocality in three-flavor neutrino oscillations. It is shown that even though the genuine tripartite nonlocal
correlation is usually existent, it can disappear within specific time regions. In addition, this review also
presents the trade-off relations in the quantum resource theory of three-flavor neutrino oscillations, mainly
based on monogamy relations and complete complementarity relations. It is hoped that this review can bring
inspiration to the development of this field.
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B QKD My ias FH AR B B, 85 M
F AW, 2 /P &1l s R G
A 16101 ] - B R A B L PR Ay BT AL
= (quantum secret sharing, QSS). QSS F &
FHWAE L )7 Z (M2 A% (5 8. 1999 4F, Hillery
2 M BT GHZ (Greenberger-Horne-Zeilinger) 7%
P T 14 QSS M. [Al4E, Cleve %12 3T
TSNS, R TR (ko) NRTE. M
J&, BT X SCE, 5 Fh2EA0) QSS DML AH 4k
e, FAESCE AR EHIEN. S pyfn g LA
[, QSS HRKEE A £i5 B2 50 5 20 Kk T X0 3 A
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BRI A (2 QSS AT ZHERR SN AY
GINTAT R, T BB U 15 2% 7 PR A 18 PN B A
9, I QSS X HHRSCA B A% Y 2K

R AT Ao 3 Sl 1) CC.
or KA I oy K NS 5 Z TR AL AR T LA B
X2 5 Z E A MANFERILELME R, 2)
CQ. M RF MWL RH NS HH Z A AFE L
LAgR 2 53 Z MR g s 7 F ok 4
HEE. 3) QQ. A H WL RE NS5 E ZIH
RN F RN TEE U NS5
Z R R TR s 1
B, IRAEA R 7322071, QSS AT LA AN Al Y
R H R RRBE QSS FEMFERIELE CQ 1 QQ
PIASFIR1EE. QSS — T i i) AR A 1 B 5 o
ZoMAL LB 2, A BRI A S E R B3 U
1120, 5 —J7 05 B AR A AL R S R IR
Z 75T MR A R T A S E R
PR SR Ik QSS B U8 115 B AR K —
AT AR L AR SORS 23 B IE S 2 L B QSS
L& TF B QSS WA E2 5], Hi A
ZUIAFRAFIEAR AT QSS Mot & S5ER,
FEXF QSS HIBF TS MR A BT )7 [0 AT BL4G
FIEE.

EOERE ) g o | ANMER
1528 ESET
QSS
FERIEH s

T ]
Hfi i SR :
rnfe BFIYER L Jeamis

B 1 QSS Mril iy
Fig. 1. Types of QSS protocol.

2 ZBETRFHE (CQ)

2.1 FERYESNEHRETHEHE

el FH 21 28 25 1 20 i - R 5 I SR R &1
L JAARXT LI AR TR RS 1 Hillery 4511
T 1999 4F 42 (9 QSS B L IR T 4 AT i
GHZ & A Xz dufg BAE 15 B 70 51 5 HEM,
XA FR N HBB Pl eI 4 fE B Y
HBB #p i, Alice, Bob #l1 Charlie 43 5| F #IL 75
[ +a) = (10) £ 1) /V2H | £y) = (J0) £i[1))/v2

HROG =k GHZ A 7
Whane =
Thr A, B, C 4353 /RJET Alice, Bob il Charlie
R~ =5 i s 5 R B DGR ME, DRSS SR
221 R, dl X S SC R Alice, Bob Fll Charlie
MR — 22 1 A R0 ] DA 31— A — 1R Y 2% 81
B W A2 ka = kg © k. R AT Bob Al Charlie &1
AHEHITA Alice F LR, SEBL T AR5,

(]000) + [111)) agc, (1)

1 ZHMEGRA O
Table 1.  Correlation of the measurement results from

three parties.
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l+=) -2 |+v) |-v
[+2) |+=z) |-z |-y [+y)
[—2) |-= |+z) [+v) |-
Bob
I+v)  |l=v I+ -2 |+2)
-y  |+y |-y [+2) |-2

ARG HBB PMEA L 2/, NS S
HE A DFEARGI AR G BT 3015 ir A 15
2142005 4, 8 A PO G 2 28 5 # 45 GHZ
A, Chen 4 1 kX% HBB UMM AT TS50 523,
TE M Z A/ ACUE B T il O GHZ 2 1) 52 56 52 91
QSS WA AT, fEX eIy b U Z R+ GHZ
REWRDEN. — Bk, Bell 20935tk GHZ
DR ER SR Z, KaiT Bell 5/ QSS P
WO AR 07181 2019 4F, Williams 55 19 22 F Bell
A4 IR R T M i PR 2 0 X Y
SCH =07 QSS Bl i 2 s, R4 48 QSS
PSS AR i St 1l 28 BT e 1) B2, A ST
HeFxF A e FE TR X — T AT LAY A
LI T = RS, 53— 7 AT AR UM & 32 4
FERSZI, T LAARURIE QSS AYPERE.
=M QSS RPATRIUE, QSS M3 MU
TIEHEZ T QSS i 20, —Ffr 2] 4 Uy 72 2
WAL IR AT DA B gy QSSP2, R TR H 20
T 9 S A 22 0 Tl AR AT, Yu 8 )
FIHZ BB RGEME N T 27 QSS I—M %,
JREE T A A0 i — Bt A
A+B+C+---+2=0 modd, (2)

a+b+c+---+w=0 modd, (3)
HApRE TR, /NG FRERR 458 1IEAC
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PPLN1
§ Z E —J 5 BD 12 g % PBS
532 nm = —— s & _E' .
= ABD o = CHE
PPLN2 W DET
Idler
HWP: Half-wave plate 1550 nm

QWP: Quarter-wave plate

PM: Phase modulator

PPLN: Periodically poled lithium niobate
DS: Dichroic splitter

BD: Beam displacer

PBS: Polarizing beamsplitter

DET: Detectors

Signal
FILTER |810 nm

N

W DET

K2 IR 24 2800 1 PR B 1A 1Y)

Fig. 2. Schematic of the polarization-entangled photon source!'”.

D B rp Y ) . A0 [A] Hillery 25 M 5] 907 48,
Z 585 SR AR R E A L85 (local opera-
tions and classical communication, LOCC) #ffi x&
(2) AR, AR, W (3) AFRIKMBES
TTEESI B OCR. WA 2, W EFEAR S
XU AR AR- 1 A S5 U W HE I 6F QSS 142 ek k
UiIE R EEL WL REH RSN QSS HE Mk
D3 485 3R 1 & MUk AR 25%, DA I3 5K
EiIN G Y WA b = A RE NP X (LAl
A RGO QSS. W4 R RS
15 QSS PR A 2%, Mo #oR- Lk Bt ok
iRl ERl R TR N ] A CSEE (S = ORI
fdE (mutually unbiased bases, MUBs) 1 77 & J5t
W) | REAE 58 SERRPT R BT BT — T, XLk
MR EARETE 2 E T RIE, 4R R%
QSS PMX YRR A 1/d . fHRH Xiao 45 24 421
{18 25 T I 1 BN Y =% QSS R Z A, QSS P
WRCRABERS N 1/d $2755 2 100%.

RO S 00 FH 8 6% 1 5 W 5 X L St 3T
Meak H 5T BERAME E, BRI et (LX)
T MG AIE O, B IR S 55w E
AR RS YRR, OB NS AR IR AT R AR i o
e, PR AT R A T R — R, Xiao
i 121 1] B 2 48 6 IR AL o iR B R 10
(wavelength-division multiplexing) £ T —Fh7E
AR 28 AR BT rb i s AR TG O QSS By
W BT TP IR R, P4 B AL R ) 524 4
0 U7 A TR R 24 20 538 5 08 93 52 T AR 79
PR 2855 K BN ZASF P A BIMSCRT DL AN el AR 24 4
VRN 28 FH P RIS 0 T AT 2055 8, 7R3
IR LA B BT RC RLASE et~ O 285 114 4 7 v EL A AR R IR

(19
HIWE 7.

2.2 (FRIFYUESHZEHESEFZHE

R A 28 1 ol A4 57 T 3 TG IR AE AR ER
B G OL T RO %05 8, 45 QSS Ml it T4
SR ARRE. ER R H ARG, 2] 2028 i il 45 T 22
02 FRI SR B, SRR MERE R 2 B | i R L b
FEAE RSy K 28 [l Tl g S ST
PRFE | Ml 41 W7 725 45 A 55 MR 7 (1) 52 ), 3 AR
A, MELLIE IR B8 A% i B3, BRI T QSS RGN
BRI ETE, 15 QSS 7 & A Al SE M KRR,
2003 4, Guo % B4 B F BB84 QKD Wil 1 vk 42
H T RIS A 25 QSS BN, AT Bl F M T
AR TR B e S8 AL S B B I Sy B, R
WroE kM, TEdb =2 i fE B QSS th 4 4iJF A2
DV iLio
221 ¥ETFTHHETHELT

S FLRE 26T Al 23R A, FROE T QSS B
W2 A BT S b SEBLHOEF QSS T &
B i WL T R T TR mAR B2 bR 2 b w]
DA S F A6 T 10 B A SR A g i i 1 L
F§. 2005 4F, Schmid %5 B8 FLF 6 4R H T —Fif
fiff FH AR 7 HUARRRY QSS PRI XA, Ak
WML S AR ELR T4 CHZ 25, 1 -1
AR — MLk (1 BB T F R b O AR AT SRy ek
FRAER T DASCEE. 7EX B, T LRAR RIS il A5 R
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FCEF AT B ST HL A G A A 8 T 252 D I ek
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R EF o ST S AL ) ) 101 SEBL T 56 1 AN HE
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Ma & B 7E 50 km FARGEF N 45 b SCBL T il
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Gerb HA RAFBI R ), 7Er 5 LT M4 b sca
B A IR NI (AR R R, YR
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i QSS VM % 4w iR A5 LA PRI oF & 4k 1Y
L qudit QSS PR ARAkSE . &S AR qudit

(|0) + e 25 #5[1)). (5)

— A WA, RO A A S A BB,
— PRI BRI B R ST AT A o R AR L
PR R IR, E R8RS A A A R, BRI
T S R AR R TR TG A BLE A B 1647)
(orbital angular momentum, OAM) fig % $& fit J&
5 ) A sRAA RS 8], S SEa s 4E i i 15 B
P T — Sk, b AT LA R SE B qudit
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B SEERE7R, WA 3(a) Fzs. 3 4MATT LA 20t
AR B FE 1 R AN F W AR HliE qudit. #i4n
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SRR, IREZHe FEET LTI QSS
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PASETAE SIS FATYSRXE LA R A5k = A R R . 5540
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DL 3 5 B A 0254 BEAE QSS P HP 3 s 4
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AT PNS Moily, il — b b S &
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AR AR AL, If H 5% Charlie FALZE SRk v
A BT &, ANl 4(a) Fras. T PNS o35 ik
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ep e e
Exp[i (zn . E +Yn -[ ] )] (e;c |%fina1) ZE;E:
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Attenuated laser HWP SLM Lens R; Ro

State generation

Distribution
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.

\ State measurement
\
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: EMA it
L

® Qo
CIR CPL

Laser SO

Alice - PC '
' PMo, miL A Y

MRR ‘ d

Charlie

ALy
7 POL AB
(NTY 5% CPL . ((Iink

BC link

K3 SEBlmEYER qudit QSS IR (a) SEHDG T HUIE f Sl B9 (b) S HT 2008 28 B - 1 18R T 1)
Fig. 3. Two methods for achieving high-dimensional single-qudit QSS: (a) Using the orbital angular momentum of photons!*s);

(b) using the multi-arm Mach-Zehnder-like interferometer!*.

(a)

e g o
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det Charlie
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Laser {0,n} Att
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= NN

Charlie

U b.

K 4 DPS-QSS HHYAELE P (a) #7 DPS-QSS HYSLHELE ; (b) i FH X% 1Y DPS-QSS By S ¥ i &
Fig. 4. Configuration of DPS-QSS protocol?: (a) Setup of typical DPS-QSS; (b) setup of DPS-QSS using a twin field.

e W 2 Y O 58 0 1k R A AR U B OR D
2021 4F Gu 55 b7 25 4 X037 b5 00 4 1 T fiff LU
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[56] AR BUEAEM /Y, (H i TS, Alice Y
Jik AN T LT 26558 Bob 39 Bob M, B %

T3 58 ] LL22 4 IR A 0 R S Y Tk, (HO2
DPS-QSS MR AFAE 2 4 Jm B, L REHRSLA
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L 9 K A T Zdi 6Y(coherent attacks).
2023 4F-, Shen %5 62 gF—2L4 T —Fh o] LIHEHTAH
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(discrete-variable QSS, DV-QSS) Z 4, i A i 4L
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s 2 | B o i 2 N B S e e N
B CV-QSS, et T CV-QSS KA J&. [HASERIE,
REBA TR CV-QSS HLE R T 25 & 7E
H Ol SR B OO, X R A E B R
0. I B S 55 ST O IR 2 (8] AR A 7 2
JUASIAE, 155 W20 ) BUHE DA i e, o Y
H1 T CV-QSS 2R B2 5 H C AR (local
oscillator, LO) {5l i N L2 MFIE KL LG T K
, PIARIRAE S AR 2 o s # et 1) B s
2022 4F | Liao &5 [ 42 T — Fh J& T BI 4 BI H
(plug-and-play) 45 ¥4 59 F1 X0 AH ## i (dual-phase
modulation) S CV-QSS 74, ffFok iR [R] .
{H 3K 75 BEAE AN 32 A5 A () 2838 30 A5 A 8 i 1Y)
wES, TR ABIRTR. B Liao 5 B
HE—HTFAH LO (local LO, LLO) £ AR T
LLO-CVQSS %, MK T CV-QSS &4
HfEh LO S8 7T GEiE A2 £ Fh e (IR . Btk
ZAh, XT CV-QSS, T BT BB S I i, Ok
B H A2 53 0 {5 8 1 F M5 (channel excess
noises) 178 fINHF 23 1 85 BH 2 MR AL (7276791 FI|
A B g B AR [ B2 1) 2 i
PR Tk 18931, 43 & AT DA A R A 2 K 2R
(heterodyne detector) $£IRZANZ 5 FHWE L, IF
Hii T2 5808 TFHEENS (quantum
channel transmittance) {18 o ol 75 555 16 S
BTG RIS, QSS HY & % H R AL G IR
B ER . REE, RO R Ry JTR
B 22 B 5 b FRAR P AT LSS QSS Azl
B B %9 (conference key agreement) Y R i
Y. Richter 45 B WL HRE/R T — P HA R0
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FEHEME (quantum cryptoagility) Fl1 2 DI RET: A9
R, BB TER—F 5 LS E A a4
# (quantum digital signatures)® | #EZEAF i QSS
ANt 22 AR 7 QKD 3 o) FH ] — R A 2 Fp AN
[Fi] it 25 AL DM DL DT 480 1) 3R G R 2 o 3 A
LA A HIE.

24 EBFUEHENREMRE

51 QSS 2 FIHE 5 WA Sl il St f e 22
G R IR TR S R — o HURRE RS
W LE Ay, e oA A] SeRE e, & A TE
TS, ATATET AT A AR s 0 A BT, A
MRS LR g | AR, ] LIS 5
AR Sl A TG DN A 4 e 1 A T 3 B T et 1
SRR R L AR RS LE AR Y LB AT DAAS B 1 L
FRRAG A, AR T R R A R At T — B
(fF 18 [ A RS ER), MULIEE G &, A4S E
BHOE. XBRRERE B3RS T QSS &4t H
P EREE Y Rl l alll e b i 0 B o & A E A ol I 2 9
T FRCR. RIS Tl (AR R H IR
) BEOL T, RASRATREA 2 T s A
2021 5, Gu % "2 3Z ¥R 1] (round-robin) 2% 43 A%
QKD fixllz QKDY s &, #th 17— A
MRS = QSS PML, EIFR I QSS. ix
AP 1) NS RSN B F R TC AR A, O
HZHRGEWFTHY Pirandola-Laurenza-Ottaviani-
Banchi FLFR 04, 2R [0] QSS Hy T H: i M A 25 2L
T TR A A DL, A s, H
AT AR GE IR - 3G FE IR T A A B SR BR ] T HLSE R

[ Alice
N LAY
y r——F_I P -
[Laser

) “
AM Circ 3PBS

N H.

2 S QSS BIEGIRAR 439 Moty 45
i, H R R A A 0 SE R AR IFHEA TN AR
RIA] 345 22 A B = BRI AT LS i 48 Tt
Ky . AR O 88 AH TR QSS
S TE AWM T IR A I SE I RAE, IR A SE
PES A IBR R GUH R AN . 1 Qnsos Yoy 07
IS T 1981 A Bty 991 e 2 ot (1001 A
ey 10U S 1 o8 I o 15 & 1) 45 1 T 102 (side-
channel attacks) 2345 51815 R 4000 & 2P Al
R . I 1% £ T K (measurement-device-
independent, MDI) Y& F i85 £ A 103 @ 5] A
AMEAEMEE =T R PATIN i, A IS 2 i
el 1RG0 Bk o R IR R b B, Oy
MEE B T %8, 2015 48, Fu 4 104 42
T8 —4> MDI-QSS B i, FHlJ5 £ GHZ
AFNE YA P10 LT 6 48 2k A1 PNS
e KT, SE%E B anE 5 s, Bfs MDI-QSS
T B HIC g (100109 ) 322 232 A4 [110110) G dnfi 45 3] )
2k JE. R MDI-QSS A7 2fdf 2 28 95, (R
1R SCRATI IR 2 A T B S I 2 48 5 T
K. 2023 4R, Li 45 012 JeF ol i 7o gk 18 AT A
16, MDI-QKDM i == (8] 52 H (spatial multi-
plexing) Fl [ & W B E 5 T —Fh s s 2 9s
1) MDI-QSS. 4 {5 75 i 8 1 s, By i 4%
SR AR AR, IFAE /0 10 A8 AE 7 i1
LT FTRE X 28 1 )t -1 g AR 04, o 1 0 i
AN, ASESICIRRRE 23k (5 B 15 DR, Jak
Jir QSS Hy 2 Ak, SATHBR AT A SEPRAS 58 R 1Y

B D1H D1V D2H D2V 4
e 0 ® o

3PBS|  3PBS|

PC PC D3H
A N -

- | 4
Charlie %‘Att
A—
, PM
= - -_— -
Laser AM Circ 3PBS

Bl 5 MDI-QSS % f i /R Bl 1o
Fig. 5. Schematic of the MDI-QSS setup!!®4.
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LAY, 55 oK (device-independent, DI) [
QSS B iy o1 B AR S PR E R, BRI
DI-QSS MYPEREATISRBAIL, W AA R,

QSS MR T YR A B, A ) 2 1 - sy
FEAE ) 2 g 25 ok Je =2 2 A5 B (PR T 2 28 2 1

P AL A S RTEOR ZR AT SE B R ME

SEHIPERAR. A O TR AR A JEZS 9 QSS
PRBARAR R T, (06T FRTE SR EARIRYEL
TR RO A AR, O B R (5 e A 1S
Pe2Ese. TR, NPT A s U5 &,
AL QSS B it FF45 4 T H sy
S BORAEICET R 2% LA RIS, A4 i
I, FOGT MR TG 2 B 2N 250 K 1 %
S, AW T A 5 52 D T RO I
i M, A FRIE] MDI 45 J5 2 ol i DL
H5 QSS . AR Y QSS PN B 4
AR 1t AR 47138 XAk A0 PA S G 0 I o 25— R A
SR, PRI, BARITAEA, AR 1 & | 42
FAL i C 22 U — R 9 H 258 118129, (LR X T
2 ME B QSS kA S HE A H
WS RS, (AR S QSS PR
SEVE . R IERDCL IE R, BA B i S A
(B EAE R {5 R A AR L 2 U, 2 G 2S5 IR e
FEHE AR

3 ETHFEEMMTERF (QQ)

A B AR IR (QQ) MR IR IR e
AISE WA 2 F Bennett 55 20 75 1993 4F BT 4 i (1) 5
TRIBALRDS, Kk E B T8 FA 95 I8, v LIAE
A YR BAE LT RR AR B AL s
HENCE . QQ RIMT AN & 2 7 & T RRIBAE SR
— AN . 1999 4F, Hillery 25 11 fifi ] GHZ 45
Bell JLM 42 H T4~ QQ T %, Alice Hf AR M i
TG R L W AR HEL Bob Ml Charlie, {3414
B Z A — NBEUETE Alice Ab Bell il £ 25
AT — LR A5 S T X A A T,
I QQ WHAR Ky it 715 B0 %] (quantum infor-
mation splitting, QIS) &% i F & I 5 (quantum
state sharing, QSTS). A J7 B AK K 18 B # AR 1
TEOUT QQ HHXS M 58 L AR PRI R T 58 5 4k
T-MEZEFRES, BN TER, RENH
QQ WINELAE RIS, JJa o 2 g7 3k

2T T AR A E B TR, BUE QQ
I S U iR SR D U B S R
SHELEENIRE, 77 EZ R E BT S
ZT RSB R R TSR e, LA
BRI AE | A1 2 2 B AE 5 A, % BA H mAL
RITREMBEIL.

3.1 NMEEFERUBELERTZR

(k,n) TRy S8 08— HAT Xk M 1 A 2%
IR AE (k,n) NTBRITZE T, X TR 1Y
BURMUNZ 5580, S k2 TR kit ez
BRI ERGE RS, A VERAT LLSE e R 5
DT kS 5 H RS MR 4 U7 AT An] OC T
WIS B 1999 4E, Cleve 25 12 FIE LT QQ
Y (k,n) BRI IF TR T —Fh
A Rk 72, 5 oCk [11) FRE RS QQ S
FTFRIE TAE. R T |s) MYERE N s, 8
R ¢ 2 max(n, s) < ¢ < 2max(n, s), W& R
WF,, HhF=2Z,. Xf T seF, iPKETEs) %
R n MR

sy Y
CEFE e 1=s
H, Z2I0K po(t) 8 LN pe(t) = co +ert + -+
crh—1t" 7, BREL (co 01, cpm1) EFF L ARBR 20, 24,
o o PO F EE MR n AN, ok
Ty BN ZIATEFEA AR 2 b RYHBUE pe () -

AR B IE AL, AN]SR
BUREFAMBEA TR, IREIT & >n/2.
TE A 9ifid )5 4 R3S RS (k,n) HEH, AL
R RBAEY N E R, B R & M n =2k — 1.
TE (k, 2k — 1) [ TRR 7 28 Ry BEal_E 25y 4T LA 42
FEN Ak < n < 2k — 1%, AMBPE R GE
T — i, Cleve 58 12 45 W 1 5 S 75 24l
R LRI G

(k, k' n) BT %R (k,n) TTRRAG—Fh 551k,
TEHATIE I n B2 58 AT kXD E4S
HEMEGRIE T EVI NS, 0] ¥ XUUT#S
5B TEARIBUT AR 2 5 R, FA R 0 U T i o
T MEE . Y E =k — 18, R E
K (k,n) ITBR 77 %, Senthoor F1 Sarvepallil'?]
1E Cleve %5 12 TAERYIERE F Ay T —~38 F A0 8
fFmsE IR Iy %8, HAS G R IT M

|pc(x0);~~~apc(xn—1)>, (8)
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PRUETTRR 7 28, il 72 58 N E0E T 1 TR AR 38
SRR RIGEBAEBER NS 507, &M T
PR 3B A 80

TEE B T R 208, TR OLT, B
A TR RS TR EEH I som /b sl by, EEnet
AR JEA TR 2 o R TR e B RS, S e
TEAREFREILE T (dynamic quantum sec-
ret sharing, DQSS), HAF L 4 M5 B M 115
S AR R VPO AR A T L. DQSS
T CQHIE T H 2011 4F Yang 45 128 1 k42 4H
(9 (k, n) IIBRDT S8 P AT G R ML 2012 4F,
Jia 8¢ W1 JL T EIBHEAR, #2107 —F CQ 1 QQ
MBI ZE. A H ELRFESFE A & T el
PE, 5 R E BRI AE YRl o3 & i 5 4 K e A B
BOHACHRAH A THE RN A IR . 5 T B
R, TSN IO I A b — 44 I R i B B RA
TC7T B EL A 3. Sun 45 130 (5 F B I
PRASH CNOT ['J44E A Bell Jel &, REASTE fuiF
T P R AR R T R
PR i AR TO AT ] AR ZH B 53 Y i . {H B i
TAEIEARPHBRTF (n, n) BRI A9 5LH.

SRR RIBAEEH QQ H R,
2 0 25 P R M T O A B B S5 R T AR
RS2 R, H Hillery 55 10 LK, $2H8 TR E2 3T
AR g QQ Rt A 4E Bell 248 181155]
GHZ 45 (1156 a2 187] W 245 (98] 45 7RI s 7 58
TR R CE A RE KA B e 2R B R N T
A&, BREE M HA —E XS FRYE, X —2 7 %
WAFR A XS5 B3 H.

1E Hillery 45 M f 5809 GHZ SR, 10K
H Alice $— P11 GHZ & (Hrh 3K F a, b,
c 7 H Alice FI#ZUL#H Bob, Charlie £74) 55
FRTA [Y)a = a|0)a + B|1)a 4if, T1H

‘Ep> = ‘w>A & (|000>ab0 + |111>abc)

€
V2
_ % 19 aa(@]00)oe + B[11)4e)

+ [¥7) aa(@|00)6e — 811 )0c)

4 |B1) Aa(Bl00)pe + | 11)pe)

+107) aa(=B100)se + al11)sc)] ©)

&

) pe = % (100)aa % [11)aa)
B%) pa = % (01)aa £10)a0) . (10)

AL, it Alice XT A, a b F Bell i iy 25 5
A LABIARL 2 T A IRIETS S, HEsA 0 —N
1 Bob XM F A R EE 252, Charlie B 7]
PATHNE IEBAELE A & A0 T ks B R s

FHAS T HAB L 28577 %8, Bell & L HAHLT
B RTEPEFTRTHR RV, D842 T 7 S0 S 2 i i1
PRI AR, Li 45 13U 5 O FH 2 455 4 5 GHZ
FMEEITT n HS 5EX BT ARSI =
Jr%E, Yuan 55 B PN EPR X, i@ id Bell %
DU RIS A P B LU R P A, B RS S 2 F
FERR A =05 2423 5. Shi 45 039 254 Bell 8 H1
CNOT [ JH#4E, #H T —Fpmsi AR EHFEN 2
FEFALEFE, i n 2S5ELEWE T
FESIHYTT n A Bell 24T %5

W BE—KIX BT GHZ Sk a] g

1 .
(W)123 = 7m(|100> + v/ne?|010)

+v/n + 1e'?]001)). (11)

Hn 28, 0, ¢ ARAL. WA =142 4 JiF

0. HHET GHZ 75, W S EA T I 1 E ek, 76

ERAEBE DR TIE, W SR 4 0 ok 15 ff
Kl oy A g, A Zp B AH - 99 F) 2 4 4 2
Agrawal &5 M0 2L 252 T W & FRIEES.
Nie & 138 g — 204 th 72T W B EE =&
ARSI T = I R, 456 =0
T POARR - A K 2 0 1 2 SR S B A A, T
LS B AR . A 19T 5 R R B T
IR RIS, T T T RSN R
Py

3.2 IXMMOBEEFHEHERR
Gottesman!"!l FEF QQ 19 (k,n) TR TS, %I
X TR 0 A5 B A EMSGE R e, B b aT
DI TR R TR B i B THR S, 2 53
I3 BCAS [ i £ 0, DT S5 B0 52 2% 45 49 B A
FEELR. 2010 4F, Wang 55 12 fifi | —Fp 4 T L
RS |x) , AR T AEXT R El =15 B
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57 )2 B R % 2L 2 %2 (hierarchical quantum
sharing, HQSS), iX —Z @R %L 2% 183
Z 5 Z [0 A A F & PR R R Re gl 43, il ane
ElR T E R A B T2 W EA B
R, ARIFLBR BB A IS TE IR I it b
T AR EMESR . B AT SR T T 6 &
T RS DTN ¢ 5 LURE (¢ > 3) RS MU
5r)7 QQ 5. i Shukla 55 49 HE— 2B 45 T —
ANE n 7 BCE Th Sy R R A A = Y s
TE, BT 48T Q) B 4 8T HRES.
XLy IR R 2R A G SR SRRy IR 4
PR 53, AR 23 A AT R o T 6 s B 11
FAT, o pl 51 7RSI | RIS R AH DI 45
A, PRIHAY Y38 380 B 51 B AR TS S R % . 1E
TAYEAEXSFRIER 23R QQ T R A 7S HATR
SRIVERIRIE, 432 QQ T S AE SR &R 8 FI s — i)
A5 AR TG AR P HR AR

3.3 ETESHETFERUEHR=

KIS R —REE TR 2R T . X298
SRA R AR R, 2 H AT E PR A S
PAFHZ T B T AR —. BRI LFAl LIS B
A B2 T, BARBO R TIE AR R
TAFEAE A A 207 BT B AL E
S RIS Z . T RIS TR I
PR T Al T A BT, RIRELAE T 5%
P 25 DR SUER L B AR 2 94 SRR D g btk — 0T K
MREST. I 6 MM . BIERZE (I GHZ Z5).
RIE RS LIRS . 07 i RS AR R AR 2
() (b) (©)
‘ N
[\ [\

TN

(@) ©Q—@—@—

Bl6 ISR (a) &ML (b) BIREE; (o) RIE K
;5 () AR, () 4 s Kz

Fig. 6. Types of graph states: (a) Linear cluster state; (b) star-
shaped graph state; (c) tree-shaped graph state; (d) ring-
shaped graph state; (e) 2D square graph state.

RIS B B R EIE B R R T 4450 2 2%
Myef g, ST b, B E Qe EE S i T
DL R 2RI £ FIE BT IR 254, i 2% 1Y)
2 )2 A0 A M S EARCE R i

G —MLE n AN TBUSHEME G = (V, B),
Ho g LGV ={v}ErEFIL, BES
E = {ey; = (vi,v;)} Fon i F WFR Z RIAEAE 19 2
g BT T IR RIS 2 SOR |+) = (|0)+
11))/V2 2, XA AU B e Y &5 LR gt
72 ML CZ = diag(1,1,1, —1) #e4E, RIA[45
F| n BrEE:

G) =[] CZ+)*". (12)
ecE

IS AT DAE i R A oy i 2ok 3R, X Tl
SRR D DUR, HAE TR N

K; = XiZn@), (13)
Horp) NG £ G 5T S A 7E 0 EH1

P25  HARE T AT YA AE T FEME— B E , 1X
8 UL A PR ZS AN Bl P T

XiZni|G) = |G). (14)

TE RS BIPRUERESE |-, Markham 45 () 58 30 25
KIS TP RO TS AR M AR 215 B, W FeE 73R4T
PERR 300 RS Z [ A A5 A PR A TR RA AT
KIS 5 BT R SS UL

Br Lo SR AE T — N IUHERY EDE AL R AR 2
b, T BIAHSEEE 1 n] LRI X o 5P B A 74T B
UERARMIERSAE. PEREEE T Otr I T A R A
A AL SE PP AL TR o A O 3k DL TR i 4
R A 2 T T AR R S T R AR R
M3 BB RCE S i i A 1), A5 (1814
FE— DA T RS s A SR B T RS Y
AL E P A SR, SRS B, TR
FEALRIRESL T 25 A (5 B 5T AR
SEr AT LR AU HE i G2 — 19, Keet &5 190 3 — 2
U T LR R R PR 2SR A R R AR
THRFRIEZS, TSRS AT AL A e s
)45 AL, Sy M= o e 2 A 2 MR o B AL T
A HIRHESE.

RTEZER CQ IT R EAUE 57 2
AE VLT n] 5 R A
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Al g — B G = (V, B), IRAEHE
HELHBCV, fif33IDC B R D=1 mod 2 H
0dd(D) C B, MFRiZ T si%E B AA ik, H
H0dd(D) ={v eV ||Nw)ND|=1 mod 2}.

BT REIEN CQ IR RTEEMN, RENES
(BT AN 2 R s [l (0 46 ) A 0k UE B HL A 559
A XA (weak odd domination, WOD 42) 4.
WOD 4 iy 2 Ak 25 B R R S5 R TG, BRI fl
BAVEEA TCEARBUTAT TR (115 2.

WOD %: Mf7EC C V \ B, f#if§ B C 0dd(C)
if, 854 B WOD 4.

1EQQ T RMWIFET, HAE LS BTEWE
AU ) S5 AR 22 A, AN 1T o e D B A 451 4/
R BRENE N WOD . 4 — 1 n RS G =
(V, E), Gravier 5 19 25 QQ WM.

1) %, ok FHEHEFERE |¢) = al0)+
BIL) SR ) = a|Go) + B|Gh) , Hifr|Go) = 1G),
|G1) = Zv|G).

2) Gr K. ¥ ) AT LR R XTI S
5#.

3) SR EN. WS B ARNGEES, B
W2 e UiE v, B BRYAMNE V \ By WOD 4. Al
3C,D C Bfif§ V\ BC 0dd(C), |D|=1 mod 2,
H 0dd(D) C B.

S H5FHELEEEwe B FIREWT, WES
B\ {u} "EANS5EE A CHE T ILRHEES .
u BAME F— A4 B 1 R (o) + (1)) /v2, 54
& BHHIE IR B (1B + 1) MR T
oz, ot s = (V).
H U = (1)1 X p Zoaapy , FTLMFE] 0)0) ® |Go)
+6[1) ® |G1) .

e (o 0 ) o=
(—1)1%¢1 X Zy\oaaey » WA (a|0) + BI1)) ® |G) , B
BAESE 1A Loke DA

5 CQ HEARR, FFEEN QQ Jr 5l H &
ANTEEN, BIBR T 0 T Ui )k i B2AE B 4h,
FEAEH A B 5 7T R 23 #51 &8 40 OC TR %5 19 1% R
A DI 2 ) AR PR — IR — B R i
BRI (ko) TR TR, & &ML
R AL AE p, g € {0, IEN—IR—F %
B, RT3 o) = o|0) 4 BI1) M XP 2z 3#84E 5

A B BRSO S AR i T A alp)+
B(=1)7 |1 — p) BEATIEEE S R p, g Tl i 2 0L
B (k,n) TR R KRGS 58, Mk TR
BEE RS BRIR/N |B| > kB, WIKE p, g, UL
TTIR k12 58 BG4 TCIE R TR % AT
(TEEFSY

£ 3.1 2 RIE T I SCHERET 45 H i QQ
(k,n) MBRITZE, M S5 &R R, 207 %%
TE It -3 0 1~ AN B O PR Tk A ) . [R5 1%
TV T2 5580, DABRYERE ) i 1 LRy
AT LT R, (H PR RS BT A T
R SN pE. 7E i AN i) s e S H Ay il | R
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a1 = (ain + appr1 + ON)/V2, (15)
do = (@i — agpr1 — ON)/V/2, (16)
as = agpra + ON™, (17)

Hrfa, = (Xt +iX7)/V2, (+)Fl(-) 43 F xR
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ME 53 2 A6, WA 1:1 55088 1 k-9 £l
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1EAN Lance (75 2 P FTE2 201, 2 R TH R
R L i SEIR TR B AT R R . MR AR v
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TR BRI A e, L, B4 v 115 SR
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— T DA S BG S PR R IRIME. 2023 47, Chen 25 [158)
FI LT R A AE 78 U gl TR AT R (IR 7 PTA AR,
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e PR B E LR 78 1.4—2.4 MHz iY77 563

[l N A S A PR ELRE R Pl R ML R, 5 Lance
S5 106 A, Chen &5 1981 J7 S HE i A5 HOIE 305 A
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Fig. 7. Schematic of the (2, 3) threshold quantum informa-

tion secret sharing scheme for continuous variablel6%),
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Fig. 8. Schematic of the experimental setup for quantum information secret sharing of entangled states!'].
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G2 Bell HEl &, FEUCTy M T A I 45 25 2R AE
MATIREA 1 m AN TE R T I56 Gt 32 4 6 ) 4
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Table 2.  Characteristics of different QSS schemes.
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Abstract

Quantum secret sharing (QSS), as a quantum extension of classical secret sharing, uses the basic principles
of quantum mechanics to share information safely among multiple parties, providing a new paradigm for
information security. As a key foundation for secure multiparty quantum communication and distributed
quantum computing, QSS has attracted considerable attention since its emergence. Currently, research in this
field includes both classical and quantum scenarios, and continuous progress has been made in both theoretical
and experimental aspects. This paper first reviews the current development of QSS for classical information. In
this regard, significant and parallel progress has been made in both discrete-variable QSS and continuous-
variable QSS. The QSS protocols for sharing classical information, from entangled states to single photons and
then to coherent light, have been continuously optimized to better utilize available resources and achieve more
efficient implementation under current technological conditions. Meanwhile, round-robin, measurement-device-
independent, and other protocols have been steadily improving the security of QSS. Next, one will focus on QSS
scheme for quantum secrets, which begins with the symmetry of access structures and introduces basic (k, n)
threshold protocols, dynamic schemes that support adaptive agent groups, and symmetric quantum information
splitting through entanglement. It further introduces hierarchical quantum secret sharing schemes for
asymmetric splitting of quantum information. Considering practical laboratory conditions of quantum states as
resources, an overall discussion is conducted on quantum secret sharing with graph states. Afterwards, the
design of a continuous-variable scheme for quantum secret sharing is outlined, and entanglement state sharing
and quantum teleportation between multiple senders and receivers are introduced. Finally, this review discusses
and outlines the future development directions of QSS, thereby inspiring readers to further study and explore
the relevant subjects.
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Fig. 1. (a) Schematic of a controlled-polarization-flip unit;
(b) relevant energy levels and optical transitions of a SiV-

color center!™!.
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Fig. 4. Nonlocal GHZ-state generation for M pairs of N stationary qubits based on high-dimensional encoding of a single photon!9.
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Abstract

Nonlocal quantum entanglement is a fundamental resource for future quantum networks. However, the
efficiency of generating nonlocal entanglement between distant nodes is severely limited by the exponential loss
incurred when locally generated entangled states are distributed through lossy quantum channels. This
limitation becomes more pronounced in practical scenarios requiring the simultaneous distribution of multiple
entangled pairs. Although classical multiplexing approaches, such as spatial, temporal, and frequency
multiplexing, can increase the nonlocal entanglement generation rate, they do not improve the single-shot
transmission efficiency. In contrast, quantum multiplexing, which can be generated by high-dimensional
encoding of single photons, allows for the parallel generation of multiple nonlocal entangled pairs in a single
transmission round, thereby enhancing the overall efficiency of nonlocal entanglement generation. Quantum
multiplexing thus presents a promising route toward scalable quantum networks. This review introduces the
mechanisms of generating nonlocal entanglement through quantum multiplexing, and focuses on two main
methods: using high-dimensional single-photon encoding and high-dimensional biphoton entanglement
distribution. Then it examines how quantum multiplexing can accelerate the generation of nonlocal quantum
logical entanglement. Finally, it briefly explores the potential of quantum multiplexing for building large-scale

quantum networks.

Keywords: quantum networks, quantum multiplexing, high-dimensional photon, parallel quantum

entanglement
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0%, IS5 AREE 12900 ki (6 FE 3E 4 T 3k 7] 52
BT B A B IR — I AL e 1. G e
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SR QKD 2 AR TE AL i 1 2 5 % B R S
DT B IUS T 35 5 121 H O TR b
I FATS T I S 3 PR YT, T R RN RE AR
BUAS R AT RS 1 = M g QKD &
Uiy, SE T2 SUIE R  TA 5E Y DCBR L AR 39 [10101, (B4R
R, EROETF T — H bRt T 5
P AR AR, ZH AR B DA O IEFEA (n
RIS BRI ) 5 K B4 i B R % A
BT — Fr b, et AR s/ N s AR FH L B
RT3 AR, [t S o R p K 138 17
FoE M SaE R, AR, e AN QKD HAR
L JR Iy k1 O i {7 el B 1 ) B i 0T
g7 I, HAE AR W F e QKD #5158 1k
HEFREAG AR R L

T FEPUECE LAY (quantum random number
generator, QRNG) J& i F IR %1l 7 R G H A Al 5
B2 2R, QRNG 38 i F1) & 14 B A 1Y)
ANFT T A B T RERLEL, e A 5 L S
M 2 M AR I 1% e DA BE LA . QRNG
()% A PERR A T ) S SR SR, o 31 L
F&ANTT FOAE | TG i 1 B AN AT A o e A A O
KPR IR 0 25 5, B QRNG HAR 2k 3=
TALHE: HT HA mIRIE Ry 22 00 T O
T EEAR AL ) 7 58 1920 BTl A s ] il it
AN R ) 56 P12 D T A R RGO
22 2324 LAz M RE AR bR TR 35 S AR GHCR (40 >
100 Gbit/s) . Fe/IMi LA BUIREE TP & bk, b
& QKD ARGt mL Ak 4 by P itk oF
RHZ RN QRNG &, B
SRR QKD REAETNFE . A S HEA ST 1HE
T SCHE PR AR. T AR, JE T RS ) AL 2
ERBE & 05 SR QRNG BEH 5 i i 12
SN 0 F SRR 2R 50 i

ASOR E S BT (2022 45—2025 4F) Y F
LR QKD TEAR R A BT 5 5 2840 1 i 52 56 1 Jre
FEE QRNG HEHF R sha, B izt &

JRE TR 7 S I BB R GE LA R S
HRZEIAR ] 27 S0k [16,27,28]. H G, A LR G R
M T ERERDET2F 6 IO RA 7Rt A
b, ATHREIFER T FHEM QKD AR &bt
Wk R, BN R A HUE & (discrete variable,
DV) 5i# 275 & (continuous variable, CV) K
FOR BRI R GG S50 B ik 2291 S A BB X L. Fifi
Ja, BT A B QRNG R 2k, &
BT AR IR SCI T R, &5, B4 T8
BOGF22 - B L S HAE QKD REE
JEXTSEBLE R il mr B AR B QKD RS0 Sk
AE. AR NE QRNG AZOHOR BT T HITHE
PR,

) ERAETFE

PR B A QKD FIRIFST B AR th /e )
FHBCGAREI THOR, B OCIR | Fmbh o | i &
RS A% DA R T — 8 b EAEE
WO T4 A G 3L (SOI) ., B Ll (InP) ., T
HRMREE (TFLN) F&fbhE (SigNy).

SOI - 15 29300 A% (B R 4 Rk [T A5 119 e AT S 38 2
(A, = 2.0), AR R G55 5 B i
R T Re a1, HoAs 0 3 1 4R O B AR . %
V-5 5 A A A B AR R (CMOS) T
2 BEARAS, SRR ARBLAS | o A A
il 3, S & Jr THI [v) JCRASE I 24 8 28 1 B 1Ak QKD
ARG R ARG, SOT DG T4 F A 5Lk
CMOS T A AVt gnfit 50 5 i 3K
Sl HL R T B R SRR, R B FEA (BER)
RUJA T 28 ST GHz S o A il 4 B,
AR AL TR E 1) QKD Rt 1
VIS AT IR AR AR SR, REAE M Al B op &
AR, Jo S I RO EOGTRAE . BRI, ke
L OB L TR 2% M 3R Sl -2 1 B ZE B QKD
RHE R, AR G5 A O PR S A

X5 FREFEAT R, InP 45 -V GRS Y2k S
R EA HHAT R, TS TR R s PERE AR RO
JEUR. Rl 7548 T HAE PO X FREY AL AR ZE A, 7R
SR R AT A RO (3 v /R T
) SEIRAT S SR ARG A 45, AT S8 BB 5 54
A7 W B A R ). InP A HOE R BNy =
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40 GHz 1 H GRS 25 . teAh, 4T 55 208 6l
FEZE TN, JLTARE] ARG T
By, AT SCEAT R Rk . o e R A A A
HOR QKD RGEMRE A /18 B i 7 2 h A
HEMAE. HAtC LA AGET InP -5 B2 34
iR & N BU i L R S R A Y S )
T /NEE T TERER) QKD & B A SR TR
HAs i EAR M.

R4 SOT Al InP ~F 5 75 #4) 2 i 14 BE 4 i1k
QKD R4 )5 MR B E R B E A —
€ JRy PR SOI Y- 5 52 B Tl I 48 Wi v At s [m] e
SOI - F InP T 3414 AT 38 e B A S B AR
SR ) #5308 BT A L (V> 4 V),
fE—E R B2 TR ifk QKD RSk fE Y i
— R TE. RIS B, TFLN £ 3936 K H Rl
() £ PE HLOE R (Pockels R 2L ry3 =~ 30 pm/V)
PR m BRI I B R A R . 2
T TFLN V-5, HETC I SE8 T e m i (I ]
i 58 >100 GHz) REH R (V, < 3 V) A%
FEFE (IBUEART 0.5 dB/cm) Frik i B G 6
. A5 HAR S AR B 7, TFLN Ay i) v
Fase . Bk S QKD St fit T ¢ i
PREILRE. BLAh, TFLN P S 7E 503 R 1 4 k4 5
(Wn3EF A ARS8 T it #2) DR SNSPDET
75 T R B 0 7. 24T, TFLN 78 f 5 2
FECT 4% L A S i TR AR O T g T el
FFR i B ARA ) KA 7 T R Bk
] |32 N A% O Bk R S5 A s

FHESTT R, SigNy SR B840 7E 1550 nm
WG BURFLE T 0.1 dB/cm A RAEIRIAE,
A 5 3 RO 5 A S v A% i e k. L5
AW (BT WOE AT L AN B ) L AE g )
2% 780 nm(H FHZS 8] QKD) Fl 1550 nm(VG4F
QKD) BTAEM . X et T it Retk i SisN,
- B REBIE A & RACIFER QKD Blioints J, LA
PE 1R R G0 T AR 2L SR, B
FEPRAE T Qe ik S AR R, B E R
G TERINES (40 SNSPD 5 InGaAs #8111 £8) 5
BT SigN, HY RS T R AR B, M A B DI RE 5
AR QKD o, vu X — 5 A RUHER,
SR R RN A | IR TR IS Tl B sl 4 5
IR BRI AL, & YR SR R
H R G .

X T HATERMERDCTF 5, 7205
MATESH B O AR AL . T2 MEVE OLIR
SERLARETT | RN SR AR LAE TT L A AR PR RELERE, &R
GEXFIE T RIS AR, RS (%) Xt
AFPE SRS AR AR T E VT, A58
RN A TEIZRE A TEREL.

® 1 EROLR T AR R

Table 1.  Comparison of integrated optical quantum plat-

forms.
Xof e B SOI InP TFLN SisN,
Yo
~3.4 ~3.2 ~2.2 ~2.
(1550 nm) 48 3 0
i o
BRI 1.1—8.0 09—1.7 04—50 0.25—6.00
/pm
TERAE *ok ok * K *hkkk Kk ok kKk
L2
*hkhkhkk kK * % * % Kk
ICAE
IR *hkk  hkkkk  Kkk *
R 5 * * * * * % Kk * %k * * %
EEiE * % * * ok k ok kok ok ok ok * *

3 QKD Z 4 ¥ir

BT EIREROEF O 578 QKD S JE Bl
B AR, IR, AS R 5E A A ECH T4 sl
QKD ZG i bt (B3t 5B T4
T SERLAL L s A 1) &R AT Se A [l i
FHR QKD R SLI0 B ITLRA, & 2 F13k 3 70l
i I ]I A T3 4 4F DV-QKD 1 CV-QKD
PACRERE R AL, Horh, FbR “a” Fon i Bl
FE T SCHR B R SR UG THE, 7595 V" Fomix
AR BUN B A, xR m %A SEBLE A B Ak

3.1 BREEETERSX (DV-QKD)

£ DV-QKD R, %55 S T ot
THIEHOA B (i ARG B ERAR) b, Jf T
BT AR ST RS, B AT, ST St
LA E) DV-QKD ARG C 8l T2 B4k
TCEF A 19, R R — A Ak T i (5 25

TR RAR g5 QKD REEW Z 5
TEBA M, [FRFEA A QKD F&, AR
BT T ET RO B R4S QKD
M b gt 8%, I8 i SC I gk 1 AR ) v
faE Hl9 e QKD RS s g s o0 ZfR T
I S RORIK, X 2 QKD FR 40
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HETARFFEEEM DV-QKD RS

Table 2. Integrate DV-QKD system based on different platforms.

X . e . N A R i S R
TR T mm o ww s AR it iﬁf Fﬂ/ﬁiﬂf jF/l?*;f
[43] ST x Vv X x (CE BBS84 312.5 207 42.7
[44] SisN, % V % I ]38 A 13 G ) BB84 3350 10 12170
[45]  SizNy/InP x v vV X I TR AL G B BB84 1000 9.3 2370
[10] ST \ Vv x x i it BB84 2500 2.2 115800
[46] SI X Vv Vv X I i BB84 50 18.857 0.24
[47] SI X Vv Vv X T i BB84 50 28.992 0.866
[48] ST Vv Vv Vv x P [0 - A 37 G BB84 2500 39.5 9.4
[49] TFLN x Vv % x P[] - AR 37 G BB84 2500 4.1 1.1x10°
[50] TFLN X Vv Vv x  BFEE-AE A gt A 4TS BB84 10 6.43 0.77

# 3  ETAFRFEERR CV-QKD £5¢

Table 3. Integrate CV-QKD system based on different platforms.
ik 2 e gﬁﬁj{;ﬂgj ey it )y = P EEMR /) MHz  (E5iFe/dB FIH /kbps
[51] InP/Si;N, v x x eI GG02 250 10 750
[52] SI x x Vo ox A iy GG02 1000 5.72¢ 1380
[53] SI X x VvV oV AR Gt GG02 100 4.6 220
[54] InP vVoox x ARG GG02 16 2.04 78
[55] SI x VvV Vv Vv AR T DM CV-QKD 10000 2a 3.51x10°
[56] SI x vV Vv Vv AR iR DM CV-QKD 16000 40 2.46x10°
[57] SI x NV VNV ImiRGS /AN gRTS DM CV-QKD 20000 1.98 1.213%x106

WML o2 A A TR, sk R 4h
WA AT A E W IR M. X — AR
1, Du 45 161 QFTPE M B2 1 T — B i PR -2 AR 5
e B 4, TEREISE- & B S T 2 S R
1B B RE T RS AR S48, Qi 1(a) B, %A
BAGE 2T SEBG B0 E T 32008 B AR E T BN AT i
PRIEFS A BOMERE T, B ZAE 100 km YGEF4E %
SEBLT 240 bit/s ELER. FET UMY, Wei
L1 HE 2B Al A SRR e AL S R, BB T
BT T R SR Bl RS S PR AMER R, $2
T R EEE AT 2RI A S QKD R TRk
TIN5, LR A 1 45 Al BB84 PpiY
JITT I 4 ol g 41 285 B rT 5 ol S b s A ) 26 5 e
M, AE 150 km 7 FOELFBERE FS2HE T 866 bit /s
B, MR | P QKD REEBEE T
FHEHLA.

[l B A QKD 78 5t 7 1o 18 Tt A 3 58
. o) Li 45 00 B T R TR T R
s (R EMA 2.5 GHz) . 85 20 i R A5 94
AR (T HARRSR < 0.35% ) ; Z5a Tt 2 A 0o

W) /&R SNSPD, LT & 0% (76 5.5 x
107 Y6F /AP ASTBT) T AR GREE 62% HRIECR [
JEFHEM, anE 1(b) Fis. 3T Bl O H AR %
%, ZHE AFE 10 km AREGEFfFIE S0 T A4
SEMY 115.8 Mbit /s % %8R B LAl i & K F
PFHA—ADEE K. R4, Sax 5508 I T —Fh %
F5 A AT Gt %, B 4 45T 5K 2.5 GHz 19 /a7 o 4R
QKD R4t, WE 1(c) B, 1% 5 58 4 B R
FeTFt i AN A OGRS ALA T &5 Badios ]
FIH REPEOE RO TH AR S5 TP FE — 4 b hE
HF RS, IEIMEMA PO T RIS . FAAE
202 km JCEFHERS ESCIL T 9.4 kbit/s 9L 4%
FOEW, Lin & 09 3T TFLN 6 PR A, %
TEIF ST U0 P B 1] A7 20 i A5 4= HE i QKD
ARG 1F 2.5 GHz i, 25 km fFHHE T, @4
ARG R B 5 11 Mbit/s. Heo 45 B9 jf — B B631F T
TFLN V- &M gifs QKD 5 i 5z P, $ H
EF 32.16 km WIRITHIOELFBERS, ST 770 bit/s
AR I TR QKD #RF7E SE R R 2130
B e R
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Fig. 1. Schematic diagram of integrated DV-QKD systems: (a) “Polarization-path conversion” based on silicon photonics platform!?;

(b) architecture diagram of high-speed QKD system based on multi-pixel SPSPD!

s (c) 2.5 GHz integrated QKD system architec-

ture diagram!*®); (d) experimental setup diagram of hybrid integrated transceiver chipl*.
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DL SIS/ INAUAR I RS R e AR P L A
TR TAEH Zhang % 6 F 2019 4 B R SEML. 14
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PR T PT AR O R U A S 2 RN A A DG B T e
HooT, WE 2 i, R ZER RS, P E 1
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Fig. 2. Schematic diagram of the integrated CV-QKD system based on the silicon photonics platform and electron microscope and

optical microscope images of the integrated chipl3.
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K3 4 CV-QKD ZGin K (a) 3 FrEFEAE A CV-QKD #200F & 02 (b) e F ik FE 4 LAY CV-QKD 2 i i otk A 199
(c) BT EEAE A CV-QKD Hltan 451 6 K i% CV-QKD R4t P (d) JF -V /SigN, B9 7 ot by

Fig. 3. Schematic diagrams of integrated CV-QKD systems: (a) CV-QKD receiving platform based on silicon-based integration”?;

(b) CV-QKD receiver chip based on silicon-based integration™; (c) schematic diagram of the CV-QKD receiver based on silicon-
based integration and the CV-QKD system[®); (d) M-V /SizN,-based on-chip lasersP!l.
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Fig. 4. Examples of integrated quantum random number generator systems: (a) a fully trusted QRNG system based on silicon-based

integrated chipsl®; (b) an integrated QRNG system based on

an InP optical platform(0; ( c) experimental systems based on self-

made aberration detectors!®; (d) SI-QRNG system based on silicon-based integrated chips!®®!
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# 4 ETAFFERIER QRNG
Table 4. Integrated QRNG based on different platforms.

SCibk T IR BAHT I KB A B /Mbps
[64] SI s MR IR T 25 FPGA(52m) —
[65] InP A KRR e SEATE JGHLERI TRIEAS (B5LK) 6110
[66] ST B M SEANE 2 TRIERS (B5LK) 1x10°
[67] SI N RPNl -3 PRBEAR IR 2 TRIERS (B5LK) 146.2
6 s YTl miark  wersn o AETRREL 104
[69] SiO, Pz W AT E 2 FPGA (SZH) 5% 104
[70] SI/InP Bl SERAE T2 FPGA (52H}) 1.02
[26] InP A K SEATE SEHLAE FPGA(52}) 2x 103
[71] ST Fos W WA T LRGN FPGA(S:H) 2x10*
23] St TRt WAL BTHN Hﬂ@ﬁ'ﬁ;é’;;?”‘gﬁ%&) 0.49
[72] SI FLZS KT PRI AP 2EHRM IR (L) 20212

H: RPFIrAET AR A2 RAQRNG TAERERH T “Toeplitz Hashing” J5 AL BIH AR,

AETHROETF A1 QRNG #H 2 AME
JeAs, MELLS I OE BB R R R R G X (]
8, Wang %5 0 W] H—FPIR A 4R B R 0 B Al
QRNG. Zith F &R T InP #OL — & 567
BH, R FRI 1 x 2 RT3, S
TRTF 40 dB pyLEmEl L. KGR HSERDEHE
WA A 22 B85, 76 1 pA SCHARMT
PAG T4 9 dB By M 52 E TR i
ZAZFRGAE 80 mW RIIFE RSB 1 1.02 Mbit/s
I BEALE A B R, 23R T T AR L QRNG Y52
A RE. Chrysostomidis 45 65 I & 7R T — Ffi
T InP S F M G RE R QRNG S h. Zt i
BT WA A AR hiA% R TS (DBR) #0064
— P - RGP R T (MZL) T2 5
Bie — M EEA MZT K> BOG R &, H
—A> DBR OGR4 A 3 B R 2 R,
I AR MZL KA BEALIE 2 Ae R B 3,
S PR R BEALECA: 1. 7E 300 min Ui, FERE
BRSSO R R M A E R R E (PRt
2& 0 = 0.053), FEHLEA: BGH AL 6.11 Gbit/s. T
1, Marangon 45 9 FF &t —Fp LT InP J6FHERL
SR QRNG. HAZ b2 — M RiEE K (6 mm x
6 mm) MEEFIIRALER ) AN 4(b) FiR, iz gE
BT eI EOCERg (B B OGRS . PR
il #s . AT PSRRI ER ). 207 SR RO B3
25 TF 7= A A A BEAL AL S bk i 78 228+ 354 Ak
TR R, AR Z AR rh i 2ia T 38
KIG, ZER QRNG % th i BEREAL MR IE A2 1k

W/ GETF L 2.9x 100 A~ REE B EI 50T, &
AR ZHE AN 0.007, FRifEZE N 0.003), I
SRR IIRE E P, I S I RS RO %R
SifERaE ML, 2 Gbit/s FHEARLE BT FEALEL.

7t SDI-QRNG HEZL T | A 48 ) & 4 4% A1 IR
AR {5 575, W] E— 0 402 IR TE K QRNG(SI-
QRNG) A& TTHK QRNG(MDI-QRNG). &
S5t A S QRNG 385 75 ZRE 0 R I 1 2%
DLSE A AT, A AR A RSNy o 512
EPkiK, I T RES I AT ZE MG E e, & a4
PE. A fire el e 5 £ FNEMERT, Wang 25 64 2 11 f:
SR8 VNN UV TRIVE S0 - W iUy R e & s
P M GE R RR T X R 55 (T 22 ER)
PR HEZLR, JF ™46 5 18 T A BR RSN, [FIRT R
R 10 AR A [ A A AR, B F IR
TR 2 . R, IR UM AR 1
e Tol, FEREEF RS B 5 TS IRk
PMSCRT AT, IR N 5 3 T 36 F A il e B 22
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RS, WE 4(c) B, R TAETE 2.5 MHz R
WORT, 7858 B 1010 S 0TI, BRI SE BT
4.98 kbit /s EREALMEDY 2. X — U AR A
A AR AR 2 A L QRNG Hl
T IE R

SI-QRNG (W% 0o B A2 BEALIE A W] A5, i DU
A IR, AL AR ) o 25 SR St W s
PRAPIR . 338 H T ZEAEAN R Y (8 R EAM )
S RIFE LD, (A5 05 (5o 32 6T F45 ) o
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TR B2 5. 25005 9 QRNG AR i £ U5
(INEZS BT ) 7 A RELEL, (A& FIRA S EER
A BRI XU (B aniE i i AR EDE(EYS), ATRE
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IR S ot S 1= K A o B s N
1550 nm 537 RABHEOGAE AR, TR K AR

E (~21 mW) T, 758 5 251 B /Nl Hin(xE)
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REIET ISR Z b, e R TG TR
ARAE S B e AR BT LEC T T )

5 RAELLERZE

AXRGLRR 1T RN QKD 5%M QRNG
TR AR 1 S M P 0 R g S B T T
PR PR | BRI AS | AR A M BRI 1 o e
EHOGT 2P B RS QKD Al QRNG M5
7 ) SRS FH ) BT e R R 76 QKD &
Gk QRNG B, DV-QKD, CV-QKD
DL K QRNG 7565 B2 T 1 B 58 1, 8 20
Bl T A R GEAE B A R | AR B s TR
SEPESERZ O PERERE AR I A BT, SRR
FUR PRI BUR, ARRAT I T O HER .

1) QKD RS LR 2541 QKD RETE
e EA TR, (B8R TR SC b 24
PR BRAR AR (OGRS 5 Rl R AR S
Jik o, #8280 5 BOR AR ) M 22 ) A 8T W 5
A TBIER TG, BARE AR b ) ) 22 4
PERFGE 5701, SR, BE QKD RS0 L Wik it
F AC B AG i T LA B R F AR R AR (e T
L8 R SNSPD) F R, 87 U 2 42 Jal Jolh 4p 22 T
PR 76-7O0( apg  R 2 R v A  5 |AH %
ANVERS | FE 5 B TR 1 25 T SO IR IO
25| AR AE). ik, R QKD &G T4
HIRA WL IRE V50T, IRt & ek o
SR TR R GE, R LIRS S H b 1) OC
WA

2) HIv QKD MU B ESCE: M aidE 4L
JeF A QKD WF5E EEE T BB84, Ml i
H KGN, SR, RO T H AR/
UL THRERLHAL S R GeAR DAL )5 TR Y S e 1 i
Ji&, B QKD DML T H ELHE 1 SERF- 55
AHAL T2 P, B an: A B B A BE 7 Y XL
Y QKD(TF-QKD) Hpi 380 B R G K 4
FIREE TR QKD (MP-QKD) B 8182 L K BA
SRPTMEAE T T 4E QKD (HD-QKD) Hpisl 8384 &,

160304-12


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 16 (2025)

160304

XSG R b SN BE 2 1 Gt DM A
AR AL I B R U PR B 7 R i
AR, WA ARk 2 R T A
e SRR AR R R S R, R TR T 2 TR
FIH T QKD B A AR Ak S5 B 5 1 RE S IE,
PLFE4r B O -1 S TEMLETH 5 T B R
w7,

3) SLHAL AL QKD RSS2 B 2415
& QKD FRG: 0 N orar s Rl i AL s it 4R
1, ST RESE AR 4 B 4 R AT A A 0
PR, LR ST T - V ARG R
REIEOEAR | o o A A i 75 B LK By % 1 1R A
5001 /A SR B SEBUIR AR B A T S
PERE L RIS (40 SNSPD) 15 # A 8 5 ik &t
POV PRI, TovE BaARPRAR, w7 b
AR R AR E A | S R s a5 T 4%
il ARTIIFE e 0] T 50K 2y R i T LA S e — R B
I 45 T A 2 i

4) £ QRNG (R PERES M) P EIfE
fb: SR QRNG 411 1 1 104 0o Bk A U8 4k 31
55 InP P A ARREEZE R IO 5 A
) CMOS FeatE, &) TR T2 A P (AN
SPAD 541 S Ab 3 %), AH HOGR A E BR AR M
R 2R R PR (A 145, S5 bk by ), 2
T AU E BGE AT L T InP -5 BAER T8
il e SR ST AN R 2 (3RF>10 Gbit/s
A o), 20 - VR A RS Rk 3k o 7 oo
) T2 R B, 7 e S 5 B R #% (TTA) . BEEUE:
st (ADC) . B 5 Ab B e B 11 b 46 1y T T I
JRRPRR. it T OET S RS TR B A
PO R A Sy 1) S R EE AR (WA
HEA) SEBL InP ORI B 5 Rk L0 R R s s
[ 4E i, SR 0 SiGe BICMOS T. 25 & AR I #E 9
i TIA DIl e W BT R 26 T4 B ADC
2 (A RAE ) B AL G T4 DL R BER A
RIFF.

M2, RO R AR S R E
S5 25 5 [ JOUASESE B o FH A% O il R R . R
EPARIAT, Z TSR SR I A AT R IE A B 75
SRS, BEE AR T2 IR G L
REJT R ENRIE D, B i DR 5 R AR A A
S AR v B A R A SR A e v 4 v DG
HOpERUN

S 30k

(1]

(12]

(13]

(14]

[15]
[16]

[17]

(18]
[19]
20]

21]
[22]

23]

(24]

160304-13

Proctor T, Young K, Baczewski A D, Blume Kohout R 2025
Nat. Rev. Phys. 7 105

Fauseweh B 2024 Nat. Commun. 15 2123

Proctor T, Rudinger K, Young K, Nielsen E, Blume Kohout
R 2022 Nat. Phys. 18 75

Ding X, Guo Y P, Xu M C, Liu R Z, Zou G Y, Zhao J Y, Ge
Z X, Zhang Q H, Liu H L, Wang L J, Chen M C, Wang H,
He Y M, Huo Y H, Lu C Y, Pan J W 2025 Nat. Photonics 19
387

Fujisaki E, Okamoto T 1999 19th Annual International
Cryptology Conference Santa Barbara, California, USA,
August 15-19, 1999 p537

Simmons G J 1979 ACM Comput. Surv. 11 305

Akter M S, Rodriguez C J, Shahriar H, Cuzzocrea A, Wu F
2023 IEEE International Conference on Big Data (BigData)
Sorrento, Italy, December 15-18, 2023 p5408

Bennett C H, Brassard G 1984 Proceedings of the IEEE
International Conference on Computers, Systems and Signal
Processing Bangalore, India, December 10-12, 1984 p175
Bennett C H, Bessette F, Brassard G, Salvail L, Smolin J
1992 J. Cryptol 5 3

Li W, Zhang L K, Tan H, Lu Y C, Liao S K, Huang J, Li H,
Wang Z, Mao H K, Yan B Z, Li Q, Liu Y, Zhang Q, Peng C
Z,You L X, Xu F H, Pan J W 2023 Nat. Photonics 17 416
LiY, Cai W Q, Ren J G, Wang C Z, Yang M, Zhang L, Wu
HY, Chang L, Wu J C, Jin B, Xue H J, Li X J, Liu H, Yu G
W, Tao X Y, Chen T, Liu C F, Luo W B, Zhou J, Yong H L,
LiY H, Li F Z, Jiang C, Chen H Z, Wu C, Tong X H, Xie S
J, Zhou F, Liu W Y, Ismail Y, Petruccione F, Liu N L, Li L,
XuF, Cao Y, Yin J, Shu R, Wang X B, Zhang Q, Wang J Y,
Liao S K, Peng C Z, Pan J W 2025 Nature 640 47

Li W, Zhang L K, Lu Y C, Li Z P, Jiang C, Liu Y, Huang J,
Li H, Wang Z, Wang X B, Zhang Q, You L X, Xu F H, Pan
J W 2023 Phys. Rev. Lett. 130 250802

Liu Y, Zhang W J, Jiang C, Chen J P, Zhang C, Pan W X,
Ma D, Dong H, Xiong J M, Zhang C J, Li H, Wang R C, Wu
J, Chen T'Y, You L X, Wang X B, Zhang Q, Pan J W 2023
Phys. Rev. Lett. 130 210801

Zhang L K, Li W, Pan J W, Lu Y C, Li W W, Li Z P, Huang
Y Z, Ma X F, Xu F H, Pan J W 2025 Phys. Rev. X 15
021037

Diamanti E, Lo H K, Qi B, Yuan Z L 2016 npj Quantum Inf.
2 16025

Liu Q, Huang Y M, Du Y Q, Zhao Z G, Geng M M, Zhang Z
R, Wei K J 2022 Entropy 24 1334

Gabriel C, Wittmann C, Sych D, Dong R F, Mauerer W,
Andersen U L, Marquardt C, Leuchs G 2010 Nat. Photonics 4
711

Zheng 7 Y, Zhang Y C, Huang W N, Yu S, Guo H 2019 Reu.
Sei. Instrum. 90 043105

Jennewein T, Achleitner U, Weihs G, Weinfurter H, Zeilinger
A 2000 Rev. Sci. Instrum. 71 1675

Ren M, Wu E, Liang Y, Jian Y, Wu G, Zeng H P 2011 Phys.
Rev. A 83 023820

Wayne M A, Kwiat P G 2010 Opt. Ezpress 18 9351

Wahl M, Leifgen M, Berlin M, Rohlicke T, Rahn H J, Benson
O 2011 Appl. Phys. Lett. 98 171105

Guo Y, Cai Q, Li P, Jia Z W, Xu B J, Zhang Q W, Zhang Y
M, Zhang R N, Gao Z S, Shore K A, Wang Y C 2021 APL
Photonics 6 066105

Wei S H, Yang J, Fan F, Huang W, Li D S, Xu B J 2017


https://doi.org/10.1038/s42254-024-00796-z
https://doi.org/10.1038/s42254-024-00796-z
https://doi.org/10.1038/s42254-024-00796-z
https://doi.org/10.1038/s42254-024-00796-z
https://doi.org/10.1038/s42254-024-00796-z
https://doi.org/10.1038/s42254-024-00796-z
https://doi.org/10.1038/s41467-024-46402-9
https://doi.org/10.1038/s41467-024-46402-9
https://doi.org/10.1038/s41467-024-46402-9
https://doi.org/10.1038/s41467-024-46402-9
https://doi.org/10.1038/s41467-024-46402-9
https://doi.org/10.1038/s41467-024-46402-9
https://doi.org/10.1038/s41467-024-46402-9
https://doi.org/10.1038/s41567-021-01409-7
https://doi.org/10.1038/s41567-021-01409-7
https://doi.org/10.1038/s41567-021-01409-7
https://doi.org/10.1038/s41567-021-01409-7
https://doi.org/10.1038/s41567-021-01409-7
https://doi.org/10.1038/s41567-021-01409-7
https://doi.org/10.1038/s41567-021-01409-7
https://doi.org/10.1038/s41566-025-01639-8
https://doi.org/10.1038/s41566-025-01639-8
https://doi.org/10.1038/s41566-025-01639-8
https://doi.org/10.1038/s41566-025-01639-8
https://doi.org/10.1038/s41566-025-01639-8
https://doi.org/10.1038/s41566-025-01639-8
https://doi.org/10.1145/356789.356793
https://doi.org/10.1145/356789.356793
https://doi.org/10.1145/356789.356793
https://doi.org/10.1145/356789.356793
https://doi.org/10.1145/356789.356793
https://doi.org/10.1145/356789.356793
https://doi.org/10.1145/356789.356793
https://doi.org/10.1007/BF00191318
https://doi.org/10.1007/BF00191318
https://doi.org/10.1007/BF00191318
https://doi.org/10.1007/BF00191318
https://doi.org/10.1007/BF00191318
https://doi.org/10.1007/BF00191318
https://doi.org/10.1007/BF00191318
https://doi.org/10.1038/s41566-023-01166-4
https://doi.org/10.1038/s41566-023-01166-4
https://doi.org/10.1038/s41566-023-01166-4
https://doi.org/10.1038/s41566-023-01166-4
https://doi.org/10.1038/s41566-023-01166-4
https://doi.org/10.1038/s41566-023-01166-4
https://doi.org/10.1038/s41566-023-01166-4
https://doi.org/10.1038/s41586-025-08739-z
https://doi.org/10.1038/s41586-025-08739-z
https://doi.org/10.1038/s41586-025-08739-z
https://doi.org/10.1038/s41586-025-08739-z
https://doi.org/10.1038/s41586-025-08739-z
https://doi.org/10.1038/s41586-025-08739-z
https://doi.org/10.1038/s41586-025-08739-z
https://doi.org/10.1103/PhysRevLett.130.250802
https://doi.org/10.1103/PhysRevLett.130.250802
https://doi.org/10.1103/PhysRevLett.130.250802
https://doi.org/10.1103/PhysRevLett.130.250802
https://doi.org/10.1103/PhysRevLett.130.250802
https://doi.org/10.1103/PhysRevLett.130.250802
https://doi.org/10.1103/PhysRevLett.130.250802
https://doi.org/10.1103/PhysRevLett.130.210801
https://doi.org/10.1103/PhysRevLett.130.210801
https://doi.org/10.1103/PhysRevLett.130.210801
https://doi.org/10.1103/PhysRevLett.130.210801
https://doi.org/10.1103/PhysRevLett.130.210801
https://doi.org/10.1103/PhysRevLett.130.210801
https://doi.org/10.1103/PhysRevX.15.021037
https://doi.org/10.1103/PhysRevX.15.021037
https://doi.org/10.1103/PhysRevX.15.021037
https://doi.org/10.1103/PhysRevX.15.021037
https://doi.org/10.1103/PhysRevX.15.021037
https://doi.org/10.1103/PhysRevX.15.021037
https://doi.org/10.1038/npjqi.2016.25
https://doi.org/10.1038/npjqi.2016.25
https://doi.org/10.1038/npjqi.2016.25
https://doi.org/10.1038/npjqi.2016.25
https://doi.org/10.1038/npjqi.2016.25
https://doi.org/10.1038/npjqi.2016.25
https://doi.org/10.3390/e24101334
https://doi.org/10.3390/e24101334
https://doi.org/10.3390/e24101334
https://doi.org/10.3390/e24101334
https://doi.org/10.3390/e24101334
https://doi.org/10.3390/e24101334
https://doi.org/10.3390/e24101334
https://doi.org/10.1038/nphoton.2010.197
https://doi.org/10.1038/nphoton.2010.197
https://doi.org/10.1038/nphoton.2010.197
https://doi.org/10.1038/nphoton.2010.197
https://doi.org/10.1038/nphoton.2010.197
https://doi.org/10.1038/nphoton.2010.197
https://doi.org/10.1063/1.5078547
https://doi.org/10.1063/1.5078547
https://doi.org/10.1063/1.5078547
https://doi.org/10.1063/1.5078547
https://doi.org/10.1063/1.5078547
https://doi.org/10.1063/1.5078547
https://doi.org/10.1063/1.5078547
https://doi.org/10.1063/1.5078547
https://doi.org/10.1063/1.1150518
https://doi.org/10.1063/1.1150518
https://doi.org/10.1063/1.1150518
https://doi.org/10.1063/1.1150518
https://doi.org/10.1063/1.1150518
https://doi.org/10.1063/1.1150518
https://doi.org/10.1063/1.1150518
https://doi.org/10.1103/PhysRevA.83.023820
https://doi.org/10.1103/PhysRevA.83.023820
https://doi.org/10.1103/PhysRevA.83.023820
https://doi.org/10.1103/PhysRevA.83.023820
https://doi.org/10.1103/PhysRevA.83.023820
https://doi.org/10.1103/PhysRevA.83.023820
https://doi.org/10.1103/PhysRevA.83.023820
https://doi.org/10.1103/PhysRevA.83.023820
https://doi.org/10.1364/OE.18.009351
https://doi.org/10.1364/OE.18.009351
https://doi.org/10.1364/OE.18.009351
https://doi.org/10.1364/OE.18.009351
https://doi.org/10.1364/OE.18.009351
https://doi.org/10.1364/OE.18.009351
https://doi.org/10.1364/OE.18.009351
https://doi.org/10.1063/1.3578456
https://doi.org/10.1063/1.3578456
https://doi.org/10.1063/1.3578456
https://doi.org/10.1063/1.3578456
https://doi.org/10.1063/1.3578456
https://doi.org/10.1063/1.3578456
https://doi.org/10.1063/1.3578456
https://doi.org/10.1063/5.0040250
https://doi.org/10.1063/5.0040250
https://doi.org/10.1063/5.0040250
https://doi.org/10.1063/5.0040250
https://doi.org/10.1063/5.0040250
https://doi.org/10.1063/5.0040250
https://doi.org/10.1063/5.0040250
https://doi.org/10.1063/5.0040250
https://doi.org/10.1063/1.5005506
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 16 (2025)

160304

28]

29]

(30]

(31]

32]

33]

34]

(35]
(36]
37]
38]

39]

(40]

41]

(42]

(43]

(44]

(45]
(46]
(47]

(48]

Rev. Sci. Instrum. 88 123115

Du Y Q, Hua X, Zhao Z G, Sun X R, Zhang Z R, Xiao X,
Wei K J 2025 Commun. Phys. 8 9

Marangon D G, Smith P R, Walk N, Paraiso T K, Dynes J
F, Lovic V, Sanzaro M, Roger T, De Marco I, Lucamarini M,
Yuan Z L, Shields A J 2024 Nat. Electron. 7 396

Pirandola S, Andersen U L, Banchi L, Berta M, Bunandar D,
Colbeck R, Englund D, Gehring T, Lupo C, Ottaviani C,
Pereira J L, Razavi M, Shamsul Shaari J, Tomamichel M,
Usenko V C, Vallone G, Villoresi P, Wallden P 2020 Adv.
Opt. Photon. 12 1012

Xu F H, Ma X F, Zhang Q, Lo H K, Pan J W 2020 Rev.
Mod. Phys. 92 025002

Siew S Y, Li B, Gao F, Zheng H Y, Zhang W, Guo P, Xie S
W, Song A, Dong B, Luo L W, Li C, Luo X, Lo G Q 2021 J.
Lightwave Technol. 39 4374

Chen X, Milosevic M M, Stankovi¢ S, Reynolds S, Bucio T D,
Li K, Thomson D J, Gardes F, Reed G T 2018 Proc. IEEE
106 2101

Reed G T, Mashanovich G, Gardes F Y, Thomson D J 2010
Nat. Photonics 4 518

Ogiso Y, Ozaki J, Ueda Y, Wakita H, Nagatani M, Yamazaki
H, Nakamura M, Kobayashi T, Kanazawa S, Hashizume Y,
Tanobe H, Nunoya N, Lda M, Miyamoto Y, Lshikawa M
2019 J. Lightwave Technol. 38 249

Abellan C, Amaya W, Domenech D, Mufioz P, Capmany J,
Longhi S, Mitchell M W, Pruneri V 2016 Optica 3 989

Sibson P, Erven C, Godfrey M, Miki S, Yamashita T,
Fujiwara M, Sasaki M, Terai H, Tanner M G, Natarajan C
M, Hadfield R H, O’Brien J L, Thompson M G 2017 Nat.
Commun. 8 13984

Zhang M, Wang C, Kharel P, Zhu D, Lon¢ar M 2021 Optica
8 652

Berikaa E, Alam M S, Li W J, Bernal S, Krueger B, Pittala
F, Plant D V 2023 IEEE Photon. Technol. Lett. 35 850
Lomonte E, Wolff M A, Beutel F, Ferrari S, Schuck C,
Pernice W H P, Lenzini F 2021 Nat. Commun. 12 6847

Xiong W J, Wang G L, Li J F, Zhao C, Wang W W,
Radamson H H 2021 J. Mater. Sci-Mater. El. 32 1

Wilmart Q, El Dirani H, Tyler N, Fowler D, Malhouitre S,
Garcia S, Casale M, Kerdiles S, Hassan K, Monat C, Letartre
X, Kamel A, Pu M, Yvind K, Oxenlpwe L K, Rabaud W,
Sciancalepore C, Szelag B, Olivier S 2019 Appl. Sci. 9 255
Sacher W D, Huang Y, Lo G Q, Poon J K S 2015 J. Lightw.
Technol. 33 901

Gyger S, Zichi J, Schweickert L, Elshaari A W, Steinhauer S,
Covre da Silva S F, Rastelli A, Zwiller V, Jons K D, Errando
Herranz C 2021 Nat. Commun. 12 1408

Schuck C, Guo X, Fan L, Ma X, Poot M, Tang H X 2016
Nat. Commun. 7 10352

Zhu C X, Chen Z Y, Li Y, Wang X Z, Wang C Z, Zhu Y L,
Liang F T, Cai W Q, Jin G, Liao S K, Peng C Z 2022 Phys.
Rev. Appl. 17 064034

Beutel F, Briickerhoff Pliickelmann F, Gehring H, Kovalyuk
V, Zolotov P, Goltsman G, Pernice W H P 2022 Optica 9
1121

Dolphin J A, Paraiso T K, Du H, Woodward R I, Marangon
D G, Shields A J 2023 npj Quantum Inf. 9 84

Du Y Q, Zhu X, Hua X, Zhao Z G, Hu X, Qian Y, Xiao X,
Wei K J 2023 Chip 2 100039

Wei K J, Hu X, Du Y Q, Hua X, Zhao Z G, Chen Y, Huang
C F, Xiao X 2023 Photon. Res. 11 1364

Sax R, Boaron A, Boso G, Atzeni S, Crespi A, Griinenfelder

(49]

[50]

[51]

[52]

(53]

[54]

[55]

[56]

[57]
[58]

[59]

[60]

[61]

[62]

(63]

[64]

[65]

[66]
[67]
[68]
[69]

[70]

160304-14

F, Rusca D, Al Saadi A, Bronzi D, Kupijai S 2023 Photon.
Res. 11 1007

Lin Z H, Gao Y F, Zhou L, Yuan H H, Zhu Y T, Lin Z J,
Zhang W, Huang Y D, Cai X L, Yuan Z L 2025 Opt.
Quantum 3 195

Heo H, Woo M K, Park C H, Jang H S, Hwang H, Lee H, Seo
M K, Kim S, Kwon H, Jung H, Han S W 2025 APL
Photonics 10 031301

Li L, Wang T, Li X H, Huang P, Guo Y Y, Lu L J, Zhou L
J, Zeng G H 2023 Photon. Res. 11 504

Bian Y M, Pan Y, Xu X S, Zhao L, Li Y, Huang W, Zhang
L, Yu S, Zhang Y C, Xu B J 2024 Appl. Phys. Lett. 124
174001

Piétri Y, Trigo Vidarte L, Schiavon M, Vivien L, Grangier P,
Rhouni A, Diamanti E 2024 Opt. Quantum 2 428

Aldama J, Sarmiento S, Vidarte L T, Etcheverry S, Grande I
L, Castelvero L, Hinojosa A, Beckerwerth T, Piétri Y, Rhouni
A 2024 arXiv: 2412.03208 [quant-ph]

Hajomer A A, Bruynsteen C, Derkach I, Jain N, Bomhals A,
Bastiaens S, Andersen U L, Yin X, Gehring T 2024 Optica 11
1197

Hajomer A A, Bomhals A, Bruynsteen C, Sidhique A,
Derkach I, Andersen U L, Yin X, Gehring T 2025 arXiv:
2504.09308 [quant-ph]

Ng S Q, Kanitschar F, Zhang G, Wang C 2025 arXiv:
2504.08298 [quant-ph]

Ma C X, Sacher W D, Tang Z Y, Mikkelsen J C, Yang Y S,
Xu F H, Thiessen T, Lo H K, Poon J K S 2016 Optica 3 1274
Bunandar D, Lentine A, Lee C, Cai H, Long C M, Boynton
N, Martinez N, DeRose C, Chen C C, Grein M, Trotter D,
Starbuck A, Pomerene A, Hamilton S, Wong F N C,
Camacho R, Davids P, Urayama J, Englund D 2018 Phys.
Rev. X 8 021009

Cao L, Luo W, Wang Y X, Zou J, Yan R D, Cai H, Zhang Y,
Hu X L, Jiang C, Fan W J, Zhou X Q, Dong B, Luo X S, Lo
G Q, Wang Y X, Xu Z W, Sun S H, Wang X B, Hao Y L,
Jin Y F, Kwong D L, Kwek L C, Liu A Q 2020 Phys. Rev.
Appl. 14 011001

Wang H, Li Y, Pi Y D, Pan Y, Shao Y, Ma L, Zhang Y C,
Yang J, Zhang T, Huang W, Xu B J 2022 Commun. Phys. 5
162

Zhang Y C, Chen Z Y, Chu B J, Zhou C, Wang X Y, Zhao Y
J, XuY F, Xu C, Wang H J, Zheng Z Y, Huang Y D, Xu C
C, Zhang X X, Shen T, Huang G, Zheng Y W, Fei Z X,
Huang W N, Zhu M L, Huang L' Y, Luo B, Yu S, Guo H 2020
Bull. Am. Phys. Soc. 65 1

Zhang G, Haw J Y, Cai H, Xu F, Assad S M, Fitzsimons J F,
Zhou X, Zhang Y, Yu S, Wu J, Ser W, Kwek L. C, Liu A Q
2019 Nat. Photonics 13 839

Wang C, Primaatmaja I W, Ng H J, Haw J Y, Ho R, Zhang
J R, Zhang G, Lim C 2023 Nat. Commun. 14 316
Chrysostomidis T, Roumpos I, Outerelo D A, Troncoso
Costas M, Moskalenko V, Garcia Escartin J C, Diaz Otero F
J, Vyrsokinos K 2023 EPJ Quantum Technol. 10 5
Bruynsteen C, Gehring T, Lupo C, Bauwelinck J, Yin X 2023
PRX Quantum 4 010330

Li L, Cai M L, Wang T, Tan Z C, Huang P, Wu K, Zeng G
H 2024 Photon. Res. 12 1379

Zhao Z G, Hua X, DuY Q, Xu C Y, Xie F, Zhang Z R, Xiao
X, Wei K J 2024 Opt. Ezxpress 32 38793

Tanizawa K, Kato K, Futami F 2024 J. Lightwave Technol.
42 1209

Wang X Y, Zheng T, Jia Y X, Huang J, Zhu X Y, Shi Y Q,


https://doi.org/10.1063/1.5005506
https://doi.org/10.1063/1.5005506
https://doi.org/10.1063/1.5005506
https://doi.org/10.1063/1.5005506
https://doi.org/10.1063/1.5005506
https://doi.org/10.1038/s42005-024-01917-x
https://doi.org/10.1038/s42005-024-01917-x
https://doi.org/10.1038/s42005-024-01917-x
https://doi.org/10.1038/s42005-024-01917-x
https://doi.org/10.1038/s42005-024-01917-x
https://doi.org/10.1038/s42005-024-01917-x
https://doi.org/10.1038/s42005-024-01917-x
https://doi.org/10.1038/s41928-024-01140-0
https://doi.org/10.1038/s41928-024-01140-0
https://doi.org/10.1038/s41928-024-01140-0
https://doi.org/10.1038/s41928-024-01140-0
https://doi.org/10.1038/s41928-024-01140-0
https://doi.org/10.1038/s41928-024-01140-0
https://doi.org/10.1038/s41928-024-01140-0
https://doi.org/10.1364/AOP.361502
https://doi.org/10.1364/AOP.361502
https://doi.org/10.1364/AOP.361502
https://doi.org/10.1364/AOP.361502
https://doi.org/10.1364/AOP.361502
https://doi.org/10.1364/AOP.361502
https://doi.org/10.1364/AOP.361502
https://doi.org/10.1364/AOP.361502
https://doi.org/10.1103/RevModPhys.92.025002
https://doi.org/10.1103/RevModPhys.92.025002
https://doi.org/10.1103/RevModPhys.92.025002
https://doi.org/10.1103/RevModPhys.92.025002
https://doi.org/10.1103/RevModPhys.92.025002
https://doi.org/10.1103/RevModPhys.92.025002
https://doi.org/10.1103/RevModPhys.92.025002
https://doi.org/10.1103/RevModPhys.92.025002
https://doi.org/10.1109/JLT.2021.3066203
https://doi.org/10.1109/JLT.2021.3066203
https://doi.org/10.1109/JLT.2021.3066203
https://doi.org/10.1109/JLT.2021.3066203
https://doi.org/10.1109/JLT.2021.3066203
https://doi.org/10.1109/JLT.2021.3066203
https://doi.org/10.1109/JLT.2021.3066203
https://doi.org/10.1109/JLT.2021.3066203
https://doi.org/10.1109/JPROC.2018.2854372
https://doi.org/10.1109/JPROC.2018.2854372
https://doi.org/10.1109/JPROC.2018.2854372
https://doi.org/10.1109/JPROC.2018.2854372
https://doi.org/10.1109/JPROC.2018.2854372
https://doi.org/10.1109/JPROC.2018.2854372
https://doi.org/10.1038/nphoton.2010.179
https://doi.org/10.1038/nphoton.2010.179
https://doi.org/10.1038/nphoton.2010.179
https://doi.org/10.1038/nphoton.2010.179
https://doi.org/10.1038/nphoton.2010.179
https://doi.org/10.1038/nphoton.2010.179
https://doi.org/10.1109/JLT.2019.2924671
https://doi.org/10.1109/JLT.2019.2924671
https://doi.org/10.1109/JLT.2019.2924671
https://doi.org/10.1109/JLT.2019.2924671
https://doi.org/10.1109/JLT.2019.2924671
https://doi.org/10.1109/JLT.2019.2924671
https://doi.org/10.1109/JLT.2019.2924671
https://doi.org/10.1364/OPTICA.3.000989
https://doi.org/10.1364/OPTICA.3.000989
https://doi.org/10.1364/OPTICA.3.000989
https://doi.org/10.1364/OPTICA.3.000989
https://doi.org/10.1364/OPTICA.3.000989
https://doi.org/10.1364/OPTICA.3.000989
https://doi.org/10.1364/OPTICA.3.000989
https://doi.org/10.1038/ncomms13984
https://doi.org/10.1038/ncomms13984
https://doi.org/10.1038/ncomms13984
https://doi.org/10.1038/ncomms13984
https://doi.org/10.1038/ncomms13984
https://doi.org/10.1038/ncomms13984
https://doi.org/10.1038/ncomms13984
https://doi.org/10.1038/ncomms13984
https://doi.org/10.1364/OPTICA.415762
https://doi.org/10.1364/OPTICA.415762
https://doi.org/10.1364/OPTICA.415762
https://doi.org/10.1364/OPTICA.415762
https://doi.org/10.1364/OPTICA.415762
https://doi.org/10.1364/OPTICA.415762
https://doi.org/10.1109/LPT.2023.3285881
https://doi.org/10.1109/LPT.2023.3285881
https://doi.org/10.1109/LPT.2023.3285881
https://doi.org/10.1109/LPT.2023.3285881
https://doi.org/10.1109/LPT.2023.3285881
https://doi.org/10.1109/LPT.2023.3285881
https://doi.org/10.1109/LPT.2023.3285881
https://doi.org/10.1038/s41467-021-27205-8
https://doi.org/10.1038/s41467-021-27205-8
https://doi.org/10.1038/s41467-021-27205-8
https://doi.org/10.1038/s41467-021-27205-8
https://doi.org/10.1038/s41467-021-27205-8
https://doi.org/10.1038/s41467-021-27205-8
https://doi.org/10.1038/s41467-021-27205-8
https://doi.org/10.1007/s10854-020-04909-z
https://doi.org/10.1007/s10854-020-04909-z
https://doi.org/10.1007/s10854-020-04909-z
https://doi.org/10.1007/s10854-020-04909-z
https://doi.org/10.1007/s10854-020-04909-z
https://doi.org/10.1007/s10854-020-04909-z
https://doi.org/10.1007/s10854-020-04909-z
https://doi.org/10.1007/s10854-020-04909-z
https://doi.org/10.1007/s10854-020-04909-z
https://doi.org/10.3390/app9020255
https://doi.org/10.3390/app9020255
https://doi.org/10.3390/app9020255
https://doi.org/10.3390/app9020255
https://doi.org/10.3390/app9020255
https://doi.org/10.3390/app9020255
https://doi.org/10.3390/app9020255
https://doi.org/10.1109/JLT.2015.2392784
https://doi.org/10.1109/JLT.2015.2392784
https://doi.org/10.1109/JLT.2015.2392784
https://doi.org/10.1109/JLT.2015.2392784
https://doi.org/10.1109/JLT.2015.2392784
https://doi.org/10.1109/JLT.2015.2392784
https://doi.org/10.1109/JLT.2015.2392784
https://doi.org/10.1109/JLT.2015.2392784
https://doi.org/10.1038/s41467-021-21624-3
https://doi.org/10.1038/s41467-021-21624-3
https://doi.org/10.1038/s41467-021-21624-3
https://doi.org/10.1038/s41467-021-21624-3
https://doi.org/10.1038/s41467-021-21624-3
https://doi.org/10.1038/s41467-021-21624-3
https://doi.org/10.1038/s41467-021-21624-3
https://doi.org/10.1038/ncomms10352
https://doi.org/10.1038/ncomms10352
https://doi.org/10.1038/ncomms10352
https://doi.org/10.1038/ncomms10352
https://doi.org/10.1038/ncomms10352
https://doi.org/10.1038/ncomms10352
https://doi.org/10.1103/PhysRevApplied.17.064034
https://doi.org/10.1103/PhysRevApplied.17.064034
https://doi.org/10.1103/PhysRevApplied.17.064034
https://doi.org/10.1103/PhysRevApplied.17.064034
https://doi.org/10.1103/PhysRevApplied.17.064034
https://doi.org/10.1103/PhysRevApplied.17.064034
https://doi.org/10.1103/PhysRevApplied.17.064034
https://doi.org/10.1103/PhysRevApplied.17.064034
https://doi.org/10.1364/OPTICA.468982
https://doi.org/10.1364/OPTICA.468982
https://doi.org/10.1364/OPTICA.468982
https://doi.org/10.1364/OPTICA.468982
https://doi.org/10.1364/OPTICA.468982
https://doi.org/10.1364/OPTICA.468982
https://doi.org/10.1038/s41534-023-00751-3
https://doi.org/10.1038/s41534-023-00751-3
https://doi.org/10.1038/s41534-023-00751-3
https://doi.org/10.1038/s41534-023-00751-3
https://doi.org/10.1038/s41534-023-00751-3
https://doi.org/10.1038/s41534-023-00751-3
https://doi.org/10.1038/s41534-023-00751-3
https://doi.org/10.1016/j.chip.2023.100039
https://doi.org/10.1016/j.chip.2023.100039
https://doi.org/10.1016/j.chip.2023.100039
https://doi.org/10.1016/j.chip.2023.100039
https://doi.org/10.1016/j.chip.2023.100039
https://doi.org/10.1016/j.chip.2023.100039
https://doi.org/10.1016/j.chip.2023.100039
https://doi.org/10.1364/PRJ.482942
https://doi.org/10.1364/PRJ.482942
https://doi.org/10.1364/PRJ.482942
https://doi.org/10.1364/PRJ.482942
https://doi.org/10.1364/PRJ.482942
https://doi.org/10.1364/PRJ.482942
https://doi.org/10.1364/PRJ.482942
https://doi.org/10.1364/PRJ.481475
https://doi.org/10.1364/PRJ.481475
https://doi.org/10.1364/PRJ.481475
https://doi.org/10.1364/PRJ.481475
https://doi.org/10.1364/PRJ.481475
https://doi.org/10.1364/PRJ.481475
https://doi.org/10.1364/PRJ.481475
https://doi.org/10.1364/PRJ.481475
https://doi.org/10.1364/OPTICAQ.551726
https://doi.org/10.1364/OPTICAQ.551726
https://doi.org/10.1364/OPTICAQ.551726
https://doi.org/10.1364/OPTICAQ.551726
https://doi.org/10.1364/OPTICAQ.551726
https://doi.org/10.1364/OPTICAQ.551726
https://doi.org/10.1364/OPTICAQ.551726
https://doi.org/10.1364/OPTICAQ.551726
https://doi.org/10.1063/5.0223694
https://doi.org/10.1063/5.0223694
https://doi.org/10.1063/5.0223694
https://doi.org/10.1063/5.0223694
https://doi.org/10.1063/5.0223694
https://doi.org/10.1063/5.0223694
https://doi.org/10.1063/5.0223694
https://doi.org/10.1063/5.0223694
https://doi.org/10.1364/PRJ.473328
https://doi.org/10.1364/PRJ.473328
https://doi.org/10.1364/PRJ.473328
https://doi.org/10.1364/PRJ.473328
https://doi.org/10.1364/PRJ.473328
https://doi.org/10.1364/PRJ.473328
https://doi.org/10.1364/PRJ.473328
https://doi.org/10.1063/5.0203130
https://doi.org/10.1063/5.0203130
https://doi.org/10.1063/5.0203130
https://doi.org/10.1063/5.0203130
https://doi.org/10.1063/5.0203130
https://doi.org/10.1063/5.0203130
https://doi.org/10.1364/OPTICAQ.534699
https://doi.org/10.1364/OPTICAQ.534699
https://doi.org/10.1364/OPTICAQ.534699
https://doi.org/10.1364/OPTICAQ.534699
https://doi.org/10.1364/OPTICAQ.534699
https://doi.org/10.1364/OPTICAQ.534699
https://doi.org/10.1364/OPTICAQ.534699
https://doi.org/10.1364/OPTICA.530080
https://doi.org/10.1364/OPTICA.530080
https://doi.org/10.1364/OPTICA.530080
https://doi.org/10.1364/OPTICA.530080
https://doi.org/10.1364/OPTICA.530080
https://doi.org/10.1364/OPTICA.530080
https://doi.org/10.1364/OPTICA.3.001274
https://doi.org/10.1364/OPTICA.3.001274
https://doi.org/10.1364/OPTICA.3.001274
https://doi.org/10.1364/OPTICA.3.001274
https://doi.org/10.1364/OPTICA.3.001274
https://doi.org/10.1364/OPTICA.3.001274
https://doi.org/10.1364/OPTICA.3.001274
https://doi.org/10.1103/PhysRevApplied.14.011001
https://doi.org/10.1103/PhysRevApplied.14.011001
https://doi.org/10.1103/PhysRevApplied.14.011001
https://doi.org/10.1103/PhysRevApplied.14.011001
https://doi.org/10.1103/PhysRevApplied.14.011001
https://doi.org/10.1103/PhysRevApplied.14.011001
https://doi.org/10.1103/PhysRevApplied.14.011001
https://doi.org/10.1103/PhysRevApplied.14.011001
https://doi.org/10.1038/s42005-022-00941-z
https://doi.org/10.1038/s42005-022-00941-z
https://doi.org/10.1038/s42005-022-00941-z
https://doi.org/10.1038/s42005-022-00941-z
https://doi.org/10.1038/s42005-022-00941-z
https://doi.org/10.1038/s42005-022-00941-z
https://meetings.aps.org/Meeting/MAR20/Session/C71.246
https://meetings.aps.org/Meeting/MAR20/Session/C71.246
https://meetings.aps.org/Meeting/MAR20/Session/C71.246
https://meetings.aps.org/Meeting/MAR20/Session/C71.246
https://meetings.aps.org/Meeting/MAR20/Session/C71.246
https://meetings.aps.org/Meeting/MAR20/Session/C71.246
https://doi.org/10.1038/s41566-019-0504-5
https://doi.org/10.1038/s41566-019-0504-5
https://doi.org/10.1038/s41566-019-0504-5
https://doi.org/10.1038/s41566-019-0504-5
https://doi.org/10.1038/s41566-019-0504-5
https://doi.org/10.1038/s41566-019-0504-5
https://doi.org/10.1038/s41566-019-0504-5
https://doi.org/10.1038/s41467-022-35556-z
https://doi.org/10.1038/s41467-022-35556-z
https://doi.org/10.1038/s41467-022-35556-z
https://doi.org/10.1038/s41467-022-35556-z
https://doi.org/10.1038/s41467-022-35556-z
https://doi.org/10.1038/s41467-022-35556-z
https://doi.org/10.1038/s41467-022-35556-z
https://doi.org/10.1140/epjqt/s40507-023-00162-5
https://doi.org/10.1140/epjqt/s40507-023-00162-5
https://doi.org/10.1140/epjqt/s40507-023-00162-5
https://doi.org/10.1140/epjqt/s40507-023-00162-5
https://doi.org/10.1140/epjqt/s40507-023-00162-5
https://doi.org/10.1140/epjqt/s40507-023-00162-5
https://doi.org/10.1140/epjqt/s40507-023-00162-5
https://doi.org/10.1103/PRXQuantum.4.010330
https://doi.org/10.1103/PRXQuantum.4.010330
https://doi.org/10.1103/PRXQuantum.4.010330
https://doi.org/10.1103/PRXQuantum.4.010330
https://doi.org/10.1103/PRXQuantum.4.010330
https://doi.org/10.1103/PRXQuantum.4.010330
https://doi.org/10.1364/PRJ.506960
https://doi.org/10.1364/PRJ.506960
https://doi.org/10.1364/PRJ.506960
https://doi.org/10.1364/PRJ.506960
https://doi.org/10.1364/PRJ.506960
https://doi.org/10.1364/PRJ.506960
https://doi.org/10.1364/PRJ.506960
https://doi.org/10.1364/OE.530045
https://doi.org/10.1364/OE.530045
https://doi.org/10.1364/OE.530045
https://doi.org/10.1364/OE.530045
https://doi.org/10.1364/OE.530045
https://doi.org/10.1364/OE.530045
https://doi.org/10.1364/OE.530045
https://doi.org/10.1109/JLT.2024.3353268
https://doi.org/10.1109/JLT.2024.3353268
https://doi.org/10.1109/JLT.2024.3353268
https://doi.org/10.1109/JLT.2024.3353268
https://doi.org/10.1109/JLT.2024.3353268
https://doi.org/10.1109/JLT.2024.3353268
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

¥ 1B ¥ Acta Phys. Sin.

Vol. 74, No. 16 (2025)

160304

(71]

[72]

(73]
(74]

[75]

[76]

Wang N, Lu Z G, Zou J, Li Y M 2024 Photonics 11 468

Bian Y M, Yang J, Jiang H Y, Huang W, Su Q, Yu S, Zhang
L, Zhang Y C, Xu B J 2025 Opt. Lett. 50 1216

Bertapelle T, Avesani M, Santamato A, Montanaro A, Chiesa
M, Rotta D, Artiglia M, Sorianello V, Testa F, De Angelis G,
Contestabile G, Vallone G, Romagnoli M, Villoresi P 2025
Opt. Quantum 3 111

Sun S H, Huang A Q 2022 Entropy 24 260

Chen Y, Huang C F, Chen Z H, He W J, Zhang C X, Sun S
H, Wei K J 2022 Phys. Rev. A 106 022614

Zhang C, Hu X L, Jiang C, Chen J P, Liu Y, Zhang W J, Yu
Z W, Li H, You L X, Wang Z, Wang X B, Zhang Q, Pan J
W 2022 Phys. Rev. Lett. 128 190503

Kang X, Ye P, Wang S, Zhang G W, Wang Z H, Chen J L,
Yin Z Q, He DY, Chen W, Fan Yuan G J, Guo G C, Han Z
F 2025 Phys. Rev. Appl. 23 024014

[77]
(78]
[79]
(80]
(81]
(82]
(83]

(84]

160304-15

Tan H, Li W, Zhang L K, Wei K J, Xu F H 2021 Phys. Rev.
Appl. 15 064038

Li L, Huang P, Wang T, Zeng G H 2021 Phys. Rev. A 103
032611

Ye P, Chen W, Wang Z H, Zhang G W, Ding Y Y, Huang G
Z,Yin Z Q, Wang S, He D Y, Liu W, Guo G C, Han Z F
2022 Opt. Express 30 39911

Curty M, Azuma K, Lo H K 2019 npj Quantum Inf. 5 64

Zhu H T, Huang Y Z, Liu H, Zeng P, Zou M, Dai Y Q, Tang
SB,LiH, YouL X, Wang Z, Chen Y A, Ma X F, Chen T Y,
Pan J W 2023 Phys. Rev. Lett. 130 030801

Zeng P, Zhou HY, Wu W J, Ma X F 2022 Nat. Commun. 13
3903

Wang F X, Chen W, Yin Z Q, Wang S, Guo G C, Han Z F
2019 Phys. Rev. Appl. 11 024070

Sekga C, Mafu M, Senekane M 2023 Sci. Rep. 13 1229


https://doi.org/10.3390/photonics11050468
https://doi.org/10.3390/photonics11050468
https://doi.org/10.3390/photonics11050468
https://doi.org/10.3390/photonics11050468
https://doi.org/10.3390/photonics11050468
https://doi.org/10.3390/photonics11050468
https://doi.org/10.3390/photonics11050468
https://doi.org/10.1364/OL.544982
https://doi.org/10.1364/OL.544982
https://doi.org/10.1364/OL.544982
https://doi.org/10.1364/OL.544982
https://doi.org/10.1364/OL.544982
https://doi.org/10.1364/OL.544982
https://doi.org/10.1364/OL.544982
https://doi.org/10.1364/OPTICAQ.529746
https://doi.org/10.1364/OPTICAQ.529746
https://doi.org/10.1364/OPTICAQ.529746
https://doi.org/10.1364/OPTICAQ.529746
https://doi.org/10.1364/OPTICAQ.529746
https://doi.org/10.1364/OPTICAQ.529746
https://doi.org/10.3390/e24020260
https://doi.org/10.3390/e24020260
https://doi.org/10.3390/e24020260
https://doi.org/10.3390/e24020260
https://doi.org/10.3390/e24020260
https://doi.org/10.3390/e24020260
https://doi.org/10.3390/e24020260
https://doi.org/10.1103/PhysRevA.106.022614
https://doi.org/10.1103/PhysRevA.106.022614
https://doi.org/10.1103/PhysRevA.106.022614
https://doi.org/10.1103/PhysRevA.106.022614
https://doi.org/10.1103/PhysRevA.106.022614
https://doi.org/10.1103/PhysRevA.106.022614
https://doi.org/10.1103/PhysRevA.106.022614
https://doi.org/10.1103/PhysRevLett.128.190503
https://doi.org/10.1103/PhysRevLett.128.190503
https://doi.org/10.1103/PhysRevLett.128.190503
https://doi.org/10.1103/PhysRevLett.128.190503
https://doi.org/10.1103/PhysRevLett.128.190503
https://doi.org/10.1103/PhysRevLett.128.190503
https://doi.org/10.1103/PhysRevLett.128.190503
https://doi.org/10.1103/PhysRevApplied.23.024014
https://doi.org/10.1103/PhysRevApplied.23.024014
https://doi.org/10.1103/PhysRevApplied.23.024014
https://doi.org/10.1103/PhysRevApplied.23.024014
https://doi.org/10.1103/PhysRevApplied.23.024014
https://doi.org/10.1103/PhysRevApplied.23.024014
https://doi.org/10.1103/PhysRevApplied.23.024014
https://doi.org/10.1103/PhysRevApplied.15.064038
https://doi.org/10.1103/PhysRevApplied.15.064038
https://doi.org/10.1103/PhysRevApplied.15.064038
https://doi.org/10.1103/PhysRevApplied.15.064038
https://doi.org/10.1103/PhysRevApplied.15.064038
https://doi.org/10.1103/PhysRevApplied.15.064038
https://doi.org/10.1103/PhysRevApplied.15.064038
https://doi.org/10.1103/PhysRevApplied.15.064038
https://doi.org/10.1103/PhysRevA.103.032611
https://doi.org/10.1103/PhysRevA.103.032611
https://doi.org/10.1103/PhysRevA.103.032611
https://doi.org/10.1103/PhysRevA.103.032611
https://doi.org/10.1103/PhysRevA.103.032611
https://doi.org/10.1103/PhysRevA.103.032611
https://doi.org/10.1364/OE.470025
https://doi.org/10.1364/OE.470025
https://doi.org/10.1364/OE.470025
https://doi.org/10.1364/OE.470025
https://doi.org/10.1364/OE.470025
https://doi.org/10.1364/OE.470025
https://doi.org/10.1364/OE.470025
https://doi.org/10.1038/s41534-019-0175-6
https://doi.org/10.1038/s41534-019-0175-6
https://doi.org/10.1038/s41534-019-0175-6
https://doi.org/10.1038/s41534-019-0175-6
https://doi.org/10.1038/s41534-019-0175-6
https://doi.org/10.1038/s41534-019-0175-6
https://doi.org/10.1038/s41534-019-0175-6
https://doi.org/10.1103/PhysRevLett.130.030801
https://doi.org/10.1103/PhysRevLett.130.030801
https://doi.org/10.1103/PhysRevLett.130.030801
https://doi.org/10.1103/PhysRevLett.130.030801
https://doi.org/10.1103/PhysRevLett.130.030801
https://doi.org/10.1103/PhysRevLett.130.030801
https://doi.org/10.1103/PhysRevLett.130.030801
https://doi.org/10.1038/s41467-022-31534-7
https://doi.org/10.1038/s41467-022-31534-7
https://doi.org/10.1038/s41467-022-31534-7
https://doi.org/10.1038/s41467-022-31534-7
https://doi.org/10.1038/s41467-022-31534-7
https://doi.org/10.1038/s41467-022-31534-7
https://doi.org/10.1103/PhysRevApplied.11.024070
https://doi.org/10.1103/PhysRevApplied.11.024070
https://doi.org/10.1103/PhysRevApplied.11.024070
https://doi.org/10.1103/PhysRevApplied.11.024070
https://doi.org/10.1103/PhysRevApplied.11.024070
https://doi.org/10.1103/PhysRevApplied.11.024070
https://doi.org/10.1103/PhysRevApplied.11.024070
https://doi.org/10.1038/s41598-023-28382-w
https://doi.org/10.1038/s41598-023-28382-w
https://doi.org/10.1038/s41598-023-28382-w
https://doi.org/10.1038/s41598-023-28382-w
https://doi.org/10.1038/s41598-023-28382-w
https://doi.org/10.1038/s41598-023-28382-w
https://doi.org/10.1038/s41598-023-28382-w
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 2 3R Acta Phys. Sin. Vol. 74, No. 16 (2025) 160304

SPECIAL TOPIC—Quantum information processing
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Abstract

Quantum key distribution (QKD) relies on the fundamental principles of quantum mechanics and can
theoretically achieve unconditionally secure communication that is provable by information theory. Quantum
random number generators, on the other hand, utilize the inherent randomness of quantum phenomena and are
capable of generating a truly random entropy source that is unpredictable, unbiased and unrepeatable. These
two technologies are crucial for building highly trustworthy and secure communication systems resistant to
quantum attacks. However, their large-scale deployment still faces challenges such as system performance
optimization, cost control and scale production.

Relying on wafer-level fabrication platforms and micro-nanometer processing, integrated photonics
technology integrates the core devices of traditional QKD systems (e.g., light source, modulator, and detector)
in a single chip at high density. It significantly improves the miniaturization, operational stability and cost-
effectiveness of the system, and enhances the intrinsic security, and becomes a key enabling platform to drive
QKD and QRNG from laboratory to engineering applications.

In this paper, we systematically review the recent breakthroughs of photonic integrated QKD based on
different material platforms (SOI/InP/TFLN/SizN,) in terms of core metrics, such as transmission distance and
key rate, as well as the significant breakthroughs of integrated QRNG in terms of random number generation
rate and system integration. Finally, the future development direction of this field is discussed and outlooked
from the four dimensions of practical security of QKD systems, on-chip implementation of cutting-edge QKD
protocols, practical fully-integrated QKD systems, and synergistic optimization of high performance and high
integration of integrated QRNG.

Keywords: quantum key distribution, quantum random number generators, integrated photonics
PACS: 03.67.Hk, 03.67.—a, 42.82.—m DOI: 10.7498 /aps.74.20250791

CSTR: 32037.14.aps.74.20250791

* Project supported by the National Natural Science Foundation of China (Grant Nos. 62171144, 62031024), the Guangxi
Natural Science Foundation, China (Grant Nos. 2025GXNSFAA069137, GXR-1BGQ2424005), and the Innovation Project of
Guangxi Graduate Education, China (Grant No. YCBZ2024002).

1 Corresponding author. E-mail: weil@usst.edu.cn

1 Corresponding author. E-mail: kjwei@gxu.edu.cn

160304-16


http://doi.org/10.7498/aps.74.20250791
https://cstr.cn/32037.14.aps.74.20250791
mailto:weil@usst.edu.cn
mailto:weil@usst.edu.cn
mailto:kjwei@gxu.edu.cn
mailto:kjwei@gxu.edu.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 19 (2025) 190302

T BETEEAE

SETLRFELMERK

B HHH

FHEZY

FLRYDT R

1) (FASEHRHL RSB BE, st 210023)
2) (FELEHRF RS 5 AR . FebErm T (RREIR) 4B, st 210023)

(2025 4E 7 A 2 HY3l; 2025 45 7 A 29 HikEIENR)

RGO T T AR S UE B e bR R AT EENERER ETOLT
it 38 A DM AR A RO AR O, AR AR A R b el T PR MR PR A AE N TR b 23 R A G A%
FE. OLTFARRBIFER KM (L T KIS R E MR ESE, RERRER S, SOV oK EE R RGN E
FERAG. F ICMRE RPEELK (noiseless linear amplification, NLA) KA FAEMAFEN EE ik, @ )m
SRR RS BERE, AR SO R i D A T AR AR LB s BG4, HoE SRR B BAR S M gman(E 2. Hit,
T8 fE T EH NLA BR WA R08 IR FAE M BFE, S KB ERE, M FEHeE SR G R AEE
HOC AR, RSN BRI TR 2 NLA D7 %8, JF58 i T #4005 i 529087, IEW] T NLA #Y Rl 471, A SCH g1
NAEE R MES T EETREPHINAFE FEMN NLA FE, I8 TIILEARREMN NLA 505,
B Ja, X NLA HORSEAT BG5 MR . ALRIR W] AR IR B & 13015 P 45 19 58 AL & e 4R 1 e 37 ¢

KR i TIRAE, BT MR LAEROR, SR R, UL R

PACS: 03.67.Pp, 03.67.Hk, 03.65.Ud
CSTR: 32037.14.aps.74.20250865

il

1 3

S (R A T S AR e P R
BEmEOR. S i Em, & RAa k3
BITRYRE ), BliE B RA X e, ST REEH
R GARIEAEOUH, O 38 {5 Y E 2 4RA.
IR, DG 1ESEPRRy M s 150 it Re 2 i
PAL F A RE. O T ARG LT b B AL Ak R 20K
n = 107d/M0 Ui 32 SR H B0 A I Ol £ %) N
a = 0.2 dB/km, A LIFE HOE T L 5CR B b
FHES OB I A RGUT B, th T8 Al s e B
AL, BATJCIE ERR 2 i B 12, XL T/Y
FERAFE— BRI RS, 550, BIMETEMBRIE R 2
N, A —E RIMER A A Bk SO A

* K A RRHERS (S 12175106, 92365110) % BIYIHLE.

t BfE1E#E. E-mail: zhoul@njupt.edu.cn
© 2025 FEYIEZS Chinese Physical Society

2

DOI: 10.7498/aps.74.20250865

TR —E R O T RIS SRR A S, e
(2 1 R N S OF N E% A o S K 1
JRIIMEAS AR LR, T X738 A A APt A
HEE .

XFFO6 T R A IR, AATTHI P A5 12
KR i, MR T AP AR IO T A JE A
B 2L B RO B A g5, SR Z
SR 4k H) DI RE, MNP A5 O BE RS 56—,
AT T 7 HOR A REARL B39, B 1O AR
BRI AT LAUN R 58, — oL (A9 TPy
BT ) TEFEARRE BT, AZECRN p. A%
o flek, K A2 URER D p B HOLTAS (212E75)
RN 1 - p MEEE FRPOLTE) MREE.
7 R OR A S AR R 0 R A, i
T3 (BIA) BIRER p HEK.

http://wulixb.iphy.ac.cn

190302-1


http://doi.org/10.7498/aps.74.20250865
https://cstr.cn/32037.14.aps.74.20250865
mailto:zhoul@njupt.edu.cn
mailto:zhoul@njupt.edu.cn
http://wulixb.iphy.ac.cn
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 19 (2025) 190302

T AR E PR R TCMEL MR (noiseless
linear amplification, NLA), J& KA T & H i #E
() 5 22 )7 7%, NLA i Ralph Al Lund® F 2009 4
AR, BRI A, AT DA
ISR BT DA—E F3E 45 g > 1K E
TARIRIE, S ) — [gy) , HAZO B W
SRR E R AE SRR T RET
2012 ARG T LI I0UE V. S, 78 2T X B R
i (discrete variable, DV) Fli£245 4 (continuous-
variable, CV) By NLA J5 ZAH4% 45 H 0027, DV 46
I8N, 2010 4 NLA BEIEISAAT T 2U9ES 4R 10,
BEJ5, NLA B0 3 38 5 4k, 240X
i %% (device-independent quantum key
distribution, DI QKD) 77 % & A NLA Sk HLMHE
TAE i AR, 2B 28 40 i I B 1118, 2012 4F
Zhang % M2 T B 28 (B 2 9825 % NLA J5
%. Ja2k, Monteiro %5 [ It L T Zhang &5 M (975
%, I NLA W T 5 T 50 7 25 18] 2 28 1Y
QKD ™. 2013 45, T 4> JE T2 2 25 4 B i B Ak S
T A NLA Jr &8t 00l i EAeis 7 i,
A S B ARSI DR EL RO 10 4535 3
KA, 117 H GBI ME A6 25 Bt 1 4 P o i
PRS2, M, Kocsis 45 18] SEEGSZHL T BT
WA LR TIOR,, 7RSO D RE Y [RIE n] A
AR B AC GRS AR, 55— 7T, NLA TESE
I 5 GRAGES 5, X AR GRS AT ORI [F)
RS EY (SRS SN EL RN VR S N /W TN
2] 2525 199, 2015 4F-, Zhou #1 Sheng $2£ H4 T | FH
SE SR IRAY T 08 B A AT AJE PR 9 BT s R 2
ZHZSHY NLA %, R 2T &, AR
PEim 7 B BN RE RN 15 T AER, AR
FEH T B X BROG T 22 F H R i B I 21 28
NLA J7 52420 55 —J7 1, CV S N9 N ik
SRR T 28R NLA J7%8 2990 fhilhn, 2020 4,
Winnel &8 PV 2 T — 3 F M B2E= o
X nHF & F 55 J] (quantum scissor, QS) NLA
%, %5 ZE VT RIS IR Fock 245 14 1o B A e A1
R, 2021 4F, QS FDGHEALS A 3501 F T X 4 4
H b B g B 0 AH T 2 R AT HOR B 2022 4R
Guanzon 55 B2 4 A | FH 2R 06 27 Je 1 T =
(1) n By Fock 25 [A] B S B BRAR ) T BROR AL R
K.BRTHT QS BYIrZ& LIS, B0 Ik B,
DN IR ), i AR B SE Ty AR Ak R

FEARE 1z R B739,

ARICE AN —LEFEZN DV NLA £ A CV
NLA FRZEGFNH. 562N 9 DV ETRET
BEXE A ] i 72500 NLA BB 5. 5 3 A &4
CV T RSP E N NLA BE . 4 4150
LA HEEAY QS-NLA 525 . e, &5 5 15 &t
NLA #17 B A5 .

2 DVETFZSEHH NLA 7 £
2.1 EFQSHDV-NLA FE
211 AT QSH¥EAT NLA 7%

2009 4F, Ralph A1 Lund® #2H TIEF QS AR
J6F NLA J7 %, X2 HAj i H &) 7z 89 NLA
FE. 2 EWEEEIE 1.

D,

ry

h

BBS
i L

d

0 BS(t) Lc’ W)outl

b
1

Kl 1 o+ QS-NLA J5 % J5i 3 5] 8. BS(t) 1 BBS 43 41l &
FEHTERN R1/2 5 AR, Dy, Dy S FAR A HE TR I
. TS R B B A 4 ) S ) B e R b EA
QS. HEMWAF Dy, Dy HA — MR B BO6F, 53— A
B E)6F B, % NLA 7 Ri217 )

Fig. 1. Schematic diagram of a single-photon QS-NLA pro-
tocoll®). BS(#) and BBS are beam splitters with the trans-
mittance ¢ and 1/2, respectively. D1 and D2 are ideal
single-photon detectors. The input state and auxiliary
single-photon state enter the QS from the spatial modes e
and b, respectively. When one detector detects only a single
photon and the other detector does not detect a photon, the

NLA scheme runs successfully.

B QS B AE AR ¢ F1/2 BIPAS
3 SR AR FIRE X 43 A SR O 2500 38ARL O 58
#% (detector, D) Dy 1 Dy 4L B%,. i A R BN
)i = a|0) + B 1), |0)FIL) Z iR B s AR
KT, BEGHRE o + (6% = 1. BIE, @iyt
T2 1) Bl 2 R a, b JEAGERSR N ¢ 19455
WS (beam splitter, BS). BS(t), ix¥5AE T HHE AT
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V|
Uss(t) = exp [9 (&dT — de)] ,

(1-1)/t,

Hrbat, a Lo ™ 2E G RAAT, 153

?ﬁﬂﬁéqf%}\.

[)ea = Upsp)|0)all)s = VE|0)e|1)g + V1 — t|0>d|1(>c)-

1

Ja, ¥ R d i S S5 e EAR

5@/\1{? |1/)>m1—xil‘_3_ i B RO 1/2 1 4y R AR

(balanced beam splitter, BBS), TAEEH N

6 = arctan

BBS

1), 225, %<|1>h+|1>f>,
1) 225, %uwh—um.

LI, Eﬁ?*ﬁ

[V)epe = 0VE0),—= (11)]0)¢ + 0)4 /1))

°f
+mﬂ7uwm>m

+ BVH0) = (12),10)¢ + 10)4]2))

C\f
+ﬂ\/1*tll>c\[(|1> w0+ 10)u[1)¢) - (2)

TEPA AR b, R0 f 40 B — A EAR Y O
THRIMEE Dy A Dy HA Y Dy #RI 3) BoAE 7
D, WA BT, 5% D,y M B AAEF, Dy B
AW BB, BiR %% NLA FE B8 17,
BEisH AR ¢ RS A

[Vhows = 1) = VE(@|0) £g18[1)),  (3)

Horpre SN Dy W, <=7 XFRE Dy MR gq FG3R
Gy AP RO AR &, B E A  g =
(1—t)/t, AT RASEF R t JUE, Mt <1/2
BF, g > 1, Uh B 2 T O 25 0 L 3
L SEBA FROGFAS U OKR. % NLA J7r 2 B2
HERA P =ta? + (1 —t) B2 . % R LU xt
HSEF AR ERROR, ORI A ) &8
PIRR, RFE T A TE.
QS S TCME P 2 M TR B Py BB B R A G
F i FRIEALEE (quantum teleportation, QT). #¢
RO BS(1) A8 8 O AR AR Y
7 [A] 2 4. 5{ Horp— 2842 L FRAGHEF
it BBS #FAT HOGF T UAIN E, AR I 4 R AT

W ASHETF 1 435 850 24538 205 Hh AR 1l
BGF L, FaE T BS(4) BB SR, n] e As i
AT BRI ORI, AT ST B BRSO
BT O
2.1.2 AT QS e AFHMIEZ T L4 NLA
V3
DUIRAN G SO0 - B2 7 A T R s,
DURAR A5 RARIE T 82 4R R OBt 1) 77
7. DI QKD J7 3+ DURA GG SORARIE ™
A SR B AR 02 E ) DL RO S5 5 B S0
T AR e P 0 A ﬁ‘é?f?%uaﬁm IRANAE
KB LA ok T E KA, XX DI QKD
ZEM L PR P il T K. 2010 4,
Gisin %5 M H T — B3 T HOl TR M1k #
IR o LA OR A, T L s IR DR IR A £
BRI [ 2 M5 2 B A

v
BBS h
p)in D
[4)in2 — 2 H
PBS,
d
BS(#)
|0) = P [¥) outz
b
[11)®[1v)

Bl 2 JET QS MG T i T LU NLA Jr 58 2 1,
Ab T IE A2 i 9% 25 B PIAS BOG T2 [1n) ® [1v) — B2 A i
BIASHEA QS. PBS UM 4k 7> A, 7T LLSE 2235 5 7K - fi
P& (H) 806 7, 58 4 & 5% 2 B W IR (V) B9t 7. Dy, Dy,
Dy, Dys S 4 A BB 7 R0 &%

Fig. 2. Schematic diagram of a single-photon polarized
qubit QS-NLA protocoll'l. Two single-photon states in or-
thogonal polarization |1pg) ® |1y) enter the QS together as
auxiliary states. Polarization beam splitter (PBS) can
totally transmit the horizonal (H) polarization and reflect
the vertical (V) polarization. Dy, Dy, Dys,Dys are four

ideal single photon detectors.

2T S LA RO AL T LR A AR
A — A AR T IS R A
[¥)in2 = @ ]0) + (Bu [1u) + Bv [1v)) . (4)

HEGLHOL T NLA J7 % B B AR Z AL 1E T i
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BISE T R — AN AE T K i 8IR 19 B0 7 25 [ 1) A
ANKE T B E AR B 5O T2 (1) 4. 2 MBI
T2 BS(t) eI U B

BS(t)

Lp1v)y, —— (VEL)g + VI =1,),)
® (VH[1)g + VI —tlly),)
= t|11-11v>d + (1 - t)‘1H1V>c

+ V(L =) (L)411v)e + (L) 1v)g)- (5)
B d P F S S AR e B AR
V) — AR T BBS, Xt A TE H/V 5 EifdT
DL, 2R E 2 MR/ R AR (polarization
beam splitter, PBS) F1 4 /> #AH BRI 5 41
B PBS Al ogaiE S H mfRot+, et v idiz
HoF. HIRNES Dy, Dy [FIBu B, 7524 Ay

[houc = 5 [010) + 92 (B [1i) + B ILV))]. (6)

g0 AR A P RO TR b BT H R R B 2R
go=/ (A —t)/t, Bt <1/20F, go > 1, KITHE
BT, Rl A TSSO T O TR A
M E R 5 B, bR LR IE AN, S 2%
(Dy, Dyv/), (Dw,Dv) B¢ (Dyy, Dy ) Wi 07 B, 8 et i
TARA BIFEERAEdRT LIAS B (6) PR h 2, K
N ES ORI S
Py = d|[tgo| =20+ (1 =) (B + &) -

2013 4, Kocsis %5 18 & 1 T 55 —Fh 26 F %
b1 LLRRAY NLA 748, I8 i 1 SC i g,
JEERE ANIE 3 s, B IEEIALS [0)3=[0) s - IR
FOCTFRIR AR, A0 R A ST —1> PBS,
SRIGHE PBS Xt I 4 th #4214 B a5 TR Bt
T |1w) A 1v) 9 QS, 433HEA QSy M1 QSy. 24 QSk
FQSy HYHEI 45 1 BT B I, WA QS 1Y%
B4t —1 PBS #4 2— 400 g, mifs
£ (6) 2w p A, SERARDOEFEMmYR A h
FE R ARSI, 2 B BRI RE R A

Py =12 +t(1—t) (8% +B2),
Wati R gz = /(1 —t)/t, SHOLF NLA Jr&HHs
25 AH ]

LHHSEF NLA Jr £ IR P, 45
oo, t MR, WAL EF R NLA J5 R A9 L%
YL Py UEAAS 7 52 LU A DA R R AR
PREE TP R miRARRE.

[%)in3 [%) out3

3 FET QS MHOGF M ik it HRF NLA J5 525 5] 18],
QSy F1 QSy 435 M 4 BICF o 1) A | 1y) A BEAR () 3%
F QS % E ¥, PBS ik 43 345

Fig. 3. Schematic diagram of a single-photon polarization
qubit QS-NLA protocol™. QSy and QSy are ideal single-
photon quantum scissors with the auxiliary photons |1pg)
and |ly), respectively®, and PBS is the polarization beam

splitter.

213 AFQSWEALTFLES NLA 7 £

G 4] 2835 (single-photon entanglement
state, SPE) A EATE AN

|’(/}>SPE = (1/‘/5) (|0>A‘1>B + |1>A‘0>B) . (7)
SPE & Fi{F iy es, g 2T QT
AR Rkt 1. SR, ZESE BRI Y, 2
{538 Y PRI RS 1] BB T B0 AR A S AN AR it
e R RA N HAZ. HI, 4 SPE A #
fﬁﬁﬁgﬁﬁﬁ, RASHCHIRA: pP= 77|7//>SPE (] +
(1 —n) |00) (00|, Herfr n AAFTE ML RRCR, X AR
T AL R T A 1 — AR E LK. 2012 4F,
Zhang 55 M 41T —Fh i H NLA {-#" SPE %32
T HFERE M A RO %
WK 4 s, A NLA R AS R EE:

Pins = 1|1) 5 (¢] + (1 =) [00) (0],
Hor [9) g =|0)spg - TE A, B 75 A B L4 Bl ik &
— N HARROLT QS, R isfT A HILT QS.
AT 2R B8 A0 QS 7] s e B4 £5 1L 2 i 1o i
ATy GIBAT . AR A SRR M, | %
JE [9) o 1L NLA ZEEAVHL, B4 QS M %
LG NROYVA=ORSR THEA)

) = VEAL = 6)|¥) up- (8)

A IQsa
Pind «[ :|» Poutd
B Qs

B
Kl 4 T QS SPE-NLA J7 & JFUH P 14, QS, 1 QS A
AR EOE T QSE, Al E T AR 2 LA, B |
Fig. 4. Schematic diagram of the QS-SPE-NLA protocoll'.
QS, and QSp are ideal single-photon QSsl®!, which are loc-
ated on spatial modes A and B of the input state, respect-
ively.
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LGSR ELEE Fy KRR AE, BARA N

Poutd =

100} (00| . (10)

1—
Fy = B (Y] pout|¥) g = tj_(n_;)tn (11)
i Zsrh SPE MG E N
=2 ) (12)

n o t4+n—2n
MEy >, B gy > TEE, |0 gpe 7E 5 H 25 H ) HE A
BRIHOR, IESR ¢ < 1/2. %07 ZMIHEE K
Py=t(t+n—2tn), SHLF NLA JFEHL, &
T7 SRR TEAR, PRy S8 2 ik i D%
PRBE T i A P B2 (B 24 2 I

2.2 HMERHK DV-NLA FF

FHF QS 9 NLA 7 Lm0 DISEEU R, 15
BRI V= N ORE ) G o | S e 21 7 PO (E P 8 S
BN H IR A 1 55 g PO MTTREAIG. %
A BRSO EE AT 1B, IR EEE T 0.
R, A T PR AR R RE, 15 21 B 4 I BORBICR,
AR AR R AT ORER AT T BT, 4
T —e LA NLA 7.
2.2.1 BAEBEIE4EENG NLA 7%

2013 4%, Yang 5§ "7 42t —Feft s &8 1E 228
APRE S 6T QS M4 & 1 EAL NLA 4. ik
REEEMWE 5 PR, SEGHNT NLA FEML,
HahtFiad BS(t) Ja, S d FInAR
BOE SRR A, A5 2B 1040 Bh 2 475

)iy =1 ® S (=€) |[¥) g

=¢L¢mﬁemm+ﬁ§&gmmm (13)

1E A8 R i 45V E e 2 A0 it i T B AL FE T i
— Rl UL AR, TSR S (—¢) = e<(@+aT)/2 35
7N, € €10,1] A REL, ZERE R

5 EARERE R R BT NLA J7 48 R & 17,
S (=¢) 13 R BIE 38 JE 4 A

Fig. 5. Schematic diagram of a single-photon NLA protocol
with local orthogonal squeezing operation'. § (—¢) stands

for local orthogonal squeezing operation.
sinh (€) 5 (=€) [1) = a5 (=€) |0) ,

1 & /(2k)!
2 O(Qtanh(f)) o |2K) .

SO0 = s

(14)

A B T 25 2 2 A I

[Bhs = o [0) +5[1) , Hh 02467 = 1. S A

B 21 85— 4 A BBS, ATk = 0,

1 IF, 4T Bl 75 0 B 00 B8 1 2 (D,

Dy 511 FLAT— R ) 1AL, 5 — AR
TN BERE, o 3801 EHEL S

1
V) outs = ‘/%W (@]0) £g5811)).  (15)

W25 g5 BT AN g5 = /(1 —t)cosh (€)/t.
(15) AT LIARAL, YR SE ¢ = 0B, TR
KRR AE TGO T QS 7 R ORCR. 2
&, M > 0, W35 g5 > g0 RIL, ATRLGHE X
BT IN R SR I A8 PR R A, Pl A 1 R R 4 R
B O ARG 25, SCELEAT NLA. - H.,
HH T R 4 B A 0 A 2 B 24 28 A e AR, E A
BBS [T H i, B2 s g 175 BLyE i, g
TIAER Ny

o a?t B2(1—1t)
cosh &3 cosh¢&t 7
WA E) TR, 2024 4F ) Feng %5 27§ H0K 1% 5
Jri R IE A FE AR AR 45 A M HOGF NLA J5 297 e 3
A WALR R SPE H, 7EX SPE #E 47 i 20K
RAY[RIF, AT 58 e 0R BT 7EM AL B B2 1 Y i)
fHE.
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222 AFoEHE NLA 7 £

2013 4, —Fh 5L FRAR XU T 24 4 5 Bh 1) 5
N T AL T He AR NLA Jr 2ol i 06, 3205 = AE
AT BB, AT A B AR A AR R R
13 25k B RAE), 1 H ST RN S 2 4
i PO T i TS A 3 5

J T IS Gisin 42 1 AR AL T HURE NLA
Jrge W LA, % R A, J)

[¥)ine = @ [0) + (B [1n) + Bv [1v)) -

Iy A VLR A A

wa@=§;mmNm@memm» (16)
BT A BT ay Al ay AL R f1F 6 F
A LS A 2 I R4 R, PBS,,
T PBS, . 564 [ PR, 52 2840k T k.
AR A PPBS, 524 R AT A ROE, LI
AR A EKT R, TR

|1H>a1 - - T|1H>D1 + Vv 1- T2|1H>0ut7

T)in = 1) + VI — 72 |1h)py

1V)ar = — [1v)py- (17)

€ 6 HeT o 945 B A% fb it 7 MR NLA J7 52 J5 %] ),
PPBS,, PPBS, 1t 3 # 4 1 9% 43 3R #% (partial polarization
beam splitter, PPBS). Dy Al D, Ji b 1 (i 4 43 H7 K 1 5 15,
BRI — 1/4 3% B (quarter wave plate, QWP),
14> PBS 1 2 A~ SUAR B0 7 R0 45 4 A

Fig. 6. Schematic diagram of a polarized qubit NLA scheme

based on entanglement assistance ['. PPBS,;, PPBS, stand
for partially polarized beam splitter. D3 and D, are stand-
ard polarization analysis blocks*”, each consisting of a
quarter wave plate (QWP), a PBS, and two ideal single-

photon detectors.
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Fig. 7. Schematic diagram of a quantum nondestructive de-
tection (QND) gate using cross-Kerr nonlinear construction?).
Photons of spatial mode a;(ay) pass through the cross-Kerr
medium together with the reference light \oa)p . A single
photon in the spatial mode a; will shift the phase 6 ac-
quired by the coherent state |a),, while a single photon in

the spatial mode a, will shift the phase —6 it gains.

VBS .
1 BBS
S| @ C1 C3 1 »
oS
ay
BBS; »
ND v
Ping
(T§ND [ ]
by BBS,
D
——— OS
ds
d d:
S @ : 3 D
VBS, BBS,
v

P8 FASE TS [A] 4 4025 Y T PR NLA J7 58 J 3 1] 200,
Sy F Sy A PIA B TR, OS 6 2&, QND Jy i F AR
IR

Fig. 8. Schematic diagram of a cyclic NLA protocol for a
single-photon spatial-mode entangled statel2?). S; and S, are
two single-photon sources, OS is an optical switch, and
QND represents quantum non-demolition detection gate.
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Table 1.  Performance comparison of different NLA schemes for DV quantum systems.
g = HARA Wiisg RINHER P A,
PREG AT, (H AT R B3
i 8] _ 2 _ 2
HEFNLAB 1) a—t)/t ta? + (1 —-t)B 2 .
HOEFHAE SRR KT (H) AR B (V) B 42
TR 1) + [1v) (1—-t)/t t2a? +t(1 —t)(BE + B2)  SLiBFTQS, Wik I A AR
NLA 1118 A=A EES
HoralgEzs |1)]0) + (0)[1) 1-1) Ht+ 1 — 2t) 2 [0 2H 20 25 ) 5 2% i 42 I_JBT
NLAI NG t+n— 2 = QS, il idJF PR éqﬂ%ﬁw
2R
Ef%’?%ﬁ* " ) a2 BAl—t)  BIAEAEGHME, BRI
AR - : #2%
NLADT t cosh &3 cosh &4 I £
. %UﬁﬁXXﬁ'ﬁ%éHﬁi?&?ﬁib%ﬂh’ﬁ?% il
4 v 2 3
%Sggffﬁﬁj 1) + [1v) (?"’27_21) r2[laf?+g6(18ul +18vI%)]  REERSMER S HAE (PPBS) SHR
ar FERAIT 1, ISR B 25 A
[RIEHIEARDE T
priemiy e (D00 ot 4 5 —hts - UL T 2R Tl
fYNLA (19 V2 n(ata+B2t1)+t1ts — 2nt1ts
A DI0)+0)L) e . v TS SR A T FARF AR5
NLA® B PR A FARIMRREN s e e S AU,

XS A P Bh S Bk B8 . AR BAR S A E
T UASERER BN (M 25 5 AL R B AL ) T TR
AT T ok RS, JEFERI L T DV-NLA 21k
VES

3 CVEFZLPTWNLA F £

QS HYHRIN 5 BT me BB, A N 2% i B AR A i

0 5 A NEL BBS ARG 2 [ — PR A S
AR NE1 AR AR R ER I 2R A ) )
T, ZOKR T B ). 2 N BB, 2
N > glo| B, f5580)5HAN

[6)ous = £V /26~ (179971012 |go0y - (28)

3.1 HEFQSH CV-NLA = Hisg =T —0)/t, Ht<1/20F, g9 >1,
311 54 1-QS A8 CVNLA 5 % J8 0 S BRHE TS B, IR Py = ¢V x
A T 1- \ - ES

2009 4F, Ralph #l Lund® &£ H T X T QS #Y
PR TG MR R 2R MR O AR RO AR T R A
Fock 2 16 BB — B[R] s 38 2 3 fin 50l

T RO BT A Hh S TR SR
AR AN[E], XA T (M TSRS, ik
KA AT LIAE R —A AR NLA R As. (H2 4
TBIRMEE K, % NLA R IFASRE LI HAE Y
K. R, Ralph Al Lund® 5 Xiang 45 00§ Hi 4
A2 QS W5 SRR IRIF R A T35

wE 9 R, iﬁ/@&ﬁ

il S —1> N BBS @ﬁﬂhﬁﬂmﬂj’ﬂﬂﬁﬂﬁ\
o :a/\r(a < 1), e, BB LR
T3 o) M i A S — A AR R O T QS,
R AT 2 L T AR IR RO R YRR 245

|¢>in9

e (1=97)10 Bt N R I T U/ X
SEAT AR AR A B MR

xR, 3

(1) ing —>] QS — %) outo
l0) ) Qs | D X
) — = Qs : —Po
0) — : Qs | ; —— (0|
10) —| Qs | I (O]

B9 HTFEZAHETR T (1-QS) 471 NLA J5 %

7~ B 55—~ BBS 41 (N-splitter) 1 34 5] #b s i A ZS
SYE] N &R, 24 BBS BRI T8 N A& B
MG — AR5 L. HITA QS 44 2 M ny R
A N LAY N1 A o A R E D T, 7 2R R
Fig. 9. Schematic diagram of multiple 1-QS parallel NLA
schemesl®. The N-splitter is an array of BBSs, which can
split the input state into N spatial paths. The second N-
splitter is used to couple the beams from N output spatial
paths. If all the QSs obtain the successful detector re-
sponses and no photons is detected at the other output
ports, the protocol is successful.
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Fig. 10. Schematic diagram of NLA protocol based on gen-
eralized three-order quantum scissors (3-QS)?. The NLA
protocol depends on the four-port joint photon measure-
ment. When three of the four ports each have a single
photon and the last port does not have photon, the NLA
protocol is successful. w/2 phase shift should be present on

the photon in one of the paths.
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Fig. 11. Schematic diagram of the generalized seven-photon
QS-NLA protocol®). The NLA protocol depends on the sev-
en-photon auxiliary state and the eight-port single-photon
measurement module. When seven of the eight ports each
detect a single photon and the other port does not, the
NLA protocol is successful.
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Fig. 12. Schematic diagram of NLA scheme based on n-photon QS P2: (a) |n) bunched photons are used as auxiliary state (BP

protocol); (b) n single photons ®” |1) are used as auxiliary state (SP protocol).
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Table 2. Performance comparison of different NLA schemes for CV quantum systems.

NLAFTERR  Hisd Hitig

IR P L

EA-QSIHTY FHITE A0/t

PRI 3, 1
] Focks  /{/(1— 1) S(gQH

N EL R

"%%ifﬁm Fock®s  /i/(1 — 1)

e FImEER  [0) + 1) —
) TR AL 2

BB |00) — y|11) 1/t

tNe—(1—g%)|al?
3 2 2 2 2 3 2
) (eol?+lger?+lg%eal* +lg%eal*)

P = (n+1)P
P = (n41)"P/(n+1)!

t2 + 727_2

FORFIMIFA, BIIERREE / REEN
AR T T AL
AT AFock 34T (25 — 1) kit
WKk, Hps =1, 2, 3%

AT PASHAE 1Y nlh Fock 2504 7 AR AR,
BRI, ATARYE RN BOR 2
NGO Ty RiS) Y R
FEPRELRE | 10 25 R )3
G 28 LA PR
R IR I R G T ek, AT
AR, STBT BORS R R
AT R OE 1 98TT3E F TE R m E R AR
HP 55 XU 240 25 1) 1 25 0 A5 T

190302-12


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

Y] 32 2 3R Acta Phys. Sin. Vol. 74, No. 19 (2025) 190302

7S QS TR AR, SEBL T X Fock aSAE R
BWTFIBOR. B 7T QS W E LISk, e s
LT B H AT IME Sk, LIS R
AR P S BRSS9 AH TS ROR, HICH T RasE
Py BT A 05 SR e e S 2 I MR A
BRI s B AT Z60E T T R Fe (Rl P Y
A MSIRE SR, 1 TR FERR . 14Ty
FAEH R IR ISR ¥ B IS, 3t
[FlHfESN T CV-NLA £oAR R A JE, Dyt 118 5 Ak
WIS T 2R T R

4 QS-NLA 77 % #y 5£56 52 30

BR T BE I REAL, BEE TR T EOR IR,
NLA #5250 SE i O 78R . BT QS
TR A 38 128 D' 7 BT S B 458 B H b 1
SHTCME R MO, HBORHT S PR B 7 AH T
A, TR R PP A S ROR. NLA (195250
SRR TR BE B TERIA R T IOR, R
RAESE TG TP AT T R I F . T AR
T QS-NLA T RERYJ LA BT &.

2010 4F, Xiang 75 00 2 i oo 2 v 22 oo
5T EES G R 77 ok 928 2009 4 Ralph Al
Lund® $#2H TS0 NLA 7%, JFk7 T 9258
YU, s e R 13 PR, B eRH SPDC
PR A KPR B BT (| Lnln) ), 1A AZS AN
BT, MU A (half wave plate, HWP)
PBS SCHUAT A/ AR B DIRE. J@ALIH S HWP £
FERIAE M SEL, M6 D, il Dy 5k Dy RO F5
A I AT A HEFNORIRAE. SR FROCIA S
HWP B B, B OR R % RS 5 3% 6 ik T
TR, WATHAL ¢ Il T ARS8 2k ol
FRERPERCR, 28T DLEE VNI 15 #5 R  lR
PERCR, 2800 UL 23 AR, M e (i 25 AT, AT
B TG R L S AR A R R 20K 2
S Ee 45 0 5 FRAS R AT LA, e Se = rh
SEEL TR ASHY NLA, KRR & -5 15 A2 2
ZRIBAR AL T A EORIIE.

[A]4F, Ferreyrol &5 16 JH T PR BRI 2 1)
T3 — S8 = Al SPDC YA A1 DG4,
— AT RRBOL T, S — T TRl OT %
I ETESL. i AMG S Gl A EE R IR A
A, FE A B A (5 2 22 A 0 A e KA

SREE RT3 7] SR S AN TRIIR I AT 2 1 a1 25 Y
Wigner #ERER A ISR, Bl HM = .

g

—D D-
—— (5
HWP PBS I
| | |
[1m) —. Dy
| /
(! o ) ‘II'
I T)
[1m)

P13 AHT A0 NLA J7 58 09 59036 50 9 00, 5% AR £k 4 4,
R A PBS 92 LA AIE 43 R g%, TR QWP S B AH
o WL TR A ROE T, A SR B LT A
AR AN

Fig. 13. Experimental implementation of an NLA protocol
of coherent states!'”. In polarization mode, the half-wave
plate and PBS are used to achieve a tunable beam splitter,
and the inclined quarter-wave plate is a phase shifter. The
auxiliary particle is a single photon, while the input state is
the mixed state produced by a single photon.
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SPECIAL TOPIC—Quantum information processing
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Quantum non-deterministic noiseless linear amplification
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Abstract

Quantum communication can realize secure information transmission based on the fundamental principles
of quantum mechanics. Photon is a crucial information carrier in quantum communication. The photonic
quantum communication protocols require the transmission of photons or photonic entanglement between
communicating parties. However, in this process, photon transmission loss inevitably occurs due to
environmental noise. Photon transmission loss significantly reduces the efficiency of quantum communication
and even threatens its security, so that it becomes a major obstacle for practical long-distance quantum
communication. Quantum noiseless linear amplification (NLA) is a promising method for mitigating photon
transmission loss. Through local operations and post-selection, NLA can effectively increase the fidelity of the
target state or the average photon number in the output state while perfectly preserving the encoded
information of the target state. As a result, employing NLA technology can effectively overcome photon
transmission loss and extend the secure communication distance.

In this paper, the existing NLA protocols are categorized into two types, i.e. the NLA protocols in DV
quantum systems and CV quantum systems. A detailed introduction is given to the quantum scissor (QS)-based
NLA protocols for single photons, single-photon polarization qubits, and single-photon spatial entanglement in
the DV quantum systems. The QS-based NLA can effectively increase the fidelity of the target states while
perfectly preserving its encodings. In recent years, researchers have made efforts to study various improvements
to the QS-based NLA protocols. In the CV quantum systems, researchers have adopted parallel multiple QS
structure and generalized QS to increase the average photon numbers of the Fock states, coherent states and
two-mode squeezed vacuum states. In addition to theoretical advancements, significant progress has also been
made in the experimental implementations of NLA. The representative experimental demonstrations of QS-
based NLA protocols are summarized.

Finally, the future development directions for NLA to facilitate its practical applications are presented.

This review can provide theoretical support for practically developing NLA in the future.

Keywords: quantum communication, quantum noise-free linear amplification, continuous variables, discrete

variables
PACS: 03.67.Pp, 03.67.Hk, 03.65.Ud DOI: 10.7498 /aps.74.20250865
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PACS: 03.67.Pp, 03.67.Hk, 03.65.Ud DOI: 10.7498/aps.74.20250920
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TE, IZ SO B R KA A, I HARCR .
Zawadzkil®! 78 2019 4F45 H Hong %511 QIA BMMAF
TR, TERNZ PR T e, 80 A R
BSIARSTEEH, HTRmENIA SRR, 5
SRAE 2021 4 Gonzélez-Guillén 2570 $81H Zawadzki
PPN 5 32 BB A 25 [ g ik, IF et e 5
X -t 1R A A IE BB B SR W, o S5
55 1iF 2 BH 2 (] JLAn] 45 98030 0. A7 B8R A2, Calsi il
Kohll™ 7& 2024 4 F£ 45 ) Hong 25 (9 QIA Ppil
BN, 2T T5 RS A i A
FEMEEREA, TN T — > REAA R ) LY 7
Sy G fR L. X AR B PR, M H IR, I
T TC I T IR A e ML, XA 2 i 0 o R A
fidh 2 Uk, AT A HE S QIA KRR —
A HLFIE]F. 2023 4F Rao 1 Jayaraman!™ #2111
— R B T A AR BT QIA PR, (i
LT 5 2 MUFTE 58 BOBURITAGIE, it 2 ALK
A S AR S bR 2 o T e = % A it U
XU

fijiR Rao Fll Jayaraman(™ [ QIA M3 anF.

FHE1 I LR1L. Alice F1 Bob il St =
nAL ] K = {k1, ko, , k), Alice FEALE
WAL E  FIFEES r (1<d, r<n), INIEHAKE m =
10%x n. Alice i@t Z #FIE W] Bob A% (i, ), Bob
BEALA: BOAE R 8 B = {Br1, Bra, -+, Bien} s W
MEWSFIN Dyg, Dy

B2 Bob & Tl fHHrE. Bob T HiILR
EHNSAERIER: o=k, © Kivr, Yo = ki_,®
ki, 2=k ® ki, (t<m). % 1,= 0, Bob BETE
iR 0) B (1) 5 47 o= 1, WIgwS R |+) 5 |—) . 43
BIHIZER g, M 2, Gt A Dy M1 Dy K551
QBkt’ QDAkt i QDBMﬁﬁ%?{gﬁjiﬁiéﬁ Alice.
Alice il FHARFIFLNAERL 2, 3y, 2, IF5NNE QB
QDypiy @Dppyy MRIATHE By, Dy Dt -

HB3 FEWERIE. Alice AfiiAwA, #id
ZMUEE K% D) % Bob. HW# D) 5 Bob K54
Dy g, BHEERFERT QBER, &ML, I 4kLE.

BB 4 Alice I THIGHBL. Alice BEHLAE A
WIEB B A = {Apy, Apos -+ Apy }, SIS UL
%K Dpyy, ® By, , HWHEIERFT Ay R QAy, Kik

25 Bob. Bob FHIM[FIFEK Dy © By M QA,,, IF:
FEff AL, .

FE5  ZLMEHEGAIE. Alice M Ay, Bob
N By, X RE Ak =AY H Bk =Bl .
FrVCEL, SO IAUE R, 5174 4l #7 ANDLRL,
2SR E =D

LA BSCRT AR s, D SOR 06T Ak
PR VAT gRAD AN R, SR VA S PE S ROR, (HAFAE
A PR
2.1.2 A T=F 21245 QIA i

IS QIA PR FH & 2] 24 A% 0 B R
it 2 g (AndE SR UG YE L N AT A FIE) Sk
PRI A, HRR U Rk B A P 2R
A, W R RE; S TR R m e
KIEB a2 07 SNk st

Zeng Fl Zhang™ 7£ 2000 4F#& 1 T —Fp L T
DURZSHY QIA Bl M & 7B h a4
B AR5 50 00 K — A, B Al 2
Hii#Y Einstein-Podolsky-Rosen(EPR)QKD PHi 5
B, B A TE AT R 30 5 % PR A P S R4 3
BRI 2SI i FAAAEROR , (BB R R 2
fEEO R QIA PRMEEE THERT. 2006 4F, Lee £
e TAIHEE =77 Trent 4% Greenberger-Horne-
Zeilinger(GHZ) &, #0147 P Sy U IERY QIA P
W, UK ESTH G mEE G, KikJr Alice
o A4 W7 Bob i S e s % 8, AT LA 42 )
Bob Ak b S, HICH Alice 5 Bob W] %
WEIE, G T2 MR, Al E, 7
2007 4 Zhang %5 ™ AN Lee EMUER Trent 5¢
LA HA S OB A5 15 2., (B PR Trent 2R HUH
SRE ). Trent A3 8 422 -0 5 - 5 A Yo #
i ORI 0 BT O S, PRI ER A TR 2 4
TR0 AT D D DR S i) LU AR R 4 X B ey
WA Z485AE (R BI%E ), IR BN 52 e 153
FERIEE AR, AR UM RE, (A S s
AYAAADE, 8175 Trent JC 238 o 7 S B4R I )5 G
fFE.

2014 4, Chang %5 [P & H} T —Fh &L T Tk
PSR — IR 1) 2 5 4 H ik
fFUMSL, 57558 B2 AR 42 ] 5 o A B A%
Prh, 6T 1, 2 TR B4, StF 3, 5 bkl
J7 Bob fift5#, ST 4 /AR AF Charlie BYELFRAR
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WA SIS TRAE (1/U) HEDET 4 BRRE (K
#i Bob B h), B frda il 28 JC b 7 BRI S

2020 4, Zhang 55 T2 T —Fp 5L F DR S
ML gL QIA DM, B EEMI L s 17
FEM SR = (G A 5 B AR SR B 5] A3 5
5 =77 Charlie f 3¢ #il % DURZE | 70 &R F I 50 1E
S5 (RTCERBUH P 8. KT 5t
WHSER W EEB A FM% =77, Charlie A5 5
AR OCERE, BRI G BUR SR AT ek, X
FEXC AR BT P RN A, SORE 5.
2023 4F, Dutta I Pathakl™ 48 7 —Fp b &2 45
I E S Bell SREHAN QIA PR, 7EBTA
RO AR RerE B30T gl H
R ORI T AURATENLH] | 28 =7 2 ek F
(R, LSRG AR 4% B o B8 5 1 A3 REOR A
(i) s TT AR 22 P i o

fij iR Zeng A1 Zhangh i) QIA #MYAIF.

HB WIIREY B GE A o gy
B K). Alice F1 Bob [ Al {F 1% & .0 (TIC) b
ByFRIR ID, 1 IDg, TIC 435145 Alice 1 Bob %
SEHEFAFEIE. TIC Hl& W54 EPR X, Al 3R

|¢HC> = \/g(|Ta*LC> - |\LaTc>) )

1) = /3 (1) = ).
WIS

|Pac) = \/E(I/a\a —Na )

|Ppe) = \/g(lfb\d — N )) -

Ho ), [ &S BARTER, |, N\ &S, 1Y
AMEZR. TIC BEKiT a2y Alice, ki T b 45 Bob,
H O R B KT c. Alice 11 Bob it 57 AL 1 £ 10 1
B (S, 8 S, ) M4 AR S, B F4bF
A, 1, L), N Z—. TIC Xt b 41k
TR ATEm R, 450 s = 1, WEST; H45H s =0,
WL, BHHRF-4b T 237, Alice 1 Bob AY45H
WABRAAIL. Alice Fll Bob 23 A7 Il 4 3k | {HAS N 7 4%
S A AR RIS, DS 25 R s, e B T L
R A AR, W E 5525 R, R it
B K. Zad B TIC TR Ky, ORI
s = 0 ANite{E B

FB2 WU B (B IUE+H 5 K).

W B K FE A5 oA 3 P 51 My, FTZE %5 0
Xif o7 LA 3, A 1 R R 3 Bl Rk (i
K, = 001101, Mg = © 0 @ @ 0 ). Alice fil% EPR
YR PUADURZSZ —, 4 ([a) = /172 (ITads) —
[ To))), PREBRLT a, ZIERLF b 45 Bob. Alice Fifi
HLEFEHELER T a, W] Bob Fi 1 b HMPIRZS & 4R 15
4. Bob XKL b PEAT AR B B 0 40 TF
M (B K B 14 [ 2 %) FH B0 40 & JE M(F L
V¥t FHTH UHT 5 4H). Bob BF My JE B 445
Fm ML ERS N KNSR, RE%EL g4
Alice. Alice H K, fit %%, tbxt H Bl 455 2t
Fic, ] Bob B3 ELSZ. Alice WAl B 45 5 m'K %4
Bob B, #7 m' = m, W Alice &y HL. FH5
TEIE 5, RO R A0k (M R 25 53 $itT
FaifE EPR DM, AE BB %80 K. & 50 IH L2255 4
Ky, WHT A K P08 o L ReE o R ik A2 9%
H K,.

2.1.3 A TELZT 6 QIA thil

25 QIA BMSUFI A CV BEF28 (AR5 45 M
T2) MG R sk 2 28 RR 0 S B IE. LR
FOEFADE R % 2 280 (AL L JRIE) Snfd (s
B, TERLIE B3 M rh AR T R R s . )
BF, PR PR SE 00 5 2 B AR (O Bt 48
W, (AT B B SI B AR 3E T4 s s ™
26 b B R A R AR A S 2 MO R RS RL A 1
TRA T M.

2016 4F, Ma % ™ | 0K CV i F85IA &
PYIAUEHESE, $2H T —FPEET CV 1 QIA BMY. %
PSR FHRURE = 45 25 S5 A0 TS8R - S0 1 3
BYUE S BT R, AR, e A I
W, CV QKD B b H B i 5 QKD Wil =
B 0-s1 BRI e, XM, BLAs CV QIA 1 CV
QKD A B LI @ AUL N EH 5 k. 2024 4,
Chen 45 B T —Ff 3L+ OV RE A WA QIA
DML, RSB 4 e 3 B 2] i e S B A P
] A AR B By e R | ABIRASIT I S5 S5 F
(RAEMYEE ), PSS REGE HRAR = 307 v e e s
A S A ARSI G W B AEAE, R i 3E {5 I 4 T
By IAIEFR AL T 2 vk B g e UL LB
Ma %5 8] S T 2 DL /R 2SI 5 B4R, S0
A 7 B A, TS 3 R RO 40 25 1Y) L 3 A%
S AR AR
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fAT IR Ma 45 I8 1) QIA PMSLANT.

Alice il Bob e L= EHIANIESEH] K,. Alice
X PN i LA 2 (0) W R OBURE R 4 55T, AR A
ANOZER 6y Fl o, FEBF o K 3% 45 Bob. Alice ¥ —
VIR B K, Fet AL k,, JTFREDLIEH
P HEH Ly, A 2, Alice 43 51)%) EH25 25 0 H A7
MET D (ag) I D (asp) , DRAFPAI3HNFE ag BN
asp BTN G 43 3 FH 1% 1 S8 AN B 1 DI
Alice BRRBENLERE a3 3K asp 5 ay HEATICE DRSS
W&, 155 X, f P, I H 2 FF 45 Bob. Bob Xf
as P54 D(u = V2(X, +iP,)) , FEPLEEREIE
(X B P) M, HEFH € Alice 2 TF175 5 A (1 I
[ X [6], Bob M & HP B BZS O A5 X6 2 285 51 &5y,
AN & (FHTBHE ). Bob ¥ k4] 1k % 4]
K, 56 Pt k! | 718 2, = &p — ok, IFATT
W E AR EE H = ([20 — Aza]”) i BEATHIWT: 25
H =0, W Bob &3 &k, IHiWr; 47 H > 0, fA1E
Eve 5§ Bob ki, ilf5H 1. B KHEEN S, Alice
F1 Bob M & $EBUBIEA (5 y, AHXK).

2.1.4 A TRAAETEZ6 QIA HhiX

HETIRA AR QIA LS & ZFiE 7%
IR (AN T+ 2128 B 1 52 BT (Ans Ay
PR A, A& Y BRI & ol
2 MR AP G DR DL B . AR R P B U
RO G A, AR B — BT IR O SR,
P B 15 2R MR E Y [) 254, T BES |
NoB Bt 2 QIA BMSGE I 5 I 52 PR Y & -
SR RIS (WSt 5 R M EaA A
RS BRI TRt P A I o B .

2009 4F, Liu 55 B3 4@ 7 —Ff ek (9 1 2 1
Bige e ik =1 (deterministic secure quantum com-
munication, DSQC) MY, 456 W& RS S
BT B UG, A%CBIHTE TR R 2
A2 PR E, K RS R e A R T 3 2 LU,

BFEMA T 2M(EE E’J%iﬁ??&%'ﬁmi}(%%@
2020 4F-, Zhu 45 B 3l 5 Bila S 0y AR 5 B P

(quantum key agreement, QKA), $& i T —®JC
T NI AL QIA-QKA PR3 i MR G T
i+ B A, TR T LM S, 1%
SEEMH QIA 5 QKA 438, SEFIRITAR. b
K BRIt S sh AR S H0E LS, AR 2 6
5, EAEAR. MR R T  S | SE A G

B A SE, I R L et (hASEHE),
TEZEA Tk RS FYE I TAR S UL, S 4h,
2006 47 Wang 55 ™ & IR G GHZ &+ 405 Ay
PRET B P LR 2014 4F Yuan 45 86 2 R 4 Bk

FR+EEHEAR (FFENAEH) P i
SRR A RPN

fAT AR Liu 5 B3 g Ppslun .

HE 1 Alice fll Bob Bt E—AKEN d
B kR R T2 SK, &Y BB G A K E
A kWY RES EK, TR EK W REREALE (0 F1 1
HEHERA N 1/2).

$ 2 ¥ EKY5 N Alice 1y % 4] EK,
1 Bob B3 %41 EKp. t—44 50 AT HIE B
EKy FCFRE T 9045 B EKyo; EKp R34 H).
24 Alice [1] Bob &4 8K}, i EK, AIE Alice
5.

FIE 3 Alice Hl 45 NAVURL T HIFEZL, BEHL
FRAEZ—

1
[¢) = 5(10000) +[0011) + [1100) — [1111))

arazbibz?

1
) = 5 (I1001) +[1010) +[0101) — [0110))

B 77 3 6 4 4 P8 P o= {Pi(ay, ay), Pi(b1, by),
Py(ay, ay), Py(by, by), -+, Px(ay, ap), Pn(by, o) }.

FE4 Alice XA PSRBT by HHNTEY
BAE 1 0, i, o, ARSI R 8 Fhnl GEZS
>

a1azb1ba”

1
— +
|501> = 72 (i00>a1a2i<‘0 >b1b (1102 bibz)
1
20 = 75 (100710, 10000, [67),0,)
1 +
|SO2> = 72 (i00>a1a2i¢ >b1b2 aiaz b1b2)
/ 1 _
lh) = 72 (i01>a1a2i§0 >b1b + [10) a1a2 bib2)

|503> = - ﬁ <|00>a1a2iw_>blb2 + |11>a1a2iw+>b1b2)
|50g3> (i01>a1a2i@+>b1b2 + |1O>a1a2iw7>b152) ’

lpa) =

e

(\oow\ Tss 1MW v ,)

|SD£1> - = ﬁ <|01>a1a2|w+>b1b2+|10>aiaz|w7>b1b2> ’
HIS WKL I PR T 0y i 0y TR
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FP5l) Py = {Pi(ay, ap), Py(ay, ay), -, Pn(ay, ap)},
Pl A RLTF by by T T F Py = {Pi(by, by),
Py(by, by), -+, Py(by, by)}-

$B 6 Alice RIE EK,, 46T )51
S, FEHEHLIE A TS Py, EZiLIRAFH14; Bob.

HBT7  Alice A SHETHE Py H N &,
Bob ¥ EKy, BEFE Z 3ol X & S LT,
FEH MR LIRS BKy, XFH, TR R, 25 45R
RN A, WA EEAE; RIS T T 2.

SR8 Alice X Py TR T oy F ay 3
17 Z 3 &, Bob Xf Py HIREEAKL T by F1 by
FrDURFEN &, Alice 2N FFIFRZE 5, Bob #R¥E 1%L,
TR 2RI R 2 R, A R AL .

U, AT T AR & F R IR QIA Pl
AIDE AR BRI T T RS R0 L. X BRI
FESEI A T T, HOE TP (40 Hong201715%)
PR e AR B B v, O S AL, i 22 it P
(I Chen202482) FESGEF 38 15 vh B8 B3 (B i
PG TE L. FE% kT, MY
R TR R e (AR A Z IR TR
BFE (AN IR ANRI(R), 75 % IR A TJC R (device-
independent) f YIS FHPE. FROGTPRLTR PG
FHO B Yh (PNS Wily), B 5 wmASH AR
FEAK, TRA RIS RE RN BRI R i, 3
B IR AR 5 bk LA R QIA 54 MultiE
15 TR BE il B 2 EE BT 7 ).

2.2 RFPEFHiIHE

HHE QIA PRisCH (s FH ) i DI SORIE {7 2 A,
B R ER QIA PSR FEF QKD HE
2y QIA PMY . KT QSDC HEZR K QIA P, %
T QT HEZ A QIA Pl . FT QSS HEZLH) QIA

PRLDL T R BUE R B QLA PRl
2.2.1 A F QKD 4 QIA #raX

FT QKD HEZE R QIA WK B AT i
PR o Ak B8, B R85 007 B A k.
TE QKD A B R R, 38 i - A R ul it
ERPIE Sy, R DRSS A& (40 EPR %) B¢
BSGTFSmtSEEOR, B AT A B A = 5 Al AL
P4 B S E. 22 FH T 38 05 2 W ih S 45
A (Wi 1 ALEAR) MR 2 kK 2% A
R

T QKD HELE 1 QIA B & KTz,
2000 4F, Zeng il Zhang™ £ H i) QIA WrIsLHE &
BT QKD HEZE. [F]4FE, Ljunggren 55 PO il ik 5] A
5 =T WM Trent fE R PERAE, $EH1 T —Fh3
THAE) QIA PR M5 A =J7 )5, WRES
AR, BAEIZ RSO R S = O R S Y.
VAN Sy i AR A NI I RS R P
B, 2001 4, Curty I Santosl™ 2 T —FpIE T &
F IR A 2 BAAIEPMYL (CS01 MM, 1M
B AT T R (g s iy B
Bi) MERVIEEEHH, RIA] 28 4 B0k — 1 ] 28 B0
S TERENER Kk E By, BB TS5 %
X BB AR, $2 T 1 BEIRACR. il R E
B L IEEAE, 28001 8 g it o B T4, 456 29
TOURAE BOAIERRZS, SCHL T s YRR e (AT
TERETE) X BUAE B IR, S T AR GG A R
5o Ek W SR FR . A BT 28 0 RO E RS
(MACQ) 75 2 /D LR % S PR 28 1, DM
g IR T RISE IR R 4, MRS IR AR
(An &) B AUERG SRER AL T Bl e i

iR Curty A1 Santos®7 [HMLANT .

F 1 MR QIA PHY

Table 1.  QIA scheme based on quantum resources classification.
BTFEEH RO 34 JraRE (5 MARE /M 7 2
wpey DS VR, 5, T T I TR s e,
ML S QKD ARIEAHE S B RS HORIMR 2 BRI %
4y 8 (PNS) Yy
R e ST R BE - e
s o et it e e RBEE e w2 e
SIS prieAI S -5 SIS UP S 3 U | R AL FIREHT TN S0, FLELIE R b
PSS MR
ey SBURSIS . WRRRECRE, A TR, kol B, DRI SRS RO
P HIT2S Sl A, AR R, SRRt SRR, Eh i g e
A+ RIGHER, TR TRV W IE, PHY N - s
N N — ’ — LA L R S L ) 9. B K SEERYNS RS
L VI R T S S e Rt e
ZGEE: WA, T A Ze 52 MR /
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S wRfk. Alice Fll Bob HSEHE—APiE
T IR RS S ) ap= 1/v2 (101) sg—10) zp) 5
Alice FFA R T A, Bob £ KT B. X /ATF AL IE
PAE U, BT W ER— VYA KA FE 25 ]
FLEIESSHE {|00) s 1) s lp2)  les) ), [eo) s 1) 23]
X 2 BUE R O A 1, ELI R IEZEME (wilej) = dij
lp2) , [oa) MHHBOZS, FHT A5 A

HE2  IESEid . Alice XEWE ie {0,
LYIE, 8 B |@i) € e (BN |po) = [00), |¢1) =
[11)), XL BPIRT A FITH S ASIT L IE#RAE:
Exe = 0) (O Lc + 1) (1], U: . % A KT |0), $0AT
TEAFHRAE, 5 A LT (1), BT UL $84E. Alice Ki%
St BT S S 4 Bob. IR BB B HTRIT A.

HB3 WIEMS . Bob B ENE EE
Ja, XL AR B A B S AT R R A
Dg.=10) (0l © UL+1) (15 ® I . # BALTF 1), K
FHESERRAE; 25 B AT |0) , PUATARES UL $2:4F. Bob
TEIH B 25 [ B R IEZE B, {|or) |k =0,1,2,3} #E4T
P . 5 AT o) WIHEZTH B 0, 2 DG
1) W HEZ 35 B R 1, BRIAGE @ i #7045 |pq) B
ls) MIFEZEIE B, BIAIER K.
2.2.2 % F QSDCEZRH QIA #HiX

QSDC W] LA #2380 1 1 157 1B AL A % 5 8
MICHT %80, @t XA =, A uERH Pl DR
QSDC H 4 AT B A5 &%k 5 e & . 6T
QSDC HEAR 1Y QIA MM AIH & F A FE R R B,
FHOLZEL, B SO MRS B B A & A i
SRS T DRSS | Sh S E W%
FR, B G 1A AR G T, SC 2 4l (5 HIAIE
—Rfk. Z TR L el s (N4 R
Bt) FNGEURAZ B A% - Pk 1 A DAIE.

2010 4, Liu % B8 2 T —Fp 2 S et 1
5 IURZR QSDC Bt Wi, 38 4t 328 B 4 Nk
PLEI AL T AL GEUMS A SIS 2 5 e 4 k. A
T CHZ 2588256 F 248 i EA DML, 1B
FIFAR AL B il A 5001 2 1, A IE i AR
G2 1L5 QSDCHESL P, i {4 s AS FE AR 25 30%.
2015 4, Chang & B $2i1F T —Fhek it # QSDC
W, 38 T HOEF N LIS SRR 5 S A& B A
UE. IZ ISR O BHNTE T8 B R AT
PRIER R, JFHF 2 M2 0 (XOR) % 15
YLt sy, WL TR U 2] g BEIRAR

15 1% F R ) L AR RO 2 S 1 QSDC
MY (B Wang %5 8512006 4F 16 38075 P KOG T 1%
), ZPMSGE T BRI E AE f oE BURAE {5 TE R
RIETHL 40%. BLAR, B SRR A
A TR, SR SBRAR AL 30%.

2020 4%, QSDC #iJ& T #7 (W 13 5%, Zhou
S5 01 i H T — i R 1% 0 R 1 % TG SR 1Y QSDC
(MDI-QSDC) ¥M¥, B7effduftst QSDC Hrpil
PEAIIAT | & B2 A TRIR . 5d 5 AR B RS =07
(Charlie) $4/7 Bell Z5ill i (Bell state measurement,
BSM), i PMSCAAIH B T 00 v v e ) ok XU
W38 15 B B HE T 24458 QSDC WIFIRE (1 an A
100 km ¥ & £ 200 km). FifiJ5 7€ 2022 4F | Das #ll
Paull® 48 T — P 45 & 1 P & 4y IAGIE R MDI-
QSDC WM, T4 2 &b F e e i 1
WAES L, TR PR T3 0 & et
W B UK A S MDI H RS54, M s
HZeWEFlEHELR. 2024 4, LiZE 02 420 T
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Table 2.  QIA schemes based on quantum framework classification.
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Fig. 1. Schematic diagram of multi-party quantum identity

authentication.
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Fig. 2. Schematic diagram of the three-partite QIA protocol.
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Fig. 3. Schematic diagram of a three-party quantum secure communication scheme with identity authentication function.
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T80 R RN, 2 R I A i, 2%
1R3EAF; 7 & EREE o, W T —2.

HIE 6 Boby MR H O Ay B s e 5 I 2 3
X AT A I A TR A 25 2R Alice ARG AT
SRS H RS U, T B IALE.

HB7 L BMIGEER, Bob, 7E5 B AEHIE
T3 8] A B gwhn, R A R SRR 1) %4
Kre T, RT3 S5 .

HIB 8 Bob, ¥IF51 S5 K4 Alice, A F
5 54, 1P 2R DE T L AT, Alice B2
Wt A T-HEF T4 5622 A PRI,

B9 FU MR, Alice ¥ AME
BUERIET R R @ i BT UL, T35 50
51 S, thd I 135 A T 0 e T A5 T H e,
FH I f# A Bob) Fl Bobl, HI4aAs{E &

BT A By UTER ST T HELRAM. Alico
KR4I Bob, 1 Boby (0565l 4 — R 91 LERAL F
I SR 0 B T S AR T, L 4 4
AR 24 Bob, 1 S5 Bob,y i B 365 K “07
i, Alice FiLFF 1 £ 3 (235) 146 |H) o |V) 2519
T ¥ Bob, M9EHATSEE Bob, K92 17t
Alice FIFIXHEE (X 35) 14 | +) = \% (1H) + V)
S -) = —= (1) = V) 0T 3 Bob, 177 4
B TERRLIF: Alice 275 1T Bob, 192 {AAGE
ST IR B, Bob) M T 474 22 LI %4 7
T, R ) 1 G P B S L (AL

210302-12


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

#) 32 2 3R Acta Phys. Sin. Vol. 74, No. 21 (2025) 210302

P P AT I RN R 45 SR Bob 07 KLU 4
F: 24 Bob), 1 G 1345 K “0” i, Bob A1 F L1 3
(Z %) i B AIES F IR AR EE R 24 Bob 1)
5 R 170, Bob’ FFHXF A AL (X 3 I & &
PRINIEYG T I A A EE . Alice HRHE /S P45 5541
BRI A, AR E5 RS Alice il #5101 4R
B—5, WA N Bob; Y B 173 IE #2450 i 4%
5 Alice Hil 5 FIRHREAR—EL, WA K Bob) # & 45y
TR,

KREBOLT AR QIA WML T E & 14k
o UL EPIA P R . ARk, BT AR
T MU T I 35 R S0 i J 0103 ol hn, 2017 45,
W5 N A HRIE T —Fp 3L A W R4 ST
PRI R A 10 R PR B AOR G T B A7 fif e 101, 2021
AF Liu %5 002 szl 1w i 1 A7 6 o 22 8] 1) 7
IRNOGEAY K. 2022 A, R FH B SRR I E Y [ e
W A AR BTN, %A R B T2
SR Tk A R R R R 3] 91.9%4-2.4% 109,
ISR MR R, T AR T BEZEAS A
AT LASEER.

3.3 WAMHIMEIFTIES MBS

DL _E BSOS AR IR 42 ) fop 58,
FEPMSOE T AR RE AR TBUA  EHA —E M
BH R

1) 3T GHZ &1 277 725 & 4y A IE UL A
Bt S A

BT PP DR E TR T GHZ
R et A gReE, it T —MEZ I
B UGENLE]. BAE )7 (Alice) 1 i BV T 2540
KM—ie e it RiaT [EESAIEZ A (Boby,
Bob,, -, Boby) W&y, o 47 2 BN,
WREETHT ZH P s N B UAIERCR.

GAVERB P& A IS TR A 2 R,
REA SR AR 5 T8 P A 32 - B & X R o e <
WHEERNE, T GHZ AH4 R KRB, £
AAEFH P (40 Bob,) #ICIEEABESE LT
SHMRBGEH Eve B 7 —A 7 (Boby)
(4 B3, DA SRR T3k HUGIE T P R &
R R 22 B AE PO ASE B

PRIRRCR G S BT B WA B D i 2
W, 5A QKD HARFEA M. BN EE 717

fitid, (HREE BT AE AR BOR A PREUR Ji 199105 322 6y
BN A A R 45 A A v U B 10 B AR e it
T TR TT .

2) BA B OrAUESIRER) =J7 QSDC UM EHr

BUBTIE: ZPMA R A TS T B RNk
5B FE RO T A i B ERTREE AR . A A
AT B el EE RIS 6] [ eR RSl 24T B
NIEMR EAHLE(R Bt (B gmiY), 75—
HEZR NI 58 1L T G 36 T ) BB DGIE U
Sk, SEEE T “DIEREAE i — Rkt

AT BRI T =52 ek
W, ok TOCTAER S 55 Z G f ) e 24 4.
S A UE I AR T P S B A 25 A ] g
Bee D T 3 ek A DU P o e ) R
AR, [ R T S 39 i ) 2 A PR .

GRS 5T B 55 2 2 | A st AT
YT AR TT SR L, PR 3 AR SO
TURZMEE A HRA, FEAR T X S R TR IR
KB PSS A F R GNIEHEE) Bl
P T ARIE A AR A DRSO R, At T
XA AR AT EOR AT R T BRI 55

25 BRA, ARV A BT S 2
PP AR FIIATIE-38 15 Bl ZRAG P A BE EA T
TR IRR, (2 BRI JT AR T
RIS PSR B — 2 L%, o QIA FESEFri 1
P28 R PSR AL TR A SR B

4 RAEERZ

QIA EH & Tl A5 M E AT, ARG
BB T QLA IS i 5 A v i ik 4%, M\ FAH 3L F
QKD [WRA A UE BSR4 R AR B YA L =5 52
FAYER BT PN, A SCGE 2K g, Aot T
ASTRIER LA B FE Rl SE PR AR S A A R
QIA ByHLS A& S 5N L T 5%

IR A LS. ST PSR
BB ST, BB s ey,
B B G B Moty A 9iS i B B A He
I TE R e, A2 IR 2k T A A 1 A
EFYEREE RS s 22 i PIMACEE IR 0 R AR AR
B AR AR = s s TR T DIMAGE Ao i
T R TP RSOR 5% v, o E 22 W
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ZRIRE R LA

BEAh, 25 QIA BSOS B it 7 3 i i
B MR P R 2 B R HLE 1) 92 AR R DG B .
P 1 TE, RIRIZEAL A EM LT I AN R B Bk gk
Atk BT MU g RS SR AR TR 7]
A I A SRS HOR X PUF MRS (I PNS 1K
i)y SN OPRAE T UK BE R | R
FLHB Y R AR 98, X5 TR A T O B i
SR ISR PRI g, (HA 25 M4 ) R ST
i MRS (excess noise). ARA, K JEMEFS F 1 I Y
QIA PR #RR 5 & B 450 0C (MDI) HEZEAHZS
B BINIETT 38 LA BB B A0 8 2 ) A 1
T, F2 AR TE QIA S M A B 1 10 B EEE S
Ji 1]

R A5 T F A OCTE LLUR O i 1) ISR IRAK
FML, PE— SRR T S S e b, PR
X b B A T AR E R OR 2) PR BUR AL S R
b, 454 % 2% T (MDI) £ AR S8 & Ay A UE
5 A0 5 1 — R T 3) TRA 4 6 i ok
HaoR, RE R T- 2R S IAERER A 3 S 14
PEML, AR TS 4) I2PRIREE IS N
BEXEIEAFE | DA A AT BLSE YR, K e R 7
RHEEFEZERREOR. 1A, QIA S Tk
B XSRS SR TR BE R, 5 R By
TG B A MER A, B T IE
025 Y RLABEAL AR, i, il HLpt i 720t i A
HE DRSO O M R — U2 5 B ARSI O
SCHE.
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SPECIAL TOPIC—Quantum information processing

Latest research progress of quantum identity authentication”
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Abstract

The absolute security of quantum communication protocols relies on a critical premise: all participating
parties are legitimate users. Ensuring the legitimacy of participant identities is paramount in complex real-world
communication environments. Quantum identity authentication (QIA), in which fundamental principles of
quantum mechanics are used to achieve unilateral or mutual authentication between communicating parties,
constitutes an indispensable core component for building a comprehensive quantum secure communication
system. It holds significant research value in the field of quantum communication.

This review employs a comparative classification method to systematically outline the research trajectory of
QIA protocols. By categorizing protocols based on the required quantum resources and the types of quantum
protocols employed, the advantages and disadvantages of various categories are analyzed in terms of efficiency,
security, and practicality. Single-photon protocols require low resources, and they are easy to implement, and
compatible with existing optical components, but require high-efficiency single-photon detectors and exhibit
weak noise resistance. Entangled-state protocols offer high security and strong resistance to eavesdropping,
particularly suitable for long-distance or multi-party authentication. However, they greatly depend on the
preparation and maintenance of high-precision, stable multi-particle entanglement sources, resulting in high
experimental complexity. Continuous-variable (CV) protocols achieve high transmission efficiency in short-
distance metropolitan area networks and are compatible with classical optical communication equipment,
making experiments relatively straightforward. Yet, they require high-precision modulation technology and are
sensitive to channel loss. Hybrid protocols aim to balance resource efficiency and security while reducing
reliance on a single quantum source, but their design is complex and may introduce new attack vectors.
Quantum key distribution (QKD) framework protocols embed identity authentication in the key distribution
process, making them suitable for scenarios requiring long-term secure key distribution, although they often
depend on pre-shared keys or trusted third parties. Quantum secure direct communication (QSDC) framework
protocols integrate authentication with secure direct information transmission, offering high efficiency for real-

time communication, but requiring high channel quality. Measurement-device-independent QSDC (MDI-QSDC)
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represents a key development direction that can resist attacks on measurement devices. Quantum teleportation
(QT) framework protocols achieves cross-node authentication and unconditional security, making it suitable for
quantum relay networks despite its high experimental complexity. The entanglement swapping framework
protocol can resist conspiracy attacks and is suitable for multi-party joint scenarios, but it consumes a lot of
resources and relies on trusted third party. Ping-pong protocol framework supports dynamic key updates and
exhibits strong resistance to eavesdropping, making it suitable for temporary authentication on mobile
terminals, although it typically only supports unilateral authentication and requires a bidirectional channel.

Subsequently, this review details the latest QIA protocols of our research group, including a multi-party
synchronous identity authentication protocol based on Greenberger-Horne-Zeilinger (GHZ) states, and a
tripartite QSDC protocol with identity authentication capabilities utilizing polarization-spatial super-coding.
The GHZ-based multi-party synchronous authentication protocol leverages the strong correlations inherent in
GHZ states to achieve simultaneous authentication among multiple parties. Through a carefully designed two-
round decoy-state detection mechanism, it effectively resists both external eavesdropping and internal attacks
originating from authenticated users, thereby enhancing the efficiency and security of identity management in
large-scale quantum networks. The core innovation of the polarization-spatial super-coding tripartite QSDC
protocol lies in its deep integration of the authentication process with information transmission by utilizing the
spatial degrees of freedom of single photons. This design accomplishes the identity verification of two senders
and the transmission of secret information within a single protocol run, ensuring end-to-end security through a
three-stage security check. This “authentication-as-communication” paradigm significantly improves the overall
efficiency and practicality of the protocol. Its successful implementation also relies on advancements in quantum
memory technology.

Finally, the review outlines future research directions for quantum identity authentication and explores its
potential applications in quantum communication. The QIA research needs to focus on reducing resource
dependency, exploring more efficient protocol designs, further enhancing protocol integration and robustness,
prioritizing the development of protocols adaptable to real-world environments, and actively investigating
integration with novel scenarios. This comprehensive review aims to provide theoretical research foundations

and technical support for the practical development of future quantum identity authentication.
Keywords: quantum identity authentication, quantum secure communication, quantum entanglement
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