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Fig. 1. Schematic demonstration of single-photon error rejection scheme.
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Fig. 2. Schematic demonstration of the efficient single-photon error rejection protocol (N = 1).
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Fig. 3. Schematic demonstration of the improved decoder.
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Fig. 4. Schematic demonstration of single-photon error rejection based on the active modulator.

! Alice | | Bob :
| e 1 |
| ! ! |
I b HWP, |
|

| |

2

| | 1 2
R MI&IIOI | PCo4H PO - !
| PBS ! ! I
_____________ | L e e e e e e e — 2

K5 St i SR S0 4 10 SO e A s i

Fig. 5. Schematic demonstration of improved single-photon error rejection based on the active modulator.
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THE A B a5 2 i & 12 BATHRTE 1 e 5l
Hig. A IXANT7 S PCAME X e i ] 12
ITHEAR, B E X AR R RAR S AT B A, 3G 0
TR B AR
BRI TT R BOG T H R AR T R,
IR o, R A (S SR TR RO
TERTISMNRE AR TERAAMOCEH T 56140
A, FRSE R TR A 122 BT (5 Rl 5.
A EBTT EHA RAE T L) H 2 B R
U2, AN TT SR B R S PC R
JE Az, o B [a) 4 A At B R AR =, 7E H AT
SIS T SRR AE — A, 3X K RO BR i) e AT ]
8 SRR &I AE N .

2.4 EHiREEwARAENA

BR T B 23 ot S B B R RS (1) VR AN, TR EAN
W42 AR 2 A M A 2 1 T S IO AR RS R
FALR)J7 . 2005 4F, Yamamoto 25 1947 T
4 T \2(|H> V) BHBIIG T M Tk
BRI, TRV T SRR TREESR
FHIR A 25 B3 N TS (50, 2 0 A3 [A) i e 75 1R
B i 388 I 5 P AN O AT T RRAS IR B
i, T AT BRI N 1 I E T4, %07 BRI
RAETAFRHN G, ATREMF o, 7R
R 2 AR B 5 W 7 280 0%, 1061 HuR &
AP ECRR TS B T D AN 1/8, Sl 2 2
1 B B U7 52 (110 10T R BT T 8 A e A
D b i A LS. IR BE f5 0 7 R AT T
SIS IR U251 R4 7 R TR T i s
0y — AL DA S IRz B B AR B 2l 2 4y & D24 ik
JE AT 5540 F Bk #F (weak coherent light pulse,
WCP) &M B HOGT, IR BT 516 SH
TR H s 1m) A% S, 8 5 T PR U7 R &
HFERA O(T?) $2m 2 7 O(T) (T NI FEME S
51 R AR ) 11250201 2009 4F, Li % 127 [F] k¢
i B AL T [ 5 IR 2 1) 4 B 57 R FH A |
T2 TA B T %, HIR IR ]k

1/2. WA R 2 05 B AT B B T AT
28 11281290 DK ) ) 7 R ¢ ) ST B ) B s
BT 2 100 s A B R AR, T B
MO oA B HO 1 H BRI BT AL T
2 DO, 1UT] 58 4 I\ 5 Y6 ¥ FE I A2 ] 35 A P R L
BEEERRS.

A IR AL B T RANOE A T O 4l
A, T DL TR Ab T A 8 1) sk TR A S, R/
AT R L E B TAEZEREIEE T Z
) g ~r 2| g, B2 2853 & (entanglement distribu-
tion). WAMEAH — LK N o RN A BT
%, BATRZ 5 NH B B R B 58 oG T AL
HEH 2 PR 328 7R B8 43 A, 338 AE % 77 BL 100% B B
FAL TR E 4 g (131156,

3 EHETFALSE
3.1 SHBHETFBRERR

R O 3, ZEXPUEERE S, DR T 2
FERAM TR, T P — PR B B, AR
LGS AR T B A SRS, (HFE G LR AR
PIANT K R, B RIS & PR A S E AR &
B, PRI i R g Az B TR I
18 BN 73 SIS, EATIRRE AT DL 55 A 45 e
A MEAENDES. T RIEA R, A AANH
TEEFHNEFEETR.

2008 4F, Li %5 [T 3 F ki 7 UK (Bell) 2542 H
T PR3 3 AN [F] 28 B e 7 (1) v AU 1%
ANBLTT . RTTEJE 80t ARSI AN J7
FEFNFTQKD2008 77 .

T ZNX P A IR A AL ME S (collective
dephasing noise) ] QKD 77, BB AL 1Y
TERTEA N

Ul0) = 10),

Ho o NEERE A S48, B 228 AR, it
o QBRI 7 1 Al 3 B AN S~ AT 1 DURZS 1R
R LR R R AR T IE R I T2 ). IR R T
SR ITAERE S EIE N 29I N el FARAL, AT
AR F 4 R AR AL R GE A R

Ul1) = e*|1), (18)

™) = %(on ~ J10y), (19)
) = j§<01> +[10), (20)
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KA VURSHEIESR, BT —RETFEHS
RRIE T EW AN IEAE RIS B A R R AIE
EAE 22 A, 1E R 2 IO 0 R 9 4 o — 4
I N B R AR AR,
Kl 6 .

‘e ® O O
Fo@

e =i H hERERE

Fig. 6. Schematics of the two spatial bases.
X B (8] B H SR 2 DY AR AR AL
PIFRRAS R RS NSUFR 7 T30 R B SR 48 (W) A58 Ak
|P), BT AN AT

Z5P) = [ )12 ® [ F) 34, (21)
) = 1)1z @ [ )sa (22)
[B5P) = [ )13 ® [T )as, (23)
[BP) = [ )13 @ |9 )as, (24)

2 AR A R AR DA R FE AR T8 AP AL T
BT B AT T TR h At SR R B4 g s R ik
BER AE /N TR () 5k V& T TR] AT DR UE PO A s 5
FEAL S R v 32 3 e E‘J%ﬂﬁrﬁ. IRV AT
O X TR () = ﬁ(uﬂ + V) N
TR TR

WeP) = a — b, (25)
) =c—d, (26)
|B5°) = a—c, (27)
|6P) = b—d, (28)
Horp
a:%(|++++>+|****>)12347 (29)
b:%(|—|—+——>+|——++>)12347 (30)
c:%(|—|———|——>+|—+—+>)12347 (31)

1
d=§(|+———|—>+|—++—>)1234. (32)
ANHERAIE T FE R NI IESS, B2 T a, b, c,
d VUM HIERE, #4503 Bob Al I X 5[] () Bk
TIERX 7> —HIEER NI E T

PP, KIEE Alice FEHLLL I P
A FE R 2% n 4 20 MR 0, 1B PIRI DD KL 1
BTE, MRaBFEIERIES Bob. T ik$F
T DFS i fh {5 8, &7 &EM A ER T REFAZ.
Bob X F IS 2 i) & 7 A ORI & PR
HLIHR 26 MIFEAAE N 2 e PER AR AR, X — - FF
A Z = {|H),|V)} 75 EA &, X252
X7 EARNE. FF e MR TR
B, FR A X T R A R BRI R D SRR B Y
MELER, Wa, b, c,d. XT756 AR IFEA HO H 4
AR R R AR TR VS B N, XU gk 4k
N W, XU R WEAS, AR P BT A
EEXT N TETE %25, Alice il id £ Ji {5
T8 ¥ 7% (8] 5 2% 25 1 Bob. Bob R AR 3 % LA 2 Sp
TR AE RAES ], KX AR R AR
f. 283 A RBLE TBOR S AR i, X5 AT 3 A7k
—HHTINERE B2 %Y.

WA ER T R AR UK A L IE R e
(collective unitary rotation noise) [t & ¥ % £/ fic
T35, AR R AR RO

U,|0) = cosf|0) +sinb|1), (33)
U,|1) = —sin6|0) + cos6|1). (34)

Horbro &g S8, S B R 28R, XTI Rl
I e 7 Tk 3 DURES [¢ ) F o) MR B A
FIGRIIE DFS. H ¢T) = EOOOH’H»' X
PIASASAERR R e 75 I R AR OR AN 2640
TR PG AR AH L 5 KA B0, X B 2] gk T
X 9 s N — 4

|Pg) = |¢+>12 ® |¢+>34 =e+ f, (35)
7)) =¥ )12 @ [ )34 = g — h, (36)
D5) = ¢ )13 ® |9 ) =€+ g, (37)
|P1) = [ )13 @ [ )oa = f — h. (38)
Hrp
e = %(|0000> D )15, (39)
Fe %(|0011> +11100) 1254, (40)
g= %(|1010> +10101)) 1234, (41)
h= %(|0110> +1001))1234. (42)

i (35)—(42) RE H {|Dh), [@Y), |5), 1)} #£ Z %
KT RIFHIERLS (|057), |87, [757), [@1P)} {E
X HEETREIFEREM. ZhREE RN S
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X P IR AR AL M S 0 IR 8, AR A FE R,
HE— B Z A AE T AT R WO E Z 5 AT
MERREY, T L — D SREE X J7 A FIER
P HSE BT @) Ml oh) 78 X BRI Z £
KN HIRFRIE, Bob i FIAE—H R &, FAF 8T
Alice F] %345 B AR REAE BRI 1 3 P15 B

XMW E TR ZEELRES, B
THF LR AL, HoRPEA S T
Y, AR TR RS A B R, IR
RARFE B3 Tl E 0%, I H Bob bR T fE22 21
R b 7 il ) Z(X0) D7 A, A R
BHE X (Z) T7 IR, R, FcE DI AN
R REAL AR R k. A B S B R 2T
A, (HIRNCE AT WO & VURIEN &, R
BRI, RO BRAR T 3R UCE I ERAEXERE. 1F
—MERTEASBCTE, G RN Bl T B
O B I HE A R 0 12.5%, AT ORIEIEAE % 4. e nlE
1R, WK QKD B8 PR IEAC R R
M 2= 3 BC—F R X057 18 8% T A FE
SR M FF, B 7 E O N BT EBOR T RE it
FAERIAEAIR B, T _E3RT7 AN A7k 5L RE I S
M1 T B R AL RIS B, PRI AR T S 7 B DY A
Ry b — A2 4R LURE, (HEATIE X e = 1) &
TR R IFAME.

3.2 [RERXMIBHEEREEESKESHEMAE
BERETBREARR
EEmAREE TG T ROE S 26,
Boileau 25 1 F 2004 F 1 8 $2 ty 1 5 AN F) I 99 ki
i K AU 2 S N R G e B MR 7 R A D
R S — N R TURL T A M 18 T LR,
FoAHERN TSRS A IANE TR T EYH
FIMEARITCNERES [v7). (EERAZEE
FH SRS R X 2 i~ X 3647 7 an R =Fh A A
1) =W )12 @ [ )34 = —=(la) — b)), (43)
[V2) = [ )13 @ [Y 7 )ou = (le)y —=1b)), (44)
[P3) = [ )14 ® [Y 7)oz = —=(la) —|c)), (45)
X5

|a) = (]0101) 4 |1010))/v/2, (46)
b) = (|0110) + [1001))/v/2, (47)
lc) = (J0011) + [1100))/V2. (48)

H e B A fEAT B e R R R AR, Rk
(46)—(48) = i 0 A1 1 7T LUFH A HRL 1 =% 18] (4 F:
B—HIERHER., =AmIEEHEE0 (ily;) =
1/2 (i # 7), BRI A ge it sk EAR I
BEHEXS U E=AETE, WES R Gt
HAE R, 1M |a), [b), |¢) PP 2 [8IAH B IEAS, AT LA
T BB BRI B AE A X > AT W SR Alice
BERMNBIA A ik — N KIE, Bob St —F 1AL
SR, B0, Alice K% {11,102}, 24 Bob
M2 A3 2 |a) BE |e) H AT, 8 7] BLIX 431X A
&, Bl a) RIRIRE A Y1), |o) BRIEEN [¢a), H
W 5 5 R 2 |b) B IR, Bob gl AN BE X 43 iR
A, AR B G R A Alice 75 F G BEHLE L — 53
(4 + 0)n LLEFHI AT X l—HKE N (4 +0)n
P = REMIERFH B. B FF 5 A U FH T 9mbis
FETA: ¥B=7 (=012, Alice iRl X
FERFIME {0, 1} #1584 {Yj@1, Vjoa ). Bl Alice ¥t
X (4 + 0)nHETFAKRI%EY Bob; Bob B2 T4
JaBENLIE S X T s Z 7 ik BRI &
Fidsl =45 R Alice A %K J7 41 B, Bob iR
X —A{5 AT LUH B I 2 R e T HE WS
15 BARAS %8, X7 4t 7 fir A DN = 245 SR 0 R
A, FITNHIFEAH T A%,

I 28 0] DA [ B 5 P A A g s, LA R
S . B R TR R I, SR
EHRGSE. RRETIRMRIHEAR, —F1
ML RGN TAREY. b5, Zhang 157 F
R =ZAETSRE T - MREFETNZ
TN ILZ R, BT B IRIE T A 5 — ANl
BN, RS 538 HR R RS RT3 AE
InEE CrEhlE .

% I8 2 2 R T7 S0 TR EBE R BURE, 1F
BILRHE T — AN =R 7%, RFEx BTy &b
VREsdE. Alice FEHLILZ Forh— /MR, 8 NI =
AL R 1545 Bob. TR A7 B A5 ERE [R5
FAF BRI, R R I =AYk T4 N
SACHTIRES. RGBT R e g s
N RIFELR AR,

p1 =Y )12 ®1(0)3(0| @ (|

+ [T @ [1)s(l| @ (¥, (49)
p2 =1 )13 ®10)2(0] ® (|
+[W )@ (1@ (¥, (50)

p3 = [¥7 )23 ®[0)1(0] @ (47|
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P @ i@ @] (51)

U Bob [FIFE U7 17 (9 ok 7 EARDI & i
TR =R 7 gt J5 RXHMETE E K BURE
BEAIR, ) 25 0 2 It R 5 ] 26 — 0 2 B0k X, 19

3.3 FEETBEAIENA

WATE R, FIHDFS gt (5 82 —FEEH
RR PUE 75 (7 3%, B BN A R 2
bR, 1A SR T AT LA SCHR [7] Hh 52 ) A R R
DR A BT X R R (TR T R R S AE
TEAE AN R U EATHE) ™, WA =15 4
Fic, (1981420 2 (0 fif e 5 0 i (49— 150 25 1
LS 191192 gt R A (100 10T
AN BT XHE A5 (108,199,

2009 4F, Dong % U451 42 H 7 — Pk 4R
FHALMEFE A 2 TG TR, 1 RE
FH STk [6] H 6 DU KL 5 07 R A A =R T 7 R
(1 AR SO T L S IR B A X PG A IR A A R
PR O SR ARATT R A AR B G B A A e
T AREEAAR 1 |E) RT3 [ H) MRS 5 1
SEARHIE, BINE AL B E T WAL IEAZ W
HRAP )12 @ [H)z, [ )2 © [H)z}, {|dF)iz ®
|H)o, [t )13 @ |[H)o}. XETFHRL, 2, SRE=A
L~ 75 T 5 A5 T8 AL S R LRE, B 2 ] HE A 6 A7
B ETT R, BleE AR EAY X J7 sk
TN, EBREE R B A E &
WILHE R, BETARHEN100%. FFE, ZIRE
W —DHE TR T R E T EH BT
% 7 3F = Einstein-Podolsky-Rosen (EPR) %}
FEH T A 53 0T B I I 7 P KA M 7 )
BT 58 0L 7 SR Kot AR [ 14 e 78 3 3 A I 11
EPR XHE ) S A HHE R I 575, 51 N b (] HE
FRE R {[12][34][56]} A1 {[61][23][45]}, FFLEA
A= RO ATRNIE TR R AV SR AR B (NS REZ )
A S O AN T A ) R Ok AR Bl A 22 4, B A%
1 =~ EPR X 0] 32 # 5 LU AR I 22 {5 .. 2014 4
Lin % MG IX R854 7 vk — B4, FFESI
PR AS [ B 25 e HE B {[12][34] - - - [2n — 1, 2n)} A1
{[2n,1][23] -- - [2n — 2,2n — 1]} W& T AR IER
FER, $EH T AL 2n AN DURS I A8 Hn — 1 LA
BEENEHETHEHANI TR, R REEL: T
FTQKD2008 77 E W i, Bl R f T B 1

MEMATRANE, Hx2emlit R &7
/N7 AP A2 bl T I B 2 AR AR
IR, HLA AR U i se A .

bR 7 AR E T E A DB 46, 20094, Gu
26 DU 7 40 0 0 0 BBk 2 3B AR 57 Mg 75 R 5 e
HEEENAEETIEILET R TEMNHEE
LR A A X P 7 ) A — AN B8 LU R RN
R LCRESR S, AH 2 T8 A DU LR 2] S AE
AR ETE. AT R S B B AR DT
IRFEMETA TR EVRFECA N E. BT ET
AL TR 2 LRI . T XA A,
T BHE S5 FTQKD2008 4124, 2011 4, Li fl
Li 152 1 35 A 5] ) 32 48 EL A B e 4R H T AN &
HI QSS &, AFZAAE T i A e #3245 LU R 1
HLLRR SR NG B8k, MEr J R 3Tyt
FEIERRLF I B, BRAIK 7 SO xERE. bk, 2011 4F,
Gu& 'S T a7k — %R B T AR
R T EBSES TR, F4E, Yang 25 104 T
LT EEE G TR P R AR T A
FIQSDC %, XM TR H 2L AR ET
HEEE R — ok, B8 7 ZRTHEE A
M e T e B G IE IR T LR E T AW E
BRI RAE B LR, W OA M Z T E
TIEE T ZH LR A2 E R, R
Ja R EE P R R AR, &SR KR
D S S R A i)

TE— LR 7 b, BIF FU a5 DL GEAH R Mg
PR FE AN S 1) 4 BB RE 1 DL R 25 4E v B LR,
HFHEZE LM ESENE FEE, XY
T W # EGRE 1 = kL B8 VY Ki - Greenbergen-
Home-Zeilinger 4 JE S E A E FEHE. XHEKTT
= [138,142,147,148,150,151,154,156,157,159] — f 0 g
e ) B L AR (R B A DL /R JE I =2 4 R e B 2,
TEIA (RS2 56 26440 T IRA7 75 R HE. 1T SR F AN 3
bU AR G 50 1132 4 LU AR M5 R 3R 10 T & — RS
R%ﬁ*ﬁ%m“%, i‘z;&(ﬁ% [139,143,146,149,152,153,155]
F b BT A YA EE LR ) FTQKD2008
7 EE RS R eehs b, BT R NETIEE
T ENHAERZ WL, AR T FTQKD2008 H15]
N B v, X e 7 SR IEFEK @ 4R LU AR
RIS ¢1§(|o>L 1)) M AR,
2 LSBT 4 ) BB84 J7 R IE Il —— 1 T8k
ZHFRAG I, BCE BENLE RN R g 2 1
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T R T, T R AR A B A R 1L g
LR POX — o) @, T Rk R — AN R
VBN BE B 3k e 192)) Bx F5 3 Hae % —
ANBER N5 EE 2 EHERL TR 149)) X B R R
B IBAE T FE A 5 N B3 A7 il B IR SR S .
B 22 1) 77 S 3 43 R BOUOUL ) £ i 1) 7802 3 S Tt AT L)
R YR By (199,145,155, 155] B ply B A 1) ) 4%
o &, RIEE S B L IEEREgR D, TIXAH 4
TR E LR RS T8 AR LB 1 EERRE
A8 4, 3K 5 DU 3 L AR A i — IR H 1 LU AR S
BB HEAREM . k] WL, FTQKD2008 75 £ 1
Wit 2R G B, R B AR ] DRI R 2 1
S Tk i N i N 1) A3 £ IS R R = e 5}
B3,

BIT A B 5 T Zh A EFIH 2R T8
IR TR B T2 6], R e 2R A28 &
A K 22 J7y R [ e 7 ) AP T IR M A R B2 ). i
L, ST RS (8] 5 HH B AR & I e 75 R I
H S5 R4k B FE AR R AR AR, R IR A T AT 142
TR FE =N AN AE B3 R 2 DFS
N X e 75 ) g 5 1100161 Sk RO RN T R
VLI AE XU WA S A bR R P2 1, (e AR AT
FH T3 BB A e g /s . R ) bl B ) — 2 DRSS 2
K ek -m B A B P A — B R HGo1 #THG o
PR, AT43 A A R Ao RoR. BRI AL
H H FE R 1)@ 45 LU RE R R N

00 = S5 (1Hv) = [VA)),
1

V2
KA S E RS, HAERKS el e F REFAS
A2, AT A R R A R R S AT By
RPN 2008 4F, A H K QKD J5 ik
BEAT T S8 DO RSB BT RAT £
TMYE, X6 T ERBUB RS T, Adx T
RS B ERE 0 R M 5 420 5 A S 08 rh AT i
— IV

DL (IHR) +[Vv)). (52)

4 /N &

BRI R FUE AR TR 2 0 g
PG TV, EAEBUE K SLR A TR T8
[ T A R 7 S ) A X SR ik B LS
R A T X P 5 12 A SR B R A

Ti%E. BAVE R, 1A W B LT SEBL 22 4w 2
MEFEEHLENFELLEAX TEZNET
PR, MR RO R 2%, T SR i | X uk
PR LIS B R T B B 2 DL R R
PBRAERII G, — Bk, A IERT R ELHR R A 1% | 1B
G R M LR =R IR, B LE 20 B B ) S
Bl BORBUBR R, — MR 2L X £ DA R W 7 (1 Y
ANERG S PASRE T BT B B EEe R,
PRk A 2 RIS )73 8], FARAM L KL
T EUEIERORIE s, P2 TR . R
— PR U B 5 S AR A RSB, EA B 100%
(IR 2R T R R S PR B B (H RS g
BT R AR A a2 oo, AR EA A 2
98, LU ARG SEIL, ST, A AR GRS
{8, \TELEREM AT oA B AR Tl ERA. W
A T 58 BORIE R IS R R AR T BRI
TEEgEEL, ETCEatRER, mHR2Z
T3 SRR BRI R AT RS S, KK T
UG MERE, B8 — P AR RS I U T B, A2
M7 25 AT R IS P A R SR

FH AT, BE BRI S T R,
BB T C S5 BT IR 102,
BT DFS [R6 7 X 24 98 73 5 T S A5 B AR Bt 1 5¢
J% T WP SRR L) R O TS T R
S8 SEHL L IEAEREAT B AR 2R A T AIIRR.

BEZAHEOLRETSERTEE PN,
AT B S 0 A B b gk
WP T ZAHELE TSN EFEE P
RS 5 X 4 P70 AR At 7 e 2 4
gy o900 R 2 gk g 1097 —8085] ) 2 ] B R Y
BEHS 5 A B T2 e A 1100~ 100] s i 7 R
fIJ7 i, R IX SRR A ) 5 T & AR 55 1
e A R TR 2 S IR R S, AT
RER4JE B TE B — D EE T [, BN
TRFAESBOR T g R DT
LR 2 g o A D818 oA SR B AR 2 2
% [182—'184].
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Abstract

Quantum communication utilizes the quantum state as information carrier. The transmission of quantum states
is therefore a precondition for various quantum communication protocols. Photons play a central role in quantum
communication since they are fast, cheap, easy to control and interact weakly with the environment. However, the
widely used polarization degree of freedom of photons is vulnerable to the noise during the transmission. In this
article, we review two main methods to deal with the channel noise, i.e., the quantum error rejection scheme and fault
tolerant quantum communication. To transmit an arbitrary single-photon state, Li and Deng proposed two faithful state
transmission schemes only by resorting to passive linear optics. The success probability can be (2V+! —1)/2N+! by
introducing a wave splitter composed of N unbalance interferometers. Compared with other quantum error rejection
schemes, these two scheme are practical both in maneuverability and resource consumption. They are not only suitable
for single-photon pure state transmission but also able to be used for transmitting mixed state, which makes them useful
for one-way quantum communication. The success probability of error rejection is usually less than 100% since some
error cases are rejected. To realize complete fault tolerant quantum communication, decoherence free subspace can be
used to encode quantum information. In 2008, Li et al. proposed two efficient quantum key distribution schemes over
two different collective-noise channels. The noiseless subspaces are made up of two Bell states and the spatial degree
of freedom is introduced to form two nonorthogonal bases. Although entangled states are employed, only single-photon
measurements are required to read the information. Later, the scheme is generalized to an efficient one which transmits
n — 1 bits information via n Einstein-Podolsky-Rosen pairs and many fault tolerant quantum communication schemes
were proposed. We compare the practicality of different anti-noise schemes based on maneuverability and resource

consumption and a perspective of these two research directions is given in the last section.

Keywords: photon state, collective noise, quantum error rejection, fault tolerant quantum communica-
tion
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