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Fig. 1. Schematic diagram of MDI-QKD protocol based on hyper-encoding. LD is the light source. Pol-M, PM and IM are polariza-

tion modulator, phase modulator and intensity modulator, respectively. DL is the optical delay line, BS is the 50:50 optical beam

splitter, PBS is the polarization beam splitter, DH and DV are single-photon detector. First, Alice and Bob load the polarization in-

formation to the light pulse through Pol-M, respectively, and then load the phase information through PM and IM. Charlie or Eve

will receive the photons emitted by both and perform part of the BSM, and then disclose their measurements. Alice and Bob can

correlate their original keys by comparing the basis information and using Charlie's published BSM results.
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¥ (22) 0. (23) 5 (20) XL (21) RS
1%, 7E0, — 6, = 0(£n)Bf, |[HOHO) , [VOVO0), [0HOH) ,
|0VOV) (JHOOH) ,|VOOV) , [0HHO) , [0V V0)) 3 U Fif
AR B ) S A, AR IR
PRAST AR, )T JUFp i A 2] () =514 2
R AEZ IS . E LR
A0 € {|HOHO), |VOVO0), [0HOH),|0VOV)}. (24)
FR|HOHO) , [VOVO), [0HOH) , |0V OV ) 1% PUfh
it A PR AR B R FAE RREAT L
Hili:
Al € {|HOOH) ,|VOOV), [0HHO0),|0VV0)}, (25)

B0 € {|{VOHO),|HOVO), |0OVOH), [0HOV)}, (26)
B1 € {|[VO0OH) ,|HOOV) , [0V HO), [0HVO)}. (27)
IR LSS 3 25158 4 -5 DLIK BSM 4%

JFENER 1.

1 UM IR X PR, APMCRL T
HIER 3 RS 4 ST OLHY BSM 2528 LEgL

Table 1. BSM results for class 3 and class 4 cases of
single-photon interference in this protocol are compared

when phase bits are selected in the X basis.

0, — 0,
Alice & Bob
0 +n
j=kHjkeX A0, BO Al, Bl
i#AkHjkeX A0, B1 Al, B0

HER 1AL FESE RSB O E LT, HE
Fi AO(AL) &4, IBAHET LU & 2% 7 19 Ph-
bits A (FH52). % B0 #1 B1 Fi4F, Lk Jral LA
T A Po-bits BIMFE, R Ph-bits {5 E.

575 kFFAC £ MY Po-bits M [7] , H. je Z,
ke X, FlLLj= H k= +R0. % j krgEmR
A (8) &A1 (9) AT 15

lba) = ——(|HOHO) + |VOHO)

2v/2

+ [HOOH) + [VOOH) — |0H HO)

— |0V HO) — |0HOH) — |[OVOH)),  (28)
lbs) = ——(|HOHO) + | HOVO)

2v2
— |HOOH) — |[HOOV') + [0H HO)
+[0HV0) — |0HOH) — [0HOV)).  (29)

M0, — 0, = OFF, el®=0) — 1 JLIF 3545
B

& [0 ) + )

1

— —(|[VOHO) + |HOV0) + [VOOH) — [HOOV
VoL )+ )+ Y= )
— OV HO) + |[0HV0) — [0VOH) — [0HOV)
+2|HOHO) — 2 |0HOH)). (30)

M2 0, — 6y = £ B, 00 = —1, JHEF3
RYZE R R

o [0 o) + [9s)]

1
= —_([VOHO0) — |[HOVO) + [VOOH) + |HOOV
5 \/§(| )= | )+ )+ )
— |0V HO) — [0HV0) — |0VOH) + [0HOV)
+2|HO0H) — 2 |0HHO)). (31)

ALAE G, T AR ARG IS 5 1 200
0N RZAE O IEw RN R S s N g DS il =<6
J7 1T RUMIX P4 B Ph-bits £ EL . T A 1
8 T | e M 7 235 2R s AR TG AR U A AR R

AT XSFRE, 28545 Hh 58 T PR 5 AN DT FE A
b =R BL R T4 R ZRUAY, X LA P
. b SO B A AR AL FERFE X R R R (9 DLtk
7T HHE, T SCR e AR AL LR AE Z ik
FERFOL FURFFEAN [ 2 P PR A 175 2.

2.2 tEACLL4FTE Z EHiEER

R RV A AL LR Z B rh BRI
iR H 1R m F 43 51 32 7~ Alice #1 Bob #E HU 1
Ph-bits, Bl I (m) = 0 (1) B3/~ Alice (Bob) 4
i) Ph-bits i 0 (1). FEMERHE RS R,

Di=mHIlmeZz, THL I=m=0RH#l.
I Alice F1 Bob AT N

[tin) = (1, 4)4,10),,) ® (11, k), 10)y,)

= |17j>a,|17k>b,|00> (32)

AR, (32) X5 (1) X iy|g: ) MHF, B
LRSS R SO TR 2.
l#FmHBlmeZz, FHILLI=0,m=1N}
4. et Alice #11 Bob ASHHIE TSN
[in) = (10),,11,5),,) @ (|1, k), [0)y,)
= 10), 11, k), [1, ), [0)y, - (33)
Kofg iy, ek 2tid BS 5 AR Bt
$EZ%, i Po-bits {758 2B ik ok, By LUK R 2%
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T, A AT ToiE S BUTAT Po-bits {7 B, {HJ2&
AT LAFREL AR A 1 Ph-bits {5 5. Bl YA A 7E
Z R B TR A N i 4 5 1 3k 45 2 1

2, HUEE Charlie S 23 A1 B9 4500 45

s B 200 7 S| 5 A — ORI 4 e i
W5 1) Ph-bits 21,

B RN I Z
, AR Al LA 2

2.3 AL EARRBIEAIEER

Ti—l\_%ﬁi/t\,iﬁﬁﬁHﬁﬁﬂ’\]ﬁf@@ﬂﬂ’\]‘%b‘i’ i

P 1, m A A A L@ T RO [R] A 3E, o] DLy

B DY FhAS 6] 8 15 50 3 38, 18 AR FE Alice A

Bob BIXFFRIELL A e 0, 1 Z [H] XS AR, &30

RS —MiER st 7. Fmd
1€ Z,me X M|, R ASTT LIS K
[¥in) = (I1,4),,10),,) @ (11, )y, [0}y,

+e™|0)y, 11, k)y,)

= |1, j>ar‘1’ k>br|00>as,b,-

+e™[1,5),, 100, [0) [1,K)y - (34)
B, FRTCESRBUELAT Ph-bits {5 5., H2&

R 2 AU RN, o flip FoR R BIFE, No flip ZoR AR, CO ZoRF AR {78 v 211 s B 20505047 H A
AN}, 0 FoRBA W FAF

Table 2.  The decoding rules of this protocol, where flip represents the bit flip, No flip represents the same bit, CO repres-

SRR H AT ASE U Po-bits {7 5., HARAS
U5 XOE T AR Bt E— R . 25 E Pk e
T BT RO T B R 90 21, 4 R R B
#= 2.

]

24 SEERE

ARG T AR O IR LT, A SCHR
H DM AR PSR L B e 3. e J5 SO R H s
FEFH AT A3

BRI TG00 BME B AR EEs e % 3
. R E PRI AN S R AR S, IS4 B R AL
P ] IR B AWMU AR 26 (5 B A, B
JeF IR A 11/32, 151G MDI-QKD ML,
TCe S HE T A A ia 2 PR i, Hol 7RI HI%L
RHHA 1/4, IAZ T 15 B AR B e+ 57 iR
MDI-QKD WM FIRCE A

11/32 —1/4
1/4

b SCUE B T FEAEMSHR X TR 4R MDI-QKD

PMTE TR HECR LT,

x 100% = 37.5%. (35)

ents the event {there is only one detector response at time r and time s respectively}, and 0 indicates that no success event

occurred.
A 3
PR ImeZ ImeX ML FEAPERLE
Flip No flip Flip No flip Flip No flip
ez €0, D1, D2, A0, Bo, B1, DI, N D1, D2,
U D3, D4 0 D2, D3, D4 D3, D4 0
ke X Co0, D2, D3 D1, D4 A0, D2, D3, BO AL, D1, D4, BO D2, D3 D1, D4
I g : (i=kBL(G#k) (j#kBL(j=k) : :
PR EA VLR Co 0 A0 Al 0 0

F 3 AWUCRFEIER T AT 6
bits(Po-bits) 7.8

RAS I L5 B R A I AR . Horh Ph (Po)-z (x) Fm kI Z(X) JL 4 Y Ph-

Table 3. The bitwise information that may be obtained under different circumstances in this agreement and its correspond-

ing probability. Where Ph(Po)-z(x) represents the Ph-bits (Po-bits) information encoded by z (x) basis.

ARz
LITERSS IL,meZ I,meX )
N - - AHRL AL
l=m L#m KT T XOET T
ji=k 1 Ph-z 1 Ph-x 0 0
hkeZ
ji#k 1 Po-z 1 Ph-z 1 Po-z 1 Po-z 1/2 Po-z
ji=k 1/2 Po-x 1 Ph-z 1 Ph-x 1/2 Po-x 1/4 Po-x
ghkeX
j#k 1/2 Po-x 1 Ph-z 1 Ph-x 1/2 Po-x 1/4 Po-x
TR HA TR 0 1 Ph-z 1/2 Ph-x 0 0

190301-7


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.

3 LR AT

A TEAIAN T A ER ST PRARRE BT R0 G A
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P, BT 4 50 B I A Tk PO R DR SR
R 26T, BRILZ AN IE 1A RIS SR
N AGEHR S BT R RAE . PR TR Y

T ROMAR IR R, e Jm AT 2 S B Ts
V5 B8 B R WS B R I AR .

3.1 FwRESFE

AR, i 9RAS TR B T g%
HuAG T B e R ZE 0 R B Sh RS F i 5
ey, MATITAR K Hb 2 g BRI £ 4 85 22 =71 i
4 5 B 75 B 25 7 VAR AN ASCHEAS (] 5t B 75 9 A O R 1
G s AR A BT T LRI T ST Al e, 19
{EMﬁﬁﬁhﬁéfﬁmm¢ﬁk%m%W“
PP A R & T %R, W iR T
7 A R B T R ] AR R AR A 21 A0 o] A
FH 4 58 BEFESRAS T 12 B9 SRl A UM AR DG S,
I HIR 2T M AEAT BRI S5 N I i

AR A 5% B R OGIEE R T Alice 3k

Bob. 7EXGT RS 8], DR AS ] 35 B2 G IR 4 Y
AT LA R N

Vol. 69, No. 19 (2020) 190301
Zax ) 1K) (Kl pay = Zb l, (36)
Zay ) [k) (L, oy = Zb , (37)
Zaz ) (K], pm—Zb ) (Kl, (38)
por = pos = |0} (0], (39)

o BE R 2% 45 51 A Fin sy il Pia (1 = 7,9,
z,0). AL H, 24 Alice PR 2 K%k
I, AR 5 A R S AT e £ 2 5 4 Alice 2E4%
U8y B CHK R, AR SRR S A BE A A
[F], ELASHH ] P A s B R HE R R R 0.5; 24 Alice
TEREUR o K26 G 0k sk, AR o7 25 7R g 41 L #0 a2k
£ X BIRASRARIT R AGIER 4h. E E
Ir 7~ Alice BE£RIR 1, Bob BE£RUR » A& 25 6 ik v
(l, 7= vy, 2, 0), EX%‘%X”Z, Hp4X =8
(D) B, A5 R IR I h X (Z) 5 LR Y mi
X =T, EN, S5 ERRIE Irh X (2) 3
FLRFI RIS, AR § = ph, po 7B FN iz P &
M ph-bits Fl po-bits 345, Fhr i = o, h, r 735
TRz P i R MDI PRSCRAS . A sk
750 1 AS D SCOR A (B P28 5048 T J5 SR A5 4
SO FRAYMUIR 2z PRI B T X SR Ph-
bits AR N 3 A 1E (A

AR, ARSI IS Ty Ik B AR L) 4 42 %% A
H Ph-bits I Po-bits M#ERs/T4HAL. {HIE, 5 MDI-

4 AUHANE IR T R LB SR EE GRS LU RHE R b Po-X(Z) A Ph-Z(X) 23027 A% B4
LR HE Z(X) FEFARALRE LR Z(X) FE, po, py, p2 23 BIFRR =FGRBOCIRBEAR, /8RR RS LURHE B, 2(x)-

ph(po) FRiZME B
Table 4.

JEFIARGL (fidIR) a7 SR 2(x) 26T B9 HERRAE R,

The scheme of decoy state and the bit information obtained by different intensity light sources. Where, Po-X (Z)

and Ph-Z (X) respectively represent the polarization basis selection Z(X) basis and phase basis selection Z(X) basis when

loading information, ps,py,p- respectively represent the probability of three intensity light sources, fraction represents the

probability of obtaining bit information, and z(x) -ph(Po) represents the bit information under z(x) basis obtained by phase

(polarization) decoding.

Alice
Po-Z Po-X
Bob
Ph-Z Ph-X Ph-Z Ph-X
P2 1/2py 1/2py Pz
1/4 z-po
Ph-Z P2 1/4 z-po 1/2 z-ph 0
1/2 z-ph
Po-7Z
1/4 x-ph
Ph-X 1/2py 1/4 z-po 1/2 z-po 0 1/4 x-ph
1/4 x-po
Ph-Z 1/2py 1/2 z-ph 0 1/2 z-ph 1/4 x-po
Po-X 1/4 x-po
Ph-X Pa 0 1/4 x-ph 1/4 x-po 1/2 x-ph
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5 ARBUNTEIRAS T LRI HARE R o 2, y, 2 205308 = FSREZRDEIR, PhoAl Po 405 F M HLAF A i

Ui, B OR R AR (R

R BB, 2 F x FRPAHE SR A

Table 5. The bit information obtained by the decoy state method of this protocol. Where z, y and z represent the light

source of three kinds of intensity, Ph and Po respectively represent phase bit and polarization bit, fraction represents the

probability of obtaining bit information, and z and x represent the basis to which the obtained information belongs.

Alice
Bob z Y x
Ph Po Ph Po Ph Po
P 122 /42 142 1/8 2 0 0
y 1/4z 1/8z 1/8 21/16 x 1/8 z1/16 x 1/8 x 1/8 x
z 0 0 1/8 x 1/8 x 1/2 x 1/4 x
(Sir) = Sir(1 + 1), (43)
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-
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IR 233 A3 2 1 e 338 S R Y, i i 4

mSE N E (mSEY R R IE A, N5 e L
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BT LGE A e IR RBEBIE, (G sh i

SN TSR BR. Bl (40)—fRA ST By ik B
o, AT RIS 3] Ph-bits UG FMRCR T 5k

ST (H)
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R AAH:
P(ij|lily) =
(1-pa)® Li>0 H I; <0,
pd(l —]9(1)67 li + lj >0 H lzlj =0, (63)
pg(l —pd)6, lz = lj = O.

1 7 MDI-QKD £ B8 b & 20K 450 2%
SOERERIBURE IR, FrLL U IR B0A H B
M ESAFESEL. He T RA T RTSCPHE S YA R
A5 MDI URSCHYICFR , Ao A RIS i 17 2 11
RBA B H A ARG ORI R AR LU RR Y B0
TR I AR FR S AR ) 2 2, Gl SOk [37]
7SR A Rk, PO g U
WU LOR I e 2 28 8. e, AR SCEXS A BN
PEAT T 2SR B, (B 53R [39] RIS

1074
T
g 1076
E
2
=
8
~
% 108 —— This work
foet ——- Previous work
+ This work @40 km
* Previous work @40 km
10-10

0 10 20 30 40 50 60
Transmission distance/km

B 2 ARFEPMLA R Z SRR, XERMIFH T £
o5 a SRS, I HAE DL 40 km b (2% 1 0046 B A5,
AUV S BRAGE R IR 75 adl. B a5 % FoR
AP AE AL, MR R 2k R SOk [36] Y45 R

Fig. 2. Comparison of optimal security key rates for differ-
ent protocols. Here, we take advantage of the conditions in
column a of Table 6, and take the security key rate at 40
km as the optimization objective. The parameter optimiza-
tion results of this protocol are shown in column a of Table 7.
The solid red line in the figure represents the result of this
agreement, and the dotted black line represents the result
of Ref. [33].

BB PT LA HA SCHR 1 25 RANTR] A SCHE
B — AN BT BN, S 4 At Sk 1) 45
YE I WHEH R IS EOTREE R KRR £, KR
B I LA SCHE AT AN S 5 Ak i 72
W B e LA SCHER [36] R B AL S BUPE v,
1 A R A RIS B S A A T REA7AE
DX [H], SR J5 P B 4 53 0 0 e itk 400
L.

R TAEFFISCHR [36] W e RE T AR, e
P T A AR S5, BARSEULk 6.
B AR B S AR A BB LA SR LR 2 R 3,
P L (S22 AR DML S SR SR (0 2R SRR [36]
M2 IR LUE 1, AR U0 % 2% 4
S —E MR THER . BRI, ARUMUTE PR 5%
o ML A2 T T 52.83% H1 50.55%,
FHCSE R gk e SR 8 .

o

2

3

2

=

< -6

% 10 —— This work A
~ — - Previous work \

1077 ¢+ This work @50 km
+  Previous work @50 km

0 1.0 2.0 3.0 4.0 5.0 6.0 70
Transmission distance/km
K3 AR Z SR L. XREFHTE6H
55 b AU S, IF H I DL 50 km 4 Y22 4% O 40 B bx,
AU S EARACLE R WL 75 b o). BIhafsisk®
IRA P SLI A R B0 R 2 R SCHR [36] Y45 R
Fig. 3. Comparison of optimal security key rates for differ-
ent protocols. Here, we take advantage of the conditions in
column b of Table 6, and take the security key rate at
50 km as the optimization objective. The parameter optim-
ization results of this protocol are shown in column b of Ta-
ble 7. The red solid line in the figure represents the result of
this agreement, and the black dotted line represents the res-
ult of Ref. [36].

® 6 MEBAUMCESE eo &2 Alice 8 Bob Kk =S R ifif AR, eq AZ % RMUEIRZE; pg WITHHECR; na IR

TRR; fo MERBSLIFTRAAR; N A Rk A2 16 fD Lk v S8k

Table 6. Relevant parameters of numerical simulation. eq is the bit error rate when Alice or Bob sends an empty pulse; eq

is the reference system alignment error; pg is the dark count rate; ng is the detection efficiency; fe is the error code correc-

tion efficiency; N is the the total number of light pulses sent by each sender.

€o ea/% Pd na /% Je N €
a 0.5 1.5 6.02 x 10~ 14.5 1.16 1010 107
b 05 1.5 10—7 40 1.16 109 107
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TR T SR LE R

Table 7. Parameter optimization results under the two conditions of this agreement.
L/ km Ha Hy e Pa Py Pz
a 40 0.0601 0.2907 0.2992 0.4636 0.0310 0.4009
b 50 0.0659 0.3200 0.2744 0.5212 0.0351 0.3283

#* 8 LT EMRIIE. R, M R 435I 3CHk [36] HF B TAERIA TR 544 T BT 45 5% Improvement #

7R R ABX T Ry $ TR LG
Table 8.

Comparison of optimal security key rates. Rp and Ry respectively represent the calculation results of the work in

Ref. [36] and this work under different conditions. Improvement is the ratio of Ri to Rp.

L/ km Ry Ry Improvement /%
40 1.3394 x 106 2.047 x 10~6 52.83
b 50 3.3983 x 106 5.116 x 10~6 50.55

£ S YN 1B QU K B g R
43 HONESCHR [36) R4 SR aE AT L. — i, AR LX)
T H At 7Y 56 5 4 4 A 1Y) MDI-QKD PSR 1,
AR FZE RS TSI SN {7 5, AL
R EA—EA R, LS HALR R T = 4
fih i) MDI-QKD Pl i85 (B AR A0L 25 SR 1Y LU BT AN
e 58 AR LA PRI A 3 53—, X TR
MDI-QKD SR UL, PU75 5 25 P B9 2 H /e
S PR RE B U A A SR AS MDI-QKD Pl Rt
BT EIRE R, R A U SO LT D DY O O A
MDI-QKD M AEPERE R THE 4 R 8 B A
M E X

4 7 W

ASCHE T — B 0 AT B 5L T ARG B
AR AE A IR A g MDI-QKD P, Bk,
FH EGF SCHK [35) Fh 4 A 3 23 (A0S 2R P A5
AP A E RS 965 MDI-QKD Phi¥, 5k
TR P TR NS 2, {H 2 S0 SC IR fi B, A0l
JE7E Charlie ¥, FH%FF i MDI-QKD MUK A
T AU AR AT AR k. FLUR, AE LT SCHR [31) AR
A LTI A HD MDI-QKD Y, ABHUL
PAE T A TEEEHETEF P o 9 52 52 4508 5k T LA T
R LR, T EHEHEMAAR R MDI-
QKD WML S A U IS T B S0 St A5 WA
LeAE Al

—J7 1T, X F R AR 0 B[] 4 i MDI-QKD
BORUL ), B A PR Z R =A% B
SeT BRIk T M m IR i ke i, R AF B Th

SIS AR H A AR O8] S J5 FE IO 75 3
WS OGRS, BHT, SRR S L.
XS A, Bl SOk CL 4 iGE T ik
F| 68 km 1 f I £ Mz 52 b I 5256 1491, 5B 3L
Pt 9 e i B PRI L 28T LAt P 7 e I 8 ) 1o .
XS = ANAF, 78 AL T MK Z5 4 v -1 47
W7 B8 IR 5 B - HEIs l mT DA 2 AN P
BEARCREE R, P CRXFP BAS IR (AR ).

o3 —J7 T, X T 4R 0 0w 4% 4 £ MDI-QKD
PRSOR Y, 5 AU [R] B 5 7E T = H—
T B R T VA AR A G e i L A AR
P AMERE B = A SO T BRI s Y
TR HECRIG I—A%. BT AR T LR A
) S B0 SIE I 231 0 B JE — S AR TR R DL A
AU 2R A T U0, AU A 7T 2 —A~
SR W ARG N, T ELATAA A AS U P R
SO VAR AR, AT DA 434 b FH 2 19 5 B
PR BN BE I AR DA SRy 3ok Fofr jli AR 184 2 m] A4
ZI.

TN, TEAE R, LR CFIH 4 58
YAy 1k B0 SRAR T AR PSR X A S S
AIATIA FLEHLRE, SEMAnE e T RE St — 2042
TR, ANEA TS50 i), 5 3CHk [36] —
B, AR T Ir (1,r € Dy, Do) BIFH LR 504,
B A A AT DL AR B 22 X LR A 2 A U8
zy Ny FAHC AR &, AR S B T G124
BF 2% 08 T KRGk g, DRI T %5 B R
JIT DA G T3 0 ST N 5 35 A 75 B A8 7 R IR A T

.
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PIMSCRASU AT AR i 2 4Rl %6 i HL 52 4] LRI B
ARSI TR A T IR e B
ZAF T B GRARAS RN, SRR 4 58 B S IR A T
A3 BT I AT % U BUAE SE R SR R I R
MR, AR IR S TR MR AN 5E S, i
AR TAE I ehotk . 4 548 iz Uil # i
T F W4, flan7e 28 w1 W24 a5 8, Xt
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— AN A AR A AR 25 25 o e I A g X 1 )
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RN R F B R T8 S LRI,
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M3k A

FEARAT AR S Po-bits SUGF0R RLAR A F Ak
ST (H ) FUXE 7 (1 2 R 4 . i o W58 26 5 A AR AN ] o
Po-bits MR FEAEIE R RN

lr,r

Sp = éSlT = Spy(Ir € {00, 0z, x0, 2T, 22}), (A1)

1
Sty e = 5 Sum = 4S5 (Ir € {oy,yo,yy}),  (A2)

FIFH_F FF RIS (43) (45) AT4% S () ik

SN (H) > SiH(H)
_ 51— s2 — ay(1)by (2)H
B az(1)ay(1) [bz(1)by(2) — bz (2)by (1)]

s1 =0y (1)by(2) (S5%.0) + az(1)bx(2)ay (0) (S5 )
+ a2 (1)b2(2)by (0) (Syor)
52 =a:(1)bs (2) (S5, ,) + @ (1)bs (2)ay (0) (S%.,)
H =a.(0) (Shy..) + bz(0) (Sho.)
— a2 (0)b2(0) (S%.,)
=i R TR Ay

(A3)

(A4)

P+ vy NP, = Nir (8P, ) = NinSE, = 74/ Nin SIS, (i € Dy),
lr,r + 7\/ 4Nl7"5}3:,r 2 Nl”" <S§):,r> 2 NLTS}):,r - ’Y\/ 4Nl7"Sf:,r(lr S D2)7

Nyo (Shorr) + Noy (Shys) = NyoShor + NoyShyr — 7\/4Nyosz‘;,r+4Noy52‘;,r,

sz <S:I:7()z,r> + Nyo <S?3(L)7,l'> + Nay <SEZ/J>

> NyoSI5 .+ NoySE e+ NuwS2y — 7\ ANy S + ANy B+ NowShr

Nyy (Sgy.e) + Noo (Sbox) < NyySyyx + NooSoo,r + 7\/ ANyySiyr + NooSto.r,

Ngzo <Sgoo,r> + Nox <Sg‘;:,r> < Nxoqu;?),r + No:chg:,r + '7\/Nxosg%,r + No:cSS(:)D,N

Noo (S25,) + Now (S52.4) > NaoS2%e + Now S50 — 71/ NeoSTos + Nox SE5.

Hh Dy € {o0,0x, 10,22}, D2 € {0y, y0,yy}. FFE, FlH
SCHR [37) TR AT AR SE N (H) YRR #eaA st 6T
Po-bits BOG T X AIRAS R ER SV (H), FTHA AR
R PR A RIS R Ty, 57 MDI-QKD i —#E. A M4 3¢
ik [36] AT 45

™, 1

—ZH
Now 2

az(0)b (0)STY" (H)

T+

R (H) > 87V (H) =
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\
2T AFHE] Po-bits Y% 2R T H B sRERIA
W)

Rpo(H) = Rys (H) + Rpo' (H) + Ryo' (H), (A7)

Rin(H) =p1ypry % {0z (1)b2 (1)ST (H)[1 = h(els (11))]

— JeDIH(ER) }, (A8)
L, RE(1r € {22, zy, yy}) Fmal IR ir ) Po-

bits TSR EL Z 3 L AR I L K h(z) = —zloge(z)—
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Rpo = min{Rypo(H)}H € [h— 6, h + 6], (A9)
h = az(0)S%. ¢ + a2 (0)S%, « — az(0)Sk .,
Stz + Shox | 2 Sto,r
5 = Qg (O)’)’ T + az(O)’y NOO . (AIO)
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Abstract

Quantum key distribution technology refers to a method to share keys between communication parties by
transmitting quantum states in public channels. Although unconditional security is the main advantage of
QKD, its application prospect has been controversial in practical implementation due to the potential security
risks caused by device imperfections. Fortunately, the measurement device independent quantum key
distribution protocol removes the vulnerability of all measurement devices and greatly improves the practical
security of the quantum key distribution system. However, the security key rate of this protocol is still lower
than that of other quantum key distribution protocols. At present, using high-dimensional coding to improve
the performance of the quantum key distribution protocol has been proved in theory and experiment, and
recently, it has been proposed to use high-dimensional coding to improve the performance of measurement
device independent quantum key distribution protocol, but because these protocols have higher requirements for
the laboratory equipment performance, that the high-dimensional encoding is applied to the aforementioned
protocol still has many difficulties in practical application. In this paper, we propose a hybrid coding based on
the polarization and two-degree phase of freedom measurement device independent quantum key distribution
protocol. In the first place in an ideal case, we introduce in detail the protocol decoding rules, then introduce
4intensity decoy-state method to solve the problem of actual light source multiphoton, in addition we also
consider the statistical fluctuation effect under the condition of limited code length, channel loss, actual dark
count of single photon detector and detection efficiency problem. Finally, the optimal security code rate and its
corresponding optimal parameters are obtained by full parameter optimization method, And the numerical
simulation results show that the security key rate of this protocol is increased by 50% by considering the
practical implementation. We point out that compared with other measurement device independent quantum
key distribution protocol, the proposed agreement requires local users only to have a phase encoding device and
a polarization coding device, and 4 single photon detectors for detecting side. The proposed device can use the
existing experimental condition, beyond that, compared with the time encoding based high dimensional
measurement device independent quantum key distribution protocol, the proposed protocol possesses the
advantage that the rate of system security key can be increased without increasing the repetition frequency of
users. It is proved that this protocol has great application value in the future field of quantum communication,
especially, in the field of quantum network communication.
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encoding
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