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Fig. 1. Wigner pictures of the quantum states of Alice and Bob: (a) The Wigner pictures of four coherent states prepared by Alice

and their top view; (b) the Wigner functions of four displaced thermal states received by Bob and their top view.

o =0.6, 555 RCRNE 8 S A v 0 5 A S
e =0.02. FRIMEH Wigner pRELE A 25 8] f4) [&
& 1(b) Fros, F B RILIE L, b 860 (5
R ASIIRZE R, HPER R ELE o, =
V1+Te/2.

FEW Bob SR I8 25 FA 800 £ THD Xt 4
AP AR IEAS Ay A T I A I 5 B 38 475 30
TR B BB A 5 a2, R s —BY
FERN B AL, BT O A 2
R BAR MR RN O A

2.2 YESHFR

DU 25 B B0 B B9 EB 5 £ P, k1% i
Alice il & 08 T N MG |0) 4 0 , BH FRR K
W aisnER:

Ban =3 VB ()

WERNE VPR =12 BFE k), k=(0,1,2,3) F
BTE Alice ¥ 25 f7aw A 1, ATAS AL —21E 28 0 —
K. Alice X3 | k) , AT IEASFHUEIE ypA —
k) (k| , [T 24 290708 A PR T35 |ag) . 24
T AL B REWORE, Alice il Bob L= IE
KRA S

pap = (ida ®@ Earn) (1) (Wl aar) (4)
ida FTXTEFAEAR A iy F S AR A E, mT
ML RIR. Eap oAt A PR R T
AL i 2 FE WO 1 2o R S5 0 JE A PR R
1. A ] AN T kR

R= [sﬁhés DI[G(paB) Z(G (paB))] — PpassOec. (5)

Yty S0 A T A S0 LI e PR i T
KHEERAT pap, D (p|6) fCF R TAIRIA, 7T
T Fk AT

D (51&) = Tr (logyp) — Tr (plog,é),  (6)
il G (6) WRTF AR LIS, 2 (&) K iFE
2,

G(6) = KoK, (7)
f(:i|j>R®HA®(\/J?j)B, (8)

3
Z(6)=>_(13) (lr ®Lap) 6 (|5) (il @ Lan), (9)
j=0
;H\:EF' Rj %B:bﬁ%:?§7 DPpass %Fﬁ?}iﬁi%ﬂ‘@ﬂ@ﬁ(ﬁ
It i L), P PR R AL B S s Ope AR TR
G B R, HRAI A T S H A
fik [23,38,50].

3 BHRESHF

Sy, O ) SRR SR bk o6
&, AT kot si B CV-QKD MRS,
SR FH R Bk W A = 2214 i 81 ) e 19 7 207 A v T
JEHK IO, Z IR R R TE G koo A oA
ARG L. Ry 1 R SIS E SO R IR IR FIAR AL
BT, T 2 SR S OGR E R  = R HE
S ETIZEECRH T 2(a) RBP4, Kk
Uiy Alice SR H VO 18 AT = I B & A= 2% (arbitrary
waveform generator, AWG) = A4 U #% [7] 25 1) i
. Hoh—% AWG. CHL B (ES, Tk

060302-3


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 3R Acta Phys. Sin. Vol. 73, No. 6 (2024) 060302

Jok A A PG 7= A R I RS B AE B A B B A
5. AWG HA = (AWG.CH2—4) H T [F 44
HAE S E R PRI VR O 15, LA L R (B ROk
R LR ORI R ey <4 P ULV Rack 1
PG1 4t 0 H Bk 5 5 75 L Aty Aty KT
FS I BT, SR RDRHE SR B S
433 DX 3, SR 5 SR M sl 467 PR it 78 11 5
T Fsf 19 L ok o 1) 7 G AN At T MR IR
WHIR R R A5 R AR 2.

LU Bob SR F A 48k 22 A 44 I 2% B THD X
iU P L Rl k=K TIRS) | L D AT A=
W (B 55 1E 38 43 ek 52 B 1 56 R W H ik o5 5 THD.
X&Y. J T RS KGR AE BIEAE, Bob FIHAIR
Yk 2 B a5 e, SEELS Alice iy ) i 4 [R] 25
G o 8 SR 4 UG M 110 o A P R A A TR A A [) 2
IR B T B TR AT AR B Wi o )
i 2(b) fr7x. RCLK (recovery clock, RCLK)
& Bob R I B Bk 42 5% WK A2 Hh S 5, %
Yk i A BB I b & AR A PG2, SR
[ HERT At J5 1 koh & 2B 4% PG2.CH1 3 3 4 .
PG2.CH1 #il THD.X&Y {5 5 [l i iy A 21 B4 %
RGN A SRR S i A 1, O TS
SR BAS RS, FERT I 4 TS THD
V18 VR 3% 175 o (T 5 (R T O B ] 22 Aty

XU AR, Kkt Alice [R5 I8 ShiT =0k
W kA4 AWG HIUASEE, {75 6RARRELIEL
i ot () 2544 1m] Bob & 3%, R K0 i S #5 T4
BEHAG B, R EE R b DU K b A K b A
B 31, PR o 32 2 AR AR L AR, RN 2%
F18) - 1 5 R RIORE M 7 A 2 o 5 5 5 ik o 32 R
FH 525 B4R W RAR A7 . 78 200, Bob 2
TR S I {5 SR R THD i Hi 9 454 ok o
{55 AT RAE, LLBR W B X B34 AT A7 A

f:\BVG.CHl M S

PG1.CH1 At

» <|Cycle=1 —l |_|

PG1.CH2 Aty ] [
| .

weom X T T X
|

aweoms __(TOC T T T X

aweons A X0 XN

GRS Alice WA —ANIBPE S IT 4G, K26 —
XESZ AR S N EAE S — kb L, Bob #24k
PSR — AR E S, TR RS — X Bk nh {5
IR, HA K b 55 O ik S R, PRI
J7 RS A B0 5, O Bl s o 57
Bk

4 CV-QKD L35 5 22 A 5% 4 - #r
41 CV-QKD XKW E%

RS FIRREE Ry %, T SRR e 1
ik 8 42 Al 10 MHz Fé DU 245 8 S0 i A 1 2%
CV-QKD R4t (4 3). T ST 44,

TE & 3% g, Alice % Y6 U >R A 1550 nm DFB
TELEHOERE, PRIE Vg AM 23 T U R A
PRI 4 2 - 5 i R VR i %, RS B A IR i
PEHIEE AM1, AM2 7EK P &A% PG1 (ASG8100)
el T SN QU EREN (O 7 W N B A S o il |
WUVK 8 R 10 ns, #5 HA Sl 10 MHz, G R
T 70 dB BBk bt Bkibot gt 99/1 B PR DGEF
SRR G SRR Y. M5 SOk,
AM3, AM4 R bk v A bk i s
AHA A 1 #5% PM1 R 58 A5 -5 SEAH A 1 I 1, i
AN YE L R R AT O R A A AWG
(TFG 2944A) ff) CH2-4 5@ B #24L. {556k
90/10 fR 0w SELF A G 25 53 th— /N o5 5 6 0F
FACHERN #% PD1, Hi 55 h 2 Diseskds
B AR USB 6259 [ R0l A B 18 AT SR4E,
gk 4 DU T f S S (AO0-3) AT H T A ks E
DUANHR i T Tl 2 ) P . 10 m AR YGEF PMFL
FT 2, Seer w6 a s PBC H Tmdik 2
H, PIgs AR5 St AR AR 43 2 R
PRE I ITRAE 25 km (I BARDELTF rp (L4

(b)
RCLK f r e ﬂ
Startl | Cycle=1
P
pG2.cH1 At [ S [
|
Aty "

THD.X (‘:\ N __/\ /\
THD.Y N\ AURA N

E 2 CV-QKD REMAIESHFE  (a) &% Alice RIS S HHFE; (b) B2lkim Bob ML {55 1 &
Fig. 2. Timing diagrams of the CV-QKD system: (a) The timing diagram of Alice; (b) the timing diagram of Bob.
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Fig. 3. Scheme of the four-state discrete modulation CV-QKD system based on the hardware synchronization method. AM, amp-

JETRECER L 7 22 00 DU S B O H CV-QKD RS0 . AM, #0598 1 2% PM, AHOZJH 51 28 PG, Fknh & 4 88, AWG, 1+

litude modulator; PM, phase modulator; PG, pulse generator; AWG, arbitrary waveform generator; PD, photodetector; PMF, polar-
ization maintaining fiber; PBC, polarization beam combiner; PBS, polarization beam splitter; DPC, dynamic polarization controller;

VOA, variable optical attenuator; THD, time domain heterodyne detector; TBHD, time domain balanced homodyne detector; FS,

fiber switch.
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i R B — B B B 9 45 5 B0F 5 (d) PGL.CHL-2 % i
H K w15 5 P

Fig. 4. Various waveform at Alice’s side: (a) The waveform
of clock signals generated by AWG.CHI; (b) the expanded
waveform of panel (a); (c) the waveform of one block modu-
lated signals generated by AWG.CH2-4; (d) the waveform
of pulse signals generated by PG1.CH1-2.
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Fig. 5. Various waveform at Bob’s side: (a) The waveform
of recovery clock signals generated by PD2; (b) the wave-
form of clock signals generated by PG2.CH1; (c) the color
temperature waveform of the shot noise generated by THD;
(d) the color temperature waveform of the displaced
thermal states generated by THD.
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Fig. 6. Measurement results of the first and second moments of quadratures of the displaced thermal states: (a) Measurement res-
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thermal state p; (d) measurement results of displaced thermal state pf .
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Fig. 7. Secure key rates and the phase space distribution of quadratures: (a) The secret key rate of each frame; (b) the phase space

distribution of quadratures of displaced thermal states.

060302-8


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 3R Acta Phys. Sin. Vol. 73, No. 6 (2024)

060302

G HIGERR. O T REREHE— P P R GEERE, %
RBIMNE RS, 48 R Z WP R, TSI R
A YL BERRSE T, w2 R RGeS . i,
TE AR, 3 ] TS AR 7 22 RS e Tk
FIRGRE . FEALR IR ] DRI FARA IR TR 175
LW AYROERHE SRR, 7ERCm IR 5 A
IR TR PR R oo i AR o7 P 2 i =
SRR, BT AT B S R . R GTARE Tk
RS, Al R W, b gt
22 (finite-size) X 2 WP H R 1R, 7
G AEANTRE T D0 T IR T B s Bl 4
THRZEHTM, 22 45 PIER AL

5 REL5RZE

AR SCHEEF DU B HOR S P, B F SR S
TR TR E CV-QKD. K% Alice LA
ZiliE AWG fi H i 0 [R5 1 0 2 36k Skt
455 Z23m 38 VRSB ZE I ik op AR 2R, T AR A
kv A PRSNGSR T Ak
P25 48, R T RG0S . B2t Bob SR
Jikuh LO Stdgk & o fir 5 B Bp s, 454 28
ARG RRAER kb 2 Az, oA T R T R B T
IR E S, AT S AD I B2 A0 i A e Jhk
WSS, B TSR R A, (T R AE R 45
o L ) DK (5 DAL A S P P £ AR
ey s 1) e K b S [T ES ACRAE v, TSz Bl
XU ELAR -5 PR SR A 5 ]I B2 A0S P SR AR LS P
(AR Ry fah &, T SRR 19 ) B0 5.
2507 I TC T R SRR, Rl fa T i
SRAFE AT e (14 W {3 T3 AR ot ) 25 5 %

B A B R I TR NS RIS K2
Norbert Liiokenhaus AF¥ 40 38500 $i& H4 At B8 wi i) il
PN R S T, RS 2 T A i
IEZE Sy ) — B A A B A, R T AR P S
i, DA AR &, MM kR 4
()2 A B B R [RII AAR SCOR FH A R0 Mg 1)
AN T RGN K, THE T EWHE AL
VEER A B O A R G PERE A it AN ik

CV-QKD RZnYH K #H AN 10 MHz, {4
1R 25 km BRDLLF, %P %N 0.0022—
0.0091 bits/pulse, SFRANS MG K4 T 0.016 2
0.103 Z [a], S35 225 LU AR R A 24 kbit/s. 5

5 R YE A TR T iz A R AERT L CV-QKD
A AT . SR AR TR R I, BT A2 F finite-
size RN B2, B2 00 f -2 B — B R R B
SRR, FRE T R B H R RN
S EIEE. T—4, ¥RIT finite-size BN X &
SRR Y B FISC IR Y, P Mg
AT v, TR R A0 58 S 3B o 1k B A i
JEH CV-QKD.

S 30k

[1] Xu F, Ma X, Zhang Q, Lo H K, Pan J W 2020 Rev. Mod.
Phys. 92 025002
[2] Pirandola S, Andersen U L, Banchi L, Berta M, Bunandar D,
Colbeck R, Englund D, Gehring T, Lupo C, Ottaviani,
Pereira J L, Razavi M, Shamsul Shaari J, Tomamichel M,
Usenko V C, Vallone G, Villoresi P, Wallden P 2020 Adv.
Opt. Photonics 12 1012
[3] Fan-Yuan G J, Lu F L, Wang S, Yin Z Q, He D Y, Zhou Z,
Teng J, Chen W, Guo G C, Han Z F 2021 Photonics Res. 9
1881
[4] Liu H, Jiang C, Zhu H T, Zou M, Yu Z W, Hu X L, Xu H,
Ma S, Han Z, Chen J P, Dai Y, Tang S B, Zhang W, Li H,
You L, Wang Z, Hua Y, Hu H, Zhang H, Zhou F, Zhang Q,
Wang X B, Chen T Y, Pan J W 2021 Phys. Rev. Lett. 126
250502
[5] Grosshans F, Van Assche G, Wenger J, Brouri R, Cerf N J,
Grangier P 2003 Nature 421 238
[6] XuH, Hu X L, Jiang C, Yu Z W, Wang X B 2023 Phys. Rev.
Res. 5 023069
[7] Jiang C, Yu Z W, Hu X L, Wang X B 2023 Natl. Sci. Rev. 10
186
[8] Yin J, Li Y H, Liao S K, Yang M, Cao Y, Zhang Y, Ren J G,
Cai W Q, Liu WY, Li S L, Shu R, Huang Y M, Deng L, Li
L, Zhang Q, Liu N L, Chen Y A, Lu C Y, Wang X B, Xu F
H, Wang J Y, Peng C Z, Ekert A K, Pan J W 2020 Nature
582 501
9] Fang X T, Zeng P, Liu H, Zou M, Wu W J, Tang Y L, Sheng
Y J, Zhang W, Li L, Li M J, Chen H A, Zhang Q, Peng C Z,
Ma X, Chen T'Y, Pan J W 2020 Nat. Photonics 14 422
[10) Zhu H T, Huang Y Z, Liu H, Zeng P, Zou M, Dai Y Q, Tang
S B, Li H, You L X, Wang Z, Chen Y A, Ma X F, Chen T Y,
Pan J W 2023 Phys. Rev. Lett. 130 030801
[11] Du Y Q, Zhu X, Hua X, Zhao Z G, Hu X, Qian Y, Xiao X,
Wei K J 2023 Chip 2 100039
[12] Wei K J, Li W, Tan H, Li Y, Min H, Zhang W J, Li H, You
L X, Wang Z, Jiang X, Chen T Y, Liao S K, Peng C Z, Xu F
H, Pan J W 2020 Phys. Rev. X 10 031030
[13] Huang P, Wang T, Huang D, Zeng G H 2022 Symmetry 14
568
[14] Wang H, Pan Y, Shao Y, Pi Y D, Ye T, Li Y, Zhang T, Liu
J L, Yang J, Ma L, Huang W, Xu B J 2023 Opt. Ezpress 31
5577
[15] Sun S H, Xu F H 2021 New J. Phys. 23 023011
[16] Sun S H 2021 Phys. Rev. A 104 022423
[17] Huang P, Huang J Z, Zhang Z S, Zeng G H 2018 Phys. Rev.
A 97 042311
[18] Zhang Y C, Li Z Y, Yu S, Gu W Y, Peng X, Guo H 2014

060302-9


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/10.1364/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/10.1364/PRJ.428309
https://doi.org/10.1364/PRJ.428309
https://doi.org/10.1364/PRJ.428309
https://doi.org/10.1364/PRJ.428309
https://doi.org/10.1364/PRJ.428309
https://doi.org/10.1364/PRJ.428309
https://doi.org/10.1103/PhysRevLett.126.250502
https://doi.org/10.1103/PhysRevLett.126.250502
https://doi.org/10.1103/PhysRevLett.126.250502
https://doi.org/10.1103/PhysRevLett.126.250502
https://doi.org/10.1103/PhysRevLett.126.250502
https://doi.org/10.1103/PhysRevLett.126.250502
https://doi.org/10.1038/nature01289
https://doi.org/10.1038/nature01289
https://doi.org/10.1038/nature01289
https://doi.org/10.1038/nature01289
https://doi.org/10.1038/nature01289
https://doi.org/10.1038/nature01289
https://doi.org/10.1038/nature01289
https://doi.org/10.1103/PhysRevResearch.5.023069
https://doi.org/10.1103/PhysRevResearch.5.023069
https://doi.org/10.1103/PhysRevResearch.5.023069
https://doi.org/10.1103/PhysRevResearch.5.023069
https://doi.org/10.1103/PhysRevResearch.5.023069
https://doi.org/10.1103/PhysRevResearch.5.023069
https://doi.org/10.1103/PhysRevResearch.5.023069
https://doi.org/10.1103/PhysRevResearch.5.023069
https://doi.org/10.1093/nsr/nwac186
https://doi.org/10.1093/nsr/nwac186
https://doi.org/10.1093/nsr/nwac186
https://doi.org/10.1093/nsr/nwac186
https://doi.org/10.1093/nsr/nwac186
https://doi.org/10.1093/nsr/nwac186
https://doi.org/10.1038/s41586-020-2401-y
https://doi.org/10.1038/s41586-020-2401-y
https://doi.org/10.1038/s41586-020-2401-y
https://doi.org/10.1038/s41586-020-2401-y
https://doi.org/10.1038/s41586-020-2401-y
https://doi.org/10.1038/s41586-020-2401-y
https://doi.org/10.1038/s41566-020-0599-8
https://doi.org/10.1038/s41566-020-0599-8
https://doi.org/10.1038/s41566-020-0599-8
https://doi.org/10.1038/s41566-020-0599-8
https://doi.org/10.1038/s41566-020-0599-8
https://doi.org/10.1038/s41566-020-0599-8
https://doi.org/10.1038/s41566-020-0599-8
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/10.1016/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/10.1103/PhysRevX.10.031030
https://doi.org/10.1103/PhysRevX.10.031030
https://doi.org/10.1103/PhysRevX.10.031030
https://doi.org/10.1103/PhysRevX.10.031030
https://doi.org/10.1103/PhysRevX.10.031030
https://doi.org/10.1103/PhysRevX.10.031030
https://doi.org/10.1103/PhysRevX.10.031030
https://doi.org/10.3390/sym14030568
https://doi.org/10.3390/sym14030568
https://doi.org/10.3390/sym14030568
https://doi.org/10.3390/sym14030568
https://doi.org/10.3390/sym14030568
https://doi.org/10.3390/sym14030568
https://doi.org/10.1364/OE.482136
https://doi.org/10.1364/OE.482136
https://doi.org/10.1364/OE.482136
https://doi.org/10.1364/OE.482136
https://doi.org/10.1364/OE.482136
https://doi.org/10.1364/OE.482136
https://doi.org/10.1088/1367-2630/abdf9b
https://doi.org/10.1088/1367-2630/abdf9b
https://doi.org/10.1088/1367-2630/abdf9b
https://doi.org/10.1088/1367-2630/abdf9b
https://doi.org/10.1088/1367-2630/abdf9b
https://doi.org/10.1088/1367-2630/abdf9b
https://doi.org/10.1088/1367-2630/abdf9b
https://doi.org/10.1103/PhysRevA.104.022423
https://doi.org/10.1103/PhysRevA.104.022423
https://doi.org/10.1103/PhysRevA.104.022423
https://doi.org/10.1103/PhysRevA.104.022423
https://doi.org/10.1103/PhysRevA.104.022423
https://doi.org/10.1103/PhysRevA.104.022423
https://doi.org/10.1103/PhysRevA.104.022423
https://doi.org/10.1103/PhysRevA.97.042311
https://doi.org/10.1103/PhysRevA.97.042311
https://doi.org/10.1103/PhysRevA.97.042311
https://doi.org/10.1103/PhysRevA.97.042311
https://doi.org/10.1103/PhysRevA.97.042311
https://doi.org/10.1103/PhysRevA.97.042311
https://doi.org/10.1103/PhysRevA.97.042311
https://doi.org/10.1103/PhysRevA.97.042311
https://doi.org/10.1103/PhysRevA.90.052325
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.

73, No. 6 (2024) 060302

[19]
[20]
21]
[22]
23]
[24]

[25]

(26]

(27]

(28]

[29]

(30]

31]

32]

(33]

34]

(35]

Phys. Rev. A 90 052325

Qi B, Gunther H, Evans P G, Williams B P, Camacho R M,
Peters N A 2020 Phys. Rev. Appl. 13 054065

Tian Y, Wang P, Liu J Q, Du S N, Liu WY, Lu Z G, Wang
XY, LiY M 2022 Optica 9 492

Tian Y, Zhang Y, Liu S S, Wang P, Lu Z G, Wang X Y, Li
Y M 2023 Opt. Lett. 48 2953

Wang T, Xu Y, Zhao H, Li L, Huang P, Zeng G H 2023 Opt.
Lett. 48 719

Wang P, Zhang Y, Lu Z G, Wang X Y, Li Y M 2023 New J.
Phys. 25 023019

Du S N, Wang P, Liu J Q, Tian Y, Li Y M 2023 Photonics
Res. 11 463

Chen J P, Zhang C, Liu Y, Jiang C, Zhang W, Han Z Y, Ma
SZ HuXL,LYH, Liu H, Zhou F, Jiang H F, Chen T Y,
Li H, You L X, Wang Z, Wang X B, Zhang Q, Pan J W 2021
Nat. Photonics 15 570

Wang S, Yin Z Q, He D Y, Chen W, Wang R Q, Ye P, Zhou
Y, Fan-Yuan G J, Wang F X, Chen W, Zhu Y G, Morozov P
V, Divochiy A V, Zhou Z, Guo G C, Han F Z 2022 Nat.
Photonics 16 154

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, Chen T Y, You
L X, Wang X B, Zhang Q, Pan J W 2023 Phys. Rev. Lett.
130 210801

Pan Y, Wang H, Shao Y, Pi Y D, Liu B, Huang W, Xu B J
2022 Opt. Lett. 47 3307

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

Hajomer A A E, Bruynsteen C, Derkach I, Jain N, Bombhals
A, Bastiaens S, Andersen U L, Yin X, Gehring T 2023 arXiv:
2305.19642v1[quant-ph]

Zhang Y C, Chen Z Y, Pirandola S, Wang X Y, Zhou C, Chu
B J, Zhao Y J, Xu B J, Yu S, Guo H 2020 Phys. Rev. Lett.
125 010502

Zhang G, Haw J Y, Cai H, Xu F H, 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 X Y, JiaY X, Guo X B, Liu J Q, Wang S F, Liu WY,
Sun F Y, Zou J, Li Y M 2022 Chin. Opt. Lett. 20 041301

Jia Y X, Wang X Y, Hu X, Hua X, Zhang Y, Guo X B,
Zhang S X, Xiao X, Yu S H, Zou J, Li Y M 2023 New J.
Phys. 25 103030

Li L, Wang T, Li X H, Huang P, Guo Y Y, Lu L J, Zhou L

(36]
(37]

38]
(39]

(40]
(41]

[42]
[43)
[44]

[45]
[46]

(47]
(48]

(49]

[50]
51]
[52]
/53]
[54]
55)
[56]

[57]

060302-10

J, Zeng G H 2023 Photonics Res. 11 504

Leverrier A, Grangier P 2009 Phys. Rev. Lett. 102 180504
Leverrier A, Grosshans F, Grangier P 2010 Phys. Rev. A 81
062343

Lin J, Upadhyaya T, Lutkenhaus N 2019 Phys. Rev. X 9
041064

Ghorai S, Grangier P, Diamanti E, Leverrier A 2019 Phys.
Rev. X 9 021059

Lupo C, Ouyang Y K 2022 PRX Quantum 3 010341

Ma H X, Huang P, Bai D Y, Wang T, Wang S Y, Bao W S,
Zeng G H 2019 Phys. Rev. A 99 022322

LuWB,LiCL, Xie Y M, Weng C X, GuJ, Cao X Y, Lu Y
S, Li B H, Yin H L, Chen Z B 2021 PRX Quantum 2 040334
Wang X Y, Bai Z L, Wang S F, Li Y M, Peng K C 2013
Chin. Phys. Lett. 30 010305

Pereira D, Almeida M, Facao M F, Pinto A N, Silva N A
2022 Opt. Lett. 47 3948

Kleis S, Rueckmann M, Schaeffe C G 2017 Opt. Lett. 42 1588
Milovancev D, Vokic N, Laudenbach F, Pacher C, Hiibel H,
Schrenk B 2021 J. Lightwave Technol. 39 3445

Li H S, Wang C, Huang P, Huang D, Wang T, Zeng G H
2016 Opt. Express 24 20481

Wang C, Huang P, Huang D, Lin D K, Zeng G H 2016 Phys.
Rev. A 93 022315

Liu Y M, Wang C, Huang D, Huang P, Feng X Y, Peng J Y,
Cao Z W, Zeng G H 2015 Acta Opt. Sin. 35 0106006 (in
Chinese) [XI AW, TE#, B0, BO08, M0, ik, BIEX,
B 5t 2015 S # 4k 35 0106006]

Lin J, Liitkenhaus N 2020 Phys. Rev. Appl. 14 064030
Lodewyck J, Bloch M, Garcia-Patron R, Fossier S, Karpov E,
Diamanti E, Debuisschert T, Cerf N J, Tualle-Brouri R,
McLaughlin S W, Grangier P 2007 Phys. Rev. A 76 042305
Wang X Y, LiuJ Q, Li X F, Li Y M 2015 [EEE J. Quantum
Electron. 51 5200206

Wang X Y, Liu WY, Wang P, Li Y M 2017 Phys. Rev. A 95
062330

DuSN/LiZY,LuWY,Wang X Y, Li Y M 2018 J. Opt.
Soc. Am. B 35 481

Wang X Y, Guo X B, Jia Y X, Zhang Y, Lu Z G, Liu J Q, Li
Y M 2023 J. Lightwave Technol. 41 5518

Qi B, Lougovski P, Pooser R, Grice W, Bobrek M 2015 Phys.
Rev. X 5 041009

Liu J Q, Wang X Y, Bai Z L, Li Y M 2016 Acta Phys. Sin.
65 100303 (in Chinese) [XIE®E, FALFH, 652, 22K R 2016
YrF2EAR 65 100303]


https://doi.org/10.1103/PhysRevA.90.052325
https://doi.org/10.1103/PhysRevA.90.052325
https://doi.org/10.1103/PhysRevA.90.052325
https://doi.org/10.1103/PhysRevA.90.052325
https://doi.org/10.1103/PhysRevA.90.052325
https://doi.org/10.1103/PhysRevApplied.13.054065
https://doi.org/10.1103/PhysRevApplied.13.054065
https://doi.org/10.1103/PhysRevApplied.13.054065
https://doi.org/10.1103/PhysRevApplied.13.054065
https://doi.org/10.1103/PhysRevApplied.13.054065
https://doi.org/10.1103/PhysRevApplied.13.054065
https://doi.org/10.1103/PhysRevApplied.13.054065
https://doi.org/10.1364/OPTICA.450573
https://doi.org/10.1364/OPTICA.450573
https://doi.org/10.1364/OPTICA.450573
https://doi.org/10.1364/OPTICA.450573
https://doi.org/10.1364/OPTICA.450573
https://doi.org/10.1364/OPTICA.450573
https://doi.org/10.1364/OPTICA.450573
https://doi.org/10.1364/OL.492082
https://doi.org/10.1364/OL.492082
https://doi.org/10.1364/OL.492082
https://doi.org/10.1364/OL.492082
https://doi.org/10.1364/OL.492082
https://doi.org/10.1364/OL.492082
https://doi.org/10.1364/OL.492082
https://doi.org/10.1364/OL.479647
https://doi.org/10.1364/OL.479647
https://doi.org/10.1364/OL.479647
https://doi.org/10.1364/OL.479647
https://doi.org/10.1364/OL.479647
https://doi.org/10.1364/OL.479647
https://doi.org/10.1364/OL.479647
https://doi.org/10.1364/OL.479647
https://doi.org/10.1088/1367-2630/acb964
https://doi.org/10.1088/1367-2630/acb964
https://doi.org/10.1088/1367-2630/acb964
https://doi.org/10.1088/1367-2630/acb964
https://doi.org/10.1088/1367-2630/acb964
https://doi.org/10.1088/1367-2630/acb964
https://doi.org/10.1088/1367-2630/acb964
https://doi.org/10.1088/1367-2630/acb964
https://doi.org/10.1364/PRJ.475943
https://doi.org/10.1364/PRJ.475943
https://doi.org/10.1364/PRJ.475943
https://doi.org/10.1364/PRJ.475943
https://doi.org/10.1364/PRJ.475943
https://doi.org/10.1364/PRJ.475943
https://doi.org/10.1364/PRJ.475943
https://doi.org/10.1364/PRJ.475943
https://doi.org/10.1038/s41566-021-00828-5
https://doi.org/10.1038/s41566-021-00828-5
https://doi.org/10.1038/s41566-021-00828-5
https://doi.org/10.1038/s41566-021-00828-5
https://doi.org/10.1038/s41566-021-00828-5
https://doi.org/10.1038/s41566-021-00828-5
https://doi.org/10.1038/s41566-021-00928-2
https://doi.org/10.1038/s41566-021-00928-2
https://doi.org/10.1038/s41566-021-00928-2
https://doi.org/10.1038/s41566-021-00928-2
https://doi.org/10.1038/s41566-021-00928-2
https://doi.org/10.1038/s41566-021-00928-2
https://doi.org/10.1038/s41566-021-00928-2
https://doi.org/10.1038/s41566-021-00928-2
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/10.1364/OL.456978
https://doi.org/10.1364/OL.456978
https://doi.org/10.1364/OL.456978
https://doi.org/10.1364/OL.456978
https://doi.org/10.1364/OL.456978
https://doi.org/10.1364/OL.456978
https://doi.org/10.1364/OL.456978
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://www.doi.org/10.48550/arXiv.2305.19642
https://www.doi.org/10.48550/arXiv.2305.19642
https://www.doi.org/10.48550/arXiv.2305.19642
https://www.doi.org/10.48550/arXiv.2305.19642
https://doi.org/10.1103/PhysRevLett.125.010502
https://doi.org/10.1103/PhysRevLett.125.010502
https://doi.org/10.1103/PhysRevLett.125.010502
https://doi.org/10.1103/PhysRevLett.125.010502
https://doi.org/10.1103/PhysRevLett.125.010502
https://doi.org/10.1103/PhysRevLett.125.010502
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/10.3788/COL202220.041301
https://doi.org/10.3788/COL202220.041301
https://doi.org/10.3788/COL202220.041301
https://doi.org/10.3788/COL202220.041301
https://doi.org/10.3788/COL202220.041301
https://doi.org/10.3788/COL202220.041301
https://doi.org/10.3788/COL202220.041301
https://doi.org/10.1088/1367-2630/acfcd4
https://doi.org/10.1088/1367-2630/acfcd4
https://doi.org/10.1088/1367-2630/acfcd4
https://doi.org/10.1088/1367-2630/acfcd4
https://doi.org/10.1088/1367-2630/acfcd4
https://doi.org/10.1088/1367-2630/acfcd4
https://doi.org/10.1088/1367-2630/acfcd4
https://doi.org/10.1088/1367-2630/acfcd4
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/10.1103/PhysRevLett.102.180504
https://doi.org/10.1103/PhysRevLett.102.180504
https://doi.org/10.1103/PhysRevLett.102.180504
https://doi.org/10.1103/PhysRevLett.102.180504
https://doi.org/10.1103/PhysRevLett.102.180504
https://doi.org/10.1103/PhysRevLett.102.180504
https://doi.org/10.1103/PhysRevLett.102.180504
https://doi.org/10.1103/PhysRevA.81.062343
https://doi.org/10.1103/PhysRevA.81.062343
https://doi.org/10.1103/PhysRevA.81.062343
https://doi.org/10.1103/PhysRevA.81.062343
https://doi.org/10.1103/PhysRevA.81.062343
https://doi.org/10.1103/PhysRevA.81.062343
https://doi.org/10.1103/PhysRevX.9.041064
https://doi.org/10.1103/PhysRevX.9.041064
https://doi.org/10.1103/PhysRevX.9.041064
https://doi.org/10.1103/PhysRevX.9.041064
https://doi.org/10.1103/PhysRevX.9.041064
https://doi.org/10.1103/PhysRevX.9.041064
https://doi.org/10.1103/PhysRevX.9.021059
https://doi.org/10.1103/PhysRevX.9.021059
https://doi.org/10.1103/PhysRevX.9.021059
https://doi.org/10.1103/PhysRevX.9.021059
https://doi.org/10.1103/PhysRevX.9.021059
https://doi.org/10.1103/PhysRevX.9.021059
https://doi.org/10.1103/PhysRevX.9.021059
https://doi.org/10.1103/PhysRevX.9.021059
https://doi.org/10.1103/PRXQuantum.3.010341
https://doi.org/10.1103/PRXQuantum.3.010341
https://doi.org/10.1103/PRXQuantum.3.010341
https://doi.org/10.1103/PRXQuantum.3.010341
https://doi.org/10.1103/PRXQuantum.3.010341
https://doi.org/10.1103/PRXQuantum.3.010341
https://doi.org/10.1103/PRXQuantum.3.010341
https://doi.org/10.1103/PhysRevA.99.022322
https://doi.org/10.1103/PhysRevA.99.022322
https://doi.org/10.1103/PhysRevA.99.022322
https://doi.org/10.1103/PhysRevA.99.022322
https://doi.org/10.1103/PhysRevA.99.022322
https://doi.org/10.1103/PhysRevA.99.022322
https://doi.org/10.1103/PhysRevA.99.022322
https://doi.org/10.1103/PRXQuantum.2.040334
https://doi.org/10.1103/PRXQuantum.2.040334
https://doi.org/10.1103/PRXQuantum.2.040334
https://doi.org/10.1103/PRXQuantum.2.040334
https://doi.org/10.1103/PRXQuantum.2.040334
https://doi.org/10.1103/PRXQuantum.2.040334
https://doi.org/10.1103/PRXQuantum.2.040334
https://doi.org/10.1088/0256-307X/30/1/010305
https://doi.org/10.1088/0256-307X/30/1/010305
https://doi.org/10.1088/0256-307X/30/1/010305
https://doi.org/10.1088/0256-307X/30/1/010305
https://doi.org/10.1088/0256-307X/30/1/010305
https://doi.org/10.1088/0256-307X/30/1/010305
https://doi.org/10.1364/OL.456333
https://doi.org/10.1364/OL.456333
https://doi.org/10.1364/OL.456333
https://doi.org/10.1364/OL.456333
https://doi.org/10.1364/OL.456333
https://doi.org/10.1364/OL.456333
https://doi.org/10.1364/OL.456333
https://doi.org/10.1364/OL.42.001588
https://doi.org/10.1364/OL.42.001588
https://doi.org/10.1364/OL.42.001588
https://doi.org/10.1364/OL.42.001588
https://doi.org/10.1364/OL.42.001588
https://doi.org/10.1364/OL.42.001588
https://doi.org/10.1364/OL.42.001588
https://doi.org/10.1109/JLT.2021.3068963
https://doi.org/10.1109/JLT.2021.3068963
https://doi.org/10.1109/JLT.2021.3068963
https://doi.org/10.1109/JLT.2021.3068963
https://doi.org/10.1109/JLT.2021.3068963
https://doi.org/10.1109/JLT.2021.3068963
https://doi.org/10.1109/JLT.2021.3068963
https://doi.org/10.1364/OE.24.020481
https://doi.org/10.1364/OE.24.020481
https://doi.org/10.1364/OE.24.020481
https://doi.org/10.1364/OE.24.020481
https://doi.org/10.1364/OE.24.020481
https://doi.org/10.1364/OE.24.020481
https://doi.org/10.1364/OE.24.020481
https://doi.org/10.1103/PhysRevA.93.022315
https://doi.org/10.1103/PhysRevA.93.022315
https://doi.org/10.1103/PhysRevA.93.022315
https://doi.org/10.1103/PhysRevA.93.022315
https://doi.org/10.1103/PhysRevA.93.022315
https://doi.org/10.1103/PhysRevA.93.022315
https://doi.org/10.1103/PhysRevA.93.022315
https://doi.org/10.1103/PhysRevA.93.022315
https://doi.org/10.3788/AOS201535.0106006
https://doi.org/10.3788/AOS201535.0106006
https://doi.org/10.3788/AOS201535.0106006
https://doi.org/10.3788/AOS201535.0106006
https://doi.org/10.3788/AOS201535.0106006
https://doi.org/10.3788/AOS201535.0106006
https://doi.org/10.3788/AOS201535.0106006
https://doi.org/10.3788/AOS201535.0106006
https://doi.org/10.3788/AOS201535.0106006
https://doi.org/10.3788/AOS201535.0106006
https://doi.org/10.3788/AOS201535.0106006
https://doi.org/10.3788/AOS201535.0106006
https://doi.org/10.3788/AOS201535.0106006
https://doi.org/10.3788/AOS201535.0106006
https://doi.org/10.3788/AOS201535.0106006
https://doi.org/10.1103/PhysRevApplied.14.064030
https://doi.org/10.1103/PhysRevApplied.14.064030
https://doi.org/10.1103/PhysRevApplied.14.064030
https://doi.org/10.1103/PhysRevApplied.14.064030
https://doi.org/10.1103/PhysRevApplied.14.064030
https://doi.org/10.1103/PhysRevApplied.14.064030
https://doi.org/10.1103/PhysRevApplied.14.064030
https://doi.org/10.1103/PhysRevA.76.042305
https://doi.org/10.1103/PhysRevA.76.042305
https://doi.org/10.1103/PhysRevA.76.042305
https://doi.org/10.1103/PhysRevA.76.042305
https://doi.org/10.1103/PhysRevA.76.042305
https://doi.org/10.1103/PhysRevA.76.042305
https://doi.org/10.1103/PhysRevA.76.042305
https://doi.org/10.1109/JQE.2015.2427031
https://doi.org/10.1109/JQE.2015.2427031
https://doi.org/10.1109/JQE.2015.2427031
https://doi.org/10.1109/JQE.2015.2427031
https://doi.org/10.1109/JQE.2015.2427031
https://doi.org/10.1109/JQE.2015.2427031
https://doi.org/10.1109/JQE.2015.2427031
https://doi.org/10.1109/JQE.2015.2427031
https://doi.org/10.1103/PhysRevA.95.062330
https://doi.org/10.1103/PhysRevA.95.062330
https://doi.org/10.1103/PhysRevA.95.062330
https://doi.org/10.1103/PhysRevA.95.062330
https://doi.org/10.1103/PhysRevA.95.062330
https://doi.org/10.1103/PhysRevA.95.062330
https://doi.org/10.1364/JOSAB.35.000481
https://doi.org/10.1364/JOSAB.35.000481
https://doi.org/10.1364/JOSAB.35.000481
https://doi.org/10.1364/JOSAB.35.000481
https://doi.org/10.1364/JOSAB.35.000481
https://doi.org/10.1364/JOSAB.35.000481
https://doi.org/10.1364/JOSAB.35.000481
https://doi.org/10.1364/JOSAB.35.000481
https://doi.org/10.1109/JLT.2023.3264234
https://doi.org/10.1109/JLT.2023.3264234
https://doi.org/10.1109/JLT.2023.3264234
https://doi.org/10.1109/JLT.2023.3264234
https://doi.org/10.1109/JLT.2023.3264234
https://doi.org/10.1109/JLT.2023.3264234
https://doi.org/10.1109/JLT.2023.3264234
https://doi.org/10.1103/PhysRevX.5.041009
https://doi.org/10.1103/PhysRevX.5.041009
https://doi.org/10.1103/PhysRevX.5.041009
https://doi.org/10.1103/PhysRevX.5.041009
https://doi.org/10.1103/PhysRevX.5.041009
https://doi.org/10.1103/PhysRevX.5.041009
https://doi.org/10.1103/PhysRevX.5.041009
https://doi.org/10.1103/PhysRevX.5.041009
https://doi.org/10.7498/aps.65.100303
https://doi.org/10.7498/aps.65.100303
https://doi.org/10.7498/aps.65.100303
https://doi.org/10.7498/aps.65.100303
https://doi.org/10.7498/aps.65.100303
https://doi.org/10.7498/aps.65.100303
https://doi.org/10.7498/aps.65.100303
https://doi.org/10.7498/aps.65.100303
https://doi.org/10.7498/aps.65.100303
https://doi.org/10.7498/aps.65.100303
https://doi.org/10.7498/aps.65.100303
https://doi.org/10.7498/aps.65.100303
https://doi.org/10.7498/aps.65.100303
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 3R Acta Phys. Sin. Vol. 73, No. 6 (2024) 060302

Four-state discrete modulation continuous variable quantum
key distribution based on hardware synchronization”

Zhang Yun-Jie?  Wang Xu-YangV¥* Zhang Yu! Wang Ning?
Jia Yan-Xiang?  Shi Yu-Qi"?  Lu Zhen-Guo %
Zou Jun®  Li Yong-Min 31

1) (State Key Laboratory of Quantum Optics and Quantum Optics Devices, Institute of Opto-Electronics,
Shanzi University, Taiyuan 030006, China)
2) (School of Physics and Electronics Engineering, Shanxi University, Taiyuan 030006, China)
3) (Collaborative Innovation Center of Extreme Optics, Shanxi University, Taiyuan 030006, China)
4) (ZJU-Hangzhou Global Scientific and Technological Innovation Center, Zhejiang University, Hangzhou 311215, China)

( Received 7 November 2023; revised manuscript received 6 December 2023 )

Abstract

In the case of continuous-variable quantum key distribution (CV-QKD) systems, synchronization is a key
technology that ensures that both the transmitter and receiver obtain corresponding data synchronously. By
designing an ingenious time sequence for the transmitter and receiver and using the peaking value acquisition
technique and time domain heterodyne detection, we experimentally realize a four-state discrete modulation
CV-QKD with a repetition rate of 10 MHz, transmitting over a distance of 25 km. With well-designed time
sequence of hardware, Alice and Bob can obtain corresponding data automatically without using numerous
software calculation methods.

The secure key rates are calculated by using the method proposed by the Liitkenhaus group at the
University of Waterloo in Canada. In the calculation, we first estimate the first and the second moment by
using the measured quadratures of displaced thermal states, followed by calculating the secret key rate by using
the convex optimization method through the reconstruction of the moments. There is no need to assume a
linear quantum transmission channel to estimate the excess noise. Finally, secure key rates of 0.0022—0.0091
bit/pulse are achieved, and the excess noise is between 0.016 and 0.103.

In this study, first, we introduce the prepare-and-measure scheme and the entanglement-based scheme of
the four-state discrete modulation protocol. The Wigner images of the four coherent states on Alice’s side, and
four displaced thermal states on Bob’s side are presented. Second, the design of hardware synchronization time
series is introduced comprehensively. Third, the CV-QKD experiment setup is introduced and the time sequence
is verified. Finally, the calculation method of secure key rate using the first and the second moment of
quadrature is explained in detail. The phase space distribution of quadratures is also presented. The secret key

rate ranges between 0.0022 and 0.0091 bits/pulse, and the equivalent excess noise are between 0.016 and 0.103.

* Project supported by the Natural Science Foundation of Shanxi Province, China (Grant No. 202103021224010), the Shanxi
Provincial Foundation for Returned Scholars, China (Grant No. 2022-016), the National Natural Science Foundation of
China (Grant Nos. 62175138, 62205188, 11904219), the Open Fund of State Key Laboratory of Quantum Optics and
Quantum Optics Devices, China (Grant No. KF202006), and the “1331Project” for Key Subject Construction of Shanxi
Province, China.

1 Corresponding author. E-mail: wangxuyang@sxu.edu.cn

1 Corresponding author. E-mail: yongmin@sxu.edu.cn

060302-11


mailto:wangxuyang@sxu.edu.cn
mailto:wangxuyang@sxu.edu.cn
mailto:yongmin@sxu.edu.cn
mailto:yongmin@sxu.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

) 32 3R Acta Phys. Sin. Vol. 73, No. 6 (2024) 060302

The average secret key bit rate is 24 kbit/s. During the experiment, the first and the second moment of the
quantum state at the receiver end are found to fluctuate owing to the finite-size effect. This effect reduces the
value of the secure key rate and limits the transmission distance of the CV-QKD system.

In conclusion, four-state discrete modulation CV-QKD based on hardware synchronization is designed and
demonstrated. The proposed hardware synchronization method can effectively reduce the cost, size, and power
consumption. In the future, the finite-size effect will be investigated theoretically and experimentally to improve

the performance of system.

Keywords: continuous variable quantum key distribution, hardware synchronization, four-state discrete

modulation, time domain heterodyne detection
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