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Fig. 2. Variation of the attenuation on sand and dust turbulent atmospheric link with visibility and distance considering multiple

scattering: (a) Attenuation with single scattering without turbulent; (b) attenuation with single scattering and turbulent; (c) atten-

uation with multiple scattering without turbulent; (d) attenuation with multiple scattering and turbulent.
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Fig. 3. Variation of the channel capacity on sand and dust turbulent atmospheric with visibility and distance: (a) Capacity with

single scattering without turbulent; (b) capacity with single scattering and turbulent; (c) capacity with multiple scattering without

turbulent; (d) capacity with multiple scattering and turbulent.
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Fig. 4. Variation of the fidelity on sand and dust turbulent atmospheric with visibility and distance: (a) Fidelity with single scatter-

ing without turbulent; (b) fidelity with single scattering and turbulent; (c) fidelity with multiple scattering without turbulent; (d) fi-

delity with multiple scattering and turbulent.

220302-7


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

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 22 (2022) 220302

FA BRI, RS HECT AR IE A RS AR
Pioh 17281, L Fy = 0.5 AR TR A ok
Gk, AR R R _ LA POot T, HAEH B
PIFRIEOL, RS — T st A d iR A 2,
P BT MR Pacg = 0.5, X HL 2L R G4

0.035

0.030
. 0.025
0.020
0.015
0.019

0.035
0.030
0.025

& 0.020
0.015
0.010

0

B 5 Ui R BB 5 15 R UL E -5 4 i 2 1 DG R
RIS T i R bR 55 () Z2 B AT i I iR A R

EAGHRR Ty, = 1, IR FOEF IR ES 19 1 T4L
KB = 65% (FIERIN T i ARASTE 1.55 nm B BEY
HFRCRAE 30%—70% Z 0] BY). Zad 154, 155
TEZER, i, AR R B E B, P Abr
FORME S IIRIGR, I 5 A, 7668 0L A IR

(a) FRUCHLST T I B 5 (b) HAUKHUN A T i RS R (c) ZHE

Fig. 5. Variation of the BER on sand and dust turbulent atmospheric with visibility and distance: (a) BER with single scattering
without turbulent; (b) BER with single scattering and turbulent; (¢) BER with multiple scattering without turbulent; (d) BER with

multiple scattering and turbulent.

1.0 r=s=ss

09\ NI, s
"l

0.7}
0.6}
05
04}

Rate/(bits-use—1)

0.3 F
0.2 F
0.1F

0 2 4 6 8 10
Distance/km

0

—— Mie V, =0.1 km --- Mie V}, =0.5 km

Rate/(bits-use~1)

Distance/km
—— MC V,=0.1km —— MC V;,=05km —— MC V,=1km - MC V,=5km

------------ Mie V, =1 km - Mie V;, =5 km

B 6 A [R) R UL BE v A i i R R e A R R BERE B AR E (a) TEH I (b) A1 iU

Fig. 6. Variation of the upper bound of the security key rate with distance in sand and dust turbulent atmosphere with different

visibility: (a) Without turbulence; (b) with turbulence.

220302-8


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

#) 32 2 3R Acta Phys. Sin. Vol. 71, No. 22 (2022)

220302

oL TP AR RN RS RILF- 52 RS
NRYERERE A da] L, PR RSN R
(CES 2 TE R UNIEA

3.4 DREAASTREEAZE AR
ST

e H S [ TR R G, ] LU 4%

B de Ay L R GeMERE. T EE T R G A

AL R R AL Y BRI B, SRITSE A

23 [A) AR RO R B Y2 AT | B LR 22

FIFRMERS BN, AR VD A fi R U N, BAUHE

SN2 B B0 o AR AT DL
?'il [17]

Ky < —log(Tp - nerr), (19)

Ky < — log(TTIn . neff), (20)

R, 2 A SO ET 5 R0 28 i T A2
HORAT MBS, AESRAN T = 05. i
SEOF IS, WL 6 B2, S RA D
RTHRC H0% RE AR N T UK
LAY, S TM AR T U
HI%: WA AR R A IR LR

S

I H] MC BLIMIFIE 1 25 1 22 5 UM YT 22 it
RO LA R R, 2T T iR E e (FiE
B, BIFSE VDA P RO B A s )i 1ad {5 e
I, AT 1 Y AR R R T B TP R (EIE A
L PRECRE | RIS AR G RE UL AR B . 4
W, BEE VAR i TR URE DL PRI, DGl
IR, HS o s ] e A5 PERE R 2 R K. B
HREWL BRI, 22 B MU RO o, (e IRl A 1R A
AP, MfEEA R REE L2 H R
PR TGN, VAR AR, Sl
SRIINES SRS D NP EPER S 7 N oo )
PR SlN. NIE, R T 2B i R R v
THAEAE, BR T ORABRE L P AR ORI HUS 5 1
AL 5 TS T, H 22 FE I B i W28 A 2 %
AR PERE™ A2 RN, 0T DI, 7 2R
PED AR RE DL JRE R 58 553, O > 1 B A O

28, Vgl N AR it RO i R iR 1%
BIFSER b AT iR R P R iR T A L
TE[F MO RGBT AT B 5

S 30k

[1] Cao T 2012 Ph. D. Dissertation (Hefei: University of Science
and Technology of China) pp3-5 (in Chinese) [ & 2012 {4
ZEALRSC (BIE: rERER AR 5351

[2] Villoresi P, Jennewein T, Tamburini F, Aspelmeyer M,
Bonato C, Ursin R, Pernechele C, Luceri V, Bianco G,
Zeilinger A, Barbieri C 2008 New J. Phys. 10 033038

(3] Jin X M, Ren J G, Yang B, Yang B, Yi Z H, Zhou F, Xu X
F, Wang S K, Yang D, Hu Y F, Jiang S, Yang T, Yin H,
Chen K, Peng C Z, Pan J W 2010 Nat. Photonics 4 6

[4] Liao S K, Cai W Q, Handsteiner J, Liu B, Yin J, Zhang L,
Rauch D, Fink M, Ren J G, Liu W Y, Li Y, Shen Q, Cao Y,
Li F Z, Wang J F, Huang Y M, Deng L, Xi T, Ma L, Hu T,
Li L, Liu N L, Koidl F, Wang P, Chen Y A, Wang X B,
Steindorfer M, Kirchner G, Lu C Y, Shu R, Ursin R, Scheidl
T, Peng C Z, Wang J Y, Zeilinger A, Pan J W 2018 Phys.
Rev. Lett. 120 030501

5] Yin J, Li Y H, Liao S K, Yang M, Cao Y, Zhang L, 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,
Wang J Y, Peng C Z, Ekert A K, Pan J W 2020 Nature 580
7813

6] Nie M, Wei RY, Yang G, Zhang M L, Sun A J, Pei C X
2019 Acta Phys. Sin. 68 110301 (in Chinese) [B%f, T &
T, o, IKIEES, FhEAh, B 2019 YRR 68 110301]

[7] Nie M, Wang Y, Yang G, Zhang M L, Pei C X 2016 Acta
Phys. Sin. 65 020303 (in Chinese) [Z&ff, F 7, %k, KK,
FEE S 2016 YPIZEIR 65 020303]

[8] Nie M, Wang X C, Yang G, Zhang M L, Sun A J, Pei C X
2021 Acta Phys. Sin. 70 030301 (in Chinese) [Z:fi, TH#E, #
I, KEIL, IhEG, FEEE 2021 YFEHR 70 030301

[9] Nie M, Gao K, Yang G, Zhang M L, Pei C X 2016
Acta Photon. Sin. 45 0701001 (in Chinese) [ #(, =, #
I, BKEFE, FE S 2016 JE TR 45 0701001

[10] Zhang X Z, Xu Q, Liu B Y 2020 Acta Opt. Sin. 40 0727001
(in Chinese) [TKFEF, %k, XIFBF 2020 S22k 40 0727001

[11] Zhang X Z, Zhai M S, Zhou L J 2021 Acta Opt. Sin. 40
1127001 (in Chinese) [3575 f, A, FEILE 2021 S5
40 1127001]

[12] Nie M, Ren J M, Yang G, Zhang M L, Pei C X 2016 Acta
Phys. Sin. 65 190301 (in Chinese) [Zfilt, {E5 M, ¥k, sk %
¥, FE 2016 PHEAH 65 190301]

[13] Nie M, Tang S R, Yang G, Zhang M L, Pei C X 2017 Acta
Phys. Sin. 66 070302 (in Chinese) [Eff, FE<F2¢, ¥k, 3
¥, FEH S 2017 WELEH 66 070302)

[14] Liu T, Zhu C, Sun C Y, Fang X X, Wang P P 2020 Acta
Opt. Sin. 40 0227001 (in Chinese) [XI¥, KH%, PAERIH, B
B, P 2020 DAl 40 0227001]

[15] Roux F' S. 2011 Phy. Rev. A 83 053822

[16] Vasylyev D, Semenov A A, Vogel W 2016 Phys. Rev. Lett.
117 090501

[17] Pirandola S 2021 Phys. Rev. Res. 3 013279

[18] Yang R K, Li Q Q, Yao R H 2016 Acta Phys. Sin. 65 094205
(in Chinese) [#7 3w Ak, ZE#5 96, BhOR M 2016 Y H % 65
094205]

[19] Li S G, Liu X D, Hou L T, Zhang H P 2003 Appl. Laser 23

220302-9


http://doi.org/10.1088/1367-2630/10/3/033038
http://doi.org/10.1088/1367-2630/10/3/033038
http://doi.org/10.1088/1367-2630/10/3/033038
http://doi.org/10.1088/1367-2630/10/3/033038
http://doi.org/10.1088/1367-2630/10/3/033038
http://doi.org/10.1038/nphoton.2009.239
http://doi.org/10.1038/nphoton.2009.239
http://doi.org/10.1038/nphoton.2009.239
http://doi.org/10.1038/nphoton.2009.239
http://doi.org/10.1038/nphoton.2009.239
http://doi.org/10.1103/PhysRevLett.120.030501
http://doi.org/10.1103/PhysRevLett.120.030501
http://doi.org/10.1103/PhysRevLett.120.030501
http://doi.org/10.1103/PhysRevLett.120.030501
http://doi.org/10.1103/PhysRevLett.120.030501
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
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202141.1127001
http://doi.org/10.3788/AOS202141.1127001
http://doi.org/10.3788/AOS202141.1127001
http://doi.org/10.3788/AOS202141.1127001
http://doi.org/10.3788/AOS202141.1127001
http://doi.org/10.3788/AOS202141.1127001
http://doi.org/10.3788/AOS202141.1127001
http://doi.org/10.3788/AOS202141.1127001
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.1103/PhysRevA.83.053822
http://doi.org/10.1103/PhysRevA.83.053822
http://doi.org/10.1103/PhysRevA.83.053822
http://doi.org/10.1103/PhysRevA.83.053822
http://doi.org/10.1103/PhysRevA.83.053822
http://doi.org/10.1103/PhysRevLett.117.090501
http://doi.org/10.1103/PhysRevLett.117.090501
http://doi.org/10.1103/PhysRevLett.117.090501
http://doi.org/10.1103/PhysRevLett.117.090501
https://doi.org/10.1103/PhysRevResearch.3.013279
https://doi.org/10.1103/PhysRevResearch.3.013279
https://doi.org/10.1103/PhysRevResearch.3.013279
https://doi.org/10.1103/PhysRevResearch.3.013279
https://doi.org/10.1103/PhysRevResearch.3.013279
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.1088/1367-2630/10/3/033038
http://doi.org/10.1088/1367-2630/10/3/033038
http://doi.org/10.1088/1367-2630/10/3/033038
http://doi.org/10.1088/1367-2630/10/3/033038
http://doi.org/10.1088/1367-2630/10/3/033038
http://doi.org/10.1038/nphoton.2009.239
http://doi.org/10.1038/nphoton.2009.239
http://doi.org/10.1038/nphoton.2009.239
http://doi.org/10.1038/nphoton.2009.239
http://doi.org/10.1038/nphoton.2009.239
http://doi.org/10.1103/PhysRevLett.120.030501
http://doi.org/10.1103/PhysRevLett.120.030501
http://doi.org/10.1103/PhysRevLett.120.030501
http://doi.org/10.1103/PhysRevLett.120.030501
http://doi.org/10.1103/PhysRevLett.120.030501
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
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.68.20190163
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.65.020303
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.7498/aps.70.20200972
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/gzxb20164507.0701001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202040.0727001
http://doi.org/10.3788/AOS202141.1127001
http://doi.org/10.3788/AOS202141.1127001
http://doi.org/10.3788/AOS202141.1127001
http://doi.org/10.3788/AOS202141.1127001
http://doi.org/10.3788/AOS202141.1127001
http://doi.org/10.3788/AOS202141.1127001
http://doi.org/10.3788/AOS202141.1127001
http://doi.org/10.3788/AOS202141.1127001
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.65.190301
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.7498/aps.66.070302
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.3788/AOS202040.0227001
http://doi.org/10.1103/PhysRevA.83.053822
http://doi.org/10.1103/PhysRevA.83.053822
http://doi.org/10.1103/PhysRevA.83.053822
http://doi.org/10.1103/PhysRevA.83.053822
http://doi.org/10.1103/PhysRevA.83.053822
http://doi.org/10.1103/PhysRevLett.117.090501
http://doi.org/10.1103/PhysRevLett.117.090501
http://doi.org/10.1103/PhysRevLett.117.090501
http://doi.org/10.1103/PhysRevLett.117.090501
https://doi.org/10.1103/PhysRevResearch.3.013279
https://doi.org/10.1103/PhysRevResearch.3.013279
https://doi.org/10.1103/PhysRevResearch.3.013279
https://doi.org/10.1103/PhysRevResearch.3.013279
https://doi.org/10.1103/PhysRevResearch.3.013279
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.7498/aps.65.094205
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
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. 71, No. 22 (2022)

220302

[20]

21]

22]

23]
[24]

(25]

[26]

1000 (in Chinese) [ZEEESL, XIWEAR, Bk M, 5KMF 2003 1
ol 23 1000]

Yang R K, Zhu C S, Liu K X 2017 Infrared Laser Eng. 46
0104006 (in Chinese) [#EiEl, AL, XIBHE 2017 21405
JET A 46 0104006

Nie M, Shang P G, Yang G, Zhang M L, Pei C X 2014 Acta
Phys. Sin. 63 240303 (in Chinese) [ZEf, #MMM, 6, %
¥y, B 2014 P2 63 240303)

Wang H X, Sun H H, Zhang Q H 2020 Infrared Laser Eng.
49 20201022 (in Chinese) [TLLEE, PMIHE, FKFEE 2020 204k
506 TR 49 20201022]

Li X, Hai C Z, Zhi X D, Jun Z 2020 J. Quant. Spectrosc.
Radiat. Transfer 241 106744

Liu B'Y, Zhang X Z, Xu Q, 2020 Acta Opt. Sin. 40 0327001
(in Chinese) [XUFSF, ST, 15 2020 JLA% 4 40 0327001]
Yin H, Han Y 2013 Quantum Communication Theory and
Technology (1st Ed.) (Beijing: Electronics Industry Publishing)
pp76-83 (in Chinese) [F*¥%, #iFH 2013 & ¥l {55 SH A
(BUR) (b BTk s kL) 4576837

Yin H, Ma H X 2006 Introduction to Military Quantum
Communication (Beijing: Military Science Press) p227 (in

(27]

28]

29]

(30]
(31]

(32]

220302-10

Chinese) [P, S¥#7 2006 EF&F@BAiEHE (Lo EFR}
S RAT) 552277

Pei C X, Zhu C H, Nie M, Yan Y, Quan D X 2013 Quantum
Communication ppl19-120 (Xi'an: Xidian University Press)
(in Chinese) 2B 32, Kipte, LML, %k, BRI 2013 &Fi@
157 (P9 P92l FRHOR S  Rik:) 55119—120751)

Zhang G 'Y, Yu S Y, Ma J, Tan L. Y 2007 Opto-Electron.
Eng. 34 126 (in Chinese) [fK365%, FREIE, B, 738 2007
JGHL TR 34 126

Yan Y, Pei C X, Han B B, Zhao N 2008 Chin. J. Radio Sci.
23 834 (in Chinese) [IF1%, 385, S, B 2008 AL IR
22 23 834]

Gisin N, Ribordy G, Tittel W, Zbinden H 2002 Rev. Mod.
Phys. 74 145

Ma J, Zhang G Y, Tan L Y 2006 Opt. Tech. 32 101 (in
Chinese) [Hhity, KIEF, HAZIE 2006 Yo #4HAR 32 101]

Liu D W, Ma Z 2021 Quantum Communication Theory and
Technology (Beijing: Beihang University Press) pll0 (in
Chinese) [XIZf, Dk 2021 g FHlfFHIESHEAR ot dua
PSR R kL) 511010


http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3969/j.issn.1000-372X.2003.02.008
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.3788/IRLA201746.0104006
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.7498/aps.63.240303
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.3788/IRLA20201022
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.1016/j.jqsrt.2019.106744
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3788/AOS202040.0327001
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1003-501X.2007.02.026
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.3969/j.issn.1005-0388.2008.05.007
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.1103/RevModPhys.74.145
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
http://doi.org/10.3321/j.issn:1002-1582.2006.01.036
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. 71, No. 22 (2022) 220302

Influence of sand and dust turbulent atmosphere on
performance of free space quantum communication”

Yang Rui-Ke "' Li Fu-Jun'  Wu Fu-Ping?
Lu Fang!  Wei Bing!  Zhou Ye?

1) (School of Physics, Xidian University, Xi'an 710071, China)
2) (Leihua Institute of Electronic Technology, Aviation Industry Corporation of China, Wuxi 214063, China)

( Received 7 June 2022; revised manuscript received 24 July 2022 )

Abstract

Quantum communication is a frontier hotspot of current research, and it has ideal information security. In
order to enable quantum systems in arid and desertified areas to work almost under all-weather condition, it is
necessary to study the attenuation of free-space quantum signal transmission and the influence of the turbulence
atmosphere carrying sand and dust on communication performance. Using Mie scattering theory, multiple
scattering simulation method, and atmospheric turbulence theory, the attenuation of optical wave transmission
in sand and dust turbulent atmospheric channels with different visibility, and the influence of multiple
scattering and turbulence on attenuation are studied. The results show that the effect of multiple scattering
increases with the decrease of visibility, the turbulence effect gradually strengthens with the increase of
distance. According to the quantum amplitude damped channel model, the effects of multiple scattering and
turbulence in the sand and dust turbulent atmosphere with different visibility on the quantum channel capacity,
fidelity and bit error rate are analyzed. The results show that as the visibility decreases, the multiple scattering
effect increases, resulting in the decrease of attenuation and bit error rate, but an increase in channel capacity,
fidelity and the boundaries of security key rate. The existence of turbulence in the dust atmosphere will increase
the attenuation and bit error rate, but reduce the channel capacity, fidelity and security key rate. It can be seen
that the influence of multiple scattering and turbulence on the communication performance, when the visibility
of the sand and dust atmosphere are both low, cannot be ignored. In practical applications, the relevant
parameters of quantum communication should be adaptively adjusted according to the visibility and turbulence

intensity to improve the probability, efficiency and reliability of quantum communication.
Keywords: quantum communication, sand and dust turbulent atmosphere, visibility, multiple scattering
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