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Abstract In order to study the effect of fog on quantum communication in free space, the effects of fog visibility
and transmission distance on link attenuation, quantum communication channel capacity, channel fidelity and
channel error rate are studied according to the distribution function and extinction coefficient of fog drop spectra.
The simulation experiment is also conducted. The results show that when the transmission distance is 9 km and the
visibility is 0.2 km and 0.6 km, the corresponding link decay, channel capacity, channel fidelity, channel error rate
are 0.76 and 0.25, 0.24 and 0.4, 0.91 and 0.97, 0.01 and 3.26X 107", respectively. It can be seen that when the
visibility of foggy days is less than 1 km, the influence of fog on the performance is more significant. Therefore, the
parameters of the communication system should be adjusted to ensure the smooth progress of communication based
on fog visibility.
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Table 1 Classification standard for foggy days

Fog level Strong fog Thick fog

Heavy fog Fog Light fog
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Fig. 1 Relationship between extinction coefficient

and visibility
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Fig. 2 Relationship among link attenuation, fog visibility,

and transmission distance

3 ZNE A (O A 1R

TS A% AR AL e B b % 2B R e, HE T
RO E R FBOE O T E B Mz 3
ST ISR B S R A AR . DL (E e
15 1B AR Ry W 75 {5 SR T 5% 55 W T8 25 1 (1 5 i)

FERETUEN e . BTREMIES H0),
WRE R D, EFERMEE, B TR TR EK,
HTESUME p NI DEBRITE0), FFEERIZE K
HTBESLUMER p Mle) BRITH e,), le,) NIKIT

AR A, [FEXNETSMERH L IEALR U

KFTR.EHERTEARME G RGN L IEE#HK

UM RIR A

1 0) [ ey =] 0) | e

U D e >vT—p D led+4p |0 ]e
)

MR 55 A S IR A T 2R

U=a |0 e +p| D |e=

@ |0 +/T—=pB 1) le>+/pB10) [ e,
(10

K lal? (817 0 EF ARSI 1) E

WELRRER , (o |2+ (817 =1, BRAEFHLJEAS /P4

BHICH
1 0

Eol: :|3E1|:O 6:|9 (11)
0 J/1—p 0 0

A p 32 %KL 5 0 75 e L BEL e 15 18 v 22k —

AL TR,

P =4 T REN UG EEEE p =
{”‘f’ P“}*%ﬁﬁ%&m;@m,mﬁ@ﬁm)@%
Po1  Pu
B A AR

e(p)=9%(p) =
r<1px1mw pou 1 —p (12
Po*lm Pll(l_P)

L. § B—A g, RoR BT RS R G
e e =X

WETRG pp ). p RARBETRGEU p, 1Y
R THREp . HXp, =1,i RRRELTH
MRS i=1.2.3,, FAFR p. =100 .p.=
DAL EFEMERT . &7 RERRSEL A

5(217,-[),-)5 $ (EP,P,): EEPlpl +(1—p1)pg]:
Pli(p1)+(1_p1)€(p2) ==

b, 0
[m p—bipb },aw
0 l=—pip—p1—p
. 1 0 0 0
J—it':':':l)l_|:o O:|’P2_[O 1}0

AR VE Ak I BV T A 2
S@)zSF(ZﬁpJ]z—E}JbL:
—(pir+p—pp)b(pi+p—pip)—
A=pip—pr —pIbA—=pip—pr—p)s
14
KA, & p WUREIA AR, . 08 (52 {5 18

0727001-3



% {5

i it 2
C =max{S|:e(p,-p,-)] — EpiS[e(p,-)]}Z

max[— (p, +p —p.p)b(p,+p —pip) —
A—=pip—p1r—pIbA—=pip—p1 —p) —
A—pOHOp], a5
K. H (p) 2 ZJuh,. H(p)= —plb p —
A—p)IbA—p), KT EM.FIASE X (155
PR ARG po=[c(1—p)—p /[(1+01) »
A—p)Jae=2H(p)/(A—pO)it, (15)XEE KK
fH.
ZHEWFM BRI T IR p 5F R8N
R RN
p=1—exp(—ky *d), (16)
WE B RHJE 15 8 5 1 25 i 5 %5 RBE UL f%
B RME 3 fin. m & 3 Al BE L E — &
B, B 2 i R B A B0 A T 2 o S /N . Y
REDLBE/NT 1 ke, 75 % B 25 A AR B, Bl 25 i L B 1)
Bom A FiEA R DTS, YEHEEE R 10 km,
REVLEE M 0.2 km A8 1 km B (FiE 255 0.21 1
JNE] 0.43 ;Wi 7EBE WL KT 1 km B, B 2 AE UL ¥ 1Y
AW A5 E A R ARSI N, B, % R AE
J3E e A% i BE 5 o) & 3 A {7 18 A B SE ma AL R, W)
3 3 1 A T O SRS N AR 5 1 Kk S T Rk Bl
TG L e .

0.55
0.50
045
0 0.40
Eg 0.35
3 0.30
0.25

0.20.
10

Kl 3 (HiEA 5% KA AR
Fig. 3 Relationship among channel capacity , fog visibility,

and transmission distance

4 5T E R LR B R

PR HL R S f R 115 5 R IR S S 0 dR AR
AT E P B, Jozsa ¥l “BRIEILFR B 5L
R TREEMMS. € X TR FIRGSHREE,
K, 52 25 152 0 G F 45 B AL i R B R

F=Tr(p"p'p"H"?, an

XLfp WA TR EL T ppsp HEA
?ﬁﬁﬂg{;ﬁ\4te(zlplp1)o
WA " 3, A p = Dip + (1 — p1) P =

b 0 , _
O 17p1 ’ p

{pﬁpplp 0 }
0 l=pip—pi—p]
F=Tr(p"p'p")"* =
Tr[ pipitp—pip) 0 ]
0 A—p)J/1—p
(p(pr+p—pip) ]+ QA —=p A —p)7,
(18)
WRIE ECRH, p=1—exp(—koy * d), HILEF
FEREE SR M RE R e R,
X FIRESLTF po R p, IO REEYS
Z RBEVLE LB B R A 4 ok, HE 4
AR RE DL — 5 I, B B A R R A 1S, {7 T R
B R NESE, 55 RAEWE/NT 1 km, &40 &
NS Bl 25 BE DL A/ o DR ECRE 2URIEN . AR
WHE S 10 km, BEVLIE A1 1 km 28 0.2 km I L 3
FLEE R 0.98 J8/NE] 0.9 BE UL R F 1 km B, R B
FEARACE R V- 2% L B A RE DL EE AR 3G 0 fR R % 18 b
K. KU, %5 K A8 LB M A% i BE B8 X i 38 {5 1R 1L
BEA — 5 52, ] 38 2o 8 4 K I ik T 3206 7 4k
KA O LR PR AR T L)

1.00

0.98

0.96
Ry

0.94

0.92

0.91%>
5
d\//2/34/
“km 00 ! “ypm
B4 FRECE 555 K8 LI A% i B i C &
Fig. 4 Relationship among fidelity, fog visibility,

and transmission distance

5 5 XHF IE BREG AR HR

A B RIFBEAL MO L LT 5678 22 2k
PR, TR B SR LR B L
B IR R Ty

0727001-4



% {5

R
" Ru
KBy BFEGIEMRMFE R, B F T L3R
W R B R o 0 B ORI, B SCRRL 21 ] 15

1 Vn

B :*X )
T2 Tl —exp(— pToP ooy Ty e F o)

By , 19

20)
Ao NEFRENE Esn SHERM S AU ECH 5 0 S B ik
M350 F 8 Ty A% RINAEEAG R P A3
AT IR E T, N R G E WL F s e W
Dy B 73111 it = Ry € S QN 5 5 R
% K15 18 A% i %y
T, =E/E,=exp(—ky +d), @D
LA BB84 PR g 23, A 45 S IUE 1% B0
2 R,
£ 2 #ZEBENL

Table 2 Value of each parameter

Parameter ¢ n o Pii Tup oo Faa

Content 1 ns 1 1 0.5 1 65 % 1

(EREVITESSE SN AN =P
K5 . HIE S AT, 72 R WL BE /N T 0.4 km, %
HilE B R T 6 km B, {5 8 3RS R A — E 192 L IR
. MAL R BN AR I B AR DL A BN, 15 1 1R
T N W 9 /0. A% i BE B O 10 km, A UL
0.2 km¥ ] 0.4 km Bf, =2 0.096 5 /)N F]
1.087 X107, Ik, 25 % it 738 15 15 i =5 R 1 52
WA/ S RBEWLE K F 0.4 km B, R % IE%E
K1 B RG R,

5 ORI ARGERAEIIE IR E R

Fig. 5 Relationship among error rate, fog visibility,

and transmission distance
:l-: N
6 gn v

WF5E 1 25 % Al =S ) S 0 {5 1 RE B9 52 A, AR

38 55 0 1% 3 A1 pR BRI O R WP 9E T 55 R AE UL
SRR C R . SRR IE T T 5
K L JRE 142 fi A 5 0 i {0 BEL 2 £ 0 {5 0 2 A L AR
FLJE SRR W, IR AT 15 H . D HAS R R
W1, Bt % 55 K B DL 2 A0 A% e I e 1) 728 A B I e e
R A4 R R S RS AR S A T A [ R R Y
. A 1 B 0% 38 A 3 A ek R fR L BE A
W/ B R S R A R BT B 55 K BE
DL JRE F8 S £ 20 7 R D B AN DRI 8 o i B e
LM RETRES, HREWE/NT 1 km i, 4%
BivERE S e B o BT . P, AT AR 90 55 K BE WL e
iy B ) A R G 2 B AT E R L DU
PRI 25 K3 38 A AR 147

2 £ x #

[1] Zhou J C. Current situation and development of
quantum communication [ J ]. China Strategic
Emerging Industry, 2018 (32): 27.

JRR. EFBEIAREG R, b S H72%
Ak, 2018, (32): 27.

[2] Wang X L, Cai X D, Su Z E, et al. Quantum
teleportation of multiple degrees of freedom of a
single photon[J]. Nature, 2015, 518 (7540): 516-
519.

[3] Tang C, Fang J] M, Wang L N,
development trend and planning analysis of quantum
information technology[J]. World Sci-Tech R & D,
2017, 39(5): 448-456.

BN, R, Ek, % 2 FEEHEARARESH

S e 0], AR5 kR, 2017, 39

(5): 448-456.
[4] Muller A,

demonstration of quantum

et al. The

Breguet J, Gisin N. Experimental

cryptography  using
polarized photons in optical fibre over more than 1 km
[J1. Europhysics Letters (EPL), 1993, 23(6): 383-
388.

[5] LuoS Z, Chen Z, Li X K, et al. Quantum state
control of atoms and molecules in ultrafast
femtosecond laser field [J]. Acta Optica Sinica,
2019, 39(1): 0126007.

Bk, BRI, ZEFEIF, OB REBEOR R T
T T AREAE L] SbaE AR, 2019, 39 (1):
0126007.

[6] MaL X, Qin]J L, Yan Z H, et al. A fast response
balanced zero beat detector for continuous variable
quantum storage [ J]. Acta Optica Sinica, 2018, 38
(2): 0227001.

HNeE, FARR, EEE, . HTESLTEE T
it B9 DR e 7 S AR AR 2% [T . Ok, 2018,

0727001-5



ot &2 # 2
38(2): 0227001. analysis of its characteristic [ J ]. Wireless

[7] Nie M, Ren J, Yang G, et al. Influences of PM, ; Communication Technology, 2004, 13(3): 51-54.
atmospheric pollution on the performance of free TR, FARI, FRE, F. Z2RE=FZWITH
space quantum communication [J]. Acta Physica BRI e B PE M (1], BL@BER AR, 2004, 13(3):
Sinica, 2015, 64(15): 150301. 51-54.

T, B, B, % PM, s REIG X A i 25 ) [15] Feng Y. The characteristic of fog extinction in
B EEGER L (T, Y%, 2015, 64(15): expressway and impact on traffic safety[D]. Xi'an:
150301. Chang'an University, 2009: 64-80.

[8] Nie M, Ren ] M, Yang G, et al. Influences of the N U 2R 55 Y T O R BRI B X A2
ice-water mixed clouds on the performance of LW [D]. P52 K& RK¥, 2009: 64-80.
quantum satellite communication[J]. Acta Photonica [16] Yin H, Ma H X. Introduction to quantum
Sinica, 2016, 45(9): 0927004. communication in military [M]. Beijing: Military
L XY, ot & WOKIRG axbE T LA Science Press, 2006: 227-228.
fEERERYRE M [J]. YeF44M, 2016, 45(9): 0927004. THE, WE . ERETEGERR M. Jbat 2R

[9] Chang L. Study on the performance of quantum Bl2g H R, 2006: 227-228.
communication in the atmosphere and the ocean [17] Zhang Y D. Principles of quantum information
environment[D]. Xi'an: Xi'an University of Posts physics [M]. Beijing: Science Press, 2005: 125-151.
and Telecommunications, 2018: 65-78. PRk, BT EEYMEI (M. dbat: Bl
WO R LM Tl FERERE T (D). P #, 2005: 125-151.

VO ZZ WL K2, 2018 65-78. [18] Yin H, Han Y. Quantum communications theory
[10] LuoCX, DuY C, ShiS. Changes regulation analysis and technology [M]. Beijing: Publishing House of
on the infrared radiative properties of single droplet Electronics Industry, 2013: 78-83.
and aerosol[]]. Mechanical &. Electrical Engineering Fk, Wi, B FEGERBESEARIM]. b BT
Technology, 2016, 45(1): 70-73. Tl AL, 2013: 78-83.
WAL, KR, ARy RS ERAEROINE [19] Chen H W. Concise tutorial on quantum information
S B LAE M 0] HLE TR AR, 2016, and quantum computing [ M]. Nanjing: Southeast
45(1): 70-73. University Press, 2006: 180-185.
[11] LiG, Wu]JF, Lei ZY. Research progress of image Rl & FE R 55 ik 5w 8 (M) . m
haze grade evaluation and dehazing technology [J]. KR AL, 2006: 180-185.
Laser Journal, 2014, 35(9): 1-6. [20] Yan Y. Research on some issues of quantum
Z=2VR, mEhk, BEE. RBRERZSSITIN N EEH communication in free space [D]. Xi' an: Xidian
AW RT]. Bt Zeak, 2014, 35(9): 1-6. University, 2009: 49-53.
[12] Zhao ZW, Wu Z S. Method for determining fog drop B%. BmaEEFEES T RS D]. fhi:
size distribution and fog attenuation at infrared PO 22l TR Rk AE, 2009: 49-53.
wavelength[J]. Journal of Xidian University, 2002, [21] Zhang G Y, Yu S Y, Ma J, et al. Influence of
29(2): 253-256. background light on quantum bit error rate in
DPRGE, SAPRAR. 00 55 IS 0 O vk N 2R 210 e satellite-to-ground quantum key distribution [J].
FEWEETE(T]. VAL TR RFE 5, 2002, 29 Opto-Electronic Engineering, 2007, 34(2): 126-129.
(2): 253-256. SOET, TR, s, AF. W RO R T
[13] Zhang C, Liu H. Effect of drop size on the impact SrltE TR RN T]. StH T/&, 2007, 34
thermodynamics for supercooled large droplet in (2): 126-129.
aircraft icing [J]. Physics of Fluids, 2016, 28(6): [22] Miao X J. Multiple-quantum operator algebra spaces
062107. and description for wunitary time evolution of
[14] Mao T P, Zhou D F, Niu Z X, et al. The calculation multilevel spin systems [J]. Molecular Physics,

model of the attenuation due to clouds or fog and the

0727001-6

2000, 98(10): 625-631.



