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Bit Error Analysis and Optimization of Optical Quantum Communication
System Under Turbulent Channel

Liu Xuchao"*, Li Huagui"’, Sun Shilun', Wu Wenzhou', Li Shaobo"*

'54th Research Institute of China Electronics Technology Group Corporation, Shijiazhuang, Hebei 050081, China;
* Hebei Key Laboratory of Photonic Information Technology and Application, Shijiazhuang, Hebei 050081, China

Abstract The wireless laser communication technology using optical quantum detection has broad application
prospects in heaven and earth integrated secure communication networks. Based on the Poisson distribution model of
photon number of a laser source, the atmospheric turbulence Gamma-Gamma model, the response model of the
single photon detector, and the correlation counting signal processing method, we establish a calculation model of
bit error rate of the optical quantum communication system in the turbulent channel. The effects of the distribution
of photon number of the laser source, turbulent channel parameter, performance parameters of single photon
detectors, and correlation counting method on the system BER are simulated. The results show that the system
BER is negatively correlated with the average photon number of laser pulses, pulse frequency, and detector detection
efficiency, while it is positively correlated with atmospheric turbulence intensity and detector dark counting. The
system adopting the correlation counting method can effectively reduce the system BER. When the number of door
openings is determined, the system has an optimal threshold for discrimination. The proposed model can provide
references for the design and optimization of the optical quantum communication systems.

Key words quantum optics; optical quantum communication; atmospheric turbulence; correlated counting; bit
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Fig. 1 Optical quantum communication system model for atmospheric channel. (a) Poisson distribution of photon number;

(b) Gamma-Gamma distribution of atmospheric channel; (c¢) binomial distribution of single photon detector;

(d) schematic diagram of signal transmission link

0327018-2



MR

E 425 F3H/2022 F 2 B/RFFIR

AR WOLAR 5 9 1 RAUFIE R  H2 0o ' 2 I A
Gamma-Gamma 4375 , 40 E 1 (b) fr s, FLkE AL b5
JOAE 5 2 i R AUE 5 om0t 8 H L 90
A Ry R IO TR0 B ME 3 R 5 RO R 2
M 7 JIR AN 343 Ao AR 1 Co) BIE AR A A s Ay 4R
D2 FE WG 7 K B AR BR D SR g% 7E A WD
BORma B AEAE . B 1D AR S A% i R A
S it 5 LR X 9RO W R AT G B 98 ) K 2 5 e B 9
(A5 5 Wk b IO & 569 380 23 8] A 38 A% . 422 W0 o el 2R
6 HRM 25 56 BUE 5 BRI L 5 S5 #1245 B 3043
fElR R . 1155 & 5w, A Gk b iy HIE 5 <17 %
AN TRk S 5407 % s . KHHOLES 176,
PR 5 0 e A T e 9 2R L e 1 O A N A 1R
VT {7 T 114 5 9 i % 0 4 ) a5 o 3 B G Ml 7 B i
“O7H IR R B R . K BRSOV I AR A
%) i 14 ) AR A T 155 290 o) 7 T A B A S 07 i
T 7 5% M P R I s dfe o 3 R % 496 Wi 7 I g 17
Bt S IR B R, 4 WA o ) TR i D 2R 2 R 3 A
FGE A B W O

55 6 IR 0 BOE K vh s 5UIR NS 50k
pe CREA e 68 58 24516 70 88978 #2345 WOE 8%
i E ) B O WK b S A RO TR e AR A
ﬂy[lzi

Pl(n,/z)Zn#Texp(*/x)o (D

PG RAE A TP A I AT S R R R A
P AR 5 0R BER E g, Bl S i 5o ki &
AR T Gamma-Gamma 88U, H3 580 25 LR 52 PR
XA A R R4 5 . £ Gamma-Gamma
RERLN , B2 5 14 U — fh A 3 2 g ot

atp
2

B
2(aP) * |: I } »
') I, L))

K, , [2 /"M} >0, 2)
TGl

oA T AR YR T (a) , T(B) 2 Gamma 43 i
PRELK, 5 (o )RS 2B IE NSRRI (s
L)) A 3O 0 SF- 34 BE BE L A ' SRR 48 1 BB 0
RIBE RS, L MBI EHER 50 MR A Gamma 73 M S 5L,
539 Al R N

P, =

0. 4963 -
a =iexp 2 e | L
(140.18d° +0.56d"6;"")"

4 0. 510‘% (1-+0. 690‘%2"5 )5/ .
‘8: exp - . L
14+0.9d* +0.62d%61*"°

b

3

AP ioi=0.5C2E" L MG INER R B CE K
SRR, k= 21/2 RPEE LA ALK d =
VED? /ALY RIH—A B Sk ) B4R, D N NGE B
HEE,

P B 34 I 8 A ) R AR P TR SE OB S
B IE R 2 /D T B — AL PRI g i L, )
T 85O ROV G A % 1) A% fn 0 R AR AN 40 A, DU
PR #8220 0 ) — A6 T AR v s hy

P,y =2C 7" A—p "t =1—0—p". 4
k=1

ey A IR ACR C, Mgt G4k,
KEMFECEFEG RS DL Fr kW Lk

FEZWC 5 2 R IR AL 43 4 . Gamma-Gamma

A3 AT LA K I A A W) 3E AR R GeAS B I 617 A A AR

Pcorl = 2 Jpl(n 9/1)P2(I)Pn;>1 =
Ko )

atp

STopt 2@ T e
Eljnv P T

K, s (2./apl) [1—C1— " ]dI, (5)
ERAFECREFEGE RS, EM 07 1 &
PRI 2R 100 25 A e [0, T ER T 48 D0 45 3 B0 A
FE BRI 25 e 17 A OB S EOR S A L B TR
A G THROR YR S A A PRI R AR A 1 W SR
DG ABE G AN EFOLF . BT GIEN RS
OV A% i Al 1R Y HE R R

Pfalozo;Ta (6)

S o I B R R R s s O (S
OB UL S 1 TE 07 B 0 R

P('Or(le_a?o D)

FE S Bl A o R v, AR 28 3 o R A9 A5 S S OT
WL TR H B M SR R0 S B R 2 2
5020 . TN IE A A% i B T A 3
P =50% X Py +50% X Py (8)
BER #] £/R K
rrrrr =1—P.. €D
2800 8 R A i B 5K R0 2% 0y ik ot 7 R
/b (] B 52 R g ) R D0 250 6 R I T 8P 5 T A
G0 R FH B G - PR YR PR D Ji B ) BER #5581
FE ) (] 55 2 (] i A OG0 11805 18 1T LAAT SR AR
ARG, ERARN Hd R —ME S AR
5 - 22 YR B 7, X — A 5 R P A g

0327018-3



Tt
N T EHEAT Bt ARG
HEAT M5 5 A, T B AR R 48 BER.,
SR s ) A 56 3 250 L A8 15— A 5 R
350 G i AR D IR B m, W — A A S 5
AOER I T B RS e M ST FE A K L B B A% A
TEAf 17 A5 R 15 0 B 114 48K 56 [ AR IR AN — 300 434

:ﬁ:

T YA P T RR

Poﬂ=§)XPmA1—PmnWM (10)

k=ky,

P,o= Z CfnP};ul() (P or0 DR ’ 1D

Kok HBEBCAY AP TTBR L T EAR R R 45 2 Ak
B, A4 10 (D) X, AT AR SR I ) AH OC St 4k
B R 48 BER Ny
P =50% X (1 —=P,0n) +50% X P00
(12
2.2 (FESHIEE
FEAE T 0 Ui A5 18 T O it 15 R 400 RS R
THARR LA |, Al E | R4 BER 5 RS S8
ZIE O F . JE R X LR TE Ol R
5T AR s BT 43 A, AT I R 48 BER 1Y 2
R AL A5 5 TR A Sk o 1)~ F- 2D 73 0 AR 5
{7 N NE W 1 5= M OB % i A 311 3 E 7N
NI IS & T o Gl N N/ (=51 M N r¥ 1 A S L (= RPN
PR B S HNR 1 R .
F1 MATLABHTEBSH
Table 1 Simulation parameters of MATLAB

Parameter Numerical value
A /nm 1550
f /Hz 107

7 50
L /m 10°

C:/m " 107"
D /m 0.1
P 500

Ui 0.5
m 4
ky 2

3 PIE4VRS

K 2 ot T (5 R4 BER 5 & 5Bt i 06 bk
WIS TFRZ MO R . B S ok Sk AR
AR AL B 7 9 45 2 A9 45 SR L R IR B m = 4,
k=25 HE 2 R A SR FH R[] AH D TH 5007 76 (LUK Gt -
BRI B A S5 5. IR 2 nr e SR B ) AR DG T
Bkl R 4000 BER FEAK 4 508 %, HE P

E42% F35/2022 52 B/HFER
D A2 AP 875 RGEAE 4 WIFT T &4
1 TR B A5 8% AT DL 3K AR IE B0 25 51 i AE 4 IFT]
HREPEA 2 R EU LIREGEER DN, RS
BER Pifi 33 5t ik - 35 56 7 500 8 i 2 20 50 00 [
B A, LR GO ok S 38 06 TR 3 &2 2 4
o BRI 5 1 I 1 R R A 2207 0 I A R
BT o 5 e S Ik P 2410 B0 R T RR IR R 58
BER. 4#OGHK b 97306 408 £ 25 50 i, BER
T £ 32 kT 3H U S A 1 R A2 R T AR
WG THE L RS R Bl 2 1 B A TR
Rk Ot BN BEff BER JCFREIE T 0.

0 ’ N
10 —— time-correlated counting
- - - without time-correlated counting

102

10

BER

10-¢

108

10710
0 10 20 30 40 50 60 70 80

u
B 2 &4 BER 506k 506 782 1 19 6 &

Fig. 2 Relationship between system BER and average

number of photons in each pulse

Kl 3 S &4t BER B {55 ISR 1B OC R,
Pl Rl 2k Ay AN SR B 1) A G 3 45 CRAL PR G - PR IR AR
DR &/ HITERE SR I DS e 4 8 S I
1,2, 3 WA Y BER, & m =4, 458 EW,BEE
JEAF S PR ZE A 30, R 48 BER Je il (AR S
— {8, R . BE & 5 5 08 R 0 4 e, R

AV HIE S U A R G 21 W A B AR, 1T 42 =
o ] A R R R ARy R 2R T R B R 5E
RO R 5 A5 S P R R T R AME R, R RY
BRI T 20" . &4 BER AR 5 M G rT
10°
10
mlO’4
o
10
10-8 time-correlated counting (k,=1)

——time-correlated counting (Ic =2)
..... time-correlated counting (k 3)
-without time-correlated c ()untmg

10° 10* 10° 10° 107 108
Sf/Hz

3 R Yt BER FIfE 5 P Hil B 2 1] 1Y ¢ &R
Fig. 3 Relationship between system BER and signal

modulation frequency

03270184



MR

E 425 F3H/2022 F 2 B/RFFIR

(] 4250 0 T T BR AT G« A A5 5 R AR TR AE
R, RS BER M9 R 8K 78 15 5 M08 3w i
By =2 XY RS BER fe/h. (100 ~(12) X 4
Brof 45 B T TRRE R K, REX FIEH 075 £
“1”71) BER PR HEXTF41785 , R4 BER X
T A2 B0 o 0 5300 BRI 3 e A1 000 45 B 4%
S 22 1 DR I, 2 R O 1 R R U
B A B0 B A 4 e [0 1 AR O T DL T IR B
SET R GAFAE— A AR BN T TRR W om =4 B, B
FEFIITTIR £, =2,

Kl 4 S R4 BER 5 KA i B Z M SC & .
Bl 4 25 3R B, Bl 5 A0 T o B I B, R &
BER 5 88y °F- 35 21 P o 3 K d 5 X T 31 AR
fofa B, 2 M KRR MWW MRS (C) <
10" m OB, KA I X 5 G0 {5 5 i A B R AR
/N BER 32257 HoAh 32 55 2 5000 52 W 5 XY it i 15 K
B 28 2o i U A5 1 5 0 A5 906 1 R 4 4 A s 3 2
Wesh, FEUNO BT RS BER P42 & 5 100 7
M . RS BER #£:3K 0. 3, il R A& e A
. KA E R G mAER K. h @) (3
AT R i AT T AR 2R G 1 52 e 5 4 A0 o 5 Sk
PR 6, Al ol 3 2 1 K B2 b Be Sk FLAR ok 4 | &
S (AT I RE T .

10°
102
10+
15 [ S
[as]
10-¢
—— time-correlated counting
108 - - - without time-correlated
counting
1018 1077 , 10716 1015
2 2/3
C /m

4 ARG BER MR i Uit 38 52 2 R B 5% 2R
Fig. 4 Relationship between system BER and intensity of
atmospheric turbulence

K5 S R4 BER 5 BOG74500 £4% /9 48 0 2% %
ZIEH SRR, 5 g SRR W] Bl R DI 2R Y 42
i A48 BER 2 B 5 i [ AR T s T 3H A 22 4
N, LD DR < v AR 1 TR S8R Y n e 5
Jok e ) S 240 1 R AL L 2 4R v AR G A R L AE R L D
RGN Z 07O s G =0, 5 WF R0 %%
R E I A REf BER #E— 25 FRAR, BLWI LIS R 48
IR RS 2 ORI T 2 15 0L . 2PR v, HO6 T
PR AR Ry A L ey o DR I SR I [ 2 ) A S

10° . .
—— time-correlated counting
- - without time-correlated counting

BER

10711)
0 0.2 0.4 0.6 0.8 1.0

n

5 F4 BER FHREINACREZ [0 1956 &R
Fig. 5 Relationship between system BER and

detection efficiency
TR 7 02— LU BRI I 3 4%

& 6 b &4t BER 5 BT 50 #4850 11450 A
MR FR ., 5REW ., RE0 BER BE K 715500 5 m s
PG YRS o' =500 s B, BT ] AR DG
AL PR R 48 BER VL5 L I H ik i DR
28 B I 50 2 48 BER #9520 R % 22— Ff DL
D25 0 I T BOR O B 1 38 15 R G0 5 A I b 20 o G
HdE bR, MBI RS KB — 2 RER, REN
BER ¥ KT 0. 05, # WG 5 8aiE 217, mitsk
FEORIE T LM AR A H S RS
WE RN TMES A2 RS 55 T B, T
U /INET 55 O I 7 5 W), PR 3R B SO - R0 5 Cn

T K 2R BTG T R 4 ) 2 /N BRI 2% B I R
U M 7 ) E BT ST 1

0
10 —— time-correlated counting
- - - - without time-correlated counting

102

10

BER

102 10° 10 10° 106
a' /s

K6 F4 BER FIRS A 56 R
Fig. 6 Relationship between system BER and dark counting

4 H e

BE XTSRRI A RAUE I O (R RS iR
fith 38 43 A B R (1 3 U0 55 oK L 25 5 6 IR O B0 T A
A ATREEAL K A i Gamma-Gamma £ 8 | FLO
PR 75 e 1oAY A O T BUE S A B s L T
it 10 A7 T T G 38 AE R G0 A R BB, 5K
(ER T R At & TR R/ =BIE R 2 SN Bt 7N

0327018-5



X

E 425 F3H/2022 F 2 B/RFFIR

I 251 BB 2 40 B AR DG T B ¥E S8 X &R 48 BER (052
Wi, 4 SRR B L Bl O Bk - 34 0% 1 B0 3 A
55 A T AR PRI A R R B B, R4 BER
Yo 2 B 2 U BT S e TP 3 R AR R A, SOk
[6 ] 43 th &4t BER 515 5 8 Hil MR LM O &R 1
S50, 43 B I D PR AT BB 2 - T Y ) BEASERYAH X R
B R TEAT S T S R . SR R R TR R DG T B Ak
P70 A B AR & 48 BER, H Y 9 1T R B— &
Bt REAFTE— D AR TR . SCBRC10 ]38 ¢ i
[ 5 171 BR T AH DG B ] 1 H 2500 38 {5 BER (5200 L {H i
FEMTIR 5305 R g i A 2 806 %, 75 Bk 47 HAR
ST, KA IR E 5 R4 BER 2 A KR 7
SR AE R . RS BER 23T 0. 3. 0251 K BUAH I
HARFETUAME. HWlEmil45 24 BER &
LSRR, HERS BER MmN EZ —, 4
BT s SR B8 R s T iR R AR I 2 M e 2 4k
JE RSN JC A i AE R G GBI R L SR I [R]
AHOCTHECAL 31 07 15 T A SR AR R 48 BER, % WF 5
A A R AR LS A B M B s O B I E R
BT Z %,

[1] LiuT, ZhuC, Sun C Y, et al. Influences of different
weather conditions on performance of free-space
quantum communication system [ J]. Acta Optica
Sinica, 2020, 40(2): 0227001.

XU, KRB, MVEM, . RRIRAEMAX A h %6
Wl E RGN E I [T]. Sba ik, 2020, 40
(2): 0227001.

[2] Cesarone R J, Abraham D S, Shambayati S, et al.

communications [ C] // 2011
International Conference on Space Optical Systems
and Applications (ICSOS), May 11-13, 2011, Santa
Monica, CA, USA. New York: IEEE Press, 2011:
410-423.

[3] Robinson B S, Boroson D M, Burianek D A, et al.

The lunar laser communications demonstration[C] //

Deep-space optical

Space Optical
Systems and Applications (ICSOS), May 11-13,
2011, Santa Monica, CA, USA. New York: IEEE
Press, 2011: 54-57.

[4] Boroson D M, Scozzafava J J, Murphy D V, et al.
The lunar

(LLCD) [C] / 2009 Third IEEE International

2011 International Conference on

laser communications demonstration

Conference on Space Mission Challenges for
Information  Technology, July  19-23, 2009,
Pasadena, CA, USA. New York: IEEE Press,

2009: 23-28.
[5] Boroson D M, Robinson B S, Murphy D V, et al.

[6]

(8]

[10]

[11]

(12]

[13]

[14]

0327018-6

Overview and results of the lunar laser

communication demonstration [ J]. Proceedings of
SPIE, 2014, 8971: 89710S.

Yan X C, Zhu J, Zhang LL B, et al. Model of bit error
rate  for  laser communication based on
superconducting nanowire single photon detector[J].
Acta Physica Sinica, 2017, 66(19): 198501.

EIEM, RIT, ks, . ETHEIAREREF
PRI 25 TR 25 WO 0 A5 A8 S DR SR ik oE (I . B2
&, 2017, 66(19): 198501.

Liu DX, YuX N, Tong SF, etal. Key technologies
of laser communication based on single photon
detection and pulse position modulation [J]. Acta
Photonica Sinica, 2021, 50(3): 0306002.

XA, TRAM, FEg, 5. BT R0 50 &k
R R A O B S s R R [T LT
R, 2021, 50(3): 0306002.

Han B, Zhao W, Wang W, et al. Modified photon
counting communication method for underwater
application[J]. Acta Optica Sinica, 2016, 36 (8):
0806004 .

WY, BT, VEA, AF. e KR R 8 Bl B T
THCE E Jr ik [T]. b % ¢, 2016, 36 (8):
0806004 .

Han L Q, You Y H. Performance of free space
optical communication with combined effects from
atmospheric turbulence and pointing errors[J]. Acta
Optica Sinica, 2014, 34(11): 1106005.

WhST R, WERENE . RSN I S E IR 22 B A AN T A
s (B G S M RE (1] . Je2% 224, 2014, 34(11):
1106005.

Wang C, Xu Z Y, Wang ] Y, et al.

performance

Error
analysis of photon-counting based
receiving for optical wireless communication [J].
Chinese Journal of Lasers, 2016, 43(3): 0305002.
IR, wEHE, IR, % ZLEER TR T
A R e 3 o [T] . TP EOE, 2016, 43
(3): 0305002.

Xiang ] S, Deng C H, Jiang H, et al. The
performance analysis for PPM system based on
photon-counting detector arrays[J]. Study on Optical
Communications, 2017(2): 27-29, 53.

mIEhRY, XERAE, ¥EE, F. TR TF RS
PPM RS R HERE M 1] . JCBAEPIS, 2017(2):
27-29, 53.

Treussart F, Alléaume R, le Floc’h V, et al. Direct
measurement of the photon statistics of a triggered
single photon source [J]. Physical Review Letters,
2002, 89(9): 093601.

Andrews L. C, Phillips R L. Laser beam propagation
through random media [ M]. Bellingham: SPIE,
2005.
Kolb K.
avalanche photodiode single-photon counting detectors
[J]. Optical Engineering, 2014, 53(8): 081904.

Signal-to-noise ratio of Geiger-mode



