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Laser Intermodulation Distortion and Characteristic under the
Turbulence Channel
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Abstract;: Based on the rate equation of semiconductor laser, the expression of laser nonlinear
intermodulation distortion was deduced by Bessel function. According to the Gamma-Gamma model under
the turbulence channel, the influence of performance about carrier signal to intermodulation distortion and
noise ratio and bit error rate was researched based multiple subcarrier binary phase shift keying
modulation. The selection of optimal modulation index with the corresponding relation of nonlinear
coefficient was given. The results show that under the same turbulence condition, carrier signal to
intermodulation distortion and noise ratio increases and bit error rate decreases with the increasing of
modulation index when the value of modulation index is less than the optimum index. However, when the
value of modulation index is bigger the best index, system performance deteriorates. When the
scintillation index is 0. 2 and the optimum modulation index is 0. 6, the maximum carrier signal to
intermodulation distortion and noise ratio can get to 12. 9 dB.
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signal to intermodulation distortion and noise ratio; Bit error rate

OCIS Codes: 060. 26053 200.2605; 010.1330; 140.5960; 060. 5060

0 3= (14 1 3 4 XU Tl A » A Rl 5 A BN AR A1 L 22 %€
7 236 KAt -+ Y BE T 58 A5 08 A5 A 4% [ 3 £ 4 K

Tt E 15 . X B i %S 18] 06 @ {5 (Free-Space A AT B vy 3K 78 B 0 45 fe HE T 7 8. OGS p0 AR &
Optical Communication. FSO) 52 LA#OERAE 5 B M0 BOL & fi 5952 0 J2 J0 4O 18 {5 28 42 10 i B4 G 6 1)
PRAE 2 AT (G 16 REAE SC BLIR & BUIR AL 2 R IR Bz — AR Ak 2k 0 32 2 o e o A R B

HEWB  HFEHRPFFEE S (No. 61377080) (BEFE A [ SR Bl 3 4 ( Nos. 2013]Q8009. 2015]M6270) Bk 1 4 2L & /T Fl 4 #F 58 %I (No.
14JK1542) PG 22 B T K F R 8157 2 45 B (No. 2013CX014) % Bl
FE—1EF ST Q975—) L PRI A BT 0 A KAEOEF VBARE 5 515 B AL FE. Email: chdh@xaut. edu. cn
W I 2015-08-25; A HHA.2015-12-10
http : // www . photon . ac. cn

0206007~ 1



T

¥R

Wi 6 AL 4 2 SR I 1R % K. 2007 4, Lisa Yong %7 i i
IR BOL 8 B AT B L R H Volterra 2081, %t L
SIMT T REAYOG £T 38 A AR 48 b R B 5 R R R I L 06
w3 AE 26 vk 5 18 %k B (Intermodulation Distortion, IMD)
PERE » & LI T 45 200 K WOt A% AE Lk L B R B
45 12 o 1) 6 0 B T = B B R EL. 2010 4R, X
Tang %" 5 F X HOE o A SR, 58 T /I 2Rk —
il 45 % 4 45 (Binary Phase Shift Keying, BPSK) ¥ il 1)
55 % (Bit Error Rate, BER) #: fig. 2012 4F , Song 25"
TE 58 i Ui A5 T8 25 F T L BIF Y 1 R 48k ok B2 R T B iR
fith R fE.

AR SCHE T2 T RO A% 1 BB 07 AR L A I
FE IR RAOE 43 BT O A% 19 AR Gk B O B R IR i R
AN T IO 2 R AR i R A% B A 0 A O
WS RGP OGRS M B e B 2 B R M L
(Carrier Signal to Intermodulation Distortion and Noise
Ratio, CINR) | 2 4t 1 % P fE 19 52 R 43 1 1 R i
P N O A i Ll e S R o A o B
Hl|] 1 56 FR L Sy To 20l R AR &R GE b ot dR AR £
PR ELAME B AL T B A

1 FEESMIELETERARE

WO A% B9 AR LAk K SR el 8 ) o 17 A Al 2k 5 | AR
. 76 LD J 6 R e R ] SRR 5 R Oy B )
Brifols B AR R k. AR T A

CLS:SnB—i

dr T,

q ] @)
n_J _n

Equ SnB -

Kpon B LFHREOCERFRZNWERTEE:S
For 2 BRBOCAE WL T %, S MG e
L, BRI AR RT3 A Sk A G i B T R ¢, BT F A o
BERWRFHM . B=1/cn) R EZF M A5 T 2
A G SR HEE . N

JO =T+ T ws (ot +¢ (1)) 2)
KA g, =a,msa, =051 50, 5& 2RI IR,

HFH Sonine"™ ik =K

exp (@,cos wt ) = Io(a,,)—Q—ZZIq(a“)cos quwt (3)
Ko I, (o) B IE W) g By B ZEIR BR B W6 7 %

S=Cexp (u) (HHp,C BEHHE, v« = 2;‘7101,,
cos (w,t + ¢, (1) N ARy

S=C[][L (a)+2>)1,(a,cos (qu,t +

ap., (1)) ] oy
A SCEE AR I O AR ek B R L A R A
g 5E A e T ) iy = (4) T A5 S R W 22 B R A% 78

R o, RE AR 15 R

S, =2CI (o) [ I, (a) ]V )
] B, 0504 N B P T 2, — o, BOHRTE

S, =2CL ()1, () [ I, (a) ]V (6)
Al I B PR F 0, o, — o, BRI

S =2CL1L () LI, ()" )

AL Ml A B 7 DR 0 R e T DA pR X (40 75

AL 58 — A R (R — 0 B b BRI
o R BT & — A DR Z o 2) B BE K E
JIE 7= A AR 3 ASZE AU P9 T LR 7 25 18 AT P Y
PR R S B R B FE R AL A A T
NWE =M BRI T 20, —w0, flo, T o, —w. A4
B4k

N =int [ S Jind |2 <N
N,,, =int L?J int Vg*é*lﬁ (b—1) X

(8

(N—F)+int LN;kJ int LNizkilj,

[<k<N

A int | o P — B0 R B HE D T El0E 2 T 2
Lo N J 590 3 7R 00 0 308 e S BB B ke RN ER kA8
Pe. )Py 26D ~ (8) HE T Y = [ B 9 2Kk LR 1 1 R i
W)

IMD3=S,, N,, +S,,, N, 9
B 9 B LR R B 22 I A R

.1 -

UIM|)3:§(77P,)“M (N =N (10)

P m S BTG A R S B g RO RN 2 AL
P, AR R,

BT IR =B Bk 57 25 HAEA O, WA AL
4 8 B R A T SR 5 R L LR R T o
o,
P oams A2 =B EHLH G FL T 25 o8, B o, 43 ) 2 TS
Mgf 7 A I

SRR NEIFEEE R i E| 5 i TR S
FLIUFE B oM R ) % 6 =10 %, p=0. 8, F- 4%
W% P,=5.8 dBm H k=1=1,2 3 M4 N 4> 5
e 8.12.16, & 1 ATLIAE I, B & A H5 8 35 K, B
VR LB )RR 5 T 1 5 L X 2 DR A R o B8 AR B B
B EE G L T 25 R R RO KL = B R Y
P21 K (AR L G LD FRE AL B 2 1 K. S A AR ARk
F 0.6 B, B K B T FE WS T OT ARk B i K E
80 dB. Fifi & # Uk A~ B N 3G, B R ) AR B 2
B, AE D AE IR B A S L 3RS B0 IMD T #E
JLF R 7= A 52 m L #1681 F Fa.

ri,,,tlzlolog(l-i-(ﬁ;%):1010g<1+ ) 1D

0206007~ 2



WPt 55 < i AR T8 T S0O6 & LR R R

Power penalty/dB

0 0.2 0.4 0.6 0.8 1.0
Modulation index

B 1 IMD 3%
Fig.1 The IMD power penalty

2 AR EERRERSE

T2k £ i w2k 0% BPSK 3 il & — Ff BE 0% A 2
) DR A i U 52 W) ) R 5 L 22 R 480 1R S 1A R
AR AATE AR M B R B OB SRR R B K S
ARG B MR LRGBS R T R A TR
Gamma-Gamma Jiii 7t {5 38 &, B %5 JC 406 2 #% Rl 48 0%
BPSK i i 38 15 22 e bF ¢ JF £k M 198 2k B0 280 1A
UYLRIAN R TR

Gamma-Gamma #f %% 25 & 5317 BRE0E LR

2 (atp/2 s
P =[BT KL (2 e T>0 (1)

H . TO & Gamma BRE.K, O n B IEMNEE =2k
D1 SEIR PR s o B 43 S S AN RUEE TN R S 5. ST AN
RRFE R X H

Gl 1,1

blia+‘8+aﬁ (13)
2.1 HEKEEFARSLESH

R R TR AE RGP OB B R T
&N SRR 5 R

JP([):PTexp (mg‘,lcos (w,t +¢,()))

I(H=I[1+mx() +a,m’ 2" (1) + -+ (14)
1 am'x (t) -]
K {a, )2 RBOCA AL R B, — o E & %
BOLBATFEAR G W e, )2, HFTE. B RH PSK
VA 2 1 ) 2 e B PR L PR R 2 (o) = 2L, cos (wi t
@) 5 RAL K TN — AR, B LB SR AR M
T EL IR e AN AR AR Y Y B N R LR ) R
Z R = BOR R AL R OTOGTR IR AR B g BB O
EREEZP R R RN R=dil e A v T =
(D = glm( 2 cos (w0 +¢,))+n(0) (15)
WX AOFRAK 15D, 15 3 1 2 oy =2 F0 4 1 e s
153 5

2 12
JSp:yzfl[m+%a3m$(2N—l)}

2 2 2
10‘ ~— Osh +O'Th

2

(16)

2.1.1 RFBAFETHE AL AEF LR
e R I I LR JE 4RO 15 & 40 3 Y m 1 2%
% HOJE M 1Y (CINR) ik
S,
62 JF(T%MD
B A0 A6 AR 7)), 15 ] Bl i CINR

CINR=

an

e Se 16K T [m+ia3mj*<2N1>T
o' +own 320"+ (yP)" @ I'm’ (N,y +Nyyy)
&2 AN TR 20 A 00 = B A P2 R L s
HESES - R VR A )RR R N
N=16FIhR =10 " =M ALt R B o, =
0.1H k=i=1. NE 2 WU AL .35 X % &= 517
2w, —w, XTI AE R G R W, 848 om = 1.0 B,
CINR ik 2l 45 KAH 56. 1 dB; M % & =M E M o, o, —
w. BF, 2% 8 48 B m = 0. 6 B}, CINR ik 3| & K
13. 6 dB. XJ He B b iy 5 2% il 2k % B0, 76 18 6 5 2 m =
0.6 Bf, WOEH AR = BT H F 0. +o, — .
iR CINR 2 13,6 dB, i = B4 =Y H T 20, —
w, Xt R CINR 2y 33 dB. A& 1 2k H IR X RS
MM ERTEE. X 2R ELRETLHLEXN RS
S0 32 I T B ) R R AR N B Y 4
BB N=16 B, =B B E = %0 Ny, >N, H i
Lt = EWH Y o, +o, —w ZWHTREH
CINR /)>.

(18

60'+N,A,
& N, "

50t 2etyz /./
40} /
30} /
20}
S e
10} e i S
//t

CINR/dB

0.1 0.3 0.5 0.7 0.9
Modulation index
W2 Kk TWEKXELESH (N, ,=Nu,
N.iy—.=Nu)
Fig.2 The CINR in no atmospheric turbulence (N,, ,=
Ny N,y .=Nu)

El 3 R = HrAE P R BOR [ B A9 2% 3 B R g S L
B EF a S HIHL0.01,0.1 K 1.0, B Ih R 5 =
102 B#REH N=16 (N,,=7,N,,, =49) . k=I[=1.
Bl 3 F L Bl Rt R B 1 R R AR e R 8k B
R M P M RIS 7 1 e R 9 R B0/, 2 e, = 0. 01
B 6 1 46 %0 F 1. 0, CINR 35 B e KAH 50, =0. 1 B,
PRI FEE m=0. 6,CINR ik 2] & K{H 14. 1dB,a, =1.0
B P8 #8 % m=0. 3, CINR ik 2|5 A fH 7. 35 dB. =}

0206007~ 3



T

¥R

R R E a = 0. 01 B, P4 il 5 BRI A5 B8R
B Ty AR A L CINR 39 {HL ] ] 48 80d K. 2 i

JE I i R
40
= a,=0.01 )
o a:=0.1
3071 4 a;=1.0
o
=
z 20
&
10 T
0
0.1 0.3 0.5 0.7 0.9

Modulation index
FTR=ZMELEHEABRTOE XL EEF L5 HEH
B E R

The relationship between CINR and modulation index

A 3

Fig. 3

under the different third-order nonlinear coefficient
2.1.2 KRABARZETHEZHARZLERE
M 58 TG MR KA R Y i R R
e B H e R CINR,, (18 iRk R
CINR,, = J CINR X p(DdI
0

AR SCR A ot 3 ke AR 43 A R - Gamma-Gamma
REAL L A R O[] T X BICIE 2 43 A A Y TS
FHAE B S ™ 32 . ANASCEE P 559 4 O« o4 5l R i O L%
S8R i L O T AL L 0 2 C19) 28 Oy
32K [t pam’ 2N 1) T (af) 7"

') (B)

(19

X

CINR,..=

Jlate/mt
| 527 Rz Koe (2 Vel (20)

A, K= (yP,)" (N, TN, ).

R 2 (200 X 26 AS TR it 0 2% 10 T 14 2800 . o e 7
FERE T 5 E . 4. NIE 4 il LB L, S 5 & o =
107 k=1=1.a,=0.1 L& N=16(N, =7,N,;, =49)
B 350 4 R va=11. 6.,8=10. 1(SI=0. ) , J 1l 45

14}
12
g 10| ‘ \
S ‘\‘\’\,\‘“\‘\'\,
Z .l
@]
© “‘\A\‘\‘\‘
& 6
Ean “m a=11.6,4=10.1(S1=0.2)
51 o a=4.0,5=1.9(S1=0.9)
. A a=12.4-1.1(SI=2.5)
0.1 0.3 0.5 0.7 0.9

Modulation index

M4 AAwmATHERKELHEEF
Fig. 4 The CINR in the atmospheric turbulence

Hom=0.6 B, CINR Ik ) e KAH 12. 9 dB; 35 Jif it 4%
PR sa=4.0.8=1.9(SI=0. 9), A Hl & % m=0. 55
i, CINR 3k ] i KAH 10. 6 dBs 3 m A F T va=1.2,
B=1.1(SI=2.5) , JA |+ 4 m=0. 43, CINR ik 3| f K
{E 8.9 dB.

MNP 4 AT LA 78 T — i i 2% 7 38 1 4 B0
TR AEIE I, CINR B 5 38 il 1 B0y 8% i b 74 38
il 45 BOR T S AR HCEL I CINR [ 3 3 ] 935 %0 04 15 oK
TR WO A% AR 2 B K LN R e 2Dk R
LS 5 R ) 4 B RO ) OC R X R P 3 g
M2 A Y I8 6 205 F 0. 38, 7E — & W I FE 4T
PN R 4 B0k K CINR /0N 55 if 9 3R A5 e Rk b 5
S Jif 910 AH BE 5 4.0 dB. R B TN BR R B0 i 24k
4 Z Ge s K CINR. Jr % 17 1 5 A2 981 o 4 %5 i B 22
/.
2.2 REE
FE RS WAEIE T R PSK 4 i 7= 2k 0% 2% 1k
LM KB FSO R4 IRIBRF RN

P,.(m) = JQ( v CINR) p(DdI =

0

I ~ 2((1@) (B Catp/2)—1
JQ(VUNR)F(a)F(B) ! ~

K, (2 /oBI)HdI (21)
P 5 D AN [A] it 30 9 T - @) 28 BPSK i il Jc 28
JeilfE R G H) BER $EPEfh 4. i H . % 6" =10 7,
k=1=1.a,=0.1 I J N=16(N,, =7,N,;, =49). {F
A ) i BN T e A IBC(EL I R R R ) A KR
I T 6 3% BT 0k B =l 2 M G O X 2R G P BE S i 5/
{ELJR 8 ] i 0 — BT de IR I OB AR AR etk
T A S8 A 7 H R A o RO i R A R T
ML S Hnl U L 76 6 i 45 803%F T 0. 38 mF . = Fi i
TSR T R R AE I R 1. 5e-3, Vil 45 $UR F 0. 38
I o [7] — 3 il 455 BT S TN R BOBOK . BER My ™ HE 52
Wi 398 {5 28 48 9 A A AR AT A L A 9 o) A Rk —
BEOR AR S R ELAR A L SRR A TR AL

0

= a=11.6,4=10.1(SI=0.2)
& a=4.0.4=1.9(SI=0.9)
A g=12.=1.1(SI=2.5)

102
=4
m
m M
10° ./l/'
104 . . . . . . . .
0.1 0.3 0.5 0.7 0.9
Modulation index
5 k& mim T WiREE

Fig. 5 The BER in the atmospheric turbulence

0206007~ 4



WRFF 2 i U £ 3 T Ot T8 % FURR

3 E

e =[A

A SCWFGE T KA T A T8N A O 2% JE 4t B

R E e FURRME. S TR IR A5 4R R L I 20 BPSK

VRS R Y W OE- R R L 3ol S TR /N

G IFHEAT T B3 B AR 25 R A R I 06

AR M Bk B FSO &R 48 CINR #9532 i) 2= 22 5 03

HHNZEFEEYHTF o, to, —w. BB E.

PA A8 BCT L A Lk R BB X CINR B/ 3

AR Lk R BOR /N 2 38 UAE 5 1 Ik B A — KA T

SAE T R T8 BN F i BUE B, CINR B & 3 1 45

IR NS ST TR & R E iR €= R X ER

Af o I8 il 16 £ K, CINR R B 3R A% 26 1 F. I I o &

AR B R A5 d5 R CINR, D) 30 11 95 5017 28 BB /)N, = Fef

ANTRY 5B i . 59 3 U B e £E 0 O 4R 20 (m=

0.6), AT 4R KA CINR=12. 9 dB. i Ji {5 18 T et

A ER 8 B, W] DU 0 B RO RS

B B R R LL R R AT FR M AR

EESdN

[1] GORDON G S D, CRISP M J, PENTY R V, et al. High-
order distortion in direct modulated semiconductor lasers in
high-loss analog optical link with large of dynamic range[ J].
IEEE Journal of Lightwave Technology., 2011, 29 (23).
3577-3586.

[2] YONG L, SUAIDI M K, CHAIA K N, et al. Fifth order
versus thirdorder intermodulation distortion[ C]. IEEE Aisa-
Pacific Conferenceon Applied Electromagnetics Proceeding,
2007 1-5.

[3] TANG X, RAJBHANDARI S, POPOOLA W O,

Perfomance of BPSK subcarrier intensity modulation free-space

et al.

communicationusing a log-normal atmospheric turbulence mode
[C]. IEEE, 2010; 1-4.

[4] SONG Xue-gui, CHENG Ju-lian. Optical communication using
subcarrier intensity modulation in strong atmospheric
turbulence[ J]. IEEE Journal of Lightwave Technology .
2012, 30(22) . 3483-3493.

[5] BIHAN]J L, YABRE G F M. IM intermodulation distortion in
dirtectlymodulatedsingle-mode emiconductorlaser [ J]. IEEE,
Journalo f Quantum Electronic, 1994, 40(4) . 899-903.

[6] KELVIN S C Y, MANAS K Haldar, JEFFREY F W.
Harmonic and intermodulation distortion indirect intensity
modulated quantumcascade lases [ J ]. IEEE Journal of
Lightwave Technology, 2014, 32(20): 3735-3741.

[7] ZHANG Ming-jiang, LIU Tie-gen, LlJing-xia, et al. Effect of
line width enhancement factor on the nonlinear period-one
osillation of asemiconductorlaser with external optical injection

[T]. Acta Photonica Sinica s 2011, 40(4); 542-546.

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

TRBAVE L X BRAR 228 1 45, 4R 00RO IR X A0 O AR S Ak
WL AR S R BR[O F 2% 42, 2011, 40
(4) :542-546.

SAMIMI H, AZMIi P. Subcarrierintensity modulated free-
space K-distributed
channels [J]. IEEE Jowrnal of Optical Communications and

Networking » 2010, 2(8): 625-632.

DALY ] C. Fiberopticaintermodulation distortion[ ]J]. IEEE

Transactions on Communications, 1982, 30(8) . 1954-1958.
HUANG W, NAKAWAGA M. Nonlinereffect of direct
sequence CDMA in optical transmission [ C]. IEEE 3rd
Intermodulational Sysposium on Spread Spectrum Techniques
&. Applications, 1994 588-592.
BARMAN A D, BASU P K.

induced power

opticalcommunication in turbulence

Incoherentin-band crosstalk
amplified WDM
acomparative study using gaussian and chi-squared probability
density functions[J]. IETCircuits Devices & Systems . 2008,
2(1). 139-143.

GHASSEMLOOY Z, POPOOLA W O, LEITGIB E. Free-
using subcarrier modulation
turbulence [ C ]J. IEEE 9th
Internation Conference on Transparent Optical Networks,
2007 : 150-160.

WAKAFUJI K, OHTSUKI T. Performance analysis of

atmospheric optical

penalty in networks:

space opticalcommunicational

Gamma-Gamma atmospheric

subcarrier multiplexing systems and

subcarrier modulated code-division
multiplexing system [ J]. IEEE Jowrnal of Lightwave
Technology, 2005, 23(4): 1676-1682.

XING Jian-bin, XU Guo-liang, ZHANG Xu-ping, et al.
Effect of the atmosphericturbulence on laser communication
system[ J]. Acta Photonica Sinica, 2005, 34(12);: 1850-
1852.

TS st 1 1 R SR 3, A L R T RO 15 2R 4t 1Y 5 )
[J]. 6724k . 2005,34(12) :1850-1852.

UYSAL M, LI Jing. Error rate performance of coded free-

atmospheric  optical

space opticallink over Gamma-Gamma turbulence channels
[C]. IEEE Internation Coference Communication Society,
2004 . 3331-3335.

YU Lin-tao, SONG Lu, HAN Cheng, et al.

simulation of link power and communication performance in

Analysis and

space-ground optical communication [ J]. Acta Photonica
Sinica, 2013, 42(5); 543-547.

TFOMREE R B i AL S OB {5 U R S B S M RE
578 0)]. 6724 .2013,42(5) : 543-547.
BEKKLALI A, NAILA C B, KAZAURA K,

Transmission analysis of OFDM based wireless serivicesover

et al.

turbulent ratio-on FSO links modulated by Gamma-Gamma
distortion[J]. IEEE Photonics Hournal, 2010, 2(3); 510-
520.

POPOOLA W O, GHASSEMLOOY Z.
intensity modulated free-space optical
atmospheric turbulence [J]. IEEE Jowrnal of Lightwave
Technology, 2009, 27(8): 967-973.

BPSK subcarrier

communications in

Foundation item: The National Natural Science Foundation of China(No. 61377080), the Shaanxi Province Natural Science Foundation
(Nos. 2013JQ8009,2015JM6270) , the Science and Research Plan of Education Bureau of Shaanxi Province(No. 14JK1542) and the Science
and Technology Innovation Research Project of Xi'an University of Technology(No. 2013CX014)

0206007~ 5



