398 £ 7H

j‘lﬁ i" %L’ j:li Vol. 39, No. 7

2019 4E 7 A Acta Optica Sinica July, 2019
gy L W A ]
' ‘ 5‘ y4
it e A 18 P 10 4 )2 23 1R
TER", 208, 0L, Al
2B TR 2 AL S AR 2= B, HIR 22 730050
WE Ko RERTI A BRG] S P9 AS 43 531 R A Rk ol Ar & 98 ) CPPMD K o i 22 98 il (PAMD 18 38

SRS M —FE T S 1 B2 6 A PR (LOSMD R G8. E AN 48 2 55 70 2 W S R0 B 5 e S D 34 g it
fili b 4 5 A R e A [ R GRS R R IR SR R B — P WIE T IR R EM . 45R %
B, 515 58 e as MR G R G H 20 2k 2 R R G T KRR & R E WIS RCE., FEERERMFERNELT,
(5,4,2,4)-LOSM % %5 B9 #5031 & % 1 (8,4, 16)-SPPM (%5 [A] ok wh 42 B ) RS0 9 M5 LA b M 4R s R N
4 bites 'oHz "W, (5,4,2,4)-LOSM £ %5 5 (8,4,2)-SPAM(ES [] ik wh i 22 9 ) £ 45 B AT A0 7] 09 152 55 o 6 L {H i
H G R LT G E W 2 75,

KEIW OGE(E: KOG R eas RIS fkoob 07 B VRS Bkl B RS bR R AR
HESES TN929.12 X EAFRIRES A doi: 10.3788/A05201939.0706001

Layered Optical Spatial Modulation in Turbulent Channels
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School of Computer and Communication, Lanzhou University of Technology, Lanzhow, Gansu 730050, China

Abstract Layered spatial modulation technique is introduced into free space optical communications. A layered
optical spatial modulation (LOSM) system suitable for turbulent channels is proposed by simultaneously activating
two lasers using pulse position modulation (PPM) and pulse amplitude modulation (PAM), respectively. The
principle of layer mapping and bit mapping is described in detail, based on which the bit error rate expression of the
proposed LOSM system is derived, and the Monte Carlo simulation is utilized to verify its reliability. The simulation
results show that the LOSM system can greatly improve the spectral efficiency of the system. For example, the
spectral efficiency of the (5,4,2,4)-LOSM system is more than 9 times that of the (8,4, 16)-SPPM (spatial pulse
position modulation) system for the same transmission rate. When the spectral efficiency is 4 bites '+ Hz ', the

transmission rate of the (5,4, 2, 4)-LOSM system is nearly twice that of the (8, 4, 2)-SPAM (spatial pulse

amplitude modulation) system, and the two systems have the same bit error performance.

Key words

optical communications; wireless optical communication; layered optical spatial modulation; pulse

position modulation; pulse amplitude modulation; bit error rate

OCIS codes 060.4510; 010.1300; 010.1330

1 5 =

B 5 FH P ¢ ity 1) S K D A% ol 55 BB
1 22 O A AT R T O LA R G Y 2R ik R AE
Lingy e N N A= N S A =TT e | =7
RO Ak TG AR RGBSR EFR . b
Z i A Z 8 (MIMO) $ AR AH FH 24~ K 2k Rl s ) 4%
WeRS & 2 BOUE L IRE T OR G A AT R

BAEAE SR MIMO £ AR v, {5 38 (8] T 98 AR 2 )
I7i) 25 D] e 45 [ Rl JFLA4f ) R0 R FH 32 B BR ). 2 1]
JE 1 CSMD A A — o 88 MIMO 1% i 35 A& L o — 4
B S5 7 Jre 2] = 4k e S, O ORI AR e Y R A S
(BPErEO S E B, e MR % REN RIS
(R 23 [ 3O #4340 15 B . Rk REA UL ik
TG 26 s 1 WA R B F R . F, T
— A AT T — R K e, A AL e e T

Wi HE: 2019-02-13; 1B HHA: 2019-03-13; A BHI: 2019-03-22

HATH. BFRHRB2H4(61861026,61875080,61465007) . HiliE 4 EH

BT K221 -3 42 (03-061616)
" E-mail: 15117024169@139.com

JT 78 S5 A AR S F SX T H (2017 A-011) (22 M

0706001-1



Es i

fRaEEF 4, Bk, 25 [ & 2l B ok #
Bt MIMO £ RWF R EH 2 — I B 5 2 5l
T bR .

2 [l 8 ] B AR R 48 T30 15 2R 40 1 0 80 Rl A%
R IR ] SRR (R RS R A T —Fh
ARTFB ., BT, T2 A6 as 88 6 B A 08 58
B 2P, RS T E R SCHkC6 ] by
T AR I s B 5 (SSKO (1R 5 P E L SSK Y
FABOCES R G 5L M5 B S80S R A S
FRAE . SCHRL7 16 Bk ob 47 B R (PPMD 5 SM # R
FAZE A 4 ) —Fh 23 [ Jik o 07 8 8 1) (SPPMD 5 %2
ARZ T A SR T &R G0 A R, {H G A
RCRRECEA B . 5T 0, SOk (8 4 ok v i 155 97 ol
(PAM) I SPPM i AR M 25 &, 42 T 25 8] Jik ol 43z
BRI S (SPPAMD) £, #E— 2R E T R2REMN
PSRRI R BRI F R T T R4
AR AL 3 5% A 5 58 v AT — AN OG890 . 2 3L
W RCR AR T Z B . AR AR T A R
e LR v T R R OB A% X AT R G0 S B
JEE RS AR KRB

] S5 R b ) P 25 (8] 9% ROk 2 s B R 4L
(1R A0 i A 6 S 28 1) ) o op ) S B ) R, SCHR[ 9 17
fe4s SSK AR Ry JERb_F i 3 51 A LR % 4h 19 & 5t

layerl

RE PRI T — Bl 7 J2 454 1 28 B f4% (LSSKO 4 4l
D7 58 IRB] T A A S O A 0 SR H R
B, PR R G BTSSR R RGP .
AR GAUCR TGS R 75 R 55 8 650 %
AR3Z B TR s 7L % 2 GE A HIE 5 AL e 5 ok IX
SYIE . A BT, F R RSO F (WOO)
R YR 22 2R T 5 VA ) /B A I O 5 3 DA A
U P A 5% S ()R ] A LS R T i AE WOC H 0
TE BT . AR SOR 20 J2 BRSOl 23 18] 3 il B AR A
2545 TEAN A2 23 ) % ] PAM Hil PPM J5 50, 1 2
I e R R E S R N oy € ]
’eTt.

2 JrJE A TR ] R SR A

PN N AL RS (LD VN, Sk
HL I 45 14 43 J2 06 25 [ (LOSMD R 48, H R 4
BERL N 1 pros . B 1, Rk ) kG B L
R 2t LOSM Ja B 55 3 b B2 R 65 5. 3,
55— )2 (Layer D) {5 5 2% FH 45 ) bk of e 35 1 1, 265 —
J2 (Layer2) {5 5 2R 25 [ bk oh v B 9 il . 195 J2 78
ERERIRZY S E N b =y R I DN ¥, 3 &
) P 5 R ALK (ML) A 300 v 0] B ] 0K 42 o 22 2o 3 37
{5 185 0055 9 R EA LS B

% \ photodetectorl
T ’ §% o
i . ! 1
| modulation : 1] . : i LOSM i
inp Ut. i i layer2 N »@—V ! demodulation ! output

9 | I
| maping maneing | ™ 2 B Y > OSM- 1 .
1 mapping ~ mapping , - ., { - ayer |
| i 2 ’ —»@-» i demapping ~ demapping i
e % N photodetectors b

/I/ ﬂ—» ML detection

turbulence channel

B 1 LOSM Z %t
Fig. 1 LOSM system model

15432 625 [F] R 2R e v, A0 ek — i A5 B
Fb AR 0 5 490 1 79 )22 AS [ 119 255 i) A 1 45 5 2 6 i
TE. AT S RGBSR, E LOSM H BE#E 1T
OSM WS, AT 2 S CRIR & A . Z ik
SRS AR LERHE B W2, OSM. B )2 4K
T Bl Bt 0 0] e R 2R S ) LD 5 LA R Sk o e
Sk e

FEJZ BRGSO LR Ay B, IR R
Hed & i HER BN log, (MLN?), W £ /RN B =

I:bl by v"'vbf ’H'Vblogz(MLNZ)j’;H:‘EP bf iﬂ% f /l\ﬁﬁ
AR N LM 5350 SSK. PAM & PPM 1
PRI EC. X B #EAT ik orE] B B 2y FICh B =
(b b 1" H. b =[b1sbys b IR
ARG 1R Sk B L LR BN log, (NL)
b :[blogz(:\'l,) F1 »"’sblngzmwwm]%%i?% 2 )%H’]Zilﬁ
s 5 RO log, (NMD

7 OSM B 5w, 15 55 047 58 — J2 B9 BE A e
G RIS — 2 LD P S & ERER N V=

0706001-2



2
¥

it

n2,
¥

i

{1,2, N}, b i log, N A H 45 88 0 3006
LD W JF5 . SR N-SSK i i 14 w5 #0 0] % I i
et RS — 2 ME LDWFES R p. p N
HESVIHMERE MR, HEA LR ELR
. B2 B E MES T —A4 NoX1 4,
NEIANEFTEM R TR x, =0,
Lo, 07 TR o RS —Z WO T 5 weg . 3k

FILEM N & RREEHOCHEMIT S, b h R
AW T80 L-PAM ik wh (9 55 1 A B, o]
FHA, =IA Fom, HhAa=2/(L+1),0=1,,L,A
JfE e BT S, R L-PAM W #0648 p LAE
EE—ZESTURRHR X =x, X, x, =AW
TR PAMA S, Hodw S IXM 44 1 M.
HW AT R RS . HIRASEERV
PRE N+1ATTE, I MR p. B 5
Mk ER N V={1,2, ,N+1}\{p}. Hb®

T HTlog, N A Fe e #E 4T N-SSK O il , & 5 21
—JZE 5 BRI 7 vk R TR WS LD
MFZh . I &ikEs vV PREE -1
A AR B E . B 6 S AT
FIN T ZE Y ) R R N x‘zz[O,"w},"wOJT,

oA R 90 % R R O OE R
b TR A HLA T F W K o o L s S R T
M B B R, = [0 e Dyaove0

(A<m<M).,D,, H PPM 5 m >0 B A G558 .
K M-PPM B HOG AR 5 EAZ R A )R A5 5 0]
PLRIR N X pom =x X, o WK 3% 3 & 2% 05 5 7] 3%
N,
X =X gom T X ppm o (D
WA BRI, 2R 1 50T LOSM & 4t i B 4
F(N,=5,N=4,L=2,M=4),

#1 LOSM Z&EMIH TR
Table 1 Codeword table of LOSM system

Source bits bV,b®  First layer transmitter index 2-PAM signal  Second layer transmitter index 4-PPM signal
000,0000 x‘]:[lvoaovosO]T A/ZA xtzz[Oylvosoao]T x,,,:[D,,I,O,O»O]
000,0001 x, =[1,0,0,0,0]" A=A x,=[0,1,0,0,0]" x,=[0,D, ,0,0]
000,0010 x, =[1,0,0.,0,0]" A=A x,=[0.1,0,0,0]" x,=[0,0.D, ,0]
000,0011 x, =[1,0,0,0,0]" A=A x, =[0,1,0,0,0]" x,=[0,0,0,D,]
111,1111 x, =[0,0,0,1,0]" A, =2A x,=[0,0,0,0,1]" x,=[0,0,0,D,]
K Gt i Rk AR T it RAFE R L BB (I —UINY

i f—1 4
s ol ————5 — —expo — 1,
IR 155 e
KRGS O RRER T, of IAER

Y = /%HX +z.

Xz BYE N 007 20 of B T 1 IR A Ok i
p=1n"P" /ol FHIEME L (SNR) , y 6l 5L sl %
€0, 1], P N P¥REN I H N, XN, 4f5
B, FESS AT H T IR e IR RS
BOEAS 3 A, HA A9 R Ok

}, (3)

~ Unh —p)°
Mhaexp[ 20°

K n=1I/1, Rimim s &S =% R T i
Uit AT Fe W om U 5 OB 9 L T, Sk T i At o 4
W R S 5 R 0™ I e 43 0 R X B0 o ke AR
EM T 22 . p=—0 In(1+406%) .0t NINKRTE
B (SD L5 FH ok 22 KA It 51 7E A 0l i ke AR 19 5
5. INMRIEE of & o

(2)

Sulh) =

2 —

0.4~1.0%,
TEAE W o 00G LD /75 5 1 45 5 nl il i
doe FARN SR AG I U A TH 25 o e R AR AR A o T Sy

| p
Y— /-HX
2

Kb pog IS —Z % )2 LD #9590
A AR € oo 43 590 g ik v i 68 0457 8 04 A 318
3 RAFIRILR

£ LOSM 7 &b, KX 0915 B o i
2L — B &% SPAM 55,58 — )2 &% SPPM
59 . F2HE LD oM RE G 2T
H—EHE LD RS, B —ZE e B EIE LD
FEAE— M., %4 —2 LD FEnk

» (5

[psjslsm]=arg min

pejslem

0706001-3



Es i

I EE I L 55 )2 LD RS iR I — 5 A L R
BRI RAUE S R A SR ST KA FIE
S — 2O T A S R e S R0 AR A S
BRL13 0970 Hr I 5 JE 2 — R W 5 R A5 5 R R
Wi , 73 J2= 6 23 18] 9 il 22 Ge iR LS R g & L5
P <

N —IN1

2L(N 1)2222Pm-p(x )

(=1 =
= ‘=1

N —IN~1

M(N 1)E 2 E ZP“’”’(’C e

ﬁFF‘.T%?vE{WJ —Iﬁ%%/T — J2= Hh B R 1 A
R TIRIR S TR I R A E R 5 P oapee (X
X)) ERKES X RA R X xR R R
(APEP),

B (6) ZUAT AT TH I P oaser 9 G HEAE T X 43 A5 1R

H A5 B P v B9 R IB A ALHE TR ], K i

AR 2 R W 2 5 — R O AR T S R I
TR 5 5 TR OGRS AR I I B 1 9 ) 4 S A
B, O TR IRJR R OG AR T 4 R I IE B B AR —
2 PAM v BE & 0 4 152 55 — 2 PPM. rh ik o iz
BRI AR .

HRAE SCHk[9 ],

Poaer (X > X |HD —E{Q(ﬁj }_
ol fplmzuit]]. o

A EL IR NP S EOR B Q) %R R Q
PREC B PR MEIE S i i A B R B, S T ATy
1%97

= X ) (6)

{Slzh,)x[hzx; HZ (8)

Su=hx, —hix; |
K. S M SumBlERFE-RESE _BEHS5H
EITEZ B AR B sh, AR, %2R H
BI%E p RS § 3 sh; chs ox7  x;, 3950 HO6 R A8 & Y
e .
MO AR T S R R B, Sy RN Sy R RS DR
ESTLPSES ST

2 (Ah, (9

Sy =Sy, +S 2(1) R% +DERE) +

N,

2 (Dmhjr‘innhf,A)27 (10)

r=1

.S, 3R — 2 WOE B 5 4 W 5 ) 4
WS, AR R WO R T B R I 1 A

N,
Sy = >, (DLh% + Dihio RS R BOCHTF S

Iy

o 0 K 37 A6 B R B R B S, =

N‘
DDk, —Dahs )" R RO S S I
r=1

T T A7 ARG ) L B B A AR O s by, ROR AR BE H v
5 AT r BIICE shy, RoARHEH T ATH - B
JCR AL THE

OGS A 0 I B I 9 A S A D 1R
BF, St A Sy AR RS AY A KR

N,
S, =Z (A, —AD?hE,, (1

S, fzuy + DR, (12)
K. S, #RE— F{%ﬁ;‘ﬁ%&f?v*ﬂﬂ'ﬂﬂiﬁﬁafﬁﬂmﬁlﬂma
JEAS DN B DR i AR 005 S RN AR R MO AR F S
A I T A 7T S A7 S D 5 B A O . 0 C6) =X
ATLIER S Sy

N, —lv s R
Paer < 20 22 Pawery, (LD +

2L =1 ~
=1
1 L L R
=23 20 Paer, (LD +
2L =~ 2
L=1.1%#1
(N =DM —DP e, +

(J\fl - 1)PAPEPSIII 9+ (M_ I)PAPEPSIIZ’(lg)
A Poaverg, K Se XN WO B DR BE R L
PAM {55 0y B %, AR 4 SCHR 14 ] AT 41, X £0E 25

AR R = Ecg e, M= .n, ABE

BLAS B4 h ﬁﬂl&i})\ﬂiﬁcéﬂﬁaﬁ%mﬁfaﬂ
PLEML N 53 — DX BES A&, Wik, 4 R~
expU,U e NS4 AH R J5 22 53 50 Ry ey, B o7, B9 IE 25 43
i, R AHESR % B ek 0] 5 o

! exp[ WJ,(14)
/2 G( 20'[;

Rt — 1“[;1R/ /HaR],m ln[ j

NARYE SCHR[15].Q R 5 R
Q(I)ij:/zexp[ = jdﬁ, (15)

2 sin0
W7 ] LE Ry

fr(R) =

0706001-4



Es i

1 n/2
PAPEP:?JO FR( 1 i7ejd9, (16)

R Fr()=17fr (D exp(I't)dl EREHLAE & R
R TR R A . WU R XE R P apee, 115

\
|: fexp(«/ima +/1():|7

= 1f

an
P ra, J -SRI KRR AL B AL 5 w0, O 1A
BB T 5 N A -1 2R OR R B0 i 8 R A e T
Su, » Sy » Sy, MBI Poaveeg o Paveeg s Paverg, 3
W7 R DA Py, B, =
N.exp (2ux + 206%) (e, + <2), I e, =
N.[exp(465) —1]exp(dpux +46%) (i +cb)y ¢, =
D3 e =Dj . PAPEPSIZEP]%]{ﬁ prs,, = Neexp(2pux +
20%)c, T 22 Gil? = N,[exp(4o%) — 1]exp(4pyx +
4o et e = (A =AD" Sy MRLEY P vy HHIME

P \pep, ==

trs, = Neexp(Zuy +20%)c,Ji 7% o,
1]exp(dux +406%)c,c =D} + D5,
B4 X =1nh MHIER 2%,

S, RS, LA N, AT IR AT
T3 SRy A X B8 25 B AL AR B 0 AL 2%, X DL AR A
AR P aper o ST SCHRLS TR AT, 3 0 4 52
o ] e A% % R v G AR

a~

P g ~
APEPs, 5y,

=N, [exp(46%) —
J25' %ﬂ U%( IEILZJ—_E

21 J'm’z
Gs - do, (18
; nymdo Sy [ 4 sin” 0) (s

iﬁtp:G(sll_sH] )i (z‘,):exp['ui[+?§2[2),lu; j:’%

Wi A B 08, ¢ R e T A% B A T B B s, S
A% B Al T b AR S ER

BRI, 8 (17), (18) AR A (13) X B AT 2R 74
LOSM R GR35 E 7Y

N—1& 1 (= P
. 7} .
ABEP S T Z; n,7 o 6(511” ( 4 sinzﬁj

n=1

2 fQ {Jgexp(ﬁayslza,, +#(1519) :|+

(N, —1)(M—1)2 QL/‘;exp(ﬁaus“ a, Jr#us” ):|+

im1 A
N 0
(N 1)2 noTEJ (5”12)'( 4sin20j 40+
(M—I)Z Q[Jexp(fau ]a,,—O—,uUs“ ):|o (19
EE(19)itﬁf’ﬁ] aP\PHJZ:’fXEkﬁ%éJ%E/‘JﬁE& 10°
WHITFS B A M AL A, i85 4 B &5 5= A o
P s, SRR 2
102 [
4 iR Kot :
103

Y B B B B IE B 1 L A A 4 i
AFEREFER ARG B RARAEMELT . 4
T LOSM ZGfE AR KRB E T bR R E%}i
(BER) 52 0¢ -~ Bl B 45 1, F 5 3 40 Hr 46
Frxf e, el 2 B, AT Or R RN LN,
L,M)KbriE LOSM 2GS 8. i B &M Net =
0.5,7=0.8.

K2 8 LOSM RGBS E R SRR P
FLXT LE o A X R B0 LS5 N A3 5 R 5 F1 6, H
Pl 2 W] UL Bt 2 {7 W LG B S 0, R 48 BER B 8]
N.J 5 Hl 6 B FR G 7E {5 e L 43 i ol 26 dB FiI

—a— theoretical(5,6,2,4)-LOSM
—e— simulation(5,6,2,4)-LOSM
10 ' —a— theoretical(5,5,2,4)-LOSM
—¥— simulation(5,5,2,4)-LOSM

10

0 5 10 15 20 25 30
SNR /dB
Bl 2 LOSM RGHYIIRL R 505 B
Fig. 2 Theoretical results and simulation results

of the LOSM system
24 dBRf.BER 5810 °, HIg a5 R 55 FER
B B RIEARY G . 2 E W RGN, Ry 5O
6 ARG R A ML 53 5 A TE p=20 dB Fl p=
17 dBAA T IR FE AR E A, ARAE M LL i, SEBR 0 H 1Y

0706001-5



Es i

PR AD AR SRAL T HE 98 1 5, 33 106 0 9% B0 2 0F 4
. TEBOCRECH KA & M4 F.LOSM & 4 1)
R P AR B I A A B A 8S o m B s Y
BER Sy 10 ° i, AHX T 4R &5 80 H b 5 0 R e
T oRIER R 6 B R G AE M L 294 2 dB, BT LA
% F G0 R LLIE Y B0 PR DU 8 1 5 AT R AR R S

() 1R A
T HE— B LOSM 2 48 19 i 438 5%,
F2HH TAXHFEE SPAMS ,PAM MUX!",
SPPM" SR [R] S 8] 8 il & St 9 40 1% 200 5% FAG i
W%, % 2 a7 0L, L-PAM MUX Ml L-SPAM %
BE B SR A T AR %, L-PAM MUX
2 ez

WS ACE S LD BCH FE & B g L 456, H LD %
Hoxt g mg 57k, A&, LD 0 H it K& 5 8Ol A
. L-SPAM BBERCRES LD BB M L A%,
Wi 0 Tk AR [, M-SPPM B iE 50 % 5 LD i
B H FE I M AT, BB MG, A% i
BRI FARNI G RAOR T R o 43 )2 25 i) 9 ] 9 52 T2 A
K% v R FH B FHE AR S i DA% 508 /4% i 1%
2SR /MG R R 2, A LOSM Jr &
B— 2R M L-SPAM, % — )2k /1 M-SPPM, [ it
TR AE i 3R & L-SPAM 5 M-SPPM Jf
LA, WAL AR SO I LOSM Jr 8 BAT ¢
o AL 3 385 %

ENERHTEETRE g &S

Table 2 Spectral efficiency of optical spatial modulation

Serial number Modulation Spectral efficiency /(bites '+Hz ') Transmission rate /(bites ')
1 L-PAM MUX N, log, L N, log, L
2 L-SPAM log, (LN) log, (LN)
3 M-SPPM logs (MN) /M log, (MIN)
4 (L ,M)-LOSM log, (LN) +log, (MN)/M log, (LN) +log, (MN)

Sk it — 25 BB AR SCHR Y LOSM Jy 8 1 4
RE » 73 01 1 A0 1% 2803 AL i A A ] 1A% B0 5
SITZ RS BER MERE 25 K 3 FE 4 iR,

B3 ik 2L R 4 bites '« Hz '
6 bites '+Hz "B}, LOSM, SPAM fl PAM MUX
RGN RIS 2 LB E R R B R 4. 3
AL UL Y BRESCR N 4 bites e Hz 'BFL (5.4,2,4)-
LOSM £ 4 i i vE e W1 B0 T (4, 4, 2)-PAM
MUX #1(4,4,4)-SPAM Z%:. 4 BER } 10 2H/,
(5,4,2,4)-LOSM & % 1 {5 M L AH [k (4,4, 4)-
SPAM Z %Ml (4,4,2)-PAM MUX 2 % 43 5l ek 3%
252 dBF 6 dB, (5,4,2,4)-LOSM &% 5 (8,4,
2)-SPAM Z Gt (11505 R M 2 A & A L (H AT (105
A R ILT 2 5 A A B & W 0 O60 A £
HILHTE 2 3 A, A 0T &y, 25 00 3% 24 R 48 =
6 bites '«Hz B}, %%%E‘Jiﬂ%ﬁ%ﬁ*%ﬁﬁ@??[‘&
{HAH A 45033 2% % F PAM MUX £ %0 19 ¥ 6 B 2%
2 BER H10 2Hf,(9,4,2,2)-LOSM &4 EI’JFH%H:
AL (32,4,2)-SPAM F1(16,4,4)-SPAM £ 45 43 5
W2 1.5 dB A1 2.5 dB. H i i ot 28 b,

Bl 4 i HALH RN 7 bites ' Ml 9 bites™!
BF LOSM 5 SPPM F 4t ) i 58 il £k, i 422 00 R
LR 4, I AT, (5,4,2,4)-LOSM R4
5(16,4,8)-SPPM R G MY iR R M & A TS, Ul

10()

10!

BER

—&— (4,4,2)-PAM, MUX, 4 bit - s™ - Hz™!
—e— (4,4,4)-SPAM, 4 bit - s - Hz"!
102 —A—(84,2)-SPAM, 4 bit -5 - Ha*
—v— (5,4,2,4)-LOSM, 4 bit - 51 - Hz"!
—&—(6,4,2)-PAM, MUX, 6 bit-s - Hz"!
—<—(16,4,4)-SPAM, 6 bit - s - Hz™!
—»—(32,4.2)-SPAM, 6 bit - 51 - Hz"!
—e—(9,4,2,2)-LOSM, 6 bit - ' - Hz!
103 I i L I L
0 5 10 15 20 25 30

SNR /dB
B3 AR A3 2R 4% AR G A R A A i

Fig. 3 Bit error performance at different spectral efficiencies
A 2% LA A TR) 1 R 0 R T 1 0 0% L
FIRREHER 45, BirE RAMBOLRE S, 5
(8,4,16)-SPPM ARG A L, 4 BER 10 *Hf, (5,4,
2,4)-LOSM R 4t 1915 Mt LA N %2y 2 dB., {H 45
WERCRIEE T 9 5L B, (4.4.32)-SPPM R4
SR I B OGRS ECE /b R M RE SR A L (R M
RORIRAR . ML BORIE N E] 9 bites™ "B, &£ R4
MRS P REES A BT R BE. X4 BER 10 AT, (9,4,
2,4)-LOSM % %4 5 (32,4,16)-SPPM % % (1) 1% %
R LA TS AHFTE IS RCRE S T 9 LA b
5(16,4,32)-SPPMAS ML, (9,4,2,4)-LOSM #
GifGMELL R %2 1 dB. (HH M0 S sk R T 18 £if
DL b, B OB EE b

0706001-6



i

100

107

[ —=—(9,4,2,4)-LOSM, 21/4 bit - s - Hz", 9 bit - s-
| —e—(16,4,32)-SPPM, 9/32 bit - s - Hz., 9 bit - 5!
| —a—(32,4,16)-SPPM, 9/16 bit - s - Hz., 9 bit - !
E —v—(5,4,2,4)-LOSM, 4 bit- s - Hz "}, 7 bit - !
F —e—(4,4,32)-SPPM, 7/32 bit - s - Hz™!, 7 bit - s°*
[ —<—(8,4,16)-SPPM, 7/16 bit - s~ - Hz"', 7 bit - s°*
[ —»—(16,4,8)-SPPM, 7/8 bit - s~ - Hz, 7 bit - s

1 1 1 1

@

10-

1

0 5 10 15 20 25 30
SNR /dB

B4 s R i LOSM Al SPPM & 45 354 55 1 fik
Fig. 4 Bit error performance of LOSM and SPPM systems

10~

at different transmission rates
:,__: N
5 én T

BT G 2k 6 15 FR G0 % A3 2k R ORN i A%
ST L = 5 - AN e 1 B I B S
A PAM Ay &5 45 3% 2 R R PPM () & g 850K L [H]
BF 3008 P A IO A% 4R T — RIS T O A
(4 43 J2 0t 25 Ta) i i O 28, 38 43 R R 2 9% U S B
TR G R R AR R 0 AR . AR AR R
R BT, (5,4,2,4)-LOSM % %t 14 45 3% %4
HRIE(8,4,16)-SPPM R4 9 5 LA . M40 1% 4k
N 4 bites '« Hz "W, (5,4,2,4)-LOSM &4 5
(8,4,2)-SPAM Z ¢ H.A7 #H [A] #4132 55 14 6E , {0 3y &
AL i LT R JG H 1 2 % SRR R SR 35
BE BARIRAT T R AR A R 5 (H PR B A B A
R T AR RS2 A 1) A ] F GE 0 T AN R
— 25X PR R Bk R AT A A SR AN A 2% B 0 RS
Rk,

s X X
[1] di Renzo M, Haas H, Ghrayeb A, et al. Spatial
generalized MIMO:
opportunities, and implementation [J]. Proceedings
of the IEEE, 2014, 102(1): 56-103.
[2] Wang H Q, Ke X Z. Free space optical communication

modulation for challenges,

based on vertical bell labs layered space-time[J]. Chinese
Journal of Lasers, 2008, 35(6): 874-878.

FEEE, WTERE. BT I )R A5 B g 0 O A (]
Jed {5 (1], HHEWOE, 2008, 35(6): 874-878.

[3] Cao Y, Zhang X, Peng X F, et al. Cascade scheme
based on multiple-input multiple-output in spatial
optical communication[]J]. Acta Optica Sinica, 2018,
38(1): 0106003.

HH, skith, /Mg, & SEDGEGEHET 2 mA
i RE RS T B (1], S, 2018,

(6]

(7]

(8]

(9]

[10]

[11]

[12]

[13]

[14]

0706001-7

38(1): 0106003.

Mesleh R Y, Haas H, Sinanovic S, et al. Spatial
modulation[J]. IEEE Transactions on Vehicular
Technology, 2008, 57(4): 2228-2241.

Mesleh R, Elgala H, Haas H.
modulation[J]. Journal of Optical Communications
and Networking, 2011, 3(3): 234-244.

Abaza M, Mesleh R, Mansour A, er al. The

performance of space shift keying for free-space

Optical spatial

optical communications over turbulent channels[]].
Proceedings of SPIE, 2015, 9387: 93870V.

Pham H T T, Chu D B, Dang N T. Performance
PPM-based free-space
communication systems with Gaussian beam[C] //
2014 Conference on  Advanced
Technologies for Communications ( ATC 2014 ),
October 15-17, 2014, Hanoi, Vietnam. New York:
1IEEE, 2014: 144-148.

analysis of spatial optical

International

Ozbilgin T, Koca M. Optical spatial modulation over
atmospheric channels[]].
Lightwave Technology, 2015, 33(11): 2313-2323.
Fang S, Li L, Hu S, et al. Layered space shift
keying modulation over MIMO channels[J]. IEEE
Transactions on Vehicular Technology, 2017, 66(1):
159-174.

Wang J T, Jia S Y, Song J. Generalised spatial

modulation system with multiple active transmit

turbulence Journal of

antennas and low complexity detection scheme[]].
IEEE Transactions on Wireless Communications,
2012, 11(4): 1605-1615.

Ozbilgin T, Koca M. Optical spatial modulation with
polarization shift keying over atmospheric turbulence
channels[C] /2015 IEEE Global
Signal and Information Processing ( GlobalSIP ),
December 14-16, 2015, Orlando, FL, USA. New
York: IEEE, 2015: 1032-1036.

Conference on

Ke X Z, Deng L ]J. Wireless optical communication
[M]. Beijing: Science Press, 2016: 102-107.
FIERE, XEFA . Lot (M1, Jtat: Bl iR
#, 2016: 102-107.

di Renzo M, Haas H. Performance analysis of spatial
modulation[C] /2010  5th ICST
Conference on Communications and Networking in
China, August 25-27, 2010, Beijing, China. New
York: IEEE, 2010: 11744362.

Wang H Q, Wang X, Cao M H. Bit error rate of
optical multiple input multiple output system in
correlated  channel[]].
Engineering, 2016, 24(9): 2142-2148.

FEE, EE, WHE. MHXFEEPLZHAZH N
RO ARL]]. Jo% M TR, 2016, 24(9):

International

Optics and  Precision



it = Es i

2142-2148. [16] Yang G W, Khalighi M A, Virieux T, et al.

[15] Craig ] W. A new, simple and exact result for Contrasting space-time schemes for MIMO FSO
calculating the probability of error for two-dimensional systems with non-coherent modulation[C] /2012
signal constellations[C] / Military Communications International ~ Workshop on  Optical Wireless
Conference, November 4-7, 1991, McLean, VA, Communications (IWOW), October 22, 2012, Pisa,
USA. New York: IEEE, 2002: 571-575. ltaly. New York: IEEE, 2012: 6349694.

0706001-8



