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Abstract: To overcome the low space resource utilization and limited transmission rate of traditional
optical spatial modulation, a Generalized Space-time Pulse Position Modulation (GSTPPM) scheme
was proposed by combining a linear dispersion code with optical spatial modulation. The principles of
generalized space-time dispersion matrix mapping and pulse position modulation mapping were
introduced in detail. In addition, Signal detection was performed by using a sphere decoding
algorithm. The theoretical bit error rate (BER) expression for the GSTPPM scheme was derived, and
the performance of the proposed scheme was compared with existing optical spatial modulation
schemes by using the Monte Carlo method. When the number of lasers and the modulation order are

fixed, the results show that the transmission rate of the GSTPPM scheme is significantly higher than
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that of spatial multiplexing, spatial pulse position modulation (SPPM), and generalized spatial pulse
position modulation (GSPPM). At the same transmission rate, the BER of (2,4, 4)-GSTPPM is
clearly superior than that of (32,4,4)-SPPM and (5,4,4)-GSPPM. When BER=10"°, GSTPPM

scheme improves the signal-to-noise ratio by approximately 7 dB and approximately 5.5 dB, respectively.

Key words: wireless optical communication; optical spatial modulation; generalized space-time pulse

position modulation; bit error rate

(Wireless Optical Communication,

WOCO)

[1]

WOC

’

s

o

(Optical Spatial Modulation, OSM)

OSM

2]

(Optical Multple Input Multiple Output, OMIMO)

b

b

(
).
Lol , OSM
, OMIMO
el , OSM
OMIMO o
) OSM
, [7-12]
[7] OSM - (PPAM)
- (SPPAM),
OSM o )
[8-9] Gamma-Gamma s
SPPM o ,
SPPM .
OSM,
OSM s

(Optical Space Shift Keying, OSSK) (1]

OSM ,
. [11]
Gamma-Gamma 3
OSSK
. , [12]
OSSK
OSM  OSSK ;

OSM,

(PIT-OSSK) .

(Generalized

Space-Time Pulse Position Modulation, GSTPPM) ,

o

2
GSTPPM

o N, (LD)
N, (PD) GSTPPM (LD
PD , LD
PD ), 1 o

1, /
B: I:b] ’/)2] ° 9/7]
) bz
(Pulse Position Modulation, PPM)

( Do

GSTPPM .

N

, (SD)



11 ,  :Gamma-Gamma

2439

Orthogonal
dispersion
matrix mapping

Dispersion
matrix

Input mapping
—

Serial/parallel

Free slot
PPM

mapping
Second mapping

Binary bit stream
Modulation signal
Modulation signal

First mapping

GSTPPM mapping

Sending signal

Spatial
domain
detection

Demapping

PPM
symbol
detection

Atmospheric turbulence

SD algorithm

1 GSTPPM

Fig. 1

2.1
,GSTPPM

° s Xis
N, X N, ,

er:[xtsl s Xis, 9'.'9xtsl 0 "0t Xy ]9(1<1<Nx>o
2 N,

N

sx, =0, 0,1 :0,:0]" ,q,

a
J

, i 1< j<<N..
’ Xrs
L-PPM ,L .
L-PPM ,
, PPM 1 XL
’ xrp I:O""’Ama'"vo:lo 9gk
A
sl<te<L; A,
X xrp s

(@Y

x.=x.Qx., »
N, X (N,L) o
N,
N XL

x\(". ’ X. — [xu,l o

Xy » 50X+t Xy o X Xy L
- Tt

GSTPPM system model

X, . L-PPM
N’L, N.L
x.=[0.-+0.x,, .0.--0], .0 N, X1

?stk :[O""’Ov}905""O]T71<k<

a
“

N:sa, k ,

1< u<N.  u#j. , X,
L-PPM
X X, N,+1
N, X N, ,
xOs ’
, X.
(N*—=N,)L—N?+ N,
, 1XL
Xop=[0,00 A, ,0]. (1<<g<<L—1 g#e)
f
° ’ X, —
X0 X0y o
, GSTPPM
X
X=x.+x,. (2)
X, ,



2440 28
L log, (N, )], X, ,GSTPPM :
Ao A, o (N, 01 , V=llog, (N, )]+ N.,log, L+
L-PPM , llog; [ N (N, —D(L—1)]]. (3
log, L bits . , s

N, log, L;
Llog, [N, (N, — D (L—1) 1],
N, log, L-H log, [ N (N, — D (L—1) 11,

{Llog: (N, ) [+ N, log, L+{log,[ N, (N, —1) (L —
DL /(N,L) bit/(s+« Hz "),
., N,=2,L=2 .

X, o X, GSTPPM , 1 . ,
Ay s A, [N (N, —D(@L—D]LY, GSTPPM 4 bpcu,
1 GSTPPM
Tab.1 Codeword table of GSTPPM system
source bits X Xip, X, X X, X
1 0- _A, 0 0o -0 0 0 045 -A, 0 0 0o
0000 [A,.0] (A, 0]
o 1] L0 0 A, 0] |0 A, 0 0] [0 A, A, 0]
1 0+ A, 0 0 02 0 0 0 An- ~A, 0 0 A, -
0001 [A,,0] [A..0]
0 1] L0 0 A, 0] 000 0] L0 0 A, 0 |
~1 04 AL 000 0 5 =0 0 0 0+ ~A, 0 0 0 4
0010 [An 0] [0,A,]
o 1] L0 00 A.] [0 A, 0 0] |0 A, A
~0 1+ ~0 0 A, 04 <0 0 O 0 - ~0 0 A, 0 4
1101 [0,A,] [A..0]
1 o] (00 A, 0 o) [0 0 0 A,] [0 A 0 A,]
~0 14 ~0 0 0 A.- cAn 0 0 04 ~An 0 0 A.-
1110 [0,A,] [0,A,]
1 0] 0 A, 0 0 | 0 00 0] [0 A, 0 0 |
~0 14 0 0 0 A, 0 0 0 04 ~0 0 0 A
1111 [0,A,] [0,A,]
(1 0] 0 A, 0 0 00 Aw 0] |0 A, A, 0
2.2 — ex 0.51¢ 1 ! %6,
) e el )
100 =1.23C9"° 2", Rytov ,C?
Y=9yHX +n, 1) so=2m/Q5A Z
2y sn 0, °
o s H= [hm:lwrxw‘ ’ 2.3
, ,  OSM
h, Gamma-Gamma ) (Maximum Likelihood, ML) o
[13:. )
2 )Q@ , , ML
_ e T e, /
f<h’m)7l_‘(a)1_‘(‘8) hxrf Kafrg(z aﬁhm), ° M14
(5) ’
[14]
K, () Y Bessel s ML ° ’
I'C+) Gamma sas
PPM o
O 490_2 —1 ’ xs’xp X
= 7 | —1 ,
« {CXP[(1+1.1166~>7'6} } © (x..x,)—>X, 3 :



11 , :Gamma-Gamma 2441
) ° : T(x},xp) (Xa 7]) = H (X? 7]) [X1 (Xa 7]) -
6(x‘\ ’xp) (xs?xp) X(X’YI)]’X/(Xa'/]) t °
,go(xs,xp) (xssxp) ° 9) 9U(x>.xp)(X9 77)
s (x.5x,)
fU(U(xs,xp) (XH?) ‘X1 JH.5))=
°2 1 exp _[U(xs-,xp) (X777) _?T(xx,xl)) (X777)]2 )
I3 ’ V2ot 20,
o (10)
&, (xﬁ,xp) , (xs’xp>
, g S(xax,)
' @, (x.5x,) = Ui o) G |7 = oikn (x05x,)
§¢v 5(x”xp) E (/Z;) ‘ Gegox ) N X0 T ‘ r
(X..x,) . GSTPPM-SD (1D
X_ X ( b 2
2 ° H Kw(xS ’xp) - 2 i - p) X 77) +*n s W
G On
2 GSTPPM-SD JI<<w<N,N.,,
Tab. 2 Flow of GSTPPM-SD algorithm & (x.,x,)

Input:Y, N;
Output: X, s JAC,,;

Initialize: é=co, §(x,.x,) =0

(DEuclidean distance:
for x, € A,
for x, €A,
for y€ 1: N,
for 7€ 1:N,

5Cx. o x,) =0Cx. x,) + Y, o —
H Grap X (e |5
@judge: if §(x,,x,) =¢€, then continue to the next
(Xosx,) 3

o(xg x,) =¢lx ,x,)+1;
@ update the radius: & =06(x,,x,);

Dsentence: §, = arg (g(x,.x,) =max(p));
(x_.x )
s ¥p

(x..x,)= argmin (5(x,,x,)),
N

2.4

, GSTPPM-SD

Ui x)p G =Y (o) —HCGrap X(ya) s (8)
YO =HCyap X, () T, Y
(8)
U sy Grop =t ) (o) s €D

Pw(xs s X ,E)ZPY(C()W(XS 7x1))<$2 |xsl s Xt 7H70;2;) -

Pr(;cw(xs,xp)<< § >Z | X s X ,H,a.z,>, a2

On

Kw(xs ’xp) ° ’
e §w(x5 2 X,) = E | T(.T}.'xp>(X’77) |2/G?‘°
Gop
Marcum Q el (12)

Pw(xs,xp)ZI—Q:X(«/Cw(x,,xp),f), (13)
Q.C*)

(xs,x,)

Marcum Q o s

N‘Nr
(—)(x\,xp) - prxv(x>9xp) =

w=1

21— (mé) (14)

n

, (
)

Osp = E 2 ()(xﬁ.xp) =

Ve €A VX €A
NN,
> 2 21—Qx(m,é>.
Vx €A Vx €A w=1 On
(15
ML ’ (xs’xp)o
xs eAx ’xp GAP . MI4

O, =292 N0« [N.(N,—D(L—DILY « N.N,.



2442

28
(16) z
f A X —x) ). (22)
., ML  ,SD er C(\/&;i I HG=X0 | )
(22) ,GSTPPM
R=2n"0w 1550 (a7 ; :
O R .
(15) (16) a7 R
o 4
3 CSI , 1
s GSTPPM y
(CSD s SMX., SPPM., GSPPM ,
GSTPPM 2~ 6 3 :
7] |
BER < 5o ) D1 du (X, XOPX, ~ X, | 1D /VNL
(18) b b
ey (X, X0 X, X, 1/2 W/Ni.
X % . :7=0.5.Z=1 000 m.C} =
(PEP). P(X,~X,|H) 1X107"m™"*,2=1 550 nm,
P(X,~X,|H)= 2 GSTPPM
v X 2 T % Y 2 T ° 2
P(f I HX | =2 iG> | B 2 HXI‘)* (SNR<C27) .GSTPPM
P(%Y"‘H(X,—Xi)> | HX, || *— || HX, | ) f (SNR=27)
(19) o ,
) (19) GSTPPM
P(X,—~X,|H)= . BER=10"° |, N,=3
P(%nTHo”(,.—x,» | HX,— X)) || ) N =5 6.5 dB.
(20) ’
S=2%TH(X. X)), S
y 10(]
E[S]=0, Var[S]=2 | H(X,—x) | *
7 10
o , P
; 4 ¢ 10°
P(X—»X\H)zQ(Z | HX,—X) || ): o
On %
1 { b % 2 21) . —=—Simulation(2,3,2)
2 . C<\/80',2, H HXG—X0 H ) ’ +Theoretical(2’,3’,2)
N . 10| —*—Simulation(2,4,2)
:QC ) Gaussian Q , Q(x) = v—Theoretical(2,4,2)
—e—Simulation(2,5,2)
1/2erfc(ax/4/2) . 105 —<—Theoretical(2,5,2)
0 3 6 9 12 15 18 21 24 27 30
, (21) (18) , SNR/dB
GSTPPM 2 GSTPPM
BER<2V+11><VZ SNy (X, 9X,‘) . Fig. 2 Theoretical upper bound and simulation performance

of BER in GSTPPM system



11 , :Gamma-Gamma

2443

10° ‘ : : ‘
S ——(2,4,2) GSTPPM-ML
\"l\\,z‘ —+—(2,4,2) GSTPPM-SD
-1 ~. ! 1 ' 4
10 s : ; ‘
R
102 fzdzcbzizshzassizzdes 3,,,,,,,,:"! ,,,,,,,,,,,,,,,,,,,,,,,,,,
5 L
m
107
bbb BRSNS SNNNR A8
b : b, &
10-° ‘ : : ‘
0O 3 6 9 12 15 18 21 24 27 30 33
SNR/dB
3 ML SD

Fig. 3 BER of ML and SD detection algorithms

51

N
[}8)

Complexity reduction/%
w2
O

36
331/
o)
3 6 9 3 15 18 21 2 2? 30
SNR/dB
4 SD
Fig. 4 Computational complexity reduction rate of SD
algorithm
3 ML SD GSTPPM
o 3 , ML SD
) SD
ML s o
4 SD o 4
, 24 dB ML ,SD
50%, SD
3 & ,
; s o 3
o , SD

17 ) ML

,SD

SD

10| —=—(2,4,2) GSTPPM,4 bpcu,1 bit/s/Hz
—+—(2,4,4) GSTPPM,7 bpcu,0.875 bit/s/Hz
—a—(3,4,2) GSTPPM,7 bpcu,1.17 bit/s/Hz

03 6 9 12 15 18 21 24 27 30 33
SNR/dB
5 GSTPPM
Fig. 5 Error performance of GSTPPM with different
paramelers
5 GSTPPM

5 : (2,4,2) (3,4,2)

, GSTPPM

b

. (3,4,2) (2,4,2)
, 0.17 bit/(s « Hz "),
BER=10"" ,

0.2 dB, (2,4,2) (2,4,4) s
o BER=10"" ,(2,4,4)

(2,4,2) 3 75 dB,

0.125 bit/(s » Hz™ "),
, wOC



IEEE!

28

3
Tab. 3 Transmission rates of different optical spatial
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