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Abstract — An optical space time pulse position modulation (OSTPPM) scheme is proposed to satisfy the com-
munication  requirement  of  high  transmission  rate  and  better  reliability.  For  the  OSTPPM  scheme,  an  improved
threshold judgment-based orthogonal matching pursuit (IT-OMP) algorithm with low-complexity and near optimal
performance is proposed. The average bit error rate of OSTPPM-IT-OMP scheme is investigated over the exponen-
tial Weibull channel, and its analytical expression is verified via Monte Carlo simulation. With the same simulation
parameters, the signal to noise ratio of (4,4,2)-OSTPPM-IT-OMP is respectively 3.75 dB and 8.5 dB better than that
of  spatial  pulse  position  modulation  (SPPM)  scheme  and  generalized  spatial  pulse  position  modulation  (GSPPM)
scheme at a bit error rate of 1 × 10−3. With the same transmission bits per symbol, the computational complexity of
(3,4,2)-OSTPPM-IT-OMP scheme is reduced by 90.47% and 75.4% compared with (16,4,2)-SPPM and (5,4,2)-GSPPM
schemes, respectively.
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 I. Introduction
With the growing demand for data service, there are

higher requirements of transmission rate and reliability of
optical wireless communication system [1]. Thus, optical
multiple input multiple output (OMIMO) technology has
sparked interest in this field due to its high capacity and
reliability [2]. Optical spatial modulation (OSM) is a prom-
ising OMIMO technology where the antenna index trans-
fers  additional  information [3],  [4].  As only one antenna
is activated in a period, the inter-channel interference and
inter-antenna synchronization are efficiently avoided [5].

It is worth noting that optical spatial pulse position
amplitude  modulation  (SPPAM),  optical  spatial  pulse
position  modulation  (SPPM)  and  adaptive  closed-loop
SPPM scheme are developed in [6]–[9]. However, since only
one laser is activated at intervals in OSM schemes, their
transmission rates are limited. To increase the transmission
rate of OSM, several generalized optical spatial modulation
(GOSM)  schemes,  such  as  optical  generalized  spatial
pulse position modulation (GSPPM), optical  generalized

M

spatial  pulse amplitude modulation (GSPAM) and pow-
er efficient optical  GSPAM are proposed in [10]–[12].  In
GOSM schemes,  a  part  of  lasers  are  activated  at  inter-
vals simultaneously, and modulation symbols are mapped
on  activated  lasers  to  transfer  information.  In  order  to
further enhance the overall transmission capacity, band-
width  efficiency  and  bit  error  rate  (BER)  performance,
hybrid  diversity  SPPM scheme  and  wavelength-division
multiplexing with spatial division multiplexing and hybrid

-ary PPM advanced optical modulation techniques are
proposed  in [13]–[17]. Then,  the  combined  effects  of  at-
mospheric turbulence, geometric spreading, inter-channel
crosstalk and  other  factors  on  performance  of  the  pro-
posed schemes  are  investigated.  It  is  important  to  re-
search  the  performance  of  orthogonal  frequency  division
multiplexing  (OFDM)  [18]  and  asymmetrically  clipped
DC-biased  optical  OFDM [19]  system,  which  is  support
to improve the transmission rate and spectral efficiency.
However, it is difficult to accurately estimate channel state
information (CSI) in actual communication systems, dif-
ferential optical spatial modulation schemes are proposed 
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in [20], [21] to avoid the estimation of CSI. Reference [22]
indicates that the transmission rate of GOSM is enhanced
at the expense of BER performance. Thus, we need to seek
a new modulation scheme with higher  transmission rate
and better BER performance.

k

In addition, the decoding algorithm of all the afore-
mentioned  OSM  and  GOSM  schemes  at  the  receiver
adopts maximum likelihood sequence detection (MLSD).
Although  MLSD  achieves  the  optimal  performance,  its
application  is  limited  due  to  its  higher  computational
complexity. Then, in [23], [24], orthogonal matching pur-
suit  (OMP)  decoding  algorithm  and -means  clustering
decoding algorithm are used in optical SPPM scheme to
reduce the  computational  complexity.  Moreover,  an  im-
proved compressed sensing based on threshold judgment
decoding  algorithm  is  proposed  for  optical  space-time
shift-keying  (OSTSK)  scheme  in  [25]. When  the  appro-
priate threshold is selected, the BER performance of the
proposed  algorithm  and  its  computational  complexity
can reach  a  compromise.  However,  without  using  sym-
bols  constellation,  the  transmission  rate  of  OSTSK  is
limited. The average bit error rate (ABER) expression of
OSTSK-MLSD over Gamma-Gamma channel is derived.
Considering the  error  propagation  and  noise  amplifica-
tion  effects,  a  deep  neural  network-aided  detection  for
generalized optical quadrature spatial modulation is pro-
posed to improve BER performance [26]. Therefore, find-
ing  a  decoding  algorithm with  better  BER performance
and low-complexity is key to the practical application of
OSM schemes.

All  the  above  GOSM  schemes  have  enhanced  the
transmission  rate  at  the  cost  of  BER  performance  loss,
and  their  decoding  algorithms  are  adopted  MLSD  with
higher computational complexity, which limit their prac-
tical application. Concerning this issue, in this paper, we
introduce linear dispersion code and pulse position modu-
lation  (PPM)  into  OSM,  and  propose  an  optical  space
time  pulse  position  modulation  (OSTPPM)  to  improve
the BER performance.  A  low-complexity  decoding  algo-
rithm for OSTPPM scheme is proposed, which promotes
the  practical  application  of  the  considered  scheme.  In
spatial domain, space time dispersion matrix is designed
to  represent  the  combination  of  activated  laser  indices,
improving BER performance of the system. In signal do-
main,  multiplexing  technology  is  used  to  transmit  the
different PPM symbols on all the activated lasers, maxi-

mizing  the  transmission  rate  of  scheme.  Furthermore,
considering  the  sparsity  of  the  transmitted  signal  in
OSTPPM scheme,  we  propose  the  improved  orthogonal
matching pursuit based on threshold judgment (IT-OMP)
decoding  algorithm,  which  has  better  BER performance
near optimal detector and significant low-complexity. In
the  end,  the  analytical  expression  of  average  bit  error
rate for  OSTPPM-IT-OMP  system  under  exponential
Weibull (EW) turbulence channel is derived.

The rest of this paper is organized as follows: In Sec-
tion II, the system model for OSTPPM-IT-OMP is intro-
duced. In Section III, the analytical expression of the av-
erage  bit  error  rate  of  OSTPPM-IT-OMP is  derived.  In
Section IV, simulation results and analysis are expressed,
where the Monte Carlo method is used to investigate the
performance of our proposal. Finally, conclusions are given
in Section V.

 II. System Model
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The model of  OSTPPM system is shown in
Figure 1, where  and  are the number of lasers and
photo-detectors  (PDs),  respectively.  At  the  transmitter,
the incoming random bits  are  divided into groups of 
bits.  The bit  block  is  partitioned into  two segments.
The  first  segment  containing  bits  is  used  to
select the  combination  of  activated  laser  indices  in  spa-
tial domain, where  denotes the floor function. In other
words,  the  spatial  constellation  point  is  represented  by
an  unique  orthogonal  space  time  dispersion  matrix .
The  other  segment  with  bits  is  mapped  to 

-PPM symbols in signal domain, in which  stands for
PPM  order.  The  modulation  symbol  is 

,  in  which  contains 
bits. In this way, the transmission bits per symbol (TBS)
and spectral  efficiency of  OSTPPM  scheme  are  respec-
tively  bpcu  (bits  per  channel
use)  and  bits/s/Hz.
The  transmitted  signal  composed  of  and PPM sym-
bol  is  received  by  the  PDs at  the  receiver  after  passing
through  the  atmospheric  turbulence  (AT)  channel.  The
IT-OMP algorithm  is  proposed  to  detect  estimated  sig-
nal. Then, estimated signal is demodulated to recover the
original bit sequences.
 1. Mapping rules

The OSTPPM scheme includes both spatial domain
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Figure 1  OSTPPM-IT-OMP system model.
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xs Nt

xs

xs
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[
xs1 , . . . ,xsi , . . . ,xsNt

]
1 ≤ i ≤

Nt xsi =
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↑
aj
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mapping and signal domain mapping. In spatial domain,
 is generated from  laser indices according to the cri-

terion of rank maximization of the space time dispersion
matrix. Then,  is orthogonal, and there is only one non-
zero element in each column and row in . Thus, it can
be  expressed  as , 

, where , 

is the activated laser index.

L
xpu

=

[0, . . . , Am,
↑
de

. . . , 0] de (1 ≤ e ≤ L)

Am

In  signal  domain,  a  PPM symbol  period  is  divided
into  time slots. The PPM symbol consists of “on” and
“off ”  time  slots,  hence  it  can  be  expressed  as 

, where   denotes the posi-

tion of “on” slot,  denotes light intensity in an time

L

xp=

 xp1
, . . . ,O, . . . ,O

O, . . . ,xpu
, . . . ,O

O, . . . ,O, . . . ,xpNt

 O= [0, . . . , 0]

1× L

slot. Moreover, multiplexing technology is used in signal
domain, that is, different -PPM symbols are mapped on
each activated  laser.  Thus,  the  mapping  matrix  is  ex-

pressed as ,  is

the  dimensional zero vector.
X

xs xp

Therefore, the transmitted signal  is generated by
multiplying  and  as
 

X = xs · xp (1)

X Nt × (NtL)where  is expanded to an  dimensional ma-
trix.

Nt = 3

L = 2

Consider  an  OSTPPM  scheme  with  and
,  in  which  the  TBS is  5  bpcu.  The  mapping  rules

are represented in Table 1.
 
 

Table 1  Mapping rules table of OSTPPM

Bit sequences xs xp1 xp2 xp3 X

00000

1 0 0
0 1 0
0 0 1

 [Am, 0] [Am, 0] [Am, 0]

Am 0 0 0 0 0
0 0 Am 0 0 0
0 0 0 0 Am 0


00001

1 0 0
0 1 0
0 0 1

 [Am, 0] [Am, 0] [0, Am]

Am 0 0 0 0 0
0 0 Am 0 0 0
0 0 0 0 0 Am


00010

1 0 0
0 1 0
0 0 1

 [Am, 0] [0, Am] [Am, 0]

Am 0 0 0 0 0
0 0 0 Am 0 0
0 0 0 0 Am 0


00011

1 0 0
0 1 0
0 0 1

 [Am, 0] [0, Am] [0, Am]

Am 0 0 0 0 0
0 0 0 Am 0 0
0 0 0 0 0 Am


...

...
...

...
...

...

01000

1 0 0
0 0 1
0 1 0

 [Am, 0] [Am, 0] [Am, 0]

Am 0 0 0 0 0
0 0 0 Am 0 0
0 0 0 0 Am 0


01001

1 0 0
0 0 1
0 1 0

 [Am, 0] [Am, 0] [0, Am]

Am 0 0 0 0 0
0 0 0 0 0 Am

0 0 Am 0 0 0


...

...
...

...
...

...

11111

0 0 1
0 1 0
1 0 0

 [0, Am] [0, Am] [0, Am]

0 0 0 0 0 Am

0 0 0 Am 0 0
0 Am 0 0 0 0


 
 

 2. Channel model
Optical signal propagation is affected by AT, which

fades the signal at the receiver and deteriorates the BER
performance.  Due  to  variations  in  the  refractive  index
caused by inhomogeneities in the temperature and pres-
sure  of  the  atmosphere,  it  leads  to  random fluctuations
in both amplitude and phase of the received optical sig-
nal,  resulting  in  degrading  the  BER  performance  [27].
Mathematically, the received signal of the OSTPPM un-
der intensity-modulation/direct-detection (IM/DD) is [28]
 

Y = ηPtHX + n (2)

n enwhere  is  additive  white  Gauss  noise  with  mean of 

σ2
n η

Pt H ∈ ℜNr×Nt

h

h

and variance of .  is the photoelectric conversion effi-
ciency of the PDs.  is the optical power. 
is channel gain matrix,  of it subjected to EW distribu-
tion.  EW distribution is  proved to be the more suitable
model  to  describe  the  weak  to  strong  AT  channel  [29].
The probability density function (PDF) of  is written as
 

f (hkt) =
αβ

℘

(
hkt

℘

)β−1

× exp

[
−
(
hkt

℘

)β
]{

1−exp

[
−
(
hkt

℘

)β
]}α−1

(3)
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α β ℘where the parameters of ,  and  are given in [29].
 3. Low-complexity decoding algorithm

Vth

Utilizing the sparsity of transmitted signal,  we pro-
pose a new low-complexity decoding algorithm near opti-
mal  BER performance  for  OSTPPM scheme,  called  IT-
OMP algorithm.  The  threshold  is  introduced  in  the
algorithm to improve the BER performance as well as to
realize  low-complexity  decoding.  The  algorithm  flow
chart  is  shown in Figure  2, and the algorithm is  as  fol-
lows.

R0 = Y
Λ0 = ∅ φ0 = ∅

Firstly,  we  initialize  the  residual , laser  in-
dices  set  and  PPM symbols  set .  Then,
the inner product matrix is calculated as
 

ϕ = ⟨Y ,H⟩ = HTY (4)

ϕ = [ζ1, ζ2, . . . , ζNtL] Nt ×NtL

ζ ϕ

where  is the  dimensional
matrix,  is the column vector in .

L ϕSecondly, the consecutive  columns vector in  are
selected and sorted reversely:
 

{y1, . . . ,yii, . . . ,yω} = arg sort {[ζε : ζtL]} (5)

ω ε t ω < NtL
1 ≤ ε ≤ (Nt − 1)L 1 ≤ t ≤ Nt

where ,  and  are  variables,  and ,
, .

yii x̂sεii

x̂pεii
x̂sεii

x̂pεii

Λεt = Λεt−1
∪ x̂sεii

φεt =

φεt−1
∪ x̂pεii

According to  (5),  the  row  and  column  correspond-
ing to each candidate value  can be extracted as 
and .  denotes the estimated activated laser in-
dex, and  denotes the estimated position of “on” slot
in PPM symbol.  Then,  laser  indices  set  and PPM sym-
bols  set  are  updated  to  and 

.
Nt

NtL
The second step is repeated  times until  the use-

ful information of the  columns in the inner product
matrix is obtained.

Z = {POSii |1 ≤ ii ≤ NtL} POSii

x̂sεii
x̂pεii

Thirdly,  the possible signal estimated in the second
step is ,  where  is  an
estimated signal consisting of  and . All possible
estimated signals are
  {

X̂1, X̂2, . . . , X̂W

}
= argmin ∥POSii −X∥2F (6)

VthFourthly, we preset a threshold  to determine the
reliability of the estimated results
  ∥∥∥Y − ηPtHX̂jj

∥∥∥2
F
≤ Vth (7)

1 ≤ jj ≤ W Vth = θNtNrLσ
2
n θwhere , ,  is  a  parameter

utilized to balance the computational complexity and the
BER performance.

X̂jj X̂final = X̂jjIf  satisfies (7), then  is the final es-
timated  result.  Otherwise,  the  final  output  is  expressed
as
 

X̂final = argmin
∥∥∥Y − ηHX̂jj

∥∥∥2
F

(8)

X̂finalFinally,  is  demodulated  to  the  corresponding
bit sequence.

VthFor IT-OMP algorithm,  is a key factor affecting
system  performance.  Therefore,  we  analyze  how  to
choose a more appropriate threshold.

Xi X̂finali

The Euclidean  distance  of  possible  transmitted  sig-
nal  and  is
 

ρ =
∥∥∥Y − ηPtHX̂finali

∥∥∥2
F
= ∥n∥2F , X = X̂finali (9)

ρ/σ2
n

NrNtL
Pr(ρ ≤ Vth)

In  (9),  follows the  central  chi-square  distribu-
tion  with  freedom  degree .  The  probability

 that the signal Euclidean distance falls with-
in the threshold is
 

Pr(ρ ≤ Vth) =

ˆ Vth/σ
2
n

0

fχ2(NrNtL)(x)dx (10)

Pr(ρ ≤ Vth) > 0.9

Vth/σ
2
n = θNrNtL Pr(ρ ≤ Vth)

NrNtL θ

When  is satisfied,  the  computa-
tional  complexity  of  the  proposed  algorithm is  low [30].
As ,  is  only  related  to

 and .
In  addition,  the  computational  complexities  of  the

IT-OMP and MLSD algorithms are given as
 

CIT−OMP = 2NrN
2
t L−N2

t L+NrNt

+
(
2NrN

2
t L+ 2NrNtL− 1

)
γ (11)

 

Begin

Calculate ϕ=<Y, H>=HTY

{y1,...yii,..., yω}=arg sort{[ζε:ζtL]}

{X1, X2,..., XW}=argmin||POSii−X||2F

Erjj=||Y−ηPtHXjj||2F

If Erjj≤Vth?

ˆ ˆ ˆ

ˆ

Xfinal=arg min||Y−ηHXjj||2Fˆˆ

ˆ

N

N

Y

Y

While jj<W?

jj=jj+1

Demodulation

End

Output: Xjj ˆOutput: Xfinal

Figure 2  The IT-OMP algorithm flow chart.
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and
 

CMLSD = 2⌊log2(Nt!)⌋+Ntlog2L
(
2NrN

2
t L+ 2NrNtL− 1

)
(12)

γ Vthwhere  denotes the calculation times less than .
Therefore, the variance ratio of computational com-

plexity of OSTPPM-IT-OMP is given as
 

VR =
CMLSD − CIT−OMP

CMLSD
× 100% (13)

 III. Performance Analysis

Xi X̂finali

In this section, the ABER of the OSTPPM-IT-OMP
system  is  analyzed  under  the  EW  turbulence  channel.
The Euclidean distance between possible transmitted sig-
nal  and misestimated result  is
 

ρe =
∥∥∥H (

X̂finali −Xi

)
+ n

∥∥∥2
F
, Xi ̸= X̂finali (14)

ABERρe≤Vth

ABERρe>Vth

X̂finali Xi Vth

X̂finali Xi Vth ABERρe>Vth

X̂finali

The ABER of  the  OSTPPM-IT-OMP system is  di-
vided  into  two  parts,  such  as  and

. The  former  is  the  ABER  that  the  Eu-
clidean distance between  and  falls  within .
The latter is the ABER that the Euclidean distance be-
tween  and  falls outside . The  is
used to select the signal with the smallest Euclidean dis-
tance  of  all  signals  as  the ,  and its  ABER can be
approximated as the ABER with MLSD.

Thus, the  ABER of  OSTPPM-IT-OMP can  be  ob-
tained as
 

ABER = ABERρe≤Vth +ABERMLSD (15)

ABERρe≤VthA  tight  upper  bound  of  the ,  which  is
based  on  the  union  bound  approach  [11], can  be  ob-
tained by summing the average pair-wise error probabili-
ties (APEPs).

ABERρe≤VthThe  is
 

ABERρe≤Vth =
1

R2R

∑∑
dH

(
Xi, X̂finali

)
×APEP

(
Xi → X̂finali |ρe ≤ Vth

)
(16)

dH

(
Xi, X̂finali

)
Xi X̂finali APEP

(
Xi → X̂finali |ρe ≤ Vth

)where  is the hamming distance between

 and ,  can  be
given by
 

APEP
(
Xi → X̂finali |ρe ≤ Vth

)
= Pr (ρe ≤ Vth)× P̄ r

(
X̂finali ̸= Xi |ρe ≤ Vth

)
(17)

P̄ r
(
X̂finali ̸= Xi |ρe ≤ Vth

)
X̂finali

where  is the  average  proba-
bility of  being misestimated within the threshold.
Further, it can be described as

 

P̄ r
(
X̂final ̸= Xi |ρe ≤ Vth

)
= P̄ r

(∥∥∥Y − ηPtHX̂final

∥∥∥2 ≥ ∥Y − ηPtHXi∥2
)

= P̄ r

(
ηPt

∥∥∥HX̂final

∥∥∥2 − 2trace
(
Y THX̂final

)
≥ ηPt∥HXi∥2 − 2trace

(
Y THXi

))
(18)

Xi HXi HX̂finali

HXi = AmGi HX̂finali=AmGj

Since  is  sparse,  then  and  in  (18)
can be simplified to  and .
Equation (18) can be obtained as
 

P̄ r
(
X̂final ̸= Xi |ρe ≤ Vth

)
= P̄ r

(
2Am

ηPt
Y T (Gj −Gi) ≥ ∥Gj∥2 − ∥Gi∥2

)
(19)

Gi= [g1, . . . , gNtL] Nr ×NtLwhere  is the  matrix.
Substitute (2) into (19), we have

 

P̄ r
(
X̂finali ̸= Xi |ρe ≤ Vth

)
= P̄ r

(
2Am

ηPt
nT (Gj −Gi) ≥ ∥Gj −Gi∥2

)
(20)

∆ = (2Am/ηPt )n
T (Gj −Gi) ∆(

4σ2
nA

2
m/η2P 2

t

)
∥Gj −Gi∥2

Define ,  and  obeys
Gaussian  RV  with  the  mean  0  and  the  variance

.  Therefore,  equation  (20）
can be reduced as
 

Pr
(
X̂ finali ̸= Xi

)
= Q

(√
τδKl/4A2

m

)
(21)

Q (·) Q τ
τ = η2P 2

t /σ
2
n

δ (2 ≤ δ ≤ ξ)

Kl Kl = ∥gia − gjc∥
2

1 ≤ ξ ≤ NtL a ≠ c

where  is Gaussian -function [31].  is the received
signal  to  noise  ratio  (SNR)  given  by .

 is the arithmetic mean of all possible times
,  ( , and ).

Q (x)=1/π
´ π/2
0

exp
(
−x2/2sin2θ

)
dθBy  employing 

[6], equation (21) can be rewritten as
 

P̄ r
(
X̂finali ̸= Xi | ρ ≤ Vth

)
=

1

π

ˆ π
2

0

FB

(
−τδKl/8A

2
m sin2 θdθ

)
(22)

FB (κ) =
´∞
0

fB (Γ )exp(Γκ)dΓ
B

where  is  the  moment
generating function (MGF) of variable .

Kl =
Nr∑
m=1

(gmia − gmjc)
2

Considering each square term in the equation 

, it is the difference between two ran-
dom  variables  that  obey  the  EW distribution,  equation
(22)  can  be  approximated  by  kernel  density  estimation
(KDE) [6]
 

P̄ r
(
X̂finali ̸= Xi | ρ ≤ Vth

)
≈

∑n2

l=1

1

n2π

ˆ π
2

0

MKl

(
−τδ/8A2

m sin2 θ
)
dθ (23)
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M
Kl
(κ) = exp

(
µiκ+ 1/2 ς2κ2

)
n2

µi ς

where ,  stands  for  a
kernel size,  and  are the mean of Gaussian distribut-
ed variable and kernel estimator bandwidth, respectively.

Pr (ρe ≤ Vth)
ρe

Next,  we  calculate  in (17).  The  dis-
tinct cases of  are analyzed as follows.

Nt

(xs1 = x̂s1 , . . . ,xsi = x̂si ,

. . . ,xsNt
=x̂sNt

) ρe1 = ∥xs1 (xp1
− x̂p1

)∥2F + · · ·+
∥xsi (xpi

−x̂pi
)∥2F + · · ·

∥∥xsNt

(
xpNt

− x̂pNt

)∥∥2
F
+ ∥n∥2F

a) If the  activated lasers indices in the signal ma-
trix  are  all  correct,  such  as 

,  then 
 + .

(xs1 = x̂s1 , . . . ,xsi ̸= x̂si ,xsj = x̂sj , . . . ,xsNt
= x̂sNt

)

ρe2 = ∥xs1(xp1
−x̂p1

) ∥2F + · · ·+ xsixpi
−∥x̂si x̂pi

∥2F+∥∥xsjxpj
− x̂sj x̂pj

∥∥2
F
+ · · ·+ ∥n∥2F

b) If  there  are  two  activated  laser  indices  misesti-
mated in the signal matrix, the rest are correct, such as

,  then
get 

.
xs

ρe ρe2

Considering the orthogonality of , the misestimat-
ed  activated  laser  indices  appear  in  pairs.  Accordingly,
there will be four, six, etc. activated laser indices misesti-
mated, in case of which,  and  have similar forms.

Nt

(xs1 ̸= x̂s1 , . . . ,xsi ̸= x̂si ,

. . . ,xsNt
̸=x̂sNt

) ρenn
= ∥xs1xp1

−x̂s1 x̂p1
∥2F +· · ·+

∥xsixpi
−x̂si x̂pi

∥2F +· · ·+∥xsNt
xpNt

−x̂sNt
x̂pNt

∥2F +∥n∥2F
nn ρe.

c) If the  activated lasers indices in the signal ma-
trix  are  all  wrong,  such  as 

,  then 
,

where   is the number of all possible cases in  
Z1 = xsi (xpi

− x̂pi
) Z2 = xsixpi

− x̂si x̂pi

Z1 Z2

µZ1
, µZ2

ρe

NrNtL Pr (ρe ≤ Vth)

Define  and  .
According  to  KDE  method,  and  obey  Gaussian
distribution  with  means .  Then,  follows  the
non-central  chi-square  distribution  with  freedom  degree

. Therefore,  can be given as
 

Pr (ρe ≤ Vth) =

ˆ Vth
E[Zkk]

0

fχ2(NtNrL) (x) dx, 1 ≤ kk ≤ nn

(24)

ABERρe≤VthThus,  can  be  obtained  by  substituting
(23) and (24) into (17).

ABERMLSDA tight upper bound for the  can be writ-
ten as
 

ABERMLSD ≤ 1

R2R

∑∑[
dH

(
Xi, X̂finali

)
× APEP

(
Xi → X̂finali

)]
(25)

APEP
(
Xi → X̂finali

)
where the  is
 

APEP
(
Xi → X̂finali

)
= P̄r

(
ηPt

∥∥∥HX̂finali

∥∥∥2 − 2Y THX̂finali

≥ ηPt∥HXi∥2−2Y THXi

)
(26)

APEP
(
Xi → X̂finali

)
APEP

(
Xi → X̂finali

)The derivation of  is similar to

that of equations (18)–(23), and  is
approximated as

 

APEP
(
Xi → X̂finali

)
≈

∑n2

l=1

1

n2π

ˆ π
2

0

MKl

(
−τδ/4A2

m sin2 θ
)
dθ (27)

ABERρe
≤ Vth

ABERMLSD

Finally, the  ABER  of  the  OSTPPM-IT-OMP  sys-
tem  can  be  obtained  by  substituting  the 
and  into the (15).

 IV. Simulation and Analysis

(Nt, Nr, L)
Nu

In this section, the performance of the OSTPPM-IT-
OMP over EW turbulence channel is analyzed. The sys-
tem  parameters  are  simply  marked  by .  And

 denotes  the  number  of  activated  lasers  of  GSPPM
scheme. The  simulation  parameters  and  turbulence  pa-
rameters  [32]  are  shown in Table  2 and Table  3. With-
out special  explanation,  the  simulation  results  are  com-
pleted under strong AT.
  
Table 2  Simulation parameters

Parameter Symbol Value

Link distance (m) dL 1000

Wavelength (nm) λ 785

Aperture size (mm) DA 25

Photoelectric conversion efficiency (A/W) η 0.5

Kernel estimator bandwidth ς 1/5000

  
Table 3  Turbulence parameters

Turbulence intensity C2
n m−2/3 ( ) α β ℘

Weak AT 7.2× 10−15 3.67 1.97 0.73

Moderate AT 5.0× 10−14 5.37 0.81 0.33

Strong AT 3.6× 10−13 5.5 0.74 0.29
 
 

Pr(ρ ≤ Vth)
Nt Nr L

θ

X̂finali Xi

Vth

Pr(ρ ≤ Vth) > 0.9 θ θ ≥ 1.4

Figure  3 shows  the  curves with  differ-
ent  system  parameters  of ,  and . It  can  be  ob-
served that with the increase of , the probability of the
Euclidean distance between  and  falling within
the  increases, which reduces search steps and compu-
tational  complexity.  For  instance,  in  order  to  satisfy

, the range of  is  in the (3,4,2)-
OSTPPM-IT-OMP.

θ

θ = 1

BER = 1× 10−3

θ
BER=1× 10−3

Vth

The BER performances of (3,4,2)-OSTPPM-IT-OMP
with  different  are  shown  in Figure  4. It  can  be  ob-
tained from Figure 4 and equations (11) and (12), when

, the  OSTPPM-MLSD  has  about  0.2  dB  perfor-
mance  gain  in  comparison  to  OSTPPM-IT-OMP  at

.  While  its  computational  complexity  is
about  85.47%  more  than  that  of  OSTPPM-IT-OMP.
When  increases  from  1  to  2,  the  OSTPPM-IT-OMP
has  about  3.8  dB  performance  loss  at ,
but  its  computational  complexity  decreases  by  about
2.7%.  Obviously,  a  reasonable  can  achieve  optimal
BER performance and significantly reduce computation-
al complexity.
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BER = 1.8× 10−5 BER = 1.5× 10−6 BER = 2×
10−6

BER = 1× 10−3

BER = 1× 10−3

BER=1× 10−3

The comparison of the simulation BER and theoreti-
cal BER results for (3,4,2)-OSTPPM-IT-OMP under the
conditions of weak to strong AT are presented in Figure
5.  The  SNR  of  weak  to  strong  AT  is  33  dB  at

,  and 
,  respectively.  The  theoretical  BER  performance

curves  are  in  agreement  with  the  simulation  results  at
high SNR.  It  proved  that  the  theoretical  BER  expres-
sion  is  derived  correctly.  In  addition,  the  SNR  of  the
OSTPPM-IT-OMP  under  weak,  moderate  and  strong
AT  conditions  is  24.1  dB,  20.25  dB,  and  19.5  dB  at

. Thus, the SNR of strong AT is almost
0.75 dB and 4.6 dB better than that under moderate AT
and weak AT at . The SNR of moderate
AT is almost 3.85 dB better than that under weak AT at

. The  reason  is  that  the  more  the  differ-
ence,  the  more  obvious  the  effect  of  diversity  gain  and
the  better  is  the  performance.  The  scattering  is  more
abundant  under  strong  AT,  so  the  more  the  differences
among channels, the better is the BER performance.

Nt L

BER = 1× 10−3

The  BER  performance  of  OSTPPM-IT-OMP  with
different  and  are shown in Figure 6. As seen from
the figure that with the increase of lasers, the BER per-
formance decreases,  while  the  TBS  increase.  For  in-
stance,  the  TBS of  (4,4,2)-OSTPPM are  nearly  3  times
higher than that of (2,4,2)-OSTPPM, while it has about
0.7  dB  performance  loss  at .  When  the
PPM order increases, the TBS and BER performance of

BER = 1× 10−3

OSTPPM-IT-OMP are improved. The SNR of the (3,4,4)-
OSTPPM  performs  4.5  dB  better  than  that  of  (3,4,2)-
OSTPPM at .  And  the  TBS  of  (3,4,4)-
OSTPPM increases 3 bpcu. Thus, compared with the in-
crease  of  the  lasers  number,  increasing  the  PPM  order
better  improves  the  TBS  and  BER  performance  of  the
OSTPPM-IT-OMP.

(Nu = 2)

(Nt, Nr = 4, L = 2)

Figure  7, Figure  8 and Table  4 compare  the  TBS,
computational complexity,  BER performance  and  band-
width efficiency of OSTPPM versus SPPM [7] and GSPPM
[10] .  With  the  same  simulation  parameters

,  the  SNR  of  the  OSTPPM  scheme
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BER = 1× 10−3

L = 2

BER = 1× 10−3

outperforms  SPPM and  GSPPM by  about  3.75  dB and
8.5 dB at , respectively. At the same time,
the TBS of OSTPPM is about twice higher than that of
SPPM and  GSPPM.  But  the  computational  complexity
of the OSTPPM is about 54.53% and 0.14% higher than
that of SPPM and GSPPM. With the TBS of 5 bpcu and

, the SNR of (3,4,2)-OSTPPM outperforms (16,4,2)-
SPPM and (5,4,2)-GSPPM by about 8  dB and 10.5  dB
at ,  respectively.  At  the  same  time,  the

computational  complexity  of  (3,4,2)-OSTPPM  is  about
90.47% and 75.4% lower than that of (16,4,2)-SPPM and
(5,4,2)-GSPPM.

 V. Conclusions

BER = 1× 10−3

In  this  paper,  an  OSTPPM  scheme  is  proposed  to
improve  the  TBS  and  BER  performance.  And  the  low-
complexity  IT-OMP algorithm fit  for  OSTPPM scheme
is  proposed.  The  computational  complexity  of  IT-OMP
algorithm  near  optimal  detector  is  reduced  about  over
80% compared  with  MLSD.  Using  Monte  Carlo  simula-
tion,  we  analyze  the  BER  performance  of  the  proposed
scheme  under  different  AT  conditions,  and  discuss  the
effect  of  the  number  of  lasers  and  PPM order  on  BER
performance  and TBS.  As  a  result,  increasing  the  PPM
order  better  improves  the  BER  performance  and  TBS.
With  the  same  simulation  parameters,  the  SNR  of
(4,4,2)-OSTPPM-IT-OMP is  3.75  dB and 8.5  dB better
than  that  of  SPPM  and  GSPPM  at .
With  the  same  TBS,  the  computational  complexity  of
(3,4,2)-OSTPPM-IT-OMP  is  reduced  by  90.47%  and
75.4% compared with (16,4,2)-SPPM and (5,4,2)-GSPPM.
Therefore, OSTPPM-IT-OMP scheme has a better appli-
cation prospect than SPPM and GSPPM schemes.

 
 

Table 4  TBS, computational complexity and bandwidth efficiency of different OSM schemes in [7], [10] and this paper

Modulation TBS Computational complexity Bandwidth efficiency

SPPM-MLSD log2Nt + log2L
2log2Nt+log2L×

(2NrNtL+2NrL− 1)
(log2 Nt + log2 L) /L

GSPPM-MLSD
⌊
log2C

Nu
Nt

⌋
+Nulog2L 2

⌊
log2C

Nu
Nt

⌋
+Nulog2L×

(2NrNtL+ 2NrL+NtL− 1)

⌊
log2C

Nu
Nt

⌋
+ (Nulog2L)/L

OSTPPM-IT-OMP ⌊log2 (Nt!)⌋+Ntlog2L
2NrN2

t L−N2
t L+NrNt+(

2NrN2
t L+ 2NrNtL− 1

)
γ

[⌊log2 (Nt!)⌋ + Ntlog2L]/(NtL)
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