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Abstract Relays play a pivotal role in free-space optical

(FSO) communication system and thus has found tremen-

dous applications mainly to enhance the signal quality and

propagation distance coverage in the presence of atmo-

spheric turbulence. Serial relaying or parallel relaying

configurations are two major configurations used. In this

paper, we analyze the performance of the parallel relay-

assisted FSO influenced by the generalized Malaga (M)

turbulence channel. In the first instance, the data modula-

tion at the source and each relay is signaled using the

multi-pulse position modulation. Next, closed-form

expressions for the outage probability have been derived

and later on used for the analysis of the influence of the

threshold signal to noise ratio transmitter power as well as

the number of relay nodes between the source and the

destination on the overall outage probability. When direct

transmission between source and destination is considered,

the outage probability 3:965� 10�7; 5:783�
10�6; 7:156� 10�3 for weak, moderate and strong turbu-

lence, respectively. However, when a parallel relay con-

figuration with three paths and two hops per path is

considered, the outage probability improves to 6:23�
10�20; 1:93� 10�16; 3:96� 10�7 for weak, moderate and

strong turbulence, respectively, for a threshold signal-to-

noise ratio of 10 dB. The results revealed that the use of

parallel relay nodes is a clear performance improvement

option in turbulence-affected FSO communication systems.

Keywords FSO � Parallel relays � Outage probability �
MPPM � Turbulence

Introduction

Free-space optical communication systems have been

considered and are now accepted as a viable solution for

various applications chiefly due to advantages such as high

security, high data rate, interference-free, ease of installa-

tion and high bandwidth among others [1, 2]. Important

applications include broadband service delivery, earth to

satellite links, inter-chip links among others [3]. Unlike

radio frequency (RF) communication, FSO requires a

direct line of sight between the transceivers. Hence, the

operation of FSO communication suffers from the chal-

lenges of the atmospheric turbulence-induced scintillation,

prevailing adverse weather conditions such as rain, snow

and fog and the alignment between the transceivers [4].

The impact of these effects has been explained in various

articles in the literature. Although some of the successful

approaches toward reducing these effects are use of adap-

tive optics, aperture averaging, error control coding, etc.,

the use of relays in FSO has been one of the most effective

ways to reduce the impact of these detrimental effects and

thus improve coverage distance. As the coverage distance

increases, the signal fading also increases, therefore

increasing the number of short hops improves the signal

integrity to some extend [5].

Various modulation schemes have been used in relay-

aided FSO such as on-off keying (OOK) [6], binary phase-

shift keying (BPSK) [7], differential phase-shift keying

(DPSK), Polarization shift Keying (PolSK) and subcarrier

modulation [8]. However, pulse position modulation has

gained a remarkable ground in IM/DD FSO systems
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because its peak power is much larger than its average

power, which condition is not satisfied by other pulse

signaling techniques.

In order to create a PPM symbol constituting of L bits, a

single pulse is placed into one of the M ¼ 2L time slots.

This is shown in Fig. 1. Because of orthogonality and lack

of overlap between pulses, there is a remarkable

improvement in PPM signaling bit error rate (BER). The

decoding of the PPM symbols at the receiver is through

determination of the slot containing the pulse and then

performing inverse mapping across the transmitted bit

sequence. High energy efficient PPM scheme requires a

correspondingly huge bandwidth, and hence this has given

way to multi-pulse position modulation (MPPM) scheme,

in which more than one pulse is located within a symbol of

M-time slots. Such a technique exhibit a good balance

between the overall system throughput and link perfor-

mance [9].

Due to the randomness of the FSO channel, different

statistical atmospheric turbulence models such as K [10],

gamma-gamma [11] and exponential Weibull [12] have

been proposed and used for FSO performance analysis.

However, Malaga (M) model represents a general model of

atmospheric turbulence being able to characterize other

less general previously proposed models [13]. The study

conducted in [14] investigated the parallel relay FSO sys-

tem influenced by the gamma-gamma fading model. A

comparative analysis between PolSK and OOK was carried

out based on the end-to-end outage probability concluded

the superiority of PolSK over OOK. Using parallel all-

optical relays over composite gamma-gamma channels, the

performance analysis for a FSO communication system has

been investigated in [15]. The multi-hop parallel free-space

cooperative communication system employing BPSK

modulation and decode-and-forward protocol has been

analyzed under exponentiated Weibull (EW) fading chan-

nels [16]. Considering the atmospheric turbulence modeled

by gamma-gamma channel, and pointing errors, the

research in [17] analyzed the performance of a parallel

relay-assisted FSO transmission using decode-and-forward

protocols. The study in [18] analyzed the multi-hop parallel

relay FSO communication system using BPSK signaling

over the gamma-gamma turbulence model. After consid-

ering the pointing error effect, it was shown that the relay-

aided FSO system performance could be considerably

enhanced using lower normalized beam width and jitter. In

another study [19], spatial modulation has been used to

improve the performance of a two-way relay cooperative

communication system. The authors in [20] analyzed the

BER performance of a multi-hop FSO system using M-ary

PPM signaling under the log-normal channel. Their results

showed that the MPPM performance could be improved by

using a greater number of hops. Meanwhile, in [21], BER

analysis of relay-assisted PSK with OFDM ROFSO system

over Malaga distribution including pointing errors under

various weather conditions has been carried out. Using

BPPM over log-normal distribution, the optimal relay

placement and diversity analysis issues in FSO communi-

cation have been investigated in [22]. The end-to-end

outage probability for both the parallel and serial relay FSO

system was analyzed over the Malaga channel in [23]. The

MPPM signaling over the Malaga channel has been ana-

lyzed in [24].

It is evident in all the above-mentioned works, that

although parallel and serial relay-assisted FSO has been

analyzed over different atmospheric turbulence channels

and using different modulation schemes, no work on

MPPM parallel relay-assisted FSO influenced by Malaga

channel has been reported in the literature. Motivated by

the above analysis, in this paper, we focus on the parallel

relay-aided FSO communication system employing MPPM

signaling over Malaga channel. The advantage of the

Malaga channel is that it is a more generic channel, which

can be reduced to any of the previously proposed models

by appropriate choice of the model parameters. The rest of

the paper is organized as follows: in second section, the

system and channel models are presented. In third section,

the outage probability is analyzed followed by the results

and discussion in fourth section. Finally, the paper is

concluded in fifth section.

System and channel fading models

System model

The parallel relay-assisted FSO communication influenced

by Malaga channel considered in this present study is

illustrated in Fig. 2. The source node (S) is considered to

transmit the same information to the destination node
Fig. 1 Block diagram of MPPM free-space optical communication

system
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(D) indirectly, but via N parallel relay nodes of the M relay

paths. We assume that the source node consists of

N transmitters and the destination node has N receiver

apertures. From the source node, the multiple copies of the

information signal are transmitted via M hops per path.

In order to facilitate the description of the considered

relay FSO system, we focus first on the point-to-point link.

At the jth hop of the ith path, the received signal yi;j is

expressed as [17];

yi;j ¼ Rhi;jxi;j þ ni;j i 2 1; 2; . . .Nf g; j 2 1; 2; . . .Mf g
ð1Þ

where R is the photodetector responsivity, xi;j is the signal

transmitted in the ith path of the jth hop, ni;j is the additive

white Gaussian noise of the ith path of the jth hop, M is the

number of hops and finally hi;j is the channel irradiance of

the ith path of the jth hop, which is expressed as:

hi;j ¼ hli;j hsi;j hpi;j ð2Þ

where hli;j is the exponentiated path loss, hsi;j is the laser

beam attenuation due to atmospheric turbulence and hpi;j is

the attenuation due to misalignment between the FSO

transmitter and receiver.

Various gases and particles in the atmosphere will

absorb and scatter the propagating laser beam resulting in

attenuation of the laser beam, which can be expressed the

Beers–Lambert law as [25]:

hli;j ¼ e�rLi;j ð3Þ

where r is the attenuation coefficient and Li;j is the prop-

agation distance of the ith path of the jth hop.

The atmospheric loss depends on the size and distribu-

tion of the scattering particles, which can be measured

directly from the atmosphere. Hence the path loss of the

atmosphere can be considered a constant over a long time.

Without loss of generality, in this article hli;j has been

considered as 1 dB [26].

We consider an IM/DD multi-pulse position modulation

in which the transmitted data is modulated onto the

intensity of the laser beam. Using the serial to parallel

converter, the incoming serial bits are mapped into parallel

stream and then converted to the MPPM symbol, where

each symbol is positioned in any of the several M-time

slots. The MPPM symbol is used to modulate the laser

beam intensity. Finally, the laser beam is transmitted

toward the receiver in free space by means of transmitting

telescope. The receiving side consists of a receiving tele-

scope followed by a photodetector which converts the

optical signal to electrical signal. Because noise is added

onto the signal as it propagates in the free-space channel, a

low pass filter is used to remove such noise. Therefore, the

received electrical signal is given as:

y tð Þ ¼ RPRx tð Þ þ n tð Þ

¼ R
M

k
PR

XM�1

k¼0

Ckrect t � kT

M

� �
þ n tð Þ ð4Þ

where rect tð Þ ¼ 1; if 0� t� T

M
0; otherwise

(
. In Eq. (4), PR is the

average received optical power, x is the transmitted data, R

is the photodetector responsivity and n tð Þ is the additive

white Gaussian noise with variance r2n. Moreover, Ck ¼ 1

for signal time slot and zero for non signal time slot. The

average received optical signal can be expressed using the

link range equation as [27];

PR hi;j
� �

¼ PTgTgRGTGR

k
4pLi;j

� �2

hi;j ð5Þ

PT is the transmitted optical power, gT and gR are the

efficiencies of the transmitter and receiver optics, respec-

tively. GT; GR are the transmitter and receiver telescope

gains, respectively. k is the operating wavelength, L is the

transmission length and h is the channel state due to

atmospheric turbulence. In this work, we assume that the

transmitter and receiver telescope gains are equal and

hence we have:

GT ¼ GR ¼ pD
k

� �2

ð6Þ

D is the diameter of the receiving telescope. Next, we also

make the assumption that gT ¼ gR ¼ g and then substitute

Eq. (6) into Eq. (5), we get:

PR hi;j
� �

¼ PT

gAr

kLi;j

� �2

hi;j ð7Þ

Equation (7) gives the received power at the photodiode

where Ar ¼ pD2

4
.

Fig. 2 System model
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Channel model

The atmospheric turbulence is modeled using the general-

ized M distribution FSO model. It has been said that it is

valid for all channel conditions from weak to strong and

takes care of pointing errors also which happens between

the transmitter and the receiver. In this model, the optical

beam is considered as consisting of three components: (1)

the line of sight component with power X, (2) the scattered
component coupled to the line of sight with power 2qbo,
(3) the scattered component independent of the previous

two components. The third component carries power of

magnitude 2 1� qð Þbo. Therefore, the total power of the

scattered components is 2bo. In this representation, the

parameter q expresses the amount of coupling between the

scattered and line of sight components. The probability

distribution of the M distribution FSO turbulence is given

by [13]:

fhi;j hi;j
� �

¼ A
Xb

k¼1

akh
aþk
2
�1

i;j Ka�k 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
abhi;j
cbþ X0

s !
ð8Þ

where

A ¼ 2aa=2

c1þ
a
2C að Þ

cb
cbþ X0

� �bþa
2

ð9Þ

ak ¼
b� 1

k � 1

� �
cbþ X0ð Þ1�

k
2

k � 1ð Þ!
X0

!

� �k�1 a
b

� �k
2

ð10Þ

In Eq. (8–10), C �ð Þ is the gamma function, Ktð�Þ is the
modified Bessel function of second kind and order m. Also
a represents the effective number of large-scale scattering

processes. Hence it is a positive number. b is a natural

number that represents the amount of fading parameter. For

simplicity, we have denoted c ¼ 2 1� qð Þbo. Further, X0 ¼
Xþ 2qbo þ 2

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2boXq

p
cos /A � /Bð Þ is the average power

of the coherent distribution. /A and /B are the determin-

istic phases of the LOS and coupled to LOS components,

respectively.

Pointing errors

Pointing errors arises due to misalignment between the

transmitter and the receiver. Hence its consideration is

crucial for the determination of the FSO link performance.

Pointing errors are hereby denoted by hp, and its PDF is

expressed as [28]:

fhpi;j ¼
g2

Ag2
o

hpi;j

� �g2�1

; 0� hpi;j �Ao ð11Þ

In Eq. (11), Ao ¼ erf mð Þ½ �2 is the fraction of the collected
optical power. m ¼

ffiffi
p
2

p
� a
xz

in which a denotes the receiver

telescope radius and xz is the laser beam width at a dis-

tance L. Furthermore, the equivalent beam width is given

as xzeq ¼
ffiffi
p

p
erf mð Þ�x2

z

2me�m2

h i1
2

. Finally, g ¼ xzeq

2rs
is the ratio

between the effective beam width and the jitter standard

deviation rs.

Combined channel fading model

The combined channel model for hi;j is given as:

fhi;j hi;j
� �

¼ r fhi;jjhsi;j hi;jjhsi;j
� �

:fhsi;j hsi;j
� �

dhsi;j ð12Þ

where fhi;jjhsi;j hi;jjhsi;j
� �

is the conditional probability for a

given turbulence state hsi;j , defined as:

fhi;jjhsi;j hi;jjhsi;j
� �

¼ 1

hsi;j hli;j
fIp

hi;j
hsi;j hli;j

� �

¼ g2

Ag2
o hsi;j hli;j

hi;j
hsi;j hli;j

� �g2�1

0� hi;j �Aohsi;j hli;j

ð13Þ

Thus, the PDF of hi;j can be simplified as:

fhi;j hi;j
� �

¼ g2A

Aohli;j
� �g2 h

g2�1
i;j

Xb

k¼1

ak

Z 1

hi;j
Aohli;j

h
aþk
2
�1�g2

i;j

� Ka�k 2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
abhsi;j
lbþ X0

s !
dhi;j ð14Þ

The Bessel function can be expressed as a Meijer’s G

function using [29]. After simple manipulations, the final

expression for the M channel with pointing errors can be

expressed as:

fhi;j hi;j
� �

¼ g2A

2hi;j

Xb

k¼1

ak
1

B

	 
aþk
2

G3;0
1;3

hi;j
BAohli;j

1þ g2

g2; a; k

����
	 


: ð15Þ

Gm;n
p;q �½ � is the Meijer’s G function. Also

B ¼ ab= lbþ X0ð Þ. The CDF of the M channel model can

be expressed as [30]:

Fhi;j hi;j
� �

¼ g2A

2

Xb

k¼1

ak
1

B

	 
aþk
2

G3;1
2;4

hi;j
BAohli;j

1; 1þ g2

g2; a; k; 0

����
� � !

ð16Þ

Further, for MPPM signaling, the electrical SNR as a

function of the channel coefficient can be given as [24]:

SNR hi;j
� �

¼ RPT

gAr

Lk

� �2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MLog2M

p

2rn
hi;j ð17Þ

136 J Opt (March 2022) 51(1):133–141

123



Outage probability analysis

The outage probability is defined as the probability that the

end-to-end out signal to noise ratio is less than a specified

threshold SNRth. This SNRth is the minimum value of the

SNR above which a satisfactory quality of service is

achieved [17]. Over a fading channel, the outage proba-

bility can be expressed as:

Pout ¼ P SNR hi;j
� �

� SNRth

� �
ð18Þ

By using Eqs. (16) and (17), the outage probability of

the relay-assisted FSO system over Malaga channel can be

obtained as:

Pout i;j ¼ Pr RPT

gAr

Lk

� �2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MLog2M

p

2rn
hi;j � SNRth

 !

¼ Pr hi;j � 2rn
kLi;j
gAr

� �2
SNRth

RPT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MLog2M

p
 ! ð19Þ

Pout;i ¼
Ag2

2

Xb

k¼1

ak
1

B

	 
aþk
2

G3;1
2;4

2rn
BAohli;j

kLi;j
gAr

� �2
SNRth

RPT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MLog2M

p 1; 1þ g2

g2; a; k; 0

����

" #

ð20Þ

In parallel relay transmission, the outage performance of

each particular path depends on the outage probability of

each hop in that concerned path. Therefore, the outage

probability of the ith path can be expressed as:

Pout;i ¼ 1�
YM

j¼1

1� Pout i;j

� 

ð21Þ

Therefore, the end-to-end outage probability can be

derived as;

Pout ¼
YN

i¼1

Pout i ¼
YN

i¼1

1�
YM

j¼1

1� Pout i;j

� 

( )

ð22Þ

The end-to-end outage probability for the MPPM-based

FSO over the M channel can also be expressed as:

Asymptotic analysis

We investigate the asymptotic performance of the parallel

relay-assisted free-space optical communication system

over the generalized atmospheric turbulence channel con-

sidering pointing errors also. This we do for a better insight

into Eq. (23) for high values of the average SNR.

Assuming that p� q and z ! 0 the Meijer’s G function can

be expressed in series form as Eq. (07.34.06.0006.01) [31]:

Gm;n
p;q z

a1; . . .an; anþ1; . . .; ap

b1; . . .bm; bmþ1; . . .; bq

����
	 


¼
Xm

k¼1

Qm
j¼1;j6¼k C bj � bk

� �Qn
j¼1 C 1� aj þ bk

� �
Qp

j¼nþ1 C aj � bk
� �Qq

j¼mþ1 C 1� bj þ bk
� � zbk

1þ O zð Þð Þ:
ð24Þ

Using the above result, Eq. (23) can be written as:

where z ¼ 2rn
BAohli;j

kLi;j
gAr

� �2 SNRth

RPT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MLog2M

p .

Results and discussion

In this section, we present the results for the outage prob-

ability performance of the parallel relay FSO system using

the MPPM signaling over the M channel. In each relay

path, the consecutive nodes are assumed equidistant along

Pout;MPPM ¼
YN

i¼1

1�
YM

j¼1

1� Ag2

2

Xb

k¼1

ak
1

B

	 
aþk
2

G3;1
2;4

2rn
BAohli;j

kLi;j
gAr

� �2
SNRth

RPT

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
MLog2M

p 1; 1þ g2

g2; a; k; 0

����

" #" #( )
ð23Þ

Pout;MPPM ¼
YN

i¼1

1�
YM

j¼1

1� Ag2

2

Xb

k¼1

ak
1

B

	 
aþk
2 X3

k¼1

Q3
j¼1;j 6¼k C bj � bk

� �
C 1� a1 þ bkð Þ

C a2 � bkð ÞC 1� b4 þ bkð Þ zbk 1þ O zð Þð Þ
 !" #( )

ð25Þ
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the path from the source to the destination. Key system

parameters used in the analysis are shown in Table 1.

Figure 3 presents the variation of the outage probability

versus threshold SNR for the direct transmission and end-

to-end transition via relays for the case of weak

ðC2
n ¼ 8:4� 10�15), moderate (C2

n ¼ 1:7� 10�14Þ and

strong C2
n ¼ 5� 10�14

� �
atmospheric turbulence condi-

tions. Here we have considered three parallel relay paths

and two hops per path. It is observed that there is a

remarkable improvement in the outage probability when

relays are used in parallel configuration than when only

direct single path transmission without relays is considered.

Obviously, better outage probability performance is

observed in weak turbulence than in strong turbulence.

Moreover, the difference in the performance is more

between the strong turbulence and moderate turbulence

than between the moderate turbulence and weak turbu-

lence. When SNRth ¼ 10 dB, Pout ¼ 6:23� 10�20; 1:93�
10�16; 3:96� 10�7 for weak, moderate and strong turbu-

lence, respectively, when the transmission is through the

parallel relays. The outage probability deteriorates to

Pout ¼ 3:965� 10�7; 5:783� 10�6; 7:156� 10�3 for

weak, moderate and strong turbulence, respectively, when

there is direct transmission between the source and the

destination. These results are further summarized in

Table 2.

The outage probability versus transmitted power for the

MPPM FSO for direct and relay transmission systems in

moderate and strong turbulence conditions is shown in

Fig. 4. The outage probability is analyzed for 3, 4 and 5

relay paths with 2 relays in each path. From the figure, the

outage probability decreases as the transmit power is

increased from 0 dBm. Generally, for a given number of

relay paths used, the outage probability is better in mod-

erate turbulence than strong turbulence. For a fixed average

transmit power, the outage probability will be lower if a

greater number of relay nodes is used. For example, in

moderate atmospheric turbulence, for a fixed transmit

power of 10 dBm, Pout ¼ 6:47� 10�4; 5:59� 10�5 and

4:84� 10�6 for number of relay node = 3, 4 and 5,

respectively. However, the outage probability is degraded
Fig. 3 Outage probability versus threshold SNR for the MPPM

scheme

Table 2 Outage probability

comparison for direct and relay-

based transmission

Turbulence regime Outage probability at SNRth ¼ 10 dB

Direct transmission Relay transmission (N = 3, M = 2)

Weak 3.96 9 10-7 6.23 9 10-20

moderate 5.78 9 10-6 1.93 9 10-16

Strong 7.15 9 10-3 3.96 9 10-7

0 5 10 15 20
10-30

10-25

10-20

10-15

10-10

10-5

100

Transmitted power (dBm)

P o
ut

Moderate

Strong

N=5,4,3

N=3,4,5

Fig. 4 Outage probability versus transmitted power

Table 1 System parameters

Parameter Symbol Value

PD responsivity R 0.5 A/W [14]

Wavelength k 1550 nm [10]

Attenuation coefficient d 0.1 dB/km [32]

Transmitter optics efficiency g 0.8 [24]

Receiver optics efficiency g 0.8 [24]

Link distance H 1 km
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in strong turbulence. Further, by increasing the transmit

power to 15 dBm, there is a remarkable improvement in the

outage probability. These results are further clarified in

Table 3.

Figure 5 is a plot of the end-to-end outage probability

for the parallel relay-assisted FSO system based on MPPM

over Malaga channel. We have considered the case of

weak, moderate and strong atmospheric turbulence condi-

tions. As noted earlier, increase in transmit power improves

the outage probability, and the end-to-end outage proba-

bility is more favorable in weak turbulence than moderate

or strong turbulence. For an applied transmit power of less

than 5 dBm, there is no appreciable change in the end-to-

end outage probability. However, when the transmit power

is increased beyond 5 dBm, there is an abrupt reduction in

the end-to-end outage probability across all turbulence

regimes. For a fixed transmit power, the margin in the

outage probability between the weak and moderate turbu-

lence is small compared to the weak to strong turbulence

margin. As an example, for an applied transmit power of 10

dBm, the end-to-end outage probability is Pout ¼ 2:13�
10�4; 6:47� 10�4 and 7:67� 10�2 in weak, moderate and

strong atmospheric turbulence, respectively.

The variation of the outage probability with transmit

power for the case of weak turbulence and different num-

ber of relay nodes has been depicted in Fig. 6. Although

there is a remarkable improvement in the outage proba-

bility when transmit power is increased, such an

improvement is only noticed when the transmit power is at

Table 3 Comparison of the outage probability for different number of nodes and transmit power

Number of relay nodes (N) Outage probability at Pt ¼ 10 dBm Outage probability at Pt ¼ 15 dBm

Moderate turbulence Strong turbulence Moderate turbulence Strong turbulence

3 6.47 9 10-4 7.67 9 10-2 1.41 9 10-10 2.84 9 10-4

4 5.59 9 10-5 3.25 9 10-2 7.35 9 10-14 1.89 9 10-5

5 4.84 9 10-6 1.36 9 10-2 3.83 9 10-17 1.23 9 10-6

Fig. 5 End-to-end outage probability versus transmitter power in

different turbulence strength
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of relay nodes with MPPM in weak turbulence
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Fig. 7 Exact and asymptotic outage probability performance versus

average electrical SNR (dB)
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least 5 dBm. As the number of rely nodes per path is

increased from 3 to 5, there is a corresponding improve-

ment in the outage probability. As an example, when the

transmitter power is 10 dBm, the outage probability is

Pout ¼ 2:13� 10�4; 1:27� 10�5 and 7:60� 10�7 for

N = 3, 4 and 5, respectively. However, when the trans-

mitter power is increased to 15 dBm, the outage probability

improves to Pout ¼ 5:79� 10�12; 1:04� 10�15 and 1:87�
10�19 for N = 3, 4 and 5, respectively. In general, these

results indicate much more benefits of increasing the

number of relay paths when the turbulence is adverse.

For a better insight into the performance of FSO at high

SNR values, the exact and asymptotic outage probability

versus average electrical SNR has been plotted in Fig. 7.

We have considered a typical example for weak atmo-

spheric turbulence scenarios for N = 1 M = 1 and N = 2

and M = 2. It can be observed that for all cases, regardless

of the number of relays and relay paths, the for average

SNR values above 45 dB, the asymptotic performance

curve tends to meet with that of the exact outage proba-

bility curve.

Conclusion

In this article, the outage probability of the parallel relay-

assisted FSO employing multi-pulse position signaling

over the Malaga aggregated channel has been investigated.

Considering atmospheric turbulence and misalignment

errors, closed-form as well as asymptotic expressions for

the outage probability has been derived and later on used

for the analysis of the dependence of the outage probability

on different factors such as the number of relay nodes, the

transmitter power and the threshold signal to noise ratio.

After comparing the outage performance using direct

transmission, it has been observed that the use of parallel

relay configuration with increased number of relay nodes

results in a considerable improvement in the outage prob-

ability and hence enhances the overall performance of the

FSO communication system.

Funding No funding was received for this work.

Declarations

Conflict of interest The authors declares that there are no conflicts of

interest.

Code availability The code and data used is available upon request

from the corresponding author.

References

1. K. Mohammad, M. Uysal, Survey on free space optical com-

munication: a communication theory perspective. IEEE Com-

mun. Surv. Tutor. 16, 4 (2014)

2. K. Heman, G. Kaddoum, Optical communication in space:

challenges and mitigation techniques. IEEE Commun. Surv.

Tutor. 19, 1 (2016)

3. U. Murat, H. Nouri, Optical wireless communications—an

emerging technology, in 16th International Conference on
Transparent Optical Networks (ICTON) (IEEE, 2014)

4. W.O. Popoola, Z. Ghassemlooy, BPSK subcarrier intensity

modulated free-space optical communications in atmospheric

turbulence. J. Lightwave Technol. 27, 8 (2009)

5. J.Y. Wang, J.B. Wang, M. Chen, Y. Tang, Y. Zhang, Outage

analysis for relay-aided free-space optical communications over

turbulence channels with nonzero boresight pointing errors. IEEE

Photonics J. 6, 4 (2014)

6. N. Marzieh, V. Jamali, R. Schober, Optimal relay selection for

the parallel hybrid RF/FSO relay channel: non-buffer-aided and

buffer-aided designs. IEEE Trans. Commun 65, 7 (2017)

7. K. Prabu, D.S. Kumar, Outage analysis of relay-assisted BPSK-

SIM based FSO systems over strong atmospheric turbulence with

pointing errors. Int. J. Comput. Commun. Eng. 3, 5 (2014)

8. S. Magidi, T. Pondani, Optical carrier suppression with modified

duo binary return to zero and polarization shift keying modula-

tion schemes over free space communication system. SN Appl.

Sci 1(12), 1–9 (2019)

9. M.K. Simon, V.A. Vilnrotter, Multi-pulse pulse-position-modu-
lation signaling for optical communication with direct detection,
IPN Progress Report (2003)

10. M. Neha, D.S. Kumar, Outage analysis of relay assisted FSO

systems over K-distribution turbulence channel, in IEEE Inter-
national Conference Electrical and Electronics Optimization
Techniques (ICEEOT) (2016).

11. F. Jianfeng, X. Zhao, Performance analysis of OOK-based FSO

systems in gamma–gamma turbulence with imprecise channel

models. Opt. Commun. 402, 340–348 (2017)

12. R. Boluda-Ruiz, A. Garcı́a-Zambrana, C. Castillo-Vázquez, B.

Castillo-Vázquez, S. Hranilovic, Outage performance of expo-

nentiated Weibull FSO links under generalized pointing errors.

J. Lightwave Technol. 35, 9 (2017)

13. A. Jurado-Navas, J.M. Garrido-Balsells, J.F. Paris, A. Puerta-

Notario, J. Awrejcewicz, A unifying statistical model for atmo-

spheric optical scintillation. Numer. Simul. Phys. Eng. Process.

181, 8 (2011)

14. K. Prabu, D.S. Kumar, Polarization shift keying based relay-as-

sisted free space optical communication over strong turbulence

with misalignment. Opt. Laser Technol. 76, 58–63 (2016)

15. J.Y. Wang, J.B. Wang, M. Chen, X. Song, Performance analysis

for free-space optical communications using parallel all-optical

relays over composite channels. IET Commun. 8, 9 (2014)

16. P. Wang, T. Cao, L. Guo, R. Wang, Y. Yang, Performance

analysis of multihop parallel free-space optical systems over

exponentiated Weibull fading channels. IEEE Photonics J. 7, 1
(2015)

17. M. Feng, J.B. Wang, M. Sheng, L.L. Cao, X.X. Xie, M. Chen,

Outage performance for parallel relay-assisted free-space optical

communications in strong turbulence with pointing errors, in

International Conference on Wireless Communication Signal
Process (WCSP). IEEE (2011).

18. H.H. Fu, P. Wang, R.R. Wang, X.X. Liu, L.X. Guo, Y.T. Yang,

Performance analysis of relay-aided free-space optical commu-

nication system over gamma-gamma fading channels with

pointing errors. Optoelectron. Lett. 12, 4 (2016)

140 J Opt (March 2022) 51(1):133–141

123



19. A. Bhowal, R.S. Kshetrimayum, Outage probability bound of

decode and forward two-way full-duplex relay employing spatial

modulation over cascaded a-l channels. Int. J. Commun. Syst.

32, 3 (2019)

20. M. Asaduzzaman, M.A.I. Mustafa, A.T. Primula, M.K. Alam,

S.P. Majumder, Performance analysis of a multi-hop free space

optical link over weak atmospheric turbulence channel for M-Ary

PPM modulated signal, in IEEE International Conference on
Telecommunication and Photonics (ICTP) (2017).

21. K.A. Balaji, K. Prabu, BER analysis of relay assisted PSK with

OFDM ROFSO system over Malaga distribution including

pointing errors under various weather conditions. Opt. Commun.

426, 187–193 (2018)

22. M.A. Kashani, M. Safari, M. Uysal, Optimal relay placement and

diversity analysis of relay-assisted free-space optical communi-

cation systems. J. Opt. Commun. Netw. 5, 1 (2013)

23. J.Y. Wang, J.B. Wang, M. Chen, Y. Tang, Y. Zhang, Outage

analysis for relay-aided free-space optical communications over

turbulence channels with nonzero boresight pointing errors. IEEE

Photonics J. 6, 4 (2014)

24. S. Magidi, A. Jabeena, Performance analysis of multipulse

position modulation free space optical communication system

under generalized atmospheric turbulence conditions including

pointing errors. Opt. Eng. 59, 1 (2020)

25. L.C. Andrews, Laser Beam Propagation Through Random
Media, 2nd edn. (SPIE—The International Society for Optical

Engineering, Washington, 2005), pp. 12–13

26. X. Tang, Z. Wang, Z. Xu, Z. Ghassemlooy, Multihop free-space

optical communications over turbulence channels with pointing

errors using heterodyne detection. J. Lightwave Technol. 32, 15
(2014)

27. A. Polishuk, S. Arnon, Optimization of a laser satellite commu-

nication system with an optical preamplifier. J. Opt. Soc. Am. A

21, 7 (2004)

28. A.A. Farid, S. Hranilovic, Outage capacity optimization for free-

space optical links with pointing errors. J. Lightwave Technol.

25, 7 (2007)

29. V.S. Adamchik, O.I. Marichev, The algorithm for calculating

integrals of hypergeometric type functions and its realization in

REDUCE system, in Proceedings of International Symposium on
Symbolic Algebraic Computation (1990)
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