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The effects of atmospheric turbulence and

misalignment fading on performance of serial

relaying M -ary PPM FSO systems with

partially coherent Gaussian beam

Hien T. T. Pham, Ngoc T. Dang and Anh T. Pham

Abstract

In this paper, we present a novel method to analyze the effects of atmospheric turbulence and misalignment fading

(or pointing error) on performance of serial relaying M -ary pulse-position modulation (PPM) free-space optical (FSO)

systems. Our study is more comprehensive than previous ones since we take into account the effect of beam size

variation due to turbulence by using the partially coherent Gaussian beam model. In addition, we formulate a closed-

form expression for bit-error rate (BER) of serial relaying M -ary PPM FSO systems over Gamma-Gamma atmospheric

turbulence channel taking into account the effects of atmospheric attenuation, extinction ratio, and signal-dependent

noise. We find that the laser source’s coherent parameter, which governs the beam size at the receiver, plays an

important role in the system design. If this parameter is not chosen properly, the system impairment will be either

dominated by pointing error or geometric spreading loss. Thanks to the use of serial relaying and M -ary PPM, the

effects of atmospheric turbulence and misalignment fading is mitigated hence the ability of combating atmospheric

turbulence and the transmission distance of FSO systems are significantly improved. In addition, useful information

for system design, such as the required number of relays for a specific turbulence strength and transmission distance,

could be obtained from the numerical results.

Index Terms

Free-space optical communication, serial relaying, atmospheric turbulence, partial coherent source, gamma-gamma

distribution.

I. INTRODUCTION

Free-space optical communication (FSO) is a line-of-sight (LOS) technology that enables data transmission based

on the propagation of light in free space. Compared to radio frequency (RF) channel, FSO one provides high data

rates, unregulated bandwidth, high security, and low power [1]. Since FSO is capable of providing Gigabit-per-

second (Gbps) data rates, it has recently received much attention in first-mile access environments [2].

Manuscript received ; revised .
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Although FSO systems have many advantages, a number of impairments, however, should be considered in the

design of FSO systems. One such impairment comes from the effect of atmospheric turbulence, which is caused by

the variations in the refractive index due to inhomogeneties in temperature and pressure changes [3]. Atmospheric

turbulence is often modeled by using log-normal or Gamma-Gamma distribution, where Gamma-Gamma distribution

has been found to be a good choice as it can accurately described weak to strong turbulence conditions [4]-[6].

Another impairment of FSO systems is pointing error caused by the misalignment between the transmitter and

receiver [7]. All above impairments may result in rapid fluctuations in the intensity and phase of received signal

[8]. Finally, atmospheric attenuation induced by absorption and scattering of photons by different aerosols and

gaseous molecule in the atmosphere should also be considered [9].

To deal with problems induced by above-mentioned impairments, relay transmission has been proposed to FSO

systems. Two typical relay configurations, including (1) serial relay transmission (i.e., multihop transmission) and

(2) parallel relay transmission (i.e., cooperative diversity), can be employed in FSO systems. It is seen that relay-

assisted FSO systems can provide more reliable transmission over longer distances. In addition, owing to relay

transmission, it is possible to deploy FSO links between locations that do not have a line-of-sight.

A number of studies has been devoted to analyzing the performance of relay-assisted FSO systems [10]-[17].

Bit-error probability of multihop FSO systems has been investigated versus signal-to-noise ratio (SNR) by Akella

et al. [10]. In this study, authors focus on the effect of different weather conditions on path loss without considering

atmospheric turbulence. In [11], multihop transmission in weak turbulence conditions based on the log-normal

channel model is studied by M. Safari et al. Also, the performance analysis of multihop FSO systems in strong

turbulence conditions using Gamma-Gamma channel model can be found in [12]-[17].

In addition, misalignment between the transmitter and receiver due to building sway, which is also known as

pointing error, is another performance degradation factor in FSO systems [18]. The effect of pointing error on the

performance of relay-assisted FSO systems has been recently considered [14]-[17]. In these studies, the authors

analyzed the outage probability, capacity, and bit-error rate (BER) for FSO systems using parallel, cooperative, and

serial relaying under strong turbulence and pointing error conditions, respectively. The analyses were done for the

systems using bit detect-and-forward (BDF) relaying and on-off keying (OOK) modulation considering the effect

of additive white Gaussian noise (AWGN), which is assumed to be signal-independent. In addition, in all previous

studies, authors also assumed that the laser beam size at the receiver was fixed (to 2.5 m at the distance of 1 km)

[14], [17], [18].

The beam size is however not constant, especially under the impact of atmospheric turbulence. According to

the partially (spatially) coherent Gaussian beam model, the beam size at the receiver is a function of several

parameters, including the transmission distance, the index of refraction structure parameter C2
n, and the source

coherent parameter ζS [19]. Remarkably, ζS is an important factor for system design as it can be adjusted by using

a phase diffuser located at the transmitter in order to obtain a desired beam size at the receiver. As partially coherent

beam is practically suitable for FSO systems due to its increased beam size, the impact of atmospheric turbulence,

source coherent parameter as well as link distance on the performance of FSO systems should be clarified for the
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Fig. 1. Serial relaying FSO systems using M -ary PPM.

performance optimization.

In this paper, we therefore propose a novel method to analyze the effects of atmospheric turbulence and

misalignment fading on the performance of serial relaying FSO systems. Our study is more comprehensive than

previous ones since we take into account the effect of beam size variation due to turbulence. In particular, we

employ the partially coherent Gaussian beam model for the laser source so that the beam size variation at the

receiver could be considered. We formulate the closed-form expression for BER of the serial relaying FSO system

over Gamma-gamma atmospheric turbulence channel. The degree of misalignment fading corresponding to different

values of ζS , the transmission distance, and C2
n, therefore, will be included in our analysis. Unlike previous studies

which often use two-level modulation, e.g., OOK or binary pulse-position modulation (BPPM), we employ M -ary

PPM to achieve better performance. All relays are based on symbol detect-and-forward technique, which is simpler

than bit detect-and-forward and decode-and-forward ones. Furthermore, we consider signal-dependent shot noise,

which results in more accurate analysis than that of previous studies [10]-[17]. Finally, also for the more accurate

analysis, the effect of extinction ratio [20], which is caused by non-zero off-state of the laser, is taken into account.

The rest of the paper is organized as follows. The model of serial relaying M -ary PPM FSO systems is introduced

in Section II. Section III presents the mathematical model of FSO channel. In Section IV, we formulate the BER

of serial relaying M -ary PPM FSO systems. Section V shows the numerical results and discussion. Finally, Section

VI concludes the paper.

II. SYSTEM MODEL

A model of serial relaying M -ary PPM FSO system is shown in Fig. 1. The source (S) transmits the data signal to

the destination (D) indirectly with the help of N serial intermediate terminals called relays (R). At the source, input

data is first divided into blocks of b bits. Each block is then mapped to one of M possible symbols (s0, s1, ..., sM ),

where M = 2b. At the PPM modulator, symbol intervals, Tw, are divided into M time slots and an optical pulse

with constant average power of Pt is sent in one of these M time slots while remaining M − 1 time slots (i.e.,

non-signal time slot) are empty. However, due to non-zero power in off-state of the laser, there a signal with a
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power of Pn = rexPt is transmitted in non-signal time slots, where rex is the extinction ratio [20]. It is worth

noting that each time slot has the duration of Ts = b/MRb, where Rb is the bit rate.

Assume that hi is the channel state modeling the random attenuation of the propagation channel between the

(i− 1)-th node and the i-th node. The received signal (i.e., photo current at the output of the photodetector) at the

i-th node can be modeled as

Ii =

⎡

⎣

Isi

Ini

⎤

⎦ =

⎡

⎣

ℜPthi + ns
i

ℜPtrexhi + nn
i

⎤

⎦ (1)

where Isi and Ini are the received signal corresponding to signal and non-signal time slots of the PPM symbol. ℜ

is the responsivity of photodiode. ns
i and nn

i denote the additive noise terms for the signal and non-signal time

slots, respectively. Consider the effect of path loss (hl
i), atmospheric turbulence (ha

i ), and pointing errors (hp
i ), the

channel coefficient (hi) can be described as

hi = hl
ih

a
i h

p
i . (2)

At each relay or destination, the PPM symbols are detected by a PPM demodulator, where integrated photocurrents

over M time slots are compared, and the position of the slot with the highest current determines the transmitted

symbol. At the relays, detected symbol is re-modulated before retransmitting with an average power of Pt to the

next relay or to the destination. Finally, at the destination, detected symbol is converted to the binary data by a

symbol-to-bit converter.

III. ATMOSPHERIC CHANNEL MODEL

A. Atmospheric Attenuation

The atmospheric channel attenuates the signal traversing it as a result of absorption and scattering processes. The

concentrations of matter in the atmosphere, which result in the signal attenuation vary spatially and temporally, and

will depend on the weather conditions. The attenuation of optical power through the atmospheric is described by

the exponential Beers-Lambert Law as [9]

hl
i = exp (−aldi) , (3)

where al is the attenuation coefficient and di is the transmission distance of the i-th hop (between the i−1-th node

and the i-th node). This coefficient is considered as a fixed scaling factor during a long period of time.

B. Atmospheric Turbulence and Misalignment Fading Models

According to the commonly used turbulence model, the variations of the medium can be realized as individual

cells of air or eddies of different diameters and refractive indices. In the context of geometrical optics, these eddies

may be observed as lenses that randomly refract the optical wave-front, generating a distorted intensity profile at

the receiver of a communication system. The intensity fluctuation is known as scintillation and represents one of

the most important factors that limit the performance of an atmospheric FSO communication link.
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In this paper, as we try to investigate the system performance in moderate-to-strong turbulence regime, Gamma-

Gamma distribution will be used to model the atmospheric turbulence channel. The PDF of the intensity fluctuation

(ha
i ) due to atmospheric turbulence is thus given by [21]

fha
i
(ha

i ) =
2 (αiβi)

(αi+βi)/2

Γ (αi)Γ (βi)
(ha

i )
αi+βi

2
−1 Kαi−βi

(

2
√

αiβiha
i

)

, ha
i > 0, (4)

where Γ(.) denotes Gamma function and Kαi−βi(.) is the modified Bessel function of the second kind of order αi−

βi. αi and βi are the effective number of small-scale and large-scale eddies of scattering environment, respectively.

They are written as [21]

αi =

[

exp

(

0.49σ2
R

(

1+1.11σ12/5
R

)7/6

)

− 1

]−1

βi =

[

exp

(

0.51σ2
R

(

1+0.69σ12/5
R

)5/6

)

− 1

]−1 (5)

where σR,i is the Rytov variance which is defined as

σ2
R,i = 1.23

(

2π

λ

)7/6

C2
nd

11/6
i , (6)

where λ is the wavelength. The unitless Rytov variance represents the strength of the turbulence, which is governed

by the index of refraction structure parameter C2
n and the distance di. In general, Cn

2 varies from 10−13 m−2/3 for

strong turbulence to 10−17 m−2/3 for weak turbulence with 10−15 m−2/3 often defined as a typical average value

[22].

In order to model misalignment fading, we consider a circular detection aperture of radius a and a Gaussian

beam profile at the receiver. The probability distribution function (PDF) of hp
i can be derived as [18]

fhp
i
(hp

i ) =
γ2
i

A
γ2
i

0,i

(hp
i )

γ2
i −1

, (7)

where γi = ωzeq/2σs,i is the ratio between the equivalent beam radius (ωzeq ) and the pointing error displacement

standard deviation (σs,i) at the receiver. A0,i is the fraction of the collected power at the center of the beam.

According to [19], ωzeq and A0,i are given by

A0,i = [erf (v)]2 and ω2
zeq = ω2

z,i

√
πerf (v)

2v exp (−v2)
, (8)

where erf (.) is the error function; v = (
√
πa) /

(√
2ωz,i

)

; and ωz,i is beam radius of a Gaussian beam calculated

at e−2 at distance di. For Gaussian beam propagating in atmospheric turbulence, ωz,i can be approximated as [19]

ωz,i = ω0

[

1 + ζ

(

λdi
πω2

0

)2
]

1
2

, (9)

where ω0 is the beam waist at di = 0, ζ =
(

ζS + 2ω2
0/ρ

2
0(di)

)

, and ρ0(di) = (0.55C2
nk

2di)−3/5 is the coherence

length. ζS is the source coherent parameter, which is equal to one for coherent beam. The value of ζS can be

changed by placing a phase diffuser directly in front of the laser source.
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C. Channel Statistical Model

The channel state hi consists of three terms, where hl
i is deterministic while ha

i and hp
i are random variables.

With this assumption, the PDF of the channel state hi = hl
ih

a
i h

p
i can be mathematically expressed as [18]

fhi (hi) =

∫

fhi|ha
i
(hi|ha

i ) fha
i
(ha

i ) dhi, (10)

where fhi|ha
i
(hi|ha

i ), which is presented more detail in [18], is the condition probability given ha
i . As fha

i
is

Gamma-Gamma distribution, fhi (hi) is given by [18]

fhi (hi)=
2γ2

i (αiβi)
(αi+βi)/2

(

A0,ihl
i

)γ2
iΓ(αi)Γ(βi)

hγ2−1
i

∫ ∞

hi/A0,ihl
i

(ha
i )

(αi+βi)/2−1−γ2
iKαi−βi

(

2
√

αiβiha
i

)

dha
i . (11)

By expressing Kαi−βi(.) in terms of the Meijer’s G-function, i.e., Kν(x) =
1
2G

2,0
0,2

⎡

⎣x2/4

∣

∣

∣

∣

∣

∣

−
ν
2 ,−

ν
2

⎤

⎦ [23, Eq. (9.34.3)],

and using [24, Eq. (07.34.21.0085.01)] for obtaining the closed-form expression for integral term, Eq. (11) is derived

as

fhi (hi) =
αiβiγ2

i

A0,ihl
iΓ (αi)Γ (βi)

(

αiβihi

A0,ihl
i

)

αi+βi
2

−1

G3,0
1,3

⎡

⎣

αiβihi

A0,ihl
i

∣

∣

∣

∣

∣

∣

1− αi+βi

2 + γ2

−αi+βi

2 + γ2, αi−βi

2 , −αi+βi

2

⎤

⎦ . (12)

Finally, by using [24, Eq. (07.34.16.0001.01)] for making simplification, the final closed-form expression for fhi (hi)

can be derived as

fhi (hi) =
αiβiγ2

i

A0,ihl
iΓ (αi)Γ (βi)

G3,0
1,3

⎡

⎣

αiβi

A0,ihl
i

hi

∣

∣

∣

∣

∣

∣

γ2
i

γ2
i − 1,αi − 1,βi − 1

⎤

⎦ . (13)

IV. PERFORMANCE ANALYSIS

A. Signal to Noise Ratio

Electrical signal to noise ratio (SNR) at the i-th relay (or the destination) can be defined that

SNR =
(µs

i − µn
i )

2

σs2
i + σn2

i

, (14)

where µs
i and µn

i are means of Isi and Ini , which can be derived from Eq. (1) as
⎡

⎣

µs
i

µn
i

⎤

⎦ =

⎡

⎣

ℜPthi

ℜPtRexhi

⎤

⎦ . (15)

In Eq. (14), σs2
i and σn2

i are noise variance of receiver noises ns
i and nn

i , respectively. In this analysis, we just

focus on the effect of signal-dependent shot noise, which are additive Gaussian noise with zero mean and variance

as follows
⎡

⎣

σs2
i

σn2

i

⎤

⎦ =

⎡

⎣

2eℜPthi∆f

2eℜPtrexhi∆f

⎤

⎦ , (16)

where e is the electron charge and ∆f is the effective noise bandwidth. For M -ary PPM, ∆f is related to the bit

rate Rb as ∆f = MRb/(2 log2 M) [20]. By substituting Eqs. (15) and (16) in Eq. (14), SNR can be computed as

SNR =
ℜPt (1− rrx)

2

2e∆f (1 + rrx)
hi. (17)
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Fig. 2. Multihop equivalent channel model.

B. Bit Error Rate

In this subsection, symbol error probability of each hop is first calculated. Based on symbol error probability of

each hop, we derived the total symbol error probability of multihop FSO link and then the BER of multihop FSO

systems.

Denoting Pi as the symbol error probability of the i-th hop (i.e., at the i-th node with i = 1, 2, ..., N + 1). We

assume that the transmitted data is large enough that the probabilities of sending any symbols are the same. Without

the loss of generality, we also assume that symbol s0 is transmitted. By using union bound technique, the upper

bound to the instantaneous symbol error probability can be expressed as

Pi ≤ 1− Pr{I0i > Iui |u ∈ {1, ...,M − 1}, s = s0}

≤
M−1
∑

u=1

Pr{Iui ≥I0i |s=s0}=(M−1)Pr{Ini ≥Isi }

≤
M−1

2

∫ ∞

0
fhi(hi)erfc

(

√

SNR

2

)

dhi, (18)

where s represents the transmitted symbol. Iui is the current corresponding to time slot u and erfc(.) is the

complementary error function.

By substituting Eq. (13) in Eq. (18) and expressing erfc(.) as Meijer’s G-function [24, Eq.(06.27.26.0006.01)],

we can obtain

Pi ≤
(M − 1)αiβiγ2

i

2
√
πA0,ihl

iΓ (αi)Γ (βi)

×
∫ ∞

0
G3,0

1,3

⎡

⎣

αiβi

A0,ihl
i

hi

∣

∣

∣

∣

∣

∣

γ2
i

γ2
i − 1,αi − 1,βi − 1

⎤

⎦G2,0
1,2

⎡

⎣

ℜPt (1− rrx)
2

4e∆f (1 + rrx)
hi

∣

∣

∣

∣

∣

∣

1

0, 1
2

⎤

⎦ dha
i . (19)

Next, based on [24, Eq. (07.34.21.0011.01)], a closed-form expression for the symbol error probability is derived

as

Pi ≤
(M − 1) γ2

i

2
√
πΓ (αi)Γ (βi)

G2,3
4,3

⎡

⎣

ℜPt (1− rrx)
2 A0,ihl

i

4e∆f (1 + rrx)αiβi

∣

∣

∣

∣

∣

∣

1− γ2
i , 1− αi, 1− βi, 1

0, 1
2 , γ

2
i

⎤

⎦ . (20)

The multihop FSO system with N+1 hops (i.e., N relays) is modeled as a concatenation of N+1 M -symmetric

channel with an error probability Pi for the i-th hop (see Fig. 2). Assuming that each hop is independent, the end-

Page 7 of 19

IET Review Copy Only

IET Communications



JANUARY 29, 2014 8

TABLE I

SYSTEM PARAMETERS AND CONSTANTS.

Name Symbol Value

PD responsivity ℜ 0.8 A/W

Extinction ratio rex 0.05

Outer scale of turbulence L0 10 m

Attenuation coefficient al 0.1 km−1

Beam waist at di = 0 ω0 2.5 cm

Bit rate Rb 5 Gbps

Wavelength λ 1550 nm
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Fig. 3. BER versus the source coherent parameter with BPPM, Ps = 0 dBm, L = 5 km, N = 3, 2a = 20 cm, and C2
n = 10−14.

to-end symbol error probability (Pe) is given by

Pe = 1−
N+1
∏

i=1

(1− Pi) . (21)

Once the PPM symbol is detected, it is mapped to a string of log2(M) bits via the inverse of the encoding

mapping. There are M/2 symbol errors that will produce an error in a given bit in the string, and there are M − 1

unique symbol errors. Thus, assuming all symbol errors are equally likely, the resulting bit error rate (BER) can

be expressed as

BER =
M

2 (M − 1)
Pe. (22)
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V. NUMERICAL RESULTS

In this section, we investigate the BER of serial relaying FSO systems using M -ary PPM with the total

transmission distance of L km. We assume the consecutive nodes are equidistant along the path from the source

to the destination. To have a fair comparison to conventional single-hop FSO system using OOK or BPPM, the

analysis is considered under a constraint on the average power per bit denoted as Ps, which is related to the average

transmitted-power per time slot (Pt) as

Pt =
M log2 M

(N + 1)
Ps, (23)

where N+1 is the number of hops. In addition, we assume jitter standard deviation a linear function of distance thus

σs,i can be obtained from the jitter standard deviation at 1 km (σs) and the distance of i-th hop (di) as σs,i = σsdi.

The system parameters used in the analysis are shown in Table I, where the values of PD responsivity and

extinction ratio are chosen based on the parameters a typical photodiode and laser source, respectively [20]. The

attenuation coefficient is fixed to 0.1 km−1, which is corresponding to a clear weather condition. The system’s

performance will be investigated in the moderate-to-strong turbulence regime, where C2
n ranges from 10−15 to

10−13. We use the collimated beam with ω0 = 2.5 cm in combination with a phase diffuser to govern the value

of ζS [19]. In addition, both bit rate and link distance used in our analysis are larger than those of a typical FSO

systems in order to show the advantages of using serial relay and M -ary PPM.

In Fig. 3, BER is evaluated versus the source coherent parameter, ζS , which is in proportional to the beam size

at the receiver, i.e. the higher ζS , the bigger beam size we have. The FSO system under consideration uses BPPM

with the transmitted power per bit of 0 dBm. It is seen that BER response for a range of ζS values is divided

into two regions, which are distinguished by an optimum value at which the lowest BER is achieved. In the first

region where ζS is smaller than the optimum value, the effect of pointing errors is dominant. As a result, BER

varies strongly when jitter standard deviation is changed. In this region, it is necessary to increase ζS (or the beam

size) to reduce the effect of pointing errors. In the second region where ζS is larger than the optimum value, the

effect of pointing errors is negligible since the beam size is relatively larger than the detector area and the jitter

standard deviation. Consequentially, the variation of jitter standard deviation does not affect on BER. In this case,

if ζS increases (i.e., the beam size increases), the fraction of the collected power will reduce and BER increases

since geometric spreading loss increases.

Next, we investigate BER versus the source coherent parameter with different values of detection aperture diameter

(i.e., 2a). Figure 4 shows that the increase of aperture diameter helps to reduce BER significantly thanks to the

reduction of pointing error loss and especially geometric spreading loss. Similar to the previous result, there is an

optimum value of ζS corresponding to each value of aperture diameter. Also, the range of ζS values satisfying a

required level of BER (e.g., BER = 10−9) can be obtained from this figure. When aperture diameter is large, the

range of ζS values is extended thus it is easier for system design.

The benefits of using M -ary PPM and serial relaying to mitigate the effect of turbulence are shown in Fig. 5.

The performance of proposed FSO system is compared to that of a no-relaying OOK one with a typical distance

Page 9 of 19

IET Review Copy Only

IET Communications



JANUARY 29, 2014 10

10
1

10
2

10
3

10
4

10
5

10
−16

10
−14

10
−12

10
−10

10
−8

10
−6

10
−4

10
−2

10
0

Source coherent parameter, ζ
S

B
E

R

 

 

2a = 10 cm
2a = 15 cm
2a = 20 cm

Fig. 4. BER versus the source coherent parameter with BPPM, Ps = 0 dBm, L = 5 km, N = 3, σs = 30 cm, and C2
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10
−15

10
−14

10
−13

10
−12

10
−10

10
−8

10
−6

10
−4

10
−2

Index of refraction structure parameter, C
n
2

B
E

R

 

 
OOK FSO with no relay
4−PPM FSO with no relay
4−PPM FSO with one relay
4−PPM FSO with two relays

Fig. 5. BER versus the index of refration structure parameters, Ps = 0 dBm, L = 2 km, 2a = 20 cm, σs = 30 cm, and ζS = 4000.

of 2 km and the bit rate of 5 Gbps. It is seen that the performance improvement of using M -ary PPM (without

relaying) is considerable only when turbulence is not so strong (e.g., in moderate turbulence regime). In strong

turbulence regime, serial relaying should be used as it help to significantly improve the system performance. For

example, in strong turbulence condition with C2
n = 10−13, 4-PPM FSO system with 2 relays can provide the BER

of 10−9, which is much lower than BER = 10−4 that is supported by no-relaying OOK FSO system.
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Figure 6 shows that the maximum transmission length with BER = 10−9 of BPPM FSO systems is improved

significantly thanks to serial relaying. When the number of hop (N ) increases from 2 to 4, the maximum transmission

distance increases from 7 km to 9 km at C2
n = 7×10−16, respectively. For a specific transmission length, the use of

serial relaying helps to improve the ability of FSO systems in combating against atmospheric turbulence. With the

transmission distance of 7 km, the turbulence strength that FSO systems can suffer increase from C2
n = 7× 10−16

to C2
n = 6× 10−15 when N increases from 2 to 4.

The required number of relays for a specific turbulence strength and transmission distance can also be determined

by using Fig. 6. For example, with the transmission distance of 5 km and C2
n = 10−14, at least three relays need to

be used in order to have the BER of 10−9. The supportable region in terms of transmission distance and turbulence

strength corresponding to a specific number of relays hence can be demonstrated as shown in the figure.

VI. CONCLUSIONS

We have presented a novel method to formulate closed-form expression for BER of serial relaying FSO systems

using M -ary PPM over Gamma-Gamma atmospheric turbulence and misalignment fading channels. Thanks to

the use of the partial coherent Gaussian beam model, the effect of beam size variation due to turbulence can be

considered. Other physical layer impairments were also taken into consideration including atmospheric attenuation

and signal-dependent shot noise. The numerical results helped to determine the value of coherent parameter properly

to reduce the effect of misalignment fading. The benefits of using serial relaying and M -ary PPM in combating

atmospheric turbulence and extending the transmission distance were also quantified in this paper. Moreover,
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useful information for system design, such as the required number of relays for a specific turbulence strength

and transmission distance, could be obtained from the numerical results.
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