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Abstract—The performance of free-space optical (FSO) commu-
nication systems adopting multipulse PPM (MPPM) techniques is
investigated taking into account the effects of both the atmospheric
turbulence and receiver noise. The atmospheric turbulence is mod-
eled by a gamma–gamma distribution, which is suitable for both
weak and strong turbulence. As for the receiver noise, both shot-
and thermal-noise limited scenarios are considered. For the shot-
noise limited system, both exact and approximate expressions of
the average symbol-error rate (SER) of the system are obtained.
For the thermal-noise limited system, a closed form for the upper
bound of the average system SER, based on the Meijer G function,
is obtained. Then, we validate it using Monte Carlo simulation
results. Furthermore, we study the effects of changing the atmo-
spheric conditions, operational wavelengths, and number of time
slots on the average system performance. In addition, we compare
the performance of the aforementioned system with that of the tra-
ditional PPM technique, in a gamma–gamma channel, under same
constraints on the average energy per bit, transmission data rate,
and bandwidth.

Index Terms—Atmospheric turbulence, free-space optics,
gamma–gamma channels, multipulse pulse-position modulation
(MPPM), pulse-position modulation (PPM), shot-noise limited re-
ceivers, thermal-noise limited receivers.

I. INTRODUCTION

THE importance of free-space optical communications
(FSO) has increased recently as a result of using it in many

telecommunications applications, e.g., satellite links, robotics,
last mile connectivity, and optical-fiber backup. Also, it has
advantages over radio frequency (RF) communications, e.g.,
extremely high bandwidth, no spectrum licensing, and interfer-
ence immunity [1].
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One important phenomenon that degrades the performance
of FSO is atmospheric turbulence or scintillation, particularly
over ranges greater than 1 km. Scintillation results from inho-
mogeneities in the temperature and pressure of the atmosphere
which would lead to variations in the refractive index. The vari-
ations in the refractive index lead to random fluctuations in both
the amplitude and phase of the received signal which degrade the
performance and lead to an increase in the bit error rate (BER).
FSO performance can also be degraded by aerosol scattering
effects caused by fog, rain, and snow [2].

The average BER or symbol-error rate (SER) and the outage
probability are two metrics that can be used to measure the FSO
system performance in fading channels. The outage probabil-
ity is defined as Pout = P (BER > BER∗) ≡ P (SNR < SNR∗)
where BER∗ is a predetermined threshold and SNR∗ is the aver-
age signal to noise ratio in the absence of atmospheric turbulence
for a given noise level [3]. In this paper, we use the average SER
and BER to measure the FSO system performance in fading
channels.

Both ON–OFF keying (OOK) and pulse-position modulation
(PPM) formats are popularly used in FSO [4], [5]. The advantage
of OOK over PPM is that it is more bandwidth-efficient. How-
ever, OOK has many disadvantages, e.g., long sequences of ones
or zeros will lead to more synchronization complexity and a de-
cision threshold should be selected appropriately at the receiver
side [4], [6]. The energy efficiency of PPM can be increased by
increasing the constellation (or frame) size of PPM at the ex-
pense of decreasing its bandwidth efficiency. For the aforemen-
tioned reasons, multipulse pulse-position modulation (MPPM)
has been recently proposed as an alternative modulation tech-
nique to PPM and OOK [7]. In fact, MPPM can be considered
as a generalization to PPM, where w ∈ {1, 2, . . . ,M/2} pulses
are transmitted during a symbol frame of M slots and as a result
MPPM is more bandwidth efficient than PPM. In MPPM, bit-to-
symbol mapping is carried out as follows. The number of symbol
patterns that can be formed for given M and w in MPPM is

H =

(
M

w

)
. (1)

Out of this H symbols, 2N symbols are used for mapping and
the rest is ignored [8]. Here, N is given by

N = �log2 H�. (2)
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Furthermore, the relation between MPPM BER and SER is
given by [8]:

BER ≤ 1
2

2N

2N − 1
SER. (3)

Studies that have investigated the performance of MPPM
in free-space optical gamma–gamma channels are very rare.
Hamkins and Moision have obtained an exact expression for
the SER of MPPM schemes for discrete memoryless channels
in nonturbulent atmosphere [9]. Nguyen and Lampe have stud-
ied coded MPPM FSO transmission using discrete-time Poisson
channel model in nonturbulent atmosphere [4]. They have con-
sidered two issues, when MPPM would be better than PPM and
how MPPM could be used with error control coding. Gappmair
and Muhammad have got an exact expression for the SER of
PPM under gamma–gamma optical scintillation model [10]. Xu
et al. have discussed the use of binary convolutional coding
with iterative detection for the case of MPPM [11], [12]. Wil-
son et al. have studied the use of multiple-input/multiple-output
(MIMO) channel for FSO adopting MPPM [13]. They have
concluded that the resulting MIMO channel can reduce FSO
turbulent effects in both log-normal and Rayleigh-fading chan-
nel models. Balsells et al. have calculated the average BER for a
rate adaptive transmission technique using MPPM block coding
of variable Hamming weight under turbulence conditions [14].
This type of block coding has a variable amount of pulses and
has been shown to have a high peak to average optical power
ratio. Their analysis was based on a hyperexponential fitting and
Monte Carlo simulation.

Although the MPPM technique is becoming a promising can-
didate for future free-space optical communications, till now
no one has got an exact expression or a closed form expres-
sion for the average SER of MPPM in the case of FSO under
gamma–gamma distribution. Gamma–gamma distribution has
been proposed as a general model that is valid for both weak
and strong turbulence [15]. Lognormal and exponential distri-
butions, however, are valid only for weak and strong turbulence,
respectively [15], [16].

Our aim in this paper is to derive average SER formulae
for FSO systems adopting an intensity modulation/direct de-
tection MPPM technique in gamma–gamma channels for both
shot-noise limited and thermal-noise limited cases. In addition,
we use that expressions to study the system performance un-
der different design parameters. Specifically, for the shot-noise
limited case, we derive both exact and approximate (based on
the Gauss–Laguerre quadrature method) expressions for the av-
erage SER of this system. We verify our results by noticing
that they approach those obtained when using lognormal and
exponential channel expressions for both weak and strong tur-
bulence, respectively. Next, for the thermal-noise limited case,
we derive a closed form expression for the upper bound of the
average SER. Then, we validate it using Monte Carlo simulation
results. We use this expression to investigate the effect of chang-
ing the wavelength on the performance of the MPPM system
under different atmospheric conditions. Also, we study the effect
of changing the number of time slots per symbol (modulation
level) on the system performance. Finally, we make a compari-

son between the average BER performance of both MPPM and
PPM for both shot-noise and thermal-noise limited systems.

The rest of the paper is organized as follows. The common
statistical channel models, that describe the turbulence effect,
are cited in Section II. In Section III, we drive both exact and
approximate expressions for the SER of FSO shot-noise lim-
ited system adopting MPPM in gamma–gamma channels. We
also evaluate the performance of this system numerically and
validate the results under different channel models. Section IV
is devoted to the derivation of a closed form expression for
the upper bound of the SER for the corresponding thermal-
noise limited system. We also investigate the effects of different
design parameters on this system performance. In Section V,
we make a comparison between FSO systems adopting MPPM
techniques (in gamma–gamma channels) with those adopting
PPM techniques, under the condition of equal data transmission
rates. Finally, the conclusion is given in Section VI.

II. FREE-SPACE OPTICAL CHANNEL MODELS

FSO suffers from channel fading, i.e., irradiance fluctuations
on the received signal, during the optical signal transmission due
to atmospheric turbulence. Several channel models have been
assumed to characterize the atmospheric turbulence in the liter-
ature. We cite here the most commonly used statistical models.

A. Exponential Channels

Exponential channel model is suitable for strong atmospheric
turbulence. Its probability density function (pdf) is given by [16]

g (I) =
1
I0

e−
I

I 0 , I ≥ 0 (4)

where I denotes the intensity of the received optical field and I0
denotes its mean, that is, I0 = E{I}, where E{·} denotes the
expected value.

B. Lognormal Channels

The lognormal channel model is suitable for weak atmo-
spheric turbulence. Its pdf is given by [16]

g (I) =
1

Iσl

√
2π

e
− (ln I −μ l )

2

2 σ 2
l , I ≥ 0 (5)

where μl and σ2
l denote the mean and variance of ln(I), re-

spectively. They are related to the mean and variance of I as
follows:

σ2
l = ln

(
1 +

var{I}
I2
0

)
= ln (1 + χSC)

μl = ln (I0) −
1
2
σ2

l . (6)

Here, χSC
def= var{I}/I2

0 denotes the scintillation index and
var{·} denotes the variance value.

C. Gamma–Gamma Channels

Gamma–Gamma channel model can be considered as a gen-
eral model and is suitable for both strong and weak atmospheric
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turbulence. Its pdf is given by [15]

g (I) =
2 (αβ)

(α + β )
2

I0Γ (α) Γ (β)

(
I

I0

) (α + β )
2 −1

× Kα−β

(
2
√

αβI

I0

)
, I ≥ 0 (7)

where Γ(·) is the gamma function, Kc(·) is the cth order mod-
ified Bessel function of the second kind, and α and β are scin-
tillation parameters:

α =

⎛
⎜⎝exp

⎡
⎢⎣ 0.49σ2

R(
1 + 1.11σ

1 2
5

R

) 7
6

⎤
⎥⎦− 1

⎞
⎟⎠

−1

(8)

β =

⎛
⎜⎝exp

⎡
⎢⎣ 0.51σ2

R(
1 + 0.69σ

1 2
5

R

) 5
6

⎤
⎥⎦− 1

⎞
⎟⎠

−1

. (9)

Here, σ2
R = 1.23C2

n (2π/λ)
7
6 L

1 1
6 is unitless Rytov variance, C2

n

is the refractive-index structure parameter, L is the propagation
distance, and λ is the operating wavelength. The scintillation
index is related to α and β as

χSC =
1
α

+
1
β

+
1

αβ
. (10)

As mentioned earlier, in our analysis below, we will be using the
gamma–gamma distribution to describe the atmospheric turbu-
lence effect on optical signal transmission.

III. SHOT-NOISE-LIMITED RECEIVERS

In this section, we derive both exact and approximate (based
on Gauss–Laguerre quadrature method) expressions for the
symbol-error rate of shot-noise-limited MPPM systems in
gamma–gamma channels. The effect of thermal noise is ne-
glected in this section in order to determine the best we can
get from such systems. Shot-noise-limited systems are usually
achieved by receivers with high sensitivity, e.g., photomultipli-
ers or photon-counting receivers [17], [18].

A. SER of MPPM Systems in Nonturbulent Atmosphere

At the receiver side, the detected photon count per MPPM
slot follows a Poisson distribution. In this case, the SER is given
by [9] with slight modifications:

PeSym =
∞∑

Km in =0

M −w∑
l=1

w∑
m=1

(
w
m

)(
M − w

l

)
p1 (Kmin)m

× (1 − P1 (Kmin))w−m

[
P0 (Kmin)M −w−l

× (1 − P0 (Kmin))l + p0 (Kmin)l

× P0 (Kmin − 1)M −w−l

(
1 − 1(

l + m
m

)
)]

(11)

where M is the number of time slots per symbol, w is the
number of signal slots per symbol, and Kmin denotes the min-
imum photon count in symbol signal slots. In addition, p0(·)
and p1(·) denote the photon count probabilities of non-signal
and signal slots, respectively. Also, P0(·) and P1(·) denote their
cumulative distributions. For any k ∈ {0, 1, 2, . . . }, the last four
distributions are given by

p0 (k) =
Kk

b

k!
e−Kb

p1 (k) =
(Ks + Kb)

k

k!
e−(Ks +Kb )

P0 (k) =
k∑

j=0

Kj
b

j!
e−Kb

P1 (k) =
k∑

j=0

(Ks + Kb)
j

j!
e−(Ks +Kb ) (12)

where Ks represents the average detected signal photon count
per mark slot and Kb represents the average detected photon
count per slot for background noise.

B. An Exact SER Expression of MPPM Systems in
Gamma–Gamma Turbulent Atmosphere

In our analysis later, we assume that both the transmitter and
receiver are fixed and perfectly aligned under a clear atmo-
spheric condition. The effect of scintillation or channel fading
is taken into account in our performance derivation. In this case,
the average detected signal photons per slot is no longer constant
and can be assumed to follow a gamma–gamma distribution:

g (Ks) =
2 (αβ)

(α + β )
2

QΓ (α) Γ (β)

(
Ks

Q

) (α + β )
2 −1

× Kα−β

(
2

√
αβKs

Q

)
, Ks ≥ 0 (13)

where Q = E{Ks} is the mean of Ks . The average SER is ob-
tained by averaging PeSym in (11) with respect to Ks . Because
Ks is the only parameter that depends on the channel distri-
bution so p1 (Kmin)m (1 − P1 (Kmin))w−m is the only term
that will be averaged with respect to Ks . So the average SER
for MPPM under gamma–gamma distribution is obtained by re-
placing p1 (Kmin)m (1 − P1 (Kmin))w−m in (11) by its average
P2 (Kmin):
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P2(Kmin)=
∫ ∞

0
p1 (Kmin)m (1−P1 (Kmin))w−m g (Ks) dKs

=
∫ ∞

0

[
(Ks + Kb)

Km in

Kmin !
e−(Ks +Kb )

]m

×

⎡
⎣1 −

Km in∑
j=0

(Ks + Kb)
j

j!
e−(Ks +Kb )

⎤
⎦

w−m

g (Ks) dKs.

(14)

Expanding the brackets and substituting for g(Ks) from (13),
we get

P2 (Kmin)

=
∞∑

j1 =Km in +1

∞∑
j2 =Km in +1

. . .

∞∑
jw −m =Km in +1

e−wKb

j1 !j2 ! . . . jw−m !Kmin !m

j1 +j2 + ... +jw −m +mKm in∑
i=0

×
2
(

αβ
Q

) α + β
2

Γ (α) Γ (β)

(
j1 + j2 + · · · + jw−m + mKmin

i

)

× Kj1 +j2 + ···+jw −m +mKm in −i
b

∫ ∞

0
K

i+ α + β
2 −1

s

× e−wKs Kα−β

(
2

√
αβKs

Q

)
dKs. (15)

The last integration can be evaluated using [19] as follows:∫ ∞

0
K

i+ (α + β )
2 −1

s e−wKs Kα−β

(
2

√
αβKs

Q

)
dKs

=
Γ (i + α) Γ (i + β)

2
√

αβ
Q

e(
α β

2 w Q )w−(i+ (α + β )
2 − 1

2 )

× W−(i+ (α + β )
2 − 1

2 ), 1
2 (α−β )

(
αβ

wQ

)
(16)

where WQ,μ (z) is the Whittaker function [19]. Substituting
back into (15), we get (17) at the bottom of this page, where

for any integer j ≥ (w − m) (Kmin + 1) , r(j) is defined as the
summation

r(j) =
∑

(s1 ,s2 ,...,sw −m )∈X (j )

1
s1 !s2 ! . . . sw−m !

(18)

over the set of vectors X (j):

X (j) def=
{

(s1 , s2 , . . . , sw−m ) ∈ Nw−m :

w−m∑
i=1

si = j and ∀� ∈ {1, 2, . . . , w − m}

Kmin +1 ≤ s� ≤ j−(w − m − 1)(Kmin +1)
}

. (19)

C. An Approximate SER Expression of MPPM Systems in
Gamma–Gamma Turbulent Atmosphere

The computation complexity of the exact SER expression
given in the last Section is high and time consuming. This mo-
tivates us to obtain an approximate expression based on the
Gauss–Laguerre quadrature rule [20]. This method produces
faster results with good approximation. Using this method, it is
easy to show that from (14):

P2 (Kmin)

=
e−wKb

Kmin !m

∫ ∞

0
e−wKs (Ks + Kb)

mKm in

×

⎡
⎣e(Ks +Kb ) −

Km in∑
j=0

(Ks + Kb)
j

j!

⎤
⎦

w−m

g (Ks) dKs.

(20)

According to the generalized Gauss–Laguerre quadrature rule:∫ ∞

a

W (x)f(x)dx ≈
c∑

i=1

Λif(Vi) (21)

where c > 1 denotes the number of terms; and for any
i ∈ {1, 2, . . . , c}, Vi is the ith root of Laguerre polynomial
Lc(x) with degree c and Λi is the corresponding weight-

ing coefficient [20]. Here, the weighting function W (x) def=
(x − a)α2 e−b(x−a) , where a, b, and α2 are constants. In our

P2 (Kmin) =

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

mKm in∑
i=0

(
αβ
Q

) α + β −1
2

Γ (α) Γ (β)

(
Kmin

i

)
e(−wKb )KmKm in −i

b

Γ (i + α) Γ (i + β)
Kmin !m

e(
α β

2 w Q )w−(i+ (α + β )
2 − 1

2 )

×W−(i+ (α + β )
2 − 1

2 ), 1
2 (α−β )

(
αβ

wQ

)
; for w = m

∞∑
j=(w−m )(Km in +1)

j+mKm in∑
i=0

(
αβ
Q

) α + β −1
2

Γ (α) Γ (β)

(
j + mKmin

i

)
e(−wKb )Kj+mKm in −i

b

×Γ (i + α) Γ (i + β)
Kmin !m

r (j) e(
α β

2 w Q )w−(i+ (α + β )
2 − 1

2 )W−(i+ (α + β )
2 − 1

2 ), 1
2 (α−β )

(
αβ

wQ

)
; for w = m.

(17)
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Fig. 1. Average symbol-error rate (SER) versus average received signal photon
count Q using both exact and approximate methods under gamma–gamma
distribution with M = 8, w = 4, and Kb = 1.

case, we set a = 0, b = w,α2 = 0, and x = Ks . This gives
W (Ks) = e−wKs , and then, we find that:

P2(Kmin) ≈
c∑

i=1

Λi
e−wKb

Kmin !m
(Vi + Kb)mKm in

×

⎡
⎣e(Vi +Kb ) −

Km in∑
j=0

(Vi + Kb)j

j!

⎤
⎦

w−m

g(Vi).

(22)

D. Numerical Results

In this section, we numerically evaluate both exact and ap-
proximate expressions of the symbol-error rates obtained in the
previous sections for different channel parameters. In our eval-
uation, we use MPPM frames of size M = 8 slots and w = 4
pulses per frame. The average photon count for background
noise is assumed to be Kb = 1.

In Fig. 1, we compare between the exact and approxi-
mate expressions under gamma–gamma atmospheric channel
with weak, moderate, and strong turbulence conditions of
σR = 0.25, 0.75, and 5, respectively. We notice from the figure
that both exact and approximate expressions are nearly identical
but the computation complexity is much reduced when using the
latter.

Fig. 2 illustrates the change of average SER with the aver-
age received photon count Q under gamma–gamma channel.
In our evaluations, we have used the approximate method with
Laguerre polynomial degree c = 50. We have studied weak,
moderate, and strong turbulence conditions of σR = 0.25, 0.75,
and 5, respectively. The symbol-error rates of the MPPM sys-
tem under both exponential and lognormal channels (which are
valid only for strong and weak turbulence, respectively) are also
included in the figure for the sake of comparison. The variance
of the lognormal distribution is governed by the same scin-
tillation index as that of the gamma–gamma model, which is
equal to 0.062, 0.475, and 1.214 for weak, moderate and, strong

Fig. 2. Average SER versus average received signal photon count Q using
the approximate method for different channel models with M = 8, w = 4, and
Kb = 1.

turbulence, respectively. As expected, at strong turbulence with
σR = 5, the gamma–gamma model approaches the exponen-
tial model. On the other hand, the gamma–gamma model ap-
proaches the lognormal one as σR decreases. So at weak turbu-
lence (σR = 0.25), the gamma–gamma model reflects more the
lognormal model than that at moderate turbulence (σR = 0.75).

IV. THERMAL-NOISE-LIMITED RECEIVERS

In this section, we derive an expression for the upper bound of
the average symbol-error rate of thermal-noise-limited MPPM
systems in gamma–gamma channels. Thermal noise arises from
photodetector’s load resistor and amplifier noise. Under mild
conditions, where there is no need for high sensitive receivers,
thermal noise normally dominates shot noise. Indeed, in most
practical systems, pin photodetectors are normally used rather
than stringent quantum-limited photodectors. Thermal noise
is well described by Gaussian statistics with zero mean and
variance σ2

n .

A. System Model

At the receiver side of the system, the photodiode converts
the received optical intensity variations into corresponding vari-
ations in the electrical domain. The received electrical signal y
can be written as:

y = RM

w
PRC + n (23)

where PR is the average received signal power per symbol, R
is the responsivity of the photodiode, n is a signal-independent
zero-mean white Gaussian noise with variance σ2

n , and C equals
one for signal time slot and zero for non-signal time slot. The
average power PR can be obtained by the link range equation
[21]:

PR (h) = PT ηT ηRGT GR

(
λ

4πL

)2

h (24)

where PT is the average transmitted power, ηT and ηR are
the efficiencies of both the transmitter and receiver optics,
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respectively, GT and GR are both the transmitter and receiver
telescope gains, respectively, λ is the operating wavelength,
L is the distance between the transmitter and receiver, and h
is the channel state due to atmospheric turbulence, defined as

h
def= I/I0 . From (7), the pdf of the channel state is thus

f(h) = I0g (I0h)

=
2 (αβ)

α + β
2

Γ(α)Γ(β)
h

α + β
2 −1Kα−β

(
2
√

αβh
)

, h ≥ 0. (25)

In our analysis below, we assume that ηT = ηR = η. In addi-
tion, we assume that the transmitter and receiver have the same
telescopic gain, given by [21]:

GT = GR ≈
(

πD

λ

)2

(26)

where D is the telescopic diameter. Substituting (26) into (24),
we get

PR (h) = PT

(
ηA

λL

)2

h (27)

where A = πD2/4 is the transceiver telescopic area.

B. Average Symbol Error Rate Upper Bound for MPPM

As mentioned earlier, an MPPM symbol duration T is divided
into M time slots, out of them only w ∈ {1, 2, . . . ,M/2} time
slots contain optical pulses. During a time frame, T , the MPPM
signal current at the photodiode output can be written as

x(t) =
MRPR

w

M −1∑
k=0

Ck rect
(

t − kT

M

)
(28)

where

rect(t) =
{

1, if 0 ≤ t < T
M

0, otherwise

Ck equals one for signal time slot and zero for nonsignal time
slot. Using a union bound [22], we get an upper bound of the
SER of MPPM as:

PeSym ≤

(
M
w

)
− 1

2
erfc
(

dmin
√

Rb

2
√

2σn

)
(29)

where PeSym is the SER, Rb is the transmission bit rate, and
dmin is the minimum Euclidean distance between two points in
the signal constellation, defined as:

d2
min

def= min
x ( t ) , z ( t )∈S(M , w ) :

x ( t ) = z ( t )

∫
T

[x(t) − z(t)]2 dt (30)

where S(M,w) is the set of all possible MPPM signal currents.
Using (28) and (30), we get dmin as follows:

dmin =
RPR

w

√√√√√2M log2

(
M
w

)
Rb

. (31)

The effect of the atmospheric turbulence is taken into considera-
tion by substituting for PR from (27). Thus, for a given channel
state h, (29) becomes:

PeSym(h) ≤

(
M
w

)
− 1

2

× erfc

⎛
⎜⎝RPT

(
ηA
λL

)2
h

2wσn

√
M log2

(
M
w

)⎞⎟⎠. (32)

The average symbol-error rate PeSym is obtained by averaging
the last equation over f(h) given in (25):

PeSym =
∫ ∞

0
PeSym(h)f(h)dh. (33)

Substituting (25) and (32) into (33) and expressing Kv (·) and
erfc(·) in terms of the Meijer G function [24], we get:

PeSym ≤

((
M
w

)
− 1
)

(αβ)
α + β

2

2
√

πΓ(α)Γ(β)

∫ ∞

0
h

α + β
2 −1

× G2,0
0,2

(
αβh

∣∣∣∣ −,−
α−β

2 , −α+β
2

)

× G2,0
1,2

({
RPT ( η A

λL )2
h

2wσn

√
M log2

(
M
w

)}2 ∣∣∣∣ 1,−
0, 0.5

)
dh.

(34)

Finally, using the integral form for the Meijer G function [24],
we get an upper bound (on the average SER for MPPM system)
given in (35) at the bottom of this page.

C. Numerical Results

In this section, we use the upper bound in (35) to study
the performance of thermal-noise-limited MPPM systems under
gamma–gamma channels. Since the SER is dependent on the
operating wavelength, it would be meaningful to use C2

n as a
measure to the turbulence strength. In all our evaluations below,
we use the same system parameters as in [23], listed in Table I
again.

Fig. 3 shows the average SER versus average transmit-
ted power of the MPPM system at different atmospheric
turbulence strengths (C2

n = 5.2 × 10−16 m−2/3 , C2
n = 2.1 ×

PeSym ≤

((
M
w

)
− 1
)

(2)α+β−3

π3/2Γ(α)Γ(β)
· G2,4

5,2

({
2RPT ( η A

λL )2

wσn αβ

√
M log2

(
M
w

)}2 ∣∣∣∣ 1−β
2 , 2−β

2 , 1−α
2 , 2−α

2 , 1
0, 0.5

)
(35)
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TABLE I
SYSTEM PARAMETERS

Fig. 3. Average SER versus average transmitted power in dBW for MPPM
system with M = 4, w = 2 and σ2

n = 3.162 A2 under different turbulence
strengths for both λ = 850 nm and λ = 1550 nm.

10−15 m−2/3 , and C2
n = 1.3 × 10−14 m−2/3 , for weak, mod-

erate, and strong turbulence, respectively) and two operating
wavelengths (λ = 850 nm and λ = 1550 nm). The theoreti-
cal results for strong and moderate turbulence are validated by
Monte Carlo simulation results. However, we did not validate
theoretical results at weak turbulence due to the very long sim-
ulation running time at weak turbulence. It should be noticed
that for nonturbulent channels, the performance of systems with
short wavelengths is better than that of systems with long wave-
lengths over all values of the average transmitted power. The
reason for that is the inverse proportionality between the tele-
scopic gain and the square of the operational wavelength as
shown in (26). However, as shown in Fig. 3, in the case of tur-
bulence, the performance of systems with short wavelengths is
better than that of systems with long wavelengths at low power
only. This is because in the case of low power, the noise has a
dominant effect and since short wavelengths introduce higher
gain than long wavelengths, the performance of short wave-
length systems will be better. On the other hand, as the power
increases above a certain threshold, the turbulence effect dom-
inates and since σ2

R is inversely proportional to λ7/6 (for fixed
C2

n ) the turbulence would have more effect on short-wavelength
systems, and hence, the performance of long-wavelength sys-
tems will be better. Specifically for the values of C2

n in Fig. 3,
the scintillation index at short wavelengths is 0.359, 0.9, and
1.24 (for weak, moderate, and strong turbulence, respectively),
while at long wavelengths this index reduces to 0.19, 0.61, and
1.2 (for weak, moderate, and strong turbulence, respectively).

Fig. 4. Average BER versus average transmitted power per bit in dBm
for MPPM systems with (M, w) = {(4, 2) , (6, 2) , (8, 2)} and σ2

n = 25 ×
10−14A2 at different atmospheric turbulence strengths for λ = 1550 nm.

Notice also that for strong turbulence, both scintillation indices
are close to each other (1.24 and 1.2), which explains the small
difference in the corresponding curves of the figure.

Fig. 4 shows the effect of increasing the number of time
slots per symbol (modulation level) on the performance of
MPPM-FSO systems under the constraints of same transmis-
sion rate, average power per bit, and bandwidth. It can be
seen from the figure that increasing the number of time slots
per symbol (under the above constraints) would improve the
system performance for both weak and moderate turbulence
only, while the system performance cannot be improved in
strong turbulence. This is because for both weak and moderate
turbulence, the noise has the dominant effect and as the
modulation level increases, the peak power increases as well
leading to higher signal-to-noise ratios and improved BERs.
For the case of strong turbulence, however, the turbulence has
the dominant effect and so the performance cannot be improved
by increasing the modulation level.

V. COMPARISON BETWEEN THE BER FOR BOTH MPPM-AND

PPM-FSO SYSTEMS

In this section, we make comparisons between the perfor-
mance of FSO systems adopting MPPM techniques and that
adopting PPM techniques under different atmospheric turbu-
lence conditions for both shot- and thermal-noise limited sys-
tems. The number of time slots for both PPM and MPPM sys-
tems have been chosen so as they transmit same data rates
for fixed bandwidth. Also the comparison has been made with
the same average energy per bit. It can be seen from Figs. 5
and 6 that under the aforementioned conditions MPPM systems
perform better than PPM systems for weak turbulence. How-
ever, at moderate and strong turbulence, both systems perform
almost similarly in the shot-noise limited case, while PPM sys-
tem performs better in the thermal-noise limited case. Indeed, in
the case of transmitting the same data rate with the same average
energy per bit, MPPM systems have higher peak power per slot
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Fig. 5. Comparison between the performance of MPPM techniques with
(M, w) = (12, 2) and PPM techniques with four time slots in the case of
thermal-noise limited systems with σ2

n = 25 × 10−14 A2 under different tur-
bulence strengths for λ = 1550 nm and equal transmission rates.

Fig. 6. Comparison between the performance of MPPM techniques with
(M, w) = (12, 2) and PPM techniques with four time slots in the case of
shot-noise limited systems under different turbulence strengths for equal trans-
mission rates.

as compared to PPM systems. Again, this leads to higher signal-
to-noise ratios and improved BERs of the corresponding FSO
systems. On the other hand, at strong turbulence, the turbulence
effect dominates.

VI. CONCLUSION

The performance of FSO communication systems adopting
MPPM techniques has been investigated taking into account the
effects of both the atmospheric turbulence and receiver noise.
Gamma–gamma channels have been assumed as atmospheric
turbulence models. Both shot- and thermal-noise limited sce-
narios have been considered at the receiver side. Both exact
and approximate expressions of the average symbol-error rate
(SER) have been derived for the shot-noise limited system, while
a closed form for the upper bound of the average SER, based on
the Meijer G function, has been derived for the thermal-noise
limited system. The SER performance of the above shot-noise

limited system has been compared to corresponding systems
working in both lognormal and exponential channels. The ef-
fects of changing the atmospheric conditions, operational wave-
lengths, and number of time slots on the average system perfor-
mance have been studied for the thermal-noise limited system.
Our results reveal that the SER performance of short-wavelength
systems is better than that of long-wavelength systems at low
power, whereas as the power increases above a certain thresh-
old, the above performance conclusion reverses. Furthermore,
for both low and moderate turbulence, increasing the modula-
tion level improves the system performance, while for strong
turbulence, the system performance cannot be improved by in-
creasing modulation level. Finally, the BER performance of the
MPPM system, in a gamma–gamma channel, has been com-
pared with that of the traditional PPM technique. Both shot- and
thermal-noise limited systems have been studied under same
constraints on the average energy per bit, transmission data
rate, and bandwidth. Our results reveal that at weak turbulence,
the performances of the MPPM systems are better than that of
corresponding PPM systems. However, at moderate and strong
turbulence, both systems perform almost similarly in the shot-
noise limited case, while PPM system performs better in the
thermal-noise limited case.
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