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Abstract—The performance of a hybrid M-ary quadra-
ture amplitude modulation multi-pulse pulse-position
modulation (hybrid QAM-MPPM) technique is investi-
gated in both turbulence-free and gamma–gamma free-
space optical (FSO) channels. Both the spectral efficiency
and asymptotic power efficiency of the hybrid QAM-
MPPM are estimated and compared to traditional QAM
and MPPM techniques. The bit error rate (BER) of
intensity-modulation direct-detection (IM-DD) systems
adopting the hybrid technique is investigated over
turbulence-free FSO channels. Upper-bound expressions
for the average BER and outage probability are derived
for FSO systems by adopting a hybrid QAM-MPPM
scheme over gamma–gamma turbulent channels. In addi-
tion, the performance of a Reed–Solomon coded hybrid
QAM-MPPM is considered. The obtained expressions
are used to numerically investigate the performance of
the hybrid technique. Our results reveal that, under
the conditions of comparable data rates, the same band-
width, and the same energy per bit, FSO systems adopt-
ing the hybrid technique outperform those adopting
traditional MPPM, QAM, and on–off keying (OOK) tech-
niques by 1.5, 0.4, and 3 dB, respectively, in the case of
turbulence-free channels. Moreover, the new technique
shows a better BER performance under different turbu-
lence levels when compared with traditional MPPM and
QAM techniques in turbulent FSO communication chan-
nels. Also, it shows an improvement in outage probability
compared to MPPM, QAM, and OOK over gamma–gamma
FSO channels.

Index Terms—Atmospheric turbulence; Free- space optics;
HybridM-ary quadrature amplitudemodulationmulti-pulse
pulse-position modulation (hybrid QAM-MPPM); Gamma-
gamma channels; Multi-pulse pulse-position modulation;
Power efficiency; Quadrature amplitude modulation;
Spectral efficiency.

I. INTRODUCTION

Spectrally efficient M-ary quadrature amplitude modu-
lation (QAM) is widely used in modern communication sys-
tems, where a high throughput is required under a limited
bandwidth condition. It is an attractive way of increasing
the spectral efficiency in optical communications. On the
other hand, power-efficient multi-pulse pulse-position
modulation (MPPM) has been proposed as an alternative
modulation technique to standard pulse-position modula-
tion (PPM) and on–off keying (OOK) schemes in optical
communication systems [1]. The MPPM scheme presents
a better bandwidth efficiency when compared to the
PPM technique and a better power efficiency when com-
pared to the OOK technique.

The idea of superimposing different modulation tech-
niques to improve both the power and spectral efficiencies
simultaneously has been proposed inmany research works.
Xiang et al. introduced a new class of optical modulation
formats based on combining m-PPM or m-FSK with addi-
tional polarization and/or phase modulation [2]. Hybrid
modulation based on polarization-switched quadrature
phase-shift keying (PS-QPSK) and polarization-division
multiplexing QPSK (PDM-QPSK) superimposed on PPM
signals have been proposed in [3–5]. The proposed schemes
provide higher power efficiencies than PDM-QPSK at the
expense of reduced spectral efficiency. Selmy et al. intro-
duced and investigated the performance of innovative hy-
brid modulation techniques based on combining MPPM
with binary phase-shift keying (BPSK) or QPSK [6,7].
Khallaf et al. proposed new hybrid modulation techniques
based on both orthogonal frequency-division multiplexing
(OFDM)-PPM [8] and QAM-MPPM [9].

In this paper, we introduce a deeper performance analy-
sis of the power-efficient hybrid QAM-MPPM modulation
scheme introduced in [9]. In [9], the performance of optical
fiber communication systems adopting the new scheme
was investigated. However, in this paper, we consider
the performance of free-space optical (FSO) systems adopt-
ing a hybrid QAM-MPPM scheme. A real scenario is evalu-
ated by considering both turbulence and different noise
sources, e.g., shot noise, thermal noise, and relative inten-
sity noise. New upper-bound expressions for the averagehttps://doi.org/10.1364/JOCN.9.000161
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BER and outage probability of systems adopting the hybrid
scheme have been derived for gamma–gamma turbulent
FSO channels. In addition, the effects of the hybrid
modulation techniques’ design parameters on the system
performance are investigated. Finally, the performance
of a Reed–Solomon (RS) coded hybrid scheme is
investigated.

The remainder of this paper is organized as follows. In
Section II, a mathematical model and block diagram for
both the transmitter and receiver of the hybrid system
are presented. In Section III, the spectral and asymptotic
power efficiencies of the hybrid QAM-MPPM scheme are
estimated and compared to traditional QAM and MPPM
techniques. Sections IV and V are devoted to analyzing
the performance of the new scheme in both turbulence-
free and turbulent FSO communication channels, respec-
tively. Our numerical results are given in Section VI,
where we make comparisons among hybrid QAM-MPPM
modulation techniques and traditional MPPM, QAM, and
OOK. In addition, we investigate the effect of changing
the hybrid scheme’s parameters on the system’s average
BER. Also, the effect of applying RS coding is investi-
gated. Finally, the conclusion is given in Section VII.

II. HYBRID QAM-MPPM SYSTEM MODEL

In MPPM modulation techniques, the symbol duration,
T, is divided into N time slots, each with duration Ts � T

N,
and has optical power in w time slots only. The MPPM
symbol for any number of time slots N ≥ 1 and any
w ∈ f1;2;…; Ng is selected from the set [10]

SMPPM def
�

�
B ∈ f0; 1gN :

XN
i�1

Bi � w
�
: (1)

The cardinality of this set is �Nw�, and the number of bits per
MPPM symbol is blog2�Nw�c, where bxc is the maximum
integer less than x.

In the hybrid QAM-MPPM scheme, QAM signals are
used to modulate the optical pulses within an MPPM
frame, as shown in Fig. 1. The data rate, Rb, for the system

adopting the hybrid QAM-MPPM technique is given
in Eq. (2), where Mq is the number of QAM modulation
levels,

Rb �

�
log2

�
N
w

��
�w log2�Mq�

NTs
: (2)

The basic configurations of the transmitter and receiver
for the hybrid QAM-MPPM scheme are shown in Figs. 2
and 3, respectively.

On the transmitter side, the input data are first divided
into frames, each of length w log2 Mq � blog2�Nw�c bits. The
first blog2�Nw�c bits are used to decide the locations of the
w pulses, and the remaining w log2 Mq bits are coded into
wQAM symbols. Each of these symbols is signaled in one of
the availablew signal slots. The output optical power of the

Fig. 1. Frame structure of a hybrid QAM-MPPM modulation
scheme

Fig. 2. Block diagram of a hybrid QAM-MPPM transmitter.

Fig. 3. Block diagram of a hybrid QAM-MPPM receiver.
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OOK modulator is proportional to the modulating QAM
signals as follows [11]:

P�t� � Np
w

XN−1

i�0

�1�MDi�t��Bi�t�rect
�
t −

iT
N

�
; (3)

where p is the average transmitted optical power, M is
the modulation index, and T is the duration of the hybrid
symbol,

Di�t� �
�SQAM�t�; for a signal time slot;

0; for a non-signal time slot;

Bi�t� �
� 1; for a signal time slot;

0; for a non-signal time slot;

rect�t� �
�
1; 0 ≤ t < T

N ;

0; otherwise:
(4)

As described in the above equations, the QAM signal
SQAM�t� is used to modulate the optical intensity of the
laser diode (LD) during the signal time slots of the
MPPM frame, and SQAM�t� is defined as [12]

SQAM�t� � AI cos�2πf ct� − AQ sin�2πf ct�; 0 ≤ t <
T
N

;

(5)

where AI and AQ are the signal amplitudes of the in-phase
and quadrature components, respectively, and f c is the
electrical carrier frequency.

At the receiver side, the photodiode (PD) converts the
received optical intensity variations into corresponding
variations in the electrical domain. The output current
of the PD can be written as

y�t� � Iph
XN−1

i�0

�1�MDi�t��Bi�t�rect
�
t −

iT
N

�
� n�t�; (6)

where Iph � R Np
w G is the instantaneous photocurrent, R is

the responsivity of the PD, n�t� is Gaussian noise with vari-
ance σ2n, andG is the channel gain. In the case of turbulence-
free FSO channels, G � �ηAλL�2, where η is the efficiency of
both the transmitter and receiver optics, λ is the operating
wavelength, A � πD2

4 is the transceiver telescopic area, D
is the telescopic diameter, and L is the distance between
the transmitter and receiver. For turbulent channels, the
effects of turbulence are considered, so the channel gain
is given by G � �ηAλL�2h, where h is the turbulent gain.

The received signal amplitudes of the in-phase and
quadrature components are given by

rI � MIphAI � n1�t�; (7)

rQ � MIphAQ � n2�t�; (8)

respectively. Here, n1�t� and n2�t� are two Gaussian distrib-
uted random variables with zero mean and variance σ2n.

Also, rI and rQ are independent Gaussian random variables
with variance σ2n. Summation of the squares of rI and rQ
will be used to demodulate the MPPM symbol. That is,
samples of each of rI and rQ will be taken during each time
slot, and the summation of the squares of that sample will
be arranged in descending order. Then, thew largest values
will refer to the location ofw signal slots in the frame. After
demodulating the MPPM symbol, the QAM symbol will be
demodulated, and the whole symbol will be constructed.
The result of the summation X � r2I � r2Q forms a new
random variable that has a non-central chi-square with
two degrees of freedom in the case of a signal slot and
has a central chi-square with two degrees of freedom in
the case of a non-signal slot. The probability density func-
tions of X in the cases of signal and non-signal slots are
given by

f x�x; 2;Ω� �
1
2

exp
�
−

x�Ω
2σ2n

�
I0

� �������
xΩ

p

σ2n

�
; (9)

and

f x�x; 2� �
1
2

exp
�
−x

2σ2n

�
; (10)

respectively, where Ω � �MIphAI�2 � �MIphAQ�2, and
Ic�·� is the cth-order modified Bessel function of the first
kind. The QAM symbol desired signal power is given
by [11]

C � 1
2
M2I2ph: (11)

The signal-to-noise ratio (SNR) γQAM of the received QAM
symbol is thus

γQAM � C

σ2n
: (12)

III. SPECTRAL AND ASYMPTOTIC POWER EFFICIENCIES

OF THE HYBRID QAM-MPPM SCHEME

In this section, we estimate both the spectral efficiency
(SE) and the asymptotic power efficiency (PE) of the hybrid
QAM-MPPM technique and compare it to traditional
techniques in order to illustrate the motivation for the
new hybrid scheme. The SE and PE of the hybrid
QAM-MPPM technique are given by [10,13]

SE �
w log2 Mq � log2

�
N
w

�
N

�bit∕s�∕Hz;

PE �
1.5

�
w log2 Mq � log2

�
N
w

��
w�glMq − 1� ; (13)

respectively, where
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gl def�

8><
>:
1; if log2 Mq is even;
1.25; if log2 Mq is odd and log2 Mq ≠ 1;

2; if log2 Mq � 1:

�14�

For traditional MPPMwithw signal slots andN time slots,
the SE and PE are given by

SE �
log2

�N

w

�
N

�bit∕s�∕Hz;

PE �
log2

�N

w

�
2w

: (15)

For traditional QAM with Mq modulation levels, they are
given by

SE � log2 Mq �bit∕s�∕Hz;

PE � 1.5 log2 Mq

�glMq − 1� : (16)

Figure 4 shows the SE versus 1/PE (the receiver sensitivity)
for the hybrid technique (with N � 16, w ∈ f1;2;…;16g,
and Mq ∈ f4;8;16g), ordinary MPPM (with N � 16 and
w ∈ f1;2;…;16g), and ordinary QAM (with Mq ∈ f4; 8; 16g).
It is clear from the figure that the hybrid modulation im-
proves the receiver sensitivity when compared to ordinary
QAM by {0.4, 1, 2.2} dB at SEs of {4, 3, 2} bit/sym/pol, respec-
tively. Also, it is clear that for the same value of the PE,
the hybrid technique can achieve a higher SE compared
to ordinary MPPM.

In addition to the improvement in receiver sensitivity,
as shown in Fig. 4, the use of the hybrid QAM-MPPM
technique improves the system transmission rate in re-
sponse to changes in channel status. To explain this
point, we consider two communication systems: the first
system adopts ordinary QAM with 8 levels, and the second
system adopts the hybrid QAM-MPPM scheme with
�N;w;Mq� � �8; 4; 16�. To cope with channel impairments,
especially in the FSO channel, without increasing the

average transmitted power, the first system decreases
the modulation levels to 4 levels. This would decrease the
transmission rate by 33.33%. For the second system, there
are different choices, such as changing the system setting
to �N;w;Mq� � �8; 4; 8�. This would decrease the transmis-
sion rate by 18%. Another solution is to change the setting to
�N;w;Mq� � �8;3;16�. This would decrease the transmis-
sion rate by 22.7%. This advantage of the new technique
makes it better than ordinary QAM in case they are both
being used in adaptive modulation systems.

IV. PERFORMANCE ANALYSIS OVER TURBULENCE-FREE

FSO CHANNELS

The BER of the hybrid QAM-MPPM scheme is the
average of the BERs of both the QAM and MPPM [2]:

BER �
log2

�
N
w

�

log2

�
N
w

�
�w log2 Mq

BERMPPM

� w log2 Mq

log2

�
N
w

�
�w log2 Mq

×
	
�1 − SERMPPM�BERQAM � SERMPPM

2



; (17)

where BERQAM is the BER of the ordinary QAM, and
SERMPPM is the symbol error rate of the ordinary
MPPM. The first term in Eq. (17) accounts for the BER that
occurs to the group of blog2�Nw�c bits which is transmitted
using MPPM, that is, the group has the BER of ordinary
MPPM, BERMPPM. The second term of the equation ac-
counts for the BER of the remaining w log2 Mq bits. The
second term consists of two parts. The first one considers
the case when the signal slot is correctly decoded, and the
second considers the case of incorrect decoding. SERMPPM is
introduced in [14]

SERMPPM�
XN−w

l�1

Xw
m�1

Z
∞

0

�w
m

��N−w

l

�
p1�pmin�m

×�1−P1�pmin��w−mP0�pmin�N−w−l

×

2
64�1−P0�pmin��l�p0�pmin�l

0
BB@1−

1�
l�m
m

�
1
CA
3
75dpmin;

(18)

where pmin denotes the minimum average power in the sig-
nal slots, p0�·� and p1�·� denote the average power proba-
bilities of the non-signal and signal slots, respectively,
and P0�·� and P1�·� denote their cumulative distributions,
respectively. All these probabilities can be calculated based
on the characteristics of the non-central and central chi-
square distributions as given in Eqs. (9) and (10), respec-
tively. Furthermore, the relation between BERMPPM and
SERMPPM is given by [15]

−5 −4 −3 −2 −1 0 1 2 3 4
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l e
ffi

ci
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Fig. 4. Spectral efficiency versus receiver sensitivity (in dB) for
both the hybrid and ordinary schemes.
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BERMPPM ≤
2

�
log2

�
N
w

��
−1

2

�
log2

�
N
w

��
− 1

SERMPPM: (19)

The BER of the ordinary Gray-coded QAM modulation
technique BERQAM is given by [16]

BERQAM �

8>>>>>>><
>>>>>>>:

4
log2 Mq

�
1 −

1������
Mq

p
�P ������

Mq

p
∕2

i�1

×Q
�
�2i − 1�

����������
3γQAM
Mq−1

q �
if k is even;

4
log2 Mq

Q
� ����������

3γQAM
Mq−1

q �
if k is odd;

(20)

where k � log2 Mq. Using Eqs. (18) and (20) in Eq. (17), we
can calculate the average BER for the hybrid QAM-MPPM
scheme over turbulence-free channels using numerical in-
tegration methods.

V. PERFORMANCE OVER TURBULENT FSO CHANNELS

The realistic channel scenario, in practice, is turbulent
FSO. In this section, we investigate the performance of
an FSO system by adopting the hybrid technique over tur-
bulent channels. Atmospheric turbulence leads to random
fading of the received optical irradiance, called scintilla-
tion, and causes communication degradations and link fail-
ures [17]. Both the PD current Iph and the noise variance σ2n
are functions of channel state h, which is modeled by a
gamma–gamma distribution [18],

f �h� � 2�αβ�α�β
2

Γ�α�Γ�β�h
α�β
2 −1Kα−β

�
2

���������
αβh

p �
; h ≥ 0; (21)

where Γ�·� is the gamma function, Kc�·� is the cth-order
modified Bessel function of the second kind, and α and β
are scintillation parameters. In the case of plain waves,
α and β are given as

α �

0
B@exp

2
64 0.49σ2R�

1� 1.11σ
12
5
R

�7
6

3
75 − 1

1
CA

−1

�22�

β �

0
B@exp

2
64 0.51σ2R�

1� 0.69σ
12
5
R

�5
6

3
75 − 1

1
CA

−1

: (23)

Here, σ2R � 1.23C2
n�2π∕λ�76L11

6 is a unitless Rytov variance,
C2

n is the refractive-index structure parameter, L is the
propagation distance, and λ is the operating wavelength.
In addition, we consider the effects of different noise proc-
esses in the FSO link, which are thermal noise, shot noise,
and relative intensity noise processes. The Gaussian noise
models the summation of these noise processes in the FSO
link [11,19], with the variance given by

σ2n � σ2th � σ2sh � σ2RIN
T∕N

; (24)

where σ2th, σ
2
sh, and σ2RIN are thermal, shot, and relative in-

tensity noise spectral densities �A2∕Hz�, respectively.
σ2th � 4KbTabsF

RL
, where Kb is the Boltzmann’s constant,

Tabs is the absolute temperature, F is the noise figure of
the receiver electronics, and RL is the PD load resistor.
σ2sh � 2qIph, where q is the electron charge. σ2RIN �
�RIN�I2ph. σ2n is a second-order polynomial with scintillation
h as the variable.

A. BER Analysis

In order to get the average BER of the FSO system, we
have to calculate the average of both BERMPPM and
BERQAM over f �h�. For simplicity, we approximate the sum-
mations of the squares of rI and rQ by Gaussian random
variables [20]. The SER of the MPPM is given by [14]

SERMPPM�h�≤

�
N
w

�
−1

2
erfc

0
B@Rp

�
ηA
λL

�
2
h

2w

���������������������������������
N

⟨σ2n⟩
log2

�
N
w

�s 1
CA;

(25)

where ⟨σ2n⟩ is the mean of the noise variance with respect to
the channel state h, which is given as follows:

⟨σ2n⟩ �
4KbTabsF
RL�T∕N� � 2qR

N2p
wT

� RIN
�
R

N
w
p
�
2 Γ�α� 2�Γ�β� 2�N

Γ�α�Γ�β��αβ�2T : (26)

In order to get closed-form upper-bound expressions for
SERMPPM and BERQAM, we average σ2n independently
over the gamma–gamma channels, as given in Eq. (26),
then use this value as channel independent when we
derive the upper-bound expressions [11]. The average
of SERMPPM�h� is evaluated in [14], as given in Eq. (27).
Ga;b

p;q�·j·� is the Meijer G-function defined in [21,
Eq. (07.34.02.0001.01)], and

SERMPPM ≤

��
N
w

�
− 1

�
�2�α�β−3

π3∕2Γ�α�Γ�β� ·G2;4
5;2

0
BB@
8>><
>>:
4
�
Rp

�
ηA
λL

�
2
�
2
N log2

�
N
w

�
w2⟨σ2n⟩α

2β2

9>>>=
>>>;

1−β
2 ; 2−β2 ; 1−α2 ; 2−α2 ;1

0; 0.5

1
CCA: (27)
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To get the average of BERQAM�h�, the Q�·� function in
Eq. (20) is expressed in terms of the Meijer G-function
[21, Eq. (07.34.03.0619.01)]:

Q�x� � 1
2

���
π

p G2;0
1;2

�
x2
2

 1
0;0.5

�
: (28)

Based on the general integration formula in [21,
Eq. (07.34.21.0013.01)], the average BER for the QAM
modulation technique over turbulent channels is as given
in Eq. (29). By substituting Eqs. (27) and (29) into Eq. (17),
we get an upper-bound expression for the BER of the FSO
system adopting hybrid QAM-MPPM over gamma–gamma
turbulent channels:

BERQAM �

8>>>>><
>>>>>:

�2�α�β−1

�
1− 1�����

Mq
p

�
π3∕2Γ�α�Γ�β�log2�Mq�

P ��������
�Mq�

p
∕2

i�1 G2;4
5;2

��
6�2i−1�2

�
RMNp

w

�
ηA
λL

�
2
�
2

⟨σ2n⟩�Mq−1��αβ�2

� 1−β2 ; 2−β2 ; 1−α2 ; 2−α2 ; 1

0;0.5

�
; if k is even;

�2�α�β−1

π3∕2Γ�α�Γ�β�log2�Mq�G
2;4
5;2

��
6
�
RMNp

w

�
ηA
λL

�
2
�
2

⟨σ2n⟩�Mq−1��αβ�2

� 1−β2 ; 2−β2 ; 1−α2 ; 2−α2 ;1

0; 0.5

�
; if k is odd:

�29�

B. Outage Probability Analysis

Another metric for quantifying the performance of FSO
communication systems over fading channels is the outage
probability Pout. It is the probability that the BER of the
system is higher than a threshold error rate. Also, it is
defined as the probability that the instantaneous
SNR γ falls below a specified threshold γth, where γth is
the value of the SNR corresponding to the BER threshold
BERth [11],

Pout � pr�BER ≥ BERth� � pr�γ ≤ γth�: (30)

The BER of the hybrid scheme is the average of the BERs of
both the ordinary MPPM and QAM. Therefore, if we sub-
stitute the BER of each of them with the threshold value
BERth in Eq. (17), the net BER will be of the same order
of BERth. In other words, we can write an upper bound
for the outage probability of FSO systems by adopting
the hybrid QAM-MPPM scheme as follows:

Pout ≤ 1 −

�
1 − PMPPM

out

��
1 − PQAM

out

�
; (31)

where PMPPM
out and PQAM

out are the outage probabilities of the
ordinary MPPM and the ordinary QAM, respectively. γth
can be evaluated based on BERth for both the MPPM
and QAM schemes from Eqs. (25) and (20), respectively,
as follows:

γMPPM
th � 4w2

N log2

�
N
w

�
0
BBBB@erfc−1

2
6664
�
2
log2

�
N
w

�
− 1

�
BERth

2
log2

�
N
w

�
−2�� N

w

�
− 1

�
3
7775

1
CCCCA

2

;

(32)

γQAM
th � 4�Mq − 1�

3M2

�
erfc−1

	
BERth log2�Mq�

2


�
2
: (33)

Let hth be the channel state corresponding to the threshold
SNR γth, which is given for each of the ordinary schemes
as follows:

hMPPM
th �

�����������������
γMPPM
th ⟨σ2n⟩

p

Rp

�
ηA
λL

�
2 ; �34�

hQAM
th �

������������������������
2γQAM

th ⟨σ2n⟩
q
MRpN

w

�
ηA
λL

�
2 : (35)

By substituting for the Bessel function in Eq. (21) using

the Meijer G-function, where Kv�
���
z

p � � 1
2G

2;0
0;2

�
z
4 j −;−v

2 ;
−v
2

�
[21, Eq. (03.04.26.0006.01)], the outage probability for a
given γth can be written as follows:

Pout�γth� �
Z

hth

0

�αβ�α�β
2

Γ�α�Γ�β�h
α�β
2 −1G2;0

0;2

�
αβh

 −;−
α−β
2 ; β−α2

�
dh: (36)

Using the integration formula given in [21,
Eq. (07.34.21.0003.01)], the average outage probability
can be written as follows:

Pout�γth� �
�αβ�α�β

2

Γ�α�Γ�β�h
α�β
2 −1
th G2;1

1;3

�
αβhth

 1 −

α�β
2

α−β
2 ; β−α2 ;− α�β

2

�
: (37)

Using Eqs. (34), (35), and (37), both PMPPM
out and PQAM

out can be
evaluated. By substituting them into Eq. (31), the average
outage probability of the hybrid scheme can be evaluated.
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C. RS Coded Hybrid QAM-MPPM Scheme

In this section, we consider the effect of forward error
correction (FEC) techniques on FSO system performance
under fading channels, which is generally well known to
provide significant benefits over turbulence-impaired
fading channels. Here, we consider RS coding to show
the improvement in FSO systems when using the FEC.
The hybrid QAM-MPPM is used to modulate RS codes in
the transmitter, and at the receiver, the signal is demodu-
lated and RS decoded. An RS code can be denoted by RS
�a; b�, where a is the codeword length, and b is the informa-
tion word length. The RS�a; b� code can correct up to
t � a−b

2 code symbol errors [22]. The SER for RS�a; b�,
SERRS, is given as [22]

SERRS ≤
1
a

Xa
i�t�1

i
�
a
i

�
SERi�1 − SER�a−i; (38)

where SER is the symbol error rate of the hybrid QAM-
MPPM scheme, which is evaluated using

SER � 1 − �1 − SERMPPM��1 − log2�Mq�BERQAM�w: (39)

VI. NUMERICAL RESULTS

In this section, we investigate the BER performances of
the systems adopting hybrid QAM-MPPM modulation
techniques using new expressions obtained in the previous
subsections for both the turbulence-free and gamma–
gamma turbulent FSO channels. We compare our results
to those of the equivalent systems adopting ordinary
MPPM, QAM, and OOK schemes. We choose the parame-
ters for systems so they have comparable data rates, the
same average energy, the same bandwidth, and the same
channel states. In addition, we analyze the effects of the
number of time slots w and the cardinality of the MPPM
techniques on the BER performance of FSO systems adopt-
ing the new technique over turbulent channels. Finally,
the improvement in system performance due to applying
RS coding has been shown. In all our evaluations below,
we use the system parameters listed in Table I.

A. Turbulence-Free Communication Channels

Figure 5 shows the average BER versus the average re-
ceived optical power in (dBm) for the hybrid QAM-MPPM,
with modulation index M � 0.9, and the ordinary MPPM.
It is clear that the hybrid QAM-MPPM scheme outper-
forms the ordinary MPPM. Specifically, the new hybrid
scheme saves about 1.5 dB in average power when com-
pared to the ordinary MPPM at a BER of 10−10. The system
adopting the hybrid technique transmits 2 pulses only dur-
ing 12 time slots, while that adopting the ordinary MPPM
transmits 5 pulses during the same number of time slots in
order to have the same number of bits per symbol. That is,

the system adopting the hybrid scheme has more power
concentration, which is the reason for the power savings.

Figures 6 and 7 show the average BER versus the aver-
age received optical power in (dBm) for the hybrid QAM-
MPPM and both ordinary QAM and OOK, respectively.
In order to keep the condition of the same data rate, band-
width, and energy per bit, we chose the symbol duration of
both ordinary QAM and OOK to be equal to the duration of
the time slot in the hybrid scheme, and all three schemes
have the same average power. Two system settings for the
hybrid scheme are used in both Figs. 6 and 7. In Fig. 6, at a
low received optical power, <−23.25 dBm, using the hybrid
system with a high power concentration, N

w � 32
7 , shows a

better performance when compared to that using �N �
4; w � 2� because the power concentration helps in improv-
ing the SNR for both the MPPM and QAM portions of the
hybrid scheme. As the power increases over those values,
the effect of the MPPM constellation size, �Nw�, has the dom-
inant effect on the hybrid system performance, so the per-
formance of the hybrid system with the lower MPPM
constellation size, �N � 4; w � 2�, outperforms both the
hybrid system with the large MPPM constellation size,
�N � 32; w � 7�, and the ordinary QAM system. At a high
received optical power, >−23.25 dBm in Fig. 6, the hybrid
technique outperforms that adopting the traditional QAM

TABLE I
SYSTEM PARAMETERS

Parameter Symbol Value

Tx/Rx optics efficiency η 0.8
Photodiode responsivity R 0.5 A/W
Transmitter and receiver
telescopic diameter

D 8 cm

Distance L 3 km
Relative intensity noise RIN −130 dB/Hz
Thermal noise spectral density σ2th −215 dB/Hz
Time slot duration Ts 10−9 s
Operating wavelength λ 1550 nm
PD load resistor RL 50 Ω
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Fig. 5. Average BERs for both hybrid QAM-MPPM (withN � 12,
w � 2, Mq � 4 and Rb � 833 Mbps), and ordinary MPPM (with
N � 12, w � 5, and Rb � 750 Mbps) versus the average received
optical power in dBm.
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technique by 0.4 dB at BER � 10−10. In order to outperform
the ordinary QAM over all levels of received optical power,
we need to use settings that cause a high power concentra-
tion in the low received optical power region, and in the
high received optical power region, we should choose
settings with a low MPPM constellation size. In Fig. 7,
we can see that using more power concentration improves
the system performance over all regions of received
optical power. The hybrid scheme, with the setting
�N � 32; w � 5;Mq � 8�, outperforms the OOK scheme
over all levels of received optical power. The hybrid scheme
using �N � 4; w � 1;Mq � 4� outperforms OOK in the high
received optical power region, >−27 dBm.

B. Turbulent Communication Channels

1) Hybrid Scheme Versus Ordinary Schemes:
Figures 8–10 show the BER performances of the hybrid
QAM-MPPM scheme versus the three ordinary modulation

techniques in the case of turbulent FSO channels. The
performance of the systems is investigated in the cases
of both moderate and strong turbulence channels,
C2

n � 3 × 10−15 m−2∕3 and C2
n � 7.5 × 10−15 m−2∕3, respec-

tively. The modulation index value is M � 0.4. It is clear
that the performance of the system adopting the hybrid
technique outperforms the ordinary MPPM by 6 dB at a
BER of 10−4 in the moderate turbulence channels and
has a BER floor lower than that of the ordinary MPPM
in strong turbulence channels. When compared to ordinary
QAM, the system adopting the new technique outperforms
by 2 dB at a BER of 10−3 in the moderate turbulence chan-
nels and by 1.5 dB at a BER of 10−2 in the strong turbulence
channels.

When compared to OOK, both of the modulation tech-
niques show similar BER performances. Although both
OOK and the hybrid scheme show a similar error rate
under turbulence, the latter scheme has two advantages
when compared to the OOK scheme. First, the hybrid
scheme shows a better outage probability, as will be shown
in the next paragraph. Second, the data rates in the hybrid
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scheme can be changed by simply changing the scheme set-
ting without changing the bandwidth of the electrical
signal.

Figures 11–13 show the outage probabilities of the hy-
brid QAM-MPPM scheme versus the three ordinary modu-
lation techniques over the moderate turbulence channel,
C2

n � 2 × 10−15 m−2∕3. Two cases for BERth are considered,
BERth ∈ f10−3;10−9g. System performances are compared
at an outage probability Pout � 10−2. The hybrid QAM-
MPPM outperforms ordinary MPPM by 4 and 2.1 dB at
BERth � 10−3 and 10−9, respectively. Compared to the ordi-
nary QAM, the hybrid scheme outperforms the ordinary
one by 1 dB at BERth � 10−3, and they show the same out-
age probabilities at BERth � 10−9. Finally, compared to
OOK, the hybrid scheme outperforms it by 2.2 and
1.8 dB at BERth � 10−3 and 10−9, respectively, while
OOK has lower outage floors in the two cases.

2) Investigation of Design Parameters’ Effects: In this
subsection, we investigate the effect of changing the setting
of the hybrid technique’s parameters on the BER perfor-
mance of the system under moderate turbulence channels,

σr � 0.5463, taking into consideration the different noise
sources mentioned in previous sections. The modulation in-
dex value is M � 0.4.

First, we investigate the effect of changing the number of
signal time slots w on the BER performance. We have
chosen the systems’ settings so that the conditions of the
same bandwidth, comparable data rate, and same energy
per bit are met. Although decreasing w for fixed N would
increase the average received power during the signal
slots, which means increasing the average power available
for the QAM symbols, the number of QAM modulation lev-
elsMq must increase in order to meet the constraint of com-
parable data rates. Decreasing w will improve the
performance of the MPPM system, while increasing Mq

and the received power at the same time may or may
not improve the performance of the QAM technique.

Figure 14 shows that meaning, the performance of the
systemwith the setting �N;w;Mq� � �32;9;16� outperforms
that using the setting �N;w;Mq� � �32;6;128�. Although
the first one has a higher number of time slots, it uses a
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lower number of QAM modulation levels. Each of these sys-
tems has a BER that is better than the two systems with
�N;w;Mq� � �32; 16; 4� and (32, 20, 4), although the second
group has a lower number of QAM modulation levels.

Figure 15 shows the effect of the cardinality of the con-
stellation of MPPM on the net BER of the new scheme. As
shown in the figure, the higher the cardinality, the lower
the system performance. As the number of symbols

�
N
w

�
increases, the SER of MPPM would increase, as given in
Eq. (27), and the net BER of the hybrid modulation
technique would increase as well.

3) RS-Coded Hybrid QAM-MPPM: Figure 16 shows the
performance of the RS-coded hybrid QAM-MPPM scheme,
with �N;w;Mq;Rb� � �4;2;8;430 Mbps�, over strong and
moderate turbulence channels, σR � 1.1 and σR � 0.75, re-
spectively, with different RS code settings. RS(255, 239),
RS(255, 223), and RS(255, 207) are investigated. These
RS codes can correct up to 8, 16, and 24 symbol errors,

respectively, with each symbol 8 bits in length. As shown
in Fig. 16, the use of RS channel coding provides a signifi-
cant improvement over the turbulence channel. The coded
scheme outperforms that without coding by more than
7.5 dB at SER � 10−3 in the case of a strong turbulence
channel and by more than 10 dB at SER � 10−5 in the case
of a moderate turbulence channel. It is noted that using the
RS(255, 223) and RS(255, 207) codes improves the system
performance by 2 and 3 dB, respectively, when compared
with that of RS(255, 239).

VII. CONCLUSION

The performance of a hybrid QAM-MPPM modulation
technique has been investigated. The block diagrams for
both the transmitter and receiver for the new technique
have been introduced. The BER performances of the hybrid
scheme for both turbulence-free and gamma–gamma tur-
bulent FSO channels have been investigated. The BER per-
formance of the hybrid QAM-MPPM scheme has been
compared to those of traditional QAM, MPPM, and OOK
schemes under the conditions of a comparable transmitted
data rate, the same bandwidth, the same average energy,
and the same channel state. Our results reveal that the
system adopting the hybrid scheme outperforms systems
adopting traditional techniques and is more power effi-
cient. The effect of the number of signal slots w and the
cardinality of the MPPM symbols on the BER of FSO sys-
tems adopting the new technique are investigated as well.
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