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Abstract— In this paper, we introduce a study for the
performance of intensity modulation (IM) techniques
over gamma-gamma (GG) distributed free-space optical
(FSO) channels. We derived closed form expressions for
the average bit-error rate (BER) of thermal noise-
limited FSO systems adopting various IM techniques.
The effects of the atmospheric turbulence and the
propagation wavelength are studied. A comparison
among different IM techniques in term of transmitted
peak power to achieve certain BER is presented. Results
show that OOK has the best BER compared with other
IM techniques. In addition, according to peak power,
PPM and MPPM are more power efficient than DPPM
and DMPPM, respectively.

1. Introduction

Recently, free-space optical (FSO) communications has
received great attention due to its advantages over radio
frequency (RF) communications. These advantages include
wide modulation bandwidth, inherent security, immunity to
electromagnetic interference and license free [1-3]. These
great advantages promote the FSO transmission to be used
along with the RF one in different communication networks,
i.e, fifth generation(5G) mobile networks [4-6]. However,
FSO transmission is very sensitive to weather conditions,
such as fog attenuation and scintillation (i.e., atmospheric
turbulence) [7]. In order to overcome the scintillation effect,
power efficient modulation techniques should be used [8].

Intensity modulation (IM) techniques are mostly used
with optical wireless communications due to their simplicity
and power efficiency [2]. IM techniques include on-off
keying (OOK) [3], pulse position modulation (PPM)
[91,[10], multipulse-pulse position modulation (MPPM),
differential PPM (DPPM) [11] and differential MPPM
(DMPPM) [12]. OOK is the dominant scheme used in
commercial FSO communication systems. In OOK
signaling, a transmitted optical pulse represents 1 and the
optical absence represents ’0”. It needs a threshold level to
detect the transmitted bits at the receiver side [13].
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One of the most power efficient techniques which can
be detected using soft detection is PPM [14]. In this scheme,
the transmission time is divided into equal consecutive
frames which represents PPM symbols. Each PPM symbol
is divided again into Q equal time slots where only one
optical pulse is transmitted during one of the Q time slots in
each signal frame. The information is represented by the
position of the pulse in each signal frame as in Fig. 1(a).
Therefore, log,(Q) bits are transmitted during every PPM
symbol [8]. In order to improve the spectral efficiency of
PPM, MPPM was proposed at the expense of increasing the
encoding complexity and decreasing the power efficiency
[14]. In MPPM scheme, K optical pulses are transmitted in
multiple slots in a frame of Q time slots length has in Fig.

1(b). Thus,(IQ() symbols can be formed and transmitted, in

other words log, (IQ(

per MPPM symbol [ 8].

)bits of information can be transmitted

DPPM and DMPPM are modifications of PPM and
MPPM, respectively, where the symbol length is allowed to
vary as in Fig. 1(d) and (c), by removing the ”0”s after the
last ”1” to get higher spectral efficiencies compared with the
PPM and MPPM.

BER performance of OOK was discussed with space
diversity reception technique (SDRT) over gamma-gamma
atmospheric turbulence transmission but without a clear
final expression of average BER in [15]. Adaptive threshold
OOK was studied over log-normal distribution which
describes fading under weak atmospheric turbulence in [16].
The BER as a function of average power were studied using
negative exponential distribution which models strong
turbulence in [17]. The performance analysis of PPM and
MPPM techniques under gamma-gamma distribution of
FSO thermal noise limited and shot noise system were
investigated in [1].

In this paper, we compare the BER performance of
different IM techniques under different operating and
weather conditions to make a guideline for using the IM
techniques under FSO channels. In addition, some of the IM



techniques (i.e. DPPM and DMPPM) do not have closed
form bit error rate (BER) expressions under gamma-gamma
(GG) turbulent FSO channels, thus, we derive closed form
expressions of BER for thermal noise-limited FSO systems.
The effect of changing the operating laser source
wavelength on the performance of these systems are
investigated under different atmospheric conditions.
Moreover, comparison among various techniques is in term
of peak power to achieve certain BER performance.

The rest of the paper is organized as follows. In
Sections 2 and 3, BER expression is explored for non-
turbulent channels and PAPR is discussed for different IM
techniques, respectively. In Section 4, expressions for the
union bound of the average BER of thermal noise-limited
systems over gamma-gamma channels is derived,
respectively. The performance of IM techniques is
numerically investigated and compared in term of peak
transmitted power under different atmospheric conditions in
Section 5. Finally, the conclusions are drawn in Section 6.

2. BER Performance under Non-Turbulent Channels

To identify the differences among the different intensity
modulation schemes, we study the performance of these
modulation techniques under non-turbulent channels.
The bit error rate (BER) can be expressed as [18]

. JN_) (1)

Where the minimum Euclidean distance between two
symbols is d;,, the power spectral density of the noise is
Ny/2 and the cardinality of the constellation is M. Ageneral
BER expression for different IM schemes can be written as

BERy < Berfc(C/yx) (2)

WhereB and C depend on the type of the modulation
scheme and are given in Table 1 and the yyaverage signal-
to-noise ratio (SNR) which is expressed as [1],

M
BER < Zerfc(

_ R%P,

on

(3)

whereP,, is the average received optical power, 62 is the
additive white Gaussian receiver noise variance andRis the
photodiode responsivity.

Yk

3. Peak-to-Average Power Ratio Analysis

Due to the limited dynamic range of real communication
systems, peak-to-average power ratio (PAPR) is an
important metric to compare different modulation
techniques [22]. High PAPR causes signal distortion and
leads to performance degradation [22].

In Table 2, different expressions of PAPR required for
each IM scheme are listed. It can be noticed from
Table 2 that PPM based schemes, increasing number
of time slots per frame, Q, leads to decrease the average
power and as a results the PAPR increases. Furthermore,
increasing the number of optical pulses per frame, K,
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decreases the PAPR because of decreasing the peak
power as in MPPM. For OOK scheme, PAPR depends
on the cardinality level, M, which is constant for OOK
scheme (i.e:; M = 2). Both DMPPM and DPPM
provide lower PAPR compared to MPPM and PPM,
respectively, for the same frame length, Q because of
the variable symbol length.

4, BER Under Gamma-Gamma
Turbulent FSO Channels

In this section, we derive union bound Bit-error rate
(BER) expressions of thermal noise-limited intensity
modulated (IM) systems over gamma-gamma
turbulence FSO channel. Optical transmission suffers
from two fundamental noise sources that affect FSO
receivers: shot noise (which originates from input
signals or background radiation) and thermal noise
(which arises from photo detector load resistor and
amplifier noises) [23]. Shot noise dominates over
thermal noise only if received power is high. This
could happen if transmitter and receiver are close to
each other in some optical networks. Otherwise, shot
noise could be neglected. Mostly, the received power
is low at most of the receivers where thermal noise
dominates the shot noise. In addition, a PIN-based
receiver is more common to be used in IM systems and
it is usually thermal-noise limited [2]. In this section,
we drive union bound symbol error rate expression of
thermal-noise limited IM system over gamma-gamma
turbulence FSO channel. Gamma-gamma model has
gained a wide acceptance because it is suitable for
strong and weak atmospheric turbulences [7]. This
model can be adjusted by two parameters (o and )
which are the effective numbers of large and small-
scale eddies of the scattering environment and those

parameters basically depend on the Rytovvariance 3.

4.1 GG Turbulence FSO Channel
Model

GG distribution has gained a wide validation for strong
and weak atmospheric turbulences [24]. The
probability density function (PDF) of GG distribution
is given as [27]

a+p
2(ap) 2

_ ey
f(h) = YORO) h Ju—p(2y/aph)

4)

where h is the FSO channel state gain i.e: h > 0, I'(*)
donates Gamma function, Jx(¢)is the second kind



modified Bessel function of order x. The scintillation

parameters, o and 3, are expressed as [25]
-1
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respectively, where o% = 1.23C2 (2711) *L"6 with

C2is the refractive-index structure parameter, L is FSO
propagation distance and A is the operating optical
wavelength. Based on link equation of FSO channel in
[26],the average received power as a function of FSO

system parameters can be expressed as
2

A
P = 464G (37) DR ()

whereP, is the average transmitted power, ; and (. are
the efficiencies of transmitter and receiver,
respectively, G and G, are the telescope gains of
transmitter and receiver, respectively. For simple
analysis, we assume identical transceivers systems,
ie:¢ =4 =Cand G, =G, = G = (nD/A)?, where D is
the telescopic diameter [28]. Thus, the average
received power can be simplified to

R = (2) hRe®)

where A =mD?/4 is the aperture area. Therefore, the
average signal-to-noise ration can be expressed as a
function of the FSO channel gain as

A}, 5 P2
vi(h) = R? (37) 02 75(9)

4.2 Union-Bound BER of IM Techniques under FSO
Turbulence Channels

The average BER for different IM techniques can be
calculated following a similar approach as [1]:

BER{Y = [, BERyy f(h) dh (10)
Substituting (2) and (4) into (10), we get
atf
i a2
BERY, < (11)
T(0)r'p) -0

X erfc(C\/@) ah
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By expressing erfc(¢) using Meijer-G function [27] and
Ja—p (®) using [27], we get

a+p
B(ap) 2z

BER%, < L

VAL ()T(B)

a—p —a+p
2

o+
«hz Gy (th

2’ ) dh (12)

|
0 —
622 (@1 ys)
By substituting of y,(h) from (9) into (12) and using
Meijer-G function integral expressions in [27], a closed-
form expressions for union bound of average BER over FSO
channels of intensity modulation schemes can be expressed
in (13), where C and B can be obtained from Table 1.

BER®, < ot
IM 7;3/132 21_[;((?1_‘(%) 5,2
2 |1- - —a 2—a
R (CA ZPt _I_;_:_il
X <(4Ca_ﬁ(ﬁ) ;) 2727272 ) (13)

5. Numerical Results

In this section, comparison between performance of thermal
noise-limited FSO systems adopting different intensity
modulation techniques is presented in terms of transmitted
peak power and average transmitted power per bit using
Gamma-Gamma distribution for weak, moderate and strong
turbulences (C2= 5.2x10716 m~2/3, C2= 2.1x10"m™2/3
and C2= 1.3x10""m™2/3 respectively) and two operating
wavelengths (850 nm and 1550 nm) for the same bandwidth
and comparable bit rates (M-ary PPM (M = 7), DPPM (M =
23), MPPM (20,2), DMPPM (54,2)).

5.1 Peak power-limited scenario

Increasing the transmitted peak power increases the signal to
noise ratio and the performance of the communication
system improves. However, there are some constraints on
the peak power related to the dynamic range of the source to
limit the non-linear distortion caused form high peak power
[28]. The modulation technique that can achieve high
performance at lower peak power is desirable.

Figure2showstheperformanceofIMmodulationschemes
in term of transmitted peak power (dBm). We plot the
average BER versus transmitted peak power (dBm) at
wavelength (A 1550 nm) and at different
atmospheric turbulence levels with noise variance o, =
25x1071*A2.As shown in Table 3,



a) PPM (Q =4) b) MPPM (Q =4, K=2)

=

d) DPPM (Q =4) c) DMPPM (Q=4, K=2)

Figurel: Representation of 2 bits symbols for different modulation techniques

Table 1: BER Parameters for Different IM Techniques

Scheme B C References
OOK 1 1 [3], [13],
2 V2 [19],[20]
PPM Q Q [3], [19],
4 2 [20],[23]
DPPM @+1 @+1) [11],12], [3]
8 4
MPPM (Q) Q [21], [3]
K 2K
4
DMPPM Q+K Q+K [12]
P 4K
4
Table 2: Peak-to-average power ratio (PAPR) of various intensity modulation schemes.
Scheme PAPR
OOK 2
PPM Q
DPPM @+1)
2
MPPM 9
K
DMPPM Q+K
2K

@ DMPPM(Q =54 K=2)

BER

Average

5 10 . 15 20 25 30
Transmitted peak power (dBm)

Figure 2: Average BER versus transmitted peak power (dBm) for IM modulation schemes at different atmospheric turbulence
levels at wavelength = 1550 nm and ¢;? = 25x107* A2
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Table 3: Peak powerof IM schemes with the same data rate at a BER of 107°.

Scheme l:)peak 1 (dBm) l:’peak 2 (dBm) l:’peak 3 (dBm)
Weak Turbulence Moderate Turbulence Strong
Turbulence

OOK -8.25 3 25.6

PPM -8.9 3.25 28.5

DPPM -8.6 4 30.5
MPPM -7 8 40
DMPPM -5.1 4.5 44

Figure 3: Comparison between average BER of IM modulation schemes at weak atmospheric turbulence at wavelength = 1550 and
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Figure 4: Comparison between average BER of IM modulation schemes at moderate atmospheric turbulence at wavelength =
1550 and 850 nm and o2 = 25x1071*A2

Table 4: Average BER of IM schemes at weak and moderate atmospheric turbulences at low and high peak power.

Weak turbulence Moderate turbulence
C2=52x10"16m23 C2=21x10"15m23
Scheme P, = —14 P; =-4 Py = —10 Py, =0
(dBm) (dBm) (dBm) (dBm)
BERat | BERat BER at BER at BER at BER at BER at BER at
850 nm | 1550 nm | 850 nm 1550 nm | 860 nm | 1550 nm) | 850 nm 1550 nm
00K 1x107% | 3%x1073 | 1x107% | 1x10™% | 1x107%| 4x1073 2% 107° 7 x107°
PPM 1x107% | 1x107% | 1x107* | 1x10% | 2x107%| 5x 1073 3x 10°° 9% 107°
DPPM | 2x107%|3x10%| 1x107* | 1x10™% | 4x107%| 8x 1073 6x 107° 1% 1073
MEPPM 3x1073 0.04 1x107* | 1x 107 0.06 0.13 9x 104 2% 10°%
D-MPPM 0.028 0.415 1x107* | 1x 107 0.2 0.6 3x 1072 1x1073
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Figure 5: Comparison between average BER of IM modulation schemes at strong atmospheric turbulence C2=
1.3x10""*m~2/3 at wavelength = 1550 and 850 nm and
o2 =25x10"1*42

To achieve average BER (10, at weak turbulence,

DMPPM requires the highest peak power per pulse

compared to other techniques, approximately 2 dBm higher

than MPPM for the same transmitted data rate because the

varying length of the symbol increases the error

probability, thus, DMPPM requires higher peak power to

achieve the same performance compared to other IM

techniques. Although, MPPM, DPPM provide higher

spectral efficiency more than PPM but this comes at the

cost of higher peak power. When atmospheric turbulence

level increase, the behavior of IM schemes doesn’t change

dramatically. But it needs higher peak power to achieve the

same average BER performance to overcome the effect of

this turbulence level increases. Moreover, PPM still

provide the best performance compared to others for all

values ofC?2.

Figures 3 and 4represent the effect of changing wave length
on the performance of the system at weak, moderate
atmospheric turbulences.

As shown in table4, the main observation is, at the same
value of C? when the power is low, the effect of noise on
system performance dominates the turbulence effect. As a
result, the performance of all schemes operated at
wavelength 850 nm is better than their performance at 1550
nm because the telescopic gain is inversely proportional
with the square of the operational wavelength. However, at
a certain point, as the power increases the performance at
1550 nm becomes better than the performance at 850 nm.
Because at high power, turbulence dominates and the
transmitted signals at higher wavelength suffer less
turbulence than signals transmitted at short wavelength
because of the inverse relationship between of and A7/ .
Figure Srepresent the effect of changing wave length on the
performance of the system at strong turbulence. It shows
that changing the wavelength doesn’t provide a significant
effect on performance of the system at strong turbulence.

6. Conclusion

Closed form expressions for average BER of thermal noise-
limited FSO systems adopting different intensity modulation
(IM) techniques have been driven over gamma-gamma
(GG) distribution. Comparison among different IM
techniques under different atmospheric turbulence levels has
been investigated in term of transmitted peak power. Our
results show that, although DPPM and DMPPM provide
lower PAPR, their variable length frames increase their
probability of error.
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In addition, according to peak power, PPM and MPPM are
more power efficient than DPPM and DMPPM,
respectively. For example, at weak turbulence, PPM saves
peak power around 0.3 (dBm) and MPPM saves around 1.9
(dBm) compared with DPPM and DMPPM, respectively.
Moreover, the effect of changing source wavelength has
shown that, at low power, the short wave length based
system is better than the long wavelength based ones. For
example, at low power, DPPMachieves BER around
4 x 1073and 8 x 1073 at wavelength 850 nm and 1550 nm,
respectively while at high power, DPPM achieves 6 X
10~°and 1 X 10 °at wavelength 850 nm and 1550 nm at
moderate turbulence.
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