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INTRODUCTION

Although free space optical (FSO) communication has attracted a wide spectrum of applications since it is a license free
and highly bandwidth access technique ¥, it has to overcome many challenges that originate from free space propagation media.
These challenges may include snow, fog, smog and aerosol scattering, which leave the terrestrial FSO communication link weak
to adverse weather conditions. Atmosphere turbulence causing by atmospheric temperature and pressure inhomogeneity is the
major impairment in FSO communication and this will lead to optical signal refractive index fluctuations 2. When the optical signal
passes through such a turbulent atmosphere, it will experience random fluctuation in the intensity that’s lead to fluctuations in
the received signals' amplitude and phase. This phenomenon is termed as scintillation 1. Degradation of the FSO communication
performance is the direct effect of scintillation due to causing deep signal fades and thus increasing the bit error rate ©.,

Many techniques are proposed to mitigate the effects of atmospheric turbulence including error control coding #, adaptive
optics 1%, and diversity technique ©. Error control coding schemes may introduce a huge timing delay and efficiency performance
degradation due to increasing the processing complexity and the number of redundant bits . Adaptive optics schemes are mainly
used in astronomical applications. However, these schemes introduce lose in signal energy which can be compact through longer
observation time. Thus, these methods are not suitable for real-time communication applications purposes ©\. Receiver spatial
diversity technique is based on using multiple separate photodetectors on the reception side, these photodetectors will simultane-
ously receive multiple copy of the transmitted signal which experience different channel fade effects, then combining these copies
of the signal to mitigate the channel effects, and this will lead to increasing the signal to noise ratio ©.

The ultimate goal of any modulation scheme is to send as largest amount of data over the smallest spectral with least power
needed. The Pulse Position Modulation (PPM), Pulse Amplitude Modulation (PAM) and On-Off Keying (OOK) are the most com-
monly used modulation techniques in FSO communication systems depending on the specific requirements of the certain optical
system such as system simplicity, power and bandwidth efficiency ..
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The effect of atmospheric turbulence channel on the performances of optical modulation schemes is studied in many lit-
eratures, where the BER upper bound of M-ary PPM over the turbulent channel with an avalanche photodiode (APD) receiver is
derived in ©®, The BER performance of the atmospheric turbulence FSO with APD receiver for BPPM modulation using multiple
input multiple output (MIMO) techniques is explained in .,

In this paper, a proposed system based on receiver spatial diversity with selection combining (SelC) technique is introduced;
the purpose of the proposed system is to mitigate the atmospheric turbulence channel effects on the optical signal that transmit-
ted over the FSO channel. The BER expressions of the PPM, PAM and OOK modulation schemes over atmospheric turbulence
channel with log-normal distribution are derived. The performance comparisons analysis for these three modulation schemes
including the effect of different turbulence levels is presented. The performance comparisons include the effect of the number
of receiver photodetectors, and the effect of variation of M-PPM, L-PAM modulation levels, on the system BER performance is
presented. In addition, the performance comparison between the PPM and PAM schemes in term of the system bandwidth re-
quirement is discussed in this work.

This paper is organized as follows: Section Il includes an atmospheric turbulences description. Section Il gives the system
and channel models. In Section 1V, the BER system performance expressions for the PPM, PAM and OOK modulation schemes
with spatial diversity receiver are derived. Finally, results and conclusions are given in Section V and Section VI, respectively.

A BACKGROUND OVERVIEW

The atmospheric turbulence phenomena degrade the performance of the FSO communications by causing a random varia-
tion of the received optical signal that leads to signal fluctuations. The atmospheric turbulence effects may include the electro-
magnetic scattering from the atmospheric molecules that causes optical energy redirection 0. The second effect is due to the
density inhomogeneity in the atmosphere, caused by pressure and temperature fluctuations, which creates random variations of
refraction index n throughout the optical signal propagation medium. These variations can be expressed as a sum of an average
term and a fluctuating term as given in the following 1],

N=n,+9, 1)
where n_ is the average value of the refractive index and (9,) is the fluctuation component that is induced by the spatial variations

of temperature and pressure in the atmosphere. The associated power spectral density @ (k) of the refractive index fluctuations
is described by the Kolmogorov model as the following 4

_ 27 -11/3 1 1
@, (k)=0.033C2 k™", <k )

0 0

where Cf is the refractive index structure parameter, k is the spatial wave number, | is the inner scale of turbulence, and L is the
outer scale of turbulence. The main effect of atmospheric turbulence is due to scintillation that causes random fluctuations in the
amplitude and phase of the received optical signal. A common measure of scintillation is known as scintillation index (afc ), that
is given as (12

, <I’>

sc

= -1 3)

<I>?
where > <is the received optical signal intensity. The Huffnagel-Valley Boundary (HVB) model is used for modeling the terrestrial
FSO communication link, which can be described as 12

2
_h —h _h
C2 (h)=0.00594) - | (10°1)" exp| —= |+2.7%10" exp| —— |+1.7%107™ exp| — 4

Here h is the altitude in meters (m), and v is the wind velocity in meters per second (m/sec).
System and channel models

In this paper, a receiver spatial diversity with selection combining technique is proposed. Considering a single laser diode
transmitter with A aperture area and N positive intrinsic negative (PIN) photodetectors at the receiver, the received power will be
equal to received signal intensity. The aperture area of each detector in the N-photodetector receiver system is assumed to be
(A/N), where A is the aperture area of the PIN photodetector under single transmitter single receiver (SISO) system. The SelC linear
combiner compares all the received signals through its multiple branches and selects the branch with the highest signal intensity
level, the output of the combiner is the signal with the highest intensity and this makes SelC technique less complexity compared
to the maximum ratio combining (MRC) and equal gain combining (EGC) techniques. The additive white Gaussian noise (AWGN)
models the noise channel. The received signal at the n" photodetector is given as &
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r,=snl, +v

n

,n=1...N (5)

where s is the transmitted information bits, n is the optical to electrical conversion efficiency of the receiver, v_ is the additive white
Gaussian noise with zero mean and variance of GVZ = N, /2. The fading channel coefficient | which models the channel from the
transmitter to the n" photodetector is given by !

I, =1, exp(2Xn) (6)

where [ is the signal light intensity without turbulence and X is the identically distributed normal random variable with mean £,
and variance O'f . The probability density function (PDF) of the received signal over the log-normal channel model is given by 12

J 2
—|n| 2= |-
| (2 )n

exp

I =
f( n ) 2Ino_x \/E 80‘3 (7)

where | is the received signal intensity in the presence of turbulence and /, is the received signal intensity without the effect of
turbulence, o"f is the log-intensity variance and (i is the mean of log-intensity variance, which related to the scintillation index
through the following (o2 =452), (, =-207) Bl For spatial diversity system with N photodetectors, the total average received intensity
power is given by ( ,:%i,” ) 12,

Derivation of bar expressions for the receiver spatial diversity

Firstly, let’s consider the OOK modulation scheme at the transmitter and spatial diversity with N-PIN detector at the receiver,
the probability of error in ideal channel condition i.e., in the absence of turbulence is given by [

1
BER, = Q| IRy, |—— 8)

30

where Rp is the PIN detector responsivity and R, is the system data rate. The noise variance o*v2 is the summation of the shot noise
and the thermal noise variances. The shot noise is caused by background light while the thermal noise is a result of thermally
induced random fluctuations in the charge carriers in the resistive element of the photodetector [*4, Q is the Gaussian-Q function,
which is given by the following expression 1%,

1% x
x)=—|exp| ———— |dO 9)
Q( ) 7[;[ p( 2sin” @ j
The average BER can be obtained by averaging equation (8) over the PDF of / as:
K 1
BER = {Q LR, o f£(1,)dl, 10)

The integration of equation (10) has no closed form solution. So, we have to solve it numerically based on Hermite poly-
nomial which gives approximately the same value through the summation of its basis values which are roots and weights. The
Hermite polynomial formula is given by 19!

0 Ns
[g(x)xede~ > wxg(x) (11)

i=—Ns, i#l
where [xl.];\f1 and [w,1Y, are the roots and the weights of the sth order Hermite polynomial. It was shown in ¥ that accurate results
can be obtained if N, > 10. To apply the Hermite polynomial of equation (10), variable x is represented as the following :
1
n
In 7 — MU,

. 0

2 (12)
\ 80,
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From equation (12) | and dl_in terms of x and dx from equation (12) as

I, =éxp (\/g ), X+ p, (13)

dl, =\/§In o, dx (14)

By substituting equations (13) and (14) in equation (10), equation (10) can be rewritten as

0

BER =— j 0| I,R, exp(x+/80> W (15)

—00

Then,

17 - 1 2 1
BER:E_J;e XﬁQ(IORPexP(x*/gav)*/Rbaf ]dx (16)

By appling the Hermite polynomial of equation (11) to equation (16), the BER of OOK modulation scheme over the FSO log-
normal fading channel can be expressed as:

Ns

BER~1 y wa(IR exp(x,/SG ) IZJ (17)

1* Ns,i#l Rbo-v

Hence, BER expression of N-photodetector spatial diversity system over log-normal channel with OOK modulation scheme
at the transmitter is given by:

1 &1 80” 1
BER ~— —w. xO| I R,exp| x. v
Z]:V \/; i Q 0" P p i N RbO_VZ (18)

Secondly, to drive the BER of M-PPM scheme over FSO channel, we follow the same steps for driving the BER of the OOK
modulation scheme starting with the BER of M-PPM scheme without turbulence which is given by 3

BER, :%xQ(!ﬂRP %]

b noise

(19)

where, M is the M-PPM modulation order, taking into account the FSO turbulence effects, the BER of M-PPM scheme is

Milog,(M)
e jdx (20)

noise

M% . 1
BER ="—|e™* x——0| I.R, exp(x+/8c°
2! &Q(OPpm/ :

Applying the Hermite polynomial of equation (11), the BER expression of M-PPM over the log-normal fading channel using
PIN detector can be approximated as

l
BER~ Z\FWXQ[IRexp(x\/ )J%I‘;fz(M)] 1)

Hence, the M-PPM final expression of bit error rate of N- PIN photodetector spatial diversity system is given by

8c” | |Mlog,(M)
BER~M Z wa I,R, exp xM/ I 2R; 22)

noise

Finley to find the BER expression of L-PAM scheme, we start with the L-PAM probability of error, without turbulence which is
given by 13!

gR, = 27D Q[ Zog2<2L>J (23)

LLog,(L) L-1

I; v

where, L is the L-PPM modulation order, The BER of L-PAM over the FSO turbulence channel is given by,

_2L-)) Ry B logz(L
~Lio5.0)) j [ Cexp(xy8a )/ J (24)
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Applying the Hermite polynomial of equation (11), the BER expression of L-PAM over log-normal fading channel using PIN
detector can be approximated as

L 2D 1 1Ry 80, | |log,(L)
" LLog,(L) ,ZMJZW"XQ[Llex”[x“ N N Ro (25)

The final expression of the L-PAM bit error rate with N-photodetector spatial diversity system over log-normal FSO channel is
given by

2L-1) & 1 IR, 8o | [log,(L)
FR~ ——— — W Znp 2P | e\ )
LLog (L), 2, Jr W’XQ[Ll PUNN N R (26)
Another important indicator to evaluate the performance of FSO communication systems over the turbulence channel is
the system requirements bandwidth which measures how much data can be transmitted over the spectral frequency in terms of
modulation order and data bit rate. The bandwidth of the M-ary PPM (BWM_PPM) scheme is given by ¢!
M
BW, =—R 27
M—-PPM ZOgZ(M) b ( )
While the bandwidth of L-ary PAM (BW,_,,,, ) scheme is given by 1©

1

BW, =——R
L-PAM logz (L) b (28)

The block diagram of the proposed system model is depicted in Figure 1, where the information bits are modulated using
either OOK, M-PPM or L-PAM scheme. The laser diode is used to modulate the symbols. The transmitted light propagates over
the log-normal fading channel. At the receiver, the PIN photodiode converts the light intensity into electrical current and Selection
Combiner is used to estimate the transmitted information bits.

F
S PIN 1
o \—1
Bits 00K, M- ¢ PIN 2 < Selection .
Source | ~| PPM, L-PAM Laser H /Combineré Demodulation
“| Modulation Diode A
N
N
E PIN N
) I

Figure 1: Block diagram of the proposed system model.

RESULTS AND DISCUSSIONS

In the following analysis, it is assumed that the proposed system has N-PIN photodetectors with RD=O.9 (A/W) responsivity,
system data rate is (800 Mbps) and the order of Hermite polynomial is equation (20).

In Figure 2, the achieved BER performance of 2-PPM and 2-PAM schemes against the received light intensity (ID ) at turbu-
lence level (crf. = 0.3) and different number of photodetectors N is depicted. The results of Figure 2 indicate that the 2-PPM scheme
achieved better BER performances than the PAM scheme for the different number of N. Where, for the case of 4-N detectors, PAM
need extra (3.5 dB) to achieved (10°) BER comparing with the PPM scheme for the same number of N. It is also clear that, the in-
creasing of the number of receiver photodetector will lead to decreasing the BER for the same modulation scheme, where the 4-N
PPM requires (1 dB), (1.5 dB), and (2 dB) less power than 3-N, 2-N, and 1-N PPM for (106) BER, while 4-N PAM requires (1 dB), (2
dB), and (3 dB) less power than 3-N, 2-N, and 1-N PAM for the same value of BER.

The plotting of BER performance of OOK, M-PPM, L-PAM schemes against the received light intensity (/ ) with 2-N photodetec-

o

tors at trublunce level (af :0-7) and various modulation orders M and L is shown in Figure 3. The results of Figure 3 clearly indi
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Figure 2:. BER performance of 2-PPM, 2-PAM schemes against the received light intensity (I ) with (1,2,3,4-N).

cate that the required (/ ) to achieved particular BER is decreases with increasing the modulation order M in M-PPM scheme, while
the required (/ ) to obtain any desired BER is increases with the increasing the modulation order L in L-PAM scheme. In addition, it is
also clear that the BER performance of OOK scheme is equal to the performance of 2-PPM. The 32-PPM requires (3 dB), (7 dB), (9.5
dB), and (13.5 dB) less power comparing with 16-PPM, 8-PPM, 4-PPM, and 2-PPM, for (10°) BER, while 32-PAM requires (1.5 dB),
(2.5 dB), (3 dB), and (3.5 dB) more power than 16-PAM, 8-PAM, 4-PAM, and 2-PAM for the (10) BER. The 32-PPM scheme requires
(17.5 dB) less power than 32-PAM scheme to achieve BER of (10), which clearly indicates that the higher modulation order of the
M-PPM scheme led to less BER performance comparing with other modulation schemes.

Figure 3: BER performance of OOK, M-PPM, L-PAM schemes against the received light intensity (I ) with (crf = 0.7).

I
o

The required bandwidth performance comparison of the 2-PPM and 2-PAM schemes verses (/) for 1-N,4-N and 8-N photo-
detector numbers is shown in Figure 4 with turbulence level (O'f = 0.9) . It can be seen from the figure that with increasing the
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Figure 4: Bandwidth performance of PPM, PAM schemes against the received light intensity (1 ) with (af = 0.9).

number of photodetectors N, the required (/) will decrease to achieved bandwidth for both PPM and PAM schemes although the
PAM scheme shows slightly better bandwidth performances than PPM for all value of N. The Figure 4 shows that 8-N PAM requires
(15 dB) and (55 dB) less power than 4-N, 1-N PAM to achieve 1 GHz bandwidth, while the 8-N PPM requires (10 dB) and (50 dB)
less power than 4-N, 1-N PPM to achieve the same bandwidth, these results indicate that PPM is less bandwidth efficiency than the
of the PAM technique and the required power is increased with increasing the bandwidth value for the both modulation techniques.

CONCLUSIONS

This paper presents a performance analysis study for using receiver spatial diversity technique for the FSO modulation
schemes OOK, M-PPM and L-PAM. The BER expressions of the three modulation techniques are derived under the log-normal
distribution fading channel condition. A significant improvement in BER and bandwidth performances are achieved with increas-
ing the number of receiver photodetectors. It was concluded that the M-PPM with higher modulation order has more efficient BER
performance comparing with other modulation schemes of the same number of the photodetectors. It was also concluded that
L-PAM scheme is more bandwidth efficiency comparing with M-PPM scheme for the same channel turbulence level.
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