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Abstract: Problem statement: The optical signal propagating through the Freec&g@ptical (FSO)
channel suffers from irradiance and phase fluatnaticaused by the atmospheric turbulence, which
results in Bit Error Rate (BER) performance degtiadaApproach: In this study the performance of the
Multilevel Coherent Polarization Shift Keying (M-ROSK) based FSO communication system operating
over the gamma-gamma turbulence channel is inestlg To mitigate the turbulence induced fading,
the convolutional coding and spatial diversity t@gnes are employed. The upper BER bounds are
derived using the transfer function technigResults. For example, with a SNR of 30 dB, the BERs for
uncoded and coded M-POLSK are 0.047 andtTi04, respectively in the weak turbulence regime. When
the Maximum Ration Combining (MRC) technique empigyfour detectors are used in the receiver, the
power gains ofi31.4, (9.5 and[b7.9 dB are achieved for weak, moderate and sttorigulence
regimes, respectivelyConclusion: We have also shown that the spatial diversityreffacreased link
margin as the scintillation level rises. Comparedhe angular modulation, the proposed M-POLSK
scheme offers high immunity to the phase noises thducing the power penalties.

Key words: FSO, Maximum Ration Combining (MRC), Spatial Dsity (SD), atmospheric
turbulence channel, Field of View (FOV), PolaripatiController (PC), Polarization Beam
Splitter (PBS), Phase Modulator (PM)

INTRODUCTION (assuming no windows and transparent barriersl thu
making eavesdropping a difficult task. For outdoor
Unlike Radio Frequency (RF) based wirelessapplications, a laser transmitter with a highly
systems which suffer from bandwidth constraintsQFS directional and a cone-shaped beam profile normally
systems offers full-duplex gigabit rate throughpthis  installed high above the street level thus makes
makes it a suitable technology for delivering bimenti  interception difficult. Therefore, anyone trying tap
wireless services for certain applications inclgdthe  into the communication link can be easily detecad
metropolitan area network, enterprise/local areany equipment placed within the narrow optical foot
networks, optical fiber backup, enterprise conmvigti ~ Print could easily be identified.
and the last mile access networks (Uyatadl., 2006). However, the FSO link performance suffers from a
FSO offers a number of advantages over the RMRumber of phenomena such as the misalignment due to
technology, including higher data rate, an unregdla the building sway caused by the wind, thermal
spectrum, high immunity to the electromagneticexpansion and weak earthquakes (Uyatahl., 2006;
interference, high security, a small size transaeilow  Arnon, 2003; Tanget al., 2011). Another important
cost and a lower power consumption (Popoola andssue with the outdoor FSO system is the suscéptibi
Ghassemlooy, 2009; Popoodh al., 2008). In indoor of the optical link to the atmospheric conditioffhe
applications, optical radiation is confined withimoms  laser beam propagating through the channel suffers
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from the high attenuation due to the atmospheri®®hase Shift Keying (DPSK) are highly sensitivete t
scatters such as haze, fog and rain, which lingitlittk ~ phase noise effects (Bedt al., 1995). Alternatively, it
range and the system reliability. Fog compared witthas been shown that POLSK offers higher immunity to
rain and haze is the biggest contributor to thé pags. the phase noise and the atmospheric turbulence. The
The attenuation due to thick fog and haze can repdo  polarization states of the laser beam propagating
300 dB km' thus limiting the link range to 100 m through the FSO channel can be maintained oveng lo
(Ramirez-iniguezt al., 2008). Smoke also has a similar link range (Sugianto and Davis, 2006).

effect as fog on the propagating optical signalnfRez-

iniguezet al., 2008). MATERIALSAND METHODS
Even in clear sky conditions, the optical signal
suffers from the atmospheric turbulence, whichls® a The aim of this study is to evaluate the

known as the scintillation (Popoola and Ghassemlooyperformance of the Multilevel POLSK (M-POLSK)
2009; Kamalakiset al., 2006). Scintillation originates modulated FSO system with the coherent detection
from the inhomogeneities in the refraction indexXtd  operating over the gamma-gamma atmospheric
atmosphere caused by the variation in the temperatuturbulence channel. For this purpose, the perfoo@an
and the pressure. Scintillation leads to significanjmprovement by the error control coding and theiaba
fluctuations on the amplitude and phase of thecabti gjversity will be also considered. However, the eod
field (i.e., channel fading) (Popoola and Ghassemlo should be short and simple in order to keep theptexity
2009). The knowledge of statistical distributiontbeé ¢ thig approach reasonably low. The system pedaoa
atmospheric turbulence is necessary to fully syt iy e compared with the coherent BPSK and DPSK in
predict FS.O perfprmance operating over a CleaEerms of the average BER. The noise, comprisingot
atmospheric condition. h the background radiation and the thermal noise, is

The performance impairments due to the " . .
TP o . modeled as the additive white Gaussian processal¥de
scintillation ‘can be mitigated by adopting several sume that the transmitter and the receiver hawe t

approaches including the aperture averaging and t . )
diversity techniques (Uysat al., 2006 Khalighiet al., ~ Perfect link alignment.

2009; Zhu and Kahn, 2003), the adaptive optics )
(Weyrauch and Vorontsov, 2004), the saturated aptic Gamma-gamma turbulence model: The analysis for
amplifiers (Abtahi et al., 2006), the modulation the atmospheric turbulence has been carried ow by
techniques and the error control coding (Uysahl., number of researchers and several theoretical model
2006; Zhu and Kahn, 2003). In (Uysalal., 2006; Zhu have been developed to characterize its behavide.
and Kahn, 2001; 2003) the performances of coded FS8mplest and most widely reported model is the log
links for the log-normal and gamma-gamma channehormal turbulence, which is mathematically convahie
modelsunder atmospheric turbulence have beeand tractable. The log normal model is based on the
investigated. Study also presents an approximaperup Rytov approximation, which requires the unperturbed
bound for the Pairwise Error Probability (PEP) &hel  phase gradient to be large compared to the magnitud
upper bounds on the BER using the transfer functioyf the scattering field wave (Zhu and Kahn, 2003;
technique for the coded FSO links with Intensity popoola and Ghassemlooy, 2009). However, the log
Modulation/Direct Detection (IM/DD). The diversity normal model only covers the weak turbulence regime
technllquesh cor}r:prlsmgb space,d t|med or frgquenc;ovith a single scattering event. For the turbuleimcthe
E)Vé?f\é)?rﬁgﬁ::e) imp:;/rfnents(ijnue t% Sﬁetescint?ltl)atic)lrrir:mvesaturation regime with multiple scatterings, the lo
the spatial diversity technique, where a singlesingm gosrcnplgl %%dze_l KZ?SOTSSS;WSE s(tLrJg::lhalo.f’ ti?&g’enc

with a large Field of View (FOV) is replaced by a i . ; )
group of detectors with a narrow FOV, the posgipili ¢an be described by the log intensity varianteand
the log normal model is only valid fos?. Another

of all the detectors suffering from the deep fade afl
simultaneously is much reduced. Moreover, the apati important parameter for describing the turbulence
diversity scheme limits the amount of backgroumhti ~ Strength is the scintillation index, which is thegl
from unwanted sources that impinges on the specififtensity variance normalized by the square ofntiean
detector, which otherwise could be received by thdfradiance. The experimental results have indictied
single receiver with a wide FOV (Khalighial., 2009).  the scintillation index does not only saturate, blso
The type of modulation schemes in FSO systems idecreases after it researches the maximum valule whi
crucial to ensure the maximum power efficiency. Thethe strength of turbulence continues rising (Karp,
coherent system based on the angular modulatiat;, su1988). In the saturation regime and beyond with the
as Binary Phase Shift Keying (BPSK) and Differentia link length of several kilometres the intensity
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fluctuation is experimentally verified to obey the cz=10"m?? = The typical average value
Rayleigh distribution (Karp, 1988; Popoola and of refractive  index
Ghassemlooy, 2009). To express the turbulencetsffec structure parameter

across all regimes, the gamma-gamma turbulence
model is considered in study.

The gamma-gamma model first proposed by
Andrewset al. (2001) is valid for all turbulence regimes approximately asl.7x10**m?? and 84x107*° m?%®
from weak to strong regimes. It is based on thejuring daytime and night (Goodman, 1985; Uall.,
assumption that the fluctuation of the laser beanpQoe).
propagating through the turbulence medium consists
the refraction () and scattering effects. . I )
Subsequently, the normalized irradianceﬂis exptease M-Polsk modulation principles: _
the normalized product of two independently stiatist A. transmitter: Figure 1 illustrates the block diagram

For FSO links near the ground? can be taken

random processegand b given by Eq. 1: of the M-POLSK transmitter. The state of the
polarization of the laser beam is controlled by a
=111, (1) Polarization Controller (PC) before being fed inhe

Polarization Beam Splitter (PBS). The Transmitting
where, | and } represent the refraction and scatteringLaser (TL) beam is linearly polarized and has/4
effects, respectively and both are governed by th@olarization with respect to the principle axe bet
gamma distribution (Andrewst al., 2001; Al-Habash external Phase Modulator (PM).
et al., 2001). Thus, the Probability Density Function ~~ The emitted optical field of the carrier is
(PDF) of the gamma-gamma model for the receivedexpressed by a complex vectoﬁos(t) in the

irradiance fluctuation is derived as Eq. 2: transverse plane, which is given as Eq. 4 (Cusani
al., 1992):
_2(aB)"?” 2y 2
p(l)—wl K, (2/apl).1 >0 )

Ea() =, P05 @)
where, T'() represents the gamma function ang.X

is the modified Bessel function of the 2nd kind of

order n. The parameters and B characterize the Where, Pwand¢(t) are the power, the angular frequency

optical power fluctuation PDF which are relatedtie ~ @nd the phase noise of the emitted optical carrier,
atmospheric conditions. Assuming that the opticalrespectively. The two vectorg and y and denote the

radiation at the receiver is a plane waseand can  direction along which the field is polarized. Neohbat the

be expressed as Eq. 3a-b (Popoola and Ghassemlogguare root of the field power directly provides th
2009; Andrewst al., 2001): amplitude.

The signalEo(t) is decomposed by the PBS into

“Jex 0.4%7 _ N (3a) two orthogonally polarized components with the équa
(1+0.18d + 0.562" ¥° amplitudes. The amplitude and phase of the optical

component polarized along the axis are modulated
05b2(1+06912/5)_% B externally by the data while they component is

(3b)  transmitted as the reference carrier. The applidthge
to the LINbG based external phase modulator is equal
to either zero or . The applied voltage Vinduces

1+0.9¢ + 0.6280,7%)"°

Where T phase shift in thex -component and zero phase

of =0.5G K™ LY = Logirradiance variance  ghift in the y-component, thus leading to &2

d=(kD?/4L)*?,k=2rt/x = Optical wave number rotation of the polarization of the optical carrighe

A = Wavelength amplitude modulation combined with the phase

D = Diameter of the receiver modulation in x component is described as an eight-
collecting lens aperture  level modulation where the time axis is dividedoint

L L = Link length in meters symbol intervals.
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l(m ©m®) where, Rand¢4(t) are the power and the phase noise of
e %E 7 the received optical signal, respectively. BothaRd
AM N ¢4(t) are time-variant due to the atmospheric turbcée

The parameters,f w, and ¢,,(t) represent the power,
angular frequency and the phase noise of the local

Fig 1: Block diagram of M-POLSK transmitter. AM : ;
oscillator, respectively ant # wy, .

(amplitude modulator).
Each symbol is associated to a value of the The rf,-celveii optical signak: (t)is split by the
optical field and during a symbol interval the PBS into x and y components which are then mixed

subsequent symbol intervals are supposed to bgcal oscillator. Therefore, the decomposed
instantaneous. Under these conditions, the trateanit

optical field Eq(t) at the output of the Polarization Orthogonally  polarized  components Ex(t)and

Beam Combiner (PBC) is expressed as Eq. 5: E, (t) with equal amplitudes are given as Eq. 8a-b:
Es(t) z\/Ee‘[“““’“)]{séV P 5} (5)
2
e, (9= Bedraon B g (8a)
where, the modulation functioyil(0,m) is for h[(1,0) h 2 2

and €0(1,3,5,7) is for {hy b}0(10,11,01,00),

respectively. The vector m(t) is expressed as6Eq.
p y ® p aq Ey(t):{\/ge,[uws(‘)] +@ é[w,otﬂvm(l)]}»\y (8b)
m(t)= " b, rect ( t- K1) (6)
K=o
Following optical-to-electrical conversion, thegrsils
Where: . _ C (t) and ¢(t) at the output of two identical Photo Diodes
b= (0,1) = Transmitted bit (PD) are expressed as Eq. 9a-b (Batsl., 1995):
T = Symbol period and the rectangular pulse
shaping function 2 2
rect(t) = The rectangular pulse shaping function ¢ ()=r ‘fo/z‘ +‘*/E/jf * +n (9 (9a)
is equal to one for (£)(0,T) and to zero JRR,/ Z cofwy ty+q.( }]
elsewhere
Receiver: Figure 2 illustrates the block diagram of the ¢ (1)=r R/ R/ + (9 (9b)
proposed optical coherent heterodyne receiver. The JRR/2copwy. o, ( ]

ideal Optical Band-Pass Filter (OBPF) with a narrow
bandwidth typically 1 nm is used to limit the . .
background ambient light. The optical field of tbeal where, R repreS(ints the photodiode res_ponswze,k;c,
oscillator Eo (t)is linearly polarized at/4 with respect @ ®o and ¢i(t) = ¢4(1)- ¢o(t) are the intermediate

to the receiver reference axes. An Automatic Fraqye angular frequency and the phase noise, respectively
Control (AFC) is used to compensate for the slow-The noise terms ({f) and #(t)) represent the
frequency fluctuations occurring in the Local Ostdr ~ background radiation and the thermal noise whieh ar
(LO), whose control signal is derived from the assumed to be statistically independent, stationary
intermediate frequency electric signal. Generalhe  Gaussian processes with zero-mean and a variance of
éFeftiI;:]Ckl);gg;lOOp circuit acting on the biasrent a’ :%No,No being the double-sided noise power

The received optical field and are uncorrelated an spectral density consisting of the background taufia

can be expressed as Eq. 7a-b: noise and the thermal noise. The electrical signals
c(t)and ¢(t) are passed through the ideal Band-Pass
= o PT jlasslf o dva A Filters (BPF) to reject the constant term andndtlihe
E (t)-\/Ze‘ {Eé x* 3} (7a) additive noise. The bandwidth of the BPF is expmdss
as By = 2(Ri+ke BL) with the center frequency aig,
Eo(t)=ﬂé[“‘°’+“”"('”{3<+3} (7o)  Where R is the symbol rate and, Bs the sum of the
2 transmitting and local oscillator lasers’ line widt
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OBPF PBS BPE

B = PD
AN ZAGINGS L VNl ;
£ » | A > ¥ LPF
L0, ] en® [ :
Ejo(6) .

Fig. 2: Block diagram of the optical heterodyne KMFSK receiver. TH (threshold)

The parametergkmust be chosen to transmit the signals The decision rule which maximizes the correlation
undistorted through the filters (Cusanial., 1992). The metrics is applied to determine the average prdiyabi
BPF in the lower branch is assumed to have a vergf error. It follows that the detector compares the
narrow bandwidth in order to only pass the carriedemodulator output Vwith seven Threshold (TH)
signal with negligible distortion. Therefore, the levels: 0,+R°PRy/2, + R?PR,, + 3R’PR,/2. Therefore,
electrical currents at the output of the BPFs aré decision is made in favor of the amplitude level

expressed as Eq. 10a-b:

Co(t)=yR'PR/ 2 cobwe ty+qe( )]+ n( )t (10a)
Cyb(t):VRZPrHo/ZCOE{wlFHq)lF(t)] (10b)

where, p,(t)[(0,0,°) is additive Gaussian noise at the

closest toyY

Error rate analysis: It has been assumed that the data
transmission is independent and identically disted
(i.i.d.). For equally probable signals, the deaisiole
which maximizes the correlation metrics is applted
determine the average probability of error. Comgare
with the encoded BPOLSK (Tang al., 2010) the

output of the BPF. The additive narrowband noisedVerage power for equiprobable coded M-POLSK

components can be expressed by using the simp%

trigonometric identities given as Eq. 11 (ProaRid01):

N, (t) = Ny (1) CO{(A)”: o (t):|

o (11)
N (t)sm[(’on: t+d . (t):|

where, hu(t) and Ry(t)are the phase and the

guadrature components, respectively, which are band

limited Gaussian with zero mean and a variance,of

P.==
After passing through a Low Pass Filter (LPF), the “ 4+/mNo
higher frequency harmonics have been removed. Thus,

the baseband current c(t) is given as Eq. 12:

(12)

where, * indicates the convolution operatiof(th is

the impulse response of the low-pass filter with a

bandwidth of B = Rs+keB.. The electric signal c(t) is
integrated over the symbol period T, sampled aétim
T. Hence,
demodulator (Proakis, 2001) is Eq. 13:

|

R { @ [secos)dt+ [ 1, (t)dﬁ

1 R°R R
02 2

RPP
2

V, :%J' ecosfy)+ r, (t)} dt

(13)

@scoswﬁ rib}

mbol is increased by a factor of 11, so that the
erage power of each symbol in the coded M-POLSK
system must be reduced by a factor of 11. Thergfore
the average power per bit is defined BP,R.O: P./22.

Since an error can only occur in one directioe, th
BER conditioned on the received optical power befor
the decoder is expressed as Eq. 14:

(RR R A
11 |Je N dxe
(xf«/RzF', R /z]2
.[:,/RZ PR lze " dx
3[R 7 1 ~ R pp i}
+J‘ 2JR?R R, /297( No ‘ ) dX+J‘W 6(7"‘0 ! } (14)
] (x—s,/Rz R R /2)2

dx+ [LFF R e dx [ oe
(foqIRZ R R /2)2 (><—7«/R2 PR /z]2

No

2
dX+‘[ ?;/R P Ry /ze No dx}

In addition, simplifying (14) and substituting the

the output of the correlation-type average power per bit, the BER expression for tued

M-POLSK before the decoder is expressed as Eq. 15:

SERe il
Pav -

5oz ol

(15)

7

4

where, Q(.) is the Gaussian-Q function and p#N® is
the electrical Signal to Noise Ratio (SNR) at thpuit
of the demodulator.
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The PEP is the basic method for the union bound®OLSK-FSO communication system has been considered.
calculation, which is used as the main criteriondode  The union upper bound on the average BER with tmifo
design (Sandalidis, 2011; Simon and Alouini, 2005).error probability codes can be found as Eq. 20q&iis,
Under the assumption of the maximum likelihood soft2011; Simon and Alouini, 2005):
decoding with perfect Channel State InformationlfCS
the conditional PEP subject to the fading coeffitse Tlrw./ 1 0
I=I1 15, ,lis expressed as Eq: 16 (Zhu and Kahn, 2003,Pb SZ?JO {EWT(D(G)’N) |N=1} @ (20)
Uysalet al., 2006):

where, N is an indicator taking into account thenber

p(x)‘(“):ZQ[ LZIi] (16)  of bits in error, n is the number of informatiorisbper

4 \V22 transmission, the transfer function TADN) is in
conjunction with the particular state diagram afoaled
where, X=(Xi,..x)and x=(x,,..x,)stand for the Mmodulation and [¥) depends on the derived PEP. Here
choosina  coded sequence and the transmissiolk€ have applied a convolutional code with the Hte

9 _Sed . L ) 1/3 and the constraint length of 3, as illustratedFig.
sequence, respect|vely~an|s the set of bit intervals’ g 5.5 o (Proakis, 2001). The function generatdrthe
locations whereX and x differ from each other. The convolutional encoder are given as andg ¢100), g =
alternative function form for the Gaussian-Q fumatis  (101) and g= (111). The transfer function is expressed
Eq. 17 (Sandalidis, 2011; Simon and Alouini, 2005): as Eq. 21:

k2

D°(B)N

1w x* -

== - 17 =
Q(x) njo EXF{ 25inzej ® 17) T(D(8),N) 1-2ND ) (21)

Substituting Eq. 16 into Eq. 17 and considerirg th The BER is thus obtained as Eq. 22:
received signal light subjected to fading, Eq. 16
becomes Eq. 18: P Szyr D°(8) @ (22)

. w2 2 475 (1-20%(6))
PN =2 | Tan e L ]cﬂ) (18)

Ty 4 44sirt D(0) is defined based on the underlying PEP

expression. In this study, using the integrand BPP
expression given by Eq. 20, the approximatior®)D(
formula for the channels under consideration isZ3j.

We need to take Eq. 18 as regard®lobtain the
unconditional PEP. Assuming perfect interleavirgg t
independency among fading coefficients dan be
exploited and the unconditional PEP is wrote aslEq.

P(X X):Z}Tn E {ex _r I ]:‘d)
4ng ' 4““5'&9 (19)  Spatial diversity techniques: Employing multiple
w2 e 2 B _ it ;
71 UeXp[_Z;silrfejp(')d'} @ photo-detectors can mitigate the turbulence induced

D (o) :Iex —ﬁﬁj o) di (23)

fading in the received signal, thus leading to Hert
improvement in the error performance. To avoid any

Where: correlation in the received irradiance the detector
E(.) = The expectation operation are sufficiently spaced as shown in Fig. 3.
Q] = The cardinality ofQ corresponding to the

length of error event | oo soa T

Note that Eg. 19 has no closed form solution. The
unconditional PEP Eq. 19 is derived for uncoded M-
POLSK modulated FSO communication systems
operating over gamma-gamma turbulence channel. The
unconditional PEP expression is the tool for the
derivation of upper bounds on the error probabitify
the coded M-POLSK communication system.

POLSK
demodulator

Maximum likelihood sequence detection: In order to  Fig. 3:Spatial diversity receiver with H-PDs Phpto
reduce the effects of the turbulence induced fading Detector (PD);  Semiconductor  Optical
the received optical signal, a convolution coded M- Amplifier (SOA)
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Since the transverse correlation sigge of the laser Thereforep(i), being the joint PDF for H-
radiation operating over the atmospheric turbulencghotodetector receiving uncorrelated signals, is
channel is nearly a few centimeters, the paramgfer expressed as Eq. 27:

can be assumed to be greater than the spacingdietwe

the detegtors (Popoola and Gh.assemlooy, 2009)eSincp(~|):j”_”p(|1)_”p(|H)d|1”_d|H
the spacing between the PDs is much shorter than th °

wireless link range, the difference in the propagat = [ 1.JP(1)d!

delay across the receiver array would be negligible

(Popoola and Ghassemlooy, 2009). Note that the The system performance of the coded M-POLSK-
received optical power is assumed to be constamt arPased FSO communication system operating over
time invariant duringT <1, where the coherence time 9amma-gamma turbulence channel can thus be

1, of the atmospheric fluctuation is in the order ofévaluated from Eq. 2, 22 and 27 using numerical
milliseconds (Shin and Chan, 2004). integration since the resulting expression haslosed

rm. In determining v, only MRC spatial diversity
echniques are considered in this study. As the MRC
linear combiner results in a maximum-likelihood
receiver structure (Simon and Alouini, 2005), it is
optimal regardless of the fading statistics.
The received power level on every branch has to
estimated prior for the coherent summation. The
gain factor {G,}}}, is proportional to the received
optical power. Applying the Cauchy inequality
(Gradshteiret al., 2007), 3" e, <(3F, &)(21, =) the

= j= avi

(27)

The received signal from each branch is scaled b
a gain factor {@",. The output of the combiner is the
sum of the weighted and co-phased signals asrafiest
in Fig. 3. Each receiver aperture size of the Htpho
detector is (1/HY) of the aperture area of the single
receiver. Accordingly, the background noise var@&nc be
on each branch is proportional to the receiver taper
area, which is reduced by a factor of H. Whereas th
thermal noise on each branch is not affected.llibc
that the total noise variance at the combiner dutpu
is0%, =HOY, omat 0% The background noise is not is derived as Eq. 28:
considered here because the ideal OBPF with awarro
FOV is applied at the receiver. Hence, LGINo(Y L R, /No)_ 1
0%, <HOZ manto? Jo?,..the variance of the overall 'wee = H?> . (GNo) _HZ(

noise with a zero mean becomes as Eq. 24:

S Pavi
Sl o

i=1

Therefore, the unconditional BER is derived as

H
N; =) G?No, i=1,2...H (24)  EQ. 29:

i=1

_ _ _ Purc :TZC{ rMnmlin(T)dT (29)
The total received optical power during the symbol 04 22
duration at the output of the combiner is giveiz@s25:
RESULTS

Er(t):ii ﬂel[ﬂ%(‘ﬂ{géwﬁ_ - (25)

HEY 2 To evaluate the system performances of the

proposed coded M-POLSK based FSO communication

The optimum post detection electrical SNRat  link, the error probability of the system employitig

the M-POLSK demodulator input becomes as Eq. 26: coherent BPOLSK, BPSK and DPSK schemes are
illustrated. For the purpose of like-to-like comigan,

the average optical signal power E[RE is
normalized to unity and the electrical SNRs are enad
equal for different modulation schemes. Furthermore
the channel turbulence under consideration is from
weak to strong regimes. The valuesooéndf at any
given regimes can be calculated with the
PDF of the uncorrelated irradiance. Hypothesis@s arcorresponding value af¥ using Eq. 3. The values of
taken that all the received optical power is indef@nt  all the parameters used in calculations are ilhiett
and all obey gamma-gamma  distribution. in Table 1.
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—+— BPOLSKo;=0

Table 1: Simulation parameters with respect to weaderate and
strong turbulence regimes

BPOLSKo{=1.03

—+— BPOLSKo;=1.75

Wavelength A=1550nm
Refractive index T=1.7x10
Diameter of the receiver D<<L and d=0

—e— BPOLSKo;=3.67

~©B4 ] —5—BPSKo;=0

BER

—4—BPSKo{=1.03

794 — - —BPSKo=1.75

Link length L=3km ¢2=1.03 a=2.902 =251 weak
L=4km o7°=1.75 a=2.296 = 1.822 Moderate Wl \
L=6km 07°=3.67 a=2.064f=1.342 Strong LY — o DPSKaI=103

W .
N BPSKo;=3.67

4 —&—DPSKe}=0

. \
16 . h . . . . . 5 2y
0 s 10 15 20 25 30 35 DRSKo=175

The BER expressions for BPOLSK with and without s TP

turbulence are given as Eq. 30a-b (Terg., 2010): Fig. 4: BER performances against the normalized SNR

_ 30 E[RPrPIlo]=1 for different coherent modulation
PeroLsk =Q[ % hj (30a) schemes across all turbulence regimes
N ﬁa?il{*a uncodeds;=1.03
PBPOLSK = IQ[ rz Iij p( I)dl (3Ob) > uncode(lcf:l."i
° kI —#— uncodedo;=3.67

o

g codedo?=1.03
Following the approach adopted in (Zhu and Kahn 1’
2002), the error probabilities of the DPSK modullate
coherent system in the absence and presence of t °

Vg, —+— codedo;=1.75

—e+— codedo;=3.67

turbulence channel is given as Eq. 31a-b: Y R “
~ 1 31a Fig. 5: The comparisons of BER performances between
PDPSK"E"{x/% ﬁj{l_i erf{\/ 2 ﬁﬂ (312) uncoded and coded M-POLSK Eq. 19 and Pb
Eq. 22 against the normalized electrical SNR
. @ 1 E[RPrPlo]=1 for various turbulence levels
Plosk :J;erf{ [ré ﬁj{l—a erft{ [ g ﬁﬂd ) al (31b) [ ]

The SNR requirements to achieve a BER of®10

The conditional BER expressions for the Without turbulence are ~10.5, ~10.7 and ~13.5 dB fo
coherent BPSK modulation technique without andBPSK (without phase tracking errors), DPSK and
with the phase tracking errors are given as Eq-l82a BPOLSK, respectively. The BPSK-FSO system offers

(Betti et al., 1995): the best performance in terms of error probability
followed by the DPSK scheme for all turbulence
scenarios. The BPOLSK provides the worst

Papsk = Q(,/ 2% 'zkj (32a) performance in a turbulence channel. This is duéo
fact that only half of the emitted optical power is

on I allocated for the information embedded optical iearr
ngsﬁ{Q[ /Zré f COS{M)]M o (32b)  \yhereas the other half is used for the transmission

the optical reference carrier. It follows that the

where,A@ denotes the phase tracking error due to th&POLSK scheme requires no carrier recovery ciratit
PLL circuit and r= Lio%g with the phase tracking error the receiver and both the carrier and informatignais

variancec,g. Therefore, the theoretical unconditional suffer the same phase noise. However, BPSK and

; ] PSK incur penalties due to the phase tracking®rro
BER for the BPSK scheme in_the g.amma gammep The BER results in Fig. 5 are computed based on
turbulence channel is derived as Eq. 32c:

Egs. 19 and 22 to allow comparisons of the
. o a9) performances of the uncoded and coded M-POLSK
Resc(R) =] [ ({ [2D ¢ coéAd))];mi(r) p) o d (32¢)  schemes as well as the uncoded BPOLSK scheme (Fig.
00 K oAt 4) in the turbulence channel. The performance ef th
convolutional coded M-POLSK is made evident from
DISCUSSION the figure. The coded M-POLSK and uncoded
BPOLSK schemes have the same spectral efficiency of
The error performances of coherent BPOLSK,1pit/symbol. Compared with BPOLSK scheme, the
DPSK and BPSK schemes can be predicted for anBER performances deteriorate fast for uncoded M-
given value of SNR across all turbulence regimésgus POLSK scheme for all FSO scenarios under
Eq. 30, 31 and 32 as shown in Fig. 4. investigation.
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70 ‘ ‘ R — number of detectors from four to five only achieves
=% e N ~3 and ~3.6 dB more in power gain from weak to
£ y strong turbulence regimes, respectively. Thus, the
Jw g optimum number of the detectors is H <4. As a
Z Z . —— el s consequence, the power gain is achieved with sreeimi

:Q —ELE system complexity and cost.

—%—0,=3.67
L i t, B ¥ M CONCLUSION

Number of detectors (H)

This study has outlined the theoretical analy$ia o
coherent M-POLSK modulated FSO communication
system operating over the gamma-gamma turbulence
channel. To mitigate the turbulence induced fadhey
convolution coding and the spatial diversity withet
MRC technique have been applied. The upper BER
bound based on the derived PEP has been obtained
However, as revealed out by the results under alging the transfer function. The BER yields a \gopd
turbulence assumptions, increasing SNR results in gerformance, which is achieved without the need for
relatively smaller change in the slope of the BERincreasing the SNR. For example, with a SNR of B0 d

curves for uncoded M-POLSK. The reduction in theyhe BERS for uncoded and coded M-POLSK schemes
SNR for_ coded M'PO!'SK IS achleved by the use Ofare 0.047 and 140" respectively, in the weak
convolutional code in mitigating the effect of

) . . . turbulence regime. Around 69 dB power gain is
turbulence induced irradiance fluctuation. For eglam achievable wr?en ten detectors are pused i?\ strong

with the SNR of 30 dB, the BERs i?r uncod.ed andturbulence regime. The spatial diversity with MRC
coded M-POLSK are 0.047 and XM respectively technique (H = 4) outperforms the uncoded M-POLSK
in weak turbulence regime. With the same SNR in theemploying the single receiver byB1.4, (9.5 and

moderai? regime, the BER drops from 0.08 toE!57.9 dB respectively in weak, moderate and strong
5,13><19 for the uncoded and coded M-POLSK, turbulence regimes. We also have shown that thiaspa
respectively. diversity offers increased link margin as the
L . . ¥cintillation level rises. The performances of BFS],
good performance, which is achieved without thedneeBPSK and DPSK based FSO systems have been
for the b_andwidth expansipn. _It Is not_practicaﬂmen evaluated across all turbulence regimes. The BPSK
not feasible for many applications to increaseptbieer without phase tracking error outperforms BPOLSK in

margin in the link budget in order to eliminate theep .\« of the SNR to achieve the same BER
fades observed under turbulence. This motivates thﬁerformance for a range of turbulence regimes

employment of powerful  scintillation-mitigation However, the BPSK scheme suffers the penaltiegaue

techniques, such as coding and/or diversity techesq the . .
: . phase tracking errors. The performance dedeedat
Using Eq. 29 the power gain (SHR -SNRy1) 10 i reases with the phase error variances.

achieve a BER of I® for the MRC technique is
depicted in Fig. 6. The MRC technique (H = 4)
outperforms the single receiver 1.4, [(29.5 and
[67.9 dB respectively in weak, moderate and strong . .
turbulence regimes, respectively. The power galess Study is supported by the EU Cost Action, 1C802
in the moderate turbulence regime than in the weaR'o9ram-
regime. This is because of the deep fades restittimg
a loss of spatial coherence of the laser radiafidre REFERENCES
power gain reaches up to ~69 dB when ten deteaters
used in strong turbulence regime. The power gain ig\btahi, M., P. Lemieux, W. Mathlouthi and L.A.
higher in strong fading conditions since adding enor Rusch, 2006. Suppression of turbulence-induced
detectors will efficiently reduce the chance of a  scintillation in free-space optical communication
catastrophic fading. Another observation from FEds systems using saturated optical amplifiers. J.
that as the number of detectors (H) increasegydiner Lightwave Technol., 24: 4966-4973. DOI:
gain starts flatten out. For example, increasing th 10.1109/JLT.2006.884561
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Fig. 6:The power gain for the M-POLSK schme
employing MRC technique to achieve a BER of
10° gainst the number of detectors with the
normalized electrical SNR E[RR,]=1 under all
turbulence scenarios fromweak to strong regime
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