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Abstract: Problem statement: The optical signal propagating through the Freec8pptical (FSO)
channel suffers from irradiance and phase fluabuaticaused by the atmospheric turbulence, which
results in Bit Error Rate (BER) performance degtiatha Approach: In this study the performance of
the Multilevel Coherent Polarization Shift Keyinf1{POLSK) based FSO communication system
operating over the gamma-gamma turbulence chasnélviestigated. To mitigate the turbulence
induced fading, the convolutional coding and spatigersity techniques are employed. The upper
BER bounds are derived using the transfer fundimhnique Results. For example, with a SNR of
30 dB, the BERs for uncoded and coded M-POLSK add0and 1.410°*, respectively in the weak
turbulence regime. When the Maximum Ration ComigiiMRC) technique employing four detectors
are used in the receiver, the power gainsg®f.4, (9.5 and[(67.9 dB are achieved for weak,
moderate and strong turbulence regimes, respegti@inclusion: We have also shown that the
spatial diversity offers increased link margin ke scintillation level rises. Compared to the aagul
modulation, the proposed M-POLSK scheme offers ligimunity to the phase noise, thus reducing
the power penalties.

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

INTRODUCTION (assuming no windows and transparent barriersk 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 fu||-dup|ex g|gab|t rate throughrj[hljs installed hlgh above the street level thus makes
makes it a suitable technology for delivering bimeuti  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 arezany equipment placed within the narrow optical foot
networks, optical fiber backup, enterprise conwitgti ~ 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 Rmumber 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 (Uygtaal., 2006;
interference, high security, a small size transeeilow  Arnon, 2003; Tanget al., 2011). Another important
cost and a lower power consumption (Popoola andssue with the outdoor FSO system is the suscédptibi
Ghassemlooy, 2009; Popooth al., 2008). In indoor of the optical link to the atmospheric conditiofihe
applications, optical radiation is confined withimoms  laser beam propagating through the channel suffers
Corresponding Author: Tang, X., School of Computing, Optical Communicatidresearch Group,
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from the high attenuation due to the atmospheridPhase Shift Keying (DPSK) are highly sensitivette t
scatters such as haze, fog and rain, which lineitlitik  phase noise effects (Bedti 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 repdle  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 signalnjRaz-

iniguezet al., 2008). MATERIALS AND METHODS
Even in clear sky conditions, the optical signal
suffers from the atmospheric turbulence, whichlé® 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 indexted  operating over the gamma-gamma atmospheric
atmosphere caused by the variation in the temperatuturbulence channel. For this purpose, the perfooman
and the pressure. Scintillation leads to significanjmprovement by the error control coding and theiaba
fluctuations on the amplitude and phase of thecapti gjversity will be also considered. However, the eod
field (i.e., channel fading) (Popoola and Ghassemlo  ghqyig be short and simple in order to keep theptexity
2009). The knowledge of statistical distributiontbé ¢ 1ig approach reasonably low. The system pedane
atmospheric turbulence is necessary to fully st@d¢t iy he compared with the coherent BPSK and DPSK in
predict FSO performance operating over a Cleaty g of the average BER. The noise, comprisirigotti
atmospheric condition. the background radiation and the thermal noise, is

The performance impairments due to the " . .
o - - modeled as the additive white Gaussian processalgde
scintillation can be mitigated by adopting several : )
g y Ping sume that the transmitter and the receiver hage t

approaches including the aperture averaging and t _ .
diversity techniques (Uysat al., 2006; Khalighiet al., ~ Perfectlink 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 (Uysiahl., 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 FS@mplest and most widely reported model is the log
links for the log-normal and gamma-gamma channehormal turbulence, which is mathematically convanie
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) @nel  phase gradient to be large compared to the magnitud
upper bounds on the BER using the transfer functionyf the scattering field wave (Zhu and Kahn, 2003;
technique for the coded FSO links with Intensity pgpgola and Ghassemlooy, 2009). However, the log
Modulation/Direct Detection (IM/DD). The diversity ormal model only covers the weak turbulence regime

techniques comprising space, time, or fr‘_':'quenq(/vithasingle scattering event. For the turbuleincthe
(wavelength) have been adapted to improve

performance impairments due to the scintillatiorith/V saturation regime with multiple scatterings, thg lo
the spatial di : . : : normal model becomes invalid (Uysel al., 2006;
patial diversity technique, where a singlesinesr Osche. 2002- K 1988). The st th of turbe
with a large Field of View (FOV) is replaced by a sche,  1anp, )- 1€ strength ot turbieenc
group of detectors with a narrow FOV, the posgipili can be described by the log intensity v?rlanéeand
of all the detectors suffering from the deep fadet® 109 normal model is only valid fos. Another
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 specifigtensity variance normalized by the square ofrtigan
detector, which otherwise could be received by thdrradiance. The experimental results have indicéted
single receiver with a wide FOV (Khaligkiial., 2009).  the scintillation index does not only saturate, biso
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 modulati@f; su1988). In the saturation regime and beyond with the
as Binary Phase Shift Keying (BPSK) and Differdntia link length of several kilometres the intensity
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fluctuation is experimentally verified to obey the c?=10"m?2 = 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; Uyl .,
assumption that the fluctuation of the laser beampoos).
propagating through the turbulence medium consists
the refraction () and scattering £ effects. . - )
Subsequently, the normalized irradiance is expeease M -Polsk modulation principles: _
the normalized product of two independently stiatit A. transmitter: Figure 1 illustrates the block diagram

For FSO links near the groun@? can be taken

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

Polarization Beam Splitter (PBS). The Transmitting
where, | and | represent the refraction and scatteringLaser (TL) beam is linearly polarized and has/a
effects, respectively and both are governed by th@olarization with respect to the principle axe bet
gamma distribution (Andrewet 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 receivekexpressed by a complex vectoEOs(t) in the

irradiance fluctuation is derived as Eq. 2: transverse plane, which is given as Eq. 4 (Cusani
al., 1992):
_2(ap)* ) ey )
=Ty Keol@leB) 0 (

)
Eo(t)= \E el 5 ) (4)

where, T'(J) represents the gamma function and.K
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 relatedtte ~ @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 waseand3 can  direction along which the field is polarized. Notet the

be expressed as Eg. 3a-b (Popoola and Ghassemlogguare root of the field power directly provides th
2009; Andrewst a.l., 2001) amp”tude'

The signal Eq(t) is decomposed by the PBS into

a =lexp 0.4%7; _ N (3a) two orthogonally polarized components with the équa
(1+0.18d + 0.56%" ¥* amplitudes. The amplitude and phase of the optical

component polarized along the axis are modulated
. { {O.Sbf(k 0.6@12/5)_%} ]}-1 externally by the data while they component is
=4 €eX

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

1+0.9¢ + 0.62d0°)"°

Where T phase shift in thex -component and zero phase

of =0.5G k" L™* = Log irradiance variance  ghjft in the y-component, thus leading to &2

d=(kD? /4L)"?,k=2rt/A = Optical wave number rotation of the polarization of the optical carrigdhe

A = Wavelength amplitude modulation combined with the phase

D = Diame_ter of the receiver modulation inx 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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where, Pand¢4t) are the power and the phase noise of
mg(t) {m, (). m,(t) . . . .
o o BHE PBC the received optical signal, respectively. BothaRd
L g AM LN P(t) are time-variant due to the atmospheric turbcée
- The parameters,f w, andd(t) represent the power,
angular frequency and the phase noise of the local
oscillator, respectively and # wy, .

Fig 1: Block diagram of M-POLSK transmitter. AM
(amplitude modulator).

Each symbol is associated to a value of the The received 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
transmitted field is constant. The transitions B=W \ith the corresponding optical fields emitted frane

subsequent symbol intervals are supposed 0 bgcal  oscillator. Therefore, the decomposed
instantaneous. Under these conditions, the trafenit ) _
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:
E. (t)=\/Ee‘[“+¢“)]{séV Y (5)
2
| | | e, (9= Beeloro A% g (82)
where, the modulation functioyil(0,m) is for h[1(1,0) : 2 2

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

respectively. The vector m(t) is expressed as6Eq.
P Y ®© P q E, (1) ={ \/%ei[m«g(t)] +@ é[w%o))}Ay (8b)
m(t) = i b, rect, ( t- k1) (6)
Following optical-to-electrical conversion, thgrgils
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 ¢ (t)=R ‘VP'/&‘ +‘*/E/$ ¥ +n (1) (9a)
is equal to one for (£)(0,T) and to zero PR,/ Z copwy try+q( }]
elsewhere
Receiver: Figure 2 illustrates the block diagram of the ¢, (1)=R ‘VPrM +‘\/E/$ * +n, (1) (9b)
proposed optical coherent heterodyne receiver. The JPR,/2cobw, to.( }]

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 represents the photodiode responsivayy,

oscillator Ex (t)is linearly polarized at/4 with respect @@o and ¢(t) = ¢4t)- ¢io(t) are the intermediate

to the receiver reference axes. An Automatic Fraque angular frequency and the phase noise, respectively
Control (AFC) is used to compensate for the slow-The noise terms ((t) and ryt)) 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
'(A\BFe(t:tilzt ZI .(’:Itngggil.OOp circuit acting on the biasreat o’ :%No,No being the double-sided noise power

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

can be expressed as Eq. 7a-b: noise and the thermal noise. The electrical signals
ci(t)and g(t) are passed through the ideal Band-Pass

= oy [P jlasasol [ v A Filters (BPF) to reject the constant term and natlthe

E (t)_\/;é {eé X 3} (73) additive noise. The bandwidth of the BPF is expmdss

as By = 2(R+ke B.) with the center frequency aig,
g (t)zﬂém«%on{h% (7b)  Where R is the symbol rate and Bs the sum of the
° 2 transmitting and local oscillator lasers’ line widt
523
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2 S PD BPF
r(t) E ‘ (1)
E (t) = CEL(D) f—fl Cult) —iﬂg\ Cxp(t

1 LPF
g E, (0 IR *
Vo

Fig. 2: Block diagram of the optical heterodyne KMESK 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 prdipabi
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 carriedémodulator output Vwith seven Threshold (TH)
signal with negligible distortion. Therefore, the levels: 0£R*PR,/2, + R?PR,, + 3RPR,/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: closest toy
: Error rate analysis: It has been assumed that the data
Co () =yR*PR/ 2 copw +y+@:( )]+ p()t (102)  {ransmission is independent and identically distel
(i.i.d.). For equally probable signals, the dedisiole
cyplt)= IR?P,R, /2 codooet + ¢ (t)] (10b)  which maximizes the correlation metrics is applted

determine the average probability of error. Comgare
with the encoded BPOLSK (Tang al., 2010) the

where, p,(1)(0,6,7) is additive Gaussian noise at the ;
L .average power for equiprobable coded M-POLSK
output of the BPF. The additive narrowband noise mbol is increased by a factor of 11, so that the

components - can .b_e e>_<pressed by using the S,imp%erage power of each symbol in the coded M-POLSK
trigonometric identities given as Eq. 11 (ProaRi3Q1): system must be reduced by a factor of 11. Thergfore
o the average power per bit is defined BPR, = P./22.
N,y (1) = 1, (00 0 0 (1] (11) Since an error can only occur in one directioe, th
-ng, (t)sinf 0 t+ 0, (1)] BER conditioned on the received optical power befor
the decoder is expressed as Eq. 14:

where, hy(t) and R(t)are the phase and the

guadrature components, respectively, which are -band , R
limited Gaussian with zero mean and a variance,of 11 [he T dxe
After passing through a Low Pass Filter (LPF), the © 4JmNo (NCWE )
higher frequency harmonics have been removed. Thus, jjme No dx

the baseband current c(t) is given as Eq. 12: . .
®isg q Y ) (dwref  (14)
c(t) = 6, (1) Ohy (1) HEETR e k[T e
‘PR,

(12) = :
1 |R°P #Eo (xsq/Reﬁ’o/z)
:E 2 |: TPECOS(V)J' rtb( t):| dX+J':°R2P' * e " dX+J‘:\/R2F¢ R &

No

- : . . (-sVR7R 7 13 X
where, * indicates the convolution operatiofy(th is ”"dx+jeﬁme“"d><]
the impulse response of the low-pass filter with a
bandwidth of B = RstkeB.. The electric signal c(t) is
integrated over the symbol period T, sampled aé tim In addition, simplifying (14) and substituting the
= T. Hence, the output of the correlation-typeaverage power per bit, the BER expression for tued
demodulator (Proakis, 2001) is Eq. 13: M-POLSK before the decoder is expressed as Eq. 15:

15 R B o] i Lot 0
: STl [P |2 Tof -
:%W {Wﬁscosw)dﬁjm (t)d} (13) 4Q[J22N0] AQ[J;]

RrR|[RPp where, Q(.) is the Gaussian-Q function and \® is
= 8{ 5, ecost)+ db} 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. 20d&adis,
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 71
I=l1],, . ,lkis expressed as Eq: 16 (Zhu and Kahn, 2003;Pb SZ}I
Uysalet al., 2006):

wa| 1 0
0 {EﬁT(D(e)xN)lNzl}CB (20)

where, N is an indicator taking into account thenber
p(xj(“):ZQ( /LZ ,f] (16)  of bits in error, n is the number of informatiorisbper
4 \V22zim transmission, the transfer function TERN) is in
conjunction with the particular state diagram afoaled
where, X=(Xi,..x:)and x=(x,,..x,)stand for the modulation and V) depends on the derived PEP. Here
we have applied a convolutional code with the w@ite

choosing - coded _sSequence and the- j[ransm|s,3|0£1/3 and the constraint length of 3, as illustratedig.
sequence, respectively afis the set of bit intervals’ g 5 5 ¢ (Proakis, 2001). The function generatdrthe

Iocation.s Whel’@.( and x differ from eE.ICh other. The convolutional encoder are given as and ¢100), g =
alternative function form for the Gaussian-Q fumetis  (101) and g= (111). The transfer function is expressed
Eqg. 17 (Sandalidis, 2011; Simon and Alouini, 2005): as Eq. 21:

1(me x* _ D%O)N
== - 17 = W
Q=3[ ex{ -2 | an  Teen= 2O (21)
Substituting Eq. 16 into Eq. 17 and considering th The BER is thus obtained as Eq. 22:
received signal light subjected to fading, Eq. 16
becomes Eq. 18: prZ}"/z D°(6) @ (22)
e , 475 (1-20%(6))
PRI =2 | Tt exg - Jm (18)
To 4 44sirf© D(0) is defined based on the underlying PEP

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

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

R w2 2
P(X,X):%iL J' HkmEl{ex —4—r4 s:rkfeﬂ ]
(19)  Spatial diversity techniques. Employing multiple
=Z*1T[Texp[— roP jp(l)dlrd} photo-detectors can mitigate the turbulence induced
4n fading in the received signal, thus leading to Hert
improvement in the error performance. To avoid any

44 'sirfo

o(6)=exs - ]p(l)dl (23)

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

length of error event

Note that Eq. 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.

Maximum likelihood sequence detection: In order to  Fig. 3: Spatial diversity receiver with H-PDs Ph_oto
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 sige of the laser Thereforep(l), being the joint PDF for H-
radiation operating over the atmospheric turbulencghotodetector receiving uncorrelated signals, is
channel is nearly a few centimeters, the param@fer expressed as Eq. 27:

can be assumed to be greater than the spacingdretwe

the detectors (Popoola and Ghassemlooy, 2009)ESinCp(T)=J....“.p(Il).i.p(IH)dll.i.le
the spacing between the PDs is much shorter than th * °

wireless link range, the difference in the propemat :H.qu(")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 constat arPased FSO communication system operating over
time invariant duringT < T, where the coherence time 9amma-gamma turbulence channel can thus be
1o of the atmospheric fluctuation is in the order ofevaluated from Eq. 2, 22 and 27 using numerical
milliseconds (Shin and Chan, 2004). integration since the resulting expression haslosed

The received signal from each branch is scaled b{P™- [n determining + only MRC spatial diversity
a gain factor {@".,. The output of the combiner is the echniques are considered in this study. As the MRC
sum of the weight_ed and co-phased signals asriltest linear combiner results in a maximum-likelihood
in Fig. 3. Each receiver aperture size of the Hipho receiver structure (Simon and Alouini, 2005), it is

C ; optimal regardless of the fading statistics.

detector is (1/H) of the aperture area of the single The received power level on every branch has to
receiver. Accord!ngly, the_background NOISE VAIANC 1,0 estimated prior for the coherent summation. The
on each branch is proportional to the receiver taper ain factor {G }", is proportional to the received
area, which is reduced by a factor of H. Whereas th? ) i p P ) ]
thermal noise on each branch is not affected.llibvic optical power. ApplymgH the CHauchyH inequality
that the total noise variance at the combiner dutpu(GradShte'mt al., 2007)’246?%5(24@2)(2.:1 E’w)’ the
is0, =Ho%, at0%. 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(D LR, /No) 1 (&P, 28
0%, <Ho? .. AN’ o2, the variance of the overall 'wee < HZS ¥, (GZNo) e g No (28)
noise with a zero mean becomes as Eq. 24:

(27)

. Therefore, the unconditional BER is derived as
N, =Y G?No, i=1,2...H (24) EqQ.29:

i=l

, _ _ e :TZQ[ ffec n@.ijp(r)dr (29)
The total received optical power during the symbol 04 22
duration at the output of the combiner is givekQs25:

RESULTS
ET(t):ii %el[“*%(‘)]{gév‘x_'_ *)} . (25)
HEV 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 comisan,
the average optical signal power E[RF is

= Zii:lGizPavi (26) normalized to unity and the electrical SNRs are enad
a

H2> F,G?No equal for different modulation schemes. Furthermore
the channel turbulence under consideration is from
... weak to strong regimes. The valuesoolndf3 at any
T2 Ho\? TN=PA" . . .
where, (s, and p(7)=1,p(1) represents the joint i e regimes can be calculated with the

PDF of the uncorrelated irradiance. Hypothesises arcorresponding value af’ using Eq. 3. The values of
taken that all the received optical power is indef@mt  all the parameters used in calculations are ilaistt
and all obey gamma-gamma  distribution. in Table 1.

526



Am. J. Engg. & Applied i, 4 (4): 520-530, 2011

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

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

L=3km ¢°=1.03 a=2.902 =251 weak
L=4km o%=1.75 a=2.296 B =1.822 Moderate
L=6km o°=3.67 a=2.064p=1.342 Strong

Link length

The BER expressions for BPOLSK with and without

turbulence are given as Eq. 30a-b (Tera., 2010):

PBPOLSK = ({ J

Frocn =] ¢ I 7 )0

.k (30a)

koQ

(30b)

Following the approach adopted in (Zhu and Kahn G

2002), the error probabilities of the DPSK modutate

coherent system in the absence and presence of t

turbulence channel is given as Eq. 31a-b:

T
Poes =Ieff{@ j[l‘% e”{@ﬂ ) d

The conditional

(31a)

(31b)

BER expressions for the

—— BPOLSKo}=0
BPOLSKo;=1.03

—+—BPOLSK5;=1.75

3 —— BPOLSKo?=3.67

~®®e] —5—BPSKo=0

BER

—4—BPSKo[=1.03
Ve
"4 — - —BPSKaj=1.75

—&— DPSKo{=1.03

a5 —&—DPSKg)=1.75

SNR (dB) —<— DPSKo}=3.67

Fig. 4: BER performances against the normalized SNR
E[RPrPlo]=1 for different coherent modulation
schemes across all turbulence regimes

S .

% \ulcodcdcf:l.OS
S0

2 uncodeds;=1.75
10 !

—#— uncodeds; =3.67
o

codcdcf:l 03

V], —+— codedo;=1.75

— codedclzzs’ 67

5
10

L L
20 40 45
SNR (dB)

3‘0 3‘5
Fig. 5: The comparisons of BER performances between
uncoded and coded M-POLSK Eq. 19 and Pb
Eq. 22 against the normalized electrical SNR
E[RPrPlo]=1 for various turbulence levels

The SNR requirements to achieve a BER 0of°10
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-t82a
(Betti et al., 1995):

(32a)

(32b)

BPOLSK, respectively. The BPSK-FSO system offers
the best performance in terms of error probability
followed by the DPSK scheme for all turbulence
scenarios. The BPOLSK provides the worst
performance in a turbulence channel. This is duthéo
fact that only half of the emitted optical power is
allocated for the information embedded optical iearr
whereas the other half is used for the transmisefon
the optical reference carrier. It follows that the

h&POLSK scheme requires no carrier recovery ciratit

where,A@ denotes the phase tracking error due to t 8

PLL circuit and r= 1/6%, with the phase tracking error
varianceo,g. Therefore, the theoretical unconditional
BER for the BPSK scheme in the gamma-gamm
turbulence channel is derived as Eq. 32c:

PQPSK(E)=IZI:‘{@ coéAcb)]% b) o d

DISCUSSION

(32¢)

the receiver and both the carrier and informatignas
suffer the same phase noise. However, BPSK and
aDPSK incur penalties due to the phase tracking&rro
The BER results in Fig. 5 are computed based on
Egs. 19 and 22 to allow comparisons of the
performances of the uncoded and coded M-POLSK
schemes as well as the uncoded BPOLSK scheme (Fig.
4) in the turbulence channel. The performance ef th
convolutional coded M-POLSK is made evident from
the figure. The coded M-POLSK and uncoded
BPOLSK schemes have the same spectral efficiency of

The error performances of coherent BPOLSK,1piysymbol. 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
Eq. 30, 31 and 32 as shown in Fig. 4.

POLSK scheme for all FSO scenarios under

investigation.
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a ' ‘ j A — ey number of detectors from four to five only achievé&s
. el I ~3 and ~3.6 dB more in power gain from weak to
3 strong turbulence regimes, respectively. Thus, the
el P e optimum number of the detectors is 21 <4. As a
z Z /[ = om0 consequence, the power gain is achieved with teeimi
:O 'y /é/ “’“:fl; system complexity and cost.
S T L CONCLUSION

Number of detectors (H)

This study has outlined the theoretical analyia 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 allging the transfer function. The BER vyields a vgopd
turbulence assumptions, increasing SNR results in erformance, which is achieved without the need for
relatively smaller change in the slope of the BERincreasing the SNR. For example, with a SNR of BQ d
curves for uncoded M-POLSK. The reduction in theiho BERs for uncoded and coded M-POLSK schemes
SNR for coded M-POLSK is achieved by the use Ofare 0.047 and 1:40* respectively, in the weak
convolutional code in mitigating the effect of turbulence regime. Around 69 dB’ power gain is
turbulence induced irradiance fluctuation. For egplm

. achievable when ten detectors are used in strong
with the SNR of 30 dB, the BERs for uncoded andturbulence regime. The spatial diversity with MRC

_4 .
coded M-POLSK are 0.047 and &M~ respectively iechnique (H = 4) outperforms the uncoded M-POLSK
in weak turbulence regime. With the same SNR in t eemploying the single receiver byBl.4, (29.5 and
?cl)gflrgf fregu:e, thedB(;ER gropsd ZOT/I Po(')OLgSKtOEEIQ dB respectively in weak, moderate and strong
' or the uncoded and coded M- * turbulence regimes. We also have shown that théaspa

respectively. diversit ; : X
. . y offers increased link margin as the
The BER based on the derived PEP yields a veryqiiiation level rises. The performances of BRSEL

]900?] psrfo&m%nﬁe, WhiCh. s achieved WithO:‘; thedr‘eeBPSK and DPSK based FSO systems have been
or the bandwidth expansion. Itis not practical @en oo ,ated across all turbulence regimes. The BPSK

not fe_as_|b|e for_ many app|_|cat|ons to m_crgaserﬁmer 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 thserformance for a range of turbulence regimes

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

techniques, such as coding and/or diversity teclasq the : .
. . phase tracking errors. The performance dedoadat
Using Eq. 29 the power gain (SHR -SNRy) to increases with the phase error variances.

achieve a BER of I8 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 resutimg

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.

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[R®,]=1 under all
turbulence scenarios fromweak to strong regime

ACKNOWLEDGMENT

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 Eds systems using saturated optical amplifiers. J.
that as the number of detectors (H) increasegyaiaesr Lightwave Technol., 24: 4966-4973. DOIL:

gain starts flatten out. For example, increasing th 10.1109/JLT.2006.884561
528



Am. J. Engg. & Applied i, 4 (4): 520-530, 2011

Al-Habash, M.A., L.C. Andrews and R.L. Phillips, Proakis, J.G., 2001. Digital Communications. 4th
2001. Mathematical model for the irradiance Edn., McGraw-Hill, Boston, ISBN: 10:
probability density function of a laser beam 0072321113, pp: 1002.

propagating through turbulent media. Opt. ENg..Ramirez-Iniguez, R., S.M. Idrus and Z. Sun, 2008.

40: 1554-1562. Optical Wireless Communications: IR for Wireless

Andrews, L.C., R.L. Philips and C.Y. Hopen, 2001. o .
Laser Beam Scintillation with Applications. 1st Connectivity. 1st Edn., CRC Press, London, ISBN:

Edn., SPIE Press, Bellingham, ISBN: 10: 10: 0849372097, pp: 344. o
0819441031, pp: 375. Sandalidis, H.G., 2011. Coded free-space opticdsli
Arnon, S., 2003. Effects of atmospheric turbuleand over strong turbulence and misalignment fading
building sway on optical wireless-communication  channels. IEEE Trans. Commun., 59: 669-674.

systems. Optics Lett,, 28: 129-131. DOI: DOI: 10.1109/TCOMM.2011.121410.090318

10.1364/0L.28.000129 Shin, E.J. and V.W.S. Chan, 2004. Part 1: Optical
Betti, S., G.D. Marchis and E. lannone, 1995. Cehier communication over the clear turbulent
Optical Communications Systems. 1st Edn. John atmospheric channel using diversity. IEEE J.
Wiley, New York, ISBN: 10: 0471575127, pp: 539. Select. Areas Commun., 22: 1896-1906. DOI:

Cusani, R., E. lannone, A.M. Salonico and M. Togaro 10.1109/JSAC.2004.835751

1992. An efficient multilevel coherent optical . - -
system: M-4Q-QAM. J. Lightwave Technol., 10: Simon, M.K. and M.S. Alouini, 2005. Digital

777-786. DOI: 10.1109/50.143078 ' Communication over Fading Channels. 2nd Edn.,
Goodman, J.W., 1985. Statistical optics. 1st Edn., J°hn Wiley and Sons, Hoboken, New Jersey,

Wiley-Interscience, New York, ISBN: 10: ISBN: 9780471649533, pp: 900.

0471015024, pp: 550. Sugianto, T. and C.C. Davis, 2006. Performancees f
Gradshtein, I.S., A. Jeffrey and D. Zwillinger, 200 able space optical communication systems using

of Integrals, Series and Products. 7th Edn., Acadlem polarization shift keying modulation. Proc. SPIE

Press, London, ISBN: 0123736374, pp: 1171. Int. Soc. Opt. Eng., 6304: 63040V-63040V.

Kamalakis, T., T. Sphicopoulos, S.S. Muhammad andrang, X., Z. Ghassemlooy, S. Rajbhandari, W.O.
E. Leitgeb, 2006. Estimation of the power Popoola and C.G. Lee, 2011. Coherent optical
scmtlllatlon prpbablllty density fu_nctlon_ in free- binary polarisation shift keying heterodyne system
space optical links by use of multicanonical Monte in the free-space optical turbulence channel. IET

Carlo sampling. Optics Lett., 31: 3077-3079. DOI: . i ]
10.1364/0OL.31.003077 Microw. Antennas Propag., 5: 1031-1038. DOI:

Karp, S., 1988. Optical Channels: Fibers, Clouds, 10-1049/let:map.2010.0221 . _
Water and the Atmosphere. 1st Edn., Plenum Presg—,ang’ X., Z. Ghassemlooy, S. Rajbhandari, W.O.
New York, ISBN: 10: 0306426544, pp: 405. Popoola and C.G. Leet al., 2010. Free-space

Khalighi, M.A., N. Schwartz, N. Aitamer and S. optical communication employing polarization
Bourennane, 2009. Fading reduction by aperture shift keying coherent modulation in atmospheric
averaging and spatial diversity in optical wireless  turbulence channel. Proceedings of the 7th
systems. J. Opt. Commun. Netw., 1: 580-593. DOI:  |nternational Symposium on Communication

10.1364/JOCN.1.000580 o : )
) . Systems, Networks and Digital Signal Processing,
Osche, G.R., 2002. Optical Detection Theory ForeLas Jul. 21-23, IEEE Xplore Press, Newcastle Upon

Applications. 1st Edn., Wiley-Interscience, ]
Hoboken, New Jersey, ISBN: 0471224111, pp: 412.  1Yn&, UK, pp: 615-620.

Popoola, W.0. and Z. Ghassemlooy, 2009. BPsKJysal, M., J. Li and M. Yu, 2006. Error rate
subcarrier intensity modulated free-space optical performance analysis of coded free-space optical

communications in atmospheric turbulence. J. links over gamma-gamma atmospheric turbulence
Lightwave  Technol., 27. 967-973. DOL channels. IEEE Trans. Wireless Commun., 5:
10.1109/JLT.2008.2004950 1229-1233. DOI: 10.1109/TWC.2006.1638639

Popoola, W.O., Z. Ghassemlooy, J.I.H. Allen, E. }
Leitgeb and S. Gao, 2008. Free-space opticaY\/eyrauch, T. and M.A. Vorontsov, 2004. Free-space

communication employing subcarrier modulation laser communlcatlons ,W'th adaptlve Opt'CS:_
and spatial diversity in atmospheric turbulence ~ Atmospheric compensation experiments. J. Opti.

channel. IET Optoelect., 2: 16-23. DOI: Fiber Commun. Res., 1. 355-379. DO
10.1049/iet-opt:20070030 10.1007/s10297-005-0033-5

529



Am. J. Engg. & Applied i, 4 (4): 520-530, 2011

Zhu, X. and J.M. Kahn, 2002. Free-space opticaZhu, X. and J.M. Kahn, 2001. Pairwise codewordrerro
communication through atmospheric turbulence  probability for coded free-space optical
channels. IEEE Trans. Commun., 50: 1293-1300. communication through atmospheric turbulence
DOI: 10.1109/TCOMM.2002.800829 channels. Proceedings of the IEEE International

Zhu, X. and J.M. Kahn, 2003. Performance bounds for = Conference or€ommunications, Jun. 11-14, IEEE
coded free-space optical communications through  Xplore Press, Helsinki, Finland, pp: 161-164. DOI:
atmospheric turbulence channels. IEEE Trans. 10.1109/ICC.2001.936294
Commun., 51: 1233-1239. DOI:
10.1109/TCOMM.2003.815052

530



