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Abstract—In this paper, we propose a new probability distri- and cause atmospheric turbulence. This manifests itsedfras
bution function which accurately describes turbulence-imuced dom fluctuations in the received Signaj and severe|y degrade
fading under a wide range of turbulence conditions. The propsed ;
model, termed Double Generalized Gamma (Double GG), is th? FtiO Istystetm performalnc? t)_atr_tmlljlarl):jo;/eLIongganges.
based on a doubly stochastic theory of scintillation and deloped n (_3 iterature, several sta '_S ICal models have been p_ro
via the product of two Generalized Gamma (GG) distributions POsed in an effort to model this random phenomenon. His-
The proposed Double GG distribution generalizes many exigtg torically, log-normal distribution has been the most wydel
turbulence channel models and provides an excellent fit to #1 ysed model for the probability density function (pdf) of the
published plane and spherical waves simulation data. Usinthis random irradiance over atmospheric channBls [5]-[7]. This

new statistical channel model, we derive closed form exprs®ns df del is h | licable t K turbul
for the outage probability and the average bit error as well & pdl model 1S however only applicable 1o weak turbulence

Corresponding asymptotic expressions of free_space Ombcom_ conditions. As the Strength of turbulence increases, |Ugab
munication systems over turbulence channels. We demonste statistics exhibit large deviations compared to expertaden
that our derived expressions cover many existing results ithe  data. Moreover, lognormal pdf underestimates the behavior
literature earlier reported for Gamma-Gamma, Double-Weibull j, the tails as compared with measurement results. Since the
and K channels as special cases. . . —_ .
calculation of detection probabilities for a communicatgys-

Index Terms—Free-space optical systems, fading channels,tem is primarily based on the tails of the pdf, underestingati
Double GG distribution, propagation, irradiance, optical wireless, s region significantly affects the accuracy of perforeen
spatial diversity. ;

analysis.

In an effort to address the shortcomings of the lognormal
distribution, other statistical models have been furthes-p
posed to describe atmospheric turbulence channels under a

REE-SPACE optical (FSO) communication enables wiravide range of turbulence conditions. These include the Nega

less connectivity through atmosphere using laser trartate Exponential/Gamma model (also known widely as the K
mitters at infrared bands. These systems provide high datannel) [8], I-K distribution[[9], log-normal Rician chael
rates comparable to fiber optics while they offer much mofalso known as Beckman) [10], Gamma-Gammal [11], M
flexibility in (re)deployment. Since they operate in unrieged distribution [12] and Double-Weibul[ [13]. Particularlyasth
spectrum, no licensing fee is required making them alsongentioning is the Gamma-Gamma modell[11]./[14] which has
cost-effective solution J1]]3]. With their unique featsrand been widely used in the literature for the performance asigly
advantages, FSO systems have attracted attention iiall of FSO systems, see e.d., [15],[16], along with the log-redrm
a last mile solution and can be used in a wide array afodel. This model builds upon a two-parameter distribution
applications including cellular backhaul, inter-buildiron- and considers irradiance fluctuations as the product oflsmal
nections in enterprise/campus environments, video durveicale and large-scale fluctuations, where both are govdayed
lance/monitoring, fiber back-up, redundant link in disasténdependent gamma distributions. In a more recent work by
recovery and relief efforts among others. Chatzidiamantigt al. in [13], the Double-Weibull distribution

A major performance limiting factor in FSO systems isvas proposed as a new model for atmospheric turbulence
atmospheric turbulence-induced fading (also called astisci channels. Similar to the Gamma-Gamma model, it is based
lation) [4]. Inhomogenities in the temperature and the sues on the theory of doubly stochastic scintillation and coassd
of the atmosphere result in variations of the refractiveeind irradiance fluctuations as the product of small-scale argeta

scale fluctuations which are both Weibull distributed. It is
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tains most of the existing statistical models for the ireadie The integration in[(3) yields
fluctuations in the literature as special cases. Furthegmor

we provide comparison of the proposed model with Gamma- Yopp2—1/2gmi—1/2(9p) 1= (Pt a)/2 -1 5
Gamma and Double-Weibull models. For this purpose, wé - I (my) T (mo) ®)
use tr_le set of simulation data from _[17], [18] for plane and corta 2 PpPgid A(g:1—mi),Ap:1—ms)
spherical wavék Our model demonstrates an excellent matckx p+a0 [\ T | P _

17792

to the simulation data and is clearly superior over the other
two models which show discrepancy from the simulation d mmn ] i T ; ] ; -
pancy &fhere G [ is the Meijers G-functidh defined in [[25,

in some cases. In the second part of the paper, we use 59 301)],» andq are positive integer numbers that satisfy
new channel model to derive closed form expressions for tB?q = /v andA(iz) 2 z/j . (z+j—1)/j .

BER and the outage probability of single-input single-aitp \ye name this new distribution as Double GG. Employing
(SISO) and single-input multiple-output (SIMO) FSO systempg £q. (10)] and after some simplifications, the cumutativ

with intensity modulation and direct detection (IM/DD). OU yistrinution function (cdf) of Double GG distribution care b
performance results can be seen as a generalization of e, ined as

results in [20]-23].

The rest of the paper is organized as follows: In Section I, pm2—1/2qm1—1/2(27T)1—(P+¢Z)/2
we propose Double GG distribution to characterize turbegen 7 (1) = T T (m2) (6)
induced fading. In Section Ill, we confirm the accuracy of our P : q. .p 2
model through comparisons with simulation data for plarg an x G?*%! [(E) MMy | 1
PPt |\ Qy ) prqiQf Ag:ma), A(p:me),0

spherical waves. In Section IV, we present the derivatiopitof
error rate (BER) and outage probability for SISO FSO systef q gistribution parameters and(2; i — 1,2 of the Double

over Do_ublefGGFé:gaFnlfl. Ir.‘ hSectllqnl v we present BEBG model can be identified using the first and second order
E)_(prﬁssg)ns_ orVI 'T j W'th multiple receiver apertureg, , nents of small and large scale irradiance fluctuations. Th
inally, Section VI concludes the paper. latter are directly tied to the atmospheric parametershyvit
Il. DOUBLE GG DISTRIBUTION loss of generality, we assumg& (I) = 1 or equivalently

The irradiance of the received optical wave can be modelgd(jm) = 1andF (/,) = 1. The second moment of irradiance

as [11], [18) I = I,I,, whereI, and I, are statistically IS expressed as
independent random processes arising respectively fraye-la
scale and small scale turbulent eddies. We assume that both
large-scale and small-scale irradiance fluctuations are go
erned by Generalized Gamma (GG) distributions [24, Eq. (1
The pde OfII ~ GG (’}/1, mi, Ql) andIy ~ GG (’72, ma, QQ)

EIP)=EL)E(L)=01+0)(1+0y) ()

heres? and crj are respectively normalized variancesiof
nd,. Then™ moment ofI, (similarlyl,) is given by

are given by "/
I - B = (Q_) /L (ma 4+ n/7) -
I;) = = ——In 1 * r
fI:n ( ) (Ql/ml )mlr (ml) exp ( Ql T ) ( ) my (ml)
o Im272—1 m Therefore, by inserting the second order moment obtained
I,) = v exp [ —=2172 2 i ari _
fr, (Iy) (0 ma 77T (mg) &P ( o, > (2) from (@) in (@), and considering that (1) = 1, we have
where~; > 0, m; > 0.5 and(; i = 1,2 are the GG 5 T(my+2/7 )T (m)
parameters. The pdf df can be written as O T m ) (9a)
7 02_ F(m2+2/72)1—‘(m2) -1 (gb)
fr) = /fzm (L) f1, (Ly) 1 ®3) Y T2 (ma+ 1))
0 T (m;) n )
where f;, (I|1,) is obtained as = (F (m; + 1/%‘)) i 1= (10)
miy1—1 71
fr. (I|I,) = i (Z; (;/Iy))mlr( ] exp (—% <Ii) ) wherem; is a distribution shaping parameter and found using
y\8é1/Mmy mi 1 y

4) curve fitting on the simulated/measured channel data. Note
that in [94) and[(db), the variances of small- and largeescal
'The simulation data i [17][]18] was obtained through preween ap- uctuations (i.e.¢2 ando?) are directly tied to the atmospheric

proach Whi(_:h consists of approximating_ athree-dimeni;immbm medium conditions. Particularly assuming a plane wave when inner
as a collection of equally spaced, two-dimensional, rangbase screens that !

are transverse to the direction of wave propagation[ I, [t %as discussed SCale effects are considered, the variances for the lamg- a
in detail that such a numerical simulation approach coataihthe essential the small-scale scintillations are given hy [4, Eqs. 9.46 an
physics for accurately predicting the pdf of irradiance, @xuivalently, log-

normal irradiance), and shown that the simulation resuftsige an excellent

match to known experimental measurements reported_in @9béth plane 2Meijers G-function is a standard built-in function in mathatical
and spherical waves. The same set of simulation data wasuaébin [[11] software packages such as MATLAB, MAPLE and MATHEMATICA. If
and [13] which respectively introduced Gamma-Gamma andbl@eWeibull  required, this function can be also expressed in terms ofgtmeralized
distributions as turbulence channel models. hypergeometric functions using [25, Eqgs.(9.303-304)].
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Fig. 1. Pdfs of the scaled log-irradiance for a plane waverragsy weak Fig. 2. Pdfs of the scaled log-irradiance for a plane wavaragsy moderate
irradiance fluctuations. irradiance fluctuations.
9.55] In (I5), 52 (lo/ Ro) is defined as
~2 ~ onlr/12 (. (11 _my
7/6 5% (lo/Ro) = 3.86 | (14 9/n7) sin [ —tan™" =
o2 =exp |0 160,% " ( 2.61m ) 0 s
z ’ ytov 2 7/6 2.61 4
2.61 + my + 0.4507 10,1 + Y sin §tan_1%
9 61 1/2 (9+mn)
X |1+ 1.753( . ) 0.518 5 n —5
2 7/6 0RO 9 -1 _ /6
2.61 + m + 0.4503 01, N e g 8.75m, (16)
(9+mn7)
9 61 7/12
_ o.252< — 7/6> -1 (11)
2.61 +m + 0.450%0,1;

In the presence of a nite inner scale, the small-scale kcinti

lation is again described b{/ ({14) and the large-scale vegian
is given by [4, Eq. 78]

0.51 cr%ytov
o

2
Y

o~

7/6
8.56m
_ 02 > exp |0.0433
€xp : 12/515/6 1 (12) °\ 8.56 + m+ o.19553nl7/6
(1+0.690m15,)
1/2
8.56
. x [ 141.753
wheren;, = 10.89 (Ry/lp), and Ry/ly denotes the ratio of 8.56 +n; + 0.19553777/6
Fresnel zone to finite inner scale. 71/12
For spherical waves in the absence of inner scajeand 0.952 8.56 1 @7)
2 i —U. -
o, are given byl[4, Egs. 9.63 and 9.70] 8.56 + 1 + 0_1955877[7/6
I ) i Therefore, the parameters of the Double GG distribution are
o2 =~ exp 0.4954 -1 (13) readily deduced from these expressions using only values
r = 7/6
(1 n 0.56532/5)

of the refractive index structure parameter and inner scale

according to the atmospheric conditions. The scintillatio
5 index can be further calculated as
9 0.515§
O'y = exp 5/6 -1 (14) ) E(IQ) ) )
(1+0.695°) 07 =—g —1=(1+02)(1+02) -1 (18)
- - E(I)
where 32 is the Rytov scintillation index of a spherical wave'/é should emphasize that this distribution is very generic
given by since it includes some commonly used fading models as
special cases. For, — 0, m; — oo, Double GG pdf coincides
B3 = dRytou/3” (lo/ Ro)

(15) with the log-normal pdf. Fory; = 1, Q; = 1, it reduces
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Fig. 3. Pdfs of the scaled log-irradiance for a plane waverragsy strong Fig. 4. Pdfs of the scaled log-irradiance for a sphericalerassuming weak
irradiance fluctuations. irradiance fluctuations.

TABLE |
NRMSEFOR DIFFERENT STATISTICAL MODELS AND
TURBULENCE CONDITIONS DEFINED INFIGS. 1-6

the high and low irradiance tails [17]. Thus, sensitivitythe

Gamma-Gamma [11] Double-Welbull [13] | Double GG (Proposed .smaI.I irradiance fades is increased, while sensitivityaimé

E@g- ; 22;/3/ 17;/3/ 8-22? irradiance peaks is decreased. The pdf plots were alsodscale
19. .8% 2% .8% : : H :

Fig 3 19% 1% 0.8% by subtract_lr?g_ the mean value to center a_1|| distributions on

Fig. 4 0.3% 10% 0.3% zero and dividing by the square root of variance.

Fig. 5 19% 8.7% 1.5% H e .

Fio 6 e T T=5 In Fig. 1, we assume weak turbulence conditions which are

characterized by, = 0.1 andlo/Ry = 0.5. The values
of the variances of small and large scale fluctuation$,and

. _ o7) are calculated from(11) an@(12). Usirig](94).1(9b) and
to Gamma-Gamma while fom; = 1, it becomes Double- (1g), the Double-GG parameters are obtainedyas= 2.1,
Weibull. Forvy; =1, Q; = 1, mo = 1, it coincides with the K Yo =21, m1 =4, my = 4.5, Q; = 1.0676 andQ, = 1.06
channel. wherep = ¢ = 1. We further employ normalized root-mean-

square error (NRMSE) as a statistical goodness of fit test.
I1l. V ERIFICATION OF THEPROPOSEDCHANNEL MODEL  Table | provides the NRMSE results for different statidtica
In this section, we compare the Double GG distributiof"©d€!s. According to Table | and Fig. 1, both Gamma-Gamma
model with simulation data of plane and spherical waves pr@0d Double-Weibull distributions fail to match the simidat
vided respectively in[17] and [18]. A [17], Flateéal. carried data- On the other hand, the proposed Double GG distribution
out exhaustive numerical simulations and published theites follows closely the simulation data. . .
assuming plane wave propagation through homogeneous ant Fig.-2, we assume moderate irradiance fluctuations which
isotropic Kolmogorov turbulence. 1 [18], Hill and Freftic &€ characterized byg,,, = 2 and lj/Ry = 0.5. The
presented the simulation data for the propagation of a spheframeters of the Double GG distribution for this case are
ical wave through homogeneous and isotropic atmosphefit@ined asyr = 2.1690, 7o = 0.8530, my = 0.55, ma =
turbulence. The turbulence severity is characterized bpwy 2-3%, 1 = 1.5793 and €2, = 0.9671. In the calculations,
variance &) Which is proportional to the scintillation index? and ¢ are chosen ap = 28 and ¢ = 11 in order to
[4]. We emphasize that the same data set was also emplo$8Sy /¢ = 71/72. Among the three distributions under
in [1T] and [I3] which have introduced the Gamma-Gamnf@nsideration, the proposed Double GG model provides the
and Double-Weibull fading models. best fit to the simulation data. It is apparent that Gamma-
Gamma fails to match the simulation data particularly in the
tails. As Table | demonstrates, the accuracy of Double Weibu

is better than that of Gamma-Gamma, but slightly inferior to
Figs. 1-3 compare the Gamma-Gamma, Double-Weibull andr proposed distribution.

Double GG models under a wide range of turbulence condi-In Fig. 3, we assume strong irradiance fluctuations which are
tions (weak to strong) assuming plane wave propagation. dharacterized byréymve: 25 andIy/ Ry = 1. The parameters
these figures, the vertical axis of the figure representsatpe | of the Double GG distribution are calculated as= 1.8621,
irradiance pdf multiplied by the square root of variancee Thy, = 0.7638, m; = 0.5, mg = 1.8, Q1 = 1.5074 and ), =
logarithm of irradiance was particularly chosen to illastr 0.9280 wherep and ¢ are chosen as 17 and 7 respectively.

A. Plane Wave
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Figs 4-6 compare the Gamma-Gamma, Double-Weibull Doublo.GG distribution
and Double GG models under weak, moderate and strong
turbulence conditions assuming spherical wave propagatio

These pdfs are plotted as a function(bf 7 + 0.502) /0 [18], % o O IR 8 %0
whereo is the square root of the variancelaf/. The y-axis @
depicts the log-irradiance pdf multiplied ly

In Fig. 4, we consider spherical wave propagation amlzb. 7. Outage probability as a functi0n2qf/fyth for a) Plane wave -
assume weak turbulence which are characterizeddyy, = ryror = 2 lo/Fo =05, b) Plane wavery,,, = 25, lo/Fo =1, €)
0.06 andly/ Ry = 0. The parameters of Double GG are evalu?p/r;{er"f*'lwave Thytov = 2 lo/Ro = 0, d) Spherical wave e, ,,,, =5,
ated using the variances of small and large scale fluctugtion’



(o—; ando?) for spherical waves. The values of these variances
are given by[(IB) ,[(14) and(L7). Therefore, employing (9)
and [I0) we obtainn; = 34.24, my = 32.79, v1 = 72 =

Q1 = Qy = 1 wherep andg are equal to 1. It can be noted
that in this case, the Double GG coincides with the Gamma-
Gamma distribution. It is apparent that both Gamma-Gamma
and Double GG distributions provide an excellent match o th
simulation data while the Double-Weibull distributionlfato
match the simulation data.

In Fig. 5, we assume moderate irradiance fluctuations, which
are characterized byZ,,,, = 2 andly/R, = 0. The param-
eters of the Double GG model for this case are calculated
asvi = 0.9135, 7o = 1.4385, m; = 2.65, me = 0.85,

Q1 = 0.9836 and ), = 1.1745 wherep andq are selected as

7 and 11 respectively. It is clearly observed that the Double
GG model provides a better fit with simulation data, espgcial
for small irradiance values.

In Fig. 6, we assume strong irradiance fluctuations which are
characterized by3,,,, = 5 andly/Ro = 1. The parameters
of the Double GG model are calculated as = 0.4205,

o = 0.6643, m; = 3.2, me = 2.8, 1 = 0.8336 and

Qo = 0.9224 where p and ¢ are chosen as 7 and 11
respectively. It is apparent from this figure and Table | that
both Gamma-Gamma and Double-Weibull distributions fail to
match the simulation data. On the other hand, the proposed
Double GG distribution follows closely the simulation data

IV. PERFORMANCE EVALUATION
A. Outage Prabability Analysis of S0 FSO System

Denote R, as a targeted transmission rate and assume
vin = C~1(R;) as the corresponding signal-to-noise ratio
(SNR) threshold in terms of the instantaneous channel @gpac
for a particular channel realization. Therefore, the oetag
probability is calculated byP,,: (R:) = Pr(y < vu) [27],

[28]. If SNR exceedsyy, no outage happens and the receiver
can decode the signal with arbitrarily low error probabilfor

the system under consideration, the instantaneous elgctri
SNR can be defined as = (n1)°/N,, while the average
electrical SNR is obtained ag = 7?/N, since E (I) = 1.
Therefore,I can be expressed ab = +/v/7. After the
transformation of the random variablé, the cdf of v can

be easily derived from{6) and setting = ~;, therein, we
obtain the outage probability as in {19) at the top of the next
page.

(@I9) can be seen as a generalization of earlier outage
analysis results in the literature. Specifically, if we irise
~v; =1 and; = 1 in (I9), we obtain the outage probability
expression reported in_[20, Eqg. (15)] for Gamma-Gamma
channel. Settingn; = 1 in (I39), we recover Eq (16) of [13]
derived for Double-Weibull channel. Similarly, foy; = 1,

Q; = 1 andms = 1, (I9) reduces to (3) of [29] reported for
the K channel.

Based on the derived expression[inl(19), Figs. 7.a-d present
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the outage probabilities of a SISO FSO system for differepl; g  average BER as a function of a) Plane wave 02 =2,
degrees of turbulence severity. We adopt the same paraneterr, = 0.5, b) Plane waver Jiow = 25,1o/Ro = 1, ¢) Spherical wave -
used in Figs 2-3 and 5-6 and consider the following fous, ,,, =2, lo/Ro = 0, d) Spherical wave ¢%,,,, =5, lo/Ro = 1
cases: a) Plane wave witg,,, = 2 and lo/Ro = 0.5, b)

ytov



Pout - F’y ('Yth) ==

pm271/2qm171/2(277)1*(P+q)/2 p—— <%_h>mz/2 mimp | 1 19)
[ (m1)T (m2) Lpta+l (Qap)?(Q1q)? ' A(g :m1) ,A(p:ms),0

Plane wave Withcrgytov = 25 andly/Ry =1, ¢) Spherical In @24) k and [ are positive integer numbers that satisfy
wave with g, = 2 andlo/Ro = 0, d) Spherical wave with pys/2 =1/k andJ¢ (y,z) is defined as

Oyoy = D @ndlo/Ro =1 . It is observed from Fig. 7.a

that an SNR of 37.8 dB is required to achieve a targeted (y,2) (25)
outage probability ofl0~2. As the turbulence strength gets N Y=\ A ¢ y—l—-z Ale 1-a
stronger (see Fig. 7.b), the required SNR to maintain theesam Ty ’ ’ y B Ty
performance climbs up to 50.5 dB. Similarly, for spherical : S

waves, SNRs of 36.8 dB and 50.9 dB are respectively requiredThe (_jen_ved BER expression "’ﬂ:d2_4) can be seen as a
for moderate and strong turbulence conditions. In thesedgju generahzanon of earlier BER. results in the I|t_eraturewls§
we further include the outage results for Double-Weibuld anInsert T = 1 _and Ql T 1 in (24), we obtain the BI.ER
Gamma-Gamma for comparison purposes. As expected fran oo derived irL[21, Eq..(9)] und.er the assumptlpn of
the earlier comparisons of their pdfs, the outage perfouearkamma'Gamma channel. Setting = 1 in (24), we obtain

i i g (15) of [13] derived for Double-Weibull channel. On the
over Double-Weibull and Double-GG for plane wave (Seet§er hand, fory; = 1, Q; = 1 andmg — 1, (24) reduces to

Figs. 7.a and 7.b) are similar while the Gamma-Gamma mo -
overestimates the outage performance. On the other haf ) of [22] reported for the K-channel,

the superiority of Double GG is more obvious for spheric:}u h an effort t.o ha\;_e Stonlﬁ further I?Stl'ght|3|3l|r5]t|g sys]:tem per-
wave (See Figs 7.c and 7.d), particularly for strong tunbcde formance, we investigate the asymplofica performance

conditions, where the outage performance plots of Doubl&- the_follpwmg. _For large SNR value§, the asymptotic BER
Weibull and Gamma Gamma significantly deviate. behavior is dominated by the behavior of the pdf near the

origin, i.e. fy(I) at I — 0 [32]. Thus, employing series
expansion corresponding to the Meijers G-function| [33, Eq.
B. BER Analysis of SISO FSO System (07.34.06.0006.01)], the Double GG distribution given[ (

can be approximated by a single polynomial term as
In this section, we present the BER performance analysis of

an FSO system with on-off keying (OOK) over the proposed bia ymin{ ™l M2V

Double GG channel. The received optical signal is written as i)~ A4 H ' (bj = bw) 1" e, (26)
j=1
Gk

y=nlx+n (20)
where A is obtained as

where 2 represents the information bits and can be either 0 _
_ ,72ppm2—l/2qm1—l/2(2ﬂ.)1 (p+aq)/2

or 1, n is the Additive White Gaussian noise (AWGN) term A

with zero mean and varianeg = N,/2 , n is the optical-to- L' (m1) T (m2)

electrical conversion coefficient andis the normalized irra- mimp min{ %L, 52 }

diance whose pdf followg]5). Conditioned on the irradignce (W) (27)

the instantaneous BER for OOK is given by [[22]
In (26), b, andb; are defined as

nl

P, ins = 0.5erfc ( > (22)

' 2v/No bk:min{%,%} (28)
where erfc (.) stands for the complementary error function

defined as , b € (29)

erfe(z) = — [ e at. 22
(@) \/E/z (@2) {I—A(q:l—ml),l—A(p:1—m2)}\min{m,@}

qg D

The average BER can be then calculated by averading (

over the distribution of. i.e 2[Jh)erefore, based o _(R23), the average BER can be well

approximated by

P, = /000 Jr(I) [0.5 erfc (2\%\7_0)] drl (23) Perso ~ A plif T (b; — by) (i)pwbkf (1 + py2br) /2)
j=1

. . vl 2y/mpy2by
The above integral can be evaluated in closed form by ex- itk
pressing theerfe (.) integrand via a Meijers G-function using (30)
[30, Eq. (8.4.14.2)],[130, Eq. (8.2.2.14)] and [31, Eq. (21)From [30), it can be readily deduced that the diversity order
Thus, a closed-form solution is obtained as[in] (24) at the t@p SISO FSO system is given lWy5pys min {m;/q , ma/p}.
of the next page.




1/2 —1/2
72km1+m2pm2+ / qml / k(p+q),21
Lk(pta) g 2l,k(p+q)+1

q,,P k l ) .
Psrso = < mymy ) (41) A(l:1),A(1:3)

2
pPbq1Qd ) Fkkw+a) Ji (q: 1 —my), Je (p: 1 —m2),A(l:0)
(24)

231 (my) T (ms) (2)

— SIS0
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Fig. 9. Comparison of the average BER between SISO and SIM® wiFig. 10. Comparison of the average BER between SISO and SIMO w
optimal combing for plane wave as defined in Fig. 3. optimal combing for spherical wave as defined in Fig. 5.

It is observed from Fig.8.a that an SNR of 51.1 dB is The optimum decision metric for OOK is given Hy [23]
required to achieve a BER af)—3 for a plane wave in moder-

ate turbulence conditions. For stronger turbulence cardit on
the required SNR to achieve the same BER performance is P(r|0n,|n)0§ﬁP(r|off,ln) (31)
68.2 dB as seen from Fig. 8.b. For spherical waves, SNRs of

49.8 dB and 63.8 are respectively required for moderate aRflare, — (r1,72,....,7y) is the received signal vector ard

strong turbulence conditions. Comparison with the exeess s the fading channel coefcient which models the channehfro

presented for other channel models reveals that the Gammas ransmit aperture to the!" receive aperture. Following
Gamma model significantly overestimates the performanggs same approach a5 [22].[23] the conditional bit error
Similar to earlier observations on the outage analysis, tB?obabilities are given by ;

superiority of Double GG is more obvious for spherical wave.
As observed from Figs 8.c and 8.d, the performance plots
of Double-Weibull and Gamma Gamma considerably diverge

particularly for strong turbulence conditions. Furthermat Pe(off |In) = Pe(on |1,) = @ (32)
can be clearly seen that the asymptotic results are in extell
agreement with exact analytical results within a wide range ]
of SNR showing the accuracy and usefulness of the deri\%ﬂe average BER can be then obtained as
asymptotic expression given in_(30).
dl (33)

V. FSO LINKS WITH RECEIVE DIVERSITY

Psivo,oc= [ i(D)Q
/

As it can be noticed from Section IV, the performance of ) o
a SISO FSO link over moderate and strong atmospheric tyfere fi (I) is the joint pdf of vectord = (11, I, ..., In).
bulence is quite poor. To address this issue, multiple tins The factor V in (33) is used to ensure that sum of the
and/or receive apertures can be employed and the perfoemdifCeive aperture areas is the same as the area of the receive
can be improved via diversity gains. In the following, wePerture of the SISO link.
assume that multiple receive apertures are employed andd. (33) does not yield a closed-form solution and requires
present the BER derivations under the assumption that aptif-dimensional integration. Nevertheless, the Q-functoam

gain combining is used. be well-approximated aQ(x) ~ e—§/12 + e‘¥/4 [34]



Almv) = Ol R, | (0N) w0yt A (ln, 1) (34)
n,v) = 2(27T)0.5(ln—1+(kln—1)(pn+Qn)) Ln kn (Prtan) ,—Ylnk:f{n(pn‘*‘Qn) T (Gny 1 —ma ), Ik, (P, 1 — map)
and thus the average BER can be obtained as BER of SISO FSO link is also included in these figures.
| N e - It is observed that receive diversity signicantly improbe t
) erformance. For instance, at a target bit error ratg(of®
Psivo.oc & — / (1) ex (—In) dl, P ’ 9 ’
MO T nl;[l 0 i Un)exp 4N we observe performance improvements of 26.8 dB and 39.6

1N e _ dB respectively for withV = 2 and 3 with respect to the SISO
+ = H / f1, (I,) exp (__7]721) dI, (35) transmission over Double GG turbulence channels defined in
4 n=170 3N Fig.3. Similarly, for Double GG channels defined in Fig. 5,

-3 .
The above integral can be evaluated by first expressing the 8k @ BER 0f107", performance improvements of 19 dB and
ponential function in terms of the Meijer G-function pretegh 2°-1 dB are achieved for SIMO links with’ = 2 and 3

in 31, eq. (11)] as compared to the SISO deployment. It can be further observed
’ that asymptotic bounds on the BER become tighter at high
exp (—z) = Géf E \5] (36) enough SNRs confirming the accuracy and usefulness of the

Then, a closed-form expression for{35) is obtained usidy [3asymptot|c expression given il {40).

Eqg. (21)] as
o (1) N N VI. CONCLUSIONS
Psno.oc ~ — [[Am,4)+-T[A(0,3 (37) In this paper, we have introduced a new channel model,
SHMO0C T 19 nl;[l m4) 4 nl;[l (m.3) so called Double GG, which accurately describes irradiance

whereA (n, v) is defined in[34) at the top of the page. fluctuations over atmospheric channels under a wide range

| ; 4k itive int bers that sati of turbulence conditions. It is based on the theory of doubly
n @4). 1, andk, are positive integer numbers that sa ISf)étochastic scintillation and considers irradiance fluttunes as
PnYen/2 = ln/kn, , @anda, andw, n € {1,2,...,N} are

the product of small-scale and large-scale fluctuationhvhi

defined as are both Generalized Gamma distributed. We have obtained
N R 7T“‘_l/?(27r)1*(1f’n+qn)/2 closed-form expressions for the pdf and cdf in terms of
_ Y2nP q (38) S : _ _
n T (m1,)T (man) Meijers G-function. Comparisons with the Gamma Gamma
i\Pa g T 1\n and Double-Weibull have shown that the new model pro-
Wn = (92,npnm2,:1)p (QnQI,nml,:l)q (39) P

vides an accurate fit with numerical simulation data for both
The derived expression in {37) includes the previouslyregb plane and spherical waves. Using the new channel model,
result in [22] for K channel as a special case. we have obtained closed-form expressions for the BER and
Based on the approximation ifi_(26), the correspondibe outage probability of SISO and SIMO FSO systems. We
closed-form asymptotic solution far (85) can be obtained akave demonstrated that our derived expressions cover many
LN L existing results in the literature earlier reported for Gaan
~ L 1 Gamma, Double-Weibull and K channels as special cases.
Psmwo.oc_asy™ 15 EAaSy(nA)JF 4 1] Aasy(n.3) (40) Based on the asymptotical performance analysis, we have
further derived diversity gains for SISO and SIMO FSO
systems under consideration.

n=1

whereAasy(n, v) is defined as
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