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Abstract: Terrestrial free-space optical (FSO) links are severely damaged by both at-
mospheric turbulence and misalignment errors. Generally, the optic community models
misalignment by considering two different axes, i.e., the horizontal displacement and the
elevation, as independent Gaussian random variables (RVs), whose probability density
function is the well-known Beckmann distribution in the general case. In the current paper,
we generalize this previous approach by misalignments with correlated sways since both
the horizontal displacement and the elevation are not necessarily uncorrelated RVs in po-
tential FSO applications. A statistical pointing error model is proposed, where not only is the
laser beam width, detector size, and the effect of nonzero boresight and different jitter vari-
ances for each axes taken into account, but the effect of correlated sways is also taken into
account. The proposed statistical model is used to evaluate the outage performance over
gamma—gamma atmospheric turbulence channels. It is shown that the effect of correlation
can only affect the coding gain when atmospheric turbulent is the dominant effect, while
outage diversity is strongly dependent on correlation when pointing error is the dominant
effect. Hence, correlation cannot be ignored in FSO systems. Simulation results are further
included to confirm the analytical results.

Index Terms: Free-space optical (FSO), atmospheric turbulence, generalized pointing er-
rors, correlated sways, gamma-gamma density function.

1. Introduction

Free-space optical (FSO) communication systems have attracted a considerable attention in recent
years due to the ability to provide high speed links for a variety of applications as well as to establish
terrestrial high-capacity wireless links that are demanded by the new wide-band telecommunication
services. The main features are unlimited bandwidth, unlicensed-free spectrum, immunity to radio
frequency (RF) interferences, robustness to eavesdropping and low cost. Furthermore, it can be ex-
pected that these systems will assume a noticeable role in the development of fifth-generation (5G)
infrastructure, thus efficiently contributing to overcome the important challenge caused by the RF
spectrum scarcity. This technology is able to transmit high-bandwidth data when fiber optic systems
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are neither practical nor feasible. Commercially available systems offer capacities in the range of
100 Mbps to 2.5 Gbps. However, this technology is not without drawbacks: atmospheric turbulence
and pointing errors the major challenging factors [1]. The effect of misalignment fading can result
in a significant mismatch between transmitter and receiver of fixed-position laser communication
systems. For instance, building sway due to wind loads, differential heating and cooling, or ground
motion over time can lead to an important misalignment error [2], [3]. Additionally, pointing errors
can also arise due to mechanical misalignment, errors in tracking systems, or due to mechanical
vibrations present in the FSO system [4]. Different mitigation techniques such as narrower beam
widths and automatic pointing and tracking systems have been used to avoid a high geometric loss
when link distances greater than one kilometer are assumed [5], [6].

Over the last few years, the study of pointing errors in FSO communication systems has been
quite an interesting subject for the optic community. Some statistical models have been presented,
which have been used and continue using in a great deal of research articles [4], [7]-[12]. Recently,
a new approximation of generalized pointing errors was proposed in [11], where pointing errors are
modeled by the Beckmann distribution, presenting quite an useful tool to analyze the performance
over atmospheric turbulence channels. The Beckmann distribution was also considered in [10] to
evaluate the asymptotic ergodic capacity of FSO links over log-normal (LN) and gamma-gamma
(GG) atmospheric turbulence channels, and in [12] to evaluate the outage performance over expo-
nentiated Weibull (EW) atmospheric turbulence channels by using a moment generating function
(MGF)-based approach. However, to the best of our knowledge, the effect of correlated sways
on FSO link designs was never taken into account, i.e., both the horizontal displacement and the
elevation have always been modeled as uncorrelated random variables (RVs). Generally, the radial
displacement at the FSO receiver follows a Beckmann distribution as well as in other fields or ap-
plications. Hence, it seems much more reasonable to assume the effect of correlation between the
horizontal displacement and the elevation since both of them are not necessarily uncorrelated in
potential FSO applications. So far, the effect of correlated sways has only been assumed in satellite
optical transmission when the radial displacement is distributed according to a Rayleigh distribution
[13], [14].

In this work, for the first time, we characterize the outage performance over GG atmospheric
turbulence channels under the presence of generalized pointing errors with correlated sways. In
this way, we propose a new statistical model to describe the effect of correlated sways on pointing
errors that is used to analyze the outage performance of FSO links. It must be noted that there are
no published papers that address this challenging research problem. An approximate closed-form
probability density function (PDF) for the composite GG atmospheric turbulence with generalized
pointing errors is derived that serves as an analytical tool to evaluate the performance of any kind
of FSO communications system with a higher degree of sophistication and realism. In light of the
obtained results, we can conclude that the effect of correlated sways cannot be ignored in terrestrial
FSO links since the correlation presents an important impact on the performance of FSO communi-
cation systems. Moreover, this study can be extended to other atmospheric statistical models such
as LN and EW atmospheric turbulence channels, among others. Monte Carlo simulation results are
further included in order to confirm the analytical results.

2. Effect of Correlated Sways

In this section, a statistical model to include the effect of correlated sways on misalignment fading
will be established and analyzed in greater detail. The attenuation due to geometric spread and
pointing errors can be approximated, as in [7], by

2r2
hp(r;z) ~ Agexp | ———|. r=0 (1)

Zeq

where v = /ma/~/2w,, Ay = [erf(v)]? is the fraction of the collected power at r = 0, a is the radius of
a circular detection aperture, and % = o /merf(v)/2vexp(—v?) is the equivalent beam width. The
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beam width w, can be approximated by w, = 6z, where 6 is the transmit divergence angle describing
the increase in beam radius with distance from the transmitter.

We can express the radial displacement r at the receiver plane as r> = x? + y2, where x and
y represent the horizontal displacement and the elevation, respectively. The approximation in (1)
is in good agreement with the exact value when the normalized beam width w,/a > 6. Let us
define a couple of useful pointing error parameters such as ¢x = w,,, /20y and ¢y = w,,,/20,. These
parameters are the ratios between the equivalent beam radius at the receiver and the corresponding
pointing error displacement standard deviation (jitter) at the receiver.

Generally, the radial displacement r at the receiver is distributed according to the well-known
Beckmann distribution when x and y are modeled as independent Gaussian RVs, whose integral-
form PDF can be found in [15, (31)] as follows:

21 _ 2 ing — 2
/ exp (_(r CoS O — ux)” (rsin® — puy) ) @, r>o0. @)
0

2 2
20% 20'y

f,(I’) =

2moyoy

As commented before, x and y are not necessarily uncorrelated RVs in terrestrial FSO applications.
Both x and y can be modeled as correlated Gaussian RVs with different jitters for the horizontal
displacement (o, > 0) and the elevation (o, > 0), and different boresight errors in each axis of the
receiver plane (i, uy € R),i.e., x ~ N(uy, ox) and y ~ N(u,, 0,), and Pearson correlation coefficient
p € [—1, 1]. Then, the random vector (x, y) follows a bivariate normal distribution with mean vector
(ex, 1y) and covariance matrix

)= () (o, ") @
y Mty POXOy oy
It must be mentioned that for bivariate normal distribution, zero correlation implies independence.

This is, of course, not so in general. The bivariate normal distribution for two related, normally
distributed variables is defined by the following PDF:

1

2noyoyy/1 — p?

o g | (5) + (552) 2 (52) (5] @

The above PDF has a maximum at the mean vector (uy, uy). The contours of equal density of
bivariate normal distribution are ellipses at (1.« 1,). The major axes of these ellipses have a positive
slope when pis positive, and a negative slope when pis negative. If p = 0, these contours are circles.

Notice that x and y can be written in polar coordinates as x = rcos¢ and y = rsin¢, where r
is the non-negative RV that represents the radial displacement, and ¢ is an angle in the interval
(=%, 3)- In order to include the effect of correlated sways in this analysis, we define two new RVs
such as x” and y’, which are statistically independent and whose statistics, i.e., mean and variance,
will be expressed as a function of the correlation coefficient p between x and y. In this way, let us
also define these new RVs in polar coordinates as x = rcos ¢’ and y = rsin¢’, where ¢g = ¢ — ¢'. It
must be noted that the relation x2 + y2 = x* + y* = r2 always holds, as in [15]. Now, we obtain the
¢o value that makes the covariance between x” and y’ equal zero since both of them are statistically
independent. Note that the relations x = x’ and y = y’ also hold when ¢ = ¢'. Hence, we can write
the covariance between x’ and y’ as

Cov[x', y'] = Cov|[rcos(¢ — ¢o), I sin(¢ — ¢o)] - (5)

Taking into account the properties of the covariance under linear transformations, we can rewrite
the covariance expressed above as follows:

fxv(x,y) =

Cov[x', y'] = 2poyoy cos® go + (07 — 0%) SiN o COS o — P0Gy (6)
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TABLE 1
Expressions for Pointing Error Parameters with Correlated Sways

Parameter Symbol Expression

Horizontal mean Wy J1x COS hg + f1y SiN ¢

Vertical mean /L;, Ly COS hg — fix SN g
. . 2 . .

Horizontal variance o} 02 €082 o + 07 Sin o + 2pox 0y SiN o COS ¢ho
. . 2 . .

Vertical variance o, 02 cos? ¢ + 0 Sin? o — 2007 SiN o COS ho

Therefore, the ¢ values that make the covariance obtained in (6) equal zero, i.e., Cov[x’, y'] = 0,
are computed as

T
Z, Ox = Oy
$o=1 4 oo (20930 ) 7)
— , O oy.
2 02 — a}‘? X Y

For even further detail, Appendix A shows how the ¢g value was obtained. At this time, we can
derive the corresponding means and variances of x’ and y’, which have been derived in appendix
B and, further, are shown as a summary in Table 1. Similar to (3), we can express both x’ and y’ in

a matrix form as follows:
2
! / / 0
(X,>~N (”‘f), > (8)
y My 0 a;

Finally, it must be noted that the radial displacement r at the receiver plane is expressed as
r2=x"+ y’z, where x" and y’ represent the equivalent horizontal displacement and the equivalent
elevation, respectively. Both x’ and y’ are modeled as independent Gaussian RVs with unequal
means and unequal variances.

2.1 Linear Correlation Analysis

In the light of expressions obtained in Table 1, different conclusions can be drawn from the trans-
formation of Gaussian RVs performed here in order to add the effect of correlated sways to the
generalized misalignment fading. First, it must be noted that both boresight errors and pointing error
deviations corresponding to the horizontal displacement and the elevation strongly depend on the
correlation coefficient. This fact makes a transformation in PDFs that needs to be addressed.
When the radial displacement follows a Rayleigh distribution, i.e., uy =, =0 and oy =0y,
the effect of correlated sways turns a Rayleigh distribution into a Hoyt distribution. The effect of
correlation makes different jitters in each axis. At the same time, when the radial displacement
follows a lognormal-Rice distribution, i.e., ux # uy # 0 and ox = oy, the effect of correlated sways
turns a lognormal-Rice distribution into a Beckmann distribution, i.e., the most general case, where
each of parameters can take different values. This phenomenon does not occur in the rest of
distributions such as Hoyt and Beckmann, i.e., ox # oy, due to the fact that both of them assume
different jitters and, hence, the effect of correlation keeps making the same PDF. According to
Table 1, the corresponding expressions of jitter variances are plotted in Fig. 1 in order to see how
these variances are affected by the effect of correlation when these ones start taking the same value
(the figure on the left), or different values (the figure on the right). Note that this figure does not
depend on atmospheric turbulence. The most relevant thing here is that when one axis increases,
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- (Uz/a7 Jy/a) = (9,6)
— (oz/a,0y4/a) = (12,9)
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Fig. 1. Effect of correlation on normalized jitters as a function of the correlation coefficient p for a FSO
link distance of dsp = 3 km.

the another one does the opposite, increasing the dispersion between both axes, as well as the
symmetry with respect to p = 0.

3. System and Channel Models

3.1 System Model

Let us consider a single-input/single-output (SISO) FSO link that is based on intensity-modulation
and direct-detection (IM/DD) due to their simplicity and low cost, and on-off keying (OOK) modula-
tion. In this way, the received electrical signal for a SISO FSO link is given by

y =hRx +2z ©

where R is the detector responsivity, assumed hereinafter to be the unity, x is the transmitted optical
power, h is the equivalent real-value fading gain of the channel between the source and the receiver,
and z is additive white Gaussian noise (AWGN) with zero mean and variance o2 = No/2. The
channel gain is a product of three factors, i.e., h = L - h, - h,, atmospheric path loss L , atmospheric
turbulence h,, and geometric spread and pointing errors h,. Note that both atmospheric turbulence
and pointing errors are considered to be statistically independent. The path loss L is determined
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by the exponential Beers-Lambert law as L = e %%, where dgp is the link distance and ® is the
atmospheric attenuation coefficient described in [16]. The received electrical signal-to-noise ratio
(SNR) can be defined as yr = 4yh?, where y = P2T,/N, is the normalized received electrical SNR
in absence of turbulence, P; is the average transmitted optical power, and T}, is the bit period.

3.2 Channel Model

As recently presented in [11], where a new approximation was proposed to efficiently study pointing
errors modeled by the Beckmann distribution, we take full advantage of this approximation due to
its mathematical simplicity to include the effect of correlated sways. The PDF of h, is approximated,
asin[11], as

2
foy () = :"‘—dh‘ 0 < h < Amog (10)

mod

where ¢mod = @z,,/20mod- The authors derived an approximation of the PDF of r that is based on a
modified Rayleigh distribution of one parameter: o2 _,. The corresponding expression of o2 , was
obtained in [11, Eq. (9)] as

(11)

2 4 2 4 6 6\ 1/3
> ([3uxoy +3uy0, +0, +o,
Omod = 2 .

Also, the corresponding expression of A nog Was obtained in [11, Eq. (15)] as

1 1 1 w’ 1"y
Amod =A08XP| 5— — o5 — 5 — 57 ~5a e |- (12)
mod Px 2‘py 20 ¢y 20 Yy

Note that both Uﬁlod and A moq are computed by using the corresponding statistics of x’ and y’, as can
be seenin Table 1. A closed-form expression of the combined PDF was derived in [11, (16)] when the
radial displacement r is determined by a modified Rayleigh distribution. Therefore, that expression
can be used to compute the combined effect of the GG atmospheric turbulence and generalized
pointing errors taking correlated sways into account. Therefore, the PDF is approximated as follows:

_ 2
O5,3902modh ! 1132 apf (ﬂzmod +1 . h>0 (13)
Amodl T'(@)T'(B) A modl Grog» @ B

where Gp'J[-] is the Meijer's G-function [17]. The corresponding cumulative distribution function
(CDF) is derived using [18, (07.34.21.0001.01)] as

2
 Pmod 31 9B
P = Tor(e) T2 (AmodL

Assuming negligible inner scale, & and g can directly be linked to physical parameters through the
following expressions [19]:

fu(h) ~

B

1,02 ,+1
, ¥mod _h=o (14)
¢m0d5 C(, 1370

-1

0.49y2
“= [exp ((1 +0.18d2 + 0_56X12/5)7/6) - 1] (15a)
0.51%(1 + 0.69x'%/5)=5/6 -1
’= [eXp ((1 +0.9¢2 4 0.6242 X12/5)5/e> - (15b)

where x2 = 0.40% = 0.5¢”/6C2dg}/® is the Rytov variance for a spherical wave, which is a measure
of the optical turbulence strength, and d® = kD?/4dsp . Here, k = 27/ is the optical wave number, 1
is the wavelength, D = 2a is the diameter of the receiver collecting lens aperture, dsp is the source-
destination link distance, and C2 is the refractive index structure parameter. It must be emphasized
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that « and B cannot arbitrarily be chosen in FSO applications due to the fact that both parameters
are related to the Rytov variance.

4. Performance Analysis of Terrestrial FSO Links with Correlated Sways
4.1 Outage Performance Analysis

In this section, the effect of correlated sways on outage performance over GG atmospheric channels
is carefully analyzed. Outage probability, Poyi, can be defined as the probability that the instanta-
neous combined SNR, y7, falls below a certain specified threshold, 4, which is a protection value
of the SNR above which the quality of the channel is satisfactory as

Yth
Pout i= P(yr < yi) = f f, (). (16)
0

By using (16), the outage probability can be written as

5 A vin/4y Yin
Pout = Plyr < 1) = P(4yh? < yi) = / fy(h)dh = F ( /4—y)

0
1’ ‘prznod +1
hrou @ £.0 )

In order to reveal more insights into this challenging analysis, the corresponding Maclaurin series
expansion of the Meijer’s G-function [18, (07.34.06.0006.01)] is used here as follows:

2 min(e, B) _ min(a, B)/2
| Pmod (@F) (|l — Bl) | (m) A s min( f)
min (. B) (Amoal )™ “P T ()1 (B) (92,04 — Min (o, B)) \4¥
Prroal@B) T (o = ¢203) T (B = ¢hroa) ( i )wﬁ“’"/ ’
92 0q (A modL ) e T () T'(B) 4y

2
_ wmod'B)Gg:l( af  fvm (17)

B (o) T( Amodl Y 4y

Pout =

‘szod < min(a, B).

(18)
It is straightforward to show that the outage probability behaves asymptotically as Poy = (0.y)~ %,
where O4 and O, denote outage diversity and coding gain, respectively [20]. At high SNR, the
outage diversity determines the slope of the outage probability versus average SNR curve in a log-
log scale and the coding gain (in decibels) determines the shift of the curve in SNR. Hence, it can
be deduced from (18) that the outage diversity for a FSO link under the presence on generalized
pointing errors with correlated sways is expressed as follows:

04 = min (a, B, ¢2q) /2 (19)

where the effect of correlated sways appears to be implicitly in (pzmod.

4.2 Numerical Results

Now, the effect of correlated sways is evaluated over different atmospheric turbulence conditions
and different misalignment error values.

Note that the system configuration adopted in this study is used in most practical terrestrial FSO
communication systems [5], [6], as shown in Table 2. Different weather conditions are adopted
in this paper: haze visibility of 4 km with C2 = 2 x 10~ m~2? and clear visibility of 16 km with
C2 =8 x 107" m~23, corresponding to moderate and strong turbulence conditions, respectively.
A wavelength value of A = 1550 nm is chosen due to its low attenuation as well as the proliferation
of high-quality transmitter and detector components. A source-destination link distance of dgp =
3 km is assumed together with a D = 10 cm receiver aperture in order to study a practical FSO
communications system, wherein the typical link distance values are between 1-5 km, as well as
typical values for the receiver diameter are on the order of 5-20 cm. Rytov variance values of
x2 = {1.2, 4.8} for spherical wave are derived for dsp = 3 km corresponding to moderate and strong
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TABLE 2
FSO Communication System Settings

Parameter Symbol Value
FSO link distance dsp 3 km
Wavelength A 1550 nm
Receiver aperture diameter D =2a 10 cm
Transmit divergence 0, 1 mrad
Normalized beam width wz/a ~60
Maximum jitter angle (Osx, Osy) 0.4 mrad
Maximum normalized jitter (ox/a, oy/a) ~24
Maximum boresight angle (Obx, Oby) 0.3 mrad
Maximum normalized boresight error  (1x/a, 1y/a) ~18

turbulence, respectively. Regarding pointing error values, a narrower beam width should be used
to avoid a high geometric loss when link distances greater than one kilometer are assumed. In this
case, the use of automatic pointing and tracking systems is required in order to reduce pointing error
effects, typically between 0.05-1 mrad of divergence at 1/¢? that is equivalent to a beam spread of
15-300 cm at 3 km [5], [6]. At the same time, different jitter variances are used to study the outage
performance, which can take values up to 0.4 mrad, as well as different nonzero boresight errors,
which can take values up to 0.1 mrad or even much smaller [4]. Parameters « and g are calculated
from (15).

1) Outage Diversity Analysis: For a better understanding of the impact of correlated sways on
outage performance of FSO links, the outage diversity obtained in (19) is depicted in Fig. 2 as a
function of the linear correlation coefficient p for different normalized jitter values as well as different
normalized boresight error values, which are both obtained according to Table 2. A normalized beam
width value of w;/a = 60 is derived according to the FSO link distance considered in this analysis.
In the light of (19), we can know what issue, i.e., atmospheric turbulence or pointing errors, is the
dominant effect. From Fig. 2, it can be observed that the outage diversity is strongly dependent on
the correlation coefficient. As expected, when atmospheric turbulence is the dominant effect, i.e.,
when normalized jitter values of oy/a = 0y/a = 6 are considered, the outage diversity keeps at a
constant level due to the fact that atmospheric turbulence does not depend on correlation coefficient.
On the contrary, when pointing error is the dominant effect, i.e., when normalized jitter values of
ox/a =oy/a = {15, 18, 21} are considered, the outage diversity strongly depends on the correlation
coefficient. In other words, the relation goEwd > min(«, ) does not hold when larger amounts of
misalignment are assumed, such as oy/a = 0,/a = {15, 18, 21}.

Note that the pointing error values used in Fig. 2, i.e., pointing error values that are used as
described in the legend to Fig. 2, are the input parameters in the FSO system together with other
ones such as FSO link distance, wavelength, among others. As previously commented in Section 2,
the effect of correlated sways turns a initial PDF into another one. This fact, for instance, can be
observed in Fig. 2 where normalized jitter values for the horizontal displacement and the elevation
start taking the same value, but the effect of correlation makes different jitters in each axis as
corroborated in Fig. 1. This phenomenon is more pronounced under high correlation conditions.
More specifically, we can see in Fig. 2(a) as the effect of correlated sways turns a Raleigh distribution
into a Hoyt distribution and, hence, the outage diversity decreases as the correlation coefficient
increases since the dispersion between both sigma values increase. At the same time, we can
also see a similar behavior in Figs. 2(b) and (c), where a lognornal-Rice distribution turns into a
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Fig. 2. Outage diversity O4 as a function of the correlation coefficient p for a FSO link distance of dsp = 3
km and different normalized boresight error values when a normalized beam width value of w,/a = 60
is assumed. (a) Zero boresight. (b) ux/a = j1y/a =6. () ux/a = py/a=12.

Beckmann distribution taking into account the effect of boresight errors. In this case, the outage
diversity degrades more rapidly with larger amounts of misalignment.

More importantly, generalized pointing errors with correlated sways can make a change in the
dominant effect, mainly under strong turbulence conditions. For instance, it can be observed in
Fig. 2(b) under strong turbulence that the outage diversity is flat for normalized jitter values of
ox/a = oy/a = 6, which means that this one is determined by atmospheric turbulence. But, the
outage diversity is also flat up to a correlation coefficient value of p ~ 0.75 for normalized jitter
values of oy/a = 0,/a = 15, which means that the outage diversity is determined by atmospheric
turbulence up to that value. The outage diversity starts being determined by pointing errors for
correlation coefficient values greater than ~0.75. This is a clear example of how the effect of
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Fig. 3. Outage performance over GG atmospheric turbulence and generalized misalignment fading
channels with correlated sways, when different weather conditions (a) C2 = 2 x 10~'* m~23 and
(b) C2 = 8x 10~"* m~23 are assumed for a FSO link distance of dgp = 3 km and different correlation
values. (a) Moderate turbulence. (b) Strong turbulence.

correlated sways can make a change in the dominant effect. The same conclusions can also be
drawn from Figs. 2(a) and (c). This phenomenon happens much more frequently under strong
turbulence than moderate turbulence due to the fact that both « and g take smaller values.

2) Outage Performance Analysis: The corresponding results of this outage performance analysis
are illustrated in Fig. 3(a) for moderate turbulence and Fig. 3(b) for strong turbulence as a function
of the inverse normalized threshold SNR, y/y.

In order to confirm the accuracy and usefulness of the proposed approximation given in (17),
Monte Carlo simulation results, where the FSO link is modeled by using the statistical model given
in (9), are further included by using solid line generating the corresponding variates from the exact
combined PDF. Due to the long simulation time involved, simulation results only up to 1078 are
included in Fig. 3. It is noteworthy to mention that the results obtained by using the proposed
approximate expression provide quite a good match between the analytical and the respective
Monte Carlo simulation results.

With the goal of analyzing the effect of correlated sways on outage performance, different cor-
relation coefficient values are considered in Fig. 3 such as p = {0, 0.2, 0.65} and p = {0, 0.2, 0.5}
for moderate and strong turbulence conditions, respectively. Additionally, the uncorrelated case,
i.e., uncorrelated sways, is also included in Fig. 3 as a reference. As in Fig. 2, the pointing error
values used in Fig. 3, i.e., pointing error values that are used as described in the legend to Fig. 3,
are the input parameters in the FSO system. In this way, simulation and analytical results, which
are illustrated by using red color, represent the uncorrelated cases when the radial displacement
follows a Rayleigh distribution, a lognornal-Rice distribution and a Beckmann distribution (by using
different marks). At the same time, two different correlated cases are depicted. On the one hand,
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Fig. 4. Loss, i.e., L 0sg[dB], as a function of the correlation coefficient for a link distance of dsp = 3 km
and different jitter variances and normalized boresight error values.

when the radial displacement follows a lognormal-Rice distribution, the effect of correlated sways
makes this PDF turns into a Beckmann distribution, which is illustrated by using blue color. On the
other hand, when the radial displacement follows a Beckmann distribution, the effect of correlated
sways keeps making the same distribution but the statistical parameters take different values, which
is illustrated by using green color. As expected, the obtained outage performance is strongly de-
pendent on the effect of correlated sways. When a nonzero correlation coefficient or larger amounts
of misalignment are assumed, the outage performance is remarkably decreased. This shows that
the effect of correlated sways cannot be ignored since this one presents a strong impact not only
on the outage diversity when pointing error is the dominant effect, as shown in the previous figure,
but on the coding gain when atmospheric turbulence is the dominant effect as well.

4.3 Impact of Correlation on Coding Gain

Taking into account the coding gain O, in (18), the impact of correlated sways translates into a loss,
i.e., L osg[dB], relative to GG atmospheric turbulence without considering correlated sways given by

L oss[dB] & 0£7°[dB] — 0£=°[dB]. (20)

The above expression computes the additional power needed to obtain a given outage performance
when there is correlation versus no correlation. The above expression is plotted in Fig. 4 as a function
of the correlation coefficient for a FSO link distance of dsp = 3 km and a normalized beam width
value of w;/a = 60 under the condition that atmospheric turbulence is the dominant effect, i.e., the
outage diversity is only determined by turbulence.

It can be observed that the losses slightly increase as the correlation coefficient does regardless
of the severity of atmospheric turbulence. Nevertheless, the impact of correlation on coding gain
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is more remarkable for moderate turbulence than strong turbulence. As expected, a greater loss is
obtained when nonzero boresight errors are considered.

5. Conclusion

An in-depth analysis of the effect of correlated sways on generalized misalignment fading for
terrestrial FSO links is carried out in order to readily study how such effect impacts on the outage
performance over GG atmospheric turbulence channels. There are no papers that address this
research problem in the literature. Motivated by the above, the authors have made an effort to fill
up this gap.

From this study, we can conclude that the impact of correlated sways on the outage performance
cannot be ignored in terrestrial FSO applications since the horizontal displacement and the elevation
are not necessarily uncorrelated RVs. Interestingly, the effect of correlation turns a PDF into another
one. In other words, the effect of correlation makes that the corresponding statistical distribution of
the radial displacement at the receiver turns to another one when the correlation coefficient takes
values different from zero. This phenomenon is really interesting since two pointing error models
might be assumed taking into account the effect of correlated sways such as Rayleigh (zero bore-
sight case) distribution and lognormal-Rice (nonzero boresight case) distribution. The correlation
makes that both statistical distributions turn to other ones more real when the correlation coeffi-
cient does not equal zero, obtaining a Hoyt distribution and a Beckmann distribution, respectively.
Additionally, from an asymptotic point of view, the effect of correlation presents a strong impact not
only on the outage diversity when pointing error is the dominant effect, but on the coding gain when
atmospheric turbulence is the dominant effect.

Last, but not least, it is also concluded that the approximate closed-form expression obtained
here for the outage probability is valid for research on performance of any kind of FSO system
under the presence of generalized pointing errors with correlated sways. Moreover, this work can
be extended to other atmospheric statistical models such as LN for weak turbulence and EW
considering the effect of aperture averaging. We believe that these results open a new way of
thinking when designing FSO systems, adding a higher degree of sophistication and realism to
the FSO system model. Further, an experimental verification of this pointing error model may be a
promising line for future research.

Appendix A

In this Appendix, we find the corresponding ¢, value that ensures that the following equation is
right:

2p0y0y €08 ¢ + (07 — 0%) SiN b COS o — poyoy = 0. (21)
We can write the above expression as follows:

2singoCcos gy 2poyoy

= ) 22
2cosg2 —1  oZ—o? (22)
Notice that [17, (1.313.9)]
2tana 2sinacos®a
tan2a = = . 23
1 _tan?a 2cos?a—1 (23)
We can rewrite the expression in (22) taking into account the above expression as follows:
2
tan 2o = > (24)
oy — Uy
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The ¢ values that make the covariance obtained in (6) equals zero, i.e., Cov[x',y'] =0, are
computed as

oy = 0y

o = 2,00’)(0'}/ (25)
arctan 5| o # 0y.
oy — 0oy

N = B

Appendix B

In this Appendix, we derive the corresponding means and variances of x' and y’, which are
modeled as independent Gaussian RVs with unequal means and unequal variances. In this way,
the corresponding mean of x’ can easily be obtained as follows:

w, = E[x] = E[rcos(¢ — ¢o)] = E[r cos ¢ cos ¢o + r sin ¢ sin ¢o]
= €0S ¢polE[r cos ¢] + sin gpoE[r sin ¢p] = 11, COS ¢po + 11y SIN ho. (26)
Similar to the above expression, the corresponding mean of y’ is also obtained as follows:
wy, = E[y'] = E[rsin(¢ — ¢o)] = E[rsin ¢ cos ¢o — r cos ¢ sin ¢o]
= €0s ¢olE[r sin ¢] — sin poE[r cOS ¢p] = 11y COS o — L1y SIN g. (27)

Finally, the corresponding variance of x’ can be obtained by performing some easy algebraic
manipulations as follows:

af = Var[x'] = Var[rcos(¢ — ¢o)] = Var[r cos ¢ cos ¢q + r sin ¢ sin ¢o]
= cos? ¢ Var|r cos ¢] + sin® ¢ Var[r sin ¢]
+ 2¢0Ss ¢g Sin g Cov[r cos ¢, r sin @]
= 0% Cos® ¢ + 07, SiN° o + 200, SIN o COS . (28)
Similar to the above expression, the corresponding variance of y’ is also obtained as follows:
af = Varly'] = Var[rsin(¢ — ¢o)] = Var[r sin ¢ cos ¢pg — r cos ¢ sin ¢]
= cos? ¢ Var|r sin ¢] + sin? ¢ Var[r cos ¢]
— 2C0S ¢ sin ggCoV[r sin ¢, r cos ¢]

= 0% COS® o + 0% SIN° o — 20y, SIN o COS ho. (29)

References

[1] M. A. Khalighi and M. Uysal, “Survey on free space optical communication: A communication theory perspective,” IEEE
Commun. Surveys Tuts., vol. 16, no. 4, pp. 2231-2258, Fourth Quar. 2014.

[2] S. Arnon, “Effects of atmospheric turbulence and building sway on optical wireless-communication systems,” Opt. Lett.,
vol. 28, no. 2, pp. 129-131, 2003.

[3] A. K. Majumdar and J. C. Ricklin, Free-Space Laser Communications: Principles and Advances, vol. 2. New York, NY,
USA: Springer, 2010.

[4] D. K. Borah and D. G. Voelz, “Pointing error effects on free-space optical communication links in the presence of
atmospheric turbulence,” J. Lightw. Technol., vol. 27, no. 18, pp. 3965-3973, Sep. 15, 2009.

[5] I. 1. Kim et al., “Wireless optical transmission of fast Ethernet, FDDI, ATM, and ESCON protocol data using the terralink
laser communication system,” Opt. Eng., vol. 37, no. 12, pp. 3143-3155, 1998.

[6] S. Bloom, E. Korevaar, J. Schuster, and H. Willebrand, “Understanding the performance of free-space optics [Invited],”
J. Opt. Netw., vol. 2, no. 6, pp. 178-200, 2003.

[7] A. A. Farid and S. Hranilovic, “Outage capacity optimization for free-space optical links with pointing errors,” J. Lightw.
Technol., vol. 25, no. 7, pp. 1702—-1710, Jul. 2007.

[8] W. Gappmair, S. Hranilovic, and E. Leitgeb, “OOK performance for terrestrial FSO links in turbulent atmosphere with
pointing errors modeled by Hoyt distributions,” IEEE Commun. Lett., vol. 15, no. 8, pp. 875-877, Aug. 2011.

Vol. 9, No. 3, June 2017 7903414



IEEE Photonics Journal Effect of Correlated Sways on Generalized Misalignment

(9]
[10]
(1]

[12]

[13]
(14]
(18]
[16]
(17]

(18]
(19]

(20]

F. Yang, J. Cheng, and T. Tsiftsis, “Free-space optical communication with nonzero boresight pointing errors,” IEEE
Trans. Commun., vol. 62, no. 2, pp. 713-725, Feb. 2014.

H. AlQuwaiee, H. C. Yang, and M. Alouini, “On the asymptotic capacity of dual-aperture FSO systems with a generalized
pointing error model,” IEEE Trans. Wireless Commun., vol. 15, no. 9, pp. 6502—-6512, Sep. 2016.

R. Boluda-Ruiz, A. Garcia-Zambrana, C. Castillo-Vazquez, and B. Castillo-Vazquez, “Novel approximation of mis-
alignment fading modeled by Beckmann distribution on free-space optical links,” Opt. Exp., vol. 24, no. 20,
pp. 2263522649, Oct. 2016.

R. Boluda-Ruiz, A. Garcia-Zambrana, C. del Castillo-Vazquez, B. del Castillo-Vazquez, and S. Hranilovic, “Outage
performance of exponentiated Weibull FSO links under generalized pointing errors,” J. Lightw. Technol., 2017, to be
published.

X. Liu, “Optimisation of satellite optical transmission with correlated sways,” IET Commun., vol. 5, no. 8, pp. 1107—1112,
2011.

X. Liu, “Performance analysis of a multiple-input-single-output optical satellite communication system with correlated
pointing errors,” IET Commun., vol. 6, no. 15, pp. 2503-2511, 2012.

P. Beckmann, “Statistical distribution of the amplitude and phase of a multiply scattered field,” J. Res. NBS D, vol. 66,
pp. 231-240, 1962.

I. I. Kim, B. McArthur, and E. J. Korevaar, “Comparison of laser beam propagation at 785 nm and 1550 nm in fog and
haze for optical wireless communications,” in Proc. Inf. Technol., 2001, pp. 26-37.

I. 8. Gradshteyn and |. M. Ryzhik, Table of Integrals, Series and Products, 7th ed. San Francisco, CA, USA: Academic,
2007.

Wolfram Research, Inc. The Wolfram functions site. [Online]. Available: http:/functions.wolfram.com.

M. A. Al-Habash, L. C. Andrews, and R. L. Phillips, “Mathematical model for the irradiance probability density function
of a laser beam propagating through turbulent media,” Opt. Eng., vol. 40, no. 8, pp. 1554—1562, 2001.

Z. Wang and G. B. Giannakis, “A simple and general parameterization quantifying performance in fading channels,”
IEEE Trans. Commun., vol. 51, no. 8, pp. 1389-1398, Aug. 2003.

Vol. 9, No. 3, June 2017 7903414




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


