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Abstract—Even in clear conditions, free-space optical (FSO)
links are impaired by scintillation and dynamic misalignment
which result in a slow fading channel. This paper presents
the first characterization of outage performance for single-
input/single-output (SISO) FSO links over exponentiated Weibull
(EW) atmospheric turbulence and generalized misalignment. A
novel feature of this paper is that a generalized pointing error
model is employed which not only takes into account the impact
of different jitters for the elevation and the horizontal displace-
ment but also the effect of different boresight errors for each axis.
The developed asymptotic expressions are used to find optimum
beam widths that minimize the impact of pointing error effects in
a variety of atmospheric turbulence conditions. Obtained results
corroborate that the impact of generalized pointing errors is
approximately the same over moderate and strong turbulence
conditions when an aperture-averaged receiver is considered.
Additionally, the use of a transmitter with optimized beam width
can result in large gains on the order of 5 dB or even greater.

Index Terms—Free-space optical (FSO), outage probability
(OP), pointing errors and outage diversity (Og).

I. INTRODUCTION

REE-SPACE optical (FSO) systems offer a number of
advantages including a license-free spectrum, immunity
to radio-frequency (RF) interferences as well as robustness to
eavesdropping [1]. However, such communication systems are
vulnerable to both atmospheric turbulence and pointing error
effects even in clear weather, which can greatly reduce its
performance. Atmospheric turbulence results in fluctuations
in both the intensity and the phase of the received optical
beam, severely degrading the link performance. Pointing error
effects at the receiver produced by wind loads and thermal
expansions result in building sways leading to a misalignment
between transmitter and receiver. In this paper, for the first
time, we characterize the outage probability in the case of both
atmospheric turbulence with generalized pointing errors with
independent boresight errors and jitter variances. The expres-
sions serve as a design tool to optimize outage performance
through proper beam width selection in FSO links.
A large number of statistical models have been proposed to
model the impact of turbulence-induced scintillation in FSO
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systems. Log-normal (LN) distributions are accurate in weak
turbulence conditions, Gamma-Gamma (GG) distributions are
accurate for moderate-to-strong atmospheric turbulence and
exponential distributions are appropriate in very strong tur-
bluence [2]. A challenge in these statistical models is that
they often do not provide a good fit to simulation data in
the moderate-to-strong turbulence regime where the impact of
aperture averaging can be significant [3]. Recently, an expo-
nentiated Weibull (EW) model was proposed, which provides
a good fit between simulation and experimental data under
moderate-to-strong aperture averaging conditions [4]—[7]. This
atmospheric turbulence model has been used in a significant
number of research articles [8]-[16] in order to study the
performance of FSO communication systems.

Similarly, the statistical modeling of misalignment in FSO
systems is critical to characterize communication performance
[17]-[20]. In [17], a pointing error model was proposed where
effect of beam width, detector size and independent identical
distributed (iid) Gaussian distributions for the elevation and
the horizontal displacement were considered. This work was
extended to consider different jitter variances in elevation
and the horizontal displacement [18] and by considering
nonzero boresight error at the receiver for iid Gaussian jitter
distributions [19]. In [20], a generalized pointing error model
was considered with different jitters for the elevation and
the horizontal displacement as well as the nonzero boresight
errors to compute ergodic capacity for FSO links over LN and
GG fading channels. In recent years, the combined impact of
EW fading and pointing errors has been studied in different
FSO scenarios [10], [12]-[15]. In [10], the ergodic capacity is
studied over EW atmospheric turbulence with zero boresight
pointing errors. In [12], closed-form expressions for the outage
probability and the bit error rate (BER) were obtained for
various binary modulation schemes over EW atmospheric
turbulence with pointing errors. In [13], a multi-hop FSO
communication systems with decode-and-forward (DF) relay
transmission over the EW fading channels with pointing errors
was proposed. In [14] a closed-form expression for the outage
capacity was derived in terms of the H-Fox function over EW
atmospheric turbulence with nonzero boresight pointing errors.
Furthermore, expressions obtained in [5, eqgs. (20)-(22)] for
the EW parameters have been used recently in [15] in order
to investigate the asymptotic ergodic capacity of multiple-
input/multiple-output (MIMO) FSO systems under different
aperture averaging conditions and nonzero boresight pointing
errors. It should be highlighted that a generalized pointing
errors model was not used in any research papers mentioned



above.

This paper focuses on the asymptotic outage performance
of FSO links over EW atmospheric channels with generalized
pointing errors following a Beckmann distribution [21] by
using a moment generating function (MGF)-based approach.
It must be noted that there are no published papers that
investigate the outage performance of FSO systems over EW
atmospheric turbulence with generalized pointing errors taking
into account the effect of aperture averaging. Unlike [18],
[19], a generalized pointing error model is taken into account
here, wherein not only the effect of different jitters for the
elevation and the horizontal displacement is carefully analyzed
but also the simultaneous effect of different boresight errors
for each axis is studied. Also, unlike [20], where a generalized
pointing error model was also considered for studying the
ergodic capacity, the outage probability of EW FSO links is
adopted here as a more suitable metric performance for FSO
systems than ergodic capacity due to the fact that atmospheric
turbulence is well described as slow fading. Moreover, the
impact of generalized pointing errors on FSO communication
systems is analyzed in-depth and minimized according to an
optimum beam width for terrestrial FSO applications by using
the derived asymptotic expressions for the outage probability.
Simulation results are further included to confirm the analyti-
cal results.

The remainder of the paper is organized as follows. System
and channel models are described in Sections II and III,
respectively. In Section IV, we obtain the asymptotic closed-
form expression for the outage probability by using an MGF-
based approach, wherein generalized pointing errors follow a
Beckmann distribution. This asymptotic closed-form expres-
sion is totally valid for most practical FSO systems. Numerical
results and discussions are presented in Section V as well as
some interesting conclusions are commented on Section VI.

II. SYSTEM MODEL

Consider a single-input/single-output (SISO) FSO commu-
nications link using on-off keying (OOK) modulation. The
use of infrared technologies based on intensity-modulation
and direct-detection (IM/DD) is assumed here due to their
simplicity and low cost. The intensity of the emitted light is
used to transmit the information, and the photodetector directly
detects changes in the light intensity without the need for a
local oscillator. The received electrical signal for a SISO FSO
link is given by

y=hRx + z, @))

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 02 = Ny /2. The channel gain is a
product of three factors, i.e. h = L - hq - hyp, 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 by the exponential Beers-
Lambert law as L = e~®9sP | where dgp is the link distance
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and @ is the atmospheric attenuation coefficient described in
[22]. The received electrical signal-to-noise ratio (SNR) can
be defined as y7 = 4vh?, where v = Py, T, /Ny represents the
normalized received electrical SNR in absence of turbulence,
P,y s the average transmitted optical power and T3 is the bit
period.

III. CHANNEL MODEL

Atmospheric turbulence is modeled using the EW distribu-
tion in order to consider a wide range of turbulence conditions
(weak-to-strong) as well as aperture averaging conditions
i.e., when the condition D > pg holds, where D represents
the diameter of a circular detection aperture (D = 2a) and
po =0.79 (C2k%dsp) “3/% s the plane wave coherence radius
[2]. Here, k = 27/ is the optical wave number, and C? is
the refractive index structure parameter. The corresponding
probability density function (PDF) was derived in [4, eqn. (7)]
as follows

=5 (5) e[ (5)

where 8 > 0 is a shape parameter related to the scintillation
index (SI), n» > 0 is a scale parameter related to the mean
value of the irradiance and o > 0 is an extra shape parameter
that is strongly dependent on the receiver aperture size. By
fitting the EW turbulence model to simulated or experimental
PDF data, several specific values of the parameters «, 8 and
n as well as some expressions for evaluating these parameters
have been obtained in [4], [S]. In this paper, expressions
obtained in [5, egs. (20)-(22)] are used for moderate-to-strong
turbulence conditions. The expressions corresponding to the
EW parameters are given as a function of the scintillation
index, 0%, as follows

7.2200°%/3

o= — : (3a)

I (248707%) — 0.104
B =1.012(a0?)~13/% 1 0.142, (3b)

1

= ; (30)

T A 1+ 1/8) gi(a, B)

where g1 (a, 3) is defined as follows
- (=1)*T(a)

= . 4

It must be noted that expressions obtained in [5, egs. (20)-
(22)] are valid when the aperture averaging (4A4) AA < 0.9
[5]. The aperture averaging factor, AA, can be defined by
the normalized variance of power fluctuations of the incident
optical field on a collecting lens. It can also be defined by the
ratio of the irradiance flux variance obtained by a finite-size
collecting lens to that obtained by a point-like receiver [23],
ie. AA =0%(D)/o%(0), where o%(D) and o%(0) denote the
scintillation indexes for a receive aperture of diameter D and
a point-like receiver, respectively. The scintillation index is
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expressed as in [2, eqn. (69), Chapter 10] under both weak
and strong turbulence conditions as follows

0.490%

0?(D) = exp 776
o 12/5
(140650 + 1.1107°)

12/5) _(5/6)

(5)
0.510% (1+0.6907;

X exp

— 1,
1+ 0.9 + 0.62d%0"°

where the parameter d is defined as d = y/xkD?/4dsp. The
scintillation index, o? (D), can also be expressed as a function
of the EW parameters [5, eqn. (19)].

The attenuation due to geometric spread and pointing errors
can be approximated, as in [17, eqn. (9)], as follows

—2r2
fwﬂd%Awm<w2>, ©)

Zeq

where v =/ma/V2w., Ag=[erf(v)]? is  the
fraction of the collected power at r =0, and
w2 = wly/merf(v)/2vexp(—v?) is the equivalent beam
width. The radial displacement r at the receiver plane can
be expressed as r2 = x? + 32, where x and y represent the
horizontal displacement and the elevation, respectively. Both x
and y are modeled as independent Gaussian random variables
with different jitters for the horizontal displacement (o)
and the elevation (o), and different boresight errors in each
axis of the receiver plane (u, and p,) ie.,  ~ N(ug,04)
and y~ N(uy,0,). It must be noted that a circular
detection aperture of radius a is assumed at the receiver,
shown in Fig. 1, where the beam footprint with generalized
misalignment on the detector plane is illustrated. Furthermore,
the approximation in Eq. (6) is in good agreement with the
exact value when the beam width w, > 6a, as shown in [17,
appendix]. The approximate expression for h, can even be
used when w, < 6a but obtaining a normalized mean-squared
error (NMSE) NMSE > 103. Therefore, Pz = Wy, /20, and
oy = w.,, /20, are the ratios between the equivalent beam
radius at the receiver and the corresponding pointing error
displacement standard deviation (jitter) at the receiver. The
radial displacement at the receiver is distributed according to
the well-known Beckmann distribution, whose integral-form
PDF can be found in [21, eqn. (2.37)] as follows

r
Frlr) = 2mo L0y
2 2 . 2 @)
(rcost — py) (rsinf — py)
X /0 exp ( 202 203 de.

This is a versatile statistical model that includes many distribu-
tions as special cases such as Rayleigh, Hoyt and lognormal-
Rician, among others [17]-[19]. In order to efficiently find
asymptotic closed-form solutions for the outage performance,
an MGF-based approach is used here due to the fact that
the Beckmann distribution is mathematically intractable. The
MGF corresponding to the squared Beckmann distribution (r-2)

e
Nl

Receiver aperture plane

Fig. 1: Beam footprint with pointing errors on the receiver.

can easily be derived from the sum of two independent squared

normal random variates as
2

2t pyt
M, (t) = E[e""] exp iz + T )
r? = ke = - )
\/(1 — 2t02) (1 — 2t0?2)

with E[-] denoting expectation.

®)

IV. ASYMPTOTIC OUTAGE PERFORMANCE ANALYSIS

The outage probability (OP), P, can be defined as the
probability that the instantaneous combined SNR, v, falls
below a certain specified threshold, ~;, that is

Yth

Pout = P(’YT S 'yth) = f’YT (h)dh (9)

Using Eq. (9), the outage probability can be written as

/\/7t}z/47

Pow = P(47h* < ) = fu(h)dh. — (10)
0
The PDF of h = L - h, - hy, can be written as
Ap
fu(h) = Juing (WL - hp) fr,, (hyp)dhy, (11)

where fy,,, (h|L - hy) is the conditional probability given a
pointing error state h, and L acts as a scaling factor. Hence,
the resulting conditional distribution can be written as

h
Finy (BIE - hy) = -5, (Lh) |
P P

Determining the combined effect of the EW atmospheric
turbulence and generalized pointing errors might be mathemat-
ically intractable due to the fact that the Beckmann distribution
presents certain impediments from a practical point of view
since a closed-form solution for its integral in Eq. (7) is
unknown. As a result, the asymptotic behavior at high SNR is
investigated here in order to carefully study how generalized
pointing errors and atmospheric turbulence impact on outage
performance. In this way, an asymptotic expression for the
atmospheric turbulence is adopted in order to obtain simple
closed-form expressions, assuming a single polynomial term
as follows

12)

fra(ha) =mibh>™" he >0 (13)

based on the fact that that the asymptotic behavior of the per-
formance of FSO communication systems is dominated by the



behavior of the PDF near the origin, i.e., f, (hq) at by — 0T
determines high SNR performance [24]. The parameter m; is
a positive constant, and the parameter ms quantifies the order
of smoothness of fy,, (h,) at the origin. Both parameters are
determined by the channel PDF in Eq. (2). The high SNR
approximations are especially useful for performance analysis
of FSO systems, where severe fading renders necessary a
large SNR for achieving a target OP. Hence, as shown in
the Appendix, an asymptotic expression of f3_(h,) can be
obtained from as follows

o (ha) = mahg> = = 20 o=,

o5 ta he > 0. (14)
Therefore, substituting Eq. (14) into Eq. (12) gives
1 h
h|L-hp) =—
fhlhp( | P) L'h,pfha (th)
15)

L« B i h af—1

~ Ln*B hy, \L-h, '
The asymptotic behavior corresponding to the PDF of h can
be expressed as follows

. Oéﬂ Ap 1 h af—1
fu(h) = e Jy hy <L : hp> fn, (hp)dhy,.  (16)

After some straightforward algebraic manipulations in
Eq. (16), we can express the PDF of h as
A
. O/B ap— 0 —Q
fulh) = =2t [ e (y)an,, 7
(Ln) 0

In order to avoid computing the PDF corresponding to the
generalized pointing error, f5,(hy), we use an MGF-based

(=)
w?2 B
. . . Zeq
we can rewrite the expression in Eq. (17) as follows

af—1 oS} 2
Fu(h) = %/@ exp (‘ig’") Fa(r2)dr2. (18)
0

approach. Equivalently, notice that h,(r; z) =~ Ag exp

Zeq

Notice that the MGF of a random variable x can also be
interpreted as the expectation of the random variable exp (ty),
the integral in Eq. (18) can easily be computed as the MGF
corresponding to the random variable 72 as

apheit [ e
Jn(h) :LME e “ea
(Ln)>P Ag
(19)
oM, (22)
—_ \TFea/ paf-1
(LnAg)~? ’
where wiq = 40,09, py. With the expression in Eq. (19),

the closed-form asymptotic solution for the outage probability
corresponding to the considered SISO FSO link with general-
ized pointing errors can readily be obtained as

Pout =

: __af a
M, (2010y¢zwy> (’Yth) 5/27 (20)

(2LnAg)=8 ol
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where M,2(+) is expressed as follows

M. <a5>
20,0y Ps Py

aful aBy
PPy XD <2a%(sa§—aﬁ> 1 302(¢2ap)

V(@2 = aB) (42 - ap)

The M, (-) must always be greater than 0. It is straightforward
to show that the outage probability behaves asymptotically
as (O.y)~9, where Oy and O, denote outage diversity
and coding gain, respectively [24]. 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. It must
be noted that the outage diversity is Oy = a/2 when the
effect of the EW atmospheric turbulence is the dominant effect
in relation to generalized pointing errors at high SNR, i.e,
when af < {¢2,¢2} according to Eq. (21) and, hence, the
asymptotic expression derived in Eq. (20) only holds when
the atmospheric turbulence is the dominant effect. In other
words, the outage diversity only depends on the atmospheric
turbulence when larger amounts of generalized misalignment
are not assumed. When pointing errors dominate, it is con-
jectured that outage diversity will depend on 2, ¢ and
nonzero boresight errors, however, this case is difficult to
derive given the Beckmann distribution. It can be shown
that most practical terrestrial FSO systems operate under the
condition of atmospheric turbulence is the dominant effect.
This will be verified numerically in Section V. It must also be
mentioned that a much higher outage diversity can be achieved
under this condition and, hence, a much better performance
is obtained. As a result, the adoption of the transmitter with
accurate control of their beam width is especially important
here to satisfy this desired FSO scenario in order to maximize
the outage diversity.

It can be convenient to compare with the outage perfor-
mance obtained here in a similar context without considering
generalized pointing errors. Notice that the impact of pointing
errors in our analysis can be suppressed by assuming Ag — 1,
Mo = fy = 0, 2 — oo and 99121 — 00, the corresponding
asymptotic expression can easily be derived from Eq. (20) as

follows
1 ~ aB/2
P(;Lfe - ( th ) )

21

GLn \ o 22
Note that the above expression is the asymptotic behavior
corresponding to the outage probability over EW atmospheric
turbulence when no generalized pointing errors are considered,
which allows us to easily obtain once again the outage diver-
sity, i.e., the slope of the outage probability versus SNR. It is
noteworthy to mention that the outage diversity, Oy = a3/2,
corresponding to the EW atmospheric turbulence had not been
derived in any earlier work [8], [9], [11]-[14], [16], which not
only depends on channel parameters but also on AA.

V. NUMERICAL RESULTS AND DISCUSSION

As an illustration of the asymptotic outage probability ex-
pression obtained in Eq. (20), some numerical results over EW
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atmospheric turbulence channels with generalized pointing
errors are carefully analyzed in this section. It must be noted
that the system configuration adopted in this study is used
in most practical terrestrial FSO communication systems as
in [17], [19], [25], [26], shown in Table I. Different weather
conditions are adopted in this paper: haze visibility of 4
km with C? =2 x 107 m~2/3 and clear visibility of 16
km with C2 = 8 x 10~'* m~2/3, 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
dsp = 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
0% = {3,12} are derived for dsp = 3 km corresponding to
moderate and strong turbulence, respectively. Additionally,
the optical beam width is relatively wide, 2-10 mrad of
divergence at 1/e? that is equivalent to a beam spread of 6-
30 m at 3 km (the source-destination link distance considered
here). Nevertheless, 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/e? that is equivalent to a beam spread of
15-300 cm at 3 km [25], [26]. Pointing errors are present
here assuming different jitters values and nonzero boresight
errors, which can take values up to 0.1 mrad or even much
smaller [27]. Parameters «, [ and 7 are calculated from
Eq. (3), obtaining values of («, 5,7) = (4.57,1.18,0.52) and
(o, B,m) = (4.31,1.35,0.58) corresponding to moderate and
strong turbulence, respectively, for a source-destination link
distance of dsp = 3 km and a 10 cm receiver aperture.

A. Outage probability

The results corresponding to this asymptotic outage perfor-
mance analysis are depicted in Fig. 2 as a function of the
inverse normalized threshold SNR, ~/7v:,, when a D =10
cm receiver aperture is used. This aperture size has been
selected according to the technical specifications for commer-
cial FSO applications given in [28]. A beam width value of
w, = 200 cm 1is considered corresponding to a 0.66 mrad of
divergence at 3 km, approximately. It can be shown that a
value of ¢? = 6.25 greater than the product of a3 is computed
when a beam width value of w, = 200 cm and a jitter angle
of 0.13 mrad at 1/e? that is equivalent to a value jitter of
40 cm at 3 km are assumed. Hence, atmospheric turbulence
is the dominant effect even when the greatest jitter value is
considered. Note that the condition w, > 6a is satisfied for
this aperture size, i.e, D = 10 cm. At the same time, differ-
ent jitters values of (0, 0,) = {(35,35), (30,15), (10,5)} cm
together with boresight error values of (y, it,) = (10, 20) cm
are considered in order to evaluate how generalized pointing
errors impact on the FSO communications system under

TABLE I: An Example of a FSO System Configuration.

Parameter Symbol Value

source-destination link distance dsp 3 km

Wavelength A 1550 nm
Receiver aperture diameter D =2a 10 cm

Transmit divergence at 1/e? 0. 0.66 mrad
Beam width at 3 km Wy ~200 cm
Jitter angle at 1/62 0s 0.11 mrad
Maximum jitter at 3 km Oz, Oy ~35 cm
Boresight angle at 1/e2 0y 0.06 mrad
Maximum boresight at 3 km s oy ~20 cm

— (04,04) = (35,35) cm — (04, 0) = (30,15) cm
(0z,04) = (10,5) cm — no pointing errors

100 —E—E—E—E—Ba—B<F5

---Eq. (20)
——Monte Carlo
o Moderate

Average outage probability
—_
o
L

10-8
-9
10 9

%

(112+ 1y) = (10,20) cm |

- I |

0 40 60 80
Normalized electrical SNR, ~/~:, (dB)

Fig. 2: Outage performance for a 10 cm receiver aperture
together with a beam width value of w, = 200 cm when differ-
ent jitter values of (0,,0,) = {(35,35), (30,15), (10,5)} cm
are assumed under different atmospheric turbulence condi-
tions.

different atmospheric turbulence and aperture averaging con-
ditions. In order to confirm the accuracy and usefulness of
the derived expression, Monte Carlo simulation results, where
the FSO link is modeled using Eq. (1), and generating the
corresponding variates from the exact PDF in Eq. (2) for EW
atmospheric turbulence and Eq. (6) for generalized pointing
errors are used. Although the typical outage performance
target is set to 10~% for most practical FSO systems, Monte
Carlo simulation results only up to 1072 (due to long time
involved) are included in this analysis due to the fact that
targets as low as 10~? are typically aimed to achieve. As
can be seen in Fig. 2, the derived expression for the outage
probability is in good agreement with these simulation results.
Furthermore, simulation results corroborate that the asymptotic
expression obtained here lead to a simple bound on the
OP that get tighter over a wider range of SNR. Outage
performance without pointing errors is also displayed using
Eq. (22). As commented before, a higher diversity order,
which is determined by the product of «3/2, is achieved when
the atmospheric turbulence is the dominant effect in relation



to generalized pointing errors. This assumption is widely
adopted in most practical terrestrial FSO communication sys-
tems. Further, it can be observed that the outage probability
decreases as generalized pointing errors increase. In other
words, jitters values of (o, 0,) = {(35,35), (30,15)} cm sig-
nificantly reduce much more the outage performance than
jitters values of (o,,0y,) = (10,5) cm in both atmospheric
turbulence scenarios. It should be highlighted that the 10 cm
receiver aperture is considered as a aperture-averaged receiver
under moderate-to-strong turbulence due to the fact that this
diameter is greater than the atmospheric coherence length
po = {12.6,5.5} mm under moderate and strong turbulence,
respectively. As expected, aperture averaging can significantly
improve the performance under moderate and strong atmo-
spheric turbulence regardless of generalized pointing errors.
Note that atmospheric turbulence is much more damaging for
moderate turbulence than strong turbulence conditions. This
phenomenon has been investigated by different authors in the
literature [23], [29], where pointing error effects were not
considered. On the one hand, outage diversities of Oy = 2.7
and Oy = 2.92 are obtained over moderate and strong tur-
bulence, respectively. On the other hand, a coding gain of
8.3 dB is achieved over strong turbulence channels in relation
to moderate turbulence channels when a different visibility is
considered. Although, a coding gain of approximately 1 dB is
also achieved over strong turbulence when the same visibility
is assumed for both turbulence regimes. It can also be observed
that aperture averaging can take place even for relatively small
apertures, i.e. D = 10 cm, particularly under strong turbulence
conditions, as commented on [23].

B. Impact of generalized pointing errors

Taking into account the coding gain O. in Eq. (20), the
impact of generalized pointing errors translates into a loss,
Losspe[dB], relative to EW atmospheric turbulence without
generalized misalignment fading in Eq. (22) given by

Lossp[dB]
of

e ptomn (45700 (52 ))
= — 1o A My | ———m .
af 810 0 ’ 20,0y0:Py

The above expression computes the additional power needed
to obtain a given outage performance when there is pointing
error versus no pointing error. The loss, Loss,.[dB], derived
above is plotted in Fig. 3 for a 10 cm receiver aperture as a
function of the source-destination link distance when different
jitter values and boresight errors are considered as well as
different turbulence conditions. It can be observed in Fig. 3
that the loss generally remains at a constant level as source-
destination link distance increases. However, it can also be
seen in Fig. 3(b) that the loss slightly increases as source-
destination links distance increases under strong turbulence
conditions due to the fact that the product of a3 increases as
source-destination link distance increases for this aperture size
(D =10 cm) under strong turbulence. Additionally, the loss
increases considerably as nonzero boresight errors increase,
i.e., as the severity of pointing errors is getting great.

In order to minimize the effect of generalized pointing
errors, the beam width, w,, is chosen to minimize the outage

(23)
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—(04,0,) = (35,35) ecm — (fta, f1y) = (0,0) cm
—(02,0y) = (30,15) em === (Ka, ty) = (10,20) cm
(01701/) (10, ")
=200c
61 |
60 - .

Lossp[dB]

|
3 3.5 4 4.5 5 5.5 6
source-destination link distance, dgp (km)

(a) Moderate turbulence.

w, = 200 cm

Losspe[dB]
=3
S
\
|

|
3 3.5 4 4.5 5 5.5 6
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Fig. 3: Loss, Loss,[dB], for (a) moderate atmospheric tur-
bulence, and (b) strong atmospheric turbulence when a 10
cm receiver aperture is considered under different nonzero
boresight error values.

probability given in Eq. (20) in Fig. 4. Note that the beam
width is an important parameter to consider in the FSO
communications link design. In this way, the optimization pro-
cedure is finished by finding the optimum beam width, w,_,,
that gives the minimum loss in Eq. (23). This optimum beam
width is achieved by using numerical observation methods for
different jitters values and an aperture size of D = 10 cm.
The optimum value is obtained with the help of software
packages such as Mathematica (version 10.4.1.0) by using a
derivative-based method, which was found through a sweep
of the beam width subject to constraints such as w, > 6a,
w, > {os,0,} and aff < {@2,2}. It can be seen in Fig. 4
that numerical results for the optimum beam width are plotted
as a function of the horizontal jitter when different vertical
jitter values of o, = {10, 20, 25,30} cm are assumed. From
this figure, it can be deduced that the outage performance
optimization provides numerical results (red, blue, green and
cyan colors) tending to a linear performance for each value of
oy (black color), where the corresponding slope only depends
on the EW atmospheric turbulence. Note that the optimum
beam width depends on the maximum value between o, and
oy. This linear behavior leads to easily obtain a first-degree
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Fig. 4. Optimum beam width, w,, ,, versus horizontal jitter,
0., when different vertical jitter values, oy, are assumed in
FSO links over EW atmospheric turbulence together with a
source-destination link distance of dsp = 3 km for a 10 cm
receiver aperture.

polynomial, which is derived from the obtained optimum beam
width values through polynomial interpolation given by

ws,,, ~ (—0.036(aB)® + 0.77aB + 1.76)0,,  (24)
where the slope follows a quadratic form in «f. In the light
of the expression obtained in Eq. (24), it can be observed
that the optimum beam width is strongly dependent on the
outage diversity, O4 = af/2. In other words, this optimum
beam width depends on the aperture averaging as well as on
the receiver aperture diameter due to the fact that o and g are
related to these parameters through the scintillation index as
can be seen in Egs. (3) and (5). As can be seen in Fig. 4, it
is clearly depicted that the approximation remains very close
to numerical results. Interestingly, it can also be seen in this
figure that different slopes are derived for the optimum beam
width when the product of af is equal to 5.41 and 5.84 for
moderate and strong turbulence, respectively. It is noteworthy
to mention that a slightly greater optimum beam width is
required for strong turbulence in comparison with moderate
turbulence due to the fact that the product of af is greater
under strong turbulence than moderate turbulence. It should
be noted that the above expression can be used to estimate
the optimum beam width when the boresight error takes small
values up to 0.03 mrad, as reported in [27].

Numerical results for the optimum beam width are used
in Fig. 5 for a 10 cm receiver aperture when jitter values of
(0z,04) = (5,20) cm are assumed under different turbulence
conditions. According to the expression in Eq. (23), it can be
observed in Fig. 5 that losses of 48, 53.2 and 57.2 decibels are
achieved for beam width values of w, = {100, 150,200} cm
under moderate turbulence conditions. Analogously, losses of
48, 53.2 and 57.2 decibels are also achieved for beam width
values of w, = {100,150,200} cm under strong turbulence
conditions. Note that the minimum achievable loss for jitter

— Wz,,, = 100 cm — w, = 150 cm
w, = 200 cm —— no pointing errors

0 —B—E—B<t . .
10°4-a-5-8 —--Eq. (20)
1071 | ——Monte Carlo
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10 B \| o Strong
10_3|:j \

III‘ dSD:3km
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10769
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1079 x I T
20 40 60 80
Normalized electrical SNR, ~/~;, (dB)

Average outage probability

%

Fig. 5: Outage performance for a 10 cm receiver aperture
together with jitter values of (o,,0,) = (5,20) cm when
different beam width values of w, = {100, 150,200} cm are
assumed under different atmospheric turbulence conditions.

values of (0, 0,) = (5,20) cm is 48 dB for an optimum beam
width of w,,, = 100 cm in this case.

C. Impact of different jitters for the elevation and the hori-
zontal displacement and nonzero boresight errors

For a better understanding of the impact of assuming dif-
ferent jitters for the elevation and the horizontal displacement,
the loss, Losspc[dB] in Eq. (23), is plotted in Fig. 6 for a 10
cm receiver aperture as a function of the relation between o,
and o, when different boresight error values are considered
as well as different turbulence conditions. As can be seen in
both subfigures, the effect of different jitters for the elevation
and the horizontal displacement has also been evaluated, and,
hence, it can be observed that as the relation between jitters
increases, the outage performance decreases.

Finally, the impact of nonzero boresight pointing errors
translates into a loss, Loss,,.[dB], relative to zero boresight
pointing errors that can be deduced as

Lossy.p|dB]

s _ (10/In(10))p3 (10/1n(10))

0y (Oypapy — afoy) oy (0xppy — afoy)

For the sake of clarity, the above expression computes the
loss of nonzero boresight errors versus zero boresight errors
for different jitter values. In the light of the above expression,
it must be noted that the impact of nonzero boresight error
is symmetric in relation to the y-axis. The impact of nonzero
boresight error, Loss,,,,[dB], is also studied in Fig. 7 for a 10
cm receiver aperture as a function of the horizontal boresight
error when different vertical boresight error values are as-
sumed as well as different turbulence conditions. As expected,
the effect of nonzero boresight error can dramatically reduce
the performance of FSO communication systems, increasing

(25)
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Fig. 6: Loss, Loss,[dB], for (a) moderate atmospheric tur-
bulence, and (b) strong atmospheric turbulence when a 10
cm receiver aperture is considered under different nonzero
boresight error values.

its effect as jitter values increase. Equivalently, the same results
and conclusions can be drawn when the impact of nonzero
boresight is depicted as a function of the vertical boresight
error instead of the horizontal boresight error.

Apparently, taking into account obtained results, we can say
that the impact of generalized pointing errors is approximately
the same over moderate and strong turbulence conditions when
an aperture-averaged receiver is considered. However, it is im-
portant emphasize from these figures that moderate turbulence
might be slightly more robust than strong turbulence when
larger amounts of misalignment in terms of jitter variances
are assumed. It should be highlighted from these figures that
the effect of different jitters is more damaging than the effect
of nonzero boresight errors in terrestrial FSO links due to
the fact that the maximum nonzero boresight error reported
is much smaller than jitter variances. Moreover, the effect of
nonzero boresight error is strongly related to jitter values since
its effect increases as jitter variances also increase.

VI. CONCLUSION

A study of the outage probability of FSO communication
links over EW and generalized misalignment fading channels
is performed in order to readily study how basic system pa-
rameters impact on the FSO communications system, wherein
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Fig. 7: Loss, Loss,.,[dB], for (a) moderate atmospheric
turbulence, and (b) strong atmospheric turbulence when a 10
cm receiver aperture is considered under different nonzero
boresight error values.

the radial displacement at the receiver is determined by a
Beckmann distribution. This statistical distribution allows us
to take into account not only the effect of different jitters
for the elevation and the horizontal displacement but also the
simultaneous effect of different boresight errors for each axis.

From this analysis, we can conclude that the beam width
can be optimized in order to improve the outage performance
of FSO links in presence of both EW atmospheric turbulence
and generalized pointing errors. It can also be concluded that
the optimum beam width is a feasible method for reducing
pointing error losses in terrestrial FSO links. This latter is due
to the fact that the optimum beam width not only depends
on the outage diversity but also on the aperture averaging,
obtaining different values for moderate and strong turbulence
conditions.

Additionally, it is concluded that aperture averaging can take
place even for relatively small apertures, particularly under
strong turbulence conditions. Also, it has been demonstrated
that the aperture averaging has a strong effect on both outage
diversity and coding gain. Obtained results corroborate that
both moderate and strong turbulence channels are almost
equally affected by generalized pointing errors when an
aperture-averaged receiver is considered, being the effect of
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different jitters more damaging than the effect of nonzero
boresight errors in most practical FSO links. In this way, strong
turbulence channels might be more interesting than moderate
turbulence channels as a consequence of achieving not only
a greater coding gain but also a higher outage diversity
under aperture averaging conditions. Finally, the study can be
extended to other atmospheric statistical models, which can be
expanded into a Maclaurin series.

APPENDIX
ASYMPTOTIC BEHAVIOR OF EW ATMOSPHERIC
TURBULENCE

When the PDF of the atmospheric turbulence can be ex-
panded in a Maclaurin series, the exact outage probability can
be expressed as a power series. In this case, the first term of
this series is the dominant term, i.e., OP = (O.v)~94. Hence,
the corresponding asymptotic expression of f;, (h,) can easily
be obtained from the corresponding series expansion of the
exponential function in Eq. (2) [31, eqn. (1.211.1)] as follows

—1 a—1
()" oot
no\n n?
= % (ha>ﬁ_l hgﬁiﬁ = % af—1

no\n

fha (ha)
(26)
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