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Average capacity analysis of FSO system
with Airy beam as carrier
over exponentiated Weibull channels
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Based on scintillation index of Airy beam and exponentiated Weibull channel model, analytical
expressions of average channel capacity for free-space optical (FSO) communication links with
Airy beam as signal carrier under weak atmospheric turbulence and on-off keying modulation
scheme are derived. The average capacity at various propagation distances, transverse scale factors
and exponential decay factors has been evaluated. And we compared the average capacity of
FSO links with Airy beam and Gaussian beam as signal carrier. The results show that the average
capacity of FSO links with Airy beam as carrier increases with the increase of mean signal-to-noise
ratio and decreases uniformly with the increase of propagation distance. When the transverse scale
factor of Airy beam is about 2 cm, a higher average capacity can be obtained. And the smaller the
exponential decay factor of Airy beam, the larger the average capacity. Under the same source pow-
er or source width, the average capacity of FSO links with Airy beam as carrier is significantly
higher than that of FSO links with Gaussian beam as carrier. The results of this research have some
reference significance for the application of Airy beam in FSO communication system.
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1. Introduction

Free-space optical (FSO) communication has become an important direction for the
development of space communication technology for its series of advantages in high
speed, anti-interference and stealth transmission [1,2]. However, the laser is susceptible
to atmospheric turbulence when it propagating in the atmosphere. For the commonly
used FSO system with Gaussian beam as signal carrier, scintillation and beam spread
caused by atmospheric turbulence are two main factors deteriorating its stability and
reliability performance [3,4]. In order to solve these problems, researchers have pro-
posed many methods, such as multi-beam transmission [5], adaptive optics [6], aper-
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ture averaging [ 7], vortex beam [8—10] and modulation encoding in different ways [11].
These methods have reduced the influence of atmospheric turbulence to a certain ex-
tent, but the actual suppression effect is not good enough. Therefore, it is a natural idea
to replace the traditional Gaussian beam with non-diffracting Airy beam for improving
the performance of FSO systems [12].

As a new type of non-diffraction beam, Airy beam has self-accelerating and self
-healing properties [13—15]. Compared with the traditional Gaussian beam, Airy beam
can keep its transverse intensity distribution constant over a longer transmission dis-
tance and has a smaller scintillation index [16,17]. These characteristics enable Airy
beams to reduce the effects of diffraction spread and atmospheric turbulence in optical
communication and optical design. Therefore, the propagation evolution [18,19], far
-field distribution [20], scintillation characteristics [21-23] and beam wander [24] of
Airy beam in atmospheric turbulence have been extensively studied. And various ap-
plications of Airy beam in optical routing [25], image transmission [26], signal obstacle
evasion transmission [27], etc., have been reported. However, as far as we know, there
are few discussions on the performance of FSO links using Airy beam as optical carrier
in the published literature. CHU et al. [28] studied the bit error rate (BER) performance
of FSO system with Airy beam under the exponetiated Weibull (EW) channel model,
and found that the FSO link with Airy beam as carrier has a better average BER per-
formance than the FSO link with Gaussian beam. On this basis, the average channel
capacity of FSO links with Airy beam as signal carrier is investigated in this paper
under the condition of weak atmospheric turbulence. This research has certain signif-
icance for the application of Airy beam to FSO communication field.

The remainder of the paper is organized as follows. In Section 2, the scintillation
index expression of Airy beam is deduced. In Section 3, the FSO communication sys-
tem model and EW channel model with Airy beam as carrier and on-off keying (OOK)
modulation are described in detail. Analytical expressions of average channel capacity
based on Airy beam, EW fading model and OOK modulation are derived in Section 4.
Simulation results are presented and discussed in Section 5. Finally, some conclusions
obtained are given.

2. Scintilation index of Airy beam

Turbulence-induced fading is known as scintillation which caused by the random
fluctuations of laser intensity and phase due to the non-uniformity of atmospheric re-
fractive index fluctuation. Scintillation is one of the main factors that cause the per-
formance degradation of FSO systems, which can lead to the reduction of channel
capacity of communication system. Scintillation index 012 of Airy beam based on first
-order Rytov approximation is deduced by EyyuBoGLu [21].
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and Ai,, is simply Ai,; with sign of k inverted; Ai, is simply the y equivalent of Eq. (2);
Aiy1 and Aiy; are the y counterparts of Aiyj and Aiy, additionally with cosine function
changed to sine function. Ai(") is the Airy function, w,, w, and a,, a, are the transverse
scale factors and exponential decay factors in X and Y directions respectively, r, and r,,
are the transverse coordinates on receiver plane, L is the propagation distance, x is the
magnitude of spatial wave number and ¢, indicates its angular orientation, k = 2nn/A
is the wave number with the wavelength 4, p is the axial propagation distance, C fl is
the atmospheric refractive index structure constant, /, and L, are the inner and outer
scales of atmospheric turbulence, respectively.

The scintillation index at the peak position of Airy beam on the receiver plane can
be calculated by Eq. (1). While the scintillation index of Gaussian beam has been ex-
tensively studied, and the expression can refer to Ref. [29].

3. System and channel model
3.1. System model

On-off keying (OOK) modulation is wildly used in FSO communication systems,
which has advantages of simple structure, low cost, and easy implementation [29,30].
It is assumed that the OOK-based FSO communication system has an Airy beam gen-
erator and an amplitude modulator. The Airy beam is generated from the Airy beam
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Fig. 1. Block diagram of FSO link for OOK modulation with Airy beam as optical carrier.

generator, then modulated by the modulator, and amplified by the optical amplifier be-
fore being emitted. The received optical signal is guided to the optical amplifier, and
then the amplified amplitude-modulated optical signal is converted into electrical sig-
nal and passed to the decision circuit. Block diagram of FSO communication system
for OOK modulation with Airy beam as optical carrier is shown in Fig. 1.

Without considering the influence of atmospheric turbulence, the signal-to-noise
ratio (SNR) of a FSO link is defined by

i

SNR, = — 4

oN
where i is the receiver signal current and oy is the root-mean-square noise power.
The mean signal current is represented by

ne(pP;)

{is) = hv

&)
where (P,) is the mean signal power in watts, 5 is the conversion efficiency of the
electron/photon detector, e is the electric charge in coulombs, % is Plank’s constant
(6.63 x 10* J-s), and v is optical frequency in hertz.

The output current variance of the photodetector is defined by
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where (APS? = (P)— (P represent.s power fluctuations in the signal that be-
come a contributor to the detector shot noise.

Taking atmospheric turbulence and aero-optic into account, the SNR above for a shot
-noise limited is defined by the mean SNR [31]

SNR,

(SNR) = (7)

P
0+ 52SNR;
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where P, is the signal power in the absence of atmospheric effects, P is the instanta-
neous input signal power on the photodetector.
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The mean SNR can be further expressed as
SNR,

1
2 45/6
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(SNR) = ®)
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where g% =123 Ci k’'°L"/¢ is the Rytov variance, 4 indicates the parameter of di-
mensionless diffracted beam at the detector. Due to the non-diffraction characteristic
of Airy beam within a certain propagation distance, A is assumed to 1 for Airy beam
analyzed in the following sections.

3.2. EW channel model

Various mathematical models describing the probability density function (PDF) of
irradiance fluctuations have been proposed to study the influence of atmospheric turbulence
in FSO channel. The most widely accepted distributions are the log-normal (LN) distribu-
tion and the gamma-gamma (GG) distribution model. Although these models conform to
the actual PDF data in most cases, they are not applicable for all scenarios. The LN model
is only suitable for a point receiver in weak turbulence regime. The GG model is con-
sidered to be valid for a point receiver in all turbulence regimes, but it does not hold
when aperture averaging takes place. The EW distribution model was first proposed
by Barrios for the aperture averaging effect under different turbulent regimes. It is
suitable throughout the whole weak to strong turbulence regime in the presence of
aperture averaging. The PDF of a random variable / described by the EW distribution
is given by [32]

-2 W@l

where a > 0 and f > 0 are shape parameters related to the scintillation index 012,
n > 0 is scale parameter related to the mean value of the irradiance. The expressions
for shape parameters «, f and scale parameter # are given by [32]

7.2205%" (10)
a =
(2.48751 -0.104)
B = 1.102(ac?) > +0.142 (11)
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where g, (a, ) is defined by
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(13)
Equation (13) is easily computed numerically for the series converges rapidly [28].

4. Average channel capacity over the EW channel model

Channel capacity is an important metric for estimating the performance of optical com-
munication systems. Considering that channel information can be obtained by the re-
ceiver and transmitter of FSO communication system, the average channel capacity of
FSO system with OOK modulation is given by

(C) = ijlogz(l + (SNRYI?) f(1)dI (14)
0

where B is the channel bandwidth.
With the insertion of Eq. (9) into Eq. (14), we obtain the following expression for
the average channel capacity as
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The log(-) and exp(*) functions in Eq. (15) can be represented in terms of Meijer’s
G function as [33]

1 1,1
logs(1+2) = — Gy3 (=) (16)
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The last term in Eq. (15) can be expanded using Newton’s generalized binomial
theorem as
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Combining Egs. (15)—(18), the average channel capacity represented by Meijer’s
function can be written as
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Equation (19) can be simplified by making the transformation of variables y =
= (I/n)* and using operational properties of Meijer’s G function. The analytical ex-
pression of average capacity can be obtained as:
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where o =(SNR)#?%, AK, A)=A/K, (A + 1)K, ..., (A + K - 1)/K, | and k are positive
integer that should meet //k = /2. Equation (20) is given in terms of an infinite series
but converges rapidly, and usually about 30 terms or less are sufficient for the series
to converge.

5. Numerical results and discussion
5.1. Average channel capacity of FSO link with Airy beam as carrier

In this section, the average channel capacity of FSO link with Airy beam as carrier is
numerically evaluated and compared with that of FSO link with Gaussian beam as car-
rier. In the following simulation, optical wavelength, structure constant, inner and outer
scales of turbulence are set as A = 1550 nm, C% =101 m2/3, ly— 0, Ly — . And
X,y symmetry is assumed, so only the x parameter settings are explained. In addition,
the setting of receiver plane position is consistent with the peak position of Airy beam
at specific propagation distances, because Airy beam experiences propagation distance
and source parameters dependent bending [21].

Figure 2 shows the average channel capacity versus the mean SNR at different
propagation distances. The parameters are selected as w, =2 ¢cm and a, = 0.5. From
Fig. 2, one can see that the average capacity increases with the increase of the mean SNR,
and decreases with the increase of the propagation distance. When the mean SNR is
less than 5 dB, the effects of propagation distance on the average channel capacity is
very small. With the increase of mean SNR, the influence of propagation distance on
the average channel capacity becomes more and more obvious, and the average capac-
ity changes uniformly with the change of propagation distance. For example, when the
mean SNR is 14 dB, the average channel capacity at propagation distance L = 1000,
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Fig. 2. Average channel capacity versus mean SNR for different propagation distances at w, =2 cm and
a,=0.5.

2000, 3000 and 4000 m are 3.888, 3.858, 3.826 and 3.798 bit/s/Hz, respectively. And
the channel capacity decreases about 0.03 bit/s/Hz for every 1000 m increase in prop-
agation distance. When the mean SNR increases to 20 dB, the average channel capacity
atabove propagation distances are 4.372,4.341,4.306 and 4.276 bit/s/Hz, respectively.
The channel capacity decreases about 0.032 bit/s/Hz for every 1000 m increase in
propagation distance.

The average channel capacity versus the mean SNR for selected transverse scale
factors at L= 4000 m and a, = 0.5 is shown in Fig. 3. As seen from Fig. 3, the influence
of transverse scale factor on the average channel capacity increases with the increase
of mean SNR. The average channel capacity takes its maximum value at w, =2 cm
and minimum value at w, = 3 cm. Additionally, it increases with the increase of trans-
verse scale factor when w, <2 cm. For example, when the mean SNR is set to 20 dB,
the average channel capacity are about 4.295, 4.305, 4.329, 4.347 and 4.275 bit/s/Hz
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Fig. 3. Average channel capacity versus mean SNR for different transverse scale factors at L = 4000 m
and a, = 0.5.
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Fig. 4. Average channel capacity versus mean SNR for different exponential decay factors at L = 4000 m
and w, =2 cm.

at transverse scale factor of 0.8, 1, 1.5, 2 and 3 cm, respectively. Therefore, when the
transverse scale factor is 2 cm, FSO link with Airy beam as carrier can obtain a higher
average channel capacity.

The average channel capacity as a function of the mean SNR at different exponen-
tial decay factors is plotted in Fig. 4. The calculation parameters are w, =2 cm and
L =4000 m. One can see that the average channel capacity decreases with the increase
of exponential decay factor a,, and the influence of a, on the average capacity increases
with the increase of the average SNR. For example, when the mean SNR is 20 dB, the
average capacity are about 4.366,4.347,4.307,4.279 and 4.267 bit/s/Hz at exponential
decay factor of 0.8, 1, 1.5 and 2, respectively. This is because the smaller the expo-
nential decay factor of Airy beam, the greater the number of side lobes, and the farther
it can propagation without diffraction.

5.2. Comparison of average capacity of FSO links
with Airy and Gaussian beams as carrier

In order to compare the average channel capacity of FSO links with Airy and Gaussian
beams as carrier, the source power of Airy beam can be calculated by [13]

o s 2a_s w 243
P = J Aiz( = jexp[ - xjdsx = = exp[ = j (21)
—o0 Wy Wy J8T a, 3
While the source power of Gaussian beam with waist radius w, can be expressed
as [21]

0 2
Pog = J exp[— % jdsx = Jn o, (22)
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Firstly, for the case that source power of Airy and Gaussian beams are the same,
Egs. (21) and (22) are equal, and we can obtain

1 w Zai

w, = ——P,g = - exp[ j (23)
* N3 AS 2n ,/2a, 3

Therefore, when the source parameters (the exponential decay factor a, and trans-
verse scale factor w, ) of Airy beam are given, the source parameter (the waist radius w,.)
of Gaussian beam with same power can be calculated, and then its scintillation index
can be calculated according to the existing theory.

The average channel capacity of FSO links with Airy and Gaussian beams as carrier
versus mean SNR under the same source power is shown in Fig. 5. We fix the propa-
gation distance L = 4000 m, the exponential decay factor a, = 0.5 and take the trans-
verse scale factor w, with different values, then the waist radius w, of equal-power
Gaussian beam is calculated by Eq. (23). As can be seen from the figure, the average
capacity of Airy beam link varies obviously with transverse scale factor within the given
range of transverse scale factor, while that of equal-power Gaussian beam link is basically
unchanged. The average channel capacity of Airy beam link is significantly larger than
that of equal-power Gaussian beam link, and the capacity increment of Airy beam link
relative to equal-power Gaussian beam link increases with the increase of mean SNR.
For example, taking the transverse scale factor as 2 cm, when (SNR) =4 dB, the av-
erage capacity of equal-power Gaussian beam link is 1.907 bit/s/Hz, and that of Airy
beam link has increased by 0.391 bit/s/Hz, about 2.298 bit/s/Hz. When (SNR) = 18 dB,
the average capacity of equal-power Gaussian beam link is 3.395 bit/s/Hz, and that of
Airy beam link is about 4.204 bit/s/Hz. The capacity increment is 0.809 bit/s/Hz, which
is 2 times that at (SNR) =4 dB.

Secondly, we consider the case that the transverse scale factor w, of Airy beam is
the same as the waist radius w, of Gaussian beam which can be called source width.
Then we can calculate the source power respectively by Eqgs. (22) and (23).
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Fig. 5. Comparison of the average channel capacity of FSO links with Airy and Gaussian beam as carrier
under the same source power at L = 4000 m and a, = 0.5.
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Fig. 6. Comparison of the average channel capacity of FSO links with Airy and Gaussian beam as carrier
under the same source width at L = 4000 m and w, = o, =2 cm.

In Fig. 6, we fix the source width as 2 cm and plot the average channel capacity of
FSO links with Airy and Gaussian beam as carrier versus mean SNR. The propagation
distance and exponential decay factor is selected to L =4000 m, a, = 0.2 and 0.5. It
can be seen that the average channel capacity of Airy beam link is still significantly
larger than that of Gaussian beam link under the same source width. For example, when
(SNR) =20 dB, the average channel capacity of Gaussian beam link is about
3.645 bit/s/Hz, while that of Airy beam link is about 4.364 and 4.347 bit/s/Hz at
a, = 0.2 and 0.5. Comparing the Gaussian beam curves in Figs. 5 and 6, we can find
that the average channel capacity of Gaussian beam link increases with the increase
of source width.

6. Conclusion

The average channel capacity of FSO link with Airy beam as carrier under weak tur-
bulence was analyzed. Based on scintillation index of Airy beam and EW channel mod-
el, the analytical expression of average channel capacity of FSO link with Airy beam
as carrier was derived. Then the average capacity of FSO link with Airy beam as carrier
was evaluated numerically and compared with that of FSO link with Gaussian beam
as carrier. The results show that the average capacity of FSO link with Airy beam as
carrier increases with the increase of mean SNR, and decreases uniformly with the in-
crease of propagation distance. When the transverse scale factor of Airy beam is 2 cm,
a relatively large average capacity can be achieved. Decreasing the exponential decay
factor of Airy beam, a higher average capacity can be obtained. When the source power
of Airy and Gaussian beam are the same, the average capacity of Airy beam link is
significantly larger than that of equal-power Gaussian beam link, and the increment
of Airy beam link relative to the equal-power Gaussian beam link increases with the
increase of mean SNR. Under condition of the same source width, the average capacity
of Airy beam link is still significantly larger than the corresponding Gaussian beam
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link. In summary, FSO link with Airy beam as carrier has a larger average channel ca-
pacity than FSO link with Gaussian beam as carrier. The results obtained will be useful
for the application of Airy beam in FSO communication system.
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