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Abstract: The performance of optical wireless communications
(OWC) can be improved by the virtual line-of-sight (LoS). In
this study, we consider a paradigm in which the virtual LoS is
provided by some unmanned aerial vehicles (UAVs). In the
scenario where strong atmospheric turbulence occurs, we
derive the formulas of reliability and ergodic capacity.
Moreover, we introduce a new protocol to improve the
communication reliability. The analysis is conducted in terms
of the differential reliability.

Index Terms: Cooperative communication, firee space optics,
optical wireless communication, relay.

L. INTRODUCTION

The next-generation wireless communication systems will
embrace several promising technologies. For example, the
optical wireless communication (OWC) technology is to
play an active role to complement the radio frequency (RF)
transmissions in several beyond-the-fifth-generation (B5G)
communication paradigms [1]. Besides the desirable
wireless feature, the main advantages of the OWC system are
its high channel bandwidth and low device power
consumption. Another advantage is the immunization of
interference from other devices, due to the very narrower
beam of optical signals. However, the signal transmission in
OWC is conditioned on the /line-of-sight (LoS), i.e. the
straight path between the transmitter and the receiver is not
obstructed. In practice, the ideal LoS often does not exist.
Therefore, some auxiliary means are needed when OWC is
to be utilized in the field. One of the promising assistant
means is the technology of unmanned aerial vehicle (UAV)
[2-3]. It is easy to imagine that an appropriately deployed
UAYV network would provide healthy LoS for participated
communication devices. Therefore, it is quite natural to
consider a communication paradigm that integrates UAVs
into OWC. This paper investigates the benchmark
performance of OWC with UAV incorporating some basic
cooperative communication protocols.

In this hybrid system, we will consider a representative
segment (Fig. 1) with a laser device as the source node (S), a
UAV as the relay node (R), and an optical receiver as the
destination node (D). Accordingly, there are three
transmission links: S to R, R to D, and S to D. For
convenience, the acronyms S2R, R2D, and S2D are to be
used throughout this paper. The cascade S2R and R2D links
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are considered as a virtual LoS for the concerned

circumstance.
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Figure 1. Generic OWC-UAV segment.

The main contributions of the present work come from
two aspects. For the concerned system, we derive the
formulas of reliability and ergodic capacity. Then, we
introduce a new protocol to improve communication
reliability. As explored, the analysis involves several
advanced special functions. However, most of these
functions are supported by popular engineering toolkits such
as Matlab.

The rest of this paper is organized as follows. In Section
I, the main variables and parameters are listed for
convenience. In Section III, the OWC system essentials are
described. Then, the basics of atmospheric interference are
reviewed in Section IV. A statistical model is introduced in
Section V. Next, in Section VI, several relay protocols are
reviewed, and a new scheme is introduced. Then, some
numerical experiment results are given in Section VIIL.
Finally, Section VIII concludes this paper.

1I. NOMENCLATURE

d, : link length, e.g., distance between transmitter

and receiver, distance between transmitter and
relay, or distance between relay and receiver

e (2 : refractive index structure constant

o  Dp,Dr: receiver aperture diameter, transmitter
aperture diameter

o Gy,Gy : receiver gain, transmitter gain

. h:Plank’s constant (6.626069x107>* J-sec.)



e Py : received optical power without turbulence
e  Pr: average transmitted optical power in a symbol

period
e g:electron charge (1.602176x107" coulombs)

e  R: detector’s responsivity factor (ampere/watt)

e U : instantaneous -electrical signal-to-noise ratio
(SNR)

e U, :SNR without turbulence

e 1g.7p . optics efficiency of the receiver, optics

efficiency of the transmitter
e  1: wavelength
e s :converted electrical current at receiver

e o2 : Rytov variance

e o3 : covariance of the additive white Gaussian noise

(AWGN)
The above list includes main notations only. Other
notations are explained where appropriate.

1I1. SYSTEM DESCRIPTION

In a modern OWC system, each component can have
various configurations. Two fundamental modulation
methods are on-off keying (OOK), pulse position
modulation (PPM). The former is also referred to as non-
return-to-zero (NRZ) encoding. Each method has some
distinct features. A comprehensive review can be found in
[4]. In the present work, our analysis is based on a generic
system with the following features: (i) on-off keying (OOK)
modulation and intensity modulation (IM) in transmitter; (ii)
direct detection (DD) with the maximum likelihood (ML)
criterion in receiver; (iii) the AWGN noise model described
in [4]; (iv) Guassian beam on the intensity cross section of
transmitter; (v) sufficiently wide field of view (FOV) in
receiver telescope. Other features will be addressed in
sequel. In general, we adopt most assumptions and
conditions typically recognized in the literature on OWC
(e.g., [4], [5D.

According to the Friis transmission equation, the received
optical power without turbulence for one particular symbol
is:
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The main parameters in (1) are explained as follows. For the
case of Gaussian beam, the transmitter telescope gain is
Gy ~(2aW,/A)*, where W is the rms width of the

Guassain intensity distribution over the transmitter aperture
[6]. The receiver telescope gain can be expressed as [7]:
Gg =~ (mDy / 2)*. At the detector, Py is converted to
electric current g . The relation between them can be

expressed as 1 = RP,, after removing the background light

[4]. For typical photo-emissive and semiconductor junction
detectors, the responsivity is described as R = RyA, where
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c is the speed of light, and 7; is the detector’s quantum

efficiency, defined as the ratio of the number of emitted
electrons to the number of incident photons [8].

V. MAIN PARAMETERS OF STRONG TURBULENCE

Turbulence is one of the main types of atmospheric
interference [9]. Turbulence depends on multiple factors
such as altitude, channel length, humidity, and temperature.
When turbulence occurs, both amplitude and phase of the
received signal randomly fluctuate. So the main impact to
OWC is the large deviations of the received signal from its
normal strength. Because of its random impacts, in literature
turbulence is generally described by stochastic processes.
For example, given the distance between the transmitter and
the receiver, denoted by d,, the turbulence can be

characterized by the Ryfov variance [10, p. 323]:
7/6
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where C2is the refractive index structure constant (RISC).

The unitof €2 is m >3

. In the regime of weak turbulence,
C2 <107, while in the regime of strong turbulence,
C2>107" [10, p. 65]. Accordingly, a larger value of C?

is interpreted being unfavorable. Therefore, from (3), one of
the key observations is that appropriately increasing A

would compensate the effects caused by the unfavorable C?
to keep op under an acceptable level. In practice, two
wavelengths 4 =0.785 and 1.55 gm are commonly used.
Other wavelength could also be used [11].

In the studies of atmospheric turbulence, the effects of o3

are usually expressed with a pair of induced parameters a
and b, to characterize the large-scale and small-scale

irradiance fluctuations, respectively. For the spherical wave
[10, p. 342],
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V. STATISTICS OF OPTICAL INTENSITY IN STRONG
TURBULENCE

Let Z represent the normalized irradiance impacted by
the composite atmospheric effects. Here ‘“normalized”
means E(Z)=1, while “composite” covers both large-scale

and small-scale effects. According to the strong fluctuation
theory (SFT) [10, Ch. 9], Z is a random variable following
the gamma-gamma (GG) distribution with the probability
density function (PDF) expressed as follows:
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where K (e)is the modified Bessel function of the second
kind of order v, and G,/ (e)is Meijer’s G-function [12, Sec.
9.3)]. The conversion is based on [12, eq. (9.34.3)]. The
elaboration of Z is given in the following section. Based on
(6), we can derive the cumulative distribution function
(CDF) of 7 :
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where a #integer, b = integer, and | F, (.) is the
generalized hypergeometric function (GHF).

VI. RELAY SYSTEM MODEL

In the receiver of OWC the signal-to-noise ratio (SNR) is
a fundamental metric. With the notion of Z defined in the
preceding section, the actual received optical power in the
concerned OWC system can be expressed as:

Zp=PyZ ®)
where P, was given in (1). For each symbol, the converted

electrical current at the detector can be expressed as
1=RZp =RBZ. ©)
It is worth noting that the electrical current corresponds to
the optical power. For the OWC system equipped with the
OOK intensity modulator in the transmitter part, the power
per symbol (i.e., bit in OOK) of received electrical signal,

averaged over the OFF and the transmitted ON signals, is
2
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According to (10), the instantaneous electrical SNR is:
P, RPZ°
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where U, = R*P; / (40%). Note that U, can be interpreted

as the electrical SNR without turbulence. Therefore, z?
corresponds to the channel gain in the RF fading channels.
From (7) and (11), we can derive the CDF of U as follows:
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The corresponding PDF is:
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The availability of PDF in (13) paves the way to derive the
ergodic capacity (EC):

Cy L [ InQ+u) £y (u)du. (14)
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According to [13, p.637, eq. (8.4.6.5)] or [14]:
el 11
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Furthermore, with the aid of a pivotal formula in [15], we
can derive a closed-form expression of EC as follows:
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Note that the Meijer’s G-function is already supported by
most software toolkits, including Matlab.

In the cooperative communication systems, there are two
classes of protocols: decode-and-forward (DF) and amplify-
and-forward (AF). In DF, the relay node (RN) decodes the
received signal, re-encodes it, and forwards it to the
destination node. In AF, the RN only amplifies the received
signal and forwards it to the destination. Analysis and
practice have shown that the DF protocol can work well even
in the region of low SNR. Therefore, DF is favored by most
paradigms.

As shown in Fig. 1, we conduct the analysis for the DF
system with three links: S2R link, R2D link, and S2D link.
The electrical SNRs experienced at the corresponding
receivers are denoted as (U, V, W).The CDF of V or W has

the same structure as that of U in (12). For example,
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The operation of this system is based on the repetition
coding ([16, pp. 3067-3068], [17]), due to its low complexity
for implementation and ease of exposition.

The communication procedures are carried out in two
consecutive time slots. In the first time slot, the source node
transmits. Then, in the second time slot, the relay node
transmits while the source node is idle. This protocol ensures
that, in the second time slot, the destination node does not
receive two signals simultaneously. This is a fundamental
condition that, in all links, the communication signals have
the same frequency. If we use subscripts “1” and “2” to
explicitly express the time slots for concerned SNRs, then
the above protocol implies: V; =0and W, =0. Moreover,

U, # 0 since the relay node must receive a signal in the first

time slot, otherwise it cannot play a role to equivalently
provide an extra source in the second time slot.

In the following, two standard relaying schemes, denoted
as Scheme 1 and Scheme 2, are described first. Then, we
propose Scheme 3 as a new scheme.

[Scheme 1] In the first timeslot, when the source transmits,
only the relay nodes receives. In the second timeslot, the
source is idle and only the relay node transmits the signals to
the destination.
Denote X as the end-to-end SNR. In this case, it is easy
to obtain:
X =min(U,, V). (18)
Consequently, the complementary cumulative distribution
function (CCDF) of X is:
r(x) =Pr(X > x) = Pr[min(U,,V,) > x]
=Pr(U, > x) Pr(V; > x) =[1-Fyy (O][1=Fp, ()], (19)
where Fy;(x) and Fj,(x) were given in (12) and (17),

respectively. The subscripts “1” and “2” correspond to the
first and second time slots, respectively. Since the CDF
corresponds to the outage probability, the CCDF r(x) is

equivalent to the coverage probability or reliability.

[Scheme 2] In the first timeslot, when the source transmits,
both relay and destination nodes receive. In the second
timeslot, the source is idle and only the relay node transmits
the signals to the destination. Therefore, the destination node
receives two versions of signals. If the maximal-ratio
combining (MRC) is adopted in the receiver, then the end-
to-end SNR X can be expressed as:

X =min(U,,Y), (20)
where

Y=V,+W,. 21

Accordingly, the reliability of X can be expressed as
follows:
1 (x) =Pr(X > x)
=Prmin(U,,Y) > x] =Pr(U, > x) Pr(Y > x). (22)
It is worth mentioning that there is a subtle issue in (22). A
true insight could be gained if eq. (22) is rewritten as follows:
Fy(x)=Pr(X <x)=1-Pr(U, > x)Pr(¥Y > x)
=Pr(U, < x)+Pr(U, > x)Pr(V, + W, < x). (23)
Note that the CDF F(x) is just the outage probability of the

concerned system. The first term in eq. (23) implies that, if
the source-relay channel is poor, then the destination will
concede outrage, no matter whether Pr(#] >x) or

Pr(W < x).

It is instructive to evaluate the differential reliability of
Scheme 2 against Scheme 1:

Aryy (x) = 13 (x) =17 (x)
=Pr(U; > x)Pr(Y > x)—Pr(U, > x) Pr(V;, > x)
=Pr(U; > X)[ £y (x) = Fy ()]
=Pr(U, > x)[Pr(V, < x)-Pr(V, + W, < x)]. (24)
In (24), we have
Pr(V, <x)-Pr(V, + W, <x)

= fra0)dv={ Fyy(x=v)fyr(v)dv
0 0

=[ 0= Fpy (x=)1f, (v > 0. (25)
0

As aresult, A, (x)>0.

As shown in (21), Scheme 2 involves the sum of two
random variables. In the problem under investigation,
according to (17) and the PDF of W, the CDF of Y can be

expressed as follows:
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It is possible to evaluate (26) by the moment generating
function (MGF) (i.e., the Laplace transform). According to
(6), the MGF of f,(v) is:
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(27)

The derivation of (27) is based on [18, eq. (16)]. The details
are omitted here due to the space limit. The MGF of f;, (w)
has a similar expression. Consequently, the CDF of
Y=V, +W, (21) can be evaluated through the product
My ()M, (s)/ s.

Scheme 2 is a standard approach adopted in the RF
communications [17]. However, we argue that the reliability

of Scheme 2 can be improved by a new scheme, as described
below.

[Scheme 3] The transmission sequence is still the same as
Scheme 2. Namely, in the first timeslot, the source transmits,
while both relay and destination nodes receive. In the second
timeslot, the source is idle and only the relay node transmits
the signals to the destination. However, here we introduce a
new protocol: the destination will concede outrage when
both Pr(U, <x) and Pr(#] <x). In other words, if
Pr(U, < x) while Pr(W, > x), then the destination will still
recognize a success. The rational is that the SNR of the signal
directly coming from the source node is strong enough. In
this case, we have:
Fy(x)=Pr(U; £ x)Pr(W, < x)
+Pr(U; > x) Pr(V, + W, < x). (28)
The corresponding differential reliability is:
r(x)=1-Fy(x)
=1-Pr(U, < x)Pr(W; < x)
—Pr(U, > x)Pr(V, + W, <x). (29)
The reliability gain of Scheme 3 against Scheme 2 is:
Aryy (x) = 13(x) =1y (x)
= Fy (0)[1 = Fyy (x)] > 0. (30)
Note that, due to (12) and the same CDF for W, here the
differential reliability given in (30) has a closed-form
expression, which brings a significant convenience to
performance evaluation.
It should be mentioned that Scheme 3 is one of the main

contributions of this paper. The following remarks would
help gain more insights:

Remark 1: In the theoretical aspect, Scheme 3 stems from the
analysis for a two-dimensional marginal distribution function
in the three-dimensional space of random variables.
Moreover, the correlation feature can be easily introduced.
However, the omission of these advanced discussions does

not affect the intuitive descriptions such as egs. (28) through
(30).

Remark 2: In the application aspect, Scheme 3 is not
restricted to OWC.

VIIL. NUMERICAL RESULTS

The numerical experiments are conducted to show the
effect of strong turbulence. The main parameter values are:
c2=10"", d, =700 or 1000 (m), 2 =0.785or 1.55 (um).

Based on these values, the parameter a and b are calculated
from (4) and (5). For simplicity, we use the normalized value
U, =V, =W, =1. The reliability profiles for Scheme 2 are

illustrated in Figs, 2 and 3, where the abscissa is the
reliability threshold. The performance can be compared from
different aspects. First, the longer wavelength yields the
higher reliability. This is particularly obvious in the low SNR
threshold regime. Secondly, increasing the link distance
from 700 m to 1000 m does not cause much impact. On the
other hand, the benefits of the new scheme (Scheme 3) over
the conventional scheme (Scheme 2) are illustrated in Figs.
4 and 5. First, it is observed that the improvement is more
significant for the shorter wavelength. Secondly, the
maximum improvements occur in the similar regime of SNR
thresholds.
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Figure 2. Profile 1 of reliability of Scheme 2.
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Figure 5. Profile 2 of differential reliability.

VIIL CONCLUSION

In this study, we investigate an OWC segment aided with
UAVs. This segment consists of three links, S2R, R2D, and
S2D. The channels are subject to the strong turbulence that
follows the gamma-gamma distribution. In the discussion of
relay protocols, we intentionally elaborated several subtle
issues, which were not usually clearly explained in the
literature of cooperative communications. Particularly, we
introduced Scheme 3. It is one of the main contributions of
this paper. Scheme 3 has some rich analytical features and,
obviously, its application is not restricted to OWC.
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