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ABSTRACT Motivated by unique atmospheric scattering properties of optical waves at petahertz fre-
quencies, we present a novel maximal selective transmit diversity scheme based on the selection of
maximum irradiance optical path with a continuous waveform detector employed for petahertz wireless
communications. The proposed scheme is designed to significantly improve the performance of a non-
line-of-sight (NLOS) petahertz link in a turbulence-induced fading channel. We characterize the received
signal by a continuous wave detector and quantify the cumulative distribution function (CDF) of the largest
order statistics of the received irradiance. Furthermore, we derive closed-form expressions of important
performance metrics including the average bit error rate, the outage probability, and the optical channel
capacity with each scattered path experiencing the Gamma-Gamma distributed turbulence-induced fading.
From the analytical expressions derived, the performance of the proposed NLOS petahertz communication
system is analyzed and validated. Simulation results show that the proposed scheme effectively overcomes
the channel impairment without increasing the transmit power. Even under strong turbulence fading, when
the number of transmit diversity branches increases from 1 to 2 and 4, the required average signal-to-noise
ratio (SNR) to maintain an outage probability of 10−5 is found to be significantly reduced by 13 dB and
21 dB, respectively.

INDEX TERMS Average bit error rate, continuous waveform detector, free-space optical communications,
optical channel capacity, outage probability, petahertz communications, transmit diversity.

I. INTRODUCTION
The desire for low-cost, high-speed, and low-power commu-
nication links has motivated recent interest in optical wire-
less communications (OWC). Infrared (IR) and visible light
communication (VLC) based OWC systems have been exten-
sively used in indoor and outdoor optical communication
applications through line-of-sight and diffused links.

The conventional OWC employing IR or VLC is a promis-
ing technology capable of offering high data rate. How-
ever, these links are always susceptible to blockage due to
their strict requirement of pointing, acquisition, and track-
ing (PAT). Furthermore, atmospheric turbulence produces
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fluctuations in the irradiance of the received beam, thereby
severely degrading the communication performance. Various
performance improvement techniques have been reported to
address the performance impairments in the conventional
OWC systems. A performance enhancement scheme for
a wavelength division multiplexing for the OWC channel
impaired by interchannel crosstalk, pointing error, and ampli-
fied spontaneous emission was reported [1]. The receiver
sensitivity over the turbulence channel was shown to improve
significantly by utilizing spatial modulation and pulse posi-
tion modulation. Another interesting technique by the same
authors to improve the performance of an orbital angular
momentum-based multiplexed link over the OWC channel
was documented [2]. An adaptive multiple-input-multiple-
output OWC link with spatial multiplexing was proposed
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for OAM-based optical communication. It was shown that
the channel capacity was increased significantly. A hybrid
technique employing mode division multiplexing and orthog-
onal frequency division multiplexing for free-space optical
communications over Gamma-Gamma distributed turbulence
channel was presented [3]. The authors considered the Her-
mite Gaussian modes and investigate the performance under
the beam divergence. A 1-bit feedback-based beamform-
ing scheme for OWC based non-orthogonal multiple access
system was reported for negative exponentially distributed
turbulence fading. It was demonstrated analytically that the
system suppresses the error due to the successive interference
cancellation [4].

In contrast to IR and VLC links, a high degree of rela-
tively angle-independent Rayleigh and Mie scattering in the
petahertz frequency band makes it an appropriate choice for
non-line-of-sight (NLOS) optical communication links [5].
The petahertz communication, therefore, eliminates the PAT
requirement and accommodates NLOS link capabilities.
In addition, within the entire petahertz band, the ultraviolet-C
(UV-C) band with wavelengths ranging from 200 to 280 nm
has lower solar background noise because of the ozone filter-
ing at the upper atmosphere [6].

Reflecting this keen interest in the UV feature, there
have been considerate efforts in developing and designing
a UV communication system for indoor and outdoor appli-
cations [7]–[10]. A single scattering UV channel modeling
was proposed [11]. This channel modeling, based on the
prolate-spheroidal coordinate system with coplanar geome-
try, described the temporal characteristics of the NLOS UV
link. A simplified closed-form single-scattering NLOS UV
channelmodelingwas documented [12]. In [13], a log-normal
distributed turbulence channel modeling for a short range
UV link was presented. The atmospheric turbulence fading
is one of the main channel impairments affecting the per-
formance of the UV communication links. It results in rapid
fluctuations in the received optical beams.While atmospheric
turbulence fading can generally be ignored for relatively
smaller propagation distances and clear atmospheric condi-
tions, it degrades the performance as propagation distance is
extended.

Though UV spectrum has important properties such as
solar blindness in the UV-C band and high atmospheric
absorption and scattering which enables NLOS communica-
tion, the strong scattering results in a temporal dispersion of
the transmitted UV pulses, thereby resulting in intersymbol
interference (ISI) with a low received signal-to-noise ratio
(SNR). This low received SNR with ISI may result in high
error rate [14]. As a method for improving the bit error
rate, an interesting count-and-forward relaying communica-
tion system was reported with an optimal solution to the
power optimization [15]. It was also demonstrated that under
scattering channel, the scheme outperforms the relay schemes
based on the hard-decision. In [16], a UV based dual-hop
cooperative communication system employing orthogonal
frequency-division multiplexing over a deterministic channel

was reported. Interestingly, this work exhibited a significant
improvement in error rate performance over point-to-point
communications.

In addition to the fundamental drawbacks including ISI and
high path loss, the performance is prone to the atmospheric
turbulence. To overcome these limitations, a relay-assisted
amplify-and-forward NLOS UV communication system
under gamma-gamma distributed turbulence fading was pro-
posed [17]. The authors derived the exact solution for the opti-
mal number of relay. In addition, the closed-form expressions
for the outage probability, error rate, and channel capacity
were derived. A decode-and-forward relay-based UV sys-
tem over log-normal distributed turbulence fading was pre-
sented [18]. For this relay scheme, the authors also derived
the closed-form expression for the outage probability and
also quantified the diversity gain as a function of the UV
channel parameters and link geometry. Another UV based
cooperative communication system based on the best relay
selection algorithm was considered with the decode-and-
forward relaying protocol [19]. The authors analyzed the
outage probability under log-normal distributed turbulence
fading. The widely reported turbulence model in the liter-
ature for UV communication is based on the log-normal
distribution. However, it is only valid under weak turbulence
fading [20]–[22]. As the propagation path increases to several
kilometers, the channel tends to undergo strong turbulence
fading, thereby making log-normal distribution invalid in
channel modeling [23]. Under a strong turbulence regime,
the gamma-gamma distribution has been experimentally
proved valid with distribution parameters directly related to
atmospheric conditions [24].

In [9], we proposed a spatial receive diversity technique for
improving the performance of the NLOS UV links, where the
switch-and-stay diversity was utilized at the receiver to lower
the outage probability in the gamma-gamma distributed tur-
bulence channel. We also analyzed the effect of the receiver
correlation. It was demonstrated that the scheme has an
optimal performance when there is no correlation; however,
the performance degrades as the correlation increases.

In this paper, we consider a transmit diversity scheme
which exploits the fact that the turbulence-induced fading
in an optical channel is slow time-varying fading [25]. The
proposed scheme is based on selecting the optical path at
the transmitter with a higher value of the irradiance. A key
novelty of this work is that, unlike previous UV studies,
a combined consideration of slow-fading UV channel with
transmit diversity is given to improve the performance of the
NLOS UV links. This paper considers the gamma-gamma
distributed turbulence fading. We derive the marginal prob-
ability density function (PDF) of the received UV signal with
the maximum value of the irradiance, considering the NLOS
geometry.

A. CONTRIBUTIONS
The novel contributions of this manuscript are listed as
follows:
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FIGURE 1. System model.

• We consider petahertz wireless scattering communica-
tion and characterize the received signal by a continuous
waveform detector. Given that the turbulence-induced
fading is a slow time process and assuming the channel
information at the transmitter, we quantify the CDF of
the largest order statistics of the received irradiance.

• Considering the maximal selection transmit diversity
for scattering communications, a mathematical tractable
expression for the average bit error rate is derived.

• The closed-form expression for the marginal PDF of the
instantaneous received SNR is derived. Subsequently,
the closed-form expression for the outage probability is
obtained.

• Considering the non-ergodic slow-fading turbulence
channel, the closed-form expression for the optical chan-
nel capacity for the given channel conditions is derived.

• All the derived expressions are validated by analyzing
the performance of the proposed system. It is shown
that the performance of the maximal selection transmit
diversity technique outperforms the repetition codes and
orthogonal space-time-block codes techniques.

The rest of the paper is organized as follows. Section II
presents the system model. Section III gives an analytical
approach to evaluate the average bit error rate, outage prob-
ability, and optical channel capacity. Results and discus-
sions are given in Section IV, and conclusions are drawn in
Section V.

II. SYSTEM MODEL: CONTINUOUS WAVE DETECTOR
The proposed system model is illustrated in Fig. 1. We con-
sider multiple-input single-output maximal selection transmit
diversity with L diversity branches. The intensity-modulation
with direct detection (IM/DD) on-off keying (OOK) trans-
mission scheme is utilized. We assume non-return-to-zero
pulse formats for OOK modulated signal. The binary data
b ∈ {αPt ,Pt } is the signal level for the data symbol

FIGURE 2. Illustration of the NLOS scattered link in petahertz wireless
communication.

corresponding to the information bit 0 and 1. α is the optical
source extinction ratio, such that 0 ≤ α < 1.

The UV scattered light that reaches the receiver depends
on the link geometry and the optical characteristics of the
atmosphere. Fig. 2 illustrates a typical NLOS UV commu-
nication link. The transmitter and the receiver are separated
by a baseline distance d . φt and φr are the transmitter beam
full-width divergence angle and the receiver field-of-view
(FOV), respectively. ψt and ψr denote the transmitter and
the receiver elevation angle, respectively. The distances of the
intersected (overlap) common volume Vc to the transmitter
and the receiver are represented by dtv and dvr , respectively.
θs is the scattering angle and is given by θs = ψt + ψr .
The instantaneous received signal y(t) suffers from a fluc-

tuation in signal intensity due to atmospheric turbulence and
can be well modeled as

y(t) = SHPt (t)I (t)+ w(t), (1)

where S is the receiver responsivity in A/W. Since the
IM/DD transmission scheme with OOK modulation is uti-
lized, the transmitted information bit is either 0 or Pt , where
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Pt/2 is the average transmitted optical power. I denotes the
scintillation at the optical path and describes the strength
of turbulence. H is the channel state and is given by H =
ht × hl × hg, where× denotes the multiplication operator. ht
is the attenuation term due to atmospheric turbulence given
by [18]

ht = 10−

√
23.17C2n k7/6

(√
d11/6tv +d11/6vr

)
5 . (2)

where C2
n represent the index of refraction structure parame-

ter of the atmosphere. It is used as a measure of the turbulence
strength and typically varies from 10−13 to 10−17 m−2/3 [23].
k = 2π/λ denotes the optical wave number where λ is the
wavelength of the optical signal.
hl is the attenuation due to path loss and is a deterministic

quantity given by [26]

hl =
Arαsqsφ2t φr sin θs

(
12 sin2 ψr + φ2r sin

2 ψt
)

96d sinψt sin2 ψr
(
1− cos φt2

)
exp

[
αtd(sinψt+sinψr )

sin θs

] ,
(3)

where Ar denotes the effective area of the receiver and qs is
the scattering phase function and is modeled as a combination
of Rayleigh and Mie scattering phase function [26]. αs is the
total scattering coefficient and is defined as the sum of the
Rayleigh and Mie scattering coefficients. αt denotes the total
extinction coefficient and is given by the sum of the scattering
and absorption coefficients as αt = αs+αa. hg represents the
loss due to the geometric spreading.
w(t) denotes the additive white Gaussian noise (AWGN)

with noise variance N0 which is equal to the AWGN noise
power. Considering the additive white Gaussian noise from
both the detector thermal noise and the background radiation,
w(t) satisfies the following distribution [27], [28]

w ∼ N (0, σ 2
DC + σ

2
T ), (4)

where σ 2
DC = 2QeIDCB is the variance of the zero-mean shot

noise due to the background radiation and σ 2
T =

2kTe
RL

Ts is the
variance due to the thermal noise.Qe is the electronic charge,
IDC is the dark current due to background illumination, and
B denotes the bandwidth of the detector. k is the Boltzmann
constant, RL is the load resistance, and Te is the temperature.
Ts denotes the symbol duration. It is to be noted that, since the
shot and thermal noises are independent random processes
that can be modeled using Gaussian statistics, the total vari-
ance N0 can simply be obtained by adding the individual
variances, as illustrated in (4).

A. BACKGROUND
1) ATMOSPHERIC SCINTILLATION
The atmospheric channel is composed of air molecules,
aerosols, dust, water vapor, and pollutants with a size com-
parable to the wavelength of a typical optical signal, thereby
resulting in an atmospheric absorption and scattering which
significantly attenuate the transmitted optical signal. On the
other hand, inhomogeneities induced by the atmospheric

temperature and pressure result in scintillation. It causes a
deleterious impact on the performance of free-space opti-
cal communication systems [29]. Scintillation is caused by
atmospheric turbulence which induces fluctuations in the
amplitude and phase of the received optical signal inten-
sity [28]. Therefore, this turbulence-induced fading can be
a limiting factor in reliable optical wireless communication
link performance. The effects of atmospheric turbulence on
the propagation of an optical wave can be characterized by
the Rytov variance defined as

σ 2
R = 1.23C2

n k
7/6d11/6TR , (5)

where C2
n and k are defined in (2). In terms of σ 2

R , the tur-
bulence strength can be characterized as weak atmospheric
turbulence by the condition σ 2

R < 1 and moderate-to-strong
turbulence by σ 2

R > 1. dTR denotes the propagation distance
of an optical beam.

2) GEOMETRICAL SPREADING
Geometric spreading of the transmitted optical beam
adversely affects the performance at the receiver side.
To quantify the impairment caused by the geometric spread-
ing of the optical beam, consider a Gaussian beam profile
with a photodetector of radius RD. The conditional normal-
ized spatial distribution of the beam scattered at the common
volume at any distance dvr from the common volume can then
be formulated as [30]

Ubeam (ρ; dvr | dtv) =
2

πw2
dvr

exp

(
−
2 ‖ρ‖2

w2
dvr

)
, (6)

where ρ represents the radial vector measured from the scat-
tered beam center. wdvr denotes the waist of the scattered
beam after traversing a distance dvr measured from the scat-
tering center. The loss in the received power due to geometric
spreading can be calculated as

hg (rbc; dvr ) =
∫
AD

Ubeam (ρ − rbc; dvr | dtv), (7)

where AD represents the area of the detector and rbc is the
beam center.

3) MARGINAL DISTRIBUTION OF THE RECEIVED SCATTERED
SIGNAL
As depicted in the previous subsection, to describe the geo-
metric spreading, we consider a Gaussian beam profile. The
propagation of the Gaussian beam over the turbulence chan-
nel can be best analyzed using the Gamma-Gamma distri-
bution. The Gamma-Gamma distributed turbulence-induced
irradiance fading I can be described by the PDF given by [31]

fI (I ) =
2 (pq)

(
p+q
2

)
0 (p) 0 (q)

I

(
p+q
2 −1

)
Kp−q

(
2
√
pqI

)
, (8)

where the parameters p and q represent the effective numbers
of small-scale and large-scale cells of the scattering channel,
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respectively, and are directly related to the scintillations of
the transmitted optical beam [32]. Kp−q(·) is the modified
Bessel function of the second kind. Assuming a Gaussian
beam propagation, the parameters p and q are given by [31]

p =
1

exp
(
σ 2
ln x

)
− 1

q =
1

exp
(
σ 2
ln y

)
− 1

, (9)

where σ 2
ln x and σ

2
ln y are defined as the normalized variances

of the received irradiance due to the scintillation caused by
the large and small scale eddies in the turbulence channel.
Under the assumption of the Kolmogorov power spectrum of
atmospheric fluctuations, σ 2

ln x and σ
2
ln y are given by [31]

σ 2
ln x =

0.49σ 2
R[

1+ 0.56 (1+1)σ 12/5
R

]7/6
σ 2
ln y =

0.51σ 2
R[

1+ 0.69σ 12/5
R

]5/6 (10)

where σ 2
R is defined in (5).1 = [1+( 2 dTR

kW 2
0
)2]−1 represents the

divergence in the optical beam while propagating a distance
dTR. W0 is the initial beam radius.
The PDF distribution described in (8) is normalized with

E[I ] = 1 with E[·] representing the expectation operation.
The NLOS UV link consists of two LOS paths, i.e., from the
transmitter to the intersected volume and the other from the
intersected volume to the receiver. For each path, we model
the intensity fluctuations using Gamma-Gamma distribution
and then combine the two individual paths to obtain the
distribution of theNLOS path [13], [18]. The normalized PDF
of the intensity fluctuations in the signal propagating from the
transmitter to the intersected volume is given by

fIv (Iv)

=
2 (pvqv)

(
pv+qv

2

)
0 (pv) 0 (qv)

I

(
pv+qv

2 −1
)

v Kpv−qv
(
2
√
pvqvIv

)
, (11)

where the parameters pv and qv can be evaluated using (9)
with dTR substituted by dtv. With the scattered UV photons
in the intersected volume acting as a new source towards the
receiver, the conditional PDF of the intensity fluctuations at
the receiver can then be given by

fIr (Ir |Iv )

=
2 (prqr )

(
pr+qr

2

)
0 (pr ) 0 (qr )

I

(
pr+qr

2 −1
)

r Kpr−qr
(
2
√
prqr Ir

)
, (12)

The parameters pr and qr can readily be obtained using (9)
with dTR replaced by dvr . The marginal PDF of the intensity
fluctuations at the receiver is then given by

fIr (Ir ) =

∞∫
0

fIr (Ir |Iv )fIv (Iv) dIv, Iv > 0. (13)

From (11), (12) and (13), and using the identities
[33, eq. (14)] and [34, eq. (7.811.4)], the closed-form expres-
sion for the marginal PDF of Ir can be written as

fIr (Ir ) =
(pvqv) (prqr )

(
pr+qr

2

)
0 (pv) 0 (qv) 0 (pr ) 0 (qr )

I

(
pr+qr

2 −1
)

r

×G2,0
0,2

[
prqr Ir

∣∣∣∣∣ −

pr − qr
2

,−
pr − qr

2

]
, (14)

where G[·] represents the Meijer G-function.
Remark 1: The instantaneously received signal y(t),

as illustrated in (1), is impaired by the multiplicative effect of
the turbulence-induced fading Ir . Here, Ir is a random vari-
able following the distribution given by (12). It is important
to note that, the random variable Ir is normalized with sta-
tistical average E[Ir ] = 1 and it includes the diffractive and
refractive effects of the turbulence channel. The atmospheric
scintillation represented by Ir is a slow time-varying process
in optical communications [35].

B. VALIDATION OF THE TURBULENCE MODEL
We point out that the marginal PDF, as illustrated in (14),
is based on the fact that each scattered path is Gamma-
Gamma distributed. The Gamma-Gamma model is based
on the modulation process where the scintillation effect is
assumed to consist of small-scale and large-scale irradiance
fluctuations. The small-scale fluctuations are contributed by
the eddies smaller than the Fresnel zone or the coherence
radius, whereas the large-scale fluctuations are contributed
by the cells greater than the Fresnel zone [24].

It is well documented that, unlike the log-normal distribu-
tion that is based on the Rytov approximation and is valid only
in weak turbulence regime over shorter propagation links,
the Gamma-Gamma distribution is valid over all turbulence
regimes, that is, from weak to strong turbulence, and shows a
remarkably good fit with experimental data [23], [36]. There-
fore, based on the fact that each scattered path is Gamma-
Gamma distributed, it is valid that the PDF model obtained
in (14) is applicable across all conditions of atmospheric
turbulence.

C. STATISTICAL ANALYSIS: CDF OF THE LARGEST ORDER
STATISTICS

The CDF of Ir , defined as FIr (Ir ) =
Ir∫
0
fIr (Ir )dIr , is derived

using the identity [37, eq. (07.34.21.0084.01)] as shown

FIr (Ir )

=
(pvqv) (prqr )

(
pr+qr

2

)
0 (pv) 0 (qv) 0 (pr ) 0 (qr )

I

(
pr+qr

2

)
r

×G2,1
1,3

prqr Ir
∣∣∣∣∣∣∣

2− pr − qr
2

pr − qr
2

,−
pr − qr

2
,−

pr + qr
2

 .
(15)
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FIGURE 3. Realization of the transceiver section.

Assuming the channel irradiance to be an independent and
identically distributed randomvariable, the CDF of the largest
order statistics Ir,max can then be formulated as

FIr,max

(
Ir,max

)
= Pr

[
Ir,max ≤ Ir

]
= Pr

[
Ir,j

∀j=1,2,...,L
≤ Ir

]
=
[
FIr (Ir )

]L
. (16)

Using (16), the PDF of the largest order statistics can then
be obtained as fIr,max

(
Ir,max

)
= L

[
FIr (Ir )

]L−1 fIr (Ir ). Con-
sidering the transmit diversity with two branches, i.e., L = 2,
the closed-form expression for the PDF of the largest order
statistics is obtained as shown in (17), as shown at the bottom
of the next page.

We like to point out that, for brevity, we assume that
all the transmitters are located at sufficient distances from
each other. Following this assumption, we consider that the
transmitter signals are uncorrelated in obtaining (17).

III. SYSTEM DESIGN AND PERFORMANCE ANALYSIS
In this section, we present transceiver design and derive the
expressions for the average bit error rate, the outage proba-
bility, and the channel capacity.

A. REALIZATION OF THE TRANSMITTER AND RECEIVER
SECTIONS
The goal of this subsection is to provide a simple prototype for
the realization of the transmitter and the receiver section and
to implement the proposed system. The transceiver section is
illustrated in Fig. 3 and consists of a random bit generator
and an encoder. The output of the encoder is divided into
the transmission frames and is applied at the input of the
FPGA board. The FPGA board can be used to feed the binary
sequence to the driver circuit that powered the transmitter
section. The synchronization and pilot bits are added at the
head of each frame which is then used to drive the UV

laser/LED driver circuit. To transmit the optical signal in the
UV-C band, a UVTOP280 LED can be considered with a
nominal peak wavelength of 280 nm, which delivers typically
1.3 mW power at the forward current of 20 mA.
At the receiver, the incoming petahertz signal is passed

through a lens followed by an optical bandpass filter (OBPF),
as illustrated in Fig. 3. OBPF is utilized to minimize the
amount of background radiation noise at the input of the
photodetector. We consider Gallium Nitride (GaN) photode-
tector to measure the petahertz signal at the receiver. The
photodetector converts the optical radiation into an elec-
trical signal and is followed by a sampler and a thresh-
old detector. At the receiver side, synchronous detection to
limit low-frequency temporal clutter terrestrial illumination
sources is considered that enables a well-defined narrow
temporal passband. A solar-blind window is placed in front
of the photodetector. There may be a spectral mismatch
between the transmitter and the filter and should be taken care
of [38]–[40].

We like to point out that, for brevity, the amplifica-
tion at the receiver is ignored in this work. That, in turn,
enables to safely ignore the amplified spontaneous-emission
noise [41] at the receiver. Moreover, since there is no ampli-
fication of the received power, the gain saturation by ampli-
fied spontaneous-emission noise can be neglected, which
is typically the case at the receiver with low amplification
gain [42], [43].
Remark 2: It is important to note that, in optical com-

munications, the time scales of the atmospheric turbulence
fading are far larger than the bit duration and therefore,
this block fading channel is often termed as a slow fading
optical channel [25], [44]. Therefore, as described in [45],
and as depicted in Fig. 2, the knowledge of the channel
condition at the transmitter side is possible in optical tur-
bulence channel as the turbulence fading is a slow fading
process.

Considering L = 2, in order to validate the system,
we derive important performance metrics including average
bit error rate, outage probability, and the channel capacity.
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It should be noted that using similar procedures the
expressions for the performance metrics can also be obtained
for higher L values.

B. AVERAGE BIT ERROR RATE
In optical wireless communications, the instantaneous SNR
is proportional to the square of the average received opti-
cal signal power, rather proportional to the received power.
Therefore, utilizing (1), the instantaneous received electrical
SNR at the receiver can be modeled as

χ =
(SHPt)2 I2r,max

N0
. (18)

As defined in [46], the average electrical SNR can be
written as

1ξ =

(
SHPtE[Ir,max]

)2
N0

=
(SHPt)2

N0
. (19)

Remark 3: It is to be noted that we assume a fixed total
transmit power budget PTotal , such that the average transmit
optical power assigned to each branch is given by Pt =
PTotal/L, where PTotal is constant and is independent of the
number of diversity branches L.
The conditional BER for non-return-to-zero OOK mod-

ulated signal can then be written as Pe
(
χ
∣∣Ir,max

)
=

1
2erfc

(
1

2
√
2

√
ξ I2r,max

)
, where erfc(·) represents the comple-

mentary error function [47]. The average BER Pe can be
obtained by averaging Pe

(
χ
∣∣Ir,max

)
over the distribution of

Ir,max

Pe =

∞∫
0

Pe
(
χ
∣∣Ir,max

)
fIr,max

(
Ir,max

)
dIr,max. (20)

Substituting for fIr,max

(
Ir,max

)
from (17) into (20) and using

the identity [37, eq. 07.34.03.1081.01]

Gm,00,m

[
z

∣∣∣∣∣ −

b, b+
1
m
, b+

2
m
, · · ·, b+

m− 1
m

]

=
(2π)

m−1
2

√
m

zb exp
(
−mz

1
m

)
, (21)

(20) can be rewritten as shown in (22), as shown at the
bottom of the next page.

The product of the two Meijer G-functions in (22) can
then readily be solved using the identity [48, eq. (1)],

that yields (23), as shown at the bottom of the next
page. S[·] in (23) is the extended generalized bivariate as
defined in [49]. Equation (23) represents the average BER
in integral form. The integral in (23) can be solved to a
closed-form expression by using the identity [49, eq. (2.1)]
as derived in (24), as shown at the bottom of the next
page.

C. OUTAGE PROBABILITY
In this section, we consider another important performance
criterion characteristic, that is, the outage probability, of the
proposed system operating over the Gamma-Gamma dis-
tributed fading channel. The outage probability Pout (χTh)
is defined as the probability that the instantaneously
received SNR χ falls below a certain predetermined thresh-
old χTh. Mathematically, the outage probability is defined
as [50]

Pout (χTh) = Pr [χ < χTh] =

χTh∫
0

fχ (χ)dχ, (25)

where fχ (χ) represents the distribution of the instantaneously
received SNR χ . Applying the Jacobean transformation,
fχ (χ) is derived as illustrated in (26), as shown at the bottom
of page 9.

Substituting (26) into (25) and utilizing the identity
[33, eq. (14)] with some simple mathematical operations,
the outage probability in integral from can be represented as
depicted in (27), as shown at the bottom of page 9, where the
operator b·c in (27) denotes the ceiling operation.

The integral part in (27) can readily be solved by using the
identity [37, eq. (07.34.21.0084.01)] that yields the expres-
sion for the outage probability as illustrated in (28), as shown
at the bottom of page 9.

D. OPTICAL CHANNEL CAPACITY
Assuming perfect channel state information at the trans-
mitter with no power adaptation, the average optical chan-
nel capacity of the proposed system can be defined
as [6]

Cavg =

∞∫
0

log2
(
1+ ξ I2r,max

)
fIr,max

(
Ir,max

)
dIr,max (29)

Substituting (17) into (29) and using the identities
[33, eq. (11)] and [37, eq. (07.34.03.0404.01)], the modified

fIr,max

(
Ir,max

)
=

2
[
(pvqv) (prqr )

(
pr+qr

2

)]2
[0 (pv) 0 (qv) 0 (pr ) 0 (qr )]2

I (pr+qr−1)r,max

×G2,0
0,2

[
prqr Ir,max

∣∣∣∣∣ −

pr − qr
2

,−
pr − qr

2

]
G2,1
1,3

prqr Ir,max

∣∣∣∣∣∣∣
2− pr − qr

2
pr − qr

2
,−

pr − qr
2

,−
pr + qr

2

 . (17)
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expression for the average channel capacity can be writ-
ten as shown in (30), as shown at the bottom of
page 10.

The integration in (30) can be solved using the identity
[33, eq. (21)] and can be derived as shown in (31), as shown
at the bottom of page 10.

Pe (ξ) = −
(pvqv)2 (prqr )

(
3pr+qr

2

)
4π [0 (pv) 0 (qv) 0 (pr ) 0 (qr )]2

∞∫
0

I

(
3pr+qr−2

2

)
r,max exp

(
−2
√
prqr Ir,max

)

×G4,2
2,6

 (prqr )2 I2r,max

16

∣∣∣∣∣∣∣
2− pr − qr

4
,
4− pr − qr

4
pr − qr

4
,
pr − qr + 2

4
,
qr − pr

4
,
qr − pr + 2

4
,
−pr − qr

4
,
2− pr − qr

4


×G2,0

1,2

[
ξ I2r,max

8

∣∣∣∣∣ 1

0,
1
2

]
dIr,max. (22)

Pe (ξ)

= −
(pvqv)2 (prqr )

(
3pr+qr

2

)
4π [0 (pv) 0 (qv) 0 (pr ) 0 (qr )]2

∞∫
0
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(
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2
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r,max exp

(
−2
√
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4−pr−qr

4
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1; 0, 2
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(
prqr Ir,max

)2
16
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8


dIr,max. (23)

Pe (ξ) =
2

(
6pr+2qr−7

2

)
(pvqv)2 (prqr )−qr

π
5
2 [0 (pv) 0 (qv) 0 (pr ) 0 (qr )]2
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2, 4
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4
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4
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IV. RESULTS AND DISCUSSIONS
A. SIMULATION SETUP AND METHODOLOGY
To obtain good statistical averages, we generate 105 realiza-
tions of the random variable Ir for each set of parameters
{pv, qv, pr , qr }. All the results are computed using
MATLAB (R2018b) software [51]. The Meijer G-function
is a built-in routine in prevalent computing software such
as MATLAB, MAPLE, and MATHEMATICA, the bivariate
Meijer G-function is available in MATHEMATICA [52].
In addition, a fast MATLAB algorithm with automated
integration contour for the generalized bivariate Meijer

G-function can be found in [53]. To realize the random
variable Ir theoretically for a given turbulence strength (for
a particular C2

n value), we first calculate σ 2
R using (4).

Utilizing σ 2
R , the values of σ 2

ln x and σ 2
ln y are evaluated

using (10). {pv, qv, pr , qr } are then obtained using (9).
These values are then used to realize Ir,max using (17).
The total noise variance of the random noise is set
to 0.25.
Unless otherwise specified, the total transmit power budget

PTotal is set to 20 dBm. The other parameters considered
in performance evaluation are listed in Table 1. Moreover,

fχ (χ) =

[
(pvqv) (prqr )

(
pr+qr

2

)]2
[0 (pv) 0 (qv) 0 (pr ) 0 (qr )]2

(
1
ξ

)( pr+qr
2

)

×χ

(
pr+qr

2 −1
)
G2,0
0,2

[
prqr

√
χ

ξ

∣∣∣∣∣ −

pr − qr
2

,−
pr − qr

2

]
G2,1
1,3

prqr√χ
ξ

∣∣∣∣∣∣∣
2− pr − qr

2
pr − qr

2
,−

pr − qr
2

,−
pr + qr

2

 . (26)

Pout (χTh) =

[
(pvqv) (prqr )

(
pr+qr

2

)]2
[0 (pv) 0 (qv) 0 (pr ) 0 (qr )]2

(
1
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2
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∞∑
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ξ
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 . (28)
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TABLE 1. System parameters.

TABLE 2. GaN photodetector specifications [55].

the specifications of the GaN photodetector are provided in
TABLE 2.

We like to point to that the infinite sum in Eqs. (28) and (31)
converges for any value of the parameters pv, qv, pr , qr . How-
ever, for (28), more than 52 terms are needed for summation
to achieve accuracy at the 5th significant digit. Whereas
for (31), to achieve accuracy at the 5th significant digit, more
than 24 terms are required.
Remark 4: It should be noted that, for all the results,

the average SNR is evaluated in the electrical domain.

FIGURE 4. PDF of the atmospheric scintillation for the NLOS links over
different turbulence fading strengths and baseline distances.

B. RESULTS ANALYSIS
The PDF of the received irradiance over the NLOS scattered
link for different turbulence strengths and baseline distances
is illustrated in Fig. 4. It can be observed that, on increas-
ing the baseline distance or the refractive index structure
parameter C2

n , the effect of the turbulence increases, and the
peak of the PDF profile shifts towards the left. This can be
attributed to the fact that with increasing baseline distance
d or C2

n , the beam propagation effect is weakened by the
loss of spatial coherence. Under weak turbulence condition
with C2

n = 10−17 m−2/3, the Fresnel zone size defines
the dominant scale size for the irradiance fluctuation. Under
weak turbulence regimes, the Fresnel zone is smaller than the
transverse coherence spatial radius. However, as the refrac-
tive index structure parameter increases to a higher value, say,

Cavg =
ln (4)

[
(pvqv) (prqr )

(
pr+qr

2

)]2
[0 (pv) 0 (qv) 0 (pr ) 0 (qr )]2

×
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k!0 (k + 2)

∞∫
0
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0,2

[
prqr Ir,max

∣∣∣∣∣ −

pr − qr
2

,
qr − pr

2

]

×G2,1
1,3

prqr Ir,max

∣∣∣∣∣∣∣
2− pr − qr

2
pr − qr

2
,
qr − pr

2
,−

pr + qr
2

 dIr,max. (30)

Cavg =
ln (4)

[
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(
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2
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×

∞∑
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 . (31)

118014 VOLUME 9, 2021



S. Arya, Y. H. Chung: Maximal Selective Transmit Diversity for Petahertz Wireless Communications

FIGURE 5. Bit error rate performance against the average received SNR
over different turbulence channels.

C2
n = 10−13 m−2/3, the Fresnel zone becomes larger than

the coherence spatial radius, and therefore the optical channel
impairment due to the turbulence increases.

From the expression obtained in (24), the average bit error
rate performance of the proposed system can be determined
for any given value of the average SNR. To illustrate this,
simulation results of the average bit error rate against the
average SNR are shown in Fig. 5. We consider two cases,
that is, L = 2 and L = 4 with all the transmitters oriented
in the same direction towards the receiver. Moreover, for
comparison, a transmit scenario with no diversity (L = 1)
is also considered. The following conclusions can be drawn
from the results. As expected, a higher level of degradation
in the BER performance due to the atmospheric turbulence
occurs in the transmitting scenario with no diversity. As can
be seen, at an average received SNR of 25 dB and C2

n =

10−13 m−2/3, the BER performance for no diversity scenario
improves significantly from 10−3 to 5×10−15 when the pro-
posed system is applied with L = 2. Moreover, the proposed
system is found to boost the BER performance significantly
under low SNR regimes when compared with the case where
no spatial diversity is employed. As illustrated, at a low
received SNR value of 5 dB andC2

n = 10−17 m−2/3, the BER
attains a value of approximately 5 × 10−15 with L = 4.
The results obtained demonstrate a significant improvement
in the performance as the number of diversity branches L
increases. From the results, it can be concluded that the
proposed scheme is useful in applications where there is a
power constraint or increasing the power requirement in the
link budget is impractical to overcome the turbulence-induced
fading.

Figure 6 shows a comparative analysis of the outage prob-
ability of the NLOS UV communication system under differ-
ent turbulence regime with different diversity branches. As a
reference performance, the outage probability of the NLOS
UV system without diversity is also presented. It can be seen
that the performance of the system is highly dependent on the
L value and as expected, the UV system with a higher L value

FIGURE 6. Outage probability against the average received SNR over the
turbulence channel.

FIGURE 7. Average channel capacity against the average received SNR
over the turbulence channel.

has the best performance. Furthermore, it can also be seen
that under the strong atmospheric turbulence condition, when
the number of diversity branches is increased from L = 1
to L = 2 and L = 4, the required average electrical SNR
is reduced by 13 dB and 21 dB, respectively, for the outage
probability of 10−5.
The optical channel capacity per unit bandwidth with per-

fect channel state information at the transmitter is illustrated
in Fig. 7. As can be noticed from these results, the use
of the transmit diversity helps in achieving higher capac-
ity. However, it is interesting to note that with no power
adaptation at the transmitter, as the number of branches
increases, the curves under different turbulence regimes come
closer.

Figure 8 illustrates the average bit error rate against the
baseline distance under different turbulence regimes.With the
transmit power set to 20 dBm, the performance degrades as
the baseline distance increases. This can be attributed to the
fact that, as the baseline distance increases, the atmospheric
attenuation and absorption increase. As illustrated, for d =
200 m and C2

n set to 10−17 m−2/3, the achievable BER is

VOLUME 9, 2021 118015



S. Arya, Y. H. Chung: Maximal Selective Transmit Diversity for Petahertz Wireless Communications

FIGURE 8. Bit error rate performance against the baseline distance over
different turbulence strengths (PTotal = 20 dBm).

FIGURE 9. Bit error rate performance relative to the receiver FOV over
different turbulence channels (PTotal = 20 dBm).

3 × 10−12 and 2 × 10−10 for L = 4 and 2, respectively.
As depicted, on increasing the distance to 2000 m, the BER
increases to 3.5 × 10−10 and 1.5 × 10−9 for L = 4 and 2,
respectively. However, it is interesting to note that, for all
the turbulence regimes with a longer baseline distance of up
to 2000 m, the achievable BER in the proposed system is
always less than the maximum acceptable threshold value
of 10−6. Therefore, these results justify the adoption of the
proposed transmit diversity scheme for the NLOS UV link
because it is impractical for many optical applications to
increase the transmit power constraint in the link budget to
eliminate the path loss observed over a longer propagation
path.

To analyze the performance dependence of the proposed
system on the parameters of UV link geometry, the average
bit error rate against the receiver FOV is presented in Fig. 9.
The performance is found to be very sensitive to the receiver
FOV. This can be attributed to the fact that a larger FOV value
results in more received optical power, thereby resulting in a
high received SNR value.

FIGURE 10. BER performance comparison of the MSTD technique with RC
and OSTBC in the optical scattering communication link over the
turbulence channel.

In Fig. 10, it is shown that the proposed maximal selective
transmit diversity technique (MSTD) based on the selection
of the optical path with a greater value of irradiance extracts
full diversity and provides better performance, compared to
RC and OSTBC. As illustrated, for instance, at an average
SNR of 20 dB with C2

n set to 5 × 10−14 m−2/3, the average
BER for L = 2 is approximately equal to 5 × 10−6 for
OSTBC and 10−7 for RC, whereas, for the proposed MSTD,
it is found to be 10−11. Moreover, it is important to note that,
the performance difference between the MSTD and the RC
decreases gradually with increasing L. For instance, to main-
tain a target BER of 1× 10−10, the average SNR required for
MSTD and RC for L = 2 is 18 dB and 25 dB, respectively.
However, when L = 4, the average SNR required for MSTD
and RC is 3 dB and 4 dB, respectively.

V. CONCLUSION
The design and analysis of the maximal selective transmit
diversity for NLOS optical petahertz communications have
been proposed, utilizing the continuous waveform detector
over the optical channel corrupted by atmospheric turbulence.
Knowing the fact that turbulence fading is a slow time-
varying process, we assumed that the information about the
channel conditions are available at the transmitter. We have
characterized the received signal by a continuous waveform
with each scattered path experiencing the Gamma-Gamma
distributed turbulence fading. The CDF of the largest order
statistics of the received irradiance has been quantified and
subsequently the closed-form analytical expression for the
average bit error rate has been derived. Furthermore, the ana-
lytical expressions for the outage probability and the average
optical channel capacity have been evaluated. From these
derived expressions, we have presented a comprehensive per-
formance analysis of the proposed system. It is demonstrated
that at low received SNR value of 5 dB and at a turbu-
lence strength of C2

n = 10−17 m−2/3, the BER performance
of the proposed technique attains a value of approximately
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5 × 10−15 with L = 4. It is shown that the maximal
selection transmit diversity significantly outperforms the
RC and OSTBC techniques. The results obtained justify
the proposed maximal selective transmit diversity scheme
over severe turbulence fading in petahertz optical wireless
communications.
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