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With ever-growing demand of high-speed mobile data and in vision of smart cities, optical wireless, a.k.a. free-
space optical (FSO), communication deem to be a critical technology due to its significantly faster data transfer
rate, higher security, lower costs, and reduced power usage. These beneficial effects have led to interest in
exploring FSO technologies for mobile platforms such as drone-based cell tower to provide Internet services to
remote areas, or even for wireless communications on the ground with jammed radio channels as in battlefields.
Direct line-of-sight (LOS) is required to establish secure directional FSO communication (FSOC) links which
are highly susceptible to random and erratic movements of the mobile nodes as well as the turbulence in
the free-space medium. The performance of FSOC links can be improved by designing multi-element tiling
of the laser-based transceivers which is capable of in-band full-duplex (IBFD) communication. In this work,
we propose a genetic algorithm framework to explore optimized multi-element FSO transceiver tiling patterns
to ensure maximal signal-to-interference and noise ratio (SINR) and minimize the effects of vibration of the

mobile platform and atmospheric turbulence.

1. Introduction

Increase in mobility and number of users triggered a sharp in-
crease in wireless data demands for communication devices, sensor
networks, and security protocols. The ever-increasing data demand
for smartphones, peer-to-peer networks, and autonomous vehicles are
over-crowding the legacy radio-frequency (RF) bands below 6 GHz and
in immediate need of alternative bands, such as optical and millimeter
wave (mmWave). High speed wireless networks for mobile applications
use mostly RF-based Wi-Fi points nowadays, but the bandwidth and
capacity mismatch with the fiber optical backhaul network cannot
deliver full potential of the system, which can be achieved by com-
plementing, and in some cases replacing with free-space optical (FSO)
networks [1-3].

FSO communication (FSOC) can enable high speed mobile ad hoc
network for futuristic smart city implementations because of the high
modulation speed, higher bandwidth, unlicensed spectrum, and se-
cure directional beam propagation. The use of light emitting diodes
(LEDs) and lasers for communication may ensure low cost, low power,
dense packaging, and systems for high speed communication between
mobile and/or fixed nodes. Low divergence angle and moderate field-
of-view (FOV) of the optical components lead to spatial reuse, multiple
channels, and a multi-node system to reach wider range of coverage.
However, direct line-of-sight (LOS) and weather-dependent beam prop-
agation loss limit the applications of FSOC to indoor and short range
(~100 m) outdoor applications.
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Mobile FSO networks can be a useful solution for multi-node, high
speed, and short distance communication. Tactical ad hoc networks
with requirement of high bandwidth and reduced probability of jam-
ming and interception can greatly benefit from implementing nodes
with FSO transceivers. Beyond these advantages, the network capac-
ity can be significantly increased by utilizing the FSO transceivers
in an in-band full-duplex (IBFD) manner. IBFD communication uses
simultaneous signal transmission and reception in the same frequency
band. Despite the disadvantages caused by self-interference (SI), full-
duplex operation can aid in successfully dealing with the huge spectrum
demands by increased channel capacity.

Some of the drawbacks of IBFD FSOC can be addressed implement-
ing multi-element transceiver nodes with capability of spatial reuse,
beam steering, cognitive techniques for adaptive optimizations, and
tolerance to mobility, vibration, sway, or tilt during communication.
The single most key limitation of the mobile FSOC is to maintain the
link under perturbation. The alignment of the transmitter and receiver
might need to be compensated for vibration, sway, or tilt to ensure
LOS. Intelligent design of a multi-element transceiver plane layout may
minimize these loss components and maximize signal-to-interference-
plus-noise ratio (SINR) for mobile FSOC links. Moreover, by using
solid-state laser arrays, e.g. VCSEL arrays, power consumption and
signal strength of the system can be controlled and implemented in
various applications, such as LiDAR devices, communication modules,
and sensing modules.
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In this paper, we will address the design and tiling of different
elements, i.e., transmitters and receivers, on the transceiver plane to
optimize IBFD communication throughput. We explore optimization
techniques to find the optimum number of transmitters and tiling those
in a fashion that gives uninterrupted performance even in the presence
of vibration. The main contributions in this paper are as follows:

+ An analytical model of link performance parameter, SINR, is
developed for multi-element full-duplex FSO transceiver by con-
sidering free-space attenuation as well as the vibration model of
the mobile platform, e.g., an unmanned aerial vehicle (UAV).

+ An optimized approach of tiling elements within transceiver plane
by evaluating randomly generated sets.

» An optimized approach of tiling elements within transceiver plane
by implementing genetic algorithm and evaluating multiple gen-
erations of solutions to reach the most favorable tiling pattern.

The rest of the paper is organized as follows: In Section 2, we
will present motivation for this work and relevant literature review on
multi-element full-duplex FSOC. In Section 3, we discuss beam propaga-
tion and FSO channel fading model along with atmospheric turbulence
and FSO propagation model. In Section 4, we formulate our optimized
transceiver design problem, and in Section 5, we present simulation
results for our proposed optimized tiling approach by evaluating ran-
domly generated sets. In Section 6, we discuss the genetic evolution
approach to achieve the optimized tiling solution for multi-element
full-duplex FSO transceiver.

2. Motivation and literature review

As wireless communication is being adopted by users, autonomous
cars, and providing Internet services to remote locations, FSO
transceiver antenna design attracted a lot of attention during the last
decade. In this section, we discuss the literature that addressed different
issues regarding full-duplex and multi-element FSO antenna design.

2.1. Full-duplex FSOC

Even in the presence of self-interference (SI), full-duplex commu-
nication can provide at least 20% gain over half-duplex communica-
tion [4]. A multi-access control (MAC) protocol for full-duplex radio
communication is proposed by Goyal et al. [5] that helps achieve
88% throughput gain. Also, the effect of SI reduces significantly with
increase in directionality of the transmitter and the receiver [6]. Prior
work on full-duplex FSOC has reported transceiver designs using out-
of-band techniques. Full-duplex indoor FSOC is demonstrated for error-
free (BER < 107°) short range operation [7]. The transceiver used
different optical wavelengths for uplink (1550.12 nm) and downlink
(850 nm) channels, which makes it an out-of-band design. To sup-
press the SI for full-duplex operation, two separate bands are used
for the transmitter and the receiver. Wang et al. [8] reported a full-
duplex visible light communication (VLC) system which implements
sub-carrier multiplexing (SCM) and wavelength division multiplexing
(WDM) techniques based on commercially available LEDs. Bit-error rate
reported for 66 cm free-space delivery was 3.8 x 1073, but the use of
red—green-blue (RGB) LEDs essentially make the design out-of-band.

IBFD FSOC designs have recently received attention. An IBFD design
for FSOC has been reported by Oh et al. [3], which implements com-
munication between a stationary controller and a mobile node using
beam reversibility and data erasure method. Even though this design
implements full-duplex operation for the mobile node, the controller
has only a transmitter but no receiver. Johnson et al. proposed isolating
the transmitter and the receiver of a node using a divider, but no
functional prototype was demonstrated [9]. In our earlier work [10,11],
we demonstrated isolation of infrared transmitter and receiver in an
IBFD FSO transceiver for communication among drones. However,
these prior studies used LEDs for transmission. In this work, we consider
lasers with much narrower divergence angles offering high bandwidth
but requiring more careful handling of the LOS link perturbations due
to mobility.
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2.2. Multi-element transceivers

To improve link quality and provide higher throughput, a large
number of transmitters with directional propagation characteristics
over same link can be deployed for FSOC, especially to achieve higher
aggregated bandwidth and link robustness due to spatial diversity [12].
Bilgi et al. reported that FSO mobile ad-hoc networks (FSO-MANETSs)
can be designed using optical antennas in spherical shapes, which
can achieve angular diversity, spatial reuse, and multi-element incor-
poration [13]. Alignment and mobility issues of multi-element FSO
transceivers were analyzed and modeled by Kaadan et al. [14]. Also, in
a similar fashion but with less focus on angular diversity, several issues
on multi-element VLC systems are investigated by Eroglu et al. [15]. In
these works, the authors investigated localization and tracking of users,
LED assignments, and transmit power control for optimum operation.
In a recent work, a Line-of-Sight (LOS) alignment protocol has been
employed to tackle the hand-off issue caused by the mobility of the
receivers in a room using multi-element VLC link by optimizing link
performance [16]. In contrast, in our work, we focus on designing
and tiling multiple elements on a single transceiver plane so that we can
achieve the best performance out of the established FSO link in terms
of robustness against mobility.

3. Optical channel fading model
3.1. Channel model

The transmitter modulates data onto the instantaneous intensity
of an optical beam. In this paper, we consider intensity modulated
direct detection channels using On-Off Keying (OOK), which is widely
employed in practical systems. The received photocurrent signal is
related to the incident optical power by the detector responsivity R.
The received signal y suffers from a fluctuation in signal intensity due
to atmospheric turbulence and misalignment, as well as additive noise,
and can be well modeled as

y=hRx+n+ig, M

where x is the transmitted signal intensity, 4 is the channel state, ig is
the SI signal received at the receiver from its own transmitter, y is the
resulting electrical signal, and » is signal-independent additive white
Gaussian noise. The system block diagram consists of two nodes, A and
B, as presented in Fig. 1. It also shows the signal flow direction at the
presence of atmospheric attenuation parameters («, y), which will be
discussed in details later.

The channel state 4 models the random attenuation of the propaga-
tion channel. In our model, 4 arises due to three factors: path loss A,
geometric spread and pointing errors &, and atmospheric turbulence
h,. The channel state can then be formulated as

h = hih,h,. (2)

Note that 4, is deterministic, and h, and &, are random with distribu-
tions discussed later. Since the time scales of these fading processes
(= 1073 — 1072 s) are far larger than the bit interval (= 107 s), h
is considered to be constant over a large number of transmitted bits.
Notice that the use of interleaving to allow for averaging over a large
number of fading states is impractical in this channel. This block fading
channel is often termed as slow fading or nonergodic channel in which
an h is chosen from the random ensemble according to distribution
f»(h) and fixed over a long block of bits.

3.2. Optical fading model

Optical fading can be attributed to several components of the chan-
nel and communication system design. Three major components of
optical fading in the channel are atmospheric turbulence, free-space
attenuation, and pointing error due to misalignment.
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Fig. 1. Block diagram of an in-band full-duplex optical wireless link consisting of two nodes.
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Fig. 3. Orientation of the two communicating nodes after alignment.
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Fig. 4. Position of transmitters within a transceiver plane.

3.2.1. Free-space attenuation
The attenuation of laser power through the atmosphere is described
by the exponential Beer-Lambert Law as [17]

_ P>
~ PO)
where h,(z) is the loss over a propagation path of length z, P(z) is
the laser power at distance z, and « is the attenuation coefficient. The
attenuation A, is considered as a fixed scaling factor during a long
period of time, and no randomness exists in its behavior. It depends on
the size and distribution of the scattering particles and the wavelength
utilized. It can be expressed in terms of the visibility, which can be
measured directly from the atmosphere.

By using Friis transmission equation [18], we can calculate the
attenuation coefficient as

1 1

a=- In GG,y “4)
The value of « depends on wavelength of the signal 4, visibility range V,
and size distribution of the particle ¢ in the atmosphere. The equation
of atmospheric attenuation coefficient is proposed by Kim et al. [19] in
the form of

hy(2) = exp(-az), 3

391 A 4
a_T(SSOnm) ’ ®
where ¢ is given by
1.6; V > 50 km
g=113; ]6km<V<50km 6)
0.72V'3; V <6 km.

Using the Egs. (4)-(6), we have calculated the free-space path loss
components with respect to the link distance (d). The loss parameter
model (L, is shown in Fig. 2.

3.2.2. Pointing error

Loss of LOS or LOS alignment could result in significant channel
fading due to pointing error loss. Wind, gust, and thermal expansion of
atmospheric medium results in path delay and/or pointing error. We
discuss a statistical model to incorporate such pointing error in term
of detector aperture, Gaussian beam width, and jitter and vibration
variance.

The normalized spatial intensity distribution of the transmitted
Gaussian beam is given by [20]

2 2lpll?
Tpeam(p3 2) = — exp <—M>, @
Tw

2
z wy

where p is the radial vector from the beam center and w, is the
Gaussian beam waist at distance z, which can be written as

,71/2

w, & wy 1+e<ﬁ> , ®)

0

where, wy is the beam waist at z=0, e = (1+ 2wg / pé(z)), and coherent
length, py(z) = (0.55C2k?2)3/5.

If the center of the incident beam is misaligned by distance r along
detector plane, then the fraction of the power collected by the detector,
h,(.), can be expressed as

hy(r;z) = / Tyeam(p — 13 2)dp, €©)
A

where A is the area of the detector and 4, is a function of radial
misalignment angle when pointing error r is present, as shown in Figs. 3
and 4. Due to symmetry in beam shape and detector area, the integral
can be approximated by

252
hy(r; 2) ~ Ay exp <— w; > (10)

Zeg

where

Ay = [erf(v)]?

Zeq Z2vexp (—v?)

_ Vre
Vaw,

and « is the radius of a single receiver.

W = w? \/;erf(u)

B

4. IBFD FSOC link: SINR formulation
4.1. Noise and self-interference

The noise components when an optical signal is received by the
detector consist of various noise sources like Johnson (thermal) noise,
background radiation, and dark current. The equations for the noise
equivalent power (NEP) of the optical components are given by [21]

\/24S Py, B,, F

Pbg,sn = T’ 1D
2qSP;,B,, F
Pxig_xn = S — (12)

\/(qudarngetF + Zquc) Ben
N Gder

where P,, is the optical solar background noise, Py, is the optical

power of the signal, I,,, is optical dark current, I,, is the DC dark

current, G, is the detector current gain, B,, is effective noise band-
width (= %), S is radiant sensitivity of the detector (amp/watt), F

Pdark_xn = 5 (13)
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is excess noise factor which is equal to 1 for photodiode, and g is the
electronic charge. The total NEP is given by

(14)

Ny = \/szg_sn + Pszig,sn + Pc?ark_sn'
To design a short-range FSOC system using laser as transmitter,
all the noise contributions need to be incorporated in calculation. As
the bit-rate requirement is increasing day-by-day, receiver components
and circuit are required to be very sensitive and responsive. With the
increase of sensitivity, receiver noise budget is becoming smaller.
By using the residual SI model of 1[%2’23]’ residual SI] ;;ower at

nodes A and B are given by I';, = };‘7 and I,z = ;‘*—5, where
p represents the coefficient of SI suppression by separation of the
transmitter and the receiver within the same transceiver unit, and
u and 6 represent SI suppression parameters for deployed passive SI
cancellation technique. P, and Py are the transmitted signal power at
nodes A and B, respectively.

4.2. Optimized SINR formulation

SINR characterizes the quality of a communication system as well
as it is the performance parameter for a transceiver. Considering an
FSO link established using transceivers A and B, each with a single
transmitter having a divergence angle of ¢ and a single receiver having
a detection area of A,,,, SINR can be written for node A as [21]

PyL,(d, ) Ay, cos(h = 5)]2
(tan 0)24d2(Ny + I'g,)

where Py is the transmit power at node B, d is the link distance, and
L.(d,?) is the free-space loss parameter for a link distance of d. The
expressions of L,, Ny, and I'g, are shown in Sections 3 and 4.1 . ¢
is the pointing error angle when the transceivers are perfectly aligned,
and 6 is the ‘vibration angle’ which is the additional pointing error due
to vibration on the mobile transceivers.

For a multi-element FSO transceiver with N transmitters having 0
divergence angle each and m receivers with detection area of A,,,, SINR
for node A can be expressed as

N
SINR, =Y

i=1 j:jEF;

SINR, = 15)

s (16)

[PB,,-LZ(d, A o cos(; £5))1°
(tan 6)24d>(Ny + I's 4)

where i and j denote the index of transmitter and receiver, respectively.
Py ; denotes the transmit power at transmitter / at node B. Each transmit
beam projects a beam footprint on the transceiver plane and only covers
a subset of the available receivers in a transceiver. F; represents the set
of receivers that falls within the beam footprint of transmitter i. ¢; and
d; are the pointing error and the vibration angles on the beam arriving
at receiver j € F;.

To maximize SINR, we need to find the optimum number of trans-
mitters N and receivers m, as well as the positions, p;(x;,y;), of the
transmitters on the transceiver plane. By choosing the best transmitter
positions we can find the best tiling patterns of the transceivers. For the
sake of uniformity, we will consider identical tiling at both transceiver
nodes A and B, same divergence angle ¢ for all transmitters, and same
transmit power Py for all transmitters. So, the optimization problem
becomes

max SINR,
N, p;
st. N<N,, an

AT = NArrans + mAdet’

where A, is the area of each transmitter occupied in the transceiver
plane and N,, is the maximum number of transmitters that can be
placed on the transceiver plane. We do not include m as a parameter
of the optimization since we assume that for all the positions where a
transmitter is not placed, a receiver is placed, i.e., N,, = N +m.

Each transmitter i projects a Gaussian beam footprint on the re-
ceiver plane centered at the corresponding location of transmitter i with
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a diameter of dtand. F; consists of m| receivers that falls within the
beam footprint. So, the SINR of the IBFD FSO link at node B under no
vibration can be written as

N
SINR, =Y 1I,, 1s)

i=1
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where
. PgL(d, ) Agy cos(h,)]*

b2 L(tan0)24d>(Ny + Is )

19

We find the optimum transmitter count, N*, maximizing SINR,
by calculating %(SINRA) = 0. Using Eq. (18) we get

=z

% d
—(SINRy) = — 1I;
ON ON ! ! (20

Jd

= UL+ 1L+ 4 1Ty,

Each term of I7; on the right hand side of Eq. (20) largely depends
on the relative location of the transmitter i, as that determines how
many receivers (m]) are covered by the beam footprint. Increase of
transmitters also means reduction of receivers, essentially resulting in
reduced receiver area to capture the beam signal. So, the ratio of the
total receiver area to the total transceiver area is another parameter
that can be used to optimize SINR. In order to attain an analytical
solution to N*, we consider the case when this ratio is fixed, i.e., mf
is constant regardless of i. This case happens when the link distance
(d) is long and/or the divergence angle (6) of the transmitters is large.
In particular, this case would happen when the radius of the beam
footprint is greater than or equal to the diagonal of the transceiver
plane. Assuming that both transmitters and receivers are square-shaped
and are the same in size (i.e., the receiver and the transmitter areas are
both equal to A,,,), this case would happen when dtan6 > /2N, A .-
Then, F; consists of all the available receivers on the transceiver which
yields m; = N,, — N, and Eq. (19) becomes

N,—N @2 2
m= 3 x,~<1—7’> , 1)
Jj=1

Pl @ DAge ? and cos(¢;) is approximated with the
(tan 024d>(Ny+Ts4) | ° e

first two terms of Taylor expansion. Now, each receiver has pointing
error angle with respect to each transmitter. If the transmitters and
receivers are uniformly distributed, the pointing error angle can be
approximated by ¢; = j¢, where ¢ is the minimum pointing error
angle. Then, Eq. (21) can be written as

(N,, — N)(N,, — N + D2N,, 2N + 1)]
c .

As we assumed every transmitter’s beam footprint is covering the whole
transceiver area, each II; becomes identical. By using the expression

where y; =

1, = 1| (N, = M) - ¢ (22)
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from Eq. (22), Eq. (18) can be written as
¢2

SINR, = yN|(N,, - N)— ?N;: +@$*N2N
2 2
— ¢*N,, N>+ %N3 - %Nf, +¢*N, N
¢ . @ ¢* ]
- = N?-Z_N, - Z-N|. 23
2 6" 6 (23)
By differentiating the term from Eq. (23), we get
)
a—N(SINRA) = x|N,, —4N +2¢*N2N - 3¢’N,,N*
2 2
+ ;1¢2N3 +24*N,N - 3“%]\!2 - %N
s o P
- TNm—TNm—?Nm]. 24
By simplifying the equation and setting %(SI NR,) =0, we get
aN3 +bN? +cN +d =0, (25)
where
_4 .
a= 34"
2
b=-L _3¢N,,
2
c=2¢°N2 +2¢>N, —4— &
m m 3 >
¢* $* o P
d = Nm - FNm_ TN'" - ?Nm

Now, the value of N,, can range from few tens to few hundreds
and ¢ is in the order of mrad for practical cases. In that case, the
coefficients approximated as a ~ 0, b ~ 0, ¢ ~ —4, and d ~ N,,. The
optimum number of transmitter reduces to - » 0.25. This solution
represents the case when pointing error angles are negligible. However
for practical cases, due to finite pointing error angles the optimum
solution for N* is smaller than 0.25N,,,.

In the following section, we implemented a numerical solution
of the optimization problem by using randomly generated sets. First
we calculated the optimum number of transmitters (N) and then the
optimum positions (p;) of the transmitters on the transceiver plane. We
also implemented a genetic evolution algorithm technique to find the
optimum positions of the transmitters.

5. Approach one: Randomly generated sets

To determine the optimum tiling positions of the transceiver ele-
ments, we developed a MATLAB tool to simulate the communication
link and calculate SIN R for each node. For this simulation, we used
50 m long FSO channel between two UAVs communicating in IBFD
mode using wavelength 4 = 900 nm. The transceiver size is set to 10 cm
X 10 cm. We assume that direct LOS is already established, however
the vibrational effects from the UAVs is still present which can lead to
pointing error of the link.

As the position of each transmitter is varied on the transceiver
plane, a pointing error with the other node takes place. This pointing
error is calculated in terms of pointing angle, ¢. On top of this angular
pointing error ¢, vibration of the mobile platform incorporates addi-
tional error, which is also calculated in terms of angular error (+6).
These pointing angle errors are shown in Fig. 3. Fig. 4 shows two
categories of possible tiling schemes. In one scheme, all the transmitters
are positioned equidistant from the center of the transceiver plane. On
the other hand, all transmitters are positioned randomly in the second
scheme. In this case, we randomly selected N transmitter slots and the
rest are considered to be receiver area. Free-space path loss is calculated
for determining SN R for our channel, which is shown in Fig. 2.

To determine the number of the transmitters required to obtain the
best performance, we simulated the FSO link by varying the transmitter
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count from 1 to 99, out of possible 100 positions, and calculated
SINR for different divergence angles (6). We can observe from Fig. 5
that best performance of the link occurs when number of transmitters
(N) is 22, irrespective of divergence angles. With the increase of the
transmitter count, receiver area reduces and that results into degraded
link performance. Also, by increasing divergence angle, most of the
power collected at the receiver end also reduces, and we can observe
the reduction of SINR.

We investigated further by varying the position of the transmitters
on the transceiver plane and hence changing the pointing error angle
(¢) by using equidistant scheme from Fig. 4. Fig. 6 shows the results for
different ¢ values and calculated by varying N. We can again observe
that the best case performance can be achieved for N = 22. Fig. 7 shows
the effect of vibration on the link performance of the FSO channel.
Fig. 8 shows the average and standard deviation of the calculated
SINR for different N values. We also randomly generated vibrations
and repeated the simulation for 1000 times to incorporate the effects of
vibration into the simulation. Even though the overall SIN R obtained
is reduced by introducing vibration, best case scenario still occurs at
N = 22, or we can say 22% area of the transceiver plane needs to
covered with transmitters. Even when the link distance is varied over a
large range, the optimum number of transmitters remains close to 22%,
whereas average SINR drops exponentially with distance as shown in
Fig. 9. By using the simulation parameters and solving the equation
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derived in Eq. (25), we get N = 25. The analytical solution was an
approximation of the real-world scenario, however we got fairly close
solutions.

We incorporated all the findings we gathered from the simulations
of equidistant scheme into the random position scheme as shown in
Fig. 4. We increased the grid size of the transceiver plane to 100 x 100
array. We generated 100,000 sets of transceiver planes with randomly
positioned transmitters for each N, in this case, to cover 22% area of
the plane, we set N = 2200. To determine the optimum positions of the
transmitters for N = 2200, we selected best 1,000 sets out of randomly
generated 100,000 sets based on SIN R performance. We repeated
the process for 3 times with seed values. Finally, we constructed a
heatmap of the transceiver plane by overlapping the best tiling sets
(more dark means more transmitters were placed at that position in
these tiling sets) in Fig. 10(a) at the presence of vibrational effects.
We can observe from the figure that the best performance can be
achieved when majority of the transmitters are positioned around the
center of the plane, with receiving areas at the center. The reason for
the disperse positioning due to the presence vibrational effects of the
mounting platform is the Gaussian beam profile of the transmit signal
and the beam centers carry most of the energy. If the transmitters are
positioned around the edges, the center of the beams might fall outside
of the transceiver plane and most of the energy goes undetected at the
presence of vibration. To accommodate for such cases, the optimum
transmitter positions are clustered in four separate areas located mid-
way from the center to the corners of the transceiver plane so that at
least the center of the beams from those ‘edge transmitters’ could fall
on the receiving plane.

It is notable that the center of the transceiver plane does include
only few receivers instead of being entirely covered with transmitters.
The intuition behind this is that the center of the optical beam carries
most of the energy. If the center of the plane is covered entirely by
transmitters, the center of the beams coming from the other plane
would not be received and only the outer part of those beams would
be received, resulting in a small aggregate received intensity. With the
presence of vibration, however, the best transmitter positions are more
dispersed to increase the likelihood of receiving the center of the beams
coming from the other side.

This random set based technique of obtaining the optimum solution
is computationally heavy and as we checked only a fraction of the
available solutions due to limitation of computational capacity and
time, hence a more efficient method is required. To overcome this
computational complexity, we next devise a heuristic optimization
method based on genetic algorithms.

6. Approach two: Genetic algorithm

In order to tackle the computational complexity of the randomized
set selection and to find solutions closer to the optimum, we devise
a genetic algorithm approach to the problem of tiling positions of
the transmitters on the transceiver plane. As the transceiver plane is
divided into a 100 x 100 grid, it gives us in total 10,000 different
position to consider for transmitters. Essentially the size of the search
space for the optimization problem becomes 2!%% — 1, Using the ran-
domly generated sets to determine the optimum tiling will require huge
computational time. Even in the optimization approach presented in
the previous section, we only explored a fraction of the every possible
tiling combination. Genetic algorithm gives a faster way to approach
the optimum and it also requires smaller computational capacity.

To implement the genetic algorithm, we start with fewer number
of randomly generated sets of the transceiver plane. To reduce the
complexity of the problem, we consider 22% of the area is covered
with transmitters, as we determined in the previous section. To start the
process, we randomly generate 5,000 different sets and calculate SINR
for each set. We determine the best 10% sets out of the total population
based on STN R calculation, which we can call the ‘fit population’. We
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Fig. 10. (a) Heatmap of transmitter locations on a 100 x 100 transceiver grid for best performances out of randomly generated set, (b) Transmitter locations based on the heatmap

generated from best performing sets.

Generation-1 Seneration- eneration-] Generation-150
o Generation50 o Generation-100 2 300

Generation-1 Generation-100

Fig. 11. Heatmap of transmitter locations on a 100 x 100 transceiver grid for best performances for different generations of genetic evolution, Top Row: 20% fit population,

Bottom Row: 10% fit population.

Fig. 12. Optimized transmitter locations on a 100 x 100 transceiver grid (a) using genetic evolution after generation 150 with 10% fit population with vibrational effect, (b)
using genetic evolution after generation 150 with 20% fit population with vibrational effect.

1 : 1 ratio. We repeat the process to obtain the entire population for the
next generation and calculate SINR for each set. The process is repeated
until we do not see any significant improvement in the average SINR
value of the fit population for three (3) consecutive generations or
a certain number of generations are obtained. A pseudo-code of the
algorithm is presented in Algorithm 1.

use the ‘fit population’ to generate the next generation by applying
crossover technique. We randomly select two members from the current
fit population to obtain a member of the next generation. The crossover
is done over two steps: first, we identify the common positions of the
two selected parents and we retain the common positions in the child.
Second, we select rest of the transmitter positions from each parent in
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Algorithm 1 Genetic Algorithm for Optimized Tiling

. Initialize Transmitter count, N

: Initialize Transceiver plane

: Initialize Population Set count, P

: Set € as SINR tolerance

: flag=TRUE

: Generate Population Set by random selection for Generation 1

: Calculate SINR for each set

: while flag is TRUE do

Identify Best f% as fit population seed for Generation i + 1
10:  Generate Population Set by crossover() for Generation i + 1
11:  Calculate SINR for each set

12:  Compare SINR with Generation i

13:  if SINR(i+1)-SINR(i)< € for 3 consecutive generations then

©ONO U WM -

14: flag=FALSE

15:  else

16: repeat next generation
17:  end if

18: end while

crossover()

1: Choose two (2) parents randomly from the fit population

2: Determine common transmitter positions for the parents

3: Keep common transmitter positions for the child

4: Choose rest of the transmitter positions from both parents randomly at 1:1
ratio

We presented the evolution of the optimized tiling solutions over
different generations in Fig. 11. The heatmaps are generated by over-
lapping the transmitter tiling positions of the members of the fit pop-
ulations of each generation. We can observe from the figures that
transmitters around the center with receiving area at the center gives
best performance, as we observed from the randomly generated sets in
the previous section. Hence, the convergence over the generations are
observed as the transmitter locations are more clustered in four lobes
located midway towards the corners of the transceiver plane from the
center. We also changed the fit population size to 10% and observed the
similar convergence pattern as well. After about 50 generations, both
20% and 10% fit population cases indicates most of the transmitters
should be positioned around the center of the panel, as we have
observed from the randomly generated sets. As vibrational effect tends
to introduce higher combined pointing error angle, transmitters being
around the center makes it more convenient for the receiving end to
capture most of the energy even at the presence of vibrations using this
tiling pattern. Later, we determine the best positions of the transmitter
positions after 150 generations and shown in Fig. 12(a) and 12(b).
Both of these tiling solutions indicates optimum transmitter positions
to obtain best ST N R performance under vibrational effects. Comparing
the solutions of the genetic algorithm with the solution from randomly
generated cases shown in Fig. 10(b), we establish that we can obtain the
optimized tiling solution using the genetic algorithm approach utilizing
much smaller computational capability.

To understand the effect of the genetic algorithm parameters on
the results, we varied the fit population size and observed SN R over
generations. To determine how many generations it requires to achieve
the SINR saturation, we vary the fit population size for different
values from 20% to 1%. All every cases, total population size of a
generation was fixed at 5,000 and number of transmitters, N = 2200.
Fig. 13 shows variation of the peak SIN R of the fit populations over
generations. As shown in Fig. 13, smaller fit population yields better
solutions in early generations but converges to a more sub-optimal
solution eventually. However, we can achieve best .SIN R performance
when the fit population is increased. Essentially this requires generating
more generations and computational time. We summarized the results
from the genetic algorithm simulations in Table 1. In both Fig. 13,
we inserted a gray solid line that indicated the value from randomly
generated sets. We can clearly observe genetic algorithm approach

Optics Communications 501 (2021) 127377

24.1 T T
—-=20% Fit Population
------ 10% Fit Population
24.05 - -5% Fit Population
= ==1% Fit Population
) —Randomly Generated Cases
~ 241
Z
wn 2
2395 T
= >
)
[
239 1
23.85 . : . .
1 10 25 50 100 150
Generations

(a)

Fig. 13. Peak SINR of the fit population over 150 generations of evolution.

Table 1
Summary of genetic algorithm simulations.

Fit Population size # of Generations to Converge Peak SINR (dB)

20% 190 24.09
10% 145 24.06
5% 100 24.03
1% 80 23.96

consistently outperforms the randomized set selection after about 20
generations.

7. Conclusion

In conclusion, we have outlined a model for optimizing the tiling
position for multi-element transceiver design. We have incorporated
weather effect and SI that arise within a transceiver unit to obtain a
design model for simulating in-band full-duplex FSO channel. A simu-
lation tool is developed in MATLAB to determine the best performance
for optimizing communication throughput even under the presence
of vibrational effect of the mobile platform. We presented that for a
transceiver plane consisting 10 x 10 grid size, the best performance
can be achieved for N = 22. Later, we extended that tiling technique
to 100 x 100 grid with 22% area covered by transmitters. We explored
randomly generated sets to explore the optimum solution, however,
complexity of the problem makes it difficult to reach optimum solution.
We also implemented a Genetic Algorithm technique to optimize the
tiling positions. We presented a guideline for positioning the transmit-
ters within transceiver plane using both approaches. The model can be
further improved by including sway and tilt of the transceiver platform
and by considering multi-channel link design where inter-symbol inter-
ference plays additional role on the performance of the aggregated link.
Also, optimizing transmit power (P,) for each transmitter and dynamic
optimization of transmitter count (N *) during genetic algorithm can be
investigated as future study.
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