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Unmanned aerial vehicle (UAV) swarm communication
is a powerful component of aerial relays; however, con-
ventional radio frequency (RF)-based UAV swarm net-
works struggle to ensure timely and reliable commu-
nication. To this end, a light spectrum-based wireless
system, LiFi, is presented to supplement in this work
thanks to its distinctive benefits. We present the ana-
lytical derivation of the average block error probability
(ABEP) as Chebyshev approximation, lower and upper
bounds. Then, the key performance metrics of reliabil-
ity, throughput, and latency expressions are provided
as a function of the ABEP. The results show that the
severe requirements of ultra-reliable (99.99%) and low-
latency (sub-millisecond) communication (URLLC) are
satisfied at even low signal-to-noise ratio (SNR) values.
Besides, in the numerical results, the impact of block-
length, packet size, the different distances among UAVs,
SNR value, and light-emitting diode (LED) semi-angle
are explored.

http://dx.doi.org/10.1364/a0. XX XXXXXX

1. INTRODUCTION

In recent years, unmanned aerial vehicles (UAVs) or drones are
getting more attention for important use cases, such as internet-
of-things (IoTs), cooperative surveillance, disaster relief, and the
defence industry [1]. In particular, employing more than one
UAV or a UAV swarm as aerial relays can boost the capability
of wireless communications rather than single-hop communica-
tions. However, in UAV-enabled relaying networks, timely and
reliable communication among UAVs is needed to accomplish a
series of missions accurately and effectively.

At Tokyo 2020 Olympics Opening Ceremony, more than 1800
drones configuring smoothly into a revolving planet Earth were
one of the most talked about use cases of UAV swarm networks.
In this scenario, the drones are specifically designed for enter-
tainment purposes and are equipped with four light-emitting
diodes (LEDs) that relay light that is true to colour and un-
matched in brightness and vibrancy [2]. When we consider such
a massive scenario, it is difficult to achieve reliable and timely
communications among the UAVs and effectively suppress the
loss of wireless channels for information delivery. To improve
the performance, utilizing certain drones as relay nodes and
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exploring the potential of the infrared /visible light spectrum as
a communication channel can prove to be advantageous at this
stage. In this article, LiFi-enabled UAV swarm relaying is seen
as the entry point to improve the performance of networks.

The current level of latency and reliability in UAV relay sys-
tems are not adequate for upcoming UAV swarm systems be-
cause they are mainly designed for manual remote control or
preprogramming [3]. However, autonomous UAV swarms are
emerging as a novel technology and need latency-intolerant con-
trol because they have to make real-time or near-real-time deci-
sions [4]. Even slight delays in avoiding collisions and obstacles
could cause dangerous consequences. According to the 3rd Gen-
eration Partnership Project (3GPP) Technical Report 22.862, the
upper bound of latency for air-to-air radio links is determined
as 5 ms, so the flight controller can have good responsiveness
for gesture control. In addition, most of the low latency required
services are inseparable parts of ultra-high reliability [5]. As
examples of scenarios demanding low latency and ultra-high
reliability services for UAV swarm networks, we can consider
applications in various domains, including natural disasters,
industrial automation, military operations, and agriculture [6].
In disaster situations, terrestrial communication networks may
suffer disruptions, resulting in isolated sub-networks. To ad-
dress this, temporary communication infrastructure using UAV
swarm networks becomes essential to bridge the connectivity
gaps. In such critical circumstances, maintaining a reliable com-
munication network through fast network repair is crucial for
the efficient dissemination of emergency information between
victims and first responders [7]. For time-sensitive industrial
IoT applications, such as remote control, intelligent robots, and
personal health monitoring, UAV-based communication offers
advantages [8]. UAVs can establish direct links with high prob-
ability and dynamically adjust their positions in response to
environmental changes, thereby improving channel quality and
ensuring seamless communication. In military operations, a
central controller may need to transmit command information
to a distant UAV carrying out reconnaissance missions in a mili-
tary area. However, the presence of concealment structures with
thick cement or metal walls poses challenges to direct communi-
cation. In such scenarios, UAVs equipped with ultra-reliable and
low-latency communication (URLLC) capabilities can fly above
the shelter, acting as intermediaries to facilitate the transmission
between the controller and the distant UAV. In the context of
agriculture, the automation of the farm ecosystem is a critical
objective. URLLC-enabled UAVs play a pivotal role in achieving
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this goal by enabling real-time farm management. The high
degree of automation enhances food safety, improves the effi-
ciency of the food supply chain, and optimizes the utilization of
natural resources [9]. By presenting these application scenarios,
our research underscores the significance of URLLC for UAV
swarm networks across diverse domains.

The conventional UAV swarms need to tackle some problems,
e.g., radio frequency (RF) spectrum crunch, energy consump-
tion, mutual interference, and pricey components. Moreover,
the ubiquitous use of UAVs will disrupt cellular networks seri-
ously because the suggested sub-6 GHz spectrum for UAVs is
massively utilized by cellular networks. The operation of UAV
swarms in the sub-6 GHz spectrum can decrease their system
capacity more than the planned level; thus, it can dramatically
affect the quality of service for ground users [1]. Also, another
challenge for a UAV swarm is energy efficiency, and the battery
is one of the most precious resources.

A UAV swarm needs reliable data transmission among its
members via a local wireless network such as for cooperative
communications. In this regard, WiFi, LoRa, and ZigBee are
suggested by the standards community as non-3GPP technolo-
gies to support the emerging UAV swarm use cases [4]. When
this suggestion is taken into account, the introduction of LiFi,
a light-spectrum-based wireless system, as a non-3GPP tech-
nology can be featured due to its advantages in communication
among UAVs. The LiFi channel is more directional, with less and
in many setups negligible multi-path propagation, and without
small-scale fading. Interference in the RF case can be avoided
in hybrid RF/LiFi networks due to their different operating fre-
quency bands [10]. Thus, the LiFi-enabled technique ensures
the relaying is in a deterministic way which may enable better
reliability and low-latency. The front-end components of LiFi are
relatively simple transmitters and receivers. Due to operation
in the baseband, no need for frequency mixers or sophisticated
algorithms for the compensation of RF impairments, such as I1Q
imbalance and phase noise [11]. The implementation cost of the
LiFi is expected to be lower than conventional technologies be-
cause optical components are less expensive than the existing RF
front ends. Light transmitters are also energy-efficient sources
and using them can achieve higher energy efficiency for UAV
swarms [12]. The availability of this unlicensed spectrum for
UAV swarms helps to decrease the overall cost. As an important
point, the proposal of LiFi technology in this work is not to com-
pletely replace the RF technology in the UAV swarm networks.
Mitigating communication bottlenecks caused by the nature of
the RF spectrum is the main challenge addressed here.

A. Related Works

Considering the scope of this study, we can mainly categorize
the related works about UAV communications in terms of their
spectrum regions into two groups which are radio frequency
(RF) and optical band.

As discussed in the previous section, URLLC is an important
technology for UAV communication but also there are still chal-
lenges to be addressed. Most of the studies in the RF spectrum
focus on multi-objective optimization which involves minimiz-
ing or maximizing multiple objective functions subject to a set
of constraints. In particular, joint optimization of the UAV’s lo-
cation, antenna beamwidth, transmit power, blocklength, device
association, energy efficiency, resource allocation, decoding error
probability or transmission rate is considered for various scenar-
ios such as agriculture, edge computing, internet-of-things (IoT),
free space path, 3-dimensional channel [9, 13-24]. These joint
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optimization problems are formulated subject to strict reliability
and latency requirements, the total bandwidth for URLLC or fi-
nite blocklength regime, and solved by iteration algorithm, ions
motion algorithm, mixed integer nonlinear program, bisection
search, block coordinate descent, Lagrange dual decomposition
techniques, deep neural network based algorithm, perturbation
based iterative algorithm. Another approach in previous works
presents analytical expressions for providing deeper insights
into the system design[7, 8, 25]. In [7] and [25], the average
achievable data rate (AADR) or the average packet error prob-
ability (APEP) and effective throughput (ET) of the control in-
formation delivery from the ground control station (GCS) to the
UAYV under free space or 3-D channel are derived. Also, the
idea is to deploy multiple UAVs for acting as a relay between
the ground transmitter and the flying UAV base station is pro-
posed for increasing reliability [26]. The current state-of-art on
URLLC-enabled UAV networks in the RF domain is detailed
in [6].

Secondly, the previous studies benefited from optical bands
to tackle problems of conventional technologies such as RF spec-
trum scarcity, interference, and network connectivity. However,
most studies in optical bands introduced the same type of multi-
objective optimization problems as the previous RF studies. To
maximize the received data and the user cluster size, the op-
timization problem of joint user association and deployment
location of UAVs for two-tiered visible light communication net-
works is analyzed in [27]. In [28-30], the cell associations and the
locations of UAVs are optimized according to communication
constraints for maximizing energy efficiency. In another study,
the blocklength allocation and UAV deployment with alternating
direction method of multipliers are jointly optimized for min-
imizing total error probability [31]. Energy and user mobility
aware three-dimensional deployment of visible light communi-
cation (VLC)-enabled UAV-base station is also introduced; thus,
achieving maximum coverage of users while ensuring fairness
[32]. In [1], ultraviolet (UV) communication is exploited to ad-
dress the problems of RF spectrum scarcity, interference, and
network connectivity for UAV swarm communication. Further,
the system performance is investigated in terms of data rate and
communication range.

B. Contributions and Outline

In this paper, we investigate infrared/visible bands-based LiFi
technology for enabling strict reliability and latency require-
ments in UAV-enabled relaying networks. The contributions are
as follows:

1. For the first time in the literature, we introduce the use of
LiFi signals for URLLC-constrained relay systems among
UAVs due to the deterministic and accurate nature of the
infrared /visible light channel, energy efficiency, low imple-
mentation cost and spectrum availability.

2. We model the statistical characteristics of the signal-to-noise
ratio (SNR) for the LiFi-based swarms by assuming that the
UAVs fly freely in an area.

3. We then study the average block error probability (ABEP)
under short packet transmission in LiFi systems for the
relay system among UAVs. The Chebyshev approximation,
lower and upper bounds are derived to obtain the ABEP for
providing insight into the packet size and system design.
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UAV Swarm

Primary UAV

Fig. 1. Illustration of the LiFi-based UAV swarm communica-
tion system - example scenario.

4. By leveraging the obtained ABEP expressions, we show the
different boundaries of reliability, latency, and throughput
for URLLC-constrained relay systems in UAV swarms.

5. Extensive Monte-Carlo based simulations presented to vali-
date the analytical model.

The rest of this paper is organized as follows. The network
model, LiFi channel model, and short packet transmission in
LiFi systems are introduced as parts of the system model in the
next section. In Section 3, the Chebyshev approximation, lower
bound, and upper bound of the ABEP and performance metrics
are presented. Simulation results and analysis are shown in
Section 4. Finally, we give the concluding remarks in Section 5.

2. SYSTEM MODEL

This section provides the LiFi-based UAV swarm system model
which is used in the study. Firstly, the UAV swarm deployment
and orientation model are provided in line with the previous
studies [7, 25, 33, 34]. Secondly, the details of the LiFi channel
model used among UAVs are given. Then, short packet trans-
mission in the LiFi system is presented.

A. Network Model

This study focuses on relaying systems under ultra-reliable and
low-latency constraints among UAVs in a swarm network rather
than data transmission between ground users and UAVs as in
previous studies. Thus, the topology of LiFi-based UAV swarm
networks is considered in this section. Actually, the absence of
accurate multi-swarm UAV deployment models, especially those
operating in optical bands, is a key difficulty in investigating
the performance of this type of network. Thus, we consider
a UAV swarm network such as in Fig. 1. In the presented
configuration, each UAV is equipped with an array of LEDs
and photodiodes, positioned in a quadrangular arrangement
on a panel, as illustrated in Fig. 2 and applied in other works
[7,25,33]. LEDs and photodiodes have been strategically placed,
with one set located at the bottom of the UAV panel and another
at the top. The remaining two optical devices are arranged in a
diagonal pattern along the edges of the wings. The transmission
and reception of the bit stream occur through the LiFi front-ends,

Secondary UAV

Fig. 2. The ultra-reliable and low-latency transmission of con-
trol signal from the primary UAV to the secondary UAV.

namely the LED and the photodiode. On the transmitter side,
a circuit driver is employed to transform the received voltage
signal into a current signal, subsequently driving the LED for
light emission. Conversely, on the receiver side, the modulated
light signal is captured and transduced back into an electrical
signal through the photodiode. This arrangement facilitates the
bidirectional exchange of information between UAVs through
LiFi channels. The primary UAYV is located at the centre of the
sphere and the secondary UAYV is assumed to be within the outer
sphere to ensure that the UAVs are within the control range.
Also, since there will be minimum distance among UAVs, the
radius of the inner and outer spheres are shown as D,,;;, and
Djyax. As the UAV may fly anywhere within the region, the
directions of the UAV movements are uniformly distributed.
Then, the cumulative distribution function (CDF) of the dis-
tance, d between the primary UAV and the secondary UAV is

[7]:

3 3

x> —D2.

Fd(x) = 377"1;/ Dyin < x < Dinax (1)
Dmax - Dmin

and the probability distribution function (PDF) is

_ dFy(x) 3x2
~ dx D3, -D3

min

fa(x)

» Din < x < Diax. (2)
The use of the uniform UAV distribution model aligns with
the existing literature, particularly in the context of several UAV
swarm network studies to which our model is adapted [7, 25, 33].
This approach permits the modeling of UAV speed as a random
distribution rather than being constrained to a single fixed value
during the assessment of system performance. Incorporating
this modeling strategy simplifies the analysis of UAV mobility’s
influence on LiFi networks, thereby yielding realistic insights
for the design of robust and dependable LiFi networks.
Moreover, the UAVs were deployed at a relatively low alti-
tude during the experiment to ensure stable and controllable
flight. To maintain the drones in relatively stationary posi-
tions between the drone planes, we employed position-hold and
altitude-hold modes using advanced flight control systems. The



255

256

257

258

259

260

261

262

263

264

265

266
267
268
269

270

272

273

274

275

276

277

278

279

280

281

282

283

284

285

286

287

Letter ‘

use of such flight modes highlights the significance of latency-
intolerant systems, which are a key focus of this research. These
systems necessitate real-time or near-real-time decision-making
capabilities, as emphasized in our proposed approach.

B. LiFi Channel Model

The UAVs in a swarm are more likely to establish short-distance
line-of-sight (LoS) communication links. Moreover, the UAV
swarm is designed for outdoor missions, so the effect of multiple
reflections is neglected. This means that only LoS is taken into
account for the LiFi channel model in this study. In addition,
LEDs (Lambertian source) are assumed as the transmitters.

The UAV orientation significantly affects the signal quality of
LiFi-based swarm networks contrary to conventional RF-based
networks. However, modelling UAV orientation is extremely
complex and dynamic due to various environmental factors
such as atmospheric pressure, winds, moisture and venturi ef-
fect. This work will not focus on improving such an orientation
model. Instead, the experimental model in [34] for LiFi-based
devices was adapted to this study due to a lack of a proper UAV
orientation model. According to this model, the LoS LiFi chan-
nel gain with respect to orientation among UAVs in a swarm can
be expressed as [34]:

b= OEDA ot () Tg(y), ®)

where d shows the distance among the UAVs, A, is the receiver
effective area, 1 is the angle of incidence with respect to the
axis normal to the receiver surface, {co, is the field-of-view
(FOV), g(1) is the concentrator gain, T; is the filter transmission,
respectively, and m; is the Lambertian index described as [10]:
e In(2) , @
In[cos(¢1/2)]
where @1/, is the semi-angle at half illuminance of the transmit-
ter. Further, the gain of the optical concentrator at the receiver is
expressed by [10]:

;72/ sinz(lpmn), if0 <9 < theon
0, if Yeon < P,

where 7 is the refractive index.

For simplicity, in [34], it is assumed that ¢(¢) = Ts = 1
and the angle of irradiance with respect to the axis normal to
the transmitter surface, ¢, is not affected by the random orien-
tation due to the relative movement scenario. Thanks to this
assumption, the complex multiple UAV movements scenario is
simplified to a single UAV movement, which makes easier the
analysis while still keeping the realistic features. The transmitter
and receiver are aligned such as in Fig. 2. For the LiFi signal-
ing among the UAVs, we consider an orthogonal frequency-
division multiple access (OFDMA) scheme where each link is a
unique slice of the optical spectrum. In this case, the LiFi links
in the swarm can coexist without suffering interference from
each other. Moreover, from the perspective of the spectrum, the
available bandwidth of infrared /visible light is much larger than
RF, which can eliminate the interference caused by the repeated
use of RF spectrum resources in the UAV swarm. Therefore, the
intra-group interference among UAVs is not considered in this
paper.

To this end, the received SNR among the UAV in the swarm
is given by 7, = (PtHRpye~ %)% /02, where P; is transmitted op-
tical power, R, is photodiode responsivity, e~ ™ is atmospheric

8(y) = (5)
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absorption losses and ¢? is zero-mean additive white Gaussian
noise (AWGN) [10].

In a LiFi system, the total noise can be given as:

o =of +03 (6)

where 07 symbolizes the thermal noise variance which is con-

stant and independent of the optical power. While, 03 de-

notes the shot noise variance which depends on the received

optical power. The shot and thermal noise variances are de-

fined as, of = ¥k C A, 1pB? + WTELL 2 421 B3, and, 02 =
2gB(Dy + Iglp), respectively, where, the bandwidth of the elec-
trical filter that follows the photodiode is represented by B Hz,
x is the Boltzmann’s constant, Iy is the photocurrent due to
background radiation, Ty is absolute temperature, G,; is the
open-loop voltage gain, C,, is the fixed capacitance of photodi-
ode per unit area, I' is the FET channel noise factor, g, is the FET
transconductance and noise-bandwidth factors, I, = 0.562, and
I3 = 0.0868 [10]. Furthermore, it is worth noting that the amount
of sunlight received by UAV surfaces fluctuates between day and
night scenarios, and this variability is influenced by the predom-
inant light frequency. However, the accurate prediction of the
spatial and temporal distribution of illumination necessitates the
consideration of both sequential and spatial information, which
falls beyond the scope of this work. It is generally assumed that
sunlight could halt the operation of the communication system
entirely due to interference. However, the effect of solar irradi-
ance is more apparent as a strong shot noise source rather than
an interference source as the sunlight intensity does not vary
greatly over short periods of time [35]. Additionally, this shot
noise effect is suitably approximated by a Gaussian distribution
[36]. As a result, the effect of sunlight has been represented
through the modeling of white Gaussian noise, as depicted in
equation (6). For forthcoming derivations, we also denote the
received SNR expression as 7, = (Wd=2)2 = (M)ZHZ,
where W = PtRpe*TM% cos"™ 1 ().

It is assumed that the UAVs are equipped with transmitters
and receivers like in Fig. 2, as in previous works [1, 37-39]. A
link within the best distance among neighbour UAVs realises
the communication. This study evaluates the average link per-
formance in a swarm and provides insights for future studies
to consider enhancing the overall performance of the swarm.
The LiFi-based UAV swarm communications are proposed as a
stand-alone solution in certain environments or complementary
to any existing RF solution in a general environment.

The blocking of the propagation path among UAVs is an
important issue that needs to be resolved. Advanced techniques
exist to mitigate the blocking issue in LiFi signal transmission.
One promising approach involves leveraging reflective surfaces
to redirect optical signals around obstacles. This technique is
similar to the use of mirrors for redirecting light in a room and
to the use of reflective intelligence surfaces (RIS) in the optical
bands. Another approach is to use multiple optical transceivers
to create a mesh network, where signals can be routed through
multiple paths to avoid obstacles. Additionally, an airy beam
can be used, which is a propagation-invariant wave whose main
intensity lobe propagates along a curved parabolic trajectory
while being resilient to perturbations [10].

C. Short Packet Transmission in LiFi Systems

Designing an ultra-reliable communications system for UAV
swarms requires short packet communication (SPC) as a method
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in 5G and beyond. The SPC is expressed as the packet length or
the number of codewords should be small to ensure the stringent
latency for the URLLC-constrained relay systems. At this point,
the Shannon capacity theorem cannot be adopted in this system
model because of finite channel blocklength [40].

In this work, one of the most widely used optical modulation
schemes, direct current biased optical orthogonal frequency di-
vision multiplexing (DCO-OFDM), is preferred. In DCO-OFDM,
a direct current bias is added to generate a unipolar signal. In
addition, to realise a real-valued OFDM waveform, Hermitian
symmetry is imposed on the subcarriers of the OFDM frames.
The packet size is L bits, which should be transmitted within
Tiax seconds. Then, the number of bits per channel used is
given by M = BT};;x. The coding rate is givenby R = L/M and
an approximation of the block error probability (BEP) for LiFi
system under finite blocklength transmission is given by [41]:

e=Q(f(7)), (7)

where f(vr) = 4 /%(0.5 In(14+ ) —Rs), Rs =

per channel use, or npcu), V(7,) is the channel dispersion (vari-
ance of the information density achieved by a capacity-achieving
distribution [42]) that is given by V(y,) =1— (1+ 'yr)_z, and
Q(x) is the Gaussian Q-function.

In the following section, we will obtain the different BEP
values by considering the suggested scenario. The complex
expression of ¢ in (7) makes the analysis of the BEP a challenging
task.

% (nats

3. BLOCK ERROR PROBABILITY AND PERFORMANCE
METRICS FOR LIFI-BASED UAV SWARM NETWORKS

In this section, we will aim to derive the average BEP (ABEP) for
intra-swarm communications under strict reliability and latency
requirements. However, we need to first obtain the PDF of the
SNR. Specifically, the ABEP for this system model is defined as

[0 efatyas,

Dinin

(8)
where E is expectation, f;(x) is the PDF of d which is obtained
in (2) and ¢ is provided in (7). As a next step, we need to derive
the PDF of 7, because ¢ includes its value as seen from (7). Thus,
the CDF of +, can be given

E, (x) =P{y, <x} =1-P{d < VW2/x}. (9)

By combining (1) and (9), the CDF of -, can be obtained as
follows

3/2 3
(W/Vx)¥?-D3
D3max - D3

min

Fy(x) =1~ Ve <X Vryee (10)

Thus, we can take the first-order derivative of (10) to obtain the
PDF of v,

3 W3/2X_4
B D%mx - D3

min

7 Y min S x g V¥ imax (11)

fo (%)

Where ,Yrmin = (W/nglx)z and Iyrmnx = (W/DZ

min)z' Finally, we
can express the ABEP by using (7) and (11)
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. Vrmax M ln(l + .X)
o SV in Q( OSV(X) < 2 N Rs) )f'}’r (‘x)dx/
3W3/2
~ 2(Djux — D3
Vrmax M 11’1(1 + x) 4
: /v erfc( V(x) (T - Rs))x dx, (12)

where the last equality follows by using the relationship of
erfe(x) = 2Q(v/2x).

To the best of the authors” knowledge, deriving a closed-form
expression for (12) is a challenging task. Consequently, this study
introduces three distinct approximations. Within UAV swarm
networks, characterized by dynamic environmental conditions
and variable system parameters, the application of Chebyshev
approximation emerges as a valuable tool for performance as-
sessment without relying on specific distribution assumptions.
In statistical analysis, Chebyshev approximation is frequently
employed to establish bounds on the probability that a random
variable deviates from its mean beyond a specified threshold.
The second approach involves an upper bound, portraying the
system’s worst-case performance scenario. It provides an upper
limit on the anticipated error probability, a critical requirement
for estimating the system’s behaviour under adverse or extreme
conditions while the third approach is a lower bound.

A. Chebyshev Approximation

To address the issue in (12), we apply Gaussian-Chebyshev
quadrature to adress this issue by using Equation (25.4.30) in
[43]. We define

_ M (In(1+x) _4
g(x) 7erfc( V) (f —Rs))x . (13)
Thus, (12) can be expressed in terms of (13) as
3W3/2 Vrmax
E= —————— g(x)dx,
Z(D%’mx - Dg’ll}’l) Vnin
~ 3W3/2('er = Vin)
4(D3max - Dg“‘n)
N
X Vmax = Vwin . Vrmax + Vi
X 1; alq< 5 ti+ 5 )
2z, (14)

where t; is the i-th zero of Legendre polynomials, N is the num-
ber of terms, 4; is the Gaussian weight given by Table (25.4) in
[43]. The increase in N can increase the accuracy of (14), but at
the cost of more computations.

B. Lower Bound

In the following, we aim to derive the lower bound of the ABEP
for LiFi-based UAV swarm networks in closed form. To this end,
we employ Jensen’s inequality which is defined as J(f, X ~
P) = E[f(X)] — f(E[X]), where X is a random variable with
distribution P, and the function f might be convex or nonconvex
[44]. According the inequality, we can obtain the lower bound
of the ABEP as follows:

E=E{e(1)} > e(B{n}) £ &1 (15)
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For obtaining the value of &1, we need to first calculate E{,}.

From (11), we can calculate E{+,} as

Vrmax

E{n) = [ fr (0)xax
"YVnmx 3 W3/2x74x
= 3 X
Vrin (Dmnx - Dm,‘n)
3Ws3/2 3 W3/2

= — . (16)
Z(ngx - Dfnin)'mmx2 2(D3mtzx - Dfnin)%mmz

Then, by using (7) and (15), &1 can be easily expressed as

(32200 D)
Z(D;)mx - D3

min)

g =¢ (17)

Even, when we consider that W > 1, &; in (17) can be further
simplified as

gL = Q(V2M(In(W~>/2Y) /2 — Ry)), (18)
3 Drsmzforsnin
Where Y - ZEDgxa.\'_Dixin; ’

C. Upper Bound

In high SNR region, we can denote the upper bound of the
ABEP, which is especially when W >> 1 and x > 1. Thus, we
have the following approximations log(1 + x) ~ log(x) and

VV(ix)=,/1- (H%)Z ~ 1. (12) can be written as

~ 3w3/2
Ey=———a
Z(D%mx - D?m‘n)
Vrmax 1
X / erfc(anx/M(%(x) - %))x%dx
’y'min
3Ws3/2
= (2(rmw) — 21 (19)
2(D3ux — D3;,) '

where the last equality is obtained by variable substitution. The
function z can be approximated using Wolfram Mathematica
Tool [45] as

z(x) = — ge*(3(Lln1673)>/4Merf( —LlIn4+Minx + 3)
3 2v/M
2erfc(7M lnz’\‘/_MLlr‘4)

- oy : (20)

In the case of x — oo, one has erf(x) — 1 where erfc(x) =
1 — erf(x). Therefore, z(x) can be approximated as

Zerfc( Mlnfolr\4)

2 _(3(LIn16-3))/4M 2vVM
z(x) ~ —3¢ (3(LIn16-3))/4M _ S (21)
Then, by combining (19) and (21),
W ) _
o~ D3, <erfc<Mln(D%’“) Lln4>
(D%mx - Dfm'n) 2\/M
Min (p2-) — Lin4
- erfc( min ) . 22)
2vVM
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Table 1. System Parameters

Parameter Value
Photodiode Responsivity (Rp) 0.4 mA/mW
Fixed Capacitance of PD (Cp4) 112 pF/ cm?
Electron Charge (g) 1.6 x1071°C
Channel Noise Factor(T') 1.5
Equivalent Bandwidth (B) 1MHz
Open-Loop Voltage Gain (G,;) 10
Absolute Temperature (T) 300K
Receiver Effective Area (A;) 1 cm?
Background Radiation (Ip) 0.04 A
Transconductance (g) 30 ms
Boltzmann’s Constant (x) 1.38 x10~ 2] /K
Optical Depth (7,,) 0.7 [10]
Maximum distance among UAVs (D;x) 20 m [46]
Minumum distance among UAVs (D,;;,,) 0.1m
Default distance among UAVs (d) 10 m
Angle of incidence (1) 45°
Angle of irradiance (¢) 45°
LED semi-angle (@1 /7) 45°
Default packet size (L) 100 bits
Default blocklength (M) 200

D. Performance Metrics

This section explains the performance metric for LiFi-based UAV
swarm networks in the case of ultra-reliability and low-latency
communications. Consider i = {C, L, U} as the different bound-
aries for the ABEP such as Chebyshev, lower and upper bounds,
respectively.

Reliability, x, refers to the probability of achieving successful
packet delivery without experiencing any loss during transmis-
sion across the network. In essence, reliability and the packet
loss rate (PLS) are completers of each other. Thatis y + PLS =1,
and reliability is given by [40]

Xi= (1 — ?:i)100%. (23)
Throughput is the number of correctly determined information
bits at the receiver per transmission, presented by [25]

T, = Ry(1— 7). (24)
Latency is the delay in transmission, given by [40]
Ili = MTyax /(1 —&;). (25)

4. NUMERICAL RESULTS

This section presents the performance of LiFi-enabled UAV
swarm networks in terms of the analysis in Section 3. Chebyshev
approximation, the lower and upper bounds are compared to
show the limits of the proposed system by leveraging the SPC.
Furthermore, the performance of the proposed LiFi-based UAV
swarm networks is compared with benchmark RF-based UAV
systems to demonstrate its efficacy [7, 25]. To validate findings,
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we conducted extensive Monte-Carlo simulations, deploying a
vast number of UAVs randomly and uniformly in the designated ,,,
region over 10* iterations. The closed-form analytical expres-

sions are compared with the Monte-Carlo simulation results in ,,,

MATLAB. Monte-Carlo simulation is a technique used to study ,,
how a model responds to randomly generated inputs. The ABEP, ,,,
reliability, latency, and throughput results are discussed in the ,,,
effect of the SNR, blocklength, and semi-angles of the LEDs. Un- ,,,
less otherwise stated, the system parameters are set as in Table 1.
The curves labeled in figures as Chebyshev approximation (£¢), s
lower bound (£ ) and upper bound (£;) are obtained by using ,,,
(14), (18) and (22), respectively. w8
In Fig. 3, the evaluation of ABEP performance is presented 44
for different approaches, considering variations in the distances 4so
among UAVs. The figure illustrates a notable observation that s

the error probability increases as the distance between UAVs 4

10° e ‘ ‘
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Fig. 6. The latency performance for the different values of the
SNRs and blocklengths.

increases, primarily due to higher path loss at longer distances.
Furthermore, the comparison between Monte-Carlo simulation
results and the analytical-based Chebyshev approximation re-
veals a close match. However, some slight gaps between these
approaches exist, attributed to the inherent nature of the simu-
lation technique and the approximation errors in the analytical
expressions. This figure also provides a performance compari-
son between LiFi-based and RF-based UAV systems [7, 25]. This
RF-based UAV channel has the free space channel model, which
is for the scenario where the LoS dominates the environment.
This channel model is valid when the UAV is deployed in an
obstacle-free area, such as a big square, playground, large lawn,
etc. It is also assumed that the transmission power between
RF-based UAVs is fixed and the noise power at the UAV is
denoted as ¢2. In short distances, LiFi systems exhibit better
error probability performance, particularly under stringent la-
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Fig. 7. The throughput of the SNR values for the different
distances among UAVs.

tency and reliability requirements. However, as the distance 402
between UAVs increases, the LiFi-based approximations begin 43
to exhibit inferior performance compared to RF-based systems. 494
This observation can be attributed to the considerable path loss 45
experienced by the LiFi communication channel over extended 4o

distances. 497
498

In Fig. 4, we investigate the effect of the SNR values and two
different distances among UAVs together on the ABEP perfor- **
mance in terms of different boundaries. The choice of two differ- 5%
ent UAV distances, 5 meters and 15 meters, in the system model 50!
was primarily made to showcase two specific scenarios repre- 52
senting different levels of drone proximity. For example, drones
are now commonly utilized in search and rescue missions, with 5
their interplane distance tailored to the specific requirements of 5
the operation. In rugged and densely vegetated search areas, a 50
shorter interplane distance of 5 meters allows the drones to navi- 57
gate challenging terrain carefully, capturing detailed images and 503
sensor data. Conversely, in border or perimeter security tasks, 5°
where extensive coverage is paramount, drones are spaced at 51
15 meters to efficiently patrol large areas. These values were se- s
lected based on prior research [46] and practical considerations sz
to illustrate the results under distinct distance configurations. st
It is observed that the ABEP with finite blocklength regime de- st
creases with the increase of SNR as expected. Also, one can sts
see from the figure that the boundaries in d = 5 m have better s
performance than in d = 15 m for the same boundaries at the s/
same SNR value which shows that the ABEP decreases with sis
the decrease of distance among UAVs for all boundaries. Our s
derived Chebyshev curve closely approximates the Monte-Carlo sz
simulation results, demonstrating good matches between the s
analytical approach and the empirical simulations. Hence, these sz
results can be used to estimate the trend of the ABEP. Besides, it 523
is noted that the ABEP can be as low as 107 even in low SNR s
values, which satisfies the extreme reliability requirement. 525

In Fig. 5, we compare the reliability of the packet lengths (100 sz
bits and 200 bits) in terms of different blocklength regimes. The s27
chosen packet length values, L = {100, 200} bits, are aligned sz
with prior research [7, 25] and are employed to explore the ef- 52
fects of different packet lengths on the system performance. A sz

0.15

0.1

Throughput (bcpu)

0.05

40 50 60 70 80 90
LED semi-angle (Degree)

Fig. 8. The throughput for different values of semi-angles in
different boundaries.

packet length of 100 bits represents a relatively small packet
size. Conversely, a packet length of 200 bits signifies a longer
transmission duration, leading to larger data packet sizes." The
reliability is calculated as the function of the total blocklength at
v¥r = 20 dB. The reliability of short messages is higher than the
long ones. The 100 bits packets can satisfy the reliability require-
ment with more than M = 200 while the 200 bits packets need
more than M = 1000 to satisfy the ultra-reliability requirement
which is more than 99.99% for 5G and beyond systems.

In Fig. 6, the latency performance is given for the different
values of the SNRs and blocklenghts (M = 200,400,800 bits).
The latency performance of the longer blocklengths is lower than
short ones for the same packet length (L = 100 bits) because
the longer blocklengths (size of coded packet) provide a larger
capacity for packet transmission. Also, the longer blocklength
regimes need higher SNR values for ensuring the latency re-
quirement. The system also reaches the sub-millisecond latency
which is quite enough for low-latency communication in UAV
networks.

In Fig. 7, we plot the throughput versus SNR for the different
distances among UAVs. Actually, it follows similar trends as
Fig. 4 because throughput is directly connected with the ABEP
values as seen from (24). Throughput increases with the increase
of the SNR and reaches the roof with the further increase of SNR.

Fig. 8 depicts the throughput of the system with various semi-
angles of the LED. As shown in (3), the channel gain depends
on the Lambertian radiation pattern which is subject to the semi-
angle of the LED. Since the throughput of the system depends
on the channel gain, the semi-angle of the LED relates to the
throughput. At ¢, = 25 dB and d = 5 m, the throughput
of the LiFi-enabled UAV system can achieve maximum for all
boundaries until 57° semi-angle. The greater values of the semi-
angle of the LED deteriorate the system performance. Generally,
the Chebyshev approximation is tighter to the lower bound
due to the influence of the Legendre polynomials in (14). As
the power of the approximation increases, its accuracy can also
improve, albeit with a corresponding increase in computational
requirements.

It is also to be highlighted that this paper is a preliminary
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work for infrared/visible bands-based LiFi technology for en-
abling strict reliability and latency requirements in relaying sys-
tems among UAVs. Thus, a suitable algorithmic approach for
LiFi-based UAV swarm networks or a more realistic system
model will be the subject of further studies. The obtained re-
sults show that the LiFi-based method has the potential for UAV
swarm in future networks and is worth investigating deeper.

5. CONCLUSION

In this study;, it is proposed to use LiFi, a light-spectrum-based
wireless system, as a potential non-3GPP technology that brings
advantages in communication relaying among UAVs in terms
of ultra-reliability and low-latency. After the explanation of the
system model in terms of the network model, channel charac-
teristics, and short packet transmission in LiFi, we have derived
three different expressions of the ABEP which are the Cheby-
shev approximation, lower bound, and upper bound. Moreover,
the reliability, latency, and throughput expressions are obtained
thanks to the ABEP derivations. Thus, it is shown that the
LiFi-enabled system provides ultra-reliability and low-latency
for UAV swarm networks. Future work will focus on different
scenarios and system models.
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