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Abstract: The unmanned aerial vehicles are deployed in multi-
ple layers to monitor an area and report the information to the ground
control station. When we use a single communication protocol such as
Bluetooth Low Energy (BLE)/Wi-Fi with low range, the data has to pass
through multiple hops for data transfer. This in turn, increases the de-
lay for data transmission. Even though LoRa protocol supports longer
distances, the delay is more due to the limited bandwidth. Thus, in
this work, we propose a hybrid BLE/LTE/Wi-Fi/LoRa switching scheme
that consumes lower energy in addition to reducing the average delay in
the network. The proposed scheme switches between the communication
technologies based on the lower energy consumption. The performance
of the proposed hybrid switching scheme is compared with the individ-
ual communication protocols in terms of both energy consumption and
average delay. Through extensive numerical results, we show that the
proposed hybrid switching scheme performs better in comparison to the
individual communication technologies.

F.1 Introduction

Recent technological developments have brought unmanned aerial vehicles (UAVs)
in the forefront for several leading applications ranging from precision agriculture
[1], construction [2], mining [3], aerial photography [4], and disaster management
[5]. Due to these vast applications, market experts predict that the revenue from the
UAV market can exceed 8.5 billion dollars by 2027 [6]. UAVs are capable of providing
enhanced services due to their inherent ability to fly and take useful measurements
from the environment. The sensed information along with telemetry and other data
is transmitted to other UAVs or ground control station (GCS) so as to facilitate safe
and secure decision making. The transmission of this information is performed using
hardware communication modules. Depending on the application, the size of data,
and other factors, UAVs can be equipped with different communication modules [7].

Some of the communication modules used in UAVs are Bluetooth Low Energy
(BLE) [8], Wireless Fidelity (Wi-Fi) [9], Long Term Evolution for machine-type
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communication (LTE-M) [10], and Long Range (LoRa) [11]. BLE is capable of
transmitting data with sufficiently low energy for short distances (around 300 m)
[12, 13]. This makes them suitable for a variety of low power and short range UAV
applications that includes smart agriculture [14]. In [8], the authors have proposed
a scheme by which UAVs are utilized to collect the data from various sensor nodes
deployed in a large farmland. In this scheme, the crop health information from the
sensor nodes is sent to the nearby UAV by using BLE. In applications that demand
high data rates, the Wi-Fi communication protocol is favoured. In [9], the authors
have proposed a UAV system that can be used in disaster affected areas to send Voice
over Internet Protocol (VoIP) information to the GCS for monitoring. Here, Wi-Fi
is used as the communication protocol for sending the video information as it is
reliable and offers high data rates. LTE-M on the other hand is an enhanced version
of the popular LTE protocol which is designed for enabling seamless communication
for Internet-of-Things (IoT) devices. An analysis of the usage of LTE-M and other
Low Power Wide Area Network (LPWAN) protocols has been carried out in [10] for
UAV-assisted wireless networks. Here, the performance has been evaluated in terms
of latency and throughput by carrying out real world experiments. Finally, it has
been concluded that LTE-M and other LPWAN protocols can be effectively used
for reliable communication among high speed moving objects [10]. LoRa is one of
the most commonly used communication protocol for long distance communication.
LoRa stands for long range and it provides a coverage distance of around 10 km with
low power consumption of 0.025 watts [15, 16]. In [11], the authors have discussed
the reliability of various communication technologies such as LoRa, Wi-Fi, and LTE
from a UAV swarm perspective. Further, they have developed an open source named
EasySwarm in order to demonstrate the reliability of these protocols under different
scenarios. It has been observed that LoRa protocol offers better reliability for long
range communications with higher UAV swarm density when compared with Wi-Fi.

The usage of a single communication protocol may not be efficient to support
the needs of an adaptive UAV-assisted wireless network. For example, the LoRa
protocol can be used for long distance based communications. However, it fails to
offer higher data rates when the UAV moves near to the GCS due to its mobility.
In this case, switching to either BLE or Wi-Fi may offer higher data rates for the
same distance.

Motivated by this, in [17], the authors have considered a multi-layer ad-hoc UAV
network in which the BLE and Wi-Fi are used to improve the throughput and la-
tency of the network. Initially, the UAV-assisted network is divided into multiple
clusters. The authors have considered BLE for communication within a cluster and
between each cluster head and gateway UAV. Further, Wi-Fi is considered for the
communication between the gateway UAV and GCS. Simulations are performed in
Optimized Network Engineering Tool (OPNET) and the performance of the pro-
posed scheme and standalone communication protocols is evaluated and compared.
It has been concluded that the proposed scheme outperforms the individual stan-
dalone communication protocol in terms of throughout and latency. However, this
scheme has not provided sufficient emphasis on the energy consumption of the UAVs.
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Moreover, this scheme has not considered other communication protocols that can
facilitate long range communication between UAVs and GCS. Furthermore, the au-
thors have considered only the free space path loss model. This may not work well
for most practical scenarios wherein, there is multipath propagation.

Hence, in this paper, we aim to overcome some of these shortcomings and provide
a detailed analysis of a novel hybrid switching scheme for UAV-assisted wireless
networks. The key contributions of this work are given below:

• We propose a hybrid BLE/LTE/Wi-Fi/LoRa switching scheme for a multi-
layer UAV-assisted network.

• The proposed scheme aid in selecting the communication technology that con-
sumes low energy for transmitting the available data from a UAV to the GCS.

• We formulate the optimization problem in terms of total energy consumption
for each communication technology for transmitting the available data from a
UAV to GCS.

• We then propose an algorithm to solve the optimization problem for both free
space (FS) and free space and multipath (FSMP) energy consumption models.

• Through extensive simulations, we compare the performance of the proposed
scheme with individual communication protocols in terms of network energy
consumption and average delay incurred.

The remaining sections of this paper is organized as follows: Section F.2 discusses
the system model and the problem formulation. The proposed hybrid communica-
tion scheme is discussed in Section F.3. Section F.4 provides the definitions of the
key performance metrics which are employed in this paper. The extensive numerical
results are presented in Section F.5. Finally, Section G.8 concludes the paper with
potential future work.

F.2 System Model and Problem Formulation

We consider a multi-layer UAV scenario as shown in Fig. F.1 where, N UAVs
deployed randomly over an area of l x b m2. Further, the UAVs randomly select the
hovering height from the set ∈ {h1, h2, · · · , hm} where, m is the number of altitude
levels. These UAVs collect the data and transmit it to the GCS for monitoring which
is situated on ground at (l/2, b/2). We assume the packet arrival rate follows Poisson
distribution with parameter chosen randomly [18]. After successful transmission
of data to the GCS, each UAV moves to another location, in a randomly chosen
direction, with a velocity of V m/s for a time interval t.

We consider four communication technologies such as BLE, Wi-Fi, LTE-M, and
LoRa for communication between each UAV and GCS that exhibit their own unique
attributes. Some of these attributes that are considered includes transmit power
(PT ), delay (Td), data rate (R), and path loss reference distance (dg0). We consider
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Figure F.1: System model.

FS path loss model that follows d2 energy consumption model within a maximum
range of r [19]. We also consider FSMP model wherein, the energy consumption
follows d2 model for dg ≤ dg0 and d4 energy consumption model for dg > dg0 [19],
where dg is the geographical distance from the UAV to the GCS.

F.2.1 Problem Formulation

In this section, we formulate the problem in terms of the total energy consumed for
transmitting the data from a UAV which is located at a distance, dg, to the GCS.

The overall energy consumption is obtained as the sum of the energy consumed
for transmitting the total data and the energy consumed for transmitting this data
over a distance. The energy consumed for transmitting k-bits of information is given
by [20]

E1 =
PTk

R
, (F.1)

where, PT denotes the transmit power and R denotes the data rate. As described
earlier, the distance based energy consumption model depends on the consideration
of the path loss model [19]. We describe the energy consumption models for both
FS model and FSMP model in the following sections.
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F.2.1.1 Free space model

We consider the d2 energy consumption model. However, this model is restricted by
a maximum range for each communication technology. Thus, the amount of energy
consumed for transmitting k-bits of information over a distance dg (dg < ri) is given
as [19]

E2 = kEe + kEfsd2g (F.2)

where Ee represents the energy losses due to the electronic circuit per
bit and Efs is the power amplification energy in free space. Here, ri for
i ∈ {Bluetooth, LTE-M, Wi-Fi, LoRa} represent the maximum range for transmit-
ting with BLE, LTE, Wi-Fi, and LoRa communication technologies, respectively.
Beyond this range, the communication protocol does not support the transmission.
In this case, there will be multi-hop based communication. We consider conven-
tional shortest path routing method for packet transmission from a UAV to the
GCS.

F.2.1.2 Free space and multipath model

In this model, d2 energy consumption model is followed for a distance dg ≤ dg0 (free
space model). Beyond this threshold, the energy consumption follows d4 model due
to multipath. The energy consumed for transmitting k-bits of data over a distance
dg is obtained as [19]

E2 =

{
kEe + kEfsd2g, when dg < dg0 ;

kEe + kEmpd
4
g, when dg ≥ dg0 .

(F.3)

For the simulation, we have used Ee = 25×10−9 J/bit and Efs = 10×10−12 J/bit/m2.
The parameter Emp refers to the power amplification energy in the multipath fading
model and is given by,

Emp =
Efs
d2g

(F.4)

Thus, the total energy consumption is given by,

E = E1 + E2 (F.5)

Finally, the cost for transmitting the data from all UAVs to GCS is obtained as

C =
N∑
i=1

Ei,GCS . (F.6)

where, Ei,GCS is the total energy consumed for transmitting the data from i-th UAV
to GCS.
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F.3 Proposed Scheme

In this section, we describe the algorithm for the proposed hybrid switching scheme
for minimizing the overall cost of the network described (F.4).

As the overall objective is to minimize the energy consumption of the network,
each UAV should choose the communication protocol which uses minimum energy
for transmitting the available data. Based on two energy models that are employed
we have two different approaches:

F.3.0.1 For the case of free space model

Each UAV checks the possible communication technologies for transmission based on
its distance from the GCS. Then, it calculates the energy consumed for transmitting
the data. A UAV selects the communication technology that consumes less energy
in comparison to other protocols. This in turn, reduces the energy consumption for
transmitting the same data as described in Algorithm. 5.

F.3.0.2 For the case of free space and multipath model

As described earlier, a UAV can communicate with the GCS by using any of the
available communication technologies. However, the energy consumption changes
based on its distance with respect to the threshold. Thus, each UAV calculates the
amount of energy consumed by each communication technology for transmitting
the available data. Then, it switches to the communication technology that con-
sumes less energy in comparison to other communication technologies as described
in Algorithm. 5.

F.4 Performance Metrics

In this section, we describe the performance metrics such as average delay and
network energy consumption for the evaluation of the proposed model.

F.4.1 Average Delay

It is defined as the ratio of the sum of delays for transmitting the data from all
UAVs to GCS and the total number of UAVs. Total delay from a UAV to GCS is
obtained as the sum of the propagation delay and transmission delay.

F.4.1.1 Transmission delay

It is the delay for transmitting a packet from one UAV to GCS. It usually depends
on the data rate of the communication technology. For transmitting n packets of
k-bits each over a communication channel, the incurred transmission delay is given
by

Ttrans =
nk

R
, (F.7)

245



Algorithm 5: Proposed hybrid switching algorithm.
Input: N , dg
Output: Average network delay and energy consumption

1 if Employed energy model is free space model then
2 Calculate the energy for each communication technology using (F.1),

(F.2) and (F.4);
3 if dg < rBluetooth then
4 Select protocol with minimum energy from the set

{EBluetooth, ELTE−M , EWiFi, ELoRa};
5 else if dg < rLTE−M then
6 Select protocol with minimum energy from the set

{ELTE−M , EWiFi, ELoRa};
7 else if dg < rWiFi then
8 Select protocol with minimum energy from the set {EWiFi, ELoRa};
9 else

10 Select the LoRa communication protocol;
11 end
12 else
13 Employed energy model is free space and multipath model
14 Calculate the energy for each communication technology using (F.1),

(F.3) and (F.4);
15 Select protocol consuming minimum energy from the set

{EBluetooth, ELTE−M , EWiFi, ELoRa};
16 end
17 Obtain the average network delay and energy consumption ;

where, R is the data rate of the respective communication protocol.

F.4.1.2 Propagation delay

It is the delay incurred for propagating data from a UAV to GCS over a distance of
dg. The expression for the propagation delay is obtained as

Tprop =
dg
c
, (F.8)

where, c is the speed of light which is 3× 108 m/s and dg is the distance of the UAV
from the GCS. From (F.7) and (F.8), the total delay is obtained as

Td = Ttrans + Tprop , (F.9)

Finally, the expression for average delay of the network is given as

Tavg =
1

N

N∑
i=1

Tdi . (F.10)
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Table F.1: Various communication protocol attributes

Protocol Transmit Data rate Path loss reference
Power (W) (bits/second) distance (Normalized) dg0

Bluetooth [21] 0.01 1360 x 103 200

LTE-M [22], [23] 0.1 1 x 106 400

WiFi [24], [15] 2 1 x 107 600

LoRa [15], [16] 0.025 50 x 103 1500

F.4.2 Network Energy Consumption

The network energy is defined as the sum of the energies consumed for transmitting
the data from each of the N UAVs to GCS. The expression for network energy
consumption is given by

Etotal =
N∑
i=1

Ei,GCS . (F.11)

F.4.3 Packet Arrival Rate

We assume the packet arrival rate follows Poisson distributed random variable which
is defined as

Pr(X = n) =
λne−λ

n!
(F.12)

F.5 Numerical results

In this section, we provide the simulation comparison of the proposed scheme with
the other protocols in terms of average delay and energy consumption.

F.5.1 Experimental setup

We consider a scenario of N = 500 UAVs that are deployed randomly over a
1000 x 1000 m2 area and a random hovering height h selected from the set
{100, 200, 300, 400}. After each transmission, a UAV transits with a speed of 5

m/s for a duration of 60 seconds in a randomly chosen direction within the given
area. Further, GCS is located at the center of the deployed area with coordinates
(50, 50, 0).

The UAVs are equipped with communication modules such as BLE, Wi-Fi, LTE-
M, and LoRa. We have considered the typical values of different attributes for each
communication technology as given in Table F.1. We consider that the packet
arrival rate follows Poisson distribution with parameter chosen randomly from the
set {1, 2, · · · , 100} and each packet is of 128 bits.
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Figure F.2: (a) Total network energy consumption for free space energy model and
(b) total network energy consumption for free space and multipath energy model.
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F.5.2 Results

Fig. F.2a shows the variation of network energy consumption in each scenario with
free space model. From Fig. F.2a, it is observed that the energy consumption of
the proposed hybrid scheme is comparable to the energy consumption model when
Wi-Fi is used alone for transmission. However, the proposed model provides better
energy consumption than a standalone LoRa based scheme. The amount of energy
consumed by stand alone BLE is less compared to the hybrid model due to the lower
transmit power.

Fig. F.2b shows the simulation comparison of the proposed model with the
individual communication technologies in terms of network energy consumption for
FSMP model. From Fig. F.2b, it is observed that the hybrid scheme consumes
less energy in comparison to the individual communication protocols due to the
switching technique. In case of BLE, the energy consumption is more as most of the
UAVs which are farther from threshold follows d4 energy consumption model.

Figs. F.3a and F.3b show the variation of the delay for FS and FSMP models,
respectively. The delay depends upon number of bits to be transmitted and the
distance over which the transmission occurs. Hence, it can be observed that the
delay doesn’t show significant variation for the proposed hybrid switching technique
even with both energy models. In case of standalone communication protocols, the
delay depends primarily on the total number of bits to be transmitted. Here, the
overall delay depends mostly on the transmission delay as the propagation delay
does not contribute much. Hence, it is concluded that the FSMP energy model for
the hybrid switching communication scheme outperforms existing standalone com-
munication technologies by providing minimum energy consumption and reduced
average network delay as can be observed from Figs. F.2b and F.3b, respectively.

Figs. G.8a and G.8b show the simulation comparison in terms of energy con-
sumption and average delay, respectively, for the hybrid scheme with FS and FSMP
models. From Fig. G.8a, it is observed that the network energy consumption for
both the models are similar with the FSMP model showing lower energy consump-
tion. However, the average delay is varies greatly as can be observed from Fig.
G.8b. This is due to the fact that the number of UAVs that are connected to BLE,
Wi-Fi, LTE-M, and LoRa are 14, 279, 153, and 54, respectively, in the case of FS
model. However, in case of FSMP model, the number of UAVs connected to BLE
has increased to 21 and the number UAVs connected to LTE-M has increased to
162. Further, the number of UAVs connected to LoRa has reduced to 38. Since
both BLE and LTE-M offers higher data rates in comparison to LoRa, the overall
delay is less for FSMP model relative to FS model.

F.6 Conclusion

In this paper, we have proposed a hybrid BLE/Wi-Fi/LTE/LoRa switching scheme
for UAV-assisted wireless networks. In the proposed scheme, each UAV switches the
communication protocol based on the lower energy consumption for transmitting
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Figure F.3: (a) Average network delay for free space energy model and (b) average
network delay for free space and multipath energy model.
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Figure F.4: Total network energy comparison with proposed method for free space
and free space and multipath energy models.
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the available data. Further, the performance of the proposed scheme has been
evaluated for both free space (FS) and free space and multipath (FSMP) models.
We have evaluated the performance of the proposed approach against the standalone
communication protocols in terms of network energy consumption and average delay.
It has been concluded that the proposed hybrid scheme outperformed other protocols
for the FSMP model. Further, the proposed scheme performs well with FSMP model
as compared to FS model. In future, we will analyze the performance of the proposed
scheme in terms of additional parameters such as network lifetime and throughput.
Additionally, the analytical expressions corresponding to all the performance metrics
will be derived.
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