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Abstract

In this paper, performance of unmanned aerial vehicle (UAV)-aided RF energy transfer (RFET) in
presence of hovering inaccuracy is investigated. Hovering inaccuracy of UAV comprises of two types
of mismatches: Localization mismatch (LM) and Orientation mismatch (OM). Thus, a total of four
combinations arise. Their impact on received power at ground deployed sensor node is characterized.
For this purpose, a generalized radiation pattern of UAV-mounted transmitter antenna is considered. A
closed-form expression of received power at the sensor node is obtained for each of these four cases.
An optimization problem is formulated with the objective of optimizing the system parameters, such
as transmit power, hovering altitude, and antenna exponent. This problem contains mixed nature of
variables, i.e., continuous as well as discrete. To solve this problem, an algorithm, called Hovering
Inaccuracy-aware Optimal Charging System Design (HI-OCSD), is proposed to find the optimal system
parameters. Through system simulations it is demonstrated that, hovering inaccuracy has notable impact
on the performance, as received power at the sensor node reduces significantly in presence of hovering
inaccuracy compared to ideal scenario. The effect of LM is more severe than that of OM. Further, a
scenario with different level of hovering inaccuracy accounting for different deployment scenarios is
considered, and the optimal system parameters are also evaluated. This study reveals that, UAV needs

to hover at a relatively higher altitude to overcome the severity of hovering inaccuracy.

Index Terms

Unmanned aerial vehicle (UAV), wireless power transfer, radio frequency energy transfer, antenna

radiation pattern, hovering inaccuracy, hovering altitude optimization

I. INTRODUCTION

In the upcoming era, Internet of Things (IoT) devices will monitor almost every phenomena

around us. A few applications are unmanned security and defense, environmental sensing, health
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care, smart agriculture, and fire detection [1[]. The IoT devices in such applications generate
large volume of data (e.g., video, audio, image, text files) by sensing the surrounding, and this
data is transmitted to the central entity (e.g., base station (BS)) for further decision making
and automated action-ability [2]], so that the undesired events can be detected and the assets
are protected. For uninterrupted sensing and data gathering, the IoT devices need to operate
perpetually. However, finite battery capacity of 10T devices is major hurdle towards this goal, as
these devices consume significant amount of energy in sensing, processing, and communication
[3]. Battery replacement is not feasible in many applications due to its criticality or hard-to-
reach deployment location. Also, this is not an environmental-friendly as well as cost-effective
solution. In addition, wired power transmission infrastructure cannot be installed in these arduous
locations due to physical, security or cost related constraints. To address the above issues, energy
replenishment of low power IoT devices for sustainable operation is of high importance in the

evolving 5G and beyond networking contexct.

A. State-of-the-Art

Energy harvesting from several environmental energy sources, such as solar [4]], thermal [5],
vibration [6]], and ambient radio frequency (RF) [7]] are powerful alternatives to replace or assist
batteries of the IoT devices. The harvested energy extends the battery life significantly for low-
power devices. Although these ambient energy sources are unlimited, they are not constantly
available; even these sources may not be available at some inaccessible or interior locations.
Therefore, ambient energy harvesting technologies do not ensure the perpetual operation of 10T
devices in long run.

To overcome the randomness and availability issues of ambient sources, energy replenishment
through dedicated energy source to the miniature wireless IoT nodes has been proposed in [8]]. To
this end, wireless power transfer (WPT) is a promising technology towards this, which offers on-
demand energy supply delivery to the field nodes. This process is an effective solution especially
in hard-to-reach deployment scenarios having no electricity infrastructure. Non-radiative and
radiative wireless power transfer are two well-known methods for this [9]. Non-radiative wireless
charging is based on coupling of magnetic field between coils of transmitter and receiver.
However, this is not suitable in real-life deployment due to very short range operation. Also,
it requires separate circuitry for data and energy transfer. In contrast, radiative power transfer

offers more flexibility on alignment and leverages the advantage of beam steering over a large
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distance. Here, the RF waves can be used for carrying information as well as energy, and both
are transferred using the same wave and same circuitry without additional radio hardware [10].
Off-the-shelf devices, such as Powercast energy harvester [11] can be easily embedded in the
sensor nodes to facilitate RF energy transfer (RFET). In this work, RF energy transfer (RFET)
technology is considered for WPT due to its advantages.

The static chargers equipped with WPT technology is used in [12] to maintain a certain
power level in an area. This arrangement is expensive and requires installation of permanent
infrastructure along with electric power supply provisioning for the fixed static chargers, which
is not possible everywhere. To overcome this, the transmitter setup mounted on a ground based
mobile vehicle (e.g., robot) is used, which arrives near the sensor node when required and
replenishes energy wirelessly [13]]-[15]]. The terrestrial vehicles used for wireless recharging of
sensor nodes are suitable in well-furnished environment , but not in other terrains, such as in
agricultural and forest environments due to unavailability of physical path.

To address the issue of accessibility, unmanned aerial vehicle (UAV)-aided RFET has been pro-
posed in [[16]-[26]. In UAV-aided RFET, RF transmitter mounted on UAV arrives near the sensor
nodes and charges them through RF radiation. The choice of UAV lies in its several properties,
like excellent maneuverability, remote controllability, low cost, lightweight, and programming
flexibility [27]. UAV can easily access hard-to-reach locations where human intervention is not
feasible. Moreover, UAV-aided systems can be deployed within short time span to facilitate on-
demand service. In view of the challenges of accessibility, fixed infrastructure deployment, and
path availability, UAV has the capability to overcome these issues due to its mobility feature.

The works reported related to UAV-aided RFET can be categorized in three sets. In the first
set of works, wireless charging of sensor nodes is of interest [16]—[21]. The time required to
charge the sensor nodes was evaluated and different charging sequences are proposed in [16].
Here, the notion of RFET zone is conceptualized, and the sensor nodes lying inside it can
harvest energy from the received signal from UAV-mounted transmitter. The trajectory of UAV
in one dimension was studied in [17] aiming to maximize the energy transfer performance. This
work was extended in two dimensional space for multiple sensor deployment scenario [18]. The
solution obtained in these works [[17], [18] are not global optimal, whereas the study in [19]
presented the global optimal in one-dimensional space. Resource allocation (harvesting time,
transmitted power level) problem for UAV-assisted networks was investigated in [20]], where

UAV acts as an energy source to power multiple energy harvesting-enabled device-to-device
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Figure 1: Depic?i(i)rrllsz; E((:/i:ring inaccuracy of UAV.
pairs. A wireless charging platform integrated with a quadcopter was presented in [21] to provide
desirable energy for sensing applications.

In the second set of works, energy transfer as well as information transfer are of interest [22]—
[24]]. The WPT and data collection framework was presented in [22]], where Markov Decision
Process is used to formulate the problem and solved using Q-learning. On the other hand,
UAV-assisted simultaneous wireless information and power transfer was studied in [23[], where
average data rate requirement of each IoT device is guaranteed from the energy harvested from
the received signal from the transmitter mounted on UAV. In [24]], the transmission capability
of UAV was powered by radio signal transmitted by the source via time-sharing mechanism.

In the third set, wireless charging along with mobile edge computing framework were explored
to prolong the lifetime of sensor nodes [25], [26]. The data of sensor nodes is offloaded to the
edge servers mounted on UAV lying in its vicinity, to perform heavy computation tasks. This
reduces the burden on low power 10T devices and prolongs the lifetime of sensor nodes. UAV-
enabled edge computing wireless-powered system was studied in [25[], where the resources, like

computation, bandwidth, harvesting time, are allocated along with UAV trajectory optimization.

B. Motivation and Contributions

In the reported works related to UAV-aided RFET, perfect hovering condition of UAV has been
considered, which is not the case in real-life deployment scenario. In a recent study in [28], the
hovering inaccuracy of UAV has been measured and quantified through extensive experiments.
Hovering inaccuracy of UAV refers to the error during the execution of mission due to imperfect
hovering. This is depicted in Fig. [I[, where UAV hovers at a slightly different location other than
desired position, and vibrates at this point rather than being stationary. The operating condition of
UAV-aided system is very different from fixed deployed static systems, because UAV has to hover
in the sky in three-dimensional space while carrying some payload. The hovering condition of

UAV strongly depends upon the deployment scenario and surrounding environment. Deployment
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scenario refers to number of available satellites and multipath propagation, whereas surrounding
environment refers to wind speed, smog, weather condition.

While the experimental study in [28] modeled the UAV hovering inaccuracy, performance
deviation of RFET was not quantified. To this end, the study in this work focuses on UAV-aided
RFET performance quantification, wherein the impact of individual as well as joint mismatches
are characterized in order to identify the severity of each mismatch.

The impact of hovering inaccuracy is not severe in UAV-aided cellular communication, due
to higher operational altitude along with much lower receive power-threshold for information
transfer is about —100 dBm [29]. On the contrary, the receive power threshold in energy transfer
is about —12 dBm. Due to sensitivity difference, the range of RFET is limited to very small
distance (up to a few meters) compared to the range of wireless information transfer (up to a few
kilometers). Therefore, inclusion of hovering inaccuracy is important in UAV-aided RFET system
design. Without accounting this factor, the system is expected to experience under-provisioning
of resource. The focus of this work is on energy transfer application only, because the receiver
sensitivity is significantly more stringent for energy transfer as compared to information transfer.

The key contributions and significance of this work are as follows:

« Hovering inaccuracy of UAV is considered in the system model for analysis. Hovering inac-
curacy comprises of two types of mismatches: Localization mismatch (LM) and Orientation
mismatch (OM), and thus a total of four combinations arise. Closed-form expressions for
the received power in each case are obtained for a generalized radiation pattern of antenna,
and their natures are characterized.

« An optimization problem is formulated to estimate the optimal system parameters (transmit
power, hovering altitude of UAV, antenna exponent), which contains mixed type of variables
(continuous as well as discrete). The expression of received power is quite different for even
and odd numbers in all the four cases, which discourages to use integer relaxation method.
In order to solve this problem, an algorithm, called Hovering Inaccuracy-aware Optimal
Charging System Design (HI-OCSD), is proposed to obtain the optimal system parameters.

o The simulation results reveal that, hovering inaccuracy has notable impact on performance.
It requires to transmit high power level to achieve the same performance in presence of
hovering inaccuracy as compared to the ideal scenario, i.e., without any hovering inaccuracy.
In addition, LM dominates the hovering inaccuracy compared to OM.

o A framework to analyze different level of hovering inaccuracy accounting different de-
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ployment area is presented. A tuning parameter is used for this purpose, which indicates
the severity of hovering inaccuracy. The performance studies indicate that, UAV needs to
increase its altitude to overcome the effect of hovering inaccuracy. The hovering condition

of UAV has remarkable effect on the optimal system design during UAV-aided RFET.
The study in this paper is important in accurately quantifying the overhead in UAV-aided
RFET as a function of hovering inaccuracy. It also provides insights on devising communication

technology solutions to overcome hovering inaccuracy, thereby enhancing the performance.

C. Paper Organization

The paper is organized as follows. In Section II, hovering inaccuracy is briefly discussed and
system model for UAV-aided RFET is presented. Hovering inaccuracy is characterized in Section
III. An optimization problem to estimate the optimal system parameters is formulated in Section
IV. Simulation results are discussed in Section V. Performance for different level of hovering

inaccuracy is investigated in Section VI, followed by concluding remarks in Section VII.

II. HOVERING INACCURACY OF UAV AND SYSTEM MODEL
A. Hovering Inaccuracy of UAV

The locations of field nodes to be charged along with hovering altitude are fetched into the
UAV from ground control station in order to facilitate UAV-aided RFET. It is desired that,
UAV hovers just above the sensor node at an optimum altitude and remains stationary while
facilitating RFET, such that maximum power can be transferred at the ground sensor node. The
distance between transmitter and receiver is minimum in this orientation, and the center of beam
spot of transmitter antenna points towards the field sensor node. But, this does not happen in
practical deployment scenario due to hovering inaccuracy of UAV. It may be noted that, the gain
of transmitter antenna is maximum at the center of the beam in case of directional antenna.
Hovering inaccuracy mainly comprises two types of mismatches: LM and OM.

LM is caused by positioning error from the global positioning system (GPS), wherein the
UAV hovers at a little different location other than the desired one (see Fig. [I). This leads to
change in distance as well as elevation angle between transmitter and receiver. d(h) and @5/ (h)
respectively denote the distance and elevation angle due to LM when UAV hovers at altitude h.

In addition to this, UAV undergoes rotation at the hovering location, which is responsible for

OM. There are three types of rotational motion: pitch, roll, and yaw. Pitch corresponds to rotation
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around the lateral axis or around the wings, roll corresponds to rotation around the longitudinal
axis or around the head, whereas yaw corresponds to rotation around the vertical plane. Due to
rotation, the center of beam spot of the transmitter antenna mounted on UAV is displaced and
does not point towards the receiver antenna. This rotation is responsible for change in elevation
angle between transmitter and receiver. The distance between transmitter and receiver does not
change due to OM, whereas the distance remains same as hovering altitude. The elevation angle
caused by OM, when UAV hovers at altitude h, is denoted as ®py/(h).

By including the effect of both mismatches (i.e., LM and OM), the distance as well as elevation
angle between transmitter and receiver are altered from the ideal ones. However, the distance
between transmitter and receiver is the same as that in case of LM, whereas elevation angle is
different from those in case of LM and OM. The elevation angle between transmitter and receiver
in presence of both mismatches, when UAV hovers at altitude h, is denoted as O(h).

These mismatches were measured using extensive field experiments using a rotatory-wing
UAV. The GPS location of the sensor node placed at ground and altitude of operation were fed
into the Ardupilot mission planner (http://ardupilot.org), which was installed in the computer
acting as ground control station. The UAV setup hovers at different altitude for approximately
three minutes at each altitude above the ground sensor node. The data of GPS location and
rotational motion parameter of UAV, i.e., pitch, roll, and yaw, were collected. This data was
analyzed and the variation of hovering inaccuracy parameter was captured using curve fitting
technique for further analysis. The detailed discussion on hovering inaccuracy is not included
here for brevity, which can be found in [28]]. The variation of different parameters (distance and
elevation angle) caused by different mismatches are listed in Table I, which are used in this work.
N denotes a Gaussian random variable. It may be noted that, 0 < @,/ (h), Por(h),O(h) < 7/2,

and the bound on elevation angle ©(h) is given as [28]:

Prar(h) — Pon(h) < O(R) < Prar(h) + Pon(h). (D

B. System Model

The system model for charging of sensor nodes in real-life practical deployment scenario
is shown in Fig. [2] where a UAV charges the sensor nodes by hovering above each of them.
After charging a node the UAV moves to the other energy-depleted sensor nodes to facilitate

UAV-aided RFET to the field nodes. In this way, a UAV can attend several field deployed sensor

July 8, 2021 DRAFT



Table I: Variation of different parameters of hovering inaccuracy.

Localization d(h) = Vuih? + ush + us; ur = 1.015,u2 = —0.1193, uz = 0.2588,

mismatch Orar(h) = vih® 4+ v2h® + vsh + va; v1=—0.01573, v2=0.1763, v3=—0.651, v4=0.8488.
d(h) =h

Orientation ®orr(h) ~ N (por(h), odr(h)),

mismatch porr(h) = wih® + wah? + wzh + wa; w1=0.00125, we=—0.01073, w3=0.01871, w4=0.0623
gom(h) = z1h® + 22h* + 23h + 245 21=—0.001128, 22=0.009966, 23=—0.03044, 24=0.06542.

d(h) = Vuirh? + ush + usz; u1 = 1.015,u2 = —0.1193, uz = 0.2588,

O(h) ~ N (unrs(h), a3, (h)),

Both pa(h) = a1h® + a2h® + ash + as; a1=—0.01371, a2=0.1518, a3=—0.5653, a4=0.7925,
mismatch oar(h) = b1h® + bah® 4 bah + by; b1 =—0.000584, ba=0.00523, b3=—0.0209, by =0.06973.

nodes in sequential manner. The analysis as well as the consequences of hovering inaccuracy
for charging the other sensor nodes remain the same during their respective turns of charging.
Therefore, in this work without loss of generality we restrict our analysis for a single sensor

node.

UAV charges the sensor nodes individually by hovering just above each of them through a one-
on-one link, which is practically feasible due to several peculiarities of UAV-aided RFET. The
distance between transmitter and receiver as well as the effect of shadow fading is minimum when
UAV hovers just above the target sensor node [30]], which offers maximum energy transfer over a
given time. Path loss as well as shadow fading increase when the UAV hovers at different location
other than just above the individual sensor nodes. This leads to reduction in received power, and
hence a reduced harvested power. Thus, charging a group of sensor nodes simultaneously in a
clustered fashion in RFET application is not efficient. Further, the previous studies reported in
[18]], [31] also suggest that, the scheme of UAV hovering just above the individual sensor nodes
converges towards optimal when the duration of operation is longer. This is the scenario in the
given context of UAV-aided RFET, where UAV has to hover for appreciably long time duration,
up to several minutes, to replenish sufficient amount of energy (up to a few Joules) to each of

the sensor nodes. Therefore, one-to-one link is preferred, to ensure a higher energy transfer.

Besides this, the use of directional antenna having limited ground coverage area necessitates
that the sensor nodes are charged individually. Moreover, compared to the limited RFET range
the separation between deployed field nodes is sufficiently large in real-life deployment scenario.
These practical considerations also suggest to charge the sensor nodes individually by establishing

a one-on-one link.
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Figure 2: System model for UAV-aided RFET.

The target sensor node experiences the effect of UAV hovering inaccuracy during its charging.
By considering the effect of hovering inaccuracy, the power received at a sensor node when the

UAV hovers at altitude h is expressed as:

Y IAY
P (h,n,0) = Py - Gro - g(n,0) - (—) = Py - Gy - g(n,0) - (d ) 2)

47Tdtac—mc tr—rx

where P, is the power transmitted by transmitter mounted on UAV and G, is the receiver
antenna gain. The receiver antenna is omnidirectional, which is capable of receiving signals
from all directions. X is the wavelength of transmitted RF wave with Go = G, - (A/ 47?)2. iy ra
is distance between transmitter and receiver, which depends on the UAV hovering altitude. g(n, 6)
is the generalized radiation pattern of transmitter antenna mounted on the bottom of UAV. It is

given as [32]:

g(n,0) =2-(n+1)-cos"(6), 3)

where n is antenna exponent, and ¢ denotes the elevation angle between transmitter and receiver.
The main lobe of this antenna mounted on UAV points down towards the ground deployed sensor

node as shown in Fig. 2. The beam width 6y pgy, of this radiating antenna is:

47

2(n+1) @

QHPBW =

It may be noted that, the received power obtained in depends on the transmitted power,
transmitter antenna gain, and transmitter to receiver distance. Further, radiation profile of the
transmitter antenna depends on the antenna exponent n and elevation angle ¢ between the
transmitter and the receiver. The hovering inaccuracy leads to change in 6 and transmitter-
to-receiver distance, which is a function of / (see Table I), and hence the field deployed sensor
node experiences the effect of hovering inaccuracy in UAV-aided RFET.

For analytical tractability, the value of antenna exponent n is considered integer values. The

characteristics for real numbers lie in between the integer values, and hence this assumption will
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not affect the analysis. Thus, cos™ # is written as follows:

[ (@) costtn—209)] + (). if n=even

cos" 0 = = (%)

e 3 () cos((n - 2r)9)] if 7 = odd.

Remark 1. The emphasis of the study is to analyze the impact of hovering inaccuracy on
performance, and received power is considered as performance metrics due to its analytical
tractability. Since the harvested power is non-decreasing function of the received power, the
analysis on received power will remain valid for computing harvested power [|18], [19]. Further,
the harvested or transferred energy to the sensor node, which is the product of harvested power

and charging time, will also depend upon the received power level.

Remark 2. Fading is not taken into consideration in the analysis. RFET operation is facilitated
over a longer time duration (up to a few minutes) to charge the sensor nodes [16|], which
averages out the multipath fading. Also, the use of directional antenna overcomes the effect of

multipath fading by focusing the RF energy transmission in a particular direction.

Remark 3. The use of directional antenna has several benefits, such as relatively higher received
power due to higher gain, fading mitigation, and relatively higher coverage along line-of-sight
(LoS). Due to this, free space path loss model is precisely accurate for analysis and system
design in case of directional antenna usage. On the other hand, deployment-specific generalized
path loss model is required in case of omnidirectional antenna, as different deployment scenarios
have different characteristics in terms of channel model or path loss. For example, deployment

scenarios in suburban, urban, and agriculture have different fading parameters [30].

III. CHARACTERIZATION OF HOVERING INACCURACY

As noted in Section II, the distance as well as elevation angle between transmitter (mounted
on UAV) and receiver (field sensor node on ground) changes due to hovering inaccuracy of UAV.
Moreover, the received power at the ground sensor node depends upon the distance as well as
elevation angle along with the type of antenna used. In this section, the individual as well as
joint impact of mismatches on the performance, a total of four cases, are characterized. This
study assesses the deviation in performance compared to ideal scenario along with identifying

the severity of each mismatch.
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A. No Hovering Inaccuracy (Ideal)

When the UAV hovers just above the sensor node and does not undergo rotation at this location,
the ground sensor node does not experience any hovering inaccuracy (LM or OM). Hence, from

(2), the received power at the sensor node is obtained as,

1 2

tr—rx

0=0,dty—ra=h (6)

1

where p

tx

is the power transmitted by transmitter mounted on UAV in ideal scenario. Wy (h,n)
is defined as,

Wi(h,n) =2(n+1) - % (7)

One can observe from (6)) that, the distance between transmitter and receiver dy, . is the
same as hovering altitude h due to the absence of LM. Further, the elevation angle 6 between
transmitter and receiver is 0, because there is neither LM nor OM, and the antenna beam points
towards the sensor node.

It may be noted that, W;(h,n) is an increasing function of antenna exponent for a given
hovering altitude. In addition, W;(h,n) is a decreasing function of hovering altitude for a given

antenna exponent.

B. With Only Localization Mismatch (LM)

In this case, ground projection point of the hovering UAV is a little different from the desired
position, but the UAV does not undergo rotation. Thus, the ground sensor node experiences only
LM. This leads to change in distance as well as elevation angle between transmitter and receiver

(see Table I). Hence, from (2), the received power at the sensor node is obtained as,

1 2
PO (hn) = P2 Go- g(n,0) ( )

dt:v—rx

0=, (h),dtg—ra=d(h) (8)

1
— §j>-GO-Q(n+1)-cosn<q>LM(h))-d2(h) = PP . Gy Walh,n)

(2)

where P’ is the power transmitted by UAV-mounted transmitter with LM-only. W5(h, n) is
defined as,
1
Wa(h,n) =2(n+1) - cos™(Pra(h)) - 20 )
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The effect of LM-only is noted from (8)), wherein the distance between transmitter and receiver
diz—re 18 d(h), given in Table I, rather than the hovering altitude of UAV as in case of ideal
scenario. Besides, the elevation angle § = ®,,(h) between transmitter and receiver is non-zero,

given in Table I.

Lemma 1. Wy(h, n) is a unimodal function of hovering altitude h, for a given antenna exponent

n = ny.
Proof: See Appendix [A] [ |

Lemma 2. W5(h,n) is a unimodal function of antenna exponent n, for a given hovering altitude

h = hy.

Proof: See Appendix [B] [ |

C. With Only Orientation Mismatch (OM)

In this case, UAV is considered to hover above the desired ground position, but it undergoes
rotation at this location. Thus, the ground sensor node experiences only OM, which leads to
change in only elevation angle (see Table I). This leads to change in elevation angle between
transmitter and receiver; distance does not change. Hence, from (2), the received power at the

sensor node is obtained as,

2
Pg(h,ﬂ,@)zﬂf)-Go-g(n,H)-( L ) (10)

dtm —rx

9:':1)01% (h)7dtzf'rz =h

where P (3)

tx

is the power transmitted by UAV-mounted transmitter with OM-only.

It can be noted from Table I that the elevation angle ®o,,(h) is a Gaussian random variable.
The mean and standard deviation of this distribution vary with hovering altitude h. The received
power in expected sense is a correct metric for performance evaluation, as UAV has to hover
for long time duration (up to a few minutes) in the given context of RFET. Hence, the received

power in expected sense is expressed as:

Pr(g)(ha Tl) = E[P?»(h? n, 9)}

00 1 2
= /_ Pt(y?) -Gl - g(n,@) ’ (E) ) f‘POM(h)(e) ~df (11)

o0

1\ [
=a§f’>-Go-(ﬁ) / 9(n,0) - faorm(0) - 9

o
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Remark 4. If X is a Gaussian random variable with mean 1y and standard deviation oy, then
its characteristic function Ux(7) is given as: Uy (1) = Elexp(itX)] = exp(iTpx — 30%7°),
where i denotes the imaginary number. Then, the following expression can be written using this

characteristics function:
1
E[cos(TX)] = cos(puxT) - exp(—éagﬂj). (12)
Using the finding in (12)), (T1) is rewritten as:

2 proo
Pﬁi)(h,mzpff”c’o‘(%)/ 9(1.0) - faoy(0) - = PP - Go- Wi(hon) — (13)

where W5(h,n) is defined as:

1 Xeven(h; ’I’L), if n = even
Walh,n) =73 (14)

Xodd(h; TL), if n=odd

with Xepen(h,n) = 2n1,1 [ > (Z) cos((n — 2r)uonr(h)) exp ( - %(” - QT)QU%M(}O)] + QL"(nY/LQ)

and Xoga(h,n) = 3 [2 (™) cos((n — 2r)pom (h)) exp (— 3(n — 2r)2g(2)M(h)].

N[ =

Lemma 3. W3(h,n) is a non-increasing function of hovering altitude h, for a given antenna

exponent n = ny.
Proof: See Appendix [C| [ |

Lemma 4. W3(h,n) is a non-decreasing function of antenna exponent n, for a given hovering

altitude h = hy.

Proof: See Appendix [ |

D. With Both LM and OM

When UAV does not hover above the desired ground position and also undergoes rotation; the
ground sensor node experiences both LM and OM. This leads to change in elevation angle as
well as distance between transmitter and receiver (see Table I). Accordingly, the received power

at the sensor node is obtained as,

(15)

dtx—rx

1 2
Py(h,n,0) = PGy - g(n,0) - ( )

0=0(h), dix—re=d(h)
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where Pt(gf) is the power transmitted by UAV-mounted transmitter with both LM and OM.
As mentioned in Table I, the elevation angle is a random variable, which follows Gaussian
distribution. The mean and standard deviation of this distribution vary along hovering altitude.

Hence, the received power in expected sense is given as,

PO(h,n) = E[Pi(hn,0)]

00 2
_ /_ PO .Gy - g(n.0) - (ﬁ) - foun(6) -0 6
1 \? />
- Pt(a;l) : GO : <m> /_Oog(e) : f@(h)(e) -do.

Using the finding in (12)), (T6) is rewritten as,

2 poo
Pf?(h,n):PfﬁGw(ﬁ) | o0 fo(0) -0 = Y Gy Wim) 17

where W, (h,n) is defined as,

1 Yveven<h7 77/), if n = even

2
)y, u(hon),  if n=odd

[y

n__
2

> (2) cos((n = 2r)uas () exp (= 0 =202, ()] + 55

with Y:aven(h>n) = in—l

3

[

g (7) cos((n — 2r)upr(h)) exp ( — %(n — 2r)2012\/[(h)].

r=

and YOdd(hv n) = 27L171 |:

o

Lemma 5. W,(h,n) is a unimodal function of hovering altitude h, for a given antenna exponent

n = no.
Proof: See Appendix [E] [ |

Lemma 6. W,(h,n) is a unimodal function of antenna exponent n, for a given hovering altitude

h == ho.
Proof: See Appendix [ [ |

Remark 5. The presented analysis remains valid also for omnidirectional antenna, which cor-

responds to n = 0. Hence, from @), the received power P2™" (h,n) is found as,

2
d*(h)’

P (h,n = 0) = P . Gy - (19)
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The ground sensor node experiences only LM. It does not experience OM due to large beam
width of omnidirectional antenna, which has sufficient projection area on the ground to cover

the sensor node.

IV. SELECTION OF OPTIMAL SYSTEM PARAMETER

With the characterization of hovering inaccuracy in the previous section, it is important to
select the system parameters, such as transmit power, hovering altitude, and antenna exponent in
order to maximize the received power at the ground sensor node in order to transfer higher energy.
This shortens the charging time, which in turn helps to increase the number of attended sensor
nodes. Also, the selection of optimal system parameters for each of the four cases discussed in
previous section is important to assess the deviation from ideal case along with the severity of

mismatches. For this purpose, an optimization problem for k" case is formulated as follows:

(P1) : minimize pP

t
h,n *

s. t: (C1): P¥(h,n)> PR,

(C2) : hpmin < h < hag,
(C3) : Nnin <1 < Mg,
The objective of (P1) is to select hovering altitude / and antenna exponent n, such that the
transmitted power level can be minimized while guaranteeing a received power threshold F.
Constraint (C1) takes the advantage of saturation region of energy harvester [33]], because the
harvested power does not increase beyond a certain received power level Fy. In other words,
receiving a power level beyond Fj is not beneficial, because no further increase in harvested
power is noted with increase in the level of received power. Constraint (C2) restricts the
operational altitude of UAV, whereas constraint (C3) restricts the antenna exponent range. This
problem can be interpreted as follows: the energy consumption in communication related stuff
can be controlled, whereas energy consumption of UAV in mechanical operation is not of our
interest in the given context.
(P1) needs to be solved separately for all the four cases (kK = {1,2,3,4}). Based on the
expressions of received power for different cases obtained in (6), (8), (13), and (I7), they can

be written in generalized form as follows:

P& (h,n) = PP . Gy - Wi(h,n), fork=1{1,2,3,4} 1)
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where the expressions of Wy (h,n) are given in (7), (9), (14), and for k = 1,2,3, and 4,
respectively.

Using the expression of P,«(;ff)(h, n) in (21), constraint (C1) is rewritten as follows:

P,
PY .Gy - Wihn)>P = P®P>__ "0
tx 0 k‘( ,TL)_ 0 tx _G(]Wk(h,n)

(22)
From (22) it may be noted that, P is inversely proportional to Wi(h,n), as By and G, are
constants. Therefore, minimizing IDt(f) is equivalent to maximizing Wy (h,n).
Using (22)), the optimization problem (P1) for k" case can be transformed as follows:
(P2) : maximize Wj(h,n), for k = {1,2,3,4}
h,n
’ (23)

s. t.. (C2) and (C3).
Thus, solving (P2) is equivalent to solving ((P1)). It may be noted that, the optimization variable
h is continuous, whereas n is discrete. In addition, the closed-form expressions for Wy (h,n) are
different for even and odd values of n, which discourages to use integer relaxation. Therefore,

the nature of Wy (h,n) against h and n investigated in Lemma 1 to Lemma 6 are used to solve

(P2) in order to evaluate the optimal system parameters.

A. Optimal Hovering Altitude Estimation

The optimal hovering altitude is obtained for a given value of antenna exponent (say h*(n)),
and the characterization done in previous section is used to obtain this. W, (h,n) is a decreasing
function of h for a given value of antenna exponent. Therefore, the minimum hovering altitude
is optimal for all n. W3(h,n) also exhibits the same variation (see Lemma 1) and hence the
optimal hovering altitude is minimum for this.

On the other hand, both W5(h,n) and Wy(h,n) exhibit unimodal variation against hovering
altitude for a given value of antenna exponent (see Lemma 1 and Lemma 5). Therefore, golden
section method is used to find the optimal height 2*(n) for a given n. Golden section method is
an elimination method, which reduces the computational complexity by eliminating the search
intervals in successive iterations [34]. For brevity, the procedures of golden section method is not
presented here; this is explained in detail in [34]]. Here, the accuracy of golden section method
is considered to be 0.01 m = 1 cm during simulation.

In the same way, optimal antenna exponent (say, n*(h)) can be obtained for a given hovering

altitude. Towards this, the maximum value of antenna exponent is optimal for a given value
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of hovering altitude for W;(h,n) and W5(h,n). On the other hand, in case of W5(h,n) and

Wy(h,n), the optimal antenna exponents are obtained using golden section method due to

unimodal nature proved respectively in Lemma 2 and Lemma 6.

Algorithm 1 Hovering Inaccuracy-aware Optimal Charging System Design (HI-OCSD)

1

[\

10:

11:

12:

13:

14:

15:

16:

17:

18:

19:

20:

: Input: Go, Nmins Mmazs Pmins Pmazs Fo, Parameters of hovering inaccuracy from Table I

. Output: P2, hopts Nopt

xr 0

- if k=1 or k =3 then

hopt = hmin» Nopt = Nmax
Calculate Wi (hopt, Nopt)

Popt — Py
tx GO'Wk (hopt ,nopt)

if k=2 or k = 4 then

A=1n1n=nmn

Calculate h*(n) for given n using golden-section method
Calculate Wy(h*(n),n)

while A > 0 do

n=n-+1

Calculate h*(n) for given n using golden-section method
Calculate Wy (h*(n),n)

A =Wi(h*(n),n) — Wi(h*(n —1),n — 1)

end

nopt =N — 1, hopt = h*(n — 1)
opt __ P

Pt.’L’ - GO'Wk(hoptynopt)

B. Optimal System Parameter Estimation

Extending the findings of last subsection, the optimal system parameters, i.e., transmit power,

hovering altitude, and antenna exponent, are obtained here. This is obtained by solving (P2).

For Wi (h,n) and W3(h,n), the optimal hovering altitude is lowest allowed value h,,;,, whereas

optimal antenna exponent is the highest allowed value 7,,,,. This can be directly referred from

the variation characteristics of Wi (h,n) and W3(h,n).
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On the other hand, for the two other cases, i.e, Wa(h,n) and Wy(h,n), the optimal system
parameters need to be evaluated using their variation characteristics. To this end, an algorithm,
called Hovering Inaccuracy-aware Optimal Charging System Design (HI-OCSD), is proposed
to find the optimal system parameters using the findings in Lemmas 1, 2, 5, and 6. First, the
optimal hovering altitude h,,(n) is obtained for a given n followed by the computation of
optimal value of Wy (hep(n),n). Then, the value of Wy (h*(n),n) is compared with the optimal
hovering altitude for the previous value of antenna exponent, i.e., Wi(h*(n — 1),n — 1). If
increase in Wj(+) is observed compared to the previous one, then the iteration continues and n
is increased by one. In contrast, if decrease in Wi(---) is observed compared to previous one
then iteration terminates. This is due to the unimodal variation of Wj(h,n) against i and n
individually. Thus, the optimal deployment altitude and antenna exponent are obtained. Then,
optimal transmitted power is evaluated using these parameters.

The solution obtained by HI-OCSD is global optimal due to unimodal variation of Wj(h,n)
against hovering altitude A and antenna exponent n individually. This ensures unique optimal
solution over the search space of h for a given n and vice-versa. Therefore, as a sequential

optimization A is optimized first, then n is optimized which leads to the global optimal solution.

V. RESULTS AND DISCUSSIONS

Here, the analysis done in the previous sections is numerically evaluated, where the hovering
inaccuracy parameters listed in Table I are used for simulation. The numerical values of different
parameters considered here are as follows: P, = 1 W,G,, = 2.10, P, = 45 mW, n,,;, =
1, Mnaze = 90, hppin = 1 M, hypge = 3 m ;A = 0.32786 cm (at operating frequency 0.915 GHz).
Lower operational altitude is preferred for UAV-aided RFET due to poorer sensitivity in RFET
application, which restricts the operational range of energy transfer up to a few meters. Also, a

higher power transfer is ensured at lower UAV hovering altitude.

A. Impact of Hovering Inaccuracy

The variation of received power against antenna exponent n for different deployment altitude
h, where the sensor node experiences both LM as well as OM, is shown in Fig. 3| The values ob-
tained from simulation matches closely with that obtained from analysis. This validates accuracy
of the closed-form expression in (I7)). To quantify the closeness and matching between simulated

and analytically computed values, root mean square error (RMSE) between them is evaluated.
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Figure 3: Variation of received power against antenna parameter for different hovering altitude when the sensor

node experiences both LM as well as OM.

The RMSE values obtained from analysis with respect to simulation results are 1.41 x 1074,
3.67 x 107%, and 1.72 x 10~* for hovering altitude of 1 m, 2 m, and 3 m, respectively. The
values of RMSE also indicate that simulated and analytically computed values match closely.
The value of RMSE is highest for » = 2 m and it is least for h = 1 m, because the value of

received power is relatively higher for A = 2 m, whereas it is relatively lesser for h = 1 m.

It may be noted that, the received power first increases then decreases. This is because, the
half-power beam width of antenna radiation pattern (see (#))) reduces with increase in the value
of antenna exponent n. The antenna with a narrower beam width has lesser projection area on
the ground. Also, a smaller value of n offers a larger ground projection area with lesser gain.
As the value of n increases, the projection area reduces and the gain increases, which leads to
increase in the received power. The gain of antenna overcomes this narrowness of beam up to
some higher value of n. But, if n continues to increase, the target sensor node tends to lie outside
the ground projection area of the beam; the effect of reduced beam width becomes severe and

unacceptable at further higher values of n.

On the other hand, for a given value of antenna exponent n, projection area of the antenna’s
beam on the ground increases with increase in hovering altitude 5, and thus the increased beam
projection area easily covers the ground sensor location. Although the path loss increases with
increase in value of h, a higher gain of antenna dominates the path loss, thereby aiding in RFET.
Therefore, the received power is higher for a higher value of h, as observed in Fig. 3. However,
if h continues to increase, the path loss eventually dominates the effect of large value of n. This

leads to an increase and then decrease in received power with hovering altitude h.
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Figure 4: Variation of received power for different cases against antenna exponent for different hovering altitude.

The variation of received power against antenna exponent for all the four cases characterized in
Section III are shown in Fig. [ for different hovering altitude. It can be observed that, the hovering
inaccuracy has notable impact on the performance, as received power deviates significantly in
presence of hovering inaccuracy compared to ideal one. The deviation caused by LM is more
severe than that of OM, as received power due to OM is very close to ideal one. In case of
LM, the distance as well as elevation angle both changes, whereas only elevation angle changes
in case of OM. It may be noted that, the performance deviation is higher at lower hovering
altitude and approaches to ideal one with increase in hovering altitude. LM and OM both are
effective at lower altitude, and their impact decreases with increase in altitude. The positioning
error does not increase in the proportionate way with increase in the height, therefore the impact
of LM reduces with height. In contrast, the elevation angle (mean and variance) decreases with
increase in height. At lower hovering altitude, the pushed down air while hovering reverts back
and collides with UAV at low altitude operation. Due to this, UAV vibrates it little bit more
compared to that at a higher altitude, as the pushed down air has more space to dissipate at

higher hovering altitude. Hence, stability increases due to less turbulence at a higher altitude.

Remark 6. RFET performance degrades severely in presence of hovering inaccuracy, which
cannot be ignored in UAV-aided RFET system design. The impact of LM on the performance is

more severe than that of OM.

B. Optimal Selection of System Parameters

The variation of optimal hovering altitude h*(n) against antenna exponent 7 is shown in Fig.
Bl(@). For ideal as well as OM-only scenarios, the lowest possible altitude /,,;, is the optimal for

all values of n, which approves the finding in Lemma 3. For other two cases, i.e., with LM-only
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Figure 5: Variation of (a) optimal hovering altitude against antenna exponent, and (b) optimal antenna exponent

against hovering altitude for different cases.

and with LM as well as OM, h*(n) is the lowest for a smaller value of n, whereas it increases
with increase in the value of antenna exponent n. For a smaller value of n, the beam width
is high, which covers the sensor node sufficiently due to large projection area of beam on the
ground. Therefore, lowest height is optimal as the distance between transmitter and receiver is

the least.

In contrast, the beam of transmitter antenna becomes narrower as n increases, and UAV
increases its hovering altitude to overcome this. The increase in hovering altitude has two benefits.
First, larger projection area on the ground easily covers the sensor node. Second, the impact
of hovering inaccuracy decreases with increase in hovering altitude. However, if the hovering
altitude continues to increase beyond h*(n), then the path loss factor dominates the antenna gain.

Likewise, if UAV hovers below h*(n), then the antenna is not able to cover the sensor node.

From Fig. [5(a) it may be noted that the optimal height in case of LM-only is relatively higher
than in case of LM as well as OM for smaller values of antenna exponent n. On the other hand,
the optimal height in case of LM as well as OM is relatively higher than the case with LM-only
for a higher value of n. The elevation angle 6 is a random variable in case of LM as well as OM,
whereas it is constant in case of LM-only. For a smaller value of n, larger ground projection
area of antenna beam ensures easier coverage of sensor node at a lower altitude. In addition, the
randomness in elevation angle helps to cover the sensor node with lesser elevation angle due to
larger projection area, which aids in the performance at relatively lower altitude in case of LM
as well as OM. On the other hand, for higher values of n , the randomness in elevation angle

and the smaller ground projection area do not easily ensure the coverage of sensor node at a
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Figure 6: Variation of optimal system parameters for different cases.

relatively lower altitude in case of LM as well as OM as compared to LM-only. Therefore, UAV
hovers at a slightly higher altitude to enlarge the ground coverage area and to reduce the effect
of randomness in order to meet the performance criteria.

The variation of optimal value of antenna exponent is shown in Fig. [5(b) for different hovering
altitude. For ideal and OM-only scenarios, the highest value of antenna exponent is optimal for
all hovering altitude, which approves the finding in Lemma 4. For the other two cases, i.e., with
LM-only and LM as well as OM, n*(h) increases initially and saturates up to a maximum value
of antenna exponent n,,,.. At lower altitude, the effect of hovering inaccuracy is higher, and
hence a wider beam width is required to cover the sensor node for RFET. On the other hand,
a narrow beam offers sufficient coverage area at a higher hovering altitude. Thus, maximum
allowed value of antenna exponent 7,,,, is optimal.

The optimal system parameters (transmit power level, hovering altitude, and antenna exponent)
estimated using HI-OCSD algorithm are shown in Fig. [6] for different cases discussed in Section
III. One can observe that, the optimal transmit power level is least for ideal scenario, whereas
the same is highest when the sensor node experiences both of the mismatches, i.e., LM as well
as OM. It may also be noted that, LM dominated OM, and LM affects the performance more
severely. The optimal antenna exponent is the maximum value, i.e., 1,4, for all the four cases.
On the other hand, optimal hovering altitude is minimum h,,;, for ideal and OM-only cases.
UAV increases its altitude to overcome the effect of hovering inaccuracy in two other cases. Fig.
[6] indicates that, if the sensor nodes is charged assuming ideal hovering scenario, i.e., then may
not be able to operate up to the desired time, as it receives and harvests lesser power. Therefore,
its inclusion in the analysis is essential for accurate design as well as to ensure uninterrupted

operation of sensor nodes.

Remark 7. If hovering inaccuracy of UAV is not taken into consideration in UAV-aided sus-
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tainable loT networking framework, then the possibility of under-provisioning of resources in

UAV-aided RFET is very high.

VI. CONSIDERATION OF DIFFERENT LEVEL OF HOVERING INACCURACY

The hovering inaccuracy parameters listed in Table I have been used for analysis in perfor-
mance evaluation section (Section V). The parameter values in Table I have been obtained based
on the model developed from extensive field measurements in an open area (hockey ground of
IIT Delhi), where a total of nine GPS satellites were available without multipath signals. This
can be thought of as ideal deployment scenario. In contrary, the purpose of deploying UAV-aided
RFET is to ensure the charging of sensor nodes located in hard-to-reach or arduous locations. In
these scenarios, UAV is expected to undergo different level of hovering inaccuracy will be very
different from open area and UAV will undergo different level of hovering inaccuracy other than
that mentioned in Table I while facilitating RFET. In this section, different level of hovering

inaccuracy are modeled and system parameters are optimized.

A. Modeling of Different Level of Hovering Inaccuracy

As noted in previous section, impact of LM on performance is more severe; even LM dominates
OM. Using this observation, different level of LM is considered in order to realize different level
of hovering inaccuracy as LM is the dominant component of hovering inaccuracy. On the other
hand, OM is considered to be the same as listed in Table I, because UAV experiences almost
similar angular displacement. This argument is reasonable while modeling different level of
hovering inaccuracy, because the deviation in performance due to only OM is not remarkable.

The deviation in horizontal distance, i.e., the difference between the location of ground
sensor node and the ground projection point of the hovering UAV, obtained from experimental

measurements (see Table I), is expressed as,

lo(h) = /d2(h) — h? = \/(u1 — 1)h2? + ush + us. (24)

Using the finding above and a tuning parameter o > 0, different level of LM is considered. The

distance between ground sensor node and projection point of UAV on ground is expressed as:
1“9(h) = a-1,(h). (25)

The tuning parameter « is physically interpreted as follows: 0 < a < 1 indicates that the

level of LM is lesser than that obtained in Table I. Here, the number of satellites available in the
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deployment scenario is high with negligible effect of multipath propagation of satellite signals
from surrounding, which offers better accuracy. o = 1 indicates that the LM is same as in Table
I. Likewise, o > 1 indicates that LM is higher than that obtained in Table I. Here, the number
of satellites available in the deployment scenario is less with significant effect of multipath
propagation of satellite signals from surrounding, which offers relatively less accuracy.

With this formulation, the distance between UAV-mounted transmitter and ground sensor node

is expressed as:

(k) = (/b2 4 (1) () = /B2 + a2 - (I, () 2. (26)

In the same way, the elevation angle between UAV-mounted transmitter and ground sensor node

due to LM is expressed as:

()
o' (h) = arctan {l h(h)} . 27)

Till now, distance and elevation angle due to LM were obtained for different level of hovering
inaccuracy (see (26)). However, the actual elevation angle considering both LM and OM with
different level of hovering inaccuracy is not known. For this purpose, the bounds on elevation
angle that account for both LM and OM given in (1)) are used. Referring to the bound on elevation

angle in (1)), the following can be written in the given context:

O, (h) — Don(h) < O (h) < ) (h) + Pou(h) = O

man

(h) <©(h) < OF

max

(h) (28)

(h) = B, (h) — ®onr(h) and Ol (h) = B, (h) + Por(h).

is also a Gaussian random variable, which is a linear transformed version of ®oy/(h).
(@)

min

where @f;?n
@(04)

min

Its mean (uﬁjfn(h)) and standard deviation (o, (h)) are given by:

p () = ) (h) = o (R), o, (h) = oom(h). (29)

©dv s also a Gaussian random variable, which is a linear transformed version of ®py/(h).

Its mean (u2 (h)) and standard deviation (09’ (h)) are given by:

) () = D) (h) + pon(h),  02).(h) = aon(h). (30)

B. Selection of Optimal System Parameters

As discussed above, different level of hovering inaccuracy is modeled using a tuning parameter

«, which leads to change in distance as well as elevation angle between transmitter and receiver
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Figure 7: Variation of optimal system parameters for different level of hovering inaccuracy.

by including the effect of both mismatches. Using the bound of ©(®)(h) in ([28), UAV-aided

RFET performance is evaluated in following cases:

e Case 1: No hovering inaccuracy (Ideal)

o Case 2: Distance: d® (h), Elevation angle: %" ~ A (uf,i‘i)n(h), aﬁf&(h))

« Case 3: Distance: d®(h), Elevation angle: ®%,(h)

« Case 4: Distance: d® (h), Elevation angle: ©%" ~ A (uﬁlx(h), Omazmention(h)).

The characteristics in terms of received power for these three cases are investigated, and their
natures are found to be unimodal as stated in Lemma 5 and Lemma 6. Thus, the proposed
algorithm HI-OCSD remains valid for these three cases in order to obtain the optimal system
parameters. For brevity, the proofs are not mentioned here. In the proposed framework, the
value of « itself indicates a practical deployment scenario having a-dependent hovering profile.
Therefore, o cannot be optimized, as it represents a deployment scenario. However, for a given
deployment scenario, it is required to optimize the operating system parameters, as conducted
in this study.

It can be observed from Fig. [/(a) that, in all the three cases, the optimal transmitted power
level increases as « increases for all three cases, because the distance between UAV-mounted
transmitter and ground receiver increases with a.. The optimal transmit power for ideal case is
less compared to other three cases, and the deviation in this parameter increases with increase
of hovering inaccuracy. On the other hand, the optimal transmit power for QD(LQAL lies in between
@i;’l)n and O, whereas it is maximum for ©,. Although the distance between transmitter
and receiver is same for all these three cases for a given value of «, but the randomness in
elevation angle is highest for 0L, (see (30)). This requires a higher beam width of antenna,
which has lower gain. Thus, relatively higher power needs to be transmitted to overcome the

randomness.
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The variation of optimal hovering altitude is shown in Fig. [7/(b) against «. For ideal case,
the optimal hovering altitude is the lowest possible altitude. For other three cases, the lowest
possible altitude is optimal for smaller values of tuning parameter, because the distance between
transmitter and receiver is less and the antenna’s beam has sufficient projection area on ground
to cover the sensor node. With increase in the value of tuning parameter, UAV shifts its altitude
up. This is because, the elevation angle between UAV-mounted transmitter and ground receiver
increases with increase in « (see (25])). Hence, a higher altitude of UAV offers larger projection
area of antenna’s beam on ground, which comfortably covers the sensor node.

The variation of optimal antenna exponent is shown in Fig. [7(c), which is the maximum

(a)

allowed value n,,,, for ideal case, O, and (IJ(LO‘]\)/[. In contrast, this value first decreases and
then saturates up to maximum allowed value for @,(ﬁc)m, because the randomness in elevation angle
is very high for 0%, and antenna having a higher beam width overcomes this randomness.
Also, the optimal height is minimum allowed value for these range of a (see Fig. [7(b)), which
offers reduction in antenna exponent or increase in antenna beam width. As « increases, the
optimal value of antenna exponent saturates towards the maximum allowed value. In these range
of «, the optimal hovering altitude also continues to increase, which leads to increase in antenna

exponent. The value of antenna gain in these range dominates the distance based path loss.

Remark 8. UAV moves up as the level of hovering inaccuracy increases, because the projection
area of transmitter antenna beam on the ground increases with increase in hovering altitude

and the sensor node lies within it.

Remark 9. Hovering condition of UAV has a strong impact on the optimal selection of system

parameters, which demands hovering inaccuracy parameters to be included in system design.

VII. CONCLUDING REMARKS

The performance analysis of UAV-aided RFET system in presence of hovering inaccuracy has
been investigated. Hovering inaccuracy comprises of two types of mismatches: Localization
mismatch (LM) and Orientation mismatch (OM). This leads to change in distance as well
as elevation angle between the transmitter (mounted on UAV) and the receiver (sensor node
deployed on ground). The effect of these mismatches (individual and joint) on received power
has been analyzed, and a closed-form expressions for received power has been obtained for

a generalized radiation pattern of antenna. To evaluate the optimal system parameters, the
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formulated optimization problem has been noted to be a mixed nature of variables. To solve
this optimization problem, an algorithm, called Hovering Inaccuracy-aware Optimal Charging
System Design (HI-OCSD) has been proposed. The simulation results indicate a remarkable
deviation of performance from ideal scenario due to hovering inaccuracy as compared to ideal
scenario. Thus, inclusion of hovering inaccuracy is essential in UAV-aided RFET system design.
A study comprising different level of hovering inaccuracy to account for different deployment
area has also been illustrated, which indicates that UAV needs to hover at higher altitude as
hovering inaccuracy increases.

Further investigations on the study of charging mechanism design with different topology
of receivers in presence of hovering inaccuracy would be of future research interest, where the
impact of different parameters on the performance needs to be investigated. Additionally, multiple
UAV coordination during the design of new charging protocols for enhanced performance is

another interesting direction.

APPENDIX
A. Proof of Lemma 1

For a function to be unimodal function, the first derivative should change sign at most once.

The derivative of W5(h,n) with respect to h at n = ny is obtained as,

d -1 no—1 . /
%Wg<h, no) =2(no + 1) 20 1o cos™ (Prar(h)) sin(Pras(h)) - D7 as(h)
4 cos™ (@ (h) %};”ﬂ
—2ny+ 1) dih) o8 (@y40(h)) - [mod (W)@ (B) - sin(pas (1)

4 (2urh + up) - cos(chM(h))]
where @,/ (h) = L&, (h) = 3v1h* + 2voh + v3. 7, (h) < 0 Vh, because the discriminant of
P 0 (h), ie., 4v3 — 120503 is negative and v; < 0 (see Table I).

%Wg(h, ng) can be rewritten as follows:

d 1
g Walh o) = =200 1)+ s o8N (@0 (h)) - Z(h) - cos (@LM(h) - 90)
where Z(h) = \/(nod?(h)®’,,,(h))? + (2u1h + uy)? and 6y = arcsin —”0‘12(?5/)“4(]’),

The variation of %WQ(h, no) against hovering altitude & is shown in Fig. 8| for different values
of antenna exponent ng. It can be observed that, the sign of derivative changes once for some

values of ng, while it does not change for some other values of ny.
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Figure 8: The variation of %Wg(h, ng) against height for different values of antenna exponent.

B. Proof of Lemma 2

In case of discrete variable, the first derivative is obtained from successive difference. Thus,

the first derivative of W5(h,n) for a given hovering altitude h = hq is written as,

(AWa(ho, n))n = Wa(ho, ) — Wa(he,n — 1)

= d2(1h0) . [2(71 +1)-cos™(Prar(ho)) —2(n) - cos”_l(CI)LM(ho))]
1 n—1
= m o8 (Prar(ho)) - [(n+1) - cos(Prasr(ho)) — n}

It requires to equate (AWs(hg,n)), with 0 in order to obtain the value of n around which

(AWsy(ho,n)), changes its sign. (AWs(hg,n)), = 0 condition leads to the following two cases:

Case 1: cos™ 1 (®rpr(ho)) = 0. This is not possible because 0 < ®1y,(h) < 7/2.

Case 2: (n+ 1) - cos(®rar(hg)) —n = 0. This leads to n = MM("O)))) = ny, (say). ny, is

1—cos(® s (ho

unique as 0 < @5/ (h) < 7/2.

Thus, (AW;(hg,n)), will change its sign about ny, if ny, < Npee; otherwise (f 1y, > Nppas)

it will not change its sign. Thus, (AW;(hg,n)), changes its sign at most once, which proves its

unimodal nature against antenna exponent.

C. Proof of Lemma 3

For a function to be non-increasing, the first derivative should be less than or equal to zero.

The derivative of W3(h,n) with respect to h at n = ny is obtained as,

—9 1 .
d 73 Xeven(ha TL()) + 2 Fl(h7 n0)7 lf ng = even
%sz(h,no) =" "
;—32 . Xodd(ha no) + % . Gl(h,no), lf Ng = Odd

—2 1 | Fi(h,n if ng = even
g 2L \(hong) if mo
Gl(h,no) if Nng = odd
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Figure 9: The variation of (a) %sz(h,no) against height with antenna exponent as the parameter; (b)

(AP;(hg,n)), against antenna exponent with altitude as the parameter.

where Xepen(h,ng) and X,44(h, ng) are given in (T4). Fy(h,ng), and G1(h,ng) are obtained as,

o _
5 —1

Fu(h,ng) = L[

2n0—1

<n0> cos((ng — 2r)pon (h)) exp < - %‘%M(’U(no - 27")2> - (=oou(h))

r

[e=]

r=

(0 20y () + exp  — 50y — 2r)?) - (= sin((no — 2r)ponn)) - (mo — 20 ptons ()]

ng—1

©

Gl mo) = o | 3 (C‘f) cos((no — 2r)pors (W) exp ( = 5oy (R) (o — 20)?) - (~o0ne(h)

r=0

(0 20y () + exp  — 50y (mg — 20)?) - (= sin((n0 — 2r)ponn) - (mo — 20 ptons ()]

where 115, (h) = = pon (h) = 3w h3wsh + ws and o(,, (k) &oon(h) = 320h 3200 + 2.
The variation of %Wg(h, no) in Fig. Eka) for different values of ny shows that, the sign of

%Wg(h, no) is non-positive, which proves its non-increasing nature against hovering altitude.

D. Proof of Lemma 4

First derivative of W3(h,n) with respect to n for a given altitude h = hq is obtained as,

1 Xeven(ho,n) — Xoaa(ho,n), if n =even
(AWg(hQ,n))n = — -

2
P Xoaa(ho,n) — Xeven(ho,n), if n = odd
where Xeyen(ho,n) and X,qq(ho,n) are given in (I4).

The variation of (AWj(hg,n)), against n in Fig. [O[b) for different altitude demonstrates

non-positivity of (AW;5(hg,n)),, which proves its non-decreasing nature.

July 8, 2021 DRAFT



30

10 g 1.5
( o nU:?Q —_—hy=1m
2 5k w T © RIS A
Sﬁ \\‘ ——y =20 /g — ;L:: = ;.5 m
= ok ——n) = 25| | S —©—/y=3m ||
§ . — - T 5
~[€-5 EG 56O g/
W B —
1 1.25 15 175 2 225 25 275 3 2 8 14 20 2 32 38 44 50
Height (h), m Antenna exponent (n)

Figure 10: The variation of (a) %Wzl(h,no) against height with antenna exponent as the parameter; (b)

(APy(hg,n)), against antenna exponent with altitude as the parameter.

E. Proof of Lemma 5

First derivative of Wy (h,n) with respect to h at n = ny is obtained as,

d ) TG Yeven(hyno) + gy - Fa(hyno), i no = even
%W4(h,n0) ) —eun
~Cat) Yoaa(h,no) + 5 - Galhymg),  if np = odd

—(2uyh + us) . 1 Fy(h,ng) if ng = even
2 2
d*(n) P Gy(hyng) it no = odd

:W4<h7 TLO) :

where Ye,en(+) and Yi,44(-) are given in (18). Fi(-) and Go(-) are found as,
!

1
Fy(h,ng) = W[

r=

() costtno —2r1pstiess (= Sotshycna —2012) - (o)

r

o

(o — 20?0, (h) + exp ( - %awo = 2r)2) - (= sin((no — 2)par(R))) - (mo — 20y (h) .

ng—1
2

Gl mo) = o | (”) cos((no — 2)uas () exp (= 503 ()(mo — 20)2) - (= ()

r=0

- (ng — 2r)2ah;(h) + exp < - %Uﬂ(ng — 27‘)2> - (=sin((no — 2r)ppr(h))) - (ng — 27“),u'M(h)]

where 40y (h) = L1y (h) = 3a1h*3ash + as and oy (h) Loy (h) = 3bihT3boh + bs.

The variation of %Wdh, ng) in Fig. a) for different values of n, indicates that, the sign of
%Wg(h, no) changes its sign for some values of ng, whereas it does not change for some other
values. Thus, d%Wdh, no) changes its sign at most once, which proves its unimodal nature of

variation against hovering altitude.

DRAFT July 8, 2021



31

FE. Proof of Lemma 6

First derivative of Wy(h,n) with respect to n at a given altitude h = hq is found as,

1 Yreven(hoa n) - }/;;dd<h0, n), if n =even
(AW4(h(),TL))n = ﬁ .

Y;)dd(h07 n) - }/;ven<h07 n)7 if n=odd

where Yeyen(ho,n) and Y,q4(ho,n) are given in (18).
The variation of (AW4(ho,n)), against n shown in Fig. [I0(b) for different hovering altitude

suggests that, its sign changes once for some values of hy, whereas it does not change for

some other values of hy. Thus, (AWy(hg,n)), changes its sign at most once, which proves its

unimodality nature against antenna exponent.
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