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Abstract—The Internet of Things (IoT) digitizes the physical
world with wireless devices sensing their surroundings and de-
livering periodic notifications of parameters they are monitoring.
However, this operation is bound by finite-capacity batteries, in
which replenishment is practically infeasible due to the envisioned
size of the IoT networks. By also considering the autonomous and
self-sufficient service vision of the IoT paradigm, the need for
novel approaches overcoming the energy constraints is evident.
Here, unmanned aerial vehicles (UAVs) come into prominence.
The UAVs can remotely energize wireless devices, via wireless
power transfer (WPT), and thus guarantee reliable sensing
coverage as well as longevity in the IoT domain. However, this
can be only achieved by the precise alignment of both UAVs and
wireless devices. Thus, this paper presents an efficient deployment
strategy based on the circle packing problem, in which a lower-
bound for the required number of wireless devices achieving
optimal coverage is derived. The analysis, based on empirical
measurements, reveals the design considerations for an energy
harvesting (EH)-aided UAV scenario with regard to Federal Com-
munications Commission (FCC) regulations, power consumption
of wireless devices, and reporting frequency requirements of the
IoT applications. Our results elaborate on a number of trade-offs,
based on UAYV, device, and medium characteristics, and provide
realistic guidelines, achieving optimal coverage while meeting
application requirements.

Index Terms—Wireless Power Transfer, Unmanned Aerial
Vehicles, Internet of Things, Network Coverage, Deployment.

I. INTRODUCTION

The recent proliferation of unmanned aerial vehicles (UAVs)
[1] draws considerable attention to the alleviation of en-
ergy constraints in the Internet of Things (IoT) [2]. The
use of UAVs in (remote) powering of wireless devices, i.e.
sensors, has a great potential to achieve perpetual and au-
tonomous monitoring, especially for hard-to-reach mediums
lacking in infrastructure and human support. The UAVs can
enable rapid, on-demand, and high efficient power delivery
thanks to the line-of-sight (LoS) air-to-ground links. This
can greatly enhance service quality, i.e. reporting frequency
or sensing coverage provided by energy-constrained wireless
devices. The UAVs can also operate as (mobile) access points
(APs), providing connectivity throughout the IoT networks.
Furthermore, if the energy required for the UAV operation,
including wireless power transfer (WPT) [3] to the devices,
is provided by recharging stations that are capable of energy
harvesting (EH) [4], the vision of energy-neutral wireless-
powered networks [5] may become achievable.

The idea of WPT with EH-aided UAVs, however, is not
entirely new [6]. There are also a plethora of studies focusing
on different aspects of UAV operation to address the ongoing
challenges [7], such as resource management, flight path and
energy optimization, and interference minimization. Among
them, efficient deployment of both UAVs and wireless de-
vices come to the forefront [8]-[10], as it not only impacts
the system performance but also intensifies other problems.
However, the existing works on this topic partially or fully
disregard some aspects that immensely affect the operation,
which inevitably causes a discrepancy between the theory
and practice. Thus, to tackle this problem and provide a
more realistic analysis, this paper conducts an investigation
on deployment/coverage by considering: 1) a limited source
of power for WPT, i.e. an EH-aided UAV; 2) effective isotropic
radiated power (EIRP) limitations enforced by the regula-
tory organizations, e.g. Federal Communications Commission
(FCC); 3) power consumption of wireless devices; and 4)
reporting frequency requirements of the IoT applications.

This work aims to convey a high-level discussion on the
efficient deployment of network components, i.e. the UAV and
wireless devices, to achieve optimum coverage over an event
area of interest. With this agenda, we first derive the sensing
range of wireless devices. Then, by using the circle packing
problem (CPP) [11], we formulate a well-planned deployment
strategy avoiding overlaps and oversteps, and thus enable effi-
cient and interference-free operations. The analysis, based on
empirical measurements, reveals the non-trivial relationships
between the UAV attributes (e.g. altitude, directivity, energy
budget, output power, transmission duration and frequency);
device characteristics (e.g. quantity, sensing model, power
consumption and conversion efficiency); medium specifica-
tions (e.g. path loss, event area); and application requirements
(e.g. reporting frequency, throughput). In the end, this paper
provides a lower-bound for the required number of wireless
devices ensuring optimal coverage, which can be practically
obtained by the careful selection of design parameters in a
UAV-powered energy-neutral application scenario.

The remainder of this paper is organized as follows. We
first introduce the system model in Sec. II, where the effect of
directivity, adopted WPT model, rectenna operation, the FCC
regulations, and the fundamental assumptions are explained.
Accordingly, the (maximum) sensing range of wireless devices



is derived. Sec. III outlines the conventional deployment
models and formulates an efficient deployment strategy based
on CPP, providing a lower-bound for the required number
of wireless devices (by using the sensing range devised).
This is followed by the numerical evaluation of the proposed
model in Sec. IV to reveal the design guidelines needed
to be followed to achieve optimal coverage while meeting
application requirements. Finally, Sec. V concludes the paper.

II. SYSTEM MODEL

The network scenario shown in Fig. 1 is envisioned in a
hierarchical order employing star topology between one UAV
and N wireless-powered devices (w-pDs). The UAV retrieves
energy from an EH recharging station, flies to the event area,
and conveys the borrowed energy in a “point-to-multipoint”
fashion to the identical w-pDs deployed on the ground plane.
During the WPT stage, the UAV do not move in the 3D space.
The w-pDs operate as battery-less sensors, i.e. they probe their
vicinity for an application-defined parameter and notify higher-
level authorities via an IP-enabled remote AP, which can be
the UAV in some cases. Since the w-pDs are powered by the
UAV, they operate as long as they intercept enough power.

The UAV performs WPT with a directional antenna having
a pencil-beam-like radiation pattern. For such an antenna, i.e.
with one major lobe and very negligible minor lobs of the
beam, the gain Gr can be approximated by
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where @ is the sector angle, Op is the directional antenna half-
power beamwidth (HPBW) -both in degrees, ~ 30000/ 913 is
the maximum gain, and g(¢) is the gain outside of the major
lobe (including minor lobes), which can be neglected [12].
Note that (1) is for a symmetrical radiation pattern, in which
the HPBWs in each plane are equal to each other, i.e. 6;3=0,,.

For the scenario depicted in Fig. 1, the radiation of UAV
resembles a cone with slant height Rgr, apex angle Op, base
radius r,, and height h. Thus, from the projection of this
radiation, the geographical (or event) area to be powered is
AUAV:EVZ:nR%FsinZ%B. As seen, O alters not only Gr given
by (1) but also Ayay. Any increment in Aysy, by keeping
the other parameters constant, accordingly necessitates more
than N w-pDs to be deployed. However, the factor that affects
N the most is Rgpp, which is the maximum distance that the
UAV can deliver the minimum power required by the w-pDs
(Pgmin). Let’s consider this power as a function of Euclidean
distance between the UAV and w-pDs. Then, |Pgmin(r)| for
the diameter of the base circle will look like the probability
density function of a normal distribution with zero mean and
very high variance. This is the corollary of directivity, since 8p
is small; thus, Rgr~h. We, therefore, assume that the received
power Pr will be equal for each point in the base circle, i.e. the
w-pDs will receive the same Py irrespective of their location.

Figure 1: Orientation of network components (cross-sectional view).

Consequently, Pr at distance Rgr due to the UAV with transmit
power Pr can be given by Friis Transmission Equation [12] as
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where Gy is the antenna gain of the w-pDs, A is wavelength,
c is the speed of light, f is the carrier frequency of RF waves
transmitted by the UAV, and v is the path loss exponent of
the air-to-ground channel. This equation refers to the generic
RF power transfer model, with no reflected signal between the
UAV and w-pDs. It is also assumed that the w-pDs are in LoS
of the UAV, and there is no shadowing.

Contrary to expectations, the output power of the UAV
in (2), cannot be altered casually; it is bound by the FCC
regulations. FCC Part 15.247 rules declare that the maximum
Pr fed into the antenna cannot exceed 30dBm (1W) for the
ISM bands, and the maximum effective isotropic radiated
power (EIRP) is limited to 36dBm (4W) [13]. This indicates
that increasing Gr necessitates a proportional decrease in Pr,
and vice versa, such that the total RF power radiated by
the antenna remains the same, i.e. 4W EIRP. For directional
dispersion, on the contrary, there are some exceptions to the
maximum EIRP. For example, in the 2.4GHz band, increasing
Gr to get an EIRP above 36dBm is allowed (up to 52dBm),
where Pr must be reduced by 1dBm for every 3dBi increase
of Gr. However, the physical size of the antennas increases
with increasing G, which is impractical for sensors requiring
small form factors. Besides, WPT at high frequencies is
not useful as Pgr is inversely proportional to the square of
the frequency. Thus, at 2.4GHz, a power source increasing
its EIRP (with Gr) has to decrease its Pr to comply with
the FCC regulations. As the UAV in our case has a fixed
energy budget Ey, decreasing Pr allows a longer duration
of power transmission f7, i.e. lengthened coverage lifetime.
Although this sounds attractive, the duty cycle of the w-pDs
will accordingly be altered, which cannot be tolerated always
due to the certain reporting frequency requirements of the IoT
applications [14]. Furthermore, since decreasing Pr (increasing
f) will accordingly lower Pg, the w-pDs may need to switch



from power-neutral to energy-neutral operation [15], which
is not desired for this particular scenario. Thus, these trade-
offs must be carefully considered during the system design to
maximize the performance metric defined by the application.

It should also be noted that Pg in (2) indicates the power
intercepted by the w-pDs (or the input power), which has to be
converted into usable DC power, Py, by a rectifying antenna
(rectenna). Usually, a linear EH function is adopted for this
operation, i.e. Py, =MNPg, where 1 (0<1n <1) is the RF-
to-DC conversion efficiency of the rectenna. However, this
model does not hold in practice due to the non-linearity of
diodes, inductors, and capacitors used in the EH circuitry.
Empirical results show that ) often increases with increasing
Pr and remains constant when Pg exceeds the saturation power
threshold, Py, of the harvester [3]. Thus, 1 is neither a
constant nor a linear parameter; it is a function of Pg, where Pg
is based on several variables as seen in (2). By also considering
the sensitivity of rectenna, i.e. the minimum (threshold) power
By, required for its activation, the most accurate EH model can
be given by the following piecewise linear function [16]

0, Pr € [0,Py),
Puar(Pr) £ N(Pr)-Pr,  Pr € [P, Poat), 3)
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which is non-decreasing and continuous for all PreR, Pz > 0.
By using curve-fitting tools for any empirical dataset, the

function 7(-) can be simply formulated as a polynomial, which
gives a mathematically tractable expression with sufficient
precision. In this work, the rectennas are assumed to operate
in the ideal region, i.e. Pg € [P, Pyy| for all w-pDs.

Now, let’s suppose that the w-pDs behave as omni-
directional radars, where they forward the power delivered
by the UAV to their vicinity for the detection of any thing
of interest at distance r;. Since the w-pDs are assumed to
receive the same Pr and are identical, they will radiate at the
same transmit power Pj, which will result in equal sensing
regions for all. Thus, the received, i.e. backscattered, signal
strength at a w-pD, which is reflected from the target(s), can
be characterized by the well-known radar equation [12] as

backscattered power
density at the RX
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where G7. and Gy are respectively the transmitter (TX) and
receiver (RX) antenna gain of the w-pD, o is the radar cross-
section of the target(s), and v; is the path loss exponent on the
ground plane. Here, the w-pDs will use the same antenna for
TX and RX, i.e. monostatic radar, and thus G =Gy = GRray-
Furthermore, due to losses and savings for future operations,
e.g. processing of the sensed parameters and their transfer to
the AP, the w-pDs will only have a portion of Py, to forward,
i.e. P} =PBPu(Pr)=Pn(Pr)Pr, where f is the loss factor.

In (4), if ry is assumed as the maximum distance that a
w-pD can reach, Pgpraa turns into the receiver sensitivity, i.e.
the minimum power that has to be received to detect a target.
For radars, P;}g;’d is given by kTy BF (S/N)in, where k is the
Boltzmann constant, 7Ty is the absolute temperature of the
w-pD input, B is the w-pD bandwidth, F is noise factor,
and (S/N)miy is the minimum signal-to-noise ratio needed to
process a signal. The region to be probed by a w-pD will
therefore be a small circle with radius rgnax, i.e. sensing range.
By substituting (1), (2), and (3) in (4), and rearranging the
resulting equation, rgnax can be expressed as
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It should be noted that sensing range for any sensor can be
alternatively given by ry = (P} /u)'/% [17], instead of the radar
assumption, where ( is an application-dependent constant,
and & is a parameter referring to the power consumption
model. In conclusion, (5) -or the above-given equation, can be
used to designate relevant design parameters enabling effective
sensing coverage in the given deployment scenario.

III. w-PD DEPLOYMENT: OPTIMAL COVERAGE

To ensure optimal coverage over the event area Ayay, the
network must be carefully designed according to the UAV,
w-pD, and medium characteristics. Here, the coverage refers
to sensing quality of the network, and k-coverage implies
that every single point in Aysy is sensed by at least k
(0<k<N) w-pDs. For coverage, two conventional models
stand out: random, i.e. no strategy, and grid-type or well-
planned deployment, as shown in Fig. 2. Regardless of the
adopted model, Py, given by (3) must be > Ppmin of the w-pDs.
This is to reliably sense Ayay and deliver the measurements
to a remote AP, i.e. guaranteed coverage over the event area
and connectivity in the network.

The key factor deriving k-coverage for a random deployment
is the sensing range rgnar of the w-pDs. This can be simply
determined via stochastic geometry [18], where k depends on
the homogeneous Poisson point process of the w-pD density.

Overlapped Overstepped

Covered

Uncovered

Figure 2: Possible deployment models: (a) no strategy (random); (b)
well-planned (grid-type). Small circles represent the sensing regions
of the w-pDs, where the big circle is Ayay .



Stochastic geometry allows derivation of a tractable expres-
sion for k ensuring certain coverage probability, assuming
that w-pDs are randomly and uniformly positioned over the
event area. However, k, calculated by stochastic geometry is
denoted as the worst-case scenario since the sensing regions
of w-pDs may overlap, which would necessitate more w-pDs
to be deployed for achieving the same coverage rate, D,. By
also considering that radar assumption may not properly work
in the case of random positioning due to false alarms, grid-
type deployment seems preferable as it may achieve a higher
D, for the same k or the same D, with less than k w-pDs.

For a well-planned deployment, the w-pDs must be posi-
tioned in a way such that each point in Ay4y falls into only one
w-pD’s sensing range, i.e. no overlaps occur (constraint #1).
In addition, for the most efficient utilization of the w-pDs, the
areas that they cover must stay within Ayy, i.e. no oversteps
allowed (constraint #2). These will potentially allow N to be
minimized at the cost of initial deployment. By considering a
circular sensing region of ﬂ:rsz,m for each w-pD, the problem
can be formulated as

max D, = M, (6)
R%Fsinz%B

s.t. (xi—xj)er(yi*yj)zZ(Zmnmx)z, i#je{l,.,N}, @)

xi2+yi2 < (RRFSin%frsmax)z, x;,yi€R, ie{l,..,N}, (8)

Repsin®% > rgnx >0, )

where x; and y; refers to the Cartesian coordinates of w-pD;
on the ground plane (considering Ayay’s center as the origin),
(7) is constraint #1 and (8) is constraint #2, explained above.
Here, (7) guarantees also that there will be no collision or
interference between the w-pDs. In other terms, if the distance
between the w-pD and a target is rgmax, there cannot be any
w-pD closer than rgnax to that particular target. Finally, (9) is
an obvious upper bound for the sensing range.

Solving (6), i.e. maximizing D, with a minimum N, is
not easy due to the above-formulated constraints, the FCC
regulations, and a number of variables that depend on UAV
attributes. Thus, we model (6) by using the circle packing
problem (CPP) [11]. In CPP, N circles, which refer to the
number of w-pDs, and their corresponding (sensing) areas -for
our case, are arranged in a given surface, i.e. Ayay, such that
the packing density, D,, is maximized without any overlaps
and oversteps. It should be noted that CPP in a given surface
is often intractable [8], i.e. it is not likely to constitute a general
packing strategy that is optimal for any N. For example, both
mirror and square symmetry achieve the same D,, (0.5556) for
N =35, while pentagonal packing outperforms those two with
D, of 0.6852. Depending on N, new symmetry types, which
were not applicable earlier or performed worse, may stand out.

In (6), for a fixed Ayay, i.e. constant denominator, rgmax
decreases for increasing N. D,, on the other hand, is not strictly
increasing, which makes the problem more difficult to solve. In
CPP, N is usually given and the main goal is to find the radius
of small circles covering a bigger circle (or container) for the

highest D,. However, in our case, since the energy budget
of the UAV is limited, we can calculate the maximum radius
that the circles can have, i.e. rgnar, which gives the minimum
number of N to be deployed. Thus, CPP will provide a lower-
bound for N, which is again subject to several variables.
Now, let’s define )y as the ratio of the UAV base radius to
w-pD sensing range, i.e. ¥ = %ﬁfw) and assume N is the

required number of w-pDs to paci< the area covered by UAV.
In [19], an upper bound for y is given as

V(g =1 +16g,(N—1) — 1
4qn
where qh denotes the density of hexagonal lattice packing, i.e.
2\[ By using (10) and [20], N can be conjectured as

N> [gnx* — (2qn— 2+ ¢, txerg=>1(om@)},  (11)

where { =2 for 3<y < 10, and =1 otherwise. By using N
from (11), the coverage rate can be calculated as D, = £5. It
should be noted that the maximum D, that can be achieved
by hexagonal lattice packing is ~ 0.907, i.e. gj.

X = +1, (10)

IV. SIMULATION RESULTS AND DISCUSSION

For simulations, we consider the UAV-based WPT at 4W
EIRP over f of 868MHz (unless otherwise stated) in a
suburban area, where the w-pDs have Gg = G,,; = 6dBi and
P;}g’d of 107°. The other constant parameters are as follows:
c=3x10%m/s, fr=2.45GHz, vi =2.2 [21], v, =4.7 [22],
0 =0.01m?2, and B =0.8. Furthermore, 70 is calculated as a
function of Pg by using real data outsourced from [23] and
[24]. Fig. 3(a) and (b) depict the fitted functions of the used
rectenna designs operating at 0.868 and 2.45GHz, respectively.

Fig. 4(a) and (b) show the number of w-pDs, N, and the
coverage rate, D, (corresponds to each N) as a function of
altitude, 4. Not surprisingly, as the height of UAV increases,
more N is needed. This is because the w-pDs receive less P
and Aygy gets larger with increasing 4. For a fixed h, lower
Gt (or higher 6p) necessitates more N to be deployed, since
the power dispersion is performed towards a wider area, i.e.
larger Ayay to be packed. D,, on the other hand, is not always
increasing due to the constraints explained in the previous
section. Fig. 4(c) illustrates the change in N and D, as well as
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Figure 3: The rectenna efficiency, 1, as a function of input power, Pg:
(a) for the rectenna proposed in [23] (@ f,..; =868MHz); (b) for the
rectenna proposed in [24] (@ f..s =2.45GHz).
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Figure 4: The number of w-pDs, N, coverage rate, D,, and coverage lifetime, t7, for UAV altitude, A,

and apex angle, 6p (4W EIRP

@ f=868MHz): (a) N vs. h; (b) D, vs. h (for G of 6, 9, 12, and 15dBi); (c) N and D, vs. 0 and 7 vs. Op (for Ayay of 140m?).

coverage lifetime 77 for varying 6. Due to the fixed energy
budget of the UAV, Ejy, the duration of power transmission, #7,
is limited by Pr. In other terms, f7 will decrease proportionally
to any increase in Pr, and vice versa, as a corollary of
Ey = Pr xtr, since the UAV is assumed to perform WPT
always at the maximum output power allowed by the FCC
(4W EIRP). Hence, as seen in Fig. 4(c), increasing 0, i.e.
decreasing Gr, will allow Pr to be increased as much as
possible without violating the maximum EIRP rule, which will
accordingly shorten ¢7. It should be noted that dynamic change
in Op (or G7) is not possible in practice. This is just to provide
more insights on the characteristics of directional WPT with
a limited source of power.

Fig. 5 can be considered as a derivative of Fig. 4(a) and (b),
where N and D, are given as a function of Ayuy. As seen,
(unlike Fig. 4) N is higher for higher G at a fixed Apyay,
since the UAV with higher Gr has to climb up for keeping
the Ayay constant (due to the narrower 0p). In practice, some
applications requiring coverage over a fixed event area or
the medium of interest (e.g. urban areas) may have some
restrictions on the lowest 7, i.e. the closest altitude approach-
able. Thus, the UAV has to be equipped with the most
suitable antenna to achieve the highest D, with a minimum
N while meeting the application requirements/complying with
the specific regulations.
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Figure 6: The effect of increasing EIRP on the number of w-pDs, N,
and coverage rate, D,, for varying UAV altitude, h: (a) N vs. h; (b)
D, vs. h (for EIRP of ~4, 6.31, 10, and 15.85W @ f=2.45GHz).

Fig. 6 compares the same parameters in Fig. 4(a) and (b) but
for an increasing EIRP at f of 2.45GHz. Despite the increase
in EIRP (from 4 to 15.85W), the required number of w-pDs,
N, has considerably increased since the signal fading is severer
at higher f, i.e. Proc1/f2. Thus, Pk reduces by ~8 times (for
the same EIRP) when f changes from 868MHz to 2.45GHz.
Note that the red lines in Fig. 4(a) and Fig. 6(a) correspond
to the same EIRP (4W or 36dbm, i.e. 6dBi of Gy + 30dBm
of Pr). Even for the highest EIRP considered (15.85W), Pg
is still half of the value that is achieved at 868MHz with 4W
EIRP. Reducing P also reduces 1, as can be observed from
Fig. 3, which adversely affects rgnar, and thus N. Hence, if the
application necessitates the use of 2.45GHz band for the WPT,
the UAV should operate on the highest EIRP (considering the
antenna size) at the lowest altitude possible. In such a way, the
effect of frequency and fading components can be minimized,
achieving similar performance to that of the sub-GHz bands.
Yet, the increase in the EIRP may affect the duty cycle or
reporting frequency of the w-pDs since the UAV will need
frequent replenishment due to the increased power output, i.e.
more trips to the recharging station (duration of which is orders
of magnitude longer than #7). Furthermore, in addition to the
lower Pg received by the w-pDs, the throughput at the AP will
decrease due to the total time elapsed. These trade-offs point
out the need for a more inclusive and complex optimization
problem, which is not in the scope of this paper.
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Fig. 7 shows the minimum number of w-pDs required to
satisfy a targeted coverage rate over the event area of interest.
For any given Ayay (from 50 to 200m?), a D, of 0.7 can be
achieved by a UAV having Gr of 15dBi and transmitting 4W
of EIRP at 868MHz. However, for D, =0.8, Aysay must be
at least 100m?2. This is a corollary of CPP, i.e. the more w-
pDs to be deployed, the higher D, will be achieved (which
occurs only if Ayay gets larger or rgnax becomes shorter for
the same Aygy). For the envisioned setting, 0.9 of D, is not
achievable as it needs more than N w-pDs that can fit in the
given Ayay. Depending on 6p, Pr, f, and Ayay, achievable D,
varies with N. Thus, optimal designation of the relevant design
parameters is of utmost importance to meet the requirements
(e.g. minimum N, maximum D,, certain reporting frequency,
and highest throughput) set by the applications.

V. CONCLUSIONS

This paper investigates the optimal coverage in the IoT
networks with a minimum number of w-pDs, which are
remotely powered by an energy-limited UAV with a directional
antenna. First, the maximum sensing range of the w-pDs
was derived as a function of UAV altitude, output power,
and directivity. Then, by using the CPP theorem, an efficient
deployment strategy avoiding the overlaps and oversteps,
and thus providing a lower-bound for the required number
of w-pDs was proposed. The analysis revealed the design
considerations for maximum coverage with regard to the FCC
regulations, realistic rectenna operation, and minimum power
and reporting frequency requirements of the w-pDs. Future
work will focus on the optimization of the afore-mentioned
trade-offs to maximize the throughput in the UAV-powered
energy-neutral networks.
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