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Optimal Altitude Selection of Aerial Base Stations to
Maximize Coverage and Energy Harvesting Probabilities:
A Stochastic Geometry Analysis

, Hamid Saeedi ', Hossein Pishro-Nik ",
and Halim Yanikomeroglu

Saeede Enayati

Abstract—This paper provides radio frequency (RF) energy harvesting
and coverage probability analysis using stochastic geometry in a two-hop
communication network. In the first hop, terrestrial base stations (TBSs)
transmit RF energy and data to the aerial base stations (ABSs) and in the
second hop, ABSs forward the data to the user. Numerical results show
that the energy harvesting and coverage probabilities can be maximized
at almost the same altitude of the ABSs with respect to the TBSs height
for low TBSs densities. However, as the density of the backhaul nodes and
the energy harvesting sub-timeslot increases, energy harvesting probability
improves while coverage probability monotonically decreases by increasing
the ABSs height.

Index Terms—Aerial base stations (ABS), energy harvesting, stochastic
geometry, coverage probability.

I. INTRODUCTION

Providing a ubiquitous coverage is of vital importance in commu-
nication systems. In this regard, aerial base stations (ABSs) have been
considered as a temporarily deployable communication network for
data supplying and collecting in urban, rural and hard-to-reach areas in
both uplink and downlink scenarios. Stochastic geometry, as a powerful
analysis tool, has been recently applied to the ABS networks to provide
system level analysis [1]-[3] following its successful application to
analyze terrestrial base stations (TBSs).

Coverage probability was obtained in [1] assuming a finite network
of ABSs modeled as binomial point process (BPP). In [2], secrecy rate
analysis of Matérn hardcore point process (MHCP) has been investi-
gated. Assuming a heterogeneous network of terrestrial base stations
and ABSs, coverage and rate analysis was analyzed in [3]. The authors
of current paper proposed a stochastic trajectory processes for which
instantaneous uniform placement of moving ABSs will be maintained in
a finite circular area leading to an almost uniform coverage throughout
the cell [4].

An important issue to consider in ABS networks is the backhaul link
specifications and how it influences the system level performance. Due
to the impossibility of using wired links as backhaul for ABSs, wireless
solutions such as free space optics (FSO) or mmWave links have been
considered. However, these solutions cannot provide reliable backhaul
links for the ABS networks when ABSs are moving or when there is an
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outage due to weather conditions for the case of FSO. Hence, wireless
RFlinks seem to be a better choice for ABS network backhauling [5]. In
many cases, TBSs already in place, are deployed to act also as backhaul
RF links. In such scenarios, it is expected that the resulting coverage
is highly dependent on the height of ABSs for a given density of the
TBS network. In this paper, we provide a stochastic geometry based
analysis to investigate this hypothesis. We show that for a given density
and height of the TBS network, there is an optimal value for the height
of the ABSs.

Another important issue in ABS networks is their short life time of
25-30 minutes due to energy limitations [6]. Hence, any improvement
in energy consumption can have a favorable effect on increasing the
network lifetime [6]. In this regard, it would be beneficial to let the
communication systems power requirements of the ABSs be provided
by external sources. However, so far, few works paid attention to this
issue. The authors in [7] consider solar energy arrival modeled as an
independent identically distributed Bernoulli process in a single-hop
ABS network. Solar powered UAVs were also considered in [8] to
investigate the optimal 3D trajectory and wireless resource allocation
in a multi-carrier single-hop ABS network. In line with solar and
wind, RF energy harvesting has been suggested to be an alternative
power source to batteries, in which DC power can be extracted from
the received electromagnetic waves using RF-to-DC power conversion
modules. Hence, in this paper, we propose to deploy ambient RF energy
harvesting by the ABSs similar to the case of IoT networks [9].

As far as RF energy harvesting in ABSs are concerned, outage
probability of a single source-relay-destination network was obtained
in [10]. Also, the authors of [11] considered a single source and
destination network with multiple energy harvesting UAVs as relays
where the channel between the nodes are modeled by fading only.

In this paper, unlike previous works that considered either a single-
hop communication with ABSs, or a two-hop communication with
single source, relay, and destination, we aim to evaluate the performance
of an ABS network where it is backhauled with a TBS network. To
the best of our knowledge, this is the first work to consider both the
energy harvesting and the coverage probability analysis in a two-hop
multiple ABS communication network. Hence, network parameters
such as ABSs height with respect to the TBSs’ and harvesting time
duration are obtained so as to maximize the probability of harvest-
ing, defined as the fraction of timeslots for which we can harvest
enough energy that is sufficient for the transmission on the same
timeslot.

In our system model, we consider a two-hop communication system:
The first hop consists of the two sub-timeslots devoted to energy
harvesting and data transmissions from TBSs to the ABSs, respectively;
the second hop is associated to the third sub-timeslot to forward the data
from ABSs to the end user. It is important to note that the existence
of LOS increases the energy harvesting probability in a given timeslot.
Increasing the LOS probability can be achieved by increasing the height
of the ABSs. On the other hand, such an increase may have an inverse
effect on the amount of harvested energy due to the path-loss. In other
words, there is a trade-off between maximizing the LOS probability
and minimizing the path-loss. In this paper, using stochastic geometry,
we investigate and analyze such trade-off. Our analysis show that there
is in fact an optimal height of the ABSs that maximizes the energy
harvesting probability.

Given the above discussion, an important question arises: should
a compromise be made in the height of the ABSs in case we want
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ABSs as access points for the users and TBSs as backhaul for the

to maximize the energy harvesting probability while obtaining the
maximum coverage probability. Our analysis shows that for networks
with lower density of TBSs, both RF energy harvesting and coverage
probabilities are maximized for pretty much the same heights of ABSs.
However, we observe that as the density of TBSs increases, RF energy
harvesting and coverage probabilities decrease monotonically vs. the
ABSs height. We show that with proper adjustment of ABS heights,
we can practically provide almost all required transmit power through
energy harvesting which can, in turn, increase the flying time of the
ABSs.

This paper is organized as follows: Section II introduces system
model and initial parameters as well as some primary formulations.
Section III provides the coverage probability analysis and Section IV
presents the numerical results.

II. SYSTEM MODEL DESCRIPTIONS

We consider a timeslot-based network in which ABSs first harvest
ambient RF energy from the TBSs and then use it to receive and
transmit data, respectively. Specifically, each timeslot of length T is
partitioned in to three sub-timeslots of lengths T, = py T, T, = p» T,
and Tt = p3 T for harvesting ambient RF energy, receiving data from
the backhaul TBS, and transmitting data to the associated receiver,
respectively. Fig. 1 shows a representation of our system model. More
details on the spatial and channel characteristics and initial mathemat-
ical formulations of the system model are provided in the sequel.

A. Spatial and Channel Model for the Backhaul and
Access Networks

We consider a network of TBSs modeled as PPP ®; = {z;} C
R?,i =0,1,2,..., withdensity A, where z; is the 2D location of TBSs.
Also, TBSs’ height is assumed to be H;. We also consider a network
of ABSs modeled as another PPP &, = {y;} C R%,i =0,1,2,...
with a density A, > A; independent of &, hovering at the altitude
of H, over the ground. We also model the user distribution as an
independent PPP &, = {z;} C R%2,:=0,1,2,..., with density A,
where A, > A, s0 as to assume that all the TBSs and ABSs are active
in their communication timeslot.

For the both backhaul TBS-ABS and access ABS-user links, we
assume distance-dependent power law path-loss and Nakagami-m fad-
ing. Also, LOS and NLOS probabilities are considered in both backhaul
and access links due to the air-to-ground channel model defined for the
ABSs. In this regard, for the air-to-ground channel, LOS probability is
defined as [12]:

1
1+ Cexp(—B(( - C))’

PL (T:l:,y) = (]-)

where C' and B are the constant values depending on the environment
properties. Moreover, in (1), ¢ is the elevation angle defined as (in
degrees) ¢ = %tan"(%), where H' € {AH,H,} and AH =
H, — H;. Also, the probal:;ilily of having NLOS link is Py (1 ) =
1 — Pp(rs,y)- Hence, generally path-loss is defined as I(r¢, y,;, H') =
(2, ,, + H?)>»/2inwhich z; € {®;,8,},y; € {®a, P}, andn €
{1,2} for the backhaul and access links, respectively. Furthermore,
LOS and NLOS links consideration results in the following path-loss
formulations [12]:

LOS  In(re, .y, H') = (r2_, +H?)n/?
Ura g, H') = T
! NLOS lN(rIj,yi,H') :;‘J,(Tij_‘gi + H'*)on/2

2)

where p is the attenuation factor of the NLOS link. Besides, channel

power gains of the link between {z;, y;} areshownas hl  andh)

distributed according to the Gamma(m, £ ) PDFwithm € {my,mxy}

for the LOS and NLOS links, respectively, assumed to be integers for

the sake of tractability.

B. Harvested Energy and SIR Definition

Using the assumptions above, in this section we define energy
harvested by a typical ABS and the signal-to-interference ratios (SIRs).
Since the total amount of energy harvested by the ABS from TBSs is
a power-law shot noise process with unknown probability distribution
function (PDF) [9], we only consider the energy harvested by the ABS
from its nearest TBS as the dominant RF transmitter and take into
account the other TBSs” energy harvested as a constant value. This
assumption was previously applied in RF-powered loT-based networks
in [13]. Hence, assuming the nearest ABS to the user is located at y; and
the nearest TBS to the corresponding ABS is located at x, the harvested
amount of RF energy in the first sub-timeslot, i.e., Th = p1 T, can be
defined as

E(""Io,vo) ~ NTh Py,

PQ(Tiﬂ,UO)hgg,gD =

x (qu TaCroow AH) + E(ra0,u0 T‘yueo))? (3)
where F;, is the transmit power from the TBSs for the RF ambient
energy harvesting (assumed to be the same for all the TBSs), n (0 <
1 < 1) is the RF harvested energy to DC conversion efficiency, and
Q@ = {L, N}. Furthermore, E is the average received RF power from
the other TBSs which are farther than the nearest one located at x;.

We assume ABSs consume all the amount of energy harvested in the
first sub-timeslot during the next other two if it is greater than a certain
energy threshold, Enin = Ep + T:P;, where Ej is the required energy
for the data receiving and decoding defined as Ey = Tr(alog,(1 +
~p) + b) similar to [9] in which -, is the minimum required SIR at the
ABS and a and b are constants. Furthermore, T} P;, is the required power
to transmit data to the typical user. Therefore, the probability that an
ABS harvests enough energy for the subsequent sub-timeslot, referred
to as energy harvesting probability, is obtained as P, = P(E > Ep,)-

The received (SIR) from the nearest ABS, to which we refer as
the tagged ABS, to the typical user located at the origin in the access
link is

hyg,ﬂl(rgo,ﬂa Ha)_l

Zg,;eti)’ﬂ\yu hgilﬂl(ry‘:‘{}, Ha)_l ,

where @/, is the point process with A!, = PyA, produced from ®,,
assuming the ABSs have harvested enough energy. Hence, conditional

SIR, = (C))
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access coverage probability is defined as

P, = ]Erm‘oP(SlRa > Ya | 'ryg,l]): (3)

where «y, is the SIR threshold at the access link. Similarly, at the
backhaul side, assuming the nearest TBS (tagged TBS) is located at
x, the received SIR to the tagged ABS located at yp is

h-"-‘oﬂgol(r-"-‘mvm AH)_I
Zz,;ecb,'\a:o hz,-,yglt(rz,;,gg: AH)_I ,

P(SIRy, > 3 |

SIR;, = (6)

and the backhaul coverage probability is P, = E

Tzg.u0
TIu,yu)-

III. COVERAGE PROBABILITY ANALYSIS

In this section, we analyze the network performance in terms of the
coverage probability of the typical user. The coverage probability is
formulated as follows:

pcov =E [P (E > Emin | 'r:ru,‘yu)

Ty, upTug.0

P (SIRh Z Y | 'rzg,‘yg) P (SIRa > Ya | Tyu,ﬂ)] ) (@)

where we note that RF energy harvesting probability and the backhaul
coverage probability are conditionally independent [9]. To calculate (7),
in the following subsections, we first find the conditional probabilities.

A. Energy Harvesting Probability

Considering Eq. (3), we provide energy harvesting probability in the
following lemma:

Lemma 1: Energy harvesting probability as a function of r ,, is
obtained as:

mg—1

Ph('rzg m) _ Z P (T:l:o,yo)e_quq Z (quq) , ®)

qeQ

where z4 is given by (13).

Proof: See Appendix A. |

Corollary 1: Integrating of (8) over r, ,, gives us the probability
of energy harvested by a typical ABS.

In the following sections, we will go through the backhaul and access
coverage probabilities, respectively.

B. Backhaul Coverage Probability

Lemma 2: Backhaul coverage probability of the tagged ABS as a
function of r, ,, is obtained as (9), shown at the bottom of this page,
where Ly, (s) is the Laplace transform of the TBSs interference.

Proof: Considering P, (7yg.y,) and Py (rz,y, ), and the fact that
LOS and NLOS propagations have different path-losses and channel
power gains, the coverage probability is obtained similar to [14, Theo-
rem 1]. Furthermore, £y, (s), shown in (10) at the bottom of this page,
is obtained similar to Theorem 1 of [14]. |

C. Access Coverage Probability

Following (5), we further obtain the coverage probability of the
access link in the next lemma:

Lemma 3: Access coverage probability as a function of ry o is
obtained similar to (9) where Ly, (s) is substituted with the Laplace
transform of I, obtained similar to (10), shown at the bottom of the
page.

Proof: The proof is similar to the backhaul coverage probability.
Note that £, (s) is the Laplace transform of the interference from the
ABSs that harvested enough RF energy. |

Before providing the overall coverage probability analysis, we first
need to obtain the PDF of the random variable r, ,, in the following
lemma:

Lemma 4: Let R =g, y,. The PDF of the random variable
Togyp = Milly, cd, Te, y, Can be obtained as below:

—TAt r

an

Frag., (T) = 2mhsTe
Proof: See Appendix B. |
Now with the probability terms of Equation (7) calculated in Lemmas

1-3, we obtain the coverage probability through the following theorem:
Theorem 1: The coverage probability of a harvesting ABS-aided

network is given by

Pcov = PI (’Yb)‘PZ (’Yﬂ), (]-2}

where P (715) = j;;n Ph(ng,yD)Pb(T:l:u,gg)fw‘zu:m (Ta:u,go)dr:ro,goy
Pa(va)= ‘I;‘U P, (Tgu,ﬂ)fryu,u (Tgn,ﬂ)drya,l] and Ph(r.‘l.‘o,yo):l Pb(rxu,yo):
Pa(7y5.0); fragy.y, (Tzo.u,) are provided in Lemmas 1-4, respectively.
Proof: The coverage probability defined in (7) is rewritten
as Er, 4 [P(E > Emin | T2g,u) P(SIRy > 75 | T2,4)] X
Er, 0P (SIR, > Ya | Tyy.0)]. since the random variables rg .,
and r, o can be assumed almost independent [15]. So, deconditioning
OVEr Ty 4, and ry, o results in (12). |

IV. NUMERICAL RESULTS

In this section, RF energy harvesting and coverage probability are in-
vestigated in the presence of LOS and NLOS two hop ABS network. In
the simulations, Py, =1, P, = 0.5,y =an =4, mg =3, my =2,

=20 dB, B=0.136, C=11.95, T=1 ms, n=0.1, A; = 1,
Tb = —IOdB,’Ya = _ZOdB,PZ

=0.6—p1,p3 =04,andAq = 10A;.
Also, in the figures, diamonds and triangles show the simulation results

()t d

Po(rzo,0) = Pr(T0,30) 2: TR

"X (—s)k d

2 T

ds kﬂfb(s) |s =mrLYblL(Tay,uy.AH) +(l PL(TIO ;',"u))

ds k’cfb(s) ls= MNYIN (T, yg A H) (9

Pr(r)

1= Pr(r) rdr

s ¢]
Lr,(s) = exp —211’16/ 1—
T

T Yo

(1 + Sl (r, AH)—I)’“" -

(10)

my

(1 + 2y (r, AH)—I)
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Fig. 2. Energy harvesting probability. (a) Py, vs p1. (b) Py vs Ha/Hs.
1 1
0 —p, =03 —HH =38
—py =02 Mlosaggo ——HJH=5
o —p =03 o8 X _H:;'H‘ -7
207 =02 207 p o0 %z._.
= ! z
g0 08 o\
E : 3 L\
%M ¢ ) % g 08 A\
fos (N §U.d K
8 naf A=t X ] 0 \\\
oz X 02
o o LN \\
o 5 0 FSA
2 3 4 5 [] ] 9 0 a0 25 20 =15 =10 5 o
HH, Access SIR threshald, + {dB)
(@ (b)
Fig. 3. Coverage probability. (a) Peov vs Ha/H; for i = 1,3 and p) =

0.2,0.3. (b) Poyy Vs g for different Hy /H;. 4; = 3 and p; = 0.3.

and solid lines show the analysis. More details on the parameters are
provided in the figure captions.

Fig. 2a shows RF energy harvesting probability versus the harvesting
fraction of the time-slot, p;, for two values of ABSs heights and TBSs
densities.

As might have been expected, increasing energy harvesting sub-
timeslot improves RF energy harvesting probability. It also shows A,
has a positive effect on the energy harvesting probability. Besides,
increasing the ABSs height, H,, reduces the RF energy harvesting
probability. However, this reduction becomes less as p; increases.
Nevertheless, as p; cannot be that much, the height differences matters.
Furthermore, assumption of LOS probability results in the existence of
an optimal value for H, which results in a maximum energy harvesting
probability in the low values of A; and p;. This has been represented
in Fig. 2b. According to this figure, it can be observed that increasing
At results in a higher energy harvesting probability. Furthermore, the
effect of ABSs altitude becomes faint when both 1; and p, are large,
i.e.,, Ay = 3 and p; = 0.3. It also can be perceived from this figure that
for relatively high density of TBSs, selecting the smaller values of p;
will be sufficient to achieve a desirable energy harvesting probability
level.

As the coverage probability is the main performance metric to be
concerned about, in Fig. 3a we show the coverage probability vs. H,.
In this figure, similar to the energy harvesting probability, in the low
values of A; and p,, the coverage probability is maximized with respect
to %? where for example in blue and red curves of this figure the
maximum values happen at %‘:— =4 and %‘:ﬁ = 5, respectively.

Furthermore, coverage probability has been demonstrated in Fig. 3b
where it shows a decreasing attitude when the access SIR threshold,
“a, increases. Furthermore, the effect of H, is also demonstrated in
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Fig. 4. Energy harvesting and coverage probability for different val-
ues of backhaul path-loss exponent. (a) Pp vs Hq/H; for o) = 2.5,3,4.
(b) Pepy vs Hy /H; for oy = 2.5,3,4.

this figure, where it shows decreasing H, results in the improvement
in coverage probability performance since for the higher values of
A: and p;, which are 3 and 0.3 in this figure, coverage probability
monotonically decreases as H, increases.

Finally, Fig. 4 represents energy harvesting and coverage probabili-
ties for different values of the path-loss exponent in the backhaul link,
i.e., the link from the TBSs to the ABSs. In these figures,c, =4, P;, =
1, P, = 0.5and p; = 0.3. Also, we assume that p; = 0.7 — p so that
equal sub-timeslots are allotted to the power harvesting and transmitting
by the ABSs. Fig. 4a shows that energy harvesting probability increases
monotonically as the %ﬂ increases. Also, it shows that a decrease in
the path-loss exponent of the backhaul link will increase the energy
harvested by the ABS. However, in Fig. 4b, it can be observed that cov-
erage probability decreases as the path-loss exponent decreases. This
is due to the fact that we assumed an interference-dominant network
with the minimum distance association policy where SIR decreases
with the decrease of path-loss exponent. Hence, despite improving
the energy harvesting probability, path-loss exponent decrease has an
adverse effect on the coverage probability. This, certainly, is not the
case in a network without interference.

V. CONCLUSION

In this paper, we investigated the RF energy harvesting and coverage
probability of a two hop ABS-aided communication system where
optimal values of ABSs height for the best RF energy harvesting and
coverage probability performance were obtained. It was observed that
increasing the harvesting time duration improves energy harvesting and
coverage probabilities. These two performance metrics improve for
larger TBSs densities. For fixed values of densities, optimal heights to
maximize energy harvesting and coverage probabilities were obtained.
It was shown that for networks with lower density of TBSs, both
RF energy harvesting and coverage probabilities are maximized for
approximately the same heights of ABSs. It was also shown that with
proper adjustment of ABS height, we can practically provide almost all
required transmit power through energy harvesting. As an extension of
this work, the performance of energy harvesting can be improved even
more by deploying multiple-antennas in a beam-forming scheme.

APPENDIX A
PROOF OF LEMMA 1

Conditioned on the LOS and NLOS propagations, energy

. s . (a)
harvesting probability is P (72q,40,9) = P(h2, ,, > 24| q) = 1 —
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Llmg.mgzg) _ —mgqz qu—' mgz

where (a) holds since h, , is

T(rmq) k=0 TRT *
a Gamma random variable and
Ep o Py i )} *
zq = |lg(rapue, AH) | —=——=— + —==— — E(ry,, ,
o= [ A1) (e + 20— B

(13)

where [.]T = max(0,.) and E(r,, ,,) is obtained as

_ (b)
E Z ZPG(T:L‘;@D)IQ(TI;‘QQ:AH) I|Il]:y{} =

z; P \zg gEQ

Pr(r)

2 / +
‘ ( - ((r2+AH2)“1/2

where the first line comes from averaging over the channel power
gain which is %3— = 1 and (b) results from the well-known Campbell
theorem.

Py (r)
u(r2 + AHz)anﬂ

'rd'r) )

(14)

APPENDIX B
PROOF OF LEMMA 4

Using the displacement theorem of PPPs [16], the intensity measure
of the point process R = 75, y, is Ar([0,t)) = 2mA, [ rdr = wht2.
Hence, applying the null probability of the random variable r, ., =
min R, we obtain F,_ = Pr(rg, ., <t)=1—e*rO0) =1 _

e ™t _derivation of which results in (11).

T Yn
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