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Unmanned Aerial Vehicle with Underlaid
Device-to-Device Communications:

Performance and Tradeoffs

Mohammad Mozaffari, Student Member, IEEE, Walid Saad, Senior Member, IEEE, Mehdi
Bennis, Senior Member, IEEE, and Merouane Debbah, Fellow, IEEE

Abstract

In this paper, the deployment of an unmanned aerial vehicle (UAV) as a flying base station used to
provide on the fly wireless communications to a given geographical area is analyzed. In particular, the
co-existence between the UAYV, that is transmitting data in the downlink, and an underlaid device-to-
device (D2D) communication network is considered. For this model, a tractable analytical framework
for the coverage and rate analysis is derived. Two scenarios are considered: a static UAV and a mobile
UAV. In the first scenario, the average coverage probability and the average sum-rate for the users in the
area are derived as a function of the UAV altitude and the number of D2D users. In the second scenario,
using the disk covering problem, the minimum number of stop points that the UAV needs to visit in
order to completely cover the area is computed. Simulation and analytical results show that, depending
on the density of D2D users, optimal values for the UAV altitude exist for which the average sum-rate
and the coverage probability are maximized. Moreover, our results also show that, by enabling the UAV
to intelligently move over the target area, the overall communication rate and coverage probability can
be significantly improved. Finally, in order to provide a full coverage for the area of interest, the tradeoff

between the coverage and delay, in terms of the number of stop points, is discussed.

I. INTRODUCTION
The use of unmanned aerial vehicles (UAVs) as flying base stations that can boost the capacity
and coverage of existing wireless networks has recently attracted significant attention [1] and
[2]. One key feature of a UAV that can potentially lead to the coverage and rate enhancement
is having line-of-sight (LOS) connections towards the users. Moreover, owing to their agility
and mobility, UAVs can be quickly and efficiently deployed to support cellular networks and
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enhance their quality-of-service (QoS). On the one hand, UAV-based aerial base stations can be
deployed to enhance the wireless capacity and coverage at temporary events or hotspots such
as sport stadiums and outdoor events. On the other hand, they can be used in public safety
scenarios to support disaster relief activities and to enable communications when conventional
terrestrial networks are damaged [1]. Another important application of UAVs is in the Internet
of things (IoT) in which the devices have have small transmit power and may not be able to
communicate over a long range. In this case, a UAV can provide a means to collect the IoT
data from one device and transmit it to the intended receiver [3] and [4]. Last but not least,
in regions or countries in which building a complete cellular infrastructure is very expensive,
deploying UAVs is highly beneficial as it removes the need for towers and cables. In order to reap
the benefits of UAV deployments for communication purposes, one must address a number of
technical challenges that include performance analysis, channel modeling, optimal deployment,
and resource management, among others [5]—[15].

The most significant existing body of work on UAV communications focuses on air-to-ground
channel modeling [5]—[8]. For instance, in [5] and [6], the probability of line of sight (LOS) for
air-to-ground communication as a function of the elevation angle and average height of buildings
in a dense urban area was derived. The air-to-ground path loss model has been further studied
in [7] and [8]. As discussed in [8], due to path loss and shadowing, the characteristics of the
air-to-ground channel are shown to depend on the height of the aerial base stations.

To address the UAV deployment challenge, the authors in [9] derived the optimal altitude
enabling a single, static UAV to achieve a maximum coverage radius. However, in this work,
the authors simply defined a deterministic coverage by comparing the path loss with a specified
threshold and did not consider the coverage probability. The work in [10] extends the results
of [9] to the case of two UAVs while considering interference between the UAVs. In [11],
the authors studied the optimal placement of UAVs for public safety communications in order
to enhance the coverage performance. However, the results presented in [11] are based on
simulations and there is no significant anaylitical analysis. Moreover, the use of UAVs for
supplementing existing cellular infrastructure was discussed in [12] which provides a general
view of practical considerations for integrating UAVs with cellular networks. The work in [13]
considered the use of UAVs to compensate for the cell overload and outage in cellular networks.
However, [12] does not provide any analysis on the coverage performance of UAVs and their

optimal deployment methods. In [14], the authors investigated how to optimally move UAVs for



improving connectivity of ad hoc networks. However, [14] only focused on an ad-hoc network
and assumed that the UAV have complete information about the location of nodes. In [15],
considering static ground users, the optimal trajectory and heading of UAVs equipped with
multiple antennas for ground to air uplink scenario was derived.

For scenarios in which there is limited or no infrastructure support, beyond the use of
UAVs, there has been considerable recent works that study the use of direct device-to-device
(D2D) communications between wireless users over the licensed spectrum [16]. Such D2D
communications has been shown improve coverage and capacity of existing wireless networks,
such as cellular systems. In particular, in hotspot areas or public safety scenarios, D2D will
allow users to communicate directly with one another without significant infrastructure. D2D
communications are typically deployed using underlaid transmission links which reuse existing
licensed spectrum resources [17]. Therefore, deploying a UAV over a spectrum band that must
be shared with an underlaid D2D network will introduce important interference management
challenges. In the literature, there are some studies on the coexistence of the underlaid D2D and
cellular communications with a single base station [18]. Furthermore, the authors in [19] and
[20] exploited the interplay between the massive MIMO and underlaid D2D communications
in a single cell. However, none of theses prior works studied the coexistence of UAVs and
underlaid D2D communications. In particular, a comprehensive analytical analysis to evaluate
this coexistence in terms of different performance metrics, such as coverage and rate, is lacking
in the current state-of-the-art [9], [14], [18]-[20].

Compared to the previous studies on the coexistence of D2D and cellular networks such as
[19] and [20], the presence of an aerial UAV base station along with D2D links introduces new
challenges. First, the channel modeling between the UAV and ground users will no longer be
a classical fading channel, instead, it will be based on probabilistic LOS and NLOS links [5],
[6], while the channel between a base station and the users will still follow a Rayleigh fading
model. Second, unlike conventional, fixed base stations, the height of a UAVs is adjustable
and this impacts the channel characteristics and the coverage performance. Third, the potential
mobility of a UAV introduces new dimensions to the problem and the impact of such mobility
on D2D and network performance must be analyzed. The prior studies on UAVs such as [S]-[14]
have not addressed the third challenge. More specifically, the interplay between UAVs and D2D
communications and the existing challenges and tradeoffs have not been investigated in these

literature. To our best knowledge, this paper will provide the first comprehensive fundamental



analysis on the performance of UAV communication in the presence of underlaid D2D links.

The main contribution of this paper is to analyze the coverage and rate performance of
UAV-based wireless communication in the presence of underlaid D2D communication links.
In particular, we consider a network in which a single UAV must provide downlink transmission
support to a number of users within a given area. In this area, a subset of the devices is also
engaged in D2D transmissions that operate in an underlay fashion over the UAV’s transmission.
We consider two types of users, namely downlink users (DUs) which receive data from the
UAYV, and D2D users which communicate directly with one another. Here, the UAV must
communicate with the DUs while taking into account the potential interference stemming from
the underlaid D2D transmissions. For this network, we analyze two key cases: static UAV and
mobile UAV. Using tools from stochastic geometry, for both scenarios, we derive the average
downlink coverage probabilities for DUs and D2D users and we analyze the impact of the UAV
altitude and density of the D2D users on the overall performance. For the static case, we find the
optimal values for the UAV altitude which leads to a maximum coverage probability for DUs.
In addition, considering both DUs and D2D users, an optimal altitude which maximizes the
average sum-rate is computed. Our results demonstrate that the optimal UAV altitude decreases
as the density of D2D users increases. The results show that a maximum average sum-rate
can be achieved if the UAV altitude is appropriately adjusted based on the D2D users density.
Furthermore, for a given UAV altitude, we show that an optimal value for the number of D2D
users that maximizes the average sum-rate exists.

For the mobile UAV case, we assume that the UAV can travel over the area while stopping
at some given locations in order to serve the downlink users. Considering retransmissions at
different time instances, we derive the overall coverage probability. Then, using the disk covering
problem, we find a minimum number of stop points that the UAV needs to to completely cover
the area. This can be interpreted as the fastest way to cover the whole area with a minimum
required transmit power. In addition, we analyze the tradeoff between the number of stop points,
which is considered as delay here, and the coverage probability for the downlink users. We show
that, in order to enhance the coverage for DUs, the UAV should stop in more locations over the
target area which can, in turn, lead an increased delay. For example, our results show that for a
given density of D2D users, to increase the DU coverage probability from 0.4 to 0.7, the number
of stop points should be increased from 5 to 23. Furthermore, the number of stop points is shown

to significantly depend on the number of D2D users. For instance, if the average number of D2D



users in the area increases from 50 to 100, in order to maintain the DUs’ coverage requirement,
the number of stop points should be increased from 20 to 55. Finally, we prove that the overall
coverage probability for both DUs and D2D users can be improved by moving the UAV.

The rest of this paper is organized as follows. Section II presents the system model and
describes the air-to-ground channel model. In Section III, coverage probabilities for DUs and
D2D users are provided for a single static UAV. Section IV presents the performance evaluation
for one mobile UAV which is used to provide full coverage for the target area. Section V presents

the simulation results while Section VI draws some conclusions.

II. SYSTEM MODEL

Consider an area with a radius R. in which a number of users are spatiality distributed
according to a Poisson point processes (PPP) [21], and a UAV (at low altitude platform) is used
to serve a subset of those users. In this network, the users are divided into two groups: downlink
users located based on a PPP ®, with density Ay, (number of users per m?) and D2D users
whose distribution follows a PPP ®p with density of \; (number of D2D pairs per m?). Note
that, the average number of users in a given area is equal to the density of the users multiplied
by the size of the area. Here, we focus on the downlink scenario for the UAV and we assume
that the D2D users communicate in an underlay fashion. Furthermore, we assume that a D2D
receiver connects to its corresponding D2D transmitter pair located at a fixed distance away
from it in an isotropic direction [18]. Therefore, the received signals at the D2D receiver include
the desired signal from the D2D transmitter pair and interference from the UAV and other D2D
transmitters. A downlink user, on the other hand, receives the desired signal from the UAV but it
also experiences interference from all the D2D transmitters. For tractability as discussed in [19],
we also consider the interference from D2D transmitters located outside the area with the radius
of R.. This assumption removes the concern stemming from the boundary effect in which users
located at the cell boundary receives less interference than those who are closer to the center.
However, we only evaluate the coverage and rate performance of users located inside the area.

The signal to interference plus noise ratio (SINR) expression for a D2D receiver is

Pr,d

— crd 1
IS+ 1,+ N’ M

Vd

where P, is the received signal power from the D2D transmitter, /J is the total interference

from other D2D users, [, is the interference from the UAV, and N is the noise power. Moreover,
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Figure 1: Network model including a UAV, downlink users and D2D.

we have:
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where the index 7 = 0 is used for the selected D2D transmitter/receiver pair, gy and g; are,
respectively, the channel gains between a D2D receiver and its corresponding D2D transmitter,
and the i'" interfering D2D transmitters. For the D2D transmission, we assume a Rayleigh fading
channel model [18], [20] and [22]. P is the D2D transmit power which is assumed to be fixed
and equal for all the users, d; is the distance between a D2D receiver and the i** D2D transmitter,
dy is the fixed distance between the D2D receiver and transmitter of the selected D2D pair, and
aq 1s the path loss exponent between D2D users. Note that the received signal powers as well
as the noise power are normalized by a path loss coefficient.

The SINR expression for a DU user that connects to the UAV is

. Pr,u
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where P, is the received signal power from the UAV and /,;° is the total interference power

from D2D transmitters.



A. Air-to-ground channel model

As discussed in [5] and [9], the ground receiver receives three groups of signals including
LOS, strong reflected non-line-of-sight (NLOS) signals, and multiple reflected components which
cause multipath fading. These groups can be considered separately with different probabilities
of occurrence as shown in [8] and [5]. Typically, it is assumed that the received signal is
categorized in only one of those groups [9]. Each group has a specific probability of occurrence
which is a function of environment, density and height of buildings, and elevation angle. Note
that the probability of having the multipath fading is significantly lower than the LOS and
NLOS groups [9]. Therefore, the impact of small scale fading can be neglected in this case [5].
One common approach to modeling air-to-ground propagation channel is to consider LOS and
NLOS components along with their occurrence probabilities separately as shown in [5] and [8].
Note that for NLOS connections due to the shadowing effect and the reflection of signals from
obstacles, path loss is higher than in LOS. Hence, in addition to the free space propagation
loss, different excessive path loss values are assigned to LOS and NLOS links. Depending on
the LOS or NLOS connection between the user and UAYV, the received signal power at the user

location is given by [9]

P, X LOS connection,
Pr,u = (6)
NP, X | NLOS connection,

where P, is the UAV transmit power, | X,,| is the distance between a generic user and the UAV,
a,, 1s the path loss exponent over the user-UAV link, and 7 is an additional attenuation factor due
to the NLOS connection. Here, the probability of LOS connection depends on the environment,
density and height of buildings, the location of the user and the UAV, and the elevation angle
between the user and the UAV. The LOS probability can be expressed as follows [9]:

1

Fros = 14+ Cexp(—BI[0—C])’ ™

where (' and B are constant values which depend on the environment (rural, urban, dense urban,
or others) and 6 is the elevation angle. Clearly, 6 = % X sin~* (ﬁ), | Xy = Vh? + 12 and
also, probability of NLOS is Pyros = 1 — PLos-

As observed from (7), the LOS probability increases as the elevation angle between the user
and UAV increases.

Given this model, we will consider two scenarios: a static UAV and a mobile UAV. For each



scenario, we will derive the coverage probabilities and average rate for DUs and D2D users.
Once those metrics are derived, considering the D2D users density, we obtain optimal values

for the UAV altitude that maximize the coverage probability and average rate.

ITI. NETWORK WITH A STATIC UAV
In this section, we evaluate the coverage performance of the scenario in which one UAV
located at the altitude of A in the center of the area to serve the downlink users in the presence of
underlaid D2D communications. Clearly, in such a scenario, considering the uniform distribution

of users over the area, placing the UAV in the center of the cell is an optimal deployment.

A. Coverage probability for D2D users

Consider a D2D receiver located at (r, @), where r and ¢ are the radius and angle in a polar
coordinate system assuming that the UAV is located at the center of the area of interest. Note that
considering (6) and (7), the coverage probability for a user located at (r, ) is also a function

of the UAV altitude, h. In this case, the coverage probability can be derived as follows:

Theorem 1. For underlay D2D communication, the coverage probability for a D2D receiver

connecting to the D2D transmitter located at a fixed distance away from it is given by:
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where ¢ is an exponential random variable with a mean value of one (i.e. g ~ exp(1)), (a)
follows from the exponential distribution of g based on the Rayleigh fading assumption, and

taking the expectation over [, and I (as random variables). Step (b) comes from the fact that /,,



and [ are independent because the interference stems from different sources which are spatially
uncorrelated.

Here, I, and E¢ are given by:
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where in (a) we used the probability generating functional (PGFL) of PPP. Note that for a point
process @ the PGFL is defined as

PGFL = E

11 f(:v)] - (12)

zed

For a PPP with intensity A the PGFL is equal to exp (= [ [1 — f(z)]dz).
Also, the second step (b) is based on the exponential distribution of the channel gain (~ exp(1)).
Finally, using (9), (10) and (11) Theorem I is proved.
|

From this theorem, we can make several key observations. First, given that the UAV is at the
center of the target area, as r or equivalently the distance of a D2D user from the UAV increases,
the D2D coverage probability in (8) increases. This is because the interference power from the
UAV is lower at higher distances and hence the D2D users located at the cell (target area)

boundary have higher coverage probability than those which are closer to the center. Second,



the D2D coverage probability in (8) decreases when the UAV transmit power increases. To cope
with this situation, the D2D users can increase their transmit power or reduce the fixed distance
parameter (D). In addition, decreasing the D2D user density improves the coverage probability
due to decreasing the interference.

Note that the result presented in Theorem I corresponds to the coverage probability for a D2D
user located at (7, ). To compute the average coverage probability in the cell, we consider a
uniform distribution of users over the area with f(r,¢) = WLRE, 0<r<R,0<p<2r !,
and we find the average over the area. Then, the average coverage probability for D2D users

will be

Pcov,d(ﬁ) = Erw [Pcov,d<7n7 @, 6)}

—2m2\g 3% a2 dg* N [ —Bdy1,
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From (13), we can see that the average coverage probability for D2D users increases as the
size of the area , IR, increases. In fact, when the UAV serves a larger area, the average distance
of D2D users from the UAV increases and on the average they receive lower interference from
it. Next, we provide a special case for (13) in which the UAV has a very high altitude or very

small transmit power.

Corollary 1. For P, = 0 or h — oo, the average coverage probability for the D2D users is

simplified to

B 9.2 2/ g g2 aq
(QWMB %_ﬁ%N>’ "

FPeov = -
a(B) = exp ag sin(2m/ag) Py

Note that, the result in Corollary 1 corresponds to the coverage probability in overlay D2D

communication in which there is no interference between the UAV and the D2D transmitters.

B. Coverage Probability for Downlink Users

In this section, we first derive an approximation for the downlink users’ coverage probability.

"Note that the number of users has a Poisson distribution but their location follows the uniform distribution over the area.



Theorem 2. The average coverage probability for DUs in the cell is approximated as

C

D puXu_au 27”
Pcov,du(ﬁ) ~ /PLOS(T)AI (T — N> ﬁdr

o
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—2/a -2/«
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Also, I'(t) = [ 2" 'e "dx is the gamma function [23].
0

Proof. The coverage probability for a cellular user located at (r, ) is written as
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Note that there is no closed-form expression for the cumulative distribution function (CDF)

Provanlr,8) = P [0 = 6] = Pros(r)P {

= PLos(r)P |}d < } + Prros(r)P |:Id < (16)

of the interference from D2D users [24] and [25]. Here, we provide lower and upper bounds for

the CDF of interference. First, we divide the interfering D2D transmitters into two subsets:

Oy = {Dg|Pyd;,”*g; > T},
Oy = {Pp|Pyd;, g, < T,

7)

where T is a threshold which is used to derive the CDF of the interference from D2D users.
Now, considering the interference power from D2D users located in ®; and ®, as I; 4, and

I;®,, we have
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where (a) and (b) come from the Rayleigh fading assumption and PGFL of the PPP.

The upper bound is derived as follows:
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where (a) is based on the Markov’s inequality which is stated as follows: for any non-negative

integrable random variable X and positive L, P(X > L) < %. Also, 1(.) is the indicator

function which can only be equal to 1 or 0. Hence, the lower (L;) and upper (U;) bounds for

the CDF of interference become
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Thus, we have L;(T) < P{I, < T} < U/(T).
Here, for simplicity, we approximate P{/;, < T} with the average of its lower and upper

bounds:
Li(T)+ U(T)

— A,(T). (23)

Finally, using (15) and (23), the average coverage probability for the DUs is found as per
Theorem 2. |

From Theorem 2, we can first see that, for 7" >> F,, given that e ~ 1 — z when z — 0,
we have Uy(T) = L (T) =~ 1 — 7T/\d<Pld>2/adF(1 + 2/ay). This means that the approximation
in (23) becomes tighter for lower transmit power of D2D users. Moreover, from (21) and (22),
when \; — oo, the number of D2D users tends to infinity and U; = L; = 0. Consequently,
the downlink users experience an infinite interference from the D2D users which results in
Prov.au = 0.

As per Theorem 2, increasing R, decreases the average coverage probability for the downlink
users. However, higher R, results in a higher D2D average coverage probability. Moreover,
the average coverage probability for downlink users decreases as the density of the D2D users

increases. In this case, to improve the DUs coverage performance, one must increase P, or

reduce RR.. Next, we derive the DU coverage probability in the absence of the D2D users.

Proposition 1. Assuming there is no interference from D2D users, we have P; = 0, and, then,

the average coverage probability for the downlink users can be expressed by
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Proof. For a DU located at (r, ¢), the coverage probability in absence of D2D users becomes
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The average coverage probability is computed by taking the average of Peoy au(7, ¢, 5) over the

cell with the radius R..
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C. Average sum-rate

Now, we investigate the average achievable rates for the DUs and D2D users which can be

expressed as in [19]:

CYdu = W10g2(1 + B)Pcov,du(ﬂ)a (27)

Cd = WlogQ(l + ﬁ) 7COV,d(/B)7 (28)

where IV is the transmission bandwidth. Considering the whole DUs and D2D users in the cell,
the average sum-rate, Cy,m,, can be derived as a function of the coverage probabilities and the

number of users as follows:

ésunl = Rc27r)\duc_’du + Rc27r)\dc_’d- (29)
Assuming p = %, we have

C_(sum = )\dRczﬂ- [,upcov,du (B) + Pcov,d(ﬁ)} Wlogz(l + ﬂ)u (30)

where R.2m\; and R.27 )\, are the number of DUs and D2D users in the target area respectively.
From (30), observe that, on the one hand, Cl,,, is directly proportional to A4, but on the other
hand, it depends on the coverage probabilities of DUs and D2D users which both are decreasing
functions of D2D user density. Therefore, in general increasing \; does not necessarily enhance
the rate. Note that, considering (13), (16) and (30), for both \; — 0 and \; — oo cases the
average sum-rate tend to zero. Hence, there is an optimum value for \; that maximizes Ceum-
According to (28), Csuy is a function of the coverage probability and a logarithmic function
of the threshold (). The former is a decreasing function of J whereas the latter is an increasing

function of 3. In other words, although increasing the threshold is desirable for the rate due to



increasing the logarithmic function, it also reduces the coverage probability. Therefore, in order

to achieve a maximum rate, a proper value for the threshold must be derived.

IV. NETWORK WITH A MOBILE UAV

Now, we assume that the UAV can move around the area of radius R, in order to provide
coverage for all the downlink users in the target area. In particular, we consider a UAV that
moves over the target area and only transmits at a given geographical location (area) which we
hereinafter refer to as “stop points”. Each stop point represents a location over which the UAV
stops and serves the present downlink users. Here, our first goal is to minimize the number of
stop points (denoted by M) and determine their optimal location. Note that, as the UAV moves,
it can have a different channel to a user at different time instances. The objective of the UAV is
to cover the entire area and ensure that the coverage requirements for all DUs are satisfied with
a minimum UAV transmit power and minimum number of stop points. In other words, we find
the minimum number and location stop points for the UAV to completely cover the area. We
model this problem by exploiting the so-called disk covering problem [26]. In the disk covering
problem, given a unit disk, the objective is to find the smallest radius required for M equal
smaller disks to completely cover the unit disk. In the dual form of the problem, for a given
radius of small disks, the minimum number of disks required to cover the unit disk is found.

In Figure 2, we provide an illustrative example to show the mapping between the mobile
UAV communication problem and the disk covering problem. In this figure, the center of small
disks can be considered as the location of stop points and the radius of the disk is the coverage
radius of the UAV. Using the disk covering problem analysis, in Table I, we present, for different
number of stop points, the minimum required coverage radius of a UAV for completely covering
the target area [26], [27]. Thereby, using the dual disk covering problem, for a given maximum
coverage radius of a UAV, we can find the minimum number of stop points for covering the
entire area. The detailed steps for finding the minimum number of stop points are provided next.

First, we compute the coverage radius of the UAV based on the minimum requirement for
the DU coverage probability. The coverage radius is defined as the maximum radius within
which the coverage probability for all DUs (located inside the coverage range) is greater than
a specified threshold, e. In this case, the UAV satisfies the coverage requirement of each DU

which is inside its coverage range. The maximum coverage radius for the UAV at an altitude h



transmitting with a power P, will be given by:
Rm = nlaX{R|Pc0V,A(Ba R) > g, Pua h} = C_o\l,,A(ﬁvg)v (31)

where ¢ is the threshold for the average coverage probability in the cell (area covered by the
UAV). Note that a user is considered to be in coverage if it is in the coverage range of the UAV.

The minimum required number of stop points for the full coverage is

L = min{M}, (32)
Pcov,du(r7 @, B) Z g,

where M represents the number of stop points, the second condition guarantees that the area is
completely covered by the UAV, and L is the minimum value for the number of stop points if

the following condition holds:
Rmin,L < Rm < Rmin,Lfl — HllH{M} = L. (33)

By using Table I, we see that, R, ,—1 and R, 1, are, respectively, the minimum radius required
to cover the entire target area with L — 1 and L disks. After finding the minimum M, we can
reduce the UAV transmission power such that the coverage radius decreases to the minimum
required radius (Rpin,z). In this way, the UAV transmit power is minimized. Thus we have
Pymin = arg}gmin{PC;;du(ﬁ, €) = Ruinz|h}, (34)
where P, in 1S the minimum UAV transmit power. Thereby, the minimum number of stop points
leads to a full coverage at a minimum time with a minimum required transmit power.
In summary, the proposed UAV deployment method that leads to the complete coverage with
a minimum time and transmission power proceeds as follows. First, depending on the parameters
of the problem such as density of users and threshold, we compute the maximum coverage radius
of a UAV at the optimal altitude that can serve the DUs. Second, considering the size of target
area, using the disk covering problem, we find the minimum required number of transmission
points along with the coverage radius at each point. Third, we reduce the transmission power
of UAV such that its maximum coverage radius becomes equal to the required coverage radius
found in the previous step. Using the proposed method, the target area can be completely covered

by the UAV with a minimum required transmit power and minimum number of stop points.



Target area

Coverage radius of
the UAV

Figure 2: Five disks covering problem.

Table I: Number and radii of disks in the covering problem.

Number of stop points | Minimum required coverage radius (R,,;,)
M=1,2 R,
M =3 LR,
M=4 2R,
M =5 0.61R.
M=6 0.556R,.
M=7 0.5R,.
M=28 0.437R.
M=9 0.422R,
M =10 0.398R,.
M =11 0.38R,
M =12 0.361R,

Next, we derive the overall coverage probability for a typical D2D user in the M time instances
for the mobile UAV and the static UAV cases. In other words, we consider the network in M
time instances in which the UAV and D2D users have M retransmissions, and compare the
overall achievable coverage performance for the D2D users in the mobile UAV and static UAV
scenarios.

Assume that the relative location of the i stop point with respect to the D2D user is (r;, h;)
where r; is the distance between the projection of the UAV on the ground and D2D user and h;
is the UAV altitude. Clearly, the distance between the user and UAV is | X, ;| = \/hZ + ;2. As

proved in Theorem 1, the coverage probability at the i'" time instance or i'* stop point is

: —2m2\gB?/%ed2  BD*N . —Bdy*I,
! = — EY _— 35
fal0) = exp (T PR o [eon(RI] 09)
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The overall coverage probability for a D2D user after M retransmissions assuming the UAV

location is different in different retransmission times, is

M

Pom(B) =1—] (1= P, a(B) (36)

=1
Next, we derive the overall coverage probability for D2D users when the UAV is static. Similar

to the dynamic UAV case, we consider M number of retransmissions at different time instances.

Theorem 3. The overall D2D coverage probability in M retransmissions considering the static
UAV case is given by
P8 = Py 1= (1= Py (37)

cov,d

—2m2 B2/ *d 42 BdieN —BdyeI,
where P, ; = exp( a;md(% /ad)o — K"Pd and Py, = Ej, |exp( K;gd ).

Proof. For M retransmissions, when the UAV is static, we have to break the D2D coverage
probability at each time instance in two components: the first part corresponds to the D2D
users contribution and the second component shows the contribution of the UAV. Since the
UAV s static, the second component is the same for all time instances but the second part
is different due the Rayleigh fading channel. Assuming that the Rayleigh fading channels at

different transmission time instances between D2D pairs are uncorrelated,

i a(B) =P X Py (38)

cov,d

Then we have

Pos (B|I,) = P[va4; > B|1., at least for one of i € {1,..., M}]

cov,d
M
11— (]P g < mm) —1-(1-P)" (39)



Finally,
PO* (8) = PO* (B|1) x Py= Py x |1 —(1— PM)M] . (40)

cov,d cov,d

From Theorem 3, we can see that, when M — oo, pos (6) — P, which is less than one.

cov,d
However, PCOO\’:Z( f) — 1. In other words, in the static UAV case the average coverage probability
never tends to one while in the mobile UAV case it can reach one for high values of M. In
fact, a very high D2D coverage probability (close to one) for all the users is not achievable in
the static UAV case. More specifically, D2D users in the coverage radius of the UAV are more
susceptible to a constant high interference from the UAV. By changing the location of the UAV,
interference generated by the UAV on the D2D users does not remain high constantly. This is
due to the fact that the distance between a D2D user and the UAV changes over time. Thereby,
a D2D transmitter which has a higher distance from the UAV, has a higher chance of successful
transmission accordingly.

Now, using the coverage probability expressions for DUs and D2D users, the average rates

for both types of users considering M retransmissions are given by:

R 2r s

_ 1 .
Culd) =37 [ [ 3 Citr B)— e (1)
0 o =t ¢

Re 271'M

_ 1 )
Cald) =57 [ |3 Cintre. ) “2)
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where Cj(r, ¢, ) = Pl 4(1, ¢, B)xWlog,(1+3) and C} (7, ¢, B) = Pl qu(r, @, ) x Wlogy(1+
p) -

Interestingly, increasing M has a different impact on the average rate of DUs and D2D users.
For higher values of M, a downlink user should wait for a longer time until the UAV becomes
close to it and provides the required coverage. That is, having higher number of stop points for
serving the downlink users results in a higher delay and hence the average rate of DUs decreases.
On the other hand, changing the number of stop points does not considerably change Cy(f3).
This is due to the fact that D2D users are not served by the UAV and increasing the number of

stop points does not cause any delay for D2D communications. However, as will be discussed
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Table II: Simulation parameters.

Description Parameter Value
UAV transmit power P, oW
D2D transmit power Py 100 mW
Path loss coefficient K —30 dB
Path loss exponent for UAV-user link ayq 2
Path loss exponent for D2D link Qly 3
Noise power N —120 dBm
Bandwidth W 1 MHz
D2D pair fixed distance do 20 m
Excessive attenuation factor for NLOS n 20 dB
Parameters for dense urban environment B, C 0.136, 11.95

in the next section, the number of stop points improves the average overall coverage probability

and reduces outage area where D2D transmissions are not successful.

V. SIMULATION RESULTS AND ANALYSIS
A. The static UAV scenario

First, we compare our analytical results of the coverage probabilities using numerical simula-
tions. Table II lists parameters used in the simulation and statistical analysis. These parameters
are set based on typical values such as in [9] and [19]. Here, we will analyze the impact of
the various parameters such as the UAV altitude, D2D density, and SINR threshold on the
performance evaluation metrics.

In Figures 3 and 4, we show, respectively, the D2D coverage probability and approximation
of DU coverage probability for different SINR detection threshold values. From these figures,
we can clearly see that, the analytical and simulation results for D2D match perfectly and the
analytical approximation for DU coverage probability and simulation results are very close.
Figures 3 and 4 show that, by increasing the threshold, the coverage probability for D2D users
and DUs will decrease.

Figure 5 illustrates the average sum-rate (Gbps) versus the threshold for 1 MHz transmission
bandwidth, Ay, = 107%, A = 500 m, and two different values of )\;. By inspecting (30) in
Section III, we can see that the rate depends on the coverage probability, which is a decreasing
function of the threshold, (3, and an increasing logarithmic function of it. Clearly, for high values
of (3, the received SINR cannot exceed the threshold and, thus, the coverage probabilities tend
to zero. On the other hand, according to (27) and (28), as [ increases, log,(1 + ) increases

accordingly. However, since the coverage probability exponentially decreases but log,(1 + f)
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increases logarithmically, the average rate tends to zero for the high values of 3. Furthermore,
for § — 0, since log,(1+ () tends to zero and the coverage probabilities approach one, the rate
becomes zero. Hence, an optimum value for the SINR threshold for which the rate is maximized
can exist. As can be seen from Figure 5, for the given parameters in Table I, the maximum rate
is achieved for 5 = 4 and 8 for \; = 10~* and 0.5 x 1074, respectively.

Figure 6 shows the impact of D2D density on the sum-rate. In this figure, we can see that
a low D2D density yields low interference. However, naturally, decreasing the number of D2D
users in an area will also decrease the sum-rate. For high D2D density, high interference reduces
the coverage probability and consequently the data rate for each user. However, since the sum-
rate is directly proportional to the number of D2D users, increasing the D2D density can also
improve the sum-rate. According to the Figure 6, as the density of downlink users increases, the

optimal )\, that maximizes the sum-rate decreases. This is due to the fact that, as )\, increases,
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the contribution of DUs in the average sum-rate increases and hence increasing the rate of each
DU enhances the average sum-rate. To increase the rate of a DU, the number of D2D users as
the interference source for DUs should be reduced. As a result, the optimal )\; decreases as as
A\, increases. For instance as shown in the figure, by increasing )4, from 107* to 4 x 1074, the
optimal )\, decreases from 0.9 x 107% to 0.3 x 1074

It is important to note that the value of the fixed distance, d,, between the D2D pair signif-
icantly impacts the rate performance. Figure 7 shows the Cl,, as a function of the density of
D2D users and dy. From this figure, we can see that, the rate increases as the fixed distance
between a D2D receiver and its corresponding transmitter decreases. Moreover, the optimal D2D
density which leads to a maximum Clum, increases by decreasing dj. In fact, for lower values
of D we can have more D2D users in the network. For instance, by reducing dy from 8§ m to 5
m, the optimum average number of D2D users increases by a factor of 3.

Figure 8 shows the coverage probability for DUs and D2D users as a function of the UAV
altitude. From the DUs’ perspective, the UAV should be at an optimal altitude such that it can
provide a maximum coverage. In fact, the UAV should not position itself at very low altitudes,
due to high shadowing and a low probability of LOS connections towards the DUs. On the
other hand, at very high altitudes, LOS links exist with a high probability but the large distance
between UAV and DUs results in a high the path loss. As shown in Figure 8, for 4 = 500 m the
DU coverage probability is maximized. Note that from a D2D user perspective, the UAV creates
interference on the D2D receiver. Therefore, D2D users prefer the UAV to be at an altitude for

which it provides a minimum coverage radius. As seen in Figure 8, for h — oo, the D2D users
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achieve the maximum performance. However, i = 800 m results in a minimum D2D coverage
probability due the high interference from the UAV.

Figure 9 shows C.um versus the UAV altitude for different values of the fixed distance, dy,
the fixed distance between a D2D transmitter/receiver pair. The optimum values for the height
which lead to a maximum Cj,, are around 300 m, 350 m, and 400 m for dy = 20 m, 25 m
and 30 m. Note that the optimal & that maximizes the sum-rate depends on the density of
DU and D2D users. From Figure 9, considering dy = 20 m as an example, we can see that

for A > 1300 m, the average sum-rate starts increasing. This stems from the fact that the DU
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coverage probability tends to zero and, thus, only D2D users impact Cy,,,. Hence, as the UAV
moves up in altitude, the interference on D2D users decreases and Cy increases. Moreover, for
300 m < h < 1300 m, Figure 9 shows that the coverage probability and, consequently, the
average rate for the downlink users decrease as the altitude increases. However, increasing the
UAV altitude reduces the interference on the D2D users and improves the average rate for D2D
users. In addition, in this range of h, since DUs have more contributions on Cy,,, than the D2D

users, Cy,y 18 @ decreasing function of altitude.

B. The mobile UAV scenario

Next, we study the mobile UAV scenario. In this case, we can satisfy the coverage requirement
for all the DUs. In fact, the UAV moves over the target area and attempts to serve the DUs at

the stop points to guarantee that all the DUs will be in its coverage radius.
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Figure 10 shows the coverage radius of the mobile UAV when it is located at the optimal
altitude as the D2D density varies. As expected, the coverage radius decreases as the D2D density
increases. For instance, for € = 0.6, when )\, increases from 107° to 107, the coverage radius
decreases from 1600 m to 300 m. Moreover, by reducing the minimum coverage requirement of
DUs, the UAV can cover a larger area. For instance, reducing € from 0.6 to 0.4 increases the
UAV coverage radius from 290 m to 380 m for \; = 10~*. Note that, since the main goal of
the UAV is to provide coverage for the entire target area, to compensate for the low coverage
radius, we should increase the number of stop points for serving the DUs and consequently a
longer time is required for the full coverage.

In Figure 11, we show the minimum number of stop points as a function of the D2D user
density. In this figure, we can see that, as expected, the number of stop points must increase
when the density of D2D users increases. In fact, to overcome the higher interference caused by
increasing the number of D2D users, the UAV will need more stop points to satisfy the DUs’
coverage constraints. For instance, when )\, increases from 0.2 x 10~* to 0.8 x 10~%, the number
of stop points must be increased from 3 to 8. Note that, when computing the minimum number
of stop points for each )\;, we considered optimal values for the UAV altitude such that it can
provide a maximum coverage for the DUs. Therefore, the UAVs altitude changes according to
the D2D density. Moreover, as seen from Figure 11, the minimum number of stop points remains
constant for a range of A\;. This is due to the fact that the number of stop points is an integer
and hence, for different values of \;, the integer value will be the same. However, although the

minimum number of stop points for two different D2D densities are the same, the UAV can
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transmit with lower power in the case of lower D2D density.

In Figure 12, we show the minimum number of stop points as a function of the UAV altitude
for \; = 10~%. Figure 12 shows that, for some values of » which correspond to the optimal UAV
altitude, the minimum number of stop points is minimized. For example, the range of optimal
h for ¢ = 0.4 and € = 0.6 is, respectively, 400 m < h < 500 m and 300 m < h < 350 m. As
expected, the minimum number of stop points is lower for the lower value of e.

Next, we compare the D2D coverage performance in the static and mobile UAV scenarios.
For a fair comparison, we consider the same number of retransmissions for both scenarios. In
other words, the number of stop points is equivalent to the number of retransmissions.

Figure 13 shows the tradeoff between the downlink coverage probability and the delay which

is considered to be proportional to the number of stop points. In Figure 13, we can see that, in
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order to guarantee a higher coverage probability for DUs, the UAV should stop at more locations.
As observed in this Figure, for \; = 1074, to increase the DU coverage probability from 0.4
to 0.7, the number of stop points should increase from 5 to 23. For a higher number of stop
points, the UAV is closer to the DUs and, thus, it has a higher chance of LOS. However, on
the average, a DU should wait for a longer time to be covered by the UAV that reaches its
vicinity. In addition, as the density of D2D users increases, the number of stop points (delay)
increases especially when a high coverage probability for DUs must be satisfied. For instance,
if \4 increases from 0.5 x 10~* to 10~%, or equivalently from 50 to 100 for the given area, the
number of stop points should increase from 4 to 9 to satisfy a 0.5 DU coverage probability, and
from 20 to 55 for a 0.8 coverage requirement.

Figure 14 shows the overall coverage probability for a D2D user located at the center of the
target area. As the number of retransmissions (stop points) increases, the overall coverage prob-
ability also increases for both static and mobile UAV cases. However, the coverage probability
enhancement in the mobile UAV case is significantly higher than the static case. For example,
for 5 retransmissions, as compared to the static UAV, we observe a 21% improvement in the
overall D2D coverage probability by moving the UAV. Note that, a D2D user, prefers to be
outside the coverage range of the UAV to experience a low interference from it. For the static
UAV case, the coverage probability for a D2D user located within the coverage range of the
UAV is low due to the high interference stemmed from the UAV. On the other hand, if the UAV
moves, the interference on the D2D user decreases in the next time instances.

In Figure 15, we present the overall D2D coverage probability for the static and mobile UAV
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cases. We consider four stop points for the mobile UAV case and four retransmissions for the
static UAV case. Figure 15 shows that, the variation of coverage probability at different locations
for the static case is significantly higher than the mobile UAV case. The minimum coverage
probability is 0.002 and 0.48 in the static and mobile UAV cases, respectively. From Figure 15,
we can see that, the mean and standard deviation of coverage probability are 0.51 and 0.27 for
the static case, and 0.59 and 0.06 for the mobile UAV case. More importantly, Figure 15a shows
that, in the static case, the coverage probability at 41% of the locations is below 0.5 whereas, as
we can see in Figure 15b, this value for the mobile UAV case is 16%. Hence, as compared to
the static case, the mobile UAV provides a higher average overall coverage probability for the

D2D users and more fairness in terms of coverage for the D2D users in different locations.

VI. CONCLUSIONS

In this paper, we have studied the performance of a UAV that acts as a flying base station in
an area in which users are engaged in D2D communication. We have considered two types of
users: in the network: the downlink users served by the UAV and D2D users that communicate
directly with one another. For both types, we have derived tractable expressions for the coverage
probabilities as the main performance evaluation metrics. The results have shown that a maximum
average sum-rate can be achieved if the UAV altitude is appropriately adjusted based on the D2D
users density. Furthermore, as compared to the static UAV case, moving the UAV enhances the
overall coverage performance of both DUs and D2D users. In the mobile UAV scenario, using
the disk covering problem, the entire target area (cell) can be completely covered by the UAV in

a shortest time with a minimum required transmit power. Finally, we have analyzed the tradeoff
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between the coverage and the time required for covering the entire target area (delay) by the

mobile UAV. The results show that, the number of stop points must be significantly increased

as the minimum coverage requirement for DUs increases.
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