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Abstract The use of unmanned aerial vehicles (UAVs)
is growing rapidly across many civil application domains,
including providing wireless coverage. Most studies on
UAV-based wireless coverage typically consider downlink
scenarios from an aerial base station to ground users. The
uplink scenario in which ground wireless devices transmit
data to an aerial base station is only considered by few studies.
However, the frequency bands that are used in these studies
are not Millimeter Wave frequency bands, and this limits the
applicability of these applications when one needs to consider
5G networks. In this paper, we are motivated to explore if the
placement of UAV can enhance the time durations of uplink
transmissions of wireless devices in Millimeter Wave UAV
networks. First, we present a realistic Millimeter Wave path
loss model and describe the tradeoff introduced by this model.
Then, we study the problem of optimal UAV placement, where
the objective is to determine the placement of a single UAV
such that the sum of time durations of uplink transmissions
is maximized. To this end, an algorithm to find the optimal
UAV location is proposed. Simulation results are presented to
validate the effectiveness of the proposed algorithm.

Keywords Unmanned aerial vehicles (UAVs), Millimeter
Wave, Lifetime of Wireless Network, Emergency Response,
Convex Optimization
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1 Introduction

UAVs can be deployed during emergency situations to pro-
vide continuous wireless coverage when the terrestrial network
is down [1]. They can also be used to supplement the ter-
restrial base station to provide users with better coverage and
higher data rates [2]. In order to satisfy the requirement of high

1Part of this work was presented in IEEE IWCMC 2018 [5].

throughput in most UAV applications, the potential of integrat-
ing Millimeter Wave communications with UAV networks is
explored in [3]. There are two main benefits for deploying
Millimeter Wave communications to UAV networks. One is
that the large available spectrum of Millimeter Wave is able to
substantially boost the capacity of UAV networks and hence
satisfying the requirement of prompt responses. The other ad-
vantage is that the data traffic of UAV networks can be sig-
nificantly enlarged by using Millimeter Wave since Millimeter
Wave communications are capable of offering high throughput
in short-range transmissions [3]. The main disadvantage of us-
ing a UAV as an aerial base station is their energy capacity;
a UAV needs to return periodically to a charging station for
recharging process, due to its limited energy capacity. To guar-
antee the continuous wireless coverage, a UAV will perform a
handoff process periodically with one of the additional UAVs
available at the charging station [4].

Most studies on UAV-based wireless coverage typically con-
sider downlink scenarios from an aerial base station to ground
users. The uplink scenario in which ground wireless devices
transmit data to an aerial base station is only considered by few
studies. In [5], the authors study the problem of optimal UAV
placement, where the objective is to determine the placement
of a single UAV such that the sum of time durations of uplink
transmissions is maximized. The authors in [6] study the place-
ment problem of UAVs, where the objective is to determine the
locations of a set of UAVs that maximize the time duration of
uplink transmission until the first wireless device runs out of
energy. They also study the problem of minimizing the num-
ber of UAVs required to serve the ground users such that the
time duration of uplink transmission of each wireless device
is greater than or equal to a threshold value. In [7], the prob-
lem of UAV placement is studied, where the goal is to find the
optimum location of a single UAV that prolongs the lifetime of
indoor wireless devices. However, the frequency bands that are
used in these studies are not Millimeter Wave frequency bands,
and this limits the applicability of these applications when one
needs to consider 5G networks.

In disaster situations (such as earthquakes or floods), be-
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cause of the limited transmitting power of wireless devices,
users may not be able to communicate with remote undamaged
terrestrial ground stations. They also can not recharge their
wireless devices because of physical damage to energy infras-
tructure. In these cases, it becomes more necessary to provide
wireless coverage, as people in the disaster area try to learn
about the emergency incident, locate their family and friends,
and receive orders to evacuate the region impacted by the dis-
aster [8, 9]. Note that the energy efficiency at the user device,
which is handled by studying the uplink scenario, is of greater
importance in a disastrous situation than that at the UAV itself
as the UAV can travel long distances to be recharged. In this
paper, we are motivated to explore if the placement of UAV can
enhance the time durations of uplink transmissions of wire-
less devices in Millimeter Wave UAV networks. To the au-
thors best knowledge there is no published work that is specif-
ically addressing maximizing the sum of time durations of up-
link transmissions under disaster situations in Millimeter Wave
UAV networks, where the ground users are unable to recharge
their wireless devices due to physical damage to energy infras-
tructure. We summarize our main contributions as follows:

• We assume a Millimeter Wave path loss model and show
the tradeoff introduced by this model.

• We formulate the problem of optimal UAV placement,
where the objective is to maximize the lifetime of wireless
devices in Millimeter Wave UAV networks, the lifetime
represents the sum of time durations of uplink transmis-
sions.

• We prove that the constraint sets of problem can be rep-
resented by the intersection of half spheres and the region
formed by this intersection is a convex set in terms of two
variables.

• We prove that the objective function is a concave function
under a restriction on the minimum altitude of UAV and
propose a gradient projection-based algorithm to find the
optimal location of UAV.

The rest of this paper is organized as follows. In Section 2,
we describe the system model. In Section 3, we formulate the
problem of UAV placement with an objective of maximizing
the sum of time durations of uplink transmissions and present
a gradient projection-based algorithm to find the optimal loca-
tion of the UAV under a restriction on the minimum altitude.
Finally, we present our numerical results in Section 4 and make
concluding remarks in Section 5.

2 System Model
2.1 System Settings

Let (Xu, Yu, Zu) denote the 3D location of the UAV. We as-
sume that |I| ground users are located according to a probabil-
ity distribution f(x, y). Each user i ∈ I has a wireless device
with residual energy Ei and the maximum transmit power of
each device is Pmax. The users must be served by a single UAV
that acts as aerial base station to collect data from users. We

Figure 1. Coverage angle θi.

consider an uplink scenario in which the ground users adopt a
frequency division multiple access (FDMA) technique to trans-
mit data to a UAV at a desired data rate R. FDMA allocates
one subchannel to each user for communications and hence the
channels do not interfere with one another. We also assume
that each user i ∈ I is served by a UAV for a time τi seconds
and this time depends on the residual energy of wireless de-
vice represented by the battery level Ei. The time duration of
uplink transmission τi must be greater than or equal to τth.

2.2 Path Loss Model

The path loss models for the Line of Sight (LoS) and non-
Line of Sight (nLoS) links at Millimeter Wave frequencies fol-
low [10] and are given as:

LL,i = αL + 10βLlog10(di),

LN,i = αN + 10βN log10(di),
(1)

where αL, βL, αN , and βN are the parame-
ters of the LoS and nLoS path loss models, and
di =

√
(Xu − xi)2 + (Yu − yi)2 + (Zu)2 is the distance

between ground user i and a UAV.
In order to account for the human body blockage, we adopt

the probability of LoS, PL, for a user i from [11]:

PL(θi) = exp(−λgb
zb − zi
tan(θi)

) (2)

where θi is the coverage angle as shown in Figure 1, λ is den-
sity of human blockers, gb is the diameter of human blockers,
zb is the height of human blocker, and zi is the height of re-
ceiver.

Then, the average path loss is given by:

La,i = PL(θi)LL,i + [1− PL(θi)]LN,i (3)

2.3 Path Loss Model Tradeoff

There is a key tradeoff in the Millimeter Wave path loss
model when the coverage angle (θi) between the aerial base
station and a wireless device changes as shown in Figure 2. At
a low altitude, the path loss between the UAV and the ground
wireless device decreases, while the probability of line of sight
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Figure 2. Tradeoff in the path loss model.

links also decreases. On the other hand, at a high altitude line
of sight connections exist with a high probability, while the
path loss increases.

3 Problem Formulation
Consider a transmission between a user located at (xi, yi)

and a UAV located at (Xu, Yu, Zu). The rate for user i is given
by:

Ci = Bilog2

(
1 +

pi/La,i
N

)
(4)

where Bi is the transmission bandwidth of user i, pi is the
transmit power from user i to the UAV, La,i is the average path
loss between user i and the UAV and N is the noise power.

Let us assume that all users have the same data rate R and
each user has a channel with bandwidth equalsB/|I|, whereB
is the UAV bandwidth and |I| is the number of ground users.
Then, the minimum power required to satisfy this rate for each
user is given by:

pi =
(
2
R.|I|
B − 1

)
.N.La,i (5)

Our goal is to find the optimal location of the UAV such that the
lifetime of wireless devices defined by T is maximized. Here,
the lifetime T represents the sum of time durations of uplink
transmissions. Our problem can be formulated as:

max
(Xu,Yu,Zu),τi

T =

|I|∑
i=1

τi

subject to(
2
R.|I|
B − 1

)
.N.La,i ≤ Pmax ∀i ∈ I (6.a)

τi ≥ τth ∀i ∈ I (6.b)

τi.
(
2
R.|I|
B − 1

)
.N.La,i ≤ Ei ∀i ∈ I (4.c)

xmin ≤ Xu ≤ xmax (6.d)

ymin ≤ Yu ≤ ymax (6.e)

zmin ≤ Zu ≤ zmax (6.f)

(6)

Here, constraint set (6.a) ensures that the transmit power of
each wireless device should not exceed its maximum transmit
power Pmax. Constraint set (6.b) guarantees that each ground
user i ∈ I is served by UAV for a time greater than τth seconds.
Constraint set (6.c) ensures that the total energy consumed by
user’s device should not exceed its battery energy level Ei.
Constraints (6.d-6.f) represent the minimum and maximum al-
lowed values for Xu, Yu and Zu.

In this paper, we assume that zmin guarantees 100% line of
sight connection between wireless device i and the UAV. Now,
our objective is to find the optimal 2D placement of the UAV
such that the lifetime of wireless devices is maximized. Even
though the problem has a number of nonlinear constraints, we
can transform (6) to an optimization problem with two vari-
ables by proving that the constraint sets (6.a-6.c) can be repre-
sented by the intersection of half spheres and the region formed
by this intersection is a convex set in terms of (Xu, Yu).

Theorem 1 The constraint sets (6.a-6.c) can be represented by
the intersection of half spheres and the region formed by this
intersection is a convex set in terms of (Xu, Yu).

Proof 1 From (3) and (5), the transmit power of ground user i
is given by:

pi =
(
2
R.|I|
B − 1

)
.N.
(
d2i 10

αL
10

)
= Kd2i (7)

where K is a constant and equals
(
2
R.|I|
B − 1

)
.N.
(
10

αL
10

)
.

Now, to satisfy constraint set (6.a), pi must be less than Pmax.
From (7), the range of distances d1 that satisfies the constraint
set (6.a) is given by:

d1 ≤
√
Pmax
K

(8)

The range of distances d1 represents a half sphere with radius√
Pmax
K

. To satisfy constraint sets (6.b) and (6.c), pi must be

less than
Ei
τth

. From (7), the range of distances d2 that satisfies

constraint sets (6.b) and (6.c) is given by:

d2 ≤
√

Ei
τthK

(9)

The range of distances d2 also represents a half sphere with

radius
√

Ei
τthK

. For each ground user i, the transmit power pi

and the time duration of uplink transmission τi that satisfy the
constraint sets (6.a)-(6.c) can be represented by a half sphere
with radius:

min

{√
Pmax
K

,

√
Ei
τthK

}
(10)

The half sphere is a convex set and the intersection of convex
sets is also a convex [12].

From Theorem 1, we can represent the transmit power pi and
the time duration of uplink transmission τi constraints for each
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user as a half sphere. The intersection of all half spheres rep-
resents the convex set V that satisfies the constraint sets (6.a)-
(6.c) for all users. Therefore, we restrict the placement of UAV
to be in V . Now, we can transform our problem to an optimiza-
tion problem with two variables (Xu, Yu), where (Xu, Yu) rep-
resent the 2D placement of UAV.

Now, the objective function in (6) can be represented as:

|I|∑
i=1

τi =

|I|∑
i=1

Ei
pi

=

|I|∑
i=1

Ei

(2
R.|I|
B − 1).N.La,i

=

|I|∑
i=1

Ei

(2
R.|I|
B − 1).N.(d2i 10

αL
10 )

=

|I|∑
i=1

Ei
Kd2i

(11)

Since K is constant, our problem can be formulated as:

max
(Xu,Yu)

|I|∑
i=1

Ei
(Xu − xi)2 + (Yu − yi)2 + z2min

subject to

(Xu, Yu) ∈
|I|⋂
i=1

{(Xu, Yu) ∈ R2|
√

(Xu − xi)2 + (Yu − yi)2 + z2min ≤ di}

(12)

The transformed problem (12) is equivalent to problem (6). In
the next theorem, we prove that the objective function is con-
cave under a restriction on the coverage angle of ground user
θi. The coverage angle is shown in Figure 1 and depends on
the 3D placement of the UAV and the 2D location of ground
user. This theorem enables us to find the optimal placement for
the UAV.

Theorem 2 The objective function of (12) is concave if the
coverage angle of each wireless device is greater that 60o.

Proof 2 We know that the nonnegative weighted sums preserve
the concavity of function [12]. Since Ei > 0,∀i ∈ I , we need
to prove that (13) is a concave function.

f =
1

(Xu − xi)2 + (Yu − yi)2 + z2min
,∀i ∈ I (13)

Using the second order condition, the function f is concave if
the Hessian is negative semidefinite [12]. Now, the Hessian is
negative semidefinite if we satisfy these conditions:

(a)
d2f

dX2
u

≤ 0, ∀i ∈ I

(b)
d2f

dY 2
u

≤ 0, ∀i ∈ I

(c)
d2f

dX2
u

d2f

dY 2
u

− (
d2f

dXdYu
)2 ≥ 0, ∀i ∈ I

(14)

To check the first condition, we need to find
d2f

dX2
u

:

df

dXu
=

−2(Xu − xi)
((Xu − xi)2 + (Yu − yi)2 + z2min)

2

d2f

dX2
u

=
−2((Xu − xi)2 + (Yu − yi)2 + z2min)

2

((Xu − xi)2 + (Yu − yi)2 + z2min)
4

+

8(Xu − xi)2((Xu − xi)2 + (Yu − yi)2 + z2min)

((Xu − xi)2 + (Yu − yi)2 + z2min)
4

=
−2((Xu − xi)2 + (Yu − yi)2 + z2min) + 8(Xu − xi)2

((Xu − xi)2 + (Yu − yi)2 + z2min)
3

=
6(Xu − xi)2 − 2(Yu − yi)2 − 2z2min
((Xu − xi)2 + (Yu − yi)2 + z2min)

3

(15)

From (15),
d2f

dX2
u

≤ 0,∀i ∈ I if:

z2min > 3(Xu − xi)2 − (Yu − yi)2,∀i ∈ I (16)

Similarly,
d2f

dY 2
u

≤ 0,∀i ∈ I if:

z2min > 3(Yu − yi)2 − (Xu − xi)2,∀i ∈ I (17)

To check the third condition, we need to find
d2f

dX2
u

d2f

dY 2
u

−

(
d2f

dXdYu
)2:

d2f

dXudYu
=

8(Xu − xi)(Yu − yi)
((Xu − xi)2 + (Yu − yi)2 + z2min)

3
(18)

From (18), we get:

d2f

dX2
u

d2f

dY 2
u

− (
d2f

dXdYu
)2 =

(
−2((Xu − xi)2 + (Yu − yi)2 + z2min) + 8(Xu − xi)2

((Xu − xi)2 + (Yu − yi)2 + z2min)
3

×

−2((Xu − xi)2 + (Yu − yi)2 + z2min) + 8(Yu − yi)2

((Xu − xi)2 + (Yu − yi)2 + z2min)
3

)−

64(Xu − xi)2(Yu − yi)2

((Xu − xi)2 + (Yu − yi)2 + z2min)
6
=

4((Xu − xi)2 + (Yu − yi)2 + z2min)
2

((Xu − xi)2 + (Yu − yi)2 + z2min)
6
−

16(Yu − yi)2((Xu − xi)2 + (Yu − yi)2 + z2min)

((Xu − xi)2 + (Yu − yi)2 + z2min)
6

−

16(Xu − xi)2((Xu − xi)2 + (Yu − yi)2 + z2min)

((Xu − xi)2 + (Yu − yi)2 + z2min)
6

+
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64(Xu − xi)2(Yu − yi)2

((Xu − xi)2 + (Yu − yi)2 + z2min)
6
−

64(Xu − xi)2(Yu − yi)2

((Xu − xi)2 + (Yu − yi)2 + z2min)
6
=

4((Xu − xi)2 + (Yu − yi)2 + z2min)

((Xu − xi)2 + (Yu − yi)2 + z2min)
5
+

−16(Xu − xi)2 − 16(Yu − yi)2

((Xu − xi)2 + (Yu − yi)2 + z2min)
5
=

−12(Xu − xi)2 − 12(Yu − yi)2 + 4z2min
((Xu − xi)2 + (Yu − yi)2 + z2min)

5

(19)

From (19),
d2f

dX2
u

d2f

dY 2
u

− (
d2f

dXdYu
)2 ≥ 0,∀i ∈ I if:

z2min > 3(Xu − xi)2 + 3(Yu − yi)2,∀i ∈ I (20)

From (16), (17) and (20), the Hessian is negative semidefinite
if we satisfy these conditions:

(a)z2min > 3(Xu − xi)2 − (Yu − yi)2,∀i ∈ I
(b)z2min > 3(Yu − yi)2 − (Xu − xi)2,∀i ∈ I
(c)z2min > 3(Xu − xi)2 + 3(Yu − yi)2,∀i ∈ I

(21)

From the three conditions in (21), we can notice that if we
satisfy condition (c), we then satisfy conditions (a) and (b).
Let us define dmax as a maximum possible 2D distance in
the geographical area (i.e., if the users are distributed in a
circular geographical area, then dmax is equal to the di-
ameter of circle). From condition (c), if zmin >

√
3dmax

then the objective function of (12) is concave where dmax >√
(Xu − xi)2 + (Yu − yi)2,∀i ∈ I . Then, the coverage angle

θi must be greater than or equal to tan−1
√
3dmax
dmax

= 60o.

Here, we can notice that the altitude of UAV zmin controls
the concavity of the objective function. Theorem 2 enables us
to find the optimal placement for the UAV, when the coverage
angle θi of each wireless device is greater than or equal to 60o.

For ground-to-air communications, each device will typi-
cally have a line of sight view towards a specific UAV with
a given probability. This line of sight probability depends on
the environment [13], location of the device and the UAV, and
the elevation angle between the device and the UAV [14]. To
verify that the coverage angle that we characterize in Theorem
2 guarantees a line of sight path, we utilize Line of Sight prob-
ability model for downlink scenario. In Figure 3, we plot the
probability of having a LOS wireless connection. We can no-
tice that the coverage angle that we characterize in Theorem
2 gives us 100% LOS probability. Therefore, our assumption
that a wireless channel is a line of sight dominated is a realistic
assumption.

Now, we propose to use the Gradient Projection Algorithm
[15] to find the optimal placement of a UAV, when the UAV’s
altitude satisfies the condition in Theorem 2. The gradient pro-
jection algorithm is given by:

(Xu, Yu)
n+1 = [(Xu, Yu)

n + γ.OF ((Xu, Yu)
n))]+. (22)
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Here, n is the iteration number, γ is a positive step size, OF is
the gradient of the objective function in (12) and [q]+ denotes
the orthogonal projection of vector q onto convex set Q. In
particular, [q]+ is defined by: .

[q]+ = arg minw∈Q||w − q||2 (23)

The pseudo code of the gradient projection algorithm is shown
in Algorithm 1.

Algorithm 1 The Gradient Projection Algorithm
Input:
The step tolerance ε.
The step size γ.
The maximum number of iterations nmax.
Initialize (Xu, Yu)
For n=1,2,..., nmax
(Xu, Yu)

n+1 = [(Xu, Yu)
n + γ.OF ((Xu, Yu)

n))]+

If ‖ (Xu, Yu)
n − (Xu, Yu)

n+1 ‖ < ε
Return: (Xu, Yu)opt = (Xu, Yu)

n+1

End for

4 Numerical Results
In this section, we first verify the results of Theorem 2, then

we use the gradient projection algorithm to find the optimal
placement for UAV under different cases. Table 1 lists the pa-
rameters used in the numerical analysis.

To verify the results of Theorem 2, we assume that 100 wire-
less devices are uniformly distributed in a geographical area of
size 100m× 100m, then we plot the objective function in (12)
without any constraints at two different altitudes of the UAV.
The first value for altitude zmin is 500 meters, which is greater
than

√
3dmax and satisfies the condition in Theorem 2. The

second value for altitude is 10 meters and it does not satisfy
the condition in Theorem 2. In Figure 4.a, we can notice that
the objective is concave when the altitude of UAV is equal to
500 meters. On the other hand, the objective function becomes
non-concave at 10 meters as shown in Figure 4.b. We can also
notice that the objective function at low altitude has better costs
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Figure 4. Lifetime of wireless devices at different altitudes.

Figure 5. Simulation results of the uniform distribution case.

Figure 6. Simulation results of the non-uniform distribution case.
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Table 1. Parameters in numerical analysis

Dimensions of area [0, 100]× [0, 100]
Number of ground users 100 users

Maximum number of iterations nmax 50
Maximum transmit power of wireless device Pmax 0.5 watt

Energy of each wireless deviceEi in joule 4500+13500*rand(100,1)
Data rateR 100 Mbps

Total bandwidthB 1 GHz
Noise PowerN 1× 10−14

Carrier frequency f 28 Ghz
Threshold time duration of uplink transmission τth 900 seconds

Minimum altitude for UAV 500 meters
Height of a human blocker zb 1.7 meter

Diameter of a human blocker gb 0.5 meter
Density of human blockers λ 0.06 blockers/m2

αL 61.4

compared to results at high altitude, which make our approach
practical for UAVs that have high altitude constraints.

In Figure 5, we place the UAV at 500 meters and use the
gradient projection algorithm to find the optimal 2D place-
ment that maximizes the lifetime of wireless devices when the
ground users are uniformly distributed. The optimal place-
ment for UAV is (63, 45, 500) and the optimal lifetime is
3.2735 × 105 seconds. We can notice that the projection of
the optimal point is located near the center of deployment re-
gion. This is because the devices that have minimum costs
are located at the corners of the deployment region and plac-
ing the projection of UAV near the center maximizes the life-
time. In Figure 6, we use the gradient projection algorithm to
find the optimal 2D placement when the ground users are non-
uniformly distributed. The optimal placement for UAV is (40,
39, 500) and the optimal lifetime is 3.2759× 105 seconds. We
can notice that the placement of UAV is near the high density
region.

5 Conclusions
In this paper, the problem of optimal UAV placement in Mil-

limeter Wave UAV networks is studied. First, we present a re-
alistic Millimeter Wave path loss model and describe the trade-
off introduced by this model. Then, we study the problem of
optimal UAV placement, where the objective is to determine
the placement of a single UAV such that the sum of time du-
rations of uplink transmissions is maximized. To this end, an
algorithm to find the optimal UAV location is proposed. Sim-
ulation results are presented to validate the effectiveness of the
proposed algorithm. In future work, we will consider the effect
of buildings and NLOS links. Also, we will study the problem
using multiple UAVs.
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