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Abstract—Unmanned aerial vehicle (UAV) base stations (BSs)
are reliable and efficient alternative to full fill the coverage
and capacity requirements when the backbone network fails to
provide such requirements due to disasters. In this paper, we
consider optimal UAV-deployment problem in 3D space for a
mmWave network. The objective is to deploy multiple aerial
BSs simultaneously to completely serve the ground users. We
develop a novel algorithm to find the feasible positions for a set
of UAV-BSs from a predefined set of locations, subject to a signal-
to-interference-plus-noise ratio (SINR) constraint of every asso-
ciated user, UAV-BS’s limited hovering altitude constraint and
restricted operating zone constraint. We cast this 3D positioning
problem as an /¢, minimization problem. This is a combinatorial,
NP-hard problem. We approximate the ¢, minimization problem
as non-combinatorial ¢;-norm problem. Therefore, we provide
a suboptimal algorithm to find a set of feasible locations for
the UAV-BSs to operate. The analysis shows that the proposed
algorithm achieves a set of the location to deploy multiple UVA-
BSs simultaneously while satisfying the constraints.

Index Terms—UAV communication, Positioning, UAV base
station, beamforming, mmWave, Convex optimization, /o mini-
mization.

I. INTRODUCTION

Recently, unmanned aerial vehicles (UAVs) are expected to
facilitate in many fields of studies because of their flexible
attributes such as adaptive altitude, flexibility in design and
movement, and mobility [[1]]. UAVs can be used as a relay to
enhance coverage, capacity, and energy efficiency in wireless
communication. UAVs as base stations is another application
of drones which are so far used in the military for reconnais-
sance purposes.

3D placement of UAV-BSs in a heterogeneous network is
known to be a challenging problem [2]-[5]]. The authors in [2]
proposed a convex optimization based algorithm to find a
position for a full-duplex UAV relay in a vehicular network.
UAV based dynamic coverage in heterogeneous networks is
investigated in [3]], where authors have proposed an optimiza-
tion algorithm for UAV based floating relay cell deployment
inside the existing macrocell in order to achieve dynamic
and adaptive coverage. In [4], a heuristic based algorithm is
proposed for the 3D placement of the UAV-BSs in various geo-
graphical areas with different user densities. In [5]], the authors
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proposed drone positioning for user coverage maximization,
where two techniques are proposed. First approach is the
successive deployment of aerial BSs, and the second approach
is the simultaneous deployment of multiple aerial BSs with
k-mean clustering. In [6]] an environment-aware investigation
is proposed. The authors investigated ray-tracing simulations
incorporated with ITU channel model and presented different
channel models which mostly affect the placement of UAV-BS
in real-world scenarios.

The study of multiple drone cell deployment and optimiza-
tion in [7] proposed UAV based radio access network with
relays. There, user coverage, interference, and drone-to-base-
station (D2B) backhaul connection features are analyzed. The
optimization problem considers maximizing the user coverage
while satisfying the D2B quality. Particle swarm optimization
algorithm is used for approaching the solution. In [8]], an
evolution based approach is presented for joint positioning
of UAV-BS and user association. The authors proposed the
method for maximizing user satisfaction by providing required
data rates, and user association is conducted by using genetic
algorithm and particle swarm optimization. In [9]], a multi-
ple drone based positioning is proposed using exact game
theory and nash equilibrium in order to perform coverage
maximization and power control. In [10], UAV positioning is
investigated in three different approaches. First, the positions
of UAVs are optimized such that the number of ground users
covered by UAVs is maximized. Second, the minimum number
of UAVs needed to provide full coverage for all ground users is
determined. Finally, given the load requirements of the ground
users, the total flight time that the UAVs need to completely
serve the ground users is minimized.

Numerous studies that have been carried out in the area of
UAV positioning clearly indicate the importance of UAV posi-
tioning. Successive deployment based on linear approximation
and circle packing theory are investigated in the literature.
However, those algorithms have not achieved full coverage to
the topology. Notwithstanding the methodologies used in the
literature, it was a very important question about the aerial
wireless networks, which has not been addressed yet in the
literature, is to deploy multiple UAV-BSs simultaneously in
order to achieve 100% coverage to a set of ground users
with target quality-of-service (QoS), while addressing the
regulatory constraints.



In this paper, we consider the problem of simultaneous de-
ployment of multiple UAV-BSs in mmWave network. Initially,
we define a set of locations for a UAV-BS to be deployed
inside a rectangular geographical sub region. Next, we de-
termine the possible combinations of predefined locations for
multiple UAV-BSs in the topology. We take into consideration
the mmwave transmission and multi-antenna techniques to
generate directional beams to serve the users in the network.
Then, we formulate a {y-norm minimization problem to
obtain the feasible position of the UAV-BS such that it can
satisfy the QoS requirements for the ground users, limited
hovering altitude constraint and restricted operating zone con-
straint [/1 lﬂ [IZﬂ However, {p-norm minimization problem
is combinatorial, NP-hard. Hence, we approximate the /o-
norm problem as non-combinatorial ¢;-norm problem to
develop a suboptimal algorithm to find a suboptimal solution.
The proposed method finds feasible positions for simultaneous
deployment efficiently.

The rest of the paper is organized as follows. Section II
provides the system model and the detailed analysis of the
proposed algorithm. The simulations are given in Section VI,
followed by conclusions in section V.

A. Notation

Boldface lowercase and uppercase letters denote vectors
and matrices, respectively, and calligraphy letters denote sets.
The superscript ! denote conjugate transpose. Complex Gaus-
sian distribution with zero mean, variance o2 is denoted by
CN(0,0?). Finally, the absolute value of the complex number
x is denoted by |z| and Euclidean norm of the vector x is
denoted by || z ||.

II. SYSTEM MODEL AND PROBLEM FORMULATION

A. System Model

Consider a multi-UAV aided mmWave wireless communica-
tion system, which consists of D UAV-BSs, and each equipped
with N number of antennas. All UAV-BSs are represented
by the set D = {1,2, e 7D}. The location of jth UAV-BS
is given by (z;,y;, z;). UAV-BS can move any direction in
xy,yz, zx planes to provide services to users. We assume
that there is no impact on UAV-BS downlink transmission due
to orientation drifts. We denote the set of all single antenna
users associated with jth UAV-BS by U; = {1,2,...,I;}.
We assume that all the users are randomly distributed inside
a square shaped geographical region, which is bounded by
the coordinates (z? . vy’ . ) and (27,,.,y) ,,) on xy-plane
and associated with a single UAV-BS. The location of a user
k € U; is given by (z7,y],z]). In this study, we consider
only the MISO downlink wireless communication.
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B. Air to Ground Channel Model

The air to ground channel model defined in [13]], between
jth UAV-BS and kth user of the UAV-BS j is given by

; AN a(bk p)
W, =VNY —hehe (1)
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where N, is the number of multi-paths, oy, is the gain of
pth path, 0j. ,, is angle-of-departure (AoD) of the pth path,
is the path loss exponent, and dj, is the distance between the
serving UAV-BS j € D and the user k£ € U; is given by

dj = \/<x?; —z)2+ (L —y)2+ (2 — )2 (@)

The directive vector a(f,) associated with AoD 6, is
defined as
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where M is the antenna spacing, and ( is the wavelength of
the carrier frequency. As presented in [14], [15], mmWave
channels have the non-line-of-sight (NLoS) links which are
normally 20 dB weaker than the LoS link. In this study,
we assume that all the users have LoS link, because UAV-
BS is hovering at relatively high altitudes and having scatters
around UAV-BS is very small in air interface [14]. Therefore,
as discussed in [16], [[17], we consider only the LoS path
for further study in mmWave channels. Hence, equation (1)
further simplifies to [13]]

- V-2l , (4)
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where «ay; is the complex gain and 6, is the AoD of the LoS
path.

C. Problem Formulation

The received signal of the kth user associated with jth UAV-
BS r;j, is defined as

rjk = /P )W, ki + > /i) )W st
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where p;j is the transmit powers from jth UAV-BS to kth
user, hé-’ « 1s channel vector between kth user of jth UAV-BS
and /th UAV-BS, w; ;. is spatial directivity of the signal sent to
user k from jth UAV-BS, and s; j is scalar data symbol sent
from jth UAV-BS to kth user. In equation (5), the first part
is the desired signal that the user k receives from UAV-BS j.
The second part is interference from the UAV-BS j to user &
while transmitting to other users. The third part is multi-user
interference from other UAV-BSs to user k € Uf;. The fourth
part is additive white Gaussian noise ny ~ CN(0,Np). The



downlink signal-to-interference-plus-noise ratio (SINR) of the
kth user is given by
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Figure 1 illustrates the geographical area. There are four
predefined square regions, which has length R, and known
number of users.

Our goal is to position the UAV-BSs one for each square in
an optimum location. Let I; € R? be ith possible location a
UAV-BS can operate in a predefined square region. Elements
of [; are X, y, and z coordinate points, respectively. Hence the
location matrix can be expressed as

Td1  Yd1 Zd1

Td2 Yd2 Zd2
Lp=| . : e @

Tar  Ydi  Zdi

Similarly, every UAV-BS in this network has a predefined set
of locations in their respective square region. Therefore, there
are many combinations of predefined locations for all UAV-
BS. The total number of combinations can be expressed as

¢=N,P, @®)

where N,q is number of predefined locations inside each
square, and D represent the number of UAV-BS, in the
network.

According to the regulatory guidelines [1]], there are several
concerns regarding privacy, public safety, and security. There-
fore there are limiting factors for the deployment of UAV-BS
such as type, weight, speed, and trajectory. In this regard,
we consider trajectory related constraints. Figure 1 shows the
feasible and restricted regions. UAV-BS are not allowed to
operate in the restricted area but need to satisfy the coverage
requirements of the users inside the area. We define elliptical
restricted region. Therefore, for all [; € R3, we have:

(x — 2ai)?/0* + (y — yai)?/a® > 1 9)

where (z4;, y4;) are the horizontal coordinates of the UAV-BS,
a is the major axis of the restricted area and b is the minor
axis of the restricted area.

Second, we consider UAV-BS hovering-height related con-
straint. For the safety of the UAV-BS and regulations, each
UAV-BS is assumed to have a minimum flying height of 7,,;,.
Further, UAV-BS has a maximum allowable flying height of
hmaz- Hence, for all j € D, we have:

hmin < Zai < hmaz- (10)

Let, the matrix S be the SINR values of all the users in all
possible combinations, and L be the all possible combinations
of UAV-BS locations. We define a vector e, which contains
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Fig. 1. Feasible & restricted zones in the geographical region.

one entry equal to 1 and all other as null. The index of the
non zero entry gives the optimum combination of locations
for all the UAV-BS j € D. The vector e can expressed as,

e =000 ... 1 ... 0]. (11)
With consideration of e, now rewrite the SINR matrix as,
r=e’s (12)

where I' is a vector of all user SINR values for a possible
combination. Similarly, we rewrite the possible location matrix
with consideration of vector e as,

r=elL, (13)
where 7 is vector of all UAV-BS positions for a possible
combination. Recall that our goal is to find feasible locations
for the UAVs to operate, while serving all the associated
users with a guaranteed SINR and satisfying all the regulatory
constraints of UAV-BS. We can formulate this optimization
problem as follows:

minimize 0
subject to I'; i > I'y,,Vk € U; (14a)
(x — 24;)?/b° + (y — yai)*/a* > 1,Vj € D

(14b)
hmin < 2Zdi < hmae, Vj € D (14¢c)
ello=1 (14d)
e, €{0,1}, a=1,...,¢c (14e)

where the variable is e. The problem (14) is combinatorial
and NP-hard. Hence, it requires exponential complexity to
obtain the global optimum solution. Hence, we have to rely
on sub-optimal algorithm to find the approximate solution to
the problem.



D. Solution Approach

We approximate the ¢y minimization problem (14) as a non-
combinatorial ¢;-norm problem. Therefore, we approximate
constraint functions (14d) and (14e) with /¢ functions. The
approximate problem as follows:

minimize 0
subject to  I';p > I'y,,Vk € U; (15a)
(x —24)?/0* + (y — yai)?/a®> > 1,¥j € D

(15b)
homin < Zdi < hinaz,Vj € D (15¢)
leli<1 (15d)
0<e,<l,a=1,..c (15¢)

where the variable is e. Note that binary constraints in the
problem (14d) is relaxed by (15d). However, the restricted
region related constraint (15b) in this problem is non-convex
which makes the problem (15) a difficult one to solve. Thus
we further approximate constraint (15b) in problem (15).i.e.,
we approximate the elliptical restriction zone by a rectangular
restriction zone so that constraint (15b) become a convex one.
We noticed that the non-convex elliptical region in the network
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Fig. 2. Approximated feasible & restricted zones in the geographical region.

can be approximated into linear constraints which are convex.
Hence, the approximated problem can be expressed as follows:

minimize 0

subject to  I'j i > I'y,,Vk € U; (16a)
xg > X —b,Vj €D (16b)
ryi < —Xr+b,V5€D (16¢)
hmin < zai < hae,Vj € D (16d)
lelh<1 (16¢)
0<e,<1,a=1,...,c (16f)

where the optimization variable is e. Therefore, this convex
optimization problem can be solved by standard CVX solver.
The proposed algorithm to solve problem (16), i.e., to find a
feasible position for a multi-UAV aided network is summa-
rized in Algorithm 1.

Algorithm 1 Multi-UAV-BS Positioning

1: For a given geographical region: Define sub regions

2: Set SINR threshold, h,,qz, and A

3: Set predefined locations inside each sub region

4: Create combination matrix for all predefined locations in
the topology

S: Approximate the problem (14) by (16)

6: Find SINR values for all predefined combinations

7: Solve (16) by standard CVX solver and find e

8: Find the index of the maximum value in e, and locate the
UAV-BSs

III. SIMULATION

We consider 4 UAV-BSs to provide services to 20 single-
antenna users inside a defined geographical region. The given
region is equally divided into 4 square regions. All the regions
contain a UAV-BS and 5 associated users. Each user can
be served by only one UAV-BS. Users are assumed to be
at ground level, (z = 0). We allocate equal power to all
the users with beamforming. We use 20 predefined locations
for the deployment in each region. Hence, there are 160,000
combinations define for the simulation. Our goal is to find the
feasible set of locations out of 160,000 combinations. Table I
presents the simulation parameters.

TABLE I
SIMULATION PARAMETERS
[ Description [ Value |
Size of the total area 114 m x 114 m
Size of one region 57mx 57 m
Number of User in each region 5
Number of defined areas 4
Number of UAV-BSs 4
Number of UAV-BS antenna, N 6
Path-loss exponent, ~y 2
Restricted region, b 11 m
hmaz 36 m
UAV-BS transmit power 1 mW
Noise, Ng -35 dBm

Figure 3 shows SINR versus user index at one of the feasible
location for multi-UAV-BS scenario. It can be observed that
the users achieved the SINR threshold value for the /#;-
norm minimization problem. Consider the region one and two,
where the users are indexed by 1 to 5 and 6 to 10. It can
be observed that the SINR value at the feasible position and
SINR value at the highest altitude are the same. Therefore,
the proposed algorithm chooses the highest altitude to place
the first and second UAV-BSs. In the third region, both SINR



values at highest (30 m) and lowest (20 m) altitudes are less
than the height in between. Therefore, the algorithm chooses
the position at 25 m to deploy the UAV-BS. In the fourth
region, lowest altitude (20 m) has the higher SINR value than
the position selected by the algorithm (25 m). This is caused
by the minimum height constrain of 22 m.
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Fig. 3. SINR versus user index at a feasible location and SINR values at
highest and lowest altitudes.

Figure 4 presents the user distribution and a set of feasible
positions for the UAV-BSs. Figure 4 confirms the proposed
algorithm chooses feasible positions only outside the restricted
region. It satisfies the operating region of constraint. We
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Fig. 4. User locations and feasible positions of the UAV-BSs, where SINR
threshold = -5.49 dB, A,pin =22 m, hypmee =36 m, and b = 11 m.

simulate 50 different SINR threshold values from -6.38 dB
to -10 dB for the same user distribution, and plot Figure 5.
We keep other constraints same during the simulation. We
can observe that the feasible positions are spread outside the
restricted region.

We simulate 50 different user distributions for the same
SINR target value, and plot Figure 6. We observed 33 user
distributions achieved the SINR threshold value of -6.58 dB.
Our proposed algorithm gives the same UAV-BS positions for
some different user distributions. We kept the height and the
restricted region constraints same during the simulation. It
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Fig. 5. User locations and the feasible positions of the UAV-BSs for SINR
threshold values from -6.38 dB to -10 dB and same user distribution, where
homin =22 m, hmaz =36 m, and b= 11 m.

can be observed the feasible locations are spread outside the
restricted region.
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Fig. 6. Feasible positions of the UAV-BSs for same SINR threshold value
and different user distributions, where h,y,;,, = 22 m, Aypgr = 36 m, and b
=11 m

Figure 7 demonstrates the 3-D positions of the UAV-BSs for
different user distributions. It can be observed all the possible
locations are placed in between the A4, and h,,;, planes.
Figure 7 confirms the proposed algorithm satisfies the height
constraint. Figure 8 presents the xz-plane of the Figure 7. It
can be observed that there is no UAV-BS placed inside the
restricted region.

In summary, these results show that the proposed algorithm
gives a set of feasible positions to deploy multiple UAV-BSs
simultaneously. Figure 3 shows the SINR values of the ground
users at one of the feasible locations. Meantime, the respective
deployment of the UAV-BSs present in Figure 4. Besides,
Figure 5 demonstrates the set of UAV-BS positions for the
same user distribution and different SINR threshold values.
Collectively, the above results satisfy our SINR and restricted
region constrains. Furthermore, Figure 6 illustrates the set of
UAV-BS positions for different user distributions and the same
SINR threshold value. The 3-D space view, xz-plane view of
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Figure 6 presents in Figure 7 and Figure 8, respectively, and we
can observe our algorithm achieves the height and restricted
region constraints. Overall, these findings will doubtless be
matched with all constraints mentioned in the problem (16).

IV. CONCLUSIONS

In this paper, we investigate how simultaneous 3D deploy-
ment of multiple UAV-BSs can be introduced in the mmWave
wireless network. In particular, we focus on finding a feasible
location within a sub region by addressing QoS and regulatory
constraints. The objective is to deploy multiple aerial BSs
simultaneously to completely serve the ground users. First, by
using a set of predefined locations for each UAV-BS in every
sub region, we have created the combination matrix for all
predefined locations in the topology and derived the SINRs for
all the possible locations for the UAV-BSs. Second, to find the
feasible locations of the UAV-BSs, We have formulated a ¢
norm minimization problem, which is combinatorial, NP-hard.
This ¢y norm minimization problem has been approximated as
a non-combinatorial ¢; norm minimization problem. Then, we
have proposed a suboptimal algorithm to solve it. Simulation

results considering regions with the same and different user
distributions confirmed the simultaneous deployment of the
proposed algorithm for different SINR threshold values while
addressing the regulatory constraints.
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