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Abstract—We study the deployment of an unmanned aerial
vehicle (UAV) network to provide urgent communications to peo-
ple trapped in a disaster zone, where each UAV is an aerial
base station in the air. Unlike most existing studies that assumed
that each user communicates with a UAV directly, we introduce
Device-to-Device (D2D) communications, in which a user within
the communication range of a UAV can serve as a hotspot (e.g.,
WiFi hotspot), and provide communication services to his nearby
users who are out of the communication range of any UAV. More
users thus can have the communication service provided by the
UAV network. To ensure that the users within and out of the com-
munication ranges of deployed UAVs have fair communication
quality, we study a novel UAV deployment and resource allocation
problem under the D2D communication model, which is to deploy
K given UAVs in the top of a disaster zone, allocate the bandwidth
of each UAV to its served users, allocate the bandwidth of each
hotspot to his served users, determine the data rate of each user,
and find the routing paths for data transmissions, such that the
accumulative utility of all users is maximized. We also propose
a novel (1 —1/e — ¢)-approximation algorithm algMaxUtility
for the problem, where e is the base of the natural logarithm,
and ¢ is a given constant with 0 < € <1—1/e. We finally evalu-
ate the performance of the algorithm. Experimental results show
that accumulative utility by the algorithm is up to 18% larger
than those by existing algorithms. In addition, more than 16%
users are served in the deployed UAV network by the proposed
algorithm.
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I. INTRODUCTION

T IS reported that there were more than 7000 severe disaster

events in the world from 2000 to 2019, such as Haiti earth-
quake in 2010, the Wenchuan earthquake in 2008, Hurricane
Katrina in 2005, etc. [1]. Millions of people lost their lives and
the economic losses in the disasters were as high as U.S. $3
trillion. When a disaster occurs, the first priorities are to search
and rescue trapped people and get them out of the disaster
area. However, the trapped people may not be able to com-
municate with rescue teams, since some telecommunication
infrastructures have already been destroyed by the disaster [2].
In addition, it usually takes a long time, e.g., several days,
to repair the destroyed telecommunication infrastructures. In
this scenario, a temporary communication network is urgently
needed.

The utilization of multiple unmanned aerial vehicles (UAVs)
to build an emergent communication network has drawn a lot
of attentions, due to unique advantages of UAVs [3], [4], [5].
Benefiting from hardware miniaturization technologies, UAVs
are able to be equipped with lightweight base station devices,
thus work as aerial base stations to provide wireless commu-
nication services in the air [6]. In addition, UAVs are very
flexible and can be quickly deployed, which make them desir-
able in unexpected disaster events [7]. For example, the UAV
“Wing Loong” was deployed to provide emergency commu-
nications to the trapped people in the disaster zone after a
severe flooding in the summer of 2021 at Henan province,
China [8]. Furthermore, UAVs are able to offer better wireless
communication services in the air, due to their higher height
than terrestrial base stations [9].

Considerable efforts have been devoted to the deployment
of UAV wireless communication networks. Most of the exist-
ing studies assumed that a ground user communicates with
a UAV directly [10], [11], [12], [13], [14], [15], [16], [17].
For example, Fig. 1(a) shows that three UAVs are deployed to
serve users in the disaster area, where seven users uj, up, ...,
u7 are within the service area of the three UAVs, while the
other three users ug, ug, and ujg are out of the service area,
thus cannot access the Internet.

Note that there may be limited number of available UAVs
just after a disaster and they may not be able to serve all
users in the disaster area, since the disaster area may be very
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Fig. 1. Comparison between a UAV network without D2D communica-
tion and another UAV network with D2D communication. (a) UAV network
without D2D communication. (b) UAV network with D2D communication.

large [18]. Moreover, it may take several days to purchase
new UAVs and install new base stations on them. Thus, a
critical problem is to quickly deploy available UAVs to serve
as many users as possible, especially within the first 72 golden
hours after a disaster. Then, some users may not be within
the communication range of any UAV, and cannot send their
information to the rescue team, e.g., see users ug, ug, and ujg
in Fig. 1(a). Then, they may have already lost their lives when
the rescue team finds them, as it may take a long time for the
rescue team to locate them.

To further improve the coverage of a UAV network and
provide communication services to as many users as possible,
in this article we introduce the utilization of Device-to-Device
(D2D) communication, in which a user having cellular service
can serve as a hotspot, e.g., WiFi hotspot, to provide commu-
nication services to other users in his/her proximity [19]. For
example, Fig. 1(b) shows that user u; serves as a hotspot to
both users ug and ug, and user ug serves as another hotspot
to user ujg. It can be seen that more users can access the
Internet with the D2D communication, and casualties thus can
be reduced.

In this article, we study a novel UAV deployment and
resource allocation problem under the D2D communication
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model. Specifically, the problem is to deploy K given UAVs
in the top of a disaster zone, allocate the bandwidth of each
UAV to its served users, allocate the bandwidth of each
hotspot to his/her served users, determine the data rate r;
of each user u;, and find the routing paths for data trans-
missions, such that the accumulative utility Z}’zl wu(ry) is
maximized. The utility w(7;) measures the communication
satisfaction of user u; with a data rate r;, and the function
w(r;) has the diminishing return property that the marginal
return of user u; becomes smaller when his/her data rate
rj is larger [20], e.g., u(rj)) = log,(r; + 1). By adopting
the utility function, different users have fair communication
quality from the UAV network. Otherwise, the users within
the transmission ranges of UAVs will have much higher
data rates than the other users out of the UAV transmission
ranges.

The considered problem poses many challenges.

1) Where to deploy the K UAVs in the air, as there are
many candidate hovering locations.

2) Since the total bandwidth of each UAV is limited, which
users should be directly served by UAVs and how to
allocate the limited bandwidth of UAVs to the users?

3) Which users should act as hotspots and how to allocate
the limited hotspot bandwidth to the users that cannot
be directly served by UAVs?

4) How to determine the data rate r; of each user u; and
its routing path such that the accumulative utility is
maximized. In this article, we propose a novel (1 —
1/e — €)-approximation algorithm algMaxUtility
to address the challenges, where e is the base of the
natural logarithm, and € is a given constant with 0 <
e<l—1/e.

Notice that although the D2D communication technique was
adopted in the traditional terrestrial cellular networks to extend
their wireless coverage [21], [22], since the locations of base
stations in the networks are fixed and will not change, exist-
ing studies usually considered only the resource allocation and
routing problem. In contrast, in a disaster area, the hovering
locations of aerial base stations, i.e., UAVs, are unknown,
and we need to deploy multiple UAVs in the air, allocate
bandwidth resource, and find routing paths. Therefore, exist-
ing algorithms for the traditional cellular networks with D2D
communication cannot be applied to the problem in this
article.

The contributions of this article are summarized as follows.

1) Unlike most existing studies where users communicate
with UAVs directly, in this article we introduce D2D
communication into the UAV network, such that more
users can access the Internet via the relay of hotspot
users. We study a novel UAV deployment and resource
allocation problem in a UAV network with D2D com-
munication, which is to deploy multiple UAVs, allocate
bandwidths of UAVs and hotspots, determine the data
rate of each user and find its routing path for data trans-
mission, such that the accumulative utility Zj’-‘zl w(ry)
of all users is maximized.

2) We then devise an approximation
algMaxUtility for the problem.

algorithm
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3) Finally, we evaluate the performance of the
proposed algorithm through experimental simula-
tions. Experimental results show that accumulative
utility by the proposed algorithm is up to 18% larger
than those by existing algorithms. In addition, more
than 16% users are served in the deployed UAV network
by the proposed algorithm.

The remainder of this article is organized as follows. Section II
reviews related studies. Section III introduces system mod-
els and defines the UAV deployment and resource allocation
problem precisely. Section IV proposes a novel approximation
algorithm for the problem. Section V evaluates the algorithm
performance. Finally, Section VI concludes this article.

II. RELATED WORK

The deployment of UAVs to provide emergent communi-
cation services to ground users has received many attentions,
when a user communicates with a deployed UAV directly [7],
[10], [11], [12], [13], [14], [15], [17], [23]. For example,
Xu et al. [23] proposed a [(1 — 1/e)/~/K]-approximation algo-
rithm for the problem of maximizing the throughput of ground
users by deploying a limited number of UAVs, subject to
the constraints on the capacity of each UAV and the connec-
tivity of the deployed UAV network. Kimura and Ogura [7]
studied a distributed 3-D deployment method which consists
of two key parts. They first estimated user density by uti-
lizing data from on-ground sensors. Then, the 3-D position
of each UAV is determined by invoking a distributed push-
sum algorithm, such that the number of covered users is
maximized. Zhao et al. [17] investigated two problems, one
is to cover users in a given area with the minimum num-
ber of UAVs and the other is to cover as many users as
possible by deploying a given number of UAVs while main-
taining the connectivity of the UAV network. For the former
problem, they first deploy enough UAVs to ensure that each
user can be served, followed by removing redundant UAVs.
For the latter problem, they designed a distributed control
algorithm by considering the distribution of user densities,
the safe distance between different UAVs, and the avoidance
from obstacles. Mozaffari et al. [14] studied a problem of
deploying multiple UAVs to provide the maximum coverage
for ground users, by deriving the downlink coverage probabil-
ity as a function of UAV altitude, transmit power, and antenna
gain, assuming that all UAVs use the same carrier frequency.
Alzenad et al. [10] studied a problem of finding the service
location in the sky for a UAV to cover the maximum num-
ber of ground users. They then minimized the transmission
power of the UAV, while ensuring the maximum coverage of
users. Lyu et al. [13] studied a problem of deploying the mini-
mum number of UAVs to cover a given area without the UAV
network connectivity constraint, and solved the problem by
a method of spiral deployment. Bor-Yaliniz et al. [11] stud-
ied the optimal 3-D placement problem of a single UAV for
the maximum throughput of ground users in different sce-
narios and obtained a near-optimal solution with the help
of an interior-point optimizer. Mozaffari et al. [15] investi-
gated a problem of deploying UAVs in the sky and allocating
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ground users to the deployed UAVs, so that the total transmis-
sion power of the UAVs is minimized, while maintaining the
minimum data rate requirement of each user. Liu et al. [12]
proposed a method based on the deep reinforcement learning
(DRL) to dispatch a given number of UAVs to fairly cover
users in an area for a period.

We notice only a very few studies that introduce D2D
communications into UAV networks, where a user can com-
municate with a UAV in the air directly, or send his data to
another user and the latter user forwards the data to the UAV
serving him. Liu et al. [24] considered a scenario in which
a single UAV has been deployed in the sky and studied the
problem of extending coverage and improving user data rates
in UAV networks with multihop D2D communications. They
first proposed the shortest-path-routing algorithm to find D2D
routing paths for the users out of the communication range
of the UAYV, then designed an algorithm for maximizing the
sum of data rates of source nodes by optimally distributing
transmission power of the UAV. Wang et al. [25] studied a
problem of optimizing the trajectory of a single UAV and
the transmit power of ground devices to maximize network
throughput, where the UAV serves a relay between separated
devices without direct links while the devices with direct links
can communicate with each other (i.e., D2D communication).
Zhong et al. [26] extended the study in [25] to the case with
multiple UAVs.

Unlike the studies in [24] and [25] that considered only
a single UAV, in this article we consider the deployment of
multiple UAVs, which is applicable to large-scale disaster
areas. On the other hand, although Zhong et al. [26] con-
sidered the deployment of multiple UAVs, the users within
the communication range of UAVs do not serve as hotspots
to other users out of the communication range of any UAYV,
which however is taken into account in this article. This indi-
cates that more users will be served in the solution delivered
by the proposed algorithm in this article.

III. PRELIMINARIES

In this section, we first introduce the network model, then
present the channel models, bandwidth allocation strategies,
and finally define the problem.

A. Network Model

We consider an area that is being suffered from a natural
disaster, e.g., an earthquake or a mudslide, where communi-
cation infrastructures may have been destroyed already. The
trapped people in the disaster area then are unable to send
their information to rescue teams [5]. In this scenario, it is
critical for the rescue teams to obtain information of them. A
temporary communication network thus needs to be deployed
as quickly as possible.

We consider the deployment of multiple UAVs to form
an emergent network in the top of the disaster area, which
can provide communication services to the ground users [see
Fig. 1(b)].

We model the disaster area as a 3-D space with its length
L, width W, and height H, e.g., L= W =3 km, H = 500 m.
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Assume that there are n ground users uj, u, ..., u, in the
disaster area. Let U be the set of the n users, ie., U =
{ur, up, ..., u,}. Also, assume that the user locations are
known, for example, by detection from photographs taken by
a UAV with onboard cameras and GPS modules [23], [27].
Denote by (xj,y;,0) the coordinate of a user u; with
l<j=n

Assume that K given UAVs hover at the same optimal hov-
ering altitude & for the maximum coverage area, and most
existing studies adopted such an assumption [17], [28], where
the value of i can be calculated by the algorithm in [9],
e.g., h = 300 m. Since there are infinite number of candi-
date hovering locations for the UAVs at altitude 4, for the
sake of convenience, we divide the plane h into m equal
grids with their side length being y, e.g., y = 50 m, where
m = (L/y) x (W/y), assuming that both the length L and
width W of the disaster area are divisible by y. The cen-
ter of each grid is considered as a candidate UAV hovering
location, and at most one UAV can hover at the grid cen-
ter to avoid collisions between different UAVs. Denote by
Vi, V2, ...,V the center locations of the m grids, respec-
tively. The set of candidate UAV hovering locations then is
V={vi,vo,...,vp}.

In order to access the Internet, assume that one of the K
UAVs can communicate with the satellite [29], and the UAV is
referred to the gateway UAV [see Fig. 1(b)]. The other (K —1)
UAVs can connect to the Internet with the relay of the gate-
way UAV. Once all the UAVs connect to the Internet, they
can provide communication services to the ground users. A
ground user can access the Internet by directly communicat-
ing with a UAV, or via the relay of other ground users, i.e.,
D2D communications, e.g., WiFi. For example, in Fig. 1(b),
user #; communicates with a UAV directly, while both users
ug and ug access the Internet via the relay of user u;.

We assume that the K UAVs are initially co-located at a res-
cue center close to the disaster area. There is a server located
in the rescue center and it can communicate with the gateway
UAV by equipping with a wireless module. A UAV scheduling
algorithm can first run in the server and the server then sends
the hovering locations of different UAVs to the gateway UAYV,
and the gateway UAV further forwards the hovering locations
of other UAVs.

B. Channel Models

In the following, we model the D2D, UAV-to-device, and
UAV-to-UAV wireless channels, respectively.

1) Device-to-Device Channel Model: Consider two ground
users u; and ug, assume that user ug serves as a D2D
hotspot, e.g., WiFi hotspot. The signal-to-noise ratio SNRj;
from user u; to hotspot u; [31] is modeled as SNRy =
[(Pa2d 8a2d)/Pn1(c/[4mfara))?[1/ (d3)], where Pgyq and gqzq
are the transmission power and antenna gain of user uy for
D2D communications, respectively, Py is the power of the
Gaussian white noise, ¢ is the speed of light, fy»4 is the radio
frequency of the D2D transmission (e.g., fioq = 2.4 GHz for
the WiFi communication [30]), dj; is the Euclidean distance
between users u; and ug, o is the path-loss exponent and its
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typical value is 3. Denote by Rgzq the maximum D2D com-
munication distance between two users, e.g., Rgpg = 50 m.
That is, the two users can communicate with each other, if
their distance is no greater than Rgyg.

Following the Shannon theory, the link capacity C]f}fd from
user u; to hotspot uy is

Cit® = B2 log, (1 + SNRy) (1)

where B/‘.ik2d is the bandwidth allocated to u; by uy, and the
value of B‘.ik2d is to be determined later. Denote by Bhotspot
the bandwidth allocated to each hotspot, e.g., Bhotspot =
20 MHz [30]. Since each hotspot may serve multiple users,
the sum of bandwidths allocated to the users by the hotspot
should be no greater than his total bandwidth Bhotspot, i.€.,
Z”_/ENuscrs(uk) B]?‘}CZd < Bhotspots Where Nygers(ux) is the set of
users served by the hotspot u.

2) UAV-to-Device Channel Model: Consider a UAV at a
hovering location v; at altitude 7 and a ground user u;.
Following the existing study in [9], the path loss between
the UAV and the user is a Line-of-Sight (LoS) loss if there
are no obstacles between them. Otherwise, the path loss is a
Non-Line-of-Sight (NLoS) loss. We can dispatch some UAVs
to detect whether there are some obstacles between the UAV
and the user, e.g., sending some sample signals, before we
deploy a UAV network in the air to serve users. In addition,
we can adopt the method used in work [32] to capture the
signal strengths between ground users and different UAV hov-
ering locations. We model the channel model under the two
scenarios as follows.

On the one hand, if there are no obstacles between the
ground user u; and the UAV at location v;, then the signal-
to-noise ratio SNRI.;OS from user u; to the UAV at location v;
is modeled as SNRﬁOs = [(P1g0)/PN1(c/[47fuavd;ii])* (1/0108),
where P, is the transmission power of the UAV, g, is
the antenna gain, fy,y is the radio frequency, e.g., fuay =
4.7 GHz [33], dj; is the Euclidean distance between user u;
and the UAV at location v;, np s is the average shadow fading
for the LoS link. Denote by Rypq the maximum communication
range between a UAV and a user, e.g., Ry2q = 800 m. That is,
a user can communicate with a UAV directly, if their Euclidean
distance is no greater than R,»4. Following the Shannon the-
ory, the link capacity C}}zd from user u; to the UAV hovering
at location v; under the LoS scenario is

Ci29 = B log, (1 + SNRES) 2

where Bj‘-‘l-2d is the bandwidth allocated to user u; by the UAV
at location v;, and the value of B‘.‘fd is to be determined later.

On the other hand, if there are some obstacles between
user u; and the UAV at location v;, then the wireless link
between them experiences NLoS losses. The signal-to-noise
ratio SNRYLS from user ; to the UAV at location v; is mod-
eled as SNR]I}ILOS = [(Pig1)/PN1(c/[4fuavd;i))*(1/1NLoS)
where nNLos 18 the average shadow fading for the NLoS link.
Notice that the value of nnLos is much larger than the value
of nLos. For example, the values of nnios and np s are 20 and
1 dB, respectively, in an urban environment [9]. The link
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capacity C‘-fd from user u; to the UAV hovering at location v;
under the NLoS link scenario then is

2 = i log2<1 n SNR};’L"S). 3)

By combining (2) and (3), we have

Bj‘-ll.2d 10g2(1 + SNRle-OS), if the link from user
u; to the UAV at location v; is LoS

Bj‘.li2d logz(l + SNR}}ILOS), if the link from user
u; to the UAV at locations v; is NLoS.

u2d __
Gi~ =

“4)

Since each UAV serves multiple ground users, the sum of
bandwidths allocated to the users served by the UAV at loca-
tion v; should be no greater than its total bandwidth Byyy, i.e.,
ZujeNusers(Vi) B]‘.‘i2d < Buay, Where Nygers(v;) is the set of users
served by the UAV at location v;.

3) UAV-to-UAV Channel Model: The UAV-to-UAV chan-
nels are mainly dominated by LoS links. Then, the path loss
between two UAVs can be modeled as the free-space propa-
gation loss [9]. Denote by R,y the maximum communication
range between two UAVs, e.g., Ryay = 5 km. That is, two
UAVs can communicate with each other if their Euclidean
distance is no greater than Ryay.

We represent the UAV network as an undirected graph G =
(VU U, E), where V is the set of candidate UAV hovering
locations and U is the set of ground users. In addition, there
is an edge (v, v;) in E between two UAV hovering locations
v; and v; in V if their Euclidean distance is no greater than the
maximum UAV communication range Ry,y, there is an edge
(vi, ur) in E between a hovering location v; in V and a user
ur in U if their distance is no greater than their maximum
communication range Ryp4, and there is an edge (u, u;) in E
between two users u; and u; in U if their distance is no more
than their maximum communication range Rqyg.

C. Bandwidth Allocations

Since bandwidth resources are limited, there may be serious
interferences among different UAVs and/or among different
users, especially when there are a large number of users, we
introduce bandwidth allocation strategies as follows.

1) Bandwidth Allocation for Hotspots: On the one hand, it
can be seen that if more users serve as hotspots by relaying
the data from their nearby users, more users will be served or
obtain higher data rates. However, if too many users serve as
hotspots, since the wireless bandwidth resources for acting as
hotspots may be very limited, two nearby hotspots may use
the same spectrum segment, and there will be serious data
transmission interferences. In the following, we allocate the
available spectrum segments to hotspots such that the number
of users served by the hotspots is maximized while ensuring
that there are no communication interferences between any
two hotspots.

Denote by U’ the candidate hotspot set, where a user u; is
in set U’ if its residual energy is no less than a given energy
threshold, e.g., 30% of energy.
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Fig. 2. Interferences elimination between nearby hotspots. (a) Distance
between hotspots u;. and u]/. is no greater than 3Rgpq. (b) Distance between

hotspots u} and uj/ is larger than 3Rgpq.

To eliminate interferences, two close hotspots should use
different spectrum segments. For example, Fig. 2(a) shows that
two hotspots u; and u]/ and their Euclidean distance is less
than 3Rg>4, where hotspot u; serves user u;, hotspot u} serves
user uj, and Rgpq is the maximum communication range of
D2D communication. It can be seen that if hotspots u; and
uJ’ use the same spectrum segment, there are communication
interferences at user u;, when hotspot u; sends data to user u;,
and user u; sends its data to its hotspot i, since u; are within
the communication areas of both hotspot u; and user u; at the
same time.

On the other hand, we claim that there are no communi-
cation interferences between two hotspots u; and uj’-, even if
they use the same spectrum segment, when their Euclidean
distance is strictly larger than 3Ry [see Fig. 2(b)]. We prove
the claim in Section 1 of the supplementary file.

To allocate the available spectrum resources to hotspots,
we construct an auxiliary graph Gy, = (U’ U U, E), where
U’ is the set of candidate hotspots with U’ € U. There is
an edge (u}, u)) in E between two candidate hotspots u; and
u}, if their Euclidean distance is no greater than 3R4yq, where
the edge (u, uj’.) indicates that there may be communication
interferences between hotspots u; and u; if they use the same
spectrum segment. In addition, there is an edge (i, u;) in E
between a candidate hotspot u; in U’ and a user u; in U, if
their Euclidean distance is no greater than Rgyg, where the
edge (u}, u;) means that hotspot u; can serve user u;.

Assume that there are ¢ orthogonal spectrum segments
f1.f2,....fy available for the D2D communications, e.g.,
q = 3 orthogonal spectrum segments for the WiFi commu-
nications [30]. Consider two users in U’, assume that they are
chosen as hotspots. It can be seen that they cannot be allocated
the same spectrum if they are neighbors in graph Gy,; other-
wise (they are not neighbors), they can use the same spectrum
segment.
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We choose the sets of hotspots that use spectrum segments
f1,/2, ...,y one by one. We first choose a subset U’l” of users
in U’ that serve as hotspots and they use the first spectrum seg-
ment f;. We use a greedy strategy to find the subset U{” as fol-
lows. Initially, U{” = ). We find a candidate user u; in U\ U i”
such that it is not a neighbor of any node in U{” and the num-
ber of increased served users is maximized. We then add user
u; to U{” and remove the users served by u; from graph Gy.
We continue the procedure until every node in U’ \ U{” is
a neighbor of some node in U{” . Having obtained the subset
U?S, we remove the nodes in U{” and their incident edges from
graph Gp;. The findings of subsets U, Ué”, ..., UM for spec-
trum segments f>, f, . .., f; are similar to that of U 15 , omitted.
Denote by U™ the set of hotspot users, i.e., Uhs = ](‘]=1 U;”.
Let nys be the number of hotspots, i.e., nj; = |Uhs|.

We notice that the energy consumption of a hotspot user
may be larger than that of a nonhotspot user, due to larger
network traffic. Then, a user can serve as a hotspot if his
residual energy is no less than a given energy threshold, e.g.,
30% of energy. On the other hand, when the residual energy
of a hotspot user falls below the energy threshold, he becomes
a nonhotspot user. We can rechoose the set of hotspot users
and invoke the proposed algorithm to redeploy UAVs and
reallocate bandwidth resource.

2) Bandwidth Allocation for UAVs: Following existing
studies [28], assume that the orthogonal frequency-division
multiple access (OFDMA) technique is adopted and dif-
ferent UAVs use different spectrum segments, due to the
rich bandwidth resource in 5G and beyond. Denote by Byay
the bandwidth available for each UAV. Following the 3GPP
standard, By,y = 50 MHz [33].

Table I lists the notations used in this article.

D. Problem Definition

In this article, we consider the deployment of a UAV
network to provide communication services to ground users
in a disaster area. Since the bandwidth resources for commu-
nications are limited, some users have good wireless commu-
nication quality with some UAVs, e.g., LoS links, while the
other users experience poor communication quality due to long
distances to the UAVs or obstacles between the users and the
UAVs. However, it is important to provide good communica-
tion services to all users, since every user is urgent to send
his/her data to the rescue teams.

To measure the communication satisfaction of each user u;,
we introduce a utility function w(rj), which is defined as an
increasing, twice-differentiable and strictly concave function,
where r; is the data rate of user u; to be determined. For exam-
ple, u(rj) =log,(rj+1) [34]. The utility function characterizes
the diminishing return property, which means that the marginal
return of user u; becomes smaller when his/her data rate r; is
larger [20]. The accumulative utility of all ground users then
is };1 w(rj).

In this article, we consider a UAV deployment and resource
allocation problem, which is to deploy K UAVs in the top
of a disaster zone, allocate the bandwidth of each UAV to
its served users, allocate the bandwidth of each hotspot to
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TABLE I
NOTATIONS AND THEIR DESCRIPTIONS

Notations Descriptions

U the set of n users u1,us, ..., un

K the number of UAVs

h the hovering altitude of the KX UAVs

14 the set of m candidate hovering locations
V1,02, ..., Un in the air

S the set of hovering locations for the K UAVs

SN R, the signal-to-noise ratio from user u; to
hotspot uy

B;-i,fd the bandwidth allocated to user wu; by
hotspot uy

Cf,?d the link capacity from user u; to hotspot ux

Ra2d the maximum communication distance be-
tween a user and a hotspot

Bhotspot the total bandwidth of each hotspot

SNRES the signal-to-noise ratio from user u; to the
UAV at location v; if the link is LoS

SNR}*% | the signal-to-noise ratio from user u; to the
UAV at location v; if the link is NLoS

By the bandwidth allocated to user u; by the
UAV at location v;

oy the link capacity from user u; to the UAV
hovering at location v;

Ry24a the maximum communication range be-
tween a UAV and a user

Buav the total bandwidth of each UAV

Ruav the maximum communication range be-
tween two UAVs in the air

U (CU) the set of users whose amounts of residu-
al energy are no less than a given energy
threshold

q the number of spectrum segments
fi, f2, ..., fq for D2D communications

U the set of hotspots that use spectrum seg-
ment f;

U the set of hotspots, i.e., Uhs = U‘}ZlUth

rj the data rate of user u;

wu(r;) the utility of user u; with a data rate r;

Nusers(vi/ug)| the set of users within the communication
range of the UAV at v; or hotspot u

Nhotspots(uj)| the set of hotspots within the communica-
tion range of user u;

Nuaw(uj) the set of UAVs within the communication
range of user u;

fii (or fix) the sum of data rates in the link from user
u; to the UAV at location v; (or hotspot uy)

his/her served users, determine the data rate r; of each user
u;j, and find routing paths for data transmissions, such that
the accumulative utility 27: 1 #(r;) is maximized. This is, the
objective is to

n

maximize Z ,u(rj) (®)]

J=1

subject to the following constraints.

1) Find K hovering locations in V to deploy the K UAVs,
respectively.

2) The sum of bandwidth allocated to users by each
deployed UAV at location v; is no greater than its total

available bandwidth By, i.€., ZuieNum i) B]‘-]l.2d < Buay.
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3) The sum of bandwidth allocated to users by each hotspot
uy is no greater than his/her total bandwidth Bpotspot. i.€.,
Zuj Nasers (1) Bj?‘}fd < Bhotspot, Where uy € U™s.

4) The sum of data rates in each link from a user u; to
a UAV at location v; is no more than the link capacity
between them, i.e., f; < C‘-’l»Zd.

5) The sum of data rates in each link from user ; to hotspot

uy is no more than the link capacity, i.e., fix < Cj‘}fd.

6) The flow reservation constrains that the sum of data rates

transmitted by each user u; is equal to the sum of data
rates received by the user u; plus its data rate rj, i.e.,
ZukGNhotspots(uj)fjk—‘r_ZViENuav(L{/)ﬁi = ZukENusers(uj)fki—Fry’
where Npotspots (1j) is the set of hotspots providing ser-
vice to user #; and Nyay (1) is the set of UAVs providing
service to u;.

Notice that the variables in the problem include: the hover-
ing locations of the K UAVs; the bandwidth B}‘izd allocated to
a user u; by the UAV at each location v;; the bandwidth B;iizd
allocated to a user u; by each hotspot u;; the data rate r; of
user u;; the sum fj of data rates transmitted by each user u;
to another user u; or the UAV at location vy.

Lemma 1: The UAV deployment and resource allocation
problem is NP-hard.

Proof: The proof is contained in Section 2 of the supple-
mentary file. |

IV. APPROXIMATION ALGORITHM

In this section, we propose an approximation algorithm
algMaxUtility for the UAV deployment and resource
allocation problem.

Since the UAV deployment and resource allocation problem
considered in this article is complicated, we first consider a
simpler problem, in which we assume the set S of hovering
locations for UAVs have already been found and mg(= |S])
UAVs have already been deployed at the hovering locations in
S, respectively, where mg < K. We focus on the resource allo-
cation problem in Section IV-A and propose a near-optimal
algorithm for it. On the other hand, in Section IV-B, we
remove the assumption that the UAV hovering locations have
already been found and devise an approximation algorithm for
the original problem. Notice that the algorithm in Section IV-A
serves as subroutine of the algorithm in Section IV-B.

A. Near-Optimal Algorithm for the Resource Allocation
Problem

Given a set S of hovering locations, let mg = |S| with
mg < K. We assume that Ng UAVs have already been deployed
at the hovering locations in S, respectively. We consider the
resource allocation problem in this section, which is to allocate
the bandwidth of each UAV to its served users, allocate the
bandwidth of each hotspot to his/her served users, determine
the data rate r; of each user u;, and find the routing path for the
data transmission of each user u;, such that the accumulative
utility 77, p¢(rj) is maximized.

The basic idea behind the proposed algorithm for the
problem is that we formulate the problem as a convex
optimization problem. Then, a near-optimal solution to the
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convex optimization problem returns a near-optimal solution
to the problem.

Denote by xj; the fraction of bandwidth allocated to a user u;
by the UAV at a hovering location v; in §, where 0 < x;; < 1.
Then, the bandwidth B]‘.‘i2d allocated to user u; by the UAV at
hovering location v; is B‘-’i2d = Xji - Buay, where B,y is the total
bandwidth of each UAV. Similarly, denote by yj the fraction
of bandwidth allocated to a user u; by a hotspot u, where
0 < yjx < 1. Then, the bandwidth B?,fd allocated to user u; by
hotspot uy is B]?"kZd = Yjk * Bhotspot» Where Bhotspot is the total
bandwidth of each hotspot. Recall that 7; represents the data
rate of each user u;, and fj; represents the sum of data rates
transmitted from user u; to another hotspot user u; or the UAV
at location v;. We formulate the resource allocation problem
as follows:

n

P1: max w(r (6)
Xjis Vs Tjs Sk ; (%)
subject to the following constraints:

Y oxisl  1<is<mg (7
1 €Nysers (Vi)

Yoo ksl 1 <k < nps ®)
1 €Nysers (Uk)
fi=CP 1<j<n 1<i<mg 9)
fr=CRY 1 <j<n 1<k<m, (10)
i+ Z Jij

u €Nusers (uj)

= > fu+ Y fi 1<j<a (D

U € Nhotspots (uj) Vi €Nuay (uj)

Yoowi+ ), ksl 1<jsn (12
Vi€Nyay (uj) Uy € Nhotspots (uj)
O<x;i<1, 1<j<n 1=<i<mg (13)
O<yr=1, 1=j=n 1=<k=np (14)
>0, 1<j<n (15)
fi=0, 1<j<n 1<i<mg (16)
fik=0, 1<j=<n, 1 <k=<np 17)

where (7) ensures that the sum of allocated bandwidth by the
UAV at each location v; to the users within its communica-
tion range Nysers(v;i) is no greater than its total bandwidth; (8)
ensures that the sum of allocated bandwidth by each hotspot
user uy to the users within its communication range Nygers (k)
is no greater than its total bandwidth; (9) ensures that the sum
fji of data rates from user u; to the UAV at location v; is no
more than the link capacity C}‘fd; (10) ensures that the sum
fjk of data rates between user u; and hotspot u; is no more
than the link capacity dekZd; (11) indicates the flow reserva-
tion; and (12) implies that each user u; cannot transmit its
data to a UAV base station and a hotspot simultaneously, but
be able to transmit in a time-division way.

It can be seen that the functions in (7)—(17) are linear, thus
convex. However, the objective function in (6) is not convex,
since function w(.) is concave. We transform problem P1 into
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Algorithm 1 Near-Optimal Algorithm for the Resource
Allocation Problem
Input: |S| deployed UAVs in the air, n users uj, ua, ..., u,
in U, a set UM of hotspot users with UM C U, the total
bandwidth By,y of each UAV, the total bandwidth Bhotspot
of each hotspot, and an additive error o > 0
Output: the fraction x;; of bandwidth allocated to user u; by
the UAV at location v; in S, the fraction yj, of bandwidth
allocated to user u; by hotspot user uy, the data rate r;
for each user v;, and the transmission rate fj; of each link,
such that accumulative utility of all users is maximized.
1: Transform the original resource allocation problem P1 into
another convex optimization problem P2;
2: Obtain near-optimal values of x;;, yy;, data rate rj, and
transmission rate fj; for problem P2 by applying CVXPY;
3: return the values of xj;, yj, data rate 7; of each user u;,
the transmission rate fj; of each link, and the accumulative

utility Z}lzl w(r)).

another convex optimization problem P2
n
=2 _u(r)
j=1

subject to (7)—(17). Then, the objective function in problem P2
is convex. In addition, the optimal solutions to problems P1
and P2 are identical, So it is a convex optimization problem
with continuous variables. Following the study in [35], we can
find a near-optimal solution to a convex optimization problem.
Specifically, given a constant « with o > 0, the algorithm
in [35] finds a solution to the resource allocation problem
P1 such that the total utility of the solution is no more than
« smaller than the maximum utility. The algorithm may be
implemented with the help of a Python toolkit CVXPY, which
adopts the interior-point method. The detailed algorithm is
described in Algorithm 1.

P2: min

Xjis Viks Tjs fik

(18)

B. Algorithm for the UAV Deployment and Resource
Allocation Problem

We now remove the assumption that UAVs have been
deployed and consider the original UAV deployment and
resource allocation problem. The basic idea behind the
proposed algorithm is to deploy the K UAVs in a greedy way,
which is elaborated as follows.

Assume that the hovering locations vy, v, ..., vt of kK UAVs
have been found. Let S; be the set of the k hovering locations,
ie., S = {v1,v2, ..., v}. Initially, K = 0. The hovering loca-
tion vr41 of the (k+ 1)th UAV will be found in a greedy way.
Specifically, for each candidate hovering location v; in V '\ Sk
with a nonempty set of ground users within the communication
range of v;, denote by g(Sx U {v;}) the optimal accumulative
utility by deploying k 4+ 1 UAVs in S¢ U {v;}. Also, denote by
2(SxU{v;}) the near-optimal accumulative utility by deploying
the k + 1 UAVs in S U {v;} with a given additive error o1,
which can be calculated by invoking Algorithm 1, where the
value of a4 will be determined later. It can be seen that
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gSrUv)) = g(SkUv)) = gV i) —arpr. (19)

The (k-+ 1)th hovering location v then is a candidate hover-
ing location v; such that its accumulative utility g(Sx U {v;}) is
maximized, i.e., Viy1 = arg max,,ev\S;, Nusers ) 218 Sk U{ViD},
where Nygers(v7) is the set of ground of users within the
communication range of the UAV at hovering location v;.
The procedure continues until a set S(= Skx) of K hovering
locations is found.

We now discuss the value of oj4+1, where 1 <k+ 1 < K.
Given a multiplicative error € with 0 < € < 1 — 1/e, let
8 =(e/[(K+ 1)(1 — 1/e)]). We start by discussing the value
of a1, where k = 0. Notice that, for each candidate hovering
location vy, there is a ground user u; within its communication
range. Then, the optimal accumulative utility g({v;}) is no less
than the utility of user u; when the total bandwidth By,y of the
UAV at location vy is allocated to user u;. Therefore, g({v;}) =
MU (Fmin), where rpip is the minimum data rate of any user
within the communication range of a UAV, and (rmin) is the
utility with data rate rpin. Let oy = 6 - (#min). On the other
hand, for k > 0, the value of ayy; is set as axy1 = 8 - 2(Sk).

There is an important property for the settings of oz 1. That
is, for each k with k =0, 1, ..., K — 1, we have

g8k Uvh) = gSkuivl) = (1—298)-gSkU{vh.
Specifically, following (22), we have

g(vih) = &) = glvih) —ay
= g({vi}) — & - u(rmin)
> g({vih) — 8- g({vid), as p(rmin) < g({vi})
=1 -=9)-g{vh.

We later show that the optimal utility g(Sx) by deploying k
UAVs at locations in Si is no greater than the optimal utility
2(Sr U{v;}) by deploying k+ 1 UAVs at locations in Sy U {v;},
i.e., g(Sk) < g(Sr U {v}). Then, following (22), we have

g(Sk U {vi}) > &(Sk U {vi})

> g(Sk U {vi}) — aq1
= g(Sk U {vi}) — 8- 8(Sk)
> g(Sk U {vih) — 8- 8(Sk), as g(Sk) < g(Sk)
> g(Sk U vi}) — 6 - g(Sk U {vih)
=(1—=208) g8 U{vd.
This indicates that (20) holds.

The detailed algorithm for the UAV deployment and
resource allocation problem is presented in Algorithm 1.

Notice that the people trapped in a disaster are likely to

move around [36], [37]. We have proposed a solution to
address the mobility issue in our recent work [23].

(20)

2L

(22)

C. Algorithm Analysis

Theorem 1: Given K UAVs, a set V of candidate hovering
locations, a set U of n users uy, ua, ..., uy, a set Uhs of hotspot
users with U™ C U, the total bandwidth By, of each UAV,
the total bandwidth Bpospor Of each hotspot, there is a (1 —
1/e — €)-approximation algorithm, i.e., Algorithm 2, for the
UAV deployment and resource allocation problem, where € is
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Algorithm 2 Algorithm algMaxUtility for the UAV

Deployment and Resource Allocation Problem

Input: K UAVs, a set V of candidate hovering locations, a set
Uofnusersuy,up,...,u,, aset U™ of hotspot users with
U™ C U, the total bandwidth By, of each UAV, the total
bandwidth Bpospot Of each hotspot, and a multiplicative
error € with 0 <e <1 —1/e

Output: a set S of K hovering locations for the UAVs, the
fraction x;; of bandwidth allocated to user u; by the UAV
at location v; in S, the fraction y;; of bandwidth allocated
to user u; by hotspot user uy, the data rate r; for each user
vj, and the transmission rate fj of each link, such that
accumulative utility of all users is maximized.

1: Let S < @;

2: Let § < m;

3: Let a; < 8 - w(rmin);

4: for k <~ 1 to K do

5:  For each candidate hovering location v; in V' \ S with a
non-empty set of ground users within the communica-
tion range of v;, calculate values of xj;, yj, data rate 7;
of each user u;, the transmission rate fj of each link,
and the near-optimal accumulative utility g(SU {v;}), if
k UAVs are deployed at hovering locations in S U {v;},
by invoking Algorithm | with the additive error oy;

6: Let vy =arg maXVIGV\SqNusers(V/)7$®{Q(S U{vih}

7. LetS « SU{»k;

8: Let agsr) < 8-2(9);

9: end for

10: return the set S of K hovering locations, the values of x;;,
Yij> data rate r; of each user u;, the transmission rate fj; of
each link, and the accumulative utility g(S) by deploying
K UAVs at locations in S.

a given constant with 0 < € < 1 — 1/e, and e is the base of
the natural logarithm.

Proof: The proof is contained in Section 3 of the supple-
mentary file. |

V. PERFORMANCE EVALUATION

In this section, we study the performance of the proposed
algorithm by comparing it with existing studies.

A. Experimental Environment

We consider a 3-D disaster area, and the length, width, and
height of the area are 2 km, 2 km, and 500 m, respectively.
The number n of users in the area is from 500 to 3000, and
the human density follows the fat-tailed distribution [23], [38].
Fig. 3 shows a distribution example with 500 users.

The number K of to-be-deployed UAVs varies from 2
to 10. The transmission power P; of each UAV is 10 W,
the antenna gain g; is 5 dB, the power of Gaussian white
noise Py is —105 dB, and the maximum communication range
Ry between a UAV and a ground user is 500 m [4]. In
addition, following the 3GPP standard, the total bandwidth
Byay of each UAV is 50 MHz [33]. Furthermore, the average
shadow fadings for LoS and NLoS links are 51,5 = 1 dB
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Fig. 3. There are 500 users distributed in a disaster area, and human density
follows the fat-tailed distribution.

and nNLos = 20 dB, respectively [9]. Finally, the LoS prob-
ability of a user u; served by a UAV at location v; is
p,.Ljos = (1/[1 4 a - exp(—=b(0 — a))]), where a = 9.611725,
b = 0.156082, and 0 is the elevation angle of user u; for the
UAV location v; at altitude & = 300 m [9].

Recall that some users communicate with UAVs by the
relay of hotspots, i.e., D2D communications. The transmis-
sion power Pgyq of each hotspot is 0.1 W, the antenna gain
gdzd is 10 dB, and the maximum transmission range of D2D
communications is 50 m [15], [39]. Also, the total bandwidth
of each hotspot is 20 MHz, respectively [30].

B. Benchmark Algorithms

To evaluate the performance of the proposed algorithm
algMaxUtility, we consider five benchmark algorithms
as follows.

1) Algorithm  maxThroughput [23] finds a
[(1 — 1/e)/~/K]-approximation solution to a problem
of placing K UAVs, so that the network throughput,
i.e., the sum of user data rates, is maximized.

2) Algorithm greedyLabel [40] first assigns each can-
didate hovering location a profit in a greedy way, then
deploys a network with K UAVs, such that the sum of
profits in the network is maximized.

3) Algorithm multiD2D [24] first uniformly deploys K
UAVs in the top of the disaster area, then delivers a
solution to assign the UAV transmission power to each
user so that the sum of data rate is maximized, where a
user out of the communication range of any UAV sends
his data via a route with a minimum outage probability
to another user served by a UAV.

4) Algorithm motionCtrl [17] proposes a motion con-
trol solution to cover the maximum number of users by
deploying K UAVs.

5) Algorithm pushSum [7] proposes a distributed 3-D-
deployment for downlinks to maximize the number of
covered users by the deployed UAVs.

6) Algorithm algDRL [41] finds the hovering locations of
the K UAVs by using the DRL.

Notice that the algorithms are implemented by the program-
ming language Python 3.9, and all experiments are run on a
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Fig. 4. Performance of different algorithms by increasing the number of to-be-served users n from 500 to 3000, when the number of UAVs K = 5 and the
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powerful server, which consists of an AMD Ryzen 7 5800X
CPU with 8 cores and each core has a maximum turbo
frequency of 3.8 GHz.

C. Performance Metrics

Assume that the data rates of the n users up, up, ..., u, in
the disaster area are rq, 12, ..., 1, in a deployed UAV network.
Notice that the data rate of some users may be zero. To
ensure that different users have fair communication service
in the deployed UAV network, we use three different metrics
to measure the performance of different algorithms: accumu-
lative user utility, Jain’s fairness index, and coverage ratio,
which are defined as follows.

1) The accumulative utility of all users is Z}'zl wu(ry),

where w(rj) is the utility of user u; with a data rate
rj and u(rj) = log,(rj + 1) [34].
The Jain’s fairness index of the n users is defined
as ([(Z}’=1 M1/ - Z}’zl rjz]). It can be seen that the
value of the index ranges from zero to one, and the value
is one when the data rates of different users are equal.
The coverage ratio of the deployed UAV network is the
ratio of the number of served users to the total number
n of users in the disaster area.

2)

3)

D. Algorithm Performance

We first evaluate the algorithm performance by varying the
number n of to-be-served users from 500 to 3000, when the
number of UAVs is K = 5 and the maximum communication
range between a UAV and a ground user is Ry»g = 500 m.
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Performance of different algorithms by varying the number K of UAVs from 2 to 10, when there are n = 1500 to-be-served users. (a) Accumulative

Fig. 4(a) shows that the accumulative utility of all users by
the proposed algorithm algMaxUtility is the largest one
among the seven algorithms, which is about from 6% to
18% larger than those by the other six algorithms. For exam-
ple, the accumulative utilities by the best two algorithms
algMaxUtility and MultiD2D are about 12100 and
10200, respectively, when there are n = 3000 users in the
disaster area. Fig. 4(a) also plots that the accumulative util-
ity by each of the seven algorithms increases with the growth
of the number n of to-be-served users, since the user den-
sity is larger and more users are within the coverage area of
the deployed UAV network. Fig. 4(b) shows that the value of
the Jain’s fairness index by algorithm algMaxUtility is
the largest one, which is about 18% larger than those by the
other six algorithms. Furthermore, Fig. 4(c) demonstrates that
more than 16% users are served in the deployed UAV network
by algorithm algMaxUtility than the other six algorithms.

We then investigate the performance of different algorithms
by varying the number K of UAVs from 2 to 10, when there
are n = 1500 to-be-served users and the maximum communi-
cation range between a UAV and a ground is Ryq = 500 m.
Fig. 5(a) shows that the accumulative utility by each of the
seven algorithms increases when more UAVs are deployed, as
more users can be served. Fig. 5(a) also shows that the utility
by algorithm algMaxUtility is from 10% to 18% larger
than those by the other six algorithms. For example, the util-
ity by algorithm algMaxUtility is 5600, while the utility
by the other six algorithms is no greater than 4900, when
K = 4 UAVs are deployed. Fig. 5(b) illustrates that the values
of Jain’s fairness index by different algorithms increase with
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Fig. 6. Performance of different algorithms by increasing the maximum communication range R4 between a UAV and a ground user from 400 to 800 m,
when K =5 and n = 1500. (a) Accumulative utility. (b) Jain’s fairness index. (c) Coverage ratio.

the growth of the number K of deployed UAVs, since more
users are served by the deployed UAV network when K grows.
Fig. 5(b) also plots that the value of the Jain’s fairness index
by algorithm algMaxUtility is at least 9% larger than
those by the other algorithms. In addition, Fig. 5(c) demon-
strates that the coverage ratio by algorithm algMaxUtility
is about 11% larger than the other six algorithms. For exam-
ple, the coverage ratios by algorithms algMaxUtility,
maxThroughput, multiD2D, greedyLabel, algDRL,
pushSum, and motionCtrl are 68%, 61%, 58%, 57%,
46%, 45%, and 33%, respectively, when K = 10 UAVs are
deployed.

We finally study the performance of different algorithms
by varying the maximum communication range R4 between
a UAV in the air and a ground user from 400 to 800 m,
when there are K = 5 UAVs and n = 1500 to-be-served
users in the disaster area. Fig. 6(a) illustrates that the accu-
mulative utilities by different algorithms increase with the
increase of the R4, since more users can be served when
the maximum communication range Ry2q between a UAV and
a ground user is larger, and the accumulative utility by algo-
rithm algMaxUtility is from 12.5% to 17% larger than
those by the other six algorithms. For example, the accumula-
tive utilities by algorithms algMaxUtility, multiD2D,
maxThroughput, greedyLabel, algDRL, pushSum,
and motionCtrl are about 11600, 9900, 8800, 8700, 8300,
8300, and 5300, respectively, when the maximum communi-
cation range Ry»q is 800 m. Fig. 6(b) shows that the value of
Jain’s fairness index by algorithm algMaxUtility is about
16.5% larger than those by the other six algorithms. In addi-
tion, Fig. 6(c) plots that more than 13% users are served by the
deployed UAV network in the solution delivered by algorithm
algMaxUtility than those by the other six algorithms.

E. Verification of the Theoretical Approximation Ratio

Recall that in Theorem 1 of Section IV-C, we showed
that the theoretical approximation ratio of the proposed algo-
rithm algMaxUtility is 1 — 1/e — €, where e is the
base of the natural logarithm and € is a given constant with
O<e<l—1/e,e.g.,e=0.1.Then, | —1/e—e = 0.532 with
€ = 0.1. To verify the theoretical approximation ratio, we com-
pare with an optimal algorithm OPTAlg, which enumerates

400
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Fig. 7. Performance of different algorithms in a small network, where only
100 users are located in a 500 m x 500 m disaster area. (a) Accumulative
utility. (b) Running time.

all possible hovering locations of the K UAVs. Fig. 7 shows
the performance of different algorithms in a small network,
by varying the number K of UAVs from 1 to 4, where
there are only 100 users in a 500 m x 500 m disaster area.
Fig. 7(a) demonstrates that the empirical approximation ratio
of the accumulative utility by algorithm algMaxUtility
to the one by the optimal algorithm OPTAlg is at least 0.8,
which is much larger than its theoretical counterpart 0.532.
This indicates that the theoretical approximation ratio 0.532
is very conservative. On the other hand, Fig. 7(b) shows
that the running time of the optimal algorithm OPTAlg
increases exponentially, which implies that algorithm OPTAlg
is applicable to the scenario with only a small number of
UAVs.
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VI. CONCLUSION

In this article, we studied the deployment of a UAV network
to provide urgent communications to people trapped in a disas-
ter zone. Unlike most existing studies that assumed that each
user communicates with a UAV directly, we introduced the
D2D communications, in which a user within the communi-
cation range of a UAV can serve as a hotspot, and provide
communication services to his nearby users who are out of
the communication range of any UAV. To ensure that differ-
ent users have fair communication service in the deployed
UAV network, we investigated a novel UAV deployment and
resource allocation problem, which is to deploy K given UAVs
in the air, and allocate bandwidth resources, such that the accu-
mulative utility of all users is maximized. We also proposed a
novel (1 — 1/e — €)-approximation algorithm for the problem,
where e is the base of the natural logarithm, and € is a given
constant with 0 < € < 1 — 1/e. We finally evaluated the
performance of the proposed algorithm. Experimental results
showed that accumulative utility by the proposed algorithm is
up to 18% larger than those by existing algorithms. In addi-
tion, more than 16% users are served in the deployed UAV
network by the proposed algorithm.
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