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Spatial Con guration of Agile Wireless Networks
with Drone-BSs and User-in-the-loop
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AbstractAgile networking can reduce over-engineering, costs, paradigm, the network operator tries to in uence the mobility
and energy waste. Towards that end, it is vital to exploit all of ysers by offering them incentives [3]. UIL schemes can

degrees of freedom of wireless networks efciently, so that pe adjusted based on the target benet of the network, be
service quality is not sacri ced. In order to reap the bene ts of '

exible networking, we propose a spatial network con guration it energy ef_ciency o_r increasing_revenue,_ which makes UIL

scheme (SNC), which can result in ef cient networking; both another radically exible networking technique.

from the perspective of network capacity, and pro tability. First, In this paper, we investigate the synergy between the de-
SNC utilizes the drone-base-stations (drone-BSs) to con gure ployment of drone-BSs and designing the incentives for UIL

access points. Drone-BSs are shifting paradigms of heterogeneousychemes to improve ef ciency and increase pro tability of
wireless networks by providing radically exible deployment

opportunities. On the other hand, their limited endurance and wireless netlworks' Cell association, traf c management, and
potential high cost increase the importance of utilizing drone- load balancing can be thought of as related research areas.
BSs ef ciently. Therefore, secondly, user mobility is exploited via The difference between the previous schemes and this one
user-in-the-loop (UIL), which aims at in uencing users’ mobility s the following: Traditionally, the base station (BS) is xed

by offering incentives. The proposed uncoordinated SNC is a 5,4 the |ocations of users are random. In our case, the base
computationally ef cient method, yet, it may be insuf cient to

exploit the synergy between drone-BSs and UIL. Hence, we station is mpbile with a varying coverage area, and mobility of
propose joint SNC, which increases the performance gain along the users isn uenceabletowards the benet of the network.

with the computational cost. Finally, semi-joint SNC combines Hence spatial network con guration (SNQJan be performed.
bene ts of joint SNC, with computational ef ciency. Numerical

results show that semi-joint SNC is two orders of magnitude

times faster than joint SNC, and more than15% prot can be A. Related Works

obtained compared to conventional systems. . . . . .
Bene ting from agility of low-altitude drone-BS in provid-

ing on-demand capacity for wireless networks can make them
the next frontier of heterogeneous wireless networks [2]. In
most of the studies in the literature, which will be discussed
. INTRODUCTION shortly, either the altitude or the horizontal location of drone-
Ver-increasing wireless demand is expected to grow BSs are assumed to be pre-determined, which makes the
different dimensions due to extremely varying requirgproblem very similar to small-cell placement problems. In
ments of potential applications, from very low latency to vergontrast, the approach in this paper is based on 3D place-
high data rate to very high energy efciency. From tactilgnent of a drone-BS, i.e., jointly determining altitude and
internet to internet of things, the future of wireless servicésorizontal location of a drone-BS. This problem is introduced
is as exciting as challenging. Hence, densi cation of wirelesgnd ef ciently solved in [4]. Then, a multi-objective 3D
networks seems to be inevitable [1]. On the other hanglacement problem considering multi-tenancy, energy ef-
leaning to gross over-engineering comes at a high cost of r@éncy, caching and congestion release is formulated in [2],
only CAPEX and OPEX, but also environmental footprint. and caching is investigated futher in [5]. Multi-tier drone-
Therefore, exible and agile wireless networking solutionsBS placement is investigated to show potential gains in
which can help reduce over-engineering without compr@pectral ef ciency, throughput, latency and coverage in [6],
mising quality, gained importance. Among these solutionand a drone-BS network formation algorithm is developed
unmanned aerial vehicles, also known as drones, equipped7] drone by considering 3D placement. Spectrum sharing
with some functionalities of terrestrial base stations (drongetween single-tier and multi-tier drone-BSs is investigated to
BSs) recently attracted a signi cant amount of attention [2].determine optimal density of drone-BSs in [8] by assuming
While drone-BSs add a degree of freedom to the deployre-determined horizontal locations for drone-BSs. Terrestrial
ment of wireless networks, another emerging research arggrs are clustered to determine placement of drone-BSs in the
is to exploit mobility of users. In the user-in-the-loop (UlL)horizontal domain in [9]. In [10], assuming a xed coverage
This work was supported in part by Huawei Canada Co., Ltd., and in part grea fo.r drone_BSS’ a polynomlal-tlmg algomhm. IS dgvgloped
the Natural Sciences and Engineering Council of Canada’s (NSERC) StratdgicProvide maximum coverage to a nite area with minimum

Index Terms Unmanned aerial vehicle, user-in-the-loop, agile
network, drone-BS.

Partnership Grants for Projects (SPG-P) program. ~ number of drone-BSs. In [11], optimum hovering positions of
The authors are with the Department of Systems and Computer Engineerijgnne_BSs with antenna arrays are determined to minimize

Carleton University, Ottawa, Ontario, Canada (e-mgiembor, amr.elkeyi, . L. .

halimg@sce.carleton.ca). interference and maximize SNR. The proposed method is

1capital expenses (CAPEX) and operational expenses (OPEX). validated by exhaustive search, and provides computational
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ef ciency and higher capacity performance by combiningarget benet in this study is to turn users into agents to
linear zero-force beamforming with transmit beamforminglistribute advertisement content, while developing sponsored
Improving resilience of wireless networks is investigatedata plans to create a win-win situation. Alternatively, users
in [12] [15]. Downlink coverage analysis is conducted formay be more actively involved by taking an action affecting

a single drone-BS in [14], and for a 3D drone-BS networthe system performance, e.g., in case of UIL, the user may
in [16]. Although studies discussed so far consider hoverimgove to a position with better SINR [3], or in [34][36]
drone-BSs, an energy ef cient trajectory is determined farsers share their resources with other users to support network
point-to-point communications between a xed-altitude dronesperator’s services. In [34], licensed users trade under utilized
BS and terrestrial users in [17], and for drone-BSs with gpectrum resources with unlicensed users to improve spectrum
xed coverage area and altitude in [18]. Other studies wortltilization ef ciency. In [35] and [36], users provide access
noting investigate the issues of releasing congestion, povparints to improve connectivity of wireless networks. In the
allocation for drone-BSs, drone-BS placement via stochasti¢L method applied in [3], [51], [63], [69], [70], users receive
geometry-based network planning, association problem in @onetary or non-monetary incentives (e.g., discount on service
RAN with drone-BSs, network performance analysis, dronées, improved service quality, reducing environmental impact
BSs as moving edge infrastructures, and development affcommunications) so that the network operation can become
placement and trajectory optimization algorithms from variousnore ef cient, e.g., in terms of energy expenditure, wireless
aspects [19] [31]. Finally, in [32], effects of mobile accessesource usage etc., and increase number of served users via
points on business models are discussed. So far, only mobitigmand shapin{B]. For instance, users can receive incentives
of drone-BSs are exploited, however, in this study, we alto delay their demand, or move to a better position where
exploit the mobility of the users by UIL. providing wireless services is more ef cient. Hence, the users’
demand can be shaped spatiotemporally. Note that the users
can choose to comply with the offers or not, and making

B. User Involvement in Network Operation ' X
. N . ersuasive and pro table offers is key for the success of UIL
User involvement is utilized as a method to improve SySteE}stems

performance, with respect to user’s perception or via user . . . :
. o . Incentive design has been puzzling researchers as a multi-
cooperation, for the purpose of application adaption, accureiie

crowd-sensing, improved cybersecurity and so on [?], [3 iSciplinary issue with complex factors. Many incentive meth-

: . ’ds have been developed, where they can be broadly catego-
[33][68]. Nunes et al. provide a survey in [47] where they rized as follows [38].

argue that cyber-physical systems can benet signi cantly
from considering human element as a part of the system, Non-monetary incentives: When the network operator
instead of treating it as an uncontrollable external component. provides incentives that are costless to the operator. These
In fact, once the target bene ts of networks are determined, type of incentives heavily depend on the motivation of the
main components of many systems with user involvement can user to volunteer. It is common to use games to increase
be summarized as follows. motivation of users to participate [39].
Role of the user: The cooperative role of the user is the Monetary incentives: When costly incentives are offered
rst building block of systems with user involvement. In 0 the users, there is a trade-off between the persua-
general, the user may take actions, be passive, or systems Siveness of the offer and pro tability of the operation.
with hybrid user roles are also possible [47]. Moreover, even with monetary incentives, not all the users
Incentive design: According to the role of the user, Wil comply [71].

incentives are designed. A good incentive design shouldThe studies on incentive methods either rely on hypothetical
be persuasive enough to convince users to cooperate vgg},umptions (e.g., [37], [43], [72], [73]), or eld studies
the network operatéy and at the same time should max(e.qg., [48], [49], [71], [74]). Both methods suffer from
imize network’s target bene ts (e.g., green and pro tablejiability, as the statistical assumptions are hard to justify
wireless network provisioning). and many eld studies are limited to a small group of
Target bene t of the network determines the role and taskarticipants with similar demographics, e.g., university
of the users to be involved. Different roles can result istudents. Moreover, it is hard to generalize the results of a
different system designs. Users can have a passive role, e.g.eld study for all applications, since the user tasks and roles
many crowd-sensing applications such as [37], [39] [41] usernay differ. Nevertheless, in [48] effectiveness of monetary
only provide their data. For instance, incentives are offered ésamples are investigated based on an existing eld study
users to improve crowd-sensing data quality in [37]. In [64that has cumbersome requirements for the participants. This
user perception is utilized to ne-tune QoS, which in turrstudy with 36 participants suggests that if variable amounts
provides energy savings. The study in [33] is an examptd incentives are offered for similar tasks, the user persuasion
of a hybrid system, where users can have both passive aatk to complete the task can be slightly higher than offering
active roles. For instance, in [33], users either only watdh uniform amount or a hidden amount that is revealed after
or choose to share advertisements to obtain incentives. Tdwnpletion [48]. A similar study is conducted in [49] with the
2The network o _ _ _ purpose of crowd-sensing, i.e., users share their desired data
perator is used here in a broader sense, such that it may.be . . . .
an actual network operator, e.g., AT&T, Turkcell, Bell, or a person operatiH& exchange with some amount of incentive. Similar to the
an application using the existing network, e.g., Foursquare, WhatsApp.  study in [48], offering variable incentives resulted more and
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higher-quality data collection from a total of 55 participants. the number of served users by the drone-BS without
Note that the amount of incentives offered in these studies increasing transmission power.

does not depend on the system requirements, rather they arghe article is organized as follows. First, we describe the
static. On the other hand, studies such as [65] [67] considgystem model involving a drone-BS and a spatial UIL scheme
dynamic factors to determine incentives, such as availabilify Section II. Next, in Section lIl, we discusscoordinated

of resources, demand towards users’ data, behavior of otkIC(USNC), where rst the drone-BS is positioned, and then

users and so on. In [71], a unique survey is conducted wighe UIL incentives are designed. In Section IV, we discuss
100 participants (twice the amount of participants in previoysint SNC(JSNC), where the placement and incentive design
studies) to understand the behavior of wireless network usgfgjletermined simultaneously. Since the resulting problem has
in cooperating with the network operator. Certainly, the studyigh computational complexity, we introduce a semi-JSNC

in [71] is inadequate to draw substantial conclusions on thigethod in Section V. Finally, we present simulations and

complex issue, however, it is at least as comprehensive r@sgults in Section VI, and conclude the paper in Section VII.

the previous studies, and targeted towards operating wireless
networks, rather than another eld or purpose. Therefore,

instead of using hypothetical assumptions about the user . o _ T
behavior, the results in [71] is used for the analysis in this We consider a scenario in which the existing infrastructure
article of mobile network operators is temporarily insuf cient to

respond to the demand in a nite regioky, containing a

set of users,U. Insufciency of the network may be the

result of overloading, malfunction, or a similar unexpected
C. Contributions and Organization situation. We assume that the location of each user in 2-

Ef ciently combining drone-BSs and UIL in cellular net-D horizontal space(xi;yi) 8i 2 U, and quality of service
works with the objective of maximizing pro t while satisfying (Q0S) requirement of the users in terms of maximum tolerable
QoS requirements is a rather involved design problem. Bagath loss, , are known. A drone-BS is to be utilized to
drone-BSs and UIL have their unique challenges [2], [3]. TeUpport the network as shown in Fig. 2 by of oading as many
the best of our knowledge, this paper presents the rst systatpers as possible from the network, while satisfying the QoS
that considers both the mobility of the users and drone-Bggquirements and maintaining pro tability of the network. In

The contributions of the paper can be summarized as follovgarticular, the aim is to position the drone-BS in a 3D location
The gain from UIL for a uniform user distribution issuch that the number of covered users and the benet from

analysed in Appendix B. Our analysis show that 500}gIL can be maximized. Whil'e the drone-BS is posi.tioned,
relative gain can be obtained by incorporating yjLonly users whose QoS requirements cannot be satis ed by
Besides providing insights on the pro tability of UIL the terrestrial-BS, i.e., unserved users, are considered. Since

the analysis can be useful in cases of insuf cient 0t|hese users would not be served otherwise, they handover to
fhe drone-BS, if they are in the coverage region of drone-BS.
user mobility. Main factors contributing to handover are better RSSI (due to

When information on user location is available, the oﬂi_ne-(_)f-sight and dynamic posi_tion_ir_1g with respect to users’
timal incentive for an uncovered user at a given grourlacatlons) and bandwidth availability (due to orthogonality
distance from the coverage of area of a base stationdesources of the drone-BS) [4], [5], [7], [10], [11], [13],

obtained in Section II-B. [16], [19], [75] [79]. Assume the network incorporates a SNC

A framework for SNC, consisting of 3D placement of scheme, which suggests certain displacements to each user.
drone-BS. and incenti,ve design for UIL, is presented. fncentives are offered to the users in the extended coverage
Section Ill, anuncoordinateeSNC method is proposed 3¢ for persuading them to accept suggested movements. In

to utilize the framework. It is shown that for a user, th&1® Proposed SNC scheme, suggested displacement is towards
gain from the UIL is strictly affected by user's proximitythe coverage area of a drone-BS, where users receive better

to the location of the drone-BS. service compared to their present location. Since the inter-cell

In order to improve system performance by performinaiStance is large in rural areas, which makes UIL of the SNC

3D placement with consideration to incentive desigﬁCheme less useful, we consider urban environments. Note

for UIL, a joint-SNC (JSNC) problem is formulated inthat, in this network, both the source (drone-BS), and the sinks

Section IV. The proposed JSNC problem is ef Ciembﬂusers), are mobile. Thereforspatial network con guration
solvable via interior-point optimization, however, the,(SNC) can be performed by determining the following set of

computational complexity is very high. parameters,

A reduced-complexity joint-SNC problersemi-JSNC, is 1) optimal location of the drone-BS in 3-D space,
formulated in Section V. Simulation results show that  (Xp;Yo;hp),

semi-JSNC can be more than 10 times faster than JSNC2) suggested displacement of each user; =[x i;y i],
while providing similar gain. and

All of the proposed SNC methods with varying com- 3) incentives offered to each user ;.

putational complexities and accuracies, are shown Tde aim is to determine these values such that the ef ciency
increase the prot of the network operator, as well aand pro tability of the network is maximized. Assuming

Il. SYSTEM MODEL

incorrect information on user locations, and/or very hig
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TABLE |
CHANNEL MODEL PARAMETERS OF DIFFERENT ENVIRONMENTS
Environment | Parameters (a,b, (os, NLos)
Suburban (4.88, 0.43, 0.1, 21)
Urban (9.61, 0.16, 1, 20)
Dense Urban (12.08, 0.11, 1.6, 23)

(Hz), c is the speed of light (m/s),.o0s and NLos (in dB)

are respectively the losses corresponding to the LoS and non-
LoS connections depending on the environment. Parameters of
four different environments are provided in Table I. Note that,
(1) and (2) state that the path loss of air-to-ground channels
depends on the the location of the drone-BS in 3D space.

B. User-in-the-loop Model

UIL is a closed loop model with the user as the system to
in uence for increasing the ef ciency of wireless networks.
UIL is based on offering incentives to users to persuade them
Jo take speci ¢ actions, such as delaying their demand in time,

Fig. 1. Description of SNC: Users in regi are covered without additional

cost. Users in regio@ are within the extended coverage region, therefor . . . . . ”
they receive an inceritive offer to move towards the coverage area. User®hchanging their location in space. These incentives can be

region@ cannot be covered even with UIL, and hence do not receive gfiscounts on the service price, higher data rates, reducing

offer. carbon footprint (green networking), or even penalties for

refusing the change [3]. In that sense, UIL is a hybrid user
that the drone-BS has orthogonal resources to the existingolvement method, where both monetary and non-monetary
infrastructure, details of the channel and UIL models awffers can be provided to users. The UIL method employed

discussed in the following sections. in this article assumes a spatial UIL scheme with monetary
incentives. As a result, although at a cost, potential wastes
A. Air-to-Ground Channel Model of energy and capacity can be prevented, resulting in more

Air-to-ground channel models differ from terrestrial chann(ﬁ]c cient networks. . . .
ltJIL can be used either spatially, where the user moves in

models, because the altitude of a drone-BS affects the ammsmace to obtain better links with the destination (higher spectral
of path loss. The effect of altitude is re ected in the probabilit b 9 P

of having a line-of-sight (LOS) link between a user and L ciency), or temporarily, in which case the user delays the

drone-BS. This probability depends on the altitude of the;emand in time. Assuming a drone-BS is opportunistically

) . ilized for a specic time period, and the objective is to
drone-BS, the horizontal distance between a user and . oo
: ofoad as many users as possible to the drone-BS during its
drone-BS, and the type of the deployment environment (rural,,._ .. . . ; L
urban etc.) [80]. The studies considering probability of Log lization, a spatial UIL scheme is considered in this study.
. v ' 9P ny In order to investigate the reaction of the users to various
links for air-to-ground channels are still at their mfancyUI

. X o . L schemes for data, video and voice services, a detailed
however, in a widely used modsithe probability of having survey is conducted in [71]. For data services, the probabilit
LOS link is given by [80] y ' - the p y

of a useri accepting the incentive;, which is a discount on

P(hp:ri) = 1 (D) the cost of the serviﬁewd moving a distance less
’ l+aexp b ®ani o g than or equal ta = x 2+ y ? is given as
i i . = ( i)di .
where r; = P Xo X )2+(o V)2 is the horizontal Pfuseri moves distance dig=e ; 3

distance between the drone-BS (@b ;yp;hp) and theith where ( ;) is the persuasion parameter.
user located afx;;yi), and a and b are parameters of the In [71], ( ) is calculated based on four different in-
environment. Environmental parameters depend on the averagatives, namely, = 0:2; 0:4; 0:6; and 0:8, corresponding
characteristics of urban areas, such as the density and avetagdiscount amounts d20%; 40%; 60%; and 80%, respec-
height of the buildings [80]. Then, using (1), the path losdvely. These incentive amounts provide the persuasion values,
between the drone-BS and th& user is calculated as ( )= 0:0244; 0:0164;0:0117; and 0:0082, respectively. A

q —— continuous and tractable function for( ) is obtained by

L(hoiri)=20log  hg + 12 +z:P(ho;iri)+ z2; (2) |ogarithmic curve tting in our study, such that

wherez; andz, are constants such that = o5  NLoS, ()= kaIn( )+ ko; 4)

- 4f ¢ : :
andz; = 20l0g(=c*) + nwos, fe is the carrier frequency \ oo = 0:01166 andk, = 0:005676 for 2 [0:1],

Cc
3The model is used in the following publications and many others: [?], [SY,VhereO andl corregponds to noincentive and free service
[14], [18], [81], [82]. (100% off), respectively. The root mean square error (RMSE)
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of (4) is8:359 10° for the logarithmic tting function with

only 2 parameters. Since an RMSE value that is closer to
zero indicates a good t, this value shows that (4) is highly
likely to provide an accurate prediction. In Fig. 2(a), the
probability of being persuaded in (3) is shown both with the

5

3) The mobility of the drone-BS allows it to move wherever
the demand is, rather than terrestrial cells waiting for the
demand to come towards them. As a result, the coverage
region providing the maximum benet to the network
should be found.

points from the survey in [71], and the tting in (4). Also,The rst item indicates that the placement of the drone-BS
Fig. 2(b) shows the continuity and t of the approximations a 3D problem. In addition, the last two items, which are
from a wider perspective. It is observed that (4) is a proper determining the size of the coverage area, and identifying the
for the provided values. location of the coverage area must be considered jointly. We
Proper selection of UIL system parameters, suchiand assume that a user is in the coverage region of the drone-BS
di, has a key role in the performance of any UIL scheme [3} the air-to-ground link satis es its QoS requirement. Hence,

[51], [69], [71], [83]. Theincentivizeduser movement sug- yseri is served by the drone-BS, iffhp;r;) . Using (2),
gestion may be a function of a variety of elements, includinge can re-write this condition as

user type, application type and urgency, the need for UIL, and ¢ 1Pt 22)

so on. It may provide less ossi ed extension regions, on the hg +rf 10 w0 ' (5)

contrary to Fig. 2. For instance, if there is a_compha_nt us‘la_rétui 2 f 0;1gdenote a binary variable that indicates whether
e.g., a student type user, the user may be given an mcentﬂ\é%ri

is served by the drone-BS, or not. Using the variable

even l‘.’Vhf” located in region " ?” the other ha”d'ta NO" which is equal to 1, only if the useris served by the
compliant user, €.g., a business type user, may no receﬂi\f%ne—BS, and equal to 0 otherwise, the following constraint,

incentives even if the user is located in region 2. Note that,
compliance level of a user may change if the application (6)
is highly valuable to the user at that moment, e.g., a video

conference call, or the the application will be running for determines whether useris covered, or not. This constraint
while. By utilizing big data (history) and machine learningan be further manipulated to

technologies, the incentivized move suggestions can be madeq a
user/context/situation-aware [55]. However, there is not an

@)
existing tractable model to incorporate all these aspects. . hat is slightly | han th
As discussed earlier in Section II, the SNC parameters f§pereMu is a constant that is slightly larger than the max-

only include UIL, but also involves dynamic placement of 4NUm possible value of the disitance between a user and the
drone-BS. In this case, the model in [71] provides simplicitgrone_'BS'_Obser\’_e that when = 1, (7_) IS equ_ale_nt to (6).

and tractability. SNC parameters can either be determinbd/i = 0. SinceMy is large enough, this constraint is released.
separately by considering drone-BS and UIL systems in Now, we can continue by determining the objective function.

uncoordinated fashion, or they can be determined jointly,  ASsuming a xed QoS for all users, the best region to
be served by the drone-BS is identi ed with the maximum

number of users covered. By using (7), the placement problem
can be written as

@z 1P(hpirj)+ zp)
10 B

ui(hd +r?) 10 :

(z Phpirij)t zo)
hg + r2 10— + M1 u);

IIl. UNCOORDINATED SPATIAL NETWORK
CONFIGURATION

X
A system incorporating drone-BSs and UIL requires han- maximize U
dling two processes for spatial network coordination: Xo Yo iho fuig e
3D placement of a drone-BS, i.e., determining ) @ 1P(p i) 22) ]
(XD;yD;hD ), and S.t. hD + ri 10 10 + Ml(l Ui),
Incentive design for user-in-the-loop, i.e., determining 8i =1;::; jUj;
andd; for each user 2 U. X X X,
| D us
The method of handling these processes in a sequential Vi Vo @8)
manner is termedncoordinated spatial network coordination ' b v
(USNCQ). In the following sections, both steps will be discussed hiho
in detail. ui 2f0;1g; 8i =15 jUj;

wherej j represents the cardinality of a set, subscr{gtsand
A. 3D Placement of a Drone-BS ()u denote respectively the minimum and maximum allowed
Placement of a drone-BS is different from terrestrial BSalues forxp, yp, andhp of the drone-BS. Note that there
placement because of the following reasons: are quadratic, exponential and binary terms in this problem,
1) In addition to choosing the drone-BS’s location in thavhich makes it a mixed integer non-linear problem (MINLP).
horizontal spacgxp;yp), we need to determine its We will show that this problem can be solved ef ciently by
altitude,hp , as well. using a combination of the interior-point optimizer of MOSEK
2) The coverage area of a terrestrial BS is known a priogolver and bisection search.
However, the coverage area of a drone-BS depends orLet R denote the radius of the area to be covered by
its altitude, and is unknown before solving the placemetite drone-BS. Then, if the uséris covered,r; R must
problem. be satis ed, i.e., the served user must be located within the
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Fig. 2. (a) Probability of a user accepting to move with respect to incentive (percentage of price discount) and distance: Survey daté isir {d). (b)
3D representation of survey results anfl ) regarding a user’s probability to move with respect to price discount and distance.

coverage region. Let denote the ratio of the altitude to thesubstituting () with  yields the following mixed integer

coverage region, such that guadratically constrained problem (MIQCP)
X
h maximize Ui
= ?D: 9) Xpyp;fuig U :
S. t.r; +(1  uj)My; 8i =1;:; jUj;
Then, (7) can be re-organized by using (9) )
X;  Xp  Xy;
() Mo ) (10) Yi Yo VYu; (14)
ui 2f0;1g; 8i=1;::jUj

whereM is a constant similar t/;, and While R can be derived from the location of the covered user

S ST with maximumr;, hp can be calculated by (9). Hendw®; is
()= 10 1o . (11) omitted from (14) as a variable. Therefore, both complexity
@a+ 2 ° of calculation, and the number of variables are reduced. Then,
this problem can be solved ef ciently by using interior-point
where optimizer of MOSEK. The above problem formulation yields

the optimal position of the drone-BS. Once the drone-BS is

P()= b 1 (12) positioned,d; can be calculated for each non-covered user,
1+aexp(b (arctan( ) a)) and incentives can be designed to increase revenue.
by (1).
Observation 1. For any QoS requirement,, and for any B. Incentive Design for User-in-the-loop
operating frequencyf., if a local maxima, , exists in Based on the UIL scheme in Section II-B, the averag

the function () de ned in (11), then it is the only local prot obtained from a user at a distande meters from the
maxima of the function for 2 (0;1) for the propagation coverage region after receiving incentiveis
environments whose parameters are listed in Table I. The

- . . od ) = . (i)di.
yielding s the solution of (id)=@Q e : (19)
) Iy ) Proposition 1. For an uncovered user at a ground distarg;e
b e —0) g p e O from the coverage area of the drone-BS, the optimal incentive
ae +1 kse =0; (13) o ) o
that maximizes( i;d;), ;,is given by

k1d;
wherekz = 9In(10) abz. i = Wll (16)
For an explanation, please refer to Appendix A. Proof. For a givend;, the stationary pointo{ i;d;), ;,can

be evaluated by taking the rst derivative of (15) and equating

The largest feasible set for Problem 8 can be obtained f¥o zero, which yields (16). The second derivative of (15) is
substituting () with , which is the only maxima of ). given by

Since no closed-form expression is available by (13), bisection
search can be used to obtain a numerical value forThen, e % kyd, , ©4*D (kyd + 1), 4D (kydy 1) @ (17)
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- ' ' ‘ ‘ coverage condition in (18) yields three regions in a circular
06 iﬁiﬁi < area,W, as shown in Fig. 4:

~ d; = 50 m
0.5} 2 RS N _,_2’: - ﬁggi ] 1) The circular coverage area of the drone-B%xaf; yp )
:’ S % with radiusR is de ned as the regiof.

044 b . 2) The shaded are®, is where the UIL model is utilized.

N It is obtained by excluding® from a concentric circular

03t N 1 area with the radius oR + d,, whered, is an upper

* AR bound on the distance of a user from the coverage area of
o2l N ] the drone-BS such that the users further tdammeters

do not receive incentive offers.

* 3) W-(R[D ) is the region that cannot be served by the

01F 1
drone-BS even with UIL.

II(7,d;)
7,

———
0* 1 L L 1 1 L L
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Ti

Fig. 3. Unit prot vs. incentive for several distances.

It can be shown that (17) is negative for all values dpf
at ;. Hence, ( i;d) is nondecreasing for; i, and
nonincreasing for ; forall ; 2 (0;1], which satis es
the second-order condition for quasiconcavity(of;; d;) in ;
for all values ofd; [84]. Therefore, ; is the global maximum
point of (15). ]

Once the drone-BS is placed as explained in Section IlI-A,
di can be calculated, and the above analysis can be used to
offer the optimal incentive to each user. In Fig. @3, i; d;) is
shown for users at several distances. It can be observed that the
users in proximity can become pro table with small incentive
offers, however, the users that are far from the drone-BS do
not provide much gain. For instancH):4%discount offer can
provide 65% average prot for a user that should mo¥@&m.
On the other hand, offerin§3:8% discount can only provide
12:7%average pro t for a user that should mo¥60m, as the Fig. 4. Coverage area of a drone-BS (R), area where the UIL model is
likelihood of accepting the incentive is very low. Thereforeytilized (D), and a nite space where users are distributed)(W
it can be critical to position the drone-BS by considering
the persuasion parameter and pro tability from UIL, which

is discussed next. Note that, (2) yields a circular coverage area for a drone-
BS, as well as, designing incentives based dpnyields a
IV. JOINT SPATIAL NETWORK CONFIGURATION circular expansion area by UIL (in Section II-B). Hence, a

Differently from the previous section jaint spatial network homogeneous environmer_n is maintaine_d. Further a_nalysis on
con guration (JSNC) problem is proposed to simultaneousl§overage of a drone-BS in a system with UIL aregjional
position the drone-BS in 3D and determine the incentive {BCentive dp&grior uniformly distributed users can be found
be offered to each user. Hence, mobility of both the drone-B% Appendix B.
and users can be jointly considered as degrees of freedom ofhe prot obtained from a user based on the coverage
the spatial con guration of mobile networks. region can be written as

In order to make UIL an inherent part of the placement
problem, the coverage condition in the rst constraint of (14)

can be modi ed as g 1 if (< yi) 2R (19a)
rid +Ui(1 Ma); (18) ( isdi):=_ ( i;d); if (xi;yi) 2D, (19b)
whereM is a slightly larger value than the maximum possible 0; 0.W. (19¢)

value of the right-hand-side (RHS) of (18). In contrast to the
approach in Section IlI-A, maximizing the number of covered
users does not necessarily mean maximizing prot this timeshere (19a), (19b) and (19c) indicate the users covered in
because additional users come at a cost with UIL. In fact, tRe coverage inD, and outage, respectively. Hence, a JSNC

1536-1276 (c) 2018 |EEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.



This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TWC.2018.2874230, IEEE
Transactions on Wireless Communications

8
1 T T
e 11 ()
0. 3 breakpoints, RMSE = 0.03| 7|
A 4 breakpoints, RMSE = 0.01
0.8 \% A Breakpoints 1
0.7 b
06 b
§ 05 a
= x
04 § 1
0.3 N
A
0.2 N
0.1 N
OO 2‘0 4‘0 6‘0 8‘0 1 0‘0 12‘0 1!‘10 1 éO 1 i;() 200
d; (m)
Fig. 5. lllustration of the triangle method on a portion 6fd ). Fig. 6. Piece-wise approximation with 3 and 4 breakpoints, and the resulting
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problem for maximizing prot can be formulated as following is true
X
- o a d
maximize ( irdi) (20) 4> & +( 0 ) (21)
fui;di; ig i2u ~+1 ~«
s.tri +tui(l Ms); (202) andT, is chosen otherwise.
8i =1;: jUj; In general, the point to be approximated for each user
uidi  dy; 8i = 1;::;jUj; (20b) can be anywhere in the search space, a_nd the apprqximation
. points are unknown. Therefore, all the points on the grid must
XI  Xp  Xu; (20c) . : . .
_ be considered. A mixed integer linear program (MILP) can be
Yoo Yo o VYu; (20d)  formulated to approximatd ;:;d;) :
ui 2f0;1g; 8i =1;:; jUj; (20€)

XX
i ki k=il 8i =1;:::jUj; (22a)
whered, represents the upper bound for the amount of dis- y=; j=1
placement. Similarly to (8)M 3 in (20a) releases the condition y» xn
of coverage, if the user is too far to be covered. If a user is i & = di; 8i =1;::; jUj; (22b)
persuaded to move towards the coverage region of drone-BSk=1 j=1
(20a) ensures that the user satis es the condition of coverageX® X
in (18). Note that, the actual displacement of the user is i (~d) = irdi); 8 =1 jUj; (22¢)

(xi X i)2+(yi VY i)2 However, instead ofx ; and k=1 j=1
y i, d; indicating the amount of movement is used to decreaggere ;,; indicate continuous variables that are introduced
number of variables in the problem. Once the problem fgr each sampling point. In order to choose three indices
solved, x j andy ; can obtained fronfx;;yi) and(xp;yp). corresponding to a triangle,; must be a special ordered
Unfortunately, the problem in (20) is not ef ciently solvableset of type 3 (SOS3), which means that only 3 consecutive
due to (19b), which is a non-linear multivariate function, anglements of the set can be non-zero [86]. Also for a liser

requires further manipulations. VR
The triangle methodis one of the most popular methods ikj =L (23)
for piecewise linear approximations of multivariate func- k=1 j=1

tions [85]. For ( i;d;), the triangle method partitions the
andd axes intom and n sampling intervals, respectively.

Let f xgil; andfdjg',; represent incentive and displace-

ment vertices, respectively. In order to approximate a giv

(' i;di), the rectangular area with vertices satisfyirg

i w+1, and & d; @ +1 is found fork = 1;::;m iki (CGE) ke (<G )+ LR " ({D; (24)

and j = 1;::;n. As shown in Fig. 5, the rectangular Y

area can be divided into two triangle¥; and T,, with where the vertices of the diagongh; dj) and (~+1 ;& +1)

the vertices given by(~; di); (~«; G +1); (~+1;6+1)g and are common in both triangleg d) indicate the third set

f(~1; 67 ); (x+1 ;G ); (~x+1; 6 +1)9. Only one of the triangles of vertices differentiating th&, and T, based on (21), and

contain( i;d;). Therefore, theT; in Fig. 5 is chosen if the R indicate the weights corresponding to these vertices.

and each ji; 2 [0;1].

For instance, considering Fig. §, i;d;) can be approxi-
ated by the following convex combination of the values of
;d) at the vertices of the chosen triangle,
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