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Abstract. Nowadays, mounting a base-station (BS) onto an unmanned
aerial vehicle (UAV) has become a new dimension for constructing
the new generation of wireless communication networks. For example,
dynamically constructing an UAV-BS network can provide some instan-
taneous and emergent communication services when the infrastructure of
the cellular network is destroyed owing to some devastating disasters. In
this paper, we aim to deploy a scalable and self-organized UAV-assisted
device-to-device (D2D) communication network using a minimum num-
ber of UAV-BSs (UBSs) under some link quality constraints. Specifically,
a sequential UBS deploying algorithm is designed to guarantee the sig-
nal quality for the links between the UBSs and ground terminals, and
those between UBSs and central controller. Via the simulation results,
it is interesting to find that how to deploy a proper number of UBSs
rather than constructing a highly connected UBS network is the key to
guarantee higher spectrum efficiency for the UBS-assisted D2D networks.
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1 Introduction

Providing ubiquitous and high-quality communication services has always been
the ultimate goal for the new generation of wireless communication systems.
As the technology of unmanned aerial vehicle (UAV) becomes more and more
mature, the UAV-assisted communications has emerged to be a new dimen-
sion of wireless communication networks. Generally speaking, mounting a base-
station (UBS) on to a UAV (i.e., the namely UBS) can efficiently reconstruct
the communication network when the infrastructure is devastated by large-scale
disaster [1,2]. Also, it can be utilized to extend the coverage areas and collect
data in some hazardous environments [3]. In some special events, the UBS can
provide additional capacity and on-demand communication services [4,5]. More
recently, incorporating UBSs into the framework of mobile edge computing fur-
ther extends the frontier of high-speed and low-latency services [6,7].

In principle, the performance of an UAV-assisted network highly depends on
two pivotal factors, i.e., the connectivity between UAVs [8–11] and its deploy-
ment scheme, including the flying trajectory arrangement [12–19]. In the aspect
of interconnectivity between UAVs, the authors in [8] used the second eigen-
value of the Laplacian matrix (i.e., so-called Fiedler value [20]) to evaluate the
connectivity of the UBS network. And thus, the main principle of deploying an
UBS is to guarantee the signal-to-noise power ratio (SNR) requirements for the
mobile terminals (MTs) on the ground, while achieving the highest Fiedler value
for the whole network. In [9], a centralized algorithm was proposed to deploy a
proper number of UBSs to serve a given number of MTs under the constraint
of the inter-connectivity of UBSs. However, the methods of overall deployment
and then one-by-one eliminating the unnecessary connections for MTs and idle
UBSs based on the so-called degrees (i.e., the connection opportunities for each
MT and UBS, respectively) cannot guarantee the minimum number of UBSs
and the maximum connectivity between UBSs. In [10], the UAVs were deployed
as the relays to reconstruct the post-disaster communication network. Specifi-
cally, three phases were designed to select the optimal positions, including the
network traversing, coverage hole detection and deployment phases, so that the
damaged network can be recovered autonomously. In [11], the interconnected
UAVs were used to facilitate the data delivery for the intelligent transportation
systems. Generally, the UAVs can develop the connections for the sparsely con-
nected network on the ground. Then, with aid of UAVs, the routing path which
avoids obstructions at the cost the limited overheads can be constructed and
maintained.

In the aspect of UAV deployment, the reverse neural network model was
applied in [17] to properly deploy UAVs such that the network coverage and over-
all throughput can be improved. In [12], the UAV-assisted three-hop transmission
scheme was designed to deliver packets between two fixed sites on the ground.
Therein, the optimal UAV trajectory was designed by taking several constraints
into account (including the constraints of the transmit power, UAV mobility, col-
lision avoidance and information causality) so that the end-to-end throughput
can be maximized. To solve the non-convex problem, the so-called alternating
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maximization and successive convex optimization techniques were applied to
develop an iterative trajectory algorithm. In [13], multiple solar-powered UBSs
were deployed to improve the energy-efficiency of the heterogeneous network on
the ground. To achieve this, an linear programming problem was formulated by
taking the constraints of quality-of-service (QoS) and cells’ capacity into consid-
eration. With aid of UBSs, the small-cells on the ground can be switched into
the sleep mode so as to minimize the energy consumption. In [14], to maximize
the QoS for users while guaranteeing the backhaul connections, the probabil-
ity density function of users’ locations was taken into account when deciding
the locations of UBSs. In [16], the multiple UBSs were sequentially deployed
according to a incycloduction-spiral path until all the ground users can access
more than one UBSs. In this way, the unnecessary UBS deployments can be
eliminated. In [18], the coexistence of UAV-assisted and device-to-device (D2D)
networks were considered for two cases: (1) analytically deciding the optimal alti-
tude of the fixed UAVs according to the density of D2D users such that maximal
coverage of UAV-assisted network can be achieved; and (2) analytically deciding
the minimum stop points of mobile UAVs to reach a better tradeoff between
the delay and coverage of UAV-assisted network, and the outage probability of
D2D network. In [19], the backhaul connections between the UAVs and gate-
way were developed by deploying the multi-hop UAV-assisted networks. Under
this scenario, the non-convex optimization problem was formulated to maximize
the downlink throughput subject to the constraints of flow conservation. Then,
using the mentioned alternating maximization and successive convex optimiza-
tion techniques were applied to decide the locations of UAVs, and the allocations
of bandwidth and transmission power, respectively.

According to the above discussions, we found that jointly consider the inter-
connectivity between UBSs, and that between UBSs and backhual links under
the QoS constraints for all the links (including links between the UBSs and the
ground users) was neglected from the literature. Thus, in this paper, we aim
to develop a scalable and self-organized UBSs network to facilitate the D2D
communications under the QoS constraints for all the links. To accomplish this
goal, the minimal number of UBSs are sequentially deployed to serve the ground
users under the mentioned constraints for all the links; and at the meantime,
the interconnectivity between UBSs can be guaranteed. According to the simu-
lation results, we find that how to deploy a proper number of UBSs rather than
constructing a highly connected UBS network is the key to guarantee higher
spectrum efficiency for the UBS-assisted D2D networks.

The rest of this paper is organized as follows. In Sect. 2, the system model,
including the signal model and definition of the interconnectivity between UBSs
are introduced. In Sect. 3, the optimization problem of UBS deployment will be
formulated and solved by proposing a sequential UBS deployment algorithm.
At last, Sects. 4 and 5 render the simulation results and concluding remarks,
respectively.



732 W. Chang et al.

2 System Model

Consider that a set of UAV-BS (denoted by Ω = {Ωi} ∀i = 1, · · · , N) are
deployed to serve M groups of mobile terminal (denoted by M = {mj} ∀j =
1, · · · ,M); and each group consists of |mj | MTs (denoted by mj = {mjk} ∀k =
1, · · · , |mj |), where |mj | calculates the number of elements in the set mj . More-
over, a UBS controller (denoted by Ωo) is deployed to govern all the activities
of UBSs, including the collections and exchanges for all the data and control
information. Figure 1 demonstrates a sketch for the considered system scenario,
where N = 3 UBSs are deployed to serve M = 5 groups of MTs; and within
each group there are |mj | = 5 ∀j = 1, · · · ,M MTs.

Fig. 1. System model

2.1 Signal Model

To begin with, the orthogonal channels are allocated to all the links between (1)
two arbitrary neighboring UBSs, (2) UBS and MT and (3) UBS and controller
Ωo [8,13]. Also, according to [8,9,13,18], the impact of small-scale fading is
generally neglected for the air-to-air and air-to-ground channel environments;
and that, solely the effect of the path-loss is considered to characterize these
two environments. Therefore, with LoS channel, the signal-to-noise power ratio
(SNR) for the link between Ωi and Ωj (denoted by Lij) can be defined as

γij =
PΩd−α

ij

σ2
, (1)

where dij denotes the length of the link Lij (i.e., the geographical distance
between Ωi and Ωj); α and PΩ stand for the path-loss exponent and transmis-
sion power of UAV, respectively; σ2 represent the variance of the zero-meaned
additive white Gaussian noise (AWGN). However, in addition to the LoS chan-
nel environment, it is highly possible to have non-LoS (NLoS) channel between
UBSs and ground terminals, e.g., the MT or the controller Ωo, respectively.
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Thus, referring to [13], the path-loss for the air-to-ground link between Ωi and
mjk (denoted by Lijk) can be defined as

gϕ
ijk = 20 log10

(
4πd̂ijk

λ0

)
+ ξϕ (dB), (2)

where d̂ijk denotes the length of Lijk; λo represent the wave-length corresponding
to the carrier frequency; ϕ ∈ {LoS, NLoS} indicates the LoS and NLoS cases,
respectively. By analogy, the path-loss gϕ

io between Ωi and Ωo (i.e., the link Lio)
can also be defined by substituting the length of Lio (say dio) into (2).

To characterize the random effect of LoS and NLoS channel for the air-to-
ground link, the LoS probability for the link Lijk (denoted by PLoS(Lijk)) can
be defined as

PLoS(Lijk) =
(

1
1 + ν1 exp (−ν2 [θijk − ν1])

)
, (3)

where ν1 and ν2 reflect the environmental effects; θijk denotes the elevation
angle between Ωi and mjk. By definition, the NLoS probability can be defined
as PNLoS = 1 − PLoS . Note that the LoS probability for the link Lio can also
be defined by replacing θijk of (3) with θio (i.e., the elevation angle between Ωi

and Ωo). Then, the average path-loss for the link Lijk can be calculated as

ḡijk =
∑

ϕ∈{LoS, NLoS}
Pϕ(Lijk)gϕ

ijk . (4)

Similarly, the average path-loss ḡio for the link Lio can also be defined by replac-
ing Lijk of (4) with Lio. At last, the SNR for the links Lijk and Lio (denoted
by γijk and γio) can be obtained by substituting ḡijk and ḡio into d−α

ij of (1),
respectively.

2.2 Connectivity of UBS Network

To well describe connectivity of the UBS network, a graph G(V, E) can be con-
structed by using each UBS as each vertex; and an edge can then be constructed
if the corresponding two UBSs (i.e., two vertices in other words) are reachable to
each other (i.e., the distance in-between should be less than the serving distance
dΩ), where V and E denote the set of vertices and connected edges, respectively.
To facilitate the presentation, let Vi ∈ {V} denote the vertex corresponding to
Ωi; and similarly, the edge E

(�)
ij ∈ {E} stands for the �-th edge in E connecting

Vi and Vj . Moreover, let’s define edge vector a� = [a�,i]
T corresponding to E

(�)
ij

∀a�,i ∈ {0, 1} , i = 1, · · · , |V|, � = 1, · · · , |E|, where |V| and |E| calculates the
number of elements in the set V and E , respectively. Then, with E

(�)
ij , it results

in a�,i = a�,j = 1, which means Vi is in the coverage area Aj of Vj (denoted by
Vi ∈ Aj) and vice versa (denoted Vj ∈ Ai). Note that each edge vector can only
have two non-zero elements for describing its corresponding edge.
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Then, the Laplacian matrix L can be defined as

L = Adiag(w)AT =
|E|∑
�=1

w�a�aT
� , (5)

where the matrix A is constructed by using the edge vectors; diag(w) is the
diagonal matrix constructed by using the weight vector w = {w�} ∀� = 1, · · · , |E|
[8,20]. Note that according to (5), one can know that L is semi-positive definite,
which means all the corresponding eigenvalues are non-negative. In fact, its first
smallest eigenvalue is zero; and the second smallest one (denoted by λ2(L))
is defined as the so-called Fielder value. According to the graph theory, the
Fielder value can be used to characterize the connectivity of the network. By
definition, the larger the Fielder value, the better the connectivity of the network.
As λ2(L) = 0, it is said that the network is completely disconnected. It should
be noticed that as the connectivity increases, more edges can be constructed.
That means there will be more edge vectors and consequently the size of the
Laplacian matrix A increases (e.g., more UBSs are hovering in the air).

3 Problem Formulation and UBS Deployment Scheme

In this paper, we aim to develop an efficient UBS-assisted D2D network by
deploying the minimum number of UBSs. To this end, the positions of the hov-
ering UBSs (denoted by U = {(xi, yi, zi)} ∀Ωi ∈ Ω) should be properly decided
such that the considered groups of MTs on the ground can be well-severed, where
(xi, yi, zi) means the coordination of the Ωi within the three-dimensional space.
To clarity, the term “well-served” means two conditions are satisfied: (1) the
SNR constraints for all the MTs belonging to the considered MT groups, and
(2) the SNR constraints for the link between Ωi and Ωo. Moreover, the con-
nectivity of the UBS network should be maintained as well. In this fashion, the
self-organized D2D network can be developed. Then, the optimization problem
of interest can be formulated as

max
U

min
Ω

λ2(L(U)) (6)

s. t. γijk ≥ γth ∀ Ωi ∈ Ω , mjk ∈ mj ∈ M

γio ≥ γth ∀ Ωi ∈ Ω .

where γth is the SNR threshold. It should be noticed that to well maintain the
connectivity between UBSs, the weight w� for E

(�)
ij is designed to be d−α

ij .
Prior to developing the UBS deployment algorithm, several terminologies are

defined as follows.

1. Aoj : the square area formed by using Ωo and the center of mj as the two
vertices on the diagonal.

2. Aij : the areas in which the UBS Ωi can well-serve the MT groups mj .
3. Φi: the set of MT groups which can be well-served by the UBS Ωi.
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4. Πmj∈Φi
Aij : the intersected area in which the UBS Ωi can well-serve the MT

group mj ∈ Φi.
5. ďjn: the distance between the centers of the MT groups mj and mn.
6. ďjo: the distance between the centers of the MT groups mj and Ωo.

Moreover, two conditions are make: (1) all the UBSs are at the same height hΩ

m (i.e., zi = hΩ ∀Ωi ∈ Ω); and (2) the coordinate plane at zi = hΩ is discretized
with space granularity μ point/m2.

Now, to solve (6), we develop the sequential UBS deployment scheme as
listed in Algorithm 1. Observing Algorithm 1, one can find that Lines 6 and
10 dominate the computational complexity. Specifically, the two while-loops on
Lines 4 and 9 requires computations of order O(M2); whereas searching for
the “well-served areas” on Lines 6 and 10 maximally needs to scanning Aoj ×
μ points over the mentioned coordinate plane. To sum up, Algorithm1 needs
computations of order O(M2×Aoj×μ), which mainly depends on the granularity
(i.e., μ) and distribution of the MT groups (i.e., Aoi in other words), respectively.

It should be noticed that Line 3 guarantees the maximal area of Aoi for the
searching processes on Lines 6 and 10. Accordingly, it gives the most opportuni-
ties for Lines 10–12 to serve the most MT groups; and for Line 15 to maximize
the Fiedler value λ2(L(U)). This somehow verifies the optimality of the proposed
UBS deploy algorithm with the prescribed order of complexity. Moreover, the
proposed algorithm can be scalable by interatively treating each UBS as a new
controller to the further deploy some additional UBSs for extending the over-
all coverage area. That means these additional UBSs can keep connected to the
original central controller via some multi-hop (rather than one-hop) transmission
path.

4 Simulation Result

In this section, we verify the effectiveness of the proposed sequential UBS deploy-
ment algorithm by comparing with the counterpart in [8] in terms of the number
of hops, SE and Fiedler value. Note that in [8], each UBS is deployed for serving
each MT group under the condition of maximizing the Fiedler value; whereas,
in the proposed scheme, a UBS can possibly serve multiple MT groups. For
fair performance comparison, the simulation environment is built by referring
to that in [8]. In addition, to make it more practical, the scale of the 3D net-
work is expanded to cover a square area of 1000 × 1000 m2. Also, the back haul
connection to the UBS controller is newly included (i.e., the constraint of γio

in (6)). Moreover, the effects of the LoS and NLoS channel environment in [13]
is considered as well. Table 1 summarizes all the simulation parameters; and all
the results are obtained by averaging over 1,000 randomly generated network
topologies.

4.1 Number of Hops

Figure 2 shows the impact of the SNR requirement γth on the number of hops
for the UAV-assisted D2D communication networks, where (a) γth = 40 dB, (b)
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Algorithm 1: Sequential UBS Deployment Algorithm
Input: M;
Output: Ω, U;

1 Let Ω = U = M̂ = ∅;
2 i = 1;

3 Sort all the MT groups m� ∀� = 1, · · · , M according to ď�o; and restore the
results back to M in the descending order;

4 while M �= ∅ do
5 Consider the first MT group from the top of M and let it be mj ;
6 Find Aij within Aoj ;

7 Sort all the MT groups mn ∈ M ∀n �= j according to the distance ďjn to

mj in the ascending order and store the results into M̂;
8 Φi = mj ; k = 1;

9 while M̂ �= ∅ do

10 Find Aik within Aij for mk ∈ M̂;
11 if Πmn∈(Φ i∪mk)Ain �= ∅ then
12 Φi = Φi ∪ mk;

13 M̂ = M̂ \ mk;
14 k = k + 1;

15 Search for a point (xi, yi, zi) nearest to Ωo within Πmn∈Φ iAin so that
λ2(L(U)) can be maximized;

16 Ω = Ω ∪ Ωi;
17 U = U ∪ (xi, yi, zi);
18 M = M \ Φi;
19 i = i + 1;

20 Return {Ω,U};

γth = 45 dB and (c) γth = 50 dB, respectively. In the simulations, the transmit-
ting and receiving ends of a D2D pair are randomly deployed into two different
MT groups, respectively. Observing these figures, one can apparently find that
the number of hops increases as γth grows. There are two reasons for this phe-
nomenons. Firstly, with higher requirements of link quality (i.e., γth in other
words), the UBSs tend to hovering in the air near their served MT groups; and
consequently, the distance between two arbitrary UBSs increases. Therefore, the
connectivity of the UBS network reduces; and more hops are needed to develop
a routing path for a D2D pair. Secondly, for the proposed scheme, more UBSs
should be deployed to provide links with higher quality (as demonstrated in the
following Fig. 3), which results in more required hops as well. Furthermore, in
either cases of γth, less hops are required to develop the routing paths for the
D2D network using the proposed scheme. For the example with γth = 40 dB,
approximately one hop can be saved for 80% of the D2D transmissions.
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Table 1. Simulation parameters

Parameter Value

Operational mode of UBS Half-duplex transmissions

Average additional loss ξLoS 1 dB [13]

Average additional loss ξNLoS 12 dB [13]

Environment effects ν1 and ν2 9.6 and 0.29 [13]

Wavelength λ0 0.125 m [13]

Path loss exponent α 2 [8]

The transmission power of UAV PΩ 0.1 W [8]

Variance of AWGN σ2 −174 dBm/HZ

System bandwidth 1 MHz

UAV height hΩ 40 m

Area of network topology 1000 × 1000m2

Number of MT groups M 5

Number of MT in each group |mj | 5 ∀j = 1, · · · , 5

Radius of MT group 20 m

Serving distance of UBS dΩ 100 m

Space granularity μ 1 1/m2

4.2 Spectrum Efficiency and Fiedler Value

Figure 3 shows the impact of the SNR requirement γth on the (a) 10-percentile
SE (denoted by SE10%) and (b) Fiedler value for the UAV-assisted D2D commu-
nication networks, respectively. Herein, the so-called 10-percentile SE is obtained
by properly taking an threshold for the probability cumulative distribution func-
tion of SE (i.e., the cdf curve of SE) so that 90% of the SE can be higher than
γth. As explained in Fig. 2, a higher γth can lead to longer distance between
any two arbitrary UBSs, which lowering the connectivity of the UBS network.
Moreover, as the γth keeps increasing, more UBSs are required when the pro-
posed scheme is applied; and consequently the Fielder value can rise. However,
the higher Fiedler values don’t always means the higher SE. De facto, it is inter-
esting to find that the UBS network with lowest Fiedler value (i.e., the loosely
connected UBS network in other words) can achieve the highest SE10%. This
phenomenon is somehow contradicted to the general intuition and the goal of
[8,20]. Therefore, one can say that how to deploy a proper number of UBSs
rather than constructing a UBS network with higher Fielder value is the key to
guarantee a higher SE for the UBS-assisted D2D networks.
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Fig. 2. Impact of the SNR requirement γth on the number of hops for the UAV-
assisted D2D communication networks, where (a) γth = 40 dB, (b) γth = 45 dB and
(c) γth = 50 dB, respectively.
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Fig. 3. Impact of the SNR requirement γth on the (a) 10-percentile SE (denoted by
SE10%) and (b) Fiedler value for the UAV-assisted D2D communication networks,
respectively.

5 Conclusions and Future Works

In this paper, we have developed a scalable UBS deployment algorithm to con-
struct an UAV-assisted D2D communication network. Using the proposed algo-
rithm, a self-organized 3D network can be constructed to provide some instan-
taneous and emergent communication services, especially for the cases when the
infrastructure of cellular network become malfunctioned. Specifically, to guar-
antee the reliability and efficiency, a minimum number of UBSs are properly
deployed under the SNR constraints for links between UBSs and ground termi-
nals. Moreover, the links between the UBSs and center controller are included,
as well. The efficiency of the self-organized 3D network has been verified by sim-
ulations in terms of the number of hops and spectrum efficiency, respectively.
Most importantly, an counterintuitive phenomenon has been observed that a
highly connected UBS network cannot always guarantee a higher spectrum effi-
ciency. Instead, how to deploy a proper number of UBSs is key for constructing a
high efficient UBS-assisted D2D network. It is well-known that steadily hovering
in the air for a long period of time is fatal to the success of the UBS-assisted
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communication network. One important factor behind is the energy-efficiency
(EE) of the UBS, including its energy-harvest (ER) capability. Therefore, incor-
porating the EE as well as the ER method into the proposed scheme can be an
important topic for further study.
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