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ABSTRACT On a future tactical-battle field network, combat radio nodes will be deployed for various
operations, forming a mobile ad-hoc network (MANET). However, because of the nodes’ mobility, a single
group might be divided into several small groups with fewer nodes. Conversely, several small groups might
be merged into one group. In such an environment, an unmanned aerial vehicle (UAV) will provide an
effective way to improve network coverage and connectivity among the small groups. However, some issues
should be considered for the optimal deployment of the UAV. One issue is to find the proper position of the
UAV, which enhances the connectivity among the groups, because a tactical network places a high priority
on network survivability rather than throughput maximization. We also need to exploit real topographic
information to obtain more accurate connectivity information among nodes. Second, an efficient resource
allocation scheme for reliable communications through the UAV should be taken into account. Since most
of the links between the UAV and the ground nodes are line-of-sight (LoS), due to the good quality of
these links, the traffic via the UAV will be heavy in spite of the limited data slot resources. Moreover,
the traffic flows of the network require diverse quality-of-service (QoS), and different priorities should be
imposed upon the nodes depending on the involved tactical operations. In this paper, we formulate a UAV
positioning problem maximizing group connectivity (GC) and a data slot-allocation problem maximizing
GC utility. Subsequently, we propose an optimal positioning and slot allocation algorithm, which satisfies
QoS requirement and supports the predetermined priorities of the nodes and the groups. Numerical analysis
verifies that the proposed scheme is effective in UAV positioning and slot allocation, outperforming
conventional methods.

INDEX TERMS Tactical mobile ad-hoc network, unmanned aerial vehicle, positioning, data slot allocation.

I. INTRODUCTION
On a future tactical-battle field network, combat radio
nodes will be deployed, forming a mobile ad-hoc network
(MANET) without intervention from a central base sta-
tion [1]. However, diverse battle-field operations will require
a flexible formation of the network. A single group, in which
nodes can communicate with the other nodes using ground
ad-hoc networking, might be divided into several smaller
groups with fewer nodes. Or several small groups might
be merged into one. Moreover, tactical environments and
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requirements, such as an operation on mountainous terrain,
and a real-time transmission requirement are challenging
issues for a tactical MANET as illustrated in Fig. 1.

In this environment, an unmanned aerial vehicle (UAV) can
be an effective alternative to enlarge coverage and increase
connectivity among small groups. However, some issues
should be considered for the optimal deployment of the UAV.
The first one is to find the proper position of the UAV that
enhances inter-group connectivity. In a commercial network,
maximization of throughput or the number of users to be
served are main concerns, whereas in a tactical MANET,
maintaining inter-group connections for the survivability of
the network is more important. Note that even if only a single
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FIGURE 1. Network group operations and the environment in a tactical
MANET.

node in a group is connected to a UAV, the remaining nodes
of the group can communicate with the other groups via the
UAV as long as the intra-group connections are secured.

Second, an efficient resource allocation scheme for reliable
communications via the UAV is required. Although a tactical
MANET has a limited number of data slots, many nodes
can connect to the UAV through line-of-sight (LoS) links.
Hence, a UAV with good link quality will be congested with
heavy traffic to and from ground nodes. In addition, there are
diverse quality-of-service (QoS) requirements according to
various types of traffic, such as urgent messages and real-time
voice traffic, or simple status report messages. Moreover,
there are different priorities according to the nodes’ ranks
and the importance of the groups associated with the tactical
operations imposed upon them.

In [2]–[11], studies to find the proper position of a UAV
weremainly focusing on commercial communications. In [2],
a UAV was used to increase coverage of a network and to
provide a remedy for unexpected incidents, such as urgent
communications. In [3] and [4], the authors showed that a
UAV is an effective solution for overcoming ground station
failures by providing service to remote users and improving
QoS. In [5], a path loss model for communication between
a UAV and a ground user was proposed, and this model
was adopted to obtain the optimal altitude of a UAV, which
maximizes the coverage of a network. In [6], 3D deployment
of a UAV was examined to serve as many nodes as possible.
In [7], to increase network capacity, the authors proposed a
method to connect mobile-communications cell areas with
a UAV. Additionally, the deployment of multiple UAVs was
investigated to provide non-overlapping coverage areas and
to enhance link capacity for ground nodes in hotspot areas.
Specifically, efficient placement of a UAVwas obtained using
the circle packing theory. In [8], the optimal altitude for
a UAV was determined for a guaranteed reliability factor
considering a single node at the cell edge. In [9], the authors
proposed a UAV placement strategy in 2D to minimize aver-
age latency for a heterogeneous network (HetNet). In [10], 3D
placement of a UAV in a hotspot was studied. The goal was
to maximize the number of nodes the UAV can cover, and
the proposed scheme introduced different QoS constraints.

In [11], node selection and power allocation problems were
investigated to maximize network utilities in multiple small-
cell networks.

The foremost difference between our work and those stud-
ies is that the other studies did not consider scenarios where
a network of a single group is divided as the group moves.
When a UAV can connect small divided groups, linking the
separate groups is much more important than increasing the
number of nodes directly covered by the UAV. Therefore,
in order to support more than two groups, the position of the
UAV should be decided considering inter-group connectivity.
Instead of just the number of nodes to be connected, the con-
nectivity among the groups reflecting the topology of the
network is taken into account. Moreover, the other studies did
not consider the geographic environment. Obstacles such as
mountainous areas in tactical environments aremajor limiting
factors to communication, and consequently, terrain informa-
tion must be reflected. The difference from other algorithms
is that the connectivity is obtained using topographic infor-
mation, and hence, more accurate connectivity information
can be obtained.

There are various studies on media access control (MAC)
protocols providing QoS for a MANET. The majority of
them can be categorized into contention-based carrier sense
multiple access (CSMA), contention-free time division mul-
tiple access (TDMA), or a hybrid of the two, as discussed
in [12] and [13]. TDMA is effective in transmitting real-time
data, guaranteeing QoS in a tactical MANET [1]. Accord-
ingly, tactical radio [14] is adopting this access scheme, and
dynamic slot allocation based on user demand was inves-
tigated in [15]–[21]. In [15], multi-hop desynchronization
(MH-Desync) was proposed, where each node exchanges
slot information with its own one-hop neighboring nodes to
allocate unused slots. Accordingly, through exchanging this
information, each node can obtain its 2-hop nodes slot allo-
cation information. In [16], Kuramoto-Desynchronization
(K-Desync) was proposed for a rapid convergence of desyn-
chronization. In [17], weight desynchronization (W-Desync)
was proposed, and QoS was considered by assigning weight
factors. In [1], a QoS-attaining scheme considering energy
efficiency was proposed. In [18], a TDMA-based multihop
resource reservation (TMRR) scheme was proposed for flow-
based slot scheduling in order to minimize end-to-end delay,
and the slot information in a beacon slot is exchanged in every
frame. In [19], a contention-based slot allocation scheme,
that reflects topology changes and traffic demand, was pro-
posed. In [20], 1-hop node informationwas exchanged among
nodes, and slots were scheduled according to the required
number of slots. In [21], a distributed TDMA protocol was
proposed considering on-demand frame size. In [22]–[25],
MAC protocols guaranteeing minimum slot allocation to
every node have been proposed. In [22], the authors pro-
posed a distributed slot allocation protocol that supports
multi-hop connections. In [23], the authors proposed a five-
phase reservation protocol (FPRP), where contention-based
slot allocation was adopted. In [24], the authors proposed
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a distributed randomized time slot assignment algorithm,
called DRAND, which schedules slots based on contention
by exchanging 1-hop node information. In [25], the authors
proposed a scheduling policy based on unused slot informa-
tion exchanged among 1-hop nodes. However, the above-
mentioned protocols do not consider slot allocation when the
total number of slots is less than the sum of the requested
slots. When the sum of the requested slots is greater than
the number of available slots, a slot allocation policy for a
UAV is required, and the importance of the nodes and of
the traffic types traversing the UAV are important factors in
designing the policy. For high reliability and survivability
of the MANET, QoS and real-time transmission capability
are important factors. QoS and the importance of the traffic
should be determined based on the characteristics of the
traffic and on whether the traffic traverses via the UAV or not.
Traffic that traverses through separate groups is more impor-
tant than intra-group traffic because, for intra-group traffic,
there can be many alternative paths through substitute ground
links.

The main contributions of this work are fourfold.

• We define new group connectivity (GC) considering the
numbers of linked nodes and linked groups. For a tactical
environment, geographic information is considered in
checking link availability.

• We propose a UAV positioning mechanism that maxi-
mizes group connectivity. When there is a single group,
we search the optimal UAV position for maximizing
the number of nodes that can establish a connection
with the UAV. On the other hand, with more than two
groups, inter-group connection via the UAV is the most
important factor in finding the optimal position.

• We define a new GC utility, which combines a nor-
malized QoS satisfaction function and a group weight
function.

• We propose a dynamic data slot allocation mechanism
for maximizing the GC utility.

The rest of this paper is organized as follows. In Section II,
the system model and problem formulations are presented.
The proposed algorithms are described in Section III, fol-
lowed by a detailed presentation of the numerical results and
a related discussion in Section IV. Finally, conclusions are
drawn in Section V.

II. SYSTEM MODEL AND PROBLEM FORMULATIONS
A. SYSTEM MODEL
1) AIR-TO-GROUND CHANNEL MODELS
There are various channel effects associated with air-to-
ground link budgets such as path loss, shadowing, multipath
fading, atmospheric loss, and rain fading [26]. In [27]–[31],
the free-space model is applied to the path loss, and other
channel effects are added for link budgets.

Instead of a free-space pathloss model, we adopt the
military Terrain Integrated Rough Earth Model 4 (TIREM-4)
[32] in order to consider geographic effects in a tactical

FIGURE 2. The TIREM-4 model.

TABLE 1. Channel Characteristics and Applied Models.

environment. The terrain information determines whether
LoS/NLoS, reflection, and diffraction of signals are to be
applied or not. In Fig. 2, the lower sub-figure represents
terrain information, and the upper sub-figure shows the sig-
nal attenuation between the two points in the terrain infor-
mation. As shown in the upper sub-figure, the propagation
diffraction is applied when the LoS is interrupted by the
terrain elevation on the path. Digital Terrain Elevation Data
2 (DTED-2) [33] format is used as the terrain information
for the TIREM-4 model. Shadowing and atmospheric loss
effects are also applied in TIREM-4, and, considering these
effects together, a more accurate channel path loss model
can be obtained when the operation area is determined. As a
multipath fading model, Rician distribution [34] is applied,
and the available frequency band determines the K factor
of this distribution [35]. Since an air node might operate
in rainy or snowy conditions, the rainfall reduction model
defined in the ITU-R P.618-13 standard [36] is adopted. This
model is applied between 1 GHz and 1000 GHz center fre-
quencies, but there is little rainfall attenuation in the vicinity
of the 1 GHz band, and it gradually increases with frequency;
hence, it is assumed that rainfall attenuation does not occur
below 1 GHz. The applied models are summarized in Table 1.
The received power at node i from a transmitter with power

Pt , called Effective Isotropic Radiated Power (EIRP), can be
expressed as

Pr = Pt − LossTIREM (h, ri)− LossRician − LossRain, (1)

where h and ri are the vertical distance from the ground and
the horizontal distance from ground node i, respectively. The
received power should exceed a certain threshold, Pth, which
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FIGURE 3. Proposed GC-TMAC system model.

FIGURE 4. The UAV positioning step, and the relay step.

is the design parameter that refers to equipment performance,
to guarantee an active communications link. Accordingly,
attenuation on the communications link must be less than a
certain level of channel loss.

2) SYSTEM AND QOS SATISFACTION MODELS
The Group Connectivity Tactical Medium Access Control
(GC-TMAC) system is described in Fig. 3, where a UAV can
support a single group or multiple divided groups. Ground
nodes of a group are interconnected in an ad-hoc mode, and
the UAV supports communications among the ground nodes.
Ground nodes usually send real-time voice data or non-real-
time status information.

A schematic of the operational flow is given in Fig. 4. First,
each node shares node informationwith the UAV aswell as its
neighbor nodes. The UAV searches for the optimal position
and moves there. If communication between the groups is
cut off, one node of each group requests a data slot to the
UAV. Then, the UAV executes a slot allocation algorithm, and
the allocation information is delivered to the ground nodes.
The UAV constantly checks the neighbor information of the
network. The location of the UAV is periodically updated, and
the period is determined according to the speed of the ground
nodes, the link state, and the connectivity among the nodes.
We assume that a ground node is carried by a human, and the
location of the UAV node is updated once every Tp, which is
the UAVposition update period. In the numerical results, Tp is
set to 5 minutes because it is assumed that infantry soldiers
carry the ground nodes.

FIGURE 5. The TDMA superframe structure of the proposed GC-TMAC.

There are two different types of subframe constituting a
superframe of the system (the Control subframe and theData
subframe) as shown in Fig. 5. Using the Control Slot in
the Control subframe, each node sends its NCF (Network
ConFiguration) message to make a connection with other
nodes including the UAV. In addition, each node sends slot
requests, neighbor node information, and node status reports
to the UAV using the Control Slot. Moreover, the UAV sends
the slot scheduling information to the ground nodes using the
Control Slot. The status of 1-hop neighbors for each node
is also shared using the Control Slot. If the total number
of slot requests is smaller than the total number of unused
slots in the UAV, the slots are assigned upon request. On the
other hand, if the total number of slot requests is greater
than the total number of unused slots (that is, if it is a
saturated network), then a slot assignment policy is required.
In connection establishment and packet routing, all the nodes
are operating in an ad-hoc mode that supports a maximum
4-hop communication. The number of hops is related to the
operation area of the nodes, the superframe size, and the
traffic delay requirement. The maximum hops is determined
by the operation area of the nodes, and the superframe size
is designed to accommodate the maximum hops because the
end-to-end delay increases as the number of hops increases.
If a node fails to receive a data slot allocation, it tries again;
however, in case of consecutive failures, the routing path is
reset in the upper layer.

In Eq. (2), QoS satisfaction function Qi(si) is defined, and
functions of this type are widely used to model the charac-
teristics of networks. In particular, because real-time data are
inelastic and delay-sensitive, a QoS satisfaction model can
be presented in the form of S-shapes, and the standardized
utility features are available. On the other hand, as non-real-
time data are elastic and delay-tolerant, a QoS satisfaction
model can be an incremental function [37].

Qi(si)

=


ci

(
1

1+ exp(−ai(si − bi))
− di

)
, if real-time,

log(1+ kisi)
log(1+ kismax)

, if non-real-time,

(2)
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FIGURE 6. QoS satisfaction functions of the proposed GC-TMAC.

In Eq. (2), si is the number of slots allocated to node i:
ai, bi, ki, and smax are parameters to be adjusted, and ci =
1+exp(aibi)
exp(aibi)

, di = 1
1+exp(aibi)

, Qi(∞) = 1, and Qi(0) = 0.
As shown in Fig. 6, the blue and red graph lines, respectively,
indicate QoS satisfaction for real-time voice traffic and non-
real-time traffic (such as status information). For real-time
traffic, such as voice data, the packet size is small, and
accordingly, the satisfaction level increases to 1 immediately
after a single slot is allocated. In other words, satisfaction is
determined by whether slots are assigned or not. This satis-
faction level does not increase further, even when more slots
are allocated to voice traffic. It is assumed that the MELPe
2.4k military standard codec [38] is used, and traffic delay is
within 225ms per hop. That is, the QoS level is fully saturated
if slot allocation supports only 2.4 kbps. Therefore, the QoS
level will be binary, representing whether the call quality
required to make a voice call is satisfied or not, so that voice
calls can be made, which can make the blue satisfaction curve
in Fig. 6. The red graph line shows the logarithmic shape
function representing theQoS level of delay-tolerant and non-
real-time traffic [39]. We assume the delay requirement for
data traffic is loose.

B. PROBLEM FORMULATIONS
1) UAV POSITIONING PROBLEM
In this subsection, a UAV positioning problem is presented
considering group connectivity. The optimal UAV position
will be dependent on the performance metric (index) adopted.
In this paper, two metrics (node connectivity and inter-group
connectivity) are considered. Node connectivity is the num-
ber of nodes that are able to establish a connection to the
UAV. It means that the link path loss between the node and
the UAV is less than the loss threshold, Lossmax . Inter-group
connectivity is the number of groups that are directly linked
to the UAV. A group is declared to be directly linked to
the UAV if at least a single node of the group is directly
linked to the UAV. For the purpose of maintaining network
survivability, the link connectivity between two nodes that
belong to different groups plays an important role. Hence,
we define group connectivity using two metrics conjointly.
Group connectivity based on the UAV position (xu, yu, hu) is

defined as

Cgroup(xu, yu, hu) =
∑
i∈N

αiIi(xu, yu, hu)

+

∑
j∈M

βjGj(xu, yu, hu), (3)

where αi and βj are the priority of node i and the weight
of group j, respectively. N = {1, 2, . . . ,N} and M =

{1, 2, . . . ,M} are the indexing sets of the nodes and the
groups, respectively, and 0 ≤ αi ≤ 1, βj ≥ 1, and
Ii(xu, yu, hu) andGj(xu, yu, hu) are indicator functions defined
as follows:

Ii(xu, yu, hu) =

{
1, if Pri ≥ Pth
0, otherwise.

Gj(xu, yu, hu) =

{
1, if Prj ≥ Pth
0, otherwise.

where Pri , and Pth, respectively, are received power of the
UAV from ground node i in Eq. (1), and the power threshold
to guarantee an active communications link. As explained in
Section II, we adopt the TIREM-4 model to take geographic
effects in a tactical environment into account. From this
model, the signal attenuation and received power between
node i and the UAV can be calculated. We assume that the
j-th group is connected to the UAV when at least one node in
the j-th group is connected to the UAV.

We can formulate the group connectivity optimization
problem based on (3).
Problem 1: Group Connectivity Optimization

max
Z

Cgroup(xu, yu, hu)

s.t. C1 : xmin ≤ xu ≤ xmax

C2 : ymin ≤ yu ≤ ymax

C3 : hmin ≤ hu ≤ hmax

C4 : Ii ∈ {0, 1}, i ∈ N
C5 : Gj ∈ {0, 1}, j ∈M, (4)

where Z = [xu, yu, hu]ᵀ represents UAV 3D coordinates,
in which [·]ᵀ is a transpose operator; xmin, xmax, ymin, and
ymax represent the boundary of the work area, and hmax and
hmin are the maximum and minimum permissible altitudes
of the UAV, respectively. The maximum altitude of the UAV
is affected by its size, weight, battery performance, and
other characteristics. It can be restricted by regulations that
are coordinated by agencies like the U.S. Federal Aviation
Administration (FAA) [40].

2) DATA SLOT ALLOCATION PROBLEM
In this subsection, a data slot allocation problem is formulated
regarding slot requests from the ground nodes. The UAV
scheduler maximizes the level of satisfaction for all nodes
under the concept of social welfare (SW), where the law of
diminishing marginal utility [41] is applied. From this point
of view, Ui(si) represents node i’s satisfaction according to
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the number of assigned slots si, and
∑
Ui(si) is the total SW

of this model:

Ui(si) = log(Qi(si)+ 1)wi , (5)

wi = γ · C ′group, (6)

where weight factor γ ∈ {γ1, γ2}, and γ is set to γ1 for
real-time traffic and γ2 for non-real-time traffic. C ′group is the
group connectivity value in Eq. (3), assuming that only node
i and its destination node are connected to the UAV. To assign
slots to nodes, it is necessary to consider the following opti-
mization problem.
Problem 2: Data Slot Allocation

max
S

∑
i∈N

Ui(si)

s.t. C1 :
∑
i∈N

si ≤ Ts

C2 : smini ≤ si ≤ ri, ∀i ∈ N , (7)
where s = [s1, s2, . . . , sN ]ᵀ, Ts, smini , and ri are the total
number of slots, the minimum number of slots, and the num-
ber of requested slots, respectively.

III. PROPOSED ALGORITHMS
A. UAV POSITIONING MECHANISM
We propose a solution to searching for the optimal position
of the UAV. Each node exchanges its status and one-hop
neighbor information, including its own position, in order to
set up the network. Among the candidate positions for the
UAV, the problem with 0 (a non-active link) or 1 (an active
link) as a constraint in the optimization problem can be con-
verted to binary integer linear programming (BILP), which
can be solved using the branch-and-bound scheme [42] and
the interior point method as a linear programming (LP) [43].
Then, we choose the minimum altitude, h, from among the
feasible 3D positions for the UAV in order to enhance energy
efficiency by refraining the UAV from being positioned at
an unnecessarily high altitude. The proposed algorithm is
explained in Algorithm 1.

In Algorithm 1, Tclock is the time clock of UAV. Tp is the
UAV position update period. x ′min and x

′
max are the minimum

and maximum x value of all nodes, respectively. y′min and
y′max are the minimum and maximum y value of all nodes,
respectively.

In other studies involving commercial networks, since
users are arbitrarily located around a base station, a UAV is
positioned as high as possible in order to increase the cov-
erage area. In a tactical MANET, however, since a MANET
serves combatants with a plan, it is desirable to lower the alti-
tude of the UAV as long as it successfully covers the network
area, enhancing the survivability of the MANET. Moreover,
this approach can minimize the energy consumption of the
UAV when the nodes move to conduct tactical operations.

Algorithm 1 UAV Positioning Mechanism
Input : each node position, Pt
Return : UAV position (x∗, y∗, h∗)
While Tclock/Tp = integer
Do {
1: Solve Lossmax between positions of node and UAV
using TIREM, Rician, Rain Loss models.

2: Calculate Pr by solving (1).
3: Calculate Cgroup by solving (3).
4: Obtain feasible 3D positions by solving (4)
using BILP with branch-and-bound method.

4-1: Find an optimal solution to LP model.
4-1-1: Reformulate (4) with updated possible position

range C1, C2 of nodes and relaxed C4, C5.
C1 : x ′min ≤ xu ≤ x

′
max

C2 : y′min ≤ yu ≤ y
′
max

C3 : hmin ≤ hu ≤ hmax
C4 : Ii ≥ 0, i ∈ N
C5 : Gj ≥ 0, j ∈M.

4-1-2: Apply reformulated (4) into the interior point
method as LP in [43].

4-2: (At branch node 1)
UB (Upper Bound) = the relaxed solution;
LB (Lower Bound) = round-down solution;

4-3: Let R be the variable with the greatest fractional
part for branching.

4-4: Create two new branch nodes for this variable,
(At branch node 2) R = 0;
(At branch node 3) R = 1;

4-5: (At branch node 2) Solve the reformulated (4)
with R=0 using the LP model.

4-5-1: Apply reformulated (4) with R=0
into the interior point method as LP.

4-5-2: (At branch node 2)
UB (Upper Bound) = the relaxed solution;
LB (Lower Bound) = round-down solution;

4-6: The relaxed solution is the upper bound
with R=0 using the LP model.

4-6-1: Apply reformulated (4) with R=1
into the interior point method as LP.

4-6-2: (At branch node 3)
UB (Upper Bound) = the relaxed solution;
LB (Lower Bound) = round-down solution;

4-7: If the process produces a feasible integer
with the greatest upper bound value

then Save (x ′, y′, h) as a feasible position.
If all variables are branched
then Return all feasible positions.
else Return to 4-3.

else Return to 4-3.
5: Choose the position with minimum h
from among the feasible 3D positions.
}
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Therefore, due to the differences in the purposes for serv-
ing these users, the biggest feature of the proposed algorithm
compared to the conventional algorithm is that it considers
connectivity between groups. Because it considers connec-
tivity, it is not just the number of nodes to be connected,
but process 3 in Algorithm 1 that considers connectivity
between groups according to topology. In addition, a differ-
ence compared to other algorithms is that the connectivity
is obtained using topographic information, so it is process
1 in Algorithm 1 where connectivity can be obtained more
accurately. In order to prevent sudden changes in the UAV’s
position, we update the range of the UAV’s position by limit-
ing the range to the smallest value and the largest value among
all previously known positions of all nodes from the initial
operational range in process 4-1-1 of Algorithm 1.

B. DATA SLOT ALLOCATION MECHANISM
We present an optimal solution maximizing the QoS-based
network utility.
Lemma 1: Ui(si) is strictly concave.
Proof: From Eq. (5), we can write

Ui(si) = wi log(Qi(si)+ 1),∀i ∈ I ,

where wi,Qi(si), si > 0.
For real-time Qi(si), utility concavity stems from:

d
ds
Qi(si) =

aici exp(−ai(si − bi))
(1+ exp(−ai(si − bi))2

> 0,

d2

ds2
Qi(si) = −a2i ci exp(−ai(si − bi))(1+ exp(−ai(si − bi))2

− 2a2i ci exp(−2gi(si − bi))

× (1+ exp(−ai(si − bi))) < 0,

and for non-real-time Qi(si):

d
ds
Qi(si) =

ki
(log(1+ kismax))(1+ kisi)

> 0,

d2

ds2
Qi(si) =

−k2i
(log(1+ kismax))(1+ kisi)2

< 0,

resulting in

d
ds
Ui(si) =

wiQi(si)′

Qi(si)+ 1
> 0,

d2

ds2
Ui(si) = −

wiQi(si)′2

(1+ Qi(si))2
+

wiQi(si)′′

(1+ Qi(si))
< 0.

Thus, Ui(si) is strictly concave. �
Problem 2 becomes a standard convex optimization prob-

lem. A Lagrangian function for this convex optimization is
given by

L(s,π ) =
∑
i∈I

wi log(Ui(si)+ 1)− λ1(
∑
i∈I

si − Ts)

+

∑
i∈I

λ2,i(si − smini )−
∑
i∈I

λ3,i(si − ri), (8)

where π = [λ1,λ2ᵀ,λ3ᵀ]ᵀ is the updated Lagrange multi-
plier vector using the subgradient scheme [44]. We explain
Lagrangian duality problem (8) as follows:

min
π

max
s
L(s,π ). (9)

To find optimality in the Lagrangian duality problem, con-
sider (9) as the problem associated with Lagrange multiplier
vector π . The duality theory allows the UAV to procure
optimal slot allocation vector s∗(π ) as follows:

s∗(π ) = arg max
s
L(s,π ). (10)

By calculating iteratively, the dual variables vector can be
obtained with:

π (t) = π (t − 1)− δπ
dL(s,π )
dπ

, (11)

where δπ is the positive and tiny step size that satisfies
Theorem 1 below. The uniqueness and optimality of the
solution can be confirmed through an appropriate step size.
The optimal solution will be obtained at the point where
FONC is satisfied.
Theorem 1: If step size δπ is chosen as 0 ≤ δπ ≤

2
ρ̄C̄R̄

then sequence (s,π ) converges to a point, (s∗,π∗), and s∗ is
the only optimal solution to the problem.

Proof: Vector notations are used consistently in this
Theorem. For vector a = (a1, a2, . . . , an)ᵀ, ||a||2 is the
Euclidean norm, ||a||1 =

∑
i |ai|, ||a||∞ = maxi |ai|.

In matrix A, ||A|| is the induced norm.
We reformulate Problem 2 as follows:

max
s

∑
i∈N

Ui(si)

s.t. As ≤ c (12)

where 2N + 1× N matrix

A =



1 1 1 . . . 1
1 0 0 . . . 0
0 1 0 . . . 0
. .

. .

0 1
−1 0 0 . . . 0
0 −1 0 . . . 0
. .

. .

0 −1



,

s = [s1, s2, . . . , sN ]ᵀ, and

c = [Ts, r1, r2, . . . , rN ,−smin1 ,−smin2 , . . . ,−sminN ]
ᵀ.

The utility, Ui(si), is non-negative, continuous, and strictly
concave from Lemma 1. If step size δπ is chosen appropri-
ately small, the sequence (s,π ) converges to point (s∗,π∗),
and s∗ is the only optimal solution to the problem.
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Let

C̄ = max
j∈N
||c_j(A)||1 (13)

R̄ = max
i∈{1,··· ,2N+1}

||r_i(A)||1 (14)

1
ρ̄
= min

i∈N
min

smini≤si≤ri
−Ui(si)′′ > 0 (15)

where c_j(A) and r_i(A) are the j-th column vector ofA and the
i-th row vector ofA, respectively, and ρ̄ is the curvature radius
of Ui(si) in the range [smini , ri] [44]. L is a set of constraints,
and Li is a subset of L containing si in the constraints.
According to Lagrangian function (8), the dual objective

function of optimization problem (12) is defined as follows:

D(π )= max
{smini≤si≤ri|∀i∈N }

(( N∑
i=1

[Ui(si)−siπ i]
)
+

2N+1∑
l=1

πlcl

)
(16)

= max
{smini≤si≤ri|∀i∈N }

N∑
i=1

(
Ui(si(π i))−siπ i

)
+

2N+1∑
l=1

πlcl,

(17)

where

π i =
∑
l∈Li

πl, (18)

si(π i) = [Ui′
−1(π i)]rismini

, (19)

and [z]ba=min[max(z, a), b] andUi′
−1 is the inverse ofUi′.

Eq. (11) can be seen as a gradient projection to solve a dual
problem.

D : min
π≥0

D(π ). (20)

Assumptions about the utility function are as follows:
A1: In the interval Ii = [smini , ri], utility function

Ui(si) is increasing, strictly concave, and twice continuously
differentiable.

A2: The curvature of Ui(si) is bounded away from zero on
Ii: −U ′′i (si) ≥

1
ρ̄i
> 0 for all si ∈ Fi

The following evidence is pertinent to Theorem 1 in [45].
Lemma 2: Dual function D(π) is convex, lower bounded

and continuously differentiable.
Proof: Let Bi(π i) be the first term of (20):

Bi(π i) = max
si∈Ii

(Ui(si)− siπ i). (21)

For π i ≥ 0, define βi(π i) as

βi(π i) =

{
−

1
U ′′i (si)

, if U ′i (ri) ≤ π
i
≤ U ′i (smini )

0, otherwise,
where si(π i) is given as seen in (19), and is the unique
maximizer of (21).

Let

B(π) = diag(βi(π i), i ∈ N ) (22)

be an N × N diagonal matrix with diagonal elements βi(π i).
In assumption A2 for π ≥ 0,

0 ≤ βi(π i) ≤ ρ̄i <∞. (23)

Accordingly, all the diagonal elements are non-negative. �
Lemma 3: The Hessian of D(π) is given by H (D(π )) =

AB(π)Aᵀ, where it exists.
Proof: Let (∂s/∂π)(π ) denote theN×(2N+1) Jacobian

matrix for which the (i, l) element is (∂si/∂πl)(π ). According
to (19), Ui′(si(π i)) = π i, and Ui′′(si(π i))(∂si(π i)/∂πi) = 1,
and therefore

∂si
∂πl

(π ) =


Ai,l

U ′′i (si(π
i))
, if U ′i (ri) ≤ π

i
≤ U ′i (smini ),

0, otherwise

Using (22), we have the following.

∂s
∂π

(π ) = −B(π)Aᵀ (24)

Thus, from (17), we have ∇D(π ) = c − As(π ), and
therefore

H (D(π)) = −A
(
∂s
∂π

(π )
)
= AB(π)Aᵀ. (25)

�
Recall C̄, R̄, and ρ̄ defined in (13)-(15), and we have the

following lemma.
Lemma 4: ∇D(π ) is Lipschitz with

||∇D(q)−∇D(π )||2 ≤ ρ̄C̄R̄||q− π ||2 (26)

for any vector π , q ≥ 0.
Proof: Using Lemma 3, we will show that

||H (D(π))||2 = ||AB(π)Aᵀ
|| ≤ ρ̄C̄R̄.

With the definition of B(π ) in (22),

||H (D(π ))||2 = ||AB(π)Aᵀ
||2 (27)

≤ ρ̄||AAᵀ
||2 (28)

Since
||AAᵀ

||
2
2 ≤ ||AA

ᵀ
||∞||AAᵀ

||1
(as seen in [46], p.635) andAAᵀ is symmetric, ||AAᵀ

||∞ =

||AAᵀ
||1, and hence

||AAᵀ
||2 ≤ ||AAᵀ

||∞

= maxl
∑

l′ [AA
ᵀ](l,l′)

= maxl
∑

l′
∑

i Al,iAl′,i

≤ C̄ maxl
∑

i Al,i

≤ R̄C̄

With (28), we have a desirable (26).
�

Since s(π ) in (19) is continuous, dual function D(π ) is
lower bounded from Lemma 2 and ∇D(π ) is ρ̄C̄R̄ Lipschitz
from Lemma 4. Let 0 ≤ δπ ≤

2
ρ̄C̄R̄

, and any random
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sequence π (t) calculated by gradient projection algorithm
(11) converges to the optimal point π∗ of the dual problem.
On the other hand, s∗ = s(π∗) is the only solution for
primal problem (12) (see [46], p.214). Therefore, the proof
of Theorem 1 is completed. �
Problem (9) can be solved by carrying out the Lagrangian

dual method with the above analysis. The node workflow and
the proposed scheme is shown in Algorithm 2. When the
number of requested slots is smaller than the total available
slots, the requested slots are allocated as requested. However,
when the number of requested slots is greater than the total
available slots, resources are allocated through the proposed
algorithm. Basically, all nodes have the same opportunity, and
can access the UAV. However, there are differences depend-
ing, on the traffic category. In the same traffic category,
the ground nodes are treated fairly. However, importance of
the traffic is the weight factor.

Algorithm 2 GC-TMAC Data Slot Allocation Mechanism
1: Send the number of slot requests, ri, to the UAV.
2: Receive requested slots s from all nodes.
3: Check the sum of the requested slots with Total slot Ts
3-1: if

∑
i∈I si ≤ Ts then

3-1-1: Choose slot allocation = requested slots
and Return s.

else
3-2: Compute optimal data slot allocation using below
process.
3-2-1: Start with ε > 0, k = 0 and input max iterations
Kmax.
3-2-2: Compute
L(s,π ) =

∑
i∈I wi log(Ui(si)+ 1)− λ1(

∑
i∈I si − Ts)+∑

i∈I λ2,i(si − smini )−
∑

i∈I λ3,i(si − ri),∀i ∈ I
while

max
s

dL(s,π )
dπ

≥ ε

do
if k < Kmax then

Solve (9) and obtain sk

Update πk+1; Set k ← k + 1;
else

return sk

and Return s.
4: Release slot assignment si of node i for each node.

Table 2 illustrates both conventional- and proposed-
algorithm complexity. In Problem 1, the branch and bound
strategy is used to solve optimization problems without a
conventional exhaustive search method in the average case.
In order to avoid an n! exhaustive search, the branch and
bound method takes O(log2 n) searches on average [47].
In Problem 2, the gradient descent method is used to solve
the maximization problem.

In the proposed system, it is a requirement that nodes
with mobility form various groups and send various types
of traffic. In this situation, the demand for communication

TABLE 2. Algorithm Computational Complexity.

through the UAV is high, so a resource allocation method
in the UAV is required. Therefore, the proposed algorithm
is different from the existing algorithm that simply allocates
slots proportionally when there are more slots required than
available slot resources. That can occur in a situation where
the demand to transmit data through the UAV is high. The
biggest feature is process 3-2 in Algorithm 2 that allocates
slot resources based on characteristics.

The computational cost of gradient descent depends on the
number of iterations it takes to converge. Compared to the
complexity of the closed form of linear regression, O(n3),
the complexity of gradient descent O(n2) is low [48]. Hence,
when n is very large, it is recommended to use gradient
descent instead of the closed form of linear regression.

IV. NUMERICAL RESULTS
Numerical results verify the effectiveness of the proposed
algorithm using Riverbed Modeler 18.6 [49]. Also, the Unity
3D visualization tool and the Simulation Monitoring Anal-
ysis Tool (SMAT) [50] are used to represent a 3D image
through a linkage with the Riverbed Modeler. TIREM-4 and
Rician fading distribution models were applied to 14 km
by 14 km mountain and plain areas to configure channels
similar to tactical fields. For the mountain and plain areas,
Cheorwon, Gangwon-do province (center coordinates lati-
tude N38.108136, longitude E127.1423) and the city of Paju
(center coordinates latitude N37.8697, longitude E126.747)
in South Korea were chosen. Moreover, DTED-2 was applied
to these areas, as shown in Fig. 7. The system parameters
are summarized in Table 3, which can be set differently
depending on the operating environment. A single node is
connected to another node when the received signal power
is higher than the minimum received power level. This is the
design value of our radio system, which is−78 dBm as shown
in Table 3. We assume that the maximum number of nodes
that can be assigned a slot in the same superframe is 24 and,
as long as any two nodes are linked within 4-hops, they can
communicate with each other through ad-hoc networking and
all nodes within 4 km and in the same group can communicate
with each other.

In Figs. 8-9 for the first scenario, the system had three
operational groups: Group 1 with 20 nodes, Group 2 with
15 nodes, and Group 3 with five nodes. In this scenario, those
three operational groups initially stood at the same starting
point. Then, Group 1 remained stationary, and Group 2 and
Group 3 started to move in different directions. When the
three groups are stationed closely, they can communicate with
each other as a single network. However, when the groups are
separated widely, they are not fully connected in an ad-hoc
mode. They are separated into different groups, and a UAV
can connect those groups.
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FIGURE 7. Link budget analysis target areas - mountain area: Cheorwon,
Gangwon-do province in South Korea (center coordinates latitude
N38.108136, longitude E127.1423), and the plain area: Paju in South
Korea (center coordinates latitude N37.8697, longitude E126.747).

TABLE 3. System Parameters.

Figure 8 shows the positions at the starting point. The blue
text and blue circle represent the position of the UAV as
calculated by a conventional algorithm, Drone Based Station
(DBS) [10], where the UAV is stationed at the center of
the whole group at its maximum altitude (1000 m). The
conventional algorithm tries to increase the altitude of the
UAV until it attains maximum coverage. Conversely, the red
text and red circle from the proposed scheme show that the
UAV position is at the center of the whole group, and its
altitude at the starting point is at the minimum (100 m). With
the nodes concentrated around the starting point, the UAV
tries to decrease its altitude to as low as possible while still
covering all nodes.

In a single group, the nodes are fully connected, i.e., node
connectivity is guaranteed without support from the UAV.
In this case, the UAV can be used to increase QoS, such as

FIGURE 8. UAV position comparison in a single network group for a
target mountain area.

delay minimization, by providing alternative paths to connect
the nodes. However, when more than two groups exist, inter-
group connectivity can be supported with the UAV relaying
data.

Figure 9 shows the results when the groups move in
different directions. The blue text and circle indicate the
UAV’s position under the conventional algorithm when two
groups move in different directions. The conventional algo-
rithm considers the maximum coverage and number of user
nodes. It increases the altitude of the UAV until its cover-
age increases. If it reaches the maximum altitude, it finds a
horizontal position for the UAV that covers the maximum
number of nodes. In figures 9 (a) and (b), the UAV is stationed
where it can support all the nodes of Group 1 and Group 2,
even though it cannot support the five nodes of Group 3 at
all. On the other hand, the proposed scheme considers not
only the number of nodes but also the number of groups, and
this is the main difference from the conventional algorithm.
The proposed scheme places the UAV to maximize group
connectivity. Then, it decreases the altitude of the UAV to
as low as possible while maximum group connectivity is still
guaranteed. In this figure, the UAV is stationed where it can
support all three groups, but the supported number of nodes
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FIGURE 9. UAV position comparison for the network’s three groups in a
mountain area.

is two nodes in Group 1, one node in Group 2, and a single
node in Group 3. Although the number of nodes linked by the
proposed algorithm is less than the conventional algorithm,
it has better group connectivity.

Figure 10 (a) is a comparison between the conventional
algorithm and the proposed algorithm for the number of
nodes linked to the UAV as the groups move on the plain area
(light blue and blue bar) and on the mountain area(purple and
red bar). When the distance of the group increases to some
extent, the existing algorithm moves the UAV to maximize
the number of connected nodes. However, since the pro-
posed algorithm also increases group connectivity, the num-
ber of nodes linked to the UAV (an average of 15.25 nodes)
is lower than with the conventional algorithm (an average
of 27 nodes).

Figure 10 (b) shows the group connectivity between the
conventional algorithm and the proposed algorithm as the
groups move on the plain area and on the mountain area.
Since the proposed algorithm locates the UAV to maximize
connection of the inter-group rather than the sum of the con-
nections, group connectivity under the proposed algorithm
is higher than the conventional algorithm, unlike the results
in Figure 10 (a). The average for group connectivity with the
proposed algorithm is 26.525, while that of the conventional
algorithm is 17.7.

FIGURE 10. Comparison based on group movement.

Figure 10 (c) is a comparison of the probability of two ran-
domly selected nodes being connectedwithin four-hops. Note
the assumption that any two nodes linked within four-hops
can communicate with each other through ad-hoc network-
ing. The probability under the proposed algorithm (88.78%)
is higher than under the conventional algorithm (58.33%).

Figure 11 shows the group connectivity between the con-
ventional algorithm and the proposed algorithm as the groups
move on the plain and in the mountain area based on move-
ment time. Up to about 50 minutes, all four graphs have the
same value, because all nodes and all groups are covered.
However, a difference appears after about 55 minutes, and
the GC value starts to become small because the conventional
method moves the UAV in a direction increasing the number
of nodes. In contrast, the proposed GC-TMAC maintains
a relatively high GC value. In order to show robustness,
the location of the UAV is updated every 5 minutes, and we
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FIGURE 11. Group Connectivity according to time (minutes).

FIGURE 12. Scenario for slot allocation.

confirmed that the UAV does not suddenly deviate from the
range of the nodes.

The second scenario is shown in Figure 12. The two
divided groups are all connected to the UAV. Node 1 of
Group 1 transmits one voice traffic and one non-real-time
outbound traffic to Node 4 of Group 2 via the UAV. Node
2 and Node 3 of Group 1 transmit inbound one voice traf-
fic and one non-real-time traffic within the same group via
the UAV. Then, the total number of nodes was increased to
20 nodes from four nodes in increments of four nodes; With
each increment, three nodes were added to for Group 1 and
one node was added to Group 2.

In Figure 13, the allocated data slots under the proposed
algorithm, with and without a GC value, are compared with
K-Desync [16] and W-Desync [16] as the conventional algo-
rithms. The proposed without-GC algorithm means that wi in
Eq. (5) is fixed at 1. The proposed without-GC algorithm is
added in the comparative analysis to verify the effect of GC
in the scheduling. Since the proposed GC-TMAC algorithm
considers inter-group connectivity and real-time traffic more
important, as shown in Eq. (5), the group connectivity and
QoS satisfaction are reflected as weight factors in the GC
utility. Accordingly, if the available slots are insufficient to
meet the requests, the slots are assigned preferentially to
outbound traffic, rather than inbound traffic, and to real-time
traffic rather than non-real-time traffic. However, because
the proposed without-GC algorithm does not consider group
connectivity, it preferentially assigns slots to real-time traffic,
rather than non-real-time traffic. K-Desync [16] allocates
slots evenly to all nodes when slots are insufficient, whereas
W-Desync allocates slots according to weigh factor z; that
is, the number of nodes requested slot. This characteristic is
confirmed from the following the four results in Figure 13.
Figure 13 (a) is the result for outbound voice traffic.

As the number of nodes increases, the proposed GC-TMAC

algorithm increases the slot allocations, even when the
number of available slots is less than the required slots,
by rescheduling the total number of slots. Also, the proposed
without-GC algorithm increases slot allocation due to the fast
increment of QoS satisfaction for real-time traffic. However,
the conventional algorithms do not allocate additional slots
after a certain number of nodes.

Figure 13 (b) is the result for non-real-time outbound
traffic. As the number of nodes increases, the proposed
GC-TMAC algorithm increases the slot allocations. However,
the conventional algorithms do not allocate additional slots.
When the total number of nodes is more than 16, the proposed
GC-TMAC algorithm decreases slot allocations to non-real-
time outbound traffic, because the slots for voice outbound
traffic are preferentially allocated when the number of slots
is insufficient. The proposed without-GC algorithm does not
allocate slots because it does not consider the weight of group
connectivity, and it does not prefer non-real-time traffic.

Figure 13 (c) shows the result for inbound voice traffic.
As the number of nodes increases, the proposed GC-TMAC
algorithm increases the slot allocations, and then, the number
of slots for the proposed GC-TMAC decreases in order to
preferentially allocate the requested slots to outbound traffic.
However, in the conventional methods, when the number of
nodes increases, if the total number of slots becomes insuffi-
cient, additional allocations to outbound traffic is not possi-
ble. The proposed without-GC algorithm, however, allocates
slots since it prefers non-real-time traffic without considering
the weight of group connectivity.

Figure 13 (d) shows slot allocation for non-real-time
inbound traffic. Overall, it shows that the proposed
GC-TMAC algorithm assigns a low number of slots. The
conventional methods further cannot increase data slot allo-
cation for the more important traffic as the number of
nodes increases, because the non-real-time inbound traffic
already occupies a considerable number of slots. However,
under the proposed GC-TMAC, if the number of nodes
is eight or more, slots are not allocated to non-real-time
inbound traffic, because it has the lowest priority, whereas
the proposed without-GC algorithm shows the same results
as shown in Figure 12 (b) because it does not distinguish
inbound traffic from outbound traffic.

Overall, the conventional methods cannot increase data
slots as the number of nodes increases and the total number
of slots becomes insufficient. The proposedwithout-GC algo-
rithm allocates slots preferentially to real-time traffic. How-
ever, in the proposed GC-TMAC algorithm, when the total
number of slots is insufficient, allocation to outbound traffic
can be further increased by decreasing slots allocated to
inbound traffic. When the number of available slots becomes
insufficient for inbound traffic, slots are assigned to voice
traffic between the groups, because this real-time traffic is
more important than non-real-time traffic.

Figure 14 shows the ratio of the allocated slots to the
requested slots for each type of traffic. In the conventional
K-Desync, as it allocates slots evenly to the nodes regardless
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FIGURE 13. Allocated data slots comparison (a) voice outbound traffic (b) non-real-time outbound traffic (c) voice inbound traffic (d)
non-real-time inbound traffic.

FIGURE 14. Allocated data ratio comparison for in/outbound,
non-real-time/real-time traffic.

of requested slots, it shows a high ratio of voice traffic,
which has a relatively low number of requested slots. In the
conventional W-Desync, there is little difference in the ratio
for each type of traffic because it allocates slots in proportion
to requests. The proposed without-GC algorithm, only allo-
cates more slots to real-time traffic. However, the proposed
GC-TMAC algorithm allocates slots by reflecting different
levels of group connectivity according to the type and direc-
tion of the traffic.

V. CONCLUSION
In this paper, we investigated a UAV positioning problem
for GC maximization, and a data slot-allocation problem
for GC utility maximization. Then, we proposed an optimal
positioning and slot allocation mechanisms providing for the
priorities of the groups and the traffic in a tactical MANET.
Through these algorithms, the UAV is positioned tomaximize
GC rather than the number of nodes. The traffic designated

to another group or carrying real-time voice is assigned slots
preferentially. In the numerical analysis, the results verify
the effectiveness of the proposed scheme in UAV position-
ing and data slot allocation. As future work, we will ver-
ify GC-TMAC in more varied topologies, and will research
where to place each UAV when there are multiple UAVs as to
which location can maximize survivability and connectivity,
and we will improve communication performance through
collaboration relays between UAVs.
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