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ABSTRACT In disasters, unmanned aerial vehicles (UAVs) can be used as aerial base stations (BSs)
when terrestrial BSs are unavailable. Although most studies have focused on optimal UAV localization
to provide efficient network connectivity for outdoor users, supporting indoor users is also of great
importance. Additionally, fairly providing network connectivity to as many indoor users as possible is critical
in emergencies. Therefore, we propose a table-based fair transmission algorithm based on carrier-sense
multiple access with collision avoidance (CSMA/CA) that aims to provide as many equal opportunities
as possible. Moreover, we propose a Lyapunov optimization-based optimal UAV positioning algorithm to
satisfy various disaster requirements. To analyze the proposed algorithm’s performance, two building types
were considered: standard- and factory-type buildings. We then compared the proposed table-based fair
transmission algorithm with the conventional protocol according to various building types. Furthermore, via
intensive simulations, we demonstrated the Lyapunov optimization-derived UAV movements according to
situational requirement variations.

INDEX TERMS Unmanned aerial vehicle, online UAV positioning, indoor-to-outdoor path loss model,
Lyapunov optimization, UAV-assisted emergency communications.

I. INTRODUCTION
Due to the physical and economic difficulties of installing
existing terrestrial base stations (BSs), in addition to the
radio signal propagation range’s limitations, communica-
tion becomes increasingly difficult in specific areas, such
as mountains, deserts, and oceans. Recently, various studies
have been conducted on covering shadow areas via moving
BSs using unmanned aerial vehicles (UAVs) or low Earth
orbit (LEO) satellites [1]. Specifically, wireless communi-
cations using UAVs have been of interest to military and
civilian users due to their low cost and high utility [2], [3].
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Additionally, studies related to aerial base stations using
UAVs are being actively conducted due to their operational
convenience in local areas, such as cities or mountainous,
where communication is unavailable.

However, UAV communications are still critically dis-
advantaged by the limited battery compared to terrestrial
BSs. Thus, this severely limits the UAV network operation
time. To overcome these limitations, we should consider
researching UAVmovement optimization. To overcome these
limitations, we should consider researching UAV movement
optimization. [4], [5], [6], [7]. Energy-efficient UAV path
planning was proposed for disaster scenarios in [4]. More-
over, the authors in [5] proposed a Q-Learning-based power
allocation method for sum capacity maximization. In [6],
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the authors proposed a UAV path for throughput maximiza-
tion using particle swarm optimization. The authors in [7]
proposed the optimal UAV movements for wireless service
efficiency in emergency communications. Even though these
studies only considered the UAV movements that support
outdoor users, there has been a great demand for wireless
network connectivity in indoor environments. Hence, the role
of UAVs in indoor disaster environments is even more impor-
tant due to the unavailability of wireless network connectivity
sprouting from environmental problems. When considering
indoor users in disaster environments, an additional path loss
due to multiple floors and walls in buildings exists. There-
fore, effective UAV movements are essential for providing
seamless connectivity. However, recent studies that consider
UAV communications for indoor users have found the UAV’s
3D optimal location without finding their optimal path [8],
[9]. Furthermore, these studies focused on the optimization of
their transmission power or coverage. This implies that exist-
ing studies still have not managed to fairly provide adequate
wireless connectivity to as many indoor users as possible
during disasters.

Moreover, the authors in [10] used an ITU-R path loss
model that considered the building penetration loss to serve
indoor users. This model does not consider the path loss
through the floor because the signal propagating through the
building’s window is large. However, actual windowless fac-
tory buildings have a greater signal attenuation than standard
ones because the path loss through the floor must be consid-
ered as well. In this paper, we evaluate the problem using both
two path loss models by deriving the floor penetration loss
using the ITU-R path loss model [11].

To address the issues in existing studies, we propose a
table-based fair transmission algorithm that serves as many
indoor users as possible at least once. Additionally, we pro-
pose optimal UAV placement in terms of system through-
put, which makes supporting users with various kinds of
service requirements on different floors and rooms possible.
Accordingly, we consider both floor and wall path losses in
indoor environments for emergency communications. Con-
sequently, we adopt the Lyapunov optimization to formulate
our proposed algorithm and find the optimal solution. Our
contributions are summarized as follows:

• Table-based fair transmission: we proposed the table-
based fair transmission algorithm to improve the
conventional CSMA protocol’s performance. In the pro-
posed algorithm, and for the sake of fairness, the UAV
and each user share a table that has transmission infor-
mation. When a user transmits data once, it transmits
it to the UAV with a value of 1 in a frame. The UAV
then fills the corresponding user index in the table with
1. A user that has transmitted once does not participate
in the channel competition. When all columns in the
UAV become filled with the values of 1, all users start
contention anew. Consequently, the proposed fair trans-
mission algorithm can improve indoor user fairness in
emergency communications.

FIGURE 1. The proposed system model with the 3D coordination for
UAV-assisted emergency communications.

• Lyapunov optimization-based optimal UAV position-
ing: we proposed an optimal UAVpositioning algorithm
using the Lyapunov optimization technique, satisfying
various scenario requirements.When user data transmis-
sion is fairly guaranteed through the data transmission
algorithm, the optimal placement of the UAV is deter-
mined based on the placement goal. Examples of the
latter could be the system throughput and supported user
diversity in the building, providing seamless network
connectivity in emergency communications.

• Performance analysis considering two building
types: we analyzed the proposed algorithm’s perfor-
mance by considering two building types: standard- and
factory-type buildings. The latter are windowless. Thus,
we should simultaneously consider the floor and wall
losses. This implies that the factory-type building may
face more critical situations in case of disasters.

The rests of this paper is divided as follows. Sec. II
describes the system model and the mathematical analysis.
In Sec. III, we propose the optimal UAV positioning algo-
rithm using Lyapunov optimization. In Sec. IV, we analyze
the results according to the disaster scenario and compare it
with other conventional algorithms. Finally, we conclude this
paper in Sec. V.

II. SYSTEM MODEL
In our systemmodel, we assume that there is oneUAVoutside
a building and many indoor users on the inside. The three-
dimensional (3D) coordination of the UAV and indoor users
is illustrated in Fig. 1. In case of disasters, indoor users cannot
be provided with seamless network connectivity. Therefore,
UAV-assisted indoor communication is required to rescue
and immediately connect with indoor users. In this paper,
we assume that the UAV knows the users’ locations inside
the building.

A. INDOOR-TO-OUTDOOR PATH LOSS MODEL BY
ITU-R [11]
The indoor-to-outdoor path loss model was presented by
ITU-R, as shown in Fig. 2(a) [11]. This path loss model is
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given as

PL = PLb + PLwall + PLin, (1)

PLb = 20 log10(fGHz(d)) + 32.4, (2)

PLwall = g1 + g2(1 − cos(θ))2, (3)

PLin = g3din, (4)

where PL is the indoor-to-outdoor path loss, PLb is the basic
path loss, PLwall is the building wall’s penetration loss, and
PLin is the indoor path loss. Also, d is the distance between
the UAV and the indoor user, and din is the distance between
the indoor user and the window on the floor where the user is
located. g1 and g2 are coefficients (e.g. 14 and 15 in [11])
depending on the building wall’s materials, respectively.
Moreover, g3 is an in-building constant (e.g. 0.5 in [11]) and
θ is the angle of incidence on the wall.

B. INDOOR-TO-OUTDOOR PATH LOSS MODEL
CONSIDERING THE FLOOR PENETRATION
The path loss model proposed by ITU-R does not consider
floor penetration because the signal transmitted through the
window is dominant. However, in the case of a factory-type
building where the wall loss is more severe than the window,
we should consider the floor path loss in addition to the
conventional ITU-R path loss model’s path loss. This model
could be illustrated in Fig. 2(b) and is expressed as:

PL = PLb + PLwall + PLin + PLfloor , (5)

PLb = 20 log10(fGHz(dout + dfloorin )) + 32.4, (6)

PLwall = g1 + g2(1 − cos(θ ))2, (7)

PLfloor = n(g1 + g2(1 − sin(θ ))2), (8)

PLin = g3d
floor
in , (9)

where dout is the distance between the UAV and the point
where the building wall meets the propagation path and dfloorin
is the distance of the indoor path. The floor penetration’s
angle of incidence is (90◦ - θ ), and the number of floors is n.

C. SINR AND THROUGHPUT CALCULATION
We assess data transmission success using the signal-to-
interference-plus-noise ratio (SINR) using the path loss,
which is calculated as:

SINR = PNode + GUAV + GNode − PL − I − N , (10)

where PNode is the user signal’s power. GUAV and GNode are
the antenna gain values of the UAV and the nodes. I and N
are the interference power of other signals and the noise term.
If the SINR exceeds the threshold value, the transmission
is successful. Therefore, we calculated the throughput as
follows:

S =
NSuccess × TSuccess

TTotal
, (11)

where S is the total throughput and NSuccess is the number
of successful data transmissions. The time required for a

FIGURE 2. Indoor-to-outdoor path loss models, (a) When floor
penetration is not considered [11], (b) When floor penetration is
considered.

FIGURE 3. The acknowledgement (ACK) frame structure.

successful transmission is denoted as TSuccess. TTotal is the
total transmission time.

III. THE PROPOSED UAV POSITIONING ALGORITHM
WITH FAIR TRANSMISSION
In indoor disasters, signal loss through the building occurs.
The signal strength is small, and to efficiently handle the sig-
nal, the UAV’s movement is essential. In disasters, the UAV
should serve various users at least once. On that assumption
that various users can be serviced even once, then, the UAV
should consider the order of user processing based on the sce-
nario’s requirements. Therefore, in this section, we propose a
table-based fair transmission algorithm that can serve various
users at least once. We further propose a UAV movement
selection algorithm using Lyapunov optimization that selects
UAV movements based on the scenario’s requirements.

A. THE TABLE-BASED FAIR TRANSMISSION ALGORITHM
Let us consider a disaster. In such situations, receiving data
from as many users as possible at least once is of the utmost
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FIGURE 4. (a) The conventional CSMA protocol. (b) The CSMA protocol using table-based fair transmission algorithm.

importance. We assume that the carrier-sense multiple access
with collision avoidance (CSMA/CA) is used for the data
transmission procedure. This implies that users compete for
channel allocation, and if one wins the competition, it tries
to transmit data. If the transmitted signal’s strength exceeds
a certain threshold, the transmission is considered to be a
success. In this case, for various users to transmit at least once
or more, data transmission fairness must be guaranteed.

For this purpose, we propose a table-based fair trans-
mission algorithm. The detailed procedure of the proposed
algorithm is described in Algorithm 1. We assume that the
UAV acquires the user’s location through the initial flight.
As a result, a unique user index is assigned based on the
user’s location. To facilitate this, the UAV creates a table with
several columns equal to the total number of users. Fig. 3
describes acknowledgement (ACK) frame structure. Users
include their user index information in additional data fields
in the frame control. The UAV receives this information and
updates the corresponding column in the table by setting it to
1. This signifies that a particular user has been transmitted
to at least once. Consequently, these users are exempted
from participating in the channel contention process, allow-
ing other users to utilize the channel efficiently. Furthermore,
when all columns in the table are filled with 1s, indicating that
every user has been served, all nodes initiate a re-contention
process by selecting the minimum contention window (CW)

size. This ensures fair channel access for subsequent data
transmissions. The complexity of algorithm 1 is O(N ) for
creating the UAV table.

Fig. 4 describes the conventional CSMA procedure and the
procedure using the proposed algorithm. Fig. 4 (a) presents
the conventional CSMA procedure. Each user has an initial
backoff number; each one then decreases it.When the number
becomes zero, the user with the zero backoff number occupies
the channel. In this figure, user 1 occupies the channel and
data transmission is successful. Moreover, we created a UAV
table with as many columns as the number of users to deter-
minewhich user sends data. After the transmission of user 1 is
complete, user 1 selects a new backoff number. Users 2 and
3 have collided due to the same backoff number. Users in
conflict select a number in a range that is twice as large as the
initial backoff number selection range. After that, user 1 also
occupies the channel with the smallest number and transmits
the data again. This method allows one user to continue
transmitting the information. Therefore, it is inadequate for
emergencies where transmission is required at least once for
multiple users. Fig. 4 (b) presents the procedure using the
proposed algorithm. User 1 has the smallest backoff number
and the transmission succeeds. Users 2 and 3 choose a backoff
number from a larger range due to the collision, which is the
same as the previous algorithm. However, when user 1 trans-
mits once, it does not participate in the channel contention,
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Algorithm 1 The Table-Based Fair Transmission Algorithm
1: Initialization: Number of users N , Limited time for res-

cue T , SNR threshold δ, Transmission success time Tsucc,
Transmission failure time Tfail , Transmission collision
time Tcoll , t = 0

2: Create table and available user list:
3: Initialize UAVtable,UEavail
4: for i = 1 to N do
5: UAVtable[i] = i
6: UEavail[i] = i
7: end for
8: Competition for channel occupying:
9: while t ≤T do

10: Nodes in UEavail compete with each other
11: if UAVtable[all] == 1 then
12: Initialize UAVtable,UEavail
13: end if
14: if Node i wins the channel competition then
15: if SINR[i] > δ then
16: UAVtable[i] = 1
17: t += Tsucc
18: User i transmit data to UAV
19: User i is excluded from the UEavail
20: else
21: t += Tfail
22: end if
23: else // Collision occurs
24: t += Tcoll
25: end if
26: end while

which also applies to other users that do not participate in the
channel contention. Therefore, in the procedure, UAV tables
are filled with 1s. Moreover, when all tables are filled, all
users can again compete for channels with the initial CW.
Through this process, we guarantee transmission fairness dur-
ing disasters. Therefore, this proposed method serves various
users in such environments.

B. THE LYAPUNOV OPTIMIZATION-BASED ONLINE UAV
POSITIONING ALGORITHM
In this section, we propose Lyapunov optimization-based
adaptive UAV localization. The UAV’s movement results in a
trade-off between the throughput and service users on various
floors. Although the above algorithm satisfies the fair trans-
mission requirement in preparation for the rescue situation,
it is independent of the throughput, which depends on the
overall service speed and diversity according to the service
nodes at various locations. Therefore, we consider the two
following situations: (i) The UAV starts its flight at an altitude
where many users exist. Then, the UAV hovers over the
location for throughput maximization. (ii) The UAV starts its
flight at an altitude where many users exist. Then, it changes
its altitude to support users with various floors. We call

this support user diversity. We adopt our model parameters
to queue dynamics to apply the trade-off relationship [12].
The queue dynamics for the UAV’s throughput and diversity
considering its movements can be formulated as follows:

Q[t + 1] = max{Q[t] − b[t], 0} + a[t], (12)

where Q[t], b[t], and a[t] represent the queue-backlog size,
throughput, and amounts of communication requirements of
users at t , respectively. In our model, the queue backlog
concerns the time due to an emergency, where we assume that
the time limit for the initial rescue is 10 minutes, which is the
life-or-death decision time of a heart attack. With guaranteed
fairness, the purpose of the UAV’s movements is to maximize
the throughput while satisfying support user diversity within
the rescue time. The mathematical optimization problem in
Eq. (12) is formulated as:

max : lim
t→∞

∑t−1

τ=0
b[L[τ ]], (13)

s.t. lim
t→∞

1
t

t−1∑
τ=0

Q[τ ] < ∞ (stability), (14)

where b[L[τ ]] is the throughput according to location L at
the unit time τ . The proposed algorithm stabilizes the queue
by supporting various users at various heights with the UAV
movement.

Our UAV localization model for time-average throughput
maximization with diverse user support is designed as fol-
lows [13]. The drift-plus-penalty (DPP) algorithmmaximizes
the time-average throughput subject to user diversity in Lya-
punov optimization. The UAV has to continuously move and
service the users. Therefore, stability has the same meaning
as user diversity. The quadratic Lyapunov function in the DPP
is defined as:

Ly(Q[t]) =
1

2
Q[t]2. (15)

Then, the one-slot conditional Lyapunov drift in slot t is
expressed as follows:

1Q[t] = E[Ly(Q[t + 1]) − Ly(Q[t])|Q[t]]. (16)

The Lyapunov drift pursues the DDP’s upper bound for queue
stability as follows:

1Q[t] + VE[−b(α[t])], (17)

where V is the trade-off factor between the throughput and
the stability (diversity).

The upper bound of the Lyapunov function’s drift is
expressed as follows:

Ly(Q[t + 1]) − Ly(Q[t])

=
1

2
Q[t + 1]2 − Q[t]2

≤
1

2
(a2(α[t]) + b2(α[t])) + Q[t](a(α[t]) − b[t]) (18)
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FIGURE 5. The PITT of two building types with the conventional algorithm.

Therefore, the conditional Lyapunov drift can be expressed
as:

1Q[t] = E[Ly(Q[t + 1]) − Ly(Q[t])|Q[t]]

≤ A+ EQ[t](a(α[t]) − b[t]Q[t]), (19)

where A is a constant. The Lyapunov function is the basic
method in the analysis of asymptotic stability for ordinary
differential equation [14]. Moreover, the minimization of the
upper bound for the DPP minimizes the expectations, which
can be minimized by α∗[t] at the current queue backlog Q[t]
as follows:

α∗[t] = arg min
α[t]∈A

[−Vb[L[t]] + Q[t]a(α[t])]. (20)

Then, our model observes the throughput covered by the
UAV at a specific location, and decides whether to move
or hover. Finally, the optimal selection α∗[t] has a trade-off
coefficient V expressed as:

α∗[t] = max : V · b[L[t]] − Q[t] · a[t]. (21)

Consequently, the UAV adaptively selects movements to
maximize the throughput under the user diversity guaran-
tee based on the disaster situation. Moreover, the Lyapunov
optimization-based online UAV positioning algorithm has
computational complexity of O(N ) according to the number
of possible selections α[t]. Therefore, the total computa-
tional complexity of the algorithms proposed in this paper
becomes O(N ).

IV. PERFORMANCE EVALUATION
A. SIMULATION ENVIRONMENTS
We evaluated the proposed model using the DJI Phantom4
Pro v2.0 UAV parameters by simulating it. The specifica-
tions based on IEEE 802.11 standards [15] are summarized
in Table 1. We assumed that 100 nodes are spread in the
building where the cellular network is disrupted due to the
disaster. To compare the throughput performance, most nodes
(approximately 30 nodes) were located on the 8 th floor
(24 m). It is necessary to serve as many nodes as possible

TABLE 1. Simulation parameters.

FIGURE 6. A selection of UAV movements with a varying V in a
standard-type building.

FIGURE 7. A selection of UAV movements with a varying V in a
factory-type building.

during disasters; thus, we used quadrature phase-shift keying
(QPSK) with a low SNR threshold with a 19.5 Mbps of data
rate [16].

B. RESULTS AND DISCUSSION
Fig. 5 shows the cumulative distribution function (CDF) of
the packet inter-transmission time (PITT) for fairness perfor-
mance. We calculated the PITT of user i as follows:

PITTi = T/Si, (22)

where the T is the total time steps and the Si is the number
of frames where user i transmits data. PITT refers to the
time required for a node to transmit the next packet after
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transmitting the previous one. In this case, the closer the
PITT’s CDF to the vertical is, the higher the fairness. This
is because the node’s transmission time interval is constant.
In Fig. 5, the blue line indicates the proposed fair transmission
algorithm while the red line is the conventional CSMA one.
Additionally, the solid line represents a standard type build-
ing, and the dotted line represents a factory-type one. The pro-
posed algorithm demonstrates the results of sending a fairer
transmission. Moreover, since the standard type building did
not consider the floor loss, it had a higher signal strength and
showed a higher transmission attempt probability. Therefore,
more nodes transmit for a limited time and each one has a
longer PITT time than a factory-type building that does not
have more opportunities to transmit.

Figs. 6 and 7 depict the UAV altitude selection using
the Lyapunov optimization algorithm according to time with
various V and with two building types. Fig. 6 shows the UAV
movement selection with no floor loss within the standard
building type, and Fig. 7 demonstrates it with the factory-type
building. In this figure, the y-axis indicates the specific floor
where the UAV is present. Thus, height variance implies that
the UAV moves to other floors to support other nodes. The
proposed algorithm adaptively selects whether to move or
hover because the UAVmust decide whether to serve ‘several
people at a high throughput’ or ‘several people on a diverse
floor’ within the emergency time (10 minutes). As shown in
the blue circle, as V becomes smaller, the selection tends
to update itself based on the movements to serve people
on varying floors. The model with a smaller V focused on
people on varying floors that could communicate with the
UAV. In contrast, a large V supported the most crowded floor
(51 nodes on the 8th floor), which has the highest throughput
in the factory type. For a model that focuses on throughput
without user diversity, it is advantageous to hover the most
over a crowded floor. However, in the standard building type,
the UAV starts on the 5th floor instead of the one where there
are many nodes. This is because since it does not consider the
floor penetration loss, it is possible to serve many users on the
floor below and above when it is on the 5th floor compared to
a factory-type building that has restrictions on serving users
with the floor.

Fig. 8 shows the comparison our proposed algorithm with
conventional CSMA protocol when UAV moves according
to the Lyapunov constant V in two building types. The y-
axis indicates number of served nodes out of 100 nodes. The
graph is divided into three groups according to the degree of
V . The left group means the blue graph in Figs. 6 and 7 above
when V is small. The right bars are when V is large. The
blue bar among the 4 bars in Fig. 8 is the number of nodes
that can be served when UAV moves to the path obtained
through Lyapunov using the proposed algorithm in standard-
type building. The orange bar is conventional CSMAprotocol
in standard-type building. The yellow and purple bars are
on the factory-types. The blue and yellow bars using the
proposed algorithm serve all 100 nodes at least once when
V are small and medium. In the orange bar using CSMA in

FIGURE 8. Number of served nodes out of 100 nodes with varying V .

TABLE 2. Performance comparison with conventional algorithms.

the standard-type, the number of nodes is slightly less than
the proposed algorithm. Moreover, the purple bar in factory-
type can served less nodes than standard-type. This is because
factory-type buildings have more severe signal attenuation
than standard-type buildings. In large V , it has a similar
shape to other V , however, the proposed algorithm cannot
serve all nodes because the rate considering the throughput
increases in large V , thus, UAV has a lot of time fixed at one
location. Consequently, our proposed algorithm adaptively
changes the UAV’s height to achieve optimal user service at
the appropriate V .
Table. 2 shows the performance comparison of our pro-

posed algorithm with conventional algorithms in terms of
throughput and fairness. The particle swarm optimization
(PSO) is used for conventional algorithm in [6] and [17]. The
PSO algorithm updates the UAV location by local solution
and global solution that construct velocity of particles. The
equation of velocity for update as follows:

vt+1
i = wvti + c1r1(pti − x ti ) + c2r2(gt − x ti ),

i = 1, 2, . . . , S, t = 1, 2, . . . ,K (23)

where S indicates the number of particles; K means the
largest number of iterations; w is an weight value against
velocity at t; c1, c2 is are learning rate that can control pro-
portion to optimal position between local and global location;
r1 and r2 are random numbers in [0, 1]; pti and g

t are local
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and global optimal position which maximize object function
and they are updated whenever a new location come out to
be close solution. Each ith particle position x ti at t updates
velocity until all particles have the same values.Moreover, the
throughput, which is an indicator of receiving many rescue
signals for a limited time, and the fairness of user signal
reception are analyzed using the Jain’s fairness index [18].
The Jain’s fairness index can be represented as follows:

f =
(
∑N

i=1 ti)
2

N
∑N

i=1(ti)2
, (24)

where f is fairness index.N and ti are the number of users and
throughput of user i, respectively. The fairness index value
is determined from 0 to 1. The closer to 1, the higher the
fairness, and the worst case is when the fairness index value
is 1

N .
In Table. 2, Jain’s index of proposed algorithm is higher

than that of conventional algorithm in both standard and
factory types. This is because UAV serves node at fixed point
in PSO algorithm andwe use the table-based fair transmission
algorithm. However, UAV can serve many nodes at various
points using Lyapunov optimization. Moreover, UAV can
serve only 45 users in factory-type building using PSO by
fixed location. In all the case of Table. 2, throughput per-
formance in standard-type is higher than factory-type by the
floor penetraion loss.

V. CONCLUSION
This paper proposed an optimal UAV localization algorithm
to maximize user service in an indoor disaster environment.
Additionally, we proposed the table-based fair transmission
algorithm to fairly support various users. Moreover, we deter-
mined the optimal UAV localization under various situations
by formulating the communication time and user connec-
tivity using Lyapunov optimization. Based on the simula-
tion results, our proposed UAV placement algorithm showed
various paths according to different scenarios considering
the throughput or diversity. Furthermore, we considered two
path-loss models according to the building type to consider
practical indoor environments. Finally, we demonstrated that
our model guarantees time-average user connectivity maxi-
mization in various requirement scenarios.
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