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ABSTRACT In this study, we investigate the use of low-altitude unmanned aerial vehicles (UAVs) in air-
to-ground (A2G) communication networks, which still have various issues and challenges. In particular,
the limited battery power of UAVs render their flight time extremely short. Hence, we present cooperative
dynamic framed slotted-ALOHA (CDFS-ALOHA), which is capable of random transmit power control
(TPC). When collisions occur, because UAVs can select their retransmit power randomly, their power
consumption is reduced and their probability of successful packet transmission is improved owing to a
capture effect. In terms of performance metrics, we consider the successful packet transmission probability,
UAVpower consumption, and network-wide energy efficiency. CDFS-ALOHAwith TPC can directly reduce
the transmit power consumption of UAVs compared to CDFS-ALOHAwithout TPC; thus, intra- and intercell
interference can be reduced. Consequently, CDFS-ALOHA with TPC can obtain sporadic and intermittent
capture effects, thus improving the network-wide energy efficiency without reducing the probability of
successful packet transmission in A2G communication networks.

INDEX TERMS Dynamic framed slotted-ALOHA, transmit power control, successful packet transmission
probability, power consumption, energy efficiency, air-to-ground (A2G) communication networks.

I. INTRODUCTION
Fifth generation (5G) and beyond 5G (B5G) mobile
communications have been investigated and developed to
support three usage scenarios: enhanced mobile broadband,
ultra-reliable and low-latency communications, and massive
machine-type communications [1], [2], [3], [4]. The prolifer-
ation of various mobile applications has resulted in an expo-
nential increase in the number of devices and the emergence
of diverse devices, and thus many enabling technologies (i.e.,
multiple-input and multiple-output non-orthogonal multiple-
access (MIMO-NOMA) and integrated access and backhaul
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(IAB) networks) are actively investigated to support these
applications [5], [6]. Recently, the utilization of low-altitude
unmanned aerial vehicles (UAVs) has increased rapidly
owing to their advantages, i.e., providing seamless and
secured three-dimensional (3D) wireless connectivity, resolv-
ing the problem of shaded areas, reducing the required power
consumption for UAV-assisted communications, and support-
ing flexible ground data acquisition [7], [8], [9], [10], [11],
[12], [13], [14]. However, many challenges are to be con-
sidered when employing UAVs in wireless communication.
In particular, because of the restricted flight time of UAVs
owing to their battery limitations, researchers are striving to
improve the energy efficiency of UAVs for their use in 5G and
B5G air-to-ground (A2G) communication networks.
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FIGURE 1. System model of cooperative dynamic framed slotted-ALOHA with random transmit power control in uplink multi-cell A2G
communication networks.

To achieve this goal, Lee et al. [15] attempted to control
the deployment of UAVs and transmit power simultaneously
based on multi-agent distributed reinforcement learning to
maximize the network-wide energy efficiency in multi-UAV
wireless networks. Meanwhile, Fu et al. [16] analyzed the
coverage probability and energy efficiency based on the
uplink power coefficient and distance between UAVs and a
ground control station (GCS). In addition, Lim et al. [17]
investigated tethered UAV-base stations (TUAV-BSs), where
each TUAV-BS is connected to a building or a ground entity
through a tether, which allows the TUAV-BS to be charged
continuously through the tether. In that study, the authors
proposed a multi-agent reinforcement learning framework
to identify the optimal 3D position of TUAV-BSs to maxi-
mize the achievable rate. Although these studies attempted
to improve the energy efficiency of A2G communication
networks through intelligent network deployment and power
control, studies that investigate approaches for improving
network-wide energy efficiency based on medium access
control (MAC) protocols are rare. Therefore, in this study,
we analyze the performance of cooperative dynamic framed
slotted-ALOHA (CDFS-ALOHA) with random transmit
power control (TPC) in A2G communication networks.

The power consumption of UAVs can be categorized into
three aspects: standby power consumption, receive power
consumption, and transmit power consumption. Among these
power consumptions, the transmit power consumption is
dominant, but the existing MAC protocols (i.e., framed

slotted-ALOHA (FS-ALOHA) and dynamic FS-ALOHA
(DFS-ALOHA)) do not control the transmit power of the
devices. Therefore, by judiciously adjusting the transmit
power of UAVs in A2G communication networks, the power
consumption of UAVs can be reduced significantly. Further-
more, FS-ALOHA contains a fixed number of data trans-
mission slots, regardless of whether the packet transmissions
are successful. By contrast, DFS-ALOHA adjusts the number
of data slots based on the number of active devices in each
frame [18], [19]. Because each GCS individually adjusts
the number of data slots in DFS-ALOHA, the frame length
of the GCSs can be different. Therefore, severe crosslink
interference may occur, which results in system performance
degradation. In summary, the fixed transmit power and fre-
quent packet retransmissions will result in significant energy
wastage when using UAVs in A2G communication networks.

Herein, we present CDFS-ALOHA, which determines the
number of data slots in the next frame based on frame-by-
frame cooperation between GCSs. Furthermore, we discuss
the performance behavior of CDFS-ALOHA with and with-
out TPC in terms of energy efficiency and the successful
packet transmission probability based on variations in the
horizontal UAV deployment radius and number of UAVs in
A2G communication networks.

The remainder of this paper is organized as follows:
In Section II, we introduce the elevation angle-dependent
probabilistic line-of-sight (LoS) channel model (EPL-CM).
In Section III, the random access protocol and power control
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FIGURE 2. Elevation angle-dependent A2G channel model considering
LoS and NLoS links.

strategy for uplink multicell A2G communication networks
are described. In Section IV, we present and discuss the
simulation results of CDFS-ALOHA with and without TPC,
separately. Finally, we present the conclusions in Section V.

II. SYSTEM MODEL AND A2G CHANNEL MODEL
In this study, we considered uplink A2G communication
networks, as shown in Fig. 1. In a beacon slot, the GCS
broadcasts a beacon packet to the UAVs.We assume that each
UAV is associated with the GCS that provides the strongest
received signal strength indicator (RSSI). After successfully
receiving the beacon packet, each UAV attempts to transmit
its data packet through one data slot. In this case, several
slot situations can occur, such as success, idle, and collision.
Subsequently, each GCS informs the UAVs regarding the
acknowledgment via the acknowledge (ACK) slot.

To precisely analyze the performance of uplink A2G com-
munication networks, we used an elevation angle-dependent
probabilistic A2G channel model that models LoS and non-
LoS (NLoS) propagations separately as shown in Fig. 2.
In fact, this A2G channel model can be applied to various
urban environments, such as suburban, urban, dense urban,
and high-rise urban areas [20]. Using approximation with
a sigmoid function, Al-Hourani et al. [20] simplified the
complicated A2G channel model proposed in [21], thereby
utilizing the complex A2G channel model more tractable.

In this A2G channel model, the LoS signal is dominant;
therefore, its small-scale fading effect is not significant com-
pared to that of terrestrial mobile networks. Furthermore,
by exploiting deployment-specific statistical parameters
corresponding to those used in urban environments, the small-
scale fading effect could be roughly reflected [15], [22]. The
LoS and NLoS probabilities (PLoSij (θij), PNLoSij (θij)) between
GCS i ∈ NG and UAV j ∈ NU can be calculated as follows:

PLoSij (θij) =
1

1+ α × exp(−β × [θij − α])
, (1)

PNLoSij (θij) = 1− PLoSij (θij). (2)

Here, θij is the elevation angle between GCS i and UAV
j; α and β are environmental parameters corresponding to
deployment in an urban environment. Table 1 shows the
statistical parameters for deployments in urban environments
such as suburban, urban, dense urban, and high-rise urban
areas. In addition, the LoS path loss (LLoSij ) and NLoS path
loss (LNLoSij ) between GCS i and UAV j can be represented as
follows:

LLoSij = 20 log
(
4π fcdij
c

)
+ ξLoS , (3)

LNLoSij = 20 log
(
4π fcdij
c

)
+ ξNLoS , (4)

where dij is the distance between GCS i and UAV j; c is the
speed of light; fc is the carrier frequency; ξLoS and ξNLoS are
the excessive path losses caused by shadowing or scattering,
respectively. Using Equations (1)–(4), the average path loss
between GCS i and UAV j (Lavgij ) can be obtained as follows:

Lavgij = PLoSij × L
LoS
ij + P

NLoS
ij × LNLoSij . (5)

In addition, based on Equation (5), the SINR between GCS i
and UAV j (0ij) can be calculated as follows:

0ij =
PTXij − L

avg
ij

σ 2 +
∑M

l=1
∑

k∈NIF
l
(PTXik − L

avg
ik )

, (6)

where PTXij denotes the transmission power of UAV j to GCS
i; σ 2 is the thermal noise power of GCS i; M is the total
number of GCSs; NIF

l is the set of UAVs that use the same
data slot as UAV j in GCS l; |NIF

l | is the cardinality of NIF
l .

Failure in packet transmission is assumed when the user’s
SINR is less than the SINR threshold due to collisions or
severe intercell interference.

Since EPL-CM utilizes averaged free-space and additive
path losses, it does not directly reflect the small-scale fad-
ing effect. So, to compensate for this weakness, EPL-CM
introduces statistical parameters (α, β, ξLoS , ξNLoS ) repre-
senting the characteristics of four different urban environ-
mental models (urban, suburban, dense urban, and highrise
urban) [22]. If the instantaneous small-scale fading (ISSF)
effect is considered, an empirical mean of SINR 0avgij can be
given by equations (7)–(9), as shown at the bottom of the next
page. Here, LLoS,insij and LNLoS,insij are the instantaneous path
losses for the LoS and NLoS channels reflecting the effect
of the small-scale fading, respectively. By using Jensen’s
inequality, we can verify that 0ij is the upper bound of 0avgij .
Furthermore, Figs 3a–3c show the performance results con-
sidering the instantaneous small-scale fading effect. Specif-
ically, because 0ij is the upper bound of 0avgij , Fig. 3a
demonstrates that the successful packet transmission prob-
ability of CDFS-ALOHA considering ISSF has slightly
smaller than that of CDFS-ALOHA considering EPL-CM.
Also, for the same reason, CDFS-ALOHA considering ISSF
has more average power consumption than CDFS-ALOHA
considering EPL-CM, as shown in Fig. 3b. Similarly, the
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TABLE 1. Statistical parameters for urban environmental deployments in
A2G channel model [15].

network-wide energy efficiency of CDFS-ALOHA consid-
ering ISSF also becomes less than that of CDFS-ALOHA
considering EPL-CM, as shown in Fig. 3c. Consequently,
from Figs. 3a–3c, we can find that CDFS-ALOHA consid-
ering EPL-CM show very similar performance trends with
CDFS-ALOHA considering ISSF, and thus we can con-
clude that EPL-CM well reflects the practical A2G channel
characteristics.

III. CDFS-ALOHA AND TPC STRATEGY
In this study, we consider CDFS-ALOHA, which determines
the number of data slots in the next MAC frame via frame-
by-frame cooperation between GCSs. As shown in Fig. 1,
the frame of CDFS-ALOHA comprises a beacon slot, data
slots, and an ACK slot. A detailed description of these slots
is provided below:
• Beacon slot (G2A link): Each GCS sends a bea-
con packet to its associated UAVs. The beacon packet
includes the current frame number, the GCS identifier,
and the number of data and ACK slots. In addition, the
UAV’s association is determined using the RSSI value
of the beacon packet. The G2A link denotes the ground-
to-air communication link.

• Data slot (A2G link): Each UAV selects a data slot
to transmit its own packet in each frame. In this study,
we assume that packet transmission is successful if the
received SINR of the user is greater than the SINR
threshold. In this case, we regard the corresponding slot
as a ‘‘success.’’ In addition, if no UAV sends a packet
in the corresponding slot, then the slot is regarded as
‘‘idle.’’ Furthermore, if two or more UAVs send packets
using the same data slot, we assume that the status of this
slot is ‘‘collision.’’ However, when a collision occurs,

if the SINR of one of the received packets is greater
than the SINR threshold, then this packet is considered
a successful packet.

• ACK slot (G2A link): The GCS informs the UAVs
regarding the acknowledgment of all data slots in every
frame. After receiving the ACK packet, UAVs that have
successfully transmitted their own packets enter the
standby state in the next frame. In addition, UAVs that
fail in packet transmission should attempt to send the
packet in the next frame.

Assume that GCS i comprises Ni UAVs in cell, and that
GCS i assigns Di(t) data slots based on the number of active
UAVs at frame t . Initially, Di(t) = Ni(t) in CDFS-ALOHA.
Because GCS i comprises N suc

i (t) successful UAVs at frame
t , {Ni(t)−N suc

i (t)}UAVs should attempt to transmit their own
packets to GCS i again at frame t+1. Before the beginning of
frame t + 1, all GCSs share the number of the next data slots
via wired backhaul connections. For instance, GCS i shares
the value,Ni(t)−N suc

i (t), with its neighbor GCSs. As a result,
the number of data slots at frame t + 1 can be determined
cooperatively and calculated as

Di(t + 1) = max
i
(Ni(t)− N suc

i (t)). (10)

By determining the number of data slots using Equation (10),
crosslink interference (downlink-to-uplink and uplink-to-
downlink) can be completely removed in CDFS-ALOHA.
In particular, the downlink signal is extremely strong as com-
pared to the uplink signal; therefore, the severity of SINR
degradation may be reduced. For example, assume a scenario
involving three GCSs and six UAVs, as illustrated in Fig. 1.
In the first frame, GCS 1 comprises three UAVs and the
highest number of GCSs. Accordingly, in CDFS-ALOHA,
the number of data slots is three in the first frame. The
UAVs attempt to transmit their packets to the associated GCS
using one of the randomly selected data slots. In Fig. 1,
the red, green, and white slots represent the slot status of
collision, success, and idle, respectively. After completing the
first frame, because UAV 2 performed packet transmission
successfully, two UAVs remained in GCS 1. Consequently,
based on Equation (10), the maximum number of associated
UAVs will be two; thus, the number of data slots will be two
in the second frame. Based on the abovementioned process,
the frames are repeated until one of the termination conditions

0
avg
ij =

[
PLoSij × E

( PTXij /L
LoS,ins
ij

σ 2 +
∑M

l=1
∑

k∈NIF
l
PRXik

)
+ PNLoSij × E

( PTXij /L
NLoS,ins
ij

σ 2 +
∑M

l=1
∑

k∈NIF
l
PRXik

)]
(7)

≤

[
PLoSij ×

( PTXij /L
LoS
ij

σ 2 +
∑M

l=1
∑

k∈NIF
l
PRXik

)
+ PNLoSij ×

( PTXij /L
NLoS
ij

σ 2 +
∑M

l=1
∑

k∈NIF
l
PRXik

)]
(8)

≤
PTXij /L

avg
ij

σ 2 +
∑M

l=1
∑

k∈NIF
l
PRXik
= 0ij. (9)
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FIGURE 3. Successful packet transmission probability, average power consumption, and energy efficiency vs. number of UAVs for CDFS-ALOHA
considering EPL-CM and CDFS-ALOHA considering ISSF.

(TCs) is satisfied. The detailed TCs of CDFS-ALOHA are as
follows:
• TC1: The packets of all UAVs are successfully trans-
mitted under the packet retransmission opportunities and
within the packet expiration time.

• TC2: All UAVs transmit packets up to the maximum
number of retransmissions before reaching the packet
expiration time; beyond that, the UAVs can no longer
transmit their packets.

• TC3: The packet expires regardless of whether it is
successfully transmitted or the maximum number of
retransmissions is reached.

In the mandatory mode, CDFS-ALOHA employs fixed
power for both transmission and retransmission. Alterna-
tively, the TPC method can be applied in packet retrans-
missions to simultaneously reduce power consumption and
improve the successful packet transmission probability.
We refer to this mode herein as the TPC mode. In the
retransmissions, we set the transmit power to be random in
the TPC mode. This power control can reduce the power
consumption of the UAVs directly and improve the successful
packet transmission probability via a capture effect.

IV. SIMULATION RESULTS
A. SIMULATION ENVIRONMENTS
In this study, we considered the average successful packet
transmission probability, power consumption of UAVs, and
network-wide energy efficiency of UAVs. Here, UAVs are
randomly distributed within the horizontal UAV deployment
radius. First, the average successful packet transmission prob-
ability at frame t (Psuc(t)) can be represented as follows:

Psuc(t) =
1
N

M∑
i

Ni∑
j

(
Rsucij (t)

Rsucij (t)+ Rcolij (t)

)
, (11)

where M , N , and Ni are the total number of GCSs, UAVs,
and UAVs associated with GCS i, respectively. In addition,
Rsucij (t) and Rcolij (t) represent the number of success and colli-
sion slots at frame t , respectively. The success of the packet

transmission is determined by the SINR threshold, which is
the minimum SINR value to support the lowest modulation
and coding scheme level [23]. That is, if the SINR of a certain
UAV that sent a packet to the associated GCS exceeds the
SINR threshold, then the corresponding slot used by this UAV
to transmit the packet is considered successful. In this paper,
we set the SINR threshold to 0 dB for A2G communication
networks [8], [24]. In addition, the average power consump-
tion of the UAV at frame t (EPC (t)) can be represented by
Equations (12), as shown at the bottom of the next page,
where, Rbeaconij (t) and RACKij (t) are the number of beacon and
ACK slots, respectively, and Rwaitij (t) is the number of idle
slots that no UAV attempts to transmit. Additionally, PTXij and
PRXij are the power consumed for packet transmission and
reception, respectively. Pwaitij denotes the power consumed
in the standby mode. Table 2 shows the detailed simulation
parameters used to obtain the simulation results in terms of
the successful packet transmission probability, UAV power
consumption, and network-wide energy efficiency.

B. RESULTS AND DISCUSSION
1) NECESSITY FOR ADJUSTMENT OF THE NUMBER OF
SLOTS: FS-ALOHA VS. CDFS-ALOHA
Fig. 4 shows the network-wide energy efficiency vs. the
number of UAVs of FS-ALOHA with and without TPC,
and CDFS-ALOHA with and without TPC under the sub-
urban environment with horizontal UAV deployment radius
of 1000 m. The proposed CDFS-ALOHA determines the
number of data transmission slots in the next frame based
on frame-by-frame cooperation between GCSs. However,
FS-ALOHA always contains a fixed number of data transmis-
sion slots regardless of whether the packet transmissions are
successful. As a result, the network-wide energy efficiency of
the proposed CDFS-ALOHA is better in all cases, as shown in
Fig. 4. In addition, when applying TPC, the consumed energy
of UAVs can be reduced in retransmissions, and thus both
protocols can obtain performance gains in terms of energy
efficiency.
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TABLE 2. Simulation parameters.

2) NECESSITY FOR TRANSMIT POWER CONTROL:
W/TPC VS. W/O TPC
Fig. 5, 6, and 7 are the results for the suburban environ-
ment. First, Fig. 5 shows the successful packet transmission
probability vs. the horizontal UAV deployment radius of
CDFS-ALOHA with and without TPC according to varia-
tions in the number of UAVs. From this figure, it can be
seen that CDFS-ALOHA without and with TPC have similar
performance results in terms of the successful packet trans-
mission probability. Since we assume that CDFS-ALOHA
without TPC always transmits its packets with the maximum
transmit power, TPC can help reduce intra- and intercell
interferences as well as yield the capture effect, and therefore
it can prevent reducing the successful packet transmission
probability. When Ni = 1, the probability of successful
packet transmission decreases as the horizontal UAV deploy-
ment radius increases, as shown in Fig. 5. If exactly one UAV
is associated with each GCS, then no intracell interference
occurs. This implies that the signal attenuation increases

FIGURE 4. Energy efficiency vs. number of UAVs for FS-ALOHA and
CDFS-ALOHA with TPC, and FS-ALOHA and CDFS-ALOHA without TPC.

exponentially based on the distance between the GCS and
the associated UAV, particularly from 100 m to 200 m. Fur-
thermore, as the horizontal UAV deployment radius increases
from 200 m to 1000 m, the number of UAVs associated with
each GCS occasionally exceeds one. In this case, more colli-
sions may occur in cells comprising two or more associated
UAVs, resulting in a lower successful packet transmission
probability. By contrast, when Ni = 5, 10, and 15, increasing
the horizontal UAV deployment radius may result in less
dense network environments, thereby resulting in an increase
in the successful packet transmission probability until a radius
of 700 m. Also, when the horizontal UAV deployment radius
exceeds 700 m, the effect of the desired signal attenuation
based on the distance between the GCS and UAVs becomes
more dominant as compared to the effects of the intra- and
intercell interferences. Thus, the probability of successful
packet transmission decreases gradually. Furthermore, when
Ni = 15, there exist a number of nodes where the desired
signal attenuation is relatively severe compared to the attenu-
ation of the interference signals as the distance increases from
100 m to 200 m, so that the successful packet transmission
probability is temporarily reduced.

Fig. 6 shows the average power consumption of the UAVs
vs. the horizontal UAV deployment radius of CDFS-ALOHA
with and without TPC when the number of UAVs in each
cell is 1, 5, 10, and 15 in a suburban environment. When the

EPC (t)=
1
N

M∑
i

Ni∑
j

{(
Rbeaconij (t)+RACKij (t)

)
× PRXij +

(
Rsucij (t)+Rcolij (t)

)
× PTXij +R

wait
ij (t)× Pwaitij

}
. (12)

η(t) =
M∑
i

Ni∑
j

 Rsucij (t)(
Rsucij (t)+ Rcolij (t)

)
×

{(
Rbeaconij (t)+ RACKij (t)

)
× PRXij +

(
Rsucij (t)+ Rcolij (t)

)
× PTXij + R

wait
ij (t)× Pwaitij

}
 .
(13)
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FIGURE 5. Successful packet transmission probability vs. horizontal UAV
deployment radius for CDFS-ALOHA with TPC and CDFS-ALOHA
without TPC.

FIGURE 6. Average power consumption vs. horizontal UAV deployment
radius for CDFS-ALOHA with TPC and CDFS-ALOHA without TPC.

numbers of UAVs become 10 and 15, increasing the horizon-
tal UAV deployment radius results in biased UAV deploy-
ment. Thus, the frame length in CDFS-ALOHA becomes
larger than that of DFS-ALOHA, and therefore it reduces the
undesired retransmissions of unidentifiedUAVs. It may cause
a reduction in UAVs’ power consumption. Also, as shown in
Fig. 6, since CDFS-ALOHA without TPC always sends its
packet with the maximum transmit power, CDFS-ALOHA
with TPC can reduce the power consumption significantly
compared to CDFS-ALOHA without TPC.

Fig. 7 shows the network-wide energy efficiency obtained
using Equation (13), as shown at the bottom of the pre-
vious page vs. the horizontal UAV deployment radius of
CDFS-ALOHA with and without TPC when the numbers
of UAVs in each cell are 1, 5, 10, and 15 in the suburban
environment. The results show that CDFS-ALOHAwith TPC
achieved a higher η(t) compared to CDFS-ALOHA without

FIGURE 7. Energy efficiency vs. horizontal UAV deployment radius for
CDFS-ALOHA with TPC and CDFS-ALOHA without TPC.

FIGURE 8. Energy efficiency vs. horizontal UAV deployment radius for
CDFS-ALOHA in different environments with TPC.

TPC. Even though the UAVs’ retransmit powermight become
weaker, the capture effect can compensate for this problem,
thereby allowing a high network-wide energy efficiency gain
to be achieved.

3) VARIATIONS IN ENVIRONMENTAL DEPLOYMENTS
Fig. 8 shows the performance of CDFS-ALOHA with TPC
based on the various environmental deployments proposed
by International Telecommunication Union-Radio commu-
nication sector (ITU-R) (i.e., suburban, urban, dense urban,
and high-rise urban areas). The characteristics of each
environmental deployment are represented as statistical
parameters (α, β, ξLoS , and ξNLoS ), as summarized in Table 1.
As shown in Fig. 8, in the case of a suburban environment,
the energy efficiency of CDFS-ALOHA gradually decreases
up to 160 m as the increase in the LoS path loss dominates
the attenuation of the interfering signal. By contrast, the
energy efficiency steadily increases in the range of 160 m and
beyond, where the effect of path loss is insignificant. In the
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urban, dense urban, and high-rise urban environments, the
energy efficiency increases rapidly up to 160, 120, and 60 m,
respectively, owing to the degree of UAV scattering. After
the peak point, the energy efficiency decreases significantly
owing to the severe path loss and interference.

V. CONCLUSION
In this paper, we presented CDFS-ALOHA with TPC and
compared its performance with that of CDFS-ALOHA
without TPC in terms of the successful packet transmis-
sion probability, UAV power consumption, and network-wide
energy efficiency. The results showed that CDFS-ALOHA
can significantly reduce the power consumption of UAVs sig-
nificantly by exploiting random TPC. In the CDFS-ALOHA
with TPC, even though its transmit power reduced, it indi-
cated a decrease in intra- and intercell interferences.
Furthermore, owing to sporadic and intermittent capture
effects, the probability of successful packet transmission was
almost never reduced. In addition, we demonstrated that an
increase in the horizontal UAV deployment radius might
result in less dense network conditions, which might con-
sequently increase the successful packet transmission prob-
ability. Our simulation results showed that the horizontal
UAV deployment radius is a critical parameter that affects the
performance in terms of network-wide energy efficiency.
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