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M=10 M=15

Fig. 11. Covering a given target area with M=10 (R cluster = 0 :2182a(m))
and M=15 (R cluster = 0 :1796a(m)).

B. Benefits of Energy-Efficient Deployment

As the baseline ABS deployment comparison, Fig. 12 shows
4 different approaches with 10 ABSs as follows.

� Random ABS deployment: We randomly deploy the
ABSs to the target area with the same coverage radius
(Rcluster = 50m).

� ABS deployment to the locations of damaged BS: We
deploy the ABSs to the locations of damaged BS at fixed
height (h = 60m).

� Set cover approach: As a baseline comparison, we ana-
lyze the study in [3]. In this scheme [3], the circle packing
approach is considered to cover a given target area and
the authors compute the coverage utility and coverage
radius. We made some changes in this study to apply
our scenario. First, we consider the target region as a
square area instead of a circular area. Then, we focus on
covering the entire target area. To exemplify this, Fig. 11
is given with 10 and 15 ABSs. As seen in the figure,
when the required number of ABSs changes, the coverage
radius shows a difference. By considering this approach,
we create the circles to cover all target area with the
same radius (Rcluster = 50m) since [3] considers the
fixed circles. Then, we consider the set cover problem that
selects the sets with maximum number of UEs under the
constraint of the limited number of ABSs.

� Energy-aware ABS deployment: AirNet, which was pre-
sented in the previous section.

In Fig. 12, we set the number of ABSs as 10 and show
the coverage areas for 4 different approaches, respectively.
First, we randomly deploy the ABSs in Fig. 12(a) and analyze
coverage utility for the target area. Then, in Fig. 12(b), it is
assumed that terrestrial BSs are located with the distance of
200m in the target area and we deploy ABSs to these locations
at the fixed height, h = 60m. Since it is not possible to
cover all UEs within the coverage area of a terrestrial BS,
we deploy the ABSs to maximize the number of covered
UEs. At each step, we select the sets which have maximum
number of UEs. In Fig. 12(c), we mainly focus on the prior
work [3] as a baseline that uses ABSs to provide wireless
coverage in a given geographical area. We initially consider
coverage problem with circles, Rcluster = 50m and we
define the required number of circles to cover target area as
explained in [30]. Then, we focus on the set cover problem
since we assume that the number of ABSs is limited and we
select the circles that maximize the number of covered UEs.

(a) (b)

(c) (d)

Fig. 12. ABS deployment for different schemes with 10 ABSs (a) Random
ABS deployment (b) ABS deployment to the locations of damaged BS (c)
Set cover approach (d) Energy-aware ABS deployment.
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Fig. 13. Coverage utility for 4 different schemes.

Finally, in Fig. 12(d), we show the proposed energy-aware
ABS deployment and evaluate the results. Please note that
after ABS deployment, the comparisons will show how the
algorithms reflect the performance evaluation in terms of the
coverage utility, consumed transition energy, throughput, and
recharging delay.

Fig. 13 shows the coverage utility with the deployment of
10, 15, 20, and 25 ABSs. Coverage utility is the ratio of
covered UEs to the all UEs. We see that when the number of
ABSs increases, AirNet provides the best results, it also out-
performs to the set cover approach. Energy-aware deployment
adjusts maximum coverage area with the minimum required
transmission power in Alg. 1 and it enables average 24% and
3.72% increase in the coverage utility when compared to the
random and set cover approach [3], respectively. As seen in the
figure, random and deployment to the locations of damaged
BS are not directly applicable for a potential solution in the
mission critical environments.

After energy-aware ABS deployment, we investigate the
consumed transition energy for 10 ABSs in Fig. 14. The
transition energy from control station to the designated loca-
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Fig. 14. Consumed transition energy of individual ABSs.
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Fig. 15. Average hover time w.r.t. total throughput

tion
(
Etrans =

∫ t1
t0
Ptransdt

)
and designated location to the

control station for recharging
(
Etrans =

∫ t3
t2
Ptransdt

)
are

analyzed, where Eq. 8 gives the details. Initially, the control
station was located at (0,0) in the axes and ABSs are directed
to the designated locations (xj , yj , zj). Then, the position
of control station is adaptively updated with Alg. 2 and we
compute the consumed transition energy for each ABSs so
that the hover time is increased 8% in the aerial networks.

C. Demand-Aware Reconfiguration

Since user demand can vary over time in an unpredictable
way, this motivates us to analyze the demands as variable and
also not known. Therefore, we assume that the packet arrival
rate is λ = 60 packets/sec with Poisson distribution and the
packet size distribution has the power law behavior with the
mean 1100 bytes to design an efficient traffic model. Power-
law distribution is used to characterize the equilibrium of the
users’ demands. Under the packet size distribution and avail-
ability of the existing resources, demand-aware reconfiguration
enables a fair resource allocation. In this respect, in Fig. 15, we
show the total throughput with respect to the average hover
time with 10 and 15 ABSs. More importantly, it is shown
that when the number of ABSs is increased, the proposed
model enables significant improvement thanks to demand-
aware reconfiguration and the rate at which the throughput
does not increase the same rate for different schemes.

D. Benefits of Scheduling

Under the assumption of the limited number of replenish-
ment stations, in order to observe the benefits of the scheduling
mechanism, Fig. 16 shows the normalized recharging delay
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Fig. 16. Normalized recharging delay before scheduling and after scheduling
with different number of replenishment station.
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Fig. 17. (a) Mean number of ABSs and (b) Mean charging time in the
replenishment station.

before and after scheduling approaches according to the dif-
ferent number of replenishment stations. Recharging delay is
defined as the waiting time before being recharged. In order to
provide a clearer illustration, recharging delay is independently
normalized for different number of stations. The results are
obtained with respect to the increasing number of ABSs. Note
that we only focus on ABSs that wait in the recharging state.
The benefit of providing a scheduling between the ABSs
and stations is seen from the figure, when the number of
stations increases, the results indeed outperform greatly. Thus,
to obtain the results for the scheduling mechanism, we first
compute the mean number of ABSs and mean charging time
in the replenishment station over the simulation time as shown
in Figs. 17(a)-17(b) with Eqs. 25-26, respectively so that we
can evaluate the recharging delay. In Fig. 17, we assume that
there are 4 stations with respect to the changing number of
ABSs. As expected, when the number of ABSs that needs to be
recharged is higher than 4, the construction of the scheduling
mechanism will be very useful to guarantee a better network
management.

Next, we demonstrate the Probability Density Function
(PDF) of recharging delay for 2, 3, 4 and 5 replenishment
stations with one ABS in Fig. 18. Note that in order to
obtain reliable simulation estimates, we set the number of
ABSs to 8. The range of recharging delay is calculated based
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Fig. 18. PDF of the recharging delay for one ABS. The number of
replenishment station equals to 5, 4, 3 and 2. The number of waiting ABSs
set to 8.

on the waiting time before being recharged, as the available
stations are less than the number of the waiting ABSs in
the recharging state. Then, the total recharging delay curve
is obtained by accumulative stacking. As seen in the Fig. 18,
when the number of stations decreases, for each ABS, it is
more probable to wait. As the number of stations increases
from 2 to 5, the value of the mean waiting time before
being recharged approximately drops from 3.4 to 0.94h. This
implies that the increase on the number of stations will cause
a significant decrease in the recharging delay and this mean
value is improved with the proposed scheduling approach.

VI. CONCLUSION & FUTURE WORK

In this paper, we presented and evaluated AirNet, an energy-
aware ABS deployment and scheduling mechanism accounting
for replenishment stations. We addressed the problem of ABS
deployment to maximize the number of covered UEs in an
online manner. In particular, AirNet’s operation is demand-
aware and accounts for the time-varying user requests. We
also demonstrated, using an energy model, how an efficient
algorithm can increase the flight endurance. Furthermore, we
presented a scheduling algorithm for battery recharging under
the constraint of a limited number of replenishment stations.
Our simulations also confirm the effectiveness of the proposed
algorithms in terms of the user coverage and flight endurance.
In particular, our results indicate that AirNet can achieve 24%
improvement in the user coverage and 8% extension in the
flight endurance.

We see our work as a first step and believe that it opens
several interesting avenues for the future research. In partic-
ular, we so far assumed a relatively simple model for the
to-be-covered area, and it would be interesting to investigate
more complex scenarios, e.g., due to mountains or other
obstructions. It would also be interesting to consider the use
of randomized algorithms.

APPENDIX A
PROOF OF APPROXIMATION

In Alg. 2, we initially select M-sets that maximize the
number of covered UEs. Here, OPT shows the optimal
solution to maximize the number of covered UEs. Let us
denote ai as the number of newly covered UEs, bi as the total
number of UEs and ci as the number of uncovered UEs at the
ith iteration so that bi =

∑i
j=1 aj and ci = OPT − bi [25].

The number of newly covered UEs at the (i+1)th iteration
is equal to or greater than 1/M of the number of uncovered
UEs after ith iteration such that ai+1 ≥ ci

M .
Lemma: ci+1 ≤ (1− 1

M )i+1.OPT
Proof: By induction, we give the steps for i = 0.

c1 ≤
(
1− 1

M

)
OPT

OPT − b1 ≤ OPT −OPT 1

M

b1 ≥ OPT
1

M

a1 ≥ OPT
1

M

a1 ≥ c0
1

M
(29)

Then, we know a1 ≥ c0
1
M for i = 0. Assume ci ≤ (1 −

1
M )i OPT is true, we show that ci+1 ≤ (1− 1

M )i+1 OPT is
true.

ci+1 = ci − ai+1

ci+1 ≤ ci −
ci
M

ci+1 ≤ ci (
1

M
)

ci+1 ≤ (
1

M
)i OPT (1− 1

k
)

ci+1 ≤ (
1

M
)i+1 OPT (30)

Theorem: A greedy algorithm achieves a (1− 1
e ) approxi-

mation factor.
Proof: By Lemma 1, we know that cM ≤ (1− 1

M )M OPT .
Then, (1− 1

M )M ≈ 1
e so that cM ≤ OPT

e .

bM = OPT − cM
bM = OPT − OPT

e

bM = OPT (1− 1

e
) (31)
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