
A	Survey	of	Drone	Scheduling	
Research

Jul.	08,	2017
Chandra	R.	Murthy



Outline

• Coverage	and	small	cells
• Path	planning
• Protocols
• Data	collection
• Disaster	management	applications
• Everything	else!



COVERAGE	AND	SMALL	CELLS



The	Coverage	Problem	in	UAV	Network:	A	
Survey

• Yueyue Chen,	Haidong Zhang,	Ming	Xu,	ICCCNT	2014	
• Key	question:	How	well	can	a	set	of	UAVs	monitor	a	given	area?

– Coverage	ability
– Lifetime:	limited	flight-time	of	UAVs
– Connectivity
– Obstacles

• Coverage:	UAVs	are	mobile
– Coverage	needs	to	be	found	in	conjunction	with	a	time	duration

• Typical	approach:	Area	decomposition	followed	by	path	planning

– In	hover	mode:	same	as	sensor	network	coverage	problem

• Deployment:	autonomous/user-controlled
• Heterogeneous	UAVs	with	different	capabilities



Drone	Small	Cells:	Design,	Deployment	
and	Performance	Analysis

• Mozaffari,	Saad,	Bennis,	Debbah,	2015
• DSC:	aerial	wireless	BSs	mounted	on	UAVs
• Goal:	maximize	ground	coverage,	minimize	
transmit	power
–Multi-drone	setup	– interference	between	DSCs

• Design	optimal	height	and	min.	separation
– Greater	height:	higher	LOS	probability
• Lower	pathloss with	LOS	compared	to	NLOS

between them. To this end, we consider a target area with
a specific size and for a single static DSC and we find the
optimum altitude ensuring sufficient coverage using minimum
transmit power. Next, with the goal of offering maximum
coverage for the target area the optimal deployment of two
DSCs over the area is investigated. Numerical evaluations are
then used to validate the derived analytical results.

The rest of this paper is organized as follows: Section II
presents the system model describing the air to ground channel
model. In Section III, coverage performance of a single DSC
and multiple DSCs is investigated. In Section IV, we present
the numerical results. Finally, Section V concludes the paper.

II. SYSTEM MODEL AND THE SINGLE DSC CASE

Consider a static DSC located at an altitude of h meters
transmitting signals to static users on the ground. In order to
analyze the coverage of such a DSC, it is imperative to adopt
an appropriate path loss model that is suitable for air to ground
communication. In this section after presenting the air to ground
channel model, the optimal altitude for a single DSC case is
derived.

A. Air to Ground Channel Model

As discussed in [4] and [11], the ground receiver receives
three groups of signals including LOS, strong reflected signals
(NLOS) and multiple reflected components which cause mul-
tipath fading. These groups can be considered separately with
different probabilities of occurrence. Typical, as discussed in
[8], it is assumed that the received signal is categorized only in
one of the mentioned groups. Each group has a specific proba-
bility of occurrence which is a function of environment, density
and height of buildings and elevation angle. The probability of
receiving LOS and strong NLOS components are significantly
higher than fading [8]. Therefore, the impact of small scale
fading can be neglected. A common approach to model air
to ground propagation channel is to consider LOS and NLOS
components along with their occurrence probabilities separately.
Note that for NLOS connections due to the shadowing effect
and reflection of signals from obstacles, path loss is higher than
LOS. Hence, in addition to the free space propagation loss,
different excessive path loss values are assigned to LOS and
NLOS links.

Figure 1 shows a DSC located at an altitude of h and
ground users at the radius of R from a point corresponding to
the projection of DSC onto the ground. The distance between
the DSC and the ground receiver is d =

√
R2 + h2 and

θ = tan−1(h/R) indicates the elevation angle (in radian) DSC
with respect to the user.

The path loss for LOS and NLOS connections are [4]:

LLoS(dB) = 20 log(
4πfcd

c
) + ξLoS, (1)

LNLoS(dB) = 20 log(
4πfcd

c
) + ξNLoS, (2)

where LLoS and LNLoS are the average path loss for LOS and
NLOS links, ξLoS and ξNLoS are the average additional loss to the
free space propagation loss which depend on the environment,

Fig. 1: Low altitude platform.

c is the speed of light, fc is the carrier frequency and d is the
distance between the DSC and ground receiver.

The probability of having LOS connections at an elevation
angle of θ is given by [10]

P(LOS) =
1

1 + α exp(−β
[
180
π θ − α

]
)
, (3)

where α and β are constant values which depend on the
environment (rural, urban, dense urban, etc.). Also, probability
of NLOS is P(NLOS) = 1−P(LOS). Equation (3) indicates that
the probability of having LOS connection between the aerial
base station and to ground users is an increasing function of
elevation angle. In other words, by increasing the elevation
angle between the receiver and transmitter, the shadowing effect
decreases and clear LOS path exists with high probability.
Finally, the average path loss as a function of the DSC altitude
and coverage radius becomes

L(R, h) = P(LoS) × LLoS + P(NLOS) × LNLoS. (4)

B. Optimal Altitude for Single DSC
Given this channel model, our first goal is to study the

problem of optimal altitude for a single DSC seeking maximum
ground coverage. Consider a DSC transmitting its signal with
the power of Pt, then the received power is written as

Pr(dB) = Pt − L(R, h). (5)

A point on the ground is covered by the DSC if its signal to
noise ratio (SNR) is greater than a threshold (γth ). That is

γ(R, h) =
Pr

N
! γth, (6)

where N is the noise power. Obviously, to find the maximum
achievable coverage radius we should have γ(R, h) = γth. For
a fixed transmit power, the optimal DSC height which results
in maximum coverage is computed by solving the following
equation [8]:

180(ξNLoS − ξLoS)βZ

π(Z + 1)2
− 20µ

log(10)
= 0, (7)

where Z = α exp(−β
[
180
π tan−1(µ) − α

]
) and µ = h/R. By

solving (7), µopt = hopt/Rmax is computed and using (5), hopt

and Rmax are found.
Note that due to the limitation on the altitude of DSCs, we

have h " hmax, where hmax is the maximum allowable altitude
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Downlink	Coverage	Probability	in	a	
Finite	Network	of	UAV	BSs

• V.	V.	C.	Ravi	and	H.	S.	Dhillon,	2016
• Finite	network	of	UAV	BSs	modeled	as	a	uniform	binomial	

point	process
• Derive	exact	expression	for	the	coverage	probability	of	a	

target
– Receiver	connects	to	the	nearest	UAV
– Dominant	interference	from	next	nearest	UAV
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distributed	is	kept	constant
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Fig. 2. Coverage Probability as a function of SIR threshold (ra = 10 km,
and ↵ = 2.5).
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Fig. 3. Coverage Probability as a function of height (N = 5, ra = 10 km,
and � = 0 dB).

Remark 1. In the next section, we will demonstrate that the
approximation given in Theorem 2 is surprisingly accurate
even for small values of N . The reason behind this tight match
is the fact that the approximation approach preserves the exact
effect of dominant interferer, which has the strongest contri-
bution by far in the aggregate interference. The contribution
from the rest of the interferers is approximated by CLT, which
turns out to be sufficient for getting an exact match.

IV. NUMERICAL RESULTS

In this section, we validate the analytical results given by
Theorem 2 by comparing it with the true results obtained from
simulations. The simulations were run for N = 5 UAVs, with
radius ra = 10 km, and path loss exponent ↵ = 2.5. The
analytical results were obtained by using Theorem 2. In both
Figs. 2 and 3, we notice that the CLT-based approximate result
given by Theorem 2 provides an exact match even though the
number of UAVs was small.

Impact of height. The impact of height h of the UAVs on the
coverage probability of the target-Rx located on the ground
is studied in Fig. 2. Comparison is done as a function of
� for various altitude values (2, 4, 6, and 8 km). It can be
readily observed that the coverage probability degrades with
increasing height. This is because in the proposed model ra

is assumed to be a constant independent of h, which reduces
the separation between the serving and interfering devices as

seen from the receiver when h is increased. This degrades the
overall SIR and hence the coverage probability.

Impact of path-loss exponent. The impact of pathloss expo-
nent ↵ on the coverage probability is studied in Fig. 3, where
we plot coverage as a function of UAV height h for several
values of ↵. The SIR threshold is taken to be � = 0 dB.
From the plot, it is evident that the coverage probability of
the target-Rx decreases with the pathloss exponent across all
values of h. Although low values of pathloss exponent result
in higher desired received power, they also result in higher
interference, which worsens the coverage probability.

V. CONCLUSION

Modeling the locations of UAV base stations as a uniform
BPP, we derive an exact expression for the coverage proba-
bility of the target-Rx located on the ground. Since the exact
expression is not too amenable to numerical computations,
we also derived a simple yet surprisingly accurate approxima-
tion for coverage probability using a new dominant-interferer
approach in which the effect of the dominant interferer is
captured exactly while the aggregate interference from the
rest of the interferers is approximated using CLT. This work
has numerous extensions. These tools can be used to study
the performance of 2D and 3D finite wireless network in the
absence of small scale fading. Another meaningful extension
would be to evaluate the coverage probability for an arbitrarily
located receiver (the one that is not necessarily located at the
center of the disk) using tools developed in [13].
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well as the average power consumption of each sensor 
when employing the proposed PFSC-MAC protocol in 
WSN-UAV system. These results are shown at 
different values of the flare angle. 

(3) Find the tradeoff between power consumption and 
PER performance at different values of the flare angle. 
This aims to determine the optimal flare angle that the 
UAV need to use in order to get optimal performance 
of the entire system. 

The rest of this paper is organized as follows. Section 2 
describes the general system model of the WSN-UAV system 
and the PFSC-MAC protocol. In addition, an explanation for 
expressing the evaluation of Bit-Error-Rate (BER) and Packet-
Error-Rate (PER) of the system is also shown. In section 3, 
simulations are conducted at different values of the flare angle 
while other input parameters are optimally selected from [5]. 
The results show the relation between the Packet-Error-Rate 
and the power consumption at each value of the flare angle. 
Then, the numerical results are analyzed before a conclusion to 
be remarked in Sect. 4. 
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data transmission interval. The collected data on the UAV 
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immediately forward this data to the further center for data 
processing or keep the data onboard in a storage memory on 
the UAV and will be used for data processing later, after the 
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random depending on application scenarios. We assume that 
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almost in line-of-sight. In the worst case, the exponent path 
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loss between sensor to sensor has been shown to be inefficient 
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any two sensors on the ground [15]. Therefore, by using direct 
communication between the sensor and UAV instead of a relay 
network of sensors, the WSN-UAV system has shifted the 
responsibility of energy-consuming tasks to the UAV’s role 
instead of the sensors as in normal WSNs. Besides, the 
multiple access scheme for this system is also simple, which is 
developed for many-to-one case. Moreover, the routing 
techniques are rustic when only direct communication between 
the UAV and the sensors are concerned. 

In order to provide a possibility of transmitting data to all 
the active sensors in each data transmission interval, we have 
proposed the scheme PFSC-MAC, which is explained in details 
in [5]. The next part, II.B will show a general model of 
dividing the active sensors into different groups with different 
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In Fig. 2, there are two steps for priority groups division. 
First, considering the overall trend of how the receiving power 
of the beacon signal varies with distance. This trend could be 
increasing (_I) or decreasing (_D). The increasing trend implies 
that the UAV is approaching to the sensors. Conversely, the 
decreasing trend implies that the UAV is leaving the sensors. 
To obtain this trend at each sensor, we assume that each sensor 
always records and stores an array of power values. These 
values are used to compare with the newest value, and the trend 
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