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AbstrAct
Wireless communication systems that include 

unmanned aerial vehicles promise to provide 
cost-effective wireless connectivity for devices 
without infrastructure coverage. Compared to ter-
restrial communications or those based on high-al-
titude platforms, on-demand wireless systems with 
low-altitude UAVs are in general faster to deploy, 
more flexibly reconfigured, and likely to have 
better communication channels due to the pres-
ence of short-range line-of-sight links. However, 
the utilization of highly mobile and energy-con-
strained UAVs for wireless communications also 
introduces many new challenges. In this article, we 
provide an overview of UAV-aided wireless com-
munications, by introducing the basic network-
ing architecture and main channel characteristics, 
highlighting the key design considerations as well 
as the new opportunities to be exploited.

IntroductIon
With their high mobility and low cost, unmanned 
aerial vehicles (UAVs), also commonly known as 
drones or remotely piloted aircrafts, have found 
a wide range of applications during the past 
few decades [1]. Historically, UAVs have been 
primarily used in the military, mainly deployed 
in hostile territory to reduce pilot losses. With 
continuous cost reduction and device miniatur-
ization, small UAVs (typically with weight not 
exceeding 25 kg) are now more easily accessi-
ble to the public; hence, numerous new appli-
cations in the civilian and commercial domains 
have emerged, with typical examples including 
weather monitoring, forest fire detection, traffic 
control, cargo transport, emergency search and 
rescue, communication relaying, and others [2]. 
UAVs can be broadly classified into two catego-
ries, fixed wing and rotary wing, each with their 
own strengths and weaknesses. For example, 
fixed-wing UAVs usually have high speed and 
heavy payload, but they must maintain continu-
ous forward motion to remain aloft, and thus are 
not suitable for stationary applications like close 
inspection. In contrast, rotary-wing UAVs such 
as quadcopters, while having limited mobility and 
payload, are able to move in any direction as well 
as to stay stationary in the air. Thus, the choice 
of UAVs critically depends on the applications.

Among the various applications enabled by 
UAVs, the use of UAVs for achieving high-

speed wireless communications is expected to 
play an important role in future communication 
systems. In fact, UAV-aided wireless communi-
cation offers one promising solution to provide 
wireless connectivity for devices without infra-
structure coverage due to, say, severe shadowing 
by urban or mountainous terrain, or damage to 
the communication infrastructure caused by nat-
ural disasters [3]. Note that besides UAVs, one 
alternative solution for wireless connectivity is 
via high-altitude platforms (HAPs), such as bal-
loons, which usually operate in the stratosphere 
that is tens of kilometers above the Earth’s sur-
face. HAP-based communications have several 
advantages over UAV-based low-altitude plat-
forms (LAPs), such as wider coverage and longer 
endurance. Thus, HAPs are in general preferred 
for providing reliable wireless coverage for very 
large geographic areas. On the other hand, com-
pared to HAP-based communications, or those 
based on terrestrial or satellite systems, wireless 
communications with low-altitude UAVs (typi-
cally at an altitude not exceeding several kilome-
ters) also have several important advantages.

First, on-demand UAV systems are more 
cost-effective and can be much more swiftly 
deployed, which makes them especially suitable 
for unexpected or limited-duration missions. 
Besides, with the aid of low-altitude UAVs, 
short-range line-of-sight (LoS) communication 
links can be established in most scenarios, which 
potentially leads to significant performance 
improvement over direct communication between 
source and destination (if possible) or HAP relay-
ing over long-distance LoS links. In addition, the 
maneuverability of UAVs offers new opportuni-
ties for performance enhancement, through the 
dynamic adjustment of UAV state to best suit 
the communication environment. Furthermore, 
adaptive communications can be jointly designed 
with UAV mobility control to further improve 
the communication performance. For example, 
when a UAV experiences good channels with 
ground terminals, besides transmitting at higher 
rates, it can also lower its speed to sustain good 
wireless connectivity to transmit more data to the 
ground terminals. These evident benefits make 
UAV-aided wireless communication a promising 
integral component of future wireless systems, 
which need to support more diverse applications 
with orders-of-magnitude capacity improvement 
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over current systems. Figure 1 illustrates three 
typical use cases of UAV-aided wireless commu-
nications, which are discussed in the following.

•UAV-aided ubiquitous coverage, where UAVs 
are deployed to assist the existing communica-
tion infrastructure, if any, in providing seamless 
wireless coverage within the serving area. Two 
example scenarios are rapid service recovery 
after partial or complete infrastructure damage 
due to natural disasters, and base station offload-
ing in extremely crowded areas (e.g., a stadium 
during a sports event). Note that the latter case 
has been identified as one of the five key scenar-
ios that need to be effectively addressed by fifth 
generation (5G) wireless systems [4].

•UAV-aided relaying, where UAVs are 
deployed to provide wireless connectivity 
between two or more distant users or user groups 
without reliable direct communication links. For 
example, this could be between the frontline and 
the command center for emergency responses.

•UAV-aided information dissemination and 
data collection, where UAVs are despatched to 
disseminate (or collect) delay-tolerant infor-
mation to (from) a large number of distributed 
wireless devices. An example is wireless sensors 
in precision agriculture applications.

Despite the many promising benefits, wire-
less communications with UAVs are also faced 
with several new design challenges. First, besides 
the normal communication links as in terrestri-
al systems, additional control and non-payload 
communications (CNPC) links with much more 
stringent latency and security requirements are 
needed in UAV systems for supporting safe-
ty-critical functions, such as real-time control, 
and collision and crash avoidance. This calls for 
more effective resource management and secu-
rity mechanisms specifically designed for UAV 
communication systems. Besides, the high mobil-
ity environment of UAV systems generally results 
in highly dynamic network topologies, which are 
usually sparsely and intermittently connected [5]. 
As a result, effective multi-UAV coordination, or 
UAV swarm operations, need to be designed for 
ensuring reliable network connectivity [6]. At the 
same time, new communication protocols need 
to be designed taking into account the possibil-
ity of sparse and intermittent network connec-
tivity. Another main challenge stems from the 
size, weight, and power (SWAP) constraints of 
UAVs, which could limit their communication, 
computation, and endurance capabilities. To 
tackle such issues, energy-aware UAV deploy-
ment and operation mechanisms are needed for 
intelligent energy usage and replenishment. Last 
but not least, due to the mobility of UAVs as 
well as the lack of fixed backhual links and cen-
tralized control, interference coordination among 
the neighboring cells with UAV-enabled aerial 
base stations is more challenging than in terres-
trial cellular systems. Thus, effective interference 
management techniques specifically designed for 
UAV-aided cellular coverage are needed.

The objective of this article is to give an over-
view of UAV-aided wireless communications. 
The basic networking architecture, main channel 
characteristics and design considerations, as well 
as the key performance enhancing techniques 
that exploit the UAV’s mobility, are presented.

bAsIc netWorkIng ArchItecture
Figure 2 shows the generic networking archi-
tecture of wireless communications with UAVs, 
which consists of two basic types of communica-
tion links: the CNPC link and the data link.

control And non-PAyloAd communIcAtIons lInk

The CNPC links are essential to ensure the safe 
operation of all UAV systems. Highly reliable, 
low-latency, and secure two-way communica-
tions, usually with low data rate requirements, 
must be supported by these links for exchanging 
safety-critical information among UAVs, as well 
as between the UAV and ground control sta-
tions (GCS), such as dedicated mobile terminals 
mounted on ground vehicles. The main CNPC 
information flow can be broadly categorized into 
three types: 
• Command and control from GCS to UAVs
• Aircraft status report from UAVs to ground
• Sense-and-avoid information among UAVs
Even for autonomous UAVs, which are able to 
accomplish missions relying on onboard comput-
ers without real-time human control, CNPC links 
are also necessary in case emergency human 
intervention is needed. Not shown in Fig. 2 are 
the air traffic control (ATC) links, which are nec-
essary only when the UAVs are within a con-
trolled airspace (e.g., near an airport).

Due to the critical functions to be support-
ed, CNPC links should in general operate in 
protected spectrum. Currently two such bands 

Figure 1. Three typical use cases of UAV-aided wireless communications: a) 
UAV-aided ubiquitous coverage; b) UAV-aided relaying; c) UAV-aided 
information dissemination and data collection.
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have been allocated: the L-band (960–977 MHz) 
and the C-band (5030–5091 MHz) [7]. Further-
more, although the direct links between GCS 
and UAVs (primary CNPC links) are always pre-
ferred for delay reasons, secondary CNPC links 
via satellite could also be exploited as a backup 
to enhance reliability and robustness. Another 
key requirement for CNPC links is superior secu-
rity. In particular, effective security mechanisms 
should be employed to avoid the so-called ghost 
control scenario, a potentially catastrophic situa-
tion in which the UAVs are controlled by unau-
thorized agents via spoofed control or navigation 
signals. Therefore, powerful authentication tech-
niques, possibly complemented by the emerg-
ing physical layer security techniques, should be 
applied for CNPC links.

dAtA lInk

The data links, on the other hand, aim to support 
mission-related communications for the ground 
terminals, which, depending on the application 
scenarios, may include terrestrial base stations 
(BSs), mobile terminals, gateway nodes, wireless 
sensors, and so on. Taking the UAV-aided ubiq-
uitous coverage shown in Fig. 1a as an example, 
the data links maintained by the UAVs need to 
support the following communication modes:
• Direct mobile-UAV communication as for 

BS offloading or during complete BS mal-
function

• UAV-BS and UAV-gateway wireless back-
haul

• UAV-UAV wireless backhaul
The capacity requirement for these data links 
critically depends on the applications, possi-
bly ranging from several kilobits per second in 
UAV-sensor links to dozens of gigabits per sec-
ond in UAV-gateway wireless backhaul. Com-
pared to CNPC links, the data links usually have 
higher tolerance in terms of latency and security 
requirements. In terms of spectrum, the UAV 
data links could reuse the existing band that has 
been assigned for the particular applications to 

be supported, (e.g., the LTE band while assisting 
cellular coverage), or dedicated new spectrum 
could be allocated for enhanced performance 
(e.g., using millimeter-wave, mmWave, band for 
high capacity UAV-UAV wireless backhaul) [8].

chAnnel chArActerIstIcs
Both CNPC and data links in UAV-aided com-
munications consist of two types of channels, 
UAV-ground and UAV-UAV channels, which 
exhibit several unique characteristics as com-
pared to the extensively studied terrestrial com-
munication channels.

uAV-ground chAnnel

While the air-ground channels for aeronautical 
applications with piloted aircrafts are well under-
stood, systematic measurements and modeling 
of UAV-ground channels are still ongoing [7, 9]. 
Unlike piloted aircraft systems, where the ground 
sites are usually in open areas with tall anten-
na towers, the UAV-ground channels for UAV 
systems are more complicated due to the more 
complex operation environment. While LoS links 
are expected for such channels in most scenar-
ios, they could also be occasionally blocked by 
obstacles such as terrain, buildings, or the air-
frame itself. In particular, recent measurements 
have shown that UAV-ground channels could 
suffer from severe airframe shadowing with 
a duration up to dozens of seconds during air-
craft maneuvering [9], which needs to be taken 
into account for mission-critical operations. For 
low-altitude UAVs, the UAV-ground channels 
may also constitute a number of multi-path com-
ponents due to reflection, scattering, and diffrac-
tion by mountains, ground surface, foliage, and 
so on. For UAVs operating over desert or sea, 
the two-ray model has mostly been used due to 
the dominance of the LoS and surface reflection 
components. Another widely used model is the 
stochastic Rician fading model, which consists 
of a deterministic LoS component, and a ran-
dom scattered component with certain statisti-
cal distributions. Depending on the environment 
surrounding the ground terminals as well as the 
frequency used, the UAV-ground channels exhib-
it widely varying Rician factors (i.e., the power 
ratio between the LoS and the scattered com-
ponents), with typical values around 15 dB for 
L-band and 28 dB for C-band in hilly terrain [7].

uAV-uAV chAnnel

The UAV-UAV channels are mainly dominated 
by the LoS component. Although there may be 
limited multipath fading due to ground reflec-
tions, its impact is minimal compared to that 
experienced in UAV-ground or ground-ground 
channels. In addition, the UAV-UAV channels 
may have even higher Doppler frequencies than 
the UAV-ground counterparts, due to the poten-
tially large relative velocity between UAVs. Such 
channel characteristics have direct implications 
on spectrum allocation for UAV-UAV links. 
On one hand, the dominance of LoS links may 
suggest that the emerging mmWave communi-
cations could be employed to achieve high-ca-
pacity UAV-UAV wireless backhaul. On the 
other hand, the high relative velocity between 
UAVs coupled with the higher frequency in the 

Figure 2. Basic networking architecture of UAV-aided wireless communications.
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mmWave band could lead to excessive Doppler 
shift. More in-depth studies are needed to find 
out the most suitable technology to use in UAV-
UAV links, given their unique channel charac-
teristics.

mAIn desIgn consIderAtIons
This section presents the main design consid-
erations specifically for wireless communica-
tions with UAVs. The following three aspects 
are discussed: UAV path planning, energy-aware 
deployment and operation, and multiple-input 
multiple-output (MIMO) communications in 
UAV systems.

uAV dePloyment And PAth PlAnnIng

One important design aspect of UAV systems is 
path planning [10, 11]. For UAV-aided commu-
nications in particular, appropriate path planning 
may signifi cantly shorten the communication dis-
tance and thus is crucial for high-capacity perfor-
mance. Unfortunately, fi nding the optimal fl ying 
path for UAV is a challenging task in general. 
On one hand, UAV path optimization problems 
essentially involve an infinite number of vari-
ables due to the continuous UAV trajectory to 
be determined. On the other hand, the problems 
are also usually subject to a variety of practical 
constraints (e.g., connectivity, fuel limitation, col-
lision, and terrain avoidance), many of which are 
time-varying in nature and are diffi cult to model 
accurately. One useful method for UAV path 
planning is to approximate the UAV dynamics by 
a discrete-time state space, with the state vector 
typically consisting of the position and velocity in 
a three-dimensional (3D) coordinate system. The 
UAV trajectory is then given by the sequence 
of states, which are subject to finite transition 
constraints to reflect the practical UAV mobil-
ity limitations. Many of the resulting problems 
with such an approximation belong to the class of 
mixed integer linear programming (MILP) [11], 
which can be solved with well developed software 
packages.

Intuitively, the optimal UAV fl ight path crit-
ically depends on the application scenarios. For 
instance, for UAV-aided cellular coverage in Fig. 
1a, it is evident that more than one UAVs should 
be jointly deployed above the serving areas to 
cooperatively achieve real-time communica-
tions with ground users; whereas for UAV-aid-
ed information dissemination or collection for 
delay-tolerant data, as shown in Fig. 1c, it could 
be sufficient to dispatch one single UAV to fly 
over the area to communicate with the ground 
nodes sequentially. Furthermore, for the cellular 
coverage application, one option is to employ 
rotary-wing UAVs that hover above the cover-
age area, serving as static aerial base stations. 
In this case, no dedicated path planning is need-
ed. Instead, the main design problems for UAV 
deployment usually involve finding the optimal 
UAV separations as well as their hovering alti-
tude to achieve maximum coverage. Note that 
for a typical urban environment, in general there 
is an optimal UAV altitude in terms of coverage 
maximization, which is due to the following non-
trivial trade-off: While increasing UAV altitude 
will lead to higher free space path loss, it also 
increases the possibility of having LoS links with 

the ground terminals. Such a trade-off has been 
characterized in [12, 13], based on which the 
optimal UAV altitude has been obtained.

energy-AWAre dePloyment And oPerAtIon

The performance and operational duration of a 
UAV system is fundamentally constrained by the 
limited onboard energy. Although power plant 
and energy storage technologies have advanced 
dramatically over the past few decades, limited 
energy availability still severely hampers UAV 
endurance. From the operational perspective, 
this problem can be addressed through two 
approaches. First, effective energy-aware deploy-
ment mechanisms are needed for timely onboard 
energy replenishment, but without noticeable 
interruption of the communication services sup-
ported. Second, energy-effi cient operation through 
smart energy management is required, that is, 
accomplishing missions with minimum energy 
consumption.

In terms of energy-aware deployment, one 
effective approach is to exploit inter-UAV coop-
eration to enable sequential energy replenish-
ment. For instance, at any one time, only one 
UAV is scheduled to leave the serving area for 
energy replenishment, during which the service 
gap is temporarily filled by neighboring UAVs, 
for example, via increasing the transmission 
power and/or adjusting the aircraft positions. This 
energy replenishment scheduling can be matched 
to the dynamic load patterns that need to be sup-
ported by the UAVs. For instance, it might be 
preferred to schedule energy replenishment only 
when low data traffi c is expected (e.g., at night) 
for the cellular coverage application. Note that 
apart from commonly used energy sources such 
as electric batteries or liquid fuels, there has been 
increasing interest in powering UAVs by solar 
energy or dedicated wireless energy transfer tech-
nology (e.g., via laser beams).1

Energy-effi cient operation, on the other hand, 
aims to reduce unnecessary energy consump-
tion by the UAVs. As the main energy usage 
of UAVs in wireless applications is to support 
either aircraft propulsion or wireless communi-
cations, energy-efficient operation schemes can 
be broadly classified into two categories. The 
first one is energy-efficient mobility, for which 
the movement of the UAVs should be careful-
ly controlled by taking into account the energy 
consumption associated with every maneuver. 
For instance, unnecessary aircraft maneuvering 
or ascending should be avoided since they are 
generally quite energy-intensive. Energy-effi cient 
mobility schemes can usually be designed with 
path planning optimization, by using appropri-
ate energy consumption models as a function of 
UAV speed, acceleration, altitude, and so on. 
The other category of energy-effi cient operation 
is energy-effi cient communication, which aims to 
satisfy the communication requirement with the 
minimum energy expenditure on communica-
tion-related functions, such as communication 
circuits, signal transmission, etc. To this end, one 
common approach is to optimize the commu-
nication strategies to maximize the energy effi-
ciency (EE) in bits per Joule (i.e., the number of 
successfully communicated data bits per unit of 
energy consumption). Note that while energy-ef-

1 See http://lasermotive.com/ for 
more details.
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ficient communication has been extensively stud-
ied for terrestrial communications, its systematic 
investigation for UAV communication systems is 
still underdeveloped.

mImo for uAV-AIded communIcAtIons

Although MIMO technology has been exten-
sively implemented in terrestrial communication 
systems due to its high spectral efficiency and 
superior diversity performance, its application 
in UAV systems is still hindered by several fac-
tors. First, the lack of rich scattering in the UAV 
environment considerably limits the spatial mul-
tiplexing gain of MIMO, which usually leads to 
only marginal rate improvement over single-an-
tenna systems. Besides, the high signal process-
ing complexity as well as the hardware and power 
consumption costs make it quite costly to employ 
multiple antennas in UAVs due to the SWAP 
limitations. Furthermore, MIMO systems rely on 
accurate channel state information (CSI) for best 
performance. However, this is practically difficult 
to achieve in a highly dynamic environment, and 
therefore further limits the practical MIMO gain 
in UAV systems.

Despite the above challenges, some recent 
results still show great potential for MIMO tech-
nology in UAV systems. In particular, in contrast 
to the common conception that spatial multiplex-
ing gain is fundamentally limited by the number 
of signal paths, it has been found that high spatial 
multiplexing gain may also be attainable even in 

LoS channels, by carefully designing the antenna 
separation with respect to carrier wavelength and 
link distance [14], although this usually requires 
large antenna separation, high carrier frequency, 
and short communication range. Alternatively, 
a more practical way to reap the multiplexing 
gain in poor scattering environment is to lever-
age multi-user MIMO, by simultaneously serving 
a number of sufficiently separated ground ter-
minals with angular separations exceeding the 
angular resolution of the antenna array installed 
on the UAVs. In this case, the signals for differ-
ent terminals are distinguishable by the UAV 
array, and thus restores the MIMO spatial multi-
plexing gain. Another way of utilizing MIMO in 
UAV systems is through mmWave communica-
tions, for which the MIMO array gain, instead of 
the spatial multiplexing gain, is more critical due 
to the large available bandwidth as well as the 
high signal attenuation. However, due to the high 
mobility of UAVs, it would be quite challenging 
to achieve transmitter/receiver beam alignment 
for directional mmWave communications, an 
issue that needs to be properly addressed before 
mmWave MIMO could be practically employed 
in UAV systems.

communIcAtIons WIth 
uAV controlled mobIlIty

The high mobility of UAVs offers unique 
opportunities for performance improvement in 
UAV-aided communications. In this section, we 
discuss two key techniques for wireless commu-
nications with UAV controlled mobility, which 
are UAV-enabled mobile relaying and device-
to-device (D2D)-enhanced UAV information 
dissemination.

uAV-enAbled mobIle relAyIng

Relaying is an extensively studied technique in 
terrestrial communication systems for through-
put/reliability improvement as well as range 
extension. Due to the practical constraints such 
as limited mobility and wired backhauls, most 
relays in terrestrial systems are deployed in fixed 
locations, which we refer to as static relaying. 
To further exploit UAV controlled mobility, we 
present in this subsection a UAV-enabled mobile 
relaying strategy, which works particularly well 
for delay-tolerant applications.

With mobile relaying, the UAV flies con-
tinuously between the source and destination 
aiming to reduce the link distances during 
both UAV information reception and relaying 
phases. For example, with half-duplex decode-
and-forward (DF) mobile relaying, each relay-
ing cycle consists of two phases each with 
duration δ s, where δ is determined by the max-
imum tolerable delay. As illustrated in Fig. 3a, 
the first phase corresponds to UAV information 
reception, where it keeps receiving and decod-
ing the information sent from the source and 
stores in its data buffer. Concurrently, starting 
from the initial position at the middle point 
between the source and destination, the UAV 
first flies toward the source at maximum possi-
ble speed v, and then flies back promptly so that 
it returns to the initial position at the end of the 
first phase (t = δ). Note that if v and/or δ is suf-

Figure 3. UAV-enabled mobile relaying and the corresponding path loss of 
the communication links: a) a schematic of the UAV-enabled mobile 
relaying; b) path loss with static vs. mobile relaying.
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ficiently large, the UAV will have time to hover 
above the source before returning so as to enjoy 
the best channel for data reception. In the sec-
ond phase starting from t = δ, the UAV sends 
the data in its buffer to the destination. This is 
accompanied by symmetric UAV movement, 
where it first flies toward the destination, hovers 
above the nearest location to the destination if 
time allows, and then returns to the initial posi-
tion at the end of the cycle (t = 2δ). It is evident 
that compared to static relaying with the fixed 
UAV location at the same initial position, the 
proposed mobile relaying strategy always enjoys 
a shorter link distance (or better average chan-
nel) in each of the two phases of information 
reception and relaying. This is illustrated in Fig. 
3b with δ = 20 s under different UAV velocity 
and a constant flying altitude H = 100 m. The 
carrier frequency is 5 GHz, and the source and 
destination are assumed to be separated by R = 
1 km. It is observed from Fig. 3b that with high-
er UAV speed, mobile relaying enjoys larger 
link gains (or less path loss) than static relaying. 
In particular, for sufficiently large UAV speed 
(e.g., v = 100 m/s), the UAV would be able to 
stay stationary above the source and destination 
each for about 10 s, during which the path loss 
remains at a constant value that is about 14 dB 
lower than that of the static relaying.

By employing adaptive rate transmission, 
the proposed mobile relaying strategy can 
achieve significant throughput improvement 
over conventional static relaying. This is illus-
trated in Fig. 4, where the end-to-end spec-
trum efficiency in bits per second per Hertz is 
plotted against the maximum tolerable delay 
δ for different UAV velocity. Both the source 
and the UAV are assumed to transmit with a 
constant power P, with P setting to a value so 
that the average received signal-to-noise ratio 
(SNR) at the UAV for the static relaying is 10 
dB. Note that the direct link between source 
and destination is assumed to be blocked and 
thus ignored. For simplicity, we assume that 
the Doppler effect due to the UAV’s mobility 
has been well compensated at the receivers. It 
is observed that for sufficiently high delay tol-
erance δ, the mobile relaying strategy achieves 
a throughput more than twice that by static 
relaying. Furthermore, for any fixed δ, larger 
throughput is achieved for higher UAV veloci-
ty, which is as expected.

Note that an alternative strategy of mobile 
relaying is known as data ferrying or load-car-
ry-and-delivery [5]. With this strategy, the UAV 
“loads” the data from the source as it reaches 
the nearest possible location from the source, 
flies toward the destination with the loaded data 
until it reaches the nearest possible location to 
the destination, and then delivers the data to the 
destination. As data ferrying has less communi-
cation time than the proposed mobile relaying, 
its achievable throughput is expected to be small-
er, especially for cases with low UAV speed and/
or stringent delay requirement. Furthermore, in 
the above discussions, a data buffer with suffi-
ciently large buffer size is assumed at the UAV. 
In general, there is a trade-off between onboard 
buffer size and achievable throughput in the 
mobile relaying design.

d2d-enhAnced uAV InformAtIon dIssemInAtIon

D2D communication is an effective technique for 
capacity improvement in terrestrial communica-
tion systems [15]. The main idea is to offload the 
BS by enabling direct communications between 
nearby mobile terminals. For UAV-aided com-
munication systems, D2D communication is 
expected to play an important role by providing 
additional benefits such as UAV energy saving 
and lower capacity requirement for UAV wire-
less backhaul. Many existing D2D techniques 
for terrestrial communication systems, such as 
those on interference mitigation and spectrum 
sharing, can be directly applied in UAV-aided 
communications, especially in the scenario to 
support ubiquitous cellular coverage as shown in 
Fig. 1a. On the other hand, new D2D communi-
cation techniques could be devised by exploiting 
the unique characteristics of UAV-aided com-
munications. In the following, we present one 
such technique, D2D-enhanced UAV information 
dissemination, which aims to achieve efficient 
information dissemination to a large number of 
ground nodes by exploiting both D2D communi-
cations and the UAV mobility.

As illustrated in Fig. 1c, we consider the sce-
nario where one UAV flies over a certain area 
to distribute a common file to a large number of 
ground nodes. One simple approach to achieve 
this is by letting the UAV repeatedly transmit 
the same file as it flies over different ground 
nodes until all of them successfully receive the 
file. It is not difficult to see that such a scheme 
requires substantial UAV retransmissions, and its 
performance is essentially limited by the ground 
terminals that experience the weakest channel 
conditions with the UAV. The D2D-enhanced 
information dissemination scheme can effectively 
solve this problem with a two-phase protocol, as 
illustrated in Fig. 5. In the first phase, the UAV 
broadcasts the appropriately coded file to the 
ground nodes as it flies over them. Since each 
node has only limited wireless connectivity with 

Figure 4. Spectrum efficiency vs. maximum tolerable delay with mobile vs. 
static relaying.
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the UAV, it is very likely that it can only success-
fully receive a fraction of the file, where differ-
ent portions of the file are received by different 
nodes. In the second phase, the ground nodes 
exchange their respectively received data via 
D2D communications, until all the nodes receive 
a sufficient number of packets to successfully 
decode the file. This scheme significantly reduces 
the number of UAV retransmissions, and as a 
result the total flying time of the UAV, which 
saves its energy and is particularly useful for 
small UAVs with limited onboard energy. Notice 
that if the ground nodes are distributed over a 
wide geographical area, efficient node cluster-
ing algorithms can be applied to improve the 
file sharing performance by enabling short-range 
D2D communications only within each cluster. 
The joint optimization of the UAV path plan-
ning, coding, node clustering, as well as D2D file 
sharing for this scenario is an important problem 
for future research.

conclusIons
In this article, we have provided an overview on 
UAV-aided wireless communications with the 
help of three use cases: UAV-aided ubiquitous 
coverage, UAV-aided relaying, and UAV-aided 
information dissemination. The basic network-
ing architecture and main channel character-
istics have been introduced. Furthermore, the 
key design considerations for UAV communica-
tions have also been discussed. Lastly, we have 
highlighted two key performance enhancing 
techniques by utilizing UAV controlled mobili-
ty, including UAV-enabled mobile relaying and 
D2D-enhanced UAV information dissemination. 
It is hoped that the challenges and opportunities 
described in this article will help pave the way for 
researchers to design and build UAV-enhanced 
wireless communication systems in the future.
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Figure 5. The two-phase protocol of D2D-enhanced UAV information dis-
semination.
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