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Abstract—We study the deployment of unmanned aerial ve-
hicles (UAV) based cognitive system in an area covered by
the primary network (PN). An UAV shares the spectrum of
the PN and aims to maximize its energy efficiency (EE) by
optimizing the transmit power. We focus on the case where the
UAV simultaneously communicates with the ground receiver (G),
under interference limitation, and with another relaying UAV
(A), with a minimal required rate. We analytically develop the
power allocation framework that maximizes the EE subject to
power budget, interference, and minimal rate constraints. In the
numerical results, we show that the minimal rate may cause
a transmission outage at low power budget values. We also
highlighted the existence of optimal altitudes given the UAV
location with respect to the different other terminals.

Index Terms—Cognitive radio systems, energy efficiency,
power allocation, unmanned aerial vehicles.

I. INTRODUCTION

Unmanned aerial vehicles (UAVs), or drones, have recently
attracted a wide interest for various public, commercial, and
industrial applications due to their versatility [1]. Their inte-
gration with wireless and mobile networks is expected to bring
very high spectral efficiency and offer innovative solutions to
solve many communication challenges, particularly for future
5G networks [2]. The rapid and dynamic deployment of
UAVs and their reliable line-of-sight (LoS) communication
links are the main advantages of UAV-based communications.
As a result, this technology is expected provide broa dBand
access to remote and inaccessible areas, e.g., areas affected by
natural disasters. Also, UAVs will help in facing unexpected
congestion situations by providing wireless access for limited
time periods such as sports events. Moreover, UAVs can
be used for the dispersion, relaying, and collection of data
to and from multiple other ground and flying devices, e.g.,
communicating with ground sensors and other UAVs.

However, UAV-based communication is also facing several
challenges that should be addressed to ensure their effective
application [3]. One of these challenges is the limited energy
availability [4]. In fact, the energy consumption of these
battery-powered flying units is usually split into an energy
consumed by the communication platform and the energy used
for the drone hardware and mobility. Hence, it is important to
efficiently manage the available energy for both components
in order to save it and hence, extend the UAV operation time

before draining its battery. For instance, multiple works in
the literature studied the optimal UAV placement that max-
imizes its performance [5]. Another challenge of deploying
UAVs is the spectrum scarcity. Traditionally, UAVs operate
at bands that are permanently exploited by other wireless
technologies such as the IEEE S-Band, IEEE L-Band and on
Industrial, Scientific and Medical (ISM) band [6]. These bands
are becoming more and more overcrowded which makes the
UAVs suffer from interference caused by the users and vice
versa. Hence, cognitive radio (CR) technology for UAV-based
communications has been proposed as a potential solution to
cope with spectrum congestion in UAV applications [7]–[9].

To address these two major problems in UAV-based commu-
nication, we propose to integrate an underlay CR solution with
an energy-efficient power allocation scheme in order to ensure
effective and long-time operations of UAVs. Given the non-
convexity of the EE function, this type of problem is solved
via numerical fractional programming algorithms, e.g., [10],
[11]. In this paper, we aim to provide explicit expressions of
the power solutions in order to decrease the complexity of the
power control procedure compared to the numerical methods
used in the literature. In this framework, particularly applied
for a transmitter drone communicating with ground devices
and other flying drones, we formulate an optimization problem
aiming at maximizing the energy efficiency of the UAV unit.
This is performed while respecting various constraints: (i) a
power budget constraint, (ii) a CR underlay constraint forcing
the drone to transmit its signal to ground receivers under
a certain interference temperature imposed by the license’s
owner (iii) a QoS constraint ensuring that the data rate
between the two flying UAVs to be greater than a certain
minimal required rate. An optimal power allocation scheme
achieving energy efficient operation of UAVs is developed
for unconstrained and multiple-constraints problems. Selected
numerical results show that the performance of the proposed
scheme versus several system parameters in order to highlight
the ability of the proposed approach in increasing the lifetime
of the UAV’s battery.

The rest of this paper is organized as follows. In Section II,
the system model is described. In Section III, the problem
formulation is presented. Section IV presents the optimal so-
lutions. Numerical results are presented in Section V. Finally,
the paper is concluded in Section VI.
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Fig. 1: A cognitive UAV communicating with a ground
receiver and a relaying UAV.

II. SYSTEM MODEL

We consider a UAV-based system where a drone (D), aims
to forward data to two receivers: one ground receiver (G) and
a relaying UAV (A), respectively, as shown in Fig. 1. This
scenario corresponds, for instance, to a cognitive radio UAV-
based communication scenario where a drone collects data
from a gateway or ground control center and disseminates
it to other ground devices (e.g., sensors) and other UAVs
(i.e., a backhaul link) that will themselves broadcast the data
to other devices. We assume that each drone, particularly
D, is equipped with two antennas with different frequencies.
The first antenna communicates with G whereas the second
communicates with A. Consequently, we assume that A and G
do not see interference from each other. However, the antenna
used for the ground communication causes interference to the
primary receivers. In fact, the drone D, as a secondary node,
opportunistically exploits and shares the primary spectrum for
the air to ground transmission. In the same time, a primary
transmitter (T) is communicating with the primary receiver (P).

We denote by hP , hG, hT , and hA the channel gains
representing the links between D and P, between D and G,
between T and G, and between D and A, respectively. All
channel gains are assumed to be independent and constant
during the transmission time and full channel state information
(CSI) is assumed to be available. The channel gain between
the node D and another node Q (Q ∈ {P, G, A}) including the
path loss and fast fading effects is expressed as hQ =

h̃Q√
PLQ

,

where h̃Q is the normalized channel vector and PLQ is
the path loss effect between D and Q that are separated
by a distance, denoted by dQ, which corresponds to the
Euclidean distance and is expressed as dQ = ||XD−XQ|| =(
(xD − xQ)

2 + (yD − yQ)
2 + (zD − zQ)

2
) 1

2 where XD and
XQ are the geographical coordinates of nodes D and Q,
respectively, and ||.|| is the 2-norm distance. The path loss
effect have two forms depending on the availability of the
line of sight (LoS) between the nodes. Hence, the free-space
path loss effect assuming strict LoS availability, denoted by
PLLoS

Q with Q ∈ {P,G,A}, is expressed in dB as follows:

PLLoS
Q = 10n log10

(
4πfdQ
C

)
+ LLoS[dB], (1)

where n is the path loss exponent, f is the carrier frequency,
where C is the speed of light, and where LLoS is the average

additional loss due to LoS link that depends on the environ-
ment. On the other hand, we denote by PLNLoS

Q the free space
path loss corresponding to the non LoS link which is expressed
in dB as follows:

PLNLoS
Q = 10n log10

(
4πfdQ
C

)
+ LNLoS [dB], (2)

where LNLoS is the average additional loss to the free-space
propagation loss for the NLoS link.

The fast-fading channel gain, denoted by h̃Q, corresponds
to a Rician fading channel composed of two components: LoS
and Rayleigh fading components and is expressed as follows:

h̃Q =

√
K

K + 1
h̃LoS +

√
1

K + 1
h̃NLoS, (3)

where K is the Rician factor, h̃LoS is a constant term and
corresponds to the LoS component, and h̃NLoS corresponds to
the NLoS fading component.

Accordingly, three types of channels are considered in this
framework depending on the nature of the transmitter and
receiver: the air to air (A2A) channel for hA, the air to ground
(A2G) channel for hP and hG, and the ground to ground
(G2G) channel for hT . In the sequel, we add the notations
(A2A), (A2G), and (G2G) as superscripts for the parameters
to distinguish between the channel types.

a) Air to Air Channel: This channel is characterized by
a strict availability of line of sight (LoS) between both UAVs.
Hence, the A2A path loss PLA = PLLoS

A . The NLoS fading
component is also neglected in the A2A link, i.e., K(A2A) is
set close to zero (i.e., K(A2A) → 0).

b) Air to Ground Channel: This case concerns the chan-
nels hP and hG where the LoS links between the flying
drone and ground nodes are assumed to be available with a
certain probability denoted by pLoS

Q with Q ∈ {P, G}. The
average A2G free space path loss, denoted by PLQ, is given
as [5]: PLQ = pLoS

Q PLLoS
Q + (1− pLoS

Q )PLNLoS
Q , Q ∈ {P,G},

with pLoS
Q = 1

1+ϕ exp(−ϕ[θ−ψ]) ,where θ is the elevation angle
between the nodes D and Q in (degree) which depends on the
distance dQ and ϕ and ψ are constant values that depend on
the environment. The fading channel, h̃Q where Q ∈ {P,G},
is also modeled as a Rician fading channel as (3) with a Rician
factor selected such that KA2G

KA2G+1
= pLoS

Q .
c) Ground to Ground Channel: This case corresponds

to the channel hT characterized by the strict absence of LoS
link between the ground nodes. In this case, the G2G path loss
PLT = PLLoS

T and the LoS component in (3) is neglected, i.e.,
K(G2G) is set to ∞ (i.e., K(G2G) → +∞). We denote by PG
and PA the transmit power levels of the UAV (D) dedicated
to its transmissions over the A2G and A2A links, respectively.
We also denote by PC the circuit power corresponding to both
RF chains which is independent of the radiated power [12].

III. PROBLEM FORMULATION AND UNCONSTRAINED
OPTIMIZATION

The objective of this study is to determine the power
allocation scheme that maximizes the UAV’s EE. The scheme
involves transmit power levels of the A2G and the A2A links.
The power allocation is limited by a power budget constraint
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reflecting the battery life of the UAV and by an interference
constraint imposed by the primary user on the secondary UAV.
A QoS constraint is imposed to the A2A link to ensure a
seamless data transfer in the backhaul of the UAV network.

A. UAV EE Expression and Constraints

We consider the global EE of the secondary system [10],
[13], [14], defined as the ratio of the spectral efficiency (SE)
over the total consumed power defined as follows:

EE =
wG log2

(
1 + PG|hG|2

wGσ2+Pp|hT |2

)
+ wA log2

(
1 + PA|hA|2

wAσ2

)
PC + PG + PA

,

(4)
where wG and wA are the bandwidths used for the A2G and
A2A communications, respectively, σ2 is the noise power, and
PP the primary transmitted power. We denote by Ptot the
available power budget for all the transmissions. Hence, the
power budget constraint is given by:

PG + PA ≤ Ptot. (5)

From another side, the A2G link needs to preserve the QoS
of P by respecting the tolerated interference denoted by Ith.
Hence, the A2G power is constrained as follows:

PG |hP |2 ≤ Ith. (6)

For the A2A link, the QoS is required to be above a certain
level in order to ensure a reliable back haul transmission.
Consequently, the rate of the A2A link needs to be higher
than a certain rate denoted by RA. The corresponding QoS
constraint is given as follows:

wA log2

(
1 +

PA|hA|2

wAσ2

)
≥ RA. (7)

B. Unconstrained EE Maximization

Maximizing the unconstrained EE is a preliminary step in
finding the power solutions of the constrained problem. We
denote by P ∗

G and P ∗
A the power solutions. We first start by

finding P ∗
G then P ∗

A.
Note that the EE is a continuous, positive and differen-

tiable function with respect to PG. In addition, we have
limPG→0EE = limPG→∞EE = 0. Since the EE is not
multimodal with respect to PG then, it has a global and unique
maxima [15] with respect to PG. This maxima is obtained
by finding the root of the first-order derivative of EE. For
simplicity, we set γG = |hG|2

wGσ2+Pp|hT |2 and γA = |hA|2
wAσ2 . The

first-order derivative of EE with respect to PG is given by:

∂EE

∂PG
=

wGγG
log(2)(1 + PGγG)(PC + PG + PA)

(8)

− wG log (1 + PGγG) + wA log (1 + PAγA)

log(2) (PC + PG + PA)
2 .

We take wG = wA. Hence, P ∗
G, needs to satisfy the following

equation:

γG
1 + P ∗

GγG
=

log (1 + P ∗
GγG) + log (1 + P ∗

AγA)

PC + P ∗
G + P ∗

A

. (9)

In order to find PG, we use the lemma in [14] to solve (9)
and we obtain:

P ∗
G =

[
1

γG

(
exp

(
1− SRG +W

(
γGSPG − 1

e1−SRG

))
− 1

)]+
,

(10)
where W (·) is the main branch of the W-Lambert function
defined over [− 1

e ,∞] [16] and [·]+ = min{·, 0} and SRG
and SPG are defined by:

SRG = log (1 + P ∗
AγA) and SPG = PC + P ∗

A. (11)

Since we found a unique root of the first-order derivative
of EE with respect to PG, a similar result is obtained for
P ∗
A and these roots correspond necessarily to the maxima

of the EE. However, we notice that the power levels P ∗
G’s

are interdependent since SRG and SPG include the PA. We
proceed by finding additional equations relating the power
levels to avoid the interdependence. By applying equation (9)
for PG and PA, we obtain the following equalities:

γG
1 + γGP ∗

G

=
γA

1 + γAP ∗
A

=
log(1 + γGP

∗
G) + log(1 + γAP

∗
A)

PC + P ∗
G + P ∗

A

.

(12)

Hence, we have,

P ∗
A = P ∗

G +
1

γG
− 1

γA
, (13)

⇒ log(1 + γAP
∗
A) = log(1 + γGP

∗
G) + log(

γA
γG

). (14)

Consequently, by adopting these expressions of the optimal-
ity condition in (9), we obtain:

SRG =
1

2
log(

γA
γG

) and SPG =
1

2
(PC +

1

γG
− 1

γA
). (15)

Hence, by denoting

EγG= exp

(
1− 1

2
log(

γA
γG

) +W

(
γG(

1
2
(PC + 1

γG
− 1

γA
))− 1

e
1− 1

2
log(

γA
γG

)

))
− 1,

we obtain

P ∗
G = PEEG =

1

γG
[EγG ]

+, (16)

P ∗
A = PEEA = [P ∗

G +
1

γG
− 1

γA
]+. (17)

where PEEG , PEEA are the explicit expressions of the energy
efficient power allocation (EEPA). Also from (9), we have
EE = wGγG

log(2)(1+P∗
GγG) . Hence, the optimal EE is given by

EE∗ =
wGγG

log(2)(1 + [EγG ]
+)
. (18)

IV. EE MAXIMIZATION WITH ACTIVE CONSTRAINTS

Determining the expressions of the optimal power solutions
of the unconstrained case present a preliminary step to solve
the constrained problem. For simplification, we present the
constraints (6) and (7) as follows:

PG ≤ P̃G where P̃G =
Ith
|hP |2

, (19)
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PA ≥ P̃A where P̃A =
2

RA
wA − 1

γA
. (20)

Hence, the constrained problem is given by:

max
PG,PA≥0

EE, (21)

subject to (5), (19), (20). (22)

Note that PEEG and PEEA are the optimal solutions if they
satisfy the constraints (5), (19), and (20). However, since
P̃G and P̃A depend on the random channels hP and hA,
respectively, respecting the constraints is not always ensured.
Consequently, a comparison between PEEG and P̃G, PEEA and
P̃A should be performed. For instance, if PEEG ≥ P̃G then,
the power to be allocated is min{P̃G, Ptot}. More generally, if
there is only a transmission to G, the solution of the problem is

P ∗
G = min{PEEG , P̃G, Ptot} and P ∗

A = 0. (23)

However, with the power budget constraint, the corresponding
cases are multiple depending of the value of Ptot. Conse-
quently, we use a graphical representation in Fig. 2 to illustrate
power regions and find the corresponding solutions.

A. Case Ptot ≥ P̃A

In this case, the solutions depend on the value of Ptot with
respect to P̃tot = P̃G + P̃A as shown in Fig. 2.

Feasible power regions

(a) (b)

Fig. 2: Regions of feasible power solutions when Ptot ≥ P̃A.

1) Ptot ≥ P̃tot: In this case, the feasible region of the
power has the shape of a right trapezoid shown in Fig. 2.a.
We define P̂A = Ptot−P̃G and the solution is given depending
on the following two subcases:

a) Case PEEA ≥ P̂A:
• if PEEG + PEEA ≤ Ptot then the EEPA is feasible, i.e.,

P ∗
G = PEEG and P ∗

A = PEEA . (24)

• if PEEG +PEEG ≥ Ptot, then the power budget constraint
is always active, i.e., P ∗

G+P
∗
A = Ptot. Hence, the denom-

inator of the EE is constant, i.e., EE = SE
(PC+Ptot)

and
the corresponding solution is the one that maximizes the
SE, i.e., the water-filling power allocation (WPA) [17].
Hence, the solution is given by

P ∗
G = min

{
P̃G,

[
1

log(2)λ
− 1

γG

]+}
, (25)

P ∗
A = max

{
P̂A,

[
1

log(2)λ
− 1

γA

]+}
, (26)

where λ is the Lagrange multiplier associated to Ptot
computed from (25) such that P ∗

G + P ∗
A = Ptot.

b) Case PEEA ≤ P̂A: In this region, the feasible region is
the rectangular part of the trapezoid and the correspond-
ing solution is given by:

P ∗
G = min{PEEG , P̃G} and P ∗

A = max{PEEA , P̃A}.
(27)

2) Ptot ≤ P̃tot: In this case, the feasible region of
the power has the shape of a right triangle. We define
P̂G = Ptot − P̃A and the solution follow two subcases:

a) Case PEEA ≤ P̃A:

P ∗
G = min{PEEG , P̂G} and P ∗

A = P̃A. (28)

b) Case PEEA ≥ P̃A:
• if PEEG +PEEA ≤ Ptot, the solution is the EEPA as in (24).
• if PEEG +PEEG ≥ Ptot, the solution is the WPA as in (25).

B. Case Ptot ≤ P̃A

In this case, the problem does not have any solution since
the minimal rate cannot be achieved with the available power
budget. Hence, there is no transmission, i.e., P ∗

G = P ∗
A = 0.

Alternatively, the UAV may restrict its communication to the
ground and transmit with the powers in (23).

V. NUMERICAL RESULTS

In our simulations, we consider that the primary receiver
P , the primary transmitter T , the secondary ground receiver
G, and the relaying UAV A are located at the following
coordinates in meters: XP = (0, 0, 1.5), XT = (50, 0, 0),
XG = (500, 0, 0), XU = (1000, 1400, 100), respectively.

In figures 3, 4 and 5, the coordinates of the transmitting
UAV D are XD = (500, 50, 100). The simulation parameters
are given in Table I.

TABLE I: Simulation parameters

Parameter Value Parameter Value
LoS addi. path loss, LLoS (dB) 1 Path loss exponent, n 2
NLoS addi. path loss, LNLoS (dB) 20 LoS prob. parameter, ν1 9.6
UAV bandwidths, wG, wA (kHz) 200 LoS prob. parameter, ν2 0.29
Primary Trans. Power, PP (mW) 100 Noise power, σ2 (dBm/Hz) -174

In Fig. 3, we plot the EE as function of Ptot for different
values of PC . We show that the EE increases with Ptot and
reaches saturation at Ptot higher than −10,−8 and −5 dB for
PC equal to 500 mW, 1000 mW and 1500 mW, respectively.
Hence, when maximizing the EE the power budget need to
be higher than these values to reach the maximum efficiency.
In addition, the EE decreases by 45% and by 30% when PC
increases from 500 mW to 1000 mW and from 1000 mW to
1500 mW, respectively. Hence, the RF chain is recommended
circuit power even if it requires relatively high Ptot, since the
EE is almost constant with Ptot in high power regime.

In Fig. 4, we plot the EE with different values of RA. We
notice that at some low regions of Ptot, the system is in outage.
The reason is that the available power budget is not sufficient
to transmit with a rate above RA. Also, the outage region
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increases with RA. For instance, for RA = 1.5 Mbps and
2 Mbps, Ptot must be above −26 dB and −17 dB, respectively.

In Fig. 5, we plot the EE as function of D for different loca-
tions. The locations are chosen to illustrate the neighborhood
of the different terminals. We chose a distance of 50m to reflect
the neighborhood of the terminal X , X ∈ {A,G, T, P}, i.e.,
dX = 50m. We show that when the UAV is close to G, there
is an optimal altitude, around 65m at which the transmission
is the most energy efficient, i.e., more data rate with less
power. This observation can be explained by the fact that the
channel conditions at low altitude are affected by the absence
of direct LoS and hence it increases as the UAV goes higher.
Then after the EE peak, the effect of the pathloss affects the
performance as the distance between the terminals increases
as the UAV flies higher. When the UAV is close to A, located
at an altitude of 100m, the EE reaches a maximum value at
100m. This result is expected since the channel is only dictated
by the LoS. Finally, when the UAV is close to T or P , the
EE slightly increase with the altitude since hp realizations are
smaller causing more relaxed interference constraint.

VI. CONCLUSION

In this paper, we studied the energy efficiency of a cognitive
radio UAV in the presence of primary transmitter and receiver.
The UAV performs simultaneous transmission to the ground
receiver and to a relaying UAV. We presented an analytical
expression of the power that maximizes the EE with no
constraints. We then characterized the power control in each
power region depending on the channels realizations and the
UAV parameters. In the numerical results, we showed that
the EE saturates at high power budget values and is highly
affected by the circuit power and that the value of the minimal
rate may cause transmission outage due to power budget
shortage. Finally, we showed that the EE is maximized by
being at certain optimal altitude in the neighborhood of another
relaying UAV or the ground receiver.
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