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ABSTRACT We study the achievable rate of an uplink MIMO cognitive radio system where the primary
user (PU) and the secondary user (SU) aim to communicate to the closest primary base station (BS) via
a multi-access channel through the same unmanned aerial vehicle (UAV) relay. The SU message is then
forwarded from the primary BS to the secondary network with a certain incentive reward as a part of the
cooperation protocol between both the networks. A special linear precoding scheme is proposed to enable
the SU to exploit the PU free eigenmodes. We analyze two scenarios in which the UAV relay gain matrix
is either fixed or optimized. We derive the optimal power allocation that maximizes the achievable rate of
the SU respecting power budget, interference, and relay power constraints. Numerical results highlight the
cognitive rate gain of our proposed scheme with respect to various problem parameters. We also highlight
the effect of UAV altitude on the SU and PU rates. Finally, when the relay matrix is optimized, we show that
the PU rate is remarkably enhanced and that the SU rate is only improved at high-power regime.

INDEX TERMS MIMO space alignment, relay matrix optimization, UAV-based communication, underlay
cognitive radio.

I. INTRODUCTION
Given the increasing demand inwireless communications and
the emergence of the concept of Internet of Things (IoT),
the upcoming fifth generation of wireless networks (5G) is
expected to radically exceed the performances of the current
deployed forth generation (4G). It is expected that the data
rate will be 1000 times the 4G data rate [2]. In addition,
the latency is expected to be reduced from 15ms, in the 4G,
to 1 ms in the 5G [2]. Also, the energy consumption
of 5G networks will be reduced by up to 90% compared to
the 4G [3].

In order to reach these performances, multiple key enabling
technologies are proposed, e.g., networks densification,
advanced multiple-Input multiple-output (MIMO) commu-
nication, spectrum sharing using cognitive radio (CR) tech-
niques, the use of the unmanned aerial vehicles (UAVs),
etc. The UAVs were proposed to operate as a part of the
wireless networks to achieve some of the 5G requirements.
With their reduced size, the UAVs can be used as potential
relays in the 5G networks [4]. As the 5G applications are
extended beyond classical cellular networks, the UAVs are
a key component that will enable the next generation of

the wireless networks with various new applications such
as products delivery, police patrolling, infrastructure inspec-
tions, agriculture monitoring; to name a few [5], [6].

A common use of the UAV is relaying the wireless commu-
nications. In the literature, early studies on cooperative relays
were presented in [7] and [8]. The relaying concept consists in
deploying additional nodes in the network that are responsible
in retransmitting the received signal to the destination to
enhance reliability and reduce the communication cost in
terms of power [9], [10]. Relaying is very efficient in cell
edge cases in which the source transmission requires high
power that may lead to high interference thus, detrimentally
affecting the cell throughput. In many cases, relays need to be
implemented rapidly and temporarily, for instance, in natural
disasters or crowded events [11], [12].

Adopting UAV-based relays is considered an efficient and
fast way to deploy or extend wireless networks. Conse-
quently, cooperative UAV relays represent an efficient solu-
tion in such scenarios since their implementation is rapid
and inexpensive compared to the installation of ground
relays or new base stations. Moreover, using UAVs offers a
high level of coverage dynamicity which provides a better
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quality of service (QoS). In addition, one of the main advan-
tages of using UAV compared to classical ground relays is the
possibility of having a direct line of sight (LoS) with the other
ground terminals. This fact offers better channel gain, lower
power consumption, and longer battery life. The concept
of using UAVs for wireless communications is currently a
proven technology and has been tested and deployed in real
case scenarios using LTE [13]. In [14], UAV-based commu-
nications were proposed as a potential solution to cope with
spectrum congestion. Recent works [15]–[17] in the literature
have been studying optimized ways to implement UAVs.

Currently, deploying UAV-assisted wireless networks faces
multiple challenges such as maintaining efficient communi-
cation, reducing delays and, designing robust routing proto-
cols [18]. However, the corresponding advantages are also
multiple: extending coverage, enhancing reliability, and easy
deployment especially in emergency situations [19]. Conse-
quently, studying the corresponding performance in terms
of spectral efficiency is important in order to evaluate their
impacts once adopted as a part of wireless networks. In the
literature, multiple works studied the placement of the UAVs
that offers themaximum performance [16], [20]. The relaying
can be employed using multiple techniques: i) the amplify-
and-forward (AF), [21], in which the relay amplifies the
received signal before broadcasting it to the destination,
ii) decode-and-forward (DF), [22], where the relay decodes
the message and then re-encodes it before retransmission,
and iii) compress-and-forward (CF), [23], in which the relay
compresses the received signal and forwards its estimate.

In the AF mode which is adopted in this paper, the relay,
in addition to its power budget, is characterized by its
amplification gain. This gain is either fixed in the case of
partially-cooperative relaying or optimized in the case of
fully-cooperative relaying. The partially-cooperative relaying
represents a scenario where the amplification gain is fixed
due to, for instance, the unavailability of the channel state
information (CSI) or computational ‘‘intelligence’’ at the
relay node. On the other hand, the fully-cooperation relaying
represents a situation where the gain at the ‘‘intelligent’’ relay
is adaptive with the CSI to enhance the achievable rate.

From another side, MIMO communications were proposed
in order to increase the throughput/reliability by exploit-
ing the spatial multiplexing/diversity [24], [25]. The fact
of spreading the power over multiple antennas remarkably
enhances the spectral efficiency even with only two anten-
nas [26]. Multiple previous works studied relay-assisted
MIMO systems [10], [27]. In the fully-cooperative MIMO
relaying, the relay matrix amplification gain, or simply the
relay matrix, needs to be optimized in order to achieve higher
performances than the case of a fixed relay matrix [28]–[31].

In addition to relaying, the concept of cognitive radio (CR)
is presented to enhance wireless communications as a solu-
tion to overcome the inefficient spectrum allocation [32].
In this concept, cognitive/secondary users (SU) share the
spectrum of licensed/primary users (PU) without affecting
the primary communication [33]–[35]. In the CR framework,

the problem becomes more complex due to the additional
constraints imposed by the license owners. Several stud-
ies have been proposed to devise practical solutions in
the CR context. Perlaza et al. [36], Kang et al. [37], and
Sboui et al. [38] and [39] have studied the MIMO CR power
allocation problem. The relay-assisted CR systems were ana-
lyzed in [40]–[44]. Zhao et al. [40] studied a classical relay-
assisted interweave CR system and established a trade-off
between the rate and the successful communication proba-
bility. Li et al. [41] proposed a relay selection approach in
cooperative CR systems. In [43] and [44], the power alloca-
tion for a relay and multi-relays CRMIMOwas presented but
with fixed gain, respectively.

The multi-access CR with a common receiver for the PU
and SU was studied in [45]–[49]. This setting describes a
primary base station that receives opportunistic SU transmis-
sions which can be adopted by cellular operators to meet
the need for two categories of users: (i) licensed users that
benefit from reliable QoS, (ii) unlicensed users that share the
spectrum to reach the closest BS and pay a certain cost for this
service. Another implementation of spectrum sharing with
a common receiver is the recent unlicensed long term evo-
lution (LTE-U) where users can share unlicensed spectrum
through a common access point or base station [50].

By combining the aforementioned key enabling technolo-
gies with the innovative UAVs, complex and important chal-
lenges have to be addressed. In this paper, we investigate the
multi-access CR system using MIMO antennas for primary
and secondary users supported by a UAV relay. The objective
is to examine the maximum achievable rate of the cognitive
user as well as the effect of the relay parameters on both pri-
mary and cognitive rates in the partially and fully-cooperative
modes of the UAV relay.We propose an algorithm optimizing
the relay amplification matrix in order to maximize both
PU and SU rates. This framework is mainly motivated by
cooperative communications between primary and cognitive
networks. We focus on the case where both PU and SU are
far from any base station and a UAV relay is employed to
allow both users to communicate to the closest primary BS
and then routing the information using the UAV as described
in [51].

The received secondary message at the BS is then trans-
ferred to the secondary network via the backhaul connec-
tion between the both core networks given a certain cost
as part of the cooperation between both networks. Hence,
the corresponding secondary achievable rate and the impact
of this cooperation on the PU need to be analyzed. The
SU aims to maximize its rate, by allocating its power opti-
mally among its antennas depending on the communication
environment while considering the primary communication
activity. On the other hand, PU optimizes its transmission
without considering the existence of SUs. Such scenarios
can be applied in different practical situations. For instance,
in the context of public safety communication, where both
PU and SU are located in a remote or damaged infrastructure
area, a UAV comes to support the PU transmission but also
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FIGURE 1. An uplink spectrum sharing communication in presence of a UAV relay.

allow the transfer of the secondary data whenever the primary
communication QoS allows. Another scenario is the case
where two users having different priority levels are aiming
to exploit the limited power budget of the UAV relay to
complete their transmission. Hence, the highest priority user,
namely PU, will have the advantage to exploit the UAV
resources first while the lowest priority user, SU, will try to
exploit the remaining resources without harming the primary
transmission.

In our setting, after a particular precoding at the PU trans-
mitter based on a singular value decomposition (SVD), some
free eigenmodes, i.e., parallel channels, are unused and thus
can be freely exploited by the SU. In addition, the SU is
allowed transmit through the PU used eigenmodes while
respecting an interference threshold tolerated by the PU. That
is, SU implements a space alignment approach and its signal
is sent on both the free and the non-free eigenmodes [43].
The resulting signal is amplified and retransmitted to the
destination where the primary signal is decoded first as it
is expected to be the strongest one since the SU signal is
always limited by the interference threshold imposed by
the PU. Afterward, we adopt a successive interference can-
cellation (SIC) decoder [52] in order to decode the PU and the
SU signals. In our analysis, we study the accuracy of the SIC
decoder on the cognitive power allocation.We also present an
alternate search algorithm that determines the optimal trans-
mit power and relay matrix in the case of fully-cooperative
relaying [53]. The main contributions of this work are as
follows:
• Derive closed-form expressions of the optimal PU and
SU transmit power levels for space alignment relay-
assisted scenario;

• Analyze the accuracy of the SIC by presenting the opti-
mal CR transmit power in the extreme cases: perfect and
imperfect SIC;

• Determine the optimal transmit power level and relay
matrix amplification gain using a alternate search algo-
rithm in the fully-cooperative relaying case.

• Investigate the performance of the UAV relay and iden-
tify its advantages compared to the traditional ground
relay.

The rest of this paper is organized as follows. In Section II,
the system model is presented. Section III describes the
proposed power allocation scheme when the relay matrix is
fixed. In Section IV, the proposed algorithm that determines
the optimal transmit power and relay matrix in the case of
the fully-cooperative relay is presented. Numerical results
are presented in Section V. Finally, the paper is concluded
in Section VI.

II. SYSTEM MODEL
We consider an uplink multi-access communication scenario
as depicted in Fig.1, where PU and SU are interested in
transmitting their signals simultaneously to the closest pri-
mary BS called primary destination and denoted by D. The
secondary message is first transferred to the primary core
network and then to the secondary core network using a coop-
erative connection between the primary and secondary core
networks. This type of cooperative connection is expected to
be performed thanks to the emergence of network function
visualization (NFV) and software-defined networks (SDN)
concepts [54]. This service is part of cooperation between
both networks were the SUs pay a roaming fee for being
served by the primary network. This scenario is very relevant
to public safety communication especially when the infras-
tructure of the secondary network is damaged.

We assume that the users are out of the range of Dmeaning
that there is no direct link between the transmitters and the
common receiver. A UAV relay, denoted by R, is imple-
mented by the primary network to ensure the communication
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between the terminals by amplifying the received signal and
forwarding it to the destination D. The PU, as a licensed node,
freely exploits the channel while the SU, as an unlicensed
node, is allowed to share the spectrum opportunistically and
to access the channel under some constraints that maintain
a certain QoS of the primary communication. Note that by
having a lower priority with respect to the PU, the SU is
opting for a ‘‘best effort’’ communication which means that
the SU does not have constraints related to the minimal
rate or the service outage.

A. CHANNEL MODEL
Each node is equipped with N antennas, and the channel gain
matrices representing the links between the PU andR (PU-R),
between SU and R (SU-R), and between R and D (R-D) are
denoted byHpr,Hsr, andHrd , respectively. In the case where
the number of antennas at the receivers, denoted by Nr , and
the transmitters, denoted by Nt , is different, we take N =
min{Nr ,Nt } [55]. Since the UAV relay is located at a rela-
tively high altitude, all channel gains with the other nodes Q
(Q ∈ {PU,SU,D}) correspond to air-to-ground (A2G) chan-
nels including the path loss and fast fading effects [4]. They
are expressed as follows:

H =
H̃
√
PL
, (1)

where H̃ is the normalized channel gain and PL is the path
loss effect between R and Q that are separated by a dis-
tance, denoted by dQ, which corresponds to the Euclidean
distance and is expressed as dQ = ||XR − XQ|| =(
(xR − x)2 + (yR − y)2 + (zR − z)2

) 1
2 where XR and XQ are

the geographical coordinates of nodes R and Q, respectively,
and ||.|| is the 2-norm distance.
In the A2G channel, the LoS links between the flying UAV

and the ground nodes are assumed to be available with a
certain probability denoted by pLoS. The average A2G free
space path loss, PL, is given as follows [16]:

PL = pLoSPLLoS + (1− pLoS)PLNLoS, (2)

with

pLoS =
1

1+ ψ1 exp(−ψ2[θ − φ])
, (3)

where θ is the elevation angle between nodes R and Q in
degree which depends on the distance d between R and Q,
and ψ1 and ψ2 are constant values that depend on the envi-
ronment. In (2), PLLoS and PLNLoS denote the LoS and NLoS
free space path losses and are given in dB as:

PLLoS = 10ν log10

(
4π fd
C

)
+ LLoS, (4)

PLNLoS = 10ν log10

(
4π fd
C

)
+ LNLoS, (5)

where ν is the path loss exponent, f is the carrier frequency,
C is the speed of light, and LLoS and LNLoS are the aver-
age additional losses to the free-space propagation losses

for the LoS and NLoS links. Their values depend on the
environment.

The fast-fading channel gain, H̃ is modeled as a Rician
fading channel composed of two components: a LoS compo-
nent assumed to be constant and deterministic and a Rayleigh
fading component representing the multipath reflection and is
expressed as follows [11]:

H̃ =

√
K

K + 1
eiφH̃

LoS
+

√
1

K + 1
H̃

NLoS
, (6)

where K is the Rician factor, φ is the phase shift of the signal
between the transmitting and receiving antennas, H̃

LoS
is a

constant term and corresponds to the LoS component, and
H̃

NLoS
corresponds to the NLoS fading component. The

Rician factor K is selected such that pLoS = K
K+1 .

B. SIGNAL MODEL
The transmission between the transmitters and the common
receiver takes place during two time slots. In the first time
slot, the PU and the SU terminals transmit simultaneously
their signals to the relay where the complex received vector
is given by:

yR = Hpr8psp +Hsr8sss + zR, (7)

where Hpr and Hsr are assumed to be independent, 8p
and 8s are the linear precoding matrices applied at the PU
and SU, and sp and ss are independent and identically dis-
tributed (i.i.d.) complex Gaussian signals transmitted by PU
and SU, respectively. For i ∈ {p, s}, we consider Pi =
IE[sisih] to be the covariance matrix of the vector si, where
IE[·] is the expectation over all channel realizations and .h

designates the transpose conjugate operator. This covariance
matrix is subject to a power constraint Tr (8iPi8i

h) ≤ Ptot
where Tr (A) =

∑
j A(j, j) is the trace of thematrixA, andPtot

is the total power budget considered, without loss of general-
ity, to be the same for both users. Finally, zR indicates a zero
mean additive white Gaussian noise (AWGN) vector at the
relay with a covariance matrix, N0IN where IN is the identity
matrix with size N and N0 is the noise variance expressed
as N0 = kBTB where kB is the Boltzmann’s constant, T is
the temperature in Kelvin, and B is the total bandwidth.
During the second time slot, the relay amplifies the signal yR
through an amplification gain matrix denoted by W . Then,
it retransmits the signal to the common destination D. The
received signal yD at the receiver D, is expressed as follows

yD = Hpd8psp +Hsd8sss + z, (8)

where Hpd = HrdWHpr, Hsd = HrdWHsr and
z = HrdWzR + zD, where zD is an AWGN vector at the
destination D with a covariance matrix, N0IN . Note that the
covariance matrix of the equivalent noise z, Qz, is written as
follows:

Qz = N0

(
IN +HrdWWhHrd

h
)
. (9)

Our the objective is to characterize the upper limits of
the UAV-relayed CR performances. This upper limits of the
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performance cannot be obtained unless the CSI is perfect
as we assumed. Hence, we assume that full channel state
information (CSI) is available at the receiver and at the trans-
mitters (i.e., PU-R, SU-R and R-D channel gains). We also
assume that the destination provides a feedback about the CSI
to the transmitters through the relay as part of the cooper-
ation between both networks. In other words, the feedback
about the CSI of the destination-UAV is performed first.
Then, the CSI of the UAV-PU and UAV-SU links is per-
formed. Afterwards, the UAV provides the transmitters with
the resulting CSI’s of the destination-PU and destination-SU
links respectively.

Since the receiver at the destination is common to both
transmitters, PU and SU signals are subject to mutual inter-
ference that may cause a significant deterioration to both
primary and secondary performances. Therefore, in order
to protect the licensed PU, we adopt an interference con-
straint [35] imposed by the PU to force the SU transmis-
sion to be below a certain interference threshold per receive
antenna denoted by Ith. In fact, the interference threshold is
a parameter that the primary network provides to the poten-
tial secondary users to share the spectrum, eventually for
a certain financial reward paid by the secondary network.
For this reason, communicating this parameter is per-
formed either from the primary transmitter using broadcast-
ing or from theUAV relay that belongs to the primary network
and is aware of the interference threshold. In our case, this
is more realistic since both users have common relay and
receiver [56, Ch. 2].

III. SPACE ALIGNMENT PRECODING WITH
FIXED RELAY MATRIX
This section introduces the proposed linear precoding and
decoding matrices used, when the UAV relay has a fixed
matrix gain, to maximize the SU rate while respecting the
PU’s QoS. The proposed scheme is also employed to exploit
the space alignment technique, presented in [57], allowing the
SU to transmit through the unused primary eigenmodes. Note
that both users aim to maximize their achievable rates, and it
is more convenient to maximize the sum-rate subject to the
PU and SU constraints.

By having a perfect CSI of the PU-R and R-D links at the
PU transmitter in addition to the knowledge of the fixed relay
amplification matrix gain W , the PU can optimally allocate
the transmit power in order to maximize its achievable rate.
Note that the knowledge ofW at the transmitters is provided
by the relay along with the CSI. By applying the SVD toHpd ,
the PU transmits through parallel channels characterized by
their associated eigenmodes. Note that the SVD transforma-
tion does not entail any capacity loss since the precoding
at the transmitter and the decoding at the receiver are both
invertible as shown in [24]. The SVD of the matrix is denoted
by Hpd = U3Vh where U and V are two unitary matrices
and 3 is a diagonal matrix that contains the ordered singular
values of Hpd denoted by λ1 ≥ λ2 ≥ · · · ≥ λN .

A. PRIMARY USER ACHIEVABLE RATE
To transform the MIMO PU relay channel to N parallel chan-
nels, we employ the linear precoding 8p at the PU node and
the decoding 9 at the destination, respectively, as follows:

8p = V and 9 = U . (10)

Thus, the output received signal after decoding becomes:

r = 9hyD = 3sp + UhHsd8sss + z̃, (11)

where z̃ = Uhz remains a zero mean AWGN with a covari-
ance matrix Qz̃ given as follows:

Qz̃ = N0

(
IN + UhHrdWWhHrd

hU
)
. (12)

In order to maximize its rate, the PU forces the interference
caused by the vector s = UhHsd8sss to not exceed a fixed Ith
per receive antenna, i.e., the covariance matrix of s denoted
byQs satisfies the condition:Qs(j, j) ≤ Ith for the jth antenna,
j = 1, . . . ,N . Therefore, the PU considers this eventual inter-
ference as a noise when maximizing its achievable rate Rp.
This rate is considered to be the worst case scenario or a
lower bound of the PU rate as the interference threshold, Ith,
may not be reached by the SU. Hence, the optimal PU power
and the rate lower bound are derived by solving the following
optimization problem:

maximize
Pp

Rp = B
N∑
j=1

log2

(
1+

Pp(j, j)λ2j
Ith + Qz̃(j, j)

)
(13)

s.t. Tr (Pp) ≤ Ptot , (14)

Tr
(
HpPpHp

h
+ N0WWh

)
≤ PR, (15)

where Hp = WHpr8p. The constraint (15) indicates that
the amplified signal power at the relay has to respect the
total relay’s power budget PR. This optimization problem is
convex with respect to Pp(j, j)’s as the objective function (13)
is concave and the constraints are linear [58]. Hence, we apply
the Lagrangian method to solve this problem. We first com-
pute the Lagrangian function and then find its derivative with
respect to each Pp(j, j). The optimal power is given by:

P∗p(j, j) =

[
B

µp + ηp
∑N

i=1 |Hp(j, i)|2
−
Ith + Qz̃(j, j)

λj
2

]+
,

∀j = 1, . . . ,N , (16)

where [.]+ = max(0, .), µp and ηp are the Lagrange multipli-
ers corresponding to the primary total power constraint and
the relay total power constraint expressed in (14) and (15),
respectively. From (16), when the channel gain is poor,
i.e., λj’s have small values, we note that the number of the
used eigenmodes by PU can be less than the total number
of antennas N . This case occurs when the optimal power
allocated to the jth antenna is zero (i.e., P∗p(j, j) = 0). Con-
sequently, the SU can freely exploit the unused eigenmodes.
We denote by n (0 ≤ n < N ) the number of unused
eigenmodes.
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Note that the SU is aware of the value of n by computing
the primary optimal power allocation which is possible since
the primary CSI is provided by the relay. Then, we distinguish
two sets of eigenmodes:N−n eigenmodes used by the PU and
n unused eigenmodes that can be freely exploited by the SU.

In order to remove the SU channel effect from the received
signal at the destination, i.e., in (11), we choose8s as follows:

8s = (Hsd )−1U . (17)

The choice of the precoder matrix 8s does not impact the
system performance in our context as long as we are also
optimizing the secondary transmit power vector Ps. Indeed,
since these two parameters belong to the same user, fixing
one and optimizing the other or optimizing both of them
simultaneously lead to the same result. Hence, 8s is chosen
such that the receiver can apply the same decoder 9 and the
mathematical analysis is simplified.

Without loss of generality, we assume that Hsd is invert-
ible otherwise (Hsd )−1 can be taken as the pseudo-inverse
of Hsd . Note that, since the SU is aware of the PU CSI,
(i.e., Hpr and Hrd ), the unitary matrix U can be computed
at the SU transmitter. As mentioned earlier, we assumed that
there is a feedback through which the receiver can broadcast
this information to the cognitive user. This is not a very benign
assumption as feedback CSI is adopted in most wireless
communication protocols. Consequently, the received signal
is expressed as:

rDj =

{
λjspj + ssj + z̃j, ∀j = 1, . . . ,N − n,

ssj + z̃j, ∀j = N − n+ 1, . . . ,N .
(18)

Typically, the SU signal is always constrained by the inter-
ference threshold forced by the PU. Thus, in order to decode
the SU signal, we propose to employ a SIC in order to cancel
out the effect of the (strongest) signal, sp from the received
signal. Note that the SU signal, transmitted over the n free
eigenmodes (FE), is only constrained by the total power
constraints at the SU terminal and the relay.

B. SECONDARY USER ACHIEVABLE RATE
In this section, we investigate the achievable rate of SU using
the proposed strategy described in Section III depending
on the SIC performance. First, we derive the SU optimal
power allocation assuming a perfect SIC (a genie SIC). Then,
we investigate the gain in performance with an imperfect
SIC (i.e., totally erroneous SIC). We introduce a param-
eter α (0 ≤ α ≤ 1) that corresponds to the probability of
detecting the PU signal sp correctly before applying the SIC.
The achievable realistic scenarios obtained through a partial
successful SIC are bounded by these two extreme cases:
perfect SIC and imperfect SIC.

1) PERFECT SIC
In this case, we assume that the PU signal is always decoded
perfectly, i.e., ŝpj = spj,∀j = 1, . . . ,N − n, where ŝpj is
the estimated PU signal at the jth receive antenna. Hence,

the PU effect cancellation is performed correctly (α = 1)
and, in this case, the output received signal after the SIC
decoding, r̃, is written as

r̃ = r−3ŝp = ss + z̃. (19)

In fact, the proposed precoding scheme described in (17) has
normalized the secondary channel. Consequently, the max-
imum achievable rate Rs(α=1) is obtained by solving the
following optimization problem:

max
Ps

Rs(1) = B
N∑
j=1

log2

(
1+

Ps(j, j)
Qz̃(j, j)

)
(20)

s.t. Tr(8sPs8s
h) ≤ Ptot , (21)

Tr
(
HpP∗

pHp
h
+HsPsHs

h
+ N0WWh

)
≤ PR, (22)

Ps(j, j) ≤ Ith, ∀j = 1, . . . ,N − n, (23)

where P∗
p is the optimal PU power obtained after solving

the optimization problem given in (13)-(15). This problem
is also convex as the objective function is concave and the
three constraints are linear. Note that the secondary precoding
matrix in (17) is not unitary; thus, it should be included in the
power budget constraint (21). Similarly to (15), when allocat-
ing its power, SU has to satisfy the relay power constraint (22)
while considering the PU power obtained in (16). By using
the invariance of the trace operator under cyclic permuta-
tions, the constraint (21) can be written as Tr (8s

h8sPs) ≤
Ptot . By defining the matrix As = 8s

h8s, (21) becomes
Tr (AsPs) ≤ Ptot .
Since the constraint (23) is a peak constraint, we divide

the problem into two subproblems with the same objective
function but with constraints (21) and (22) for the first sub-
problem and with the constraint (23) in the second. Then,
we take the minimum between the two solutions [59]. For the
first subproblem, we, again, use the Lagrangian method [58]
to find the optimal solution. For the second subproblem, it is
clear that Ith is the optimal solution ∀j = 1, . . . ,N − n.
Finally, the resulting power profile is given as follows:

P∗s (j, j)

=



min

{[
B

µAs(j, j)+η
∑N

i=1|Hs(j, i)|2
− Qz̃(j, j)

]+
, Ith

}
,

∀j = 1, . . . ,N − n,[
B

µAs(j, j)+η
∑N

i=1 |Hs(j, i)|2
− Qz̃(j, j)

]+
,

∀j = N − n+ 1, . . . ,N ,
(24)

where µ and η are the Lagrange multipliers associated with
the secondary power budget and the relay power constraints,
respectively. Note that when the PU does not tolerate any
interference, i.e., Ith = 0, the SU is still able to transmit using
the FE and the corresponding rate is noted as the FE rate.
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2) IMPERFECT SIC
In Section III-B.1, we considered the ideal case when capac-
ity achieving codes are employed by the PU transmitter.
Since the PU rate is smaller than the PU mutual information,
arbitrary low decoding error probability is achievable. In this
subsection, we assume that instead of using capacity achiev-
ing codes, PU employs more practical coding schemes and
thus decoding errors are unavoidable no matter how small
the PU rate is. To capture this setting, we have introduced
the parameter α. In this case, we investigate the extreme sce-
nario (α = 0) when the receiver decodes the cognitive mes-
sage after employing an imperfect SIC where the interference

power at each antenna is equal to IE
[∣∣∣λ̃j (spj − ŝpj)∣∣∣2] =

2 P∗p(j, j)λj
2. Then, the SU achievable rate is obtained by

solving the following optimization problem:

max
Ps

Rs(0) = B
N−n∑
j=1

log2

(
1+

Ps(j, j)

Qz̃(j, j)+ 2P∗p(j, j)λj
2

)

+B
N∑

j=N−n+1

log2

(
1+

Ps(j, j)
Qz̃(j, j)

)
(25)

s.t. Tr(AsPs) ≤ Ptot , (26)

Tr
(
HpP∗

pHp
h
+HsPsHs

h
+ N0WWh

)
≤ PR, (27)

Ps(j, j) ≤ Ith, ∀j = 1, . . . ,N − n. (28)

This problem is also convex and the optimal power is
computed similarly to the perfect SIC case by using the
Lagrangian method, the optimal power is given by:

P∗s (j, j) =



min
{[ B

µAs(j, j)+ η
∑N

i=1 |Hs(j, i)|2

−

(
Qz̃(j, j)+ 2P∗p(j, j)λj

2
) ]+

, Ith
}
,

∀j = 1, . . . ,N − n,[
B

µAs(j, j)+ η
∑N

i=1 |Hs(j, i)|2
− Qz̃(j, j)

]+
,

∀j = N − n+ 1, . . . ,N ,
(29)

where µ and η are the Lagrange multipliers associated to
constraints (26) and (27), respectively. We notice, here, that
the optimal power depends on the primary power and eigen-
modes meaning that the secondary is adapting its power
continuously with the variation of the primary channel state.

IV. SPACE ALIGNMENT PRECODING WITH
OPTIMIZED RELAY MATRIX
In the fully-cooperative setting, the UAV relay adapts its
amplification gain matrix with respect to the primary CSI
in order to further enhance the PU rate. This procedure is
possible when the channel matricesHpr andHrd are perfectly
known then, the relay amplification matrix gain W can be
optimized.

Meanwhile, when there are FE, the elements of W corre-
sponding to these FEs can be optimized to enhance the SU as
well. First, we present the proposed method that optimizesW
in order to maximize the PU rate. Then, we present the
updated power allocation optimization at the SU transmitter.

A. PRIMARY USER ACHIEVABLE RATE
Recall that from (8), the received signal can be written as
follows:

yD = HrdWHpr8psp +HrdWHsr8sss
+HrdWzR + zD, (30)

On one hand, the SVD of the matrices Hrd and Hpr are,
respectively, given by:

Hpr = Upr3prVh
pr and Hrd = Urd3rdVh

rd . (31)

whereUpr ,Urd ,Vpr , andV rd are unitary matrices and where
3pr and 3rd are diagonal matrices containing the singular
values ofHpr andHrd , respectively. On the other hand, it was
proven in [60] that, in order to optimize the rate, the optimal
gain-matrix has the following structure:

W = V rd3WUh
pr (32)

where 3W is a diagonal matrix to be optimized.
In the sequel, we denote by λx,j, j = 1, · · · ,N , the

diagonal values of the matrix 3x , x ∈ {rd,W , pr}. Hence,
the received signal can be expressed as follows:

yD = Urd3rd3W3prVh
pr8psp

+Urd3rd3WUh
prHsr8sss

+Urd3rd3WUh
przR + zD. (33)

For the PU precoding and decoding, we choose the matri-
ces 8p and 9 as:

8p = Vpr and 9 = Urd , (34)

For the SU precoding, we choose the matrix 8s as:

8s = H−1sr Upr . (35)

Consequently, the decoded received signal can be express as
follows:

rD = 9hyD = 3rd3W3prsp +3rd3W ss
+3rd3WUh

przR + U
h
rd zD. (36)

Note that the resulting noise has a covariance matrix given
by:

Q = N0

(
IN +3rd3W3

h
W3

h
rd

)
. (37)

Similarly to (13), we formulate an optimization problem that
maximizes the primary achievable rate considering the worst
scenario when maximum interference reached by SU is Ith
per each antenna j = 1, · · · ,N . However, in this case,
the decision variables are the diagonal matrices Pp and 3W
that contain the primary transmit power per PU antenna and
the amplification gain per relay antenna, respectively.

5196 VOLUME 5, 2017



L. Sboui et al.: Achievable Rates of UAV-Relayed Cooperative Cognitive Radio MIMO Systems

The optimization problem is given as follows:

max
Pp,3W

Rp = B
N∑
j=1

log2

(
1+

λ2rd,jλ
2
W ,jλ

2
pr,jPp(j, j)

N0 + (Ith + N0)λ2rd,jλ
2
W ,j

)
(38)

s.t.
N∑
j=1

Pp(j, j) ≤ Ptot , (39)

N∑
j=1

λ2W ,j(N0 + λ
2
pr,jPp(j, j)) ≤ PR. (40)

Note that this optimization problem is not convex since
the objective function is not convex with respect to 3W .
However, the objective function is strictly quasi-concave with
respect to 3W [61] and concave with respect to the Pp(j, j)’s.
In order to solve this problem, we use an alternate search
algorithm that iterates between maximizing the objective
function with respect to the Pp(j, j)’s and with respect to 3W
till reaching the convergence. This method is based on the
alternate convex search presented in [53]. Note that the results
in [62] mentioned that in a strictly quasi-concave problem,
any local solution is a global solution. Hence, in our alternate
convex search algorithm, in the step where we maximize the
objective function with respect to 3W for fixed Pp(j, j)’s,
we only need to find any maxima, which would be unique
and global.

In the rest of this part, we describe the corresponding
two maximization steps: with respect to Pp(j, j)’s, then with
respect to3W , thenwe present our alternate search algorithm.
Finally, from the results in [53], performing an alternate
search leads to the optimal solution of the objective function.

1) MAXIMIZATION WITH RESPECT TO
THE TRANSMIT POWERS
We propose a Lagrangian based approach to find a subopti-
mal solution of this non-convex optimization problem. The
Lagrangian for the problem (38)-(40) is given by:

L(P(j, j), λW ,j, µp, νp)

= B
N∑
j=1

log2

(
1+

λ2rd,jλ
2
W ,jλ

2
pr,jPp(j, j)

N0 + (Ith + N0)λ2rd,jλ
2
W ,j

)

+µp

 N∑
j=1

Pp(j, j)− Ptot


+ νp

 N∑
j=1

λ2W ,j(N0 + λ
2
pr,jPp(j, j))− PR

 , (41)

where µp and νp are the Lagrange multipliers corresponding
to constraints (39) and (40), respectively. By deriving the
Lagrangian with respect to P(j, j) and equating it to zero,
we find the optimal P(j, j) of the problem (38) for fixed 3W
which is given by:

P∗p(j, j)=

[
B

µp + νpλ
2
W ,jλ

2
pr,j

−
N0+(Ith+N0)λ2rd,jλ

2
W ,j

λ2rd,jλ
2
W ,jλ

2
pr,j

]+
.

(42)

2) MAXIMIZATION WITH RESPECT TO
THE RELAY GAIN MATRIX
On the other hand, we can derive the Lagrangian with respect
to λW ,j and equating it to zero to obtain the following poly-
nomial equations:

λW ,j = 0, or A× λ4W ,j + B× λ
2
W ,j + C = 0, (43)

where A, B, and C are non-negative constants and are given
by (44), as shown at the bottom of this page. We can, then,
compute the optimal λ∗W ,j maximizing the Lagrangian for
fixed Pp(j, j) and νp. The solution is either zero or one of the
roots of the bi-quadratic polynomial equation given in (43)
which is easy to solve. As λW ,j is a non-negative real number,
we eliminate all the corresponding complex and negative
roots and the optimal solution of λW ,j given Pp(j, j) and νp
is expressed as follows:

λ∗W ,j =


√
−B+

√
1

2A
, if

−B+
√
1

2A
> 0,

0, otherwise

(45)

where 1 = B2 − 4AC is the discriminant of the bi-quadratic
polynomial equation.

The existence of a unique solution for this bi-quadratic
polynomial equation with A > 0 in the positive real space
IR+ means that the solution is unique and global [62].

3) ALTERNATE SEARCH ALGORITHM
An inter-dependence between Pp(j, j) and λW ,j is clearly
noticed from equations (42) and (45). Therefore, we propose
to adopt an alternate search algorithm in order to achieve the
optimal solution of the problem formulated in (38).

We start by initializing the values of the matrix3W and the
Lagrange multiplier νp. Then, we compute the corresponding
primary transmit power levels Pp(j, j),∀j = 1, · · · ,N which
generate the new diagonal values of 3W by solving the

A = λ4rd,jN
3
0 νp + 2Ithλ4rd,jN

2
0 νp + I

2
thλ

4
rd,jN0νp + 2λ2pr,jλ

4
rd,jN

2
0 νpPp(j, j)+ 3Ithλ2pr,jλ

4
rd,jN0νpPp(j, j)

+ I2thλ
2
pr,jλ

4
rd,jνpPp(j, j)+ λ

4
pr,jλ

4
rd,jN0νpPp(j, j)2 + Ithλ4pr,jλ

4
rd,jνpPp(j, j)

2,

B = 2λ2rd,jN
3
0 νp + 2Ithλ2rd,jN

2
0 νp + 3λ2pr,jλ

2
rd,jN

2
0 νpPp(j, j)+ 2Ithλ2pr,jλ

2
rd,jN0νpPp(j, j)

+ λ4pr,jλ
2
rd,jN0νpPp(j, j)2,

C = Bλ2pr,jλ
2
rd,jN0Pp(j, j)+ N 3

0 νp + λ
2
pr,jN

2
0 νpPp(j, j) (44)
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equations in (43) for a given νp. Note that the corresponding
Lagrange multiplier µp can be determined using the primary
peak power constraint given in (39). Afterward, we apply
a backtracking line search in order to update the value
of νp based on the Armijo-Goldstein condition [63]. Then,
we recompute the new power levels and repeat this procedure
until reaching convergence. Convergence is reached when
the achievable rate remains constant after several numbers of
iterations.

In Algorithm 1, we provide a detailed description of the
alternate search algorithm applied to the primary optimiza-
tion problem.

Algorithm 1 Alternate Search Algorithm for Primary User
Rate Maximization
1: t = 0.
2: Initialize ν(t)p and λ(t)W ,j, j = 1, · · · ,N .

3: Compute P(t)p (j, j) corresponding to ν(t)p and λ(t)W ,j using
(42).

4: Find the initial primary achievable rate R(t)p using (38).
5: repeat
6: t ← t + 1.
7: Find the t th values of λ(t)W ,j, j = 1, · · · ,N with respect

to P(t−1)p (j, j) and ν(t−1)p as it is given in (45).
8: Compute the corresponding P(t)p (j, j).
9: Find R(t)p .
10: Update ν(t)p using a backtracking line search method.

11: until |R(t)p − R
(t−1)
p |

2
≤ ε where ε > 0.

12: The optimal solution of the optimization problem formu-
lated in (39) is P(t)p (j, j) and λ(t)W ,j,∀j = 1, · · · ,N .

B. SECONDARY USER ACHIEVABLE RATE
After determining the optimal Pp and W that maximize the
PU rate, the SU needs to maximize its rate by optimizing
its transmit power levels while considering free and non-free
eigenmodes.

Depending on the status of each primary eigenmode,
the cooperative relay tries to enhance the SU rate by adjusting
the related amplification gain in case it corresponds to the
FE. Using (36), we derive the SU achievable rate expression
for the perfect SIC scenario1 as well as the corresponding
optimization problem that is given as follows

max
Ps,3̃W

Rs = B
N−n∑
j=1

log2

1+
λ2rd,jλ

∗
W ,j

2Ps(j, j)

N0

(
1+ λ2rd,j(λ

∗
W ,j)

2
)


+B
N∑

j=N−n+1

log2

1+ λ2rd,jλ
2
W ,jPs(j, j)

N0

(
1+λ2rd,jλ

2
W ,j

)
 (46)

s.t. • Tr(AsPs) ≤ Ptot , (47)

1The case of imperfect SIC follows a similar approach but with different
objective function as shown in Section III.

•

N−n∑
j=1

λ∗W ,j
2(N0 + Ps(j, j)+ λ2pr,jP

∗
p(j, j)) (48)

+

N∑
j=N−n+1

λ2W ,j(N0 + Ps(j, j)+ λ2pr,jP
∗
p(j, j)) ≤ PR,

•λ2rd,j(λ
∗
W ,j)

2Ps(j, j) ≤ Ith, ∀j = 1, . . . ,N − n.

(49)

where 3̃W = [λW ,N−n+1, · · · , λW ,N ] is the vector contain-
ing the n diagonal elements λW ,j associated to the n primary
FEs to be optimized in order to improve the SU achievable
rate. Hence, if the PU is transmitting over all its eigenmodes
then, 3̃W is an empty vector. The problem could be solved
following the same approach employed to solve the PU prob-
lem in Section IV-A, while only considering the amplification
gain associated to the FEs. The optimal SU power levels
of (46) for a fixed 3̃W is given as follows:

P∗s (j, j)

=



min


 B

µsAs(j, j)+ηsλ∗W ,j
2 −

N0

(
1+λ2rd,jλ

∗
W ,j

2
)

λ2rd,jλ
∗
W ,j

2

+,
Ith

λ2rd,jλ
∗
W ,j

2

}
, ∀j = 1, . . . ,N − n, B

µsAs(j, j)+ ηsλ2W ,j
−

N0

(
1+ λ2rd,jλ

2
W ,j

)
λ2rd,jλ

2
W ,j

+ ,
∀j = N − n+ 1, . . . ,N ,

(50)

where µs and ηs are the Lagrange multipliers associated to
the peak and the relay power constraints, respectively.

Hence, we presented in this Section the optimal power allo-
cation of both the PU and the SU when the UAV relay matrix
is optimized. Intuitively, this optimization gives priority the
PU since it will result in less free eigenmodes that the SU can
exploit. In the next Section, we will investigate numerically
the results of the optimized relaymatrix cases versus the fixed
relay.

V. NUMERICAL RESULTS
In this section, we evaluate our results for terminals with
4 antennas communicating to the UAV relay with 200 kHz
of bandwidth. The UAV amplifies and forwards both PU and
SU messages to the primary base station D. We present the
variation of the average sum rate of primary and secondary
users with the different parameters of the problem such as
the power budget at the transmitters, the relay power budget,
the relay gin matrix, and the relay altitude. We also highlight
the sensitivity of our results to the imperfect CSI and the
imperfect SIC. We also evaluate the complexity using the
running time needed to reach the solution. We model the
fading channel as a Rice fading channel where φ = π/4,
and hence eiφ = 1

√
2
(1 + i). Also, we assume that HLOS is
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TABLE 1. Simulation parameters.

FIGURE 2. PU and SU rates versus Ptot . (a) Perfect SIC (α = 0).
(b) Imperfect SIC (α = 1) and No SA.

given byHLOS = IN , and theHNLOS is following a Rayleigh
fading. The simulation parameters are given in Table 1 and
the rates are expressed in Megabits per second (Mbps).

A. FIXED RELAY MATRIX NUMERICAL RESULTS
For simplicity, we assume that, in the fixedW case, the relay’s
amplification matrix is diagonal and is given by: W = w ×
IN where w is a positive scalar. However, without loss of
generality, the proposed scheme can be applied to any fixed
relay matrix.

In Figure 2.a, we plot the PU and the SU achievable rates as
a function of Ptot for PR = −5 dB and w = 104 with perfect

FIGURE 3. PU and SU rates with perfect SIC versus PR .

SIC (α = 0). To measure the performance of the proposed
system, we plot the rate limits when Ith = 0 which gives the
upper bound of the PU rate: ‘‘no cognition rate’’ and the lower
bound of the SU rate: ‘‘free eigenmodes (FE) rate’’, i.e., there
is no tolerated interference from the PU. We show that the
space alignment technique allows the SU to achieve a rate
up to 0.2 Mbps when using only the FEs. However, this rate
becomes zero when Ptot exceeds 15 dB since, in this case,
the PU is using all the eigenmodes. Then, depending on the
tolerated interference threshold, Ith, the SU rate is enhanced in
the mid-range of Ptot since the power constraint (21) becomes
inactive. Note that the PU rate slightly decreases with Ith
which is acceptable since the PU tolerated this interference
threshold. At high values of Ptot , the PU rate saturates at a
particular value that depends mainly on the relay’s power.
That is, even if the PU has high power, the relay’s power limits
the received signal at the destination.

In Figure 2.b, the SU rates with perfect and imperfect SIC
are presented for PR = −5 dB to quantify the rate loss
when α = 1. We notice that the rate loss increases with Ith.
However, all imperfect SIC rates ensure rates higher than
the SU FE rate. In addition, we compare Fig. 2.b, in, our
algorithmwith the classical underlay CR framework in which
the SU transmits below the interference thresholds for each
antenna that we denote by ‘‘No SA’’ for no space alignment.
We show that our algorithm presents 10% and 20% sum rate
enhancement for Ith = −150 and −155 dB, respectively.
In addition, in the case where the PU does not allow any
interference, i.e., Ith→ 0, our algorithm allow the SU to have
a rate of 0.2 Mbps due to the FEs, whereas the No SA present
a sum rate equal to zero.

Figure 3 shows the effect of the relay’s power, PR, on the
PU and SU rates. First, we notice that even without cognition,
the PU rates stagnate at high values of PR since the power
budget Ptot is exceeded by the relay’s power level. In the
case of cognition, for fixed Ith = −150 dB and when PR is
low, the cognitive rate increases from zero to a stagnation
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FIGURE 4. PU and SU rates with perfect SIC versus Ipeak .

level (around 1 Mbps for Ptot = −15 dB) whereas, the PU
rate increases at low values of PR then, after a slight decrease,
it stagnates at a value that is lower than the no cognition rate.
In addition, we show that the sum rate of the PU and the SU
is higher than the no cognition rate by 0.2-0.5 Mbps. Hence,
the cognition enhances the spectrum efficiency and allows to
have higher sum data rate than when only one user is using
the spectrum.

Figure 4 shows that as Ith increases, the PU rate is grad-
ually decreasing from 3.8 Mbps, i.e.,the no cognition rate,
to 1.8 Mbps when Ith = −135 dB due to the tolerated
interference. Meanwhile, the SU rate stagnates at around
0.2Mbps for Ith ≤ −160 dB then increases and reach 2Mbps
for Ith = −135. We also note from Fig. 4, that the sum rate
is higher than the no cognition rate by 0.2 − 0.3 Mbps and
that it reaches a maximum Ith = −145 then decreases again.
This observation can be explained by the fact that at low Ith,
the PU rate is only limited by the relay power constraint
and as Ith increases the PU rate increases and the SU rate
increases. However, at high Ith values, the decrease of the PU
rate is higher than the SU increase which reduced the sum
rate as Ith ≥ −145. Hence, the interference threshold Ith is
considered as an envelope of the SU and PU rates at low and
high values, respectively.

In Figure 5, we highlight the effect of the UAV altitude
on both PU and SU rates for N = 2, 4 and 8. We show
that when the altitude increases from the ground level to
100−150m, the PU rate increases gradually as the LoS link is
enhanced. For instance, for N = 4 from the PU rate increases
from 5.4 Mbps to 5.8 Mbps between the ground and 125m.
Beyond these altitudes, the PU rate starts to decrease, due to
the path loss effect related to the increasing distance between
the UAV and the PU. For instance for N = 8, the rate
decreases from 12.3 Mbps to 4.3 Mbps between 100m and
350m whereas for N = 2, the PU rate slightly decreases
from 3 Mbps to 2.9 Mbps between 150m and 350m. Hence,
by observing the altitude effect on the spatial multiplexing

FIGURE 5. PU and SU rates versus the altitude of the UAV relay with
Ptot = −10 dB, w = 104, PR = −5 dB and Ith = −155 dB.

in MIMO, we find that for a low number of antennas, e.g.,
2 antennas, the altitude increases the link quality even at high
altitudes. However, for 8 antennas the spatial multiplexing
is reduced remarkably at high altitudes. From another side,
the SU rate slightly increase at low altitudes: till 200m, 150m,
and 100m for N = 2, 4 and 8. Then the SU rates decrease
and reach the same rate equal to 0.075 Mbps at 300m.
Hence, there are optimal altitudes that maximize both rates as
shown in [16] depending on the number of antennas, which
are, in our simulations around 200m, 150m, and 100m for
N = 2, 4 and 8.
In Figure 6, we highlight the effect of the relay ampli-

fication matrix gain W on PU and SU rates for different
values of PR. Recall that, in our numerical results, we chose
W = w× IN , which is not necessarily the optimal choice but
is a simple one to quantify the effect of this matrix on the
system performance. We notice that, even with no cognition,
the rate reaches its maximum for a particular value of w
before decreasing to zero as w increases. The reason behind
this rate shape is that increasing w enhances the power as
the relay power constraint is not reached. When reached,
i.e., the values of w are large, the terminal power level should
be small to respect the constraint and as w increases fur-
ther, the power should be near zero. In the CR framework,
the shape of the rate is similar but lower than the no cognition
rate. The optimal w giving the maximum rate is different
for PU and SU and can favor one over the other as shown
in Figure 6 (a), (b) and (c). However, we notice that the w that
maximizes the SU is almost the same w = 2500 regardless
of the value of PR which is not the case for the PU rate. For
instance, the optimal PU w is 15000, 22500, and 32500 for
PR = −10,−5, and 0 dB, respectively.

B. OPTIMIZED RELAY MATRIX NUMERICAL RESULTS
In Figure 7, the PU and SU rates are plotted as a function of
Ptot with full relay cooperation. We notice a higher PU rates
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FIGURE 6. PU and SU rates with perfect SIC versus w with Ptot = 5 dB, Ith = −150 dB N = 4, and altitude of 100m.

FIGURE 7. PU and SU rates versus Ptot with optimized W .

versus a zero SU rate when Ptot ≤ −5 dB. For instance, after
the optimization of W , the PU rate reaches 5 Mbps instead
of 2 Mbps at Ptot ≤ −30. When Ptot ≥ −5 dB, we show
that the PU rate is slightly decreasing and the SU starts to
increase. For instance, for Ith = −150 dB and Ptot ≥ 10 dB,
the PU decreases by 0.63 Mbps which represents 6.5% of the
no cognition rate, whereas the SU rate reaches 0.63 Mbps.
Consequently, the procedure of optimizing W for the PU
allows to reach high PU rates and prevents the SU of transmit-
ting except when there is an interference threshold and when
Ptot ≥ −5 dB.
In Figure 8, we perform a comparison of the PU and

the SU rates using either optimized or fixed W (i.e., W =
w × IN and w = 104). We show that, at low values of Ptot ,
optimizing W leads to a remarkable enhancement of the PU
rate that reaches the non-cognition rate considered as the
rate upper bound. This is essentially caused by the fact that
the procedure of optimizing W , described in Algorithm 1
involves an optimization of the transmit power levels as well.
This leads to a lower number of FEs and a reduced influence

FIGURE 8. Comparison between the fixed and optimized W cases: the
PU and SU rates as a function of Ptot .

of Ith. ThePU rate is enhanced by 277%, 185%, and 127% for
Ptot = −45,−35 and−25 dB, respectively. Moreover, at low
values of Ptot (≤ 5 dB), when W is optimized for the PU,
the SU rate is lower than the fixed amplification gain case. For
Ptot ≥ 5 dB, the SU rate decreases to zero at high Ptot values
whereas for the optimized W , it reaches high values (about
0.2 Mbps in this case). This shows, again, that optimizingW
in our proposed scheme reduces remarkably the number of
FEs and hence, presents a trade-off between increasing the
PU rate by optimizingW or the SU rate for a fixedW . Note
that, at high values of Ptot , the SU rate is close to zero due the
fact that the FEs are very limited. Consequently, the power
expression is mostly given by the first part of (50) which
includes the relay matrix values λ∗W ,j already optimized to
the PU.

In Figure 9, we compare between the optimized and
fixed W rate as function of PR when Ptot = −25 dB. As it
can be seen in Fig. 9, the PU rate enhancement due to W
optimization is relatively small, i.e., 0.1 to 0.5 Mbps when
PR ≤ −35 dB due to the limitation of the relay power.
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FIGURE 9. Comparison between fixed and optimized W : the PU and SU
rates as a function of PR .

FIGURE 10. Running time of Algorithm 1 versus the number of antennas
N .

However, this enhancement is remarkable when PR ≥ −35
as the PU rate goes from 2.35 Mbps to 4 Mbps and 6 Mbps
for PR ≥ −30 dB and −5 dB, respectively. This observation
reflects the importance of optimizing the relay matrix in order
to achieve better performances with the available transmit
and relay power budgets. In addition, we notice that, at this
low relay power level (PR ≤ −35 dB), the SU rate using
optimized W is higher than the one with fixed W . However,
as PR increases, the SU rate with optimizedW decreases till
reaching zero. In fact, when W is optimized, increasing PR,
with fixed Ptot , will result in exploiting all the eigenvalues at
the PU causing the SU to have very limited data rate.

In order to analyze the complexity of Algorithm 1,
we plot, Fig. 10, the corresponding running time in seconds
for 103 realizations as a function of the number of anten-
nas N . We run our algorithm on workstation with 2 proces-
sors (Intel 2.67 GHz) onWindows.We perform a curve fitting
of the obtained results and we show that Algorithm 1 has a
complexity corresponding to O(N 3).

VI. CONCLUSION
In this paper, we investigated the achievable rate of a
5G scenario where a UAV relay is extending the wireless
network and is serving both primary and secondary users
in a cognitive radio framework. This work is a joint com-
bination of multiple key enablers for 5G communi reflects
the expected 5G scenarios that may cover cellular and pub-
lic safety communications. We proposed a particular linear
precoding scheme based on the space alignment strategy.
By adopting this strategy, we computed the optimal power
allocation for the cognitive user under power, interference,
and relay’s power constraints. We also derived the expres-
sions of the optimal transmit power levels in different set-
tings (perfect and imperfect successive interference cancel-
lation) in order to provide upper and lower bounds of the
cognitive rate. We also analyzed a fully-cooperative relaying
scheme in which we optimized the UAV relay gain matrix
and the transmit power levels through an alternate search
algorithm. In our numerical results, we showed that our
scheme ensured a non-zero cognitive rate up to a certain
power budget. We presented the effect of the UAV altitude
on both primary and secondary rates and found that there is
an optimal altitude that maximizes both rates. Also, when
the relay matrix gain is optimized to maximize the primary
rate, we showed that the corresponding rate enhancement
is about two to three folds. We also highlighted that the
secondary rate presented some gains but only at high power
regime. In summary, UAV relaying, in the CR context, allows
the secondary user to communicate with an acceptable rate
without degrading the primary communication. In addition,
the achievable secondary rate is at its maximum when the
UAV altitude is relatively at low altitude and adopting a fixed
relaymatrix gain. Finally, as the number of antennas increases
the relative degradation of spatial multiplexing due to high
altitudes increase.
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