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Abstract. In this paper, we investigate the throughput optimization for
the non-orthogonal multiple access (NOMA) cognitive radio (CR) system
with multi-unmanned aerial vehicle (UAV) assisted relays. We propose the
communication protocol as follows: in the first phase, a secondary trans-
mitter (ST) transmits the signals to the first UAV relay (UR) using non-
orthogonal multiple access (NOMA); meanwhile, a ground base station
(GBS) communicates with a primary receiver (PR) under the interfer-
ence of the ST. In the second phase, the first UR applies the decode-and-
forward (DF') technique to transfer the signals to the second UR. Simulta-
neously, the GBS communicates with PR under the interference of the first
UR. Similarly, in the next phase, the UR forwards the signals, while the
PR receives the information from the GBS without the interference. In the
last two phases, the UR and the SRs receive the signals under the GBS’s
interference. Accordingly, the outage probability of the primary network
and the throughput of the secondary network is analyzed. Moreover, we
propose constraint genetic algorithm (CGA) aided obtaining UR’s config-
urations to optimize the throughput of the secondary network under the

constraints of the system performance of the primary network.

Keywords: Cognitive Radio (CR) * Non-Orthogonal Multiple Access
(NOMA) + Unmanned Aerial Vehicle (UAV) - Continuous Genetic
Algorithm (CGA) - UAV Relay (UR)

Introduction

The cognitive radio (CR) is widely regarded as a potential solution for addressing
the issues of spectrum scarcity, which have been exacerbated by the enormous
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development of wireless data traffic of the fifth generation (5G) communication
systems [9]. More specifically, CR allows public access to the underutilized spec-
tral bands in order for unlicensed (cognitive) users to exploit the licensed spec-
trum from an opportunistic point of view, thus economically increasing overall
spectral efficiency [10].

On the other hand, the above requirements for 5G systems, especially spec-
trum efficiency and huge connectivity, non-orthogonal multiple access (NOMA)
can be a supplement solution for CR technique because it demonstrates the
capacity to boost connection if there are restricted radio resources available [14].
In NOMA, the whole bandwidth may be used simultaneously by each user with
different power levels [13].

For example, the authors in [4] investigated a relaying scheme in the coop-
erative NOMA CR with a primary transmitter (PT), a primary receiver (PR),
a secondary transmitter (ST), a relay, and two secondary receivers (SRs). The
closed-form expressions for outage probability (OP) are derived for evaluating
the system performance of the two SRs over both Rayleigh fading and Nakagami-
m fading. For extension, Z. Xiang et al. considered a NOMA CR network with
a a PT, a ST, multiple PRs, and multiple SRs. The authors concluded that the
NOMA and CR combination can reduce the mutual interference among signals
and improve the system throughput for massive users [14].

However, the large-scale connections with obstacle issues in CR networks lead
to the reduction of system throughput. Thus, unmanned aerial vehicle (UAV)
assisted relay is an effective means of improving the system performance. Thanks
to the ability of overcoming obstacles and the flexibility to shift postures, UAV
increases the possibility of line-of-sight (LoS) [6,11]. For example, L. Sboui et al.
investigated the achievable rates of a CR with a UAV assisted relay. The authors
derived the expression of the power maximizing both primary and secondary rates
to analyze the system performance. They concluded that the UAV assisted relay
may be used in conjunction with CR technology to increase both rates by using
the flexibility, independence, and other quality of service (QoS) of UAVs [11].

Meanwhile, D. Chi-Nguyen et al. focused on a CR network where UAV is
used as a relay to bridge the communication from a ST to a SR. Then, an opti-
mization algorithm is proposed to achieve an optimal secrecy rate for the UAV
CR network. The numerical results showed that the algorithm can achieve a fast
coverage rate and optimize the UAV path [3]. It is noted that the interference
from primary network to secondary network was not considered in this work.
Therefore, B. Ji et al. investigated the interference issue of a cooperative trans-
mission mechanism for a CR network, in which the primary network and the
secondary network shared a dedicated radio frequency (RF) source with decode-
and-forward (DF) UAV selection. The numerical results of the simulation verified
the mechanism’s efficiency and the calculation correctness [5].

However, based on the above survey, no existing work using multi-hop UAV
relay (UR) in NOMA CR networks has studied the system performance optimiza-
tion of the secondary network under the constraint OP of the primary network.
This work will overcome those mentioned drawbacks with following primary
contributions:



Throughput Optimization for NOMA CR with Multi-UAV Assisted Relay 93

— We investigate a NOMA CR system, in which the ground base station (GBS)
sends the signals to the PR using orthogonal multiple access (OMA) and
the ST, with the help of multiple URs, transmits the information to the IoT
destinations (IDs) using NOMA.

— We propose the communication protocol for the considered system and anal-
yse the system performance at the primary and secondary networks.

— We propose to apply a CGA for resource allocation optimization of the URs
such that the PR can decode the signals from the GBS.

2 System Model and Communication Protocol

2.1 System Model and Channel Assumptions

e Communication link

...... +  Interference link

Fig.1. A NOMA CR Internet of Things (IoT) architecture.

This paper aims to investigate the disturbed communication in a disaster situa-
tion when the GBS is no longer available for transferring the information to the
IDs in the existing CR. Thus, let us consider a NOMA CR as shown in Fig. 1
in which primary users (PUs) (GBS and PR) licensed the spectrum by using
OMA principle. Meanwhile, secondary users (SUs) ((ST, URs, and IDs, i.e., D,
and D,) try to utilize the licensed spectrum by using NOMA technique for their
communication provided that their transmit power does not interrupt the com-
munication of the PUs. The GBS, PR, ST, IDs, URs are equipped with single
antennas. Here, the channel gains and distances of GBS-PR, ST-PR, ST-UR;,
UR;:-PR, UR,-UR,, +1, URN-D,,, URN-D,, GBS-URy, GBS-D,,, and GBS-D,,
links are denoted by gcp, gsp, gsu,, JUUpi15 9UND,s JUn D,y 9GUN > 9GD,, > and
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gep,; and dgp, dsp, dsv,, dv,uv,.,> duyp,, duyp,, dcuy, dep,, and dap,,
respectively, where N is the number of the URs and n € {1,...,N}.

Here, all channel gains are identically independent distributed (i.i.d) and
remain constants for the duration of one packet. In particular, for the ground-
to-ground communication, the channel gains are modeled as the gains of Rayleigh
fading channels, i.e., random variables (RVs) distributed following an exponen-
tial distribution. Thus, the probability density function (PDF) and cumulative
distribution function (CDF) of the channel gains are formulated as follows [6]:

i 2) = e (—Q) , 1)
F,, (r)=1—exp (-5) , (2)

where a € {SP,GP,GD,,GD,} is an RV with a mean value of £2, = E [a].
For the air-to-ground and ground-to-air communication, the path loss models
are expressed as absolute values

fb = ﬁbd;}b? (3)

where b € {SU1,UnD)p,UnDy}. According to [8], a ground-to-air channel is more
likely to be dominated by either LoS conditions or non-line-of-sight (NLoS) con-
ditions depending on the environment (e.g., sub-urban, urban, or dense-urban).
Here, we assume that 7, = 2; thus, the quantity 3, is formulated as 8, = 108
[2], in which B is defined as

B 101og;, (Arf/c)® + WNLos
10
WlroS — WNLoS
+ 7 4
07 0pep [0 (207~ 1) W

where 6 is the UR elevation angle with respect to either the GBS, ST, or IDs; ¢
and 1 are constants that depend on the environment [12]; and wros and wnLos
are environment and frequency dependent parameters that represent the excess
path losses of the LoS link and NLoS link, respectively [12]. For the air-to-air
communication, the path loss can be expressed as [2]

T NUR
LUnUn+1 = 6UnUn+1 U,,LU,,LnJ:rll ) (5)

4r f 2
where ﬂUnUnJrl = (7c ) .



Throughput Optimization for NOMA CR with Multi-UAV Assisted Relay 95

Furthermore, the ground-to-air, air-to-ground, and air-to-air channel gains
follow Nakagami-m distributed fading environment with fading severity param-
eter m [7], i.e., RVs following a Gamma distribution. Thus, the PDF and CDF
of channel gain g, are formulated as follows [6]:

F, (x)=1- ";z_:: (”;f)y %exp <”;;f> . (7)

where a € {b,U,Up11}, 9o is @ RV with a mean value 2, = E {|ga|2} and I'(+) is
the Gamma function. In addition, due to the complex environment, the imperfect
channel state information (CSI) is considered for all channels, i.e., g, = §o + €q
and g, = Jo + €q, where g, and g, are the channel coefficients estimated by
using the minimum mean square errors (MMSEs) for g, and g, respectively;
and e,, e, ~ CN (0, £2,), with (2, being the correctness of the channel estimation
and CN (0, £2,) being a scalar complex Gaussian distribution with zero mean and
variance §2. [1].

2.2 Communication Protocol

The basic idea of a NOMA CR is that the GBS with the transmitted power Pp
sends the signal to the PR on an orthogonal frequency band in the primary net-
work. For the secondary network, the ST may sense the frequency band from the
GBS to transmit the signals to D, and D, with the help of the URs by applying
NOMA principle. Specifically, there are (N 4 1) phases for signal transmission
from the GBS to the IDs as follows:

— In the first phase, the ST transmits the superimposed signal xg to D, and
D, where x5 = \/lipTp + /TqTq, fbp + g = 1, and p, < pg. Therefore, the
received signal at the first UR can be written as

Pg
Y S
SUL

where ny, ~ CN (0, Ng). The received signal-to-interference-plus-noise ratios
(SINRs) at the first UR for decoding x, and z, are formulated as

(p) _ _ UpPSgSUl 9

00T T, (PsQe+ No)’ ©)
tqPsgsu,

W == : (10)

Lsy, (% + P52, + No)

Meanwhile, the GBS broadcasts the signal xp to the PR by using OMA prin-
ciple. It is noted that the ST interferes the PR on the orthogonal frequency



96 L.-M.-D. Nguyen et al.

band due to the broadcast nature. Thus, the received signal at the PR in the
first phase can be written as

Pp | Pg
yﬁ) = dTQGPiEP + dTQSPl“S + nﬁi), (11)
GP SP

where n ~ CN (0, Np). Therefore, the received SINR at the PR is formu-
lated as

7(1) Ppgcp
b = - )
d%p {Pjsfp + (Ps + Pp) 2. + No]

(12)

— In the second phase, the first UR uses the DF to decode and forward the
signal from ST to the second UR. Thus, the received signal at the second UR
can be written as

PUl /(1 1
Yu, = L9 < /.t:E; )xp + :ug )xq gu, U, + nu,, (13)
U,U,

where ng, ~ CN (0, Ny). Therefore, the received SINRs at the second UR for
decoding z,, and z, are formulated as

Wp
’7( p) _ Hp " I'u, gu, U, (14)
Y Lu,u, (Py, Qe + No)’
,y[(]q) — qu(l )PUlgU1U2 ) (15)
2 B W p -
Ly,vu, <#p 71—12551[]2 + Py, 2. + N0>

Furthermore, due to the short distance from the first UR to the PR, the
interference of the UR affects the received signal at the PR as follows:

Yy = d" —5—gaprp + d9 g, ps + 0 (16)
\/ GP \ du, p

where n( ) ~ CN (0 . Therefore, the received SINR at the PR in the
second phase is formulated as

(2 Ppgcp
Tp = P .
d%p [[f%"fp + (Py, + Pp) 2. + No}
1

(17)

— Similarly, in the n-th phase (2 < n < N), the (n — 1)-th UR decodes and
forwards the signal from the (n—2)-th UR to the n-th UR. Thus, the received
signal at the n-th UR can be written as

1 n—1
Yu, =4/ Lg (\/ Mz(vn )l'p+ \/ Nt(z e >
Upn—1Un

Xgu, U, +nu,, (18)
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where ny, ~ CN (0, Ng). Then, the received SINRs at the n-th UR, for decod-
ing x, and x, are formulated as

,_Y(p) uz()n)PUn—lgUn—lUn (19)
U Ly, v, (P, 2 +No)’
(@) _ /'L‘(In)PUnf1gUnf1Un, (20)
T Jg’n)P 19 1Un
LUn_lUn, <W + PUn_lge + N0>

For the primary network, the received signal at the PR in the n-th phase is

written as
n P n
yﬁa) = TPQGPJJP + nﬁa ), (21)
dep

where n' P ~ CN (0, Np). The received SINR at the PR in the n-th phase is

N Ppgcp
P d% p (Pp2. + No)

(22)

— In the N-th and (N + 1) slots, the N-th UR and the IDs are affected by the
interference of the GBS because of the broadcast nature. Thus, the received
signals at the N-th UR, D,, and D,, respectively, become

Pyy_, Pp
=7 9Un_UnTs Tt 5 YGUNTP
LUN—IUN dGUN

+ Uy, (23)

\/ = gunTs + 4 | 9GD,Tp +Np,, 24
LUN d%D ( )

guxyD,Ts + 9GD, TP + MDD, 25
“LUN 5,90 ”d%D (25)

where ny,,np,,np, ~ CN (0,Np). Accordingly, the SINRs at Uy, D,, and
D, for decoding the p-th and g-th signals are

(N-1)

(p) _ Hp PUN—lgUN—lUN
Ton = Ppicu, N ’ (26)
_ — A + Ny
LUN—lUN GU N
+ (PP + PUN—l) 02,
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(N-1)

M PU —lgU 11U
7O = (L £ B : (27)
Hp "UN-—19UN_1UN + N,
LUN—lUN PPQGUUN—IUN
JF?UNN + (Pp + PUN—l) 02,
(N) ~
tp Puyguyp
fygj’? - = -PP§GDp — ’ (28)
Loy, | 257522 + (Pp+ Puy) Qe + NO]
) N ~
(@) _ ,u't(l )PUNgUNDq (29)
,YDQ _ [ ”;N){_)UN-@UNDQ + Prirp, .
LUNDq LUND‘I d?—"Dq
L+ (Pp + Puy) 2. + No

Similar to the n-th phase, the received signals at the PR in the N-th and
(N + 1)-th phase are not affected by the interference from the GBS. In other
words, the received SINRs at the PR in the (/N + 1)-th phase are
78D = A = 4. (30)
According to the DF definition, the end-to-end SINRs for decoding the signals
at the p-th and ¢-th ID are as follows:

1 = min {772} (31)
Yiap = min {%(Jq ),7,(:313} , (32)

3 System Performance Analysis and Problem
Formulation

In this section, the system performance of the NOMA CR is analyzed. Then, the
problem formulation is defined in which the ST and the URs need to control their
power allocations for satisfying that the communication from the GBS to the PR
does not degrade and the throughput of the secondary network is maximized.

In order to guarantee the above conditions, the OP of the PR in all phases
should be smaller than a predefined threshold, ep, i.e.,

Op = PI‘{CP < ’Yp} <ep, (33)

where vp is the outage threshold at the PR and Cp is the channel capacity of
the GBS-PR link with the bandwidth system (W) as follows:

Cp = min Cj(:,")
ne{l,..,N+1}

’ ] (1 <">). 34
ne{loN+1y N +1°°8 tr (34)
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Furthermore, the OP of the secondary network is formulated as follows:
Og =Pr {C’ép) < g or Céq) < ’Ys} ; (35)

where g is the outage threshold at the IDs and C’ép ) and CL(QQ) is the channel
capacities of the ST-D,, and ST-D, links as follows:

w
C’gp) = Nl log (1 + 'y](fz)E) , (36)
@_ W (9)
Cg"’ = Nl log (1 +’yE2E) . (37)

Then, the throughput of the secondary network is defined as follows:
Ts = (1 - Og)7s- (38)

The objective is to maximize the throughput of the secondary network sub-
ject to the requirements of the OP of the primary network. In particular, we
optimize the power allocation factors at the URs, i.e., jp, u,(;l), and the altitudes
of the URs. Then, the optimization problem can be formulated as follows:

max {7s}, (39)
/Jpvlipn)’hn
8.t. Ps < Phax, 40

(40)
o <ep, (41)
pp + pg =1, (42)
) g =1, (43)
ne{l,...,N+1}, (44)

where P .y is the maximum transmit power of the ST.

4 CGA Aided Optimum Power Allocation and URs’
Altitudes

The given problem in (39)—(44) is a nonlinear optimization problem which can
be solved by optimization methods including calculus-based, exhaustive search,
and sub-optimal search. Calculus-based is suitable for convex objective functions
but not applicable for non-convex and multi-optima ones. Meanwhile, exhaustive
search takes high computational cost and long run time with high dimension search
space. Therefore, in this work, we apply Continuous Genetic Algorithm (CGA), a
heuristic sub-optimal optimization method, which can deal with non-convex func-
tion and high dimension input. The searched parameters are power allocations and
the altitudes of UAVs which try to maximize the system throughput.
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Algorithm 1. Continuous Genetic Algorithm
1: Initialize
2:t=0, \, r¢, Tm, and T
\\7 is the maximum number of generation iterations

3: Generate initial population d,(ct)7 k=1,...,A

4: for (t=1toT) do

5: for (k=1to \) do

6: Evaluate fitness of chromosome k: fl((t) =75
as in (38)

7 end for

8: Reproduce chromosomes based on their fitnesses

9: Apply crossover by pairing the parents with 7.

10: Apply mutation to offspring with r,,

\\New population is formed
11: end for
12: Output the best chromosomes

CGA algorithm is an improved variation of genetic algorithm (GA) that can
deal with the problem with a large number of continuous variables and is applied
as presented in Algorithm 1. In which, the input of the algorithm is the objective
function defined in (39) and algorithm controlling parameters. Specifically, CGA
considers a chromosome as a vector of real values, thus is efficient in continuous
domains. The k-th chromosome at the t-th generation is

t n
A = [, 1, B, (45)
where n € {1,...,N + 1}. The algorithm begins with random chromosomes

in initial population d,(co). Then, each chromosome in the population is evalu-

ated by an objective function and the selection step chooses the good ones for
reproduction to maintain the population size A. In the crossover step, most of
chromosomes are recombined in pairs with a crossover rate r. to create new
pairs of chromosomes, called offsprings. Specifically, when CGA chooses a pair
of individuals dgt), dg-t), it reproduces two new candidates dz(-tH), dgtﬂ) as

d = (1 - w)d" +ud
a" = (1 - w)d" +ud

where v is a uniform random value satisfies 0 < u < 1.

In order to escape from local optima, the mutation step is used to pick several
chromosomes at a low mutation rate and modifies them randomly by adding a
random value to each entry of the parent chromosomes. This value is governed
by a Gaussian distribution whose mean is 0 and scale is 7,,. The purpose of this
step is to maintain genetic diversity within the population because gene pool
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tends to become more and more homogeneous over many generations. Chromo-
somes evolve through generations as a loop consisting of selection, crossover, and
mutation steps in searching space or population. The best chromosome is the
output of the optimization process:

d* = [y, g™, by (48)

5 Numerical Analysis

In this section, numerical results are presented to analyze the OP of the consid-
ered NOMA CR and the convergence of Algorithm 1. Without loss of generality,
we investigate the considered system with the following system parameters [1,2].
We set the fading parameters to m, = 2, the system bandwidth to W = 100
MHz, the number of the URs to N = 3, the thresholds of the IDs and PR for
successfully decoding their signals are vs € {3,5,7} and vp = 10. Furthermore,
we investigate the UR operating in an urban environment with the parameters

© =9.6177, ¢ = 0.1581, wr,cs = 1, and wnLos = 20 [6].

10° T T T T T T T

N
<
1
@
|

-
o
&

Outage probability at the PR
)
s

10—4 T T T T T T

Transmit power at the ST, Pg

Fig. 2. Impact of the transmit power at the ST and the channel estimation error on
the OP of the primary network.

In Fig. 2, we plot the impact of the transmit power at the ST and the channel
estimation error on the OP at the PR. It is observed that when we increase Pg
and 2., the OP at the PR increases. This is because the high transmit power
of the ST and channel estimation error lead the larger interference at the PR.
Figure 3 illustrates the throughput of the secondary network for different values
of the last UR’s altitude and outage threshold vg. We can see that 7g reaches
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2 T T T T T T T T T

Throughput of the secondary network

0 T T T T T T T T T

0 4 8 12 16 20 24 28 32 36 40
The altitude of Dy, hy

Fig. 3. Impact of the altitude of the last UR and the outage threshold ys on the OP

of the secondary network.

the optimal point once hy goes to a specific value. The reason is when the N-th
UR flies with high altitude, the probability of the LoS is high. However, if the
altitude is very high, the path-loss becomes large.

Table 1. Convergence comparison details

Average generation |r. =0.3|r.=0.5|r.=0.7
number to reach
95% maximum value

Tm = 0.1 38 22 12
rm = 0.2 66 53 30
™m = 0.3 73 67 57

Next, for CGA optimization part, the results are presented with differ-
ent combinations of population size A = {20,50,100}, crossover rate r. =
{0.3,0.5,0.7}, and mutation scale r,, = {0.1,0.2,0.3}. Specifically, Fig.4 por-
trays the convergence of Algorithm 1 within 60 generations (I" = 60). Three
curves present the mean fitness values over generations for three population
sizes of 20, 50, and 100, respectively. It can be seen that the simulation curves
all converge after a number of generations, implying that CGA works well with
our above mentioned nonlinear optimization problem. Besides, A = 100 gives
better convergence than A = 50 and A = 20, or the convergence is more stable
with higher population sizes. This is obviously the trade-off between convergence
stability and computational cost. It is also remarked from Fig.4 that all three
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curves yield the converged value that matches the maximal value of 1.22 bps/Hz
of the second curve (v, = 5) in Fig.4. This again verifies the reliability of our
analysis and CGA implementation.

Table 1 compares the convergence speeds with different combinations of r.
and r,,. A is fixed to 100 in this experiment set due to the results in Fig. 4. The
Table’s values are the average generation numbers at which the target function
reaches 95% of the optimal system throughput. CGA needs 73 generations for
r. = 0.3 and 7, = 0.3, while needing only 12 generations for r. = 0.7 and
rm = 0.1. Moreover, the convergence is better with larger crossover rate. The
reason is with a large enough crossover ratio, the more diverse population will
be created; thus, the evolutionary is more convenient. The mutation scale also
affects the speed of convergence process. The scale should be small, e.g., at 0.1,
so that the fitness function is able to overcome local optima without slowing
down the convergence.

-
N
1

-
o
1

o
®
1

—e— Population size = 20
—=— Population size =50 |
—a— Population size = 100

Throughput of the secondary network

o
o
1

0 5 10 15 20 25 30 35 40 45 50 55 60
The number of generations

Fig. 4. CGA convergence over generations with different population sizes A = 20, 50,
and 100.

6 Conclusions

This paper has studied the system performance of a NOMA CR with the help
of multiple URs. Accordingly, the expressions for the OP at the PR and the
throughput of the secondary network are defined. Based on that, CGA algorithm
has been proposed to apply for determining the optimal power allocation and
altitudes of the UR to achieve the best throughput under constraints from the
primary network. Finally, the numerical results show that the proposed NOMA
CR can satisfy the requirements for system performance.
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