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Abstract—In this paper, we investigate a non-orthogonal multiple access (NOMA)-based underlay multi-channel
cognitive device-to-device (D2D) communications and efficiently exploit a resource management scheme for the
investigated model. A two-stage solution is used in which sub-channels (SCs) and powers are jointly assigned to the
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show that throughput of the D2D users can be maximized by the proposed strategy, subject to controlling total
transmission power, interference power, and minimum rate requirements. We study the performance of the network
by increasing the number of PUs and SCs. Moreover, minimum rate requirement and maximum allowed interference
at the PUs versus sum rate of the SU transceivers is investigated. The simulation results present insights about the
impact of the optimal power and SC allocations.
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probability of false alarm (Pf), due to correct and false
detections of the presence of a PU when the spectrum
is actually idle, respectively. Hence, exploiting the

I.  INTRODUCTION
Cognitive radio (CR) network is a promising

[ DOI: 10.52547/itrc.14.4.1]

technology to achieve high spectral efficiency. It allows
the SUs to access idle spectrum allocated to the PUs on
the condition of not causing the disruptive interference
to the PUs. Thus, SUs sense licensed bands by
performing accurate spectrum sensing (SS) to detect the
presence of the PU and find the idle spectrum spaces.
The performance of SS schemes is evaluated by two
probabilities, named probability of detection (Pd) and
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spectrum holes is wasted by the Pf, and the SU can
access more spectrum opportunities if the Pf is kept
below a certain threshold. So, maximum throughput can
be achieved by the network. On the hand, harmful
interference at the PU can be decreased by higher Pd [1-
4].

Various techniques have been proposed in order to
improve the throughput of the SUs. Furthermore,
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various parameters such as detection threshold, sensing
time, number of cooperative users for sensing,
transmission power, and sensing-throughput tradeoff
have been investigated [5-7].

Recently, NOMA as a promising multiple access
scheme in wireless networks, especially for 5G
networks, has gained attention [8-10]. NOMA-based
CR networks can use the vacant spectrum resources.
Hence, the spectral efficiency of communication
system can be improved by exploiting the power
domain diversity [11-14]. In NOMA scheme, multiple
users are supported to use the same resources, e.g.,
frequency channel, time, or spreading code. In fact, the
same radio resources with different power domains are
simultaneously used by the multiple users, so that less
transmit power is assigned to the user with better
channel condition. Also, the receiver employs a
successive interference cancellation (SIC) method to
decode the aliasing signal [8].

Resource management in NOMA CRNs is a serious
problem to avoid harmful interference to PUs [11]. In
[15], a NOMA-based CRN was presented where a two-
tier power assignment method was investigated so that
the best utilization of the inherited characteristics of its
power-domain was achieved. In [16], a two-step power
allocation approach was presented where the number of
acceptable SUs was maximized and minimum
throughput of them was gotten while decreasing the
received interference at PUs. In [17], a power
assignment problem was investigated. Therefore, the
number of acceptable SUs was maximized considering
some constraints, such as maximum transmit power of
SUs, received interference at PU, and received SINR at
SUs. Authors in [18] have investigated a two-phase
power allocation approach to maximize the number of
admitted SUs and the minimum throughput of admitted
SUs was achieved meanwhile reducing the harmful
interference to PUs. In [19], a cooperative NOMA CRN
with imperfect-CSI was presented and the outage
probability was studied where the power allocation was
not considered. In [20], the secure performance of a
NOMA system was studied.

On the other hand, D2D communications have been
presented as an effective technique to alleviate the
explosive traffic growth in wireless communications
and increase the spectral efficiency [21]. In D2D
communications, nearby wireless devices can
communicate together, directly, bypassing their
corresponding BS. Most of the work on D2D focus on
how to employ D2D communication in cellular
network with limited interference. By integrating D2D
with CR, the spectrum efficiency and throughput can
significantly be enhanced. The authors in [22] present a
D2D cooperative scheme where a group of idle D2D
acts as potential relays and cooperates with the PU
communications to improve the performance. In [23], a
joint D2D spectrum sharing and mode selection method
has been studied under a hybrid network model. In [24],
a two-stage subcarrier allocation approach has been
illustrated. A power assignment method has also been
proposed to optimize the transmission rate of the D2D
users while simultaneously satisfying some constraints.
In [25], the maximization of the sum rate of D2D pairs
was provided under the constraints on the minimum
rate requirements of NOMA-based cellular users and
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SIC decoding by solving a power allocation and
channel assignment problem considering underlay
NOMA-based cellular network with D2D pairs. Then,
the authors proposed a dual-based iterative algorithm in
order to solve the optimization problem by using the
auxiliary variables and relaxing the binary constraints.

To the best knowledge of the authors, none of the
mentioned related works considers the cooperation
between D2D communication and NOMA technique in
CR systems to jointly maximize the spectrum efficiency
and throughput of secondary network. In this paper, we
investigate the application of NOMA and D2D in multi-
channel CRN. More specifically, we propose a NOMA-
based CR network with D2D communications between
SUs in order to maximize the SUs sum rate. Thus, we
optimize the sub-channel and power allocations. A
novel solution is used that jointly assigns sub-channels
to SU users where they can opportunistically access the
spectrum and allocate the power to SU transmitters and
PUs, so that the quality of service (QoS) of PUs can also
be guaranteed. We consider the work done in [25], with
the difference that the cellular network is replaced by a
CR network including PUs and SUs. Also, the
maximum interference constraint caused to PUs must
be applied to guarantee the PU’s signal.

The rest of this paper is organized as follows.
Section 2 describes the system model and formulates
the problem for the investigated network. The proposed
resource management scheme is also presented in this
section. Section 3 presents numerical results. Finally,
the paper is concluded in section 4.

Il.  SYSTEM MODEL

As shown in Fig. 1, we investigate a downlink
NOMA-based CRN, where BS serves multiple PUs
through N SCs and multiple D2D users (SUs). The SU
transmitters are allowed for opportunistically utilizing
those unoccupied SCs left by the PUs.

Let, A={1,...,k}, N={1,...,n}, and M={1,...,m} be
sets for SU transceivers, sub-channels, and PUs,
respectively. The channel gain between the kth SU
transmitter and receiver on the nth SC is expressed by
gr . and between the receiver of kth SU transceivers
and BS is giz. On the other hand, the channel gain
between ith PU and BS on the nth SC is denoted by h}
and between ith PU and transmitter of kth SU
transceiver on nth SC is considered as hy;.

Figure 1. Investigated NOMA-based CR network model with
D2D communication.

The SU transceivers transmit information via an
underlay mode. We consider a Rayleigh fading channel
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with path gain hj; between the ith PU and kth SU
transceiver defined as follows [26].

L,
hei =10 % g, @

where g, ; is a zero-mean and unit-variance complex
Gaussian random process. L,; has two components
described as (2) which the first is the path loss
according to free-space path loss model and the second
is a zero-mean real Gaussian random variable with
standard deviation of 3 based on large scale log-normal
shadowing [26].

d;4rf,
L, ; = 20log B @)

where d,, ; expresses the distance of ith PU and kth SU
transceiver, f. denotes the carrier frequency, and C is
the speed of light. The total symbol transmitted by BS
via nth SC to PUs is

"= > R (1) ®
i=1

where p;* and x[*(t) denote the transmit power and
signal for ith PU on the nth SC, respectively.

According to NOMA, by performing successive
interference cancellation (SIC), we assume that the
channel gains satisfy the following order |AT| <
|h%| < -+ < |hj|. Using SIC, the received SINR of the
ith PU to decode the signal s; (j < i), over nth SC, is
defined as

2
: oy
Yisj = 9 ) 4
n n n
hy z P "‘Zﬂqu hei| +o

I=j+1

where p}' and q;; represent the transmit power of jth PU
and kth SU on ith sub-channel, respectively. u € {0.1}
is ‘1’ when nth SC is assigned to kth SU transceiver,
and is ‘0” when it is not assigned.

Based on [25], the SIC is successful if the received
SINR at the ith PU is no smaller than that of the jth PU,
which can be expressed as

K K 2
Zﬂka hl?] Uuz Z#qu hl?,i "'Uuz
k=1 >kl ®)
2 - 2
h;‘ h'
where, can be simplified as follows.
Zﬂqu O'u2
hin
(6)
& n.n(Kn 2 2
Zﬂka heia| +0y
k=1
hlrll
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According to Shannon formula, the maximum
achievable rate per bandwidth of the ith PU on nth SC
is

=log, (1+7ilj) ()

The rate requirements for PUs must satisfy
C'=Cy , VneN , keK (8)

where Cf}, is the minimum required rate for PUs on nth
SC. Itisassumed that each SU transceiver can only use
one SC. Therefore,

K
> <1

k=1

"6{0,1} , VneN , keK

The received SINR at kth SU transceiver on nth SC
is expressed as

©)

n
mo_—
k= oM (10)
e O'UZ

The rate of the kth SU transceiver on nth SC can be
computed as

=log, (1+r2) (12)

Therefore, the achievable average throughput of the
K SU transceivers on all N SCs is given by

total Z Z :uk Rn (12)

k=1n=1

The transmit power constraints for PUs and SU
transceivers are considered as

N
DG <Pmy  VkeK (13)

Zp, <PP_ . VneN (14)

The interference constraint for expressing the
maximum interference caused by all SU transceivers is
defined as follows.

K

n.n
Z#k O =
=}

ne{O,l} , VneN |, keK

(15)

We want to maximize the throughput of SU
transceivers by jointly power control of SU transceivers
and PUs and optimum assignment of SCs to users under
constraints of the total transmission power, Interference
power, and minimum rate requirements of the users. So,
the optimization problem can be written as follows.

max Rtotal - zzﬂk Rk (16)

{ﬂ;? ay. p”} k=1 n=1
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subject to
>
n
H <1
=yl (16-1)
6{0,1} , VneN |, keK
K n~N|RKN 2 2
Zﬂka ki| T Ou
k=1
h[*
(16-2)
2 2
Z/lqu K,i+1 +O-u
e[
C'=Cy , VieM , neN (16-3)
N
D mae <PR. . VkeK (16-4)
M
> P <P, . VneN (16-5)

K
n.n
M <1
kZ:; k Mk max (16-6)

"6{0,1} , VneN |, keK

The optimization problem is non convex with
respect to gy due to (16-1). We use the solution
investigated in [25] in order to maximize the throughput
of the SU transceivers by optimizing the power
allocation for PUs and guaranteeing the QoS of the PUs.
The optimization problem is non convex. After some
mathematical manipulation and temporarily relaxing
the integer constraints, it is changed to a convex
problem. Finally, it is solved using the Lagrangian
multiplier based the convex method.

For notation simplicity, the superscript n can be
omitted. we define

Ihal
hf

2
O

I

Note that the sum rate of D2D pairs can be further
enhanced by decreasing p;, therefore, the constraint
(16-3) should be considered as equality to achieve the
optimal transmit power of the ith PU denoted as
VieM p; . We assume S; = Y1L;p; and obtain a
recursive relation of S;. Then, by using p; = S; — Si41
and after some manipulations the optimal power of the
ith PU can be obtained as:

fk,i =
17
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p = (ZC‘h'i —1) x

M-i
Z(Gi,j(quk(nj) +Ai+j)) (18)
j=1
(2% -0+ )
where

i1 .
- zzécth,m[Zc‘h*'*Ll] e (19)

]

Now, we employ an approach in order to control the
power of D2D pairs and assign the SCs to users. We
define

r = 2 20)

The constraint (16-5) can be expressed as

Zr Al

O <— (21)

Zr gk J+1

i=0

From (18), the constraint (6) can be rewritten as
OeSici + A7 2 08 1) + Al (22)

On the other hand, it should be noted that since
|R?| < |hP+Y, therefore, ATy < AT If &y < i
(22) is feasible for any non-negative g . In result,

. Al = A
V|EM|§ky(i+l)>§k,i gk,i _gk,(i-*-l)

Therefore, if &¢;,1) > &k:, one additional transmit
power constraint should be considered on the D2D pair
to protect the SIC decoding order of the PUs. The rate
of kth D2D pair on nth SC can be given by:

F?k”(qE)=logz[1+ ?qu”j (24)
Oy + €
where
arl
dr = :
ré
j=0
(25)

2§ 2
ZI’JAJ+1+G
j=

In result, the optimization problem is expressed as
follows:
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K N
max Reotl = ZZM? R (26)
{Pk '#kvqk} k=1n=1
subject to
& n
H <1
24 (26-1)

,ul?e{O,l} , VneN , keK

N
D MO <Pmy . VkeK (26-2)
n=1

kL (26-3)

0<qg <Q¢ (26-4)

where

1+

M-1
n
P = 2 T4
Q; =min{max0, 1=0

M -1
JZ(:) TSk iy @7)

AP—¢—1 _Aln

VIEMIE <6 ) | i — gkn,(i+l)

By defining z;} = uzqy, and temporarily relaxing
the integer constraints and after some mathematical
manipulations, the optimization problem can be
rewritten as

D n ,n
, Max Rtotal(ﬂkizk)
w<[01]
zpe[0uQf |

(28)
K N _ (7"
=> > Ry | =
k=1n=1 Hy
subject to
N
D% <Py . VkeK (28-1)
n=1
>
n
M <1
il (28-2)
,uQe{O,l} , VneN |, keK
K
0 <
é k max (28-3)

,ufe{O,l} , VneN |, keK

According to [25], the problem (28) is convex with
respect to uy and z;'. Therefore, we can use the convex
optimization approach to achieve the optimal solution.
In result, we use Lagrangian multiplier based convex
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method to solve the problem. The Lagrangian function
is expressed as

KN (g0
iy

k=1n=1 Hy
K N
+Z(xk Pn?ax —ZZEJ
k=1 n=1
N K
+Zﬁn 1_Z;ul?j
n=1

N K
n
+ Zl//n I max Zy
=1 k=1

where a;, B,, and y,, are the Lagrange multipliers. By
taking the derivative of L with respect to uy , zg, and
Y, , we have

oL o Z¢
_:Rk”[—knj—ak—t//n (30)

oL s z0 ) Z0 snl 20
(E)-Ae(d)s
Oy My Hy k

By considering the KKT condition as (32) and (33),
we can obtain the optimal z*); as (34):

(29)

<0 , if z"
=0, if z"e(0,Q}) (32)
>0, if z"(0,Q))

oL [=0 . if " <(0.Q)

. ] (33)
O | >0 , if g"=1
*n *n n &
Lo = My I:Vk (e )]Ok ()
where
—(dg1 +2)e£ +/A
V' ()= 35
() Z(dli1 +1) &2
n2 nqgn
Amgidr 4 A0, &G (36)
a.In2 ¢ In2
[x]; =min{max(x,b),a} (37)
Then, we define
W' = ﬁl? (Fk*n ) - Fk*n Iil;n (Fk*n) (38)

If W is different for each keK , according to
constraint (28-2), we have:

y:.":l 4" =0V kzk (39)
where k' = arg max W, In other words, the SC is
assigned to D2D pair with the largest W}

The sub-gradient method [27] is used to update the
optimum Lagrangian multipliers as follows.
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N a1
ot = {aé‘) -6 (Pn?ax ->(z) )ﬂ (40)

n=1

K +
(1)
W;ﬂ{%&t)_ ¢£t)( |max—2(2k") ﬂ (41)
k=1
where H,Et) and cp,(f) are the positive step size and
[a]t = max(0.a) . The Algorithm 1 represents a

pseudo code to achieve the optimal power allocation
and SC assignment to PUs and D2D pairs.

Algorithm 1. Proposed lterative algorithm for
power allocation and SC assignment to PUs and
D2D pairs.

Initialize z;” = 0. ;@ = 0.VkeK.neN
Initialize 6. a(”. < vkek

€ = a small number

WHILE (IRf a1 (t) — Ripear(t — )| > €) do
FOR keK,neN do

Compute 1 and z'™® according to (29) and
(30)

END FOR

UPDATE " and 1" according to (31) and (32)
UPDATE R, (t) according to (23)

END WHILE

Compute p¢ and gy . VkeK.neN

OUTPUT: p¥ , g%, u and R2, ,;

IIl.  SIMULATION RESULTS

The performance of the proposed scheme is
obtained through averaging over 10000 independent
random experiments. We assume that the channel
model from the PUs to the FC as well as every SU
transceiver to the FC and PUs is as (1). The 2.4 GHz
IEEE 802.15.4/ZigBee is used as the communication
technology. The simulation parameters are listed in
Table I.

TABLE I. THE PARAMETERS USED IN SIMULATIONS
Parameter Value
length of area 100 m
The number of SU users (K) 8~14
The number of PU (M) 2~6
The number of SC (N) 12~32
fs 1 MHz
P(Hy) 0.6
P(H,) 0.4
T 10
) LI 10 dBm
PD . 10 ~30 dBm
Innax 10 ~30 dBm
C 3 x10% m/s
Cun 0.1~1 bps/Hz

Fig.2 indicates the influence of the SC on the sum
rate of the SU transceivers for different number of the
iteration in the underlay mode. The number of SU
transceivers is assumed to be 8 and the number of
multiplexed PU on each SC is 12. We can see that the
sum rate increases in each iteration and converges to a
fixed, and also the maximum point achieves at the 9th
iteration. It is also illustrated that the sum rate increases
as the number of SC increases, because the more
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opportunities are provided for SU transceivers in order
to use the idle bands.

In Fig.3, the sum rate of the D2D pairs is studied by
varying the number of PUs for different number of the
iteration in the underlay mode. As shown, the sum rate
decreases by increasing the number of multiplexed PUs
on each SC.

Fig.4 illustrates the influence of the maximum
allowed interference caused by all SU transceivers at
the PUs on the sum rate of SU transceivers. It can be
seen that the sum rate increases with more interference
constraint of the PUs. This is because the SU users will
be allowed to send the data with more power because
PUs will be able to withstand the higher interference
level.

Fig.5 indicates the influence of the minimum rate
requirements of PUs on the sum rate of SU transceivers
for different number of the iteration in the underlay
mode when K=12, M=2 and N=32. From this figure, we
see that the sum rate is reduced by increasing the
minimum rate requirements of PUs, because higher
data rate requires the larger PU transmit power. In
result, the co-channel interference caused to the SU
transceivers on SC is increased and the sum rate is
decreased.

Fig.6 illustrates the joint influence of the minimum
rate requirements of PUs and different number of the
multiplexed PUs on the sum rate of SU transceivers.
From this figure, we see that the sum rate is reduced by
increasing the minimum rate requirement of PUs. It can
be seen that increasing the minimum rate requirements
of PUs and the number of multiplexed PUs on each SC
leads to decrement in the sum rate.

In Fig.7, we compare the proposed scheme with two
other schemes in order to indicate the superiority of the
proposed approach. In the first scheme, the joint power
control and channel assignment algorithm presented in
[28] is considered. In this scheme, the orthogonal
frequency division multiple access (OFDMA) system
has been employed and each SC is also shared by M

PUs, but each PU is only allowed to access% fraction

of SC bandwidth. Therefore, each D2D pairs is
interfered by M co-channel PUs. In second scheme,
none of the power control and channel assignment for
users are optimized. We can see that the proposed
scheme achieves the more sum rate in comparison to
the others.

250

200 -

@
3

D2D Rate(bps/Hz)
2
s

50 -

—¥— NOMA N=32
—+—NOMA N=16
NOMA N=12

0 2 4 6 8 10 12 14 16 18 20
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Figure 2. The sum rate versus the number of iteration for different
SCs in the underlay mode.
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Figure 3. The sum rate versus the number of iteration for different
M in the underlay mode.
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Figure 4. The sum rate versus the the maximum allowed
interference for the PUs.
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Figure 5. The sum rate of SU transceivers versus the number of
iteration for different minimum rate requirements of PUs in the
underlay mode
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Figure 6. Sum rate of SU transceivers versus minimum rate
requirements of PUs for different number of the multiplexed PUs.
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Figure 7. The sum rate of D2D pairs versus minimum rate
requirements of PUs for different schemes when M=4.

IV. CONCLUSION

In this paper, we have introduced the SU
communications into NOMA-based underlay multi-
channel CR networks in order to increase the data rate
of the cognitive SU users by optimizing SC and power
allocation subject to the target rate requirements of the
PU and maximum power constraints, so that the QoS of
the PUs has been guaranteed. We used a two-stage
scheme to implement power allocation and assignment
of SC among SU transceivers and PUs. In addition, the
optimization problem was solved by a convex-based
iterative optimization algorithm. Simulation results
demonstrated that the data rate of the cognitive SU
users increases considering different PU target rate
requirements with the investigated strategy.
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