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Abstract—In this paper, we investigate the resource allocation
algorithm design for cooperative cognitive relaying multicarrier
non-orthogonal multiple access (MC-NOMA) systems. In partic-
ular, the secondary base station serves multiple secondary users
and simultaneously acts as a relay assisting the information
transmission in the primary network. The resource allocation
aims to maximize the weighted system throughput by jointly
optimizing the power and subcarrier allocation for both the
primary and the secondary networks while satisfying the quality-
of-service requirements of the primary users. The algorithm
design is formulated as a mixed combinatorial non-convex opti-
mization problem. We apply monotonic optimization theory to
solve the problem leading to an optimal resource allocation policy.
Besides, we develop a low-complexity scheme to find a suboptimal
solution. Our simulation results reveal that the performance of
the proposed suboptimal algorithm closely approaches that of
the optimal one. Besides, the combination of MC-NOMA and
cognitive relaying improves the system throughput considerably
compared to conventional multicarrier cognitive relaying systems.

I. INTRODUCTION

Spectrum has become a scarce resource due to the con-
tinuously growing demand for high-data rate communica-
tions. This has created a bottleneck for providing ubiqui-
tous communication services. To handle this issue, cognitive
radio (CR) has been proposed as a promising technique
to improve spectrum utilization by enabling an unlicensed
network (e.g. the secondary network) to dynamically access
the licensed spectrum of the primary network [1]. However, the
deployment of CR degrades the performance of the primary
network due to the co-channel interference originating from
the secondary network [2]. Recently, cooperative CR has
attracted significant research interest since it can reduce the
performance degradation to the primary network caused by
CR deployment. In particular, in cooperative CR networks, the
secondary base station (BS) acts as a relay to assist the signal
transmission of the primary BS, while simultaneously utilizing
the licensed spectrum to serve the secondary users (SUs). In
[3], the authors studied the outage probability of cooperative
CR relaying systems. The authors of [4] focused on precoder
design for cooperative CR systems where a multiple-antenna
secondary BS was deployed for suppressing the interference to
primary users (PUs). However, since the primary network and
the secondary network coexist in the same frequency band,
there is a nontrivial tradeoff between the performance of the
two networks due to the mutual interference.

Recently, non-orthogonal multiple access (NOMA) has been
proposed to improve spectral efficiency by harnessing co-
channel interference via superposition coding at the transmitter
and successive interference cancellation (SIC) at the receiver
[5]-[10]. Specifically, NOMA multiplexes the message of
multiple users on the same time-frequency resource and ex-
ploits the power domain for multiple access. Motivated by
this, the application of NOMA in CR systems for improving

the spectral efficiency was investigated in [11], where the
secondary users were equipped with successive interference
cancellers to cancel the interference generated by the primary
network. Subsequently, the concept of NOMA was extended
to cognitive relaying systems [12], [13]. For instance, in [12],
the outage probability of a NOMA-based cognitive relaying
system was investigated with the goal to satisfy the quality-
of-service (QoS) requirements of the PU. The authors of [13]
studied the performance of a cognitive NOMA system where
a group of multicast SUs relayed information to a single PU.
However, only fixed power allocation was adopted in [12],
[13] to facilitate the performance analysis. However, power
allocation is critical for improving the performance of CR
systems and the optimal resource allocation design for NOMA
with cognitive relaying is still unknown. Moreover, [12],
[13] studied only single-carrier systems for serving a single
PU, thus the optimal resource allocation design for multiuser
cognitive relaying multicarrier NOMA (MC-NOMA) systems
is still an open problem.

In this paper, we address the above issues. To this end,
the resource allocation algorithm design for cognitive re-
laying MC-NOMA systems is formulated as a non-convex
optimization problem for the maximization of the weighted
system throughput. We solve the considered problem optimally
via monotonic optimization theory [14], [15] and obtain the
optimal power and subcarrier allocation policy. In addition,
we also develop a low-complexity suboptimal scheme which
achieves a close-to-optimal performance.

II. SYSTEM MODEL

In this section, we present the adopted notation and the
considered cognitive relaying MC-NOMA system model.

A. Notation

We use boldface capital and lower case letters to denote
matrices and vectors, respectively. a’ denotes the transpose
of vector a; Tr(A) denotes the trace of matrix A; C de-
notes the set of complex numbers; R* denotes the set of
non-negative real numbers; |-| denotes the absolute value of
a complex scalar; £{-} denotes statistical expectation. The
circularly symmetric complex Gaussian distribution with mean
w and variance o2 is denoted by CN(w,c?); and ~ stands
for “distributed as”. Vxf(x) denotes the gradient vector of
function f(x) whose components are the partial derivatives of
£(x).

B. Cognitive Relaying MC-NOMA System Model

The considered cognitive relaying MC-NOMA system com-
prises one primary BS, K PUs, one secondary BS, and J
SUs. All transceivers are single-antenna half-duplex (HD)
devices, cf. Figure 1. The entire frequency band of W Hertz is
partitioned into Ny orthogonal subcarriers. The duration of a
time slot is 7. The primary BS serves the PUs in the downlink
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Fig. 1. A cognitive relaying system with a primary base station, K = 2
primary users, one secondary BS, and J = 2 secondary users.

(DL) in each scheduling slot. For the case that a PU is far away
from the primary BS or has a poor channel to the primary BS,
the secondary BS can act as a decode-and-forward (DF) relay
[16] to assist the primary BS by forwarding the information
received from the primary BS to the intended PU. For example,
assuming that the secondary BS assists the transmission of PU
k, the primary BS transmits the information of PU & to the
secondary BS in the first half of a time slot on subcarrier .
Then, during the second half of the time slot, the secondary
BS decodes the received signal on subcarrier ¢ and forwards
the recovered information to PU k on the same subcarrier, cf.
Figure 2. Meanwhile, the secondary BS also serves the SUs
via the subcarriers that are used for forwarding information to
the PUs in the second half of the time slot. We assume that the
secondary BS adopts NOMA to provide wireless service to the
SUs by multiplexing the message of one secondary user (SU)
and one PU on the same subcarrier. In addition, we assume that
the SUs are equipped with successive interference cancellers
for multiuser detection but the PUs are only equipped with
linear receivers for single-user detection. Thus, if a PU is
assisted by the secondary BS, it will be subject to the co-
channel interference originating from the signal of the SU that
is served on the same subcarrier.

Remark 1: We assume that the secondary BS can multiplex
at most one SU and one PU on each subcarrier'. For the
primary network, each subcarrier can only be allocated to at
most one PU or to the secondary BS for information relaying?.

C. Channel Model

For the primary network, the primary BS employs orthog-
onal multiple access which indicates that each subcarrier can
either be allocated for transmitting the signal to one PU or to
the secondary BS. Specifically, for a given time slot, if PU
k e {1,...,K} is scheduled on subcarrier i € {1,..., Ny},
the received signal at PU k on subcarrier ¢ is given by

v = i by, + 2o, (M)
where db pu, € C denotes the information symbol 1ntended
for PU k on subcarrier ¢ and we assume &{ |dby, 1P} =
without loss of generality. ¢i € R is the transmit power for
the signal transmitted directly to PU k. f; € C denotes the
channel coefficient of the link between the primary BS and
PU k on subcarrier ¢ and captures the joint effect of pathloss,
small scale fading, and shadowing. zpy, ~ CN(0,03y,)

'Multiplexing more than two users on a subcarrier leads to more severe
co-channel interference and requires several stages of SIC at the users which
increases the complexity and introduces additional delays.

>The primary BS is assumed to be a legacy infrastructure which adopts
conventional orthogonal multiple access.
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denotes the complex additive white Gaussian noise (AWGN)
on subcarrier 7 at PU k. Besides, if subcarrier 4 is allocated for
transmitting the information of PU k via the secondary BS,
the received signal at the secondary BS on subcarrier ¢ in the
first half of the time slot is given by

zsr = £/ dsrfSrdpu, + 28T (2)
where g&p € R is the transmit power for the signal transmit-
ted to the assisting secondary BS. f&1 € C denotes the channel
coefficient between the primary BS and the secondary BS on
subcarrier 4. z& ~ CN(0,03) denotes the complex AWGN
on subcarrier ¢ at the secondary BS.

On the other hand, in the second half of the time slot,
the secondary BS can multiplex at most one PU and one
SU on each subcarrier in the secondary network. Specifically,
assuming that PU k and SU j € {1,...,J} are multiplexed
on subcarrier i, the received signals at PU k and SU j are
given by

yiéuk =

Phu, hiedbu, + péujhzdéuj +2py, and (3)

Ysu, = \/Psu,95dsu; T/ Ppu,95dpu, + 25U, “
respectively, where df;; € C denotes the information sym-
bol intended for SU 3 on subcarrier ¢, and we assume
&{ldsy, [’} = 1 without loss of generality. pp;, € R* and
pSU € R+ denote the transmit powers for the signals intended
for PU k and SU J on subcarrier ¢ at the secondary BS,
respectively. hi € C and g; € C denote the coefficients
for the secondary BS-to-PU k link and the secondary BS-
to-SU 7 link on subcarrier 7, respectively. We note that the
joint effect of pathloss, small scale fading, and shadowing is
captured by variables hj, and g}. zéUJ_ ~ CN(0, cr%Uj) denotes
the complex AWGN on subcarrier ¢ at SU j. Besides, for
the study of optimal resource allocation algorithm design, we
assume that the global channel state information (CSI) of all
links is perfectly known at the primary and secondary BSs.

III. PROBLEM FORMULATION

In this section, we first define the adopted performance mea-
sure for the considered cognitive relaying MC-NOMA system.
Then, we formulate the power and subcarrier allocation design
as an optimization problem.

A. Achievable Rate and Weighted System Throughput

In the primary network, if subcarrier ¢ is allocated to PU &
for direct transmission, the achievable data rate of PU k on
subcarrier ¢ is given by

Chy, =logs (1+aiF} ) )

where | = | f(|?/o}y, ; otherwise if the secondary BS assists
the information transmission to a PU on subcarrier 7, the



achievable data rate of the secondary BS on subcarrier ¢ is
given by

. 1 o
Csr = 5 log, (1 + qéTFéT)a (6)

where Fip = |fi|? /oy and the pre-log factor 1/2 appears
in (6) since the primary BS communicates with the secondary
BS only in the first half of the time slot.

On the other hand, the secondary network adopts NOMA
for improving the system performance. Since only SUs are
equipped with successive interference cancellers, we adopt
a fixed SIC decoding order to enable NOMA. Specifically,
assuming that PU %k and SU j are multiplexed simultaneously
on subcarrier ¢ in the second half of the time slot, SU j
performs SIC to decode and remove the signal of PU k before
decoding its own signal. Then, the achievable data rates of PU
k and SU j are given by

i PPU lec
PUk,] IOgQ (1 + ﬁ) and (7)
SU., = 510g2(1 + Py, G), )

respectively, where Hk = |hi|?/oy, and G = |gi|? /USU
The achievable rates in (7) and (8) are multlphed with a
factor of 1/2 since the secondary BS utilizes only the second
half of the time slot for transmitting signals to the SUs and
PUs. Besides, the following inequality specifies the maximum
achievable data rate for relaying the information of PU k on
subcarrier ¢ in the secondary network:

S;c,j %’de S ClSTCéTaVi»kvja (9)
where s, ; € {1,0} and c&y € {1,0} are the binary subcarrier
allocation indicators. In particular, 327 i= 1 indicates that PU
k and SU j are multiplexed on subcarrier ¢ in the secondary
network, ¢4 = 1 indicates that subcarrier ¢ is allocated for
transmitting information from the primary BS to the secondary
BS in the primary network, and s ; = 0 and cgp = 0
if subcarrier ¢ is not used due to unsatisfactory channel
conditions.

Moreover, the use of NOMA requires successful SIC at
the SU for interference mitigation. In practice, SU j can
successfully decode and remove the co-channel interference
causing by PU k on subcarrier ¢ by SIC only when the
following inequality holds: _
Ppy, G

Ppu H/Zc

log, (1+7kz )g log, (1+7l ) (10)
Pl Hi + 1 Phy,Gi + 1

— Hj, 7G§ < 0. (11)

We note that the inequality in (10) is due to the fixed decoding
order in the considered system. Besides, the inequality in (11)
indicates that for a given subcarrier ¢, an SU can only be paired
with a PU that has a worse DL transmission channel with
respect to the secondary BS than the SU. Therefore, we define
KC(i,j) as the set of PUs whose channel condition satisfies
(1), ie., H} — G; <0,Vk € K(4, j).

Therefore, the weighted system throughput on subcarrier @
is given by

J K

=" st [wRbu, R, |+ chwChy, . (12)

J=1keK(i,j) k=1

Here, ¢, € {1,0} and ¢, = 1 indicates that PU k is scheduled
on subcarrier 4 in the primary network, otherwise c; = 0.

The positive constants 0 < w < 1l and 0 < pu < 1
reflect the priority of the PUs and SUs in resource allocation,
respectively, and are specified in the media access control
(MAC) layer to achieve certain fairness objectives in resource
allocation.

B. Optimization Problem Formulation

The design objective is to maximize the weighted sum
throughput of the two systems, while guaranteeing minimum
data rates for the PUs. The optimal joint power and subcarrier
allocation policy is obtained by solving the following opti-
mization problem:

) maxmnze
qk aqST 7PpUk apSU

ZUZ

— chpCép < 0,Vi, k, j,

(13)

CST ck S{c,;

s.t. Cl: sy i Rpy, |
NF J

C2: Z(C}CC}DU,C + Zs;m ;,U,w,) > RSk,

i=1

Np
C3: ZZZSk] pPUk +pSU ) Rnax7

i=1lk=1j=1
Np

C4: Z(CSTQST + Z%%)
i=1

C5: s}, ; 6{0 1}, Vz 27

PPT

C6: i, ch € {0,1},Vi, k
K

C7: ¢t + Zs,w» <1,Vi,k, C8: chp+ > ¢ < 1,Vi.
j=1 k=1

In problem (13), constraint C1 guarantees successful informa-
tion decoding on subcarrier ¢ at PU k if the secondary BS is
selected for assisting information transmission. Constraint C2
imposes a minimum data rate requirement Rp; for PU k.
Constraints C3 and C4 are the power budget constraints for
the secondary and primary BSs with the maximum transmit
powers PST and PET | respectively. Constraints C5, C6, and
C7 are imposed to guarantee that each subcarrier can only
be allocated to at most one SU and one PU in the secondary
network. Constraints C6 and C8 guarantee that each subcarrier
can only be allocated to at most one PU in the primary network
or forward the information of one PU to the secondary BS.

The problem in (13) is a mixed-integer non-convex op-
timization problem which is known to be NP-hard. There
exists no systematic and computationally efficient approach
for obtaining a globally optimal solution for such problems.
Nevertheless, by exploiting the special structure of the con-
sidered problem, we will develop efficient resource allocation
algorithms for finding the optimal and suboptimal resource
allocation policies for (13) in the next section.

IV. SOLUTIONS OF THE OPTIMIZATION PROBLEM

In this section, we first solve problem (13) optimally by
applying monotonic optimization theory [14], [15]. Then,
we propose a suboptimal algorithm with low computational
complexity for obtaining a close-to-optimal solution of (13).



A. Optimal Resource Allocation Scheme

First, we can rewrite the weighted system throughput on
subcarrier ¢ in the following equivalent form:

- 1 s ol H
=3 Y [wlos, (14—t )
J=1 keK (i) 8k iPsu, Hi tpy, ;+1
s pio G K Co
k,iPsu,Gj CcLqLF}
—|—ulog2(1+17)}+ wlog2(1+i7),(14)
Igy, ,+1 kz:l Spy, +1
where
J K
T, , = (chah+ D23 st alhu,, +pbu,) ) iy (15)
n;jjmf{&k
I, = (chth+ D2 D shu(bbu,, +pku,) )Gl (16)
Sli:’Uk = (CéTqéT+ Zcianrz)Fli' (17)
m#k

We note that (14) is equivalent to (12) due to constraints
C5-C8. In particular, IpUk ISU)C , and Spy, represent
the undesired interference af the receivers. Spe01ﬁcally, if a
given subcarrier allocation policy satisfies constraints C5-CS8,
IPUk ISUk , and Spy;, do not have any impact on the
system performance 0therw1se they will severely degrade the
system throughput. In other yvords IP.Uk_’]_., ISUM,. and Shy,
act as penalty terms to penalize the objective function for any
violation of constraints C5-C8.

.Ther_l, we deﬁpe ﬁZPU_M = Sk PPULs ﬁZSU;w- = s}c’ijSUj,
q;, = ¢3,45,» and g = cgpqg- Therefore, the weighted system
throughout in (14) can be rewritten in equivalent form as:

Z Z f{wlogz (1+ —

Ppu,, Hi )

J lke)C(L,]) SU H}Z—"_I%de—i_l
+ulog, (1+~f“7ﬂ7)}+zw log, (1+=2-E ), (18)
Ly, +117 &= Siy, +1

where I~1§Uk_ (qk—i— ; Z#:kaU
n#jm

(qﬁZ Z Pby,, APsu,, )G and SPUk (%T*Z%;)Fl
n#jm#k m#k
Besides, we note that non-convex constraint C1 is the d-

ifference of two logarithmic functions and not monotonic.
Hence, constraint C1 is not in the canonical form necessary
for applying monotonic optimization. Thus, with the afore-
mentioned definitions, we handle the non-convex constraint
C1 by equivalently expressing it as

~ 7 Ti —
+ Psu,, )Hk Iy, 5

Pou, i
péU H}C-H' PUL +1
Clb: 10g2 (1 + qSTFST> + Ck,,j > 10g2 (1 + PIEEXHIZC)7

Cla: logy 1+ )bt <loga(14+PSLH{)(19)

(20)

where gk > 0 is a slack scalar optimization variable. We note
that constralnts Cla and C1b are monotonically increasing
functions.

Then, the original problem in (13) can be rewritten in the

following equivalent form:
Nf

maximize U’ 20
s qST7pPUk Psu zzl
F
s.t. Cla,Clb, C3: ZZZ pPUk +pSUk < Poi
i=1k=1j= 1
Np i
. pPUk Hy,
C2: (10g2(1+Qka + log, (14‘7]1))
ZZ:; Z pSUk H;+1
> R;e{} R Vk7 C4 Z(qST + qu) n]ax?

C7’ C8’ C9: qi:?qSTvaUk,jvaUk,j Z O,V’l,k,j.

Here, we note that the binary constraints C5 and Q6 are
absorbed in the objective function via the penalty terms Ip;, e

jé-U,w-’ and Sy in (18). Due to the monotonicity of the
objective function in (21), for the optimal solution, each
subcarrier will be allocated to a single receiver in the primary
network or a single pair of PU and SU in the secondary
network, i.e., undesired co-channel interference is completely
avoided.

For facilitating monotonic optimization, we define three
auxiliary variables u};j, v,; ;» and &i, which satisfy the fol-
lowing constraints:

=1 HZ
MI: 1<uf, <1+ — Prucs Tk i i keK(, ), (22)
pSUk Hj +IPU
SUk GJ
M2:1 < v, ; < 14— Vi, j,Vk € K(i, j), (23)
Isy, |
M3:1< ¢l < 1+~_qi,w,k. (24)
PU;c

In addition, we define

Q‘ZZ

J=1lkeK(i, j)

[logo(ul ) +log,(vi ) g +Zlog2 D™, (25)

k=1

In fact, U " serves as a lower bound of the original objective
function U’ in (12). However, due to the monotonicity of the
original problem in (13), we can obtain the optimal solution
of (13) by maximizing U'. In particular, the original problem
in (13) can be rewritten as a monotonic optimization problem
in canonical form as follows:

maxnmzez U st.(u,v,€,6)€GNH, (26)

u,v,&
=1

where vectors u, v, &, and ¢ contain all uk Iy vk iy fk, and
(k 3 respectively. In (25), G denotes a normal set [15] which
accounts for the limitation of the available radio resources.
In particular, G is spanned by constraints Cla, C3, C4, C9,
M1, M2, and M3. Besides, H is a conormal set which is
spanned by constraints C1b and C2. We note that the objective
function and all constraint functions in (26) are monotonically
increasing functions. Hence, from the theory of monotonic
optimization, we know that the globally optimal solution of
optimization problem (26) can be obtained by employing
the outer polyblock approximation approach. In particular, a
globally optimal solution of (26) can be obtained via an outer
polyblock approximation based algorithm as developed in our



previous works [10], [17], and the details are omitted here due
to page limitation.

We note that the monotonic optimization-based resource
allocation algorithm entails a high computational complexity
as the search space of the optimal solution grows exponentially
with the number of vertexes involved in the problem, e.g.
2Ny (K + KJ) for the considered system. Nevertheless, the
performance of the optimal resource allocation policy serves as
a benchmark for any suboptimal algorithm. In the next section,
we develop a suboptimal scheme, which finds a locally optimal
solution for problem (13), but requires only polynomial time
computational complexity.

B. Suboptimal Solution

To facilitate the design of the suboptimal algorithm, we
rewrite the orlglnal objectlve function in (12) as

—Z Z [wlog2 (1+7PPU”H% )
K

j=1 keicw) vkt

G;)} +Zw log, (1+Q,;F,i).

k=1

+plogy (1455y, | @7

We note that the multiplicative terms in (27) involving bi-
nary variables and power allocation variables, i.e. pPUk L=
Sk, PP, PSU,c Sk, ;P5U; > G = €0 and Ggr = cSpasy
are obstacles for the demgn of computationally efficient re-
source allocation algorithms. To handle this issue, we adopt
the big-M method [18] to decompose the multiplicative terms.
In particular, we impose the following additional constraints:

C10:q}, < PLoch., Cll:Gp < Phicsy, (28)
Cl2:Ppy, , < PoaxSt.i C13:5py, , <Phaxsh.;» 29 g
Cld:g, > qp — (1 —c})PEY, C15: ;. < g (30)

C16: Ggr >qsr—(1— CST)Panx» C171QST < gp, (1)
Clg:iﬁﬁuk,j >ppy, —(1— s}, ])Priz)u C19: pPUk y <pPUA ,(32)
C20: fy, , >psu,—(1= sk ;) )Paax: C21: Sy, , <Py, (33)
Besides, in order to handle the binary constraints C5 and
C6 in problem (13), we replace constraints C5 and C6 with
their equivalent constraints {C5a, C5b} and {C6a, C6b, Céc},
respectively, which are given by

Nyp K J
Csa:y D% iy —(sh,)° 0, C3b: 0<s) <1, (34)
1 1k 1j=1
K .
Coa: Z(CST (che)® + Y ek~ (h)?) <0, (35)
k=1
C6b: 0<ckp <1, and C6ec: 0<ci <1. (36)

We note that in (34) and (36), s}, o ckr, and ¢}, are continuous
in the interval between zero and one. However, constraints
C5a and Cé6a are reverse convex functions [19] which makes
problem (13) still non-convex. To resolve this issue, we
reformulate the problem in (13) as

[ U’ —i—p(kZl;skj
+ch

)2+ by - <ch>2)}

st. Cl C47 C5b, C6b, Co6c, C7-C21,

minjmlze
p.a.c.s

(37

where the P,q,c,s contain all {ﬁiPUk,j uﬁéUw bo{dL, @)
{c¢r, ¢}, and Sk respectively. Constant p > 1 is the penalty

Algorithm 1 Successive Convex Approximation

1: Initialize the penalty factor p >> 1, iteration index r = 1, and
initial point p*, gV, ¢V, and s

2: repeat

3:  Solve (44) for given f)(”, (](T), ¢, and s and store the

intermediate resource allocation policy {p, q, c, s}

4: Setr=r+1andp™ =p, g =q ¢ =c,and s =5

5: until convergence

6: Obtain final resource allocation policy p* = p”, ¢* = ™,
¢ =c, and s* = s

K J . K ) )
factor. In fact, p( >0 sk —(8h)P+ 2o e —(ch)? 4 chp —
k=1j=1 k=1

(ch)Q) in (37) is the penalty term that penalizes the violation

of constraints C5a and Cé6a, which forces the optimization
variables s,; . ck, and cST to be zero or one. It is shown in
[10], [19] that (37) and (13) are equivalent for p > 1.

Now, the remaining non-convexity of problem (37) is due to
constraints C1, C2, and the objective function. However, (37)
can be rewritten in form of a standard difference of convex
(d.c.) programming problem [19] as:

minimize F(p,q) — G(f) a) + p(H(c,s) — M(c,s))
P.d,c.s
st. Cl: By ;(p,d) — D} ;(p, @) <0,
C2: Ry, ;(p,q) — Tkj(f) q) <0,
C3, C4, C5b, C6b, Céc, C7-C21, 38)
where
Ne J
F(p,a) Z(Z Z 7~U10g2(1+(pPUk 7+pSUk 7)Hk)
i=1 j=1keK(i, j) K
+M10g2(1+pSUk +Zw logy(14+GLF) ), (39)
G(p,a) ZZ > fwlogg 1+psuk HY), (40)
i= 1] 1k61€(1 ])
H(c,s)= Z (CST + ch + ZZsk ]) and 41)
k=1j= 1
-3 ((ehr)? + S(eh)?+ ZZ%F). “2)

i=1 k=1 k=1j=1

The definitions of B,~C (p,q) and Dk (p,q ) in C1, and the
definitions of le (p,q) and le (p,q) in C2 are similar to

those of F(p,q) and G(p,q). In particular, constraints C1
and C2 are written as a difference of logarithmic functions.
We note that the problems in (21) and (38) are equivalent
in the sense that they have the same optimal solution. Thus,
we can obtain a locally optimal solution of (38) by applying
successive convex approximation [20]. In particular, for any
feasible point f)(r), 61(7’), c(T), and s("), we have the following
inequalities:

G(p,q)

> + IV
<
[}
a
o
e}}
o
|
e}}
=

(43)

where the right hand side of (43) is an affine function
and represents a global underestimation of G(p,q). Sim-

ilarly, we denote M/(c,s,c(™), s(")), ﬁ;,j(@q, p),q"),



TABLE I
SYSTEM PARAMETERS

Carrier center frequency and bandwidth 2 GHz and 2.5 MHz

Number of subcarriers, Ng 32

Bandwidth of subcarrier 78 kHz

Primary and secondary BS antenna gain 10 dBi and 5 dBi

Path loss exponent and reference distance, D,of | 3.6 and 10 meters

Receiver noise power, agT, U%Uk agU —110 dBm

Maximum power at primary BS, Po L 40 dBm

Maximum power at secondary BS, PoL 40 dBm

Minimum required rate for PUs, Rreq = Rreq | 1 bits/s/Hz

Penalty factor p for Algorithm 1 1010g2(1+Pmax/<7§T)

and Tk j(p q,p(’”),q(r)) as the global underestimations of
M (c,s), ij(p q), and Tk](p q), respectively.

Therefore, for any given p(r), q(T), ¢, and s, we
can obtain a lower bound of (38) by solving the following
optimization problem: o

minimize F(p,q) — G(p,q,p",q")
+p(H (c,s) = M(c,s,c!,s!"))
q) —

p,q,c,s
st. Cl: Bk,](f) Dk,7(p q p( ") (T)> < 07

&: Rk:,j(p7q) - Tk,j(p7qa p( )7q(7“)> <0,
C3, C4, C5b, C6b, Céc, CT-C21. (44)

We successively tighten the obtained lower bound by applying
the iterative algorithm summarized in Algorithm 1. The
proposed suboptimal iterative algorithm converges to a locally
optimal solution of (38) with polynomial time computational
complexity [20]. We note that the convex problem in (44) can
be solved efficiently by standard convex program solvers such
as CVX [21].

V. SIMULATION RESULTS

In this section, we evaluate the system performance of
the proposed scheme via simulations. The adopted simulation
parameters are given in Table I, unless specified otherwise. We
assume that the primary BS is L meters away from the sec-
ondary BS. There are K PUs and J SUs which are randomly
and uniformly distributed between the reference distance and
the maximum service distances of Dpp = 500 meters and
Dgt = 150 meters for the primary BS and the secondary
BS, respectively. The small-scale fading of the primary BS-to-
PU channels, the secondary BS-to-PU channels, the secondary
BS-to-SU channels, and the link between the primary BS and
the secondary BS is modeled as independent and identically
Rayleigh distributed. The weights of the PUs and SUs are set
as w = 2 and p = 1, respectively, to provide higher priority for
maximizing the throughput of the PUs. The results shown in
this section are averaged over different realizations of pathloss
and multipath fading.

For comparison, we also consider the performance of two
baseline schemes. For baseline scheme 1, we consider a
traditional multicarrier cognitive relaying system where the
SUs cannot perform SIC for cancelling the interference from
PUs in the secondary network. For baseline scheme 2, the user
pair on each subcarrier in the secondary network is selected
randomly and we optimize the corresponding transmit powers
for the PUs and SUs.

A. Average User Throughput vs. Normalized Distance
In Figure 3, we investigate the average user throughput of all

PUs and all SUs versus (vs.) the normalized distance between
the primary BS and the secondary BS, for K = 3 PUs and

T T T T T
—+— Proposed optimal scheme, PUs
O Proposed suboptimal scheme, PUs
=¥ Proposed optimal scheme, SUs
[J Proposed suboptimal scheme, SUs
-/x Baseline scheme 1, PUs
- Baseline scheme 1, SUs
Baseline scheme 2, PUs

%z Baseline scheme 2, SUs

Proposed optimal and
boptimal chemes

Average user throughput (bit/s/Hz)

Secondary users /
/ Baseline scheme 2

..........................

.
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Normalized distance

Fig. 3. Average user data rate (bit/s/Hz) versus the normalized distance
between the primary and secondary BSs for different resource allocation
schemes. The double-sided arrows indicate the performance gains of the
proposed optimal scheme compared to the baseline schemes.

J = 3 SUs. In particular, the normalized distance between
the primary BS and the secondary BS is given by ILDTiDE,:f
As can be observed from Figure 3, for the proposed optimal
and suboptimal schemes, the average user throughput of the
PUs decreases monotonically with the normalized distance. In
particular, as the normalized distance increases, the quality of
the primary BS-to-secondary BS link deteriorates and becomes
the bottleneck for the throughput of the assisted PUs. Thus, the
primary BS is more reluctant to let the secondary BS assist in
the information transmission since forwarding the information
over a weak channel requires high transmit power. As a result,
the potential throughput gain of the PUs introduced by the
secondary BS serving as a relay diminishes with increasing
distance between the primary and secondary BSs. On the other
hand, it can be observed that the average user throughput of the
SUs increases with the normalized distance. In particular, as
the normalized distance increases, the secondary BS assists a
decreasing number of PUs since the quality of the information
forwarding channel between the primary BS and the secondary
BS becomes worse. Thus, less power is used at the secondary
BS for satisfying the QoS requirements of the assisted PUs
and the newly available power can be reallocated to SUs for
improving the system throughput. We also note that the pro-
posed suboptimal scheme closely approaches the performance
of the proposed optimal resource allocation scheme. On the
other hand, Figure 3 shows that both baseline schemes achieve
a substantially lower average throughput for the PUs and the
SUs compared to the proposed schemes. In particular, since
baseline scheme 1 does not utilize interference cancellation at
the receivers, the co-channel interference between the PU and
the SU in the secondary network degrades the average user
throughput of both the PUs and the SUs. Besides, for baseline
scheme 2, the non-optimality of the subcarrier allocation leads
to a substantial reduction in the average user throughputs. In
particular, for a normalized distance of 0.55, the proposed
schemes can achieve roughly a 24% and 87% higher average
user throughput for the PUs and a 64% and 280% higher
average user throughput for the SUs than baseline schemes
1 and 2, respectively.
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Fig. 4. Average user system throughput (bit/s/Hz) versus the number of
primary and secondary users, K, J, for different resource allocation schemes.
The double-sided arrows indicate the performance gains of the proposed
optimal scheme compared to the baseline schemes.

B. Average User System Throughput vs. Number of Users

In Figure 4, we investigate the average user system
throughput vs. the number of PUs and SUs for a nor-
malized distance between the primary and secondary BSs
of 0.6 and different minimum QoS requirements for the
PUs, ie.,, 1 = 1 bits/s/Hz and r, = 2 bits/s/Hz. We
assume that the numbers of PUs and SUs are identical, i.e.,
K = J. The average user system throughput is calculated

N K i i J i i i
i Xk (e Chy, #2271 sk (Rpy,  +Rsu, )
as — S € A b1 As can be

seen from Figure 4, thg average user system throughput of
both proposed schemes and the baseline schemes increase
monotonically with the number of users due to the ability
of these schemes to exploit multiuser diversity. Nevertheless,
it can be observed that the average user system throughput
of the proposed schemes grows faster with increasing number
of users than that of the baseline schemes. In fact, compared
to baseline scheme 1, since the proposed schemes utilize SIC
for multiuser detection at the SUs, the co-channel interference
is significantly reduced in the secondary network. Besides,
the proposed schemes exploit the power domain to facilitate
multiuser access which offers additional degrees of freedom
for user scheduling and power allocation. Moreover, since
baseline scheme 2 adopts random user allocation in the sec-
ondary network, it can only exploit the multiuser diversity of
the PUs to improve the average user throughput, which leads
to a marginal performance gain. On the other hand, both the
proposed schemes and the baseline schemes achieve a lower
average user system throughput for larger minimum data rate
requirements. In fact, both the primary BS and the secondary
BS have to allocate more power and frequency resources to
the PUs to meet more stringent QoS requirements even if
the conditions of the corresponding channels are poor. We
note that the proposed suboptimal scheme achieves a similar
performance as the proposed optimal scheme in all considered
scenarios but entails a lower computational complexity.

VI. CONCLUSION

In this paper, we studied the power and subcarrier allocation
design for cooperative cognitive relaying MC-NOMA systems.
The resource allocation design was formulated as a mixed-
integer non-convex optimization problem for the maximization

of the weighted system throughout. The optimal resource
allocation policy was obtained by optimally solving the for-
mulated problem via monotonic optimization. Besides, we
developed a low-complexity suboptimal scheme for finding a
locally optimal solution in order to achieve a balance between
optimality and computational complexity. Our simulation re-
sults unveiled that the proposed cognitive relaying MC-NOMA
system achieves a significantly higher system throughput com-
pared to traditional multicarrier cognitive relaying systems.
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