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ABSTRACT In this paper, we first employ non-orthogonal multiple access (NOMA) in a cognitive
radio (CR) based mobile edge computing (MEC) network to reduce the system delay. In particular, each
secondary user has two computation tasks which can be offloaded to the MEC servers via NOMA, while the
transmissions of different secondary users are orthogonal by exploiting different spectrum bands. Then,
we investigate the system delay minimization problem by jointly optimizing the offloading policy, the
transmit power for offloading, the computing capabilities for local secondary users and MEC servers. Since
the formulated problem is non-convex and difficult to be solved straightforwardly, we first analyze its
characteristics and decompose it into four sub-problems, which can be solved independently. After that,
we propose a low-complexity algorithm to obtain the sub-optimal solution. Simulation results prove the
superiority of the proposed scheme in terms of the system delay compared with the equal allocation scheme.
Our proposed scheme can achieve a sub-optimal solution which is very close to the optimal solution with
low complexity compared with the Branch and Bound method.

INDEX TERMS NOMA, cognitive radio, mobile edge computing, resource allocation.

I. INTRODUCTION

RECENTLY, MEC has been considered as a promising
technology to enhance the ability of wireless devices

[1]–[3]. However, the scarcity of spectrum has been a main
challenge for the sustainable development of MEC because
offloading takes up a lot of spectrum. To address this issue
efficiently, CR [4]–[6] has been exploited.

CR based MEC has been widely investigated [7]–[9]. In
[7], a three-layer architecture of the CR-MEC framework
was proposed to ensure efficient spectrum resource utiliza-
tion for big delay-tolerant data transmission. [8] proposed a
framework for CR-MEC network to study the upper bound
of the energy efficiency. The authors of [9] investigated
a maximization problem of the computation amount in a
wireless powered CR-MEC network. System delay is an
important performance metric for CR-MEC. However, the
existing works did not investigate how to reduce the system

delay for CR-MEC [7]–[9]. NOMA is a promising tech-
nology for future wireless networks [10]–[13], which can
greatly improve the spectrum resource utilization and reduce
the system delay compared with orthogonal multiple access
(OMA). In [14], the impact of NOMA on CR-MEC was
studied, where NOMA was adopted by secondary users to
improve the system spectrum efficiency. However, how to
exploit NOMA in CR-MEC to minimize the system delay
has not been studied yet.

Recently, applying NOMA in MEC systems has been ex-
tensively investigated. In [15], the resource allocation prob-
lem among different groups of users transmitting via NOMA
was studied. In [16], a full-duplex MEC system with NOMA
and energy harvesting was proposed, where the base station
can receive the computation tasks offloaded by users via
NOMA and broadcast energy signals to users simultaneously.
In [17], NOMA is exploited for both task offloading and
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result downloading in a MEC system. However, the work-
s in [15]–[17] only focused on the minimization of total
energy consumption. In [18], the joint delay and energy
minimization problem for an uplink NOMA-MEC network
was investigated. Since the linear combination of the system
delay and the total energy consumption is considered as an
objective function, the minimization of system delay is still
limited.

In [19], [20], NOMA was specially exploited to minimize
the offloading delay for MEC. Considering a NOMA-MEC
offloading scenario with two users, the offloading delay was
minimized by transforming the delay minimization problem
into a form of fractional programming and proposed two it-
erative algorithms, respectively [19]. [20] studied the overall
delay minimization for offloading in a multi-user NOMA-
MEC network under two types of constraints for offloading
users: maximum power constraint and maximum energy con-
straint, respectively. However, the proposed schemes in [19]
and [20] are not applicable for CR-MEC for the following
reasons. On the one hand, in the CR-MEC, the offloading
policies should obey the CR constraint to control the inter-
ference to the primary communication system, under which
the offloading policy will be more complicated. On the other
hand, wireless devices are usually equipped with local com-
puting capabilities in CR-MEC, which was ignored in [19]
and [20]. Hence, an efficient method to exploit NOMA in
CR-MEC to reduce the system delay should be investigated.

In this paper, we propose to employ NOMA in CR-MEC
system to further improve the spectrum utilization, and min-
imize the delay of the secondary communication system,
which has two secondary base stations and multiple sec-
ondary users. Each secondary base station is equipped with a
MEC server to provide services for the resource constrained
users. Each secondary user has two different computation
tasks [21], e.g., face detection and face recognition [22], to
be computed locally or offloaded to MEC servers. Secondary
users are allowed to access the spectrum licensed to the
primary communication system under the constraint that the
primary users’ communications are guaranteed [23]–[26]. If
a secondary user decides to offload, its tasks are offloaded to
corresponding MEC servers via NOMA. Our contributions
are summarized as follows.

1) We propose to exploit NOMA in CR-MEC to reduce the
system delay. In particular, secondary users offload their two
tasks to MEC servers via NOMA, while the transmissions of
different users are orthogonal.

2) We formulate a system delay minimization problem by
jointly optimizing the offloading policy, the transmit power
for secondary users offloading tasks, the computing resource
allocation for local secondary users and MEC servers. Due
to the formulated problem is non-linear and non-convex, we
decompose it into four sub-problems by exploiting its char-
acteristics and solve the sub-problems independently. After
that, we propose low-complexity algorithms to find the sub-
optimal solution for the case that the interference constraint
for the primary communication system is considered and the

case that the constraint is not considered.

II. SYSTEM MODEL

Fig. 1. System Model.

As illustrated in Fig. 1, we consider a NOMA-based CR-
MEC system which consists of a primary communication
system and a secondary communication system. The primary
communication system includes a primary base station (PB)
and a primary user (PU). In the secondary communication
system, there exist two secondary base stations (denoted by
bj , j = 1, 2) and N secondary users (denoted by ui, i =
1, . . . , N ). Each secondary base station is equipped with a
MEC server Fj(j = 1, 2). The computing capabilities of
ui and Fj are denoted by fL [cycles/s] and fj (j = 1, 2)
[cycles/s], respectively, where 0 < fL � f2 < f1. The set of
secondary users is denoted by U = {ui | i ∈ {1, 2, ..., N}}.
Each secondary user ui has two different computation tasks,
which are denoted by Ti,1 and Ti,2, respectively. Ti,j is
characterized by two parameters di,j [bits] and ci,j [cycles]
[27], where di,1 = di,2 = di specifies the amount of
input data required to transfer a task from ui to Fj , and ci,j
specifies the amount of computation to complete Ti,j . Let
κj [cycles/bit] denotes the computation to data ratio, i.e.,
κj = ci,j/di [28]. Without loss of generality, we assume
that d1 > d2 > ... > dN and sort secondary users by their
amount of input data.

Assume that the time of transmitting the task from the
secondary user to the MEC server is less than the computing
time. The computation tasks of each secondary user can be
computed locally or offloaded to MEC servers via NOMA.
While, the transmissions of different offloading secondary
users are orthogonality because they can exploit different
frequency bands, the bandwidth of which is B

m , where B
[Hz] is the legal bandwidth of PU, and m is the number of
offloading secondary users. As mentioned above, the amount
of computation to complete Ti,1 is better than that of Ti,2,
and the computing capability of F1 is better than that of
F2. In order to balance the computation amount of the two
servers and improve the computing efficiency, we employ F1

to compute Ti,1 and F2 to compute Ti,2 after decoding the
received mixed tasks, respectively. The time of computing a
task at a MEC server is much smaller than that of computing
locally, which is the main reason that secondary users tend to
offload tasks.

2 VOLUME 4, 2016



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2020.2984634, IEEE Access

The system delay, denoted byDsystem, is defined as the time
required to complete all tasks. The time of completing all
tasks locally is defined as DL. While the time of completing
all offloaded tasks, denoted by Doff, consists of three parts,
i.e., the time of of transmitting all tasks to MEC servers
(transmission delay), the time of computing all tasks at MEC
servers (server computing delay), and the time of comput-
ing results feedback from MEC servers to secondary users.
Generally, the size of computing results is much smaller than
the amount of input data. Moreover, the downlink data rate is
much higher than that of the offloading [22]. Hence, the time
of feedback can be omitted for simplicity. In summary, the
study of Dsystem can be classified into three cases:

1)If all secondary users compute locally, Dsystem is deter-
mined by the secondary user which takes the most time to
complete tasks.

2)If all secondary users offload their tasks, Dsystem is only
related with Doff.

3)If only a part of secondary users compute tasks locally,
Dsystem are related with both DL and Doff.

We define the offloading variable as xi ∈ {0, 1}, where
xi = 0 indicates that the tasks are computed locally, xi = 1
indicates that ui offloads its two tasks to MEC servers via
NOMA. In addition, Uoff = {ui ∈ U|xi = 1} denotes the set
of offloading secondary users and UL = {ui ∈ U|xi = 0}
denotes the set of local secondary users. The set of the of-
floading variables is denoted by V = {xi|i ∈ {1, 2, ..., N}},
and the offloading policy can be expressed as X = {xi ∈
V|xi = 1}.

As shown in the Fig.1, both the primary communication
system and the secondary communication system are uplink
communications. Let hi and hi,j denote the channel coeffi-
cients from ui to PB, and from ui to bj , respectively, which
are subject to Rayleigh fading. Without loss of generality, the
channel condition between ui and PB is worse than hi,j , and
|hi,1|2 > |hi,2|2 > |hi|2 > 0, i ∈ {1, 2, ..., N}.

With the assistance of NOMA, ui ∈ Uoff transmits its two
tasks Ti,1 and Ti,2 to b1 and b2 simultaneously with power
αi,1Pi and αi,2Pi on the same sub-band with a bandwidth
of B

m , where αi,1 and αi,2 represent power allocation coeffi-
cients and satisfy αi,1+αi,2 = 1, and Pi denotes the transmit
power at ui. Let P = {αi,1Pi, αi,2Pi} denotes the transmit
power allocation of ui ∈ Uoff. Generally, Ti,2 is allocated
with more transmit power, i.e., αi,1 < αi,2.

The mixed task from ui ∈ Uoff received by bj(j = 1, 2) is
expressed as:

Si,j = (
√
αi,1PiTi,1 +

√
αi,2PiTi,2)hi,j + nm, (1)

where nm denotes the additive white Gaussian noise
(AWGN) with zero mean and variance σ2.

Based on the protocol of NOMA [29], [30], b1 imple-
ments the successive interference cancellation (SIC) method
to detect Ti,2 by treating Ti,1 as a background noise, then
removes the detected task from Si and consequently detects

the remaining task Ti,1. The signal noise ratio (SNR) is given
by

γi,1 =
αi,1Pi|hi,1|2

nm
, (2)

b2 decodes Ti,2 by treating Ti,1 as interference, and the
signal interference noise ratio (SINR) is given by

γi,2 =
αi,2Pi|hi,2|2

nm + αi,1Pi|hi,2|2
. (3)

Achievable data rates for Ti,1 at b1 and Ti,2 at b2 are
respectively given by

Ri,1 =
B

m
log2(1 + γi,1)

=
B

m
log2(1 +

αi,1Pi|hi,1|2

nm
),

(4)

Ri,2 =
B

m
log2(1 + γi,2)

=
B

m
log2(1 +

αi,2Pi|hi,2|2

nm + αi,1Pi|hi,2|2
).

(5)

If secondary users do not interfere the communication
of the primary system, PU would share its own frequency
band with the secondary system. The interference constraint
caused by ui ∈ Uoff is expressed as

I =

N∑
i=1

xi|hi|2Pi ≤ I. (6)

where I [dB] is the interference threshold to protect the
communication of the primary system [31], [32].

According to [22], we derive the expression of local com-
puting delay, transmission delay and server computing delay
as follows.

For ui ∈ UL, its local delay is given by

DL
i = max{DL

i,1, D
L
i,2}, (7)

where

DL
i,j =

ci,j
βi,jfL

, (8)

DL
i,j [s] represents the time of completing task Ti,j locally,

βi,j ∈ (0, 1) denotes the local computing resource allo-
cation coefficient with βi,1 + βi,2 = 1 at ui ∈ UL. Let
F1 = {βi,1fL, βi,2fL} denote the local computing resource
allocation of ui ∈ UL.

For ui ∈ Uoff, its transmission delay is given by

Dt
i = max{Dt

i,1, D
t
i,2}, (9)

where
Dt
i,j =

di
Ri,j

. (10)

Dt
i,j [s] and Ri,j [bit/s] represent the transmission time and

achievable data rate of task Ti,j at bj , respectively. Then, its
server computing delay is given by

Dc
i = max{Dc

i,1, D
c
i,2}, (11)
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where
Dc
i,j =

ci,j
λi,jfj

. (12)

Dc
i,j[s] represents the computing time of task Ti,j of ui ∈
Uoff at Fj , λi,j ∈ (0, 1) denote the computing resource

allocation coefficient of ui ∈ Uoff with
N∑
i=1

λi,j = 1 at Fj .

Let F2 = {λi,jfj , ui ∈ Uoff} denotes the server computing
resource allocation of ui ∈ Uoff at Fj .

Hence the offloading delay of ui ∈ Uoff can be expressed
as

Doff
i = max{Doff

i,1, D
off
i,2}, (13)

where Doff
i,j = Dt

i,j +Dc
i,j represents the offloading delay of

Ti,j .
The system delay is thus given by

Dsystem = max{DL, Doff, ui ∈ U}, (14)

where
DL = max{DL

i , ui ∈ UL}, (15)

Doff = max{Doff
i , ui ∈ Uoff}. (16)

From (7) and (15), we observe that DL is determined by
the secondary user which takes the most time to complete
tasks, while Doff is determined by the number of offloading
secondary users, channel conditions and server computing
resources. In order to minimize the system delay, we propose
a joint transmit power and computing resource allocation
scheme and design an offloading policy in Section III.

III. SYSTEM DELAY MINIMIZATION
In this section, we first formulate a system delay minimiza-
tion problem by jointly optimizing the offloading policy, the
transmit power for offloading, the computing capabilities for
local secondary users and MEC servers. Since it is difficult
to solve the formulated problem straightforwardly, we aim
at decomposing it into four sub-problem by exploiting its
characteristics. Finally, iterative algorithms are presented to
obtain the solution.

A. PROBLEM FORMULATION
The system delay minimization problem is given by

min
F1,X ,P,F2

Dsystem (17)

s.t. xi ∈ {0, 1},∀i ∈ {i|ui ∈ U}, (17a)
N∑
i=1

xi|hi|2Pi ≤ I, (17b)

αi,1 + αi,2 = 1,∀i ∈ {i|ui ∈ Uoff}, (17c)
βi,1 + βi,2 = 1,∀i ∈ {i|ui ∈ UL}, (17d)∑

λi,j = 1, i ∈ {i|ui ∈ Uoff},∀j ∈ {1, 2}.
(17e)

The constraint (17a) is the indicator whether the tasks of ui
are computed locally. The constraint (17b) shows that the

transmit power of ui should be smaller than a threshold to
avoid interfering the communication of the primary system.
The constraints (17c), (17d) and 17(e) represent that the
total transmit power allocated to offloaded tasks, the total
local computing resource allocated to local tasks and the
total computing resource allocated to offloaded tasks are all
limited.

Note that Problem (17) is a non-linear and non-convex
problem and is quite difficult to find its optimal solution.
Hence, we design a low-complexity algorithm to obtain the
suboptimal solution by decomposing Problem (17) into four
sub-problems.

B. PROBLEM DECOMPOSITION
Let m ∈ {0, 1, 2, ..., N} denote the number of secondary
users in Uoff. Note that if the offloading policy is fixed,
DL and Doff are independent of each other. Because the
secondary users that compute tasks locally do not occupy
any frequency bands and transmit power for offloading, and
the computing resource of local devices and MEC servers
are independent. Thus we can divide Problem (17) into two
parts to minimize the local delay and the offloading delay,
respectively. The transmission delay and computing delay of
Ti,j can be minimized independently due to that Dt

i,j is only
related with the transmit power at ui, and Dc

i,j is only related
with the computing resource at Fj . By decomposing Problem
(17) into sub problems, and proposing a low complexity joint
allocation scheme, we can achieve a sub-optimal solution
which is very close to the optimal solution with very low
complexity compared with the Branch and Bound scheme.

1) Local Computing Resource Allocation Scheme
Given the offloading policy, Problem (17) is reduced to a
local delay minimization problem, which is formulated as
follows.

min
F1

max{DL
i ,∀i ∈ {i|ui ∈ UL}} (18)

s.t. βi,1 + βi,2 = 1,∀ui ∈ UL. (18a)

Solving Problem (18) is equivalent to minimizing the local
delay of each ui ∈ UL independently because the computing
capabilities of secondary users are independent.

Based on the constraint (18a), DL
i,2 defined in (8) can be

recast as DL
i,2 =

ci,2
(1−βi,1)fL

. The partial derivatives of βi,1 for
DL
i,1 and DL

i,2 are

∂DL
i,1

∂βi,1
= − ci,1

(βi,1)2fL
< 0, (19)

∂DL
i,2

∂βi,1
=

ci,2
(1− βi,1)2fL

> 0. (20)

According to Eq. (7), the local delay of ui ∈ UL is equal to
the larger one of DL

i,1 and DL
i,2. From Eq. (19) and (20), it’s

obvious that DL
i,1 and DL

i,2 are the increasing and decreasing
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functions with respect to βi,1, respectively. Therefore, the
minimum of DL

i is achieved with DL
i,1 = DL

i,2, i.e.,

ci,1
βi,1fL

=
ci,2

(1− βi,1)fL
. (21)

From Eq. (21), we can obtain the optimal solution

β∗i,1 =
ci,1

(ci,1 + ci,2)
. (22)

The minimum delay of the local secondary system is thus
given by

D∗L = max{DL*
i , ui ∈ UL}, (23)

where DL*
i =

ci,1+ci,2
fL

= (κ1+κ2)di
fL

denotes the minimum
local delay of ui ∈ UL.

Since secondary users are sorted by the data amount of
tasks, i.e., d1 > d2 > ... > dN , we have that DL∗

1 > DL∗
2 >

... > DL∗
N . If m = 0, i.e., all secondary users complete

their tasks locally, the minimum system delay is given by
D∗system(0) = D∗L(0) = DL*

1 = (κ1+κ2)d1
fL

.

2) Offloading Policy
Given the number of offloading secondary users, we can
obtain the optimal offloading policy as shown in Lemma 1.

Lemma 1: If m > 0, the optimal offloading policy is

X ∗ = {x1, x2, ..., xm}, xi = 1, i = 1, . . . ,m. (24)

The optimal offloading policy indicates that ui, i = 1, . . . ,m
offload their tasks to the MEC servers and ui, i = m +
1, . . . , N compute theirs tasks locally. Since DL*

m+1 >
DL*
m+2 > ... > DL*

N , the minimum delay of the local
secondary system is D∗L = DL*

m+1.
Proof: Suppose that ub ∈ {um+1, um+2, ..., uN} offloads

its tasks to the MEC servers. Then, by contradiction, we will
show that X ′ = {x1, x2, ..., xm−1, xb} is not the optimal
offloading policy. The minimum delay of the local secondary
system under X ∗ is DL*

m+1, and the minimum delay of the lo-
cal secondary system under X ′ is DL*

m . Since DL*
m+1 < DL*

m ,
obviously X ′ is not the optimal offloading policy, in the other
word, X ∗ is the optimal offloading policy.

3) Transmit Power Allocation
In order to minimize the offloading delay of the sec-
ondary system, we have to minimize the offloading delay
of ui ∈ Uoff. Given the number of offloading secondary
users m ∈ [1, N ], the optimal offloading policy is X ∗ =
{x1, x2, ..., xm}. The minimization of the offloading delay
consists of two parts: (i)minimize Dt

i, (ii)minimize Dc
i,1 and

Dc
i,2. We first minimize the transmission delay by finding the

optimal transmit power allocation policy. With the optimal
offloading policy, the transmission delay minimization prob-
lem is given by

min
P

max{Dt
i,1, D

t
i,2} (25)

s.t. αi,1 + αi,2 = 1,∀i ∈ {i | ui ∈ Uoff}. (25a)

Based on the constraint (18a), Dt
i,j defined in (10) can be

recast as follows

Dt
i,1 =

di
B
m log2(1 +

αi,1Pi|hi,1|2
nm

)
, (26)

Dt
i,2 =

di
B
m log2(1 +

(1−αi,1)Pi|hi,2|2
nm+αi,1Pi|hi,2|2 )

. (27)

Since the partial derivatives of Dt
i,1 and Dt

i,2 with respect to

αi,1 are
∂Dt

i,1

∂αi,1
=

−mB diPi|hi,1|
2ln2

(nm+αi,1Pi|hi,1|2)ln2(1+
αi,1Pi|hi,1|2

nm
)
< 0,

and
∂Dt

i,2

∂αi,1
=

m
B diPi|hi,2|

2ln2

(nm+αi,1Pi|hi,2|2)ln2(
nm+Pi|hi,2|2

nm+αi,1Pi|hi,2|2
)
> 0. It’s

obvious that Dt
i,1 and Dt

i,2 are the increasing and decreasing
functions with respect to αi,1, respectively. Similar as Prob-
lem (18), the optimal solution of Problem (25) is achieved
with Dt

i,1 = Dt
i,2, i.e.,

di
B
m log2(1 +

αi,1Pi|hi,1|2
nm

)
=

di
B
m log2(1 +

(1−αi,1)Pi|hi,2|2
nm+αi,1Pi|hi,2|2 )

.

(28)
By solving Eq. (28), we can obtain the optimal solution

α∗i,1 =

√
n2
m(|hi,1|2 + |hi,2|2)2 + 4nmPi|hi,1|2|hi,2|4

2Pi|hi,1|2|hi,2|2

− nm
2Pi

(
1

|hi,1|2
+

1

|hi,2|2
).

(29)

The minimum transmission delay of ui ∈ Uoff is given by

Dt*
i = Dt*

i,1 = Dt*
i,2 =

di
B
m log2(1 +

α∗i,1Pi|hi,1|2
nm

)
. (30)

4) Server Computing Resource Allocation
With X ∗ = {x1, x2, ..., xm} andDt*

i,1,Dt*
i,2. we then proceed

to minimizeDc
i,1 andDc

i,2 independently for i = 1, . . . ,m by
investigating the server computing resource allocation due to
that the compute resource of F1 and F2 are independent. The
server computing delay minimization problem is given by

min
F2

Q(λi,1) = max{Dc
i,1, i ∈ {1, 2, ...,m}} (31)

s.t.
m∑
i=1

λi,1 = 1, (31a)

where λi,1 ∈ (0, 1) denotes the computing resource allo-

cation coefficient of ui ∈ Uoff with
N∑
i=1

λi,1 = 1 at F1.

The minimum value of Q(λi,1) can be achieved only if the
following constraint is satisfied

Dc
1,1 = Dc

2,1 =, ...,= Dc
m,1,

m∑
i=1

λi,1 = 1.
(32)

By solving the above equations, we can obtain the optimal
solution as follows

λ∗i,1 =
ci,1

c1,1 + c2,1 + ...+ cm,1
, (33)
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Substituting λ∗i,1 into Q(λi,1), we can obtain the minimum
computing delay of Ti,1, which is given by

Dc∗
i,1 =

c1,1 + c2,1 + ...+ cm,1
f1

, (34)

Similarly, the optimal server computing resource allocation
coefficients and the minimum computing delay of Ti,2 can
be obtained, which are given by

λ∗i,2 =
ci,2

c1,2 + c2,2 + ...+ cm,2
,

Dc*
i,2 =

c1,2 + c2,2 + ...+ cm,2
f2

.
(35)

Combining the results of transmit power allocation and
server resource allocation, we can obtain the minimum delay
of the offloading secondary system

D∗off = max{Doff*
i , ui ∈ Uoff}, (36)

where
Doff*
i = max{Doff*

i,1 , D
off*
i,2 }, (37)

Doff*
i,j = Dt*

i,j +Dc*
i,j

=
di

B
m log2(1 +

α∗i,1Pi|hi,1|2
nm

)
+
CΣj

fj
, (38)

Doff*
i,j represents the minimum offloading delay of Ti,j , and

Doff*
i represents the minimum offloading delay of ui ∈ Uoff.

C. JOINT OPTIMIZATION
Given the number of offloading secondary users m, let
D∗system(m), D∗L(m) and D∗off(m) denote the minimum sys-
tem delay, local delay and offloading delay, respectively. By
searching the optimal number of offloading secondary users,
we can finally obtain the sub-optimal solution for Problem
(17), which is given as follows.

D∗system = min{D∗system(m),m = 0, 1, 2, ..., N}, (39)

where

D∗system(m) = max{D∗L(m), D∗off(m)}, (40)

D∗L(m) = max{DL*
i (m), ui ∈ UL}, (41)

D∗off(m) = max{Doff*
i (m), ui ∈ Uoff}. (42)

If the interference threshold is large enough, we can re-
move the interference constraint defined in Eq. (6). Gen-
erally, this problem can be solved by using the bisection
method, which solves a convex feasibility problem in each
iteration. Algorithm 1 is presented to minimize the delay
of the secondary communication system without the CR
constraint.

Ω(m) = D∗system(m)−D∗system(m− 1) (43)

Ω(m) is a function which monotonically decreases first,
then monotonically increases. We can confirm that the op-
timal solution m∗ either lies at the constraint border, i.e.,
m∗ = N or satisfies D∗

′

system(m∗) = 0. It can be verified that

D∗
′

system(m) = 0 when Ω(m) = 0. Therefore, we can design
a low-complexity bisection method that evaluates Ω(m) in
each iteration so as to obtain the optimal solution m∗, as
presented in Algorithm 1.

Algorithm 1 Bisection Method for Developing the Optimal
Offloading Policy Without the CR Constraint
1: Calculate Ω(N) using (43)
2: if Ω(N) ≤ 0 then
3: m∗ = N
4: else
5: Set optimality tolerance ε > 0
6: Initialize m′ = 0 and m′′ = N
7: repeat
8: Set m∗ = (m′ +m′′)/2
9: if Ω(m∗) ≤ 0 then
10: Set m′ = m∗

11: else
12: Set m′′ = m∗

13: end if
14: until m′′ −m′ ≤ ξ
15: Set m∗ = (m′ +m′′)/2
16: end if

In Algorithm 1, if Ω(N) > 0, the algorithm will termi-
nate in exactly log2(N/ξ) iterations, where ξ = 2 is the
convergence threshold in line 14 to make sure that m∗ is
an integer. In practice, the interference threshold is usually
finite and the interference constraint defined in Eq. (6) should
be taken into consideration. Hence, the number of offloading
secondary users should be adjusted to satisfy the interference
constraint. Algorithm 2 is proposed to obtain the optimal
offloading policy with a given interference threshold.

Algorithm 2 Iterative Algorithm Under the CR Constraint

Initialization: D∗(0)
system = D∗system(0) = (κ1+κ2)d1

fL
, the

maximum number of iterations N , the interference thresh-
old I [dB].
repeat

For the n-th iteration, 1 ≤ n ≤ N , set m = n.
• Update X ∗(n) based on (24)
• Update D∗(n)

L based on (23)
• Update D∗(n)

off based on (36)
• Update D∗(n)

system based on (39)
• Update I(n) based on (6)
until I(n) > I or n > N or Ω(n)(m) > 0
Output: D∗system, m∗,X ∗

If the interference threshold I is big enough, the com-
plexity of Algorithm 2 is O(N). The convergence condition
Ω(n)(m) > 0 indicates that as the number of offloading sec-
ondary users increases, the system delay increases because
the transmission bandwidth and server computing resource
allocated to each secondary user decrease. If the number
of offloading secondary users is small, the local delay is
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always larger than the offloading delay. Therefore, the system
delay decreases with the increase of the number of offloading
secondary users. If all secondary users offload, which means
m = N , or adding one more offloading secondary user
makes the system delay increase, the number of offloading
secondary users converges to the optimum. Moreover, if the
interference caused by offloading secondary users exceeds
the threshold, Algorithm 2 also converges.

IV. SIMULATION RESULTS
In this section, numerical results are provided to confirm the
performance of our proposed scheme. The parameter settings
are given as follows. The number of secondary users is set
as N = 20, and the data amounts of computation tasks are
distributed between 420 KB to 325 KB at an interval of 5 KB,
i.e., d1 = 420 KB, d2 = 415 KB, ..., d20 = 325 KB. The
computation to data ratios are set as κ1 = 1000 cycles/bit
and κ2 = 800 cycles/bit, respectively. The power spectral
density of the noise is σ2 =−100 dBm/Hz, the bandwidth
of PU is set as B = 20 MHz, and the transmit power of
each secondary user is Pi = 0.1 W. The equal transmit
power and computing resource allocation scheme is used as a
benchmark. All simulation results are obtained by averaging
over 1000 channel realizations.

A. CONVERGENCE ANALYSIS

Fig. 2. The convergence performance of Algorithm 2.

In Fig. 2, we show the convergence performance of Al-
gorithm 2, with I = −2 dB, fL = 1.5 × 109 cycles/s,
f1 = 1×1010 cycles/s and f2 = 8×109 cycles/s. It is obvious
that the convergence of Algorithm 2 can be achieved after
about ten times of iterations. More importantly, the maximum
number of iterations is equal to the number of secondary
users. Hence, our proposed algorithm is quite low-complex.

In Fig. 3 (a), we investigate the effect of computing capa-
bility of F1 on Dsystem. It is obvious that D∗system decreases
with the increase of computing capacity of F1 and m∗

increases with the increase of computing capacity of F1. For

Fig. 3 (a). Impact of f1 on Dsystem.

Fig. 3 (b). Impact of f1 on m∗ and D∗system.

example, m∗ = 4 for f1 = 4 × 109 cycles/s and m∗ = 10
for f1 = 12 × 109 cycles/s. It is because that if the server
computing capability is stronger, more secondary users will
offload their tasks to avoid a longer local computing time.

In Fig. 3 (b), we investigate the effect of computing capa-
bility of F1 on D∗system and m∗. It is obvious that D∗system de-
creases as the value of f1 increases, and eventually converge
to a value. For example, m∗ and D∗system remains unchanged
with f1 ∈ [8.5×109, 9×109] cycles/s. Because in this process
of change, the optimal number of offloading secondary users
is always 9, and D∗L is always greater than D∗off, i.e., D∗system
is equal to D∗L which is affected by m∗ and fL.

In Fig. 4 (a), we show the effect of the number of offload-
ing secondary users onD∗system andm∗. Observing the three
lines of different colors, obviously each line has a turning
point. The abscissa of the turning point corresponds to m∗,
and the ordinate corresponds to D∗system. It’s obvious that the
larger f2 is, the larger m∗ is, and the smaller D∗system is.
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Fig. 4 (a). Impact of f2 on Dsystem.

Fig. 4 (b). Impact of f2 on m∗ and D∗system

Because the stronger the server computing capability is, the
more willing the secondary user to offload tasks is, and the
shorter the system delay is.

In Fig. 4 (b), we investigate the effect of computing ca-
pability of F2 on D∗system and m∗. It’s obvious that D∗system
decreases with the increase of computing capacity of F2, and
eventually converge to a value. For f2 ∈ [3× 109, 3.5× 109]
cycles/s, m∗ and D∗system remain unchanged. Because in this
process of change, the optimal number of offloading sec-
ondary users is always 4, D∗L is always greater than D∗off,
i.e., D∗system is equal to D∗L which is affected by m∗ and
fL. For f2 ∈ [7.5 × 109, 8 × 109] cycles/s, m∗ remains
unchanged but D∗system becomes smaller. Because in this
process of change, although the optimal number of offloading
secondary users is always 10, D∗L is not always greater than
D∗off. For f2 = 7.5 × 109 cycles/s, D∗L is greater than D∗off,
thus D∗system = D∗L. For 7.5 × 109 cycles/s < f2 < 8 × 109

cycles/s, D∗L < D∗off, D
∗
off = max{Doff∗

i,2 , ui ∈ Uoff}, thus

D∗system = max{Doff∗
i,2 , ui ∈ Uoff} decreases as f2 increases.

Fig. 5 (a). Impact of fL on Dsystem

Fig. 5 (b). Impact of fL on m∗ and D∗system

In Fig. 5 (a), we investigate the effect of computing ca-
pability of FL on Dsystem. It’s obvious that D∗system and m∗

decrease with the increase of fL. Because the stronger the
local computing capability is, the more willing the secondary
user to compute locally is.

In Fig. 5 (b), we evaluate the effect of computing capability
of FL onD∗system andm∗. For 0 < fL < 0.4×109 cycles/s, all
secondary users choose to offload their tasks to MEC servers
because of the poor computing capability of local devices.
For fL > 0.4 × 109 cycles/s, D∗system continuously decreases
with the increase of fL, and m∗ converges to 2 eventually.
Because in the process of increasing fL, D∗L is always greater
than D∗off.

B. COGNITIVE RADIO CONSTRAINT
To test the convergence performance of Algorithm 2, we
set fL = 1.5 × 109 cycles/s, f1 = 1 × 1010 cycles/s

8 VOLUME 4, 2016



This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI
10.1109/ACCESS.2020.2984634, IEEE Access

and f2 = 8 × 109 cycles/s, and show the impact of the
interference threshold I [dB] on m∗ and D∗system in Fig.6.
It’s obvious that D∗system decreases with the increase of I . For
I ≤ −20 dB, no secondary user can offload tasks due to
the harsh cognitive radio constraint. For I ≥ −2 dB, D∗system
converges to 3.6372s, and m∗ converges to 10, because if we
do not consider cognitive radio constraints, i.e., I is infinite,
as shown in Fig.2, the system delay can only be reduced to
3.6372s at most and the corresponding number of offloading
secondary users is 10.

Fig. 6. Impact of I[dB] on m∗ and D∗system

C. ALLOCATION SCHEME COMPARISON
We compare the proposed joint allocation scheme with the
equal allocation scheme and the Branch and Bound scheme,
respectively. As shown in Fig. 7, given fL = 1.5 × 109

cycles/s, f1 = 1 × 1010 cycles/s and f2 = 8 × 109 cycles/s,
Dsystem of the proposed joint allocation scheme is always
smaller than that of the equal allocation scheme, i.e., the
proposed joint allocation scheme can converge to a smaller
D∗system. In other words, the performance of the proposed joint
allocation scheme is better than the equal allocation scheme.
The red line represents the optimal solution achieved by the
Branch and Bound scheme. The complexity of the Branch
and Bound scheme is O(2N ), which is extremely complex.
However, the complexity of the proposed joint allocation
scheme is only O(N), which is very low compared with the
Branch and Bound scheme. It’s obvious that our proposed
scheme can achieve a sub-optimal solution which is very
close to the optimal solution with very low complexity.

V. CONCLUSION
In this paper, NOMA was employed in a CR based MEC
network to further improve the spectrum utilization and re-
duce the secondary communication system delay. Particular-
ly, each secondary user can offload their tasks to the MEC
servers via NOMA, while the transmissions of different users
were orthogonal by exploiting different spectrum bands. We

Fig. 7. Allocation scheme comparison

investigated the system delay minimization problem by joint-
ly optimizing the offloading policy, the transmit power for
offloading and the computing capabilities for local secondary
users and MEC servers. Since the formulated problem was
non-convex and difficult to be solved straightforwardly, we
first analyzed its characteristics and decomposed it into four
sub-problems, which can be solved independently. After that,
low-complexity algorithms were proposed to obtain the sub-
optimal solution. Finally, simulation results confirmed the su-
periority of the proposed scheme in terms of the system delay
compared to the equal allocation scheme. Our proposed low-
complexity scheme can achieve a sub-optimal solution which
is very close to the optimal solution achieved by the Branch
and Bound scheme. In addition, as future work, it is worth
extending our scenario to the general multiple base stations,
and discussing the energy consumption issue in order to make
a further enhancement on the system performance.
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