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Abstract— The next-generation wireless networks are expected
to support a number of computation-intensive and delay-sensitive
applications such as virtual reality (VR), autonomous driving,
telesurgery and unmanned aerial vehicles (UAVs). Since many
devices are computation and power limited, mobile edge com-
puting (MEC) has been deemed as a promising way to enhance
computation service. In this paper, we propose a novel coop-
erative MEC that exploits the combination of non-orthogonal
multiple access (NOMA) and multiple helpers. In the proposed
system featuring a user, multiple helpers and a base station (BS),
the user can simultaneously offload its computation-intensive
tasks to the helpers using NOMA when there is no strong direct
transmission link between the user and the BS. Then, the helpers
can compute and offload these tasks through NOMA. Thus,
in the proposed scheme, the computation and offloading modes
at the helpers are determined with respect to the optimized task
offloading decision factor. The simulation results show that the
proposed NOMA-based cooperative MEC significantly increases
the total offloading data under the latency constraints compared
to the benchmark schemes featuring one helper with strong direct
transmission link.

Index Terms— Cooperative mobile edge computing (MEC), low
latency, multi-helper, non-orthogonal multiple access (NOMA),
offloading.

I. INTRODUCTION

ECENT advances in the next-generation wireless

technologies have motivated several computationally
intensive and latency-critical applications such as virtual
reality (VR), augmented reality (AR), autonomous driving,
telesurgery, unmanned aerial vehicles (UAVs) and Internet
of Things (IoT) [1]. These applications require ultra-low-
latency communication, computation and control among many
wireless devices. Since the devices have small physical sizes,
limited computation capacities and limited power sources, it is
a challenging task to handle intensive computation loads at the
user side.

To overcome these limitations, cloud computing offers
one possible solution by offloading the computation-intensive
tasks from users to the cloud. However, because of the data
propagation through wide area networks, the long propagation
distances between the devices and the centralized cloud,
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cloud computing can cause excessive latency computation and
heavy traffic loads at the backhaul networks. Therefore, cloud
computing may not support latency-critical applications.

To resolve this issue, mobile edge computing (MEC) has
been a promising solution to enable computation-intensive
and latency-critical applications. MEC utilizes the powerful
computing capabilities such as a MEC server integrated into
the base station (BS) within the radio access network. Com-
pared with cloud computing, in MEC systems, users offload
computation-intensive tasks to the powerful MEC servers in
proximity to base stations (BSs) and access points (APs) for
execution, which avoids data delivery over the backhaul net-
works and reduces latency [2]. MEC can considerably decrease
computation latency and significantly reduce the traffic loads
at the backhaul networks [3]. One of the other benefits of the
MEC system is that by offloading computation-intensive tasks,
the energy consumption of the devices can be significantly
saved. Besides, since the tasks can be computed at the adjacent
BS instead of the remote cloud center, the congestion in the
core network can be effectively relieved, thereby leading to the
reduction of the latency. However, there are some main cases
that need to be overcome. Firstly, the computation resource
at the BS cannot be always sufficient to support all devices.
Secondly, there could be no strong direct transmission link to
the BS.

On the other hand, non-orthogonal multiple access (NOMA)
has been recognized as a critical technology for next-
generation wireless communication systems to meet extremely
high data rate requirements. Compared to conventional orthog-
onal multiple access (OMA), such as time division multiple
access (TDMA) and orthogonal frequency division multiple
access (OFDMA), NOMA can achieve higher spectral effi-
ciency by allowing multiple users to operate simultaneously
in the same time-frequency resource with the different power
levels [4]. This can be achieved by applying superposition
coding at the transmitter and successive interference cancel-
lation (SIC) at the receiver. The motivation of employing
the NOMA technology is to reduce the offloading latency
and improve the performance of the MEC based systems.
Therefore, these two communication techniques, MEC and
NOMA, can be combined to provide gains in terms of the
total offloading data and the latency.

A. State-of-the-Art on Computation Offloading in MEC

Recently, several works have been published addressing the
issue of latency minimization, task offloading, resource man-
agement and energy consumption in MEC-enabled networks.
A computation efficiency metric has been presented in [5] to
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maximize the energy efficiency used for both computing and
communication. Motivated by the performance gains of apply-
ing NOMA over OMA, a multi-user uplink NOMA-based
MEC network has been analyzed in [6]. Both NOMA uplink
and downlink transmissions have been applied in [7] to reduce
the latency and energy consumption considering NOMA-based
MEC offloading. Then, completion time and energy minimiza-
tion have been respectively optimized in [8] and in [9] for
the different users with different computation requirements in
NOMA-based MEC networks. However, in [6]-[9], only one
cluster of users has been considered and the resource allocation
among the different clusters of users forming NOMA has been
ignored.

Since each resource is suggested to be multiplexed by a
small number of users due to decoding complexity and error
propagation, the importance of resource allocation among the
different clusters of users forming NOMA has been stated
in [10], [11]. Thus, the total energy minimization problem
has been studied in [12] for an uplink NOMA-based MEC
network by considering resource allocation for the differ-
ent clusters with two users to perform NOMA. In [13],
the total energy consumption has been minimized considering
the NOMA-based transmission in both task uploading and
downloading. The authors in [14] have presented a total energy
consumption minimization problem while achieving the com-
putation latency constraint. Additionally, in [15], a problem
has been formulated for the purpose of maximizing the
probability of successful computation by jointly optimizing
the offloading time consumption, the power allocation and
the offloading ratios. Then, a joint radio and computation
resource allocation has been stated in [16] for a multi-user
MEC system with computation interference issue regarding
the sum offloading rate maximization and the sum energy
minimization problems.

Although the above studies have demonstrated the effective-
ness of MEC through NOMA in enhancing the computation
performance of wireless networks, the computation resource
at the BS cannot be always sufficient to support all devices.
In addition, these studies have investigated the task offloading
scheme between devices and BS, regardless of cooperative
computing. The studies in [17]-[20] have presented the coop-
erative computing for MEC-enabled networks. The authors
in [17] have studied the cooperation of multiple MEC-enabled
BSs to enhance the computation offloading service with extra
tasks. In [18], cooperative relay-aided transmission with a
device-to-device (D2D) edge computing offloading architec-
ture has been introduced. The study in [19] has demonstrated
the D2D-assisted and NOMA-based MEC system to reduce
the computing load of the edge server. In [20], MEC networks
with wireless backhaul have been considered where users can
offload their computational tasks to the MEC server through
a small cell base station (SBS) so that computation resource
at the MEC server is shared among offloading users.

To deal with this issue, another potential solution is to
offload part of the computation-intensive tasks to helpers via
NOMA. In the light of this solution, in [21], a cooperative
edge computing in both computation and communication has
been given for a basic three-node MEC system consisting
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of one user node, one helper node and one AP node with
a MEC server integrated. The main objective is to mini-
mize the total energy consumption while satisfying the user’s
computation latency constraint based on TDMA transmission
protocol. In [22], a basic three-node MEC with NOMA-based
cooperative edge computing has been presented to maximize
sum offloading data subject to the latency constraints. Sim-
ilarly, the authors of [23] have represented a NOMA-aided
user cooperation scheme in a three-node MEC wireless power
transfer (WPT) system based on the energy consumption min-
imization problem. The only difference between the system
models in [22] and [23] is the available computation tasks at
the helper. The helper does not have computation tasks in [23].
However, these studies [21]-[23] are based on only one helper
scenario. In addition to that, the user can directly offload
its own tasks to the BS in these three-node MEC systems.
On the other hand, different from the basic three-node MEC
system, a cooperative task computation framework has been
considered in [24] with the purpose of maximizing the number
of accomplished tasks and minimizing the power consumption
of users. In this cooperative task computation system between
the user and the BS, one user can help the other user for task
computation via D2D transmissions.

Furthermore, the MEC-based architecture has been recently
recognized as a promising solution for many intelligent trans-
portation systems (ITSs). The authors in [25] and [26] have
introduced the MEC technology into vehicular networks in
order to enable computing offloading in computation-intensive
and latency-critical applications on resource-limited vehicles.

B. Motivations and Contributions

Motivated by the above discussions, as shown in Fig. 1,
the user can have computation-intensive mobile applications,
such as autonomous driving, gesture recognition and three-
dimension (3D) modeling, i.e., real time navigation and real
time traffic monitoring. Also, these tasks can also be executed
under latency constraints. Therefore, it is a challenging task
for the devices to handle these intensive computation loads
with the latency requirements. If there were a strong direct
transmission link between the user and the MEC server
namely the three-node MEC system, the user would offload
its computation-intensive and delay-sensitive tasks to a nearby
MEC server for remote task execution. However, for the user
which is at the cell edge, there is no strong direct transmission
link between the user and the MEC server. Therefore, the cell-
edge user chooses to offload its computationally intensive and
latency-critical tasks to the server through the aid of helpers.

To be specific, in this paper, by considering the state-of-
the-art work listed above, we propose a new paradigm of
cooperative MEC with multiple helpers based on NOMA.
In the proposed framework, a user simultaneously offloads its
tasks using NOMA to many helpers at the first slot. Then,
the helpers can both compute and offload the user’s tasks at
the second slot. In this way, NOMA is adopted for offloading
in both time slots to increase the total offloading data. Fur-
thermore, since the distances between the user and the helpers
affect the maximization of the total offloading data, adjusting
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the distances is important while achieving latency constraints
of the user’s applications. As a result, the communication
resource optimization is performed to improve the user compu-
tation experience through emerging MEC systems. The main
contributions in this work are summarized as follows:

1) We propose a multi-helper cooperative MEC system
based on NOMA to maximize the total offloading data
under the latency and power constraints while in the
literature [21], [22], and [23], only one helper case for
the MEC system has been considered and the NOMA
scheme is only applied for the link between the user and
the helper while it is not used for the link between the
helper and the BS.

2) Afterward, we analyze the proposed framework under
the optimum distances of the multiple helpers to maxi-
mize the total offloading data.

3) We provide simulation results to show the superiority of
the proposed framework in terms of the total offloading
data compared with the benchmarking solutions in [21],
[22] and [23].

The rest of this paper is organized as follows. In Section II,
we give the cooperative system model with multiple helpers.
The proposed problem formulation and the optimum solution
are presented in Section III. The extensive performance results
of the proposed framework are provided in Section IV. Finally,
the conclusions are drawn in Section V.

II. SYSTEM MODEL

In this paper, we consider a NOMA-based cooperative MEC
system which consists of a BS integrated with a MEC server,
one user and M helpers, as illustrated in Fig. 2.

Let M = {1,2,..., M} denote the set of helpers. In the
system, all helpers are identical and have the same hard-
ware specifications. These helper nodes can be a vehicle or
a device in a vehicle which have certain computation and
communication resources. Besides, the user can be considered
as a requesting vehicle and the BS integrated with a MEC
server can be called a serving vehicle in congested traffic. For
convenience, we introduce them as the user, helpers and the
BS throughout the paper.

We assume that the user has individual computation tasks
with data size, L, to complete successfully under a common
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The scenario of the cooperative MEC based on NOMA with multiple helpers.
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Fig. 2. The proposed cooperative MEC based on NOMA with M helpers.

latency constraint, but the helpers, Helper,, Ym € M, do not
have computation tasks. The BS is integrated with the MEC
server to execute the computation-intensive tasks offloaded
by the helpers. It is assumed that there is no strong direct
transmission link between the user and the MEC server since
the user is at the cell edge. The user sends a certain part of its
tasks to the MEC server through the helpers. Besides, these
helpers are at the cell-center.

We consider the partial computation offloading operation
mode that assumes the computational tasks can be divided
into two independent parts. One part is executed locally,
while the other part is offloaded to the helpers. In Fig. 2,
the user simultaneously offloads ¢, ;, part of its own data L,,,
to mrh helper and locally computes the rest of the data.
Each helper computes and offloads the tasks received from
the user. The Helper,, uses task offloading decision factor a,,
to decide the fraction of the offloading and the computing
modes. That is, for a particular time instant, the Helper,, can
have 0 < a;; < 1 to act the double modes. In the system,
0., 1s obtained through the optimization algorithm and cannot
be 0 or 1 which indicates that the helpers both perform some
portions of the offloaded tasks from the cell-edge user and
establish transmission to offload some portion of the tasks.

For a cooperative edge computing system, the cooperation
between the user and the helpers is essential. The main
motivation of the proposed cooperative MEC system is that,
for a common latency constraint T, the user offloads its own
tasks to the MEC server with the aid of M helpers. Latency
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Fig. 3. Latency constraint scheme.

constraint, T, is divided into two time slots such as t, and t
as shown in Fig. 3. In the first time slot, t,, the user offloads
the tasks to the helpers. Then, the helpers offload and compute
a certain part of the user’s tasks in the second time slot, t;.

In the first time slot which performs NOMA downlink
transmission, without loss of generality, M helpers are sorted
as gu.1 > guj2 = -+ = gu,M Where g, ,, is the channel gain
between the user and the Helper,,, Ym € M. The channel gain
is modeled by using Rayleigh distribution with a variance of
distance-dependent path loss coefficient. The corresponding
channel state information (CSI) is assumed to be available at
each receiving node.

In the first time slot t,, the offloaded data from the user
to the Helper, is calculated as €, , = 1, R,Q , and the
transmission rate an is given by [22], [27]-[32] and defined
as follows:

Pn? 8u,m
m—1 D

8u,m Z Pj +0'2
j=1

Ry =log, | 1+ (1

where PD denotes the downlink transmit power of the
Helper,,, and o2 is the variance of zero-mean complex additive
white Gaussian noise (AWGN).

In the second time slot which performs NOMA uplink trans-
mission, depending on a,, values, all helpers simultaneously
offload their data, ¢, = 0 (Cu,m), to the BS relying on
the uplink NOMA scheme. Under this scheme, the helpers
are sorted based on their channel gains, namely gy, >
gM—1,0> -+ > g1,0 Where g, , is the channel gain between
the Helper,, and the BS. Then, the BS utilizes the SIC tech-
nique to decode the data coming from the helpers. According
to the principle of the SIC, the BS first decodes the information
from the helper with the larger channel gain and then removes
it from the other helpers’ signals. Therefore, the transmission
rate of the Helper,, is given by [4], [14], [33], [34]:

PU
Ry =log, [ 1+ m 8o

)

m—1

> P jU gjoto 2
j=I
where PV is the uplink transmit power of the Helper,.

III. PROPOSED FRAMEWORK AND
PROBLEM FORMULATION

In this section, a total offloading data (TOD) maximization
problem with given constraints is formulated for the proposed
cooperative MEC based on NOMA with the M helpers.
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In the proposed framework, since there is no strong direct
transmission link between the cell-edge user and the MEC
server, the user sends a certain part of its tasks to the MEC
server through the cell-center helpers. The helpers do not act
as a pure relay since they can compute some portions of the
offloaded tasks from the cell-edge user and also offload some
portions of these computation tasks to a MEC server. In the
proposed approach, we only focus on the offloading part
at the user side rather than computing since our aim is to
maximize TOD.

The objective function is TOD that is sum of the user’s and
helpers’ offloading data and defined as function w(.) given
below

M
wt,P)=> (ruRn’f + th,’,{) 3)
m=1

Since the data ay, (t,RE) will be offloaded from the
Helper,, to the BS in the uplink transmission, the function
w(.) can be rewritten as the following function f(.):

M
FE&P@) =" (1R + ot RD)) )

m=1

Accordingly, TOD maximization problem subject to the
latency constraints and power allocation factors is given by

tmax f(t,P,a) 5)
,E,o
st. R) = R)) . VmeM (5a)
M
> PP <P, (5b)
m=1
PY <P, VYmeM (5¢)
i+t <T (5d)
1-— tuRP
M <T—t,, VYmeM (5e)
S
0<am<1, VmeM. (5f)
where t = [t,,5,], P = [PP,...,PD, PY,...,P}] and

a =lay,00,...,ap], P, is the maximum total transmit power
of the user, and P;, is the maximum transmit power of each
helper. ¢ denotes the number of central processing unit (CPU)
cycles required to calculate 1 bit of data. f;, represents the
computing power of the helpers, also known as the CPU
frequency.

Constraint (5a) gives the minimum data rate constraints
in downlink that should not be less than a given threshold
rate Rt[;l’m. Constraints (5b) and (5¢) represent the power con-
straints in NOMA downlink and NOMA uplink transmissions,
respectively. Constraint (5d) shows the total offloading time
constraint for both the user and the helpers. Constraint (5e)
represents the local computing time constraint of each helper.
Constraint (5f) indicates the range of the task offloading
decision factor for each helper.

In the proposed approach, we firstly investigate the optimum
distances of the helpers which maximize TOD assuming there
is no energy restriction on the helpers. After determining
the optimum distances, we select the helpers having these
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distances. Then, the optimization algorithm is applied to
find the optimal time, power allocation factors and the task
offloading decision factor.

A. Problem Solution

In this section, we derive the solution to Problem (5)
for the proposed system with the M helpers NOMA-based
cooperative MEC. Firstly, we give the solution for the case
of M = 2 and then generalize to the M helpers. Since the
Problem (5) is a constrained nonlinear multivariable problem,
we apply the interior point method. In this method, violation of
inequality constraints is prevented by adding a barrier term to
the objective function that ensures the optimal unconstrained
values to be in the feasible space.

1) NOMA Downlink Transmission: Since Problem (5) is
an increasing function with respect to P , the constraint
associated with the downlink transmit power can be written
as PP + PP = P, to maximize the objective function. Thus,
in the downlink transmission, 8 € (0, 1) is the power alloca-
tion factor and becomes one of the optimization parameters in
the Problem (5). Then, the allocated downlink transmit power,
Pf) , for the Helper; is determined by f P, while the allocated
downlink transmit power, P? , for the Helper, is calculated as
(1 - ,B ) Py.

The achievable rate of the Helper,, in an OMA system [27]
is given by

ROMA

Log, (1 4 fusn, ’") 6)
2 o2

where the factor 1 5 is due to the fact that conventional OMA
results in a multiplexing loss of 5 !

In the downlink transmlsswn the achievable rate in the
NOMA system should be no less than in the OMA system.
In this case, Rth is set as ROMA . Then, the range of / can
be obtained from the constraint (5a) directly as follows:

RD > R,OMA
| PPy 8u,1 1 P, gu 1
og |1+ —5—) z5log |1+
o 2 o2
(,/1 4 Dol _ 1) o2
o
B = (7
Pu 8u,1
R,D > R,OMA
(1_ﬂ)Pugu2) 1 ( PuguZ)
Io 1+—=)>-1o 1+ d
gz( ﬁPugu,z‘i‘O'z 2 £ o2
(,/1 + D2 1) o2
o
B = (8)
P, 8u,2
Thus, the range of £ is given by:
(,/1+P“Lz”"—1)cr2 (,/1+—P“g;’2—1)52
o o
<B= )

Py 8u,1 Py, 8u,2

Then, we can extend the downlink power allocation factors
to the M helpers. Assume that n,m represent the index of
each helper. The superscript of f;;" denotes the indices of
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the pairing helpers and the upper bound of f,;"™ is given as
Zm [27]. Thus, it is written as
(,/1 + Dusuz _ 1) o2
py? = ’ =33
2 P, 8u,2
(,/1 + fidus 1) o2
13 _ 23 _ i .
3 3 Py, 8u,3
LM _ M _ _ pM-1LM
M TPy = =Py
(,/1 + Dusyy 1) 52
A
= =M (10)
Pu 8u,M

According to the channel gain assumption in the downlink
transmission, the order of z,, in (10) for Vm € M is given as

(1)

21222 = -

(/1+P“g“1 1)02
where 71 = ~———5—4—

In this way, the range of the power allocation factors,
Pm, of each helper is determined as:

=M

Zn—1 < Pm < Zm+1 (12)

where 1 <m <M — 1, M > 3 and z( denotes 0.
Therefore, the downlink transmit power of each helper is
written as f,, P, while the downlink transmit power of the

M—1

Helpery, is found from the expression as P, — ( > Pm Pu).
=1

It can be noticed that Problem (5) is non-dec;neasing with

respect to t,. In order to maximize the total offloading data,
the total latency constraint, T, is the sum of t, and t; since the
range of t, is given in 0 < #, < T. Thus, the constraint (5d)
becomes:

ty+tp =T (13)
Thus, the constraint (5¢) can be rewritten as
1 —au)t,RP
MSM, VYm e M (14)

Sm

2) NOMA Uplink Transmission: In the second time slot t;,
since the data o, (£, R)) will be offloaded from the Helper,, to
the BS with transmission rate anj , we can obtain the following

equations:
1 gl 0)

Pl g
a (tuRzD) = (T — tu)logz(l + ﬁ) (16)

1 >0

aq (tuRlD) = (T —t) 10g2(1 + (15)

On the other hand, the uplink transmission power must
be lower than or equal to P; in the uplink as shown in
constraint (5c). Thus, we can derive the nonlinear constraints
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related to the optimization Problem (5) for the uplink trans-
mission powers, P%/ and Pg, using (15) and (16) as follows:

a1 (wR()
(2 W — 1)02

81,0

ay (114 RZD) ay (114 RID)
2 —1 2w o?

82.0

Then, we can extend the uplink transmission powers given
in constraint (5¢) to the M helpers, Vim € M as

am (tu RE m—1 ai(zuR[D)
27w —1 H 27 W o2
i=1

8m,o
Furthermore, the range of the task offloading decision factor
for each helper is determined to provide better cooperation
through the helpers in the system. Thus, constraint (5f) is
redefined as follows:

IA

Py a7

IA

Py (18)

<P (19)

03 <a, <0.7, Vme M. (20)

Accordingly, the optimization Problem in (5) can be rewrit-
ten as follows:

InPax f(t, P, o) (21)
Sj.t.’(12), (14), (19), (20). (22)

It is also equivalent to minimizing -f(.), thus the correspond-
ing optimization problem can be efficiently solved by using
some standard nonlinear programming optimization tools [35].
The minimum of a constrained nonlinear multivariate function
can be determined using the interior-point method.

In the interior-point method, a log-barrier term is used for
the inequality constraints, and the problem with inequality con-
straints can be reduced to having only equality constraints [36].
Barrier functions are usually a logarithmic function and can
be used to transform a constrained problem into a sequence
of unconstrained problems. These functions avoid the iterates
from leaving the feasible region by acting as a barrier.

The details of the interior-point algorithm are summarized
in Algorithm 1 for the multi-helper scenario. In the minimiza-
tion problem, x is defined as a vector of the components;
X = [ty, Pm,am], Ym € M. The vector x satisfying all the
constraints is called a feasible solution to the Problem (21).
The initial values x° are determined by defining lower and
upper bounds range for each component #,, £, and a,, in X.

Then, we define an approximate problem f,(x,s) with a
barrier parameter y as follows:

fu(%,8) = =f(X) = 1 > In(sy) (23)
m

where s = [s1, 52, ..., 5pm] > O represents the slack variables.

The slack variables are used to transform the inequality

constraints to the equality constraints. s is obtained through the

algorithm to guarantee the positiveness of the slack variables.

There exists a slack variable against each nonlinear inequality
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constraint. The nonlinear inequality constraints in (19) are
called as G =[Gy, Go, ..., Gyl

The general idea is that as the barrier parameter,
i decreases, the minimum to the approximate prob-
lem f,(x,s) will approach the minimum to the original
Problem (21).

As a result of Algorithm 1, the optimum output values
are obtained as 1, f, on, Ym € M in order to provide
maximum total offloading data under the constraints.

Algorithm 1 Optimizing TOD Based on Interior-Point Algo-
rithm for M Helpers
Input: gy, 8m.0; Ym € M, x = [ty, P, am], Ym € M
* Initialization Step
1: Slack variables, s? = [s?, sg, e, s,?,l] >0
2: Rearrange the inequality constraints in (19) as G =
[G1,Go, ..., Gyl
: Choose initial feasible points x° with G(x%) < 0
: Select a convergence tolerance, ¢ > 0
: Select the barrier parameter 10 > 0
. Set j=0
* Main Step
7: Reformulate the objective function in (21) to the approxi-
mate problem using a barrier function with s

[< N I O]

min £, (X,s),
X,S
st. Gu(X)+s, =0, Vme M

8: while | £, (x/,s/) — f,(x/T1,s/H)| <& do

9:  Define the Lagrange function L(x,s,A) of f,(x,s)
with Lagrange multipliers A and solve the corresponding
Karush-Kuhn-Tucker (KKT) equations

LOx,8,0) = = f() = 1/ D" In(si) + A (G () + 57,)

10:  Solve the approximate problem by decreasing u:
« Starting from x°, use an unconstrained search technique
such as an iterative descent method applicable to uncon-
strained problems including steepest descent or Newton’s
method to find the point that minimizes f,(x,s) and call
them as the new variables, x/ 11, s/*1 and A/ 1!

11:  w/t =g, where o € (0,1)

122 j=j+1

13: end while
Output: 13, 5% ok, Ym e M

The complexity of the interior-point method can be
given [37] as O(y/nlog %) iterations, where n is the number
of variables in the problem, depends on the number of helpers,
M, in the system. Thus, the number of helpers and the choice
of the convergence tolerance, ¢, affect the complexity. In the
algorithm, convergence tolerance, ¢, is selected as 107°.

IV. PERFORMANCE EVALUATION

In this section, we present the simulation results to evaluate
the performance of the proposed system. The simulation
parameters are listed in Table I.
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TABLE I
SIMULATION PARAMETERS

System Parameters Values

Carrier frequency, f- 3.5GHz
Transmission bandwidth, B 1MHz

Noise variance, o2 -159dBm
CPU frequency, f, 1GHz

Required CPU cycles of tasks, ¢ 1000cycles/bit

Maximum total transmit power of the user, P, 0.5W
Maximum transmit power of the helper, Py, 0.8W

For both the user and helpers, the channel is modeled
by using Rayleigh fading with distance-dependent path loss
whose parameters depend on whether the receiver is the BS
or the helper.

When the receiver is the BS, the path loss model [38] is
defined for the distance between the Helper,, and the BS,
dm,o [m].

L(dm,0)=36.710go (dm,0)+22.7+261log( (f:) [dB] (24)

When the receiver is the helper, the path loss model [39] is
given for the distance between the user and the corresponding
Helper,,, dym [m].

L(dym) = max(PL(dy,m), PL_B1(d,.m)) [dB] (25)
where PL is defined as:
PL(dym) =20log,, (du,m) +46.4 4 201ogo (fc/5) (26)

and PL_B]1 is expressed as follows:

PL_B1(dym) = (44.9 — 6.5510g,0 (hus)) logyg (dum)
+5.831og)q (hs) + 14.78
+34.97log) (f2)

where &5 is the device antenna height and hpg is the BS
antenna height.

The performance results of the proposed scheme are com-
pared with the one helper based MEC systems in [21] and [23].
In Figures 6 and 7, the proposed system is labeled as rwo
helpers with NOMA, whereas the benchmark systems studied
in [21] is labeled as one helper with TDMA and [23] is
labeled as one helper with direct link. Moreover, TDMA based
cooperative offloading scheme is also performed for the two
helpers case, namely, two helpers with TDMA. In the TDMA
scheme, four time slots are needed to offload the user’s tasks
to the BS through the two helpers.

The distance between the user and the BS, d, is selected at
750 meters. Accordingly, the cell-center helpers are deployed
between % and %. It is assumed that the helpers cannot
be close to the user and the MEC server from a distance
of 50 meters. In the proposed system, the distances between
the user and the helpers are determined according to TOD
results. On the other hand, in the one helper systems in [21]
and [23], the helper is located in the middle of the user and
BS, which is 375 meters.

27)
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Fig. 5. The average total offloading data versus fixed dy, 1 and dy, » distance
pairs, T = 50ms.

TOD is obtained for various distances using Algorithm 1 by
dividing d into 50 meters intervals. In this way, we decide
where the helpers should be located to maximize TOD. The
total offloading data is shown in Fig. 4 as a function of
different choices of d,,; and d,, > for T = 50ms. In the figure,
dy,1 is the distance between the user and the Helper;, whereas
dy,> denotes the distance between the user and the Helpers.
According to Fig. 4, the possible distance pairs giving the
highest total offloading data are the case of fixed d,,;; = 250m
or d, » = 500m which are plotted in detail in Fig. 5.

Fig. 5 illustrates the total offloading data versus the different
dy,1 and d, distance pairs for the proposed system for
T = 50ms. The increasing curve in Fig. 5(a) represents
dy,1 = 250m is fixed and d, > is changing through the
x-axis. On the other hand, the descending curve in Fig. 5(b)
represents d, » = 500m is fixed and d, ;1 is changing through
the x-axis. Fig. 5(a) indicates that the closer the Helper is to
the BS, the higher the total offloading data. Fig. 5(b) shows
that the closer the Helper; is to the user, the higher the total
offloading data. In other words, when the channel gain between
the user and the Helper; becomes stronger in the downlink
transmission and the channel gain between the Helper, and
the BS becomes stronger in the uplink transmission, we obtain
the maximum total offloading data.

By considering TOD results given in Fig. 5, the optimum
distance pair, [dy,1,dy,2], is chosen to have the maximum
total offloading data as [250, 500]. For the remaining part of
the simulation results, the optimum distance pair [250, 500] is
utilized.
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In Fig. 6, we provide the total offloading data results
considering the latency constraints. The latency, T, is a scalable
value depending on applications, in this paper, it is taken as
between 50ms and 80ms. Increasing T stretches the latency
constraint since the tasks of the user and the helpers can
be executed more flexibly. As shown in Fig. 6, the system
performance is improved in all systems when T increases since
more user tasks are offloaded to the helpers. It is observed
that two helpers case with NOMA or TDMA schemes out-
perform the one helper systems. Furthermore, TOD results
demonstrate that the proposed two helpers with NOMA system
provides the best performance. This is due to the fact that
the user’s computation-intensive tasks are distributed between
two helpers instead of offloading to the BS directly and two
helpers can offload more tasks to the BS using NOMA.
The total offloading data in the proposed system increases
dramatically comparing with the one helper with direct link
in [23] system as 0.14Mbits at T = 50ms and 0.23Mbits at
T = 80ms. Besides, the proposed two helpers with NOMA
system achieves higher total offloading data performance
on around 17% compared to the two helpers with TDMA
scheme. The proposed two helpers with NOMA system pro-
vides a 0.29Mbits higher TOD at T = 50ms and 0.47Mbits
higher TOD at T = 80ms compared to the one helper with
TDMA in [21].

We also investigate the effect of the maximum transmit
power of the user, P,, on the total offloading data and
the downlink power allocation factor, f, for T = 50ms.
Fig. 7 shows that when P, increases, the total offloading data
increases for all schemes due to increasing in the downlink
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transmission rates, R?. Specifically, the proposed two helpers
with NOMA system achieves 24% and 18% improvement in
TOD over the one helper with direct link in [23] system by
using the same transmit power of the user, P, = 0.1W and
P, = 0.8W, respectively. Besides, the proposed algorithm with
NOMA outperforms its TDMA counterpart by 24% and 16%
in TOD for P, = 0.1W and P, = 0.8W, respectively. It is
shown that the proposed two helpers with NOMA system can
provide 60% and 47.3% higher TOD than the one helper with
TDMA in [21] for P, = 0.1W and P, = 0.8W, respectively.

Fig. 8 illustrates that larger P, results in a smaller . The
reason is that increasing P, leads to allocate more power to the
Helper;. Then, the offloading data, ¢,,1 and £, > are allocated
fairly in the proposed system.

The performance results based on uplink transmit powers,
downlink transmit powers, the amount of the offloading data
at the user and the helpers side and TOD are given in Table II
for the different distance pairs for T = 50ms and P, = 0.5W.
Table II implies that there is an optimization between time
constraints; t; is lower than t,, so that the user can offload more
data to the helpers. Furthermore, the uplink transmit powers,
PU are allocated proportionally to the channel gain between
the Helper,, and the BS.

In Table II, the distance pair of [250, 300] provides more
user data offloaded to the helpers, while less data is offloaded
to the BS due to longer distance between the helpers and
the BS. This inference is easily comprehended from the
optimized task offloading decision factor, e*. Thus, it results
in less TOD compared to the optimum distance pair of
[250, 500]. Furthermore, although the optimized task offload-
ing decision factor, o takes the maximum value, TOD is lower
for the distance pair of [450, 500]. The reason is that since the
user has to complete the computation-intensive tasks under the
latency constraint, when the helpers are far away from the user,
less data will be offloaded to the helpers to meet the latency
constraint.

We also discuss the total computing data since it is impor-
tant to execute the amount of the user’s task. This variable
indicates that how much of the user’s data is cooperatively
executed at both the BS and helpers side under the latency
constraint. For the fixed optimum distance pair [250, 500]
and T = 50ms, the proposed two helpers with cooperation
scheme achieves higher total computing data performance on
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TABLE II
PERFORMANCE RESULTS FOR DIFFERENT d, | AND dy, » DISTANCE PAIRS, FOR T = 50ms, P, = 0.5W

9827

dy1 | dyy € lmsl| o) | o PP PP py Py lun Ly l10 l20 TOD
[m] | [m] [dBm] | [dBm] | [dBm] | [dBm] | [Mbits] | [Mbits] | [Mbits] | [Mbits] | [Mbits]
250 | 300 | 335 |0.53]051| 63 27 165 | 29 033 | 024 | 017 | 012 | 085
250 | 400 | 324 |0.63] 0.6 | 83 27 194 | 29 033 | 021 020 | 0.13 | 086
250 | 500 | 325 |0.67]066| 99 | 269 | 226 | 29 034 | 019 | 023 | 013 | 088
300 | 350 | 324 |0.64|062| 7.8 27 157 | 29 029 | 022 | 018 | 0.3 | 083
350 | 400 | 324 |0.68|0.67| 9 27 147 | 29 028 | 020 | 019 | 0.14 | 081
350 | 500 | 333 |0.69[0.69| 103 | 269 | 183 | 29 029 | 019 | 020 | 0.I3 | 082
450 [ 500 | 342 | 07 | 07 | 111 | 269 | 148 | 29 026 | 019 | 018 | 0.3 | 077

around 18% compared to the without cooperation case where
the optimized a” values equal to 1 and the helpers act as a
relay. This result indicates that the cooperation becomes more
important to execute more user’s data.

The performance of TOD is compared through multiple
helpers for the cases M = 2 and M 3. The optimum
distances for M 3 are determined as d,;; = 250m,
dy3 = 300m and d,» = 500m to maximize TOD. Thus,
we show that M = 3 provides a gain of about 15kbits on TOD
compared to M = 2 case for T = 50ms. The contribution of
adding one helper to the proposed framework is affected by
power constraints.

V. CONCLUSION

In this paper, we have proposed the multi-helper
NOMA-based cooperative MEC system, where the helpers
compute and offload the user’s computational tasks. Specifi-
cally, we have developed the efficient framework to maximize
the total offloading data subject to the latency constraints.
Furthermore, the optimum distances of the helpers have been
determined to obtain the maximum total offloading data. The
importance of cooperation has been discussed through the total
computing data which indicates the amount of user’s executed
data in the system. The simulation results have demonstrated
that the proposed system has better performance compared
to the one helper systems in terms of the total offloading
data. Through the proposed framework, we have shown that
both the total offloading and computing data under latency
constraints are improved by employing more than one helper
in the NOMA-based cooperative MEC system.
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