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ABSTRACT Mobile edge computing (MEC) and non-orthogonal multiple access (NOMA) have been
considered as the promising techniques to address the explosively growing computation-intensive appli-
cations and accomplish the requirement of massive connectivity in the fifth-generation networks. Moreover,
since the computing resources of the edge server are limited, the computing load of the edge server
needs to be effectively alleviated. In this paper, by exploiting device-to-device (D2D) communication
for enabling user collaboration and reducing the edge server’s load, we investigate the D2D-assisted and
NOMA-based MEC system. In order to minimize the weighted sum of the energy consumption and delay
of all users, we jointly optimize the computing resource, power, and channel allocations. Regarding the
computing resource allocation, we propose an adaptive algorithm to find the optimal solution. Regard-
ing the power allocation, we present a novel power allocation algorithm based on the particle swarm
optimization (PSO) for the single NOMA group comprised of multiple cellular users. Then, for the matching
group comprised of a NOMA group and D2D pairs, we theoretically derive the interval of optimal power
allocation and propose a PSO-based algorithm to solve it. Regarding the channel allocation, we propose a
one-to-one matching algorithm based on the Pareto improvement and swapping operations and extend the
one-to-one matching algorithm to a many-to-one matching scenario. Finally, we propose a scheduling-based
joint computing resource, power, and channel allocations algorithm to achieve the joint optimization. The
simulation results show that the proposed solution can effectively reduce the weighted sum of the energy
consumption and delay of all users.

INDEX TERMS  Mobile edge computing (MEC), non-orthogonal multiple access (NOMA),
device-to-device (D2D) communications, power allocation, and channel allocation.

I. INTRODUCTION

With the proliferation of smart devices and mobile inter-
net services, more and more mobile applications, such as
augmented reality (AR), artificial intelligence (AI), and
face recognition, are emerging and have attracted much
attentions [1], [2]. These sophisticated applications are
generally computation-intensive and delay-sensitive, which,
however, cannot be afforded by most mobile devices
due to their limited computing resources and battery

capacities [3], [4]. As an interesting and promising solution
in the fifth-generation (5G) communications, mobile edge
computing (MEC) enables users to offload computing tasks
to the edge server, which can mitigate the cost of devices and
improve the quality of service (QoS) [5]-[8].

Moreover, since a large number of devices offload
computation-intensive tasks to the edge server, there is
an urgent requirement for massive connectivity. However,
due to the allocation manner of communication resources
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(e.g., time slots and frequencies), conventional orthogonal
multiple access (OMA) cannot satisfy the requirements of
the number of user access (NUA) for MEC in 5G networks.
As a potential and compelling technology, non-orthogonal
multiple access (NOMA) enables multiple users to share
one channel at the same time, thereby improving NUA and
spectral efficiency (SE) [9]-[13].

Although NOMA can address the requirement of massive
connectivity, it introduces a new challenge, namely, when vast
users offload tasks to the edge server, the users’ experienced
QoS will be impaired due to the excessive computation work-
load at the edge server. Many approaches have been proposed
to alleviate this issue. Al-Shuwaili and Simeone [14] utilized
the repeatability of computing results of AR to store reusable
results in servers to mitigate the computing load. However,
this scheme often requires a specific scenario. Fan ef al. [15],
Chen et al. [16], Ning et al. [17], and Beraldi et al. [18] uti-
lized the cooperation between servers or servers and clouds to
balance the computing load. However, these schemes usually
require neighboring servers and remote clouds to coordinate
their task allocations for the load balancing, which usually
result in a heavy signaling overhead in the backhaul. Thus,
it is necessary to explore a new way of cooperation to mitigate
the computing load of edge servers in the NOMA-based
MEC system.

Device-to-device (D2D) communication has been consid-
ered as an important paradigm in 5G systems and has drawn
lots of research interests [19]-[21]. In D2D-enabled cellu-
lar networks, devices are allowed to communicate directly
through cellular channels, which not only mitigates the work-
load of the base station (BS) but also improves SE and
NUA [22], [23]. Therefore, in this work, we exploit the
D2D to reduce the computing load of the edge server in
the NOMA-based MEC system. In the system, cellular users
(CUs) form multiple NOMA groups, and users in each
NOMA group offload tasks to the edge server through the
same subchannel. Since the computing resource of different
devices is heterogeneous, the device with weak computing
capability can offload task to the device with stronger com-
puting capability through a cellular channel. However, for the
D2D-assisted and NOMA-based MEC, there are still many
factors (such as the multi-user interference and resource allo-
cation) that affect the system performance (e.g., energy con-
sumption and delay). Therefore, interference management
and resource allocation are essential for the D2D-assisted and
NOMA-based MEC system.

Recently, several studies have investigated the perfor-
mance of NOMA-based MEC system. Ai et al. [24] con-
sidered the sociality and cooperation between devices, and
optimized the system delay under the constraints of energy
consumption and power consumption. Wang et al. [25] con-
sidered a multi-antenna NOMA-based MEC system and opti-
mized the energy efficiency with the constraints of the rate
and power. In [26], multiple users offload tasks to unmanned
aerial vehicles (UAVs) in the way of NOMA and reduced the
energy consumption of system by optimizing the power of
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all devices and the trajectory of UAVs. Kiani and Ansari [27]
exploited NOMA into MEC and formulated an optimization
framework to reduce the energy consumption of system by
optimizing user clustering, resource and power allocations.
Moreover, some studies have focused on the D2D-based
MEC system. For instance, Chen et al. [28] proposed a
novel D2D crowd framework for the MEC system to achieve
energy-efficient collaborative task executions at the network
edge for mobile users.

Moreover, inspired by the benefits of NOMA and D2D,
some studies investigated the combination of the two tech-
nologies for further improving the SE and NUA. Thus,
recently, there have been some studies investigated the
D2D communication underlaying a NOMA-based cellular
network [29]-[32]. Zhao et al. [29] considered a novel
NOMA enhanced D2D communication scheme and proposed
a novel algorithm based on the matching theory and sequen-
tial convex programming to maximize the system sum rate.
Pei et al. [30] investigated the resource allocation problem
in the D2D communication underlaying a NOMA-based
energy-harvesting cellular network. Focusing on a uplink
multi-carrier NOMA (MC-NOMA) in D2D underlaying cel-
lular networks, Zheng et al. [31] proposed an iterative algo-
rithm that applies the Karush-Kuhn-Tucker (KKT) conditions
to solve the power allocation problem.

The above studies have investigated the NOMA or D2D
based MEC system and D2D communication underlaying
NOMA-based cellular network. However, for interference
management, some studies focused on one aspect (either
power control or channel allocation). In [32], a joint power
allocation and channel allocation was investigated by exploit-
ing the techniques of lagrangian duality and dynamic pro-
gramming. This work considered a simplified NOMA-based
scenario and internal interference without considering the
influence of inter-group interference. Although Pan et al. [33]
investigated the internal and inter-group interference and
proposed a joint optimization of power and channel alloca-
tions in D2D communication underlaying a NOMA-based
network, this work did not consider the joint optimization
for both cellular and D2D users. Moreover, many existing
studies focus on the interference management, and pay little
attention to the optimization of computing resources which is
significant for the performance of MEC system. To the best
of our knowledge, there is no existing work investigating the
D2D-assisted and NOMA-based MEC system.

Therefore, in this work, we jointly optimize the computing
resource, power and channel allocations to reduce the energy
consumption and delay of both CUs and D2D users. In the
system, all CUs will form multiple NOMA groups. In each
NOMA group, CUs offload tasks to the edge server through
a fixed subchannel. Each D2D pair consists of a task requester
and a task agent, where the task requester offloads a task to
the task agent through one arbitrary subchannel. In order to
minimize the weight sum of energy consumption and delay of
all users, we jointly optimize the computing resource, power
and channel allocations. However, the objective function is
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a non-convex multivariate fractional summation function and
the constraints are also non-convex. After analysis, we decou-
ple the original problem into three subproblems. The main
contributions of this work can be summarized as follows:

1) We simultaneously optimize the energy consumption
and delay for cellular and D2D users under the
constraints of energy consumption, delay, power and
computing resource. The optimization problem is chal-
lenging due to the structure of multivariate fractional
summation. We analyze the relationship between the
three variables in the optimization problem, and decou-
ple the optimization problem into three sub-problems,
and obtain a close-to-optimum solution.

2) We investigate the power allocation problem with two
different matching cases. First, for the single NOMA
group, we propose an iterative particle swarm optimiza-
tion (PSO) algorithm. In each iteration, it transforms
the multivariate problem into a univariate problem to
reduce the computational complexity. Secondly, for
the matching group, we reduce the complexity of the
power allocation problem by transforming the multi-
variate problem into a univariate problem by replacing
the CUs’ power with the task requester’s power. Then,
we quantify the interval of the optimal task requester’s
power allocation and further utilize the PSO algorithm
to find the optimal task requester’s power within this
derived interval.

3) For channel allocation, we propose a one-to-one match-
ing algorithm based on the swapping operations and
Pareto improvement, and prove that the algorithm con-
verges to the locally or globally optimal solution.
Moreover, in order to achieve the goal of joint
optimization, we propose a scheduling-based joint
computing resource, power and channel allocations
algorithm.

The remainder of this paper is organized as follows.
Section II presents the system model. In Section III, we for-
mulate an optimization problem and decouple it to three
subproblems. In Section IV and Section V, we solve the
three subproblems and propose an algorithm to solve the
joint optimization problem. Numerical results are presented
in Section VI. Finally, conclusion is given by Section VII.

Il. SYSTEM MODEL

We consider a cellular uplink communication system which
consists of a BS equipped with a MEC server, U CUs
and N D2D pairs, denoted by D = {D1,D3,---, Dy},
as illustrated in Fig. 1. In the system, the CUs and D2D
pairs are uniformly distributed. According to the user clus-
tering method in [34], CUs are divided into M NOMA
groups at equal intervals of channel gains. Denote NG =
{NG{, NG, --- , NGy} as the set of NOMA groups, where
NGy, = {NG., NG, --- ,NGj"} denotes the m-th NOMA
group, and NG, is the j-th user in the m-th NOMA group,
and K, denotes the number of users in the m-th NOMA
group. In each D2D pair, there are a sender called D2D task
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requester (DTR) and a receiver called D2D task agent (DTA).
Moreover, we assume that DTR and DTA are friends or rel-
atives with solid mutual trust relationship, so DTA can
help DTR without rewards. Both CUs and DTRs have

a computation-intensive and delay-sensitive task A; 2
(D;, C;, T"™), where D; is the input-data size (in bits), X; rep-
resents the computing intensity (in CPU cycles per bit), and
T/"% represents the deadline of each task. In addition, there
are M orthogonal subchannels SC = {SCy, SCy, - - - , SCy},
and we define B = % as the bandwidth of each subchannel,
where W is the available channel bandwidth. In particu-
lar, each NOMA group is assigned a subchannel, and CUs
who belong to the same NOMA group offload tasks to the
edge server through the same subchannel. DTRs can select
one arbitrary subchannel for computing offloading. In other
words, each subchannel may not be occupied by any D2D
pair or may be occupied by multiple D2D pairs. In addition,
we assume that the computing resources of the edge server are
divided into multiple computing cells, and the total number
of computing cells is CN. Moreover, we assume that all users
perform computing offloading simultaneously and the BS has
complete channel state information (CSI).

A. COMMUNICATION MODEL

We assume that subchannel SC,, is occupied by the
NOMA group NG,,. Since each DTR can select any sub-
channel to offload its task, there are two matching cases for
a NOMA group. Specifically, if NOMA group NG, does
not share its subchannel SC,, with any D2D pair, then we
call NOMA group NG, as a single NOMA group. Other-
wise (namely, some D2D pairs reuse the subchannel SC,, of
NOMA group NGy,), we call NOMA group NG,, as a match-
ing group. Then, the received signal at the BS corresponding
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to subchannel SC,, is given by

K
Z pNG]mgNG] B NG] + Zamn\/pngnBen + &ms
j=1 =1

ey

where NG, and e, are the transmit signals of NG, and

DTR,, respectively. &, is the additive white Gaussian noise
(AWGN) at the BS on subchannel SC,, with variance o2.
NG, B is the channel gain between NG, and BS, and gnB 18
the channel gain between DTR,, and BS. o, is a binary vari-
able which represents the channel selection decision. When
omn = 1, the NG, shares the same subchannel with the D,,.

P, and p,, are the power of NG] and DTR,, respectively.

Moreover, we can obtain the received signal of the DTA,,
which is given by

M Ky

2 = \/Pugmen+ D ) mn PnG}, 8NG),.n NG,

m=1 j=1

M N
+Z Z amnaml«/ﬁglnel‘i‘gna 2)

m=11=1,l#n

where g, is the channel gain between DTR),, and DTA,, and
8NG, is the channel gain between NG, and DTA,,. 8in 1s the
channel gain between DTR; and DTA,,. &, is the additive white
Gaussian noise (AWGN) at the DTA,, with variance ¢2.
According to the sorting method of the CUs in the NOMA
group in [34], uplink users will be interfered by other users’
signals with lower channel gains. Thus, there exist the intra-
group interference which comes from the inside of the
NOMA group. In addition, there also exist other interfer-
ences which come from DTRs which share the same sub-
channel with the NOMA group. Hence, the signal-to-noise
ratio (SINR) of NG/, is given by
Py 8ng
Pna, = &, = ]:/v - - G
Z PNGL 8NG!, + Z OmnPn&nB + o?

m

I=j+1 =1

where o2 is the background noise power. For the D2D pair,
the interference comes from the NOMA group which shares
the same subchannel with it. The SINR of DTR,, is given by

[y

_ Pngnn
M Ky ’
Z Z amnpNG/ gNG/ + Z Z UmnmiPl8In +0?
m=1j=1 " m=11=1,l#n

“
and the achievable data rates of NG{n and DTR,, are given by

RNGJ;,‘ = Blog,(1 + FNG{,[)’ (@)
= Blog,(1 4+ T'p). 6)
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B. COST MODEL

In this work, we focus on the energy consumption and delay
of the system. Similar to [35] and [36], in this paper, we do
not consider the energy consumption of the edge server,
DTAs and the process of reception. Therefore, only CUs
and DTRs have energy consumption for the process of task
uploading. The energy consumption of each CU (or DTR) is
given by

D.
E; =pl;’, i € NGy, m € [1, M1} U{DTR,, n € [1,N]}.
i

(N

Besides, the task delay consists of three parts, i.e., the task
uploading delay T“P, the task execution delay 7, and the
task result download delay 79°*". Due to the small data size
of the computing results, we do not consider the 79°*" . Thus,
the task delay of CUs and DTRs is given by

Ti — Tl_”P + Tiexe’
i€ {NG,,me[l,M}U{DTR,,n€[1,N]}, (8)

where T = R’ and T = S fi is the computing rate
(in the unit of CPU cycles per second) for the task of user i,
and it is given by

By, Frs: i€ NGy}, me[1,M], jell,Kyl

= pete, i € (DTR,}, n € [1, N1,

&)

where Fpg and F,fl” are the computing rates of the com-
puting cell of the edge server and DTA,, respectively.
By denotes the number of computing cells assigned to

the NG),.

In the process of computing offloading, both energy con-
sumption and delay are vital. Similar to [37], we introduce
the non-negative weight factor w to trade off the energy
consumption and delay. Thus, the weight sum of the energy
consumption and delay of all users in the system is given by

cost—a)(zz NG, +2En)
m=1 j=1
+(1—a))(ZZTG, +ZT) (10)

m=1 j=1

where E NG, and E, are the energy consumption of NGJ;n

and DTR,,, and T NG and T, are the task delay of NGj and
DTR,, respectively. fn addition, w is the weight of the energy
consumption and 1 — w is the weight of the delay.

lll. OPTIMIZATION PROBLEM

In this section, we formulate an optimization problem
to minimize the weight sum of the cost of all users
with constraints on the energy consumption, power, delay
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and computing resources. The optimization problem is
given by

P1:
min cost, (11a)
amnsﬁNGj Py P
s.t. E _Emg", Vm e [1,M], Vj € [1, Ky,
(11b)
E, <E™, Vnell,N], (11c)
Tyg, < Tk, Yme (1M1, V) € [1Knl.
(11d)
T, <T™, Vnel[l,N], (11e)
Pt < pi < ™, Vi€ {NGp.m e [1, M]}
Uf{n,ne[1,N]}, (11f)
M
> =1, Vne[l,N]. (11h)
m=1
N
0<) o < max,  ¥me[l,M], (11i)
n=1
IBNGLn € N+5 VJ € [vim]v (11.])
(11k)
M Kp
22 Byg, =CN. (1
m=1 j=1

where constraints (11b) and (11c) are energy consumption
constraint conditions. Constraints (11d) and (11e) are task
delay constraint conditions. Constraint (11f) is transmission
power constraint condition. Constraint (11g) indicates that
the «,,;, is a binary variable. Constraint (11h) indicates that
each D2D pair must share a subchannel with one NOMA
group. Constraint (11i) shows that the NOMA group may not
share subchannel with any D2D pair and the number of D2D
pairs that share subchannel with the NOMA group shall not
exceed amax. Constraint (11j) denotes the NG, is a positive
integer. Constraint (11k) denotes each CU is ass1gned at least
one computing cell and at most Bmax computing cells, where
Bmax = CN — U. Constraint (111) indicates that the total
number of computing cells allocated to all CUs is equal to
the total number of computing cells of the edge server.

P1 is a mixed integer non-linear programming (MINLP)
problem which consists of binary, integer and real variables,
and the objective function is a non-convex function. There
is no efficient approach to solve this problem optimally.
Hence, we have an analysis of P1 as follows. Firstly, we find
that computing resource allocation variables 8 v, &re inde-
pendent of the channel allocation decision variables Onn
and transmission power p NG, and p,. Therefore, computing
resource allocation can be performed separately from power
and channel allocations. Secondly, the power and channel
allocations are coupled, and it is difficult to solve these
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two problems synchronously. Similar to [29] and [38],
we consider decoupling the power and channel allocation
problems. Therefore, we decompose the original problem
into three subproblems. First, we prioritize the computing
resource allocation problem to obtain the optimal task exe-
cution delay. Secondly, on the premise of determining the
task execution delay, we propose algorithms to solve power
allocation problem for the single NOMA group and matching
group. Then, we investigate the channel allocation algorithms
for D2D pairs. Finally, we combine the proposed algorithms
of the three subproblems to obtain the minimum weight sum.

IV. COMPUTING RESOURCE AND POWER ALLOCATION
In this section, we first solve the computing resource allo-
cation problem which is related to task execution delay. The
types of task execution delay of different users are different.
For CUs, since their task execution delay depends on the
computing resource allocation strategy, it can be considered
as a variable. For D2D users, since the computing rate of
DTA is a constant, their task execution delay can be consid-
ered as a constant. In other words, the computing resource
allocation is only for CUs. The optimization problem of
computing resource allocation is given by

+ZFclo
n=1""

M Ky

mm (1 — a))(z Z

m=1 j=1 NG/
C

(12a)

j
st Byg > —om Vme [1,M], Vj € [1, Knl.
m Tygi Fbs
(12b)
Constraints (11j, 11k), (12¢)

in which constraint (12b) comes from constraint (11d) and
ensures that the computing cells assigned to each CU satisfy
N

the minimum delay requirements. Since Y F€70
we can optimize P2 without taking it 1nto1 account. We pro-
pose a computing resource allocation algorithm (CRA) to
minimize the sum of the task execution delay of CUs. The
pseudo-code for the CRA is shown in Algorithm 1. As CRA
shows, for each CU, we first ensure that its task execution
delay is lower than the task delay. We define a task execution

NG’ NG’
=P N, Fgs (B N, +D)Fps
the task execution delay, for each computlng cell, we assign it
to the user with the maximum task execution gain. In addition,
n. denotes the number of remaining computing cells in the
allocation process.

Proposition 1: The CRA converges to the optimal comput-
ing resource allocation strategy.

Proof: Itis worth mentioning that the allocation strategy
of computing resource is directly related to the task execution
delay of the CUs. In other words, the optimal computing
resource allocation strategy corresponds to the optimal task
execution delay. Thus, we investigate whether CRA can con-
verge to the optimal task execution delay.

1S a constant,

To minimize

delay gain gamN
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Algorithm 1  Computing  Resource  Allocation
Algorithm (CRA)
1: Initialization: ,BNG,;n = 0,Vm € [1,M], V] €
[1, K,]; no = CN
2: forallm € [1, M] do
3. forallje[l,K,]do
4 repeat
c
Texe NGy =n.—1

NGl Byg s+
Bngl, = Praj, +1

until Texej < T

m m

: end for

: repeat
10:  Calculate gain®,
NG

6:
7:  end for
8
9

,Yme [1,M],Vj € [1, K]
11: [m*,j*] = argma';c({gamexél D.

mj m
'BNG{n ~ PNdT, + 1L
13: ne.=n,— 1.
14: until n, =0

First, we assume that the solution of the computing
resource allocation variables g NG obtained by CRA is S, and
the optimal solution is $*. Moreover, we assume 7¢(S) >
T*(S*) where T¢(-) is a function of the solution and rep-
resents the total task execution delays of all CUs. In the last
iteration of the CRA, the user’s parameters with the maximum
task execution delay gain are [m, j]. As mentioned above, due
to T%¢(S) > Tm(S*) there must be [ ] # [m,j] to

make gain®?., > gain®. . This is contrar to the rule of

CRA. Therefcy;lre, the optimal solution of task execution delay
is obtained by CRA. In summary, the CRA can converge to
the optimal computing resource allocation strategy. [ |

Proposition 2: The computational complexity of CRA
is O(CN).

Proof: In CRA, the process of computing resource
allocation is divided into two parts. The first part is to ensure
that minimum delay requirements are satisfied and the second
part is to assign remaining computing cells to the user with the
maximum task execution gain in each iteration. At the same
time, the computing complexity of each iteration in each part
is same and the complexity between the two parts is almost
same. Therefore, we can consider the complexity of each
iteration as a constant. It can be seen that the total number
of iterations is CN, meaning that the computing complexity
of CRA is O(CN). ]

A. POWER ALLOCATION OF SINGLE NOMA GROUP

Based on the results of the computing resource alloca-
tion, we investigate the power allocation problem for single
NOMA group and matching group, respectively. We assume
that NG, is a single NOMA group. Thus, the power allocation
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problem of the single NOMA group is given by

Kin Dy
o L”Nc;’,'nr’;leiﬁ’K'"]} ;(prG/ RNGm 0 w)( NG},
T};’é; ), (13a)
s.t. ENGm < E;V“(‘;‘ Vj e [l, Knl, (13b)
Tng, =Ty Vi€l Knl, (13c)
Py =Pacl, =Prge Y €L Knl,  (13d)

where T is a constant. Since NG, is a single NOMA
" P,

NG, — EKnm

17% Pyl 8ncl, To°
tivariate nonlinear fractional summation problem. To tackle
this problem, based on the PSO, we propose a power allo-
cation algorithm for single NOMA group (PASNG). The
algorithm is summarized in Algorithm 2, where rn is the
number of rounds, and K, is the period. sn is the serial
number of the current optimized user. N, is the number of
PSO populations. Njz, is the number of iterations of the PSO.

p;G/. is the power of NG, at the end of the rounds rn, and
I 1T

group, I’ . However, P3 is a mul-

gpis the power error threshold. As shown in PASNG, the main
idea of the algorithm can be summarized as the following
two points. First, in order to avoid high computing complex-
ity, only one user’s power is updated in each iteration, and
the power of other users are kept unchanged. This process
can transform a multivariate problem into a single variable
problem, and reduce the computing complexity as well as the
probability that the PSO algorithm falls into a locally optimal
solution. Secondly, in each iteration, we utilize the PSO to
optimize the power of the corresponding user. When power
of all users are optimized, the above operation is performed
again until the convergence conditions are met, where the
convergence condition indicates that the power of all CUs in
the NOMA group is almost no longer changed. Furthermore,
similar to [39], we do not consider the energy consumption
generated by the implementation of the PSO algorithm.

Proposition 3: The PASNG converges to the locally or
globally optimal solution.

Proof: Similar to [39], we set the parameters of the PSO
to satisfy the condition of converging to a locally or glob-
ally optimal solution. This allows each iteration to obtain
a locally or globally optimal solution under current power
conditions. Moreover, we assume that the power results of
the first iteration is {plGI ,Jj € [1, K;;]}. During the second

iteration, the next user’s power will be optimized. It is worth
noting that this optimization is carried out on the basis of
power result of the first iteration. Therefore, the result of
the second iteration is better than the result of the first iter-
ation, and so on. It can be seen from the above analysis that
as the number of iterations increases, the cost will continue to
decrease. When each user’s transmit-power does not change
between two consecutive iterations, the locally or globally
optimal solution is obtained. [ ]
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Algorithm 2 Power Allocation Algorithm Based on PSO for
Single NOMA Group (PASNG)
1. Imitialization: n = 1, Pngi, = pxg’j;, Vi €
[1, K], sn = Ky, Npop = 20, Njger = 50
2: repeat:
According to the results of initialization or last iteration,
fix users’ power other than the sn user.

(98]

4:  Use PSO to optimize the power of the sn user.
5 sn=sn—1.

6: if sn = 1 then

7: sn=K,,m=r+1.

8: end 1f

% until Kn Z |pNG/ ,m - pNG/m m— ll =

/ 1
ES
10: Output: {ijG{n,] e [1, Knl}

Proposition 4: The computational complexity of PASNG
is O(K2 x Npop % Niter)-

Proof: PASNG adopts the PSO in each iteration. The
computing complexity of PSO is related to the population
number and total number of iterations. Similar to [39],
the computational complexity of each iteration should be
O(WNpop X Niger). In addition, PASNG adopts a loop mech-
anism where each loop contains K, iterations. According to
the results of repeat experiments, under the condition of K,
users, the number of rounds when the convergence is achieved
is about K,,. Thus, the computational complexity of PASNG
is O(K2 x Npop X Niter). [ ]

B. POWER ALLOCATION OF MATCHING GROUP

We investigate the power allocation problem where the
NOMA group matches a D2D pair. We assume that the NG,
shares subchannel with the D,,. The power allocation problem
of the matching group is given by

P4 :

K, ) .
npyd D D
min a)(z NZ’" NGy + Pn %)

Py, deLKnlbpn = Rygr Ry
Km
NGm n exe ”
+d - “’)(Z + Z TNG/ Fclo
j=1 NG’
(14a)
. max .

st Eyg < Epet. Ve[l Knl, (14b)
E, < EM™, (14c)
Tyg, < Toet. Vi€ (L Knl, (14d)
T, < T, (14e)
P <Pyl <P W€ lLKul.  (14D)
Pt < py <P Vne[1,N], (14g)
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K"l
exe G
where ) T¢¢ and FC’,’,,

Jos are constants. Since NG, is a
j=1 m

. Pygl 8ng
matching group, I' N NG

NG, = T and I, =
Y. Pyl 8l +PngnB+o?
151, NG BN

oLk . This problem is a multivariable fractional
j; Py, gNG{n.n+02

summation problem. To address P4, we fix the task delay
of each user in NOMA group as x times of the optimal
task delays obtained by the PASNG, where x is uniformly
distributed in (1, 2). Under the condition, the SINR of NG},

is given by

PnG},8NG),
> PGl 8&nal + PngnB + o?
I=j+1
“nd,
BTup
where y,, G, = =2 N —1. According to (15), the power of

each user in NOMA group is given by

VNGZ’" (PngnB + o )
PngEm = P ; (16)
NGH"
Kin

Yng > PNG.,8NG!, T Pn&nB + o?)
" 1=+

PNGi - ’
m gNG/
Vvj e [1, Ky — 11. a7
In order to completely represent the power of CUs in (16)
and (17) by the power of the DTR,,, we introduce
Kin
Svai, = D Pnahena,s Wi € [1 Kul, (18)
I=j
and according to (16) and (17), we can get the following
formula

SNG{,, GNG’ SNG/H +H NG, (19)
where G, ;= Vgl + Land Hyo = vy (Pugns + o?).
We define g' Ghmt1 = 0. Using the recursive method, (18)
can be rewrltten as
m -1
Sy = 2 [10nc @0
= -

and we define ]_[j ;Gng, = 1. Since S, — S

NG/-H

Pngi,8nG» comblmng w1th (20), we can get the power ‘of the
CUs in NOMA group as
b= Sncj, ~ Swal!
y - -
NGm gNGJm
-1 -1
ZHNGZ l_[ Gnay, — Z Hygi, [ Gnay,
. I=j+1 o=j+1
ENGl,
= NGﬁnp"—i_JNGﬁ,,’ (21)
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where
Ynal,8na, (1 T Zz_j+1 VNG, l_[ o=j+1 WGy, + 1)
ING’ -
gNGlTI l
_ ngj,° 20+ Zz_,+1 YNGi, - o=j+1 (WNGg, + 1)
NG, = .

8N,

In summary, we convert the multivariate problem P4 into
a single variable problem by fixing the CUs’ task delay and
using the expression of DTR’s power to replace the CUs’
power. Therefore, P4 can be rewritten as

Kin

. D
P41 min(y (yg pn+ Iy )Tos + Pig)
j=1
D, Cy
+d - a))— +(1 = w)(TNGj + ) (229
I’l Fn
st Uygpn+Hyg, )Tupm Eve,
Vj € [1, Knl, (22b)
E, < EJ*™, (22¢)
T < Tmax (22d)
% < Iygj,pn T Hyg <Pyg - (22¢)
pl’nnln <pn <p£lndX’ (22f)
where R, = Blogz(gﬁr’:_tg) and L = Z " Iy 8NGl
0 = ZK'” H, 6. 8NGL n + o2 and Q = L + gun. Since

. Cn exe

1 - a))(TNG{n + FC,D) and a)lZ J NG, TNG/;M are constants, they
are not considered in the objective function of P4.1. More-
over, we convert the constraints of P4.1 into new expressions
based on the DTR’s power. Therefore, the simplified problem

can be expressed as

Ko
Dy(wpn + (1 — w))
exe n n
P4.2: n};ina)ZI mTNG’p + R, )
(23a)
E™ —H T?,
NG, NGiw™ NG, .
s‘t'p}’l S Tup [ ’ VJ € [1,Km],
NG, NG
(23b)
28 — 1O
Pn> ———, (23¢)
Q—2BL
P — Hyg PYS — Hyg
NGmI . m <pn < NGmI . m , (23d)
NG, NG),
®
28 — 1)O
po> 2= D0 (23¢)
Q—2BL
pnmm < p < pmax’ (23f)
where ¢ = % and ¢ = Te,ax Moreover, we
define that f(pn) = Ru z(pp) = DW}TM and
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h(pn) = &f (pn) — wpaf'(Pn) — (1 — @)f'(pn). We assume
that p2 is the zero point which indicates h(pg) =0
Proposition 5: The optimal interval for power allocation of
DTR is (O, pg] under the condition that the task delays of all
users in the NOMA group are fixed.
Proof:  First, we get the first derivative of f(py),
the expression of f/(p,) is given by

i Ognn
In2 (Qpyn + O)(Lp, + O)

B < 0 L )
== - .4
n2\Q0p,+0 Lp,+0

and then from the first derivative, we can get the second
derivative

f/(pn) =

Bgun 2Q0Lp, + O(Q + L))
In2 (Opn + O)Z(Lpn +0)*

Because Q, L, O, p,, are all positive, (2QLp,, + O(Q + L))
is always positive. Obviously, the second derivative of f(p,)
is always negative. Moreover, the first derivative of z(p,) is
given by

on) = = (25)

of (pn) — wpnf'(pn) — (1 — w)f’(pn)'

J2(Pn)

Since f2(py) is always positive, we study the molecules
of Z/(p,,). Then, first derivative of h(p,,) is given by

h/(pn) = wf/(pn) - (Uf/(pn) - a)pnf//(pn) — (1= a))f//(pn)
—f" (pa)(wpn + (1 — ). (27)

Since f”(py) is always negative, h(p,) is a monotonically
increasing function. Moreover, it’s easy to know that

Z(pn) = (26)

. . Opn + O
1 = 1 Bl _——) =0, 28
pnlglof (Pn) m ng( P 0) (28a)
B Q L Bgum
1 =—=—=——>0, 28b
lim ) = 335 = oma ~ (25b)
_ Opn+ 0
pngfzoof(l?n) IE)TROOB logz(m)
= Blog 2(%) > 0, (28¢)
. B 0 L
lim f'(pp) = lim — —
pn—+00 pn—+ooIn2 \QOp, +0 Lp,+ O
=0, (28d)
B L
lim pof' ) = lim S (—Pn L
Pn—>+00 pn—+oo In2 \QOp, +0 Lp,+ 0O
=0. (28e)
Therefore, lim h(p,) = lim [wf (pn) — @puf (pn) — (1 —
Pn—0 pn—0
o)f'(pn)] < 0 and lim h(p,) = lim [wf(p,) —
Pn—>+00 Pn—>+00

opaf ' (pn) — (1 — @)f (pw)] = wBlog2($) > 0. Therefore,
there must be a only p? > 0 that makes h(p?) = 0. Thus,
z is a function of p, with a unique trough. Moreover, z(-)
is monotonically decreasing in (0, pg), and is monotonically
increasing in (pg, o0)
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Algorithm 3 Power Allocation Algorithm for Matching
Group (PAMG)
1: Initialization: Obtain the optimal users’ power of the
NOMA group NG, by PASNG
2: Calculate the task uplc[))ading delay of each user in NG,
NG/

up
according to T o, ~ R

3: Utlhze the dichotomy to flnd the approximate zero point
pn and satisfy |h(p2)| < &9.

4: Solve the constraints (23b)-(23f) to obtain the feasible
interval of DTR’s power [p@"1, p-max],

5. if piv min <p2

6:  Search interval is [p®™n", p

7: else

8

9

Z,maX].

:  Search interval is [pg min  ,a.miny
: end if

10: Use the PSO to search the optimal DTR’s power p.

11: Use formula (21) to calculate the optimal power of the

CUs {pmt ,Jj €11, Kul}.
12: output: pn, {p .Jj €1, Knl}

a
’pn’

o/
NGy,

Besides, since I, and T%
NGy, NG

m

are always positive,

m
oY 1 NG, T G’ pn is monotonically increasing in (0, 00).
=

Hence, the objective function in P4.2 is monotonically
increasing in the interval [pg» +00). Since we need to find the
minimum value of the cost, the optimal power of the DTR can
only be distributed within (0, p2]. [ ]

Based on the Proposition 5, jointly solving constraints
(22b)-(22f), the feasible interval of DTR,’s power can be
obtained. We assume that the feasible interval of DTR,’s
power is [pﬁ’mi“, pe™MaX] In the interval, we can utilize intel-
ligent algorithms to search the optimal power.

In summary, we propose a power allocation algorithm for
the matching group (PAMG) to solve P4.3. The pseudo-code
for PAMG is summarized in Algorithm 3, where g9 = 105

and R\, = Blog,(1 + PvonNd ) First, PASNG is
2 Pnal, 8nal, +o?

used to obtain the optlmal power of CUs in the NOMA group,
and then the corresponding task delay is obtained from the
optimal power. Then, we utilize the dichotomy [40] to obtain
the zero point p2 and solve the constraints (23b)-(23f) to
obtain the fea51ble interval [p% nin. pr™¥*]. Next, we compare
the p% min and pn to determine the search interval. Finally,
we utilize the PSO to obtain the optimal power of the DTR,,
and utilize (21) to calculate the optimal power of the CUs.

V. CHANNEL ALLOCATION AND JOINT ALGORITHM

The D2D pairs are objects of the channel allocation, and
each subchannel is occupied with a NOMA group. Hence,
the channel allocation problem can be regarded as the
matching problem between NOMA groups and D2D pairs.
In the previous section, we have solved the power allocation
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problem for the single NOMA group and the matching group.
In this section, we investigate the matching problem between
NOMA groups and D2D pairs based on the results of the
power allocation.

A. CHANNEL ALLOCATION

First, we consider a one-to-one matching scenario where the
number of D2D pairs is less than or equal to the number
of NOMA groups. To solve the channel allocation problem
in the scenario, we propose a matching algorithm based on
the Pareto improvement and swapping operations. To better
understand the algorithm, we give some definitions.

Definition 1: In the one-to-one matching model, the match-
ing Q is a function of set NG U D. Some features of the
function are shown below: 1) |Q(Dy,)| = 1,Vn € [1,N],
2) QDy) = NGm, 3) |QNGp)| = 1,Vm € [1,M],
4) QINGp) = Dy, if |2QNGp)| = 1.

It can be seen from definition 1 that a D2D pair must
share a subchannel with a certain NOMA group, howover,
a NOMA group can not match any D2D pair. Obviously,
different matching schemes will result in different weight
sums. To better analyze the different matching schemes,
we define the utility function U, (-) and Ung,,(-) of D2D pairs
and NOMA groups, respectively.

C
Un(NGy) = 222 ”Rn”+(1— )( ) (29
D
Pnal, P NG,

UNG,,(Dp) = @ Z S
j=1 NGy,
Km
_ NGm exe
+( a))Z( : + T ). (29)
j=1 NG

and due to the one-to-one matchlng state, the SINRs of NGm
and DTR,, are FNG, = YT and I';, =

Kin
> Pt S, +Pngnp+o?

I=j+

, respectlvely

+o2

Pn8nn
Zp NG}, ENGlyn
Next we present the swapping operations between two
D2D pairs which have been matched to different NOMA
groups respectively. The swapping operation means two
D2D pairs swap with each other, which is given by
A
= Q(D,) < QDy). (30)

Qn(—)n/

Moreover, the two D2D pairs which can be swapped are
called swapping pair. However, not all D2D pairs can form the
swapping pair. The swapping pair is defined in the following:

Definition 2: (Dy,, D,y) is a swapping pair if and only if

1) Vi € {Dy, Dy, D), UDy)}, U2 (D)) < Ui(Q(i)),
2) 3i € {Dy, Dy, Dy), 2Dy}, U(Q'(D)) < Ui(Q(D)).

In the definition 2,  is the matching after performing
the swapping operation. As can be seen from the two points
in the definition 2, if the utility functions of two D2D pairs
satisfy the pareto improvement condition, they are a swapping
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Algorithm 4 One-to-One Matching Algorithm (OTOM)
1: Initialization:
2: Randomly selecte N NOMA groups and calculate their
weight sum by PASNG.
3: Randomly and one-to-one match the N NOMA groups
with N D2D pairs.
4: Calculate the utility function of the N matching group by
PAMG.
Swapping Operations:
Repeat:
for VD, € D do
for VD,, € {D\D,} do
Calculate the utility function after the exchange opera-
tion by PAMG.
10: if (D,, D,) satisfy pareto improvement condi-
tions then
11: Execute an swapping operation €2,,.,,.
12: break
13:  endif
14:  end for
15: end for
16: until there is no swapping pair
17: Output: Optimized matching Q*

R e AN

pair. After the above description, we propose the one-to-
one matching algorithm (OTOM) which is summarized in
Algorithm 4. Specifically, we first randomly select N NOMA
groups to participate in the matching. Then, we randomly
match the N NOMA with N D2D pairs, and calculate the
corresponding utility function value of the N matching groups
by PAMG. Finally, we keep looking for swapping pairs and
performing swapping operations until there is no any swap-
ping pair.

Proposition 6: The proposed one-to-one matching algo-
rithm converges the locally or globally optimal matching.

Proof: We define that when the swapping operation
is executed, the matching changes from Q to Q’. For €,
supposing the weight sum of the system is W(£2). Because the
swapping pair has to satisfy the pareto improvement condi-
tion, W (") < W(2). Hence, when each swapping operation
is executed, the weight sum is reduced. Since the number of
D2D pairs is limited, the total number of matching is limited.
There must be a matching which makes the weight sum
minimum. When the algorithm cannot find a new matching
to reduce the weight sum, the algorithm converges to the
locally or globally optimal matching. ]

Proposition 7: The computational complexity of pro-
posed one-to-one matching algorithm is O(K,%, X Npop X
N, iter + % .

Proof: In the initialization of OTOM, we utilize PASNG
whose computational complexity is (’)(K,%, X Npop X Niger)
to calculate the weight sum of the N NOMA groups.
Then, we assume the initial matching is Q° and the gap of
weight sum between the initial matching and the optimal
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matching is Wqo_, o«. Moreover, we assume that aver-
age variation of weight sum in the swapping operation is
Agverage- Hence, the average number of swapping operations

. v . .
is —22=2 Therefore, the computational complexity of pro-

posed oile-to-one matching algorithm is (’)(anl X Npop X
v 0 *
Niter + SZV;;QE . n

When the number of D2D users is greater than the num-
ber of NOMA groups, the one-to-one matching will no
longer apply because there will always be a surplus of D2D
pairs which are idle, which greatly increases the task delay.
Thus, we consider the many-to-one matching. Moreover, due
to complexity, we only consider the situation where two
D2D pairs match a NOMA group, and assume that the
number of D2D pairs does not exceed twice the number of
NOMA groups.

Next, based on the OTOM, we propose the many-to-
one matching algorithm (MTOM). Specifically, if the num-
ber of D2D pairs is less than or equal to the number of
NOMA groups, we randomly select N — 1 D2D pairs and
NOMA groups. Next, we utilize OTOM to obtain the optimal
matching for the selected NOMA groups and D2D pairs.
For each new group consisting of a matching group and a
remaining D2D pair, we fix the power of the matching group
to the results of optimization by PAMG, and then use the PSO
algorithm to optimize the power of the DTR in the remaining
D2D pair. Based on this method, we calculate the weight sum
of the remaining D2D pairs with each matching group, and
select the matching scheme with the minimum weight sum
for each remaining D2D pair. Moreover, when the number
of D2D pairs is greater than the number of NOMA groups,
M D2D pairs are randomly selected to match all NOMA
groups, and their optimal matching is obtained by OTOM.
For the remaining D2D pairs, the weight sum of each D2D
pair with each matching group is calculated, and then we
select the matching scheme with the minimum weight sum.
The convergence and complexity analysis of many-to-one
matching is similar to OTOM. Therefore, analysis is omitted.

B. JOINT COMPUTING RESOURCE, POWER AND
CHANNEL ALLOCATION ALGORITHM

Based on the proposed algorithms for computing resource,
power and channel allocations, we combine the three
algorithms to solve the original problem. We propose a
scheduling-based joint computing resource, power and chan-
nel allocations algorithm (S-JCRPCA) whose flow has been
summarized in Fig. 2.

Specifically, we first utilize CRA to solve the prob-
lem of computing resource allocation. Then, we propose
a scheduling-based combination of power and channel
allocation algorithms. In this combination, the power alloca-
tion algorithm is scheduled by the channel allocation algo-
rithm. In the beginning of the channel allocation algorithm,
we determine the initial matching states. Next, for the single
NOMA groups, since their matching states no longer change,
we calculate their weight sum by scheduling the PASNG.
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Obtainlng a computing resource .
. Computing Resource
allocation strategy (: Alocation (CRA)

Starting channel allocation

Channel Allocation
(oToM)

Determining the initial match states
Power Allocation

(PASNG,PAMG)

Calculating the weight sum of all
single NOMA groups by PASNG

Isthere still a
swap pair?

Calculating the utility functionr’
of swap pair by PAMG

Geting the match that minimizes the
weight sum

FIGURE 2. Scheduling-based joint computing resource, power and
channel allocation algorithm (S-JCRPCA) flow.

For the matching groups, since the matching groups will
converge to the locally or globally optimal solution by the
swapping operations, we schedule the PAMG to calculate the
utility function of swapping pairs in swapping operations.
Moreover, it is worth mentioning that the power allocation
algorithm will be repeatedly scheduled until there is no any
swapping pair. Such that, the channel allocation algorithm
ends. In summary, the S-JCRPCA adopts a scheduling-based
method where Pareto improvement and swapping operations
are introduced to ensure local or global optimality of the
solution.

VI. NUMERICAL RESULTS

In this section, we investigate the performance of
D2D-assisted and NOMA-based MEC system. We con-
sider a cellular uplink communication system. The distance
between DTR and DTA in each D2D pair is uniformly
distributed between [1, 3] (in meters). Rayleigh fading model
is considered in the system, where the channel gains are
exponentially distributed with unit-mean. The calculation
rate of each DTA is uniformly distributed in [1.8 — 2.4]
(in gigacycles per second). The computing rate and total num-
ber of the computing cell are 10 gigacycles per second and 50,
respectively. The size of each task is randomly generated
between 0.1 Mbits and 0.5 Mbits. The rest parameter value
settings are summarized in Table 1.

A. CONVERGENCE OF THE S-JCRPCA ALGORITHM

In Fig. 3, we plot the cumulative distribution function (CDF)
of the number of swapping operations when the number of
D2D pair is 3, 5, 7, respectively. The curves are obtained by
simulating 10000 independent trials. It is worth mentioning
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TABLE 1. Simulation parameters.

Cellular radius 250m
Maximum transmission power 24dBm
Minimum transmission power —20dBm
Maximum tolerable energy consumption 100mJ
Maximum tolerance task delay 500ms

Pass-loss exponent 4

Noise power —174dBm
CPU cycles per bit 1000cps
The populations of PSO 20
Number of iterations of PSO 50

=&~ 3 D2D pairs
09 =—6— 5 D2D pairs | |
—— 7 D2D pairs

08

0.7 1

06

CDF

05

0.4

03

02

0.1

. . . .
&

0 5 10 15 20 25 30

Number of swap operation

FIGURE 3. CDF of the number of swapping operations, with M=10, U=20,
0=0.6.

that since the proposed S-JCRPCA is based on the scheduling
manner, its convergence is equivalent to the convergence of
the channel allocation algorithm. As shown in the figure,
the CDF can achieve convergence with few number of swap-
ping operations in different number of D2D pairs, which
indicates the convergent ability of the channel allocation
algorithm, and thus proves the convergence of the S-JCRPCA
algorithm. Besides, as the number of D2D pairs increases,
the number of swapping operations when the CDF converges
to 1 continuously increases. This is because when the number
of D2D pairs increases, there are more swapping pairs, and
more swapping operations will be performed.

B. PERFORMANCE EVALUATION FOR DIFFERENT
OFFLOADING SCHEMES
Fig.4 plots the system performance of different offloading
schemes. As shown in Fig. 4, we study four kinds of task
execution schemes for DTRs. They are 1)All local: the tasks
of all DTRs are executed locally, 2)All BS: all DTRs offload
tasks to the edge server, 3)S-JCRPCA: all DTR offload tasks
to the corresponding DTA, and each NOMA group shares the
subchannel with at most one D2D pair, 4)Hybrid scheme:
each DTR can choose one of the above three schemes, and
the scheme minimizing the total cost will be adopted.

It can be seen from Fig. 4(a) that the energy consumption
of “All local” is much higher than that of the other three
schemes, which shows that local computing is more energy

9253



IEEE Access

X. Diao et al.: Joint Computing Resource, Power, and Channel Allocations for D2D-Assisted and NOMA-Based MEC

|

18k [ Al local

© | (I A BS

| | s-JcRPCA
[_IHybird

istive search)

Energy consumption(J)

1 2 3 4 5
Number of D2D pairs

(@)

T
I Al local

[ Al BS

[0 S-JCRPCA

7 1 Hybird scheme(exhaustive search)

®

3 o
T T

Task delay(s)
»~

1 2 3 4 5
Number of D2D pairs

(b)

All local
== All BS
5 | == S-JCRPCA
== Hybird scheme(exhaustive search)

Total cost
w

(4]

pon

o [}
3R
(4,8 (4]

)
. .

2.475

Number of D2D pairs

()

FIGURE 4. Performance comparison of different offloading schemes, with
M = 5, U=25, »=0.5. (a) Energy consumption. (b) Task delay. (c) Total cost.

intensive than computing offloading. Moreover, the energy
consumption of the “All BS™ is slightly higher than that of the
“S-JCRPCA”, which shows that the D2D-assisted computing
offloading consumes less energy than the general computing
offloading where all tasks offload to the edge server.

Fig. 4(b) shows that as the number of D2D pairs increases,
the delays of the “All local” and the “All BS” increase
rapidly, while the delay of the “S-JCRPCA” increases slowly.
This is because D2D-assisted computing offloading can con-
trol delay to a lower level compared to the local computing
and the general computing offloading.
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Moreover, it can be seen from Fig. 4(c) that the curves of
the “S-JCRPCA” and the “Hybrid scheme’ almost coincide.
From the enlarged parts, it can be seen that they still have
slight misalignment which is caused by the random selection
when the one-to-one matching algorithm is executed. In sum-
mary, the minimum total cost can be obtained by offloading
tasks of all DTRs to the corresponding DTA.

C. PERFORMANCE EVALUATION FOR DIFFERENT
ALGORITHM BASED ON DIFFERENT

ACCESS MANNERS

Fig. 5(a) shows that in any same matching scheme, the energy
consumption of OMA-based MEC is significantly greater
than that of NOMA-based MEC. This is because NOMA
can enable multiple users to share greater bandwidth than
that of OMA. Although interference will be introduced,
the gain of greater bandwidth is significantly higher than
the negative impact of interference. Moreover, in the same
access mode, we find that when the number of D2D pairs
increases, the energy consumption of the S-JCRPCA(one-
to-one matching algorithm) is generally higher than that of
the S-JCRPCA(many-to-one matching algorithm), which is
because the interference of the single NOMA group is less
than that of the matching NOMA group.

Fig. 5(b) shows that with the increase of D2D pairs’ num-
ber, although the task delays of different algorithms in the
same access mode basically keep the same value, the delay of
S-JICRPCA (one-to-one matching algorithm) is less than that
of S-JCRPCA (many-to-one matching algorithm). This shows
that in the aspect of task delay, S-JCRPCA(many-to-one
matching algorithm) will bring greater negative effects due
to the interference between D2D pairs. In addition, the task
delay of NOMA-based MEC is always lower than that of
OMA-based MEC. Moreover, Fig. 5(c) indicates that the
total cost of NOMA-based MEC is always less than that of
OMA-based MEC, which shows that NOMA is superior to
OMA in energy consumption and delay. Moreover, the curve
of S-JCRPCA (one-to-one matching algorithm) is close to that
of exhaustive search, which indicates that we can obtain the
close-to-optimum solution by the S-JCRPCA.

When the number of D2D pairs is larger than that of
NOMA groups, the one-to-one matching algorithm will no
longer apply. Therefore, we investigate the many-to-one
matching algorithm. To evaluate the performance of the
proposed many-to-one matching algorithm, we plot the total
cost in different many-to-one matching algorithms in Fig. 6.
We find that even in the case where the number of D2D
pairs is larger than that of NOMA groups, the total cost of
NOMA-based MEC is always better than that of
OMA-based MEC.

D. PERFORMANCE EVALUATION FOR DIFFERENT

WEIGHT FACTORS

We plot the total cost in different weight factors in Fig. 7 to
evaluate the performance of different weight factors.
Fig.7 shows the total cost of different weight factors and the
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FIGURE 5. Performance comparison of NOMA-based and OMA-based
algorithms, with M = 5, U=15, »=0.5. (a) Energy consumption. (b) Task
delay. (c) Total cost.

number of CUs. First, under the same weight factor, the total
cost increases as the number of CUs increases. In addition,
we find that when the number of CUs increases, the difference
between NOMA and OMA under the same weight factor
would be greater. This shows that the greater the number of
CUs, the more obvious the advantage of NOMA relative to
OMA. In the case of the same number of CUs, if the weight
factor is smaller, the total cost will be larger. This is because
when the weight factor is smaller, the proportion of task delay
increases and the absolute value of task delay is larger, so the
total cost will increase.

VOLUME 7, 2019

11 T T T T T
=== Many-to-one matching algorithm(OMA)

—h— S-JCRPCA(many-to-one matching algorithm)
—#— Exhaustive search(OMA) >
—&— Exhaustive search(NOMA)

g d

Total cost

0.8 I I I I I
7 75 8 8.5 9 9.5 10

Number of D2D pairs

FIGURE 6. Performance comparison of many-to-one matching algorithms,
with M = 5, U=10, ©=0.5.

=& =08 (OMA)

=0 =05 (OMA)
= w=0.1 (OMA)
=% =005 (OMA)
=&~ =0.8 (NOMA)
=6~ .,=0.5 (NOMA)
2 | == w=0.1 (NOMA)
—#— =005 (NOMA)

25

Total cost

8 9 10 1" 12 13 14 15 16 17 18
Number of noma groups

FIGURE 7. Total cost versus number of noma groups, with N=5, M=5.

VIl. CONCLUSIONS

In this paper, we have studied the computing resource, power
and channel allocations for a D2D-assisted and NOMA-
based MEC system. Firstly, we have proposed a computing
resource allocation algorithm to minimize the task execu-
tion delay. Secondly, we have utilized the PASNG to opti-
mize the power of the single NOMA group. Then, we have
derived the interval of optimal power allocation for DTRs
and optimized the power of all users in the matching group.
Next, we have proposed a one-to-one matching algorithm
and extended it to a many-to-one situation. Finally, we have
proposed a scheduling-based joint algorithm to solve the
original optimization problem. Simulation results showed
that the proposed S-JCRPCA can effectively reduce the total
cost. Meanwhile, in terms of the total cost, the D2D-assisted
computing offloading outperforms other computing modes,
and in terms of the weight sum of the system, NOMA-based
MEC system outperforms OMA-based MEC system. In the
future work, for the D2D-assisted and NOMA-based MEC
system, distributed power and channel allocation algorithms
will be studied to reduce the information interaction between
base stations and users.

9255



IEEE Access

X. Diao et al.: Joint Computing Resource, Power, and Channel Allocations for D2D-Assisted and NOMA-Based MEC

REFERENCES

(1]

[2]

[3]

[4]

[5]

[6]

[71

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

9256

Y. Xu and S. Mao, “A survey of mobile cloud computing for rich
media applications,” IEEE Wireless Commun., vol. 20, no. 3, pp. 46-53,
Jun. 2013.

S. Abolfazli, Z. Sanaei, E. Ahmed, A. Gani, and R. Buyya, “Cloud-
based augmentation for mobile devices: Motivation, taxonomies, and open
challenges,” IEEE Commun. Surveys Tuts., vol. 16, no. 1, pp. 337-368,
1st Quart., 2014.

Y. Wu, L. Qian, J. Zheng, H. Zhou, and X. S. Shen, “Green-oriented traffic
offloading through dual connectivity in future heterogeneous small cell
networks,” IEEE Commun. Mag., vol. 56, no. 5, pp. 140-147, May 2018.
J.Zheng, Y. Cai, Y. Wu, and X. S. Shen, ‘“Dynamic computation offloading
for mobile cloud computing: A stochastic game-theoretic approach,” IEEE
Trans. Mobile Comput., to be published.

Y. Mao, C. You, J. Zhang, K. Huang, and K. B. Letaief, “A survey on
mobile edge computing: The communication perspective,” IEEE Commun.
Surveys Tuts., vol. 19, no. 4, pp. 2322-2358, 4th Quart., 2017.

P. Mach and Z. Becvar, “Mobile edge computing: A survey on architecture
and computation offloading,” IEEE Commun. Surveys Tuts., vol. 19, no. 3,
pp. 1628-1656, 3rd Quart., 2017.

S. Wang, X. Zhang, Y. Zhang, L. Wang, J. Yang, and W. Wang, “A survey
on mobile edge networks: Convergence of computing, caching and com-
munications,” IEEE Access, vol. 5, pp. 6757-6779, 2017.

S. Barbarossa, S. Sardellitti, and P. D. Lorenzo, ‘“Communicating while
computing: Distributed mobile cloud computing over 5G heterogeneous
networks,” IEEE Signal Process. Mag., vol. 31, no. 6, pp. 45-55,
Nov. 2014.

S. M. R. Islam, N. Avazov, O. A. Dobre, and K.-S. Kwak, ‘“Power-domain
non-orthogonal multiple access (NOMA) in 5G systems: Potentials and
challenges,” IEEE Commun. Surveys Tuts., vol. 19, no. 2, pp. 721-742,
2nd Quart., 2017.

Y. Wu, K. Ni, C. Zhang, L. P. Qian, and D. H. K. Tsang, “NOMA assisted
multi-access mobile edge computing: A joint optimization of computation
offloading and time allocation,” IEEE Trans. Veh. Technol., vol. 67, no. 12,
pp. 12244-12258, Dec. 2018.

L. Dai, B. Wang, Y. Yuan, S. Han, C.-L. I, and Z. Wang, “Non-
orthogonal multiple access for 5G: Solutions, challenges, opportuni-
ties, and future research trends,” IEEE Commun. Mag., vol. 53, no. 9,
pp. 74-81, Sep. 2015.

Y. Wu, L. P. Qian, H. Mao, X. Yang, H. Zhou, and X. Shen, “Opti-
mal power allocation and scheduling for non-orthogonal multiple access
relay-assisted networks,” IEEE Trans. Mobile Comput., vol. 17, no. 11,
pp. 2591-2606, Nov. 2018.

Y. Liu, Z. Ding, M. Elkashlan, and H. V. Poor, “Cooperative non-
orthogonal multiple access with simultaneous wireless information
and power transfer,” IEEE J. Sel. Areas Commun., vol. 34, no. 4,
pp. 938-953, Apr. 2016.

A. Al-Shuwaili and O. Simeone, “Energy-efficient resource allocation
for mobile edge computing-based augmented reality applications,” IEEE
Wireless Commun. Lett., vol. 6, no. 3, pp. 398-401, Jun. 2017.

W. Fan, Y. Liu, B. Tang, F. Wu, and Z. Wang, “Computation offloading
based on cooperations of mobile edge computing-enabled base stations,”
IEEE Access, vol. 6, pp. 2262222633, 2017.

L. Chen, S. Zhou, and J. Xu, “Computation peer offloading for energy-
constrained mobile edge computing in small-cell networks,” IEEE/ACM
Trans. Netw., vol. 26, no. 4, pp. 1619-1632, Aug. 2018.

Z.Ning, P. Dong, X. Kong, and F. Xia, “A cooperative partial computation
offloading scheme for mobile edge computing enabled Internet of Things,”
IEEE Internet Things J., to be published.

R. Beraldi, A. Mtibaa, and H. Alnuweiri, “Cooperative load balancing
scheme for edge computing resources,” in Proc. IEEE FMEC, May 2017,
pp. 94-100.

F. Boccardi, R. W. Heath, A. Lozano, T. L. Marzetta, and P. Popovski,
“Five disruptive technology directions for 5G,” IEEE Commun. Mag.,
vol. 52, no. 2, pp. 74-80, Feb. 2014.

A. Asadi, Q. Wang, and V. Mancuso, “A survey on device-to-device com-
munication in cellular networks,” IEEE Commun. Surveys Tuts., vol. 16,
no. 4, pp. 1801-1819, 4th Quart., 2014.

G. Fodor et al., “Design aspects of network assisted device-to-device
communications,” [EEE Commun. Mag., vol. 50, no. 3, pp. 170-177,
Mar. 2012.

X. Lin, J. G. Andrews, and A. Ghosh, “Spectrum sharing for device-
to-device communication in cellular networks,” IEEE Trans. Wireless
Commun., vol. 13, no. 12, pp. 6727-6740, Dec. 2014.

(23]

(24]

(25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

(37]

(38]

(39]

[40]

C. Ma, W. Wu, Y. Cui, and X. Wang, “On the performance of successive
interference cancellation in D2D-enabled cellular networks,” in Proc.
IEEE INFOCOM, Apr./May 2015, pp. 37-45.

Y. Ai, L. Wang, B. Jiao, and K.-C. Chen, “Exploiting NOMA into socially
enabled computation offloading,” in Proc. IEEE WCSP, Oct. 2017,
pp. 1-6.

F. Wang, J. Xu, and Z. Ding, “Optimized multiuser computation offload-
ing with multi-antenna NOMA,” in Proc. IEEE GC Wkshps, Dec. 2017,
pp. 1-7.

S. Jeong, O. Simeone, and J. Kang, “Mobile edge computing via a UAV-
mounted cloudlet: Optimization of bit allocation and path planning,” IEEE
Trans. Veh. Technol., vol. 67, no. 3, pp. 2049-2063, Mar. 2018.

A. Kiani and N. Ansari, “Edge computing aware NOMA for 5G net-
works,” IEEE Internet Things J., vol. 5, no. 2, pp. 1299-1306, Apr. 2018.
X. Chen, L. Pu, L. Gao, W. Wu, and D. Wu, “Exploiting massive D2D
collaboration for energy-efficient mobile edge computing,” IEEE Wireless
Commun., vol. 24, no. 4, pp. 64-71, Aug. 2017.

J. Zhao, Y. Liu, K. K. Chai, Y. Chen, and M. Elkashlan, ‘Joint subchannel
and power allocation for NOMA enhanced D2D communications,” IEEE
Trans. Commun., vol. 65, no. 11, pp. 5081-5094, Nov. 2017.

L. Pei et al., “Energy-efticient D2D communications underlaying NOMA-
based networks with energy harvesting,” IEEE Commun. Lett., vol. 22,
no. 5, pp. 914-917, May 2018.

H. Zheng, S. Hou, H. Li, Z. Song, and Y. Hao, ““Power allocation and user
clustering for uplink MC-NOMA in D2D underlaid cellular networks,”
IEEE Wireless Commun. Lett., vol. 7, no. 6, pp. 1030-1033, Dec. 2018.
L. Lei, D. Yuan, C. K. Ho, and S. Sun, “Power and channel allo-
cation for non-orthogonal multiple access in 5G systems: Tractability
and computation,” [EEE Trans. Wireless Commun., vol. 15, no. 12,
pp. 8580-8594, Dec. 2016.

Y. Pan et al., “Resource allocation for D2D communications underlaying
a NOMA-based cellular network,” IEEE Wireless Commun. Lett., vol. 7,
no. 1, pp. 130-133, Feb. 2018.

M. S. Ali, H. Tabassum, and E. Hossain, ‘“Dynamic user clustering
and power allocation for uplink and downlink non-orthogonal multiple
access (NOMA) systems,” IEEE Access, vol. 4, pp. 6325-6343, 2016.

K. Zhang et al., “Energy-efficient offloading for mobile edge computing in
5G heterogeneous networks,” IEEE Access, vol. 4, pp. 58965907, 2016.
P. Zhao, H. Tian, C. Qin, and G. Nie, “Energy-saving offloading by jointly
allocating radio and computational resources for mobile edge computing,”
IEEE Access, vol. 5, pp. 11255-11268, 2017.

J. Zhang et al., “Energy-latency tradeoff for energy-aware offloading in
mobile edge computing networks,” IEEE Internet Things J., vol. 5, no. 4,
pp. 2633-2645, Aug. 2018.

J. Zhang, W. Xia, F. Yan, and L. Shen, ““Joint computation oftloading and
resource allocation optimization in heterogeneous networks with mobile
edge computing,” IEEE Access, vol. 6, pp. 19324-19337, 2018.

F. Guo, H. Zhang, H. Ji, X. Li, and V. C. M. Leung, “An efficient compu-
tation offloading management scheme in the densely deployed small cell
networks with mobile edge computing,” IEEE/ACM Trans. Netw., vol. 26,
no. 6, pp. 2651-2664, Dec. 2018.

S. Kuzuoka and S. Watanabe, “A dichotomy of functions in distributed
coding: An information spectral approach,” IEEE Trans. Inf. Theory,
vol. 61, no. 9, pp. 5028-5041, Sep. 2015.

XIANBANG DIAO received the B.S. degree in
communication engineering from Chongqing Uni-
versity, Chongqing, China, in 2017. He is cur-
rently pursuing the M.S. degree with the College of
Communication Engineering, Army Engineering
University of PLA. His current research interests
include mobile edge computing, interference mit-
igation techniques, and optimization techniques.

VOLUME 7, 2019



X. Diao et al.: Joint Computing Resource, Power, and Channel Allocations for D2D-Assisted and NOMA-Based MEC IEEEACC@SS

JIANCHAO ZHENG (M’16) received the B.S.
degree in communications engineering and the
Ph.D. degree in communications and informa-
tion systems from the College of Communica-
tions Engineering, PLA University of Science and
Technology, Nanjing, China, in 2010 and 2016,
respectively. From 2015 to 2016, he was a Visit-
ing Scholar with the Broadband Communications
Research Group, Department of Electrical and
Computer Engineering, University of Waterloo,
Canada He is currently an Assistant Researcher with the National Inno-
vation Institute of Defense Technology, Academy of Military Sciences of
PLA. His research interests include interference mitigation techniques, green
communications and computing networks, game theory, learning theory, and
optimization techniques. He has authored or co-authored several papers in
international conferences and reputed journals in his research area.

YUAN WU (M’10-SM’16) received the Ph.D.
degree in electronic and computer engineering
from The Hong Kong University of Science and
Technology, Hong Kong, in 2010. From 2010 to

. 3
2011, he was a Post-Doctoral Research Associate
z_ with The Hong Kong University of Science and
- Technology. From 2016 to 2017, he was a Visit-
(‘« ’ ing Scholar with the Broadband Communications
i Research Group, Department of Electrical and

Computer Engineering, University of Waterloo,
Canada. He is currently a Full Professor with the College of Information
Engineering, Zhejiang University of Technology, Hangzhou, China. His
research interests focus on resource management for wireless networks,
green communications and computing, and smart grid. He was a recipient
of the Best Paper Award at the IEEE International Conference on Commu-
nications, in 2016.

VOLUME 7, 2019

YUEMING CAlI (M’05-SM’12) received the
B.S. degree in physics from Xiamen University,
Xiamen, China, in 1982, and the M.S. degree
in micro-electronics engineering and the Ph.D.
degree in communications and information sys-
tems from Southeast University, Nanjing, China,
in 1988 and 1996, respectively. His current
research interests include cooperative communica-
tions, signal processing in communications, wire-
less sensor networks, and physical layer security.

9257



	INTRODUCTION
	SYSTEM MODEL
	COMMUNICATION MODEL
	COST MODEL

	OPTIMIZATION PROBLEM
	COMPUTING RESOURCE AND POWER ALLOCATION
	POWER ALLOCATION OF SINGLE NOMA GROUP
	POWER ALLOCATION OF MATCHING GROUP

	CHANNEL ALLOCATION AND JOINT ALGORITHM
	CHANNEL ALLOCATION
	JOINT COMPUTING RESOURCE, POWER AND CHANNEL ALLOCATION ALGORITHM

	NUMERICAL RESULTS
	CONVERGENCE OF THE S-JCRPCA ALGORITHM
	PERFORMANCE EVALUATION FOR DIFFERENT OFFLOADING SCHEMES
	PERFORMANCE EVALUATION FOR DIFFERENT ALGORITHM BASED ON DIFFERENT ACCESS MANNERS
	PERFORMANCE EVALUATION FOR DIFFERENT WEIGHT FACTORS

	CONCLUSIONS
	REFERENCES
	Biographies
	XIANBANG DIAO
	JIANCHAO ZHENG
	YUAN WU
	YUEMING CAI


