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Abstract—Mobile edge computing (MEC) brings computation
capacity to the edge of mobile networks in close proximity to
smart mobile devices (SMDs) and contributes to energy sav-
ing compared with local computing, but resulting in increased
network load and transmission latency. To investigate the trade-
off between energy consumption and latency, we present an
energy-aware offloading scheme, which jointly optimizes commu-
nication and computation resource allocation under the limited
energy and sensitive latency. In this paper, single and multicell
MEC network scenarios are considered at the same time. The
residual energy of smart devices’ battery is introduced into the
definition of the weighting factor of energy consumption and
latency. In terms of the mixed integer nonlinear problem for
computation offloading and resource allocation, we propose an
iterative search algorithm combining interior penalty function
with D.C. (the difference of two convex functions/sets) program-
ming to find the optimal solution. Numerical results show that
the proposed algorithm can obtain lower total cost (i.e., the
weighted sum of energy consumption and execution latency)
comparing with the baseline algorithms, and the energy-aware
weighting factor is of great significance to maintain the lifetime
of SMDs.

Index Terms—Energy-aware offloading, mobile edge comput-
ing (MEC), resource allocation.
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I. INTRODUCTION

SMART mobile devices (SMDs) are attracting enormous
popularity with the emerging of mobile technologies like

Internet of Things and wearable devices, which can provide
a powerful platform to support some novel mobile applica-
tions (e.g., interaction gaming, face recognition, and natural
language processing [1]–[3]). Such computing-intensive appli-
cations require higher computing capacity and more energy
than traditional applications on SMDs [4]. In general, SMDs
have limited computation resources [e.g., central process unit
(CPU) frequency and memory] and battery lifetime, bringing
in unprecedented challenge to effectively execute these mobile
applications [5]–[7]. Since the cloud sever has higher com-
putation capacity and storage than the SMD, mobile cloud
computing (MCC) is envisioned as a potential approach to
react the challenge via migrating computations from the SMD
to the cloud sever [8], which is referred to as computation
offloading. However, the cloud severs are spatially far from
SMDs, which causes high transmission latency and detains
the latency-sensitive applications.

Mobile edge computing (MEC) [9], [10], as a new archi-
tecture and key technology for 5G networks, relocates the
cloud computation resource close to SMDs. Compared with
MCC, MEC can provide lower latency and computing agility
in computation offloading. However, considering the eco-
nomic and scalable deployment, the computation capacity
of the MEC server is limited. In addition, the computa-
tion offloading especially in the ultra dense networks causes
more interference and results in unexpected transmission
delay [11]. Thus, it is impossible to offload all computa-
tion tasks to the MEC sever, and some of them should be
executed on SMDs (i.e., local computing). Although local
computing consumes more energy, it can significantly mini-
mize the execution latency without additional communication
or waiting delay. Thus, it is critical to make efficient offloading
decision and investigate the tradeoff between energy consump-
tion of SMDs and execution latency of the corresponding
tasks.

In this paper, we propose an energy-aware offloading
scheme to investigate the tradeoff between energy consump-
tion of SMDs and latency of their tasks. The motivations
behind this paper are attributed to the following observations.

1) With the finite computation resources in MEC server
and severe interference among networks, all tasks can-
not be offloaded to the MEC server. The computation
offloading decision should be rationally determined.
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2) Both the energy consumption and latency are of great
significance for SMDs. The energy consumption and
latency depend mainly on the transmission power and
communication channel when offloading the task to
the MEC server. However, they depend mainly on the
CPU-cycle frequency when the task is locally computed.

3) According to the service condition of the battery and
user-specific demands, the user preference (i.e., the
weighting factor) should be defined to allow SMDs to
choose different optimal objectives.

Therefore, based on the above considerations, our scheme
jointly optimizes computation offloading and resource allo-
cation to make a tradeoff between energy consumption and
latency considering the limited battery lifetime and latency
sensitive tasks. The main contributions of this paper are as
follows.

1) We present an integrated framework for computation
offloading and resource allocation in MEC networks,
where both single and multicell network scenarios are
considered.

2) From the perspective of SMDs, we propose an energy-
aware offloading scheme that associates with computa-
tion and communication resource allocation to minimize
the weighted sum of energy consumption and latency.

3) Compared with the weighting factor of energy consump-
tion and execution latency subjectively defined by users,
we introduce the residual energy of SMDs into the def-
inition of the weighting factor, which takes the service
condition of the battery into account and contributes to
maintain the lifetime of SMDs.

4) We propose an iterative search algorithm combining
the interior penalty function method with D.C. (IPDC)
programming to obtain optimal offloading decision and
resource allocation, which optimizes local computing
frequency scheduling, channel allocation, power allo-
cation, and computation offloading in a distribution
method.

The remainder of this paper is organized as follows.
In Section II, we review the related works. The system
model and problem formulation are introduced in Section III.
Sections IV and V present the optimal computation offload-
ing and resource allocation schemes for single and multicell
MEC networks, respectively. Simulation results are discussed
in Sections VI and VII conclude this paper.

II. RELATED WORKS

The computation offloading and resource allocation are of
great importance in MEC networks, which have been attract-
ing more attention in recent years [12], [13]. The energy
consumption [6], [14]–[18] and latency [19]–[21] are usu-
ally considered as the criterions for performance evaluation.
Masoudi et al. [15] investigated the power minimization
problem for SMDs, where backhaul capacity limitation,
interference level and tolerable delay are taken into account.
Sardellitti et al. [16] jointly optimized the users’ transmission
precoding matrices and the cloud’s computational resource to
minimize the SMDs’ energy consumption. Muñoz et al. [17]

minimized the SMD’s energy consumption by jointly optimiz-
ing the transmission time and the amount of data offloaded
to a femto access point. Kamoun et al. [18] formulated the
computation offloading as a constrained Markov decision pro-
cess, which aimed to minimize the energy consumption at
the user equipment while satisfying the execution delay of
the applications. Mao et al. [19] proposed a low-complexity
Lyapunov optimization-based dynamic computation offloading
algorithm to reduce execution time. Yang et al. [20] designed
a heuristic method to partition the users’ computation tasks
so as to minimize the average completion time of all the
users. Ni et al. [21] proposed a resource allocation strat-
egy based on priced timed Petri nets, which considered the
price cost, time cost, and the credibility evaluation of both
users and fog resources. Furthermore, Wang et al. [22] inves-
tigated the energy consumption minimization and execution
latency minimization, respectively, by jointly optimizing the
computation speed and transmission power of SMDs.

There are some papers focusing on the tradeoff between
energy consumption and execution latency. Dinh et al. [23]
aimed to minimize both total tasks’ execution latency and
the SMD’s energy consumption by jointly optimizing the
task offloading decision and the SMD’s CPU-cycle frequency,
which considered the fixed CPU frequency and elastic CPU
frequency. Wang et al. [24] formulated the computation
offloading decision, physical resource block allocation, and
MEC computation resource allocation as the optimization
problem to minimize the overall consumption of the entire
system, in terms of time and energy. Lin et al. [25] devel-
oped a ternary decision maker offloading framework to shorten
response time and reduce energy consumption at the same
time. Deng et al. [11] proposed an adaptive sequential offload-
ing game approach to offload decision, and the optimal
objective function is the weighted sum of energy and com-
putational time. In order to investigate the tradeoff between
energy consumption and execution latency, Hong and Kim [26]
formulated the problem of data offloading scheduling as a
dynamic programming problem. They adopted a weighting
factor to define the weighted sum of energy consumption and
latency as the research objective in these works. However,
most of the existing studies do not specify the definition of
the weighting factor of the energy consumption and execution
latency.

Different from these studies, this paper proposes an energy-
aware offloading scheme to exploit the tradeoff between
energy consumption of SMDs and execution latency of their
tasks by jointly optimizing CPU-cycle frequency, transmission
power, and channel resource allocation, where the weighting
factor is specifically defined based on the residual energy of
SMD battery.

III. SYSTEM MODEL AND PROBLEM FORMULATIONS

A. System Model

A 5G heterogeneous MEC network with one macro cell and
M small cells is considered, as shown in Fig. 1. The macro
eNodeB (MeNB) is equipped with an MEC server which is
capable of executing multiple computing-intensive tasks, and
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Fig. 1. Network model.

small cell eNodeBs (SeNBs) are overlaid by the MeNB. The
SeNBs are connected to the MeNB through wired link [27].
Each SeNB serves up to Uj(j ∈ {1, 2, . . . , M}) SMDs. In
order to reuse spectrum, we assume that multiple SeNBs
operate in the same frequency band, where the interference
between small cells exists. The bandwidth B is divided into
N channels. SMDs associate with the SeNBs in orthogonal
frequency-division multiple access (OFDMA), where the chan-
nel of each SMD in the same SeNB is orthogonal to others.
In this network, SMD i in SeNB j has a computation task
τi,j = {di,j, ci,j, Tmax

i,j } to be completed, where di,j is the size
of input data, ci,j denotes the total number of CPU cycles
required to accomplish the computation task, and Tmax

i,j denotes
the maximum tolerance latency. For each SMD, its task can
be executed either locally on itself or remotely in the MEC
server via computation offloading. Let si,j be the offloading
decision of SMD i in cell j. If the SMD offloads its task to
the MEC server, si,j = 1, otherwise, si,j = 0.

1) Local Computing: We define f l
i,j as the computation abil-

ity (i.e., CPU cycles per second) of the SMD. When the task
τi,j is executed locally on the SMD, the computation execution
time tLi,j is

tLi,j = ci,j

f l
i,j

. (1)

The energy consumption of the SMD can be calculated as

eL
i,j = κ( f l

i,j)
2ci,j (2)

where κ = 10−26, and it is a coefficient depending on the chip
architecture [28], [29].

Considering that f l
i,j affects the computation execution time

and energy consumptions simultaneously. It is allowed to
schedule the CPU-cycle frequency via dynamic voltage and
frequency scaling technology [22].

2) Edge Computing: When the input data is transmitted to
the MEC server through SeNB, the transmission expenditure
between the MEC sever and the SeNB is ignored [24], [30].
If the SMD accesses the SeNB on channel n, the achievable
uplink transmission rate can be expressed as

ri,j,n = wlog2

(
1 + pi,j,nhi,j,n

σ 2 + Ii,j,n

)
(3)

where w is the bandwidth, w = B/N. pi,j,n and hi,j,n are the
transmission power and the channel gain between the SMD

i and the SeNB j on channel n, respectively. σ 2 is the noise
power. Ii,j,n denotes the interference of SMD i in cell j suffer-
ing from other SMDs in neighboring cells on the same channel
n, and it can be represented as

Ii,j,n =
Ul∑

k=1

M∑
l=1,l �=j

ak,l,npk,l,nhj
k,l,n (4)

where l is the lth except the jth small cell, hj
k,l,n is the channel

gain from SMD k in cell l to cell j on channel n, and Ul is
the number of SMDs in small cell l. Hence, the total uplink
transmission rate for SMD i in cell j can be obtained as

ri,j =
N∑

n=1

ai,j,nri,j,n (5)

where ai,j,n ∈ {0, 1}. ai,j,n = 1 denotes the channel n is
assigned to SMD i in cell j to offload its task, otherwise,
ai,j,n = 0. Let f C denotes the CPU-cycle frequency of the
MEC server, which is fixed for the duration of computation
task execution [17], [22]. Then the total edge computing exe-
cution time of the task includes the transmission time and
computation time on MEC server, which can be given as

tCi,j = di,j

ri,j
+ ci,j

f C
. (6)

The energy consumption of the SMD is expressed as

eC
i,j =

N∑
n=1

ai,j,npi,j,n
di,j

ri,j
. (7)

Here, the time and energy consumption of outcome from
the MEC server to the SMD are ignored in this case, due to
the fact that the size of outcome data is much smaller than the
size of input data, which is similar to the studies [30], [31].

In the process of task execution, both execution latency and
energy consumption are vital for the SMDs, which attributes
to user experience and the battery energy limitation of SMDs.
In general, a weighting factor wi,j (wi,j ∈ [0, 1]) will be
used to investigate the tradeoff between energy consumption
and latency, which can be defined by different SMDs for
the purpose of meeting the user-specific demands [8], [24].
Saving more energy or reducing latency can be implemented
by adjusting the weighting factor. However, we bring the resid-
ual energy rate rE

i,j of the battery into the weighting factor in
our model. It is defined as

w′
i,j = wi,jr

E
i,j (8)

where rE
i,j = Emax

i,j /Etotal. Emax
i,j is the maximum residual energy

aware of the battery of SMD i in cell j and Etotal is the battery
capacity in Joules [26]. Unlike wi,j, rE

i,j is a definite value,
which reflects the real-time service condition of the battery.

According to (1) and (2), the overhead of the task locally
computed on SMD i in cell j, namely the weighted sum of
energy consumption and latency GL

i,j, can be defined as

GL
i,j = w′

i,jt
L
i,j + (1 − w′

i,j)αeL
i,j (9)

where α is the normalizing factor, which is introduced to
implement the unitless combination of energy consumption

Authorized licensed use limited to: Uppsala Universitetsbibliotek. Downloaded on May 07,2020 at 09:40:05 UTC from IEEE Xplore.  Restrictions apply. 



2636 IEEE INTERNET OF THINGS JOURNAL, VOL. 5, NO. 4, AUGUST 2018

and latency. The normalizing factor can be defined as the ratio
of average latency of all tasks to average energy consumption
of all SMDs. Let wt

i,j = w′
i,j and we

i,j = (1 − w′
i,j)α, then

they denote the weightings of execution latency and energy
consumption, respectively. Hence, (9) can be represented as
GL

i,j = wt
i,jt

L
i,j + we

i,je
L
i,j.

Similarly, the overhead of the task computed in the MEC
server can be calculated as

GC
i,j = wt

i,jt
C
i,j + we

i,je
C
i,j. (10)

Therefore, the overhead of the SMD i in cell j can be
obtained by

Gi,j = si,jG
C
i,j + (

1 − si,j
)
GL

i,j. (11)

B. Problem Formulation

As mentioned above, we formulate the problem in two
scenarios: 1) single and 2) multicell in this section.

1) Tradeoff Between Energy and Latency for Single Cell:
We first investigate the tradeoff between energy and latency
for single cell. In single cell (i.e., M = 1), SMDs do not
experience the interference from other cells. Assume that the
number of channels is enough and channel allocation is also
ignored. Therefore, the optimization problem is formulated
as follows:

P1: min
s,p,f

U1∑
i=1

{
si

[
wt

i

(
di

ri
+ ci

f C

)
+ we

i pi
di

ri

]}

+
U1∑
i=1

{
(1 − si)

[
wt

i
ci

f l
i

+ we
i κ( f l

i )
2
ci

]}

s.t. C1: si

(
di

ri
+ ci

f C

)
+ (1 − si)

ci

f l
i

≤ Tmax
i ∀i

C2: sipi
di

ri
+ (1 − si)κ

(
f l
i

)2
ci ≤ Emax

i

C3: f L
min ≤ f l

i ≤ f L
max

C4: 0 ≤ pi ≤ pmax

C5: si ∈ {0, 1}. (12)

The constraint C1 is the maximum tolerance latency to exe-
cute the SMD’s task. C2 ensures that the energy consumption
should not exceed the residual energy of the SMD. C3 restricts
the local CPU-cycle frequency into a finite set of values.
C4 guarantees the maximum transmission power. C5 denotes
offloading decision as the binary variables.

2) Tradeoff Between Energy and Latency for Multicell:
In multicell network, interference management and channel
allocation are considered as well. The minimization overhead
of SMDs problem is formulated as follows:

P2: min
s,p,a,f

Uj∑
i=1

M∑
j=1

{
si,j

[
wt

i,j

(
di,j

ri,j
+ ci,j

f C

)
+ we

i,j

N∑
n=1

ai,j,n

× pi,j,n
di,j

ri,j

]}

+
Uj∑

i=1

M∑
j=1

{(
1 − si,j

)[
wt

i,j
ci,j

f l
i,j

+ we
i,jκ
(

f l
i,j

)2
ci,j

]}

s.t. C1: si,j

(
di,j

ri,j
+ ci,j

f C

)
+ (

1 − si,j
)ci,j

f l
i,j

≤ Tmax
i,j ∀i, j

C2: si,j

N∑
n=1

ai,j,npi,j,n
di,j

ri,j
+ (

1 − si,j
)
κ
(

f l
i,j

)2
ci,j

≤ Emax
i,j ∀i, j

C3: f L
min ≤ f l

i,j ≤ f L
max ∀i, j

C4: 0 ≤
N∑

n=1

ai,j,npi,j,n ≤ pmax ∀i, j

C5:
Ul∑

k=1

M∑
l=1,l �=j

ak,l,npk,l,nhk,l,n ≤ Ith ∀j, n

C6:
N∑

n=1

ai,j,n ≤ 1 ∀i, j

C7: ai,j,n ∈ {0, 1} ∀i, j, n

C8: si,j ∈ {0, 1} ∀i, j (13)

where C1 and C2 are the execution latency and energy
consumption constraints, respectively. C3 restricts the local
CPU-cycle frequency and C4 guarantees the maximum trans-
mission power on SMD i in cell j. C5 addresses that the
interference on SeNB j caused by SMDs with offloading task
in other cells on each channel does not exceed the predefined
threshold. C6 indicates that each SMD can only be allocated
to at most one channel. C7 and C8 state that the binary vari-
ables are used to represent channel allocation and offloading
decision. For

∑N
n=1 ai,j,n > 0, si,j = 1 holds.

With the nonconvexity of objective function and constraints,
P2 is a nonconvex problem and belongs to a mixed integer
nonlinear problem (MINLP), in which the optimal solution is
intractable.

IV. OPTIMAL COMPUTATION OFFLOADING AND

RESOURCE ALLOCATION SCHEME FOR

SINGLE MEC NETWORK

In this section, we focus on solving the problem P1. We
propose the optimal computation offloading and resource allo-
cation scheme for single MEC network. In problem P1, it can
be seen that the association objective function can be separated
into two independent parts: 1) local overhead and 2) edge over-
head. Hence, P1 can be transformed to P1.1 and P1.2 shown
as follows.

A. Optimal Local Computing via CPU-Cycle
Frequency Scheduling

In order to minimize the local overhead, we can schedule the
CPU-cycle frequency of the SMD. Considering the constraints
of C1–C3 in problem P1, P1.1 can be formed as follows:

P1.1: min
f

wt
i
ci

f l
i

+ we
i κ
(

f l
i

)2
ci

s.t. C1:
ci

f l
i

≤ Tmax
i

C2: κ( f l
i )

2
ci ≤ Emax

i

C3: f L
min ≤ f l

i ≤ f L
max. (14)
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Let GL
i ( f l

i ) = wt
i(ci/f l

i ) + we
i κ( f l

i )
2ci, we can see that the

value of GL
i ( f l

i ) depends only on f l
i . We take the derivative of

GL
i ( f l

i ) with respect to f l
i , and set it to be zero. Then we can

obtain

f * = 3

√
wt

i

2we
i κ

. (15)

For f l
i > f *, GL

i ( f l
i ) monotonously increases with the

increase of f l
i . Otherwise, it monotonously decreases with the

increase of f l
i .

Besides, according to C1 and C2, we have

f l
i ≥ ci

Tmax
i

= fl

f l
i ≤

√
Emax

i

κci
= fh. (16)

Combining (16) with the constraint C3, we define

f ′
l = max

{
f L
min, fl

}
f ′
h = min

{
f L
max, fh

}
. (17)

To ensure the feasible region of f l
i to be nonempty, f ′

l ≤ f ′
h

should hold. Hence, the optimal GL
i ( f l

i ) can be calculated as

GL∗
i

(
f l
i

)
=
⎧⎨
⎩

GL
i

(
f ′
l

)
, f * ≤ f ′

l
GL

i

(
f *
)
, f ′

l < f * ≤ f ′
h

GL
i

(
f ′
h

)
, f * > f ′

h.

(18)

B. Optimal Edge Computing via Power Allocation

The overhead of SMDs can be deduced when their tasks
are offloaded to the MEC sever. Considering the constraints
of C1, C2, and C4 of problem P1, P1.2 can be formed as
follows:

P1.2: min
p

wt
i

(
di

ri
+ ci

f C

)
+ we

i pi
di

ri

s.t. C1:
di

ri
+ ci

f C
≤ Tmax

i

C2: pi
di

ri
≤ Emax

i

C4: 0 ≤ pi ≤ pmax. (19)

Let GC
i (pi) = wt

i([di/ri] + [ci/f C]) + we
i pi(di/ri), it can be

seen that the value of GC
i (pi) is only decided by pi, which can

be expanded as

GC
i (pi) = di

(
we

i pi + wt
i

)
wlog2

(
1 + pihi

σ 2

) + wt
ici

f C

= gC
i (pi) + wt

ici

f C
. (20)

We observe that GC
i (pi) becomes optimal when gC

i (pi) gets
to its minimum.

Lemma 1: The function gC
i (pi) is unimodal.

Proof: It can be proved referring to [22].
According to Lemma 1, if gC

i (pi) has a minimum, the
minimum is unique.

Taking C1 into consideration, we can obtain

pi ≥ σ 2

hi

(
2

di
w(Tmax

i −ci/f C) − 1

)
= p0. (21)

Expanding constraint C2, we can see that the left term
in (22) satisfies the Lemma 1 as well

pi

wlog2

(
1 + pihi

σ 2

) ≤ Emax
i

di
. (22)

Hence, the solution of (22) is a feasible region [pl, ph] of
pi. When the equality holds up, the solutions of (22) involve
with the Lambert-W function.

Similar to local computing, we define p′
l and p′

h as
max{p0, pl} and min{pmax, ph}, respectively, then we can
acquire the global optimal solution p∗

i and the minimum edge
overhead GC∗

i (pi)

GC∗
i (pi) =

⎧⎨
⎩

GC
i

(
p′

l

)
, p* ≤ p′

l
GC

i

(
p*
)
, p′

l < p* ≤ p′
h

GC
i

(
p′

h

)
, p* > p′

h

(23)

where p* denotes the transmission power when
∇GC

i (pi)|pi=p∗ = 0.

C. Offloading Decision

In contrast, the SMD prefers to use the computing method
with minimum overload to execute its task. The offload-
ing decision is made on comparison of the local and edge
computation overhead as follows:

si =
{

1, GL
i > GC

i
0, GL

i ≤ GC
i .

(24)

When the overhead of each SMD is minimum, the optimal
total overhead G∗ of the network achieves optimum

G∗ =
U1∑
i=1

{
siG

C∗
i + (1 − si)G

L∗
i

}
. (25)

Thereafter, the optimal computation offloading and resource
allocation for single MEC network is given in Algorithm 1.

V. OPTIMAL COMPUTATION OFFLOADING AND

RESOURCE ALLOCATION SCHEME FOR

MULTICELL MEC NETWORKS

In multicell scenario, we aim to jointly consider local CPU-
cycle frequency scheduling, power and channel allocation,
interference management and computation offloading to mini-
mize the weighted sum of energy consumption and execution
latency of the SMD. The problem is an intractable MINLP due
to two binary variables, large amount of variables, the exis-
tence of interference term and the product among different
variables. Therefore, the problem is nonconvex and NP-hard,
and we propose an iterative search algorithm combining IPDC
programming to find the optimal computation offloading and
resource allocation scheme. The proposed algorithm comprises
three parts: one is to find the optimal local computing overhead
(i.e., P2.1), another is to find the optimal channel allocation,
and the last is to implement optimal power allocation and
computation offloading.
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Algorithm 1: Optimal Computation Offloading and
Resource Allocation for Single MEC Network

Input: the set of task τ .
Output: offloading decision s and the total overhead of

SMDs.
1 Calculate the local CPU-cycle frequency f ∗, fl and fh.
2 Determine the optimal overhead of local computing

according to (18).
3 Calculate the transmission power p∗, pl and ph.
4 Determine the optimal overhead of edge computing

according to (23).
5 if GC∗

i (pi) < GL∗
i ( f l

i ) then
6 si = 1.
7 else
8 si = 0.
9 end

10 Calculate the total overhead of SMDs by (25).

A. Optimal Local Computing

Considering the constraints of C1–C3 in problem P2, P2.1
can be formed and the local overhead of the SMD is only
related to f l

i,j

P2.1: min
f

wt
i,j

ci,j

f l
i,j

+ we
i,jκ
(

f l
i,j

)2
ci,j

s.t. C1:
ci,j

f l
i,j

≤ Tmax
i,j

C2: κ
(

f l
i,j

)2
ci,j ≤ Emax

i,j

C3: f L
min ≤ f l

i,j ≤ f L
max. (26)

We define GL
i,j( f l

i,j) = wt
i,j(ci,j/f l

i,j) + we
i,jκ( f l

i,j)
2ci,j. The

value of f *, f ′
l , and f ′

h can be represented as f * =
3
√

(wt
i,j/2we

i,jκ), f ′
l = max{f L

min,(ci,j/Tmax
i,j )} and f ′

h =
min{f L

max,
√

(Emax
i,j /κci,j)}, respectively. Thus, the optimal local

computing overhead is defined as

GL∗
i,j

(
f l
i,j

)
=

⎧⎪⎨
⎪⎩

GL
i,j

(
f ′
l

)
, f * ≤ f ′

l
GL

i,j

(
f *
)
, f ′

l < f * ≤ f ′
h

GL
i,j

(
f ′
h

)
, f * > f ′

h.

(27)

After obtaining GL∗
i,j ( f l

i,j), the P2 can be transformed into
the form of (28) as follows:

P2: min
s,p,a

Uj∑
i=1

M∑
j=1

{
si,j

[
wt

i,j

(
di,j

ri,j
+ ci,j

f C

)
+ we

i,j

×
N∑

n=1

ai,j,npi,j,n
di,j

ri,j

]}

+
Uj∑

i=1

M∑
j=1

{(
1 − si,j

)
GL∗

i,j

(
f l
i,j

)}

s.t. C1, C2, C4, C5, C6, C7, C8. (28)

However, (28) is still an MINLP and it is NP hard to find
its optimal solution. Next, we propose a suboptimal iterative

method to solve it, which separates the channel allocation from
power allocation and offloading decision.

B. Channel Allocation

To minimize the edge computing overhead, the channel
quality of offloading tasks should be ensured. Let GC

i,j(p) =
wt

i,j([di,j/ri,j]+ [ci,j/f C])+we
i,j

∑N
n=1 ai,j,npi,j,n(di,j/ri,j), it can

be expanded as

GC
i,j(p) =

N∑
n=1

ai,j,ndi,j

(
we

i,jpi,j,n + wt
i,j

)

wlog2

(
1 + pi,j,nhi,j,n

σ 2+Ii,j,n

) + wt
i,jci,j

f C

=
N∑

n=1

ai,j,ngC
i,j,n

(
pi,j,n, EIi,j,n

)+ wt
i,jci,j

f C
(29)

where EIi,j,n = (hi,j,n/[σ 2 + Ii,j,n]), which can be defined as
the effective interference for the SMD on channel n [15], [32].
In (29), it can be seen that the optimal GC

i,j(p) is posi-
tively related to gC

i,j,n(pi,j,n, EIi,j,n). Given the transmission
power of the SMD pi,j,n, the value of GC

i,j(p) is solely
decided by the effective interference EIi,j,n. Therefore, in
order to minimize the edge computing overhead, each chan-
nel should be allocated to the SMD with the highest effective
interference.

The channel allocated to SMD i can be obtained according
to the following strategy:

ai,j,n̂ = 1
∣∣∣n̂=max EIi,j,n ∀i, j. (30)

C. Power Allocation and Offloading Decision

After channel allocation, power allocation and offloading
decision are two mainly considerations remaining to be solved
for P2, which can be simplified as follows:

P2: min
s,p

Uj∑
i=1

M∑
j=1

⎧⎪⎨
⎪⎩si,j

⎡
⎢⎣ di,j

(
we

i,jpi,j,n̂ + wt
i,j

)

wlog2

(
1 + pi,j,n̂hi,j,n̂

σ 2+Ii,j,n̂

)

+ wt
i,jci,j

f C

⎤
⎥⎦
⎫⎪⎬
⎪⎭

+
Uj∑

i=1

M∑
j=1

{(
1 − si,j

)
GL∗

i,j

(
f l
i,j

)}

s.t. C1: si,j

(
di,j

ri,j
+ ci,j

f C

)
≤ Tmax

i,j ∀i, j

C2: si,jpi,j,n̂
di,j

ri,j
≤ Emax

i,j ∀i, j

C4: 0 ≤ si,jpi,j,n̂ ≤ pmax ∀i, j

C5:
Ul∑

k=1

M∑
l=1,l �=j

si,jpk,l,n̂hk,l,n̂ ≤ Ith ∀j, n̂

C8: si,j ∈ {0, 1} ∀i, j. (31)
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Since the value of si,j is a binary variable, i.e., 0 or 1,
we can redefine the transmission power of the SMD as
follows:

p̂i,j,n̂ = si,jpi,j,n̂. (32)

Next, we relax the integer variable si,j to real number si,j ∈
[0, 1] when si,j(1 − si,j) = 0 holds. The constraint of C8 can
be converted as

C8: si,j ∈ [0, 1] ∀i, j. (33)

Therefore, the P2 can be transformed into the following
problem:

P2: min
s,p̂

Uj∑
i=1

M∑
j=1

⎡
⎢⎢⎣

di,j

(
we

i,jp̂i,j,n̂ + wt
i,jsi,j

)

wlog2

(
1 + p̂i,j,n̂hi,j,n̂

σ 2+Îi,j,n̂

) + wt
i,jci,jsi,j

f C

⎤
⎥⎥⎦

+
Uj∑

i=1

M∑
j=1

{(
1 − si,j

)
GL∗

i,j

(
f l
i,j

)}

s.t. C1: log2

(
1 + p̂i,j,n̂hi,j,n̂

σ 2 + Îi,j,n̂

)
≥ si,jRi,j ∀i, j

C2:
p̂i,j,n̂

log2

(
1 + p̂i,j,n̂hi,j,n̂

σ 2+Îi,j,n̂

) ≤ si,j
Emax

i,j w

di,j
∀i, j

C4: 0 ≤ p̂i,j,n̂ ≤ si,jpmax ∀i, j

C5:
Ul∑

k=1

M∑
l=1,l �=j

p̂k,l,n̂hk,l,n̂ ≤ Ith ∀j, n

C8: si,j ∈ [0, 1] ∀i, j (34)

where Îi,j,n = ∑Ul
k=1

∑M
l=1,l �=j p̂k,l,n̂hj

k,l,n̂. Ri,j =
(di,j/[w(Tmax

i,j − [ci,j/f C])]) is the required lowest trans-
mission rate for the SMD. In order to find the integer solution
of si,j, we use the Lagrangian of (34) to handle the problem,
which is defined as

L
(
p̂, s,λ

) =
Uj∑

i=1

M∑
j=1

⎡
⎢⎢⎣

di,j

(
we

i,jp̂i,j,n̂ + wt
i,jsi,j

)

wlog2

(
1 + p̂i,j,n̂hi,j,n̂

σ 2+Îi,j,n̂

) + wt
i,jci,jsi,j

f C

⎤
⎥⎥⎦

+
Uj∑

i=1

M∑
j=1

(
1 − si,j

)
GL∗

i,j

(
f l
i,j

)

+ λ

Uj∑
i=1

Nc∑
j=1

si,j
(
1 − si,j

)
(35)

where λ � 1 is the penalty factor. When the value of λ is
large enough, the objective function of P2 and (35) have the
same optimal value. Hence, the P2 can be modified as

min L
(
p̂, s,λ

)
s.t. C1, C2, C4, C5, C8. (36)

Considering (35) as an MINLP, we adopt the interior penalty
function method to iteratively solve the problem. We define the

f1(p̂, s) and f2(s) as

f1
(
p̂, s
) =

Uj∑
i=1

M∑
j=1

⎡
⎢⎢⎣

di,j

(
we

i,jp̂i,j,n̂ + wt
i,jsi,j

)

wlog2

(
1 + p̂i,j,n̂hi,j,n̂

σ 2+Îi,j,n̂

) + wt
i,jci,jsi,j

f C

⎤
⎥⎥⎦

+
Uj∑

i=1

M∑
j=1

((
1 − si,j

)
GL∗

i,j

(
f l
i,j

)
+ λsi,j

)

f2(s) = λ

Uj∑
i=1

M∑
j=1

s2
i,j. (37)

Then we can rewrite the objective function (35) as f1(p̂, s)−
f2(s), where f1(p̂, s) is nonconvex and f2(s) is convex [33].
Hence, the objective function is nonconvex and we can adopt
the Frankand–Wolf procedure [34] to iteratively search the
optimal solution. The objective function can be transformed as

f1
(
p̂, s
)− f2

(
sk
)

−
〈
∇f2

(
sk
)
, s − sk

〉
(38)

where sk is the solution of s at the kth iteration. Furthermore,
since the constraints C1 and C2 are nonconcave, it is hard to
find the solution. We let g1(p̂) and g2(p̂) be

g1
(
p̂
) = log2

(
p̂i,j,n̂hi,j,n̂ + Îi,j,n + σ 2

)

g2
(
p̂
) = log2

(
Îi,j,n + σ 2

)
. (39)

We can find that both of them contain the D.C. struc-
ture [35]. Hence, we can rewrite C1 and C2 as follows:

C1: g1(p̂) − g̃2(p̂) ≥ si,jRi,j

C2: p̂i,j,n̂ − si,j
Emax

i,j w

di,j

(
g1
(
p̂
)− g̃2

(
p̂
)) ≤ 0 (40)

where g̃2(p̂) is the first order Tayler approximation of g2(p̂),
it can be obtained by

g̃2(p̂) = g2(p̂k) +
〈
∇g2(p̂k), p̂ − p̂k

〉
(41)

where p̂k is the solution of p̂ at the kth iteration. Based on the
above, the problem in (35) can be transformed into

min f1
(
p̂, s
)− f2(sk) −

〈
∇f2(sk), s − sk

〉
s.t. (40), C4, C5, C8. (42)

Therefore, initializing from a feasible (p̂(0), s(0)), the
iterative search starts. The process of IPDC is illustrated in
Algorithm 2. The optimal overhead of local computing is
obtained at first. Then, channel allocation is completed and
the result a is imported into the stage of power allocation and
offloading decision. After performing the third part, p and s
are updated. The whole process are iteratively operated, which
stops and the solutions can be solved when the number of iter-
ations achieves maximum and the difference of L(p̂, s, λ) is
less than a smaller value ε. Due to the decomposed process
of computation offloading and resource allocation, the number
of iterations are decreased and the computation complexity is
lowered. However, it brings limitations to the optimality of the
final solution in return.
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Fig. 2. Tradeoff between energy consumption of SMDs and execution latency of their tasks under different number of SMDs.

Algorithm 2: Optimal Computation Offloading and
Resource Allocation for Multicell MEC Network (IPDC)

Input: the set of task τ .
Output: offloading decision s and the total overhead of

SMDs.
1 Initialization: p, a, s, cntmax and λ.
2 Local overhead
3 Calculate the local CPU-cycle frequency f ∗, fl and fh.
4 Determine the optimal overhead of local computing

according to (27).
5 while cnt < cntmax do
6 Channel allocation
7 Calculate EIi,j,n(∀i, j, n).
8 find n̂ = arg max(EIi,j,n̂) based on (30).
9 ai,j,n̂ = 1.

10 ChannelSet=ChannelSet-n̂.
11 Power allocation and offloading decision
12 while

∣∣L(p̂k+1,sk+1, λ) − L(p̂k,sk, λ)
∣∣ > ε do

13 Find p and s using interior point method.
14 Update p and s according to the solution of (42).
15 Update λ.
16 end
17 cnt=cnt+1.
18 end
19 Calculate the total overhead of SMDs according to (34).

VI. SIMULATION RESULTS

In order to evaluate the performance of our proposed algo-
rithm, we consider a centralized MEC network, where M
small cells with 100 m in radius are randomly scattered over
the network. The MEC server is located in the MeNB, and
its computation frequency is 4 GHz. Every SMD has a task
needed to be executed. The data size and the required number
of CPU cycles of the task are randomly generated between
[300, 1200] KB and [0.1×109, 1×109] cycles. The tolerance
time of the task is randomly distributed between 0.5 and 5
s. The elastic CPU frequency of SMDs is ranging from 0.2
to 1 GHz. Moreover, the maximum transmission power is 23
dBm. The path loss model between the SMD and the SeNB

is considered as the lognormal distribution [36]. There are ten
channels for each cell and the bandwidth is 0.2 MHz.

The numerical experiments are developed by the Monte
Carlo method. We compare the proposed algorithm with five
baseline algorithms. “All local” and “all MEC” represent the
all tasks computed by SMDs and the MEC server, respectively.
equal power (EP) shows that the transmission power of each
SMD is equal. “FF” indicates that SMDs have a fixed CPU-
cycle frequency. “RC” stands for the channel being randomly
allocated to the offloading tasks. Considering two models of
computation offloading and resource allocation for single cell
and multicell, this section concludes two parts: 1) single cell
and 2) multicell.

A. Single Cell

We observe the tradeoff between the energy consumption
of SMDs and the execution latency of their tasks for different
number of SMDs in Fig. 2. It is assumed that the num-
ber of channels is not considered and every SMD accesses
SeNB through OFDMA in a single cell, hence there is no
interference among SMDs. Fig. 2 shows that more energy
is consumed when all tasks are executed locally. The task
offloaded to the MEC sever has higher latency, resulting in
the bad user experience. From the perspective of the SMD,
the overhead of the SMD mainly depends on its transmission
power and computation CPU-cycle frequency. Our proposed
optimal offloading strategy jointly considers the allocation and
scheduling of computation and communication resources to
decrease the expenditure of energy and time. The definition of
the weighting factor considers the residual energy aware of the
SMD. Compared with the subjective weighting, our weighting
factor can achieve a better compromise, which can save more
energy than “wi = 0.8” and decrease latency comparing with
“wi = 0.2.” From Fig. 2, it can also be seen that our proposed
algorithm can obtain lower cost.

Fig. 3 lists ten tasks to examine the impact of different
weightings on energy consumption, latency, and the offloading
decision. We can observe that the tasks are executed locally
through our proposed algorithm when the residual energy
of SMDs is enough, like tasks 4 and 6–9, which is simi-
lar to wi = 0.8. However, wi = 0.2 still requires the tasks
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Fig. 3. Compact of weightings on energy consumption, latency, and the offloading decision.

Fig. 4. Impact of the weightings on the residual energy of SMDs.

to be offloaded to the MEC server and causes more latency.
When the residual energy of the SMD is insufficient, the
tasks are executed in the MEC server through our proposed
algorithm. However, tasks 5 and 10 are executed locally for
wi = 0.8. wi = 0.8 represents that the system mainly works on
decreasing the latency, which means that more energy will be
consumed. It is a challenge for the SMD because it may run
out of energy and cannot work continually. For “wi = 0.5,”
more tasks are offloaded to the MEC server, due to the fact
that local energy consumption is more than transmission time.

The residual energy is introduced into the definition of the
weighting factor in our model. A further observation about the
impact of the weightings on the residual energy of the SMD
is carried out in Fig. 4. We select two SMDs with capac-
ity of 3000 mAh as the research objects. We assume that
one has 80% residual energy and the other has 20% residual
energy. From Fig. 4, we can see that the energy consumption
based on our proposed weighting w′

i = wi ∗ rE
i is less than

the one based on the fixed weighting with the increase of the
number of utilization for both SMDs. The reason is that the
weighting factor w′

i decreases with the increase of the num-
ber of utilization, then 1 − w′

i will increase and the system
has a tilt to the energy consumption. On the other hand, if a
random weighting is adopted, more energy can be saved for
the SMD with 80% residual energy and more energy is con-
sumed for the SMD with 20% residual energy. In fact, energy

saving is more important for the SMD with 20% residual
energy.

B. Multicell

In multicell scenario, every cell shares the same spectrum
so as to improve the spectrum efficiency. However, SMDs
access each SeNB through OFDMA, they suffer from the
interference from neighboring cells. It is assumed that each
cell has N = 10 channels and Uj(j ∈ {1, 2, . . . , M}) SMDs.
The tradeoff between energy consumption of SMDs and the
execution latency of their tasks for different number of cells
is investigated in Fig. 5. We can observe that our proposed
algorithm can save more energy than all local and wi,j = 0.8
and use lower latency than all MEC and wi,j = 0.2. The total
cost we obtain is lower than that of most of baselines as well.
Note that the cost of different weightings and that of all local
as well as all MEC are not compared due to the fact that the
weightings of all local and all MEC are the weightings of our
proposed algorithm. Hence, the tradeoff between energy con-
sumption and execution latency for multicell is consistent with
that for single cell.

Fig. 6 shows the impact of the transmission power of SMDs
on the energy consumption and execution latency under differ-
ent number of small cells. We select three equal transmission
powers (i.e., 15, 18, and 21 dBm) to conduct this test. From
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Fig. 5. Tradeoff between energy consumption of SMDs and execution latency of their tasks under different number of small cells.

(a)

(b)

Fig. 6. Impact of the transmission power of SMDs on the energy consumption
and execution latency under different number of small cells. Impact of the
transmission power of SMDs on (a) energy consumption and (b) execution
latency.

Fig. 6, we can see that more energy is consumed with the
increase of the transmission power but the difference in latency
under different powers is very small, which indicates that the
transmission power is more significant to energy consump-
tion than latency. Moreover, it can be seen that our proposed
algorithm has higher latency than EP in most of the time.
This can mainly attribute to two reasons: the first one is that
the transmission rate increases and latency decreases when
the transmission power increases; and the other one is that
increasing the transmission power results in the aggravation
of the interference among neighboring cells, so that more
SMDs decide to execute their tasks locally. On the other hand,
the increase of the number of small cells can also cause the

(a)

(b)

Fig. 7. Impact of the computation CPU-cycle frequency of SMDs on the
energy consumption and execution latency under different number of small
cells. Impact of the computation CPU-cycle frequency of SMDs on (a) energy
consumption and (b) execution latency.

aggravation of the interference, which explains the energy
consumption under different equal transmission power is more
than that of our proposed algorithm for M = 6.

Fig. 7 depicts the impact of the computation CPU-cycle
frequency of SMDs on the energy consumption and execution
latency under different number of small cells. fmax = 1 GHz
and fmin = 0.2 GHz are the maximum and minimum com-
putation CPU-cycle frequency, and fmed = ( fmin + fmax)/2.
We can observe that the energy consumption under fmax is
more than that under fmin and the latency under fmax is lower
than that under fmin with increased number of small cells,
which is consistent with the definition of the local energy
consumption and latency. Our proposed algorithm can obtain
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(a)

(b)

Fig. 8. Impact of channel allocation on the total cost and offloading efficiency.
Impact of channel allocation on (a) total cost and (b) offloading efficiency.

less energy consumption than fmax and lower latency than fmin
to achieve a tradeoff through computation frequency schedul-
ing. Last but not least, it is noted that both the energy
consumption under fmax and fmin are lower than that under
fmed for M = 2 due to more tasks offloaded to the MEC
server.

In Fig. 8, we consider the impact of channel allocation
on total cost and the offloading efficiency. M = 3 cells are
selected as the objective scenario, each cell has N = 10 chan-
nels and a certain number of SMDs ranging from 2 to 10.
We can see that our proposed algorithm can obtain lower total
cost compared with random channel allocation from Fig. 8(a),
which is justified. Since random channel allocation neglected
the interference between different cells, resulting in the fact
that the channel quality cannot be guaranteed. Our proposed
channel allocation based on the efficient interference ensures
the communication quality of SMDs with the same channel
in different cells, which is beneficial for tasks to be offloaded
to the MEC server. Besides, the offloading efficiency refers to
the ratio of the number of tasks offloaded to the MEC server
to the total tasks in Fig. 8(b). the offloading efficiency we
obtain declines gradually with the increase of the number of
SMDs and tends to be stable, while the offloading efficiency
random channel allocation has a fluctuating trend. Therefore,
our proposed algorithm can obtain more stable offloading
efficiency than random channel allocation.

VII. CONCLUSION

In this paper, we investigate the tradeoff between energy
consumption of SMDs and execution latency of their tasks
for energy-aware MEC network. To minimize the total cost

of the SMDs, we jointly consider the computation offload-
ing, computation and communication resource allocation, and
define the weighting factor based on the residual energy aware
of the SMDs. The single and multicell MEC network sce-
narios are addressed in this paper at the same time. We can
find global solutions for single MEC network. In multicell
MEC networks, due to the intractable MINLP, we propose
an iterative search algorithm (IPDC) to search the optimal
solutions. The algorithm simplifies the problems and lowers
the computation complexity, while the final solutions are sub-
optimal. Therefore, in order to obtain approximate optimal
solution, we will consider adopting the intelligent algorithm or
designing heuristic method to solve the problem in the future.
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